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Abstract. A milk acidifier obtained from whey permeate fermenting it with dairy propionic acid
bacteria was tested in this study to evaluate the effects of milk acidification on the health and
growth performance of pre-weaned dairy calves. The study consisted of 30 neonatal Holstein
female calves, allocated to three treatments fed unacidified (Control group) or acidified (EG-1
and EG-2 groups) pasteurised milk during the 7—75 day age. Control and EG-1 were fed milk by
divided method three times daily till one month of age, then twice daily until weaning; EG-2 was
basically fed by the undivided method - one week three times daily (7-14 day age), then once
daily. Results demonstrate that animal general health status and faecal scores (FS) were good and
the tested acidifier can be used for pre-weaned calf milk acidification. Biochemical and
haematological indices of blood at the 30 and 60 day age were within normal reference values
with both - divided and undivided - milk feeding methods. Mean live weight (LW; 106.6 £ 9.40
kg on average) and live weight gain (LWG; 911.33 £ 109.04 g day! on average) at weaning did
not differ between treatments (P > 0.05). Lower intake of starter feed associated with a larger
amount of milk consumed was observed in EG-2 animals (P < 0.05). As the results observed
regarding growth performance and health indices of all dietary treatment groups of calves were
similar, we could anticipate that the acidification benefits would be greater when providing
unpasteurised milk, or during the hottest weather when the risks of milk spoilage are greater.

Key words: blood; growth performance; heifer calves; propionic acid bacteria.
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INTRODUCTION

Digestive problems, e.g., diarrhoea, is the most frequently encountered health
problem in young dairy calves prior to weaning (Breen et al., 2012; House et al., 2015,
Zhang et al., 2019). In recent years there is growing interest in promoting animal health
by natural means of disease prevention to reduce the need for antibiotics and to stabilise
gut health (Cardo, 2016; Celi et al., 2017; EC, 2017; Dai et al., 2021). The microbiological
quality of the milk fed to the young cattle is of great importance because milk is the main
food for calves until weaning, which is usually done at 2-3 months of age. Milk
acidification is a preventive method to diminish the use of antibiotics, whose overuse to
treat or prevent diarrhoea has led to the development of antibiotic resistance endangering
animal and human health. Acidification is a fast and technically simple method, often
recommended when pasteurisation and cooling are not practicable; it saves the time and
labour required for feeding as well (Coelho et al., 2020). Materials used to acidify animal
feed vary - most often these are concentrated organic acids - formic (Li et al., 2019; Chen
et al., 2020), hydrochloric (Zhang et al., 2017), lactic (Coelho et al., 2020) and other
acids. Propionic acid can also be used for milk acidification purposes; however, when
used alone, the high corrosivity and low palatability may limit its usefulness (Jones &
Heinrichs, 2014). It is a 3 carbon organic acid, possessing valuable antimicrobial properties
(Ranaei et al., 2020), obtained mainly by petrochemical routes (Gupta & Srivastava,
2001; Ali et al., 2021). The availability of fossil resources is declining, while for a food
by-product - whey - it is often difficult to find a use. Whey is an abundant and bulky
dairy by-product arising from cheese and curd manufacture. Due to high biochemical
oxygen demand, the disposal of whey in water streams is not allowed as such poses a
high environmental threat (Audic et al., 2003, Bargeman, 2003; El-Tanboly et al., 2017).
Meanwhile, due to high sugar lactose content, whey is a good substrate for organic acid
production (Audic et al., 2003). Sometimes, in relatively small quantities, whey is used
in animal nutrition including ruminant and calf feed (Manurung, 2012; El-Shewy, 2016;
El-Tanboly et al., 2017; EWPA, 2020). Therefore, we were looking for new uses for this
by-product in animal feed. We fermented whey permeate with dairy propionic acid
bacteria and obtained an acidifier for calf’s milk. This microorganism species is often
used in the production of cheese; some its strains have QPS (Qualified presumption of
safety) status (European Food Safety Authority, 2012; Rabah et al., 2017). It is also
added to silage as a technological additive, or used as probiotics (Adams et al., 2008;
Rabah et al., 2017) and protective microorganisms in a variety of foods due to the
antimicrobial properties of their metabolites (Gupta & Srivastava, 2001; Zarate et al.,
2011; Poonam et al., 2012; Bai & Rai, 2015; Azzaz et al., 2019). Although the idea of
animal feed acidification is not new (Partanen & Mroz, 1999; Diebold & Eidelsburger,
2006; Zou et al., 2017; Long et al., 2018; Coelho et al., 2020), the use of whey to produce
acidifier for calves’ milk would improve the recycling of dairy industry by-products and
lessen the overall environmental burden. The fermented whey products can also serve as
functional feed components - a source of B group vitamins, microbial protein, and energy
(Widyastuti & Febrisiantosa, 2014; Poonam et al., 2012). Thus, the aim of the present
study was to investigate the effects of the new whey-derived milk acidifier on the health
and growth performance of dairy calves in a divided and undivided milk feeding system.
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MATERIALS AND METHODS

Animals, Management and Feeding

The experiment was conducted at the dairy farm ‘Ligotnes’ of the Training and
Research farm SIA ‘Vecauce’ of LLU (Dobele district, Latvia); it was approved by the
Animal Welfare and Protection Ethics Council of the LLU (permit LLU DZLAP
No. 20/3). Test groups were established gradually, subdividing 30 neonatal Holstein
female calves, born during the August and September months, into three dietary
treatment groups with 10 replicates in each - EG-1, EG-2 and Control. The inclusion of
animals in the test groups was decided based on birth weight and health status. This study
lasted until December of the same year. Schematic description of milk provided to the
calves and its feeding methods are presented in Table 1.

Table 1. Schematic description of milk provided to the calves and its feeding methods

Age of Dietary treatment groups

calves _ B _
(days) CO-1(1=10) EG-2 (n = 10) Control (n = 10)
1-4 1. Colostrum and transition milk feeding, similar to all calves

Warm (35-38°C) colostrum or cow transition milk fed 3times daily
(6 = 1.3 L day’!' on average)

l
5-6 2. Milk feeding, similar to all calves
Pasteurised (72-76 °C, 15-20 s) warm (35-38 °C) bulk milk fed 3 times daily
(8 £0.8 L day! on average)

!
3. Milk feeding, diversified
(8 £0.3 L day! from day 7 till 66; 6+ 1.4 L day”' from day 67 till 72; 3 +1.1 L day!
from day 73 till 75 on average):

acidified acidified un-acidified
pasteurised bulk milk; pasteurised bulk milk pasteurised bulk milk
pH 4.6-5.2; t=20-25 °C pH 4.2-4.6; t =20-25 °C pH 6.5;t=35-38 °C
7-14  fed three times daily fed three times daily till 14 days fed three times daily
till 1 month of age of age (divided method) till 1 month of age
15-30 (divided method) (divided method)
- - fed once a day - -
31-75 fed twice daily (undivided method) fed twice daily
(divided method) (divided method)

After birth, each newborn animal was placed in a special pen with a heating lamp
for drying, and on the first time of feeding was fed on colostrum within two hours after
birth. After drying, the calves were transferred to the outdoor shed and housed under
equal conditions in welfare-sized, individual wooden pens bedded with straw. Before
inserting the calves, the cages were cleaned and bleached; the base was disinfected and
supplemented with sand and straw. Later, the cages were cleaned and topped up with
straw as needed. Starting from 24 to 48 hours after birth for 7 consecutive days, the calves
were given a prophylactic oral solution containing the active substance halofuginone
(Kriptazen, Virbac, France, administered PO according to the manufacturer's instructions)
to prevent cryptosporidium-induced diarrhoea. All calves on the first feeding, within
2 hours after birth, received colostrum (only once), the volume of which was 10-12% of
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the body weight. Calves received colostrum from their respective dams if the quality was
adequate (solids content > 22% Brix as determined by hand refractometer). In the case
when milking staff was not present, e.g., at night, and therefore no mother milk was
available, or there was no mother milk available of adequate quality, thawed colostrum
of confirmed quality (previously stored at —20 °C) was provided. Later, up to the 4™ day
of life (inclusive), calves were fed transition milk. On days 5 and 6 calves were fed
pasteurised bulk milk from the same farm. Milk was pasteurised and cooled to the
necessary temperature in a water bath. Colostrum and milk was provided to calves from
a bucket with a nipple. Until the 6 day age, the temperature of milk fed to all calves was
35-38 °C. From the first day of life, drinking water was available in a separate bucket.
From the 4" day, commercial calf starter meal (concentrates), containing vitamins A, Ds,
E and microelements, including iron, copper, zinc, and hay was provided ad libitum.

From day 7, feeding was diversified by feeding acidified or unacidified whole bulk
milk. Control group calves were fed unacidified warm (35-38 °C) milk 3 times daily till
one month of age, then twice daily. Group EG-1 calves were fed cool acidified milk
(20-25 °C) 3 times daily till one month of age, then twice daily by split or divided
method. Group EG-2 calves were fed cool (20-25 °C), stronger acidified milk 3 times a
day from the 7™ to the 14™ day, then once a day (by undivided method) from the
15 day age till weaning. When the undivided/unrestricted method for the EG-2 group
animals was applied, the daily milk intake in the morning (4:00), i.e., 8 L day™! per calf
was offered. If the calf had consumed the required amount of milk by 16:00, during the
1* month of life it was offered an additional portion of milk (1-3 litres). At the end of
the day, the amount of milk consumed by each calf on that day was recorded by
measuring the quantity of unconsumed milk. Milk acidification was performed by
adding acidifier to cool milk (20-25 °C) in doses sufficient to achieve the desired acidity
of the final product and to coagulate it. The target pH of the milk fed in the restricted
feeding group (EG-1) was higher (pH 4.6-5.2) because the feeding time of the milk was
relatively short (20 min.) and the risk of microbial damage was lower, while the pH of
the milk fed in the EG-2 group was lower (target pH 4.2—4.6) - stronger acidification
was needed due to the longer feeding time of the milk (approximated method to
unlimited milk feeding). For the calves to be gradually accustomed to acidified milk,
during the first 5 days the dose of acidifier was gradually increased from 15 mL to 33 mL
(EG-1) or to 41 mL (EG-2) per 1 L of milk, at the same time decreasing the temperature
of the milk from 35-38 °C to 20-25 °C. Over the 7-66 day age, calves received
8 L milk day! on average. Starting from 67 up to 75 days of age, calves were gradually
weaned, reducing the milk dose. The weaning was finished considering the following
praxis: 1) when doubling of calves’ live weight according to calf breeding experts was
reached, and 2) when starter intake according to starter meal producers’ instruction was
at least 1 kg for 3 consecutive days.

Main feeding materials of calves are listed in the Table 2. The main raw material
of the acidifier tested in the study was milk whey permeate (> 90%), obtained in a milk
processing plant, and fermented under laboratory pilot scale conditions at the Faculty of
Food Technology of the LLU, using appropriate equipment to ensure sterility and other
work safety measures.

Cultures of propionic acid bacterium (DSM 20273, 20535, 16859, and 4902) were
obtained from the Leibniz Institute DSMZ culture collection (German Collection of
Microorganisms and Cell Cultures, GmbH). Bacterial maintenance and propagation of
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pure cultures was carried as described by Antone et al. (2021). For product manufacture
and stability, yeast extract, salt additives and feed grade formic acid was used. The
product (pH 2.3) was ready for adding to milk and did not need to be diluted.

Table 2. Main feeding materials

Ttems Fat, Protein, Lactose, DM, Crude Crude NDF,
% % % % fibre, % ash,% %

Milk (Control group) 4.41 3.51 4.53 13.40 - - -

Milk (EG-1 group) 4.27 342 4.68 13.36 - - -

Milk (EG-2 group) 4.24 3.40 4.72 13.34 - - -

Starter meal for 4.00 19.40 - - 5.30 7.50 -

0—1 month old calves*

Starter meal for 2.68 20.00 - - 4.06 7.15 -

30-75 day old calves**

Hay - 13.64 - 85.04 36.14 6.05 61.64

Milk acidifier 0.03 0.63 9.30 12.00 - - -

DM - dry matter; NDF — neutral detergent fiber; *‘Danish Calves Crunch’ (Vilomix Baltic; mineral content:
Ca 1.07%, P 0.41%, Na 0.31%, Mg 0.21%); ** ‘Supplementary feed for calves with linseed’
(Dobeles Dzirnavnieks; mineral content: Ca 1.00%, P 0.60%, Na 0.30%, Mg 0.29%).

General Health Status and Growth Performance Assessment of Animals

The general health status and clinical signs of disease of the calves were monitored
daily by a veterinarian, checking the general appearance, animal activity, appetite, and
appearance (colour and consistency) of faeces. Calf live weight (LW) was recorded after
birth and later at 15 day intervals: on day 15, 30, 45, 60, 75, and 90. LW of experimental
animals at birth was similar in all groups (P > 0.05) (Table 6). Calves were weighed on
an electronic calibrated scale. All weights were taken approximately 3 h after the
morning milk supply. Average live weight gain (LWG) was calculated by subtracting
the initial LW from the LW at the end of the period and divided by the number of days.
Faecal score (FS) data were recorded daily 2 h after the morning milk feeding. Faeces
were scored on a 0 to 4 point scale according to the method used by Teixeira et al. (2015)
based on visual consistency and colour evaluation, where: 0 = normally formed faeces
with normal colour; 1 =pasty with normal colour; 2 = liquid with normal colour;
3 = watery with normal colour; 4 = watery with abnormal colour. According to the
methodology, if the FS was more than or equal to 3, the animal was considered to have
diarrhoea.

Feed Intake and Feed Quality Measurements

Milk and starter feed intake was recorded daily. Milk volume was measured with
the help of a measuring cup. Milk was sampled daily and frozen at —20 °C for fat, crude
protein, lactose, and total solids content analyses by a MilkoScan™ Mars analyser (Foss
Electric, Denmark) and detection of pH (pH meter Jenway, Model 3510, Cole-Parmer,
Staffordshire, UK). The starter was weighed on a scale.

Blood Biochemical and Haematological Parameters

For the determination of general blood biochemical parameters, blood samples
were taken at 6, 30 and 60 days of age. Collection was carried out in the morning,
two hours after feeding. Samples were taken from the jugular vein by venipuncture. For
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analysis of blood serum biochemical indices (aspartate aminotransferase (AST), alkaline
phosphatase (ALP), urea, creatinine, total serum protein (TP), albumin, and glucose)
samples were taken in non-EDTA vacuum tubes, and transported under refrigeration
(24 °C) to the Laboratory within three hours after collection. Biochemical analyses
were made using automated methods with ABBOTT ARCHITECT analytical equipment
(Abbott, Illinois, U.S.A.). For the haematological analyses (erythrocyte count (E),
haemoglobin (Hb), and haematocrit (Hct)) samples were collected into EDTA vacuum
tubes. Blood samples were tested with the veterinary haematological analyser Exigo
EOS Vet (Boule Medical AB, Sweden) having built-in electrical resistance or impedance
method for E, and cyanide-free spectrophotometrical method (at 535 = 5 nm) for Hb.
Hct was calculated arithmetically.

Statistical Analysis

The assumption of normal data distribution was assessed by Shapiro-Wilk’s test
and a visual inspection of their histograms and normal Q-Q plots. The assumption of
homogeneity of variances was tested by Levene's test. To determine whether there were
any statistically significant differences between the three independent groups, we used a
one-way ANOVA with Tukey post hoc comparison or Kruskal-Wallis h test with
pair-wise comparisons using Dunn's procedure (1964) with a Bonferroni adjustment.
Statistical data analysis was carried out using SPSS Statistics version 23 (IBM
Corporation, Chicago, Illinois). When the shape of data distribution was not similar
between independent groups the mean ranks were calculated to present the obtained
results (Vargha & Delaney, 1998). For the calculation of statistically significant
differences of LW and LWG between test groups, the MS Excel program was used.
To test the difference between two independent groups the independent samples 7-test
was used. Values of less than 0.05 (P < 0.05) were considered significant. Data are
presented as means + SD unless otherwise stated.

RESULTS AND DISCUSSION

Health Status and Growth Performance of Animals

The overall animal health status was good - the general appearance of calves was
normal and alert; appetite was good and satisfactory. No serious health problems were
observed during the study. Results of blood biochemical parameters and their reference
values of some other studies are listed in Table 3. Most biochemical indicators - serum
AST and ALP activity, also TP, albumin, creatinine, and glucose concentrations - at each
individual sampling time - at the first sampling before the start of milk acidification, as
well as later - at the age of 30 and 60 days, were similar (P> 0.05) in all dietary treatment
groups. The only difference was significantly lower (P < 0.05) relative to the Control,
still normal compared to literature data, urea concentration at 2 months of age in EG-2
serum. Serum AST activity in all dietary treatment groups was similar to reference
values as observed by Jezek (2007) and Yu et al. (2019). Significant increase in AST in
the blood of all groups of animals at 1 month and 2 months of age compared to the
6 day age was observed. Since this indices was within the normal reference range, it can
be concluded that the animals were not significantly affected by muscle or liver damage
(Stampfli & Espinosa, 2015).
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Table 3. Blood serum biochemical parameters of differently fed calves groups

Groups; Median values and intervals (Q1-Q3) in the respective age of the
. -values; animals (days
Indices ﬁeference ()
6 30 60

values
AST, EG-1 33.5(31.0-37.3) 33.5(30.0-34.8) 47.5 (40.3-53.8)
uL! EG-2 31.5(29.3-34.8) 32.5(31.3-36.5) 41.5 (40.0-47.8)

Control 34.0 (31.5-37.0) 33.5(29.5-38.8) 46.5 (41.3-49.0)

p-values 0.725 0.966 0.278

Reference 38.7+16.1* 33.3£11.0%* 40.3 +£ 10.2%**

values 36.6+9.3" 422 £ 15.0M 37.5+10.8""
ALP, EG-1 377.5 (276.8-401.8) 480.5 (362.8-572.0)  615.5 (524.3-733.3)
UL! EG-2 323.0 (276.8 —483.0) 477.5 (399.0-601.3)  512.0 (434.0-558.5)

Control 324.0 (281.8-405.0) 421.5 (331.0-792.3)  439.5 (350.0-560.3)

p-values 0.961 0.889 0.064

Reference 262.2 + 185* 157.8 £ 79.7** 216.2 £ 97.7***

values ~780% ~260% ~410, 580933
Total EG-1 61.5 (58.3-64.8) 57.0 (56.0-59.0) 60.5 (59.0-61.8)
protein, EG-2 64.5 (60.8-65.8) 57.5 (55.3-60.8) 59.0 (57.3-60.5)
gL! Control 63.0 (60.0-70.0) 59.0 (58.0-62.3) 61.0 (60.0-61.8)

p-values 0.810 0.180 0.094

Reference 52.09 + 7.09* 52.41 £3.91%* 56.94 + 5.19%**

values 51.1+£6.3" 49.9 + 5.0 48.0 £ 5.4
Albumin,  EG-1 22.0 (21.0-22.0) 27.0 (26.3-28.0) 29.0 (29.0-30.0)
gL! EG-2 22.0 (20.0-23.0) 27.5(27.0-29.0) 29.5 (29.0-30.0)

Control 22.0 (21.3-23.0) 28.0 (26.3-28.0) 29.0 (28.0-30.0)

p-values 0.668 0.647 0.840

Reference 26.35+2.10* 30.99 + 2.53%* 31.76 + 2.68%**

values ~28% ~35%% ~37, 36
Urea, EG-1 3.65 (3.23-4.10) 3.80 (3.50-4.35) 2.60™ (2.42-2.85)
mmol L*! EG-2 3.25(2.70-4.50) 3.35(2.92-3.75) 2.35"(2.02-2.60)

Control 3.30 (3.13-3.90) 3.05 (2.55-3.58) 2.80%(2.50-3.18)

p-values 0.845 0.083 0.036

Reference 3.64+1.33% 4.01 £ 1.21%* 3.90 £ 1.19%**

values 2.53+£1.320 2.31+0.65™" 1.86 + 0.48"\
Creati-nine, EG-1 71.5 (65.3-77.0) 63.0 (60.5-64.0) 58.5 (57.0-62.0)
pmol L! EG-2 64.5 (62.0-69.8) 61.0 (58.75-62.5) 59.5 (56.0-64.5)

Control 70.5 (66.5-86.8) 68.5 (64.8-71.8) 58.0 (53.0-62.5)

p-values 0.178 0.089 0.790

Reference 113.76 £ 36.20%* 93.55 + 16.66** 82.34 + 15.10%***

values 88.42 £ 17.68" 73.39 + 14.14™" 59.24 + 10.61"™
Glucose, EG-1 6.61 (5.95-7.66) 6.21 (6.04-6.76) 6.25 (6.18-6.64)
mmol L*! EG-2 6.85 (6.12-7.37) 6.28 (5.97-6.94) 6.25 (6.03-6.70)

Control 6.35 (6.15-6.52) 6.96 (6.33-7.03) 6.07 (5.55-6.31)

p-values 0.218 0.624 0.365

Reference 6.14 +1.23» 5.66 £ 1.02"" 5.17 £ 0.85"™

values 6.2 + 1.3 (treatment group) and 6.2 = 1.7 (control)*

@b values with different superscript letters on the same column at each blood indicator are different according to
the Kruskal-Wallis h test with pair wise comparisons using Dunn's procedure (P <0.05); 1%, 4** and
8*** week old Holstein-Friesian calves (Jezek, 2007); 2*, 5 and 7" week old male Holstein calves, mean + SD
(Yu et al., 2019); 24-48h8, 28d%, 56 and 70d%*" old Holstein calves (Mohri et al., 2007); # 0, 4, 8, and 12-week old
Holstein-Friesian bull calves; mean + SD (Adams et al., 2008).
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Serum ALP activity at the 6 day age in calves’ blood of the present study was
within normal reference values as observed by Jezek (2007), but lower than Mohri et al.
(2007). Later, there was a statistically significant (P <0.05) increase in ALP activity in
the blood of all groups of animals at 2 months of age compared to the 6 day and 1 month
age. At the age of 1 month the ALP activity in all test groups, but at the 2 month age,
especially in experimental groups animals, was higher than in the above-mentioned
research. At the age of 1 and 2 months the ALP activity of our experimental groups was
similar to Knowles et al. (2000), whose calves’ blood serum ALP concentration was
around 500-620 U L'!. The ALP activity in young animals can be up to 3 times higher
than in adult animals because of the osteoblastic activity during rapid bone growth Bain
(2011); up to the age of 6 months it can reach 1,800 U L' (Kraft, 1999). ALP enzyme
comes from the placenta, bone, macrophages, intestinal epithelium, and liver. In very
young calves, ALP is increased, probably because of the placental or bone source. In
young calves, ALP levels up to 1,000 IU L' at birth and 500 IU L' at several weeks of
age should be considered normal (Aiello & Moses, 2016). TP concentration in calves’
blood at each individual sampling time in all the 3 dietary treatment groups was similar
(P > 0.05). Compared to literature data, at the 6 day and 1 month age it was higher than
the data of Jezek (2007) of 1 and 4 week old calves (52.09 + 7.09 and 52.41 +3.91 g L',
respectively), but similar to Knowles et al. (2000) values (~62—68 and ~56-59 g L!). TP
concentration in calves’ blood serum may be within 50-70 g L' (Kraft & Diirr, 1999).
At the 2 month age TP was within normal reference values as observed by Knowles et
al. (2000) - ~58-61 gL' and Jezek (2007) - 56.94+5.19 g L'!. Serum albumin
concentration at 6 days of age was relatively low - near the bottom line of the 22-36 g L*!
reference range of Kessell (2015), and lower compared to Jezek (2007), and Mohri et al.
(2007) (Table 3). Over time, the levels of albumin increased (P < 0.05), similarly to that
observed in the research of Knowles et al. (2000), Mohri et al. (2007) and JeZek (2007).
Attention should be paid to the fact that blood levels of albumin in neonatal calves of the
present study were relatively low. Decreased concentration of albumin could be
associated with different causes, e.g., mild malnutrition, reduced absorption of amino
acids in gastrointestinal tract, reduced synthesis of albumin in the liver or due to the
invasion of Cryptosporidium parvum (Eckersall & Proteins, 2008). Serum urea
concentration in all group calves’ blood of the present study was similar to the
concentrations assessed by Yu et al. (2019) and Jezek (2007) (Table 3). Urea and creatinine
are waste products of protein catabolism (Kessel, 2015). Creatinine concentration in
calves’ blood serum of the present study was within normal reference values, similar as
assessed in the study of Yu et al. (2019), but lower compared to Jezek (2007). Serum
glucose concentration of all dietary treatment groups was within normal reference values
as observed by Jezek (2007) and Adams et al. (2008). This shows the good energy intake
status of animals throughout the study (Stampfli & Espinosa, 2015). Haematological
parameter (E, Hb, and Hct) results and their reference values are listed in Table 4. At
both blood samplings no differences were found between groups (P > 0.05) and were
within normal reference values as assessed in the study of Jezek (2007), except the Hct
level at 2 month age. Yet it was similar to Li et al. (2019) study values (23-26%) of 70
day old female Holstein calves fed reconstituted, acidified reconstituted or acidified
fresh milk. Regarding changes with age during the experiment there was a significant
increase in E in the blood of all groups of animals (P < 0.05) that is also consistent with
previous studies of Jezek (2007), and Mohri et al. (2007).
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Table 4. Blood serum haematological parameters of differently fed calf groups

Groups; Median values and intervals (Q1-Q3) in the respective
Indices p-Values; age of the animals (days)
Reference values 6 60
Erythrocytes, EG-1 6.330 (6.20-6.76) 8.880 (8.69-9.59)
10e® pL! EG-2 6.320 (5.45-7.04) 8.830(8.31-9.28)
Control 6.620 (5.95-7.63) 9.090 (8.46-9.44)
p-Values 0.663 0.842
Reference values 7.63 £ 1.49% 8.53+ 1.01%**
Haemoglobin, EG-1 8.90 (8.35-9.40) 9.25 (8.88-9.88)
gdL! EG-2 9.00 (7.78-10.10) 9.25 (8.45-9.50)
Control 9.85 (8.72-11.12) 9.35(9.30-10.07)
p-Values 0.220 0.620

10.41 £2.21%
27.60 (26.85-29.63)

9.83 + 1.20%*
25.10 (24.00-26.35)

Reference values
Haematocrit, EG-1

% EG-2 26.85 (22.90-29.53) 24.45 (22.68-25.28)
Control 27.80 (25.00-35.02) 25.20 (24.55-26.82)
p-Values 0.673 0.561
Reference values 30 £ 7% 30 £ 5%*

1* and 8** week old Holstein-Friesian calves (Jezek, 2007).

In summary, normal compared to reference values, indices of blood show that the
health status of animals throughout the study was good. No differences regarding
biochemical and haematological indicators at each individual sampling time were
observed between groups, except for significantly lower urea concentration at 2 months
of age in the EG-2 serum (P < 0.05) compared to the Control, still normal compared to
literature data (Jezek 2007; Yu et al. 2019). Hence, the animal blood parameters were
not largely affected by the feeding of acidified milk or its feeding method.

Faecal score (FS) test showed no cases of diarrhoea - no animals had watery faecal
output with FS above 2 points. As most commonly the faecal mass of animals was
normally formed and coloured, consequently, calculated median values of all test groups
resulted in the score of 0 for all time
periods; to show the differences more
clearly, results are presented in Table 5
as mean ranks. During the initial Age, Dietary treatments
1-15 day period after birth the mean days EG-1  EG-2  Control
rank of the EG-2 score was slightly but 1-15 22225 240.17° 214.07* 0.030
significantly higher (P <0.05) - the ;?:4312 ;gigz gggg? ;gigg 8823
consistency of the faecal masses was ‘ ‘ ‘ ‘
more liqui}cll compared to the Control 46-60229.99" 222500 224.01%" 0.030

. . ’ 61-75 222.50° 229.98° 224.02% 0.030

but did not differ from the EG-1 b o :

-® values with different superscript letters on the same
(P>0.05). In the course of the next line are different according to the Kruskal-Wallis
16-30 and 31-45 day periods FS in htest with pair wise comparisons using Dunn's
all groups were similar (P> 0,()5), procedure (P <0.05); data are presented as mean
Later - around the 2 month age - FS ranks.
significantly differed (P < 0.05) between both experimental groups, over the 46—60 day
period being slightly higher in EG-1 and over the 61-75 day period in EG-2, yet at the
same time being similar (P > 0.05) to the Control. In some animals there were short-term

Table 5. Faecal score test results of dairy calves
fed different types of milk

p-value
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(up to 2 days) faecal consistency changes to liquid (FS 1-2 points); thus, the possibility
of subclinical inflammation of the gut cannot be ruled out.

A looser faecal consistency can also often be associated with increased starter
intake causing minor intestinal dysfunction because the microflora of the intestinal tract
has not yet matured, and habituation to solid feeds occurs gradually (Adams et al., 2008).
This slightly higher FS of individual animals normalised rapidly over time thanks to
immediate oral rehydration therapy or habituation to solid feeds without showing
significant aggravation of the health status. Higher FS can also be associated with the
consumption of greater volumes of milk due to the undivided (ad libitum) feeding
method (Anderson, 2013; Geiger et al., 2016). The results show that the acidified milk
feeding did not strongly affect FS.

Growth Performance

The animal LW and LWG changes until 3 months of age are presented in Table 6.

Growth rate is one of the most important indices during the pre-weaning period as
it reflects the overall outcome of management and husbandry (Breen et al., 2014; Van
Amburgh, 2017). Regarding calf body LW changes before weaning, the only difference
between the test groups was at 1 month of age when the average LW of experimental
groups was significantly lower (P < 0.05) than the Control. All test group animals’ LW
at 1 month of age was similar to Schwarzkopf et al. (2019) who had LW results of
late-weaned Holstein calves of around 60—68 kg at the 28 day age. Later - at the 60, 75,
and 90 day age the average LW in all treatment groups of the present study was similar
(P> 0.05). At weaning (75 day age), the LW of calves reached 107 + 9.4 kg on average,
which was sufficient to stop milk feeding.

Table 6. Growth performance of dairy calves fed different types of milk

Growth performance

Items Age (days) EG-1 EG-2 Control p-value
Mean SD Mean  SD Mean SD

LW, 0 36.90 3446 39.25 2176 38.65 4217 0.289

kg 30 60.79° 6.845 60.43* 6901 66.69° 3.649 0.047
60 8744 9791 8822 6.892 8995 8523 0.797
75 (weaning) 105.03 11.901 108.02 8.241 106.80 8.374 0.786
90 127.34 11.474 130.32 11.317 133.04 12124 0.556

LWG, 0-30 796.3% 216.7 706.2* 211.1  934.6° 75.0  0.028

g day! 31-60 888.3% 1497 926.3* 1049 775.3> 198.7 0.098
61-75 1,172.7 345.6 1,320.0 462.0 1,123.3 369.5 0.520

0-75 (pre-weaning) 908.4  147.1 916.9 103.3 9087 77.1  0.982
7690 (post-weaning) 1,487.3 413 1,486.7 504.7 1,749.3 350.2 0.301

LW - body live weight; LWG — average daily live weight gain; ®® values with different superscript letters
on the same line are different according to the independent samples T-test (P < 0.05).

At the 0-30 day period the LWG of EG-2 was lower than the Control group’s
(P < 0.05), but during the next 31-60 day period the results were opposite - the LWG of
EG-2 was higher than the Control group’s (P < 0.05). The initially lower LWG of EG-2
at 1 month of life may be explained by the lower intake of concentrates during the
15-28 day age (Table 7). The fluctuations of LWG are common and can also be caused
by various other causes: infections and parasitism, nutrient deficiencies, environmental
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factors, as well as combinations thereof (Stratton-Phelps & Maas, 2015).
Later - approaching the 2 month age (days 31-60), as well as 2 weeks before and after
weaning (days 61-75, 76-90), the mean LWG of all animal groups was similar
(P > 0.05). Overall, the LWG of the present study animals was typical to the high plane
of milk feeding programmes with milk allowances > 20% of the calf’s birth weight, i.e.,
>750-1,000 g day!' (Appleby et al., 2001; Jasper & Weary, 2002; Miller-Cushon,
2015). The LWG of the 2" month of life of acidified milk-fed groups was similar
to the Li et al. (2019) results of LWG 880-960 g day! of Holstein female calves
(30-70 day age) fed reconstituted, reconstituted + acidified or acidified fresh milk for
acidification using formic acid. Interestingly, Li et al. (2019) also observed positive
effects of calves fed acidified liquid milk feed - animals exhibited greater withers height
gain, as well as lower diarrhoea incidence, white blood cell and lymphocytes counts than
calves fed reconstituted milk without acidification.

After weaning (7690 day age) the LWG of all groups of the present study
continued to increase, remaining similar (P> 0.05). The LWG of both acidified
milk-fed groups was similar to the previously mentioned Sardoabi et al. (2021) study
with calf LWG around 1,400-1,500 g day™' at the 93 day age.

Regarding the effects of milk acidification on calves’ growth and health, a good
general animal health background of all treatment group animals in some respects did
not allow the effectiveness of the milk acidification to be fully verified (e.g., the
pasteurisation of milk and the cryptosporidial infection prophylaxis may have most
likely helped to prevent diarrhoea). Coelho et al. (2020) concluded that acidification does
not negatively affect animal growth in comparison to the refrigerated milk feeding; both
diets resulted in calves with similar weaning weight; moreover acidification adjourns
first diarrhoea and is a benefit itself in hot weather conditions when no refrigeration of
milk is needed to maintain milk microbiological quality. A review carried out by Jones
& Heinrichs (2014) on acidified milk feeding studies came to the conclusion that the
health of calves is often neither improved nor deteriorated, and the results are not always
consistent; they also concluded that there is little evidence that acidification itself affects
the nutrients in milk or milk replacer or their utilisation by calves, calf performance, and
LWG. A noteworthy discovery was made by Zhang et al. (2017) that calf health can also
be influenced by the acidity level of milk. Decreasing the pH of milk replacer to a pH of
5.0-5.5 improved the digestive tract of pre-weaned calves (acidifier reduced the pH of
digesta in the rumen, reticulum, and omasum, and was beneficial for the development of
ruminal epithelium); in this study, hydrochloric acid was used to acidify the milk.
However, a reduction to a pH of 4.5 had adverse effects on intestinal epithelium growth.
Thus, it could indicate that the pH of the milk may also have affected the growth
performance results of the present study - the lower LWG of EG-2 at 1 month of age
could not only be related to the lower intake of concentrates, but also to the lower pH of
the acidified milk, which could have a greater impact on young animals, as this trend
later disappeared.
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Feed Intake: Milk Intake - the total amounts of milk provided, consumed by
calves and residual milk during the milk feeding diversification period (day 7-75) are
shown in Fig. 1.

550 540 540
g 545 530 530
% 540 520 520
< 585 510 510 B ec-1
E 530 500 500 E EG-2
_,,% 525 490 490 ] Control
£ 52 480 480
5 515 470 470

510 460 460

Provided milk Consumed milk Residual milk

Figure 1. Summed up amounts of provided, eaten and uneaten milk of dairy calves fed different
types of milk during the 7-75 day period until weaning.

In this study, none of the calves rejected the acidified milk. On the first days, some
calves needed to get used to this taste of milk, but then willingly ate it. Regarding the
provided milk during the 7-75 day period the total amount was similar in all treatment
groups (P > 0.05): EG-1 (526 L; 522.0-528.0 L), EG-2 (530 L; 522.0-540.0 L), and the
Control (525 L; 521.0-532.0 L) (medians, and minimum values-maximum values). The
amounts of milk consumed by both experimental groups did not differ from the Control
(513 L; 509.0-519.0 L) (P > 0.05). At the same time, there were significant differences
between both experimental groups regarding the amounts of consumed and residual
milk. The total consumed milk quantity during the 7-75 day period was significantly
(P <0.05) higher in the EG-2 group (523 L; 516.0-530.0 L) compared to EG-1 (502 L;
495.0-512 L) confirming that the method of feeding affects the quantity of the acidified
milk consumed. It was already expected, because the milk feeding method of EG-2 was
closer to the unrestricted method, and the time allowed for consuming it was longer.
The largest amount of unconsumed milk was in group EG-1, being significantly higher
than in both other groups (P < 0.05). The residual milk quantity for EG-1, EG-2, and
the Control was 4.2% (22 L; 13.0-29.0L), 1.3% (7 L; 5.0-11.0 L), and 1.9% (10 L;
8.0-13.0 L), respectively. Also regarding differences among individual animals, the
biggest differences of leftover milk amounts were in the acidified milk-fed EG-1group.
The milk was left over most particularly in the first month of life. Differences in appetite,
satiety, attitude of individual animals towards the offered milk, its temperature or pH
value can influence the milk intake. The results were most probably affected by the lower
temperature of acidified milk fed to both experimental groups - 20-25 °C vs. 35-38 °C
compared to the Control. Traditionally the milk is fed cool to slow the speed of intake
and reduce the chance of gorge feeding (Anderson, 2013). Offering too cold acidified
milk tends to reduce intake. There is also a practice to warm acidified milk to 38—40 °C
(Coelho et al., 2020), yet milk must be fed immediately at this temperature because
holding acidified milk at temperatures above 24 °C will often cause curdling (Anderson,
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2013; Jones & Heinrichs, 2014). Another reason for the differences of milk consumed
among individuals can be related to milk acidity. Hill et al. (2013) observed that when
feeding acidified milk replacer (MR) for ad /ibitum to Holstein calves, some animals
completely rejected the MR at pH 4.2, and in general calves consumed more of the MR
at pH 5.2 than pH 4.2. Choosing the right amount of acidifier is also important because
not adding sufficient acid may affect the keeping quality of the product and lead to high
bacteria counts or unpalatable spoiled milk, but reducing the pH by too much may limit
palatability and cause calves to drink less milk. To promote the transition, it is advised
to increase the acidity of the milk gradually (Jones & Heinrichs, 2014). Since milk is the
main food for calves during the first month of life and summarising the above, it would
be recommendable to extend the milk feeding time and increase its temperature to reduce
the unconsumed milk quantity by younger calves in the case that the restricted (divided)
feeding method is applied.

Feeding higher amounts of milk during later periods is not always considered
positive regarding development of the rumen. Restricted feeding was introduced to
encourage calves to eat concentrates as early as possible and thus to minimise costs for
relatively expensive liquid feeds (Kertz et al., 1979). Which amount of milk should be
fed is a complex issue that depends on the goals and the management capabilities of each
individual farm (Lorenz et al., 2011).

Some aspects should also be noted regarding liquid feed composition changes via
the addition of the acidifier being rich in lactose. Acidifier addition increased the milk
lactose content by 0.15-0.19%. Thus, acidified milk-fed animals received 13-16 g of
lactose per day more than the Control animals. As lactose is thought to promote the
assimilation of calcium in the body and accelerate the process of ossification, it could
have positive effects on young animal health. However, detailed research should be
performed to confirm this assumption. The positive effect of lactose is explained by the
fact that unhydrolysed lactose appears to be utilised as a prebiotic to support the growth
of health-promoting gut flora, which is recognised as an enhancer of calcium absorption.
The stimulating effect of lactose on calcium absorption was apparent in animal studies -
both hydrolysed and unhydrolysed forms of lactose appeared to be positively involved
in enhancing calcium absorption in mammals, but in humans such an effect is still
controversial (Atkinson et al., 1957; Kwak et al., 2012). Lactose is the most important
source of glucose for young calves and well metabolised in the body up to the age of
3—4 weeks (Latvietis, 2013). At a later age adult animals metabolise lactose relatively
poorly - almost all of it is broken down by the microflora of the digestive tract, resulting
in low pH. As the pH of the rumen decreases, systematic, prolonged feeding of lactose
affects the intestinal microflora thereby impairing the digestion of other components of
feed (Atkinson et al., 1957; Latvietis, 2013; Aschenbach et al., 2019). Thus, lactose
ingestion has different effects depending on the age of the calves. Yet, as the increase in
lactose content of the liquid feed due to the addition of acidifier in the present study can
be considered as relatively small, its effects could be quite negligible and are unlikely to
impair calf digestive tract health as evidenced by good FC, blood test, and LWG results
of calves at 2 months of age.
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Starter Intake - the summed up starter feed amounts eaten during different
pre-weaning periods are presented in Fig. 2.

< 3.50 25.00 35.00
3 3.00 ° 30.00
o 20.00
~ 2.50 o 25.00 [ E1-G
2500 15.00 20.00
g [ e2-G
£ 1.50 10.00 15.00
2 1.00 10.00 [J control
8 5.00
& 0.50 5.00
4-30 days 31-60 days 61-75 days

Figure 2. Summed up amounts of starter consumed by differently fed calves until weaning
(data shown as median, Q1—-Q3).

The differences between the groups on the summed up amounts of consumed starter
feed during the 4-30, 31-60, and 61-75 day periods were not statistically significant
(P> 0.05); however, when splitting the pre-weaning period into shorter periods,
significant differences can be seen between the groups (Table 7).

Table 7. Starter intake of differently fed calf groups

Time  Starter intake, g day’!

period EG-1 EG-2 Control p-value
(days) Median Q1-Q3 Median Q1-Q3 Median QI1-Q3

1-6 0 0-0 0 0-0 0 0-0 NA
7-14  0? 0-23.3 15.0 0433 3 0-27.0 0.009
15-21 37.0° 15.8-57.8 26.5° 7.0-45.0 35.0% 11.0-73.0 0.044

22-28  64.0° 50.5-94.5 25.0° 11.0-57.8 42.5° 21.0-124.0 0.001
29-35 89.5° 47.3-130.0 58.5° 27.5-103.0 83.5%® 36.5-155.3 0.030
3642 121.5*  82.5-160.0 87.5% 33.0-172.8 180.0°  97.0-275.3 0.001
4349 153.0° 123.0-251.8  144.0°  64.0-248.5 219.5° 145.0-402.8  0.001
50-56 354.5° 189.0-500.0  231.5*  130.5-373.3  402.0°  204.0-666.0  0.004
57-63 512.0°  368.7-882.0  514.5*  357.3-746.3  719.0°  4453-1,031.0 0.016
64-74 1,046.0° 733.5-1,384.8 1,113.5® 797.3-1,758.3 1,315.5® 979.0-1,718.8 0.001

ab Superscript values with different letters on the same line are different according to the Kruskal-Wallis h
test with pair wise comparisons using Dunn's procedure (P < 0.05); NA — not applicable.

Results suggest that the starter quantity consumed by acidified milk-fed groups,
especially EG-2, in quite a few periods was lower (P < (0.05) than by the calves of the
Control group (3649 and the 64-75 day periods for EG-1 and 15-63 day period for EG-2).
Lower consumption of the starter by EG-2 animals can be associated with a larger
amount of milk consumed by the undivided method allied to ad /ibitum feeding (P < 0.05)
(Anderson, 2013; Akins, 2016; Geiger et al., 2016). Starter intake of the Leal et al. (2021)
study calves receiving elevated milk replacer supply (8 L day™') was similar to our results:
~100 g day! at the 28 day age, and ~300-600 g day™! at the 4956 day age. Starter intake
of 4 and 8 week old calves in the Coelho et al. (2020) study was higher - around
200-350 g day! and 750-900 g day’!, respectively. In the present study, consumption of
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concentrates increased noticeably after 1 month of age when the calf starts transition
from a monogastric animal into a ruminant. Results confirm that starter intake is
negligible in the first weeks of life, but after the first 3 weeks of life it increases and the
calves start to grow rapidly (Lorenz et al., 2011; Schwarzkopf et al., 2019). Proper
balancing of the quantities of milk provided with an amount of other kinds of feed is
essential for the transition of calves from liquid to solid diets, because dry feeds are the
stimulus for the development of the ruminal epithelium (Anderson, 2013; Akins, 2016;
Diao et al., 2019; Sardoabi et al., 2021).

It should be mentioned that the starter for calves throughout the study was available
ad libitum; besides that, since calves had free access to hay and were housed on straw,
an uptake of hay and straw was also possible, the quantity of which was not measured.
The amount of starter ingested is one of the key factors when determining the weaning
age. Early consumption of starter dry matter is more important for systems in which the
goal is early weaning and the lowest cost rearing programme (Davis & Drackley, 1998;
Drackley, 2005). In the present study, weaning was finished at the age of 75 days when
the starter intake of all treatment groups was above 1 kg day! in accordance with the
starter producers’ recommendations.

CONCLUSIONS

The results of the present study show that the whey-derived acidifier can be used
in both - divided and undivided - milk feeding systems for pre-weaned calves’ milk
acidification having no adverse effects on animal health and growth. Various products
containing highly concentrated acids are available on the market for the acidification of
animal feed and must be diluted before being added to the milk feed. The advantage of
the newly-developed product is that it is derived from food by-products, relatively easier
to use and safer than other - more concentrated - products. Comparing acidified milk
feeding methods, we concluded that the largest amount of unconsumed milk and the
biggest differences among individual animals of leftover milk amounts were observed with
the divided method for acidified-milk feeding (EG-1); therefore, it is recommendable to
extend the feeding time and raise the acidified milk temperature to reduce the amount of
leftover milk by younger calves. As for the second - the undivided method - it saves the
time and labour required for feeding, as well as reduces the loss of milk; yet consumption
of the starter was lower. As results observed regarding growth performance and health
indices of all dietary treatment groups of calves were similar, we could anticipate that
the acidification benefits would be greater when providing unpasteurised milk, or during
the hottest weather when the risks of milk spoilage are greater, as previously concluded
by other researchers (Jones & Heinrichs, 2014; Coelho et al., 2020). Therefore an in-
depth study of the tested acidifier efficiency in other production, housing, and more
extreme conditions would be useful.
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Abstract. The aim of this work was to compare the qualitative composition of milk and its
suitability for cheese processing at cows of local Ukrainian Red-Spotted breed (URS) and their
crossbreeds with Montbeliarde (MO) breed. The research was conducted at commercial farm in
the Vinnytsia region, Ukraine (48° 57'01" n.1., 28° 47'09” e.l). At farm, two groups of purebred
and crossbred first lactation cows-analogues with a population of 20 heads in each were formed.
The use of crossbreeding cows URS X Montbéliarde breed had a positive effect on the milk
composition and cheese suitability. It was established that local purebred cows exceeded purebred
counterparts in daily milk yield by 2.47 kg. When the content of fat, protein and lactose in milk
was higher in crossbreed group by 0.19, 0.19 and 0.12%, respectively. In addition, crossbreed
cows surpassed purebred counterparts for the energy value of 1 kg of milk and theoretically
possible output of rennet cheese by 0.142 MJ and 0.61 kg. The duration of the coagulation phase
of milk obtained from crossbred cows was shorter than that of purebred analogues by
1.54 minutes.

Key words: crossbreeding, local Ukrainian dairy breed, Montbeliarde, milk, suitability for cheese
processing.

INTRODUCTION

Breeding of cattle is directed at improving the genetic value of animals and
providing opportunities for future generations to produce milk in a more efficient way.
Crossbreeding or interbreeding has a positive effect on the profitability of milk
production, the reproduction, the health of dairy cows, and on the composition and
properties of milk (Dezetter et al., 2015; Hazel et al.,, 2017). For this reason,
crossbreeding programs in dairy cattle breeding have been widespread in recent decades
in many countries. Thus, in the period from 2003 to 2014, in the United States, the
number of cows obtained from crossbreeding increased from 0.5 to 4.5% (Hazel et al.,
2017). In recent years, crossbreeding has been actively implemented in a number of other
countries, such as India (Singh, 2016), New Zealand (Sneddon et al., 2016), Ireland
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(Hazel et al., 2017) and Ukraine (Borshch et al., 2018). Holstein (HO) cattle are the most
common milk breed in the world because of the ability to produce a large amount of milk.

El-Tarabany (2015) has detected that the crossbreeds of Brown Swiss and HO were
less susceptible to metabolic disorders and to changes in their daily diet compared with
pure breed HO. The results of the research conducted at the HO breed in different
environmental conditions indicated a reduction in the productivity of the firstborn
(Malchiodi et al., 2014; Hazel et al., 2017).

Hazel et al. (2017) reported that at the crossbreeds of the Montbeliarde and HO and
Brown Swiss and HO breeds, milk contained more fat and protein compared with
purebred HO. Bléttner et al. (2011) found no differences in the cast of fat and protein
for the first three lactations at the crossbreeds of Brown Swiss and HO breeds compared
to purebreeding HO.

One of the most important indicators that characterizes dairy raw materials, along
with the content of fat, protein, and lactose, is the ability for processing into butter and
cheese depending on the amino acid and fatty acid composition (Mapekula et al., 2011;
Sun et al., 2014; Borshch et al., 2019).

The production of cheese is an important sector of milk processing, and the
technological indicator of the cheese cast percentage (the amount of cheese obtained
from a certain amount of processed milk expressed in percents) is the most important
economic indicator for the dairy industry and, indirectly, for determining the price of
milk (Cipolat-Gotet et al., 2013; Stocco et al., 2018; Amalfitano et al., 2020; El Jabri et
al., 2020). The cheese industry is one of the most dynamic consumer segments with
steady growth in production and consumption (Bankole et al., 2021; Mota et al., 2022;
Sanchez et al., 2022). Cheese production is the most important technological parameter
in the dairy industry in many countries, for example, in Italy, where almost 75% of milk
is used for cheese production (Bittante et al., 2014). Thus, cheese output is an important
feature of the Italian dairy industry (Bittante et al., 2013; Cecchinato et al., 2015).

The most popular dairy breeds in Ukraine are Ukrainian Black-Spotted (UBS) and
Ukrainian Red-Spotted (URS). These breeds are common in all regions and climatic
zones of the country. URS breed was created by crossing red-spotted local cattle with
Simmental and Holstein breed. The main problems for the breed are the composition of
milk and the duration of productive longevity (Borshch et al., 2021).

The aim of this work was to compare the qualitative composition of milk and its
suitability for cheese processing at cows of local Ukrainian Red-Spotted breed and their
crossbreeds with Montbeliarde breed.

MATERIAL AND METHODS

The research was conducted at commercial farm in the Vinnytsia region, Ukraine
(48° 57'01" n.l., 28° 47'09" e.l). In farm holds the cows of the Ukrainian Red-Spotted
(URS) breed and the first-generation of crossbred cows, which has been got thanks to
the breeding with MO breed. At farm, two groups of purebred and crossbred first
lactation cows-analogues with a population of 20 heads in each were formed. Indicator
of average productivity is 22.70 + 1.07 kg day!, days in milking - 92 + 4 days. Dairy
cows were kept loosely in brick barn for 100 heads. Parameters of placements
(Length x Width x Height): 76x12x6 m. On the dairy farm, the cows were milked twice
a day, from 06:00 to 08:00 and from 16:00 to 18:00. Accounting for the milk productivity
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of experimental cows was carried out according to daily and monthly milk yields. Cows
being milked in the milking parlour with a capacity of 2 x 6 on the installation ‘Tandem’
(Bratslav, Ukraine).

Cows fed total mixed ration
(Table 1). Distribution of feed takes place Table 1. Ingredients of diet fed to dairy cows

twice a day (at 09.00 and 19.00 hours). Item Amount (kg)
Samples of milk (500 mL) were Alfalfa hay 1

selected during evening milking from Barley straw 2

each cow and stored without adding ~ Cornsilage 17.5

preservative in a refrigerator at a Bean haylage 10.5

Molasses 1.2

. .
temperature of 4 °C for a period of 14 Compound feed' 6

hours. Indicators of fat, protein, lactose

R K . Where: 'Compound feed: 23% corn, 20% wheat,
content in milk, as well as density and 18% barley, 15% peas, 5% oats, 5% wheat bran,
freezing temperatures were determined 5% sunflower cake, 5% soybean meal, 2% feed
in a milk analyzer (Milkotester Lactomat phosphates, 1% NaCl, 1% premix.
Rapid S, Bulgaria).

Milk suitability for cheese was evaluated according to the rate of formation of a
clot under the action of the rennet, and its quality - after the rennet-fermenting sample.
The rate of formation of the clot was determined as follows: 20 mL of milk heated to
35 °C and 4 mL of a 0.03% solution of the rennet (Podpuszczka, Poland) were added to
the sterile test tube. Prior to this, the rennet agent was dissolved in water. The contents
were thoroughly mixed and placed in a water bath (MEMMERT WPE 45, Germany) at
35 °C. Time was fixed from the moment when milk was added to the rennet until the
milk clotting. The end of the coagulation was considered the moment of formation of a
dense clot that does not fall out of the tube with its careful overturning.

The rennet-fermenting test was carried out in such a sequence: 30 mL of milk was
poured into the test tubes and then 1 mL of 0.5% solution of the rennet was added to
each test tube, mixed well and placed in a water bath at a temperature of 38 °C for
12 hours, after which it was removed from the bath and examined. The assessment of
the milk quality was carried out according to the characteristics of the formed clot. To
class I the clots with the following features were assigned: a clot with a smooth surface,
elastic to the touch, without eyes on a longitudinal section, floating in transparent whey;
to the II class: a soft to touch clot, with single eyes (1-10), torn apart, but not scattered;
to the III class: a clot with numerous eyes, spongy, soft to the touch, has come to the
surface or instead of a clot a flatter mass has formed.

The net energy content (NEL) of milk was estimated by means of the following
equation, derived from that proposed by the NRC (2001):

NEL = 0.0929 x fat, % + 0.0547 x protein, % + 0.0395 x lactose, % )

where NEL is the gross energy of one kg of milk.

The NEL values obtained were converted to MJ kg™

Predict the theoretical yield of rennet cheese was calculated according to Brito
et al. (2002):

Y =1.037 + 1.433 x Py + 1.71 x Fy )

where Y — theoretical yield of rennet cheese, kg 100 kg of milk; Py — protein content of
milk, g 100 g of milk; Fu — fat content of milk, g 100 g of milk.
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All data are presented as the means + standard error of the mean. Student’s #-test
was used to estimate statistical significance of the obtained values. Data were considered
significant at "P < 0.05, P < 0.01, P < 0.001. These computations were performed
using the STATISTICA software (Version 11.0, 2012).

RESULTS AND DISCUSSION

The productivity of crossbred cows was slightly inferior to the productivity of
purebred analogues (Table 2). Thus, the average daily milk yield of URS x MO cows
was 2.24 kg less than that of thoroughbred analogues. Instead, local cows significantly
surpassed purebred analogues by the indicators of fat and protein in milk. The fat and
protein content of the milk of crossbreed URS x MO cows was 0.19 and 0.19% higher
than that of purebred cows. The content of milk in lactose of local cows was also higher
than that of purebred analogues: by 0.12%. The amount of milk fat and protein affects
the energy value of 1 kg of milk and theoretical yield of rennet cheese. According to the
indices, the crossbreed’s cows excelled the local analogues by 0.142 MJ and 0.61 kg,
respectively.

Table 2. Composition and properties of milk at cows of different genotypes

Indicators URS URS x MO
Average daily milk yield, kg 23.44+0.53 20.97 £ 0.46™
Mass fraction of fat, % 4.09 +0.05 428 +0.05"
Mass fraction of protein, % 3.15+0.04 3.34+0.05™
Mass fraction of lactose, % 4.34+0.03 4.46 +0.04"
Energy value of 1 kg of milk, MJ 3.027 +£0.015 3.169 £ 0.019""
Theoretical yield of rennet cheese, kg 100 kg of milk  12.28 = 0.08 12.89 £0.13™*

*P < 0.05; P < 0.01; " P < 0.001 as compared with URS group. URS: Ukrainian Red-Spotted dairy breed,;
MO: Montbeliarde breed.

Crossbred cows often have lower daily milk yields than purebred cows (Dechow et
al., 2007; Heins & Hansen, 2012; Hazel et al., 2014; Hazel et al., 2021). The results of
our studies not coincide with the research results of Puppel et al. (2017), it is indicated
that the crossbreeds of HO x MO breeds had a higher average daily productivity than
purebred HO. However, Saha et al. (2017) report that the crossbreed first generation of
HO x MO breed dominated the purebred HO cows by the indicators of the milk yield.
In researches of Sneddon et al. (2016), they indicate that the heterosis effect after
crossing the HO x Jersey breeds at New Zealand's farms had a positive effect on the cast
of cheese and butter. At the same time, the productivity of such crossbreeds was lower
than at purebred HO cows.

Numerous studies confirm the influence of breed on nutrient content in milk (Rafiq
et al., 2016; Liang et al, 2018; Borshch et al., 2019). The breeds of cows are also notable
for technological properties of milk, such as the duration of rennet coagulation, phases
of gel creation, the size and number of fat balls, different constants of milk fat and the
composition of its fractions (Fox et al., 2017). Such important indicators as protein
content, rennet coagulation and quality of the rennet clot are determined primarily by
breed and race of cows.
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The duration of the coagulation phase of milk obtained from crossbred cows was
shorter than that of purebred analogues by 1.54 minutes (Table 3). Indicators of the
freezing point and milk density are of great importance in the technology of preparation
of dairy products. In the studied samples of milk, these indicators corresponded to the
requirements for raw materials for cheese-making. Established breed differences of the
considered indicators have a character of tendency and are not statistically significant.

When creating a rennet-fermentation test, clots were classified as classes I or II.
From the 20 investigated samples of milk of cows of URS breed 16 (80%) are classified
as the I and 4 (20%) of the II class; 18 (90%) samples of milk of crossbred cows of
URS x MO corresponded to the I and 2 (10%) to the II class.

Table 3. Characteristic of cheese suitability and physical-chemical properties of milk at cows of
different genotypes

Indicators URS URS x MO
Coagulation time, min 12.88 +0.306 11.34+£0.326™
Freezing point, °C -0.555 £ 0.0028 -0.551 £0.0033
Density, g cm™ 1.0257 £ 0.002 1.0291 + 0.004
Characteristic of a rennet clot according to the class, %:

I 80 90

11 20 10

**P < 0.001 as compared with URS group. URS: Ukrainian Red-Spotted dairy breed; MO: Montbeliarde
breed.

Our studies coincide with the data of Puppel et al. (2017), which indicate that the
phase of milk coagulation at crossbreeds of the Polish Holstein with Brown Swiss and
MO breeds was shorter than that of purebred Polish Holstein. Similar data were also
obtained in studies by Saha et al. (2017) in which it was indicated that the duration of
the coagulation phase at pure breed HO is longer than that of the HO x MO breeds.

CONCLUSIONS

The use of crossbreeding local Ukrainian cows (Ukrainian Red-and-Spotted) with
Montbéliarde breed had a positive effect on the milk composition and cheese suitability.
It has been established that in the milk of crossbred cows the mass fraction of fat, protein
and lactose in the average essentially prevailed the pure-breed analogues (by 0.19; 0.19
and 0.12%). Besides crossbred cows dominated pure-breed analogues by the energy
value of 1 kg of milk and theoretically possible output of rennet cheese by 0.142 MJ and
0.61 kg, respectively. The duration of the coagulation phase of milk obtained from
crossbred cows was shorter than that of purebred analogues by 1.54 minutes. The daily
milk yield in the group of purebred cows was 2.47 kg higher than in crossbreed cows.
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Abstract. The aim of research is to analyse the process of the wide span vehicle motion on the
treads of the permanent process track with the use of the traction method of turn. The completed
studies have proved that the plane-parallel motion of a wide span vehicle solely with the use of the
traction method of turn on the treads of the permanent process track requires a significantly smaller
difference between the moments applied to the wheels on the right side and on the left side of the
vehicle, as compared to that of a crawler tractor. This difference is in proportion to the width of its
wheel base that has a relatively smaller length. It has been established that the use of solely traction-
based turn does not provide for the adjustment of the motion trajectory through the lateral (plane-
parallel) displacement of the fore-and-aft axis of the agricultural wide span vehicle. The oscillations in
the lateral displacement of the agricultural wide span vehicle in the process of its motion are
low-frequency ones. The main variance spectrum of these oscillations is concentrated within the range
of frequencies of 0-2 s™!. At the same time, the maximum transverse displacement of the agricultural
wide span vehicle equal to 1.3 10> m N, occurs also at low frequencies. In view of the fact that the
main variance spectrum of the oscillations of the tangential forces applied to the wheels on the left and
right sides of the agricultural wide span vehicle is concentrated exactly within a low frequency range,
only the high accuracy of the system using a laser beam can ensure its satisfactory steerability.

Key words: accuracy, automatic driving, controlled traffic farming, wide span vehicle.
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INTRODUCTION

The future development of agricultural wide span vehicles suggests the automation
of their plane-parallel motion on the treads of the permanent process track (Kingwell &
Fuchsbichler, 2011). This aspect becomes especially topical, when wide span vehicles
are turned using the traction method (drive wheels on the right and left sides have
different rates of revolution).

Farming with the use of a permanent process track implies the allocation of special
zones in the field area intended for the motion of agricultural machinery and segregated
from the zones containing cultivated plants (Nevens & Reheul, 2003; Hamza &
Anderson, 2005; Chan et al., 2006; Gasso et al., 2013; Pedersen et al., 2013; Antille et
al., 2015; Chamen, 2015; Keller et al., 2019). With such a layout, high grip-and-traction
characteristics of its running gear are achieved due to the latter’s contact with the dry
and hard surface of the soil. That is, in terms of its functional purpose, the field area is
divided into the fertile (agronomic) and process zones (Raper, 2005; Kingswell &
Fuchsbichler, 2011; Onal, 2012; Antille et al., 2019).

In terms of engineering, it is most feasible to implement the above-mentioned
farming strategy by way of developing the new design layout of the tractor, so called
wide span (gantry) vehicle (Onal, 2012; Bulgakov et al., 2019). Its principal difference
from other types of power units is that it travels on the treads of the permanent process
track. The distance between the treads is equal to the span of the tractor and all the
agricultural implements are situated within this span (Bulgakov et al., 2018). The
worldwide experience of the use of wide span vehicles has proved that they have the
following advantages in comparison with conventional tractors: the power savings in
soil tillage processes reach 55%; the cost of crop drilling operations is reduced by 40%;
the tillage quality and the soil structure are improved; the loss of the field area under the
travelling agricultural machinery is reduced to a minimum; high accuracy is achieved in
the positioning of the tools; the field operations become highly automated; the yield of
the cultivated plants increases by 7-10% (Bulgakov et al., 2017).

On the other hand, the tractor steering control issues come into importance in case
of wide span vehicles. In view of the very wide transverse wheel base, it becomes
difficult for the driver-operator to control the motion trajectories of the wheels on the
left and right sides. At the same time, it is common knowledge that the steering systems
of today’s wheeled vehicles are usually tailored for manual control. Also, these systems
can be divided into two classes: they use either kinematic or forced principle of turning.
The kinematic type of turning implies the angular displacement of either the steer wheels
(front wheels, rear wheels or both of them simultaneously) relative to the frame of the
machine or one part of the mobile unit’s frame relative to its other part in the horizontal
plane (articulated frame). The turning by (traction) force is implemented by way of
rotating the wheels on different sides of the machine at different rates. The steering
systems based on the use of steer wheels are the most widely used ones. That said, when
all the wheels of the machine are steerable, they can simultaneously turn on the front
axle and the rear axle to the opposite sides or to the same side. Sometimes combined
kinematic-and-traction layouts are implemented or proposed in order to improve the
steerability of mobile machines (Chebrolu et al., 2017; Pascuzzi et al., 2020; Kuvachov
et al., 2021). However, the design and functioning conditions of the agricultural wide
span vehicles intended for controlled traffic farming systems differ to some extent from
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those of other state-of-the-art wheeled machines. The assumptions established in the
classical theory of motion for mobile power units are not applicable to the discussed
agricultural wide span vehicles.

At the same time, it ought to be noted that considerable developments have recently
been observed in the implementation of self-driving systems for mobile power and
transport units (Pascuzzi et al., 2020). Depending on the result of the measurement, an
automatic action is taken, which is aimed at reducing the said difference down to an
acceptably small value. The above-mentioned self-control systems can work on the basis
of different principles of operation. In particular, they can use GPS systems, short- and
long-range radars, short-, middle- and long-range distance finders based on visible-light
and infrared lasers, video cameras that monitor the forward view panorama and analyse
the obtained images, etc. (Ji & Zhou, 2014; Cerruto et al., 2018).

The problem of automating the process of driving mobile machines amounts to the
problem of developing the set of devices that will control the motion of the agricultural
wide span vehicle on the treads of the permanent process track without an operator (Yang
et al., 2015). Solving this problem has proved to be a rather difficult task. First of all,
due to the relatively limited possibility of manoeuvring in motion and the action of a
great number of the random perturbing factors that create all kinds of possible situations,
to which the system has to respond by putting in action the respective controls (steering
gear, brakes, engine control etc.). However, the authors believe that the principle of
turning by force (traction) can be efficient in the automated control of the gantry tractor
travelling within the limiting dimensions of the treads of the permanent process track.
As is known, this principle is implemented by rotating the wheels on different sides of
the machine at different rates of revolution.

The use of GPS equipment for the automated steering of mobile agricultural
integrated machines has gained great popularity. The technical excellence of the state-
of-the-art instrumentation in terms of its accuracy in reproducing the pre-set motion
trajectories of the mobile machines is very impressive (Griepentrog, 2009; Bakker et al.,
2011; Longo & Muscato, 2013; Zhu et al., 2016; Guerrieri et al., 2019).

As it is known from the classical tractor theory, for any mobile power tool, the ratio
of its longitudinal base to the transverse base - (L - K~1), called the relative support base,
is an important parameter characterizing its stable turns during the technological process
in agricultural production. The significant by magnitude and direction external impacts
from the soil and the cultivated plants tend to constantly change the trajectory of the
movement of the agricultural equipment. For most serial agricultural tractors and other
power tools, used in agricultural production, industry and transport, the value of the
relative support base, as a rule, is greater than 1. However, the layout scheme of any
wide span agricultural vehicle, due to its wide track and small wheelbase, a priori
assumes that this value is less than 1. Because of this, the value of the stabilizing moment
in the onboard method of turning any skeleton agricultural vehicle, caused by the
moment of the lateral forces of interaction of its wheels with the supporting surface, is
much less than the value of the moment of the forces caused by the difference in the sum
of the driving moments, supplied to the wheels of its left and right sides in a horizontal
plane. The process of the onboard method of turning such power tools with a small
relative support base is insufficiently studied. For a more complete understanding of the
process of the onboard method of turning a wide span agricultural vehicle, theoretical
and experimental investigations are required.
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The aim of this work was to theoretically analyze the dependencies of the dynamic
and kinematic parameters that rule the optimal swerving of the developed agricultural
wide span vehicle for changing its trajectory.

MATERIALS AND METHODS

An agricultural wide span vehicle (Fig. 1) has a number of features that
significantly distinguish it from other types of power vehicles used in agriculture,
industry and transport. This is, first of all, a significant by its dimensions transverse base
(track) - K, formed by a frame, at the ends of which there are the left and the right sides.
Since the sides of the vehicle are located at a considerable distance from each other, this
makes it necessary to provide an
individual drive for their running
wheels installed in pairs at each side in
the form of the front and the rear
driving wheels, moving along the same
track (Bulgakov et al., 2020a). The
stability of the movement of this
wide span agricultural vehicle must be
ensured by appropriate dimensions of
the longitudinal base - L, which is
especially important since the working
bodies of the agricultural machines are
located on the frame between the two

sides or strictly on the transverse axis of Figure 1. The agricultural wide span vehicle

symmetry of the agricultural vehicle, or during the test (Bulgakov et al., 2020b).
at some distance from this axis.

A wide span agricultural vehicle makes a plane-parallel movement in a horizontal
plane, parallel to the field surface, strictly following the traces of the technological track.
However, in reality, in the process of the movement, under the influence of various
external disturbances there are characteristic deviations of the wide span agricultural
vehicle from the rectilinear movement along the traces of a constant technological track
in a horizontal plane. They cause deviations from the given direction not different magnitude
and direction. In this case the following takes place: Ax —its transverse deviation,
Ag — its angular heading deviation. The nature of the disturbances fully depends on the
design scheme of the wide span agricultural vehicle and its technological purpose.

To describe the plane-parallel movement of the wide span agricultural vehicle with
an onboard method of its rotation, we will draw up an equivalent diagram in a horizontal
plane that will simulate this type of its movement. In a simplified schematic representation
of the wide span agricultural vehicle, we denote by the corresponding letters the
characteristic points of the unit considered. These will be: point S; — the center of mass
of the agricultural vehicle; L; and L, — the centers of the front and rear wheels of the left
side of the agricultural vehicle, respectively; Ry and R, — the centers of the front and rear
wheels on the starboard side, respectively; C — the point of attachment to the agricultural
vehicle of the agricultural machine. The considered wide span agricultural vehicle has
transverse and longitudinal axes of symmetry (Bulgakov et al., 2018), which, intersecting
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at S;, form its center of mass (Fig. 2). Let us indicate on the equivalent diagram the
design parameters of this wide span agricultural vehicle: K — the transverse base (track)
of the agricultural vehicle (the distance between the longitudinal axes of the left and right
sides); L — longitudinal base of the agricultural vehicle (distance between the centers of
the front and rear wheels of the left and right sides; b — distance from the point of
attachment C of the agricultural machine to the longitudinal axis of the left side;
l; — distance from the center of the rear wheel of the left and right sides to the transverse
axis of symmetry of the agricultural vehicle passing through its center masses (point S;).

Further, for an analytical description of the plane-parallel movement of the
agricultural vehicle, we introduce the necessary coordinate systems x0Oy. First we will
show the fixed Cartesian coordinate system xOvy, rigidly connected with the surface of
the field. Here axis Oy of the indicated coordinate system is directed towards the forward
movement of the agricultural vehicle, axis Ox —to the right, in the direction of the
movement of this wide span unit. We assume that the discussed agricultural vehicle,
equipped with some kind of an agricultural machine, performs uniform forward
movement at speed I/, on the rut relative to the fixed horizontal plane xOy (which is
connected with the plane of the field surface) (Fig. 2).

Y

iz,

0

Figure 2. Equivalent diagram of a wide span agricultural vehicle with an onboard turning method
during its plane-parallel movement in a horizontal plane.

We will also introduce an additional rectangular Cartesian coordinate system
X¢StYe, rigidly connected with the agricultural tool, the starting point of which is located
at its center of mass (point S;). In addition, we will direct axis S;y; of this coordinate
system along the longitudinal axis of symmetry of the agricultural tool, axis S;x; will be
directed to the right in the course of its movement along the transverse axis of symmetry
of the agricultural device.
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When performing an agricultural technological process, the skeleton of a wide span
agricultural vehicle deviates from its original position under the impact of external
random disturbances, receiving additional speeds. As a result, the forward transverse
movement of the agricultural vehicle along axis Ox and its rotation around the center of
mass (point S;) at a certain angle ¢ (heading angle) relative to the coordinate system
x0y in the horizontal plane begins. Therefore, the previously indicated coordinate
system x,S;y; serves to describe the rotation of the agricultural tool around point S; by
angle ¢ in plane xOy, where ¢ is its heading angle, namely, the angle between axes Oy
and S;y; (Fig. 2). In addition, the origin of the coordinate system x;S;y; (point S;),
associated with the skeleton of the wide span agricultural vehicle, moves in a transverse
direction (along axis Ox). The position of point S; at an arbitrary point of time t relative
to axis Oy is indicated by abscissa X, (Fig. 2). This means that in the process of relative
movement of the wide span agricultural vehicle, its center of mass S; moves in the
direction of axis x0, which is characterized by a change in the abscissa Xs,. Thus the
considered agricultural tool in relation to plane xOy has two degrees of freedom, which
correspond to two generalized coordinates, namely: angle ¢ of its rotation around the
center of mass, and a change in abscissa X, of its center of mass S;.

The external forces acting upon 2020a and 2020b). Using this provision,

the agricultural vehicle during its for this bridge agricultural vehicle, we
plane-parallel movement in a horizontal can write:
plane (Fig. 2) include: T, =k -0y,

1) the driving tangential forces

T, =k; -6
FDL19 FDLZ’ FDRl and FDRZ of the wheels L L Ly (1)
of the left and right sides of the Tg, = kg O,
agricultural vehicle, applied, respectively, T, = kg, - O, »

the points L, L, and Ry, R, that form slip
angles 6;,, 6;,, and &g, , Og,, with its
longitudinal axis of symmetry;

2) the lateral forces Ty, Ty, Tg,

where k; _, k;, and, kg, kg, are the slip
resistance coefficients of the left and the
right sides of the agricultural vehicle,

‘ . ; respectively.
and T,, applied, respectively, at points The method for deriving expressions
Ly, Ly, and Ry, Ry; for calculating slip angles §,,, 6,,, and

3) the longitudinal P, and transverse 8g,, first of all involves determining the

P, components of traction resistance, absolute values of the velocities of points
applied at point C, that constitute the main Ly, L, and Ry, R,. These speeds can be

moment M of forces, from the side of the determined from the expressions (Fig. 3):
agricultural implements. VT AV T
L ="Vo S, LS, »

For a mathematical description of

the lateral interaction of any mobile power Vi, =VotVs, +Vis,

tool with an agricultural .bac'kground., the Vi =VotVs +Vrs, @)
‘lateral slip’ hypothesis in a linear - _

interpretation is most often used. In this Vo =VotVs +Vrs,

case, to determine the lateral horizontal where V, is the vector of the linear
forces at the points of contact of the wheels forward speed of the movement of the
with the soil, the tire slip resistance wide span agricultural vehicle relative to
coefficients are used (Bulgakov et al., plane xOy; Vs, — the linear velocity vector
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of the center of mass of the agricultural vehicle relative to plane x0y; V, S VLz s, and
VR,s,» Vr,s, are the linear velocity vectors of centers Ly, L, and Ry, R, of each wheel of

the agricultural vehicle relative to its center of mass (point S;) in a horizontal plane
(Fig. 2).

Figure 3. The vector sums of the speeds of the centers of the wheels of the wide span agricultural
vehicle: a) — the front wheel of the left side with center L; b) — the rear wheel of the left side with
center L,; c) —the front wheel of the starboard side with center R;; d) — the rear wheel of the
starboard side with the center R,.

To determine the tangents of the slip angles of the wheels (points Lq, L,, and R;),
it is necessary to project the sums of vectors (Fig. 3) on and axes S;x; and S;y;, and take
the ratio of the obtained sums of projections. As it is evident from Fig. 3, the sums of the
projections of the velocity vectors, shown in Fig. 3,a; 3,b; 3,c and 3,d will be
respectively equal:

Vi =V sing+Vs -cosp+V, g -cos(p+y),
Ly, = Vo sing+Vs -cosp—V; s -cos(p-y), .
Vi, ==V, -sing+Vs -cosp+Vy s -cos(p—v),

Vi, =V sing+Vs -cosp—Vp s -cos(p+y),
where v is the angle between the velocity vectors V, s,, Vi,s,, Vr,s,» and Vs, , and the
horizontal axis.
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In addition, taking into account the smallness of angles ¢ and w, we assume that
sing ~ @, cos @ ~ 1, and cos(p + ) =~ 1. Therefore, expressions (3) can be written in a
more simplified form. Namely:

Lx, — _Vo s VS, + VLIS, >
Vsz/ = _Vo Q-+ VS[ - VLZS[ ’ (4)
Viw, == Vo @0+Vs Vs,

Viys, == Vo -0+Vs Vi -
Further, it is obvious that the projection of the velocity vector V, .y, of center Ly of
the front wheel of the left side of the agricultural vehicle on axle S;y; will be equal to:
Vi, =V0-cos¢+)'(st-sin(p (%)
Considering that in the second term on the right side of expression (5) the product
of two small quantities is a small quantity of a higher order, there is every reason to write
that V,,,, ~ V.
In a similar way we have:
VLIYr = VLz}’z = VRI)’[ = VRzyz = Vo (6)

Next, we determine the values (modules) of the vectors included in expression (2).
It's obvious that:

7,

=7, || = X, - (7)

To determine the values of the linear speeds of rotation of centers L;, L,, Ry, and
R, of the wheels of the agricultural vehicle relative to its center of mass (point S;), we
find the radii of the tuns of points L, L,, Ry, and R, relative to point S;. As it evident
from Fig. 3, the specified radii will be equal to:
1

2 2
Ry =Ry = 4-(L-1) +K?,
I ®)
Ry, =Ry, =2\ + K.
Then, taking into account expression (8), we obtain:
1 2 2 .
‘VLIS,‘z‘VRlS,‘zg\/ (L=L) +K" -9,
©)
1 2.
‘VLZS, :‘VRZSZ‘:E 417 +K" - .

After substitution of expressions (7) and (9) into expression (4), we will have:

V . 1 '
‘ & ‘VRIX[ VO XSr 2 ( _ll‘)2+K2 '¢,

=17, — (10)
‘Vsz, ‘ R,x, v, '¢’+Xs, —_2 4.1t2 +K? P

Thus, on the basis of the obtained expressions (6) and (10), it is possible to
determine the values of the tangents of the slip angles 6, , §,,, and 8g,, dg,, and,
considering the smallness of these angles, and the slip angles themselves of all the four
wheels of the considered agricultural vehicle. Namely:
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V, v,
Lix, Ryx,
tan5L1 :tan5Rl zéLl zé‘Rl = =% _

VLlyt VRlyr
: 1 2 2 .
XS,+2 4'(L—lt) +K° 9=V, -p
= - ,
° (11)
tand; =tandp ~J; ~Op = L Row
VLzJ’: Ryy,
X ;1/4-1,2+K2-¢—V0 0

Since the slip angles 6, 6, and &g, &g, , are directed in the other direction with

respect to the positive direction of change of the heading angle ¢ (Fig. 2), their values
must be negative. With this in mind, we finally obtain:

Xy, +%1/4-(L—l,)2 +K2 ¢

§L1 =5R1 =p- v 5
o
(12)
X, —%\/4-1,2”(2 )
§L2 :é'Rz =@- .

V.

o

Having determined the slip angles 6, 8;,, and &g , 6g,, we find the lateral forces:

Xy +%,/4-(L—1,)2 +K2 ¢

TL1 :kLl' [ % 5
o
X —l«/4'lf+K2 )
T =k | p——2
L, L, ¢ V )
o
(13)
. 1 2 2 .
Xsr+2 4-(L-1) +K" -9
TRI :le' (0_ V )
o
X —11/4-13+K2 )
Ty =k | p———2
R, R, | P % .

o

From the study of automatic driving and driving wheels (Bulgakov et al., 2021), it
is known that different turning torques M;; must be applied, which will provide different
values of the tangential forces Fp;:

Mpypi—Mg¢;
Fp; = (kr—if)’ (14)

where M,,; is the turning torque applied to the i-th wheel; r; is the dynamic radius of the
i-th wheel; Mg; is the rolling resistance moment of the i-th wheel.
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Due to the difference in the sum of the driving moments M, applied to the left and
right wheels of the agricultural wide span vehicle, a torque M,, appears in a horizontal
plane, given by Bulgakov et al. (2021):

1
My = > K(Fpy, + Fpr, = For, = For,) # 0, (15)

where Fp; , Fpy, and Fpg,, Fpg, are the tangential forces applied, respectively, to the
front and rear wheels of the left and right sides of the agricultural wide span vehicle.
The appearance of the torque M, causes a change in the direction of the motion of
the agricultural wide span vehicle. The resistance to turning of the machine causes a
moment of lateral interaction forces of the wheels with the supporting surface My, which
can be considered a stabilizing moment, the main moment M of forces acting from the
side of the agricultural implements, the moment of the transverse component P, of the
traction resistance of agricultural implements and the moment of inertia forces M;:

1 .
‘Mp=M}+Mb+MQ=EL(QﬁJk—E?—QJ+Mb+ﬂ-wh%-¢, (16)

where My is the torque caused by the lateral interaction forces of the wheels with the
supporting surface; M; is the moment of inertia; T, Ty, and Tg,, T, are the lateral
forces applied, respectively, to the front and the rear wheels of the left and right sides of
the agricultural wide span vehicle; M — the main moment of forces acting upon from
the side of the agricultural machine; J,,, —is the moment of inertia of the agricultural
wide span vehicle in a horizontal plane; ¢ is the angular acceleration of the agricultural
wide span vehicle in a horizontal plane.
When the turn is stable, the following equality is satisfied:
1 1 .

EK'<FDL1 +Fpr, = Fpg _FDRZ):EL'(TLL T =T — T, )+Mc +Pa+d,-¢. (17)

By substituting expressions (13) into expression (17), after some transformations,
the following differential equation is obtained:
X +% (L-1)Y +K*-¢

+FDL2_FDRI_FDRZ)_%L' (kL,+le)’ (2 % -

o

m DL,

J~¢:%K(F

| (18)
X&—EJﬁ+K2¢

V.

o

~(ky, +hy, )| 0~ ~M.-P, a.

Eq. (18) is a differential equation for the turn of the wide span agricultural vehicle
around its center of mass (point S;) in its plane-parallel motion.
Further we will compose a differential equation for the transverse displacement X,

of the center of mass S; of the considered agricultural vehicle, using the basic law of
dynamics, which, in this case, will be written in the following form:

M-x, =YF,. (19)
k=1

where M is the mass of the agricultural vehicle; X; s, — acceleration of the center of mass S;
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of the agricultural vehicle in the direction of axis Ox; ZFM — the sum of the projections
k=1

of all the external forces acting upon the unit under consideration, on axis Ox.
Using the equivalent circuit, shown in Fig. 3, we can find the sum of the projections
of all the external forces on axis Ox. We have:

Zn:Fkx =—F, -sin(§L1 —gz))—FDL2 -sin(é‘,{z —go)—
k=1

—Fi -sin(§R1 —(z))—FDR2 -sin(5R2 —(p)+

+(TLI +T, +T; +T, )cosq0+Px -cosp— P, -sing.

(20)

Taking into account the smallness of angles ¢, 8, , 6;,, 6g, and &, expression
(20) can be written in a more simplified form:

n

=i (3,0} (8, -0 (6, -0)- 2

~Fop, (85, —@)+ T, +T, +T, +T, +P.~P, .
By substituting expressions (12) and (13) into expression (21) and performing a series

of transformations, we will obtain the final expression for the sum of the projections of
all external forces, acting upon the discussed agricultural vehicle, to axis Ox:

1

\ Xg +— A(L-1) +K*-¢
> F,=(Foy +Fy ) 2 ; +
k=1 o
X —%,/4-1f+1<2 )
+(FDLZ +FDRZ)- 7 +
g (22)
XSI+E,/ (L-1) +K*-¢
+(kLl +le)~ o- v +
X —11/41,2 +K* -9
+(ky, +y )| p-——2 +P-P ¢

|4

0

Substituting expression (22) into Eq. (19), we obtain the desired differential
equation for the transverse movement Xs_of the considered agricultural tool in the
direction of axis Ox:
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M-Xy =(Fy, +Fy ) ; +

)’(SI—%,/4-13+1<2-¢

+(FDLz +FDRZ)~ 7 +
o (23)
XSI+5J (L-1) +K*-¢

+(kLl+kR)- Q- V +
X —l./41,2 +K* ¢

+(kLz+kRz)- Q- 2 +Px—}?‘,-<p.

A

Combining differential Eqs (23) and (18) into one system of differential equations,
we obtain a mathematical model of a plane-parallel movement of the wide span
agricultural vehicle with an onboard method of its turning. We have:

) X&% ML) +K* ¢ XS'—%1/4-1[2+K2 )
M-X; =(F,, +Fy ) 7 +(Fy, +Fpy ) 7 +

0 0

X, +% 4(L-1) +K*-¢ X —%./41,%1(2 ¥
% +(kLz +kRz)~ - 7

o 0

+(k, +k )| o~ +P-Pp,

(24)
Jm-gb'zél(-(FDL]+FDLZ—FDRI—FDRZ)—%L- (k, +hy )| p-— - -

0

X, +% (L-1Y +K*-¢

(kLZ+kRZ) 0 - M.-P.-a.

0

If we consider that the slip resistance coefficients of the front and the rear wheels
of the left and the right sides of the agricultural vehicle are equal, then we can assume
as a first approximation that:

ky, =k, =kp and kg =k, =kg, (25)

1

then, substituting values (25) into the system of differential equations (24), after a series
of transformations, we obtain a system of differential equations of the following form:
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) X, +% 4(L-1)+K ¢ X, —%,/4~1f+1<2 ¢
M-X =(Fy, +Fyy ) 7 +(Fyy, + Fyy, ) - +

o 0

9+P-F 9, (26)

X1 JAL-1) +K -4 + K
+2(kL+kR)-[¢—7‘]+E-(kL+kR)- ( )V

L1 1 (k, +k ) L'
Jm'(D:EK‘(FDLl_FFDLE_FDR,_FDRZ)-I—E'%'(B_MC_PX.G'

0

For the case when the front and the rear wheels of the right and the left sides of the
agricultural vehicle are at the same distance from its transverse axis of symmetry, which
finds its reflection in the design of the wide span agricultural vehicle, developed by us
(see Fig. 1), then we can assume that /, = L2, Then the system of differential equations
(26) takes the final form:

) X&% +K* ¢ XS,—% F+K ¢
M- Xy =(Fy +Fpy ) ; +(Fp, +Fy, )- ; +
X
+2(k, +ky)- i +P-P ¢, (27)
.1 1 (k, +ky) L
Jm'(D:EK'(FDL,+FDL2_FDR,_FDRZ) E'%'(O—MC_PX'“'

Numerical calculation of the system of equations (27) shows that already during
the first 0.6 s from the moment of the created difference of the moments applied to the
wheels of the left and the right sides of the wide scan agricultural vehicle in a horizontal
plane, its heading angle ¢ changes to 6 degrees. And also further this value increases
exponentially. But at the same time it should be taken into account that after some time
of the side turn it is necessary to return the axis of the wide span agricultural vehicle into
an opposite direction (exit the turn). That is, in order to return the parallel-displaced
agricultural vehicle to the preset trajectory, it is necessary to introduce an additional
orientation error in the form of a turn of its skeleton when entering the turn, which should
be eliminated at the exit from the turn.

Therefore, manual correction of the trajectory of the movement of a bridge
agricultural vehicle with a side turn will only be accompanied by its worse orientation
relative to the preset trajectory. Hence it follows that by its onboard turn it is practically
impossible to carry out controlled movement with its transverse displacement without
an additional turn. It means that the use of only a side turn does not allow to make
correction of the trajectory of the movement by a lateral (plane-parallel) displacement of
the longitudinal axis of the wide span agricultural vehicle. In case a displacement of the
longitudinal axis of the wide span agricultural vehicle from the preset trajectory arises
without turning it (for example, as result of its movement on a transverse slope),
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restoration of the preset trajectory of the movement will be accompanied by turning of
its longitudinal axis, and this will require next correction by turning in the opposite
direction.

RESULTS AND DISCUSSION

The experimental amplitude-frequency characteristic of oscillations of the heading
angle ¢ (Fig.2) of the wide span agricultural vehicle showed (Fig. 4) that in the
operating range frequencyof 0-2 s™!, the highest value that the amplitude reaches is
2.6 1075 rad N, applied, respectively, to the wheels of its left and right sides, which is
observed at low frequencies w. At frequencies of oscillations of the control action of
about 2 s™!, the amplitude of oscillations of the heading angle ¢ of the agricultural tool
does not exceed 1.0 10° rad N1,

0.00003

0.00002 \

+0.00001

Amplitude 4, rad N

0.5 1.0 1.5 2.0
Frequency w, s

Figure 4. Experimental amplitude-frequency characteristic of fluctuations of the heading angle

@ when the agricultural vehicle is working out the difference in tangential forces, applied,
respectively, to the wheels of its left and right. Sides.

Oscillations of the transverse displacement of the wide span agricultural vehicle
during its movement are also of low frequency (Fig. 5). The main dispersion spectrum of
these oscillations is also concentrated in the frequency range 0-2 s!. The standard of
oscillations of this parameter is + 0.05 m.
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Figure 5. Normalized spectral densities of oscillations of the linear transverse displacement Xs
of agricultural tool.
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The experimental amplitude-frequency characteristic of oscillations of the linear
transverse displacement Xs of the wide span agricultural vehicle during working out of
the control action (Fig. 6) showed that in the operating frequency range of 0-2 s
oscillations of the input signal its maximum displacement, equal to 1.3-107° m N,
is also observed at low frequencies.
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0.5 1.0 15 2.0
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Figure 6. Experimental amplitude-frequency characteristic of oscillations of the linear transverse
displacement Xs when working out the control action by the wide span agricultural vehicle.

Since the main range of dispersions of oscillations of the tangential forces, applied,
respectively, to the wheels of the left and the right sides of the wide span agricultural
vehicle, is concentrated exactly at low frequencies, therefore, only the high accuracy of
the automated system for driving it along the tracks of a constant tramline, using a laser
beam, will allow it to have satisfactory controllability.

CONCLUSIONS

The completed research has proved that the plane-parallel steering of the
agricultural wide span vehicle with the use of solely the traction (forced) method of its
turning on the treads of the permanent process track requires a significantly smaller
difference in the moments applied to the wheels on the right and left sides, as compared
to the conventional crawler tractor. The said difference is in proportion to the width of
its wheel base at its relatively smaller length.

The smallest power consumption in the process of turning an agricultural wide span
vehicle with the use of the traction (forced) method is achieved, when the lateral
deformations of the tyres on the wheels of its left and right sides are equal in absolute
magnitude, but have opposite directions. To ensure such type of deformations, the
traction (forced) turning of the agricultural machine has to be done in such a way that its
instantaneous centre of turn is on the axis of transverse symmetry of its chassis.

It has been proved theoretically that already in the first 0.6 s after a difference in
the moments applied to the wheels on the right and left sides of the agricultural wide
span vehicle has arisen, the heading angle of the vehicle in the horizontal plane changes
by 6 deg. Thereafter, this value increases exponentially. In practical terms, that means
that it would hardly be possible to perform the controlled motion with a lateral
displacement without an additional angular displacement. Hence, the use of solely the
traction turning does not provide for the adjustment of the motion trajectory with a lateral

516



(plane-parallel) displacement of the agricultural wide span vehicle’s fore-and-aft axis.
The oscillations of its transverse displacement in the course of its motion are
low-frequency ones. The main variance spectrum of these oscillations is concentrated
within the frequency range of 0-2 s™!. The standard oscillations of this parameter are
within + 0.05 m.

Within the operating frequency range of 0-2 s™! of the control action, the maximum
lateral displacement of the agricultural wide span vehicle equal to 1.3 10~ m N! occurs
also at lower frequencies.

In view of the fact that the main variance spectrum of the oscillations of the
tangential forces applied to the wheels on the left and right sides of the agricultural wide
span vehicle is concentrated exactly within a low frequency range, only the high
accuracy of the system using a laser beam can ensure its satisfactory steerability.
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Abstract. For designing the efficient storage and transport of rapeseed, it is necessary to follow
the rules of bulk material, know its properties, and use appropriate equipment. The mentioned
properties of bulk material are essential for simulating the numerical model and obtaining the
parameters of the geometry particle tracing during the rapeseed manipulation. In order to
determine the angle of repose and mechanical properties of rapeseed, the results of previous
experiments were used. The aim of this paper was to propose the methodology for calculating the
traces of individual particles using the contrast point method during a real test to calibrate and
verify a numerical model of the same system as in a real test. RockyDEM software was used to
create the numerical model of rapeseed. The numerical model was used to test the flow analysis
of rapeseed particles. The experiment measuring rapeseed particle traces was performed using an
assembled experimental device. The rapeseed particles and the contrast point particles were
poured out from the device, and a camera recorded the process. In parallel with the real
experiment, the angle of repose test was performed on the same device to verify the numerical
model. The results showed that the methodology is suitable for the DEM model verification with
an accuracy of 3.77 mm in the X-axis, 0.55 mm in the Y-axis and 1.7 mm in the Z-axis. This
confirmed that the proposed method is suitable for determining the surface behaviour of bulk
material to verify the DEM model.

Key words: rapeseed, discrete element methods, particle tracing, angle of repose test, contrast
point.

INTRODUCTION

Modelling and simulation are methods often used in science, economics,
engineering praxis, and many other fields of human activity. Computer simulation is one
of the most commonly used methods in agriculture because of its low design and testing
costs. To effectively manipulate and store rapeseed, following a specific set of rules and
using special equipment is necessary. This equipment has to be designed in such a way
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as to allow seamless transportation and storage of rapeseed. The numeric simulation
using discrete element methods (DEM) allows for creating a preview of particle tracking
geometry (of rapeseed). However, in order to achieve the correct calibration of the
numerical model, it is necessary to obtain the mechanical properties of the rapeseed. By
using known parameters and properties, it is possible to create a computer model and
determine the correlation between the experiments and the model (Zhou et al., 2002;
Asafetal.,2007; Chen et al., 2013). For the bulk matter's basic properties, it is necessary
to determine the angle of repose as well as the external and internal friction angle of said
bulk material (Amsiejus et al., 2014). The internal and external friction angle can be
calculated using shear tests (Schwedes & Schulze, 1990; Ucgul et al., 2015; Kotrocz &
Kerenyi, 2017). The tests are performed using a special shear device. The test was also
used by Kufe et al. (2019), who created and verified a numerical DEM model of
rapeseed.

Lei et al. (2021) verified the rapeseed's DEM model by comparing the motion
characteristics and seeding performance during the simulation and the bench test. The
results confirmed the possibility of using DEM to determine the final position of
rapeseed during seeding. By analysing the movement of particulate matter, it is possible
to verify whether the movement in the DEM model corresponds. One of the many
methods of motion analysis is image processing.

Image processing can be a useful tool for tracing surface objects. It is possible to
record the movement of particles for later analysis by using a camera (Hoffmann et al.,
2014; Ktiz et al., 2016). Zhang et al. (2006) proposed two types of analysis, soil mass
motion analysis for tracking soil displacement and soil particle tracking analysis for
unique soil particle translation and rotation tracking. They used a basic algorithm based
on cross—correlations of the frames to determine the corresponding locations of the
traced point in successive frames and thus measure the displacement values. Image
processing for particle tracing using the contrast point method was applied by Hardy et
al. (2017), who simulated the effect of raindrops on soil erosion by using fluorescent
coating on the upper particles in a soilbox.

The aim of this paper is to propose and use the methodology for calculating the
traces of individual particles of rapeseed using the contrast point method during a real
test. To calibrate and verify a numerical model of the same system as in a real test. For
additional verification will be used the angle of repose test.

MATERIALS AND METHODS

An experimental device for measuring the angle of repose was used to trace the
rapeseed grains during the pouring process. The process was filmed and then processed
by the optical contrast point method. Then a simulation model was created, corresponding
with rapeseed grains in their parameters. For verification and added calibration of the
simulation model, a test measuring the angle of repose was performed for the model and
a real experiment.

The material model and the physical input parameters were based on the numerical
model from previous experiments (Kufe et al., 2019). The experiment aimed to create a
numerical rapeseed model and verify it by comparing the static and dynamic friction in
the real experiment and the model. Model calibration was made on a shear test using a
shear device.
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The rapeseed seeds (Brassica napus) of the Atora variety were used for the
measurements. The used rapeseed properties were based on results from previous
experiments (Kufe et al., 2019). The size of the rapeseeds was measured, which was
1.93 mm + 0.214. The bulk density was 707 kg m~ + 5.469, and the moisture content
was 3.5% £ 0.145. The moisture content of the rapeseed was verified by using the
Memmert oven 100—800. The amount of the rapeseed was placed into the oven and dried
to the moisture of 0%. From the weight difference before and after drying, the moisture
was counted.

The experimental device for measuring the angle of repose

The device (Fig. 1) consisted of a camera (1), a tray (2), a cylinder (3), and
construction (4), to which a cylinder was attached to a linear system. The cylinder was
made of a transparent tube with an
inner diameter of 100 mm, and an outer e
diameter of 110 mm. The cylinder was
filled with particulate matter, which
consisted of the rapeseed particles. After
filling the cylinder with particles, the
cylinder was lifted by a DC motor (5).
The cylinder's lifted speed has been set
at 0.00325 m s’!. The speed depends on
the gear ratio of the DC motor and
the pitch of the thread. The speed
mustn't be too high so that only the
static behaviour of the substance is
manifested. As the cylinder was lifted at
a constant speed, its content (particulate Figure 1. The equipment for measuring the angle
matter) was spilt on the tray. of repose.

Tracing the particles by using the method of the contrast point

Polypropylene particles were chosen as contrast points for particle tracking. The
polypropylene impact copolymers with the density of 900 kg m™, tensile stress at yield
of 26 MPa, tensile strain at yield of 10% and the average size of 4.3%3.6x2.7 m was used.
The cylinder of the experimental equipment was filled with particulate matter, which
consisted of the rapeseed particles and
nine polypropylene particles. Three
polypropylene particles were placed at
the approximate height of 80 mm at the
centre of the camera's axis. Due to the
spacing, the particles were approximately
20 mm apart. The other three particles
were seated at the height of 120 mm.
The last three particles were placed at
the height of 160 mm. The cylinder was
filled with rapeseed approximately at
the high of 210 mm (Fig. 2). Figure 2. Single points of PP particles in rapeseed.
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The used camera recorded the movement of polypropylene particles during the
whole experiment. The record was evaluated using image analysis to determine the
particle trajectory, visible throughout the entire recording duration. The camera was
placed at the height of 80 mm above the level of the plate and recorded the entire course
of the experiment from a distance of 360 mm. After recording, the video was saved in
a MOV format.

DaVinci Resolve (16.1.2) software
environment was used to obtain paths of
polypropylene particles from video records. It
was done using the DaVinci Resolve function
called Tracker. The contrasting point was
bounded as an image (Fig. 3). Then the Tracker
monitored image movement during the video
playback. This movement eventually created
the path of motion of the contrast point image.

The coordinate system was shifted, and
the [0;0] value on X and Y-axis was moved
to the cylinder's centre on it's wall (Z-axis was

not concerned, because it was calculated later), i.e., to the height where the cylinder
contacts the plate. It was done so that the gathered data could be later compared with
data gained from Rocky DEM. The path coordinate data (X-axis and Y-axis) were
exported to MS Excel and processed. The resolution of the recorded images was
1,080x1,920 pixels. The resolution was later recalculated to millimetres, so the value of
the particle movement was known. The polypropylene particles' position on the Z-axis
was obtained by calculations (1) and (2).

Figure 3. Bounded contrast point.

Z=1r"cosa (D)
X
sina —; (2)

where x (m) is the position of the particle on the X-axis; r (m) is the diameter of the
cone's cross—section; a (°) is the angle between the r and z curves, and z is the particle's
position on the Z-axis.

The diameter r was variable due to the conical shape of the spilt rapeseed, so it was
necessary to determine its value for each position on the Z-axis. It was obtained using
graphical measurements in the mathematical application GeoGebra software environment
(GeoGebra, 2019). Subsequently, all coordinate values were known. The coordinate
values of the contrast particle's initial positions were selected and used to select particles
in the numerical model.

The numerical model

The numerical model was created in Rocky DEM Particle Simulator (4.2.0)
environment (Fonte et al., 2015). The angle of repose experiment (described in The angle
of repose experiment) calibrated the numerical model of spilling rapeseed. The property
of particle interaction was set up according to previous experiments (Kute et al., 2019).
Input parameters of the materials, their interactions, and physics are listed in (Table 1.).
The particles were chosen to be spherical, and their size was set up to 2 mm, which
corresponds to the average rapeseed diameter. The hysteretic linear spring model is the
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mathematical model chosen for the normal force component. The resulting contact force
can be expressed by Eq. (2) for the convergence of two particles and separately by the
equation for the retraction of two particles (Kruggel-Emden et al., 2007). The model is
described in detail in (Katinas et al., 2019).
k-8, 20
h={e, G a0, 20 ®
where FE,(N) —normal force; k,(N -m™1) —spring load stiffness; k,(N - m™1) — spring
relief stiffness; & (m) — overlap; 8, (m) —overlap during the retraction of particles;
8 (m - s~1) — instantaneous normal velocity.

Table 1. Input parameters of the numerical model

Simulation physics: Source

Normal force Hysteretic linear spring (Rocky DEM technical manual, 2020)
Tangential force Linear spring coulomb limit (Rocky DEM technical manual, 2020)
Adhesive force None (Rocky DEM technical manual, 2020)
Rolling Resistance 0.28 Selected

Gravity 9.81 ms> Selected

Material interaction properties between particles:

Static friction 0.33 Selected

Dynamic friction 0.3 Selected

Tangential stiffness ratio 0.8 Selected

Restitution coefficient 0.3 Selected

Material properties:

Bulk density 707 kg m™ (Kufe et al., 2019)

Young's modules 2.66 Mpa (Kufte et al., 2019)

Poisson's ratio 0.3 Selected

Partical size 2 mm (Kufte et al., 2019)

Lifting velocity of the cylinder in

-1
the Y-axis 0.00325ms Selected

The cylinder and tray models were imported to Rocky DEM. The cylinder model
was filled with the model of particles (Fig. 4), and the retraction velocity was set up to
0.00325 m s~!. Once the model was set up, a calculation was followed by a simulation
of spilling the rapeseed.

X

Figure 4. The cylinder model was filled Figure 5. Two nearest particles correspond to the
with the model of particles. initial position of contrast points from the real test.
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After the simulation, particle paths could be detected. According to the initial
position of the particles from the real experiment, two particles from the simulation were
selected. The model particles' positions were the closest to the position that corresponded
to the position of the particles from the real experiment (Fig. 5). Each particle was
marked, and its path was exported for the entire simulation course.

The angle of repose experiment

The measurement of the angle of repose experiment was used to verify the model
of the particle tracing experiment. GeoGebra (2019) software environment was used to
obtain said angles. Defining a horizontal line was the first step in measuring the angle of
repose. A horizontal line was created by using two marginal points on the bottom of the
cylinder. These points are visible in Fig. 6 as the point ‘S’ and ‘T’. The horizontal line
is parallel to the bottom of the pile and is used as the adjacent side of the angle of repose.
To count the angle of repose, it was also necessary to make the hypotenuse lines. Both
sides of the pile's surface profile formed the hypotenuse lines. That formed the pile's
profile into two right triangles from which the angles could be calculated. The angle
between the surface lines of the pile and the horizontal line are the angles of repose, that
is indicated in the Fig. 6.

Figure 6. Measuring the angle of repose on the real system.

Subsequently, the script supported by the RockyDEM environment was used to
determine the angle of repose. The pile was divided into 36 individual slices utilising the
script (Fig. 7). Each slice was divided into separate sectors from the centre of the pile (Fig. 8).
For each sector, a particle with the highest Y-axis value was identified. A line was created
for each slice using linear regression, and its direction determined the given angle.

Figure 7. A circular section set aside for Figure 8. Division of a circular segment
determining the angle of repose. into sectors.
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The statistical evaluation

Statistical methods F-Test: Two-Sample for Variances and subsequently #-Test:
Two-Sample Assuming Equal Variances were used to compare the measurement results
and the results obtained by simulations in RockyDEM. The variances and the expected
values for the individual X, Y, and Z-axis between the measurement and the simulation
were determined using these methods. Hypotheses about the conformity of the variances
and the conformity of the Equal Variances were established. The level of significance
was set up to a value of @ = 0.05. This value was the border value of the p-value from
the F-Test and #-Test that confirmed their hypotheses. (SvatoSova & Kaba, 2013).

RESULTS AND DISCUSSION

The angle of repose test

After the experimental phase, captured images of the pile were evaluated. The
resulting average angle of repose equals 30.51° £ 1.50°. See (Fig. 9) for the measured
data. The graph contains the individual average data for each slice (Fig. 8) with relative
deviation. The horizontal line marks the average angle of repose. The chart shows that
a systematic error was made during the measuring. Image deflection has occurred during
the rotation of the camera. Systematic error is a sine function. A slight tilt of the camera
may have caused the error. Another possibility is that the centre of the cylinder was not
attached exactly to the axis. From a statistical point of view, this error has no significant
effect on the average value of the entire measurement. In comparison to Izli et al. (2009)
the angle is greater. However, a grain with a different humidity was chosen in our case.

35

33

g

Angle of repose (°)

1 4 7 10 13 16 19 22 25 28 31 34
Slice number

Figure 9. Graph of measured Angle of repose of pile of rapeseed after the real experiment.

Once the data evaluation was complete using RockyDEM rapeseed model script,
an image containing the results was exported. The resulting angle of repose from the
model equals 30.06° £ 0.5°. See Fig. 10 for the results. The part on the left shows the
evaluation of angle of repose measurement. The result is an approximation of the
maximum Y-axis values for the individual sectors. The part on the right shows the
evaluation of the individual angles of repose, similar to Fig. 9. By considering the
relative error, it can be said that the measured data and the data from the model correlate,
and the error is in tolerance value.
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Figure 10. Graph of measured Angle of repose of pile of rapeseed model from RockyDEM.

The cone base (poured pile) in the model is 269 mm long. The base of the pile at
the time of pouring was 293 mm long. Fig. 11 shows the proportional comparison
between the poured pile and the rapeseed pile of the model. Because an angle of repose
test verified the model's accuracy, it was possible to use the model to trace individual
particles.

Figure 11. Comparison of rapeseed pile model and real test.

Results of the contrast point tracing

The data obtained and recalculated from DaVinci Resolve were compared with the
data obtained from the model in Rocky DEM. To each particle traced in the real
experiment were found two particles in the model, and their X, Y, and Z coordinates
were exported to MS Excel. Fig. 12 compares the contrast point traces from the model
and real test on the Y-axis and X-axis, and Fig. 13 shows the chart comparing the
contrast point traces from the model and real test on the Y-axis and Z-axis. Fig. 12 and
Fig. 13 show the trace the particle number 1. Seven out of nine particles could be traced
from the measurements. For others, the trace failed due to poor visibility from the video
due to particle overlap.
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Figure 12. Comparison of contrast point traces from model and real test on X and Y-axis.
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Figure 13. Comparison of contrast point traces from model and real test on Z and Y-axis.

The statistical evaluation

The results of statistical
verification are seen in Table 2. These
results show that seven traced particles
out of nine were compared in each axis
separately. The particle number refers
to the order of the traced particle,
according to Fig.2. The F-Test
column shows the resulting p-values
that had values higher than the
significance level of 0.05. This
confirmed the hypothesis of equality
of variances. The #-Test (the Equal
Variances  confirmation) column
shows the resulting p-values that had
values higher than the significance
level of 0.05, except for particle 2 in
X-axis. All comparisons were
statistically significant except for
particle 2 in X-axis. The average
deviation was 3.77m in X-axis,
0.55mm in Y-axis and 1.7 mm in
Z-axis.

Table 2. The results of statistical verification

Numbe;r Axis F-Test t-Test Result

of particle

1 X 0.436  0.692  significant
Y 0.486  0.991  significant
zZ 0.444  0.920  significant

2 X 0.071  0.017  insignificant
Y 0.492 0999 significant
Z 0.427  0.870  significant

4 X 0.414  0.807  significant
Y 0.498 0975  significant
Z 0.230  0.987  significant

5 X 0.105  0.287  significant
Y 0.454 0998  significant
Z 0.326  0.995  significant

6 X 0.221 0.529  significant
Y 0.310  0.999  significant
Z 0.451 0.457  significant

8 X 0.329  0.079  significant
Y 0.499  0.079  significant
Z 0.484 0.074  significant

9 X 0.232  0.295  significant
Y 0.232 0992  significant
Z 0.177  0.854  significant
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DISCUSSION

The loose (particulate matter) consists of particles of various shapes and sizes but
of the same loose particulate bulk density. Essentially, the particles create a statistical
set, and therefore it is complicated to predict the matter's behaviour. Studying and
monitoring the bulk material makes it possible to get an idea that helps predict the
material's behaviour. However, the movement of a single particle can cause a domino
effect of the entire mass of the matter. It is why tracing the particulate matter is difficult
to measure and gain quality parameters.

The proposed method proved to be an affordable method for individual particulate
matter movement surface monitoring. The video of particle movement is possible post-
process with video processing software DaVinci Resolve. The method has been used,
for example, by Hardy et al. (2017). However, they used fluorescent coating, so the light
contrast was obtained, and data were post-processed by using Spyder (Scientific PYthon
Development EnviRonment) script.

In order to preserve the maximal accuracy of the model, it is important to know not
only the internal states of the system that is being examined but also take into
consideration the external conditions affecting the system's behaviour. Incorrect entry
values, poor computer model, or inappropriate selection of methods can lead to incorrect
and misleading results. The length of the calculation, which is conditioned by the number
and shape of the individual particulate particles, poses another risk. The more complex
and numerous the material, the more time (multiplicatively) is needed to calculate the
model. It is necessary to optimise the model parameters as well as the number of
modelled particles and, at the same time, achieve sufficient model accuracy based on
correlation verification with the real experiment (Wojtkowski et al., 2010).

The discrete element method can be used in the description of particulate particles,
such as rapeseed. The given parameters are for moisture content of 6 % and the actual
grain size of rapeseed. The possible change of boundary conditions must be considered
when using a model with different grain ratios (Bravo et al., 2014).

CONCLUSION

This paper aimed to create the methodology for performing particle tracing using
an optical contrast point method. The results obtained from the real test were statistically
compared with the simulation and showed their statistical significance for all particles,
except for one in one axis. The main conclusions can be summarised as follows:

e The proposed methodology is suitable for the verification of the DEM model.

o The trace of real particles from the original place is related to the average trace
of the two nearest particles from the numerical model. The final position of traced
particles was in the nearby area.

e The numerical model with relevant parameters can be used to predict the
particulate matter movement with an accuracy of 3.77 mm in X-axis, 0.55 mm in Y-axis
and 1.7 mm in Z-axis.
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Abstract. The identification of effective specialized DNA markers providing the clear control of
target locus inheritance by the trait of submergence tolerance has been conducted. Among the
studied set of microsatellite markers, two the most informative SSR-markers - RM 7481, PrC3
showed high efficiency in detecting intraspecific polymorphism of rice varieties and lines used
in the work. With the use of these markers the clear genotype marking the obtained hybrid rice
plants by this trait has been conducted and it is has been verified by phenotype evaluation as a
result of laboratory trials. The plant samples carrying the target gene in heterozygous and
homozygous state has been selected. About 400 backcrossed self-pollinated rice lines with
introgressed and pyramided resistance genes Pi-1, Pi-2, Pi-33, Pi-ta, Pi-b to Pyricularia oryzae
Cav. were obtained within the frameworks of program to develop genetic rice sources resistant
to blast. The conducted testing for resistance to blast and the assessment by economically valuable
traits have allowed to select the prospective rice samples. The plant samples of F2 and BC1F1
generations with combination of resistance to blast genes (Pi) and submergence tolerance gene
(SublA) in homozygous and heterozygous state that is confirmed be the results of analysis of
their DNA have been obtained. The obtained hybrid plants are being tested in breeding nurseries
for a complex of economically valuable traits. The best plants will be selected and send to State
Variety Testing system. Their involving in rice industry will reduce the use of plant protection
chemicals against diseases and weeds, thereby increasing the ecology status of the rice industry.

Key words: rice, blast resistance genes, submergence tolerance genes, PCR analysis, DNA
markers, rice varieties.

INTRODUCTION
Rice is the world’s third most cultivated cereal crop. The Krasnodar region is the

largest rice-growing area in Russia, having more than 80% of the country's sown area
(Dubina, 2019). The main limiting biotic stress factors that prevent high rice yields and
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reduce plant productivity are diseases, weeds, and pests. Unfavourable climatic
conditions (high air temperatures, lack of water (drought), etc.) also restrain the growth
of rice yields and threaten the food security of the region (Kumar & Bhagwat, 2012).

The introduction of genes (functions) of resistance to biotic and abiotic stressors
into rice varieties with high productivity that are adapted to local environmental
conditions, marker control, and the pyramiding of several target genes in one genotype,
are considered relevant and promising directions in breeding (Singh et al., 2009; Negrao
etal., 2011).

Genetic resistance is a strategy that allows for the obtaining of high yields of, to
some extent, more environmentally friendly rice that meets the requirements of the
modern consumer without loss and risk (Zelenskiy, 2016).

The use of SSRs makes it possible to accelerate the breeding process, and therefore,
today, molecular breeding technologies are one of the prioritized and dynamically
developing scientific directions for breeding programs (Mackill & Ni, 2001; Dubina et
al., 2015; Dubina, 2019).

At the International Rice Research Institute (IRRI), using DNA marker selection and
phytopathological testing, a number of monogenic lines, ‘IRBLs’, were developed on a
genetic basis for local breeding varieties, carrying resistance genes fo Pyricularia oryzae
Cav.: Pi-ta, Pi-b, Pi-z, Pi-k, Pi-5, Pi-i, Pi-1, Pi-9, and Pi-zt (Dubina, 2019). Such lines
are worthwhile both for breeding blast resistant rice varieties and for monitoring the
racial composition of the blast pathogen. A number of ABL lines with the resistance genes
Pi-ta, Pi-b, Pi-z, and Pi-40 were developed at the National Institute of Crop Science (NICS)
in South Korea using DNA marker selection (Mackill & Ni, 2001; Choi et al., 2006).

However, these varieties in domestic breeding programs for this trait can only be
used as donors, because their growing seasons are over 155—170 days (Zelenskiy, 2016).
For rice cultivation in the Russian Federation, the growing season for such varieties
should be no more than 125 days (Dubina et al., 2015). Therefore, the development of a
domestic pool of varieties with genes for resistance to these traits is extremely necessary.

An important stage in the history of rice breeding for resistance to water stress
(long-term flooding) was the identification of the Submergence 14 or SublA locus,
which controls this trait (Catling, 1992; Xu et al., 1996; Ito et al., 1999; Xu et al., 2006).
It regulates the response to ethylene and gibberellin, which limits carbohydrate intake
and the state of shoot rest in conditions of flooding, and promotes tolerance to prolonged
and deep submergence (Xu et al., 2000). The Subl region is within the markers CR25K
and SSR1A and covers more than 182 thousand base pairs. This interval encodes three
genes for ethylene response factors, designated SublA, SublB, and SublC, but only
SublA increases submergence tolerance in plants (Mackill & Ni, 2001). Researchers
from the University of California at Riverside (USA) found that SublA allowed rice
plants to survive by growing new shoots after a dry period (Kende et al., 1998; Steffens
etal., 2006). Work on the development of varieties for long-term flooding has been carried
out for several decades at IRRI (Hattori et al., 2009). Recently, a number of different genes
for resistance to long-term flooding have been studied, including SublA4. This work is
significant for short rice varieties such as Swarna (Collard et al., 2013). One variety has
been released in the Philippines as PSB Rc68 (Septiningsih & Kretzschmar, 2015).
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Despite the fact that there are no flooding problems associated with the prolonged
flooding of rice fields in Russia, this gene can be used as a factor for controlling the
harmful weeds of rice fields - the Echinochloa species (Dubina et al., 2017; Dubina et al.,
2018). This strategy is not currently used in Russia due to several problems which are
linked, firstly, to the deficiency of varieties carrying this gene, and secondly, to the high
mortality of rice seedlings that do not have this gene on account of a lack of oxygen
caused by raising the water level to combat weeds (Kostylev et al., 2015; Azarin et al.,
2016; Azarin et al., 2017). Consequently, a rational approach to allowing rice defense
without herbicides is to develop and grow varieties that are capable of anaerobic
germination and are resistant to prolonged flooding (Steffens et al., 2006; Negrao et al.,
2011).

Varieties with Sub14 developed by foreign colleagues can only be taken as donors
in domestic breeding schemes for this trait due to their long growing seasons (Xu et al.,
1996; Xu et al., 2000; Steffens et al., 2006; Xu et al., 2006; Hattori et al., 2009; Collard
et al., 2013). This study was conducted with the following objectives: to identify of
informative DNA-markers for blast resistance genes (Pi-1, Pi-2, pi-33, Pi-ta, Pi-b) and
flooding tolerance (SubiA); to introgress these genes in rice lines for the southern region
of the Russian Federation; to identify promising lines with improved tolerance to blast
and submergence. This research is of great importance for the development of
fundamental and theoretical foundations, along with practical approaches to the use of
SSR markers in rice breeding (Fukao et al., 2011; Kostylev et al., 2015; Mickelbart et
al., 2015; Dubina et al., 2017; Dubina et al., 2018).

MATERIALS AND METHODS

Plant materials

Varieties of Asian origin, Khan Dan, Swarna, TDK-1, IR-64, CR 1009, Inbara-3,
and BR-11, became donors for the introduction of SublA4, a gene that confers tolerance
to long-term flooding. The domestic rice varieties Lenaris, KP- 25, KP-163, and
KP-24-15 were used as maternal forms. In the breeding program to increase blast
immunity, the above-mentioned domestic varieties and breeding samples became the
maternal forms, and the varieties and lines of foreign breeding became donors of target
genes: BL-1 (Pi-b), C104-Lac (Pi-1), C101-A-51 (Pi-2), C101-Lac (Pi-1, Pi-33).

Breeding scheme

In the used breeding schemes, plants of donor and recipient forms, along with hybrid
plants of BC (backcrossing) generations, were planted in growing vessels in artificial
climate chambers (or in growing plots, depending on the season of the year) in triplicate
with an interval of 3—10 days to synchronize flowering. Hybridization of rice plants was
carried out by pneumocastration and pollination using the “TVELL’ method (Los, 1987).

Fig. 1 shows our proposed accelerated breeding scheme for developing a modern
set of new genotypes resistant to biotic and abiotic stressors.

At the first stage of the breeding program, we crossed the domestic rice varieties
and the rice varieties with resistance genes to Pyricularia oryzae (Pi-ta, Pi-33, Pi-1, Pi- b,
and Pi-2) and also with the donor variety Khan Dan (paternal form), which possesses a
gene for tolerance to long-term flooding, SubiA, in its genotype. For each combination
F1 generation was obtained. Then the first backcrossing event was carried out. We have
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planned to carry out two backcrossing events, since it is known that the replacement of
the genome of the recurrent parent (RP) with backcrossing in BC2 is 87.5% (Jena et al.,
2003; Dubina et al., 2018).

HYBRIDIZATION BACKCROSSING SELF-POLLINATION

= = =
r1 p 3 y K1
X=»= x »E x >

fMF BC1
W O /6

Figure 1. Scheme of introducing target genes into Russian rice varieties using molecular
marking.

Note: F1 —the first generation hybrids; BC1 — the first backcrossing with the recurrent parent form;
PCR - polymerase chain reaction.

Marker monitoring of the dominant allele of this transferred gene by PCR analysis
was carried out at all stages of the breeding scheme, starting with BC1 (the first
backcrossing event). Based on the results of DNA analysis, only plants that had dominant
alleles of target resistance genes in their genotypes were selected for further study in the
breeding nurseries for economically valuable traits.

Genome DNA extraction from the plant tissue

For molecular genetic studies, DNA samples of the analyzed rice plants were
isolated from the freshly cut part of the leaf blade at the stage of 4-5 leaves by the CTAB
method with some modifications (Murray, 1980).

PCR analysis for identification of Pi-genes

PCR was performed with 40-50 ng of DNA in a final volume of 25 pL. The
following composition of the reaction mixture was used: 0.05 mM deoxyribonucleoside
phosphates (ANTPs), 0.3 mM each primer, 25 mM KCL, 60 mM Tris-HCL (pH 8.5),
0.1% Triton X-100, 10 mM 2-mercaptoethanol, 1.5 mM MgCl,, 1 unit of Taqg-DNA
polymerase with standard buffer (SibEnzyme).

DNA amplification was carried out under the following conditions: Initial DNA
denaturation at 94 °C - 4 min. Thirty cycles: 1 min - denaturation at 94 °C; 1 min - primer
annealing at 55 °C; 1 min elongation at 72 °C. Finally: 5 min at 72 °C. The primers used
in the studies (Table 1) were synthesized by Syntol (Moscow).

DNA amplification was performed on Tertsik amplifiers (DNA technology,
Moscow) and Bio Rad (made in Germany).

The amplification reaction products were separated by electrophoresis in 8%
polyacrylamide gel (PAGE).

Visualization of the result of electrophoretic separation of PCR products was
performed using ethidium bromide.
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Table 1. Nucleotide sequences of primers for identifying blast resistance gene

Marker name Gene Nucleotide sequence of primers (5’ —3”)
Rm 224 Pi-1 F ATCGATCGATCTTCACGAGG
R TGCTATAAAAGGCATTCGGG
Rm 144 F TGCCCTGGCGCAAATTTGATCC
R GCTAGAGGAGATCAGATGGTAGTGCATG
Rm 72 Pi-33 F CCGGCGATAAAACAATGAG
R GCATCGGTCCTAACTAAGGG
Rm 310 F CCAAAACATTTAAAATATCATG
R GCTTGTTGGTCATTACCATTC
Rm 527 Pi-2 F GGCTCGATCTAGAAAATCCG
R TTGCACAGGTTGCGATAGAG
SSR140 F AAGGTGTGAAACAAGCTAGCAA
R TTCTAGGGGAGGGGTGTGAA
Pi-ta Pi-ta F1 GCCGTGGCTTCTATCTTTACATG
R1 ATCCAAGTGTTAGGGCCAACATTC
F2 TTGACACTCTCAAAGGACTGGGAT
R2 TCAAGTCAGGTTGAAGATGCATCGA

PCR analysis for identification of SublA gene

To identify SublA gene in
hybrid rice plants we used
microsatellite molecular markers
with specific primers (Table 2)
associated with the locus responsible
for resistance to prolonged
immersion of rice under water.

The amplification was carried
out in the ‘Tertsik” DNA amplifier
under the following conditions: at
the first stage - denaturation for
5 min at 94 °C, then at the second
stage - 5 cycles according to the
following protocol: denaturation -
35 s at 94 °C; annealing of primers -
45 s at 60 °C; elongation - 30 s at
72 °C. The final stage included
elongation at 72 °C for 5 min.

The amplification reaction
products were separated by
electrophoresis in 2% agarose gel.
The electrophoresis was carried
out at a voltage of 120-130 V
for an hour. To visualize the
electrophoresis result, an agarose
gel plate was placed in the
GelDocXR (BioRad) and then was
photographed in ultraviolet light.

Table 2. Nucleotide sequences of primers for

identification of SubiA4
Marker name Nucleotide sequence of primers (5°-37)

SublA203 F GATGTGTGGAGGAGAAGTGA
R GGTAGATGCCGAGAAGTGTA
SublA_6 F GATGTGTGGAGGAGAAGTGA
R GGTAGATGCCGAGAAGTGTA
SublA_7 F GATGTGTGGAGGAGAAGTGA
R GGTAGATGCCGAGAAGTGTA
RM7481 F CGACCCAATATCTTTCTGCC
R CATTGGTCGTGCTCAACAAG
RM285 F CTGTGGGCCCAATATGTCAC
R GGCGGTGACATGGAGAAAG
RM219 F CGTCGGATGATGTAAAGCCT
R CATATCGGCATTCGCCTG
RM464A F AACGGGCACATTCTGTCTTC
R TGGAAGACCTGATCGTTTCC
RM 285 F CTGTGGGCCCAATATGTCAC
R GGCGGTGACATGGAGAAAG
SublA F CAGGAATAAGTAGGCACATCA
R GGACCAAGAACAAAGTCAAA
AEX F AGGCGGAGCTACGAGTACCA
R GCAGAGCGGCTGCGA
PrCl1 F TTGC GAGCTAGCTGTCTGAA
R TAGTCCACGCGCTAATGTGA
PrC3 F CAATAAGACTCGGGCTGTGC
R TAGTCCACGCGCTAATGTGA
GnS2 F CTTCTTGCTCAACGACAACG
R TCGATGGGGTCTTGATCTCT
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The field trials

To assess for agricultural significant traits, the analyzed breeding rice plants with
Pi- genes were sown on a rice irrigation system after predecessor of perennial grasses at
the FSI ESOS ‘Krasnaya’ branch of ‘Federal Scientific Rice Centre’ (FSBSI),
Krasnoarmeysky district. All agrotechnical works and phenological observations were
conducted in pursuance of FSBSI’s generally accepted methodology (Practical
guidance..., 1980). The timing of the vegetation phases before flowering and full
ripeness were taken into account. Lodging and shedding were estimated in the phase of
full ripeness. Varietal weeding was conducted in order to remove atypical plants in the
experimental area. For biometric analysis, 25 typical plants of promising samples were
selected, which were distinguished by agricultural significant traits and their resistance
to Pyricularia oryzae (Dospekhov, 1979; Podkin, 1981).

The phytopathology testing

Evaluation of rice donor lines BL-1 (Pi-b), C104-Lac (Pi-1), C101-A-51 (Pi-2),
C101-Lac (Pi-1, Pi-33), and IR 83260-2-10-5-2-1-B (Pi-40), and breeding samples for
resistance to the local population of Pyricularia oryzae Cav., was carried out on a
vegetation plot of FSBSI according to methodological guidelines Kovalenko, 1988). As
susceptible controls, we used rice varieties Volgogradsky and Pobeda 65; as a resistant
control, we used the rice variety Avangard.

Rice plants were infected with P. oryzae fungi culture in the phase of 45 leaves
by spraying them with a suspension of its conidia by spraying from the sprinkler at a
normal flow rate of a suspension of 0.5 mL per plant For better adhesion, ‘Tween’ was
added to the suspension at the rate of 1 drop per liter of water (Fig. 2 (Kolomiets, 1990)).

a)

Figure 2. Artificial infection of donor lines and breeding material with the phytopathogenic
fungus Pyricularia oryzae Cav.

Note: a— the spraying of analyzed rice plants by suspension of P. oryzae; b — the plants, treated by the
suspension of P. oryzae; ¢ —the growing of the P. oryzae conidia on the slide in Petri dishes for the
evaluation of the P. oryzae spores vitality by microscoping while rice plants infecting period.

The estimation of plants damaged by Pyricularia oryzae was conducted on the 14™
day after inoculation, in accordance with the express method for assessing rice varietal
resistance to blast. The assessment was carried out by taking into account two indicators:
type of reaction (in points) and degree of damage (in percentages), using the ten-point
scale of the International Rice Research Institute (Kovalenko, 1988; Kolomiets, 1990):
(1) resistant, 0—1 points - the absence of damage, small brown spots, covering less than
25% of the total leaf surface; (2) medium resistant, 2—5 points - typical elliptical blast
spots, 1-2 cm long, covering 26-50% of the total leaf surface; (3) non-resistant,
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6-10 points - typical elliptical blast spots, 1-2 cm long, covering 51% and more of the
total leaf surface.
The intensity of disease development (IDD,%) was calculated by the formula (1):

IDD = Zag—: (1)

where IDD — the intensity of disease development, %; ¥(a - b) — the sum of the products
of the number of infected plants multiplied by the corresponding damage score;
n — the number of recorded plants, pcs (pieces).

Depending on the damage score, all varieties were conventionally divided into
4 groups: (1) resistant; (2) intermediate; (3) susceptible; (4) highly susceptible.

The laboratory express method for submergence tolerance

Evaluation of donors and domestic rice varieties for tolerance to prolonged flooding
was carried out in laboratory conditions. The seeds of hybrid plants were grown in test
tubes (Skazhennik et al., 2009; Linh et al., 2013). Further, when the seeds germinated,
the tubes were placed in an artificial climate chamber with a light regime of day for 12 h
and night for 12 h at a temperature of 30 °C. After the sprouts reached a length of
2-3 cm (Fig. 3, a), the plants in the tubes were filled with water (Fig. 3, b) and on the
15th day the plants were assessed for tolerance to flooding (Fig. 3, ¢). The evaluation of
the plants for submergence tolerance was conducted visually (Vergara et al., 1976;
Catling, 1992; Manangkil et al., 2008).

ﬂmmlﬂ Hhath

a)

Figure 3. Laboratory-based express method testing the submergence tolerance of rice plants.

Note: a — growing hybrid rice plants seeds with Subl A — gene in the tubes; b — the flooding sprouts with the
water; ¢ — the evaluation of hybrid plants for submergence tolerance.

Biometric rates (the plant height, the panicle length, the grain mass from one
panicle, the mass of 1,000 grains) of experimental plants were counted by the software
Microsoft Office Excel 2010 and STATISTICA 10.0 for Windows.

RESULTS AND DISCUSSION

Study of SublA genes/loci that control the defense reactions of rice plants to
prolonged immersion under water - a factor in weed control

Recently, the usage of nature-saving technologies while growing agricultural crops
and developing prospective germplasm resistant to stressors has been increased (Dubina
etal., 2015, 2017, 2018).

Earlier, we mentioned that the SublA4 gene contributes resistance to prolonged
flooding and that it could be used as a factor for combating weeds in rice cenosis.
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Thirteen microsatellite markers were taken from the NCBI database
(www.ncbi.nih.gov) for visualization of the donor and recessive alleles of the gene
SublA. Their sequences are shown in the Materials and Methods section. For each
specific pair of primers, protocols for the optimal composition of the reaction mixture
and the amplification reaction program were developed, as a result of which, when
performing SSR analysis under these conditions, the amplification products were clearly
visualized (Figs 4-6).

Each molecular marker was tested on contrasting varieties: those both resistant
(Khan Dan, TDK-1, CR 1009, Swarna, IR-64, BR-11, Inbara-3) and susceptible (KP-23,
Contact, Boyarin, KP-25, KP-163, Flagman, Lenaris) to submergence tolerance.

It has been seen from the Fig. 4 that there is no polymorphism between analyzed
plants by Sub1A203 locus. Therefore, this locus can’t be used for the identification of
the Subl A-gene donor alleles.

Figure 4. Visualization of amplification products at the Sub1A203 locus.

Note: Mm — molecular weight marker pBR322/BsuR I (supplier: Helicon, Russa), base pairs (bp);
1 —Khan Dan; 2 - TDK-1; 3—-CR 1009; 4 — Swarna; 5—1IR-64; 6 — BR-11; 7 —Inbara-3; 8 — KP-23;
9 — Contact; 10 — Boyarin; 11 — KP-25; 12 — KP-163; 13 — Flagman; 14 — Lenaris. The molecular mass is
always measured in base pairs (bp).

Fig. 5 shows the allele variants of tolerant (1-7) and susceptible (8—14) rice
varieties by the trait ‘submergence tolerance’. The tolerant allele has PCR-product with
size of 105 bp (base pairs), the susceptible one has 95 bp allele by this locus.

Figure 5. Visualization of amplification products at the RM 7481 locus.

Note: Mm — molecular weight marker pBR322/BsuR I (supplier: Helicon, Russia); 1 — Khan Dan; 2 — TDK-1;
3—-CR 1009; 4 —Swarna; 5—1R-64; 6 —BR-11; 7 —Inbara-3; 8 — KP-23; 9 — Contact; 10 — Boyarin;
11 — KP-25; 12 — KP-163; 13 — Flagman; 14 — Lenaris.
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Fig. 6 also demonstrates the allele variants of tolerant (1-7) and susceptible (8—14)
rice varieties by the trait ‘submergence tolerance’. The tolerant allele has PCR-product
with size of 703 bp, the susceptible one has 203 bp amplicon by this locus.

Figure 6. Visualization of amplification products at the PrC3 locus.

Note: Mm — molecular weight marker 100 bp + 1.5 Kb (supplier: comp. Syntol, Russia); 1 — Khan Dan;
2-TDK-1; 3—-CR 1009; 4-—Swarna; 5-1IR-64; 6—-BR-11; 7 —Inbara-3; 8 —KP-23; 9 - Contact;
10 — Boyarin; 11 — KP-25; 12 — KP-163; 13 — Flagman; 14 — Lenaris.

The figures show that from the studied set of microsatellite markers, high efficiency
in identifying the intraspecific polymorphism of the rice varieties and lines used in the
work was shown by the two most informative SSR markers - RM 7481 and PrC3. The
results were introduced into the breeding program for the development of rice varieties
tolerant to prolonged flooding.

To compare molecular genetic studies, phenotypic analysis of parental forms was
conducted, as described in the Materials and Methods section. As a result of the experiment,
it was noted that the plants of the cultivated domestic rice varieties (maternal form) were
elongated. This can be explained the fact that they belong to the japonica species, and it
is known from literary sources (Vergara et al., 1976; Catling, 1992) that this species is
characterized by the presence of genes (SK1/Sk2) which cause increased growth. This
mechanism is based on the activation of ethylene accumulation, which reduces the
amount of abscisic acid and increases the level of gibberellic acid, which cause increased
growth of plants (Steffens et al., 2006; Hattori et al., 2009). For field conditions, this leads
to the risk of the lodging of plants when water is discharged, and subsequent plant death.

In rice plants of the donor variety Khan Dan with the Sub/A4 gene, stunted growth
was observed - i.e., they were in a state of rest. After 15 days in the full flooding regime,
the water from the tubes was drained, and within 2—-3 days the plants came out of the
stressed state and began vegetation.

Recently, a BC1F2 population was obtained, which was verified by PCR analysis
for the existence of the SublA4 gene in the genotype (Figs 7, 8).

From 184 plants of the hybrid combination Novator x Khan Dun, 143 plants
carrying the target gene were selected, which were sown at the lysimetric site of the
FSBSI for assessment by economically valuable traits. The selected plants with the
SubiA gene were involved in the backcross with recurrent parental forms. The work on
saturating crosses was started with the aim of producing rice lines with a complex of
valuable traits of the recurrent parental form, an effective SublA4 gene for submergence
tolerance, and a vegetation period of up to 125 days.
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Fig. 7 shows that hybrid plants No. 64/3, 64/5, 66/2, 66/3, 66/4, 66/5 have a specific
allele of the SublA gene. Samples No. 64/3, 64/5 are homozygotes for this locus, and
No. 66/2, 66/3, 66/4, 66/5 have maternal and paternal alleles. Plants that did not have the
SublA gene in the genotype as a result of analysis of their DNA were rejected.
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Figure 7. Results of PCR-analysis by RM7481locus.

Note: Mm — molecular weight marker 100 bp + 1.5 Kb (supplier - Syntol, Russia); 63/10-66/5 — hybrid plants;
KhD — donor variety Khan Dan; KP — KP-163 line (maternal form;; the arrows show the dominant allele.

The electrophoresis gel in Fig. 7 shows that only the hybrid sample 37/8 had a
dominant allele of the SublA4 gene in its genotype. The rest of the samples had a recessive
allele and were thus rejected.
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Figure 8. Results of PCR analysis by RM7481 locus.

Note: Mm — molecular weight marker 100 bp + 1.5 Kb (supplier: Syntol, Russia); 37/2-39/1 hybrid plants;
KhD — donor variety Khan Dan; KP — KP-23 line (maternal form); the arrows show the dominant allele.

In the hybrids KP-163 x KhanDan and KP-23 x KhanDan, segregation took place
in a ratio of 15:5 and 14: 6, respectively, or approximately 3: 1, i.e. close to Mendelian.

The deviations in segregation of the two combinations can be explained by the
influence of selection and gene linkage. The best plants were selected to obtain
F3-progenies.

The proposed accelerated scheme for the development of a modern set of rice lines
carrying the target genes will make it possible to develop varieties that correspond to the
environmental conditions of the South of Russia, with increased productivity, milled rice
quality, resistance to P. oryzae and drought, and submergence tolerance, to combat weeds
in the future. The proposed scheme will contribute to the production of environmentally
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friendly products, saving money for rice producing enterprises, since it will allow for a
significant reduction in, if not a complete abandonment of the use of pesticides, which
will increase the ecological status of the rice production and economy of the region.
Ultimately, it will have a beneficial effect on the health and longevity of the nation.

Development of a modern set of rice lines with genes Pi-ta, Pi-1, Pi-b, Pi-2,
Pi-40, and Pi-33, which controls rice protective reactions against the pathogen
Pyricularia oryzae Cav.

Breeding rice varieties with increased resistance to blast disease (the most
dangerous disease in the world), and introducing these into production, is becoming
increasingly necessary.

In the program aimed at pyramiding blast resistance genes in one genotype based
on the rice varieties Flagman and Snezhinka, and large grain lines with a short growing
period, KP-163 and KP-24-15, in artificial climate chambers and on the growing plot of
the FSBSI, about 400 backcross self-pollinated lines of the BC2F3 population with
pyramided blast resistance genes ((Pi-33, Pi-1, Pi-b, Pi-2); (Pi-1, Pi-33, Pi-2); (Pi-33,
Pi-b); (Pi-1, Pi-2)) were propagated.

Assessment of the donor rice lines BL-1 (Pi-b), C104-Lac (Pi-1), C101-A-51 (Pi-2),
and C101-Lac (Pi-1, Pi-33), and breeding samples for the local population of Pyricularia
oryzae Cav. was performed at a vegetation site of the FSBSI according to
methodological guidelines (Los, 1987). As the susceptible control, we used the rice
varieties Volgogradsky and Pobeda 65, and as the resistant control, we used the rice
variety Avangard.

The results of assessing the breeding samples for blast resistance and some
indicators for economically valuable traits are presented in Table 3.

Table 3. Some characteristics of rice breeding samples with genes Pi-1, Pi-2, Pi-33, Pi-ta, and
Pi-b, grown on the growing plot of FSBSI in 2021

Vegetation Plant height, Mass of 1,000 IDD#,

Line name/ origin

period, days cm grains, g %
Flagman (St) 115-117 90-95 26.7-28.4 54.6-70.5
Avangard (St) 115-117 105-110 - 0
1/ Flagman x Bl-1/ Flagman 105-110 75-80 25.4-26.8 20.0
2/ Flagman x IR-36/ Flagman 110-115 80-85 27.8-29.3 12.6
3 /Flagman x C101-A-51 105-110 85-90 27.3-28.4 4.4
4 /Flagman x BI-1/ Flagman 105-115 75-80 24.4-252 233
5 /Flagman x BIl-1/ Flagman 105-115 75-80 25.3-27.1 17.6
6 /Flagman x A-51/ Flagman 100-105 85-90 27.5-29.1 7.8
7 /Flagman x Bl-1/ Flagman) 105-110 80-85 25.3-27.3 18.7
8 [F1 x IR-36/ F1] x [F1x Bl-1/ F] 112-117 85-90 27.7-29.3 16.4
9/Flagmanx A-51/ Flagman 100-105 85-90 28.4-30.1 6.8
10/(Flagman x Bl-1/ Flagman 105-110 80-85 25.6-26.6 17.6
11/Flagman x Bl-1/ Flagman 110-115 80-85 25.5-26.4 25.6
12 /Flagman x A-51/ Flagman 105-110 85-90 29.2-30.4 12.3
13 /Flagman x C101 Lac/ Flagman  110-115 80-85 27.3-28.1 17.4
14/Flagman x C101 Lac/ Flagman 110-115 80-85 28.4-29.2 13.3
15/Flagmanx C101 Lac/ Flagman 110-115 80-85 26.9-28.1 10.2
16/Flagman x C101 Lac/ Flagman 110-115 85-90 27.6-28.9 18.5
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Table 3 (continued)

17/Flagman x C101 Lac/ Flagman 110-115 85-90 27.7-29.3 10.8
19 [(Flagman x C101Lac\ Flagman)] 115-117 80-85 29.3-30.2 6.8
x [(Flagman x A-51 \ Flagman)]

20 Flagman x BI-1/ Flagman 110-115 80-85 25.4-273 25.6
21 [(Flagman x C101Lac\ Flagman)] 115-117 80-85 27.8-29.2 5.6
x [(FL. x A-51 \FL]

22 [(Flagman x C101Lac\ Flagman)] 115-117 80-85 28.8-30.1 6.4
x [(Flagman x A-51 \ Flagman)]

23 Flagman % IR-36/ Flagman 118-120 75-80 29.8-30.1 15.6
24 [(Flagman x IR-36\ Flagman)] x  115-117 80-85 28.6-30.1 12.3
[(Flagman xC101) \ Flagman]

25 [(Flagman x IR-36\ Flagman)] x  115-117 80-85 28.7-30.3 11.7
[(Flagman xC101) \ Flagman]

26 [(Flagman x IR-36\ Flagman)] x  115-117 85-90 23.2-254 11.5
[(Flagman xC101) \ Flagman]

27 [(Flagman x IR-36\ Flagman)] x  115-117 85-90 23.5-25.5 10.8
[(FlagmanxC101) \ Flagman]

28 Flagman x BI-1\ Flagman 110-115 85-90 26.6-29.3 27.5
29 Flagman x A-51/ Flagman 115-120 85-90 28.3-30.3 12.1
30 Flagman x IR-36\ Flagman 115-117 77-80 30.1-30.4 15.6
31 Flagman x C101Lac/ Flagman 110-115 85-90 27.3-28.3 17.8
Cl101Lac-A-51 (Pi-2) - - - 0.0
BI-1 (Pi-b) - - - 8.4
Cl101Lac - - - 2.0
IR-36 (Pi-ta) - - - 1.2
7-5-1 (Pi-40) - - - 0.0

*[DD — intensity of disease development; St — standard rice varieties; Avangard (St) — resistant rice variety.

Figs 9 and 10 show some results of the PCR analysis for the identification of the
above-mentioned blast resistance genes in the hybrid material.

T S Y — | W e b g

Figure 9. Electropherogram of genomic DNA amplification products of loci RM310 and RM72.

Note: 1-4, 7-12 — analyzed hybrid plants; 5 — donor line C101-Lac of the Pi-33 gene, which determines that the
resistance gene is 198 bp; in varieties with a recessive allele, this is 152 bp; Flagman — recurrent parental form.
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Fig. 9 shows that plants 2, 4, and 7-12 were homozygous for the dominant allele;
plants 1 and 3 were heterozygotes.
Fig. 10 shows that plants 2, 7, and 9 were homozygous for the Pi-b gene.

Figure 10. Electropherogram of genomic DNA amplification products of the Pi-b locus.

Note: 1-11 — analyzed hybrid plants; F1—rice variety Flagman (maternal form); Bl-1 — line donor BI-1 of
the Pi-b gene, which determines that the resistance gene is 496 bp.

Thus, the results of PCR analysis (Fig. 10) show that samples 2 and 9 had four blast
resistance genes in their genotypes (Pi-1, Pi-2, Pi-33, Pi-b); samples 4, 8 and 11 had
three resistance genes (Pi-1, Pi-2, Pi-33); sample 7 had the genes Pi-33 and Pi-b; sample
6 had genes Pi-1 and Pi-2; samples 10 and 12 had the Pi-33 gene.

The plant forms which had donor resistance alleles in their genotypes were selected
and then sown in the field for evaluation by economically beneficial traits. Some of the
results of this evaluation are presented in Table 3.

The data from the Table 3 demonstrate that the obtained plants have vegetation
period of 110-120 days that corresponds growing conditions in the South of Russia.
They have plant height of between 75 cm (undersized plants) and 90 cm (medium-sized),
don’t lie down and have the mass of 1,000 grains of between 25 g (medium-grained) and
30 g (coarse-grained). The resistance to blast rate is between 4.4 and 20% (for resistant
plants) and between 25-27% (for susceptible plants).

Currently, samples with target genes in their genotypes are being studied in the field
for agricultural valuable traits, and we also plan to conduct an assessment of blast
resistance at test sites of a rice irrigation system after using a predecessor of perennial
grasses. The best ones will be selected for further study. This will make it possible to
develop varieties appropriate to the environmental conditions of the South of Russia.
Increased productivity and blast resistance are two key traits they should possess. Rice
resistance to diseases plays an important role in grain production, as it allows rice to be
grown without the use of toxic fungicides, which would improve the ecological impact
of the rice industry and the economy of the region.
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Development of rice lines with complex resistance to blast and submergence
tolerance

To diversify the gene pool of rice with complex blast resistance and submergence
tolerance, we crossed rice lines with the genes Pi-2 and Pi-33 with the Khan Dan variety
(SublA) to obtain breeding material with united genes for submergence tolerance and
resistance to disease. The F», and BCiF, generations were obtained using climatic
chambers.

In order to increase the efficiency of MAS (marker-assisted selection), we
developed multi-primer systems for the identification of two target genes at the same
time. A protocol of DNA analysis was designed where the specific PCR products of
target genes were visualized clearly.

Fig. 11 demonstrates the results of DNA marker systems for the simultaneous
identification of two genes: Pi-2 and SublA.

Locus RMS527 & SSR140
Pi-2

Locus SublA203

Subla Flagman
203 bp

Figure 11. Results of visualization of PCR products of loci RM527 and SSR140 for Pi-2,
showing that this resistance gene is 234 bp; and the products of the Sub1A203 locus for SublA,
which show that this resistance gene is 203 bp in 8% PAAG.

Note: 1-4, 7-13 —analyzed hybrid plants of BC1F2 generation; 6 —rice variety Khan Dan, donor of the
SublA gene; 7 — Flagman, recurrent parental form.

Fig. 11 shows that samples 3 and 12 had dominant alleles of the Pi-2 and SublA
genes in a homozygous state in their genotypes; samples 1, 4, 9, and 12 were
homozygotes for the SublA4 gene and had Pi-2 in their genotypes in a heterozygous state;
sample 10 was recessive homozygous for the two target genes and was thus rejected.
Clear identification on the electropherogram made it possible to reliably identify the
presence of the dominant alleles of target genes.

The involvement of such varieties in rice production will help avoid the epiphytotic
development of disease, preserving rice yields and obtaining environmentally friendly
agricultural products.

Thus, through MAS (breeding with the use of molecular markers), an important
national economic problem can be solved - namely, rice varieties with increased
resistance to blast and high yields can be developed.

544



The identification of effective specialized DNA markers which provide clear
control over the inheritance of the target locus was performed. Of the investigated set of
microsatellite markers based on tolerance to long-term flooding, four of the most
informative SSR markers, RM 7481, PrC1, Gns2, and PrC3, showed high efficiency in
identifying the intraspecific polymorphism of the rice varieties and lines used in the
work. The identities of the microsatellite markers RM 7481, PrC1, Gns2, and PrC3,
linked to the trait ‘tolerance to long-term flooding’, were established. The results were
introduced into the breeding program for the development of rice varieties tolerant to
prolonged flooding (for weed control).

On the basis of the selected informative SSR markers, closely linked with the trait
‘tolerance to prolonged flooding’, clear genotype marking of the analyzed hybrid rice
plants for this trait was carried out, which was confirmed by phenotype assessment
during laboratory testing. Plants that had a target gene in a hetero- or homozygous state
were selected.

Within the framework of the program for development of rice genetic resources
resistant to biotic stressors (blast), about 400 backcross self-pollinated rice lines with
introgressed and pyramided genes for resistance to P. oryzae Cav. (Pi-1, Pi-2, Pi-33,
Pi-ta, Pi-b, and Pi-40) were obtained. A test for blast resistance and an assessment of
the economically valuable traits of experimental plants with introgressive and effective
Pi genes for the south of Russia were performed. Promising samples were selected.

To increase economic efficiency and to reduce labor costs, multi-primer systems
were developed to identify two genes (Pi and SublA) in a hybrid material
simultaneously. The optimal conditions for the amplification reaction were selected, by
which the PCR products were clearly visualized.

Samples of F2 and BC1F1 generations with combined genes for blast resistance
(Pi) and tolerance to long-term flooding (for weed control) (SublA4) in homo- and
heterozygous states were obtained, which was confirmed by DNA analysis. The
conducted testing of the obtained rice breeding samples for resistance to prolonged
flooding under experimental laboratory conditions allowed for the selection of tolerant
rice forms in which the breeding processes can be studied according to the complex of
economically valuable traits. Their use will reduce the application of plant protection
chemicals against diseases and weeds, thereby increasing the ecological status of the
rice industry.

CONCLUSIONS

1. As aresult of the studies carried out using molecular marking based on PCR in
combination with traditional breeding, early maturing rice lines with genes for resistance
to flooding Sub 1A, suitable for cultivation in the south of Russia, were isolated.

2. Rice lines have been developed, the genotype of which contains effective blast
resistance genes (Pi-1, Pi-2, Pi-33, Pi-ta, Pi-b). The intro-duction of such varieties into
production will allow avoiding the epiphytotic development of the disease, preserving
the biological productivity of rice and obtaining environmentally friendly agricultural
products.

3. Samples of the F2 and BC1F2 generations were obtained with com-bined blast
resistance (Pi) and prolonged flooding tolerance (SublA4) genes as a factor in the control
of weeds in homo- and heterozygous state, which is confirmed by the data of their DNA
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analysis. The testing of the obtained rice breeding resources for resistance to prolonged
flooding under laboratory conditions made it possible to select tolerant rice forms that
will be studied in the breeding process for a complex of agronomically valuable traits.

The proposed accelerated scheme for the development of a modern set of rice lines
carrying target genes will make it possible to breed varieties that correspond to the agro-
climatic conditions of the South of Russia, with increased productivity, cereal quality,
resistance to blast, drought, submergence tolerance as a factor in weed control in the
future. This will contribute to the production of environmentally friendly products, to
save money for rice-producing enterprises, as it will allow, if not completely but to
significantly reduce the use of pesticides, that will increase the ecological status of the
rice growing industry and improve the economy of the region. Ultimately, this will have
a beneficial effect on the health and longevity of the nation.
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Abstract. Content of soluble solids, sugars, titrated acids, ascorbate, glutathione, phenolic
substances, anthocyanins, total reducing activity of fruits tissues in sweet cherry fruits studied at
different stages of fruit development during 2018 and 2019 in an organic sweet cherry orchard
(Prunus avium L. / Prunus mahaleb) in the Southern Steppe of Ukraine. The aim of the research
was to determine how the living much conditions (compared to bare fallow) affect the content of
biologically active substances in sweet cherry fruits at different stages of ripening. It was
determined that the fruits of sweet cherry accumulated significantly more ascorbate, phenolic
substances and anthocyanins in the conditions of living mulch (compared to the fruits of the trees
on bare fallow). So, at the stage of picking ripeness, the content of ascorbate in sweet cherry fruits
in the conditions of living mulch was 29 and 22% more compared to bare fallow (respectively, in
2018 and 2019), phenolic substances - by 47 and 23%, anthocyanins - by 36 and 26%. The
revealed regularities can be explained by stressful conditions of competition with natural herbs,
which activate the synthesis of anti-stress, antioxidant biologically active substances in plant
tissues (including fruits). Since it is the antioxidants of the fruits that have a physiological value
for humans, it can be stated that the fruits grown in the conditions of living mulch have a higher
therapeutic and preventive value than the fruits grown on bare fallow.

Key words: sweet cherry; living mulch; sugars, titrated acids, ascorbate, glutathione, phenols.

INTRODUCTION

All over the world, sweet cherries are valued not only for their taste, but also for
their antioxidant properties, which help people with the treatment of many diseases,
including diabetes, obesity, Alzheimer's disease, hypertension, cancer (Gongalves et al.,
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2019; Fonseca et al., 2021). Organic sweet cherry fruits contain significantly more
sugars, anthocyanins, flavonoids, compared to conventional fruits (Hallmann &
Rozpara, 2017). Mulch is recognized as the most soil-saving practice in horticulture,
especially for organic orchards, as it protects the soil from water and wind erosion
(Gomez et al., 2008; Fidalski et al., 2010; Atucha et al., 2013) creates optimal conditions
for soil microbiota (Yao et al., 2005; Zheng et al., 2018; Culumber et al., 2019), lowers
soil temperature in summer and insulates soil in winter (Gu et al., 2016; Gerasko et al.,
2021), retains soil moisture (due to the increase of organic matter and, accordingly,
increases the water holding capacity of the soil) (Palese, 2014; Simdes et al., 2014;
Zheng et al., 2018). Thus, applying living mulch as an orchard floor management system
meets the goal of leaving fertile soil for future generations and a strategy for the
development of sustainable agriculture (Holden et al., 2017). But the emergence of
sustainable agriculture requires the efforts of not only the farmers but also the scientists
through the creation of a scientific base, namely, the need to determine the impact of
living mulch on the physiological processes of fruit trees in detail, in order to have a
clear idea of the ‘pros’ and ‘cons’ for producers. Regarding the effect of living mulch on
the physiological state of fruit trees, and on the biochemical composition of fruits, the
data is contradictory: according to E.E. Sanchez et al. (2007), living mulch improves the
quality of the fruits of Malus domestica Borkh. in northern Patagonia and increases
biologically active substances content; A. Atucha, LA. Merwin & M.G. Brown (2011)
indicate a decrease in fruit quality under the influence of living mulch; the results of
studies by G.H. Neilsen et al. (2014) indicate no effect of living mulch on fruit quality.
The physiological state of plants depends on their ability to withstand various stresses
(Anjum et al., 2010). Using cover crops in orchards can create additional stress for fruit
trees due to the competition with grasses (Atucha et al., 2011). Long-term research
indicates that over time, trees overcome competition with grasses (Merwin, 2010;
Atuchaetal., 2011), but how this process works, what changes occur in the physiological
parameters of fruit trees, is not yet definitively clarified. Information on the content of
biologically active substances in sweet cherry fruits under living mulch conditions will
help to understand the physiological changes that occur in the tissues of fruit trees and
how they manage to overcome competition with herbs.

The aim of this research was to determine how the living mulch conditions affect
the content of sugars, titrated acids, ascorbate, glutathione, phenolic substances,
anthocyanins in sweet cherry fruits at different stages of ripening.

MATERIALS AND METHODS

The field experiment was set up in the research orchard of the Tavria State
Agrotechnological University (Zelene village, Melitopol district, Zaporizhzhya region:
46 °46 °N, 35 °17 ’E). The soil of the experimental site is chestnut, sandy, with light
mechanical composition. Soil solution has a slightly alkaline reaction (pH ranges from
7.1 to 7.4). The humus content in the upper layer is 0.6%, the total water-soluble salt
content is 0.015-0.024%. Mineral nitrogen was not detected, the content of P,Os is 5.4;
K>0 - 6.5 mg kg'! of the soil. Sweet cherry is a traditional fruit crop for this region and
has excellent fruit quality on such poor sandy soils.
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The research site is located in the Southern Steppe of Ukraine, which climate is
characterized as arid and very warm. Weather conditions in the years of the research
(2018, 2019) had higher mean annual air temperature than long-term data by 1.3-1.6 °C.
April of 2018 was warm and very dry. The drought also lasted in May and June of 2018.
July of 2018 was satisfactory in terms of precipitation, but August this year was very dry
as well (the amount of precipitation was 82% lower than the long-term average). The
heavy rainfall in September 2018 was followed by draught in October (the amount of
precipitation was 44% less than the long-term average). April and May of 2019 were
satisfactory in terms of moisture supply (the amount of precipitation was 44 and 107%
higher than the long-term average, respectively). But June of 2019 was abnormally hot
and dry. In general, it can be stated that the conditions of fruit ripening (from the stage
of petals falling to the picking ripeness) in 2018 were abnormally arid, and in 2019 the
period of fruit ripening was satisfactory in terms of moisture.

The research was carried out sweet cherry trees of ‘Dilemma’ cultivar grafted
on Prunus mahaleb seedlings, planted in 2011 (7x5m). ‘Dilemma’ cultivar is
medium-early, in the conditions of Melitopol ripens in early June, is used for fresh
consumption. The fruits are convex-heart-shaped, the skin and flesh are dark red, have
excellent sour-sweet taste.

The experiment was designed as a randomized complete block with two variants,
in three replications (10 control trees per replication). Orchard floor management system
in the experimental plot had two variants: bare fallow (tilling to a depth of 15 cm, manual
weeding) and living mulch (natural grasses, mowing, mown mass remained in place).
The rest of the technological operations in the orchard were identical in both variants.
Synthetic fertilizers and chemical plant protection products were not used.

Fruit samples collection for analysis was performed during their ripening
(May-early June) in the following stages: petal fall, stone hardening, partial reddening,
picking maturity. In order to determine the biochemical composition, 30 intact fruits
were selected in four replications from each variant of the experiment.

The collected data included: the content of soluble solids (SS, %), sugars (Sug, %),
titrated acids (TA, %), phenolic substances (Phen, mg GA 100 g'), anthocyanins (Ant,
mg 100 g, ascorbic acid (AsA, mg 100 g), glutathione (Glu, mg 100 g') and the total
reducing activity of fruits tissues (TRA, mL KIOs; 100 g!) in sweet cherry fruits.

The content of soluble solids and titrated acids was determined in accordance with
the Methods of determining the quality of crop products (Methods..., 2021) by desktop
refractometer IRF-451 62M.

Determination of the number of sugars (%) in fruits tissues was performed
photometrically based on the ability of monosaccharides to reduce picric acid
(2,4,6-trinitrophenol) to picramic acid, where the reaction product has an intense red
colour. The calibration graph was prepared by glucose. The optical density was
determined at a wavelength of 490 nm (Workshop ..., 2001).

The total content of phenolic substances was determined photometrically using
Folin-Chokalteu reagent (Yaman, 2022a; Yaman, 2022b). The optical density of the
mixture was measured at a wavelength of 765 nm, which corresponds to the
concentration of phenolic substances in terms of gallic acid (GA). Total amount of
phenolic compounds was expressed in mg of gallic acid per 100 g of fresh mass
(mg GA 100 g™).
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Analysis of the anthocyanin content was performed as described by Francis (1982):
1 g of crushed tissue was suspended in 10 mL of 1.5 N HCI solution in 85% ethanol,
transferred to a 50 mL volumetric flask and extracted for 13 hours in the refrigerator in
the dark. The extracts were filtered (Whatman filter paper #1) and the absorbance was
measured at A = 535 nm. Determination of the content of ascorbic acid, glutathione and
the total reducing activity of fruits tissues was performed on the reducing properties of
ascorbate and glutathione, as described by Gorodniy (2006): a portion of fresh mass (2 g)
was thoroughly grounded in a mortar with 8—10 mL of 5% HPOj; solution, quantitatively
transferred to a 50 mL volumetric flask, bringing the contents to the mark with distilled
water. After shaking for 2-3 minutes, filtered through a dry folded filter into a dry
flask. SmL of the filtrate was titrated with 0.001 n Tilman’s paint solution
(2,6-dichlorophenolindophenol) to a faint pink colour that does not disappear for 60 s.
Simultaneously, the other 5 mL of filtrate (after adding 2—3 drops of 15% KI solution
and 5 drops of 1% starch solution) was titrated with 0.001 n KIO; solution to a light blue
colour, stable for 60 s.

For all analyses, the repeatability was trifold. The results were compared on the
Tukey’s mean separation test at a significance level of P <0.05 and were processed by
Pearson's correlation analysis using Minitab 19 software (Minitab Inc., State College, PA).

RESULTS AND DISCUSSION

The results of our research showed that the content of soluble solids in sweet cherry
fruits ranged from 11.89 to 19.56% under bare fallow conditions and from 14.15 to 19.99%
under living mulch conditions (Tables 1 and 2). Soluble solids content was significantly
higher under living mulch conditions compared to bare fallow: by 19% in 2018 in the
stage of petal fall, by 18% in the stage of partial reddening of fruits; in 2019 in the stages
of petal fall, hardening of the stone and partial reddening of the fruits - respectively by
19, 20 and 18%. During fruit ripening, the content of soluble solids in the fruits gradually
increased and became the highest in the stage of picking ripeness. Correlation analysis
showed a strong direct positive correlation between soluble solids content and the content
of sugars, phenolic substances and anthocyanins in sweet cherry fruits in both 2018 and
2019 (Table 3). In 2019, compared to 2018, the content of soluble solids decreased by
6% under the conditions of living mulch, by 12% - under bare fallow conditions.

Sugar content in sweet cherry fruits increased during ripening and ranged from 9.43
to 14.08% for bare fallow orchard floor management system and from 11.22 to 15.05%
for living mulch. During the stages of petal fall and stone hardening during the two years
of research and partial reddening of the fruits in 2019, a significant difference remained
between the variants of the experiment - sugar content in the fruits was significantly
higher for living mulch (by 18-37%). However, in the stage of picking ripeness, no
significant difference in sugar content in the fruits between the variants of the experiment
was observed (although in the conditions of living mulch this index tended to increase).
The content of sugars in the fruits correlated the most with the content of phenolic
substances and anthocyanins. In 2019, compared to 2018, the content of sugars in
cherries in bare fallow conditions remained at the same level, under living mulch
conditions - increased by 6%.
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Table 1. Phytochemical composition of sweet cherry fruits under different orchard floor management systems in 2018, M + m

Variant SS, % Sug, % TA, % Phen., mg (100 g)"' Ant., mg (100 g)! AsA, g (100 g)! Glu., mg (100 gy' TRA, mL KIOs (100 g)!
Petal fall

Bare fallow 13.20+0.54 9.43+£0.24 1.01+0.02 3.4=+0.11 0 10.1 £0.21 23.0+0.15 7.5+0.04

Living mulch 15.71 £0.33* 11.22+0.27* 1.23+0.02* 5.3 +0.12%* 0 12.1 £0.28* 26.1 £0.22* 8.5+0.03*
Hardening of the stone

Bare fallow 14.05+£0.57 10.01 +£0.39*  0.83+0.03* 18.7+0.35% 0 15.4+0.34* 27.6 £0.34* 9.1+0.18

Living mulch 16.80 £ 0.69 1222 £0.35*% 1.05+0.02* 26.4 +0.38* 0 17.6 £0.35** 29.2+0.25* 9.5+0.20°
Partial reddening

Bare fallow 1590 £0.44* 11.36+0.37° 0.78+0.02* 59.1 +0.43% 4.93 +£0.04 7.9 +0.48° 23.8+0.53* 7.8 +0.08°

Living mulch 18.76 £0.49*%* 13.40 £ 0.43** 0.92+0.03* 75.8 £0.44* 5.95+0.03* 9.5 +£0.49** 24.6 0412 8.0+0.09
Picking ripeness
Bare fallow 19.56 £0.67* 13.93+1.21* 0.64+0.06° 67.1+0.72° 7.36 +0.04° 7.3+£0.58 21.5+0.42° 7.2+0.09*
Living mulch 19.99 +£0.22* 1425+ 1.27 0.72+0.07* 98.9 +0.80*" 10.12+£0.23** 94 +0.71* 22.3+0.46° 7.3 £0.09*
*— significant difference between the variants at P <0.05; * — significant difference at P <0.05 in comparison with the previous stage of organogenesis. Phen: phenolic
substances, GA: gallic acid.

Table 2. Phytochemical composition of sweet cherry fruits under different orchard floor management systems in 2019, M + m

Variant SS, % Sug, % TA, % Phen., mg (100 g)"' Ant., mg (100 g)! AsA, mg (100 g)! Glu., mg (100 gy' TRA, mLKIO; (100 g)'!
Petal fall

Bare fallow 11.89+£0.55 9.52+0.46 1.09+£0.03 4.1+0.23 0 13.6 £0.33 154+0.23 52+0.14

Living mulch 14.15+0.54* 11.33+0.48* 1.30+0.03* 6.4+ 0.29* 0 13.2+£0.35 17.9+£0.22*% 6.1 £0.24*
Hardening of the stone

Bare fallow 12.61+0.68  10.11+0.69  0.90+0.02* 22.8+0.45° 0 16.8 £ 0.34° 19.0+£0.16 6.5 +0.45°

Living mulch 15.14 £0.74* 12.12+£0.65* 1.08 +0.04** 32.1 +£0.48** 0 19.4£0.56% 22.1+£0.21*% 72+£(0.39*
Partial reddening

Bare fallow 14.32+0.85* 11.47+0.64 0.84+0.02* 72.7+0.65 7.65+0.38 10.6 £0.322 22.4+0.53? 7.3+0.21°

Living mulch 16.90 £ 0.91** 13.53+0.71* 1.02+0.03** 92.4 £ (0.59* 9.21 £0.35%* 10.3 £0.58* 24.5+£0.57* 7.5+0.24
Picking ripeness
Bare fallow 17.21 £0.67* 14.08+1.14  0.73+0.06*° 89.3+£0.72% 12.05+0.19a 8.4 +0.59° 20.4 £0.55* 6.7+ 0.47°
Living mulch 18.75+1.18* 15.05+1.18 0.75+0.04*° 110.1 +£0.75** 15.23 £0.33* 102+£0.87* 21.5+0.61° 7.2 +0.55°
*— significant difference between the variants at P <0.05; * — significant difference at P <0.05 in comparison with the previous stage of organogenesis. Phen: phenolic
substances, GA: gallic acid.
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Organic acids affect the taste of Table 3. Correlation coefficients (+°) between

fruits and perform several metabolic the content of biologically active substances in
functions, including maintaining turgor sweet cherry fruits
pressure (Famiani et al., 2015; Walker Correlation Year of the research
etal., 2018), play a role in fruit ripening, cocfficients between: 2018 2019
absorbing Ca from pectins, which Soluble solids and 0.99** 0.99**
makes pectins soluble and thus help su%a;sl lids and 4 -
soften the fruits (Richter, 2001, p.29).  Solublesolidsan 0.47 0.27

) S titrated acids
The content of titrated acids in sweet . s "

. . . Soluble solids and 0.28 0.62

cherry fruits Qecreaseq .durmg. fruit ascorbate
ripening, reachmg a minimum in the Soluble solids and 0.51%* 0.82%3%
phase of picking ripeness and in bare phenolic substances
fallow conditions ranged from 1.09 to Soluble solids and 0.74* 0.81**
0.64%, in living mulch conditions - anthocyanins
from 1.30 to 0.72%. During the stages Soluble solids and 0.11™ 0.65*

of petal fall and stone hardening in 2018 glutathione

and during the petal fall, stone S_ugarz an<_1d 0.45% 0.31%
hardening and partial fruit reddening titrated acids

. . . . Sugars and 0.28™ 0.67*
phases in 2019, titrated acids content in b
fruit ignificantly higher under the ascorbate
ruits was sighilicantly hig Sugars and 0.78%* 0.79%*
conditions of living mulch (by 20, 37, phenolic substances
18, 22 and 25%, respectively). In the Sugars and 0.57* 0.47*
phase of picking ripeness, the difference glutathione
between the variants of the experiment Titrated acids and 0.32" 0.51*
was statistically insignificant both in ascorbate
2018 and in 2019. The content of  Titrated acids and 0.51%* 0.61%*

titrated acids in fruits mostly correlated phenolic substances

1 1 * ns

with the content of phenolic substances Titrated acids and 0.46 021

. glutathione
and anthocyanins. In 2019, compared to % .
2018. th i d acids in frui Ascorbate and 0.40 0.72
.0 8, the content of titrated aci s in mlts phenolic substances
increased by 17% under the conditions Ascorbate and 0.76%* 0.36*
of bare fallow, by 14% - under living glutathione
mulch conditions. There are reports in Phenolic substances and 0.27" 0.56*
the scientific literature that the content glutathione
of organic acids in sweet cherry fruits Anthocyanins and 0.72%*  0.93**
increases in the process of their ripening sugars i .
(Serrano et al., 2005; Tahir et al., 2013). Anthocyanins and 0.58 0.59

In our study, however, the content of titrated acids

titrated acids in sweet cherry fruits Anthocyanins and 0.54% 0.72%

. o ascorbate
decreased during ripening. It shpuld .be Anthocyanins and 0.95%* 0.95%%
noted that the content of organic acids phenolic substances
in the fruits was relatively low in our Anthocyanins and 0.36* 0.32%
study. Probably, this is due to the glutathione
peculiarities of the climatic conditions Notes: **Correlation is significant at 0.01 levels;
of our region and the peculiarities of the *Correlation is significant at 0.05 levels;

studied cultivar. After all, the content of ns correlation is not significant.
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titrated acids in the fruits depends significantly on the characteristics of the sweet cherry
cultivar (Corneanu et al., 2020). It has been reported that in arid and hot conditions
during fruit ripening, the content of organic acids in sweet cherry fruits decreases
(Pangelova, 1970; Skvareninova, 1997; Richter, 2001, pp. 34—36; Famiani et al., 2020):
the acid content decreases during fruit ripening, as they are spent on energy and plasticity
metabolism during intensive mesocarp growth (organic acid respiration). Regarding the
decrease in the content of soluble solids, sugars, titrated acids in the fruits under bare
fallow conditions, compared with living mulch, this is partly due to the tendency to
increased fruit weight under bare fallow (Gerasko, 2020), as it was reported that
increasing fruit weight may reduce the content of soluble solids, sugars, titrated acids,
leukoanthocyanidins - there is a so-called ‘dilution’ due to an increase in cell volume
(Richter, 2001, p. 37; Famiani et al., 2015; Walker et al., 2018; Famiani et al., 2020).

The total content of phenolic compounds in sweet cherry fruits was in the range of
3.4-89.3 mg of GA (100 g)! of raw mass under the conditions of bare fallow and
significantly higher (by 23—56% during all stages of fruit ripening) under the conditions
of living mulch - from 5.3 to 110.1 mg of GA (100 g)"! of raw mass. Phenolic substances
accumulated in the fruits during ripening, reaching a maximum in the stage of picking
ripeness, during which in 2018 they were 47% higher under the conditions of living
mulch, compared to the conditions of bare fallow, in 2019 - 23% higher. The content of
phenolic substances correlated mostly with the content of anthocyanins. This is natural,
as anthocyanins are the most represented class of phenolic compounds in red-coloured
sweet cherry fruits (Martini et al., 2017). Compared to 2018, in 2019 the content of
phenolic substances in the fruits increased by 33% under bare fallow conditions, and by
11% - under living mulch conditions. Phenolic substances, as a dietary component, play
an important role in shaping the sensory characteristics of fruits, giving them specific
tartness, as well as being responsible for their colour and firmness (Richter, 2001, p. 38).
Phenolic substances are natural antioxidants with a strong ability to neutralize free
radicals; they exhibit anti-cancer, anti-ulcer properties (Ballistreri et al., 2013). The
composition and content of phenolic substances in fruits depends, not least, on cultivar,
genotype, climatic and agronomic conditions (Vursavus et al., 2006; Srednicka-Tober et
al., 2019).

Based on our results, living mulch promotes phenolic substance accumulation in
sweet cherry fruits, which makes them especially valuable for therapeutic and
prophylactic nutrition.

Anthocyanin content in sweet cherry fruits was in the range from 0 to
12.1 mg (100 g)! of raw mass under the conditions of bare fallow and from 0 to
15.2 mg (100 g)! of fresh mass under the conditions of living mulch. Anthocyanins
accumulated in fruits starting from the stage of partial reddening, with significantly more
anthocyanins contained in the fruits under living mulch conditions, both in 2018
(by 36%) and in 2019 (by 26%). In 2019, compared to 2018, more anthocyanins
accumulated in the fruits: by 63% under the conditions of bare fallow, and by 51% under
the conditions of living mulch. The increase in anthocyanin content in the fruits is due
to their participation in the formation of the characteristic colour of the fruit.

Weather conditions significantly affect anthocyanin content in sweet cherry fruits:
in dry and hot weather, the content of anthocyanins increases (Goncalves et al., 2004).

The content of ascorbic acid in the fruits reached a maximum in the stage of the
hardening of the stone (15.4-16.8% under bare fallow and 17.6-19.4% under living
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mulch), and then decreased during fruit ripening, but in the stage of picking ripeness was
significantly higher in living mulch conditions compared to bare fallow conditions (by
29% in 2018 and by 21% in 2019). The greatest correlation was observed between the
content of ascorbate and the content of phenolic substances, glutathione and
anthocyanins. In 2019, compared to 2018, ascorbate content increased by 15% in bare
fallow conditions, by 9% - in living mulch conditions. Ascorbate (vitamin C) is the most
well-known antioxidant for consumers, which plays a protective role against
cardio-vascular diseases (Vilchéze et al., 2018; Wang et al., 2018). Therefore, it can be
stated that sweet cherry fruits grown in living mulch conditions have a higher consumer
quality compared to fruits grown under bare fallow.

Glutathione content in the fruits reached a maximum in the stage of hardening of
the stone in 2018 and in the phase of partial reddening of the fruits in 2019. Under living
mulch conditions, the content of glutathione in the fruits was significantly higher
compared to the conditions of bare fallow in the stages of petal fall and hardening of the
stone (in 2018, respectively, 18 and 14%, in 2019 — 19 and 11%). Glutathione content
in 2019, compared to 2018, has not changed in both variants of the experiment. Vitamin
C (l-ascorbate, l-ascorbic acid) and glutathione are the main hydrophilic antioxidants in
plants, which play an important role in plant stress resistance and fruit quality (Davey &
Keulemans, 2004; Diaz-Mula et al., 2009b; Foyer & Noctor, 2011). Therefore, the
increase in the content of ascorbate and glutathione in sweet cherry fruits under the
conditions of living mulch, compared with bare fallow, indicates increased stress
resistance and higher functional quality of such fruits for consumption.

The overall reducing activity tended to increase under living mulch conditions and
was significantly higher compared to bare fallow: in the stage of petal fall in 2018
(by 13%), in the phases of falling petals and hardening of the bone in 2019, respectively,
by 17 and 11%. In 2019, compared to 2018, the overall reducing activity remained
virtually unchanged in both versions of the experiment. The highest total reducing
activity correlated with the content of glutathione, ascorbate and dry soluble substances
(Table 4). Our data is consistent with the results of studies by Commisso (2017):
phenolic compounds are the main source of antioxidant activity, and experiments with
artificial simplified phytocomplexes have shown strong synergies between anthocyanins
and ascorbic acid.

Table 4. Correlation coefficients (%) of total reducing activity (TRA) with the content of
biologically active substances in sweet cherry fruits

Year of the Correlation coefficient of TRA with the content:

research SS Sug TA Phen Ant AsA Glu
2018 0.52%* 0.25™ 0.34* 0.32% 0.53** 0.88%** 0.90*
2019 0.64%* 0.49* 0.20™ 0.79* 0.32* 0.36* 0.95*

Notes: **Correlation is significant at 0.01 levels; *Correlation is significant at 0.05 levels; ns correlation is
not significant. SS: Soluble solids; Sug: Sugars; TA: Titrated acids; Phen: Phenolic substances;
Ant: Anthocyanins; AsA: Ascorbate, Glu: Glutathione.

It should be noted that sweet cherry fruits grown organically in our experiment, had
high phytochemical characteristics compared to the fruits grown in intensive technology
in the region (Tolstolik, 2016; Bondarenko, 2018). The data on biochemical composition
of sweet cherry fruits obtained by us coincides with the average data obtained in the
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South of Ukraine (Richter, 2001; Kishchak, 2012; Ivanova et al., 2021). Anthocyanins
content in sweet cherry fruits in our research is generally consistent with the data
obtained by Italian researchers (Ballistreri et al., 2013), but is significantly lower
compared to Spanish studies (Gonzalez-Gomez et al., 2010). The total content of
polyphenols in fruits in our study (during the ripening stage) is significantly lower, and
the sugar content is consistent with data obtained for old sweet cherry cultivars in Czech
Republic (Nawirska-Olszanska et al., 2017). It should be noted that as of today, there are
new sweet cherry cultivars that are characterized by high anthocyanins content
(approximately three times more than ‘Dilemma’ cultivar we studied) (Antognoni et al.,
2020). If we compare phytochemical composition of sweet cherry fruits grown in our
research area (South of Ukraine) with fruits grown in Turkey (Kelebek & Selli, 2011),
‘Dilemma’ fruits contain significantly more sugars, significantly less titrated acids, and
the total phenolic content in them is similar to the level in ‘Van’ cultivar. Content of
sugars, titrated acids and anthocyanins in ‘Dilemma’ fruits during the ripening stage was
similar to the content of these compounds in the fruits of ‘Bianca’ sweet cherry grown
in southern Poland (Skrzynski et al., 2016).

In our study, the content of soluble solids, sugars, phenolic substances and
anthocyanins increased in sweet cherry fruits as they ripened and was closely correlated
with the overall reducing activity. Similar trends have already been noted in the works
by O.A. Grebennikova (2011): the content of biologically active substances in plum
fruits increased during ripening and was greatest in mature and even overripe fruits,
while the correlation between antioxidant activity and the content of biologically active
substances also increased as the fruits ripened; H. M. Diaz-Mula et al. notes (2009a): as
sweet cherry fruits mature, the nutritional and functional quality of them increases
(including the content of phenols, anthocyanins and antioxidant capacity).

In our study, both variants were grown using organic technology. But sweet cherry
trees grown under living mulch orchard floor management system experienced
additional stress from competing with grasses. This contributed to the accumulation of
protective antioxidant and biologically active compounds in the fruits. Fruits enriched
with endogenous antioxidants are in good demand from consumers and retain consumer
and functional quality for longer (have a longer shelf life) (Serrano et al., 2009).
Therefore, it can be stated that using living mulch in the orchard helps to improve the
consumer and functional quality of sweet cherry fruits.

CONCLUSIONS

The content of ascorbate, phenolic substances and anthocyanins in sweet cherry
fruits under living mulch conditions were consistently significantly higher compared to
the fruits under bare fallow conditions. Identified patterns can be explained by the
stressful conditions of competition with natural grasses, which activates the synthesis of
anti-stress biologically active substances in plant tissues (including fruits).

Since it is the antioxidants of the fruits that have physiological value for human
health, it can be stated that fruits grown in the conditions of living mulch have a higher
therapeutic and prophylactic value than the fruits grown in the conditions of bare fallow.

The content of dry soluble substances, sugars, titrated acids, glutathione and total
reducing activity in the fruits experienced significant fluctuations during fruit ripening,
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but during the stage of picking maturity there was no significant difference between the
variants of the experimental both in 2018 and 2019.
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Abstract. Coriander (Coriandrum sativum L.) is one of the most important essential oil crops on
a global scale. Coriander productivity is determined by the genotype, the environmental factors,
as well the agronomic practices. A field experiment was conducted in Southeast Bulgaria during
three vegetation seasons (2015, 2016, and 2017). The present study aimed at analysing the
influence of two crop predecessors (winter wheat and sunflower) and four nitrogen (N) levels (0,
40, 80, and 120 kg ha™!). Productivity elements, seed yield, and seed essential oil content of
coriander (cv. Mesten drebnoploden) were under evaluation. The results obtained showed that
winter wheat was a more suitable predecessor of coriander in comparison to sunflower. The
highest results regarding the number of umbels per plant, the umbel’s diameter, the number of
umbellets per umbel, the number of seeds per umbel, the seed weight per plant, the 1,000 seed
mass, as well as the seed yield for the rate of 80 kg ha™! of N were recorded. The highest essential
oil content after applying 120 kg ha™! of N was established. Increasing the N level from 0 to
120 kg ha™! led to a positive and significant effect on essential oil yield. No significant differences
between the N rates of 80 and 120 kg ha™! were recorded. The received results contributed for the
evaluatation of the optimum nitrogen level, as well as for the determination of a more suitable
predecessor of coriander in order to obtain the highest yield of better quality in the region of
Southeast Bulgaria.

Key words: Coriandrum sativum, crop rotation, fertilization, precursor, seed yield.
INTRODUCTION

Coriander (Coriandrum sativum L.) is one of the most significant essential oil crops
grown in the world. It is an annual herbaceous plant, belonging to the Apiaceae family.
Coriander's habitat is the southern part of Europe and the western Mediterranean region.
The coriander plant is used as four main products: fresh green herb, fruit as spice, and
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herb and fruit essential oils as flavourings (Weiss, 2002). The whole seed is added in
pickles, chutneys, and other similar products. It is also used to flavour alcoholic
beverages including gin, vermouth and vodka, as well as to be crystallized in sugar as a
sweetmeat. The main use of the ground spice worldwide is in flavourings or mixed
spices. It is an important ingredient in curry powders - between 25% and 40%. It is
extensively added in processed foods, meats, sausages, baked products including special
breads, and sauces. The essential oil, obtained from coriander fruits at amounts from 0.5
to 2.5% approximately, is used both in the make of flavours and in the manufacture of
perfumes and soaps (Carrubba et al., 2002). The oil is a pale or colourless liquid having
a specific odour; the taste is sweet. The flavour is mild, sweet and spicy-aromatic,
somewhat warm and slightly burning. Over 200 constituents have been determined, as
linalool is the main component. The coriander essential oil is triglyceride oil containing
petroselinic acid, which makes it a good source of lipids (Mandal & Mandal, 2015). It is
also rich in linalool (60-80%), geraniol (1.2—4.6%), terpinen-4-ol (3%), a-pinene
(0.2-8%), myrcene (0.2-2%) and other substances (Nadeem et al., 2013). The
productivity of coriander is determined by genotype, environmental factors, and
agrotechnical practices (Lenardis et al., 2000; Khalid, 2013).

Fertilization is one of the main agronomic factors for the expression of the variety's
biological potential. Nitrogen is a plant nutrient that is effective not only in terms of
growth and yield, but also in terms of seed quality (Kizil & Ipek, 2004; Skudra & Ruza,
2019). The latter plays an important role in the synthesis of plant components with
enzyme activity (Marschner, 2011; Moosavi et al., 2013; Izgi, 2020). Khalid (2013)
stated that after the nitrogen applications the obtained values were significantly higher
than those of the control group. They found significant changes in plant growth
characteristics. Several studies have shown that nitrogen fertilization increases plant
growth, plant height, number of branches, number of umbels per plant, number of
umbellets per umbel, seed yield per plant, test weight, and vigor index (Oliveira et al.,
2003; Gujar et al., 2005; Kumar et al., 2007; Kumar et al., 2008; Rahimi et al., 2009; Ali
etal., 2015). Moosavi et al. (2013) reported that nitrogen level had a significant influence
on fruit yield, essential oil percent, and yield. On the contrary, with the increase of N
rate from 0 to 80 kg ha'!, plant height and fruit yields increased by 19.8 and 74.1%,
respectively. In addition, the percentage of essential oil increased from 0.153 to 0.33%,
and the yield of essential oil was 2.68 folds higher. Akbarinia et al. (2007) found that the
highest seed and essential oil yield were obtained by using 60 kg ha™! of N, while the
highest essential oil content was obtained after the application of 90 kg N ha'!. Erdogdu
& Esendal (2018) established that increasing the nitrogen level led to growth in plant
height and seed yield. However, the number of umbels per plant, the number of seeds
per umbel, the seed yield per plant, and 1,000 seed weight were not affected by the
increase of N level. Lokhande et al. (2015) reported that the 1,000 seed weight and the
seed yield differed between the studied N rates. Okut & Yildirim (2005) stated that the
seed yield and 1,000 seed weight differed by the increase of N levels, while plant height,
number of umbels, and harvest index were not influenced by N levels. Szemplinski &
Nowak (2015) reported that seed yield, number of umbels per plant, and 1,000 seed
weight were not altered by N fertilizer rates.

Rotation of crop is one of the most important agronomic practices that may have a
significant effect on crop quality and quantity. It has been reported that proper crop
rotation leads to increase in crop yield (Berzsenyi & Gyorffy, 1997; Sieling et al., 2005;
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Hilton et al., 2018; Neshev, 2022). It provides more sustainable crop production
(Bullock, 1992; Bailey et al., 2001; Mamolos & Kalburtji, 2001). Another benefit of the
appropriate crop rotation is the reduction of disease development and prevention of
pesticide resistance (Stoddard, 2010). According to Zaitsev & Kovalenko (2020), in the
case of winter wheat, the share of influence of predecessors on yield could reach
15-35%. With relation to this, Delibaltova et al. (2012) examined the influence of the
predecessor and the sowing rate on seed yield and yield components of coriander.

There is limited information about the interaction between the predecessor and the
nitrogen level and its effect on growth and productivity of coriander. Taking into account
the above-mentioned facts, the present study aims to enrich the knowledge of coriander
cultivation based on different predecessors and different N levels.

MATERIALS AND METHODS

Plant material, experimental design, and soil analyses

The field experiment was carried out in the period 2015-2017 on leached Smolnitsa
soil type on the territory of the village of Zhrebino, Southeast Bulgaria. The experiment
was conducted with Mesten drebnoploden coriander variety. Two predecessors (Wheat
and Sunflower) and four nitrogen levels (0, 40, 80, and 120 kg ha') were tested.
Fertilization was performed with Portable Chest-mount Spreader (SOLO, model 421-S).
The experiment was set by the block (split-plot) method in four replications with
experimental plot size of 15 m?. The soil pH, mobile N, P, and K, as well as the humus
content, were analysed in the Accredited Laboratory Complex of the Agricultural
University - Plovdiv. The soil pH was measured according to the BDS ISO 10390:2011
standard, the mobile N - according to a modified Kjeldahl method meeting the BDS ISO
11261:2002 standard, the P content was measured via spectrometer - according to BDS
ISO 11263:2002 standard, and K was determined according to GOST 26209-91/01.07.93.
Humus content was measured according to BDS ISO 14235:2002 standard. The
analysis registered the following: pH - 7.77, mobile N - 28.6 mg kg™, P - 113 mg kg™!,
K - 365 mg kg'!, and humus - 1.4%.

Study treatments

During the three experimental years sowing was done in the period 1020
February. The spacing between rows was 12—-15cm. The seeding rate was 250
germinating seeds m?, and the sowing depth was 34 cm. Soil cultivation included
plowing of the stubble in July and plowing at a depth of 20—22 c¢m in September, double
pre-sowing cultivation with harrowing, the last being at a depth of 5—6 cm. The phosphorus
fertilizer was added before plowing at a rate of 80 kg ha™!. The nitrogen fertilizer was
added with the last pre-sowing soil cultivation in the form of ammonium nitrate (34.4% N).
Weed control was achieved by treatment with the herbicide Linurex 45 SC - 2.00 L ha™!,
applied after sowing before crop germination. Harvesting was done at full crop maturity.
Seed yield was determined at a standard grain moisture content of 9%.

Meteorological data

The average amount of precipitation and the average monthly air temperatures
(from February to July) during the experimental years are presented in Fig. 1. Data showed
that air temperatures during the experimental period were close to or slightly higher than
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temperatures established for a multiple-year period, with no significant deviations from
the crop requirements. Differences between the three years of the study were found in
the precipitation amount during vegetation. The lowest amount of precipitation was
reported in 2017 - 215 mm versus 276 mm for a multiple-year period. The year 2017
was characterized by an uneven distribution of rainfall, which was not enough to meet
the water requirements at the critical stages. In April, May, and June at the stages of
buttoning, flowering, and fruit setting the amount of rainfall was 107.6 mm versus
156 mm for a multiple-year period, i.e. it was about 31% less. This determined the third
experimental year as the less favourable one for the productivity of coriander compared
to the other two years.

100 30
80 |4
20 ¥
e 60 o b
S s =
40 10 > ’
0 0 2
nom v v v v o m v Vv Vvl Vi
EE%42015 = 2016 EE®42015 E=—=2016
E=32017 e 1961-1990 E==32017 e 1961-1990

Figure 1. Precipitation, (mm) and average monthly air temperature, (°C) for the years of the
experiment and average for the period 1961-1990.

The first year of study (2015) was characterized with the highest amount of
precipitation during vegetation (383.9 mm). The registered amount was 107.9 mm above
the climatic norm. Precipitation was evenly distributed during vegetation and in
combination with the reported temperatures, it was considered to be the most favourable
for coriander growth during the three experimental years. In 2016 the total amount of
precipitation was 295.7 mm and exceeded the values for the period 1961-1991 by
19.7 mm, however it was not very well distributed. At the beginning of vegetation
(February-March), precipitation was 33.5 mm above the norm. During the buttoning and
flowering stages, it was 24.5 mm more than the amount reported in the multiple-year
period, and during the ripening stage (July) precipitation was very little.

Essential oil extraction

Essential oil content was determined by the steam distillation method in a
Clevenger-type apparatus. Samples with a mass of 50 g up to 200 g were set up in 800 mL
water and air temperature of 20 °C +2. The distillation was carried out at the
Institute of Roses, Essential and Medical Cultures - Kazanlak meeting the standard
BDS ISO 6571:2010. To speed up the process and reveal the essential oil tanks, the raw
material, mature coriander seeds, was crushed before technical processing. The distillation
time was 2 hours, calculated from the appearance of the first drop of essential oil.
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Yield structural elements were determined on 50 plants per square meter. The
following parameters were evaluated: plant height, number of umbels per plant, umbel’s
diameter, number of umbellets per umbel, number of seeds per umbel, seed weight per
plant, 1,000 seed weight, seed yield, essential oil content, and essential oil yield.

Statistical analyses

In order to determine the quantitative relationship between the studied indicators,
the experimental data were processed by the Method of analysis of variance (ANOVA),
and the differences between the variants were determined using Dunkan's Multiple
Range Test.

RESULTS AND DISCUSSION

Yield structural elements averagely for the three years are presented in Table 1.
According to the given data, the predecessor, as well as the nitrogen level, had a significant
influence on plant height, number of umbels per plant, umbel diameter, number of
umbellets per umbel, number of seeds per umbel, seed weight per plant, and 1,000 seed
weight of coriander. The highest values of the evaluated parameters for the predecessor
winter wheat and the N rate of 80 kg ha™! were reported. The lowest parameters were
established for the predecessor sunflower without the use of fertilization.

Table 1. Structural elements of the yield (Average for the period 2015-2017)

Weight 1,000

Plants Umbels Umbel’s Umbellets Seeds
of seeds seed

height  plant! diameter umbel’! umbel™! umbel!  weight
(ecm)  (No)  (cm) (No) MNo) () ® &
Predecessor Wheat 78.52 1342 431° 5332 31.4°® 1.242 6.76*
(A) Sunflower 69.0° 11.9 4.14° 4.92° 29.0° 1.11° 6.43°
Nitrogen 0 68.8 9.6 3.92 4.58 26.3 1.05 6.49
rate (B) 40 72.8 11.9 4.18 491 30.7 1.20 6.61
80 75.6 16.5 4.65 6.05 32.7 1.31 6.72
120 77.8 12.7 4.17 4.96 31.1 1.14 6.58
Wheat 0 74272 10.52 3.952 4752 27.72 1.142 6.67%
40 77.5" 12.3b 4.20° 5.08° 31.8° 1.25% 6.79°
80 80.1°¢ 17.7¢ 4.85¢ 6.27 339¢ 1.394 6.89°¢
120 82.0¢ 13.2° 425" 5.20° 32.0° 1.18¢ 6.71°
Sunflower 0 63.4°2 8.67 3.882 441° 24.82 0.952 6.30°
40 68.0° 11.4% 4.16° 4.74° 29.5b 1.15% 6.43°
80 71.0°¢ 15.3¢ 4.44¢ 5.82°¢ 31.4¢ 1.22¢ 6.55°¢
120 73.5¢ 12.20 4.08° 471" 30.2° 1.10° 6.45°
AnOVa A *k * * * * * *
B * *k * * * * *
AB n.s n.s * n.s * * n.s

Means within columns followed by different lowercase letters are significantly different (P < 0.05) according
to the LSD test * F—test significant at P < 0.05; ** F—test significant at P < 0.01; n.s — non-significant.

Coriander’s height, being cultivated after winter wheat as a predecessor was
78.5 cm and 69.0 cm after sunflower predecessor, respectively. The values of plant
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height rose with the increse of the nitrogen levels from 3.3 to 7.8 cm after the winter
wheat predecessor and 4.6 to 10.1 cm after the sunflower, respectively. The differences
among the studied variants were statistically significant. These data regarding the
influence of nitrogen on the increase of plant height of coriander were consistent with
the results reported by other researchers (Khalid, 2013; Lokhande et al., 2015; Erdogdu
& Esendal, 2018). On one hand, according to Erdogdu & Esendal (2018), plants supplied
with 120 kg ha! of N were the highest compared to those supplied with 60 and 90 kg ha!
of N, respectively. On the other hand, some researchers reported that plant height of
coriander was not affected by the fertilization with nitrogen (Okut & Yildirim, 2005;
Moosavi et al., 2013).

Analysis results showed the strongest influence of factor A (Predecessor), with a
dominant effect on differences in plant height (significant at P < 0.01), followed by
factor B (Nitrogen rate).

Number of umbels per plant varied from 10.5 to 17.7 for the plants grown after
winter wheat, and it varied from 8.6 to 15.3 for the plants grown after sunflower
predecessor depending on nitrogen rates. With the increase of nitrogen rate the values of
the relevant parameter increased up to 7.2 umbels for the coriander sown after winter
wheat, and up to 6.7 - after sunflower. The statistical processing of the obtained data
showed significant differences. The effect of nitrogen on the increasing number of
umbels per plant in coriander was also found by Erdogdu & Esendal (2018), Khalid
(2013), and Lokhande et al. (2015).

Analysis results related to the influence of the factors (A and B) and their
interaction on the number of umbels per plant showed statistically significant variations
and the interaction between the two factors was statistically insignificant.

The umbel’s diameter varied from 3.88 to 4.85 cm depending on the predecessor
and applied nitrogen levels. Coriander’s umbel diameter after winter wheat predecessor
(4.31 cm) was higher than coriander’s umbel diameter grown after sunflower (4.14 cm).
The increase of nitrogen levels led to an increase of umbel's diameter. An increase of
6.3 to 22.8% (after winter wheat predecessor) and of 7.2 to 14.4% (after sunflower
predecessor) was reported for the variants applied with N in comparison to the
unfertilized control. The obtained results were statistically significant.

The analysis of variance reported for a statistically significant influence of both
studied factors A (predecessor) and B (N level). An interaction between the two
examined factors (A x B) was also established.

Both, the predecessor and the nitrogen level, influenced the number of umbellets
per umbel. The values of the studied parameter varied from 4.75 to 6.27 for the coriander
grown after the preceding winter wheat crop, and from 4.41 to 5.82 after the preceding
sunflower depending on N rates. The lowest number of umbellets per umbel was reported
for the unfertilized control, and the highest — for the plants applied with 80 N kg ha™.

The predecessor, the nitrogen rate, and their interaction significantly affected the
number of seeds per umbel (Table 1). The highest results of this parameter was
established after the application of 80 kg ha™! of N, which was 22.3, 6.6, and 5.9% (after
wheat predecessor), and 26.6, 6.4, and 3.9% (after sunflower predecessor), which was
higher than those treated with 0, 40 and 120 kg ha™! N, respectively.

An important characteristic determining the coriander’s seed yield is the seed
weight per plant. The different preceding crops, as well as the applied N rate, influenced
the formation of seed yields of different weights (Table 1). The lowest values of the
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indicator for the unfertilized control were reported - 1.14 g after wheat predecessor, and
0.95 g after sunflower predecessor. The highest seed weight per plant was reported after
applying 80 kg N ha™!. The received results surpassed those of the unfertilized control
with 21.9% and with 28.4% respectively.

Variance analysis related to the effect of the factors and their interaction on seed
weight per plant showed a clear statistical significance in the changes of the parameter
and the interaction between both factors, which was statistically significant.

With relation to the other structural elements of yield, the 1,000 seed weight also had
the highest results for coriander grown after winter wheat having rate of 80 kg N ha™..
Regarding the unfertilized variants, the 1,000 seed weight varied from 6.30 to 6.67 g
depending on the predecessor crop. The nitrogen fertilization increased the value index
up to 3.3% for the plants grown after winter wheat, and up to 4.0% for the plants grown
after sunflower. The received results were statistically significant. Data related to the
influence of nitrogen on the increase of 1,000 seed weight of coriander corresponded to
the results reported by other authors (Okut & Yildirim, 2005; Patel et al., 2013;
Lokhande et al., 2015). On the contrary, some researchers reported that 1,000 seed
weight of coriander was not affected by nitrogen fertilization (Szemplinski & Nowak,
2015; Erdogdu & Esendal, 2018).

Seeds yield varied throughout the years being influenced by the predecessor crop
and the nitrogen rates (Table 2). Seed yield obtained at different nitrogen rates after
wheat predecessor varied from 1,536 to 2,208 kg ha'!, from 1,131 to 1,660 kg ha’!,
and from 1,025 to 1,490 kg ha™!, correspondingly for the three experimental years
(2015, 2016, and 2017). After sunflower predecessor, seed yield varied from 1,452 to
1,940 kg ha'!, from 990 to 1,375 kg ha! and from 750 to 880 kg ha™!, respectively. Seed
yield increased with statistical significance along with the nitrogen rate increase.

Table 2. Seeds yield (kg ha') of coriander, cv. Mesten drebnoploden, depending on the crop
predecessor and the N rate

. Years of study Average for

Predecessor Nitrogen rate 2015 2016 2017 the pe;gio d
Wheat 0 1,536 1,131% 1,025 1,231

40 1,910° 1,473 ° 1,120° 1,501

80 2,208¢ 1,660¢ 1,490¢ 1,786

120 2,077¢ 1,518¢ 1,210¢ 1,602
Sunflower 0 1,452¢ 990 * 750 # 1,064

40 1,620° 1,110° 768° 1,166

80 1,940°¢ 1,375¢ 880°¢ 1,398

120 1,755° 1,200°¢ 770° 1,208

Means within columns followed by different lowercase letters are significantly different (P < 0.05)
according to the LSD test.

The yields obtained on average for the experimental period (2015-2017) varied
from 1,231 to 1,786 kg ha™! after the predecessor winter wheat and from 1,064 to
1,398 kg ha'! for the sunflower predecessor depending on the applied nitrogen rates.

The highest yields were reported after applying 80 kg ha! of N. The results
surpassed those without fertilization up to 45.1% and up to 31.4% for the predecessor
winter wheat and the predecessor sunflower respectively. The effect of nitrogen on
increasing seed yield has been also stated by various researchers (Gujar et al., 2005;
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Oliveira et al., 2006; Akbarinia, et al., 2007; Carrubba, 2009; Moosavi et al., 2013; Ali
et al., 2015; Lokhande et al., 2015; Erdogdu & Esendal, 2018) while Szemplinski &
Nowak (2015) reported that seed yield was not affected by the different N rates.

The more favourable combination of the major meteorological conditions during
vegetation led to the obtainment of higher yields in the first year of study compared to
the second and the third one. The highest seed yield (2,208 kg ha!) was reported after
wheat predecessor having nitrogen rate of 80 kg ha'!, and the lowest (1,452 kg ha!) -
after sunflower predecessor having nitrogen rate of 0 kg ha™!. Differences between the
examined variants were statistically significant. In the second experimental year (2016)
yields varied from 1,660 to 900 kg ha!, i.e. they were by 29% lower in average in
comparison to the previous year. In the last year of study (2017) yields were within the
limits from 1,490 to 750 kg ha' i.e. they were by 38.7% and 12.5% lower in comparison
to 2015 and 2016, respectively. The less amount of precipitation during the critical stages
for the crop development led to a decrease in seed yields during the last year of the
experiment. This is in line with the results reported by Dyulgerov & Dyulgerova (2016).
According to the authors the reduced precipitation in the phases of stem elongation,
budding and flowering of coriander leads to a decrease in seed yield.

The dispersion analysis results regarding the effect of the factors and their
interaction on seed yield show a clear statistical significance in the changes of the
characteristics and the interaction between both factors, which was statistically
significant (Table 3).

Table 3. Two-way ANOVA analysis of the seed yield of coriander

Years Source of Sum of square daf Mean square

of study variation (SS) (MS)

2015 Predecessor 566,048 1 566,048 107.7981 0.00* 4.2597
Nitrogen rate 1,394,342 3 464,780.66 88.5128  0.00* 3.0088
Interactions 116,080 3 38,693.33 7.3688 0.00* 3.0088

2016 Predecessor  612,724.5 1 612,724.5 386.9228 0.00* 42597

Nitrogen rate  864,133.5 3 288,044.5 181.8941 0.00* 3.0088

3
1
3
3

F P-value F crit

Interactions 55,273.5 18,424.5 11.6347 0.00* 3.0088
2017 Predecessor 1,360,425 1,360,425 1,397.637 0.00* 4.2597

Nitrogen rate  442,330.4 147,443.5 151.4765 0.00* 3.0088

Interactions 104,445 .4 34,815.13 35.76743  0.00* 3.0088
* F-test significant at P < 0.05.

Nitrogen is one of the elements, which are of grate importance for the essential oil
synthesis and composition. According to Nurzynska-Wierdak (2013), nitrogen contributes
to the greatest extent to the increase in biosynthesis of essential oil and its composition
in numerous aromatic plant species. Plants use nitrogen to synthesize many organic
compounds including amino acids, proteins, enzymes, and nucleic acids. Amino acids
and enzymes play a key role in the biosynthesis of numerous compounds, which are
essential oil constituents (Koeduka et al., 2006). One of the hypotheses about the formation
of these compounds links the process of formation of terpenes to the transformation of
carbohydrates and makes it dependent on this transformation while the other one links it
to the transformation of proteins (Dubey et al., 2003; Lattoo et al., 2006).
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According to Aziz & El-Ashry (2009), the type of the N fertilizer plays a significant
role in the formation and the essential oil contents in the aromatic plants. Ammonium nitrate
gives the highest value of oil yield in coriander while urea is more effective for dill (Olle
& Bender, 2010). The application rate also modifies the quantity and composition of oils
for several species (Zheljazkov et al., 2010; Hendawy & Khalid, 2011). Some researchers
have declared that levels of N from 50 to 200 kg ha™ have no significant effect on yield
(Reddy & Rolston, 1999), which is contrary to our results. On the other hand, many
researchers are confident that higher nitrogen rates lead to a higher seed yield (Akbarinia
etal., 2007). The authors examined three nitrogen doses including 30, 60, and 90 kg ha'!
and the highest one proved to be the best for gaining the highest seed yield.

The results of the present study showed that the nitrogen application significantly
affected essential oil content but the predecessor and their interaction did not affect this
trait (Table 4).

Table 4. Essential oil content (%) of coriander, cv. Mesten drebnoploden, depending on the crop
predecessor and the N rate

Years of study Average for
2015 2016 2017 the period
Predecessor (A) Wheat 1.06? 1.142 0.992 1.06
Sunflower 1.05° 1.13° 0.96° 1.05
Nitrogen rate (B) 0 0.89 0.99 0.86 0.91
40 1.04 1.10 0.97 1.04
80 1.11 1.19 1.00 1.10
120 1.19 1.27 1.09 1.18
Wheat 0 0.902 0.972 0.882 0.92
40 1.05° 1.12° 0.99° 1.05
80 1.10°¢ 1.20°¢ 1.00° 1.10
120 1.20¢ 1.28¢ 1.10°¢ 1.19
Sunflower 0 0.88? 1.00° 0.83° 0.90
40 1.03° 1.08° 0.95° 1.02
80 1.12¢ 1.18¢ 0.99%¢ 1.10
120 1.18¢ 1.26¢ 1.07 < 1.17
Anova A n.s n.s n.s
B * * *
AB n.s n.s n.s

Means within columns followed by different lowercase letters are significantly different (P < 0.05) according
to the LSD test * F—test significant at P < 0.05; ** F—test significant at P < 0.01; n.s — non-significant.

The highest seed oil content was reported in 2016. Temperatures during the fruit
ripening stage were 2.1 folds higher than those for a multiple-year period. The essential
oil content compared with the control was 11.1 to 28.3% higher. In the other years of the
experiment the N application increased the essential oil content from 1.04 to 1.19% and
from 0.97 to 1.09% in the fertilized variants, and 0.89%—0.86% in the control in 2015
and 2017, respectively. Averagely for the period 2015-2017, the values of that trait in
all fertilized variants exceeded the unfertilized control from 14.3 to 29.6%.
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The results indicated that the increase in the applied N rate had a positive and
significant effect on this trait and the highest essential oil content was obtained at
120 kg ha™! of N. The received results corresponded to those of Akbarinia et al. (2007),
Moosavi et al. (2013), and Izgi (2020).

The analysis of variance related to the effect of factors A (predecessor) and B
(N rate) on the essential oil yield, as well as their interaction, showed a significant
influence of the factors on the changes of the studied indicator and statistically
insignificant effect of the interaction between them (Table 5).

Table 5. Essential oil yield (kg ha!) of coriander, cv. Mesten drebnoploden, depending on the
crop predecessor and the N rate

Years of study Average for
2015 2016 2017 the period
Predecessor (A) Wheat 20.8° 16.7° 12.1° 16.5
Sunflower 18.0° 13.3° 7.7% 13.0
Nitrogen rate (B) 0 13.3 10.5 7.6 10.5
40 18.4 14.3 9.4 14.0
80 23.0 18.1 11.9 17.7
120 22.8 17.2 10.8 16.9
Wheat 0 13.82 11.02 9.0* 11.3
40 20.1° 16.5° 11.1° 15.9
80 24.3¢ 19.9¢ 14.9¢ 19.7
120 24.9¢ 19.4¢ 13.3¢ 19.2
Sunflower 0 12.82 9.92 6.2? 9.6
40 16.7° 12.0° 7.6° 12.1
80 21.7¢ 16.2°¢ 8.8¢ 15.6
120 20.7°¢ 15.0¢ 8.2¢ 14.6
Anova A * * *
B * * *
AB n.s n.s n.s

Means within columns followed by different lowercase letters are significantly different (P < 0.05) according
to the LSD test * F—test significant at P < 0.05; ** F—test significant at P < 0.01; n.s — non-significant.

The favourable combination of temperature and moisture during the vegetation
period of coriander was a precondition for obtaining a higher essential oil yield in 2015
compared to 2016 and 2017.

During the first experimental year, the values of that indicator in the fertilized
variants ranged from 20.1 to 24.9 kg ha™! versus 13.8 kg ha'! in the control after winter
wheat predecessor, and from 16.7 to 21.7 kg ha! versus 12.8 kg ha™! in the control after
sunflower predecessor. In 2016 the coriander essential oil yield was approximately 24%
lower than in the previous year. In the last year of experiment the essential oil yield
ranged from 11.1 to 14.9 kg ha! in the fertilized variants, and in the control, it was
9.0 kg ha!. After winter wheat predecessor it was from 7.6 to 8.8 kg ha™! versus
6.2 kg ha'! in the control after sunflower predecessor.

Averagely for the study period (2015-2017), the increase in N rates from 0 to
80 kg ha! of N had a positive and significant effect on essential oil yield. The yield
increased by 1.74 folds after winter wheat predecessor and 1.63 folds after sunflower
predecessor. There was no significant difference between N rates of 80 and 120 kg ha™.
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CONCLUSIONS

Coriander is an essential oil plant that is gaining more and more interest, as it is
widely used both as a spice and as an ingredient in the cosmetic, pharmaceutical and
other industries. For this reason, it is essential for farmers to study the most favourable
conditions for achieving a large quantity of high quality production.

The present study aimed to investigate the more suitable predecessor and the
optimum levels of nitrogen fertilization in order to achieve higher yields and more
essential oil.

The examined factors (A predecessor and B nitrogen rate) had a significant influence
on the productivity of coriander, grown in the conditions of Southeast Bulgaria.

The highest number of umbels per plant, umbel’s diameter, the number of umbellets
per umbel, the number of seeds per umbel, seed weight per plant, 1,000 seeds weight,
and coriander seeds yield were in favor of the winter wheat predecessor and the N
application rate of 80 kg ha™..

The highest essential oil content after applying 120 kg N ha™! was found. The
predecessor did not affect this trait.

The increase of N rate from 0 to 120 kg ha™! had a positive and significant effect on
essential oil yield. There was no significant difference between the rates of 80 and
120 kg N ha’.
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Abstract. The aim of the research is to study the biological removal of the main nutrient elements
from the most common technical grape varieties, as well as from apricot and peach plantations in
the farms, situated on semi-desert natural soils of Armenia, to identify the extent of their input
and losses due to natural factors and to calculate the balance associated with the soil conservation
system in the absence of comprehensive fertilization. In the inter-row spaces of all fruit
plantations and even vineyards of the republic, grass cover of productive significance has been
established (4.5-6.5 t ha'! yield of air-dry grass), through which the removal of nutrient elements
is 2-3 times higher than the biological removal through trees and vines. The research was
conducted in 2015-2020, in the grape, apricot and peach plantations of the semi-desert natural
zone of Armenia (Armavir region), where the irrigation norm is 5,000 m* ha!, and the atmospheric
precipitation is 256 mm, through which 40 kg ha'! N, 2 kgha' P,Os, and 44 kg ha! K,O
enter the soil. The losses due to erosion and washing away are N - 12 kg ha™!, P,Os - 7 kg ha’!,
K,0 - 75 kg ha'!. The balance of nutrient elements in all plantations is negative, nitrogen in
plantations with industrial grass cover is 154, P»Os - 52, K,O - 311, and in the system of black
fallow - 15, 16 and 85 kg ha’!, respectively. The negative balance of nitrogen in apricot and peach
plantations is 121, P2Os - 44,K,0 - 296 kg ha'!.

Key words: grass stand, black fallow, grape vine, apricot tree, peach tree, balance.
INTRODUCTION

The nutrient balance in soils reflects their general agrochemical characteristics,
being the primary condition for the rational use of organic fertilizers and for increasing
soil fertility, and is one of the important principles for ensuring the ecological safety of
plant products and the environment. In agrochemical research, the balance approach has
intensified, especially with the intensification of agriculture and with the addition of
fertilizers per unit area, which resulted in a positive nitrogen-phosphorus balance in
Russia, Ukraine, Belarus, Moldova, and Eastern Europe in the 1980s (Dasberg et al.,
1984; Donos, 1988; Shafran & Korchaghina, 1990; Ladonin & Velichko, 1994;
Mineyev, 2000). Studies conducted in Armenia have shown that in 1976-1983
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nitrogen-phosphorus balance in arable land and perennial plantations was +61.8 and
+38.2 and K,O was negative (-22.5 kg ha™!) (Avagyan, 1980; Babayan, 1980, 1985).

After the break-up of the Soviet Union, unprecedented changes took place in the
agro-complex of Armenia: privatization of lands and agricultural objects, as a result of
which 340 thousand farms were formed, natural plots (about 150 thousand) were divided
into 1200 thousand small plots, where crop rotation, irrigation and application of
mechanisms became very difficult. The use of organic fertilizers has been sharply
reduced, as a result of which the deficit of nitrogen, phosphorus and potassium in all
agricultural soils is increasing year by year, the yield of crops has been significantly
reduced. Prior to land privatization (1991), the agricultural system in Armenia was
intensive. The annual use of mineral fertilizers was 350 thousand tons and 1.8 million
tons of local organic fertilizers, which contained 57,000 tons of N, 33,300 tons of P,Os
and 24,300 tons of K>O (per 100% of active substance), providing arable lands and
perennial plantations with NjooPssKas kg ha! doses (Harutyunyan & Sabeti, 2012). After
the privatization of the land the use of organic fertilizers became spontancous. Every
year an average of 3040 thousand tons of ammonium nitrate (in physical weight) is
used, but not by all farmers, and phosphorus-potassium fertilizers are imported in very
limited quantities by large landowners for their needs.

The deficit of nutrient elements is also deepening in Russia, where the largest
amount of fertilizers was used in the 1980s - about 13 million tons of NPK, which was
only 60% of the real demand. Since 1990, the use of mineral fertilizers in the Russian
Federation has been reduced thrice, and of organic fertilizers 2.5 times, as a result of
which the balance of nutrient elements in the soil has become negative, leading to a sharp
decline in arable land efficiency (Milashchenko, 1999; Mineyev, 2000).

The negative balance of nutrients in Russia's arable land continues to grow. If in
2011 the negative nitrogen balance was 34-50 per year, P,Os was 9—16, K,O was
38-64 kg ha! (Kudeyarov & Semenov, 2014), then in 2016 the deficit was 63.5 kg,
23 and 62.2 kg ha!, respectively, for 18 kg of nitrogen, 6 kg of phosphorus and 5 kg of
potassium per hectare of active substance (Kudeyarov, 2018). Almost the same result is
recorded in the lands of the non-chernozem zone of Russia in 2011-2013, where the
balance of basic nutrients was negative. nitrogen - 22, phosphorus - 6, potassium -
31 kg ha!, and the compensation was 40, 45 and 21%, respectively (Shafran, 2016).
According to the author, in the arable lands of Russia in 2018 16 kg ha! of nitrogen
was used, and the removal through harvest was 42 kg ha!, deepening the negative
balance to - 26 kg ha! (Shafran, 2020).

At present, Armenia pays no attention to soil protection systems, to the ecological
situation of the environment and the consumption of soil humus and nutrient elements.
During the last 30 years, detailed studies have been conducted in different regions of
Armenia on different varieties concerning the removal of the main nutrient elements
from grape and fruit plantations, as well as from the fields of clean-cultivated crops. As
a result, large variations in the removal of nutrient elements were detected, depending
on the doses of fertilizers, irrigation factor, and the size of the vegetative mass
(Harutyunyan & Harutyunyan, 1985; Harutyunyan, 1995; Harutyunyan, 1996;
Harutyunyan & Harutyunyan, 2002; Harutyunyan & Grigoryan, 2005, Harutyunyan &
Sabeti, 2012; & Migqaelyan, 2021).
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Purpose of the research and problems

The aim of the research is to study the reasons of decrease in soil fertility and crop
yield in perennial plantations of Armenia, depending on soil protection system. For this
reason it is necessary to specify the extent of biological removal of main nutrients from
the most common technical varieties of grapes, as well as apricot and peach plantations.
It is necessary to calculate the entrance and losses of nitrogen, phosphorus and
potassium, as well as their balance due to natural factors, in the absence of fertilization.

The scientific novelty of the work is directly connected with the protection of the
balance of main nutrients and soil fertility in perennial plantations. The results of the
research will enable us to rely on the balance of main nutrients in different phytocenoses
and to work out an optimal system of fertilization, which will prevent the decline of soil
fertility and dehumification. This is the utilitarian goal of the study.

Materials and methods

Field experiments were conducted in 2015-2020 in the semi-desert zone
(236.2 thousand hectares), one of the most favorable natural areas for grape, apricot and
peach plantations cultivated in Armenia, which occupies the lowlands of the foothills of
Ararat valley, Ararat, Armavir, Aragatsotn, Kotayk districts (800—1,250 m above sea
level), where the climate is very dry, with cold winters and hot summers. The
average annual air temperature is 10—12 °C, the sum of temperatures above 10 °C is
3,800—4,200 °C, the average annual precipitation is 230-300 mm, the humidity
coefficient is 0.3. Four soil types have been formed in this zone: semi-desert gray (152.2
thousand ha), irrigated meadow gray (53 thousand ha), saline-alkaline (29 thousand ha),
paleohydromorphic (2 thousand ha). Perennial plantations are based exclusively on
semi-desert gray soils, located in the communities of Armavir region, where the
irrigation normis 5,000 m? ha™!. Irrigation is provided by Nerkin Hrazdan and Talin canals.

The vineyards are 10-25 years old with a feeding area of 1.5: 2.5 m. The white
grape variety ‘Rkatsiteli’ is cultivated in Aragats community, the red variety ‘Anahit’
and the black variety ‘Haghtanak’ are cultivated in Aghavnatun community, the white
variety ‘Kangun’ and the black variety ‘Haghtanak’ are cultivated in Talvorik
community. The vines are trained in multi-trunk fan system, raised on the supporting
wires. The vines are buried in winter, and the spring pruning is done according to the
strength. The mixed plantation of apricots (Yerevan and Sateni varieties) is about
25-30 years old, the feeding area of the trees is 8 : 6 m, the mixed peach plantation
(varieties Mijahas Narinj and Limoni) is 12 years old, the feeding area of the trees is
5:4 m. The apricot and peach plantations are situated in the community (village)
Mrgashat (All the communities are in the Armavir region). The founding of mixed
plantations is associated with tree pollination. The yield from the vines and trees, pruned
and leaf masses were calculated on 45 vines and 30 trees, and the grass was calculated
on about 500 m? (the hay was removed with the help of a hand scythe, as hay-cutting
machines are not available in these farms).

Soil sampling in all plantations was done according to genetic horizons (up to the
depth of active root propagation), irrigation water samples were taken from the canals
entering the plantations. The total data of the last 6 years of atmospheric precipitation
were taken from the agrometeorological station of Armavir city. The yield of vines and
trees, mass of spring prunings, mass of green cuttings, leaf mass and the mass of
harvested hay was calculated by the weight method. The samples were made air-dry in
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the laboratory. Soil, water and plant analyses were performed in the agrochemistry
laboratory of the Agricultural Science Center. The balance of main nutrient elements
was calculated by the method accepted in agronomy (Yurkin, 1974; Guidelines for
compiling the balance..., 1975).

Physico-mechanical and agrochemical analyses of soils were performed by
well-known methods (Alexandrova & Naidionova, 1976; Workshop on agricultural
chemistry by Yagodin, 1987). The data on the pH of the water content of the dry matter,
as well as total nitrogen, were not included in Table 1, so as not to overload it, but their
values are presented in the text. Soil analyses were performed on samples sifted with a
I mm sieve. The mechanical composition was determined by the classical pipette
method and evaluated according to the N.A. Kachinsky classification scale. The pH of
the water extract which characterizes the actual acidity of the soil, was determined by
the potentiometric method, and the dry residue by the weight method. Carbonates were
determined by calcimeter using 10% HCI. Humus was determined by the L.V. Turin
method, total nitrogen by the Kjeldal method. The easily hydrolyzable nitrogen in the
soil was determined by I.V. Turin and M.M. Kononova methods, which is considered to
be an indicator of mobile nitrogen compounds, and the mobile forms of phosphorus and
potassium by the Machigin method, which is based on the principle of removing them
by a 1% (NH4).SOy4 solution.

Total nitrogen, P.Os and K,O in plant samples were determined by K. Ginsburg
wet ash method, after which nitrogen was determined by the Kjeldal micromethod, P>Os
by photoelectric calorimeter, and K,O by flame photometer (Workshop on agricultural
chemistry by Yagodin, 1987). The content of nitrogen, phosphorus and potassium in
atmospheric precipitation and irrigation water was determined according to the
instruction developed by O.B. Gasparyan (1970).

RESULTS AND DISCUSSION

The soils of the test site belong to the semi-desert gray soil type. The data in Table 1
show that the mechanical composition in these soils (the sum of <0.01 mm particles or
physical clay) in different genetic horizons according to N.A. Kachinsky classification
(Soil science edited by Kaurichev, 1982) is rated as light-clay-sandy (20-30%),
medium-clay-sandy (30—45%), heavy-clay-sandy (45-60%), and only in the horizon C;
of the peach plantation (107-140 cm) it is considered light-clayey (63.5%). In all the
mentioned soils, the pH of the water extract is alkaline and is in the range of 8.1-8.6,
and the dry residue of the water extract in the upper humus horizons A and B is
0.09-0.21%, i.e. the content of harmful salts (Na,CO3;, NaHCO3, NaCl, Na,SO4) does
not represent any danger to the plants. The total nitrogen content in the soil profile is
also low, ranging from 0.02 to 0.097%, which is primarily due to the low humus content.
As for carbonates, their content in the horizons A and B of the studied lands (except for
the Talvorik test field: 14.5-15.4%) is low, ranging from 1.1 to 5.4%. The humus content
in the soil horizons A and B is rather low due to the active mineralization of organic
matter at high temperatures.

The soils of the test field according to Turin and Kononova scale have very low
(< 3) and low (4 mg per 100 g soil) nitrogen content (mobile or available to plants). The
upper horizons of soils, studied according to the Machigin grouping, are also assessed at
the same levels by their content of P,Os: very low (< 1), low (1-1.5) and medium
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(1.5-3 mg per 100 g in soil). The content of mobile forms of nitrogen and phosphorus in
the soil depends on both the degree of mineralization of organic matter and the
hydrolysis and oxidation of mineral compounds, where the microbiological activity of
the soil plays an important role. As for K»O, test soils have high (40—60) and very high
(> 60 mg per 100 g soil) levels according to the Machigin scale (Workshop on
agricultural chemistry..., 1987).

Table 1. Physico-mechanical and agrochemical characteristics of test site soils

. <0.0l mm CaCOs3 Mobile forms mg per
. Genetic o . .
Community, . - sum of accor- 100 g in the soil
. horizon . . -
plantation and depth particles dingto 3
and variety om i (phys. clay), CO,, g N P,Os KO
% % T
Aragats, grape A 0-36 46.1 L5 1.57 4.20 1.95 85
(Rkatsiteli, white variety) By 37-67 35.7 23 0.98 2.52 210 70
B, 68-85 243 5.4 0.83 224 1.57 68
C 86-120 21.3 8.2 0.77 140 0.82 60
Aghavnatun, grape A 035 44 .4 2.7 1.58 3.92 1.68 75
(Anahit - red), B 36-62 37.0 4.9 0.54 336 164 71
(Haghtanak - black) C 63-130 27.9 8.7 0.50 2.24 133 57
Talvorik, grape A 0-46 35.4 14.5 1.68 3.84 281 53
(Kangun - white), B 47-65 37.2 15.4 1.52  3.61 1.73 46
(Haghtanak - black) C 66-107 38.6 10.9 1.08  2.29 1.02 48
Mrgashat, apricot tree A 0-24 47.5 1.1 1.26 3.61 2.10 80
(Yerevani, Sateni) B: 25-46 43.8 - 0.79 3.18 1.04 88
mixed plantation B, 47-71 35.4 - 0.34 3.00 0.62 73
Ci 72-102 34.4 1.5 033 282 056 73
Mrgashat, peach tree A 033 41.9 L5 1.54 3.84 1.90 67
(Narinj mijahas, Limoni) B 34-70 453 2.1 0.89 3.40 1.56 64
mixed plantation Ci 71-107 59.3 - 0.78  3.15 0.56 65
C, 108-140 63.5 1.1 070 262 050 67

The average yield of 3 years from grape plantations of different varieties varies
considerably in different communities, which in our observations depends not only on
the characteristics of the variety, but also on the individual approaches of the owner
farmer, the effectiveness of disease and pest control, as well as the irrigation factor
(Table 2). From this point of view, Aghavnatun community is well supplied with irrigation
water, as it is located at the bottom of Nerkin Hrazdan canal. From the data in Table 2 it
can be seen that despite the rather large differences in the yields of the studied grape
varieties, in case of recalculation of 10.0 t ha'!, the weight of grape juice fluctuates in the
approximate range 8.8. t ha! (Hakhtanak) - 9.57 t ha™! (Kangun). In case of recalculation
of 10.0 t ha! yield, there are bigger differences between grape stems (65.8 Kangun -
149.9 Hakhtanak kg ha™! air-dry) and seeds (239.9 Hakhtanak - 293.1 Rkatsiteli kg ha™!
air-dry), which is definitely conditioned with varietal features. However, it should also
be noted that the masses of the yield of the variety Hakhtanak, as well as the masses of
their stems and seeds cultivated in two different places (Aghavnatun and Talvorik) are
quite different, which in our opinion is conditioned by the level of agro-technical
measures and violations in the irrigation water regime. The mass of the spring prunings
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(1,292-1,452 kg ha'!, air-dry) leaving the above-mentioned grape plantations, as well as
the mass of green cuttings (275-398 kg ha’!, air-dry) are quite close in different varieties,
which is due to their almost identical growth intensity. It can also be seen from the table
that at the end of the vegetation the leaf mass of the black variety Hakhtanak exceeds the
leaf mass of the white varieties.

Table 2. Annual biomass removed from grape plantations (average of 2018-2020)

Commodity yield and its
structural elements

Air-dry, kg ha'!

Community, ) T o
. [5) ~
variety and _ 8 = B g g
soil conservation g = ~ 9 & ) A 2
= = g .= .5 w B = o < <
system - B 22 =4 ° g © & g
J 8, 29 S® gE gE£ < &
2 E 2.5 3 "on S § s = 3 2
> 2T A8 nx = & =8 4 p=
Aragats (Rkatsiteli), 5.48 5.20 43.5 160.6 1,452 275 741 6,580
natural grass
Aghavnatun (Anahit), 14.89  13.77 162.7 3754 1,448 367 798 6,667

natural grass
Aghavnatun (Haghtanak), 21.18  19.36  249.8 508.2 1,292 295 854 6,533
natural grass

Talvorik (Kangun), 6.69 6.40 440 163.5 1,352 345 gl4 -
black fallow

Talvorik (Haghtanak),

black fallow 10.04 8.84 150.5 290.2 1,350 398 1,029 -

The data in Table 3 show that the three-year average yield from the apricot
plantations was 13.0 t ha™! and from the peach plantation it was 10.2 t ha''. It should also
be noted that with proper implementation of agro-technical measures, the yield from
apricot and peach plantations in Armenia can reach 20-25t ha”!, which was often
recorded in the 1980s. Nitrogen is the first limiting nutrient element for almost all crops
in the soils of Armenia. It is not surprising that the N + manure combination provides
the highest quality and high yield of peaches in other countries, too (Chatzitheodorou, et
al., 2004). In case of recalculation on 10 t ha™ of apricot, the pulp is 9.45 t ha', the
average mass of the kernel is 118.0 kg ha'!, the shell of the kernel is 233.0 kg ha™!
(air-dry), while in the case of peaches these indices are respectively 9.08 t ha'!, 30.6 and
389.0 kg ha'! (air-dry). The pruned mass removed from the apricot plantation was about
200 kg more than the mass leaving the peach plantation in the spring, and the leaf mass
in the peach plantation was about 110 kg more, which is due to both the size of the trees
and the differences in their feeding surface. In addition, the wood of apricot trees is
heavier than that of peach trees.

The differences in the masses of hay removed from grape and fruit plantations
(Tables 2 and 3) are mainly due to the amount of harvested hay. In the inter-row spaces
of grape plantations, hay is harvested 3 times: in late May, mid-July and mid-September
(before harvest), and about 6.5 t ha! of dry grass is obtained. In apricot and peach
plantations, hay is harvested twice (in mid-June, before the apricot harvest, and in late
August, before the peach harvest), because the trees have more shading, and the resulting
grass is about 4.5 t ha™.
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Table 3. Annual biomass removed from apricot and peach plantations (average of 2015-2017)

Commodity yield and its structural Air-dry, ke ha'!

Community clements

and ) Stone Stone Mass of Leaf

fruit type Yield, Pulp, kernel shell spring mass at Mown
tha' tha! (air-dry), (air-dry), the end of hay

kg ha'! kg ha’! prunings vegetation

Mrgashat, apricot tree 13.0 12.29 1543 302.9 1,690 2,426 4,666
(mixed plantation)
Mrgashat, peach tree 10.2 9.26 31.2 396.8 1,480 2,540 4,673
(mixed plantation)

Removal of nitrogen and ash elements from the soil by means of crop and
vegetative mass is considered to be the main article in the loss of nutrient balance.

Numerous studies show that the amounts of nitrogen, phosphorus and potassium
removed from the soil depend on the crop variety characteristics, selective properties,
yield level, soil-climatic conditions, soil moisture and agrotechnics, fertilizer doses, their
ratio and other factors. The amount of nitrogen, phosphorus and potassium removed
through 1t of commodity and corresponding non-commodity products of different
agricultural crops varies in a wide range, thus: autumn wheat: N - 24-27, P,Os - 10-13,
KO - 18-23 kg ha'!, barley - 22-24, 9-10, 17-23, corn - 2-3, 1-2, 2-3, clover (grass) -
18-22, 5-6, 14-18, sugar beet - 4-6, 1-1.5, 7, potatoes - 46, 1.5-1.6, 4—7, raw
cotton - 45, 15, 45, tomatoes - 2.1, 1.19, 3.21, pepper - 2.39, 1.65, 3.33, respectively
(Harutyunyan & Miqaelyan, 2021; Krivenya, 1977; Marinchik & Zakharova, 1987;
Peterburgsky, 1979).

54-110 kg ha™! of nitrogen, 1740 kg ha! phosphorus, 70-130 kg ha! potassium
are removed from the soil annually through the vegetative mass of 10.0 t ha™! of different
varieties of grapes (Bondarenko, 1986; Malakhova, 1980; Merzhanyan, 1951;
Serpukhovitina, 1982; Walessky & Kononikhina, 1983). In a number of European
countries, grape and fruit plantations are founded on poor, rocky, sloping lands with
mandatory grass cover in the intercropping space, which is a significant land
conservation measure. However, the amount of nutrient elements removed from
plantations with industrial grass cover is 2—5 times higher than the amount of nutrient
elements removed from black fallow. And if the harvested grass remains in its place, the
fertilizers are applied superficially, which preserves the quality of the grapes (Batukayev,
1999; Novosadyuk, 1988).

The content of main nutrient elements in different organs of grapes varies to a large
extent, while the concentration of nitrogen in the same organ is 2-5, and that of K»O is
2—-10 times higher than the concentration of P,Os, due to which nitrogen and potassium
are removed in larger quantities (Table 4). The data from Table 4 show that the lowest
content of nutrient elements is present in the grape juice, where nitrogen content
fluctuates between 0.076-0.102%, that of P,Os - 0.029-0.045% and K>O - 0.23-0.39%,
which causes the largest removal of potassium by the clusters. The nitrogen content in
the mass of spring prunings in different varieties varies in the range of 0.55-0.72%,
P>05 - 0.17-0.21%, K>0 - 0.58-1.22%, and the removal is definitely conditioned by the
size of that mass. The content of nutrient elements in the green cuttings and leaf mass is
significantly higher than their content in the trimmed mass, which leads to greater
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removal of these elements. As for natural grass, it has the highest content of nutrient
elements, so their removal by this mass is 2—3 times greater than the amount removed
by the vine. The data in Table 4 show that the nitrogen removed by the vines
(taking into account the yield level) ranges from 29.1 to 55.4 kg ha™!, P,Os - 8.6-19.2
and K,0 - 34.4-110.0 kg ha™!, while with the grass, respectively, 138.2-143.3,31.4-36.0
and 209.7-216.5 kg ha! of nutrient elements are removed. In case of recalculation of
10.0 t ha! grape harvest and the corresponding vegetative mass, nitrogen removal
(average of five field experiments) is 43.2, P,Os - 12.9 and K,O - 67.8 kg ha!, which
can be compensated by organic mineral fertilizers in the conditions of black fallow.

Table 4. Biological removal of main nutrient elements from grape plantations (according to the
initial data of Table 2)

Commu-nity, Biomass (numerator %, denominator kg ha!) -
variety and - T Mass of Mass of Mass of = &
. = & Juice Dry . Leaf D uy
soil 58 . Seed spring  green mown z &
. = 2 with stem . ; . mass =R
conservation & E X (air-dry) pru-nings cut-tings . hay £ g
= 9 pulp (air-dry) . . (air-dry) , - 9 3
system Z o (air-dry) (air-dry) (air-dry) &~ @
Aragats N 0078 105 159 0.60 1.38 128 210 1673
(Rkatsi-teli), 4.06 0.46 2.55 8.71 3.80 9.48 138.2
natural grass P,0s 0.045 0.28 0.82 0.21 0.28 0.32 0.50 42.8
234 0.12 1.31 3.04 0.77 2.37 32.9
KO 0.32 2.25 0.56 0.58 1.32 1.35 3.29 257.1
16.64 0.98 0.90 8.42 3.63 10.0 216.5
Aghav-natun N 0.076 092 131 0.61 1.27 2.05  2.15 190.0
(Anahit), 1047 1.50 4.92 8.83 4.66 16.36 1433
natural grass P,0s 0.030 0.29 0.65 0.17 0.25 0.37 0.54 494
4.13 0.47 2.44 2.46 0.92 2.95 36.0
KO 036 248 0.61 1.22 1.33 1.10 3.19 2999
49.57 4.03 2.29 17.67 4.88 8.78 212.7
Aghav-natun N 0.095 1.07 1.77 0.55 1.39 1.65 2.14 195.2
(Haghta-nak), 1839 2.67  9.00 7.11 4.10 14.09 1398
natural grass P,Os 0.040 0.36 0.71 0.17 0.35 0.44 0.48 50.6
7.74  0.90 3.61 2.20 1.03 3.76 314
K,0 037 422 057 0.67 1.62 137 321 3199
71.63 10.54 2.90 8.66 4.78 11.70 209.7
Talvorik N 0.082 076 152 0.72 1.53 151 35.4
(Kangun), 525 033 249 9.73 5.28 12.29
black fallow P,Os 0.029 024  0.55 0.21 0.31 022 8.6
186 0.11 0.90 2.84 1.07 1.79
K0 023 249 056 0.59 1.29 0.64 344
1470 1.10 0.92 7.98 4.45 5.21
Talvorik N 0.102 0.88  1.64 0.69 1.80 172 493
(Haghta-nak), 9.02 1.32 4.76 9.32 7.16 17.70
black fallow P,O; 0.038 028  0.65 0.21 0.49 031 13.6
336 042 1,89 2.84 1.95 3.19
KO 039 256 0.60 0.74 1.46 1.05 66.7
34.48 3.85 1.74 99 5.81 10.80

In Armenia, in apricot, peach, plum and other fruit plantations, including intensive
apple plantations, alfalfa or natural mixed grass is also grown, which increases the
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removal of nutrient elements by about 50-70%. Table 5 presents the data on the
biological removal of nutrient elements from apricot and peach plantations, which are
widespread in Armavir region, according to which most of the nutrient elements are
removed by the harvested hay, which makes 63% of nitrogen and 58% of phosphorus
and potassium. In grassy vineyards and fruit plantations the stubble is regularly tilled
into the ground. Studies in Russia during 2005-2010 show that in one year 24 kg ha™! of
nitrogen enters the soil through the stubble of a papilionaceous plants, 8.9 kg ha™! from
annual grasses and 21 kg ha! from perennial grasses (Zavalin & Blagoveshchenskaya,
2012).

Table 5. Biological removal of main nutrient elements from apricot and peach plantations
(according to initial data in Table 3)

Biomass (numerator %, denominator kg ha!)

Community - Mass Leaf mass =
= & Stone  Stone . Mown o
and 5 5 of spring  at the end of 2 =
frui = Pulp kernel  shell . . hay g .=
ruit type 5 g (air-dry) (air-dry) prunings  vegeta-tion (air-dry) g =) fb
Z Y Y) (air-dry)  (air-dry) Y 22 E
Mrgashat, N 0.093 287 023 0.47 1.40 2.08 155.5
apricot tree 1143 4.40 0.70 7.94 33.96 97.05
(mixed P,Os 0.037 0.54 0.024 0.17 0.31 0.50 39.2
plantation) 455 0.83 0.07 2.87 7.52 23.33
K,0 038 078 023 0.31 3.43 3.29 290.6
46.70 1.19 0.70 5.24 83.21 153.51
Mrgashat, N 0.049 297 025 0.50 1.44 1.91 139.7
peach tree 4.54 093 0.99 7.40 36.58 89.25
(mixed P,O; 0.037 054 0.025 0.17 0.40 0.49 393
plantation) 343 017  0.10 2.51 10.16 22.89
K,O 026 1.11 0.21 0.30 2.06 3.17 230.1
24.07 0.35 0.83 44 52.32 148.13

The removal of about 24% of the nitrogen, 22% of P,Os and 26% of KO occurs on
the average through the leaf mass, the nutrient elements removed by the cuttings and the
harvest are 5, 7, 2 and 7, 12, 14%, respectively. In case of recalculation of 10.0 t ha! of
the yield and corresponding vegetative mass in the plantations, the nitrogen removed
from the apricot plantation is 120, P,Os - 30, K,O - 224 kg ha'!, and from the peach
plantation 137, 38 and 226 kg ha™!, respectively (accepting the same levels of vegetative
mass of trees and the removed grass).

The calculation of nutrient elements removed from grape and fruit plantations
grown in Armenia is directly or indirectly related to irrigation water, as this factor is
mandatory and is always present in any plant cultivation system. Irrigation not only
determines the final amount of nutrient balance, but is also the most active source of
plant nutrition, so in the balance calculations the amount of nutrient elements entering
the plantations through atmospheric precipitation should be taken into account.
According to the studies, 44 kg ha™! of N, 0.45 kg ha! of P,Os and 14.7 kg ha! of K,O
enter annually into the perennial plantations of the semi-desert natural soil zone of
Armenia, and through irrigation water 3.64 kg ha!, 7.5kgha! and 50.2 kg ha™!,
respectively. In addition, 5.2 kg ha™! of nitrogen is detected on the average by the bacteria
living freely in the soils of the mentioned zone (Babayan, 1980).
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During the years of our research (2015-2020) the average amount of atmospheric
precipitation in Armavir region was 256 mm or 2,560 m® ha! (mainly in the form of
rain), in which the total nitrogen was 2.74 mg L' (7.02 kg ha'!), P,Os 0.30 mg L
(0.77 kg ha'') and K»O 2.30 mg L' (5.88 kg ha!). The plantations of the test fields are
irrigated by the waters of Nerkin Hrazdan (Aragats, Aghavnatun) and Talin (Talvorik,
Mrgashat) canals. Nitrogen content in the waters of Nerkin Hrazdan was 6.09 mg L!
(30.45 kg ha'), P,Os - 0.331 mg L' (1.66 kg ha!), K,O - 10.04 mg L' (50.20 kg ha'),
and in the waters of Talin canal these indices were 5.40 (27.0), 0.150 (0.75) and 6.70 (33.5),
respectively. The recalculation was done in kg ha™! according to the irrigation norm of
5,000 m* ha'.

The loss of main nutrient elements from perennial plantations by erosion and washing
in semi-desert soils is N - 9.2; P,Os - 6.8; K,O - 68.4 kg ha! and N - 3.2; P,Os - none,
K>0 - 6.3 kg ha! annually (Babayan, 1980): According to studies, the highest nitrogen
loss through water erosion occurs from clean-cultivated crops and makes 13.2 kg ha™!
per year, and about 0.3 kg ha! from perennial grasses (Tsybylka et al., 2013).

Nitrogen gas losses from the soil are based on the use of nitrogen fertilizers, which have
not been taken into account, as there is no comprehensive fertilization in the plantations.

Table 6 shows the balance sheet calculations of the main nutrient elements in the
studied plantations, according to which the average annual nitrogen loss from grape
plantations with grass cover is 196.6, P,Os: 54.5, K,O - 367.0 kg ha'!, and in the soil
conservation system of black fallow it is 54.7, 17.9 and 125.3 kg ha™!. The balance of
main nutrients in non-fertilized grape plantations in Ganja-Kazakh region of Azerbaijan is
negative (Mammadov, 2015). The total nutrient losses in the apricot and peach plantations
are less (nitrogen: 152.1-167.9, P,Os: 46.0-46.1 and K,O: 304.8-365.3 kg ha!), which
is mainly due to the amount of grass removed from these plantations. As for the nutrient
inflow, the main difference here is related to the irrigation water.

The data in Table 6 show that in the absence of annual use of organic-mineral
fertilizers in grape and fruit plantations, the balance of all nutrient elements is negative,
especially if the plantations are placed under the grass of industrial significance. Balance
losses include nutrient elements in the leaf mass which do not leave the plant and
compensates for their deficiency to some extent. Corresponding nutrient losses and
inflows in perennial plantations determine the intensity and volume of the balance, which
is a unique key for understanding their overall displacement.

CONCLUSIONS

1. The soils under the vineyards and fruit plantations studied in the Ararat Valley
are considered strong soils (A + B = 62—85 cm), but low levels of humus (0.34—-1.68%),
available nitrogen (2.24-4.20 mg per 100 g in soil) and phosphorus (0.62-2.81 mg per
100 g in soil) are a limiting factor for plant growth and yield, which can be overcome by
annual fertilization. The soils have a high supply of K,O.

2. The annual amount of nitrogen released through the grass of industrial
importance (about 6.5 tha-1 air-dry) grown in the inter-row spaces of grapevines is
76.2%, P205 - 70.2%, K20 - 72.9%, and through 4.5 t ha-1 of air-dry grass leaving
apricot and peach plantations the annual amount of nitrogen is 63.1%, P205 - 58.8%,
K20 - 58.6%. That is, the main factor in deepening the nutrient deficiency is the grass
grown in the mid-rows of plantations.
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Table 6. Total annual balance of main nutrient elements in perennial plantations of semi-desert natural soil zone of Armenia (according to
generalized and averaged data of tables 4 and 5)

o ) Losses, kg ha! Entrance, kg ha!
Irrigation ~ Community,
source plantation, soil . £ 8 Balance, Balance Balance
. Erosion © g o 1 . .
and conservation system = B Total < s g . kg ha intensity, volume,
: S = and Total = g Total o B
norm, and average yield 29 removal . S & S = + - % kg ha
m?> ha! (tha') 2§ washing E B 23
Z o <8 E:
Nerkin Aragats, N 184.2 12.4 196.6 7.0 30.5 42.7 -153.9 21.7 239.3
Hrazdan Aghavnatun, P»0s 47.6 6.8 54.4 0.8 1.7 2.5 -51.9 4.6 56.9
canal, grape (natural grass), KO 292.3 74.7 367.0 5.9 50.2 56.1 -310.9 153 423.1
5,000 13.85
Talin canal, Talvorik, grape N 423 12.4 54.7 7.0 27.0 39.2 -15.5 71.7 93.9
5,000 (black fallow), 8.36 P05 11.1 6.8 17.9 0.8 0.8 1.6 -16.3 8.9 19.5
K>O 50.6 74.7 125.3 5.9 33.5 39.4 -85.5 314 164.7
Mrgashat, apricot tree N 155.5 12.4 167.9 7.0 27.0 39.2 -128.7 233 207.1
(natural grass), 13.0 P,0s 39.2 6.8 46.0 0.8 0.8 1.6 -44.4 3.5 47.6
K>O 290.6 74.7 365.3 5.9 33.5 39.4 -325.9 10.8 404.7
Mrgashat, peach tree N 139.7 12.4 152.1 7.0 27.0 39.2 -112.9 25.8 191.3
(natural grass), 10.2 P05 39.3 6.8 46.1 0.8 0.8 1.6 -44.5 35 47.7
K,O 230.1 74.7 304.8 5.9 33.5 39.4 -265.4 12.9 344.2

* 5.2 kg ha'! of nitrogen accumulated in the soil by asymbiotic nitrogen fixation was added to the total input.
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3. Regardless of the soil conservation system, the amount of nitrogen entering
perennial plantations in the Ararat Valley through natural factors (atmospheric
precipitation, irrigation water, asymbiotic fixation of nitrogen) exceeds the losses
(erosion and washing away), while the losses of P205 and K20 are much greater.

4. In order to prevent further deepening of the deficiency of main nutrient elements
in the vineyards and fruit orchards of Armenia, it is necessary to fertilize the grassy
orchards of production significance with N150P80, K200 and in the black fallow system
with doses of N80P60 K100 kg ha'!, taking into account the high content of potassium
in the soil, losses of nitrogen gas (about 20%) and the immobilization of phosphorus
fertilizers in the form of hard to reach compounds.
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Abstract. Cherry is a popular and widespread fruit crop in many European countries. Significant
areas of its plantation are located in the Southern Steppe subzone of Ukraine. Modern biochemical
research aims to determine the amplitude of cherries varietal difference within the studied species
and determine selection possibilities for the most important chemical components. In this regard,
the study of fruits biochemical composition of different cherries cultivars is relevant. The aim of the
research was to build a mathematical model based on Multiple linear regression method, which
reveals the degree of weather factors influence on the dynamics of polyphenolic compounds and
ascorbic acid accumulation in cherries fruits in the Southern Steppe subzone of Ukraine and in
regions with similar hydrothermal parameters. The cultivar ‘Thrushka’ was characterized by the
lowest variability in the concentration of polyphenolic compounds with the value of the variation
coefficient of 9.9%. The optimal average concentration of polyphenolic compounds at the level of
224.6 mg (100 g)! had fruits of the cherry cultivar ‘Siianets Turovtsevoi’ (Vp — 12.8%). Fruits of
the “Vstrecha’ cultivar were characterized by the optimal average concentration of ascorbic acid at
the level of 9.6 mg (100 g)"! and variability of the indicator 14.0%. The dominant influence of
varietal characteristics on the polyphenolic compounds accumulation in cherry fruits has been
established. The share of the factor impact B was 41.3%. It was determined that weather conditions
with a share of influence of 69.2% are crucial for the formation of the ascorbic acid. The correlation
analysis showed the presence of a linear correlation between seven weather factors (X, i =1..7) and
the concentration of polyphenolic compounds (Y;) and ascorbic acid (Y,) in cherry fruits. The
values of the pairwise correlation coefficients ry x,ry,x, i = 1..7 were within the interval [-0.55;
0.55], which showed the presence of an impact between these weather factors and the studied
indicators. The average monthly precipitation in June became decisive for the accumulation of
polypolyphenolic compounds (Ayx, = 35.2%). The average monthly amount of precipitation in May
was determined to be the most important for the formation of the ascorbic acid level (Ax;, = 37.1%).

Key words: Prunus cerasus L., climate, cherry, phenolic compounds, ascorbic acid, variability,
stone fruits, ridge-regression.
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INTRODUCTION

Cherry belongs to the popular and widespread fruit crops of Ukraine. This is due to
its biological characteristics, namely undemanding for soil conditions, high winter
hardiness, and the fruits are suitable for consumption in fresh, frozen, and in the form of
various high quality processed products (Bak et al., 2010; Alrgei et al., 2016).

Ukraine is one of the countries producing cherries. It is noted that in the total world
production of cherries about 70% belong to European countries, followed by Asia - 20%
and North America - 10% (Bouhadidaa et al., 2009; Keserovi¢ et al., 2014; Barac et al.,
2014; Mézes et al., 2017; Gaudet et al., 2019; Sanderson et al., 2019).

The increase in fruit production is due to a number of reasons: cultivar renewal and
the introduction into production of new high-quality fruit cultivars (Mezhenskyj et al.,
2020; Shevchuk et al., 2021a, 2021b), development of agriculture and fruit processing
technology (Mir et al., 2021). The popularity of fruit consumption is supported by
numerous studies of the biologically active compounds concentration in fruits and their
therapeutic and prophylactic effects on health (MiloSevic & Milosevic, 2012; Bell et al.,
2014; Mezhenskyj, 2019; Eslami et al., 2022). Blando & Oomah (2019) noted that the
consumption of cherries has a positive effect on human health: counteracts oxidative
stress, reduces inflammation, regulates blood glucose and improves cognitive function,
promotes faster recovery from muscle damage, caused by physical exertion.

Clinical studies related to the consumption of cherries and products of their
processing, conducted by Kelley et al. (2018), stated a high concentration of polyphenols
and ascorbic acid, as well as the presence of antioxidant and anti-inflammatory
properties. Similar studies of the biochemical composition of cherry fruits, the functional
effect of their use, and the resulting health effects were described in the works of Keane
et al. (2016) and Alba et al. (2019). Much research has been devoted to the study of
cherries biochemical composition in terms of species and varietal characteristics. Studies
of the fruit characteristics of four species of the genus Prunus were conducted by Cao et
al. (2015) in China and noted the suitability of Prunus cerasus for processing due to the
high concentration of ascorbic acid and anthocyanins.

A group of Serbian researchers studied the total phenols, anthocyanins, antioxidant
activity, and polyphenolic profile of 39 ‘Oblacinska’ cherry clones in Serbia and
concluded that the most common polyphenols were rutin and chlorogenic acid. They
were the first who detect compounds such as pinobaxin, hesperetin and galangin in the
cherry fruits of some clones (Alrgei et al., 2016; Guffa et al. 2016).

Grafe & Schuster (2014) investigated the physicochemical characteristics of fruits
in 78 cherry genotypes from the genetic collection of the Dresden Institute, Germany,
and noted a more significant influence of cultivar factor on the fluctuations of the studied
traits than the year factor.

The chemical composition of fruit crops, in addition to varietal characteristics,
largely depends on ripeness degree and growing conditions including soil and climatic
conditions (Gavryliuk et al., 2019; Vasylenko et al., 2021; Havryliuk et al., 2022a,
2022b). Ganopoulos et al. (2016) also studied 27 cultivars of cherries located at the
Institute of Fruit Pomology of the Genetic Bank, Naoussa, Greece. In Croatia, Viljevac-
Vuletic et al. (2017) investigated influence of different locations, years and cultivars on
the concentration of polyphenols and anthocyanins in the fruits of five cultivars of
cherries (Prunus cerasus L.). They observed that the greatest source of variability among
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the studied factors (location-year-cultivar) is the cultivar factor. The ‘Maraska’ had the
highest concentration of polyphenols and anthocyanins, and ‘Oblac¢inska’ had the lowest
concentration of polyphenols and anthocyanins, regardless the year and place of
cultivation.

Khoo et al. (2011) studied 34 cherry cultivars for total phenols, anthocyanins, total
antioxidant capacity, and cancer cell proliferation inhibitory activity. They found that
‘Birgitte x Bottermd’ and ‘Fanal’ had the highest concentration of total polyphenolic
compounds (754 + 13.4 and 596 + 5.7 mg of gallic acid equivalent/100 g, respectively),
the highest total antioxidant capacity (63.0+7.5 and 52.0+6.9 Mmol of trolox
equivalent/g, respectively for each cultivar) and the highest cancer cell proliferation
inhibition activity (63.0 = 1.7 and 70.0 £ 1.6%, respectively for each cultivar).

Numerous publications were devoted to the study of cherries and the biochemical
composition of their fruits by scientists from Poland. Sokét-tetowska et al. (2020)
determined the concentration of polyphenolic compounds in fruits of 21 cultivars and
genotype Prunus cerasus L. and found that the highest concentration of polyphenolic
compounds was in fruits of cultivars ‘Wielun 17°, ‘Sokdéwka Nowotomyska’,
‘Grosenkirch’, ‘Grookkirch’, ‘Sokowka Nowotsenysk’ (anthocyanins, flavanols, and
common phenolic compounds) and ‘Meteor’ (phenolic acids). Cultivars with medium
and late maturity had more flavonols and anthocyanins and were identified as higher
antioxidant capacity than cultivars with early and early-medium maturity. Wojdylo et al.
(2014) and Borowy et al. (2018) conducted a comparative study of the biochemical
composition (polyphenols, antioxidant properties, and nutrients) of Prunus cerasus L. fruit
cultivars ‘Kelleris 16°, ‘Nefris’ and ‘Lutoéwka’ in the central-eastern regions of Poland.

Studies of the antioxidant properties of cherries in cultivars, such as griotte and
amarelle, depending on the color of the flesh were conducted in Hungary. Papp et al.
(2010) found that the anthocyanin concentration ranged from 11.3 to 93.5 mg (100 g)’!,
and the ‘Pipacs 1’ cultivar showed the highest antioxidant capacity (21.85 Mmol AA/I)
and ascorbic acid concentration (8.98 mg (100 g)™).

Picariello et al. (2016) studied the biochemical composition of five cultivars of
cherries. The researchers found that the most common anthocyanins were cyanidin
derivatives. The authors developed anthocyanin profiles and verified to be specific both
for a certain type and cultivar.

The literature review shows that modern biochemical research is aimed primarily
at determining the amplitude of varietal differences within the studied species and
determining the possibilities of selection for the most important chemical components.
In this regard, it is worth noting the study of the biochemical composition of fruits of
new domestic cherry cultivars and hybrids, obtained through selection work conducted
in Melitopol Research Station of Horticulture, named after M.F. Sydorenko of the
Institute of Horticulture of the National Academy of Agrarian Sciences of Ukraine,
where both interspecific Prunus cerasus L. and interspecific crosses within Prunus
cerasus L. x Prunus avium Moench (Turovtseva et al., 2016) were used to create new
cultivars. This study of the biochemical composition of the existing and promising range
of cherries will allow using the data for further selection work for the improved
biochemical composition of cherries.
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MATERIALS AND METHODS

The research was conducted during 2007-2019 in the orchards of the Southern
Steppe subzone of Ukraine on the basis of the laboratory of primary processing and
storage of plant products of the Research Institute of Agrotechnology and Ecology of
Tavriya State Agrotechnological University named after Dmytro Motorny, Ukraine,
Melitopol.

The aim of the research was to build a mathematical model, the analysis of which
will reveal the degree of weather factors influence in the Southern Steppe subzone of
Ukraine and regions with similar hydrothermal parameters on the formation of
polyphenolic compounds and ascorbic acid (vitamin C) in cherries.

The tasks were set to achieve this goal:

— to analyze the weather conditions during the phenological phases of cherries
growth and development;

— to determine the concentration of polyphenolic compounds, and ascorbic acid in
fruits and select the best cultivars;

— to study the relationship between polyphenols, ascorbic acid accumulation, and
weather factors;

— to determine the degree of each weather factor influence on the concentration of
polyphenolic compounds and ascorbic acid in the studied cultivars of cherries.

The study site is characterized by insufficient precipitation. The climate is Atlantic-
continental, arid, with high air temperatures during vegetation period. The direction of
dry winds is northeast. According to the set of climatic indicators, the studied region is
suitable for cherries growing (Table 1).

The data of the Melitopol meteorological station of the South of Ukraine were used
to calculate the model for predicting the polyphenolic compounds and ascorbic acid
concentration in cherry fruits (46° 49°N, 35° 22°E) (Tonkha et al., 2020).

Table 1. Meteorological conditions of the Southern Steppe subzone of Ukraine

Indicator Value
Average annual air temperatures, °C 9.1-9.9
Average monthly air temperatures in the warmest months, °C 20.5-23.1
The sum of active temperatures above 10 °C from April to October, °C (Zaqt > 10 °C) 3,316
Average annual amount of precipitation, mm 475
Average annual relative humidity, % 73
Average annual wind speed, m s™! 3
Hydrothermal coefficient 0.22-0.77

The fruits of registered cherry cultivars selected for the study were: ‘Vstriecha’,
‘Ozhydaniie’, ‘Shalunia’, ‘Siianets Turovtsevoi’, ‘Hriot Melitopolskyi’, ‘Solidarnist’,
‘Thrushka’; and promising in Ukraine - ‘Melitopolska Purpurna’, ‘Modnytsia’, ‘Ekspromt’
(Promising is a variety that is widespread in Ukraine, but is not included in the ‘State
Register of Plant Varieties Suitable for Distribution in Ukraine’).

The soil of the research areas is chernozem southern light loamy. Agrochemical
characteristics of the soil are given in Table 2.
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The fruits of 10 experimental cultivars were selected in the cherry plantations of the
Melitopol Research Station of Horticulture named after M.F. Sydorenko of [H NAAS,
located in the Melitopol district of Zaporizhzhia region, which belongs to the horticulture
zone of the Southern Steppe.

Trees of the studied cultivars Table 2. Agrochemical characteristics of tested soil
were grafted on seedlings of Magaleb Depth Available nutrients
. . Humus
cherry, planted in 2001 according of arable content,
. content, pHkc a1 .
to the 6x4m scheme. Growing  layer, o mg (100 g)” of soil
conditions are rainfed. Fruits were cm N P0s  KyO

harvested from typical trees of a 40.0 1.38 69 270 90.0 154.0

certain pomological cultivar and the
same age. The agricultural technology in the research areas during all research years was
uniform.

To study the concentration of polyphenolic compounds and ascorbic acid, 100 fruits
were selected from 6 trees of each cherry cultivar when samples have reached full
maturity, in 3 repetitions. The fruits of each pomological cultivar were harvested by hand
in 4 different places of the cherry crown. After harvesting, the cherries were weighed
separately and counted. Cherry fruits were transported to the laboratory within 2-3 hours
after harvesting to determine the studied indicators.

During the harvesting period, the consumer ripeness of cherries was determined
visually and organoleptically. The flesh of the fruit was quite dense, the color and taste
were special characteristic of each pomological cultivar. Cherry fruits were harvested
with stalks. Transportation and storage of fruits were carried out under the condition of
preserving the appearance and taste characteristics of each cultivar.

Ascorbic acid (AsA) was quantitively determined by titrimetric method (Ivanova
et al., 2019), with Tillman’s reagent (2.6-dichlorophenol-indophenol dye). According to
the amount of reagent spent on titration, the concentration of AsA in the extracts was
calculated, results were expressed in mg (100 g)! fresh weight.

The polyphenolic compounds concentration was determined by the Folin-Denis’
reagent. The method involves the reaction of polyphenols complexation with
Folin-Denis’ reagent and the formation of dyes, followed by the determination of optical
density. As a standard, rutin was used to recalculate the polyphenolic compounds
concentration in cherries. The optical density of the obtained experimental solutions and
the solution of the rutin standard sample was determined on a spectrophotometer at a
wavelength of 670 nm in a cuvette with a distance between the working faces of 10 mm.
Results were expressed in mg (100 g)! fresh weight.

The fraction of polyphenols was calculated by the formula:

X=(cxVxax100)/(m x V1)
¢ — concentration of rutin, which is determined by the calibration curve, mL g cm™;
V — extract volume, cm™; V; — volume of extract for analysis, cm®; m — weight of the
product, g (cherries); 100 —the coefficient of the polyphenols concentration
determination per 100 g!' of the product; a — the coefficient of the sample extract dilution
(Ivanova et al., 2019).

The model of the dependence of polyphenolic compounds and ascorbic acid
concentration in cherry fruits on weather factors was formed according to the scheme
proposed in the works of Ivanova et al. (2021a, 2021b):
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— quantitave determination of polypolyphenolic compounds and ascorbic acid;

— analysis of meteorological indicators for the years of research;

— calculation of the Hydrothermal Coefficient (HTC) of G.T. Selyaninov, the sum
of effective temperatures, the sum of active temperatures, and temperature differences
for certain growing seasons of research years;

— selection of meteorological factors that show a significant correlation with
polyphenolic compounds and AsA concentration in fruits, based on correlation analysis;

— construction of a regression model of the dependence of polyphenolic compounds
and AsA concentration in the fruits of cherry cultivars on meteorological indicators;

— determination and ranking of weather factors according to the degree of their
influence on the studied indicator of fruit quality on the basis of the built regression model.

As a rule, the Least Squares Approach is used for a regression model building.
However, in order for the calculated coefficients of the regression model to be effective
and unbiased estimates of the parameters of the generalized regression model, the
conditions of the Gauss-Markov theorem (Damodar, 2009) must be met.

If the influencing factors correlate with each other, then the multicollinearity effect
appears which is a violation of the Gauss-Markov theorem. In this case, the estimates of
parameters of the constructed model coefficients by the Least Squares Approach are not
unbiased. On the basis of this model, the results of the analysis of the degree of influence
of each factor separately are not valid.

One of the recommended methods for building a regression model under
multicollinearity conditions is regularization method. Ivanova et al. (2020) and Malkina
et al. (2019) proposed an algorithm for analyzing the influence of correlating factors on
the resulting indicator based on a regression model built in this way - the LASSO
method. It is proposed in this paper to build a regression model based on ridge-
regression.

According to the Ridge-regression method, the minimum of the function is found
to determine the model parameters:

L = i()’i—j’\i)z"‘lzn:ﬁiz (1)

i=1 i=1

where y; —the experimental values of the indicator; y; —theoretical values of the
indicator, calculated on the basis of the constructed regression equation; A— the set
parameter (penalty); B; — regression model coefficients.

Thus, the study is proposed to be conducted according to the following algorithm:

Based on experimental data x;;,(i = 1..n- weather factor number,
j = 1..m-—study year number), we build a Ridge-regression model in the form

n

Y =a,+ ) aX 2)
j=1
where X; — factors; a; — model parameters; ¥ — dependent variable.
Calculate the values of the coefficients of the corresponding regression model in
normalized factors by the formula
a = a % (3)
Y
where a; — calculated coefficients of the regression model (2); Sy, — standard deviation
of factors X;; Sy — standard deviation of the studied indicator Y.
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We analyze the constructed regression (2) to determine the degree each of the
climatic factors influences the studied indicator. To determine the share of weather
factors in the total impact of all factors, we calculate the coefficient A; by the formula:
a; - Tyx, @)

Rz |
where @; — parameters of the regression model in normalized factors X;; ryx, — correlation
coefficients; R? — determination coefficient.

Ai=

RESULTS AND DISCUSSION

According to the results of thirteen years of research, it was determined that the
average concentration of polyphenolic compounds in cherry fruits grown in the Southern
Steppe subzone of Ukraine was 199.137 mg (100 g)' (Table 3). The minimum
concentration of polyphenolic compounds was recorded in the fruits of ‘Vstrecha’
cherries - 129.17 mg (100 g)! in 2018. It was lower than the average varietal value by
35.1%. The maximum concentration of polyphenolic compounds, at the level of
305.9 mg (100 g)!, was found in the fruits of the cultivar ‘Melitopolska Purpurna’ of the
2010 harvest. At the same time, the exceeding over the average varietal value was 53.6%.
The highest average polyphenolic compounds level was in ‘Melitopolska Purpurna’
cultivar, and the lowest was in ‘Ekspromt’cultuvar, according to thirteen years of
research.

Table 3. The concentration of polyphenolic compounds in cherry fruits, mg (100 g)! (2007-2019),
X+tsx,n=5

Average Min Max Variation by
Pomological cultivar concentration, concentration, concentration, the years, Vp,

mg (100 g)’! mg (100 )!' mg (100! %
“Vstrecha’ 198.7 +28.84 129.2 249.8 14.4
‘Ozhydaniie’ 218.8+39.2¢ 178.0 289.7 17.9
‘Shalunia’ 197.4 £22.5% 171.3 241.1 11.3
‘Siianets Turovtsevoi’ 224.6 +28.7° 188.8 265.8 12.8
‘Hriot Melitopolskyi’ 193.3+25.7° 161.3 234.1 13.2
‘Melitopolska Purpurna’  243.1 £45.7° 189.1 305.9 18.8
‘Modnytsia’ 168.3 £19.5" 147.9 147.7 11.5
‘Ekspromt’ 165.0 £20.7 136.2 211.6 12.5
‘Solidarnist’ 196.6 = 24.1¢ 158.1 236.1 12.2
‘Thrushka’ 185.5+18.4¢8 158.2 211.3 9.9
Average value 199.1 + 36.04 136.5 219.3 12.5

Means in column with the different letter are highly significantly different according to the Fisher’s test
(P<0.05).

To compare the variability of the studied characteristics, namely to assess the
stability of the cultivar in relation to weather factors, the coefficient of variation Vp was
calculated. It is known that the value of the indicator can be divided into 3 groups with
the aim to analyze research results. If the coefficient of variation is less than 10%,
the variability of the indicators is considered insignificant or low, for values from 10 to
20% - medium, above 20% - significant or strong (Ivanova et al., 2021b).
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The research results show the average variability of the content of polyphenolic
substances over the years of research for almost all cherry varieties. The exception was
the cultivar ‘Thrushka’ - Vp = 9.9% (Table 3).

The maximum influence of weather factors on the concentration of the
polyphenolic compounds in fruits with medium variability was observed for cultivars
‘Melitopolska Purpurna’ and ‘Ozhydaniie’ with variation coefficients of 18.8 and
17.9%, respectively. Fruits of ‘Siianets Turovtsevoi’ cultivar (Vp =12.8%) were
characterized by the optimal average concentration of polyphenolic compounds at the
level of 224.615 mg (100 g)™'.

The average ascorbic acid concentration for studied cultivars in research years was
9.17% (Table 4).

Table 4. The concentration of ascorbic acid in cherry fruits, mg (100 g)! (2007-2019), X + s,

n=>5

Average Min Max Variation by
Pomological cultivar concentration, concentration, concentration, the years, Vp,

mg (100 g)’! mg (100 @' mg (100 2! %
“Vstrecha’ 9.59 + 1.34° 7.99 12.01 14.0
‘Ozhydaniie’ 8.97 + 1.68Ped 6.21 11.54 18.7
‘Shalunia’ 1044 £2.112 8.22 13.80 20.2
‘Siianets Turovtsevoi’ 10.10 +2.29% 7.84 13.87 22.6
‘Hriot Melitopolskyi’ 8.23 +1.284 6.39 10.09 15.6
‘Melitopolska Purpurna’  8.44 £ 1.20% 6.18 10.17 143
‘Modnytsia’ 9.00 £ 1.65b 7.08 11.45 18.4
‘Ekspromt’ 9.00 +2.18% 6.24 12.36 24.2
‘Solidarnist’ 9.13 £ 1.67% 7.14 12.05 18.3
‘Thrushka’ 8.75+1.21¢ 7.16 10.97 13.8
Average value 9.17+£1.77 7.04 11.83 18.01

Means in column with the different letter are highly significantly different according to the Fisher’s test
(P <0.05).

The minimum concentration of ascorbic acid within the studied cultivars was
recorded in the fruits of ‘Melitopol Purpurna’ cultivar - 6.18 mg (100 g)! in 2008. The
obtained value of the indicator was 32.6% lower than the average varietal value. The
fruits of the ‘Siianets Turovtsevoi’ of the 2010 harvest had a maximum ascorbic acid
concentration of 13.87 mg (100 g)!. At the same time, the exceeding over the average
varietal value was 51.2%. According to thirteen years of research, ‘Shalunia’ and
‘Siianets Turovtsevoi’ cultivars were characterized by the highest average concentration
of the studied indicator, and ‘Hriot Melitopolskyi’ cultivar - by the lowest (Table 4).

The variability of ascorbic acid concentration according to the years of research in
cherry fruits was medium and high with a range of Vp = 14.0-24.2%. The most stable
concentration of ascorbic acid was in fruits of cultivar Vstrecha (Vp = 14.0%), and the
most variable - in the cultivar ‘Ekspromt’ (Vp = 24.2%). ‘Vstrecha’ cultivar fruits were
characterized by optimal average ascorbic acid concentration of 9.6 mg (100 g)!. The
dominant influence of varietal characteristics (factor B) on the level of polyphenolic
compounds formation of cherry fruits was confirmed by the results of a two-factor
analysis of variance (Table 5). The share of the impact of factor B (cultivar) was - 41.3%
against the share of the impact of factor A (year) - 32.2%.
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Weather conditions (factor A) also had an influence of 69.2% on the ascorbic acid
concentration (Table 5). The influence of varietal characteristics (factor B) was less
significant - 13.2%.

Table 5. The results of the two-factor analysis of variance in the polyphenolic compounds and
ascorbic acid concentrations in cherries

Source of variation Sc:lgrzz E:S;Z;Of Dispersion  Fiaet Fo.os g/r;ﬂuence,
Phenolic compounds

Factor A (year) 161,933.2 12 13,4944 11,3129 1.8 322
Factor B (cultivars) 207,608.3 9 23,067.5 19,3384 1.9 413
Interaction AB 132,466.0 108 1,226.5 1,028.2 1.3 26.3
Vitamin C

Factor A (year) 889.2 12 74.1 325.8 1.8 69.2
Factor B (cultivars) 169.6 9 18.8 82.8 1.9 13.2
Interaction AB 164.0 108 1.5 6.67 1.3 12.7

According to the test of hypothesis H, about the significance of correlation
coefficients according to Student’s criterion at the significance level of 0.05, significant

even correlation coefficients are |riji| > 0.55, i = 1..7,j = 1..2. Therefore, weather

factors that have values of paired correlation coefficients from the specified interval were
selected.

According to the research results, seven weather factors were selected. The
presented weather factors significantly correlate with the levels of polyphenolic
compounds and AsA in cherry fruits. The indicators ¥; — AsA accumulation and Y, — the
concentrations of polyphenolic compounds, also significantly correlate with each other,
the correlation coefficient between them is ry,y, = 0.9274. This explains the fact that
the indicators Y¥; — AsA accumulation and Y, —the concentrations of polyphenolic
compounds are significantly affected by the same set of weather factors.

To perform correlation analysis, a matrix of paired correlation coefficients was
constructed, which is shown in Table 6.

Table 6. Correlation matrix for weather factors

Xi X; X; Xy Xs Xs X7
Xi 1.0000 0.2952 0.7970 0.0630 -0.3847 0.6950 0.0473
X> 0.2952 1.0000 0.2561 0.8385 -0.2531 0.5967 0.8346
X3 0.7970 0.2561 1.0000 0.0736 -0.2477 0.6020 0.0792
Xy 0.0630 0.8385 0.0736 1.0000 -0.3386 0.6337 0.9342
X -0.3847 -0.2531 -0.2477 -0.3386 1.0000 -0.6438 -0.0554
Xs 0.6950 0.5967 0.6020 0.6337 -0.6438 1.0000 0.5304
X7 0.0473 0.8346 0.0792 0.9342 -0.0554 0.5304 1.0000

X, — the average monthly precipitation in May; X, — the average monthly precipitation in June; X3 — the
number of days with precipitation of more than 1 mm in May; X, - the number of days with precipitation of
more than 1 mm in June; X5 — duration of the frost-free period during the year; X — the amount of precipitation
in the period from flowering to fruit ripening; X, — total number of days with precipitation in June.
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According to Table 6, the analysis of the correlation tightness revealed six weather
indicators of humidity: the average monthly precipitation in May (X,) and June (X,); the
number of days with precipitation more than 1 mm in May (X5) and June (X,); the amount
of precipitation in the period from flowering to fruit ripening (X,); the total number of
days with precipitation in June (X,), and accumulation of polyphenolic compounds and
AsA was also influenced by the temperature indicator - the duration of the frost-free
period during the year (Xs).

The values of correlation coefficients between factors close to 1.0 indicate close
correlations between factors X; (average monthly precipitation in May) and X,
(number of days with precipitation more than 1.0 mm in May), X, average monthly
(precipitation in June) and X, (number of days with precipitation more than 1.0 mm in
June), X, (average monthly precipitation in June) and X, (total number of days with
precipitation in June), X, (number of days with precipitation more than 1.0 mm in June)
and X, (the total number of days with precipitation in June). This states the presence of
the effect of multicollinearity.

It was proposed to use the Redge-regression method to build a regression model in
multicollinearity. The Redge-regression method (1) regularizes the parameters and
allows to build a regression model, the parameters of which are unbiased estimates of
the parameters of the corresponding generalized model. To determine the parameter A
cross-validation was performed and the optimal values of the parameter A were
determined. For the regression model of dependence of indicator ¥; — AsA accumulation
on weather factors as a result of cross-validation the parameter 2 = 10,000 is defined.
For the regression model of dependence of indicator Y, —the concentration of
polyphenolic compounds on weather factors parameter A = 3792.6902 is defined.

The regression model of the form (2) of the dependence of the indicator ¥; — AsA
accumulation on weather factors (in the normalized factors, which are calculated by the
formula (3)) is:

7, = 0.0126X, + 0.0087X, + 0.0012X; + 0.0004X, — 0.0042X; + 0.0101X, + 0.0006X,
where ¥; —the predicted value of AsA accumulation; X, —the average monthly
precipitation in May; X, — the average monthly precipitation in June; X5 — the number of
days with precipitation of more than 1 mm in May; X, - the number of days with
precipitation of more than 1 mm in June; X5 — duration of the frost-free period during the
year; X, —the amount of precipitation in the period from flowering to fruit ripening;
X, — total number of days with precipitation in June.

The coefficient of determination, calculated on the basis of the constructed
model R? = 0.6928, indicates a significant influence of weather factors on the AsA
accumulation in comparison with random errors.

Regression model (2) of the dependence of the indicator Y, — the concentration of
polyphenolic compounds from weather factors (in normalized factors, which are
calculated by the model (3)) is:

¥, = 0.1120X, + 0.2194X, + 0.0263X5 + 0.0166X, — 0.1075X; + 0.1628X, + 0.0202X,
where ¥, — the predicted value of polyphenolic compounds concentration; X; — the
average monthly precipitation in May; X, — the average monthly precipitation in June;
X5 — the number of days with precipitation of more than 1 mm in May; X, - the number
of days with precipitation of more than 1 mm in June; X5 — duration of the frost-free
period during the year; X, — the amount of precipitation in the period from flowering to
fruit ripening; X, — total number of days with precipitation in June.
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The coefficient of determination, calculated on the basis of the constructed model
R? = 0.7928, indicates a significant influence of weather factors on polyphenolic
compounds concentration in comparison with random errors.

Based on the constructed models, the indicators Ax; (i = 1..7) were calculated
assorting to model (4), which characterizes the degree of factors’ influence on the studied
indicator, and the factors were ranked according to their degree of importance. Table 7
shows the calculated indicators and ranks of factors.

The share of Ax; influence in the studied cherry cultivars for polyphenolic
compounds varied within 2.15-35.23%. The share of the influence of the studied factors
on AsA accumulation in cherry cultivars was in the range of 0.69—37.11% (Table 7).

Table 7. Coefficients of pair correlation between weather factors (X;,) and biochemical
indicators, shares of influence of weather factors Ax;, % on the level of polypoliphenolic
compounds and ascorbic acid accumulation in cherry fruits and their rank

Polyphenolic compounds Ascorbic acid
= Coefficients of = Coefficients of
2 % factorsinfluence S % factors influence
(] < >~ S >~
= T o (Ayi, %) and T o (A%, %) and
« . Factors g & S g2 N
°& S § indicators of S § indicators of
- 2 S factors rank 2 S factors rank
= jamm) jamm) -
E‘ :«5 E § Rank  Ax;, % E § Rank  Ax;, %
X The average monthly 0.618 3 14.91 0.751 1 37.11
precipitation in May, mm
Xz The average monthly 0.746 1 35.23 0595 3 20.18
precipitation in June, mm
X3 The number of days with 0.594 5 3.36 0.649 5 2.94

precipitation of more than
1 mm in May, days
X4 The number of days with 0.679 7 2.15 0469 7 0.69
precipitation of more than
1 mm in June, days

Xs Duration of the frost-free -0.568 4 13.15 -0.518 4 8.41
period during the year, days
Xe The amount of precipitation ~ 0.808 2 28.30 0.753 2 29.72

in the period from flowering
to fruit ripening, mm

X7 Total number of days with 0599 6 2.59 0.427 6 0.95
precipitation in June, days

Depending on the values of the coefficients Ay;(i=1...7) of influence on two
indicators of cherry fruits quality, weather factors were distributed by ranks of influence
on polyphenolic compounds and AsA accumulation in cherry fruits.

According to the Table7, the humidity indicator - the average monthly
precipitation - had the maximum impact on studied indicators level in cherry fruits, thus
the 1st rank was assigned in terms of the factors share. Namely, June was the decisive
month for the accumulation of the polyphenolic compounds level (X2) - Ay, — 35.23%.
The average monthly amount of precipitation in May was determined to be the most
important for the formation of the AsA level (X1) - Ay; — 37.11%.
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The 2™ rank was assigned to the amount of precipitation in the period from
flowering to ripening of cherry fruits, mm (X) that influenced both formation of
polyphenolic compounds and AsA. The value of the share of factor influence Ay, for
studied biochemical parameters ranged from 28.30% to 29.72%.

The following weather factors had a significant impact on the studied indicators in
cherry fruits at the level of the 3rd rank: for the accumulation of polyphenol compounds
- the average monthly precipitation in May (Ay; = 14.91%); for AsA accumulation level
- the average monthly amount of precipitation in June (Ay, = 20.18%).

Other weather indicators (X3, X4, Xs, X7) had less significant effect on biochemical
compounds accumulation in cherry fruits. The share of factors influence of 4-7 ranks for
polyphenolic compounds Aygz 45, = 2.15%—-13.15%, for ASA Ay 45, = 0.69%—-8.41%.

CONCLUSIONS

The ‘Ihrushka’ cultivar was characterized by the lowest variability in the
concentration of polyphenol compounds with a variation coefficient of 9.9%. The
optimal average concentration of polyphenolic compounds at the level of
224.615mg (100 g)!' had fruits of the cherry cultivar ‘Siianets Turovtsevoi’
(Vp—12.8%). Fruits of the ‘Vstrecha’ cultivar were characterized by the optimal average
concentration of ascorbic acid at the level of 9.59 mg (100 g)! and variability of the
indicator 14.0%. The dominant influence of varietal characteristics on the polyphenolic
compounds formation of cherry fruits has been established. The share of the impact of
cultivar was 41.3%. It was determined that weather conditions were crucial for the
ascorbic acid concentration with a share of influence of 69.2%. Correlation analysis of
weather factors influence on the concentration of polyphenolic compounds and ascorbic
acid in cherry fruits was performed. The average and strong correlation between 7
weather factors (X, i = 1..7) and the concentration of polyphenolic compounds, ascorbic

acid was proved for 10 cultivars of cherries (|ry].Xi| >0.55,i = 1..7,j = 1). Based on

the constructed regression models, the analysis of the share of each weather factor
influence on the concentration of polyphenolic compounds and ascorbic acid was
performed. The average monthly precipitation, the humidity indicator, was determined
to be the most important for biochemical compounds accumulation in cherry fruits. The
average monthly precipitation in June (X3) had the highest influence on pilyphenolic
compounds - Ay, — 35.23%. The average monthly amount of precipitation in May (X;)
was determined to be the most important for the ascorbic acid formation: Ay, — 37.11%.
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Abstract. In order to promote agroecological practices, this study compares two cropping
systems, i.e., intercropping versus sole cropping of a cereal - durum wheat (Triticum durum Desf.;
and a nitrogen-fixing legume - faba bean (Vicia faba L.) on plant growth, Efficiency in the use of
rhizobial symbiosis (EURS), grain yield and phosphorus (P) and nitrogen (N) accumulation in
soil and plant. This study conducted during two cropping seasons in a field trial in the region of
Tizi Ouzou, Algeria, shows that shoot dry weight (SDW), nitrogen nutrition index (NNI),
phosphorus use efficiency (PUE), land use efficiency (LER), and grain yield were significantly
higher for intercropped than for the sole cropped wheat. Furthermore, there was a considerable
increase in soil P and N content across the two years of intercropping and sole cropping compared
to the unseeded weeded fallow. Intercropping, it is claimed, improves wheat N nutrition by
increasing the availability of soil-N for wheat. This increase might be due to reduced interspecific
competition between legumes and wheat plants than intraspecific competition between wheat
plants due to the legume’s ability to compensate by atmospheric nitrogen fixation.

Key words: legume, cereal, eurs, yield, soil fertility.

INTRODUCTION

By 2050, the global human population will reach 9.8 billion people (Layek et al.,
2018). As aresult of this population expansion, new urban agglomerations and industrial
infrastructures will develop, often encroaching on agricultural lands reducing the land
available for cultivation and increasing greenhouse gas emissions that are harmful to the
environment and human health. By consequence, food security has become a severe
concern for most governments, particularly emerging countries.

Intensive agriculture can help achieve food security by increasing crop yields and
meeting the requirements of the world’s population. This agricultural intensification
requires many chemical inputs, which causes environmental issues (Chen et al., 2019).
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Wang et al. (2015) report that nitrogen fertilizers improve crop yields while the
efficiency of rhizobial symbiosis (EURS) decreases, and the massive nitrogen remains
in the soil profile. However, the N that remains in the soil can pollute groundwater
through leaching and contaminate the air by promoting the volatilization of NO, N,O,
and NH3 (Zhu & Chen, 2002).

Integrating legumes into cropping systems, either as intercrops or as relay crops,
might be an alternative agronomic approach for better utilization of growth resources
by utilizing their agroecological services (Scalise et al., 2015; Kaci et al., 2018; Chen et
al., 2019).

Growing two or more crop species on the same farmland is known as intercropping
(Willey, 1979). Intercropping systems, including legumes, can help the intercropped
species by increasing the efficiency of soil resource utilization (particularly phosphate
and nitrogen) and suppressing weeds, pests, and diseases (Peoples et al., 2018; Kherif
et al., 2021).

Several authors have reported the benefits of cereal-vegetable intercropping on
grain yield, nitrogen nutrition, Land Equivalent Ration (LER), and P uptake (Betencourt
et al., 2012; Cong et al., 2015; Kaci et al., 2018; Tang et al., 2020; Kherif et al., 2021).

In a three-year experiment, Kaci et al. (2018) showed that intercropping wheat and
faba bean boosts aboveground productivity, grain yield, and Nitrogen Nutrition Index
(NNI) for intercropped wheat by improving the effectiveness of faba bean’s rhizobial
symbiosis (EURS). According to these authors, this rise might be attributable to reduced
interspecific competition between legumes and wheat plants than intraspecific
competition between wheat plants, thanks to the legume’s adaptation by fixing
atmospheric nitrogen.

Otherwise, phosphorus (P) is a nutrient that strongly limits plant growth in many
soils (Raghothama, 1999; Hinsinger, 2001; Betencourt et al., 2012). For several decades,
the extensive use of fertilizers has been the primary practice to overcome this limitation
and maintain high-yielding agroecosystems. The mined phosphate rock used to produce
P fertilizer remains a finite resource (Cordell et al., 2009; Dawson & Hilton, 2011;
Betencourt et al., 2012). Therefore, increasing phosphate fertilizer use to improve
agricultural production in increasing global food demand is no more a suitable alternative
(Vance, 2001; Hinsinger et al., 2011; Betencourt et al., 2012). New techniques are needed
to better exploit soil P resources through efficient cultivar selection or alternative
agroecosystem management strategies to optimize P bioavailability (Vance, 2001;
Lambers et al., 2006; Betencourt et al., 2012; Tang et al., 2020).

In this context, cereal/legume intercropping benefits on P acquisition have been
reported (Betencourt et al., 2012; Tang et al., 2016; Tang et al., 2020). These benefits
may be due to belowground complementarity or facilitation effects (Li et al., 2014).
Complementarity is defined as less competition for soil nutrients between two different
species grown in the same area compared to their respective monoculture. Regarding
complementarity, the amount of P available to plants is primarily affected by the
geometry and volume of the rhizosphere. Thus, increasing root surface area in
intercropping systems induces better soil exploration (Hinsinger et al., 2011). Moreover,
Cahill et al. (2010) report that environmental stimuli perceived by plants generate a
modification in their root distribution according to nutrient availability and competition
with root systems of other species.
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Finally, the cereal/legume intercrop could improve its P uptake capacity by
depleting specific inorganic pools. Without mentioning the transfer of nutrients or the
improvement of P availability by the action of one species, white lupin intercropped with
wheat preferentially use either citric acid-leachable P or a water-leachable soil P pool
(Cu et al., 2005), supporting Turner (2008) hypothesis regarding resource sharing for
soil phosphorus. However, similar to other cereal-legume intercropping models, these
finds suggest that this strict complementarity is difficult to disentangle from other
changes in the rhizosphere induced by intercropping, such as soil pH or changes in the
enzymatic activity involved in solubilizing inorganic P (Li et al., 2003 and 2007; Alkama
et al., 2009). However, even if the limits of complementarity are not clear, a general
partitioning process likely shortens the period of competitive relationships between
plants (Vance, 2001).

As intensive agriculture directly causes global environmental changes, agroecology
has emerged as one of several options for reducing agriculture's environmental effect,
particularly in smallholder farming systems. Investigating agroecological principles is
necessary to comprehend the multiple practices for developing this cropping system,
hence lowering agriculture's negative environmental impact and augmenting its
resiliency. To this end, our study investigates the influence of the wheat/faba bean
intercropping system on symbiotic root nodulation, critical for enhancing soil's nutrient
bioavailability. Moreover, we examined how this system affects rhizobial symbiosis
activity for plant nitrogen nutrition and P use efficiency compared to the mono-cropping
system in a smallholder agriculture context under Mediterranean climatic conditions.

MATERIAL AND METHODS

Experimental site

The field experiments were conducted over two growing seasons: 2019 and 2020.
They were located in a farmer’s plot in the province of Tizi Ouzou, 100 km east of
Algiers, Algeria. The main sites of the experiments were located at 36°41°51.4 "N
4°04'58.6"E.

The region has irregular rainfall, with an annual mean of 733 mm and 660 mm
respectively in 2019 and 2020. The driest month was June (with rainfall of about 1 mm)
in 2019 and July (with rainfall of about 0 mm) in 2020, while the highest rainfall was in
November 2019 and December 2020 with 220 mm and 179 mm, respectively. The
warmest month was July over the two growing seasons with a mean of 30 °C and 37 °C
respectively in 2019 and 2020, while the coldest month was January (mean of 6 °C and
7 °C respectively in 2019 and 2020).

Within the study plots, there were mainly Calcisols (IUSS Working Group, 2015),
which are typical soils of the Mediterranean part of the Magreb (e.g. Baraket et al., 2021).
The average texture of investigated soils was clay loam with 47% of silt, 29% of clay
and 24% of sand. Regarding soil chemical properties, the topsoil was alkaline (pH 8.7),
with 17 g kg'! CaCO? and relatively low organic matter content (2.4%). The agricultural
conditions at this experimental soil correspond to an N deficiency (total N: 1.2 g kg! and
inorganic N (N-NH4" + NOs"): 9 mg N kg!) and P sufficiency (total P: 289 mg kg™ and
P Olsen: 23.5 mg P kg™).
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Cropping systems and plant growth conditions

The field experiment was carried out with one durum wheat cultivar (Triticum
durum Desf. cv. Vitron) and one faba bean cultivar (Vicia faba L. cv. Diva). The
experimental design was a randomized complete block design with four blocks (four
replicates); each block was divided into four sub-plots. Each subplot was composed of
the following cropping systems: (1) durum wheat-faba bean intercropping system;
(2) durum wheat sole cropping system; (3) faba bean sole cropping system; (4) unseeded
weeded fallow surface. Over the two growing seasons, the experiments covered an area
of 1,000 m?, each sub-plot being 6 m x 10 m. According to the current farming
practice, the seeding density was 350 plants per m* for durum wheat as a sole crop,
60 plants per m? for faba bean as a sole crop, 175 plants for durum wheat, and 30 per m?
for faba bean as intercrops. Both species were sown in the same row for the intercropping
system to maximize root proximity and rhizospheric interactions between durum wheat
and faba bean. Before crop planting, the first 20 cm of soil were mechanically plowed
using a rotary spading machine, then a passage with a rotary harrow was carried out to
prepare the seedbed. Finally, the seeding was sown manually at 5 cm depth, followed by
a smooth roller pass to promote the contact between soil and seeds. No chemical or
fertilizer treatment was applied to the crops.

Plant and soil sampling and measurements

Throughout two growing seasons, soil and plants were sampled during the entire
flowering stage of faba beans. With each cropping system, four sampling points were
chosen for each subplot. A sample of 8—10 plants was taken with soil around the roots
at each sampling point. To not destroy the roots, the soil surrounding the roots was
carefully scraped to a depth of 30 cm, and soil samples were mixed into a single sample
for each subplot. After that, this soil was sieved to less than 4 mm to remove the coarse
fraction and then dried in ambient air for at least 48 h. Shoots were separated from the
roots at the cotyledonary nodes for sampled plants. In addition, nodules were carefully
separated from the roots of faba beans. Shoots, roots, and nodules were dried for 48 h at
65 °C and then weighted.

The total yield of both crops was determined following a manual harvest; for each
cropping system and sub-plot, the crop was collected separately and weighed in the
laboratory. In addition, after each harvest, the crop residues of each sub-plot were
crushed mechanically using the stubble cutter and then incorporated into the soil. The N
concentration in the soil was determined using the Kjeldahl method (Lynch et al. 1999),
and the total P concentration in the plants (shoots, roots, and grains) and soil was
determined using the malachite green method after digestion by nitric and perchloric
acid (Petibon et al., 2000). The soil P availability was determined by extraction with
NaHCO3 (Olsen method).

Efficiency in the use of rhizobial symbiosis (EURS)

Drevon et al. (2011) defined the relationship between changes in symbiotic
nitrogen-fixing nodule biomass and plant biomass as an estimator of efficiency in using
rhizobial symbiosis. This simple relationship can also be considered an indicator of
symbiotic nodules' ability to fix atmospheric nitrogen. In addition, in practice, shoot
biomass is often used instead of the total plant biomass to avoid the possible
underestimation of root biomass during field sampling.
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Nitrogen nutrition index (NNI)

NNl is defined as the ratio of actual crop N uptake (N,) to the critical N uptake (N¢)
(Eq. (1)), which is the minimum N uptake without deficiency to allow for the maximum
growth rate at any time of plant growth (Eq. (2)) (Lemaire et al. 2008).

NNI = %N, x %N (1)
%N is determined with empirical dilution curve such as:
%N, = ac x W? ()

where W — actual crop mass (t ha™'); ac — critical plant N concentration for 1t W ha’!,
and b — constant (Lemaire et al., 2008). For wheat, the values of ac and b are 5.3% and
0.44 (Lemaire et al., 2008).

P use efficiency (PUE)

PUE stands for plant P usage efficiency; numerous methods conceptualize and
measure physiological and agronomic PUE. In our study, we used physiological PUE,
which is defined as the ratio of whole plant dry weight (DWp) to plant phosphorus
concentration (Pc¢) (Eq. (3)). (Vadez & Drevon, 2001; Benlahrech et al., 2018).

PUE = DW, x P! 3)

Land Equivalent Ratio for Yield (LERY)

Willey & Osiru (1972) have defined the relative land area required when growing
sole crops to produce yield obtained in an intercrop as the land equivalence ratio for
yield (LERy). LERy indicates the yield advantage of the intercrop over the sole cropping
system for a similar unit area between the two systems (Eq. (4)).

LERy = (Ywac X Yw.sc) + (Yric X Yesc) 4)

where Yw.ic and Yr.ic are the yields of wheat and faba bean intercropped. On the other
hand, Yw.sc and Yr.sc yield wheat and faba bean yield in the sole crop, respectively.

Statistical analysis and calculations

Before statistical analysis, the data were checked for homogeneity of variance. The
R software was used to run one- and two-way analyses of variance (ANOVA) (R Core
team 2016). Tukey's multiple comparison tests at P = 0.05 were used to select the means.
A linear regression relationship between shoot (SDW) and nodule (NDW) dry weights
were determined for the cropping systems with faba bean each year. In order to compare
the biomass stocks per equivalent area units (gm?), SDW and, for faba bean,
NDW per plant (g plant') were converted into stocks as follows:

SDW (or NDW) stocks = SDW (or NDW) x SD¢orr ®)

where SDcor — sowing density (SD) of a given species corrected by the area
actually occupied by this species. Thus, SDcorr = SD for sole crops, and SDcor = SD /
0.5 = SD x 2 in intercropping since the area was halved in intercropping for each species.
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RESULTS

Plant growth and nodulation

Wheat and faba bean shoot dry weight was significantly affected by cropping
system as shown in Table 1; the table also shows that only wheat SDW was significantly
affected by growing season. Fig. 1, A, shows that SDW per equivalent unit area of
durum wheat (SDW g m?) was significantly higher in intercropping than in sole
cropping (38% in 2019 and 47% in 2020). However, faba bean shoot dry weight
decreased significantly under the intercropping system by 29% in 2019 and 24% in 2020
compared to sole cropping (Fig. 1, B). In the same way, the cropping system had a
considerable impact on faba bean nodulation (Table 1).
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Figure 1. Durum wheat (A) and Faba bean (B) shoot dry weight for each year in sole cropping
versus intercropping. Data are means and standard errors of 16 replicates harvested at 130 days
after sowing. Within a given year, mean values labeled with different letters are significantly
different at P < 0.05.

On another hand, when compared to sole cropping, intercropping significantly
reduced nodule dry weight (NDW) and the number of nodules (NN) (Table 1).
Regarding NDW, the loss was estimated to 28% in 2019 and 36% in 2020 (Fig. 2, A);
for the number of nodules (NN), the diminution was estimated to 45% and 40% in 2019
and 2020, respectively (Fig. 2, B).

Table 1. P-values of two-way ANOVAs with factors growing season and cropping system on
plants and soil variables

Nodule Nodules
Shoot dry weight (g m?) dry weight number Soil N Soil P
(g m?) (Nod pl'')

Wheat Faba bean  Faba bean %
Growing season  1.73x10%" 0.32™ 0.38 ™ 0.33 ™ 0.43 ™ 0.39 ™
Cropping system  9.33x1075"7.50x10°™  2.94x10°"" <2x1071" 1.55x10%" 9.53x1011"*
Growing season X 0.26 ™ 0.74 ™ 0.42 0.73 ™ 0.98 ™ 0.96 ™

Cropping system
*P < 0.05; P <0.01; "™ P <0.001; ™ not significant (P > 0.05).
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Figure 2. Faba bean nodule dry weight (A) and nodules number (B) for each year in sole cropping
versus intercropping. Data are means and standard errors of 16 replicates harvested at 130 days
after sowing. Within a given year, mean values labeled with different letters are significantly
different at P < 0.05.

Efficiency in the use of rhizobial symbiosis (EURS)

EURS (calculated as the slope of the linear regression between plant and nodule
biomass) were significantly different in Faba bean grown in intercrop and sole crop
systems (Fig. 3). The shoot dry weight (SDW) of each faba bean plant was linked to the
nodule dry weight (NDW). In both growing seasons, the EURS for intercropping was
significantly higher than for sole cropping; in 2019, the EURS for intercropped faba bean
(27.5 g SDW g NDW) was 87% higher than sole cropped faba bean (14.7 g SDW g'!
NDW) (Fig. 3, A). In 2020, intercropped faba bean had a EURS of 26 g SDW g'! NDW
which was 47% higher than sole cropped faba bean (17.7 g SDW g'! NDW) (Fig. 3, B).
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Figure 3. Efficiency in use of the rhizobial symbiosis for faba bean in sole cropping (white dots)
versus intercrop ping (black dots) for (A) 2019; (B) 2020. The equations on the charts are the
regressions for sole crops (light grey text) and intercrops (dark grey text). All regressions were
established from sixteen replicates (sixteen plants). *P < 0.05; **P < 0.01; ***P < 0.001.
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Wheat Nitrogen Nutrition Index (NNI) and P Use Efficiency (PUE)

The two-way ANOVA in Table 2 shows that the growing season and cropping system
significantly impact NNI and PUE. Fig. 4, A, indicates that the NNI for intercropping
was higher than 1, but the NNI for sole cropping was less than 1. In 2019 and 2020, the
NNI for intercropping was 64 and 91 percent higher than sole cropping, respectively.
Furthermore, Fig. 4, B shows that PUE for intercropped wheat was much higher than
sole cropped wheat by 97 percent and 124 percent, respectively, in 2019 and 2020.

Table 2. P-values of two-way ANOV As with factors growing season and cropping system on
grain yield, INN and PUE

Grain yield (t ha™!) Nitrogen nutrition index P use efficiency

(NNT) (PUE)

Wheat Faba bean Wheat Wheat

Growing season 0.62 " 0.45 ns 3.39x10>™ 0.023"
Cropping system  1.95x10>"" 0.30 ns <2.2x10716"* <2x]10°1e"

Growing season X 0.75 "™ 0.51 ns 0.088 "¢ 0.078

Cropping system
*P<0.05;"" P<0.01; ™ P<0.001; ™ not significant (P > 0.05).
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Figure 4. Durum wheat nitrogen nutrition index (A) and P use efficiency (B) for sole crops and
intercrops. Means and standard error for sixteen replicates harvested at 130 days after sowing.
For each year, mean values labeled with the same letters are not significantly different at P < 0.05.

Grain Yield and Land Equivalent Ratio for Yield (LERY)

Table 2 shows that cropping systems, not the growing season, had a significant
effect on durum wheat grain yield; however, cropping systems and the growing season
had no impact on faba bean grain yield. As shown in Fig. 5, A, wheat grain yield was 8
percent higher in intercropping than in sole cropping in 2019 and 7 percent higher in
2020.

Land Equivalent Ratio for yield was higher than 1 (LERy > 1) as reported in
Table 2, indicating that the intercropping was more beneficial than the sole cropping for
durum wheat grain yield.
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Figure 5. Durum wheat (A) and faba bean (B) grain yield for sole crops and intercrops. Means
and standard error for sixteen replicates harvested at total maturity. For each year, mean values
labelled with the same letters are not significantly different at P < 0.05.

Soil N and P Availability

Fig. 6 shows the average inorganic N (6A) and Olsen P (6B) concentrations in the
rhizosphere for intercrops and sole crops, respectively. During both cropping seasons,
the inorganic nitrogen concentration in the soil of the intercrops and sole crops was
higher than that of the unseeded weeded fallow. The nitrogen concentration in the soil
was significantly higher for intercrops than for unseeded weeded fallows by 68% and
72% in 2019 and 2020, respectively. In addition, soil N content was significantly higher
under the intercropping system by 21% in 2019 and 2020 than sole cropped faba bean,
51% in 2019 and 46% in 2020 compared to sole cropped wheat (Fig. 6, A).
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Figure 6. Soil nitrogen (A) and phosphorus (B) contents in sole cropping versus intercropping
versus fallow for each year. Means and standard error of four replicates for intercropping and
unseeded weeded control and eight replicates for rotation. For each cropping system, mean values
labelled with the same letters are not significantly different at P < 0.05. Where I — intercrops;
W — wheat sole crop; F — faba bean sole crop; WF — weeded fallow.
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When faba bean was included in the cropping system, either intercropping or sole
cropping, soil Olsen P concentrations were consistently higher compared to sole cropped
wheat, and unseeded weeded fallow. Intercropping had the highest Olsen P levels, 37%
higher in 2019 and 40% higher in 2020 than sole cropped wheat; it was also 60% higher
than unseeded weeded fallow in 2019 and 2020, respectively.

DISCUSSION

To strengthen resilient and sustainable practices in agriculture, crop diversification
in the same space (e.g., intercropping cereals-legumes) appears to be one of the
agroecological practices that would enhance agroecosystem services (Daryanto et al.,
2019; Kherif et al., 2021). Overall, our results indicate a significant increase in dry shoot
weight for durum wheat intercropped with faba bean compared to sole cropped durum
wheat for an N-deficient and alkaline soil. However, when faba bean was intercropped
with durum wheat, the dry weight of shoots and nodules was significantly decreased, but
the number of nodules was significantly increased. Previous field studies in the
Mediterranean region have investigated the impact of intercropping in various legume-
cereal systems on plant growth. It was found that the dry shoot weight of durum wheat
was increased when intercropped with faba bean and cowpea (Betencourt et al., 2012;
Kaci et al., 2018). Also, these authors confirm that shoot biomass and nodule biomass
were significantly lower when cowpea and faba bean were intercropped with durum
wheat. However, Maingi et al. (2011) and Banik et al. (2006) reported that nodular
biomass of common bean and chickpea was significantly higher under intercropping,
which may be due to the beneficial association between cereal and legume. As well, our
study shows an increase in durum wheat yield under intercropping in both cropping
seasons, confirmed by an LERy greater than 1, indicating a benefit to the associated
grain. These results are in agreement with those of Kaci et al. (2018), who reported an
increase in wheat yield when intercropped with faba bean during three cropping seasons,
whereas other studies also report the benefits of cereal/legume association on grain yield
(Darch et al., 2018; Mndzebele et al., 2020), such as Kherif et al. (2021) who reported
an increase in the yield of wheat associated with chickpea compared to its Sole crop.

Furthermore, intercropping significantly affects the efficiency in the use of
rhizobial symbiosis (EURS) in both growing seasons. The faba bean EURS was much
higher for intercrops than for sole crops by 12.8 and 8.3 g SDW g! NDW respectively,
in 2019 and 2020. This increase in EURS would result from the strong interspecific
competition exerted by the roots of durum wheat on nutrients, especially under these
conditions of N deficiency, which would stimulate biological N> fixation by legumes.
This increase in EURS is also linked to a decrease in nodular biomass and in the number
of nodules, which suggests a change in the population of efficient rhizobial strains
inducing a high number of small nodules involved in efficient nodulation with intense
nitrogenase activity (Alkama et al., 2012; Kaci et al., 2018; Chenene et al., 2021). Kaci
et al. (2018) and Latati et al. (2019) also reported an increase in EURS of faba bean and
chickpea when intercropped with durum wheat compared to their respective
monoculture.

There was also a significant increase in NNI for durum wheat intercropped with
faba bean in both growing seasons, with values greater than 1 indicating better nitrogen
nutrition for the intercropped wheat compared to the sole cropped. According to
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Callaway (1995), the ability of legumes to access the atmospheric N, pool via the
symbiotic fixation mechanism appears to be an alternative to interspecific competition
with cereals for the soil N pool, thus inducing a complementarity of N use between the
two species. Furthermore, wheat PUE was significantly higher when intercropped with
faba bean in both growing seasons. Our findings agree with those of Tang et al. (2020),
who also report a 21% improvement in P use efficiency under the intercropping system.
In this study, the increase in PUE is directly linked to the increase in soil Olsen P when
legume is included in the cropping system. The increase in Olsen P availability under
the association can be explained by several changes induced in the rhizosphere (proton
release, organic acids exudation, acid phosphatases, etc.) by the high nitrogen-fixing
activity of the legume (Tang et al., 2004; Alkama et al., 2009, 2012; Bargaz et al., 2012).

P availability (Olsen P) was not a limiting factor for crops; however, we found that
P availability was higher in intercrops than monocrops and the unseeded weeded fallow.
Several pieces of research have shown a significant effect of cereal-legume intercrops
on P availability under P-deficiency conditions (Devau et al., 2011; Betencourt et al.,
2012; Tang et al., 2020). As suggested by Wang et al. (2015) we presume that low N
availability in the rhizosphere can promote P availability through root-induced processes
in alkaline soil, such as rhizosphere acidification by legumes (exudation of phosphatases,
carboxylates, and/or indirectly through microbial activities). Recent research has
demonstrated the benefits of intercropping for cereals through the legume's facilitative
mechanisms, which was responsible for increasing the availability of inorganic resources
(e.g., inorganic P) through rhizosphere acidification during rhizosphere N, fixation,
according to the stress gradient theory (Tang et al., 2020; Kherif et al., 2021). Where soil
conditions are limited, as in P-deficient alkaline or calcareous soils, these positive
interactions are precious (Drevon et al., 2011; Tang et al., 2020).

In this study's N-deficient soil, the availability of N in the rhizosphere of wheat-
faba bean intercrops was significantly higher in both cropping seasons compared to sole
crops; this increase was also accompanied by improved aboveground biomass and better
symbiotic fixation of atmospheric N,, implying the establishment of an interspecific
complementarity that would facilitate nutrient acquisition while reducing competition.
An increase in rhizosphere N content in cereal-legume intercrops compared to sole crops
was previously reported by several authors like Kaci et al. (2018); Tang et al. (2020) and
Rodriguez et al. (2020).

CONCLUSION

During this field trial conducted on a farming site over two cropping seasons, it
became evident that wheat/faba bean intercropping is more advantageous than sole
cropping. Indeed, we found that intercropped wheat had higher aboveground biomass,
grain yield, nitrogen nutrition, and EUP than sole cropped wheat. These significant
increases were accompanied by a physiological response of the related faba bean, which
increased its capacity to fix atmospheric nitrogen to reduce interspecific competition for
soil resources. Furthermore, we found that the availability of N and P in the rhizosphere
of intercrops was higher than that of sole crops.

This finding demonstrated intercropping as one of the most effective agroecological
systems and an alternative to intensive agriculture for ensuring ecosystem sustainability
and reducing greenhouse gas emissions created by contemporary agriculture.
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Abstract. The data of the technological assessment of the suitability of five new winter apple
cultivars of VNIISPK breeding (‘Aleksandr Boyko’, ‘Blagodat’, ‘Vavilovskoye, Ivanovskoye’,
‘Patriot” and ‘Prazdnichnoye’) for the production of raw materials for juice industry are
presented. The main technological indicators characterizing the suitability of the cultivar for juice
production were studied: the firmness of the pulp, the yield of juice, the content of soluble solids,
sugars, titratable acids and catechins in comparison with the standard cultivar ‘Antonovka’. It
was found that all of them were distinguished by a higher content of soluble solids and sugars in
the juice than in the standard cultivar, and a lower content of titrated acids, as well as higher
tasting ratings. ‘Aleksandr Boyko’ surpassed all studied cultivars in terms of such indicators as
juice yield, the content of soluble solids, sugars and catechins in it, besides it was distinguished
by low acidity. All studied cultivars, especially ‘Alexandr Boyko’, are promising as raw materials
for the juice industry.

Key words: juice, unlit, juice yield, quality indicators.
INTRODUCTION

Despite a significant increase in the production of apple fruits, the problem of
production of raw materials for processing remains acute in our country (Anonymous,
2021; Maksimova, 2021; Russia's self-sufficiency in apples is below 40%, 2021). The
fruit processing industry in Russia is experiencing a negative impact from the lack of a
modern raw material base, the growth rate of which is still insufficient for industry and
the import level of fruit productions is 19% (Medvedeva, 2018). The issue of production
of raw materials for the juice industry is particularly acute. In recent years, there has
been a strong increase in interest in local cultivars intended for processing into juice and
cider (Zielinski et al., 2014; Rumpunen et al., 2017).

Juices from fruits and vegetables are an integral part of a healthy human diet. They
have a high nutritional value, quench thirst well and have a natural taste and aroma
(Eremeeva et al., 2016; Makarkina & Pavel, 2017; Tinello, & Lante, 2018; Pepin et al.,
2019; Zagoskina & Nazarenko, 2019). Currently, the main volumes of juices produced
in Russia account for apple juice - 29.4%. A significant share of raw materials for the
production of juice products (up to 70%) is imported to Russia from abroad. Only 25%
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of these import fruits are fruits that do not grow in our country (citruses, pineapples, kiwi
ets.) (Anonymous, 2020). Difficulties with raw materials for the juice industry are
particularly explained by the transition to intensive horticulture. It means that
horticulture focused on growing 75~80% of commercial fruits has deprived the
manufacturers of ‘technical apples’, i.e., non-standard apples and windfall apples that
has been traditionally used as raw materials. In this regard, it is legitimate to raise the
question of the target development of technical intensive gardening, which would satisfy
the needs of producers in domestic raw materials (Anonymous, 2017). The urgent need
for laying out raw (technical) orchards requires the development of the assortment that
meets the requirements of both intensive gardening and the fruit processing industry and
contributes to improving the food safety of processed products (Sedov, 2011;
Kozlovskaya, 2015; Savelieva, 2016; Mieszczakowska-Frac et al., 2021). The suitability
of apples for processing can be based on various technological indicators: technological
(for example, suitability for a particular product), chemical (content of soluble solids,
acidity, bioactive compounds, etc.), sensory (balance of aroma, taste, appearance) and
economic (for example, juice yield) (Roman et al., 2007; Paganini et al., 2004; Salina et
al., 2019). Due to the requirements of the customs regulation TR TS 023/2011, which
does not allow the addition of sugar and sweeteners to fruit juices, low variability and
the correct ratio of soluble solids and acids in apples can be of great importance for direct
juice production (TR TS 023/2011, 2011). Thus, the quality of the final product depends
on the quality of raw materials, which, in turn, strongly depends on the genotype
(Mieszczakowska-Frac et al., 2021). Therefore, the technological assessment of new
cultivars for juice production becomes important.

The purpose of the research is the technological evaluation of new promising apple
cultivars bred by the Russian Research Institute of Fruit Crop Breeding (VNIISPK) for
juice production and the selection of the best cultivars according to technological
indicators.

MATERIALS AND METHODS

In this study it was investigated five new apple cultivars of winter-ripening
suitable for intensive gardening: ‘Aleksandr Boyko’ - a triploid scab immune cultivar;
‘Blagodat’ - a triploid; ‘Vavilovskoye’ - a triploid scab immune cultivar; ‘Ivanovskoye’ -
a scab immune cultivar; ‘Patriot’ - a triploid and ‘Prazdnichnoye’ - a triploid scab
immune cultivar (Sedov et al., 2018). All cultivars are of VNIISPK breeding, grown on
the territory of the Orel district of the Orel region.

The experiment was carried out for three years and included experimental
processing for juice, sensory evaluation, and determination of the biochemical
composition of juice by the main components. ‘Antonovka’ served as the standard
because this cultivar is one of most popular in Central Russia and its fruits are
traditionally used in processing industry.

The fruits were harvested at the stage of the optimal picking time and stored in a
refrigerator at a temperature of 2~4 °C until the onset of consumer maturity, after which
the juice was made. We determinated the harvest ripeness by the starch iodine test (Smith
et al., 1979; Blenpied, & Silsby, 1992). We took 3 kg apples to prepare each sample.
Processing apples included washing fruits, inspection, pressing using an electric juicer
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‘Bork JU 24150 SI”, pasteurization at 90 °C with successive cooling and sealing in glass
bottles. The sealed bottles were stored for 3 months at room temperature, after which a
sensory evaluation and chemical analysis of the samples were carried out.

The following technological and biochemical parameters were studied (Sedov, &
Ogoltsova, 1999):

— apple firmness (kg cm™) — using a digital fruit tester FHT 803

— apple firmness (kg cm™) — using a digital fruit tester FHT 803

— juice yield (%) - according to the formula:

A-B
C= I 100,
where C is juice yield; A is fruit weight before pressing, g; B is the mass of marc, g;
100 is a conversion factor to percent (Daskalov et al., 1969).

— soluble solids content (°Brix) — using a refractometer (Atago refractometer, mod.
PAL-1);

— the content of titrated acids (%) — volumetric method by 0.1 M NaOH using a
phenolphthalein;

— content of sugars (%) — volumetric method using the Fehling reagent;

— Ratio — sugar/acid ratio

— the content of P-active catechins (mgper 100 g) was determined by the
colorimetric method modified by A.I. Vigorov (Vigorov, 1964).

The sensory assessment of the juice appearance and palate was made by the tasting
panel at closed tastings on a 5-point scale (5 — excellent quality, 1 —not usable). For a
more accurate assessment, tenths of a point were indicated. The overall tasting score was
considered as an arithmetic mean between the ratings of appearance and palate (Sedov,
& Ogoltsova, 1999).

Obtained date was expressed as an average value =+ standard error (SE). Statistical
processing of the obtained data was carried out by generally accepted methods using
standard Microsoft Excel computer programs. The reliability of the results was evaluated
by LSDo_ 5.

RESULTS AND DISCUSSION

The degree of maturity, at which the juice was made, was close to consumer
maturity. It was characterized by the firmness of the pulp in three cultivars (‘Blagodat’,
‘Vavilovskoye’, ‘Ivanovskoye’) at the standard cultivar level, but in the fruits of two
cultivars (‘Alexandr Boyko’ and ‘Patriot’) reliably exceeded it. The varietal variability
of the pulp firmness was quite high because both the genotype and external conditions
affected it. Firmness of analyzed apple cultivars and physicochemical parameters of
produced juice was shown in Table 1.

The juice yield depends on the degree of maturity of apples, the characteristics of
the cultivar (genotype) and vegetation conditions. The juice yield during the study period
was low - on average 57.6 + 3.0%, while in the standard it was 62.1 + 1.8%. According
to this indicator, all cultivars were at the standard level with the exception of
Vavilovskoye, which had a reliably lower juice yield. Varietal variability was
characterized as average (V = 13.26 %). It should be noted that although the juice yield
did not exceed 60%, the pretreatment of the pulp with enzymes or microwaves can
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significantly increase this indicator (Oszmianski et al., 2009; Sharma et al., 2017; Nilova
et al., 2020; Mieszczakowska-Frac et al., 2021). This method is most often used at the
present time, since enzymatic treatment before mechanical extraction significantly
improves quality and quantity of extracted juice (Sharma et al., 2017).

The content of soluble solids and titratable acidity are considered important quality
parameters due to their effect on the sensory perception of apple juices and are of great
importance in the production of concentrated juices. According to both domestic and
European standards, the minimum content of soluble solids in direct-pressed apple juices
should be at least 10% (TR TS 023/2011, 2011; AIIN, 2012). This requirement was met
for all cultivars. In general, the studied cultivars were distinguished by high juice
extractivity - the content of soluble solids averaged 14.22 + 0.64°Brix, in standard juice
it was 11.17£0.19°Brix. The VNIISPK breeding cultivars reliably exceeded the
standard cultivar for this indicator. ‘Aleksandr Boyko’ and ‘Vavilovskoye’ were
characterized by a higher content of soluble solids in juice than all other studied cultivars
(more than 15°Brix) (Table 1).

Table 1. Technological and biochemical indicators in apples and apple juices in comparison with
a standart

Biochemical composition of juice

Juice

. Firmness ° . Soluble  Sum of Titrated .
Cultivar o yield, oy . . Catechins,
(kg cm™) o solids, % sugars, acid, Ratio me (100 g)"
° (Brix®) % % ee
Aleksandr Boyko 9.01 62.30 15.53 14.31 0.49 24.34 122.90
+0.45 +3.68 +1.55 +0.31 +0.12 +3.75 +13.40
Blagodat 7.02 52.03 14.78 13.77 0.77 17.94  22.50

+0.41 +5.10 +0.22 +0.32 +0.05 +343 +£18.62
Vavilovskoye 7.24 43.01 15.11 13.16 0.81 16.23 60.39
+0.68 +8.40 +0.44 +0.52 +0.12 +271 +27.11

Ivanovskoye 7.03 59.50 14.65 13.13 1.03 13.03 87.80
+027 +£850 +0.15 +1.23 +0.11 +259 +£3225
Patriot 9.51 58.10 14.05 12.25 0.50 27.66 56.95
+0.79 +3.47 +0.32 +0.05 +0.04 +1.55 +36.35
Antonovka (st.)  6.36 62.05 11.17 9.73 1.13 8.98 53.95
+0.47 +1.76 +£0.19 +£0.32 +0.05 +039 =£7.10
X 7.70 56.17 14.22 13.90 0.70 18.03 67.42
+0.51 +3.04 +0.64 +0.59 +0.10 +2.84 +13.97
max 9.51 62.30 15.53 14.31 1.13 27.66 122.90
min 6.36 43.01 11.17 9.73 0.49 8.98 22.50
LSDy s 1.87 11.05 2.33 2.41 0.39 10,34 50.76
V% 16.35 13.26 11.05 12.75 33.47 38.64  50.75

With regard to the acidity of the juice of new cultivars, a significant variation of
this indicator was noted from 0.49% for ‘Aleksandr Boyko’ to 1.13% for the
‘Antonovka’ standard. A very moderate acidity of the juice was noted in the juice of
‘Aleksandr Boyko’ and Patriot (0.49 and 0.50%, respectively). In general, the standard
significantly showed the highest titratable acidity of the juice of the group of cultivars.
Only the ‘Ivanovskoye’ juice had acidity at the level of ‘Antonovka’. The titratable
acidity of juices, according to the standard (TR TS 023/2011, 2011), should not exceed
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0.8% for babies and 1.3% for preschool and school-age children. All juices are suitable
for children food, and juices of the ‘Aleksandr Boyko’, ‘Patriot’ and ‘Blagodat’ are
suitable for feeding babies.

Taking into account the differences in the ranges of soluble solids and acidity, it
becomes obvious that the ratio of both components (Ratio) primarily depends on the
content of organic acids. It is believed that the most balanced taste in apple juices is
noted with a Ratio equal to 16 or close to it (Daskalov et al., 1969; Sedov, 2011;
Kozlovskaya, 2015). There is statement that the high Ratio values positively influence
at the juice taste (Farina et al., 2017), and the optimal ratio of sugars and acids in the
juice is in the range of 17~30 (Mieszczakowska-Frac et al. 2021). Our study showed that
all cultivars with a juice taste score of 4.5 points or higher were characterized by a
16.2~27.7 Ratio (Tables 1, 2), which is consistent with the data of Mieszczakowska-
Frac et al. (2021). The lowest ratio of sugars and acids was in the juice of ‘Antonovka’,
and the highest ratio was in the juice of ‘Aleksandr Boyko’ and ‘Patriot’, which
immediately affected the characteristics of their tastes (Tables 1, 2). The coefficient of
correlation between the taste of juice and Ratio was 0.7, which showed a strong negative
effect of acidity.

Table 2. Organoleptic indicators of juices of five VNIISPK apple cultivars in comparison with a
standart

Appearance Taste

Cultivar Taste assessment (points) of juice of juice Aroma
Appearance Taste Overall

Aleksandr 4.5 4.5 4.5 Rich yellow, Sweet, pleasant, Apple,

Boyko opaque (muddy), with a slight medium
opalescent astringency, typical

Blagodat 4.7 4.5 4.6 Yellow, Sweet and sour, Apple,
transparent pleasant weak

Vavilovskoye 4.6 4.5 4.6 Straw- to dark Sweet and sour, Apple,
yellow color, pleasant, with a pleasant,
transparent, slight astringency, medium
slightly opalescent typical

Ivanovskoye 4.6 4.4 4.5 Yellow, Sweet and sour, Apple,
transparent with a slight medium

astringency, typical

Patriot 4.4 4.5 4.5 Yellow, opaque  Sweet, pleasant, with Apple,
(muddy), slightly a slight astringency, weak
opalescent typical

Antonovka (st.)4.3 4.1 4.2 Straw-yellow, Sour, with a Apple,
opaque (muddy), slight astringency, pleasant,
opalescent typical medium

X 4.5 4.5 4.4

max 4.7 4.5 4.6

min 4.3 4.1 4.2

LSDo s 0.2 0.2 0.2

V% 3.3 33 3.6
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The content of polyphenols in juice is most influenced by two factors: the genotype
and the method of juice processing. The influence of the second factor in our study is
minimized, which brings the role of the genotype to the foreground.

In the studied juices, a high variation in the content of catechins was revealed -
from 22.5 mg per 100 g (‘Blagodat’) to 122.9 mg per 100 g (‘Aleksandr Boyko’). This
may be due to genotype affecting the retention of catechins in the juice (Van der Sluis et
al., 2001; Shafi et al., 2019).

The analysis of the tasting ratings showed that all studied cultivars surpassed the
standard cultivar in organoleptic indicators. So, the most attractive was the juice of
Blagodat, Vavilovskoye and Ivanovskoye. According to the taste qualities of the juice,
Blagodat, Vavilovskoye, Patriot and Aleksandr Boyko especially stood out. According
to the general tasting assessment, the juice of all studied cultivars reliably surpassed the
standard Antonovka (Table 2).

CONCLUSIONS

The comparative analysis of the technological indicators of new apple cultivars for
juice production showed that they all surpassed the standard ‘Antonovka’ in terms of the
content of soluble solids in the juice, more moderate acidity and higher organoleptic
indicators. The studied cultivars suitable for cultivation by intensive technologies can be
recommended for cultivation in technical (raw) orchards. ‘Aleksandr Boyko’ stood out
especially, characterized by a juice yield not lower than that of the standard cultivar, a
high content of soluble solids in the juice and low acidity. This cultivar also distinguished
by a fairly high content of catechins in the juice, which cause antioxidant properties.
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Abstract. Recently, the yeast Saccharomyces cerevisiae var. boulardii have attracted the
attention of Food Science researchers due to their unique properties, the main among which are
probiotics. Thus, research is conducted on the use of this yeast as a starter culture in the
technology of yogurt, fermented vegetables, fruit, vegetable juices, as well as beer. This paper is
aimed at studying Saccharomyces cerevisiae var. boulardii 's fermentation performance
compared to top-fermenting brewing yeast strains during fermentation of model nutrient media
and beer wort. Fermentation activity of the studied strains was assessed based on the character of
fermentation curves, as well as the values of the maximum substrate assimilation rate and
apparent degree of fermentation. Moreover, during the study, beer was produced using the yeast
Saccharomyces cerevisiae var. boulardii as a starter culture. According to the obtained results, it
can be concluded that Saccharomyces cerevisiae var. boulardii have less fermentation activity
compared to brewing strains. In turn, beer produced with Saccharomyces cerevisiae var.
boulardii significantly differed in physicochemical, microbiological, and organoleptic parameters
from the control sample obtained using the 0474 brewing strain. Thus, it contained less ethanol
and secondary metabolites; however, the concentration of living cells was significantly higher,
which indicates a relatively high viability of the yeast Saccharomyces cerevisiae var. boulardii.
From an organoleptic point of view, final beer has a positive sensory profile. The aroma of the
product had a complex character: it included caramel, spicy, fruity and phenolic notes, as well as
smoked and wine elements; while honey was the dominant note of the taste.

Key words: brewing, functional beer, fermented drinks, fermentation activity, probiotics,
Saccharomyces cerevisiae var. boulardii, yeast.
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INTRODUCTION

The yeast Saccharomyces cerevisiae var. boulardii is currently the only registered
eukaryotic probiotic microorganism recommended as a drug for both adults and children
(Vandenplas et al., 2008; Lukaszewicz, 2012).

Initially, this yeast culture was identified as a separate species of the genus
Saccharomyces. However, it was further shown that this yeast is a strain of the species
Saccharomyces cerevisiae (Pais et al., 2020). It was found that Saccharomyces cerevisiae
var. boulardii and Saccharomyces cerevisiae are more than 99% similar in terms of
genome sequence considering Average Nucleotide Identity (ANI). At the same time,
using the methods of molecular phylogenetics and typing, it was shown that
Saccharomyces cerevisiae var. boulardii form a separate cluster within the species
Saccharomyces cerevisiae, which is closer to wine yeast strains. Comparative genomic
hybridization experiments also established that Saccharomyces cerevisiae var. boulardii
and Saccharomyces cerevisiae are different strains of the same species but the loss of all
intact Tyl/2 elements was reported only in Saccharomyces cerevisiae var. boulardii,
which is one of the key differences from a genetic view point (Mitterdorfer et al., 2002;
Khatri et al., 2017).

Despite the similarity from a genetic point of view, the yeast Saccharomyces
cerevisiae var. boulardii significantly differ in physiological properties from other
industrial and laboratory strains of Saccharomyces cerevisiae (see Table 1) (Pais et al.,
2020). In particular, they are more resistant to both high temperature and acidity of the
environment; unable to use galactose as a carbon source; and always diploid.

Table 1. Physiological features of Saccharomyces cerevisiae var. boulardii and Saccharomyces
cerevisiae (Pais et al., 2020)

Physiological feature Sacch.a{fomy ces Sacch.a{fomy ces .
cerevisiae cerevisiae var. boulardii

Optimum growth temperature 30 °C 37°C

Resistance to high temperature (52 °C) 45% viability 65% viability

Resistance to high acidity (pH =2 for 1 hour) 30% viability 75% viability

Assimilation of galactose + -

Ploidy diploid and haploid  diploid

The resistance of the probiotic strain to the high acidity of the medium can be
explained by the cell wall characteristics. Hudson et al. (2016) showed that
Saccharomyces cerevisiae var. boulardii have a thickened cell wall compared to
laboratory strains of Saccharomyces cerevisiae (BY4741 and W303). When yeast culture
was treated with the antifungal drug caspofungin, which inhibits B-1,3-D-glucan
synthesis, and then placed in a nutrient medium with different acidity, a significant
decrease in growth was observed at low pH values, indicating that the cell wall is
responsible for the resistance of Saccharomyces cerevisiae var. boulardii to high acidity.

Another important property of Saccharomyces cerevisiae var. boulardii is that they
are highly osmotolerant, which consists in maintaining the ability to ferment the
substrate and multiply in environments with a high sugar concentration. Thus,
Avila-Reyes et al. (2016) reveled that even at sucrose concentrations more than 60%,
this yeast strain showed little biomass growth and formed ethanol (1.5% — v v'!).
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The listed properties of Saccharomyces cerevisiae var. boulardii, which can be
called techno-functional, have attracted the attention of Food Science researchers. We
can find some scientific data on the use of this yeast as a starter culture in the technology
of yogurt (Lourens-Hattingh & Viljoen, 2001; Karaolis et al., 2013), fermented
vegetables (Campbell et al., 2016), fruit and vegetable juices (Fratianni et al., 2014;
Degirmencioglu et al., 2016) as well as beer (Capece et al., 2018; Mulero-Cerezo et al.,
2019; Pereira de Paula et al., 2021). In addition to the fact that the use of yeast as a starter
culture allows imparting probiotic properties to food products this yeast strain improves
its functionality and the functionality of accompanying bacteria in fermented food
products. This effect is related to the capacity of Saccharomyces cerevisiae var.
boulardii strains to stabilize pH and acidity of food matrices for prolonged periods of
time. However, in some cases Saccharomyces cerevisiae var. boulardii may affect the
sensorial characteristics of finished food products. Besides, it has an interesting
beneficial effect on the nutritional value of foods since they synthesize folates and
eliminate phytates and other antinutrients. In addition, Saccharomyces cerevisiae var.
boulardii generates several metabolites or nutraceuticals known to exert positive health
benefits (Lazo-Vélez et al., 2018).

The use of Saccharomyces cerevisiae var. boulardii in brewing is of a particular
interest because strains of the species to which this culture belongs have been used for
centuries as one of the indispensable raw materials in beer production. Although the use
of Saccharomyces cerevisiae var. boulardii in brewing is considered by researchers as
very promising; for the producer, in practical implementation, it seems extremely
important to know how this yeast culture differs from traditional brewing strains in terms
of fermentation performance. Thus, this research is aimed at studying Saccharomyces
cerevisiae var. boulardii 's fermentation potential compared to top-fermenting brewing
yeast strains during fermentation of model nutrient media and beer wort.

MATERIALS AND METHODS

Objects of study

Research objects were top-fermenting brewer's yeast strains (the culture bank of
the BSG laboratory, Russia): 0024, 0474, 0524, and Saccharomyces cerevisiae var.
boulardii (coded with S.c.b) isolated from Enterol® (Biocodex, France). Some
characteristics of brewing yeast strains (0024, 0474, 052A) are presented in Table 2.

Table 2. The characteristics of the top-fermenting brewer's yeast strains

Yeast strain

Characteristics 0024 0474 0524
Beer style India pale ale Wheat beer Pale ale
Optimal fermentation temperature, °C 18-20 20-22 18-24
Flocculation Medium Low Medium

Cultivation of yeast

Pure yeast cultures were stored on the YPD-agar (1% yeast extract, 2% peptone,
2% glucose, 2% agar) at 4 °C. The inoculum was grown in simple batch culture on YPD
medium (1% yeast extract, 2% peptone, 2% glucose) by successive transfers with
increasing amounts of nutrient medium. The multiplicity of increasing the volume of
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medium in relation to the inoculum was 4:1. The flasks were filled with nutrient medium
to 1/3 of the volume. The reseeding of the yeast culture was performed after the cells
passed from the exponential growth stage to the stationary stage. Cultivation was
proceeded at 28 °C.

Study of the kinetics of the fermentation process on model nutrient media

The fermentation kinetics of Saccharomyces cerevisiae 0024, 0474, 0524 strains,
and Saccharomyces cerevisiae var. boulardii was studied on the following model media
of different compositions:

— Medium 1: malt wort prepared from malt extract (Muntons ‘Light’, England)

— Medium 2: 1% yeast extract, 2% peptone, 9% glucose (YPD)

— Medium 3: 1% yeast extract, 2% peptone, 9% maltose (YPM).

The initial content of dry matter in nutrient media accounted for 12%, and pH
was 5.5. The media were sterilized at 121 °C (1.1 atm) for 20 minutes. The fermentation
process was performed for seven days in a simple batch culture in 100 mL. Erlenmeyer
flasks filled with 30 % sterile nutrient media at 20 °C. The pitching rate was
12x10% cells mL!. During the fermentation process, the concentration of the extract
(g(100 g)'") was determined by refractometer (PTR-46, Index Instruments Ltd,
England). The value of pH was determined on titrator (848 Titrino plus, Metrohm AG,
Switzerland).

Based on the obtained data, the rate of substrate assimilation (Vassim, Eq. 1) and
apparent degree of fermentation (ADF, Eq. 2) were calculated.

AS

assim. = At (D)
where AS — the change in substrate concentration (g (100 g)') over a period of time At (h).
OE — AE
ADF = x 100% 2

where OE — original extract (% —m m™); AE — apparent extract (%—m m™) (Briggs,
2004).

Processing of beer using Saccharomyces cerevisiae var. boulardii and
top-fermenting brewer's yeast strains 0474

Industrial beer wort provided by OJSC Baltika (St. Petersburg, Russia) was used
to produce beer with Saccharomyces cerevisiae var. boulardii. Table 3 shows the main
physicochemical parameters of beer

wort used in the experiment. Table 3. Quality indicators of hopped wort

To determine the completion Original .
time of the wort fermentation in Indicator wort extract pH 3};%?688 frlr?NL'l)
connection  with  the  strain (% —mm™) g
characteristics of the starter cultures, =~ Value  11.85 515 20 250

the real degree of fermentation (RDF)
was calculated for both strains according to the Eq. 3 (Briggs, 2004).
RDF = 2 _RE 100% 3)
OE
where OE — original extract (% — m m™); RE — real extract (% —mm™).
The real degree of fermentation for S.c.b. was 62.8%, for 0474 strain - 70.3%.
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The fermentation process was performed in five-liter flasks, filled with 70% hopped
wort (3.5 L). The concentration of yeast cells at the beginning of fermentation was
12x10° cells mL"'. The process of obtaining beer included two stages: a) fermentation of
the wort at the temperature of 20 °C until the RDF was reached; b) maturation of beer.

The maturation process included the bottling young beer after fermentation under
aseptic conditions in 1.5-liter PET bottles. The degree of filling the bottles was 90%.
Then, sterile glucose solution was added to each bottle at the rate of 0.5% carbohydrate
content, and the bottles were closed with plastic plugs. For carbonation, young beer was
kept in PET bottles for one day at 20 + 2 °C, cooled to the temperature of 5 °C, and then
kept for seven days.

Analysis of young and final beer

In young and final beer, the real extract (RE, % —mm™), alcohol concentration
(% —v v, and the real degree of fermentation (RDF, %) were determined using an
Alcolyzer Plus Beer analyzer (Anton Paar, Austria). The pH value was determined by
an 848 Titrino plus titrator (Metrohm AG, Switzerland). The total concentration of yeast
cells was determined using a Goryaev chamber while the concentration of living and
dead cells was determined by staining with methylene blue.

The concentrations of secondary metabolites in beer samples were determined by
gas chromatography using Hewlett-Packard - HP 6890 GC System with flame ionization
detector (Agilent Technologies Inc., USA). Finally, the organoleptic indicators of beer
(smell and taste) were assessed by certified tasters of OJSC Baltika (St. Petersburg,
Russia).

Statistical analysis

All experiments were performed in triplicate, the data were processed by the
method of mathematical statistics with using MS Excel, finding the confidence interval
and a probability of 0.95.

RESULTS AND DISCUSSION

Study the kinetics of the fermentation process on model nutrient media

Fermentation activity is a key property of yeast, which partly determines its use in
the fermented beverage industry, including brewing. For this reason, the first stage of
the study was to compare the fermentation activity of Saccharomyces cerevisiae var.
boulardii (coded with S.c.b) and top-fermenting brewing strains (0024, 0474, 052A4)
during fermentation of unhopped beer wort made from malt extract (medium 1).
Fermentation activity of the studied strains was assessed based on the character of
fermentation curves (Fig. 1,a), as well as the values of the maximum substrate
assimilation rate (Fig. 1, b) and apparent degree of fermentation (Fig. 1, c).

According to the obtained data, it can be concluded that the yeast Saccharomyces
cerevisiae var. boulardii have less fermentation activity compared to brewing strains.
Firstly, this yeast culture can be characterized by a relatively low maximum substrate
assimilation rate - 0.090 + 0.005 g (100 g)' h'' (Fig. 1,b), which entails a longer
fermentation process duration. Thus, there were required five days to complete
fermentation for Saccharomyces cerevisiae var. boulardii, while for brewing strains this
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period accounted for three days
(Fig. 1, a). Secondly, the apparent
degree of fermentation in the case of
Saccharomyces cerevisiae var.
boulardii was approximately 7% lower
than the top-fermenting brewing
strains (Fig. 1, ¢), which indicates the
inability of this yeast culture to ferment
all the beer wort sugars. The latter fact
was also noted by other researchers;
for example, according to Pereira de
Paula et al. (2021) when producing
wheat beer using Saccharomyces
cerevisiae var. boulardii, the degree of
fermentation was 6.82% less compared
to the control strain Saccharomyces
cerevisiae WB-06. Capece et al. (2018)
noted not only a lower degree of
attenuation of the yeast Saccharomyces
cerevisiae var. boulardii compared to
brewing strains (10.29-19.85% less),
but also a decrease in this indicator
when obtaining beer using the co-
fermentation process. Therefore, the
inclusion of Saccharomyces cerevisiae
var. boulardii in the composition of the
mixed-starter culture in the ratio with
Saccharomyces cerevisiae 1:1 led to
the decrease in the degree of
fermentation by 1.85% in average.

As it is known, the carbohydrate
composition of beer wort is mainly
represented by sugars fermentable
by brewing strains such as glucose
(10-15%), maltose (50-60%) and
maltotriose (15-20%), as well as
non-fermentable dextrins (20-30%)
(Stewart, 2016). Apparently, as it was
abovementioned, a lower degree of
fermentation may be due to the
inability of the yeast Saccharomyces
cerevisiae var. boulardii to assimilate
all wort sugars. In its turn, the relatively
low rate of substrate assimilation during
the fermentationof beer wort may be
associated with a low assimilation rate
of the quantitatively dominant sugar -
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Figure 1. Change in the concentration of the
extract (a); maximum substrate assimilation rate
(b); apparent degree of fermentation (c).
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maltose. To confirm these assumptions, fermentation with Saccharomyces cerevisiae
var. boulardii was performed in model nutrient media (YPD and YPM), which differed
only in the type sugar, and brewing

strain 0474 was taken as a control. =<0--S.c.b.-YPM =-@=-S.c.b-YPD
Based on the presented data, it ~ = ®=-047A-YPM = 9=-047A-YPD
can be concluded that the o 13
Saccharomyces  cerevisiae  var. S 12 @,
boulardii is completely capable of 5 11 ‘“ ‘\
fermenting maltose (Fig. 2, a), c W
. ; S 10 | Wy
although the consumption rate of this = \ 5 %
disaccharide is significantly inferior to = 9 ‘\ Y
the rate of glucose fermentation 3 s \ \ “\
(Fig. 2, b). In contrast, in the case of § 7 \‘ i\
control (strain 047A4), the rates of s *\ N
glucose and maltose consumption g 6 ?"‘.‘}"’H—‘
were  approximately equal and a5

significantly higher than those of o 1 2 3 4 5 6 7
Saccharomyces  cerevisiae  var. Time (days)

boulardii (Fig. 2, b), which is typical

for brewing strains. In addition, a lag mS.c.b.-YPM mS.c.b.-YPD
phase was noticeable on the u 047A-YPM u 047A-YPD

L

[

fermentation curve (Fig. 2, a) during '% 019 019
the fermentation of the medium with = 0.2 : :
maltose (YPM). All this indicates a ‘@ 018
relatively low maltase activity of the ch) 0.16 0.14
yeast Saccharomyces cerevisiae var. To 0.14
boulardii. 1t is also worth noting that E S 0.12
the values of the maximum rates of 2 2 01 0.09
substrate assimilation during the £ % '

. S & 0.08
fermentation of unhopped beer wort g
and the model medium with maltose x 006
are equal (Fig.1,b and 2,b). This = 004
means that in the kinetics of beer wort 0.02
fermentation with Saccharomyces b) 0
cerevisiae var. boulardii, the process
of maltose assimilation is decisive. Figure 2. Change in the concentration of the
Since both glucose and maltose are extract (a); maximum substrate assimilation
fermentable sugars by Saccharomyces rate (b).

cerevisiae var. boulardii, the reason
for the low apparent attenuation in beer wort fermentation seems to be related to the
inability of this strain to consume maltotriose or to the extremely low rate of this process.
In addition, it is interesting to note that for Saccharomyces cerevisiae var.
boulardii, the biomass yield on the maltose medium was higher than on the glucose
one - 9.15 £ 0.18 and 6.98 + 0.30%, respectively (data not presented). This observation
suggests that the cultivation of this yeast strain on maltose as the main carbon source,
despite the significant duration (five days), can be effective. However, we may assume
that this process can be intensified by selecting cultivation modes due to varying such
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factors as temperature, agitation, aeration, and initial sugar concentration. In addition,
ultrasound is recognized as a promising tool for intensifying the enzymatic activity of
microorganisms, which may be also applied to Saccharomyces cerevisiae var. boulardii
(Suchkova et al., 2014).

Processing of beers using Saccharomyces cerevisiae var. boulardii and
top-fermenting brewer's yeast strains 047A, and their analysis

The final stage of the work was to produce beer from industrial hoped beer wort
using the yeast Saccharomyces cerevisiae var. boulardii as a starter culture. For the
purposes of obtaining beer with potential probiotic properties, the product has to be
unfiltered and unpasteurized; in fact, wheat beer often possesses these criteria. Thus,
strain 0474, which is intended for the production of wheat beer, was taken as a control.
In addition to monitoring the main fermentation process by changes in real extract and
ethanol concentrations (Fig. 3), the basic physicochemical and microbiological analysis
of young and final beers was performed (Table 4) as well as determination of secondary
metabolites concentrations (Table 5). Finally, an organoleptic analysis of the final
products was made.

...@--S.c.b. (Er) -..@--- 047A (Er)
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Figure 3. Change in the real extract and alcohol concentration during the main fermentation.

Fig. 3 shows the change in the real extract (Er) and alcohol concentration during
the main fermentation process. From the presented data, we can conclude that the real
degree of fermentation of the wort using 0474 strain was achieved in four days, while
for Saccharomyces cerevisiae var. boulardii five days were required. The difference in
real degree of fermentation (RDF) between strains was 11.9%, which corresponds to the
concentration range of maltotriose in beer wort. As expected, a beer sample made using
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Saccharomyces cerevisiae var. boulardii was characterized by a high content of residual
extract and, accordingly, a lower ethanol concentration (Table 4).

According to our research, in young beer, obtained using a probiotic strain (S.c.b.),
the concentration of living cells was quite high and amounted to 8.29 million mL!
compared to the control, which was 2.10 million mL™! (Table 4). Although both the total
concentration of cells and living cells decreased during the maturation process, the total
concentration of cells and living cells was still quite high in the finished product
compared to the control: 2.90 million mL! and 1.17 million mL"!, respectively.
Consequently, the yeast Saccharomyces cerevisiae var. boulardii demonstrate not only
low flocculation activity, but also high viability. The relatively high viability of the
probiotic strain is also noted by Mulero-Cerezo et al. (2019). Thus, a sample of craft beer
obtained with Saccharomyces cerevisiae var. boulardii, after 45 days of storage,
contained 8.3 + 1.4x10° CFU mL"!, while the control sample (beer produced using the
SF- 04 brewing strain) contained only 1.1 +0.2x10° CFU mL".

Table 4. Results of physicochemical and microbiological analysis of young and final beers

Indicator Young beer Final beer
S.c.b. 0474 S.c.b. 0474

Er (% -mm") 4.61+0.07 364+£009 446+£0.12 3.52+0.13
Ethanol (% — v v'") 4.81+0.13 533+0.21 556+0.04 5.85+0.18
RDF (%) 62.79+0.87 7038+ 133 66.84+094 72.96+1.76
pH 421+0.17 4.06 + 0.08 426+0.11 4.10+0.07
Cell concentration (million mL")  9.67 +1.45 2.96 + 0.44 290+043 090+0.14
Concentration of living cells 8.29+1.24 2.10+£0.32 1.17£0.18 0.15+0.02

(million mL")

Table 5. The content of secondary metabolites in young and final beers (mg L)

Organoleptic Young beer Final beer
Compound threshold ¢ ) 0474 S.c.b. 0474
(mgL™)
Aldehydes
Acetaldehyde 25.00 10.02+£1.50 16.61+2.50 29.73+446 19.13+2.87
Vicinal diketones
Diacetyl 0.15 <0.01 1.12+0.17 <0.01 0.56 +0.08
2,3-Pentanedione 1.00 <0.01 0.14 +£0.02 <0.01 <0.01
Higher alcohols
n-Propanol 800.00 16.65+2.50 27.73+4.16 20.82+3.12 39.14+5.87
Isobutyl alcohol  200.00 21.16+£3.17 8548 +12.82 23.83+3.57 97.56+ 14.63
Amyl alcohol 65.00 68.13+10.22 100.01 £15.00 74.16 + 11.12 109.60 + 16.44
Esters
Ethyl acetate 21.00 3.53+0.53 16.77+2.52  5.17+0.76  22.06 +3.31
Isoamyl acetate  1.40 <0.01 2.48+0.37 <0.01 2.90+0.44
Ethyl caproate  0.17 0.13+0.02 <0.01 0.154+0.02 <0.01

Blanco et al. (2016).
Table 5 demonstrates that Saccharomyces cerevisiae var. boulardii produce fewer

secondary metabolites than control. At the same time, in the final product, the
concentration of only such components as acetaldehyde and amyl alcohol exceeded the
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concentrations corresponding to the perception threshold. The increase in the
concentrations of secondary metabolites after fermentation can be explained by secondary
fermentation during beer carbonization using a primer. The particular attention should
be paid to the concentration of diacetyl, which presence in the final product is considered
to be one of the main beer defects. Both in young and final beers, the concentration of
vicinal diketones did not exceed the perception threshold. This suggests that, when we
use the yeast Saccharomyces cerevisiae var. boulardii in brewing, the probability of
including a diacetyl rest in the main fermentation mode is insignificant.

When using new non-traditional cultures of yeast in brewing, the organoleptic
properties of the final product are of particular interest. According to the data presented
in Table 6, the use of the yeast Saccharomyces cerevisiae var. boulardii as a starter
culture produces a beer with a positive sensory profile. The product aroma had a complex
character: it included caramel, spicy, fruity and phenolic notes, as well as smoked and
wine elements; while honey was the dominant note of the taste. It is worth mentioning
that phenolic notes can be noticed in the composition of the sensory profile. This fact
suggests that the yeast Saccharomyces cerevisiae var. boulardii is probably a positive
for phenolic off-flavor yeast (POF+), as most wheat strains.

Table 6. Organoleptic characteristics of final beer

. Strain

Indicator ¢’ 0474

Aroma Barely perceptible: Barely perceptible:
alcohol, caramel, spicy alcohol, wine, fruity, solvent-like
Slight: Slight:
wine, fruity, smoked green apple, phenolic, fatty, oily
Easily noticeable: Easily noticeable:
phenolic hoppy, nutty, herbal
Explicit: Explicit:
hoppy banana, pear

Flavor Easily noticeable: Easily noticeable:
sour, hop bitterness with some coarse sour, honeyed, with slight hop bitterness,
bitterness (residual), fullness of taste watery
Explicit: Explicit:
honey coarse bitterness (residual)

According to the data obtained, it can be concluded that the use of the yeast
Saccharomyces cerevisiae var. boulardii as a starter culture in beer technology is
promising. The main advantage of its use is the possibility of obtaining beer with
potential probiotic properties. In addition, it should be noted that the use of the yeast
Saccharomyces cerevisiae var. boulardii in brewing allows us to obtain beer with a low
RDF, which has a beneficial effect on such organoleptic properties of beer as body and
drinkability, and this fact can also be used in the technology of non-alcoholic and
low-alcohol beer. However, the fermentation activity of Saccharomyces cerevisiae var.
boulardii is lower than brewing strains, which entails a longer fermentation process. To
accelerate the fermentation process, further research is needed regarding its
optimization, for example, by varying such parameters as pitching rate and temperature.
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CONCLUSIONS

In this work, the fermentation performance of the probiotic yeast culture
Saccharomyces cerevisiae var. boulardii was studied compared to top-fermenting
brewing yeast strains during fermentation of model nutrient media and beer wort.
According to the obtained results, it can be concluded that Saccharomyces cerevisiae
var. boulardii have less fermentation activity compared to brewing strains, which
consists in a relatively low substrate assimilation rate and the value of the final degree
of attenuation. It was determined that both glucose and maltose are fermentable sugars
by the yeast Saccharomyces cerevisiae var. boulardii. Consequently, the low apparent
attenuation in beer wort fermentation seems to be related to the inability of this strain to
consume maltotriose or to the extremely low rate of this process. It was also noted that
the biomass yield on the maltose medium was higher than on the glucose one.

Beer produced with Saccharomyces cerevisiae var. boulardii significantly differed
in physicochemical, microbiological, and organoleptic parameters from the control
sample obtained using the 0474 brewing strain. It was primarily characterized by a high
content of residual extract and, accordingly, a lower concentration of ethanol. This beer
also contained significantly more live yeast cells, which indicates the relatively high
viability of Saccharomyces cerevisiae var. boulardii. In its turn, the content of secondary
metabolites was lower than in the control.
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Abstract. Juniperus virginiana (J. virginiana) is an evergreen coniferous tree, which has wide
usage not only in green construction, but also in folk medicine as a source of valuable bioactive
substances. The high demand for the tree forces the development of new methods for plant
cultivation. Hydroponics is considered to be one of the most popular methods. As the soilless
growing perspectiveness of J. virginiana in Armenia has previously been confirmed by our
experiments, the optimization of growing conditions, which bests suits for the enhancement of
the growth efficiency and accelerated production of viable trees remains an actual issue.
Optimization of the planting density (PD) is one of them. Taking into account the
above-mentioned in the frame of this study the role of PD on the growth efficiency of
J. virginiana has been studied in open-air hydroponic conditions of the Ararat Valley for the first
time. The saplings of the tree were planted in volcanic red slag with three different PDs: 10, 12
and 14 plants per square meter. According to the biometrical measurements, no significant
differences between the variants were observed at the end of the experimental period. In October
an average height and stem diameter of the plants grown in various PDs were fluctuated between
71.7-76.5 cm and 13.9-14.5 mm, accordingly. Positive relationship between the plant height and
stem diameter of J. virginiana during the whole vegetation period has been observed. Our
preliminary studies showed, that all the applied PDs are preferable for early years of hydroponic
growing of J. virginiana in open-air hydroponic conditions of the Ararat Valley.

Key words: J. virginiana, hydroponics, planting density (PD), plant height, stem diameter.
INTRODUCTION

Junipers are coniferous trees and shrubs in the genus Juniperus of Cupressaceae
family. The genus consists of approximately 76 species and 27 varieties. The
representatives of the genus are geographically wide distributed. Depending on
taxonomic viewpoint, they are widely distributed throughout Eastern and Western
Hemisphere, Europe, Central Asia, China, Far East, Continental North America,
United States and Canada, Mexico and Guatemala, Caribbean, Africa (Adams, 2014;
Adams, 2019).
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Junipers are widespread in Armenia as well. In addition to use in landscaping
Juniperus virginiana (J. virginiana) is also widely used in folk medicine as a source of
valuable biologically active substances. In the paper of Zhang & Yao (2018) anxiolytic
effect of essential oil from J. virginiana has been established. Semerdjieva et al. (2019)
approved antioxidative capacity of the essential oil from J. virginiana. It should be noted,
that the composition of essential oil from J. virginiana is differed depending on the
sampling place. Cantrell et al. (2013) studying the chemical composition of the essential
oil of the trees, which were sampled from 49 locations of Mississippi, Alabama,
Tennessee and North Dakota, divide the accessions of the plant into different groups.
Based on essential oil composition the J. virginiana accessions were divided into
various chemotypes: safrole-limonene-linalool, safrole-p-pinene-limonene-linalool,
B-pinene-limonene, limonene, limonene-linalool, limonene-safrole, limonene-safrole-
B-pinene, B-pinene-limonene-bornyl acetate, B-pinene-limonene-linalool-bornyl acetate,
and myrcene-limonene. Moreover, various chemotypes showed different antioxidative
activity. Leaves (needles) of J. virginiana also contains a natural product -
podophyllotoxin, which is used to manufacture drugs for treatment of cancer,
rheumatoid arthritis, psoriasis, genital warts, and multiple sclerosis. It’s important to
note that J. virginiana is distinguished with highest concentration of podophyllotoxin
compared to the other representatives of the genus (Cushman et al., 2003; Gawde et al.,
2009; Cantrell et al., 2013). Eller et al. (2014) approved that essential oil from
J. virginiana may also be used for pest control, as it showed high efficiency against
synthetic acaricides for /. scapularis. In another study Eller et al. (2010) approved
that J. virginiana wood extract conferred resistance against subterranean termites and
wood-rot fungi.

The high value and demand of J. virginiana requires new methods of production.
Soilless culture represents a suitable method for cultivation of plants (Ebrahimi et al.,
2012; Dehnavard et al., 2017) that can also be applied for tree species like J. virginiana.

In our previous studies the growth efficiency and perspectiveness of J. virginiana
in open-air hydroponic conditions of the Ararat Valley has been confirmed
(Mayrapetyan et al., 2021).

Among the many advantages, hydroponics allows to increase planting density (PD)
per unit surface compared to the traditional method of cultivation, which is one of the
most critically important factors in agriculture.

Many studies were done around the influence of PDs on biomass efficiency of
various crops (Maboko & Du Plooy, 2012; Katrevics et al., 2018; Marziliano et al., 2018;
Berbe¢ & Matyka, 2020; Postma et al., 2021; Zhang et al., 2021). Berbe¢ & Matyka
(2020) showed that yield parameters of plants cultivated as short rotation coppice are
strongly depending on PDs and came to the conclusion that the optimal PD should be
chosen to best suit the needs of the plants and industry as well. Zhang et al. (2021)
showed that various cultivars response differently to the PD and that the optimization of
PD is a promising approach for sustainable development of agriculture in semiarid
climate. In the paper Postma et al. (2021) several comparisons between the influence of
PD were presented for different decades. And as it shown in modern agriculture crops
are planted with higher PDs than in traditional agriculture which is due to the improved
management, increased fertilization, etc.
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Taking into account the above-mentioned, the aim of this work was to study the
influence of different PDs on the growth peculiarities and efficiency of J. virginiana in
open-air hydroponic conditions of the Ararat Valley for the first time. This will allow to
develop the optimal PD, which best suits for the accelerated production of high-quality
and maximum number of trees per unit surface.

MATERIALS AND METHODS

The experiments were carried out at G.S. Davtyan Institute of Hydroponics
Problems of National Academy of Sciences of the Republic of Armenia. Two-year-old
planting materials were introduced from nursery into open-air hydroponic conditions of
the Ararat Valley. The planting was done in the vegetational experimental station of the
Institute. As a growing substrate volcanic red slag with 3—15 mm diameter of particles
was used. During the vegetation period the plants were nourished with nutrient solution
elaborated by academician Davtyan (Davtyan & Mairapetyan, 1976). The following PDs
were applied in the experiments:

A) 10 plants per square meter,

B) 12 plants per square meter,

C) 14 plants per square meter.

During the vegetation biometrical measurements were done. The plant height was
measured with ruler, as the length from the collar to the apex. The diameter of the stem
was measured near the base with caliper. At the moment of the measurements the age of
the trees were two years old.

The obtained data were subjected to the statistical elaboration with GraphPad Prism
8 Software Package. Standard deviations (SD) were calculated for each variant.

RESULTS AND DISCUSSION

No significant differences were observed between the variants regarding
J. virginiana (Fig. 1) height and stem diameter at the end of the experimental period.

The heights of the plants grown
with different PDs were fluctuated
in May between: 36.5-38.9 cm, June:
45.4-49.2 cm, July: 53.4-56.3 cm,
August: 61.5-65.9 cm, September:
68.2-72.6 cm, October: 71.7-76.5 cm.
The diameters of the stems were
fluctuated in  May  between:
7.3-7.5 mm, June: 8.0—8.4 mm, July:
9.7-10.1 mm, August: 11.3-11.9 mm,
September: 12.4—13.6 mm, October:
13.9-14.5 mm. From May to October
an average heights and diameters of
the stems of the plants grown in 10,
12, 14 plants sqm™ PDs increased
37.6,37.6 and 34.1 cmand 7.2, 6.9, Figure 1. J. virginiana in hydroponic conditions.
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6.6 mm, correspondingly (Figs 2, 3). Survival rate of the plants was 100%.
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Figure 2. Height of J. virginiana during

vegetation, grown in various PDs: A — 10 plants
sqm'; B — 12 plants sqm’'; C — 14 plants sqm’!.
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The linear regressions between the plant height and stem diameter for each variant
during the vegetation were calculated and the graphs built (Fig. 4). For all the variants
positive relationships between them A
are exist. R =0.9692, R* =0.9835 and 20—
R*=0.9755 for 10, 12, 14 plants sqm'! R?=0.9692
variants, accordingly.

Zhao et al. (2011) showed that
during the first two years after planting
no significant differences were
observed between PDs of loblolly pine.
In later years PDs affected significantly
on average diameter at breast height.

Gadow & Kotze (2014) find out Height, em
that maximum densities of Pinus 204 B
patula and Pinus elliottii may differ
depending on the growing site. At the 15 .
same time maximum densities of the
two species, which were grown in 10 /
different sites were also greatly differ.

Dong et al. (2016) demonstrated
the responses of Cunninghamia
lanceolata to a high PD. As a result, 0 20 40 60 80
Cunninghamia lanceolata showed less Height, cm
growth, biomass accumulation and
lower photosynthetic rate. 157 c o

Although the number of the trees R?=0.9755 &
between the selected variants does
not differ strongly calculated per

one square meter surface, and no
significant differences were observed
regarding plant height and stem
diameter at end of the experimental 0 T T T 1
period, meanwhile the difference may 0 20 Hei ‘:x o 60 80

be visible in case of large-scale o

production. For example: in case of Figure 4. Linear relationship between the plant
100% survival rate, by applying 10, 12, height and stem diameter of J. virginiana during
14 plants sqm™' PDs, per 1 ha surface it the vegetation, grown in various PDs:
will be possible to obtain 100,000, A — 10 plants sqm™'; B — 12 plants sqm'; C — 14
120,000 and 140,000 trees, accordingly. plants sqm!.
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CONCLUSIONS

The high value and demand of J. virginiana is forcing to the development of new
biotechnological ways for accelerated production of the saplings. Plant soilless culture
or hydroponics is considered to be one of the most effective methods for obtaining
tree-shrubs planting material, and enhancement plant productivity. Among the many
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advantages, hydroponics allows to increase PD per unit surface compared to the
traditional method of cultivation, which is one of the most critically important factors in
agriculture.

From May to October, during the one vegetation period the trees with 71.7-76.5 cm
height, 13.9-14.5 mm stem diameter and well developed root system are possible to
obtain. For the early years of cultivation all the applied PDs are preferable for hydroponic
growing of J. virginiana in open-air hydroponic conditions of the Ararat Valley.

Though no significant differences were observed between PDs for our experimental
period, the results may differ for big trees. Moreover, for large-scale production, by
increasing the PD the biomass yield from the unit surface could be visible. Positive
relationship between the plant height and stem diameter of J. virginiana during the
whole vegetation period has been observed.

As the conducted experiments are preliminary, PDs were choosed randomly to
understand the dependence of the plant growing pecularities on the PD. For further
studies the fluctuations between the number of the trees per unit surface should be
changed more strictly in order to determine the upper and the lower borders, where the
plant growth could reach critical state.
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Abstract. The scientific goals of current research were devoted to targeted derivatization of
natural tartaric acid (TA) for the enhancement of antimicrobial properties of it such as like the
effects of them on multi-drug resistant phytopathogenic bacteria, depends to their structure
features and the genetic parameters of studied microorganisms. The main utilitarian goal is to
develop new class of antimicrobial biodegradable compounds with possible prospective
application as moresafe alternative to traditional antibiotics applicable for: agriculture,
horticulture, food industry as well as in medicine. These compounds were developed in basic
research laboratory: ‘Agrarian Pesticide Creation and The Quality Control’ at National
Polytechnic University of Armenia (NPUA). TA and tartrates are safe antimicrobial food
additives. According to the results of in vitro studies, the synthesized cyclohexyl-, benzyl- and
phenyl- derivatives of it in the form of amine complex salts (correspondently CAS, BAS and
PhAS) and cyclic imides (correspondently CI, BI and Phl) are effective against the model multi-
drug resistant strains of Gram-negative microorganisms. Bactericidal effects of TA derivatives
were demonstrated on 19 model native soil strains of phytopathogenic Xanthomonas beticola
(6 strains), X. vesicatoria and Pseudomonas syringae (13 strains) representatives, which are
differing in antibiotic resistance. Regarding the transformation results, the absence of transfer of
resistance to TA imides and amine complex salts by plasmids, makes them promising objects for
further research. Primary studies have not shown any antibacterial effect on various non-
pathogenic soil bacteria (Pseudomonas chlororaphis, P. taetrolens, etc.). The described
compounds are recommended for further more detailed toxicological studies.

Key words: antimicrobial agents, complex salts of tartaric acid, imides of tartaric acid, multi-
drug resistance, phytopathogen, Pseudomonas, Xanthomonas.

INTRODUCTION

Phytopathogenic bacteria from Pseudomonadaceae and Xanthomonadaceae
families, which are the causative agents of plant bacteriosis (fruits, leaves, etc.) are very
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significant. These microorganisms are ubiquitous on the planet due to their high
adaptability and plasticity of metabolism (Y oshimoto et al., 2010).

High adaptability and antibiotic resistance, especially pan-drug resistance and
multi-drug resistance of Pseudomonas and Xanthomonas representatives are well
known (Pseudomonas syringae, pv. syringae, P. syringae, pv. tabaci, P. syringae, pv.
lachrymans, Xanthomonas vesicatoria, X. beticola) (Santi et al.,, 2021). Their
representatives are common inhabitant of almost any wet surface, being harmful for
crops, agricultural animals (Morris et al., 2007). In this regard, these bacteria are a
convenient object for studying the mechanisms of resistance and ways to overcome it.

The problem of antimicrobial drugs resistance has become particularly acute in
recent decades. According to WHO reports for 2019, antimicrobial drugs resistance is
one of the top five research priorities for the XXI century (World Health Organization,
2019). Due to the global coronavirus pandemic that has swept the planet, the use of
antibiotics and other antimicrobial drugs has increased significantly. It has led to an
increase in the number of resistant bacteria (Livermore, 2021). Therefore, the
development of new classes of antimicrobial drugs is especially acute (Rahman & Das,
2021). However, promising synthetic antibiotics, such as azalide macrolides or
fluoroquinolones, to which no natural specific resistance has been found, are often quite
non-selective in their effect. Also, they have a number of undesirable side effects for
patients. For example, vancomycin and the analogous antibiotics, used against super
bacteria are often cardiotoxic and neurotoxic (Martinez et al., 2018).

Various types of cross-resistance, such as pan-drug resistance, as well as multi-drug
resistance in case of phytopathogenic representatives of Pseudomonadaceae and
Xanthomonadaceae, lead to a low efficacy of agricultural crop protection agents
containing antibiotics. This problem is well-known also in scope of medicine and
veterinary. It’s notable by the decrease of antibiotic therapy efficiency of Pseudomonas,
Stenotrophomonas and Xanthomonas infections treatment of animals and plants. That
appropriately is caused by the abilities of mentioned bacteria to transmit the resistance
by the intraspecific gene horizontal transfer. In contribution to it the enhancement of
properties resistance take place, with the uncontrolled spread of antibiotics resistance
genes by mobile genetic elements (transposons and plasmids) of phytopathogenic strains
and agricultural animal opportunistic pathogens, as well as human pathogens.

As aresult, it led to decrease of efficiency of therapy for plant, human and animal
Pseudomonas, Stenotrophomonas and Xanthomonas infections treatment (Monteil et al.,
2016). The negative impact of this problem on health care, gardening, horticulture,
agriculture and animal husbandry is quite significant (Vidaver, 2002).

Being involved in a huge number of food chains of various biogeocenoses and other
ecosystems, as decomposers, Pseudomonadaceae and Xanthomonadaceae representatives
participate in interspecific gene horizontal transfer. And it led to spread of antibiotics
resistance genes by mobile genetic elements (transposons and plasmids). Thus, the
number of resistant pathogens of agricultural crops is increasing. In response to this, the
volumes of the used antimicrobial plant protection agents are being increased, what
adversely affects the quality of agricultural production. It transfers the problem of
multi-drug resistance of microorganisms to the plane of agriculture, ecology, and health
care (Dolejska & Literak, 2019). The changes of resistance profiles of microorganisms
can potentially lead to dramatic changes in animals and plants biodiversity in
biogeocenoses and other ecosystems (Aslam et al., 2018). Thus, the main research
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problem is the elaboration of compounds which can be more effective and less harmful
for human organism and for environment.

That is why, the search for new alternatives to classical, complex and combined
agents of the protection of agricultural plants and animals, containing antibiotics of
various classes is a very urgent theoretical and practical problem (Granados-Chinchilla
& Rodriguez, 2017).

For this reason, one of the most promising directions is the targeted derivatization
of natural antimicrobial compounds with the potential enhancement of antimicrobial
properties. One of the alternatives for solving of this problem is the use of natural organic
acids and their derivatives (Melaku et al., 2021). One of the common groups of
antimicrobial compounds are natural organic acids, especially aldaric acids (Liang et al.,
2021). These compounds are widespread in plants and constitute one of the most
important components of the antimicrobial barrier of human skin (Cartron et al., 2014).
As it is known from literature data TA, lactic and citric acids, as well as their derivatives,
have proven themselves as effective antimicrobials. Dicarboxylic and tricarboxylic acids
and their salts, have shown in many experiments an unexpected ability to enhance the
antimicrobial activity of a number of disinfectants. One per cent of citrate content can
significantly increase the bactericidal and bacteriostatic activity of antibiotics. It also
decreases the viability of strains, which are resistant to them. Citrates have intrinsic
antimicrobial properties and they are synergistic effective against bacterial colonization
of tissue samples by pathogens. They also enhance the antimicrobial properties of
phytogenic polyphenols (activators of the innate immune systems of plants), and
disinfecting organic dyes (crystal violet, methylene blue) (Andrews et al., 2011).

Another direction of search for new antimicrobial drugs is the development of
polymeric, polyamide and nanopolymeric derivatives of carboxylic acids. Natural
aldaric acids derivatives creation by the targeted derivatization and functionalization are
the most important directions for development of new classes of antimicrobial agents.
The advantage of this method consists in obtaining compounds with alternative
mechanisms of activity, which are sharply different from the ways of ¢ of known
antibiotics (D'Mello, 2003; Kumari & Jaisankar, 2017).

The principal scientific goal of current research was natural TA targeted
derivatization for the increase in antimicrobial potential of it. The main practical goal of
a particular study was an application of the elaborated compounds, as new potentially
ecologically safe alternative of generally used antibiotics, which are not always effective
and moreover often have harmful side effects. Due to well-known safety and
antimicrobial properties of TA and its salts, amine complex salts and cyclic imides with
improved antimicrobial properties against multi-drug resistant pathogens were
synthesized. The effect of cyclohexyl-, phenyl-, benzyl-substituted imides and complex
salts of natural TA on strains of native phytopathogenic Xanthomonas 13 strains of
different species, isolated form soil, was considered (Fig. 1) (Bagdasaryan et al., 2020).

Due to well-known antimicrobial properties of TA and its salts, this paper considers
the possibility of the successful use of TA synthetic derivatives: amine complex salts
and cyclic imides with improved antimicrobial properties against multi-drug resistant
pathogens. The effect of cyclohexyl-, phenyl-, benzyl-substituted imides and complex
salts of natural TA on strains of phytopathogenic bacteria various types was considered
(Fig. 1) (Bagdasaryan et al., 2020). According to the earlier studies, cyclohexyl- and
benzyl-substituted imides and amine complex salts demonstrated activity against
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K. pneumonia, St. aureus, Salmonella enteritis, P. aeruginosa, S. maltophilia and other
opportunistic pathogens of humans and animals. Field tests have shown that the
developed TA derivatives are not toxic for fish (Ageyets et al., 2019).
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Figure 1. Synthetic derivatives of TA; a—phenylimide (Phl); b-—benzylimide (BI);
¢ — cyclohexylimide (CI); d — phenylamine complex salt (PhAS); e — benzylamine complex salt
(BAS); f— cyclohexylamine complex salt (CAS).
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The obtained results are of particular interest, taking into account the potential
ability of P. taetrolens and other representatives of the P. chlororaphis group to utilize
complex salts of TA as a carbon source (Baghdasaryan et al., 2019). This suggests the
potential environmental safety of using these compounds as antiphytopathogenic agents.

MATERIALS AND METHODS

Tartaric acid derivatives obtaining

TA derivatives were generated according to synthetic methodology (Fricke et al.,
2010), which was improved in ‘Laboratory of Agrarian Pesticide Creation and The
Quality Control” at NPUA (Fig. 2) (Dashchyan et al., 2015).
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Figure 2. TA derivatization principal scheme. R = benzyl-, phenyl-, cyclohexyl-.
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Antibiotic resistance study

In current research for the microbiological experiments, strains of the National
Collection of Microorganisms of Microbial Depository Center (MDC),
‘Armbiotechnology’ Scientific and Production Center (SPC) of the National Academy
of Sciences of the Republic of Armenia (NAS RA) were used. For the research of
antibiotic-resistance there were studied 18 strains of Xanthomonas following species:
Xanthomonas vesicatoria, X. beticola and Pseudomonas the following strains:
Pseudomonas syringae, pv. lachrymans, P. syringae, pv. tabaci. As the control there
were used E. coli the following strains: E. coli DH5a (non-plasmid sensitive to the used
13 antibiotics), E. coli DH50/VOGI6 (VOGI6 plasmid-containing resistant to
kanamycin), E. coli pUCI8 (pIUCI8 plasmid containing resistant to ampicillin),
E. coli DH5a/PEC7 (PEC7 plasmid-containing resistant to chloramphenicol).

The resistance of the selected strains was defined using solid agarised selective-
differential media. Sterilized by autoclaving beef-extract broth and beef-extract agar
were used. For qualitative evaluation of antibiotic-resistance of bacteria, the cultivation
was carried out by streaking, using 30mm diameter Petri dishes, at 37 °C, under aerobic
conditions, on selective-differential media with 50 pyg mL"' content of the following
antibiotics: Pcn/Penicillin, Amp/ampicillin, Amx/amoxicillin, Amc/augmentin,
Cfx/cefixime, Cro/ceftriaxone (aminopenicillins and cephalosporins of [-lactam
antibiotics group), Kan/kanamycin, Stp/streptomycin, Gne/gentamicin (aminoglycosides),
Cip/ciprofloxacin (of fluoroquinolones), Tcn/tetracycline (of tetracyclines), Cam
chloramphenicol, also Azm/azithromycin (of azalide macrolides), produced by ‘Astoria’
(Mikaelyan et al., 2019). The choice of antibiotics was due to their wide applicability in
medicine, as well as in agriculture and food industry (Landers et al., 2012).

TA new derivatives antimicrobial properties monitoring

Microbiological tests to determine the activity of new TA derivatives were carried
out on selective cultivation media. For effect detection on solid cultural media,
it was used bilayer media method with some modifications, elaborated in our
laboratory (Totten et al., 1982, ThermoFisher, 2008): instead of blood agar it was used
meat-peptone agar media. 1.8%-agar containing MPA (meat peptone agar) was poured
into Petri dishes (30 mm diameter). Then separately for each tested strain of bacteria
there were prepared mixtures of appropriate microbial culture suspension and molten
0.7% agar containing MPA at 37 °C, in sterile test tubes. On surface of solid 1.8%-MPA
cultivation media in Petri dishes, the mentioned mixture of suspension of the object
microbial strain (~10% CFU) with 0.7% - agar containing MPA was added as the second
layer, for the uniform distribution of microbial culture. After the solidifying of second
layer, 3 mcL of each of TA synthetic derivatives (benzylimide, cyclohexylimide,
phenylimide, cyclohexyl amine complex salt, benzyl amine complex salt, and phenyl
amine complex salt) in concentrations: 0.001M, 0.01M, 0.025M, 0.05M, 0.1M, 0.5M
were sterilely added. Solutions were prepared in water for complex amine salts, and in
DMSO (dimethyl sulfoxide) for imides, due to their solubility features. The appropriate
controls were considered as micro-drops of sterile water and DMSO. The growth of
microorganisms under aerobic conditions at temperature optimum of a given species
(37 °C) on appropriate cultivation media containing test compounds was visually
registered within a period: 12 h, 24 h, 48 h, 76 h. The sterile zones of bacterial growth
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inhibition in area of tested compound effect were calculated visually in mm. As a
positive control it was considered the growth of the studied bacteria on same cultural
media upon the same conditions with sterile pure solvents (water for amine complex
salts and dimethyl sulfoxide for imides), without an addition of testing compound.
(Eswaranandam et al., 2004).

Determination of minimum inhibitory concentrations were defined according to the
generally accepted methods by multiple dilution procedures for each substance
beginning from 0.5M to 0.0001M (Andrews, 2001).

Genetic study of observed Pseudomonas and Xanthomonas resistance
mechanisms

For the definition of differences in resistance diapason of the studied strains to
antibiotics and TA new derivatives, the series of genetic analysis were carried out.
Genetic research of the studied bacteria was carried out by isolation of total and
plasmid DNA from cells of various strains of phytopathogens, and 0.8-2.5% agar
gel-electrophoresis. Plasmid analysis of sensitive and resistant strains of phytopathogens
was carried out by electrophoresis and transformation (Thean et al., 2021). As positive
control there were used: E. coli DH50/VOG16, E. coli pUCIS, E. coli DH50/PEC7; as
negative control: E. coli DHja.

Mechanism of resistance was studied by the detection of resistance dependence to
antibiotic concentration, as well as by Polymerase Chain Reaction (PCR) analysis of
genes of antibiotic modifying enzymes (Table 1) (Dumas et al., 2006).

Table 1. Conditions of PCR analysis of the studied bacteria resistance

Gene . o

primer Subsequence Temperature regime (Tiq 96 °C),

blaOXA-10 F:5’TATCGCGTGTCTTTCGAGTA3’; 94 °C-150s, 14 cycles: 94 °C-45s,
R:5’TTAGCCACCAATGATGCCC3’ 63 °C-45s, 72 °C-90s, 22 cycles:

94 °C-45s, 59 °C-45s, 72 °C-90s.
aph(3)VI F:5’ AGGTGACACTATAGAATACGGAAACA 94 °C-150s, 14 cycles: 94 °C-45s,

GCGTTTTAGAGC3’; 66 °C-45s, 72 °C-90s, 23 cycles:
R:5’GTACGACTCACTATAGGGAGGTTTTG 94 °C-45s, 63 °C-45s, 72 °C-90s.
CATTGATCGCTTT3’

aac(6’)ll F:5’AGGTGACACTATAGAATATTCATGTC 94 °C - 150s, 14 cycles: 94 °C-45s,
CGCGAGCACCCC3, 64 °C-45s, 72 °C-90s, 23 cycles:
R:5’GTACGACTCACTATAGGGAGACTCTT 94 °C-45s, 61 °C-45s, 72 °C-90s.
CCGCCATCGCTCT3’

pCAT639 F:5°’AGGGACGACGGTCATATGGGCAAC3’; 94 °C-150s, 14 cycles: 94 °C-45s,
R:5'CCTTCGTCCAAGCTTCAGGCCGT3’ 66 °C-45s, 72 °C-90s, 23cycles:
94 °C-45s, 63 °C-45s, 72 °C-90s.

The presence of aminoglycoside, amphenicole and -lactam modification enzymes
genes in phytopathogens genome was studied via PCR analysis. The genes of the
following enzymes (which are widespread in representatives of the same genera, isolated
form clinical samples) were identified: aph(3)1V, aac(6')1l, catB7, blaOXA-10. The gene
blaOXA-10 is responsible for synthesis of to B-lactamase OXA-10, the gene catB7 is
responsible for chloramphenicol acetyltransferase CATB7. The genes aph(3)IV and
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aac(6')ll are responsible for synthesis of enzymes of aminoglycoside antibiotics:
modification: aminoglycoside N-acetyltransferase AAC and O-phosphotransferase
APH, respectively.

The resistance transmission study

The transformation was carried out by the method of obtaining of chemically
competent cells, according to Mandel, using low-temperature centrifugation in presence
of calcium chloride, with a modification developed in the laboratory of ecological safety
of the SPC ‘Armbiotechnology’, NAS RA (Fig. 3) (Babayan et al., 2020a, 2020b).

Refreshing of 3 mL overnight culture of sensitive strain refreshing
(Titer of overnight culture 1*108 cells)
(1:50 dilution, 37 °C)
!
Centrifugation of 1.5 mL refreshed overnight culture (4,500 rpm, 5 min, -7 + -4 °C)
Resuspension of sediment in (5 mL sterile 0.1M - CaClz, 5 min, 0 °C)
!
Centrifugation (4,500 rpm, 5 min, -7 + -4 °C)

Resuspension of sediment in (6 mL sterile 0.1 M - CaClz)

Direct use of obtained competent cells or cells conservation
(in 40% Vol. sterile absolute glycerin, at -70 + -40 °C)

50 ul of competent cells of a sensitive recipient strain add to 5 pl
of plasmid DNA (DNAy), isolated form the resistant donor strain

Incubation (20l—40 min, 0 °C)
Heating (up to 4% °C within 5 min)
Incubation (# min, 42 °C)
Cell spatuling on selective mediuml(50 pg mL™1 antibiotic, 24 h, 37 °C)

Cultivations series of transformants on selective media, which contains antibiotics to
which the donor strain is resistant, with alternating cultivation on non-selective media

Analysis of plasmid replication stability in transformants, after the multiple cultivations
on non-selective media, through the replica

Figure 3. Scheme of transformation of strains, sensitive to TA derivatives by plasmids, isolated
from strains, resistant to these compounds.

Statistical assessment

All the experiments were carries out in 5 series of 3 repeats for each probe.
MS Excel was used for data analysis of TA synthetic derivatives antimicrobial effect
evaluation. The data of growth inhibition zones are given in mm (Fig. 4-6), SEM
(Standard Error of the Mean) were + 0.23—-0.37. Significance was tested by applying
Student #-test and estimated as p-value less than 0.05.
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Figure 5. Antimicrobial effect of Benzylimide (BI) and Benzyl amine salt (BAS) of TA against
Pseudomonas and Xanthomonas different strains. Concentrations: I—0.001M; II—-0.01M;
IIT - 0.025M; IV — 0.05M; V — 0.1M; VI — 0.5M; “*’ — absence of effect. The values of inhibition
zones are presented in mm and are average means of 15 independent experiments.
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Figure 6. Antimicrobial effect of Phenylimide (PhI) and Phenyl amine complex salt (PhAS) of
TA against Pseudomonas and Xanthomonas different strains. Concentrations: 1—0.001M;
II-0.01M; III - 0.025M; IV — 0.05M; V — 0.1M; VI - 0.5M; “*’ — absence of effect. The values
of inhibition zones are presented in mm and are average means of 15 independent experiments.

RESULTS AND DISCUSSION

The data obtained during the study of antibiotic resistance of group of
phytopathogenic bacteria of various Pseudomonas and Xanthomonas species are
summarized in Table 2. The resistance study of X. vesicatoria and P. syringae 19 native
soil strains to 13 antibiotics of different classes and generations (including antibiotics of
the third generation, such as ceftriaxone) revealed a wide diversity of resistance diapason
in most strains. The presence of pan-drug resistant and multi-drug resistant
representatives was noted.

Table 2 shows that majority of the studied strains are resistant to various antibiotics,
including tetracycline and streptomycin, which are widely used in agriculture (Adam et
al., 2008). In subsequent experiments, the studied bacterial strains were tested for the
effect of various derivatives of TA on solid cultural media, what is presented at figures
4-6 (the detailed method is given in materials and methods).
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Table 2. Resistance of phytopathogenic Pseudomonas and Xanthomonas from the National
Collection of Microorganisms of MDC, SPC ‘Armbiotechnology’ NAS RA. Species name
(A — P. syringae, pv. lachrymans, B — P. syringae, pv. syringae, C — X. vesicatoria, D — P.
syringae, pv. tabaci, E —X. beticola), 50 pg mL"' antibiotic content: 1 — Kan, 2 — Stp, 3 — Gnc,
4 — Cam, 5 — Amc, 6 — Amx, 7 — Amp, 8 — Pcn, 9 — Cfx, 10 — Cro, 11 — Ten, 12 — Azm, 13 — Cip;
control — positive control on a full-fledged cultivation environment; ‘4’ — growth,
‘-> — inhibition of growth, ‘- *’- single colonies after the third day of cultivation

Strain Antibiotic resistance
Phytopathogen 1 2 3 4
8730 A - - - -
8731 - - - I
8732 - -*
8733 +

8734 -F .
8742 s
8738 +  +
8736 B - -
8740 +  +
8744 - -
8647 + -
8843 - + - -
8651 C - -
8653 -
8657 D + -
8656 +  +
8663 E +  +
8680 - - - K
8681 - - -
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Antibiotic resistance tests were carried out in 5 series of 3 repeats of each particular
strain of bacteria. Antimicrobial activity was detected by the evaluation of growth
inhibition on media. For all the tested compounds, the results of measurements of
inhibition zones were considered as average of at least fifteen independent experiments
for each bacterial strain. Significance was considered at p < 0.05.

For strains P. syringae, pv. tabaci 8657, X. beticola 8680, 8681, P. syringae 8733
effects of phenyl-substituted complex amine salts were higher than in case of
phenylimide (p < 0.01). In case of benzyl- functional group containing complex amine
salts, the effect was higher then in case of imide form for strains P. syringae pv.
lachrymans 8736, P. syringae, pv. tabaci 8656 (p < 0.01), while for strains P. syringae pv.
lachrymans 8736, 8740, 8744, P. syringae, pv. tabaci 8656 the imide was more effective
growth inhibitor, then the appropriate complex amine salt. For both cyclohexyl- functional
group substituted derivatives there were noted the comparable high effects of bacterial
growth inhibition for the majority of Pseudomonas and Xanthomonas studied strains of
different species (p < 0.01), while for the strains X. beticola 8653, 8657, 8663 the effect
of imide was higher than in case of complex amine salt (p < 0.05). Due to the results,
the antimicrobial effect of TA synthetic derivatives is a function from both substituent
chemical nature and individual genetical features of each particular strain. That is why
the genetical analyses of antimicrobial resistance mechanisms were carried out.
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According to the observations data, the effective concentrations of cyclohexyl
derivatives are lower than the concentrations of benzyl- and phenyl- derivatives both
for imides and amine complex salts. According to the results, the minimum inhibitory

concentrations (MIC) of tested
compounds are differing depends to
strain of bacteria (Table 3).

Probably, this is due to the
differences in bioavailability of salt
and imide forms of these
compounds and due to the species-
specific features of the permeability
systems of bacterial cells. This also
might be explained by the affinity
of cyclohexyl- (CAS and CI)
derivatives to certain species-
specific membrane proteins of
Pseudomonas representatives, what
was observed via docking analyses
of analogues compounds, had been
shown in earlier research (Chang et
al., 2015).

Table 3. Minimum  Inhibitory = Concentrations
(MIC) of TA new derivatives estimated for
P. syringae, pv. tabaci 8736 and X. beticola 8681

Minimum Inhibitory Concentrations (MIC)

TA

.. P.syringae, pv. X. beticola

derivative I 8681
BI (0.001M) (0.0001M)

6.6 mcg mL"! 66 ng mL!
BAS  (0.5M) (0.0001M)

3.84 mg mL"! 76 ng mL!
CAS  (0.0001M) (0.001M)

74.7 ng mL! 7.47 meg mL!
CI (0.0001M) (0.0001M)

31.8 ng mL! 31.8 ng mL!
PHI  (0.022M) (0.001M)

50 mcg mL"! 6.18 mcg mL"!
PhAS  (0.01M) (0.001M)

618 mcg mL! 7.29 mcg mL!

During the genetic analyses the presence of plasmids and genes of antibiotic
modification enzymes was studied, as well as their localization and grade of transmission

ability by the interspecies gene
horizontal transfer under selective
and non-selective conditions. Studies
have shown that some of strains
contain plasmids that differ in
molecular weight and are capable to
transmit antibiotic resistance. The
other part of strains has plasmids that
are not responsible for transferring of
aminoglycosides and  f-lactam
resistance genes. There are also
strains in which no plasmids have
been found. For all the studied
strains, plasmids with an ability of
transmission of resistance to any TA
synthetic  derivatives were not
detected (Fig. 7).

The results of the analysis
comparing the different genetic
properties of Pseudomonas and
Xanthomonas with their resistance to
antibiotics of various classes and
generations are listed in Table 4. The

12 3 4 5 6 T 8
e A i

Figure 7. Electrophoretic study of DNA of various
phytopathogenic Pseudomonas and Xanthomonas
from the National Collection of Microorganisms
of MDC, SPC ‘Armbiotechnology’ NAS RA on
0.8% — 2.5% of agarose gel. 1 — P. syringae path.
lachrymans 8732; 2—X.  vesicatoria 8647,
3 — P. syringae, path. syringae 8736; 4-X
beticola 8680; 5 — P. syringae, path. tabaci 8663;
6 — P. syringae, path. tabaci 8665, T-S.
maltophilia 9286; 8 — X. beticola 8681.
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presence of plasmids, their ability of antibiotic resistance transmission and its stability
in the case of various recipients were studied using appropriate selective media.
Microbiological experiments have shown that in studied group of Pseudomonas
and Xanthomonas, the resistant representatives prevail, most of which are multi-drug
resistant or pan-drug resistant. Antibiotic sensitive strains are in the minority, or show
lagging growth on an appropriate
selective media. It should be noted Table 4. Genetic properties of plasmids of various
the high stability of resistance in this phytopathogenic Pseudomonas and Xanthomonas.
group of strains, which were deposited I-X betic.ola, Il - P. syringae, pathovar tqbaci,
and cultivated on nutrient media I - P. syringae, pv. lachrymans, IV — P. syringae,

. . .. . v. syringae, V — X. vesicatoria, ‘+’ — the presence
without contact with any antimicrobial pY. Syring p

: U of a feature, ‘-’ — the absence of a feature
compound. That resistance maintains e
. = % — .9 8

as a result of both nucleoid and > S o8 g2y
plasmid genes. Possibly this is caused Strain of § g a o8 g
. S £ g £ S
by the presence of genes of primary . o 8= ss 8% 32>
. Y Bacteria T 28%3y =za2h
metabolism  enzymes on their £ =288 =ZZ28-o
. . % i) g =293 B [ = <
plasmids, what determines the = < E€E 2 ELS

stability of the plasmids under non- I 8680

selective conditions of cultivation. In 8681 - - .
that aspect, the strains X. vesicatoria 8663 + + =
8656 and P. syringae 8740, which II 8656 + + -
demonstrate the resistance to almost 8657 + + -
all the wused antibiotics, are of ar 8730 + + -
particular interest. g; ; é * + -

The results of PCR analysis had 8733 . 4 i
shown the blaOXA-10 gene was 8734 ) 3 )
found in P. syringae 8740. According 8738 + + )
to the negative results of 8742 + + -
transformation of sensitive strains IV 8740 + + -
P. aeruginosa 9056, E. coli DH5a (not 8744 + + -
containing plasmids), X. vesicatoria 8736 + + -
8647 (according to this study, the V. 8843 + - -
plasmids of this phytopathogenic 8651 + - -
microorganism do not transfer ggi ; I . ;

resistance to the given 13 antibiotics)
by plasmids of the given strain, the
blaOXA-10 gene 1is located on the bacterial chromosome of the particular
microorganism. Plasmids were also found in P. syringae 8736, 8656, 8740 and in
X vesicatoria 8647 by gel electrophoresis and transformation. Some of them are not
related to resistance (P. syringae 8740) to the studied antibiotics, while the rest of them
carry genes of resistance to B-lactam antibiotics. According to the transformation
experiments, resistance to aminoglycoside and amphenicole antibiotics in all studied
strains of P. syringae and X. vesicatoria is represented by nucleoid genes (Niu et al.,
2015). All the studied strains, which contains the appropriate plasmids are able to
transmit antibiotic resistance and are demonstrating stable replication of the particular
inserted plasmids, in case of Pseudomonas recipients, as well as Stenotrophomonas
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maltophilia (belonging to the same Xanthomonadaceae family) recipient. However, in
case of Xanthomonas and E. coli recipients, stability was not observed.

In subsequent experiments it was observed that the effect of TA derivatives does
not depend to content of plasmids. Both investigated phenyl- derivatives of
TA (PhAS and Phl) don’t have an effect on strains containing the b/laOXA4-10 gene, while
benzyl- and cyclohexyl- derivatives (BAS, CAS, BI, CI) are active against all studied
bacteria. However, in contrast to the Tcn-resistant P. chlororaphis strains, the growth of
similar P. syringae and X. beticola representatives is suppressed by benzyl- and
cyclohexyl- complex salts and TA imides.

Perhaps this is related to differences in the substrate specificity of polyphenol
oxidases and other enzymes of Tcn-resistance, which are encoded by the nucleoid, as
the characteristics of a particular bacterial species (Sultan et al., 2018). Our studies have
shown that the most of P. syringae representatives have plasmids, which are responsible
for B-lactams resistance transmission. No plasmids were found in Xanthomonas
representatives. Genes aph(3)1V, blaOXA-10, aac(6')1l, and catB7 were also not found.
The resistance of these strains is caused by other plasmid and nucleoid encoded genes.
Literature data indicate a wide variety of similar genes and their localization in
Xanthomonas genome (Tamir-Ariel et al., 2007). During the cultivation of transformants
constructed on the basis of sensitive strains and plasmids isolated from resistant strains,
the stable replication of plasmids on non-selective media was revealed for X. beticola,
P. syringe plasmids in P. aeruginosa 9056 recipients. In contrast to it, the replication of
plasmids in E. coli DH5a is stabile only on selective media containing the corresponding
antibiotic, the modification gene of which is located on the plasmid.

CONCLUSIONS

Antibacterial effect of TA new derivatives was studied on 19 model strains of
phytopathogens from Xanthomonas beticola (6 strains), X. vesicatoria and
Pseudomonas syringae (13 strains), isolated form soil and different in their sensitivity
to antibiotics. New synthetic derivatives of TA have demonstrated effect against the
range of phytopathogenic bacteria of Pseudomonas and Xanthomonas genera.
Cyclohexyl- and benzyl- imides and complex salts of TA are more effective than phenyl-
derivatives. The effect of the discussed TA derivatives on resistant strains P. syringae,
X. beticola and X. vesicatoria species does not correlate with the presence of plasmids
and genes of P-lactam, amphenicol and aminoglycoside modification enzymes in
genome. Thus, the mechanisms of effect of the discussed compounds are related with
another molecular targets in cells. And the impossibility of transfer of resistance to TA
all the discussed derivatives by plasmids was demonstrated. It makes these substances
recommended for other further research for the elaboration of new classes of potentially
ecologically safe anti-phytopathogenic drugs for crop and garden trees protection. For
that aim, more detailed in silico, in vitro, in vivo eco-toxicological research are under
evaluation. And further more detailed research of the discussed substances effects on
bacteria, as well as antimicrobial resistance mechanisms features influence studies
needed as a next step of research.
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Abstract. The topic of the effect of foliar fertilization on the productivity and oil content of
lavender is relevant, but not sufficiently studied. The present study aims to establish the effect of
foliar products on the growth, development and productivity of lavender. The field experiment
was carried out at the Agricultural University - Plovdiv with lavender of ‘Jubileina’ variety during
2019-2020. The following variants were included in the study: 1. Untreated control; 2. Treatment
with Fertileader Gold (FG) - 3 L ha''; 3. Treatment with Fertiactyl Trium + Fertileader Vital
(FT + FVital) - 1.5 + 1.5 L ha''; 4. Treatment with Fertileader Viti (FViti) - 3 L ha!; 5. Treatment
with Fertileader Vital (FV) - 3 L ha''; 6. Treatment with Fertileader Alpha (FA) - 3 L ha'!. Those
preparations are bio stimulants for foliar application. The treatments were made in two
consecutive lavender vegetation seasons. The first application was carried out in the second
growing season (2019) and the second in the next, third growing season (2020). The foliar
application of all tested products increased the photosynthetic activity, but it was better expressed
when using the plant nutrition products FV, FViti and FT + FVital. A positive effect was also
observed in the height and diameter of the bush, but during the third vegetation period. The
number of flowering stems increased by 62.9%; 59.4%; 53.3% and 8.4%, respectively, when
applying the fertilizers FG, FT + FVital, FViti and FV. The application of FG and FT + FVital
increased the yield of fresh inflorescences by 6.1% and 3.7%. The application of the different
products affected the oil yield in different ways; the application of FG, FT + FVital and FViti
increased it, while FV and FA decreased it by 27 kg ha! and 16 kg ha™!, respectively, for the first
vegetation and by 43.4 kg ha''and 33.1 kg ha! for the second vegetation. The boron containing
products FG, FT + FVital and FViti led to a significant increase in the essential oil yield, while
the application of the foliar fertilizers FV and FA reduced it. Based on those results, the first three
products are recommended.

Key words: medicinal crops, Lavandula angustifolia, foliar fertilization, flower yield, oil yield,
oil content.

INTRODUCTION

The quantitative and qualitative parameters of lavender production (number of
flowers and essential oil yield) are influenced by a complex set of factors, such as soil,
climate, varietal composition, degree of flowering, duration of the distillation process,
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fertilizer application, etc. So far little is known about the factors that cause variations in
lavender essential oil or control the monoterpene profile and abundance of
monoterpenes.

Secondary metabolites, such as monoterpenes, perform various environmental
functions and therefore they are regulated by the environmental factors. It was suggested
that the released volatile substances can serve or support pollinators (Raguso &
Pichersky, 1999). It was also found that monoterpenes acted as a barrier against heat
stress (Velikova et al., 2006) and their radiation was regulated by the level of irradiation
in some plant species (Staudt & Seufert, 1995).

Flowering is a factor influencing the quantitative and qualitative indicators of
lavender essential oil (Konakchiev, 2015). The author established the crucial importance
of the flowering stage on the quantitative and qualitative parameters of the extracted
lavender oil. The duration of distillation process (DT) had also a significant effect on the
quantity and quality of lavender oil.

The application of fertilizers is one of the most important factors determining plant
productivity (Bardule et al., 2013; Almeida et al., 2015). Among the agronomic
practices, nutrient management in oil-bearing crops affected most significantly the yield
and quality of essential oils (Pal et al., 2016). The synthesis of essential oil in aromatic
plants can be positively or negatively affected by the form, type and amount of fertilizers
(Yadegari, 2015; Lamptey et al., 2017; Lukositte et al., 2020). Nutrients such as nitrogen
(N), phosphorus (P) and potassium (K) could affect the growth and synthesis of essential
oil in aromatic plants and are used to build many organic compounds, such as amino
acids, proteins, enzymes and nucleic acids. Those nutrients affect the function and levels
of enzymes involved in terpenoid biosynthesis (Hafsi et al., 2014).

The application of N fertilizer reduced the essential oil content of creeping juniper
(Juniperus horizontalis L.), (Robert & Francis, 1986), although an increase in the yield
of Thyme essential oil (Thymus vulgaris L.) was established by Baranauskienne et al.
(2003) and in cumin (Cuminum cyminum L.) by Azizi & Kahrizi (2008). Phosphorus
plays an important role in various metabolic processes, such as a component of the
nucleic acids, phospholipids, and coenzymes activating the production of amino acids
used in the synthesis of proteins, DNA, RNA and ATP (Rouached et al., 2010).
High levels of P lowered the essential oil yield of chamomile (Matricaria chamomilla L.),
(Emonfor et al., 1990), but increased it in feverfew (Tanacetum parthenium L.),
(Saharkhiz & Omidbaigi, 2008) and common sage (Salvia officinalis L.),
(Nell et al., 2009).

Nurzynska-Wierdak (2013) found that the deficit of potassium can disrupt the
metabolism of nitrogen, provoke changes in the N:K ratio and/or the proportions of
nitrogen fractions, as well as the accumulation of harmful amino substances and
ammonium ions in the plant. Chrysargyris et al. (2016) reported that the efficiency of
N and P levels may be linked to the appropriate levels of K in plants, underscoring the
need for further study. The application of K affected plant growth and essential oil
yield of lemongrass (Cymbopogon flexuosus), ditania (Origanum dictamnus), basil
(Ocimum basilicum) and rosemary (Rosmarinus officinalis), (Economakis, 1993;
Puttanna et al., 2010).

Currently, the use of chemical fertilizers in lavender is mainly limited to the
application of N and P in soil, while the effect of other macro-and micronutrients has not
been studied. There is also a lack of information regarding the influence of organic and
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organic-mineral fertilizer on lavender and there is no such information about the effect
of foliar fertilizer on the quality and productivity of this important for Bulgaria essential
oil crop.

The present study aims to establish the effect of foliar products on the growth,
development and productivity of lavender.

MATERIALS AND METHODS

In the period 2019-2020, a field trial was carried out at the Agricultural
University - Plovdiv to achieve the aim set. The experiment was conducted with lavender
of ’Jubileyna’ variety. The trial was carried out by the long plot method, in three
replications, with the size of the experimental plot 140 m? and the harvest plot - 63 m?.
The field trial variants were: 1. Untreated control; 2. Treatment with Fertileader Gold
(FG) - 3 L ha'!; 3. Treatment with Fertiactyl Trium + Fertileader Vital (FT + FVital) -
1.5+ 1.5 L ha'!; 4. Treatment with Fertileader Viti (FViti) - 3 L ha!; 5. Treatment with
Fertileader Vital (FV) - 3 L ha!; 6. Treatment with Fertileader Alpha (FA) - 3 L ha'’.
The treatments were made in two consecutive lavender vegetation seasons, the first being
carried out in the second growing year (2019) and the second - in the next third growing
season (2020).

The following commercial products were used to test the effect of foliar fertilizers
on lavender: 1) Fertileader Gold (FG), (5.7% B; 0.35% Mo); 2) Fertiactyl Trium (FT),
(5% N; 5% P20s; 7% K,0; 1.5% Zn); 3) Fertileader Vital (FVital), (9% N; 5% P»0Os; 4%
K>0; 0.02% Fe; 0.01% Mo; 0.05% Zn; 0.1% Mn; 0,05% B); 4) Fertileader Viti (FViti),
(6% P»0s; 12% K,0; 1% B); 5) Fertileader Alpha (FA), (5% N;13% P»Os; 2% B).

Soil characteristics

The soil in the experimental field is alluvial-meadow. Geographically the site is
located in the Thracian-Strandja region. The alluvial-meadow soils were formed on
sandy-loam and sandy-gravel quaternary deposits. According to the International
Classification of FAO, they refer to Mollic Fluvisol. They were formed on alluvial
deposits, they have a well-formed humus-accumulative horizon, which gradually passes
into the C horizon and a gleization process is observed deeply down (below 100 cm) in
the soil-forming material - the A-C-G profile. The humus content is usually no more
than 1-2%.

The soil sample analysis made before setting the experiment for the ¢ - 8.30 mg kg™
NO; - 33.20 mg kg'!; Total mineral nitrogen - 41.50 mg kg!; P,Os - 282, mg kg'';
K0 - 560 mg kg!; CaO - 210.3 mg kg'!'; MgO - 53.0 mg kg''; MnO4 - 210.0 mg kg™!;
pH (H20) - 7.6.

These data show that the soil has a slightly alkaline reaction, a low content of N and
optimal levels of P»Os and K,O. Exchangeable calcium (CaO) and magnesium (MgO)
were in amounts typical for the soil type. The total quantity of MnO4 was also
determined, which defines the soil as well-stocked concerning this element. However,
because of the alkaline nature of the soil, mobility and accessibility for the plants are
low. The analysis of the specific soil conditions showed that the soil type is particularly
suitable for growing lavender (Stoyanova et al., 2009; Minev, 2020).
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Plant material

Lavender cultivation began in November 2017 with certified seedlings of the
Bulgarian ‘Jubileyna’ variety, following the conventional technology. The planting
density was 20,000 per ha, with a row distance of 35 cm and an inter-row distance of
1.4 m. The variety used in the experiment was created by hybridization. It has rounded
tufts, erect, up to 56 cm high, with about 460 flowering stems, dark purple in colour. The
average yield of fresh flowers is 5,540 kg ha’!, the essential oil content in the flowers
averages 2% and the rate of yield is 52.8.

In both experimental years (in November) the granulated product TOP 34 (5% N;
19% P»0s; 10% K»0; 19% SOs; 0.1% Zn; 0.1% B) was applied to the entire experimental
area in a dosage of 200 kg ha™!, by incorporation into the soil. Spring fertilization with
nitrogen was carried out with ammonium nitrate (NHsNOs) in a dose of 90 kg ha! N in
the second growing season and 120 kg ha™! N in the third. The foliar products were used
in the respective doses in the lavender bud formation stage.

Plant samples

Plant samples were taken in the stage of the full flowering (95-100%). The fresh
flowers were harvested by hand, weighed and steam distilled, for each experimental
treatment separately. For this purpose, a specially adapted device with a capacity of
100 L and a Florentine vessel for separating the essential oil from the water was used.
The distillation time (DT) was 1.5 hours for all variants of the experiment. In the
phenological stage of full flowering, the following biometric indicators were
determined: bush height (cm), bush diameter (cm), number of flowering stems, length
of the inflorescence (cm) and number of flowering vertebrae.

Photosynthetic activity and Chlorophyll content

Photosynthetic activity (umol per m? s™) for all variants of the experiment was
determined a week after foliar treatment using a portable measuring system LCA-4,
England. The chlorophyll content in lavender leaves (mg m™) was determined using a
portable measuring device Chlorophyll meter MC-100, seven days after the application
of the foliar products.

The software product ANOVA was used to process the data statistically.

RESULTS AND DISCUSSION

The quantity of precipitation during the winter months (November - February) of
the first experimental year (Fig. 1) was close to the norm for the region, except for
December, which was dry. During the months of the active growing season, the situation
was different. The period March - May was relatively dry, while in June, when the
lavender plants form the essential oil yield, precipitation significantly exceeded the norm
determined based on data for a period of 30 years.

The winter months of the second experimental year (2019/2020) were characterized
by a small amount of precipitation, which is a prerequisite for the emergence of a deficit
of soil moisture. That had a negative effect on the process of fertilizer absorption, even
though November was humid and largely neutralized the negative impact of the
subsequent drought. The precipitations in the period March - June restored moisture in
the one-meter soil layer, which had a positive effect on the growth and development of
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the crop. Precipitation above the norm was measured in March and April, while in
February, March, May and June the quantity of precipitation was about the norm.
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Figure 1. Amount of monthly precipitation (mm) during the study period.

In terms of air temperature, the period November - February in the first
experimental year (2018-2019) was characterized by values close to the average for a
long period (Fig. 2). February, which is significantly warmer month, was an exception.
That was the reason for the earlier resumption of the vegetation of the plantation. The
period of active vegetation was characterized by relatively warmer March and June, and,
April and May were average in terms of temperature. In general, however, the
temperature accumulated during the growing season did not significantly exceed that for
the 30 year-period.
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Figure 2. Average monthly temperatures(°C) during the study period.

The temperature values during most of the vegetation of 2019/2020 exceeded that
of the long-term period. Exceptions were April and June, which were cooler. As a result,
the beginning and the course of the budding and flowering stages were delayed.

Photosynthetic activity and Chlorophyll content

Foliar fertilization is an important agricultural practice worldwide due to the rapid
and efficient absorption of the applied plant products (Lasa et al., 2012). It reduced costs
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and contributed to the sustainable development of organic farming (Fernandez & Brown,
2013; Garde-Cerdan et al., 2015). The foliar application of the tested products led to an
increase in the photosynthetic activity in all the variants of the experiment (Fig. 3). In
the first experimental year (2019), the highest values compared to the control (values
above 8 umol per m? s') were those treated with FV, FViti, FA and FT + FVital. During
the second growing season (2020) the most stimulating activity in terms of this indicator
was established in the variants treated with FT + FVital, FV and FViti. That could be
due to the neutralizing effect of K,O on abiotic stress caused by significant amounts of
precipitation during flowering (Fig. 1). The application of foliar preparations in the
budding stage had some effect on the chlorophyll content of lavender (Fig. 4). For the
same reason, the increase in the FT + FVital and FViti variants was more significant in
the second experimental year (1,603 and 1,316 mg m, respectively) compared to the
first.
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Figure 3. Photosynthetic activity (umol/m?s) of lavender ’Jubileyna’ variety.
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Figure 4. Chlorophyll content (mg m2) of lavender ’Jubileyna’ variety.

Yield and yield components

Fig. 5 shows the data on the yield components of lavender. The bush height in the
first year of the experiment ranged from 39.1 cm when applying FViti to 47.0 cm when
applying FG. During the second experimental year, the values of the indicator increased
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significantly compared to the first, ranging from 69.2 cm in the 5% variant of foliar
fertilization (FV) to 75.0 cm in the 3™ variant. The higher values during this vegetation
were due to the larger size of the plants, which is an age specific feature. Foliar
fertilization, with few exceptions, had a positive effect on the height of the bushes,
compared to the control, which was statistically significant. Concerning bush diameter,
the results were similar to the previous ones. Higher values of the indicator were reported
in 2020 compared to 2019.
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Figure 5, a. Yield components (bush height) Figure 5, b. Yield components (bush diameter)
of lavender ’Jubileyna’ variety. of lavender ’Jubileyna’ variety.

In the first year of the experiment, the largest bush diameter was found in the
fertilization variant with FT + FVital, but in the second year - in the fertilization variant
with FG, 74 cm and 124 cm, respectively.
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Figure 5, c. Yield components (inflorescence Figure 5, d. Yield components (number of
length) of lavender ’Jubileyna’ variety. flowering stems) of lavender *Jubileyna’ variety.

The foliar application of all tested preparations in 2020 significantly increased the
bush diameter, compared to the untreated variant. The differences between the control
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and the variants treated with FG, FViti and FV were insignificant during 2019. This is
most likely due to the after-effects of the foliar-applied products during the next lavender
vegetation.The inflorescence length in the first experimental year was affected
negatively by the applied foliar fertilization, and in all studied variants the results were
lower compared to the control. A different trend was found in the second year of the
study. The length of the inflorescence increased within 0.5-1.1 cm, compared to the
unfertilized variant, which was statistically significant. The variants with the application
of FV and FA had an influence on the
values of this indicator. The application
of FViti had the most significant effect
on it (Fig. 5, c).

The application of foliar feeding
in the second year of the experiment
led to an increase in the inflorescence
length in lavender by 7% to 15%
in the different variants of foliar
fertilization. The increase was
statistically significant.
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differences in the second experimental
year, when the values of the indicator
ranged from 1,357 in the 6™ fertilization
variant (FA) to 2,251 in the 2™ variant (FG). Compared to the control, the number of
flowering stems increased by 62.9%; 59.4% and 53.3%, respectively, when fertilizing
with FG, FT + FVital and FViti. The differences between the control and treated with
FV and FA variants were insignificant. This is most likely due to the nitrogen content in
these products. Regarding the number of flowering vertebrae, similar trends were found.
Higher values of the indicator were found in the second experimental year compared to
the first and the positive influence of the applied leaf fertilizers was established, the
differences being statistically significant.

The yield of fresh inflorescences (Table 1) in the first year of the study varied from
5,892 kg ha™! for the 4" fertilization variant (FViti) to 6,659 kg ha™! for the 6™ variant
(FA). Statistically significant differences in lavender productivity were not found only
between the control and FV variant.

A significant difference in the values of the indicator was found in all the other
products for foliar feeding, compared to the untreated variant. The yield of fresh
inflorescences increased significantly compared to the control - by 450 kg ha! when
fertilizing with FA, which is 7.2% more, and, decreased when fertilizing with FViti and
FV by 317 kg ha'! and 55 kg ha™!, respectively. In 2020, the difference in the yield of
fresh inflorescences between the control and FViti, FV and FA variants was significant.
It was negative. The application of FG and FT + FVital foliar fertilizers increased the
productivity of the crop by 6.1% and 3.7%, compared to the control, which was
statistically significant.

Figure 5, e. Yield components (number of
flowering vertebrae) of lavender *Jubileyna’ variety.
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Table 1. The yield of fresh lavender inflorescences

2019 2020
1 0, 0,

Variants kg ha! +kgha’ c/fntl(t)r:)l;e Significance kg ha! +kgha'! c/fntl(t)r:)l;e Significance
control 6,209 0.0 100.0 control 9944 0.0 100.0  control
FG 6,330 121.0 1019 * 10547 603.0 106.1  **
FT +FVital 6,556 347.0 105.6  *** 10313  369.0 103.7 *
FViti 5,892 -317.0 949 o 8337 -1,607.0 83.8 ok
FV 6,154 -55.0 99.1 n.s 6013  -3,931.0 60.5 *k*
FA 6,659 450.0 107.2  *** 6134 -3,810.0 61.7 Hk*
LCD 5% =109; 1% = 151; 0.1% = 209 kg ha! 5% =345; 1% = 477; 0.1% = 659 kg ha’!
Table 2. Yield of lavender essential oil
Variants 2019 % to th 2020 % o th

kg ha! +kgha’ cgn(t)role Significance kg ha' +kgha! cgn(t)role Significance
control 86.0 0.0 100.0 control 159.0 0.0 100.0  control
FG 99.0 13.0 115.1 o 184.1 25.1 1158  #***
FT +FVital 110.0 24.0 127.9 ok 183.3 243 1153 *%=*
FViti 115.0 29.0 133.7 ok 168.3 9.3 105.8  **
FV 59.0 -27.0 68.6 ok 115.6 -43.4 72.7 ok
FA 70.0 -16.0 81.4 ok 125.9 -33.1 79.2 ok
LCD 5%=0.2;1%=4.8;0.1%=6.7kgha! 5% =06.0; 1% =8.3;0.1% = 11.5 kg ha’!

Several studies show that the application of organic fertilizers in different crops
increased the yield and quality of essential oils. For example, that was observed in balm
(Sodr¢ et al., 2011), mint (Marotti et al., 1994), thyme (Judrez-Rosete et al., 2014) and
basil (Bufalo et al., 2015; El-Naggar et al., 2015). The essential oil yield for the entire
experimental period of the present study varied from 59 kgha'! to 183.3 kg ha'
(Table 2). In 2019, the oil yield in the untreated variant was 86 kg ha™!, while in 2020 it
was significantly higher - 159 kg ha’!,
which is an age specific characteristic. 190 oh
It was found that the treatment with 170 - ® /
FG, FT +FVital and FViti led to a 150 // ¢

significant increase in the essential oil
y =0.0195x - 21.962
7 R o.708

yield compared to the untreated
variant, while the application of the
foliar fertilizers FV and FA led to a
decrease in the amount of oil,

@
110 { *
s
@

Oil yield (kg ha™")
© @®
o o

regardless of the year of cultivation. 70 ° ¢

The decrease was by 27kgha' and 505 600 6,400 7,200 8,000 8,800 9,60010,400
16 kg ha! in 2019 and by 43.4 kg ha! T T e ’
and 33.1 kg ha™! in 2020, respectively. Flower yield (kg ha™")

Due to the favourable combination
between the microelements B and
Mo, the highest values of the indicator
were reported in the variant treated with FG - 184.1 kg ha!, exceeding the control by
15.8%. The amount of essential oil (Fig. 6) increased with the increase of the flower

Figure 6. Relationship between flower yield and
oil yield of lavender ’Jubileyna’ variety.
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yield in lavender, and the relationship between the two indicators was linear at
R*=0.708.

Based on the data for flower and oil yields, as well as for the structural elements of
the yield in all the variants for both experimental years, the correlations between them
were established. The results are presented in Table 3. According to the values of the
correlation coefficients, the yield was strongly influenced by bush height and diameter.
Oil yield was strongly correlated with the height and diameter of the bush, as well as
with the number of flowering stems and the number of flowering vertebrae. The
inflorescence length also affected flower and oil yields, although to a lesser degree.

Table 3. Correlation matrix (Pearson)

Number  Yield of Yield of

Bush  Bush Number of Inflorescence of fresh essential
Yield components height, diameter, flowering length, . .

om om stems em flowering flowers, oil,

vertebrae kg ha! kg ha’!
Bush height 1,000 0.934 0.898 0.633 0.593 0.688  0.842
Bush diameter 1,000 0.923 0.638 0.633 0.656  0.851
Number of flowering 1,000  0.650 0649 0533  0.887
stems
Inflorescence length 1,000 0.770 0.425 0.608
Number of flowering 1,000 0461 0.618
vertebrae
Yield of fresh flowers 1,000 0.841
Yield of essential oil 1,000
Significant correlation at p < 0.05 (bold)
CONCLUSIONS

The foliar application of all the tested products increased the photosynthetic activity
of lavender. The positive effect was better expressed when using the preparations FV,
FViti and FT + FVital. The application of foliar fertilizers in the budding stage had a
certain positive effect on the chlorophyll content, more significant increase being
reported in the variants treated with FT + FVital and FViti in the second growing year.
That was probably due to the K,O content in those preparations, which can mitigate the
adverse effects of abiotic stress (low air temperature and precipitations during the
flowering period).

Foliar fertilization had a positive effect on the height and diameter of the lavender
bushes, better expressed during the second growing season. During the first experimental
year (second vegetation), the effect of FG, FViti and FV was weak. Inflorescence length
was also not affected by the applied foliar fertilization during the first experimental year.
During the second experimental year it increased. The most significant changes were
reported in the plants treated with FViti, FV and FA. As a result of the foliar fertilization,
the number of flowering stems and vertebrae increased more significantly during the
third vegetation. FV and FA preparations had practically no effect on the number of
flowering stems.
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The yield of fresh inflorescences, was positively influenced by the application with
FG and FT + FVital. Treatment with the boron containing products FG, FT + FVital and
FViti led to a significant increase in the essential oil yield, while the application of the
foliar fertilizers FV and FA reduced it. Based on those results, the first three products
are recommended.
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Abstract. Skatole and androstenone are the two main compounds responsible for the foul odour
in entire male pigs’ meat, known as boar taint. This study evaluated the effect of feed
supplementation with inulin on the boar taint levels of 30 entire male pigs. Two months before
slaughter, the animals were allocated into three groups (n = 10). The control group received a
standard commercial diet. The other groups were fed the same commercial diet with 3% and 6%
added inulin, respectively. Results showed that inulin addition to the feed significantly reduced
skatole levels in the pigs’ adipose tissue compared with the control group. The levels of
androstenone were not affected by the dietary approach. Although there were differences in some
parameters, the supplementation with inulin did not promote extensive changes in the meat
quality parameters between the tested groups. When raising entire males, supplementation with
inulin in finishing diets could be considered to reduce the boar taint perception by the consumer.

Key words: androstenone, entire male pigs, inulin, meat quality, skatole.
INTRODUCTION

The surgical castration of male piglets, a common procedure in most European
countries, has become an animal welfare concern due to the pain and stress associated
with the procedure (EFSA, 2004). Using behavioural and physiological parameters, it
has been scientifically proven that castration is a painful surgical intervention even when
performed on very young animals, and it is a costly operation for producers (Fredriksen
etal., 2011).

The main reason to castrate male piglets is to prevent the development of boar taint,
an unpleasant odour found in the carcasses of entire males (EFSA, 2004; Fredriksen
et al., 2011; Wauters et al., 2017). This odour becomes especially intense when cooked
(Mathur et al., 2012) and is mainly associated with the presence of skatole (3-methylindole)
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and androstenone (5a-androst-16-en-3-one), which, due to their lipophilic characteristics,
tends to accumulate in adipose tissue. Skatole is a metabolite derived from the amino
acid tryptophan produced in the lower part of the intestine by the intestinal microbiota
and is associated with a faecal and naphthalene smell (Furnols & Oliver, 1999).
Androstenone is a steroid produced in the testes with a smell often associated with urine
and sweat (Furnols & Oliver, 1999). Skatole levels are usually low in castrated and
female animals; also, androstenone is known to interfere with the hepatic elimination of
skatole (Doran et al., 2002; Whittington et al., 2004). In contrast to androstenone, skatole
is perceived by 99% of consumers (Weiler et al., 2000). However, the average consumer
does not know why sometimes pork has a foul smell. A study in four European countries
(France, Germany, the Netherlands, and Belgium) reported that 88.7% of consumers
were unaware of boar taint or did not know what it was (Vanhonacker & Verbeke, 2011).
Also, in a recent survey of Portuguese consumers, nearly half of the respondents did not
know what boar taint was or had even never heard about it (Pereira Pinto & Vaz-Velho,
2021).

There are different realities in Europe. In major pig producing countries such as
Germany, France, and Denmark, around 75% to 93% of commercial male piglets are
surgically castrated (Van Ferneij, 2022), while in countries such as Spain, Portugal,
Ireland, and the United Kingdom, male pigs are slaughtered before they reach puberty
(approximately 5 months of age), weighing less than 100 kg, being raised without
castration (Weiler & Bonneau, 2019). However, producers lose efficiency due to reduced
carcass size.

Stakeholders in the production of pigs have been defending the ban on surgical
castration in the European Union, which represents a challenge for the pork production
chain (Morlein et al., 2015). All over the world, several alternatives to surgical castration
are applied, such as raising uncastrated males (entire males) or immunocastration. The
application of immunocastration inhibits testosterone production, reducing the boar odour
without surgical intervention and the risk of infection. It requires at least two injections
into the animal at least 4 weeks apart, with the second dose at least 4 weeks before
slaughter (Heyrman et al., 2019). A major disadvantage of this method is that the EU
catalogues this chemical in the therapeutic area of sex hormones and modulators of the
genital system (EMA, 2020), which is currently unfeasible in organic production modes.

Breeding entire males have some advantages, such as lower production costs, a
more natural approach, and improved animal welfare. When compared with uncastrated
male pigs, it was found that in castrated males, feed efficiency decreased by 10%, muscle
content decreased by 5%, while carcass fat increased by 26% (Bonneau et al., 1994).
The disadvantages of breeding entire males are mainly related to the possible formation
of boar and meat odour with less advantageous characteristics for the production of meat
products. Aluwe et al. (2013) compared meat from entire and castrated males and found
differences in pH, colour, drip loss, and cooking loss; these differences did not
significantly influence the quality or palatability of the meat.

Several studies (Byrne et al., 2008; Hansen et al., 2008; Kjos et al., 2010; Aluwe et
al., 2013; Bili¢-Sobot et al., 2014; Backus et al., 2016) have shown that feed
supplemented with fermentable carbohydrates, such as inulin obtained from chicory,
were effective in reducing the concentration of skatole in the swine intestine. Inulin is a
non-digestible fructose polymer found mainly in chicory roots (Cichorium intybus) or
Jerusalem artichoke tubers (Helianthus tuberosus). It contains oligosaccharides and
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polysaccharides, regarded as a source of prebiotics (Grela et al., 2021). Prebiotics are
commonly used to enhance pigs fattening, changing pork physicochemical properties
such as increasing the total fat content (Degola & Jonkus, 2018). Dietary inulin is not
hydrolysed by mammalian enzymes but is easily fermented by the bacterial community
and favours the growth of intestinal bifidobacteria (Grela et al., 2021). Fermentation of
inulin by intestinal bacteria produces a large number of short-chain fatty acids, which
can stimulate the production and secretion of the mucous layer covering the mucosal
surface of the gastrointestinal tract (Wang et al., 2019). Dietary inulin may also alter
intestinal bacterial populations due to its iron bioavailability-promoting effect (Patterson
et al., 2010), and inulin-type fructans may reduce the production of potentially toxic
metabolites (Meyer & Stasse-Wolthuis, 2009).

Thus, this research aimed to evaluate the effect of feed supplementation with inulin
in the finishing diets of entire males, assessing meat quality parameters and, mainly, the
influence of inulin on the reduction of the boar taint in carcasses.

MATERIALS AND METHODS

Study design and feeding conditions
Thirty entire male pigs males, offspring from a Pietrain terminal sire, crossed with
a Large White, Landrace crossed sow
were used for the study. The animals
were fed the same commercial diet,

Table 1. Nutrient levels (%) of the standard
diet (control) and the diets with added inulin

with ad libitum access, up to the age _ 3% of 6% of
of 5.5 months. At this stage, the pigs Nutrients Control ~ added  added
were allocated into three distinct : inulin__ inulin
groups (n=10), where one group Moisture . 12.37 1226 12.24
- . . Crude Protein 15.55 15.56  15.55
received a standard commercial diet
Raw fibre 4.53 3.84 3.73
(control group). In the other groups, NDF 13.71 1263 11.64
P y : : .
the same commerglal dl'et included 3% ADF 576 501 4.76
and 6% of inulin (Fibrofos, a by- Raw ash 432 430  4.10
product of Cichorium intybus L.), Fat 1.99 1.89 1.82
respectively. Feed was constituted of Starch 45.10 42.65 40.45
wheat, corn, soybean bagasse, barley, Calcium 0.72 0.74 0.71
fibrofos 60, rapeseed bagasse, wheat Phosphor 0.48 048 049
bran, cane molasses, dicalcium Lysme 0.99 0.99 0.99
phosphate, L- lysine, salt, L-threonine, i/lystlrjrecs'm 82(1) 82; 82;

. . . (§] 1S . . .
DLl;met?lomsne’ l'fmlft Cali.‘um Met+CisSID 055 056 057
carbonate. Some slight corrections Threonine 0.69 071 0.70
were madg in the re?a‘gve cqmposfuqn Threonine SID 0.62 0.64 0.64
of the diets containing Fibrofos in Tryptophan 0.18 0.18 0.18
order to balance the nutritional level. Tryptophan SID ~ 0.16 0.16 0.16
Diets have similar nutritional profiles, Sodium 0.17 0.20 0.20
as shown in Table 1. All groups received Linoleic acid 0.97 0.88 0.85
the same feed, 2.8 kg per day per pig, for Energy Kealkg' 2309 2309 2309

Inulin 0.00 3.00 6.00

2 months until slaughter.
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Analysis of moisture, pH, loss on thawing, colour, hardness, and intramuscular fat

Meat samples were collected from the ham’s muscle tissue (Biceps femoris), frozen
and kept at -18 °C until analysis. Before further analysis, meat samples were thawed to
determine the thawing loss: samples were weighed, thawed at 4 °C for 24 hours, dried
with a paper towel and reweighed. To determine the moisture content, samples were
minced and dried in an oven at 103 + 2 °C until constant weight, as described in A.O.A.C
(2016), method 950.46. The pH was measured by potentiometry using the equipment
Crison pH25+ (Crison Instruments, Barcelona, Spain), inserting the probe electrode into
the meat samples. Colour measurements were performed according to the CIELAB
colour system described by Honikel (1998), using a Minolta CR-300 colourimeter
(Konica Minolta Tokyo, Japan). To determine the hardness, samples of meat (4 cm) were
cut to analyse the texture profile (using the TA.XT2 Plus equipment from Stable Micro
Systems TPA). Intramuscular fat (IMF) percentage was determined by a Soxhlet
extraction procedure using petroleum ether as an extraction agent after sample
hydrolysis, as described in the A.O.A.C. (2016) method 960.39. To analyse moisture,
pH, thawing loss, and intramuscular fat, measurements were performed in triplicate. For
colour and hardness, samples were measured 10 times each.

Boar taint quantification

The quantification of skatole and androstenone in pork fat was done using a
high-performance liquid chromatography (HPLC) method adapted from Hansen-Moller
(1994), as described in the following sections.

Fat extraction. Sample preparation consisted of cutting the adipose tissue from the
subcutaneous layer of the belly and extracting the liquid fat after microwave heating
(800 W, 2 min). A sample of water-free liquid fat (1 g) was placed in Falcon tubes, and
1 mLof methanol was added. After vortexing for 30 sec, tubes were incubated for 10 min
at 40 °C in an ultrasonic bath (Sonica® Ultrasonic Cleaner). Samples were centrifuged
(JP Selecta Mixtasel) for 15 min at 1,100 g and placed in an ice-water bath for 20 min.
The liquid fraction was filtered through a 0.2 um filter before sample derivatisation.

Sample derivatisation. Manual derivatisation of 500 uL. of the sample was
performed at room temperature by sequentially adding 75 puL of 0.1% dansylhydrazine,
50 pL of deionised water in methanol, and 40 pL of 14% BF;3 solution in methanol. After
stirring for 5 min, 20 ul of the mixture was injected into the HPLC.

HPLC operating conditions. A ThermoFisher UltiMate 3000 HPLC system with
a Hypersil ODS C18 column (5 pm particle diameter and 250x4.6 mm, Thermo
Scientific Portugal), operated at 40 °C, was used. The eluent was: (A) 0.1% v/v acetic
acid; (B) acetonitrile; (C) tetrahydrofuran; (D) pH 6.0 buffer solution (25 mM potassium
phosphate). The following gradient profile was used: 0—5 min, 50%—-60% A, 35%—45%
B, 5% C; 5-6 min, 50% A, 45% B, 5% C; 6-6.1 min, 20%—50% A, 30%—45% B,
5%-30% C, 0-20% D; 6.1-12 min, 0-20% A, 30%—40% B, 30%—40% C, 20% D;
12-12.5 min, 0-60% A, 40%—-35% B, 5%-40% C, 0-20% D; 12.5-13 min, 60% A, 35%
B and 5% C, with a flow rate of 2.0 mL min™'. Fluorescence detection was performed
with excitation at 285 nm and emission at 340 nm (0—6.0 min) for detection of skatole;
excitation at 346 nm and emission at 521 nm (6.1-13 min) for the detection of
androstenone.
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Quantification of skatole and androstenone. For quantification, a calibration
method using the external method was performed. The range of standards was between
1.60 and 63.0 ng g! for skatole and 37.6 and 1503.8 ng ¢! for androstenone, using
10 standards for each. Calibration curves' linearity coefficient (R*) was 0.9928 for
skatole and 0.9969 for androstenone. Detection and quantification limits (LoD and LoQ)
were calculated: LoD of 12.6 ng g' and 63.2ngg! for skatole and androstenone,
respectively, and LoQ of 38.2ng g! and 191.5 ng g for skatole and androstenone,
respectively.

Data analysis

Statistical analysis was performed using Statistica for Windows software package,
version 14.0.0.15 (TIBCO Software, Palo Alto, California, USA). Data were subjected
to Kolmogorov-Smirnov test to assess normality and, depending on the result, followed
by an analysis of variance (ANOVA) or the Kruskal-Wallis test. Differences between
groups were determined using the Fischer’s Least Significant Difference (LSD)
post-hoc test. Significant differences were established in P < 0.05.

RESULTS AND DISCUSSION

The values of skatole and androstenone concentrations in the belly fat, determined
by HPLC, are shown in Table 2. In the control group, where no inulin was added, the
average content of skatole was about 2.7 times higher than in the groups supplemented
with inulin (44.3 ng g vs. 16.4 ug g'!), meaning that inulin addition was effective in
skatole reduction independently of the

tested amount. Table 2. Skatole and androstenone concentrations

Regarding androstenone, there (mean + standard deviation) in pig belly fat
? -1

were no significant  differences (ng g fat)

(P =0.36). Although a slight reduction =~ Group Skat0£€ Androlstenone

in mean values can be noticed when (%dded inulin) (ngg") . (ngg’)

inulin is increased, it is not possible gof ‘1“6‘431 i?(l)(l)b ggggi;iig

to establish a link between the Fiiet 6‘%(; 15:91 15:9,3 275:91 191:8

and the androstenone production. Pvalue 0.03 036

Androstenone Va,l ues i fat_ mainly ab Different superscripts within columns indicate
depend on genetic factors linked to significant differences (p < 0.05).

sexual maturity (Bonneau, 2006).

Similar results in feeding trials with inulin were obtained (Kjos et al., 2010;
Overland et al., 2011; Zammerini et al., 2012; Aluwe et al., 2017), where skatole was
reduced, and there were no differences in androstenone values. Nonetheless, in a study
conducted by Heyrman et al. (2018), chicory root supplementation for two to three weeks
led to a reduction in both skatole and androstenone. However, the author of this study
states that the significant differences in androstenone values may be due to the
differences in carcass weight since androstenone concentrations were positively linked
with carcass weight.

Fig. 1 represents the skatole vs. androstenone scatterplot, where are the values
obtained for skatole and androstenone for each animal (z = 30) and identified according
to the provided diet. Some patterns can be identified: lower skatole values in the 3% and
6% groups and higher values in the control group. A wide dispersion of results is
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reflected in the standard deviation values shown in Table 2. However, this dispersion is
typical when skatole and androstenone are measured in the pigs’ population, as reported
in similar studies (Hansen-Moller, 1994; Aluwe et al., 2013; Aaslyng et al., 2015;
Morlein et al., 2016; Liu et al., 2017; Verplanken et al., 2017).
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Figure 1. Skatole vs. androstenone scatterplot.

Regarding the influence of inulin supplementation on meat quality, no significant
differences (P > 0.05) between groups were found in pH values, thawing loss, moisture,
and intramuscular fat (Table 3). On the other hand, hardness values were found to be
significantly different (group P-value was 0.002); the group with 6% of added inulin
showed the lowest hardness value, which indicated softer meat. Wang et al. (2019) stated
that the dietary inulin supplementation had no significant influence on meat quality,
except for the expression of the MyHC IIb gene, which was increased by inulin
supplementation. Tenderness is affected by fibre type, especially type IIb fibres, and
muscles with larger type IIb fibres may be tougher or may have greater hardness (Guo
et al., 2019). However, this was not verified in our study, as the increase in inulin led to
lower meat hardness.

Table 3. Values (mean + standard deviation) of physicochemical determinations

Group Thawing loss ~ Moisture IMF
(added inuliny Hardness (N) — pH %) %) %)
0% 6.60 + 2.24° 6.01 £0.35 475 +£3.09 73.38+145 228+040
3% 6.83 + 1.99° 5.87+0.30 6.41 £2.95 71.52+3.84 229+0.62
6% 5.58+1.86% 5.91+0.28 5.72+2.29 72.20+4.60 2.60+0.67
P-value 0.002 0.18 0.18 0.30 0.12

ab Different superscripts within columns indicate significant differences (p < 0.05).

Another parameter of meat quality is its colour. Instrumental determination was
achieved through the CIELAB system. Results of the parameters L* (brightness), a* (red
colour) and b* (yellow colour) are shown in Table 4 and indicate statistically significant
differences in red and yellow, particularly in the group supplemented with 3% of inulin.
Altmann et al. (2022) measured colour in raw pork loin and found that a change along
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the b* axis (yellowness) in CIELAB colour space is most discernible, followed by the *
axis (redness) and then the L* axis (lightness). However, the difference between the
colour coordinate values is minimal, in the order of 1.5 on average, which is too low
for a the colour discrimination threshold of the human eye. According to Konica-Minolta
(2019), the human eye cannot

differentiate some colours even Table 4. Meat colour determinations (mean =+ standard

if they are numerically (L*a*b* deviation)

coordinates) different, depending Group L* o b

on the saturation and hue. The (added inulin)

L* values showed no significant 0% 44835440 1418279 464+211°

differences between groups. A 3% 4553 +6.41 12.57+2.26* 3.19+2.23¢2

similar conclusion was drawﬁ in 6% 44.03+5.53 13.81+2.14° 4.12+2.07°
P-value 0.16 0.00 0.00

a study by Gispert et al. (2010). ey ; _p . —
Also. results of the meat colour > Different superscripts within columns indicate significant
> differences (p < 0.05).

are inconsistent in the literature
since muscle fibre characteristics may depend on genotype as well as environmental
factors, such as nutrition, preslaughter and slaughter conditions (Aluwe et al., 2013).
Albeit there are statistically significant differences in hardness and colour values
(a* and b*), little is known about the influence of inulin on meat quality (Wang et al.,
2019). Available studies indicate that inulin addition did not affect meat properties: Grela
et al. (2021) reported that the addition of inulin from different sources as prebiotics to
pig feed did not have a negative effect on the physicochemical properties of meat; Aluwe
et al. (2013) found no significant differences in the meat quality parameters of boars fed
with chicory when compared to control. Also, Wang et al. (2019) stated that dietary
inulin supplementation had no significant influence on meat quality.

CONCLUSIONS

Commercial feed supplemented with inulin significantly reduced skatole levels
present in the entire male pigs’ fat, the proportion of 3% of added inulin being sufficient
for the purpose. Androstenone values were not altered by the prebiotic. Regarding meat
quality, the addition of inulin affected some meat characteristics such as hardness and
colour compared to the control group. Feed supplementation with inulin could be
considered an alternative to reducing skatole levels and consequent organoleptic
improvement.
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Abstract. Chlorophyll fluorescence induction (CFI) is a measure of photosynthetic performance
and is widely used by plant physiologists and ecophysiologists. The basic principle of CFI
analysis is relatively straightforward. The specified method of analysis during 2015-2020 was
applied to assess the optimality of selection of technological sowing parameters such as sowing
rate (estimated interval 0.5-4.0 million germinable seedsha'), row width (15-30 cm),
pre-sowing fertilizer (No-90Po-90Ko-90) for three varieties of oilseed radish. The widely tested basic
indicators of the CFI curve (Fo, Fpi, Fm, Fs) were used, as well as possible indices and ratios
calculated on their basis in accordance with the CFI analysis methodology.

For the first time, the species characteristics of oilseed radish were investigated by the nature of
the CFI curve in relation to spring rape, white mustard, and spring mustard on the 1.5 germinable
seeds ha! (30 cm row width, NoP¢Ky) variant. It was established by the stress sensitivity category
of the PSII photosystem that a reliable possibility of using the CFI method for identification
studied technological options for sowing. The share of the influence of the technological factor
of the sowing method (in %) on the formation of indicators Fo, Fpi, Fm, Fs; in the dispersion scheme
of the experiment was consistently 19.3, 8.4, 19.5, 6.3. The influence of the seeding rate factor
on the results of Fo, Fpyi, Fm, Fsc was (in %) 26.6, 9.5, 42.3, 9.3 and the influence of the fertilizer
factor was 13.5, 16.4, 5.7, 12.7, respectively.

The formation of the specified basic indicators of the CFI curve in the resulting interaction of the
technological parameters of sowing depended on the hydrothermal conditions of the vegetation
of oilseed radish with the share of influence of 20.1, 40.2, 28.1, 30.0, respectively. It was
determined that the decrease in the indicator of the hydrothermal coefficient (in the ratio of the
increase in the sum of average daily temperatures to the decrease in the amount of precipitation)
ensures the following dynamics of changes in the main and derivative indicators of CFI: a
decrease Fp 1.3%, Fm 11.8%, ER 8.7%, Lwp 15.9%, Rra 25.3%, Kpp 21.9%, K 17.7% and
growth Fo 5.1%, Fst 7.3%, Que 40.4%, Ker 24.0%, Vi 71.3%.

The comparison during the study period of options 4.0 and 0.5 million germinable seeds ha™!
determined an averaged decrease in Fo and Fy indicators by 29.5% and 29.1% while increasing
Fpr and Fi, by 2.2% and 38.5%. According to the determined level of CFI indicators for various
technological schemes of sowing, an expedient option was recommended, which ensures the
highest efficiency of the PSII photosystem of oilseed radish in the range of 1.0-2.0 germinable
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seeds ha'! with a fertilization rate of N3p60P30-60K30-60 for row sowing and 1.5 germinable
seeds ha'! with a fertilization rate of Neo_90Ps0-90Ke0-00 for wide-row sowing.

Key words: chlorophyll fluorescence induction, fertilization rate, oilseed radish, row spacing,
seeding rate, yield.

INTRODUCTION

Despite different approaches to the assessment of the physiological state of plants,
the basic indicator of the state of plant life is the efficiency of the primary processes of
photosynthetic reactions. The indisputable importance of this indicator is determined by
both the importance of photosynthetic function in plant life and the high sensitivity of
photosynthetic apparatus to changes in environmental factors, especially stress factors.
On the other hand, any disruptions in the primary processes of photosynthesis directly
affect changes in chlorophyll fluorescence and occur long before visible disturbances in
the physiological state of plants, which can be assessed by obvious morphological
changes in plant development, the rate of their growth processes and, ultimately, by the
productivity level (Suarez et al., 2022).

It is an established fact that the source of fluorescence in the plant cell is light-
absorbing pigment molecules, mainly chlorophyll (Kalaji et al., 2017a, 2017b). The
effect of stressors of different nature on the plant is overwhelmingly related to the effect
on the state of PSII reaction centers (RC), the S II antenna and the light-absorbing
complex. The transfer of excitation energy of electrons between the pigments of these
complexes and the glow of chlorophyll a reaction centers S II determine the induction
curve of chlorophyll a fluorescence (Kalaji et al., 2017b). The shape of this curve is quite
sensitive to the changes occurring in the photosynthetic apparatus of plants when
adapting it to different environmental conditions, which was the basis for the wide use
of the Kautsky effect in the study of plant photosynthesis and assessment of their
condition under stress factors (Sloat et al., 2021). Certain interval segments of the
chlorophyll fluorescence induction curve (CFI) can be used to analyze the physiological
responses of the plant to stressful and induced-technological irritants. At the same time,
the curve pattern varies depending on the intensity of exposure and the stress response
of the plant itsel (Valcke, 2021).

According to a number of researchers, chlorophyll fluorescence is the fastest, most
convenient and informative method among many other experimental methods used for
ecological monitoring and assessment of the physiological condition of both individual
plants and entire ecosystems (Cendrero-Mateo et al., 2019; Porcar-Castell et al., 2021;
Schreiber & Klughammer, 2021).

Today, assessment of chlorophyll fluorescence parameters is used in models of crop
productivity formation taking into account their phenotypic development and the
corresponding system of successive critical periods of the vegetation (Souza & Yang, 2021),
as well as in those that take into account trends in climate change and modern ideas about
photosynthetic aspects of plant productivity in these conditions (Gensheimer et al., 2022).

Chlorophyll fluorescence indices are successfully used in assessing the overall
stress tolerance of plants (Simeneh, 2020; Legendre et al., 2021; Olah et al., 2021), plant
reactions to heavy metals (Van Zelm et al., 2020; Javed et al., 2022), adaptive response
to high and low temperatures (Cetner et al., 2017; Baldocchi et al., 2020; Kim et al.,
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2021), drought, (Li et al., 2020; Kimm et al., 2021) etc. In recent years, it has been
successfully used for early diagnosis of plant diseases and reaction to the degree of
damage by pests and herbicides (Hupp et al., 2019; Amri et al., 2021; Sloat et al., 2021).

It also plays an important role in assessing soil nutrition of plants, its balance and
efficiency in the formation of biomass and seeds (Larouk et al., 2021; Valcke, 2021).

Proved the possibility of applying the method of CFI as a criterion of optimality of
agrotechnological formation of agrocenosis of field crops, especially against the
background of different fertilization options (Herritt et al., 2021; Guo et al., 2022).

In addition to this oilseed radish has a wide range of uses in world practice which
can be widely used from greening manure and sederation (Tsytsiura, 2019; Ferreira et
al., 2021) to biofuel production (Kaletnik et al., 2020, 2021) but there is a lack of study
of chlorophyll fluorescence aspects compared to white mustard, spring and winter rape.

Given the above facts, our research hypothesis was to clarify the effectiveness of
the CFI method in determining the optimality of pre-sowing design of oilseed radish
agrocenosis in the interrelated system of parameters density of standing - row width -
level of mineral fertilizer (parameters of pre-sowing agro-technological construction)
under the influence of appropriate hydrothermal conditions of its vegetation.

MATERIALS AND METHODS

Experimental conditions

The study of the functioning of the photosystem of oilseed radish plants depending
on technological and agroecological factors was carried out during 2015-2020 on the
research field (arranged by coordinates N 49°11'31", E 28°22'16") located in the zone
of the Right-bank Forest-Steppe of Ukraine. The soil cover of the research field is
represented by gray forest soils (Luvic Greyic Phacozem soils (IUSS Working Group
WRB, 2015)) with the following agrochemical parameters (for the period of crop rotation):
humus 2.02-3.20%, mobile forms of nitrogen 67-92 mg kg, phosphorus 149-220 mg kg™,
potassium 92-126 mg kg™! with metabolic acidity of soil solution (pHx.r) 5.5-6.0.

The research scheme provided for the use of the spectrum of pre-sowing construction
of oilseed radish agrocenosis was presented in a earlier publications (Table 1,
Experiment 1). The applied scheme is described by Snedecor (1989) for studying the
reaction of plants to a change in the configuration of its individual nutrition area (used
by Ukrainian scientists in many studies as the Sinyagin’s scheme (Sinyagin, 1975)). In
this scheme the seeding rate (according to the indicator of the total number of plants m)
and the sowing method (as a criterion for the configuration of the nutrition area and the
concretion of plants in the inter-row zone) are separately considered as a factor in the
system of ANOVA analysis. Such a dispersion system allows analyzing the impact of
sowing rates on the formation of certain indicators by means of a separate analysis based
on the configuration of the nutrition area of one plant within the limits of the applied
sowing scheme.

For study the peculiarities of the CFI curve formation in comparison with other
cruciferous crops, a small plot experiment was carried out (Table 1, Experiment 2) To
comply with the rule of uniform abolition, all crops were sown at same time with the
same technological variantat (1.5 million pcs. ha™, inter-row 30 ¢m, NoPoKj). This variant
used for all crops in agronomic practice of the research region. All other components of
the cultivation technology of the selected group of cruciferous crops were the same.
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Table 1. Agrotechnological variants of oilseed radish agrocenosis construction were used in the
experiment (Tsytsiura, Ya.H. 2021)

Experiment 1. Specific characteristics CFI of oilseed radish in relation to other cruciferous crops
Year conditions in the . Scheme of combinations
. Cruciferous crops .
year data expression of variants
Year conditions in the year data expression:
2015-A1, 2016—As, 2017-A3, 2018—A4, 2019-As, 2020-As

2015-A,, Oilseed radish (Raphanus sativus L. var. A6 X Bis
2016—A,, oleiformis Pers.) (B1)

2016—As, White mustard (Sinapis alba L.) (B>)

2016—As4, Spring rape (Brassica napus L. var. oleifera

2016-As, Metzg.) (B3)

2016-As, Spring bittercress (Brassica campestris var.

oleifera f. annua D.C.) (By)

Experiment 2. Formation of CFI indicators depending on pre-sowing agro-technological
construction of the oilseed radish agrocenosis

Plant placement due to the ratio of the sowing rate Rate of fertilizations
(factor B — million germinable seeds ha™) to the sowing method (facor D),

(factor C — row method (15 cm), wide-row method (30 cm)) kg-ha!

4.0 (1.67 (By) x 15 (Cy)) 2.0 (6.67 (B1) x 30 (Cy)) NoPoKo (D1)

3.0 (2.22 (B2) x 15 (Cy)) 1.5 (3.33 (B2) x 30 (C2)) N30P30K30 (D2)

2.0 (3.33 (B3) x 15 (Cy)) 1.0 (2.22 (B3) x 30 (C2)) NeoPsoKso (D3)

1.0 (*6.67 (By) x 15 (Cy) 0.5 (1.67 (Bs) x 30 (Cy)) NooPooKop (D)

Year conditions in the year data expression:
2015-A1, 2016-A,, 2017-As, 2018-A4, 2019-As, 2020-As
Scheme of combinations A6 X Bir4xDiy The total number of
of variants combinations (N = 192)

* — distance in a row, cm; ** — width of the row, cm.

Weather conditions

The temperature regime and the humidification regime for the period of research
for the stage of formation of oilseed radish yield had significant differences (Fig. 1,
Table 2). This allowed to analyze the features of the functioning of the plant photosystem
from the standpoint of fluorescence of chlorophyll induction not only in view of
agrotechnological variants of agrocenosis, but also from the standpoint of abiotic
(agroecological) factors. In particular, the weather conditions in 2015 and 2018 were the
most stressful in terms of the impact on plant growth processes and the formation of its
assimilation surface in accordance with the values of the hydrothermal coefficient. At
the same time, according to the intensity of the increase in average daily temperatures in
the absence of atmospheric moisture (Fig. 1) in some years of research, the conditions
of 2015 should be considered the most stressful from the standpoint of direct impact
from the phenological phase of budding and flowering (Biologische Bundesanstalt,
Bundessortenamt and CHemical industry (Test Guidelines..., 2017) (BBCH) 38-64).
That is why the accounting indicators of the 2015 experiment were used to detail the
effect of temperature and humidity on the induction of chlorophyll fluorescence.

According to the presented data of the stress effect on the growth processes of
oilseed radish plants for years of observation 2015-2020 can be placed in the next
decrease row 2018-2015-2017-2016-2019-2020.

685



]

S

-

n
Vil
Vil

Vil |

- >
2017 2018

VIl

VIl

=
2019

2020

Figure 1. Daily total rainfall and average air temperature during spring triticale growing season,
2015-2020 (dotted line — average daily temperature, °C, continuous line — rainfall, mm) (with
added data based Tsytsiura, 2020).

Table 2. Hydrothermal coefficient” for the growing season of oilseed radish (monthly),
2015-2020 (with added data based Tsytsiura, 2020 a)

Year of Months On average for the
research V VI VII VIII IX growing season
2015 0.719 0.613 0.230 0.061 0.684 0.430

2016 1.227 0.893 0.682 0.486 0.063 0.663

2017 0.645 0.349 0.806 0.563 1.983 0.824

2018 0.258 3.124 1.349 0.349 0.680 1.179

2019 4.710 1.555 1.003 0.235 0.945 1.690

2020 5.489 1.474 0.649 0.474 1.208 1.859

t— HTC:Z Rx(0,1x21>m)" , where the amount of precipitation (XR) in mm over a period with temperatures

above 10 °C, the sum of effective temperatures (Xt > 10 °C) over the same period, decreased by a factor of
10 (Selyaninov, 1928). Ranking of values: HTC > 1.6 —excessive humidity, HTC 1.3—1.6 — humid
conditions, HTC 1.0-1.3 — slightly arid conditions, HTC 0.7-1.0 — arid conditions, HTC 0.4-0.7 — very arid
conditions (ranking on the basis: Selyaninov, 1928; Evarte-Bundere & Evarts-Bunders, 2012).
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Chlorophyll fluorescence induction method

It was used to measure the parameters of chlorophyll flowering a portable
fluorometer ‘Floratest’. This fluorometer developed by the scientific and engineering
center of microelectronics of the Glushkov Institute of Cybernetics (Romanov et al.,
2011). The device is equipped with an LCD screen (128%x64 pixels) and a remote
optoelectronic sensor with an irradiation wavelength of 470 &+ 15 Nm, a spot irradiation
area of at least 15 mm? and an irradiance within it of at least 2.4 Wm™ (Fig. 2). The
spectral range of fluorescence intensity measurements ranges from 670 to 800 nm. The
software provided with the device (Portable fluorometer ..., 2011). The measurement
duration was 4 minutes, the functional period of measurement was 3 minutes.

For measurements, has been
used the plant leaf on the phase of
the  beginning of  flowering
(BBCH 61-63) from the middle tier
by plant height in each series of
experiments in the number of 25 for
each repetition. Plant leaf was
placed in an optical block in the
middle part with its upper side
toward the light source in.
Measurements were taken after leaf Figure 2. Portable fluorometer ‘Floratest’ (left) and
adaptation to darkness for 10 min in chlorophyll fluorescence measurements process on
4-fold replications for each variant oilseed radish leaves (laboratory cultivation).
at 90 points with time intervals from
3 microseconds to 300 seconds followed by calculation of relative units for 3 min with
registration of changes in chlorophyll fluorescence. The initial measuring point for the
‘Floratest’ was 1 ms.

The measurements were based on the chlorophyll fluorescence induction curve
values (Kautsky effect) (Fig. 3) obtained on native leaves.
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600 ¢

400 }
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Fluorescence intensity
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0.01 0.1 1.0 10.0 100.0
Time, seconds

Figure 3. A typical chlorophyll fluorescence induction (CFI) curve (Kautsky curve) (vertical
axis — fluorescence intensity (relative units), horizontal axis — time (c)) (Brestic & Zivcak, 2013).

687



Calculated indicators and statistical analysis

During the experiments, we analyzed the commonly used indices of the curve
(Brestic & Zivcak, 2013; Kalaji et al., 2014, 2017a, 2017b), such as:

Fo — minimal fluorescence (dark) — fluorescence intensity with all PS II reaction
centers open while the photosynthetic membrane is in the non-energized state, i.e., dark
or low light adapted (O level in the O-1-D-P-T CFI curve);

Fpi—value of the 'plateau' fluorescence induction for the time of reaching a
temporary slowing down of its signal growth I level in the O-1-D-P-T CFI curve);

Fm — maximal fluorescence (after dark adaptation) — fluorescence intensity with all
PSII reaction centers closed all nonphotochemical quenching processes are at a
minimum (P level in the O-1-D-P-T CFI curve);

Fs — fluorescence in steady state (T level in O—I-D—P-T CFI curve). This is the
stationary value of fluorescence induction after the light adaptation of the plant leaf (in
our case, its stationary level after 3 min after the start of illumination).

The following parameters were calculated using the standardized CFI curve
analysis protocol (Brestic & Zivcak, 2013):

— fluorescence rise according to formula 1:

dezszz_Fo (D
— maximum variable fluorescence according to formula 2:
F=F -F )

— index of the effect of exogenous and endogenous factors on the relative number
of inactive reaction centers according to formula 3 (Brion et al., 2000; Stirbet &
Govindjee, 2011):

ar, 3
F 3)

It is also used as an indicator of plant condition regarding the presence of possible
phytopathogenic infection, provided this indicator > 0.4—0.5 indicates the presence of
infection and significantly increases the probability of detecting viral lesions compared
to visual observation (Sarahan, 2011).

— photochemical efficiency or quantum efficiency (EP) according to formula 4,
which is an indicator of the impact of exogenous factors and depends on the efficiency
of the photochemical reactions of the photosynthetic system II (PS II):

F
EP=—*
F “)
— photochemical quenching (Que) according to formula 5 (Larouk et al., 2021):
_5
0, = F (5)
Leaf water potential (Lwp) according to formula 6 (Larouk et al., 2021):
F
L =-m
v~ F (6)

— plant viability index (according to formula 7), which measures the photosystem
II photochemistry efficiency, PS II, and determines the fraction of light absorbed by
chlorophyll bound to PS II (photosystem II). It can provide a measure of the rate of linear
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electron transport and consequently the value of total photosynthesis (Korneev, 2002;
Lichtenthaler et al., 2005: Stirbet & Govindjee, 2012; Murchie et al., 2018).

F —-F
RFd — m st (7)
st
- indicator of endogenous (stress) factors according to formula 8:
F
K, =
ef F;,1 (8)
— value of photochemical quenching of fluorescence according to formula 9:
F —-F
P = m St
Q F:‘)Z - E) (9)

QP value is affected by both photochemical (CO, fixation) and non-photochemical
processes (thermal dissipation of energy of the excited state of chlorophyll
molecules), — characterizes the adaptability of plants to environmental conditions
(Korneev, 2002; Goltsev et al., 2014).

— index of the efficiency of the primary reactions of photosynthesis according to
formula 10:

K=" (10)
— fluorescence decay coefficient according to formula 11:

E,
Re=% (11

st
- relative change of fluorescence at time t according to formula 12:
_ Frt -k 0
o (12)

To compare the parameters we used a relative value of comparison (%) — the ratio
of absolute indicators relating to different objects, but to the same time, calculated
according to formula 13 (Rumsey, 2016):

k
Keompaison =7 100 (13)
2
where k; — indicator of the first object under study, k> — indicator of the second object
under study.

The seed yield was considered in the format of its biological level by accounting
and subsequent calculation of the average seed yield from one plant (in grams) from the
general population of plants consisting in the CFI curve indicators accounting.

The studies used varieties (‘Zhuravka’, ‘Raiduha’, ‘Lybid’) of oilseed radish. Given
the similarity of the results obtained for the studied of this varieties in the tables and
graphics presented only data on the variety ‘Zhuravka’.

The data obtained were analyzed using the analysis of variance (ANOVA) and the
GLM procedure. Tukey HSD Test in R (version R statistic 1386 3.5.3) was also used.
Multiple comparisons of the parameter means computed were performed using the
smallest significant difference LSD at 5% (95% family-wise confidence level for Tukey
HSD Test) for all the parameters studied. Correlation and regression analyzes were
performed according to the generally accepted scheme with the statistical software
Statistica 10 (StatSoft — Dell Software Company, USA).
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RESULTS AND DISCUSSION

Experiment 1. Specific characteristics CFI of oilseed radish in relation to other
cruciferous crops

In order to consider the peculiarities of the formation of the basic and calculated
indicators indicators of the chlorophyll fluorescence induction curve (CFI) in oilseed
radish plants were additionally compared for three species of cruciferous crops, which
are widely used in agricultural practice. During the 2015-2020 period of comparative
study, a number of significant differences were established in the indicated parameters
in oilsed radish (Table 3, Fig. 4).

1,800
1,600 |
1,500
1,400
1,300
1,200
1,100
£ 1,000
900
g0 |
700 .~ T
600
500 7
400 i
300 |
200
100
0

onvenFluorescence

Fluorescence intensity

1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82 85 88
Time, seconds

=—=Raphanus sativus L. var. oleiformis Pers. = . Brassica campestris var. oleifera f. annua D.C.
----- Sinapis alba L. = =Brassica napus L. var. oleifera Metzg.

Figure 4. Comparison of CFI curve for four species of cruciferous plants, average average data
2015-2020.

The level of initial fluorescence after dark adaptation Fy in oilseed radish plants
when comparing the average values, was 29.7% higher than in white mustard (Sinapis
alba L.) and 55.6% higher than in spring bittercress (Brassica campestris var. oleifera f.
annua D.C.), however, it is 12.4% lower than that of spring rape (Brassica napus L. var.
oleifera Metzg.).

Such data indicate a specific feature of the transfer of excitation energy from the
antenna to the reaction center of the PSII photosystem and the different efficiency of
such transfer according to the ergocapacitance indicators of the process. In oilseed radish
plants, based on the studies of Kalaji et al. (2016, 2017), Baker & Rosengvist (2020),
Ashrostaghi et al. (2022), the excitation energy transfer system between the pigment
molecules of the light-gathering antenna of the PSII cenrer has a high initiation threshold.
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Table 3. Basic and calculated values of the CFI curve in selected cruciferous species (relative units of the fluorescence reference for the phase of full
flowering of plant species BBCH 65-67), 2015-2020

Basic indicators

Estimated indicators and indices

Plant species dF,/

Fo Fpi Fmn Fy dFp Fy va EP Ly Qu RFqs Ke QP Kpp Ku V;
Raphanus sativus L. 498 671 1,808 551 173 1,310 0.132 0.725 3.631 0.380 2.281 0.305 0.960 2.631 3.281 0.040
var. oleiformis Pers. +56 +£74 +£509  +124
Brassica campestris 320 512 1,440 496 192 1,120 0.171 0.778 4.500 0.286 1.903 0.344 0.843 3.500 2.903 0.157
var. oleifera f. +42  +£97 +£308  £87
annua D.C.
Sinapis alba L. 384 560 1,529 528 176 1,145 0.154 0.749 3.982 0.335 1.896 0.345 0.874 2.982 2.896 0.126

+53 =£114 =+314 + 94
Brassica napus L. 560 800 1,711 688 240 1,151 0.209 0.673 3.055 0.487 1.487 0.402 0.889 2.055 2.487 0.111
var. oleifera Metzg. +64 +£67 +439  +122

The share of influence of experimental factors

LSDos Fo Fo Fa Fa factors Fo Fi Fin Fy
LSDy s factor A (year) 8.51 7.67 6.50 5.91 A 19.832 25.862 26.324 28.639
LSDy s factor B (plant species) 7.57 6.38 5.82 4.84 B 51.321 47.369 53.437 48.251
LSDy s interaction AB 10.80 11.38 9.59 8.77 AB 28.847 26.769 20.239 23.110
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Thus, this is a sign of its stress sensitivity to high and, especially, excessive thickening.
It will show a sensitive response to a smaller range of densities than for a species with a
low Fy value, for example, Brassica campestris var. oleifera f. annua D.C. It is predicted
that the reduction of the nutrition area of one plant in oilseed radish will give a more
noticeable reaction in the change of the fluorescence induction of chlorophyll than in
spring bittercress and white mustard. However, oilseed radish will be more tolerant to
changes in the nutrition area than spring rape. This is consistent with findings for other
crops in similar studies (Gu et al., 2017; Shomali & Aliniaeifard, 2020; Hosseinzadeh et
al., 2021). The conclusion is also consistent with the agrotechnological assessment of
the cultivation of the main cruciferous crops and its reaction to changes in the density of
placement (Shpaar, 2012; Kayagetin, 2020).

A similar character was established for the formation of such an indicator as
Fp1—the value of the fluorescence induction ‘plateau’. For spring mustard and white
mustard, its value was significantly lower compared to oilseed radish and spring rape.
The maximum value of the indicator of 800 relative units of the fluorescence was noted
in spring rapeseed (in total, it is 56.3% more than in spring bittercress, 42.9% than in
white mustard, and 19.2% than in oilseed radish). For oilseed radish, there is also a
pronounced arc-shaped transition from the maximum value of F, to the beginning of an
intense increase in the induction of chlorophyll. The same character with a pronounced
‘plateau’ was also noted for spring bittercress and with a shift in fixing time for white
mustard at the already mentioned lower amplitude. This type of fixation of the Fy
indicates differences in the functioning of the studied plant species. In oilseed radish,
this confirms its sensitivity to changes in cenosis tension with changes in density, as well
as to a possible reaction to changes in the concentration of chlorophyll in case of
intensive densification. This is indicated by the findings in the studies and
generalisations of Brack & Frank (1998), Brestic et al. (2012), Brestic & Zivcak (2013).

The Fn, indicator also had species specificity. The F,, intensity of oilseed radish
during the years of study was the highest among the studied species and amounted to
1,018 relative units. For example, this indicator in spring rape was 937 relative units,
white mustard — 621, and in spring bittercress — 569. It is known that even with a
saturating pulse, Fr, depends on the chlorophyll content of the tissue (Brion et al., 2000;
Brestic & Zivcak, 2013; Herritt et al., 2020). A decrease in Fp, indicates that the object
of study is under stress, which means that not all of the PSII electron acceptors can be
fully recovered. Considering that the basic stand density for the studied crucifer species
of 1.5 million germinable seeds ha™! is one of the recommended in the study area, we
assumed about the different stages of physiological state of leaves of different crucifer
species at the flowering stage (BBCH 65-67). Given that the studied species in order of
prolongation of vegetation can be placed in the following order - spring bittercress -
white mustard - spring rape - oilseed radish (Shpaar, 2012) and considering the
physiological specificity of crucifers to the maximum reduction of the percentage of
leafiness of the stem during plant maturation (Zhang et al., 2020), the indicator F
indicates that the productive efficiency of the leaf photosystem of spring bittercress is
phenostatically shifted to the phenological phase of stemming-budding. Due to this, the
age of the leaf at the flowering stage is less than for oilseed radish and spring rape with
an intensive peak value of the activity of the assimilation apparatus at the phenological
phase of budding-beginning of flowering and a functionally longer period of vital
activities of each leaf of plant. For white mustard, an intermediate pattern has been
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established in the dates indicated. This is confirmed by the leaf water potential (Luwy),
which is the ratio Fi, Fo'l. In healthy and young leaves, this ratio is about 4-5, and its
value depends on the effect of certain stress factors on the plant, e.g. during drought the
ratio can be reduced to 1 (Wang et al., 2016), indicating the destruction of PSII. This is
confirmed by our data - the indicator Ly, decreases consistently in the row spring
bittercress (4.50) - white mustard (3.98) - oilseed radish (3.63) - spring rape (3.05).

Numerous studies confirm that the EP parameter (Fv Fin!') measured in dark adapted
plants reflects the potential quantum efficiency of PSII and can be used as a reliable
indicator of photochemical activity of the photosynthetic apparatus. For most plants
under full development under non-stress conditions the maximum value of this parameter
is 0.830 (Bjorkman & Demmig, 1987; Brestic & Zivcak, 2013; Guidi et al., 2019).

Its decrease means that before the measurement, the plant was subjected to a stress
that damaged the S function, resulting in a decrease in electron transport efficiency. This
is often observed in plants exposed to various stress factors (Kalaji et al., 2017b;
Petjukevics & Skute, 2022; Feria-Gomez et al., 2022). The change in EP parameter value
is considered the most sensitive indicator of the effect of photo-inhibition (the
phenomenon of suppression of photosynthesis and damage to the photosynthetic
apparatus at high light intensity) (He et al., 1996). The EP parameter can also be used as
an indicator of the degradation of D;-protein (an important element of PSII), which has
been damaged during stress, e.g., light stress, or modified for other reasons, leading to
inactivation of FS reaction centres (Rintamiki et al., 1995). However, during prolonged
stress, there is a significant reduction in EP, which is also accompanied by a decrease in
photosynthetic intensity (Flexas e al., 2004; Posudin & Bogdasheva, 2010; Brestic et al.,
2012; Brestic & Zivcak, 2013; Stirbe et al., 2014; Kalaji et al., 2017b; Keller et al., 2019;
McAusland et al., 2019; Pérez-Bueno et al., 2019; Casto et al., 2021). Thus, taking into
account that the EP is an effective indicator of the optimality of growth and
physiological processes of plants associated with their photo-assimilating activity, the
agro-technological parameters of 1.5 million pcs. ha' of germinable seeds on an
unfertilized variant are the most optimal in such a reduction series of species - spring
bittercress - white mustard - oilseed radish - spring rape. This is also indicated by other
calculated coefficients of intensity and quality of chlorophyll fluorescence process, in
particular Que, Rs, V.

It should be noted that a special area on the CFI curve in the period of 62—65 seconds
of fixation of the device. This segment of the curve is noted in all years of research and
well expressed in oilseed radish. According to Korneev (2002), such a transition on the
segment of the Fin—Fy curve indicates physiological mechanisms of preadaptation of the
PSII photosystem during the transition to stationary fluorescence. According to Flexas
et al. (2002) this characterizes the stress sensitivity of the species in the area of transition
from the active expression of maximum fluorescence to its stationary level. The low
severity of this area on the CFI curve in white mustard is apparently due to the higher
rate of physiological aging of leaves than in other cruciferous species in the analyzed
group, as indicated in the publications Hasanuzzaman (2020).

In our study the parameter Fy should also be mentioned separately. This parameter
characterises the total intensity of chlorophyll fluorescence emitted by photosynthetic
objects under steady-state light conditions. After dark adaptation, it takes about
3-5 minutes for CFI curve to reach stationary state (Fy level). At this point, there is an
equilibrium between the assimilative force production in photochemical reactions
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(ATP and NADPH molecules) and the enzymatic reactions that use these molecules in
the dark phase. Any disruption of photosynthetic reactions (e.g. caused by stress factors)
delays reaching stationary state (Fy) (Korneev, 2002; Kalaji et al., 2017, 2017a). It is
noted (Ruban & Murchie, 2012; Mathur et al., 2014; Magney et al., 2020) that under
intensive stress as well as natural leaf ageing, the Fy value can be significantly higher
than the initial Fy value and vice versa under optimum conditions. Under excessive stress
factor conditions, the time to reach Fy is intensively shortened compared to normal or
optimum growth and development conditions for the plant species. The results of our
studies in the case of the value of F for the studied plant species confirmed the findings
regarding the phenostasis of leaf development and photosynthetic system of different
cruciferous species at the flowering date, and also allow us to indicate the specificity of
photosystems of oilseed radish and other studied species, for which the difference
between Fo and F parameters was 53 relative units, and for spring bittercress with a
similar index this value was 176 relative units. Thus, leaf apparatus of oilseed radish is
highly stress-sensitive due to the possibility of using the difference index Fo and Fy to
assess the overall level of adaptivity of the plant's photosystem. These conclusions are
confirmed by similar studies on a number of other plant species (Liu et al., 2017; Baba
et al., 2019; Maguire et al., 2020; Dechant et al., 2020).

Should also note that according to the value of photochemical quenching
fluorescence (QP), which characterizes the overall adaptability of plants to environmental
conditions (Korneev, 2002), the studied species according to their QP values can be
placed in the following order: oilseed radish (0.960) - spring rape (0.889) - white
mustard (0.874) - spring bittercress (0.843).

The species viability index (Req), which, when applied to the calculated indexes of
the CFI curve, shows the threshold level of the environmental stressor (Korneev, 2002;
Gururani et al., 2015), this series has a different character according to our estimates: oilseed
radish (0.695) - spring bittercress (0.656) - white mustard (0.655) - spring rape (0.598).

It can be stated, based on the analysis of the basic and derivative indices of the CFI
curve, that oilseed radish has both a high level of adaptability and also capable of long-
term resistance to high levels of exogenous stress factors, unlike spring rape, in which
the adaptive potential has limitations relative to the level of stress factor value.

The adaptability of the species is also characterised by the relative fluorescence
variable at time t - index V.. According to received data, which are also confirmed by
Brestic & Zivcak (2013), a lower level of V: indicates that the photosynthetic and
photochemical processes in the plants are optimal against the respective hydrothermal
regimes of the environment, determining the smoothness of the threshold indicative
points of the CFI curve. For oilseed radish in particular, this indicator was 69.5% lower
than the average value for the other species during the study period.

The significance of the above mentioned species-specific differences in the main
parameters of the CFI curve is confirmed by the results of analysis of variance of the
experiment data, where the interval of values within the limits of specific indicators was
47-53%, and their formation was significantly influenced by hydrothermal conditions
of vegetation in the corresponding interval of the influence share 19-29%. Given similar
studies (Naidu & Long, 2004; Murata et al., 2007; Kuhlgert et al., 2016; Ostrem et al.,
2018; Cong et al., 2022), such a level of dependence classifies cruciferous crops as
edaphic sensitive species and the chlorophyll fluorescence induction method itself as a
reliable indicator of optimal or stressful agrocenosis formation of these crops. Thus, the
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identified features of the formation of basic and indicative indicators of the CFI curve
confirmed the possibility of their use to identify the level of stress both environmental
conditions and agrotechnological factors of cultivation technology, which can be
considered as systemic stress factors in the system of assessment of photosynthetic
activity of plants. These conclusions are confirmed by a number of studies in the field
of chlorophyll fluorescence for the analysis of stress factors of agrocenoses of various
agricultural crops, in particular Arnetz (1997), Raza et al. (2017), Baker & Rosenqvist
(2020), Zelazny & Lukas (2020), Viljevac et al. (2022).

Experiment 2. Formation of CFI indicators depending on pre-sowing
agro-technological construction of the oilseed radish agrocenosis

The values of the CFI curve (Table 4) give reason to affirm that the density of
oilseed radish plants, sowing method and the mineral fertilizers was stress factors that
affect plant growth and development, the formation of corresponding plant mass and
corresponding levels of photosynthetic activity. It was determined that the value of the
Fy criterion decreases with the reduction of the area of plant nutrition.

A constant tendency to decrease Fo within the studied options and the minimum
values of this indicator for the maximum area of plant nutrition (variant 0.5 million
germinable seeds ha') was established. The indicative reaction of oilseed radish plants
to the change in the density of the agrocenosis in the reaction of photosynthetic processes
was confirmed.

Given the steady downward trend in Fo within the studied variants and the minimum
values of this indicator at minimum seeding rates for both sowing methods, oilseed
radish should be attributed to species with a highly sensitive response to its agrocenosis
density, which will be indirectly expressed in photosynthetic processes as well. The
percentage reduction in Fo in comparing the seeding rates thresholds was 24.0% for row
sowing and 19.7% for wide-row sowing.

The percentage decrease in the value of Fy for the averaged fertilizer group in the
comparison of marginal technological options for row sowing was 24.0%, and for the
same interval of wide-row sowing 19.7%. In fact, the studied options detailed the
configuration of the area of nutrition of oilseed radish plants. With the row method of
sowing, it approaches a square shape, and with wide-row sowing, it approaches a
rectangular shape. That is, the change in the configuration of the power supply area
affected the CFI indicators. Judging by the dynamics of oilseed radish, it was tolerant to
higher levels of density in a row, provided that the inter-row distance is optimized
accordingly. According to the value of Fy on variants of 30 cm row spacing, the value of
reducing the distance between plants in a row within 5% of the technologically
appropriate will not significantly affect the intensity of photosynthetic reactions of the
PSII photosystem of plants. At the same time, the use of mineral fertilizers had a twofold
effect. Fertilization in the application rate of NooP9oKop in variants with a minimum plant
nutrition area (1.67x15.0 cm) ensured an increase in Fo by an average of 17.0%, creating
the prerequisites for plant miniaturization and the formation of depressed architecture
(noted in the studies of Cui et al. (2003)). At the same time and also enhances competitive
physiological growth plant processes, causes its idiotipic depression, signs of decreased
chlorophyll content (by colour change) and acceleration of the intensity of phenological
staging of the assimilating plant surface.
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Table 4. Baseline and estimated indicators of the CFI curve in the oilseed radish variety 'Zhuravka' depending on technological variants of pre-sowing
agro-technological construction its agrocenosis, 2015-2020 (in relative units for flowering phase BBCH 65)

Plant Fertilizer Basic indicators Estimated indicators and indices
placement F() Fp1 Fm Fst de1 FV del/FV EP pr Que RFd Kef QP Kprp de V1
4.0 1 565 662 1420 615 97 855 0.113 0.602 2.51 0.661 1.309 0433 0942 1.513 2309 0.058
million, 2 581 684 1,571 637 103 990 0.104 0.630 2.70 0.587 1.466 0405 0.943 1.704 2466 0.057
row 3 624 677 1,512 684 53 888 0.060 0.587 242 0.703 1.211 0452 0.932 1.423 2211 0.068
4 661 697 1,478 725 36 817 0.044 0.553 224 0.809 1.039 0491 0.922 1.236 2.039 0.078
3.0 1 522 612 1,509 557 90 987 0.091 0.654 2.89 0.529 1.709 0369 0.965 1.891 2.709 0.035
million, 2 536 630 1,611 584 94 1,075 0.087 0.667 3.00 0.499 1.759 0.363 0.955 2.006 2.759 0.045
row 3 546 632 1,644 598 86 1,098 0.078 0.668 3.01 0497 1.749 0.364 0.953 2.011 2.749 0.047
4 561 625 1,608 617 64 1,047 0.061 0.651 2.87 0.536 1.606 0.384 0.947 1.866 2.606 0.053
2.0 1 492 641 1,735 526 149 1,243 0.120 0.716 3.53 0396 2298 0.303 0973 2.526 3.298 0.027
million, 2 500 662 1,791 543 162 1,291 0.125 0.721 3.58 0387 2298 0.303 0.967 2.582 3.298 0.033
row 3 503 681 1,819 552 178 1,316 0.135 0.723 3.62 0382 2295 0.303 0963 2616 3.295 0.037
4 514 675 1,824 567 161 1,310 0.123 0.718 3.55 0392 2217 0.311 0960 2.549 3217 0.040
1.0 1 461 655 1,824 488 194 1,363 0.142 0.747 396 0338 2.738 0.268 0980 2957 3.738 0.020
million, 2 464 674 1,902 490 210 1,438 0.146 0.756 4.10 0.323 2.882 0.258 0982 3.099 3.882 0.018
row 3 463 692 1,944 484 229 1481 0.155 0.762 420 0313 3.017 0249 0986 3.199 4.017 0.014
4 459 711 1,978 477 252 1,519 0.166 0.768 431 0302 3.147 0.241 0988 3.309 4.147 0.012
2.0 1 505 642 1,690 576 137 1,185 0.116 0.701 335 0426 1.934 0341 0.940 2.347 2934 0.060
million, 2 515 667 1,718 592 152 1,203 0.126 0.700 3.34 0428 1.902 0345 0.936 2336 2902 0.064
wide-row 3 543 672 1,704 624 129 1,161 0.111 0.681 3.14 0468 1.731 0366 0.930 2.138 2.731 0.070
4 562 663 1,694 651 101 1,132 0.089 0.668 3.01 0496 1.602 0384 0.921 2.014 2.602 0.079
1.5 1 498 671 1,808 551 173 1,310 0.132 0.725 3.63 0380 2281 0.305 0960 2.631 3.281 0.040
million, 2 505 694 1,876 559 189 1,371 0.138 0.731 3.71 0.368 2.356 0.298 0.961 2.715 3.356 0.039
wide-row 3 509 709 1,952 561 200 1,443 0.139 0.739 3.83 0353 2480 0.287 0964 2835 3480 0.036
4 511 703 1,935 571 192 1,424 0.135 0.736 3.79 0359 2389 0.295 0958 2.787 3.389 0.042
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Table 4 (continued)

1.0 1 459 659 1,847 503 200 1,388 0.144 0.751 4.02 0.331 2.672 0.272 0.968 3.024 3.672 0.032
million, 2 457 674 1,894 492 217 1,437 0.151 0.759 4.14 0.318 2.850 0.260 0.976 3.144 3.850 0.024
wide-row 3 455 692 1,929 484 237 1,474 0.161 0.764 424 0309 2986 0.251 0.980 3.240 3.986 0.020
4 452 703 1,987 497 251 1,535 0.164 0.773 440 0.294 2.998 0.250 0.971 3.396 3.998 0.029
0.5 1 432 668 1,956 481 236 1,524 0.155 0.779 4.53 0.283 3.067 0.246 0.968 3.528 4.067 0.032
million, 2 428 683 2,028 475 255 1,600 0.159 0.789 4.74 0.268 3.269 0.234 0971 3.738 4.269 0.029
wide-row 3 425 711 2,104 465 286 1,679 0.170 0.798 495 0.253 3.525 0.221 0.976 3951 4.525 0.024
4 421 719 2,189 457 298 1,768 0.169 0.808 5.20 0.238 3.790 0.209 0.980 4.200 4.790 0.020
The share of influence of experimental factors
LSDos Fo Fo Fn Fa factors Fo Fpi Fin Fa
LSDy s factor A (year) 481 574 590 370 A 20,116 40,244 28,095 29.970
LSDy s factor B (sowing method) 277 331 340 214 B 19,330 8,447 19,545 6,330
LSDy s factor C (seeding rate) 392 468 482 3.02 C 26.595 9.473 42.346 39.300
LSDys factor D (fertilizer) 392 468 482 3.02 D 13.462 16.431 5.662 12.670
LSD s interaction AB 6.80 8.11 834 524 AB 0.020 0.009 0.076 0.023
LSDy s interaction AC 961 1147 11.79 7.41 AC 0.028 0.010 0.164 5.240
LSDy s interaction AD 961 1147 11.79 7.41 AD 0.014 0.017 0.022 0.010
LSD, s interaction BC 555 6.62 681 428 BC 11,908 21.323 2.579 1.224
LSDy s interaction BD 555 6.62 6.81 428 BD 2.613 0.240 0.038 0.732
LSDy s interaction CD 7.85 937 9.63 6.05 CD 2.380 2,762 0.496 4.333
LSDy s interaction ABC 13.59 16.22 16.68 1047 ABC 0.013 0.022 0.010 0.005
LSDy s interaction ABD 13.59 16.22 16.68 1047 ABD 0.003 0.001 0.001 0.003
LSDy s interaction ACD 19.22 2294 23.59 14.81 ACD 0.003 0.003 0.002 0.016
LSDy s interaction BCD 11.10 13.25 13.62 855 BCD 3,511 1.017 0.960 0.143
LSDy s interaction ABCD 27.19 32.44 33.36 20.95 ABCD 0.004 0.001 0.004 0.001

A factor — year conditions. Fertilizer options consistently: 1 — NoPoKo; 2 — N30P30K30; 3 — NeoP60Keo; 4 — NooPooKoo.
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The analysis of the F indicator for other technological options of the plant nutrition
area allowed to determine the optimal rates of fertilizers. It was N3oP30K3 for the interval
3.0-4.0 million germinable seeds ha' and NgPsoKeo for the interval 1.5-2.0 million
germinable seeds ha''. For the remaining technological variantss, it can be increased to
NeoPsoKeo. These results are also confirmed by the values of the other two basic
parameters of the CFI curve, Fpl and Fm, which demonstrated similar dynamics of
changes within the studied variants.

It was established that under conditions of saturated light intensity, the maximum
value of fluorescence on the induction curve was due to the dynamic balance between the
processes of fluorescence, photochemistry, and thermal dissipation. It is believed that at
point Fm, under conditions of maximum fluorescence, photosynthesis is at a minimum
level.

This index is the most variable of all others due to adaptive changes in the structure
of the pigment complex (Nesterenko et al. (2006). When there is insufficient light, both
light-gathering and aerial chlorophylls increase, which is accompanied by an increase in
the Fi level (Brestic & Zivcak, 2013). These are the reasons that lead to the largest range
of Fi, values, both when evaluating the formation of CFI curve indicators in different
types of cruciferous crops (Table 3) and its value for the studied variants (Table 4).

The dynamics of formation of Fm was similar to the change of the Fy indicator. It
was established that the optimal variants of the plant nutrition area also had a higher F,
index. This is explained by the reaction of the Fp—Fn, section of the CFI curve to factors
such as changes in plant illumination, damage to the photosystem by various types of
infections and pests, chlorophyll concentration, and the level of mineral nutrition. On
the basis of this, the optimal agrotechnological intervals for the nutrition area of oilseed
radish plants was similar to the determination based on the evaluation of the Fy index.
Similar conclusions were made in other studies (JanuSauskaite & Feiziene, 2012; Tikkanen
et al., 2014; Kalaji et al., 2017 and 2017b; Tsai et al., 2019; Hou et al., 2021; Tomaskin
etal., 2021; Valcke, 2021).

We should also note a certain specificity of fluorescence formation of the 'plateau’
zone Fy, the value of which had a more significant response to the fertilizer system than
to the variants of seeding rate and seeding method. This is indicated by the values of the
factor influence results in the multifactor dimensional analysis system, where the latter
accounted for 8.4-9.5% and the fertilizer for 16.4%. We assume that this dependence
can be explained by the nature of the F;; value. The fluorescence index at the F level is
due to rapid energy saturation by reaction centres (RC) that do not transfer energy to the
electron-transport chain (they do not recover the primary acceptor QA and thus there are
reaction centres that do not recover the electron-transport chain). The F,; index expresses
the slowing down stage of the CFI curve and determines certain species-specific features
of the levels of plant photosystem organization. The species specificity in this case is
characterized by a rather narrow interval spectrum of Fj values within the range of
610-720 relative units with predominance of even narrower interval of 630-660 relative
units. Additional mineral nutrition due to the optimization of the photosystem and the
increase in the concentration of chlorophyll (which was noted in the studies of
Nesterenko et al. (2006) and Kalaji et al. (2017 and 2017a)) provided higher Fy; values.

It should be noted that the EP (F/Fm) index we mentioned earlier, known in the
literature as the 'maximum quantum efficiency' of PSII (Kalaji et al., 2017b) is a measure
sensitive to photosynthetic productivity and effective in assessing photoinhibition.
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Researchers experimentally determined for other plants that this indicator heads towards
1 when the physiological state of the plant is normal (Korneev, 2002; Kalaji et al.,
2017a). According to these statements, the possibility of significantly optimizing the
functioning of the photosystem of oilseed radish plants in such options as 1.0 million
germinable seeds ha! (row spacing 15 cm, NgoP9oKoo) and 0.5 million germinable
seeds ha'! (row spacing 30 cm, NooP9oKo) was established. For these variants, the
EP indicator was 0.768 and 0.808, respectively.

The defined variants are characterized by the highest plant viability index (RFq),
high level of leaf water potential (Lwp), which essentially indicates the physiological
activity of leaves and the level of their watering (Lei et al., 2006; Evans, 2009). Other
positive features of these variants are the reduced photochemical quenching (Que) and
the significantly higher photosynthetic primary reaction efficiency (Krp) and the lowest
endogenous stress factor level (Ker). When comparing the variants 4.0 million pcs. ha!
of germinable seeds and 0.5 million pcs. ha™! of germinable seeds, we should note a
23.8% decrease in the intensity of photochemical reactions. According to Valcke (2021)
this pattern of ratio makes the variant of oilseed radish cultivation by row seeding with
the rate of 4.0 million pcs. ha! of germinable seeds to be clearly stressful with formation
of plants with reduced vitality morphological and physiological features and ultimately
forms a significantly lower biomass and seed productivity of the cenosis.

The conclusions made above and the results of the evaluation of criterion Fy are
confirmed. It is worth noting that the degree of decrease in chlorophyll fluorescence from
maximum (Fp) to steady-state (Fy) is often used as an integral indicator of the activity
of the photosynthetic apparatus of plants. It was noted (Nesterenko et al., 2006; Logan
etal., 2014; Jonathan, 2017) that F,; index the amount of chlorophyll not involved in energy
transfer to PSII reaction centres. An increase in this index indicates an inhibition of the
outflow of reduced photoproducts from reaction centres as a result of unfavourable
environmental factors. It is noted, that the value of this index can serve to diagnose the
intensity of the stress factor by estimating the time of its achievement on the CFI curve,
the ratio of its value between the initial chlorophyll fluorescence induction (Fo) and its
maximum value, and by comparing the difference between the value of Fy and F
(Rohacek, 2002; Nesterenko et al., 2012; Schreiber & Klughammer, 2013; Murchie et
al., 2018). Moreover, Flexas et al. (2002) recommend the use of steady-state fluorescence
to indicate the water status of plants by the ratio of Fy« and Fo. For oilseed radish was
established that the value of the steady-state fluorescence Fst is higher than the value of'its
initial level Fo. This difference amounted to 27-71 conventional fluorescence units.

It is important to note, that chloroplasts of oilseed radish leaves in the variants of
higher area of plant nutrition with a maximal fertilization rate are characterized by a
considerable drop of chlorophyll fluorescence from Fy, to stationary level Fg, that is a
sign of intensive course of dark photochemical reactions, which is an evidence of
optimization of vitamin tactics and physiological photochemical processes of plants.
Certain aspects of this were confirmed by research Sepulveda & Johnstone (2019),
Schuback et al. (2021).

It is installed that the Fy value for variants with maximum density of oilseed radish
plants had significantly higher values than in the variants with minimum density. When
applied to the Fy index, the optimality of the technological variant can be assessed by
comparing the Fo and Fy indexes. Closeness of their values against the background of
considerably according to Fy, index criterion results in decrease of the indicator of
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endogenous (stress) factors Ker, the value of which characterizes the total intensity of
stress on edaphic conditions (according to Schreiber & Klughammer, 2013; Ruban et al.,
2016) and increases the value of photochemical quenching of fluorescence QP
(according to Schreiber et al., 1995; Maxwell & Johnson, 2000; Korneev, 2002; Larouk
etal., 2021)). Thus, in comparing the variants 4.0 and 0.5 million pcs. ha! of germinable
seeds the value of K¢r was 47.6% lower for the lower limit variant of nutrition area. The
level of QP was higher on the average by 3.8% on the background the reduction of the
rate of relative variable fluorescence (Vi) by 57.7% and increasing of the rate of
photosynthetic primary reactions (Kprp) by 2.8 times.

Specific information about the physiological state of plants within the studied
experimental variants was obtained by analyzing the ratio dF, F,''. However, under these
excitation light conditions, this ratio can characterise the infectivity of the plants with
viruses (according to Korneev, 2002; Bonfig et al., 2006; Christen et al., 2007; Romanov
et al., 2010; Burling et al., 2011; Amri et al., 2021). In particular, in research Kirik et al.
(2011) an excess of dF,/Fy over 0.4 at excitation light intensities that do not saturate the
pigment matrix in energy indicates a high probability of plant viral infection.

In our studies, this coefficient was in the range 0.044-0.170 within the variants,
which may indicate that the plants are not infected with viral infection. Still, the tendency
for its value to increase with decreasing seeding rate and, consequently, the density of
the plants, indicates an increase in the potential for plant infections in oilseed radish by
optimizing growth processes, an intensive increase in vegetative mass, and as was shown
earlier before the increase of leaf watering by the water potential indicator Ly,.
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Figure 5. Induction changes of CFI curves in oilseed radish variety 'Zhuravka' under different
variants of research, average data 2015-2020.

Visualization of the peculiarities of the formation of the parameters of the CFI curve
(Fig. 5) clearly confirmed the described results. The overall stressfulness of the variant
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with 4.0 million pcs. ha! of germinable seeds according to the main accounting basic
parameters has been confirmed. This interval as stressful can also be identified by the
characteristic part of the CFI curve (62—-65 seconds of registration) of beveled plateau-
like character, which at a lower plant nutrition area had a shorter fixation period and less
pronounced character with a smoother transition to steady fluorescence (Fs). This is
confirmed by the results of the visual assessment of the CFI curves for the different plant
species carried out in the studies by Lootens et al. (2004), Lichtenthaler et al. (2005),
Balezentiené & Siuliauskiené (2007), Brestic & Zivcak (2013), Murchie & Lawson
(2013), Kalaji et al. (2017D).

Our conclusions are also supported by the results of the summary cluster analysis
of the baseline indicators of the CFI curve (Fig. 6). By value of Euclidean distance,
variants with seeding rates of 4.0 and 3.0 million pcs. ha! of germinable seeds in row
sowing have essential criterial distance in values of induction indices in relation to
variants with seeding rates in the interval of 0.5-1.0 million pcs. ha™! of germinable
seeds. As for seeding methods, the nature of the Euclidean distance indicates that the
intensity of the decrease in the values in the cluster system for string sowing covers
agrotechnological variants from 2.0 million pcs. ha' of germinable seeds without
fertilizer to 3.0-4.0 million pcs. ha! of similar seeds for all variants. application of
fertilizer. For wide-row sowing, this interval has a smaller technological range and
includes variants from 1.5 million pcs. ha'! of germinable seeds without fertilizer to
2.0 million pes. ha! of germinable seeds against all fertilizer options.

Dendrogram. Full link method
Euclidean distance

lillion, row, 0*
million, row, F

1N
O
3

N NN

oz F=1=)

33 33

Soves

857733333

s 2ssEss

e
2233333

Eggiiiii

g OO I

o

100 200 300 400 500 600 700 800 900
* the application rate of fertilizers in kg ha™.

Figure 6. Dendrogram of cluster analysis (full link method) for baseline indicators of CFI curve
in the context of the studied technological variants, average data 2015-2020.

Based on this, it was concluded that from the position of providing the optimization
of photosynthetic apparatus activity of oilseed radish plants the configuration of plant
nutrition area is essential for oilseed radish, and the change of row spacing allows to
shift the expediency of applied seeding rate to higher level of predicted calculation of
plant productivity increase its biological level. That is to say with reference of Driever
et al. (2014) the combination of appropriate levels of plant photoassimilation with
predicted productivity of 1 m? of accounting area was achieved.
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The results of summary clustering of data allow and confirm the stress of
application of high rates of fertilizers with an increase in seeding rate over
2.0 million pes. ha! of germinable seeds for row sowing of oilseed radish and over
1.5 million pcs. ha™! of germinable seeds for wide-row sowing variant. This indicates the
closeness of Euclidean distances for variants with the absence of fertilizer and variants
with a fertilization rate of NogPgoKoo.

This is confirmed by the closeness of the Euclidean distances for variants with a
fertilizer rate of 0 and 90 kg ha'!. With an increase in the area of plant nutrition, paired
systems of combinations of Euclidean distances were noted in the variants of technological
pairs of 60-90 kg ha™! for close technological groups in terms of the area of plant nutrition.

More detailed and deep analysis of the features of CFI curve indication is performed
by their correlation in a single system, which, according to Larouk et al. (2021) allows
to determine the combinatorics of its influence in the physiological process of
photoassimilation and plant photosystem functioning. Based on the values, the strongest
correlations are found for the maximum fluorescence (Fn) with high marginal correlation
values, either directly or inversely related to other indicators in a pairwise correlation
(Table 5). Accordingly, the least significant correlation among the correlation pairs of
the comparison is found for the 'plateau’ zone fluorescence indicator (Fp). In our opinion,
this can be explained by the nature of the role of these indicators in the dynamic
processes and energetics of the CFI curve formation. The Fm value is the main indicator
of the fluorescence process, which determines the overall intensity of the process and
the psolidating nature of its attenuation rates. The range of correlation coefficients is
intrinsic to the system of such analyses, as observed in both the earlier (Korneev, 2002),
and more recent (Bussotti et al., 2020; Larouk et al., 2021; Rao et al., 2021) publications.
It is noted that the value of the correlation can change both in magnitude and direction.

Table 5. Range of the correlation coefficients of the CFI curve (range of values during 2015-2020)
Fpl Fm Fst FV EP pr Que ISP

Fo 0.634— -0.468"- 0394~ -0.387"- -0.454"- -0.602""- 0.396 -0.381"-
0.732""  -0.844™ 0.768™" -0.792"" -0.846™"  -0.945"" 0.946™  -0.601"

Fp 0342~ -0.076™— 0.243"—  0.090™-  0.094™— 0.053™— 0.426™—
0487 0275 0334 0262° 0264  -0264"  0.569"

Fin 0.6437- 0.762°- 0.7317- 0728~ 0730~ 0.628"~
0.807" 0992 0.963™  0.964™  -0.964"  0.839™

Fy 0.6427- -0.680"—  -0.681"-  0.680"-  -0.505""-
0.840°7 20910 -0.910™" 0911 -0.641"

F, 0739~ 0727~ 0718~ 0.678"
0.986™ 0981 -0.9777 0.818""

EP 0763~ 07327~ 04517
0.987""  -0.985™  0.773""

Lup 07557 0449
20.989" 0779

Que -0.459"~
-0.775™

Legend: ISP —Individual Seed Productivity (gplant!); ns not significant at 5%;
¥, ¥F % Significant at 5%, 1%, 0.1% level probability, respectively.
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This process is primarily influenced by stress factors such as drought, high or low
temperatures, plant diseases or viral infection. In our case, we observed only a significant
decrease in the indicator across a range of dependencies, often in the range of two or
threefold decrease, as Table 5 clearly shows. It should be noted that the tightness of the
relationship increased as the stress of the year increased and, conversely, tended to
decrease as the parameters optimised. However, cases of directional changes in
dependence were rare. According to the findings of Bussotti et al. (2020), this indicates
that the baseline indicators of the CFI curve for oilseed radish can be used in a system
for assessing the adaptive strategy in terms of its vitality tactics.

An indicator of seed productivity of plants was introduced into the system of
correlations, as a result criterion of the optimality of the area of plant nutrition.

Analysis of the seed yield of oilseed radish plants within the studied
agrotechnological variants (Fig. 7) showed significant differences between them in the
value of the existing indicator of the biological level of individual seed productivity over
a multi-year evaluation period.
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Figure 7. Individual seed productivity of oilseed radish plants (biological level) of 'Zhuravka'
variety in various variants of experiment 2, average data 2015-2020.

(For factors A —year, B—sowing method, C—seeding rate, D — fertilizer: LSDys: A—0.08, B—0.05, C—0.06,
D-0.06, AB-0.11, AC-0.16, AD-0.16, BC-0.09, BD-0.09, CD-0.13, ABC-0.22, ABD-0.22,
ACD-0.32, BCD-0.18, ABCD —0.45. Fraction of the resultant effect of experience factors on the resultant trait
(%): A 21.75; B 14.10; C 34.73; D 12.25; AB 1.89; AC 2.31; AD 1.00; BC 4.96; BD 0.75; CD 4.17; ABC
0.84; ABD 0.14; ACD 0.47; BCD 0.40; ABCD 0.25).

Noted the steady growth of seed yield from a plant for the growth of the nutrition

of plant. The overall average growth in the comparison of variants of row-crop and wide-
row sowing was 1.82. This means that a change in the configuration of the feeding area

703



has a positive effect on the formation of the reproductive effort of plants and its
assimilative activity. Fertilizers in general had a positive effect on the level of seed yield
from the plant, providing an average increase of 9.6% to the control. The effect of
fertilizer application was significantly different. Within the variants of row sowing,
increases from growth of fertilizers rate to 60 kgha'! (nitrogen, phosphorus and
potassium) at the level of 5-11% were considered for variants 3.0-4.0 million pcs. ha™!
of germinable seeds. An increase in the fertilizers rate up to 90 kg ha™! (nitrogen,
phosphorus and potassium) for these variants did not form the subsequent growth, but on
the contrary had the opposite effect in comparison with the fertilizers rate of 60 kg ha!
(nitrogen, phosphorus and potassium). In general, we noted a pattern of increase in
growth from the use of fertilizer in comparison with the previous version of the fertilizer
with an increasing pattern for both increasing the width of row spacing and reducing the
seeding rate. Thus, the average growth rate of fertilizer for row sowing was 7.1% for the
period of research, and for wide-row sowing - 11.9%. The minimum increase of
4.0-5.0% was recorded in variants with seeding rate of 3.0-4.0 million pcs. ha! of
germinable seeds, and the maximum increase of 16.4-21.7% in variants with
1.0 million pcs. ha! of germinable seeds for row sowing and 0.5 million pcs. ha' of
germinable seeds for wide-row sowing. At the same time, the performance of individual
seed production was significantly influenced by the weather conditions of the growing
season, with the factor share of the impact of agri-environmental factors of the year in
the system of studied variants was 21.75%. Based on the climatic resources of the
research region the yield of oilseed radish seeds of the studied genotypes varies from
1.1 to 2.5 t ha'! and corresponds to the potential of the studied varieties of oilseed radish
(Tsytsiura, 2019, 2020), and the yield is the integration of standing density and
individual productivity of one plant, the most appropriate variant should be considered
in the interval of 1.0-2.0 million pcs. ha! of germinable seeds at row sowing with the
fertilizers rate 30-60 kg ha™! (nitrogen, phosphorus and potassium) of fertilization and
1.5 million pcs. ha! of germinable seeds at row sowing with the fertilizers rate
60-90 kg ha™! (nitrogen, phosphorus and potassium).

Although these variants do not exhibit the effective-optimal level of the CFI curve
for a number of indicators (emphasis added above), the level achieved in the experiment,
combined with factors of the appropriate reproductive architectonics of the plants, is
sufficient to obtain the maximum yield in the system of variants of the experiment. This
is also confirmed by the results of the correlation analysis (Table 5). According to the
obtained values of the correlation coefficients, the basic indicators of the CFI curve can
be used in predicting the yield of oilseed radish seeds. This possibility is confirmed for
a number of cruciferous crops in studies Guo et al. (2005), Jamil & Rha (2013), Athar et
al. (2015), Kalaji et al. (2018), Bukhat et al. (2020), Ayyaz et al. (2021), De Canniére &
Jonard (2021).

The magnitude of the correlation coefficients associated with the ISP indicator
proved a significant negative correlation between the yield seeds of oilseed radish and such
indicators of the CFI curve as Fo, Fi. The direct significant correlation was determined
for Fyi, Fm, Fy, EP, Lyp and Q.. Given the variation in closeness of relationship and the
recommendations of Arkes (2019), the most reliable criteria for predicting individual
levels of seed production of oilseed radish plants will be Fi, Fy and their ratios. Similar
results, given the biological and physiological specificity of cruciferous plants, were
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reported in studies with rapeseed and white mustard by Jamil & Rha (2013) and Kalaji
et al. (2018). However, the evaluation period of these authors was shorter or compared
to typical and stressed years.

The role of weather conditions in the formation of indicators of the CFI curve

The aspect of significant influence on chlorophyll fluorescence hydrothermal
regime of the year is not new. A number of recent generalized publications (Brestic &
Zivcak, 2013; Abid et al., 2016; Kalaji et al., 2017b; Jedmowski et al., 2015; Hamann,
2021; Larouk et al., 2021; Moore et al., 2021; Lin et al., 2022; Wang et al., 2022)
emphasize both the influence on the magnitude and expression of the basic criteria of
the CFI curve of temperature and moisture regime, and their systemic impact on the
overall nature of photosynthetic activity of the assimilative surface of plants. These
conclusions was supported by the results of the assessment of baseline and estimated
CFI curve indicators for the most stressful conditions in 2015 (Table 2, Fig. 1) presented
in Table 6.

Changes were assessed against a total six-year study period in which three years
was stressful (aridity, high average daily temperatures) in terms of HTC (2015, 2016,
2017) and three with near-optimal temperature regimes against excessive moisture
(2018-2020). (Table 2). It allowed to use the six-year test cycle as a statistically valid
comparison to the most stressful year according to McDonald (2014). The obtained
results indicate an overall decrease in the aggregate system of agro-technological options
as a percentage comparison with the average annual cycle of counts for the period
2015-2020: Fyi by 1.3%, Finby 11.8%, EP by 8.7%, Lwp by 15.9%, RFq4 by 25.3%, Ky
by 21.9%, K by 17.7%. At the same time, there was an increase in the following
indicators: Fo by 5.1%, Fs by 7.3%, Que by 40.4%, Ker by 24.0%, Vi by 71.3%. Thus, for
oilseed radish in general, with a significant decrease in moisture supply against the
background of an intensive increase in average daily temperatures is characterized by a
general decrease in the amplitude of the curve CFI against the background of increasing
fluorescence ‘plateau’ zone (Fp) and the value of steady-state fluorescence (Fs).

This results in an overall increase in overall plant stress and a decrease in plant
vitality according to the given reduction dynamics of the criteria Lwp, RFq4, Ky, and Ky
Against this background the intensity of the relative variable fluorescence at time t (Vy)
increases significantly, indicating an increase in the reaction rate in the Fn,—F part of the
curve with an earlier shift of 3—4 seconds in the Fg-achieving point. This is clearly
confirmed by the data in Fig. 8 within the limits of the technological variants studied
in 2015.

In addition, for the stressful 2015 of the lines of the CFI curve had a pronounced
microrelief oscillating character with a weakly pronounced ‘plateau zone’ in the range
of 62—65 seconds, especially in the case of maximum density of agrocenosis of oilseed
radish. At the same time, the maximum reduction of indicators by the specified general
tendency was observed for seeding rates in the range of 3.0—4.0 million germinable
seeds ha! at row sowing with maximum effect in variants of application fertilizing rate
of N3o_60P30-60K30-60 and rates in the range of 1.5-2.0 million germinable seeds ha™! with
fertilizing rate of NooP9ooKoo at wide-row sowing. However, there was a significant
difference in plant stress response between row sowing and wide-row sowing with an
averaging factor of 1.117 in the wide-row/row sowing system.
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Table 6. Baseline and estimated indexes of the CFI curve in the oil radish variety 'Zhuravka' depending on technological variants of pre-sowing design
of its agrocenosis, 2015 (in relative units of the fluorescence on the phase of flowering BBCH 65)

Plant Fertilizer Basic indicators Estimated indicators and indices
placement F() Fp1 Fm Fst del FV del/FV EP pr Que RFd Kef QP Kprp de V1
4.0 million, 1 579 655 1,160 629 76 581 0.131 0.501 2.00 0997 0.844 0.542 00914 1.003 1.844 0.086
row 2 590 671 1,284 654 81 694 0.117 0540 2.18 0.850 0.963 0.509 0908 1.176 1.963 0.092
3 638 689 1,127 707 51 489 0.104 0434 1.77 1305 0.594 0.627 0.859 0.766 1.594 0.141
4 687 711 1,057 755 24 370 0.065 0350 1.54 1.857 0400 0.714 0.816 0.539 1.400 0.184
3.0 million, 1 533 603 1,348 594 70 815 0.086 0.605 2.53 0.654 1.269 0.441 0925 1529 2269 0.075
row 2 548 621 1,409 625 73 861 0.085 0.611 2.57 0.636 1254 0.444 0911 1.571 2.254  0.089
3 568 628 1,307 642 60 739 0.081 0.565 230 0.769 1.036 0.491 0.900 1.301 2.036 0.100
4 590 618 1,265 665 28 675 0.041 0534 2.14 0.874 0.902 0.526 0.889 1.144 1.902 0.111
2.0 million, 1 511 633 1,568 556 122 1,057 0.115 0.674 3.07 0.483 1.820 0.355 0957 2.068 2.820 0.043
row 2 521 648 1,602 578 127 1,081 0.117 0.675 3.07 0.482 1.772 0361 0947 2.075 2.772 0.053
3 535 668 1,529 596 133 994 0.134 0.650 2.86 0.538 1.565 0390 0.939 1.858 2.565 0.061
4 551 661 1,495 618 110 944 0.117 0.631 2.71 0.584 1419 0413 0929 1.713 2419 0.071
1.0 million, 1 478 645 1,633 517 167 1,155 0.145 0.707 3.42 0414 2.159 0317 0966 2416 3.159 0.034
row 2 486 661 1,744 524 175 1,258 0.139 0.721 3.59 0.386 2.328 0300 0.970 2.588  3.328 0.030
3 492 677 1,655 526 185 1,163 0.159 0.703 3.36 0423 2.146 0318 0971 2364 3.146 0.029
4 501 691 1,639 539 190 1,138 0.167 0.694 327 0440 2.041 0.329 0967 2271 3.041 0.033
2.0 million, 1 527 636 1,504 609 109 977 0.112 0.650 2.85 0.539 1.470 0405 0916 1.854 2470 0.084
wide-row 2 535 665 1,588 631 130 1,053 0.123 0.663 297 0.508 1.517 0.397 0.909 1968 2.517 0.091
3 541 668 1,516 672 127 975 0.130 0.643 2.80 0.555 1.256 0.443 0.866 1.802 2.256 0.134
4 617 659 1,461 708 42 844 0.050 0578 2.37 0.731 1.064 0485 0.892 1368 2.064 0.108
1.5 million, 1 518 664 1,714 579 146 1,196 0.122 0.698 3.31 0.433 1.960 0.338 0949 2309 2960 0.051
wide-row 2 529 687 1,776 594 158 1,247 0.127 0.702 3.36 0.424 1.990 0.334 0948 2357 2990 0.052
3 544 699 1,763 615 155 1,219 0.127 0.691 324 0446 1.867 0.349 0942 2241 2.867 0.058
4 569 690 1,669 636 121 1,100 0.110 0.659 293 0.517 1.624 0381 0939 1933 2.624 0.061
1.0 million, 1 474 652 1,750 531 178 1,276 0.139 0.729 3.69 0.371 2.296 0303 0.955 2.692 3.296 0.045
wide-row 2 481 663 1,811 539 182 1,330 0.137 0.734 3.77 0362 2360 0298 0.956 2.765 3.360 0.044
3 491 678 1,795 552 187 1,304 0.143 0.726 3.66 0.377 2.252 0308 0.953 2.656 3.252 0.047
4 509 683 1,728 570 174 1,219 0.143 0.705 3.39 0418 2.032 0.330 0950 2395 3.032 0.050
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Table 6 (continued)

0.5 million, 1 443 660 1,898 498 217 1,455 0.149 0.767 4.28 0.304 2811 0.262 0962 3.284 3.811 0.038
wide-row 2 448 674 1,962 500 226 1,514 0.149 0.772 438 0.296 2.924 0.255 0.966 3.379 3.924 0.034
3 454 699 1,955 502 245 1,501 0.163 0.768 4.31 0302 2.894 0.257 0.968 3.306 3.894 0.032
4 456 704 1,971 509 248 1,515 0.164 0.769 4.32 0.301 2.872 0.258 0.965 3322 3.872 0.035
The share of influence of experimental factors
LSDos Fo Fo Fm Fit factors Fo Fpi Fin Fst
LSDy s factor A (sowing method) 3.24 4.36 9.61 658 A 14.38 13.26 42.63 5.19
LSDy s factor B (seeding rate) 4.58 6.16 13.60 930 B 64.97 13.23 51.25 77.98
LSDy s factor C (fertilizer) 4.58 6.16 13.60 930 C 12.71 27.63 2.78 12.01
LSDy s interaction AB 6.48 8.71 19.23 13.16 AB 2.46 39.92 2.03 0.20
LSDy s interaction AC 6.48 8.71 19.23 13.16 AC 0.31 0.36 0.49 0.27
LSDy s interaction BC 9.17 12.32 27.19 18.61 BC 4.77 2.78 0.70 4.27
LSDy s interaction ABC 12.97 17.42  38.46 26.31 ABC 0.40 2.81 0.12 0.09

Fertilizer options consistently: 1 — NoPoKo; 2 — N30P30K30; 3 — NeoPs0Keo; 4 — NooP9oKoo.
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The obtained data are positively correlated with a number of recent publications in
this field of research such as Guidi et al. (2019), Baldocchi et al. (2020), Hamann (2021),
Larouk et al. (2021), Ashrostaghi et al. (2022), Guo et al. (2022).

With similar tendencies in the basic and derived indicators of the CFI curve for
oilseed radish under stress (water deficit and high average daily temperatures), certain
peculiarities was we also established. The following features of the formation of the CFI
curve in the conditions of the stress effect of the hydrothermal regime on the vegetation
of oilseed radish were determined, in particular fixation of the parameter F, on the
dynamic section of the CFI curve (no classical 'plateau’ for the increase of environmental
stressors), the long fixation period of the same Fy, values, which creates a plateau effect
in the fixation area of maximum fluorescence, the long fixation period and equal values
of the stationary fluorescence (Fy).
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Figure 8. Induction changes of CFI curves in oilseed radish variety 'Zhuravka' under different
variants for conditions of the most stressful hydrothermal regime, 2015.

Given the defined approaches for assessing plant stress responses in the general
kinetics of the CFI curve according to Thach et al. (2007) and Brestic & Zivcak (2013)
and Stirbet et al. (2018) oilseed radish were classified as a sensitive plant for both
moisture and temperature stress parameters. This is confirmed by the simultaneous
increase in Fo and Fg with a disproportionate decrease in Fi, against the background of
the combined stress index of the hydrothermal coefficient (HTC) used in the analysis.

Interpretation of statistical evaluation of CFI curve indicators

In addition to the classical statistical data processing (ANOVA analysis), the Tukey
HSD Test in R statistic was applied to the data averaged in repetitions over the period
2015-2020. Table 7 presents the results of the conducted statistical evaluation, which,
in comparing successive pairs of variants, is typologically similar to the criterion 'LSDy s
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interaction BCD' (the resulting indicator of the interaction of factors in the general
scheme ANOVA analysis (Table 1)).

Table 7. Tukey HSD Test results for baseline CFI curve, 2015-2020

Df Sum Sq Mean Sq F value Pr(>F)
Fy index
RE 31 154,038 4,969 11.82 <2e-16""
Residuals 96 40,342 420
Fp1 index
RE 31 150,021 4,839 11.92 <2e-16""
Residuals 96 38,963 406
Fi index
RE 31 4,406,222 142,136 1,145 <2e-16™"
Residuals 96 11,914 124
Fy index
RE 31 573,166 18,489 233.5 <2e-16 ***
Residuals 96 7,602 79

Signifscant codes: <> 0.001; <™ 0.01; <*> 0.05; <> 0.1; 1.

On the basis of the Tukey HSD Test, a significance matrix was constructed
comparing pairs of possible combinations of research factors (Fig. 9). The specified
matrix made it possible to place the basic indicators of the CFI curve of oilseed radish
in relation to the reliable response of its values to the investigated agrotechnological
factors in such a dynamic growth row Fo (302 non-significant pairs of comparisons in
the general scheme of factor combinations) <Fp (297 non-significant pairs) < Fg
(93 non-significant pairs) <Fn, (25 non-significant pairs). The presented series
corresponded to the level of physiological sensitivity of the CFI curve indicators to
changes in the area of plant nutrition and its configuration under different rates of
fertilizers. On the other hand, this nature of its formation in view of the statement
regarding the variation of physiologically constant plant traits ensured the increasing
nature of the variation of the CFI curve indexes at each point of its fixation with extrema
in the sections of the curve Fo—F and Fu—F:. These statistical results, taking into account
the significance of the differences between the marginal technological variants of the
general experimental system for the Fo and Fy indicators, as well as the increase in the
significance of the difference for technologically close variants for the F, and F
indexes, proved the possibility of using the chlorophyll fluorescence induction method
for selecting the optimal variants for the nutrition area and the corresponding fertilization
of oilseed radish plants.

Cstatistically confirms the conclusions made and the value of the LSDy s criterion
of the interaction of BCD factors according to the classical scheme of the ANOVA test
(Tables 4, 6). The significance of the dimension of this criterion corresponded to the
significance of the difference between pairs of comparisons for the Tukey HSD test.
However, the clarity of the Tukey test is beyond doubt.
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No | Ncv 1 2 3 4 5 [ 7 3 9 10 " 12 13 14 15 16
T BCiDq| - cd cd cd cd [abcd| abc [ abc [ abcd [ abcd apcd | abcd [ abcd [ abed
2 [BCiD;| cd = cd cd cd ap [ ab ac [ apcd [ abed [ aped | abed | aped | abed [ abed [ abed
i BeD abod | abcd | o Ao el el _;1_“%23 Mmoo Am
161Dy = e | a ac Y al al
5 [B,CiDi cd cd cd cd &I [od [ & | od | abc [ abe | ahc | @hcd | ahed | abod | aba
6 [B,CiD;] cd cd cd cd cd - [ cd cd cd abed | abe cd | abcd | abed [ abed
7 [BoCiDa[ cd cd cd cd cd c = cd cd [ abcd [ abcd | abcd | cd | abcd | abcd [ abed
8 [B,CiD4] cod cd cd cd cd d c — cd ab [ abc [ ab cd a ap ap
9 [BsCiDq| cd cd cd cd cd cd [ cd cd = cd cd cd d ap ap ab
[ 10 [BsCiD3[ cod cd cd cd cd cd [ cod cd 3 = cd cd d cd cd a
T 1BsCiDs[ cd cd cd cd cd cd [ cd cd ap c = cd abd [ cd cd cd
12 [BsCiDy] cd cd cd cd cd cd | cd cd ab cd d = ad cd cd cd
T3 B.CiDq[ cd cd cd cd cd cd [ cd cd cd cd cd = cd cd cd
11 [B.CiD;| cd cd cd cd cd cd cd cd cd cd cd cd c = cd cd
15 [B.CiDs cd cd cd cd cd cd [ cd cd cd cd cd c = cd
|16 [BsCiDy| cd cd cd cd cd cd [ cd cd cd cd cd cd ahe 3 c =
17 [B.CDq| cd cd cd cd cd cd cd cd cd cd cd c cd cd abcd | abcd
|18 [BiC;03[ cd cd cd cd cd cd | cd cd d cd cd cd cd cd cd acd
|19 |B,C:Da| cd cd cd cd cd cd cd cd cd cd cd cd cd cd cd acd
|20 |B,C;D4] cd cd cd cd cd cd cd cd cd cd cd cd cd cd acd acd
2 B.CDq cd cd cd cd cd cd cd cd cd cd cd cd cd cd cd cd
27 [B,Ci0;[ cd cd cd cd cd cd | cd cd cd cd cd cd cd cd cd cd
23 B, C0:| cd cd cd cd cd cd cd cd cd cd cd cd cd cd cd cd
|24 [B,C;04] cd cd cd cd cd cd [ cd cd cd cd cd cd cd cd cd cd
25 [ByCDq| cd cd cd cd cd cd cd cd cd cd cd cd cd c c cd
26 [BsC:D2[ cd cd cd cd cd cd cd cd cd cd cd cd cd cd c c
27 |ByCDs| cd cd cd cd cd cd cd cd cd cd cd cd abc c cd c
|28 [B;C;D4] cd cd cd cd cd cd | cd cd cd cd cd cd abc c c d
|29 |B,C;Dq4[ cd cd cd cd cd cd cd cd cd cd cd cd c cd cd cd
[ 30 [B4C,0;] cd cd cd cd cd cd | cd cd cd cd cd cd c cd cd cd
I [BsC0;] cd cd cd cd cd cd cd cd cd cd cd cd cd cd cd cd
32 [B4C:04] cd cd cd cd cd cd cd cd cd cd cd cd cd cd cd cd
No | New [ 17 [ 18 | 19 [ 20 A |2 B | |5 [ % [x7 |28 [ [0 [# 32
T [B«CiDq[ abed [ abed [ abe [ abed | abed [abed| abed| abed | abed [ abed | abcd [ abcd | abed [ abed [ abed [ abed
2 [B4CqiD[ abed | abed c [ abcd [ abcd [abcd| abcd| abcd | abed | abed | abcd [ abcd [ abcd d [ abcd [ abcd
g §1g133 Qg abﬁd a,b,%d Qg %%%d abgd abed | abed abgg abcd : a&cg abgd abcd 2&@&1 ahcg
1la] [ [+ Lot C C
5 [B;Ci0h[ Bed abc | abed %E%f:%éf%gﬁg a%QT Jé,bp abed | abed [ ahed %%T
6 B.CiD; abcd [ abed [ abcd [ abed [abcd[ abe | abed | abed [ abed | abcd abcd [ abed abcd
7 [BCiDs] cd apcd | od | abod [abed]| abed| abed abcd | ahcd | abed | abed | ahcd [ ahcd | abed
8 [B,CiDs| cd [abed [ abc [ cd [ abed [abcd[abcd| abed | acd | acd | abed [ ahcd [ abed | abed abed
9 [BaCiDa[ acd cd cd cd cd [abcd[ bed [abed [ cd | acd acd | acd | cd [ bed [ abed
10 |BiCiD;| ¢ c cd cd c c c cd cd cd cd acd cd cd cd cd
M |BsCiDs| cd cd cd cd c c [ cd cd cd cd acd cd cd cd cd
12 |B2CiD4| cd cd cd cd [ c c c d cd cd cd cd cd cd cd
13 |B4CiDs| cd cd cd cd d cd |abed| ac cd cd cd cd cd c be | abe
14 [BsCi0; cd cd cd cd cd cd cd cd cd cd cd cd - c c c
[15 [BsTiD3[ cd cd cd cd cd d d cd cd cd cd d c c c
[16 |BsCiD4| cd cd cd cd cd cd cd cd cd cd d c c c
17 [BaCoDa [ - cd cd cd cd c | od | cd cd cd [ acd [ bod [ cd cd cd [ abcd
[ Bl © = cd cd cd cd [ cd cd cd cd cd cd cd cd cd cd
(19 [BC0, d d - cd cd [ cd [ cd | cd cd cd cd cd cd cd cd cd
[ 20 [BC,0,[ d cd d = cd cd [ cd cd cd cd cd cd cd cd cd | abcd
A [BCDy| «d cd cd cd - cd | cd cd cd od cd acd cd cd cd cd
2 |BCiDa| cd cd cd cd c - || cd cd cd cd cd cd cd cd cd
23 |B:CiD3| «d cd cd cd [] c — cd cd cd cd cd d cd cd cd
A BCOs cd | cd | cd | cd | ¢ | o | - | - Tcd | ¢d | ed [ cd | d [ cd | cd | cd
25 [ByCoDy| cd cd cd cd cd cd | cod cd = cd cd cd cd cd cd c
2% [BiColy| cd cd cd cd cd d | cd]| cd c = cd cd cd cd cd c
27 |BaCoD3| od cd od cd cd cd | cod d c c - od cd c c c
8 |ByCoDa| cd cd cd cd od cd | od | cod c c [ = cd od cd c
29 |BsCoDq| cd cd cd cd cd cd | cd cd cd cd cd cd - cd cd cd
M |BCDz| ed | od | od | od | od | ed | ed | ed | ed | ed | od | od | ed | - | cd | cd
N [BCoDs| cd cd cd cd cd cd | cd | cd cd cd cd cd cd c - cd
32 |BaCiDs| cd cd cd cd cd cd | cd cd cd cd cd cd cd o c -

Ncv — combination of research factors according to the scheme (Table 1); a,b,c,d — comparable pairs of
variants with a significant difference in terms of Fo, Fpi, Fm and Fs, respectively (at the 95% family—wise
confidence level).

Figure 9. Reliability of matching pairs of the combination of research factors according to Tukey
HSD test.

In addition to a comprehensive assessment of the CFI curve parameters in oilseed
radish, it is important to establish the variability of their fixation within a certain time
period. Such an analysis was also important from the point of view of the predicted
increasing value of the variation of the CFI curve indicators. According to Posudin et al.
(2010), Guo & Tan (2015), Derks et al. (2015), Goltsev et al (2016), this is allowed to
estimate and determine the internal variability of plant assimilation, determined, among
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others, by agrotechnological factors of formation of agrocenosis of respective crop.
Using basic variability parameters and mean error estimates (McDonald, 2014), we
developed a graphical interpretation of the statistical evaluation of the CFI curve records
(Figs 10—11). The formation of the mean values at each point of the instrumental fixation
of the CFI curve indicators by a graphical interpretation of the standard deviation
indicates a consistent increase of the standard error of the mean at the curve segment in
the interval Fp—Fpn.
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Figure 10. Graph of the average CFI curve of oilseed radish variety 'Zhuravka' in the average
interval of different variants according to the combined general data 2015-2020.

The high values of the mean error retain their numerical values with some
amplitude of oscillation until an intense decline towards the stationary fluorescence level
Fs:. This pattern of dynamic changes is confirmed by the graphical interpretation of the
standard deviation of the CFI curve data (Fig. 11).

It should note that with increasing standard deviation and increasing total error of
the mean, the oscillation coefficient indicates a low variation component in the CFI
curve, namely the section covering the period from 23 to 41 seconds of recording,
followed by a slow increase until the steady-state fluorescence Fy stage. The maximum
values of the oscillation coefficient were recorded exactly in the Fo—F,; interval. Similar
results were obtained in Korneev (2002), Lamote et al. (2007), Brestic & Zivcak (2013),
Ni et al. (2019), Khan et al. (2021), which observed the highest spreads of maximum
fluorescence Fyin different plant species within the reference group.

However, it is pointed out that in relation to the average, this deviation from the
average does not form high rates of variation, unlike the sections of the CFI curve in the
Fo—Fp segment and the Fin—Fy segment. In contrast, studies (Flexas et al., 2002;
Henriques, 2009; Bresson et al., 2015) showed and calculated minimal variation both in
the Fo—Fp sections and when reaching the Fy point.

The variable component of the basic indicators of the CFI curve is also determined
by the hydrothermal conditions of the oilseed radish vegetation. This is confirmed by the
results of the factor analysis in the ANOVAe estimation scheme of the experiment
variants. It was determined that the share of influence of hydrothermal conditions of the
year in the formation of the basic indicators of the CFI curve was in the range of
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20.11-40.24%. Accordingly, the highest impact was for the Fy indicator and the lowest
for the Fo indicator. Based on this, it was concluded that the indexes of the CFI curve
depended on weather conditions, which additionally act as regulators of the positive or
negative effect of the studied agrotechnological factors on the optimization of the post-
sowing formation of the agrocenosis of oilseed radish.
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Figure 11. Statistical parameters of CFI curve of oilseed radish variety 'Zhuravka' in the average
interval of different variants according to the combined general data 2015-2020.

As a result, generalizations made earlier on dynamic and complex nature of
interrelations formation between the system of experience factors, basic indicative
indices of CFI curve and indices of hydrothermal regime of environment during
vegetation period of oilseed radish plants are shown by regression dependence data in
Table 8 and Fig. 12. The obtained statistically reliable multiple regression coefficients
indicated a sufficiently close dependence of complex combinatorial nature between the
basic indicators of the CFI curve and agrotechnological factors in the system of
experience variants. The established regression dependence in the equations of the
second stage in accordance with Arkes (2019) indicates the presence of reciprocal
extremes for the corresponding variants at the situational combination of factors in the
system of dependencies.
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Table 8. Regression dependences of the main indicators of the CFI curve on technological factors of oilseed radish agrocenosis design and the
hydrothermal regime of the growing season (based on the data 2015-2020)
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- .
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Figure 12. Projection surfaces of dependences of the main indicators of the CFI curve on

technological factors of oilseed radish agrocenosis design and hydrothermal regime of vegetation
(based on the 2015-2020 consolidated data set).
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For all possible combinations in the regression scheme presented, the tightness of
the multiple dependence on the basic criteria of the CFI curve in order of decreasing
significance and approximation (according to R? criteria) with respect to experience and
environmental factors can be placed in the following row: Fn > Fy>Fo> F,. At the
same time, the highest tightness of mutual influence on the formation of these indicators
was noted for the use of seeding rates and fertilizer as influence factors, and,
respectively, the lowest - for fertilizer and hydrothermal coefficient for the period from
the beginning of the growing season to the date of recording the indicators of the CFI
curve.

Thus, the confirmed stress role of fertilizers in the variants of increased seeding
rates in interaction with the hydrothermal features of the environment complicates the
nature of the direct expression of the impact both by combining the stress of a certain
fraction of the influence of year conditions factors in the system of ANIOVA (Table 4),
and by the dual role of fertilizers in a number of the variants studied (stimulation of
growth - stress through increased competition in oilseed radish agrocenoses with with
the smallest plant nutrition area).

As for the hydrothermal coefficient, to ensure the most harmonized CFI curve of
oilseed radish plants, based on the nature of the reaction surfaces (Fig. 11) its value in
the range 1.0—1.5 with tolerances from 0.8 to 1.7 is desirable to realize maximum crop
bio-productivity of oiseed radish plant. It has been confirmed that this interval
corresponds to the physiological desirability for optimising the growth and development
of cruciferous crops (Hasanuzzaman, 2020; Bakhshandeh & Mohsen, 2021).

The reaction surfaces of the corresponding regression triads presented in Fig. 11
also allowed to identify the optimal variants for pre-sowing agro-technological
construction of oilseed radish agrocenosis, which guarantee the harmonization of the
basic indicators of the CFI curve in the study area and ensure the implementation of
appropriate bioproductivity of 1 m? of sown area. Such agrotechnological parameters,
taking into account the determined values of indicators Fo, Fp, Fm and Fg, were the
application of seeding rates in the interval of 1.0-2.0 million germinable seeds ha’!
(row sowing) and fertilization rate of N3o-s0P30-60K30-60 and 1.5 million germinable
seeds ha'! (wide-row sowing) with a fertilization rate of Neo-90Pso-90K60-90.

CONCLUSIONS

Thus, by the value of the main indices of the CFI curve Fo, Fyi, Fin, Fs: and possible
ratios, indices and coefficients calculated on their basis in comparison with such species
as white mustard, spring bittercress and spring rape, oilseed radish should be considered
as species with a wide range of adaptability to stress factors with a sensitive indicative
response of the plant assimilative photosystem structures.

This allowed the application of the chlorophyll fluorescence induction method in
the identification of optimal agro-technological solutions for its cultivation in order to
maximise its photo-assimilative potential as a species.

Based on the results of the main recommended indicators in the analysis of the CFI
curve within the studied options of pre-sowing design of oilseed radish agrocenosis by
the parameters of row spacing, seeding rate and fertilizer application in the agro-climatic
zone of research of such agricultural options: row sowing with seeding rate in the range
of 1.0-2.0 million germinable seeds ha™! with the fertilization rate of 30-60 kg N ha’!,
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30-60 kg P ha'!, and 30-60 kg K ha™! and wide-row sowing with seeding rate of million
germinable seeds ha! with the fertilization rate of 60-90 kg N ha'!, 60-90 kg P ha!, and
60-90 kg K ha'.

Certain variants allowed to combine low values of Fo, and Fy parameters in
comparison group at the level of 450—570 relative units of fluorescence with high values
of maximum fluorescence (Fn) in the range of 1,700-2,000 relative units against the
background of certain level of correlation dependence of direct and inverse character
between the specified parameters and individual seed productivity of plants in the range
of 0.560-0.992 (p <0.95-0.99) and value of multiple regression coefficient between
0.349-0.955 (p <0.95-0.99). This provided obtaining of appropriate indexes of CFI
curve that certify both a sufficient leve of photoassimilative activity of oilseed radish
plants and a high level of their viability. This made it possible to form a productive
architecture of oilseed radish plants, which ensured the maximum seed yield among the
studied variants.
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