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Abstract. Foliar diagnostic helps assess plant nutritional status and drives appropriate fertilizer 
recommendations to enhance quality and productivity of plants. Several foliar diagnostic methods 
are used but the literature is not sufficiently documented regarding the comparison of these 
methods using a varied range of comparison criteria. This study compared DRIS (Diagnosis and 
Recommendation Integrated System), M-DRIS (Modified-DRIS), and CND (Compositional 
Nutrient Diagnosis) in diagnosing pineapple leaf nutrient levels with varying sample sizes. 
Empirical data from a subtractive experiment was used to simulate and constitute a new database 
considering that nutrient contents were normally distributed. For each sample size, data were 
generated per treatment and replicated 3,000 times. DRIS, M-DRIS, and CND indices were 
computed from the simulated data for each nutrient. The methods were subsequently evaluated 
based on four criteria: (i) the Diagnosis Concordance Frequency, which assesses the consistency 
of diagnoses across different methods for determining nutritional indices; (ii) the sensitivity, or 
True Positive Rate, which gauges a model's ability to accurately identify a specific nutritional 
status when it is present; (iii) the precision, or Positive Predictive Value, which indicates the 
proportion of correctly identified diagnoses for a particular nutritional status relative to the total 
number of diagnoses made for that status; and (iv) the accuracy, which measures the closeness of 
the model's results to the true value. As results, we found that N, P, and K nutrient indices differed 
significantly between DRIS, M-DRIS, and CND models and with sample size. The nutritional 
diagnosis methods were also discordant, except DRIS versus M-DRIS (mean agreement = 66%). 
Compared to DRIS, and M-DRIS models, CND appeared to be the most sensitive and accurate 
model (average accuracy of 27.86%) for nutrient deficiency and excess diagnosis. The models’ 
accuracy varies with the sample size, but it becomes almost unchangeable from a sample size of 
330. For all sample sizes, the CND model was more accurate and efficient for N, P, and K nutrient 
status diagnosis, compared to DRIS and M-DRIS models. 

https://doi.org/10.15159/AR.24.101
https://doi.org/10.15159/AR.24.101
mailto:agbangbacodjoemile@gmail.com
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Used abbreviations: 
A: Concentration of nutrient A in the high-yielding subpopulation 
AIC: Akaike Information Criterion 
B: Concentration of nutrient B in the high-yielding subpopulation 
CND: Compositional Nutrient Diagnosis 
CV: Coefficient of Variation 
DCF: Diagnosis Concordance Frequency 
DRIS: Diagnosis and Recommendation Integrated System 
f: DRIS function 
FNA: False Negative Adequate 
FND: False Negative Deficiency 
FNE: False Negative Excess 
FPA: False Positive Adequate 
FPD: False Positive Deficiency 
FPE: False Positive Excess 
PFR: Potential Fertilization Response 
G: Geometric mean 
IA: Model Index of nutrient A 
K: Potassium 
LN: CND index for nutrient N 
M-DRIS: Modified Diagnosis and Recommendation Integrated System 
N: Azote 
n: primary limiting by excess 
NBIm: Nutrient Balance Index Mean 
Nut: Nutrient 
nz: negative or zero with lower probability 
P: Phosphore 
p: primary limiting by deficiency 
PERMANOVA: Permutational multivariate analysis of variance 
PFR: Potential Fertilization Response 
PPV: Positive Predictive Value 
PPAV: Positive Predictive Adequate Value 
PPDV: Positive Predictive Deficiency Value 
PPEV: Positive Predictive Excess Value 
pz: positive or zero with lower probability 
R: Residual value 
RMSE: Root Mean Square Error 
SD: Standard deviation 
t ha−1: Tonne per hectar 
TPA: True Positive Adequate 
TPAR: True Positive Adequate Rate 
TPD: True Positive Deficiency 
TPDR: True Positive Deficiency Rate 
TPE: True Positive Excess 
TPER: True Positive Excess Rate 
TPR: True Positive Rate 
VN: CND row-centred log ratio for nutrient N 
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INTRODUCTION 
 
The diagnosis of the nutritional status of plants is a prerequisite for any rational 

fertilization. Nutrient balance determines crop yield and quality (Pineda-Álvarez et al., 
2021). Foliar diagnosis can be a useful tool for correcting plant nutrient deficiencies and 
imbalances (Baldock & Schulte, 1996), optimizing crop production (Walworth & 
Sumner, 1988), and evaluating fertilizer requirements. A thorough diagnostic is essential 
to create appropriate fertilizer recommendations and enhance quality and productivity 
without negatively impacting the environment (Pacheco-Sangerman et al., 2022). 
However, foliar analysis can only help assess plant nutritional status if adequate 
methodologies for diagnosing from analytical data are available (Walworth & Sumner, 
1988). Critical Levels and Sufficiency Ranges methods are commonly used to diagnose 
nutritional status of plants (Walworth & Sumner, 1988). Sufficiency Ranges methods 
have been used to investigate the nutrient status of different tomato cultivars grown 
under industrial greenhouse production (Osvalde et al., 2021) and to access the nutrient 
status of the American cranberry in Latvia (Karlsons & Osvalde, 2017). These methods 
involve comparing the nutrient concentration in the sample with an accepted normal 
value for a specific growth stage (Kania Kuhl & Callejas Rodríguez, 2011), are somewhat 
erroneous in that ‘critical nutrient concentrations’ are not independent diagnostics, but 
can vary in magnitude as the background concentrations of other nutrients increase or 
decrease in crop tissue (Bailey et al., 1997). Since nutrient uptake and distribution are 
affected by interactions within the plant, multi-nutrient approaches have been derived. 
Three common approaches used to identify nutritional imbalances are the DRIS (Beaufils, 
1973), the M-DRIS (Hallmark et al., 1987), and the CND (Parent & Dafir, 1992). 

DRIS is based on dual ratio functions (f(N/P), f(P/K), etc.) (DRIS, Beaufils, 1973). 
M-DRIS also considers nutrient contents, not just their dual relationships (Hallmark et 
al., 1987). CND is based on row-centred log ratios where each nutrient is adjusted to the 
geometric mean of all nutrients and a filling value (Parent & Dafir, 1992). These methods 
of nutritional diagnosis present discordant reports. 

The effectiveness of the CND method compared to other methods is not often 
proven in the literature. Politi et al. (2013) discovered that both the CND and DRIS 
approaches performed comparably while analyzing the nutritional status of mango in 
Lower-middle San Francisco. When determining the nutritional status of sugarcane in 
Brazil, the CND diagnosis differed from the DRIS techniques for manganese and 
nitrogen (Calheiros et al., 2018). DRIS and CND methods were found similar for the 
evaluation of leaf nutrients in soybean in Brazil (Souza et al., 2023). The CND method 
was proven to be more sensitive for early detection of Zn stress in Muscat grapes 
compared to DRIS (Kumar et al., 2003). DRIS and/or CND have been used to diagnose 
the nutrient status of a range of crops including pineapple, maize, tomatoes, cotton, 
orange etc. (Parent et al., 1993; Magallanes-Quintanar et al., 2006; Camacho et al., 2012; 
Serra et al., 2016; López-Montoya et al., 2018; Morais et al., 2019; Khuong et al., 2024). 
The comparison of the three diagnosis methods (DRIS, M-DRIS and CND), primarily 
relies on the criterion of diagnosis concordance frequency (Silva et al., 2004). Since the 
development of the CND method, no study has compared all the existing methods 
(DRIS, M-DRIS and CND) based on a set of solid criteria such as the diagnosis  
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concordance frequency (DCF) (Silva et al., 2004), the sensitivity or rate of true positives, 
the precision or Positive predictive value (Trevethan, 2017) and accuracy (Morais et al., 
2019; Powers, 2020; Chicco & Jurman, 2020; Tharwat, 2020). 

Indeed, sensitivity or True Positive Rate (TPR) represents the proportion in which 
a nutritional status is identified for a nutrient when this situation is true. Sensitivity refers 
to a model’s ability to correctly detect nutritional status when true. It refers to the efficiency 
of the method to correctly diagnose the cases of a true nutritional status. Precision or 
Positive Predictive Value (PPV) represents the proportion of correctly detected 
nutritional statuses relative to the total number of diagnosed cases. It reflects the 
performance of the prediction. The accuracy is the proximity of the model execution 
output to the true value. It is the ratio between the correctly detected diagnoses to the 
total number of diagnoses results. Furthermore, the size of the database used for the 
development of diagnostic methods can have an impact on the precision of the result. 
The scientific literature reports a wide variation in the size of the database for setting 
DRIS standards, from as few as 24 observations (Leite, 1993) to approximately 2,800 
(Sumner, 1977) or more. In this study, we hypothesize that as CND is a multivariate 
method involving all nutrients, it performs better over DRIS and M-DRIS in nutrient 
diagnosis as a function of database size considering all solid comparison criteria (CDF, 
Sensitivity, PPV, and Accuracy). In this study, we are interested in the comparison of 
the three diagnostic methods using the major plant nutrients which are nitrogen, 
phosphorus and potassium. Indeed, nitrogen is the most prevalent nutrient that plants 
need and is a key factor in determining plant growth (Prinsi & Espen, 2015). According 
to Nguyen et al. (2015), this nutrient is a crucial part of cellular macromolecules like 
proteins, nucleic acids, chlorophyll, and plant growth regulators. Phosphorus is one of 
the vital macronutrients needed for the synthesis of nucleic acid, the stability and 
building of membranes, the metabolism of energy, and many other vital physiological 
and biological activities during plant growth and development (Hasan et al., 2016). 
Critical processes including enzyme activation, osmotic adjustment, turgor generation, 
cell division, membrane electric potential modulation, and pH homeostasis are all 
facilitated by potassium (Ragel et al., 2019). Nitrogen (N), phosphorus (P), and potassium 
(K) are critical macronutrients required for pineapple growth and development throughout 
its production cycle. Potassium is extracted in the highest amounts by the plant, and 
enhancing fruit weight and quality (Carr, 2012; Silva et al., 2018). Adequate potassium 
supply is strongly associated with improved fruit sweetness, size, and resistance to 
diseases (Teixeira et al., 2020). Phosphorus, often the third most required nutrient, 
supports root development and early plant establishment, which are important for 
maximizing yield potential (Roy et al., 2018). Together, these nutrients are critical for 
optimizing pineapple productivity and ensuring high-quality fruit production. Apart 
from macronutrients, certain micronutrients such as boron are essential for the full 
development of pineapple. Indeed, pineapple needs boron for optimal growth. Boron 
deficiency causes orange and yellow leaf discoloration, minimal growth, and curling. It 
also leads to chlorosis with red margins, multiple crowned fruits, and necrotic tissue, 
sometimes resulting in small spherical fruits (Py et al., 1984; Souza & Reinhardt, 2007). 
Therefore, this study aimed to compare DRIS, M-DRIS , and CND in diagnosing 
pineapple leaf nutrient levels with varying sample sizes. In this study, we used data from  
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the pineapple subtractive trial of Angeles et al. (1990) to generate artificial data to 
compare the diagnostic methods. This database was used as it includes subtractive 
treatments that can provide all the possible outcomes of a nutritional diagnosis: nutrient 
deficiencies, balances or excesses. 

 
MATERIALS AND METHODS 

 
Data used 
We used empirical data from a subtractive experiment in N, P, and K nutrients for 

pineapple. These data came from the study of Angeles et al. (1990), who used a size of 
1185 leaf nutrients and yield database to create DRIS norms for pineapple. They are 
published data sets from trials including 14 treatment combinations in which yield 
responses to nutrients N, P, and K were determined. In this study, five (05) treatments 
including 0N-0P-0K, 2N-0P-0K, 0N-1P-1K, 1N-2P-0K, and 2N-2P-2K, were chosen 
and used based on the subtractive nutrients. They are treatments where certain nutrients 
are omitted, treatments with a single dose for specific nutrients, and treatments with 
double doses for some nutrients. These treatments were selected to ensure adequate 
representation of deficiency, adequacy, and excess nutrient conditions that we aim to 
evaluate in our research. These 5 treatments were specifically chosen to cover a full 
range of responses to N, P, and K nutrients, as documented in the empirical database of 
the subtractive trial used. These empirical data included: treatment, mean fruit yield 
(response variable), and pineapple (variety smooth cayenne) foliar mineral nutrients 
(explanatory variables) Nitrogen (N), Phosphorus (P), and Potassium (K) contents mean 
and standard deviation. This dataset allowed us to evaluate the ability of DRIS, M-DRIS, 
and CND models to accurately detect nutrient deficiencies, balances, or excesses under 
these different nutrient limiting conditions. 

 
Simulation design 
The simulation was realized in four main steps: identification of probable linear or 

non-linear regression, generation of data, model index computation, and model 
comparison criteria computation. 

 
Step 1: Identification of probable linear or non-linear regression 
The variable under investigation is the pineapple fruit yield (t ha-1), a continuous 

quantitative variable. The relationship between the dependent variable (yield) and the 
independent variables (N, P, and K nutrients that are continuous quantitative variables) 
was examined using ten models, including linear and three common non-linear models 
(inverse, quadratic, and logarithm). Akaike Information Criterion (AIC, Narisetty 
(2020)), adjusted coefficient of determination (adjusted R2), and Root Mean Squared 
Error (RMSE, Nayanaka et al. (2010)) were used to test and compare these models. The 
AIC is given by: 

𝐴𝐴𝐴𝐴𝐴𝐴 =  − 2 ∗  𝑙𝑙𝑙𝑙𝑙𝑙(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑙𝑙𝑙𝑙𝑜𝑜 𝑣𝑣𝑣𝑣𝑙𝑙𝑣𝑣𝑙𝑙 𝑓𝑓𝑓𝑓𝑙𝑙𝑓𝑓 𝑡𝑡ℎ𝑙𝑙 𝑓𝑓𝑙𝑙𝑜𝑜𝑙𝑙𝑙𝑙)  +  2 ∗  𝑙𝑙 (1) 
where k represents the model’s number of parameters. 
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The Root Mean Squared Error was computed as follow: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �
1
𝑛𝑛
��[𝑍𝑍(𝑥𝑥𝑖𝑖) − 𝑍𝑍∗(𝑥𝑥𝑖𝑖)]2

𝑛𝑛

𝑖𝑖=1

� (2) 

the predicted value and 𝑍𝑍(𝑥𝑥𝑖𝑖) is the observed where n is the sample size,  is 
value (Javari, 2017). 

 
Step 2: Generation of data 
The response variable (Yield) was generated using Eq. (23). The nutrient 

concentrations related to pineapple fruit yield have been set to follow the normal 
distribution with parameters presented in Table 1 (Angeles et al., 1990). Nutrient data 
were simulated and yield was calculated accordingly for each treatment and varied 
sample size to ensure an extensive dataset that meets our study conditions including 
having treatments where certain nutrients are omitted, treatments with a single dose for 
specific nutrients, and treatments with double doses for some nutrients. Data size was 
varied to account for the effect of this factor on the performance of the models. Ten 
different sample sizes (30, 70, 80, 100, 210, 270, 330, 490, 630, and 860) were randomly 
selected from a generated sequence of sizes ranging from 10 to 1,000 by 10 using the 
seq() and sample() functions in R software. For each sample size and per treatment, the 
simulation was replicated 3,000 times (Hoad et al., 2007). The data was generated using 
the R software version 4.1.3 (R Core Team, 2021). 

 
Table 1. Parameters used for data generation 
Treatment Mean concentration (%) Standard deviation (%) Fruit yield 

(t ha-1) N P K N P K N P K 
0 0 0 0.97 0.47 0.64 0.4 0.52 1.32 42.7 
2 0 2 2.14 0.36 3.95 0.21 0.16 0.26 131 
0 1 1 0.67 0.54 3.29 0.27 0.46 0.38 55.5 
1 2 0 0.8 0.56 3.38 1.2 0.37 0.7 62.5 
2 2 2 1.8 0.32 2.64 0.34 0.23 0.41 134 
The first three columns refer to the fertilization treatments used in the original database; 0: a specific nutrient 
is omitted; 1: a single dose for a specific nutrient; 2: double doses for a specific nutrient.  
Source: Angeles et al. (1990) 
 

Step 3: Model index computation 
The nutritional status was evaluated using the DRIS and M-DRIS (Beaufils, 1973) 

methodologies, taking into account all forms of nutrient ratios (direct and inverse). 
Additionally, the CND approach, as described by Parent & Dafir (1992), was used for 
the diagnosis. The yield population was separated into two subpopulations of yields 
using the average yield added to half of the standard deviation (mean + 0.5*Standard 
deviation) as a subdivision criterion. The high-yielding subpopulation corresponds to the 
yield greater than the mean plus half of the standard deviation and the low-yielding 
subpopulation was the yield less or equal to the mean plus half of the standard deviation 
(Silva et al., 2004). The high-yielding subpopulation was defined as a population of 
reference. DRIS and M-DRIS indices were calculated using two steps. First, for each  
ratio of nutrients, observations were related to norms using standardization and index 

𝑍𝑍∗(𝑥𝑥𝑙𝑙)  
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equations (Hallmark et al., 1987; Bailey et al., 1997; Agbangba et al., 2010; Calheiros et 
al., 2018) as shown in the examples below (Eqs (3), (4) and (5)): 

𝑓𝑓 �
𝐴𝐴
𝐵𝐵
� = 100 �

𝐴𝐴
𝐵𝐵
𝑣𝑣
𝑏𝑏
− 1� /𝐴𝐴𝐶𝐶 𝑙𝑙𝑓𝑓 �

𝐴𝐴
𝐵𝐵
� > �

𝑣𝑣
𝑏𝑏
� + 𝑅𝑅𝑆𝑆 (3) 

𝑓𝑓 �
𝐴𝐴
𝐵𝐵
� = 100 �1 −

𝑣𝑣
𝑏𝑏
𝐴𝐴
𝐵𝐵
� /𝐴𝐴𝐶𝐶 𝑙𝑙𝑓𝑓 �

𝐴𝐴
𝐵𝐵
� < �

𝑣𝑣
𝑏𝑏
� − 𝑅𝑅𝑆𝑆 (4) 

𝑓𝑓 �
𝐴𝐴
𝐵𝐵
� = 0 𝑙𝑙𝑓𝑓 �

𝑣𝑣
𝑏𝑏
� − 𝑅𝑅𝑆𝑆 ≤ �

𝐴𝐴
𝐵𝐵
� ≤ �

𝑣𝑣
𝑏𝑏
� + 𝑅𝑅𝑆𝑆 (5) 

where 𝐴𝐴/𝐵𝐵 is the dual relation between the ‘A’ and ‘B’ nutrient concentrations (%) of 
the diagnosed population; 𝑣𝑣/𝑏𝑏, 𝐴𝐴𝐶𝐶 and 𝑅𝑅𝑆𝑆 are respectively the mean, the coefficient of 
variation and the standard deviation of 𝐴𝐴/𝐵𝐵 in the high-yielding subpopulation. 

Next, values from the standardization equations were used to calculate indices as 
shown in the examples below (Eq. 6): 

𝐴𝐴𝐴𝐴 =  
∑ 𝑓𝑓 �𝐴𝐴𝐵𝐵𝑖𝑖

�𝑛𝑛
𝑖𝑖=1 −  ∑ 𝑓𝑓 �𝐵𝐵𝑖𝑖𝐴𝐴 �

𝑛𝑛
𝑖𝑖=1

𝑧𝑧
 (6) 

where 𝐴𝐴𝐴𝐴 = DRIS index of ‘A’; ∑ 𝑓𝑓 �𝐴𝐴
𝐵𝐵𝑖𝑖
�𝑛𝑛

𝑖𝑖=1 = Sum of functions presenting concentration 

of nutrient ‘A’ is in the numerator; ∑ 𝑓𝑓 �𝐵𝐵𝑖𝑖
𝐴𝐴
�𝑛𝑛

𝑖𝑖=1 = Sum of functions presenting 
concentration of nutrient ‘A’ is in the denominator and 𝑧𝑧 =  Number of DRIS  
functions (f). 

The M-DRIS (Hallmark et al., 1987), not only considers the interdependence 
between nutrients but also incorporates the nutrient concentrations in its computing. The 
M-DRIS is calculated using the following equations: 

𝑓𝑓(𝐴𝐴) = 10 �
𝐴𝐴 − 𝑣𝑣
𝑅𝑅𝑆𝑆

�  𝑙𝑙𝑓𝑓 𝐴𝐴 > 𝑣𝑣 + 𝑅𝑅𝑆𝑆 (7) 

 𝑓𝑓(𝐴𝐴) = 10 �𝐴𝐴−𝑎𝑎
𝑆𝑆𝑆𝑆
� �𝑎𝑎

𝐴𝐴
�  𝑙𝑙𝑓𝑓 𝐴𝐴 < 𝑣𝑣 − 𝑅𝑅𝑆𝑆 (8) 

𝑓𝑓(𝐴𝐴) = 0 𝑙𝑙𝑓𝑓 𝑣𝑣 − 𝑅𝑅𝑆𝑆 ≤  𝐴𝐴 ≤ 𝑣𝑣 + 𝑅𝑅𝑆𝑆 (9) 
where 𝑓𝑓(𝐴𝐴) = Nutrient concentration function of ; 𝐴𝐴 = Sample nutrient concentration; 
𝑣𝑣 = High-yielding subpopulation nutrient concentration; 𝑅𝑅𝑆𝑆 =  Standard deviation of 
the high-yielding subpopulation nutrient concentration. 

The M-DRIS index is produced for each nutrient based on the outcome of each  
M-DRIS function, indicating that nutrient concentration as well as nutrient ratios are 
considered: 

𝐴𝐴𝐴𝐴 =  
∑ 𝑓𝑓 �𝐴𝐴𝐵𝐵𝑖𝑖

�𝑛𝑛
𝑖𝑖=1 −  ∑ 𝑓𝑓 �𝐵𝐵𝑖𝑖𝐴𝐴 �

𝑛𝑛
𝑖𝑖=1 + 𝑓𝑓(𝐴𝐴)

𝑧𝑧 + 1
 (10) 

where 𝐴𝐴𝐴𝐴 = Nutrient ‘A’ M-DRIS index; ∑ 𝑓𝑓 �𝐴𝐴
𝐵𝐵𝑖𝑖
�𝑛𝑛

𝑖𝑖=1 = Addition of functions in which 

concentration of nutrient ‘A’ appears in the numerator; ∑ 𝑓𝑓 �𝐵𝐵𝑖𝑖
𝐴𝐴
�𝑛𝑛

𝑖𝑖=1 = Addition of 
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functions in which concentration of nutrient ‘A’ appears in the denominator; 
𝑓𝑓(𝐴𝐴) =  Nutrient concentration ‘A’ function and 𝑧𝑧 = Number of M-DRIS functions (f). 

After computing the nutrient DRIS and M-DRIS indices, the mean nutritional 
balance index (𝑁𝑁𝐵𝐵𝐴𝐴𝑚𝑚) (Wadt et al., 1998) was calculated. This process involves 
summing the absolute values of the nutrient index for each nutrient and then dividing by 
the number of nutrients (d), as shown in the following equation: 

𝑁𝑁𝐵𝐵𝐴𝐴𝑚𝑚 =
1
𝑜𝑜
�|𝐴𝐴𝑛𝑛𝑜𝑜𝑙𝑙𝐼𝐼𝑙𝑙 𝐴𝐴𝑖𝑖|
𝑑𝑑

𝑖𝑖=1

 (11) 

In the CND model, the full composition array for 𝑜𝑜 nutrient compositions in plant 
tissues can be described by the following simplex 𝑅𝑅𝑑𝑑 with 𝑜𝑜 +  1 nutrient concentrations 
(d nutrients plus a filling value R) (Parent & Dafir, 1992): 

𝑅𝑅𝑑𝑑 =  [(𝑁𝑁,𝑃𝑃,𝐾𝐾,𝑅𝑅) ∶  𝑁𝑁 >  0,𝑃𝑃 >  𝑂𝑂,𝐾𝐾 >  0,𝑅𝑅 >  0;  𝑁𝑁 +  𝑃𝑃 +  𝐾𝐾 +  𝑅𝑅 =  100], 
where 100 is the concentration of dry matter (%); 𝑁𝑁, 𝑃𝑃, 𝐾𝐾 are the concentrations of 
nutrients (%); 𝑜𝑜 is the number of evaluated nutrients ; and 𝑅𝑅 is the filling value (residual 
value) between 100 and sum of the nutrients concentrations, computed as: 

𝑅𝑅 =  100 −  (𝑁𝑁 +  𝑃𝑃 +  𝐾𝐾) (12) 
A geometric mean (G) computed as (Eq. 13): 

𝐺𝐺 = (𝑁𝑁 × 𝑃𝑃 × 𝐾𝐾 × 𝑅𝑅)
1

𝑑𝑑+1, (13) 
was used to derive row-centred log ratios as follows (Eq. 14): 

𝐶𝐶𝑁𝑁 = 𝑙𝑙𝑛𝑛 �𝑁𝑁
𝐺𝐺
�  , … ,𝐶𝐶𝑅𝑅 = 𝑙𝑙𝑛𝑛 �𝑅𝑅

𝐺𝐺
�   (14) 

and 𝐶𝐶𝑁𝑁 +  𝐶𝐶𝑃𝑃 +  𝐶𝐶𝐾𝐾 +  𝐶𝐶𝑅𝑅 =  0, where VN is the CND row-centred log ratio expression 
for nutrient N. 

The row-centred log-ratios were used to calculate the CND indices, represented by 
𝐴𝐴𝑁𝑁  , . . . , 𝐴𝐴𝑅𝑅, as per Eq. (15): 

𝐴𝐴𝑁𝑁 =  
𝐶𝐶𝑁𝑁 −  𝐶𝐶𝑁𝑁∗

𝑅𝑅𝑆𝑆𝑁𝑁
, … , 𝐴𝐴𝑅𝑅 =  

𝐶𝐶𝑅𝑅 −  𝐶𝐶𝑅𝑅∗

𝑅𝑅𝑆𝑆𝑅𝑅
 (15) 

where 𝐶𝐶𝑅𝑅∗ , . . . ,𝐶𝐶𝑅𝑅∗ are the means and 𝑅𝑅𝑆𝑆𝑁𝑁 , . . . , 𝑅𝑅𝑆𝑆𝑅𝑅 the standard deviations of the row-
centred log-ratios in the high-yielding subpopulation (> than mean + 0.5 standard 
deviation) of each sample. 

As for the NBIm (Wadt et al., 1998) calculated for the DRIS and M-DRIS models, 
this index is also computed for the CND. For each sample size and treatment 
combination, DRIS, M-DRIS and CND index values for N, P and K nutrients were 
calculated using Eqs (6), (10) and (15), respectively. Each model index was applied 
separately for each treatment and sample size. 

 
Step 4: Models comparison criteria 
Four (04) criteria were used to compare the models. These criteria were: the 

Diagnosis Concordance Frequency (Silva et al., 2004), the sensitivity or True Positive 
Rate, the precision or Positive Predictive Value (Trevethan, 2017) and the accuracy 
(Morais et al., 2019; Powers, 2020; Chicco & Jurman, 2020; Tharwat, 2020). The 3,000 
replications databases per treatment and sample size were used to compare the index 
models. The five treatments in the database involve scenarios where specific nutrients 
are either omitted, applied in a single dose, or applied in a double dose. The omission of 
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a nutrient indicates its deficiency, a single dose represents an adequate concentration, 
and a double dose signifies an excess of the nutrient. Specifically, 0 means a nutrient is 
omitted, 1 corresponds to a single dose, and 2 indicates a double dose. The models were 
evaluated based on their ability to detect these three situations. For instance, if a 
treatment has a value of 0 for a nutrient and the model correctly identifies it as deficient, 
then the model has accurately detected the situation. 

DCF evaluates the consistency of diagnoses between different methods of 
determining nutritional indices. This is crucial for ensuring the reliability of the models. 
It is calculated based on the Potential Fertilization Response (PFR) (Silva et al., 2004). 
It focuses on two situations: separating nutrients and identifying the principal limiting 
deficient nutrient (p) and excessive nutrient (n). The following criteria were used to 
evaluate the degree of agreement between the diagnoses made using the various 
techniques for determining the nutritional indices: (i) For a nutrient, if the diagnosis 
(deficiency, adequate and excess, or p and n) was the same between two distinct 
methods, it was considered concordant; (ii) If two methods produce different diagnoses 
for the same nutrient, the diagnosis is considered non-concordant. The concordance rate 
is then calculated for all evaluated methods, providing an indicator of the consistency of 
different diagnoses. A high DCF indicates strong agreement between models in 
identifying nutrient status. 

TPR: measures a model's ability to correctly identify a particular nutritional status 
when that status is indeed present. It refers to the efficiency of the method at correctly 
diagnosing the cases of a true nutritional status. This criterion includes three 
subcategories including the True Positive Deficiency Rate (TPDR), True Positive 
Adequate Rate (TPAR), and True Positive Excess Rate (TPER) that were computed for 
the nutritional deficiency, adequate, and excess, respectively. A high TPR for a specific 
nutritional status indicates that the model is able to identify this status. Indeed, TPDR is 
the proportion of deficiency diagnosed by a model when the nutrient is deficient, and is 
calculated by: 

𝑇𝑇𝑃𝑃𝑆𝑆𝑅𝑅 =
𝑇𝑇𝑃𝑃𝑆𝑆

𝑇𝑇𝑃𝑃𝑆𝑆 + 𝐹𝐹𝑁𝑁𝑆𝑆
=

𝑇𝑇𝑃𝑃𝑆𝑆
𝑇𝑇𝑃𝑃𝑆𝑆 + 𝐹𝐹𝑁𝑁𝐴𝐴|𝑆𝑆 + 𝐹𝐹𝑁𝑁𝑅𝑅|𝑆𝑆

 (16) 

where TPD = True Positive Deficiency = [Deficient nutrient correctly identified as 
deficient]; FND = False Negative Deficiency = [Deficient nutrient incorrectly identified 
as excessive or adequate]; FNA|D = [Deficient nutrient incorrectly identified as 
adequate] and FNE|D = [Deficient nutrient incorrectly identified as excessive]. 

TPAR is the proportion of adequate diagnosed by a model when the nutrient is 
adequate, and is calculated by: 

𝑇𝑇𝑃𝑃𝐴𝐴𝑅𝑅 =
𝑇𝑇𝑃𝑃𝐴𝐴

𝑇𝑇𝑃𝑃𝐴𝐴 + 𝐹𝐹𝑁𝑁𝐴𝐴
=

𝑇𝑇𝑃𝑃𝐴𝐴
𝑇𝑇𝑃𝑃𝐴𝐴 + 𝐹𝐹𝑁𝑁𝑆𝑆|𝐴𝐴 + 𝐹𝐹𝑁𝑁𝑅𝑅|𝐴𝐴

 (17) 

where TPA = True Positive Adequate = [Adequate nutrient correctly identified as 
adequate]; FNA = False Negative Adequate = [Adequate nutrient incorrectly identified 
as deficient or excessive]; FND|A = [Adequate nutrient incorrectly identified as 
deficient] and FNE|A = [Adequate nutrient incorrectly identified as excessive]. 

TPER is the proportion of excess diagnosed by a model when the nutrient is 
excessive, and is calculated by: 
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𝑇𝑇𝑃𝑃𝑅𝑅𝑅𝑅 = 𝑇𝑇𝑇𝑇𝑇𝑇
𝑇𝑇𝑇𝑇𝑇𝑇+𝐹𝐹𝑁𝑁𝑇𝑇

= 𝑇𝑇𝑇𝑇𝑇𝑇
𝑇𝑇𝑇𝑇𝑇𝑇+𝐹𝐹𝑁𝑁𝑆𝑆|𝑇𝑇+𝐹𝐹𝑁𝑁𝐴𝐴|𝑇𝑇

 

𝑇𝑇𝑃𝑃𝑅𝑅𝑅𝑅 =
𝑇𝑇𝑃𝑃𝑅𝑅

𝑇𝑇𝑃𝑃𝑅𝑅 + 𝐹𝐹𝑁𝑁𝑅𝑅
=

𝑇𝑇𝑃𝑃𝑅𝑅
𝑇𝑇𝑃𝑃𝑅𝑅 + 𝐹𝐹𝑁𝑁𝑆𝑆|𝑅𝑅 + 𝐹𝐹𝑁𝑁𝐴𝐴|𝑅𝑅

 
(18) 

where TPE = True Positive Excess = [Excessive nutrient correctly identified as 
excessive]; FNE = False Negative Excess = [Excessive nutrient incorrectly identified as 
deficient or adequate]; FND|E = [Excessive nutrient incorrectly identified as deficient] 
and FNA|E = [Excessive nutrient incorrectly identified as adequate]. 

PPV: represents the proportion of correctly detected diagnoses of a particular 
nutritional status to the total number of diagnosed cases of that status. This criterion 
reflects the model’s prediction performance. A high PPV for a specific nutrient status 
indicates diagnosis for that status are reliable. There are three subcategories: Positive 
Predictive Deficiency Value (PPDV), Positive Predictive Adequate Value (PPAV),  
and Positive Predictive Excess Value (PPEV). Indeed, PPDV is the proportion of 
deficiency that was correctly identified to the total number of deficient cases diagnosed. 
It is given by: 

𝑃𝑃𝑃𝑃𝑆𝑆𝐶𝐶 =
𝑇𝑇𝑃𝑃𝑆𝑆

𝑇𝑇𝑃𝑃𝑆𝑆 + 𝐹𝐹𝑃𝑃𝑆𝑆
 (19) 

where TPD = [Deficient nutrient correctly identified as deficient] and FPD = False 
Positive Deficiency = [Adequate or excessive nutrient incorrectly identified as 
deficient]. 

PPAV is the proportion of adequacy that was correctly identified to the total 
number of adequate cases diagnosed, and is given by: 

𝑃𝑃𝑃𝑃𝐴𝐴𝐶𝐶 =
𝑇𝑇𝑃𝑃𝐴𝐴

𝑇𝑇𝑃𝑃𝐴𝐴 + 𝐹𝐹𝑃𝑃𝐴𝐴
 (20) 

where TPA = [Adequate nutrient correctly identified as adequate] and FPA = False 
Positive Adequate = [Deficient or excessive nutrient incorrectly identified as adequate]. 

PPEV is the proportion of excess that was correctly diagnosed to the total number 
of excessive cases diagnosed, and is given by: 

𝑃𝑃𝑃𝑃𝑅𝑅𝐶𝐶 =
𝑇𝑇𝑃𝑃𝑅𝑅

𝑇𝑇𝑃𝑃𝑅𝑅 + 𝐹𝐹𝑃𝑃𝑅𝑅
 (21) 

where TPE = [Excessive nutrient correctly identified as excessive] and FPE = False 
Positive Excess = [Deficient or adequate nutrient incorrectly identified as excessive]. 

Accuracy: measures how close the model's results are to the true value. It is the 
ratio of correctly detected diagnoses to the total number of diagnosis results. Accuracy 
provides an overall view of the model performance. A high accuracy indicates the model 
performs well overall in identifying nutrient deficiencies, adequate levels, and excesses. 

𝐴𝐴𝐼𝐼𝐼𝐼𝑣𝑣𝑓𝑓𝑣𝑣𝐼𝐼𝐴𝐴 =
𝑇𝑇𝑃𝑃𝑆𝑆 + 𝑇𝑇𝑃𝑃𝐴𝐴 + 𝑇𝑇𝑃𝑃𝑅𝑅

𝑇𝑇𝑃𝑃𝑆𝑆 + 𝑇𝑇𝑃𝑃𝐴𝐴 + 𝑇𝑇𝑃𝑃𝑅𝑅 + 𝐹𝐹𝑁𝑁𝑆𝑆 + 𝐹𝐹𝑁𝑁𝐴𝐴 + 𝐹𝐹𝑁𝑁𝑅𝑅
 (22) 

where TPD = True Positive Deficiency, TPA = True Positive Adequacy, TPE = True 
Positive Excess, FND = False Negative Deficiency, FNA = False Negative Adequacy, 
and FNE = False Negative Excess. 

In summary, these performance criteria provide a comprehensive picture of how 
well models can diagnose plant nutrient status. DCF assesses agreement between 
models, while TPR and PPV evaluate a model's ability to correctly identify true nutrient 
deficiencies, adequate levels, and excesses. 
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Data analysis 
The fruit yield population was separated into high and low subpopulation data 

arrays based on the confidence interval method proposed by Silva et al. (2004). 
Descriptive statistics were calculated for pineapple fruit yield, leaf nutrient 
concentrations, nutrient ratios, and row-centred log ratio expression data (Eq. 15) using 
R software version 4.1.3 (R Core Team, 2021). Descriptive statistics included, means, 
standard deviations, CVs, skewness, and kurtosis values, where a skewness value of zero 
indicates perfect symmetry, and values greater than 1 indicate marked asymmetry. We 
computed DRIS (Eq. 6), M-DRIS (Eq. 10), and CND (Eq. 15) index values per treatment 
based on the index function and the row-centred log-ratios for the high-yielding 
subpopulation. The more negative is the index value for a nutrient, the more limiting is 
that nutrient. The mean nutrient balance index (NBIm) was also computed for each 
model. The mean indices of the three models for each nutrient and the NBIm were 
plotted against the sample size using plot() function from the base stats package in 
R software. They were plotted to see the trends for the distribution of N, P, and K indices 
and NBIm for the different models. 

A permutational multivariate analysis of variance (PERMANOVA) test (p < 0.05) 
was performed on the nutrient indices using Euclidean method (Anderson, 2001) under 
the null hypothesis that there is no difference between these indices for DRIS, M-DRIS, 
and CND models with 0.05 significance level. Model and treatment were considered as 
factors. We calculated also the percentages of agreement between the models, the 
sensitivity (Eqs (16), (17) and (18)), precision (Eqs (19), (20) and (21)) and accuracy 
(Eq. 22) for each model and by sample size that were used to compare model 
performance. Performance criteria values including sensitivity, precision, and accuracy 
of each model were then averaged and plotted against the sample size using function plot 
from the base stats package in R software. All the computations and plots were done 
using R software version 4.1.3. 

 
Interpretation of DRIS, M-DRIS, and CND indices  
The nutrient index and the NBIm were used to interpret the diagnosis made by 

DRIS, M-DRIS, and CND (Wadt, 2005). Using this method, each nutrient's DRIS,  
M-DRIS, and CND index modules are compared with the NBIm. According to Wadt et 
al. (1998), the technique determines if the imbalance ascribed to a particular nutrient is 
larger or smaller than the imbalance given to the average of all nutrients. The method 
has the advantage of detecting even excess nutrients. According to this author, for a 
nutrient Nut, the following conclusions could be drawn: 

𝑆𝑆𝑙𝑙𝑓𝑓𝑙𝑙𝐼𝐼𝑙𝑙𝑙𝑙𝑛𝑛𝐼𝐼𝐴𝐴 =  𝐴𝐴𝑁𝑁𝑣𝑣𝑡𝑡 <  0 𝑣𝑣𝑛𝑛𝑜𝑜 |𝐴𝐴𝑁𝑁𝑣𝑣𝑡𝑡|  >  𝑁𝑁𝐵𝐵𝐴𝐴𝑓𝑓 
𝐴𝐴𝑜𝑜𝑙𝑙𝐴𝐴𝑣𝑣𝑣𝑣𝑡𝑡𝑙𝑙 =  |𝐴𝐴𝑁𝑁𝑣𝑣𝑡𝑡|  ≤  𝑁𝑁𝐵𝐵𝐴𝐴𝑓𝑓 

𝑅𝑅𝑥𝑥𝐼𝐼𝑙𝑙𝐸𝐸𝐸𝐸 =  𝐴𝐴𝑁𝑁𝑣𝑣𝑡𝑡 >  0 𝑣𝑣𝑛𝑛𝑜𝑜 |𝐴𝐴𝑁𝑁𝑣𝑣𝑡𝑡|  >  𝑁𝑁𝐵𝐵𝐴𝐴𝑓𝑓 
The DRIS, M-DRIS, and CND indices (Table 2) were interpreted using the  

theory of potential fertilization response (PFR) (Wadt et al., 1998). The nutrients of the  
high-productivity subpopulation were classified according to the potential fertilization 
response as follows: zero (z), positive (p), negative (n), positive or zero (pz), and 
negative or zero (nz). 
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Table 2. Criteria for interpreting DRIS, M-DRIS, and CND indices based on PFR 
Nutritional state Criteria Potential response fertilization 
Deficient and limiting INut < 0 

|INut| > NBIm 
INut is lower index value 

Positive, with higher probability (p) 

Probably deficient INut < 0 
|INut| > NBIm 

Positive or zero, with lower probability 
(pz) 

Adequate |INut| ≤ NBIm zero (z) 
Probably excessive INut > 0 

|INut| > NBIm 
Negative or zero, with lower probability 
(nz) 

Excessive INut > 0 
|INut| > NBIm 
INut is higher index value 

Negative, with higher probability (n) 

PFR= Potential Fertilization Response, NBIm = nutrient balance index mean and INut = DRIS, M-DRIS or 
CND index nutrient. Source: Calheiros et al. (2018). 

 
The flow chart (Fig. 1) below presents the different steps of this study. 

 

 
 

Figure 1. Research scheme. 
 

RESULTS AND DISCUSSION 
 
Relationship between yield and nutrients 
Among the 10 regression models performed to identify the relationship between 

yield and nutrients, the multiple linear regression model has the lowest AIC (210.39) and 
RMSE (15.73) values, as well as the highest R² (78.01; Table 3). Therefore, it is 
considered the best model, and its equation is as follows: 

𝑌𝑌𝑙𝑙𝑙𝑙𝑙𝑙𝑜𝑜 =  − 5.44 +  79.6 ∗  𝑁𝑁 −  25.13 ∗  𝑃𝑃 −  3.35 ∗  𝐾𝐾 (23) 

https://docs.google.com/document/d/1CCB0dhlyTTPjAvi8k0Bx2_QflOAl6AhG/edit?pli=1#heading=h.2jxsxqh
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This equation was then used to generate the yields corresponding to the nutrient 
levels, in keeping the linear functional link between the data. 
 
Table 3. Linear and non linear equation to yield on the explanatory variables 
Model Equation AIC R2 (%) RMSE 
Multiple linear regression Yield = e +a*N + b*P + c*K 210.39 78.01 15.73 
Logarithm transformation Yield = e +a*log(N) + b*log(P) + c*log(K) 214.12 74.3 17.01 
Inverse Yield = e +a*(1/N) + b*(1/P) + c*(1/K) 244.09 52.85 35.98 
Quadratic of N Yield = e +a*N2 + b*P + c*K 227.16 61.07 18.86 
Quadratic of P Yield = e +a*N + b*P2 + c*K 241.2 60.28 28.98 
Quadratic of K Yield = e +a*N + b*P + c*K2 225.04 63.53 20.35 
Quadratic of N and P Yield = e +a*N2 + b*P2 + c*K 219.45 64.12 18.25 
Quadratic of N and K Yield = e +a*N2 + b*P + c*K2 222.23 63.55 20.22 
Quadratic of P and K Yield = e +a*N + b*P2 + c*K2 235.1 60.05 28.43 
Quadratic of N, P and K Yield = e +a*N2 + b*P2 + c*K2 228.64 61.75 19.62 
AIC = Akaike Information Criterion; R2: Coefficient of determination; RMSE = Root Mean Square Error; 
e = the intercept or constant term; a = the regression coefficient for N; b = the regression coefficient for P; 
c = the regression coefficient for K. 
 

Binary nutrients ratio and row-centred log ratio statistics  
Binary nutrient ratio combinations and row-centred log ratios of all three nutrients 

were calculated for the different sample sizes, and summary statistics were evaluated for 
each of the resulting nutrient ratio expressions (Table 4). We noticed that the values of 
the dual relations and the multi-nutrient variables with the means differed for the  
high-productivity subpopulation. The DRIS and M-DRIS norms, i.e. means and CVs of 
the nutrient ratios, for high-yielding subpopulations were presented in Table 4. 

Indeed, a total of six (06) nutrient ratios were established and used to determine the 
DRIS and M-DRIS standards. These ratios were N/P, N/K, P/K, P/N, K/N, K/P. 
Considering the different sample sizes, except 30, the ratio P/N had the lowest average 
ratio and K/P had the highest for the control treatment (Table 4). For the treatments  
2N-0P-2K, 1N-2P-0K, and 2N-2P-2K, the ratios of P/K had the lowest standard 
deviation, while the ratios of K/P had the highest standard deviation. On the other hand, 
for treatment 0N-1P-1K, the nutrient ratios of N/K had the lowest standard deviation, 
whereas the ratios of K/P had the highest standard deviation. These values were 
computed using CVs and 𝑋𝑋� , and were presented in Table 3. The means, standard 
deviation (SD), and CV (%) of ratios for high-yielding subpopulations were computed 
for the DRIS and M-DRIS norms. These norms were used to calculate nutrient indices 
of DRIS and M-DRIS and the Mean Nutrient Balance Indices. 

The CND norms, i.e. means and CVs, of row-centred log ratios of N, P, and K, for 
the high yielding- subpopulation were presented in Table 4. N and P nutrients had the 
lowest and highest standard deviations, respectively, with regard to the CND criteria for 
all sample sizes and the control treatment. For K nutrient, the standard deviation was 
0.83% (computed using  𝑋𝑋�  and CV; Table 4). 
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Table 4. Mean (𝑋𝑋�) and coefficient of variation (CV) of the N, P, and K dual relations, and the CND variables in pineapple, subpopulation of high 
productivity. T1 = 0N-0P-0K, T2 = 2N-0P-2K, T3 = 0N-1P-1K, T4 = 1N-2P-0K, T5 = 2N-2P-2K 3 
Treatment Variable N = 30 N = 70 N = 80 N = 100 N = 210 N = 270 N = 330 N = 490 N = 630 N = 860 
T1   𝑋𝑋�  (%)  CV (%)  𝑋𝑋�  (%)  CV (%)  𝑋𝑋�  (%)  CV (%)  𝑋𝑋�  (%)  CV (%)  𝑋𝑋�  (%)  CV (%)  𝑋𝑋�  (%)  CV (%)  𝑋𝑋�  (%)  CV (%)  𝑋𝑋�  (%)  CV (%)  𝑋𝑋�  (%)  CV (%)  𝑋𝑋�  (%)  CV (%) 

N/P 15.37 3,126.18 11.35 1,758.45 11.95 3,490.88 13.87 5,212.54 12.22 388.06 10.70 2,238.14 11.62 3,497.12 11.69 4,020.45 18.53 1,7751.22 14.14 1,0689.08 
N/K 4.98 1,690.33 5.74 2,261.84 5.90 3,426.84 6.99 3,298.59 5.47 145.05 8.27 9,418.30 5.32 2,242.48 6.82 4,830.60 7.09 6,515.75 6.06 4,084.55 
P/K 3.31 2,244.86 3.04 1,542.54 4.27 5,397.85 3.50 2,386.91 3.12 60.37 3.95 4,620.40 3.23 2,808.28 3.72 4,070.1 4.58 9,754.43 3.64 5,425.93 
P/N 1.45 2,965.01 1.05 758.34 1.16 1,634.93 1.04 845.66 1.25 34.03 1.28 3,754.39 1.18 1,608.89 1.54 10,641.27 1.42 5,249.52 1.26 2,650.42 
K/N 2.36 1,037.95 2.36 1,203.78 2.31 1,571.24 2.20 1,080.42 2.5 55.54 2.68 3,694.32 2.44 1,898.23 2.51 3,603.57 2.71 5,422.62 2.57 2,566.6 
K/P 18.45 3,534.8 14.35 2,859.62 14.21 2,938.93 13.04 2,258.48 14.24 550.48 13.64 3,164.33 13.77 3,555.40 13.82 4,577.69 26.84 23,281.8 16.45 12,463.73 
G 3.07 23.15 3.07 23.08 3.06 23.24 3.07 23.21 3.06 23.11 3.07 23.24 3.06 23.24 3.07 23.26 3.06 23.22 3.06 23.28 
Log (N/G) -1.24 52.23 -1.24 -52.23 -1.24 -52.47 -1.23 -52.45 -1.23 -52.85 -1.24 -52.57 -1.23 -52.75 -1.23 -52.33 -1.24 -52.61 -1.24 -52.71 
Log (P/G) -2.01 -55.20 -2.01 -55.20 -2.004 -54.63 -2.02 -54.82 -2.01 -54.69 -2.02 -55.002 -2.02 -54.71 -2.02 -54.94 -2.02 -55.16 -2.02 -54.93 
Log (K/G) -1.32 -62.39 -1.32 -62.39 -1.33 -62.19 -1.33 -62.67 -1.33 -62.13 -1.33 -62.62 -1.33 -62.36 -1.33 -62.64 -1.33 -62.55 -1.33 -62.55 

T2 N/P 15.03 1,724.80 15.36 2,259.69 20.11 6,309.45 12.55 1,033.16 26.13 15,606.77 14.35 2,330.56 150.6 35,245.83 15.71 3,514.99 14.41 2,598.88 17.53 8,389.27 
N/K 0.54 11.87 0.54 11.85 0.54 11.83 0.54 11.83 0.54 11.92 0.54 11.89 0.54 11.87 0.54 11.89 0.54 11.86 0.54 11.91 
P/K 0.09 43.99 0.09 44.13 0.09 43.96 0.09 43.93 0.09 44.08 0.09 44.10 0.09 44.08 0.09 43.99 0.09 44.05 0.09 43.97 
P/N 0.17 44.49 0.17 44.95 0.17 44.79 0.17 44.75 0.17 44.86 0.17 44.84 0.17 44.78 0.17 44.80 0.17 44.81 0.7 44.71 
K/N 1.86 12.06 1.86 12.02 1.86 12.03 1.86 12.04 1.86 12.13 1.86 12.08 1.86 12.08 1.86 12.09 1.86 12.07 1.86 12.11 
K/P 27.84 1,662.23 28.02 2,115.26 36.39 6,067.38 22.90 968.54 47.6 15,312.52 26.44 2,377.52 310.83 35,474.45 28.94 3,340.91 26.92 2,748.18 32.27 7,900.48 
G 4.41 1.57 4.41 1.58 4.21 1.59 4.41 1.58 4.41 1.59 4.40 1.59 4.41 1.59 4.40 1.59 4.41 1.59 4.41 1.58 
Log (N/G) -0.73 -13.76 -0.73 0.1 -0.73 -13.78 -0.72 -13.77 -0.73 -13.86 -0.72 -13.82 -0.73 -13.78 -0.73 -13.82 -0.73 -0.73 -0.73 -13.84 
Log (P/G) -2.65 -24.91 -2.64 -24.91 -2.64 -24.66 -2.64 -24.6 -2.65 -24.72 -2.64 -24.73 -2.65 -24.81 -2.64 -24.73 -2.64 -2.64 -2.64 -24.59 
Log (K/G) -0.11 -44.62 -0.11 -44.63 -0.11 -44.87 -0.11 -44.51 -0.11 -44.7 -0.11 -44.92 -0.12 -44.73 -0.11 -44.74 -0.11 -0.11 -0.11 -44.68 
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Table 4 (continued) 
T3 N/P 6.19 1,650.93 5.38 1,452.75 5.46 1,660.36 7.55 4,206.58 11.4 12,837.01 7.18 3,725.06 7.79 6,289.36 6.67 4,211.49 12.83 18,240.64 17.79 32,345.07 

N/K 0.2 41.91 0.21 41.8 0.21 41.72 0.21 41.76 0.2 41.72 0.21 41.74 0.21 41.82 0.21 41.96 0.21 41.77 0.21 41.93 
P/K 0.18 66.92 0.18 66.48 0.18 66.72 0.18 66.91 0.18 66.78 0.18 66.48 0.18 66.88 0.18 66.66 0.18 66.64 0.18 66.62 
P/N 1.47 587.16 2.59 5,853.87 4.26 12,386.18 1.73 2,742.32 1.66 2,071.21 1.93 2,716.81 1.66 2,142.14 1.7 2,416.8 1.99 5,442.97 3.42 33,140.85 
K/N 8.94 905.35 15.02 6,296.99 20.62 11,248.19 9.75 2,272.68 8.94 1,551.59 10.81 2,761.16 9.91 3,781.15 9.68 2,363.47 10.84 6,261.52 20.05 32,399.43 
K/P 31.13 1,725.96 26.64 1,396.35 28.13 1,555.03 34.04 3,137.97 44.41 7,851.88 33.87 3,194.79 36.58 5,137.91 33.44 3,780.51 57.78 14,136.23 68.42 25,110.33 
G 4.22 2.83 4.21 2.83 4.22 2.83 4.21 2.82 4.21 2.82 4.22 2.83 4.22 2.82 4.21 2.83 4.22 23.23 4.22 23.28 
Log (N/G) -1.96 -29.7 -1.96 -29.7 -1.95 -29.45 -1.94 -29.07 -1.94 -29.04 -1.95 -29.36 -1.68 -29.22 -1.95 -29.38 -1.95 -29.32 -1.95 -29.19 
Log (P/G) -2.29 -44.52 -2.29 -44.53 -2.29 -44.39 -2.30 -44.5 -2.3 -44.61 -2.29 -44.55 -2.3 -44.82 -2.29 -44.51 -2.3 -44.68 -2.29 -44.62 
Log (K/G) -0.25 -35.07 -0.25 -35.07 -0.25 -35.17 -0.25 -35.02 -0.25 -34.93 -0.25 -35.03 -0.25 -34.94 -0.25 -34.97 -0.25 -34.97 -0.25 -34.95 

T4 N/P 18.3 6,675.43 12.81 3,452.28 6.53 672.48 14.5 3,432.38 9.37 2,480.93 31.8 21,885.95 9.46 2,304.91 11.35 5,284.76 41.48 41,737.89 11.24 5,462.52 
N/K 0.35 79.06 0.36 79.8 0.36 80.47 0.36 79.77 0.36 79.2 0.36 79.31 0.36 79.71 0.36 79.76 0.36 80.91 0.36 79.94 
P/K 0.18 64.2 0.18 64.5 0.18 65.21 0.18 64.2 0.18 64.4 0.18 64.68 0.18 64.67 0.18 64.71 0.18 65.93 0.18 64.63 
P/N 2.61 977.89 3.50 2,290.19 5.10 5,156.76 3.15 1,779.13 624.72 32,159.3 4.68 11,755.1 3.47 2,447.74 3.95 7,641.35 4.001 6,117.44 3.5 3,386.52 
K/N 15.22 930.3 21.07 2,000.73 27.13 3,702.31 18.35 1,656.8 1,631.002 31,945.30 27.35 11,299.61 19.67 2,068.73 22.83 7,715.36 26.002 6,489.78 20.96 3,166.57 
K/P 47.15 5,113.71 1.53 3,552.3 20.42 995.8 43.29 4,806.56 27.26 2,144.36 74.38 18,235.6 33.08 4,065.54 36.51 7,780.84 60.65 26,061.09 33.58 6,103.32 
G 4.23 5.18 4.23 5.27 4.24 5.25 4.23 5.22 4.23 5.21 4.23 5.23 4.23 5.24 4.23 5.26 4.23 5.23 4.23 5.22 
Log (N/G) -1.69 -65.23 -1.69 -65.23 -1.69 -65.22 -1.69 -65.16 -1.69 -65.15 -1.68 -65.17 -1.68 -65.25 -0.26 -65.19 -1.69 -65.21 -1.69 -65.18 
Log (P/G) -2.25 -41.09 -2.25 -41.09 -2.25 -40.70 -2.25 -41.17 -2.25 -40.98 -2.26 -41.20 -2.25 -41.09 -2.25 -41.09 -2.26 -41.05 -2.25 -41.07 
Log (K/G) -0.24 -67.71 -0.25 -67.71 -0.24 -68.57 -0.25 -67.38 -0.24 -67.60 -0.25 -67.81 -0.25 -67.92 -1.68 -68.11 -0.25 -67.71 -0.25 -67.78 

T5 N/P 24.87 1,193.63 34.85 5,748.19 29.65 4,117.35 28.72 1,896.02 29.61 2,780.58 38.87 7,120.04 27.31 2,263.61 32.94 5691.68 32.71 7,922.83 38.17 10,933.74 
N/K 0.69 25.47 0.69 25.72 0.69 25.61 0.69 25.5 0.69 25.68 0.7 25.52 0.7 25.44 0.7 25.45 0.7 25.53 0.7 25.55 
P/K 0.13 63.5 0.13 63.98 0.13 63.99 0.13 63.47 0.13 63.55 0.13 63.66 0.13 63.40 0.13 63.49 0.13 63.61 0.13 63.61 
P/N 0.19 65.43 0.19 65.82 0.19 66.12 0.19 65.13 0.19 65.37 0.20 65.63 0.19 65.39 0.19 65.36 0.2 65.43 0.2 65.56 
K/N 1.53 26.92 1.52 27.06 1.52 28.66 1.52 26.78 1.52 26.92 1.53 26.94 1.52 26.81 1.52 26.74 1.52 26.92 1.53 26.91 
K/P 37.54 1,189.09 46.46 4,817.31 43.27 4,468.23 42.51 1,966.38 43.47 2,711.17 56.38 6,296.80 39.51 2,083.57 49.25 6,417.43 49.64 9,042.45 55.13 10,223.39 
G 3.99 3.88 3.99 3.9 4 3.89 4 3.87 3.99 3.88 3.99 3.86 3.99 3.85 4.23 3.86 3.99 3.87 3.99 2.87 
Log (N/G) -0.82 -25.01 -0.82 -25.01 -0.81 -24.92 -0.81 -24.72 -0.81 -24.93 -0.81 -24.89 -0.81 -24.79 -0.81 -24.77 -0.81 -24.86 -0.81 -24.82 
Log (P/G) -2.77 -34.84 -2.77 -34.84 -2.77 -34.95 -2.76 -34.85 -2.77 -35.05 -2.76 -34.93 -2.76 -34.81 -2.76 -34.71 -2.76 -34.75 -2.76 -34.77 
Log (K/G) -0.42 -28.71 -0.42 -28.71 -0.42 -28.71 -0.42 -28.58 -0.42 -28.54 -0.42 -28.44 -0.42 -28.36 -0.42 -28.48 -0.43 -28.53 -0.42 -28.50 
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For the treatments 2N-0P-2K, 0N-1P-1K, and 2N-2P-2K, potassium (K) had the 
lowest standard deviation, while phosphorus (P) had the highest standard deviation. 
Potassium (K) and nitrogen (N) exhibited the lowest and highest standard deviations for 
the treatment 1N-2P-0K, respectively. The standard deviation of phosphorus (P) ranged 
between 0.91% and 0.93% (computed using  𝑋𝑋�  and CVs). Negative values in the CND 
criteria mean that the nutrient's foliar content is lower than the geometric mean of the 
nutritional composition in the multi-nutrient variable. 

 
Nutrient indices computed by DRIS, M-DRIS, and CND methods 
The N, P, and K indices and as well as the NBIm were calculated for each treatment 

and each sample size using DRIS, M-DRIS, and CND models. When all nutrient indices 
for DRIS, M-DRIS, and CND were plotted in one graph, the models showed different 
trends for the distribution of N, P, and K indices as well as NBIm (Fig. 2). Nutrient 
indices were different between models and with sample size. Indeed, we noticed that N, 
P, and K averaged indices as well as NBIm for M-DRIS (red dashed lines) were positive, 
whereas DRIS average indices (black lines) were negative for P and positive for K  
and NBIm. N varied between negative (𝐴𝐴𝑁𝑁 = -36.78) and positive values (𝐴𝐴𝑁𝑁 = 158.28). 
CND averaged indices (blue lines) were between negative and positive values for all 
nutrients with the sample size (ranging from −1.57*10−16 to 1.31*10−16 for N, -9.68*10−17 
to 5.83*10−17 for P, and -1.23*10−16 to 8.66*10−17) and were very close to 0, which 
explained the approximately linear shape of its curves in the figure. 

For all three models, the calculated indices became approximately stable from the 
sample size of 490 (Fig. 2). P was the most limiting nutrient by deficiency, compared to 
the other nutrients. 
 

 
 
Figure 2. Averaged indices of N, P, K and mean nutrient balance index (NBIm) for DRIS,  
M-DRIS, and CND models relative to the different data size. 
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Table 5. Results of permutational multivariate analysis of variance on the nutrient indices 
considering the models and treatment as factors 
Sample size Source of variation Df Sum of squares R2 F Pr(>F) 
30 Model 2 276,236 0.40 5.01 0.001*** 

Treatment 4 194,099 0.28 1.76 0.12 
Residual 8 220,393 0.32 - - 
Total 14 690,729 1 - - 

70 Model 2 269,961 0.34 4.77 0.007** 
Treatment 4 288,337 0.37 2.55 0.025* 
Residual 8 226,224 0.29 - - 
Total 14 784,522 1 - - 

80 Model 2 321,217 0.37 4.09 0.002** 
Treatment 4 233,648 0.27 1.49 0.168 
Residual 8 314,105 0.36 - - 
Total 14 868,969 1 - - 

100 Model 2 269,792 0.36 4.45 0.004** 
Treatment 4 239,334 0.32 1.97 0.052 
Residual 8 242,563 0.32 - - 
Total 14 751,689 1 - - 

210 Model 2 165,972,252 0.15 1.03 0.393 
Treatment 4 296,526,975 0.27 0.92 0.933 
Residual 8 646,655,531 0.58 - - 
Total 14 1,109,154,758 1 - - 

270 Model 2 556,484 0.31 3.4 0.007** 
Treatment 4 602,948 0.33 1.84 0.076 
Residual 8 654,686 0.36 - - 
Total 14 1,814,118 1 - - 

330 Model 2 4,802,704 0.23 1.51 0.065 
Treatment 4 3,394,142 0.16 0.53 0.913 
Residual 8 12,707,887 0.61 - - 
Total 14 20,904,733 1 - - 

490 Model 2 303,415 0.35 4.38 0.004** 
Treatment 4 286,785 0.33 2.07 0.043* 
Residual 8 277,008 0.32 - - 
Total 14 867,208 1 - - 

630 Model 2 579,664 0.38 4.47 0.006** 
Treatment 4 444,592 0.29 1.71 0.133 
Residual 8 519,244 0.34 - - 
Total 14 1,543,499 1 - - 

860 Model 2 576,084 0.36 4.35 0.003** 
Treatment 4 486,791 0.31 1.84 0.048* 
Residual 8 530,319 0.33 - - 
Total 14 1,593,194 1 - - 

Df: Degree of freedom; ***, **, and * indicate significance at 0.001, 0.01, 0.05, and 0.1 levels, respectively. 
 
The permutational multivariate analysis of variance (PERMANOVA) results 

indicated that there was a significant difference between the DRIS, M-DRIS and CND 
indices for the sample sizes of 30 (p.value = 0.001), 70 (p.value = 0.007), 80 
(p.value = 0.002), 100 (p.value = 0.004), 270 (p.value = 0.007), 490 (p.value = 0.004), 
630 (p.value = 0.006), and 860 (p.value = 0.003). For the sample sizes of 210 and 330, 
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the nutrient indices calculated did not differ significantly between the DRIS, M-DRIS, 
and CND models. Considering the treatments, there was also a difference between the 
dispersions of the models’ indices calculated for the sample size of 70 (p.value = 0.025) 
at a 5% significance level (Table 5). 

 
Comparison of the Performance of DRIS, M-DRIS, and CND 
 
Frequency of concordance in diagnosis using the DRIS, M-DRIS, and 

CND models 
The comparison of multiple models employing specific norms based on the 

frequency of concordant diagnoses (DCF) (Silva et al., 2004) produced varying findings 
depending on the method of comparison and the concentration of nutrients in pineapple 
leaves. A set of all treatments combined was used to assess the effect of the index model 
and sample size. All sample sizes yielded mean values of 66% (DRIS versus M-DRIS), 
43.33% (DRIS vs CND), and 28.7% (M-DRIS vs CND) (Table 6).When comparing N, 
P, and K nutrients, the concordance is lower with CND involved. Consequently, the 
DRIS and M-DRIS models showed more similarity in diagnosing nutritional status for 
pineapple compared to each of them versus the CND model. Overall, the models 
disagreed, and when it came to determining the status of N, P, and K minerals, the 
nutritional diagnostic obtained through the CND technique was not the same as that 
obtained through the DRIS and M-DRIS methods. Our results are consistent with those 
of Silva et al. (2004) when assessing the nutritional status of eucalyptus trees and with 
the work of Urano et al. (2006) when assessing the nutritional diagnosis of soybeans. 
They found that the DRIS and M-DRIS methods were concordant. 

 
Table 6. Agreement percentages of concordant diagnoses of N, P, and K status in pineapple, 
subpopulation of high productivity, among the methods DRIS, M-DRIS, and CND for each 
sample size, applied to the leaves 

Sample  
size 

DRIS vs M-DRIS DRIS vs CND M-DRIS vs CND 
N  
(%) 

P  
(%) 

K 
(%) 

Mean 
(%) 

N 
(%) 

P  
(%) 

K 
(%) 

Mean 
(%) 

N  
(%) 

P  
(%) 

K  
(%) 

Mean 
(%) 

30 80 20 80 60 40 20 40 33.33 60 40 40 34 
70 100 80 80 86.66 40 40 80 53.33 40 40 60 27.67 
80 40 20 0 20 100 40 0 46.67 40 0 40 14 
100 80 60 40 60 40 20 40 33.33 60 40 80 34.67 
210 80 40 80 66.67 40 0 20 20 40 60 20 33.67 
270 100 20 80 66.67 60 80 60 66.67 60 40 40 34 
330 100 60 80 80 40 40 20 33.33 40 60 20 33.67 
490 80 40 80 66.67 40 40 60 46.67 40 40 40 27.33 
630 100 60 80 80 80 20 80 60 80 0 60 27.67 
860 80 60 80 73.33 60 20 40 40 60 0 20 20.33 
Mean 84 46 68 66 54 32 44 43.33 52 32 42 28.7 
 

The DCF of the potential fertilization response (PFR) for the principal limitation 
by deficiency (p) for DRIS vs. M-DRIS, DRIS vs. CND, and M-DRIS vs. CND were 
45.32%, 50.43%, and 40.75%, respectively, for the second criterion (Table 7). 
Furthermore, for the same comparison, the main excess (n) constraint was 31.8%, 
39.07%, and 45.82%, respectively. This comparison showed the highest degree of 
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similarity among the three approaches. As observed for the negative response (n), the 
concordance was smaller when DRIS was considered in the comparisons. M-DRIS  
and CND models were more consistent in identifying primary limiting by excess (n), 

al. (2020) found that CND was better at capturing nutrient imbalances affecting fruit 
development and ripening stages, suggesting that it is a more sensitive tool for managing  
 

whereas DRIS and CND were more 
comparable in diagnosing principal 
limiting by deficiency (p), when 
compared to the other duals. 

 
Sensitivity, positive predictive 

value and accuracy of DRIS,  
M-DRIS and CND models 

DRIS, M-DRIS, and CND 
models were also compared based on 
their sensitivity or true positive rate 
(TPR, Fig. 3), positive predictive 
value (PPV, Fig. 4, A-C) and 
accuracy (Fig. 4, D). Compared with 
DRIS and M-DRIS, CND appeared 
to be more sensitive for early 
detection of N, P, and K deficiency 
and excess in pineapple leaves when 
the situations were true (Fig. 3, A and 
C). Parent & Dafir (1992) showed 
that CND is theoretically more robust 
than DRIS and M-DRIS. CND 
recognizes high-order interactions 
between nutrients, which was 
partially addressed by DRIS and  
M-DRIS (Parent & Dafir, 1992). 
CND has been found to be more 
efficient to determine the nutritional 
status of crops because of its sound 
mathematical and statistical bases 
(René et al., 2013; Valdez-Cepeda  
et al., 2013; Morais et al., 2019).  
In the case of pineapple, Cunha et al. 
(2020) found that CND was better  
at capturing nutrient imbalances 
affecting fruit development and 
ripening stages, suggesting that it is a 
more sensitive tool for managing the 
nutrition of fruit crops. However, for 
all sample sizes considered, Cunha et  

 
Table 7. Agreement percentages of concordant 
diagnoses of the potential fertilization response in 
a subpopulation of high productivity, among the 
methods DRIS, M-DRIS, and CND using specific 
norms for each sample size, applied to the leaves 
Sample  
size Method p (%) n (%) 

30 DRIS vs M-DRIS 26.67 33.33 
DRIS vs CND 40.67 23.33 
M-DRIS vs CND 30 55 

70 DRIS vs M-DRIS 25.33 30.67 
DRIS vs CND 50 35.5 
M-DRIS vs CND 20 33.33 

80 DRIS vs M-DRIS 60.33 40.67 
DRIS vs CND 26.7 60 
M-DRIS vs CND 50 10.67 

100 DRIS vs M-DRIS 12.5 10 
DRIS vs CND 40 65.33 
M-DRIS vs CND 50.5 12.5 

210 DRIS vs M-DRIS 70 50 
DRIS vs CND 60 24.67 
M-DRIS vs CND 45.67 75 

270 DRIS vs M-DRIS 70.67 6.67 
DRIS vs CND 13.33 70 
M-DRIS vs CND 36 53.33 

330 DRIS vs M-DRIS 20.33 60 
DRIS vs CND 80 27.33 
M-DRIS vs CND 20 60.67 

490 DRIS vs M-DRIS 30.33 16.67 
DRIS vs CND 64.5 29.33 
M-DRIS vs CND 35.33 50.33 

630 DRIS vs M-DRIS 73.33 40 
DRIS vs CND 43.67 30.5 
M-DRIS vs CND 60 67.33 

860 DRIS vs M-DRIS 63.67 30 
DRIS vs CND 75.67 24.67 
M-DRIS vs CND 60 40 

Mean DRIS vs M-DRIS 45.32 31.8 
DRIS vs CND 50.43 39.07 
M-DRIS vs CND 40.75 45.82 

p = primary limiting by deficiency, n = primary limiting 
by excess. 
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the nutrition of fruit crops. However, for all sample sizes considered, the DRIS method 
was more sensitive to identifying N, P, and K balance in pineapple leaves when the 

N, P, and K nutrients in pineapple leaves (Fig. 4, B). Fig. 4, D showed the accuracy of 
DRIS, M-DRIS, and CND models in function of sample size. 
 

situation was true (Fig. 3, B). 
Then, the CND model was more 

appropriate to identify situations 
where nutrients were deficient or 
excessive. Using the CND method 
may be more suitable for leaves with 
lower or excessive nutrient contents, 
despite its lower sensitivity to 
identify non-nutritional problems. 
Therefore, if low productivity is due 
to nutritional issues, applying the 
CND method for nutritional 
diagnosis could lead to reliable 
recommendations for correcting 
imbalances and increasing crop 
productivity. CND was connected to 
DRIS and M-DRIS but, being based 
on compositional data analysis and 
principal component analysis had 
greater potential for improving plant 
leaf diagnosis (Parent & Dafir, 1992). 

Furthermore, a comparison of 
the diagnostic precision (positive 
predictive value) of DRIS, M-DRIS, 
and CND models revealed that CND 
was the most precise in detecting 
correctly deficiency and excess to the 
total number of deficiency and excess 
cases, respectively for N, P and K 
nutrients, followed by the M-DRIS 
model (Fig. 4, A and C). Kumar et al. 
(2003) showed that CND appeared to 
be more sensitive and efficient  for 
projecting nutrient imbalances in 
turmeric. CND was the sensitive 
diagnosis and could be instrumental 
in adjusting fertilization to crop needs 
after crop emergence (Kumar et al., 
2003). However, the DRIS model 
was more precise in detecting 
correctly adequacy (sufficiency) to 
the total number of adequacy cases for 

 

 
 

 
 

 
 
Figure 3. Sensitivity of DRIS, M-DRIS and CND 
models. 
A = True Positive Deficiency Rate diagnosed by the 
models, B = True Positive Adequate Rate diagnosed by 
the models and C = True Positive Excess Rate 
diagnosed by the models. 
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Figure 4. Positive predictive values and accuracy of DRIS, M-DRIS and CND models. 
A = Positive Predictive Deficiency Value of the models, B = Positive Predictive Adequate Value of the 
models, C = Positive Predictive Excess Value of the models and D = Accuracy of the models. 

 
From this figure, we saw that, for all sample sizes considered, the CND model was 

the most accurate (average accuracy of 27.86%) for diagnosing N, P, and K nutrients in 
pineapple leaves, followed by the M-DRIS method (average accuracy of 25.39%) and 
finally the DRIS method (average accuracy of 21.91%). The DRIS and M-DRIS methods 
were reportedly inferior CND in diagnosing imbalances as they assumed additivity of 
dual ratios (Parent & Dafir, 1992). The performance of the models varied with sample 
size. But, from the data size of 330, there was no higher variation in the DRIS, M-DRIS, 
and CND models’ accuracy. The nutrient status of interest when we have low 
agricultural productivity is nutrient deficiency and to identify this situation, the CND 
model was the most appropriate, sensitive, accurate, and efficient, compared to the other 
models. Thes findings are consistent with the work of Tadayon et al. (2023) who 
conclude that CND is a better technique for assessing nutrient excesses, deficits, or 
balance in plant tissue. It is a multivariate approach and feneficial over the bivariate 
Diagnosis and Recommendation Integrated System (DRIS) techniques and conventional 
univariate critical value (CV) methodologies (Lisboa et al., 2024). Multivariate CND 
technique is superior for increased diagnostic precision for diagnosing mineral disorders 
when multiple nutrients are expected to limit yield simultaneously (Savita et al., 2016). 
Thus, in comparison to DRIS, the CND approach offers a stronger foundation for future 
advancements in foliar diagnostics. 
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CONCLUSIONS 
 
This study compared the performance of three different systems, DRIS, M-DRIS, 

and CND, for diagnosing pineapple leaf nutrient levels while varying the sample size. 
When compared to DRIS and M-DRIS, CND performed better overall in terms of 
sensitivity, positive predictive value, and accuracy. Although the DRIS and M-DRIS 
models demonstrated certain advantages, especially in establishing nutritional balances, 
the CND method was more successful in detecting nutrient excess and deficiencies. 
Future works may focus on the comparison of the diagnosis methods for the 
micronutrients such as zinc, Br also essential for plant growth. 
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Abstract. The use of plant growth-promoting bio-inputs has been widely disseminated as a means 
to optimise pasture production processes. This study was conducted to evaluate the effects of 
applying exogenous phytohormones along with different microorganisms on the productive 
characteristics of Basilisk grass (Urochloa decumbens). The experiment was conducted in a 4×2 
factorial design, in a completely randomised layout, evaluating four microorganism inoculations 
(no inoculation; Azospirillum brasilense + Pseudomonas fluorescens; Rhizophagus intraradices; 
A. brasilense + P. fluorescens + R. intraradices), combined or not with an exogenous 
phytohormone based on cytokinin, gibberellin and auxin. The results showed that inoculation 
with plant growth-promoting microorganisms stimulated an increase in root volume. In addition, 
the presence of the microorganisms increased the concentration of chlorophyll pigments, 
resulting in a 14% increase in the crude protein content of Basilisk grass compared with the 
control. The use of exogenous phytohormones also resulted in higher concentrations of total 
chlorophyll pigments and crude protein content, with increase in 25% and 9.7% respectively. The 
combined use of bacteria and mycorrhizal fungi, along with exogenous phytohormones, increased 
the accumulation of forage mass and leaf biomass. The combination enhanced carbohydrate 
accumulation in the leaves of Basilisk grass, thereby improving its nutritional quality. Therefore, 
considering the evidence found in this research, it becomes evident that the application of 
exogenous phytohormones, when combined with the inoculation of A. brasilense, P. fluorescens, 
and R. intraradices, represents a strategy to enhance the productivity of Basilisk grass. 
 
Key words: diazotrophic bacteria, Urochloa decumbens, arbuscular mycorrhizal fungi, plant 
growth regulator. 
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INTRODUCTION 
 

The high demand for animal-based foods for global consumption, particularly in 
the agricultural sector, requires Brazil to intensify technologies aimed at achieving 
sustainable production. However, according to Dias-Filho (2014), approximately 50% 
of Brazilian pastures are classified as degraded, and only 20% are in good condition  
for use. These factors, combined with inadequate soil management and low resource 
utilisation, are causing arable lands to increasingly lose their potential for nutrient 
cycling, microorganism activity, plant productivity and consequently, pasture supply for 
animals. 

Thus, technologies that reduce environmental impact are increasingly being 
adopted. Microbiological inoculants, also known as biofertilizers, improve the 
development of forage species by increasing their biomass and nutritional characteristics. 
They also allow for the replacement of chemical fertilisers through the action of plant 
growth-promoting microorganisms (PGPMs) such as bacteria and fungi that act in the 
rhizosphere, providing benefits to the plant, such as the synthesis of phytohormones, 
nutrient mobilisation and phosphorus solubilisation (Hungria et al., 2010). 

In this context, plant growth-promoting bacteria (PGPB) and arbuscular 
mycorrhizal fungi (AMF) stand out as cost-effective production systems. Examples 
include Azospirillum brasilense, Pseudomonas fluorescens, and Rhizophagus 
intraradices, which together reduce the need for fertilisers, increase nitrogen use 
efficiency through biological fixation (Cunha et al., 2014; Hourani, 2023), enhance root 
system development (Licea-Herrera et al., 2020), produce plant hormones that aid in cell 
growth, reduce water stress and improve pathogen resistance (Nadeem et al., 2014). 

Moreover, there are reports on exogenous phytohormones or plant growth 
regulators (PGR) that promote the inhibition or modification of plant morphophysiological 
processes, similar to endogenous phytohormones. Under potential stress conditions, 
these substances positively regulate genes, thereby modulating plant responses and 
significantly improving water use efficiency (Colebrook et al., 2014). Alternatives 
involving the use of plant growth-promoting microorganisms and exogenous 
phytohormones have proven to be promising in forage production, stimulating growth 
while reducing the environmental impacts of soil degradation and nutrient loss in a 
sustainable and economical manner. 

Thus, the aim of this study was to evaluate the application of exogenous 
phytohormones associated with different plant growth-promoting microorganisms in the 
cultivation of Urochloa decumbens cv. Basilisk. 
 

MATERIAL AND METHODS 
 

Experimental details and trataments 
The experiment was conducted in a greenhouse located at the University of 

Southwest Bahia, Juvino Oliveira Campus, situated at the following coordinates: 
15°38'46'' south latitude, 40°15'24'' west longitude, and an average altitude of 280 m, in 
the municipality of Itapetinga-BA, during the period from May to August 2021. The 
climate of the municipality, according to the Köppen classification, is ‘Cw’ type, humid  
mesothermal, and hot subhumid. The average minimum and maximum temperatures 
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during the experimental period were 17 °C and 36 °C, respectively. The average 
minimum and maximum humidity values were 22% and 86%, respectively. 

The soil used was collected from the 0–20 cm depth layer at the Itapetinga Campus 
of the State University of Southwest Bahia (UESB). The collected soil was broken up 
and passed through a sieve with a 4 mm mesh size. Subsequently, the pots were filled 
with the soil, and samples were collected for soil analysis, which was carried out at the 
Department of Agricultural Engineering and Soils of UESB (Table 1). 

 
Table 1. Physical and chemical analysis of soil 

Granulometric composition (g kg-1) 
Sand Silt Clay 
555 355 90 

Chemical analysis 
pH P K+ Ca2+ Mg2+ Al3+ H+ SB t T V m OM 
 mg dm-3 ----------------------- cmolc dm-3 of soil ------------------------ % g dm-3 
6.4 14 0.87 1.6 1.7 0.0 1.7 4.2 4.2 5.9 71 0 10 
SB – Sum of bases; t – Effective cation exchange capacity; T – Cation exchange capacity at pH 7;  
V – Base saturation; m – Aluminium saturation; OM – Organic matter. 

 
According to the recommendations of the Soil Fertility Commission of the State of 

Minas Gerais, there was no need for liming, and potassium fertilisation was not 
necessary as it was already adequately available (Alvarez & Ribeiro, 1999). However, 
phosphorus availability was low, but no phosphorus fertilisation was applied due to 
treatments involving phosphorus-solubilising microorganisms. Nitrogen fertilisation 
was applied, with 50 kg ha-1 of N in the form of urea (44% N) being applied, 
corresponding to 0.35 g per pot, applied as topdressing after the uniformization cut. 

To determine the field capacity, all pots with dry soil were weighed, saturated with 
water, and weighed again after complete drainage of water. The final weight obtained 
was subtracted from the dry soil weight, thus corresponding to the field capacity (FC) 
value, which was used to replenish losses due to evapotranspiration. The experimental 
units were maintained at 70% of the FC value determined. 

 
Experimental design 
The experiment was conducted in a 4×2 factorial design, with four treatments 

involving microorganisms: 1 – control (non-inoculated); 2 – Bacteria (Azospirillum 
brasilense + Pseudomonas fluorescens), 3 – Arbuscular mycorrhizal fungi 
(Rhizophagus intraradices), 4 – Bacteria (Azospirillum brasilense and Pseudomonas 
fluorescens) + Fungus (Rhizophagus intraradices), associated or not with 
phytohormones (auxin + gibberellin + cytokinin). The design was completely 
randomised, with five replicates, totalling 40 plastic pots, each filled with 13 kg of soil. 

Before sowing, seeds were inoculated with bacteria, and phytohormones were 
administered in accordance with the treatments and manufacturers’ recommendations. 
After this step, the seeds were mixed thoroughly and kept in the shade for 30 min.  
The commercial products BioFree®, composed of Azospirillum brasilense AbV6  
and Pseudomonas fluorescens CCTB03 bacteria (300 mL per 10 kg of seeds), and  
Stimulate®, containing the phytohormones auxin, gibberellin, and cytokinin 
(10 mL per 10 kg of seeds), were used. The sowing was conducted in May 2021, with 
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simultaneous inoculation of the mycorrhizal fungus (Rhizophagus intraradices) directly 
into the experimental units, following the recommendations of the commercial product 
Rootella BR® (120 g ha-1 with 20,800 propagules g-1). 

When the plants were 15 days old, thinning was performed, maintaining four plants 
per pot, based on the parameters of vigour and plant homogeneity. On the 30th day after 
planting, a uniform cut was performed, with an average residue height of 15 cm, marking 
the beginning of the evaluations. Immediately after the uniform cut, nitrogen fertilisation 
was applied, followed by foliar re-inoculation with bacteria (500 mL ha-1 of Biofree®) 
and foliar re-application of phytohormones (500 mL ha-1 of Stimulate®). Bacterial  
re-inoculation and phytohormone re-application were performed after each cut. 

 
Analysis of morphogenic and structural characteristics 
Two cycles were conducted to evaluate the morphogenetic and structural 

characteristics: one between the uniform cut and the first cut, and another between the 
first and second cuts. In each cycle, two tillers per pot were marked. Every 3 days, the 
following were determined: leaf apex appearance, leaf length and width, and stem length 
(distance from the ground to the ligule of the youngest leaf). Based on these 
measurements, the following parameters were calculated: leaf appearance rate  
(leaves-1 day-1), phyllochron (days-1 leaf-1), stem elongation rate (cm), leaf width (cm), 
and final leaf length (cm). Height measurements were taken using a graduated ruler 
without compressing the forage, considering the upper limit as the height of the leaf 
curvature around the ruler. At the end of each evaluation period, the number of tillers in 
each experimental unit was counted to determine the tiller population density. 

 
Determination of chlorophyll content and SPAD index 
For the determination of the SPAD (Soil Plant Analytical Division) index, the 

SPAD 502 Plus device was used around 10 a.m., with readings taken on the middle third 
of three randomly chosen fully expanded leaves in each experimental unit. At the end of 
each evaluation period, two fully expanded leaves were collected from each replicate, 
always around 10:00 a.m., and placed in aluminium foil envelopes, which were 
immediately stored in ice and taken to the laboratory for determination of chlorophyll a, 
chlorophyll b according to the methodology of Hiscox & Israelstam (1979). 

For this, 0.03 g of the fresh leaf mass collected was placed in a glass vial containing 
5 mL of dimethyl sulfoxide and wrapped in aluminium foil for 72 h. The readings were 
taken on a spectrophotometer at absorbance wavelengths of 665, 649, and 480 nm.  
For the quantification of chlorophylls, the formulas defined by Wellburn (1994) were 
used: Chlorophyll a = (12.19×A665) - (3.45×A649); Chlorophyll b = (21.99×A649) - 
(5.32×A665); The values adjusted to mg g-1 of fresh matter. The total chlorophyll content 
was calculated by summing chlorophyll a and b. 

 
Determination of productive and morphological characteristics 
Two cuts were made with a residual height of 15 cm to determine dry matter 

production (number of days between cuts = 28). In each cut, two subsamples (two plants 
per subsample) were obtained from each experimental unit. The first subsample was  
separated into leaf, sheath + stem, and dead material. The material was weighed and 
placed in a forced-air oven at 55 °C for 72 h. Subsequently, the samples were weighed  
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again to determine dry mass, and the following characteristics were calculated: total 
plant dry matter production, leaf dry matter production, stem dry matter production, 
percentage of leaf blades, percentage of stems, and leaf-to-stem ratio. 

 
Chemical-bromatological composition 
The second sample (whole plant) was also weighed and placed in a forced-air oven 

at 55°C for 72 h, then weighed, ground in a knife mill with a 1-mm sieve, and  
subjected to chemical-bromatological analyses to determine the levels of dry matter 
(DM, INCT-CA method G-003/1), crude protein (CP, INCT-CA method N-001/1), 
mineral matter (MM, INCT-CA method M-001/1), aether extract (EE, INCT-CA method  
G-004/1), neutral detergent fibre (NDF, INCT-CA method F-002/1), acid detergent fibre 
(ADF, INCT-CA method F-004/1), hemicellulose, and lignin (INCT-CA method  
F-005/1), according to the techniques described by Detmann et al. (2021). 

For the determination of non-fibre carbohydrates corrected for ash and protein 
(NFC) and total carbohydrates (TCHOT) in the samples, the equations proposed by 
Sniffen et al. (1992) were used. The total digestible nutrient (TDN) content of the forage 
was calculated using the equation proposed by Cappelle et al. (2001), and dry matter 
digestibility (DMD) was calculated using the equation proposed by Rodrigues (2010). 

After harvesting, the collected roots were used to determine their length using a 
ruler graduated in centimetres. Root volume was determined using a volumetric flask 
containing a specific quantity of water in which fresh roots were immersed. The 
difference in volume before and after the immersion of the roots allowed the calculation 
of root volume. Subsequently, the roots were weighed and placed in a forced-air 
circulation oven at 55 °C for 72 h to determine the dry mass. 

 
Statistical analysis 
The data were subjected to analysis of variance using the statistical programme 

SAS On Demand for Academics, considering microorganisms (M), phytohormones (F), 
and the interaction M×F as sources of variation. The interaction was split or not when 
means were compared using Tukey’s test at 5% significance level. 
 

RESULTS 
 

Morphogenetic characteristics of Urochloa decumbens cv. Basilisk showed no 
interaction effect (P > 0.05) between inoculation with microorganisms and the presence 
of phytohormones. The leaf appearance rate (LAR), phyllochron, final leaf length and 
width (FLL and FWL), tiller population density (TPD), and height did not show 
(P > 0.05) differences among the evaluated treatments, whereas the stem elongation rate 
(SER) was higher for Basilisk grass plants that received phytohormones (Table 2). 

The total leaf mass and the stem percentage showed a significant interaction 
(P < 0.05) between microbial inoculation and the presence of phytohormones. However, 
for stem mass, leaf percentage, and the leaf-to-stem ratio, the interaction was not 
significant (P > 0.05) (Table 3). 
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Table 2. Morphogenic characteristics of Basilisk grass cultivated with or without microbial 
inoculation in the presence or absence of plant growth regulators 

Item Microorganisms PGR P value CV 
(%) Cont Bac Fun Bac+Fun With Without M*PGR PGR M 

TApF 0.16 0.16 0.17 0.15 0.16 0.16 0.434 0.368 0.120 6.9 
Phyllo 6.35 6.62 6.40 6.78 6.39 6.68 0.971 0.078 0.204 7.5 
TAlC 1.14 1.12 1.16 1.11 1.15 a 1.11 b 0.892 0.032 0.363 6.0 
FLL 20.62 21.11 21.16 22.06 21.49 20.98 0.110 0.345 0.306 7.9 
FLW 1.51 1.53 1.56 1.63 1.54 1.58 0.574 0.359 0.164 8.0 
TPD 10.32 10.57 10.07 10.82 10.5 10.3 0.257 0.474 0.27 8.3 
HP 39.57 38.8 39.85 39.3 39.8 38.9 0.910 0.207 0.703 5.2 
Means followed by different lowercase letters for phytohormone presence differ significantly according to Tukey's 
test (P < 0.05). TapF – leaf appearance rate (leaf-1 tiller-1 day-1); Phyllo – phyllochron (day-1 leaf-1 tiller-1); 
TAlC – stem elongation rate (cm-1 tiller-1 day-1); FLL – final leaf length (cm); FLW – final leaf width (cm); 
TPD – tiller population density; HP – plant height (cm); Cont – control; Bac – Bacteria; Fun – Fungus; M*PGR – 
interaction between microorganisms (M) and plant growth regulators (PGR); CV – coefficient of variation. 

 
Table 3. Agronomic characteristics of Basilisk grass cultivated with or without microbial 
inoculation in the presence or absence of plant growth regulators 

Means followed by different uppercase letters for microorganisms and lowercase letters for the presence of 
phytohormones differ significantly according to Tukey's test (P < 0.05). TDB – total dry biomass (g pot-1); 
LDB – leaf dry biomass (g pot-1); SDB – stem dry biomass (g pot-1); leaf (%); stem (%); L/S – leaf to stem 
ratio; Cont – control; Bac – Bacteria; Fung – Fungus; M*PGR – interaction between microorganisms (M) and 
plant growth regulators (PGR); CV – coefficient of variation. 
 

The highest accumulation of total dry biomass, leaf dry biomass, and stem 
percentage was achieved with co-inoculation of bacteria and fungi combined with the 
presence of PGR (Table 4). 
 
Table 4. Unfolding of agronomic variables: significant interactions between microorganisms and 
plant growth regulators in Basilisk grass 

Item PGR Microorganisms 
Cont Bac Fun Bac+Fun 

TDB Without 10.19Aa 10.93Aa 11.70Aa 9.92Ba 
With 9.25Ab 8.63Bb 10.29Aab 12.06Aa 

LDB Without 6.47Aa 7.39Aa 7.32Aa 6.15Ba 
With 6.05Ab 5.40Bb 6.43Aab 7.78Aa 

Stem Without 38.37Aa 35.41Aa 38.86Aa 34.80Ba 
With 36.59Aa 40.44Aa 35.30Aa 40.66Aa 

Means followed by uppercase letters in the column and lowercase letters in the row differ significantly 
according to Tukey's test (P < 0.05). PGR – plant growth regulators; TDB – total dry biomass (g pot-1); 
LDB – leaf dry biomass (g pot-1); stem (%). 

Item Microorganisms PGR P value CV 
(%) Cont Bac Fun Bac+Fun With Without M*PGR PGR M 

TDB 9.8 9.8 11.0 11.0 10.1 10.7 0.003 0.073 0.009 10.2 
LDB 6.26 6.39 6.87 6.96 6.4 6.9 < 0.001 0.07 0.084 10.6 
SDB 3.7BC 3.5 C 4.1AB 4.2 A 3.8 3.9 0.257 0.608 0.001 16.5 
Leaf 64.22 64.85 62.9 63.92 63.7 64.1 0.195 0.763 0.698 6.1 
Stem 37.48 37.92 37.07 37.73 38.2 36.9 0.025 0.278 0.968 10.6 
L/S 1.94 1.90 1.78 1.82 1.8 1.9 0.116 0.559 0.591 16.0 
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Root mass and volume were influenced by the interaction (P < 0.05) between 
microbial inoculation and phytohormones. Root length was influenced (P < 0.05) by the 
presence of phytohormones and was greater in plants that received this input (Table 5). 
The use of PGR results in a 5.96% increase in the final root length of basilisk grass. 

 
Table 5. Root characteristics of Basilisk grass cultivated with or without microbial inoculation 
under the presence or absence of phytohormones 

Means followed by different uppercase letters for microorganisms and lowercase letters for the presence of 
phytohormones differ significantly according to Tukey's test (P < 0.05). RB – root biomass (g pot-1); RV – root 
volume (mL); RL – root length (cm). Cont – control; Bac – Bacteria; Fung – Fungus; M*PGR – interaction 
between microorganisms (M) and plant growth regulators (PGR); CV – coefficient of variation. 
 

In the presence of phytohormones, the control group plants, along with those 
inoculated with fungi, showed lower root mass and volume (Table 6). The use of 
phytohormones associated with bacteria resulted in a 37.14% increase in basilisk grass 
root biomass. In the absence of exogenous phytohormones, plants that were inoculated 
with microorganisms showed a 21% increase in root volume compared to plants in the 
control group (Table 6). Root volume was greater in plants without phytohormones 
when inoculated with microorganisms. When combined with phytohormones, bacteria 
had a more significant effect on root volume than fungi. 
 
Table 6. Unfolding of the interaction between microorganisms and phytohormone on root mass 
and volume of Basilisk grass 

Item PGR Microorganisms 
Cont Bac Fun Bac+Fun 

RB Without 16.62Aa 18.65Aa 17.50Aa 16.72Aa 
With 14.35Ab 19.68Aa 13.76Bb 17.50Aa 

RV Without 152Ab 188Aa 184Aa 180Aa 
With 172Aab 192Aa 152Bb 196Aa 

Means followed by uppercase letters in the column and lowercase letters in the row differ significantly 
according to Tukey's test (P < 0.05). PGR – plant growth regulators; RB – root biomass (g pot-1);  
RV – root volume (mL); Cont – control; Bac – Bacteria; Fung – Fungus. 
 

The interaction between microbial inoculation and the presence of phytohormones 
was significant (P < 0.05) for chlorophyll a concentration, total chlorophyll, and SPAD 
index (Table 7). 

The control group and bacteria + fungus, which were associated with the presence 
of phytohormones, showed higher concentrations of chlorophyll a and total chlorophyll 
when compared with the same groups in the absence of phytohormones (Table 8).  
With the addition of phytohormones, there were no differences between the inoculations 
with microorganisms. The combined use of phytohormones and microorganisms  
 
 

Item Microorganisms PGR P value CV 
(%) Cont Bac Fun Bac+Fun Com Sem M*PGR  PGR M 

RB  15.5 19.0 16.0 17.1 16.1 17.4 0.002 0.004 < 0.001 8.1 
RV 162.0 190.0 168.0 188.0 178 176 < 0.001 0.631 < 0.001 7.4 
RL 46.4 46.8 46.2 47.1 48.0a 45.3b 0.545 0.003 0.874 5.9 
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(bacteria and fungi) resulted in a 20% increase in total chlorophyll. Additionally, a 25% 
increase was observed with the use of phytohormones alone. 
 
Table 7. Concentration of chlorophylls and SPAD index of Basilisk grass cultivated with or 
without microbial inoculation in the presence or absence of phytohormone 

Item Microorganisms PGR P value CV  
(%) Cont Bac Fun Bac+Fun With Without M*PGR PGR M 

CLa 0.48 0.53 0.54 0.53 0.55 0.49 0.01 <0.01 0.00 8.39 
CLb 0.13 0.13 0.14 0.15 0.14 0.13 0.28 0.10 0.06 14.5 
CLT 0.61 0.67 0.70 0.67 0.70 0.63 <0.01 <0.01 <0.01 7.2 
SPD  22.76 22.85 23.38 22.71 22.95 22.91 <0.01 0.92 0.80 7.46 
Means followed by different uppercase letters for microorganism differ from each other by Tukey's test 
(P < 0.05). CLa – chlorophyll a; CLb – chlorophyll b; CLT – total chlorophylls; SPAD index; 
Cont – control; Bac – Bacteria; Fung – fungus; M*PGR – interaction between microorganisms (M) and 
plant growth regulators (PGR); CV – coefficient of variation. 

 
However, in the absence of phytohormones, higher levels of chlorophyll a and total 

chlorophyll were observed in the group inoculated with bacteria and isolated fungi. 
Basilisk grass plants exhibited a lower SPAD index when inoculated with A. brasilense 
and phytohormones. There was no difference in the SPAD index between plants that 
received phytohormones and those that did not, regardless of the microorganism 
inoculation. 
 
Table 8. Unfolding of chlorophyll concentrations with significant interaction between 
microorganisms and phytohormones in Basilisk grass 

Item PGR Microorganisms 
Cont Bac Fun Bac+Fun 

CL a  Without 0.426Bb 0.552Aa 0.523Aa 0.496Bab 
With 0.534Aa 0.525Aa 0.575Aa 0.571Aa 

CLT Without 0.545Bb 0.690Aa 0.688Aa 0.615Bab 
With 0.682Aa 0.660Aa 0.723Aa 0.740Aa 

SPAD Without 22.3Aa 24.6Aa 22.7Aa 22.0Aa 
With 23.3Aa 21.1Ba 24.0Aa 23.5Aa 

Means followed by uppercase letters in the column and lowercase letters in the row differ from each  
other by Tukey's test (P < 0.05). PGR – plant growth regulators; CLa – chlorophyll a (mg.g);  
CLT – Total Chlorophylls; SPAD index. 
 

The contents of dry matter (DM), crude protein (CP), aether extract (EE), ash 
(ASH), total carbohydrates (TC), and non-fibrous carbohydrates (NFC) showed an 
interaction effect (P < 0.05) between inoculations and the presence of phytohormones 
(Table 9). The neutral detergent fibre (NDF) and lignin (LIG) contents were not affected 
(P > 0.05) by the factors evaluated in this experiment. 

The levels of acid detergent fibre (ADF), hemicellulose (HEMI) and dry matter 
digestibility (DMD) were affected by phytohormones. Although plants that did not 
receive phytohormones had higher ADF content, plants that received phytohormones 
showed higher levels of HEMI and DMD. 
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Table 9. Bromatological characteristics of Basilisk grass cultivated with or without microbial 
inoculation under presence or absence of phytohormone 

Item Microorganisms PGR P value CV 
(%) Cont Bac Fung Bac+Fun With Without M*PGR PGR M 

DM 19.4 20.7 18.9 20.7 20.6 19.3 0.024 0.092 0.226 11.9 
CP 9.7 10.2 10.2 10.7 10.2 10.1 0.048 0.746 0.035 7.0 
NDF 71.3 71.2 71.1 71.3 71.4 71.1 0.426 0.353 0.986 1.7 
ADF 46.5 46.1 45.8 41.9 43.5b 46.7a 0.822 0.027 0.064 9.2 
HEM 24.7 29.0 25.5 25.1 27.4 a 24.7b 0.934 0.038 0.082 15.4 
LIG 4.8 5.6 5.2 5.0 5.2 5.1 0.385 0.745 0.313 19.1 
ASH 7.5 8.1 8.2 8.1 8.3 7.9 0.010 < 0.001 0.217 3.3 
TDN 54.1 53.1 54.1 54.0 54.0 54.1 0.426 0.353 0.988 0.9 
TC 79.0 78.3 78.5 78.2 78.3 78.7 0.004 0.212 0.337 1.4 
NFC 7.7 7.3 7.1 6.9 6.9 7.6 0.003 0.098 0.621 20.1 
DMD 52.6 56.2 53.2 53.0 55.0a 52.5b 0.822 0.020 0.064 5.9 
Means followed by different lowercase letters for phytohormone presence differ from each other by Tukey's 
test (P < 0.05). DM – dry matter; CP – crude protein; NDF – neutral detergent fibre; ADF – acid detergent 
fibre; HEM – hemicellulose; LIG – lignin; EE – ether extract; ASH – ash; TDN – total digestible nutrients; 
TC – total carbohydrates; NFC – non-fibrous carbohydrates; DMD – dry matter digestibility; 
Cont – control; Bac – Bacteria; Fung – fungus; M*PGR – interaction between microorganisms (M) and 
plant growth regulators (PGR); CV – coefficient of variation. 
 

With co-inoculation, Basilisk grass plants exhibited higher dry matter content when 
phytohormones were added. In the absence of phytohormones, the dry matter content 
did not differ between the inoculations with microorganisms, whereas in the presence of 
phytohormones, the highest dry matter content was recorded for plants inoculated with 
bacteria and co-inoculated (Bac + Fung) (Table 10). 
 
Table 10. Unfolding of bromatological characteristics with significant interaction between 
microorganisms and phytohormones of basilisk grass 

Item PGR Microorganisms 
Control Bacteria Fungus Bac+Fung 

DM Without 20.5Aa 19.7Aa 18.6Aa 18.4Ba 
With 18.4Ab 21.7Aa 19.1Aab 24.1Aa 

CP Without 9.2Bb 9.9Aab 10.5Aab 11.0Aa 
With 10.1Aa 10.4Aa 9.9Aa 10.4Aa 

ASH Without 7.7Ba 7.9Ba 7.9Ba 8.2Aa 
With 8.2Aa 8.3Aa 8.5Aa 8.0Aa 

TC Without 80.0Aa 78.8Aab 78.7Aab 77.3Bb 
With 78.0Ba 78.2Aa 77.8Aa 79.1Aa 

NFC Without 8.9Aa 7.8Aab 8.2Aab 5.7Bb 
With 6.6Ba 6.7Aa 6.1Bb 8.1Aa 

Means followed by uppercase letters in the column and lowercase letters in the row differ from each other 
by Tukey's test (P < 0.05). PGR – plant growth regulators; DM – dry matter; CP – crude protein; 
ASH – ash; TC – total carbohydrates; NFC – non-fibrous carbohydrates; Bac – Bacteria; Fung – fungus. 

 
The control group, in the presence of phytohormones, showed a 9.7% increase in 

CP content compared to the same group that did not receive phytohormones. The highest 
crude protein (CP) content, when no phytohormones were added, was found in plants 
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that were co-inoculated; however, in the presence of the phytohormone-based product, 
this content did not vary with the application of microorganisms. 

Plants from the control group, inoculated with bacteria and fungus individually, 
showed higher ash content when phytohormones were added to the system (Table 10). 
With or without phytohormones, the evaluated inoculations did not present differences 
in the mean ash content. 

In the control group, Basilisk grass showed lower total carbohydrates (TC) and  
non-fibrous carbohydrates (NFC) content when evaluated alongside phytohormones. 
Conversely, plants that received co-inoculation exhibited higher TC and NFC contents 
when evaluated alongside phytohormones. Plants that did not receive phytohormone 
application showed higher total and non-fibrous carbohydrate content when they did not 
receive inoculation or were inoculated with bacteria and fungi individually (Table 10). 
In the presence of phytohormones, there was no difference between the inoculations with 
microorganisms. 

 
DISCUSSION 

 
The action of plant growth-promoting microorganisms (PGPM), such as the 

bacteria Azospirillum brasilense, Pseudomonas fluorescens, and the mycorrhizal fungus 
Rhizophagus intraradices, involves a symbiotic mechanism in which the host plant 
provides energy for the microorganism's growth while they assist the plant in its 
development. Among the benefits these microorganisms bring to forage plants, one can 
highlight the increase in water and nutrient absorption, synthesis and release of 
phytohormones, and activation of plant protection mechanisms (Dowarah et al., 2021; 
Guimarães et al., 2022; Liao et al., 2023). In this sense, the microorganism-plant 
interaction can alter the physiology involving mechanisms of plant tissue formation,  
thus resulting in modifications in the structure of morphological components of a 
forage plant. 

The morphogenetic characteristics of forage plants are affected by a combination 
of factors involving their genetics and the ecological factors of the environment in which 
the plant is being cultivated (Cruz et al., 2022). In this study, the inoculation with 
microorganisms was not sufficient to alter the morphogenetic characteristics of Basilisk 
grass (Table 2). It is likely that the amount of nitrogen fertilisation (50 kg of N ha-1) 
performed in all plants inferred the same pattern of morphogenetic characteristics of 
Basilisk grass, regardless of the use of inoculation with bio-inputs. According to Duarte 
et al. (2020), bacterial strains act differently depending on the forage plant species that 
are inserted in the pasture ecosystem. These authors reported that inoculation with 
different species of microorganisms did not promote changes in the phyllochron, leaf 
appearance rates, stem elongation, and tiller density of Xaraés (Urochloa brizantha cv. 
Xaraés) and Ruziziensis (Urochloa ruziziensis) grasses. 

The use of plant growth-promoting bacteria (PGPB) and arbuscular mycorrhizal 
fungi in forage grasses has been widely advocated as a means of mitigating plant stresses 
(Goswami & Deka, 2020; Marro et al., 2022; Zhang et al., 2022). Thus, beyond reducing 
stress caused by factors existing in the pasture ecosystem, the action of these 
microorganisms can also aid in increasing the productivity of forage plants. 
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In this study, in the absence of exogenous phytohormones, inoculation with PGPB 
and AMF, either individually or co-inoculated, resulted in a 21% increase in root volume 
(Table 6) and a 14% increase in crude protein content (Table 10) compared with  
non-inoculated plants. These increases reveal the positive effect of the symbiotic 
interaction between the microorganisms and the forage plant used in this study.  
In support of our findings, in Urochloa syn. Brachiaria species, inoculation with 
A. brasilense (Hungria et al., 2021) and P. fluorescens (Lopes et al., 2018, 2021) 
promoted significant gains in root characteristics and chlorophyll pigment concentration 
of the forage plant. 

Arbuscular mycorrhizal fungi can facilitate the absorption of nitrogen and 
phosphorus by plants with the assistance of specific proton pumps, such as H+-ATPases, 
which stimulate the absorption process of these nutrients (Lanfranco et al., 2018; Liu et 
al., 2020; Li et al., 2022). According to Hungria et al. (2021), inoculation with bacteria 
of the species A. brasilense provides nitrogen increment in pasture cultivation, thus 
serving as an ally for supplying the nitrogen inputs necessary for the production of forage 
grasses. In addition, bacteria of the species P. fluorescens can solubilise phosphorus 
present in the soil, facilitating the absorption of this nutrient by plant roots (Guimarães 
et al., 2022). In the bacteria-plant relationship, the facilitation mechanisms for nitrogen 
absorption involve physiological processes resulting from the presence of the 
nitrogenase enzyme complex (Kour et al., 2019), as well as the ACC-deaminase 
synthesis route (Danish et al., 2020), while the solubilisation and availability of 
phosphorus are carried out through acidification, chelation, and exchange reactions, 
which increase the availability and absorption of this nutrient for the plant (Senthil 
Kumar et al., 2018; Barin et al., 2022). 

Inoculation with PGPM can promote the release of phytohormones (auxins, 
gibberellins, cytokinins, jasmonates, etc.) that act as regulators of plant growth  
(Fukami et al., 2017). Endogenous release of phytohormones is related not only to plant 
development and growth but also to plant survival mechanisms against stresses caused 
by biotic and abiotic factors (Iqbal et al., 2022), with each hormone playing a different 
role in the physiological maintenance of forage plants (Jogawat et al., 2021; Hussain et 
al., 2024). In this regard, the use of plant growth regulator (PGR) can assist in providing 
the hormonal boost that the plant needs for its development, thus increasing its forage 
production. 

In light of the benefits that the association of plant growth-promoting 
microorganisms brings to the plant, it is possible to identify, in the data presented in this 
research, that the effect of co-inoculation can be enhanced with the use of PGR.  
Co-inoculation + phytohormones resulted in percentage increases of 21% for total mass 
and 26% for leaf mass compared with the absence of PGR (Table 4). This combination 
also benefited the percentage of grass stems, with a recorded increase of 16% compared 
with the control, where such gain is necessary to ensure plant support and structure. 
Previous studies have reported significant increases in forage production in the presence 
of PGR (Rocha et al., 2020) and rhizosphere microorganisms (Hungria et al., 2021; 
Guimarães et al., 2022). 

The use of plant growth regulators as a form of bioinputs, aimed at contributing to 
the regrowth of Basilisk grass, could be a viable alternative, given that plants receiving 
the PGR showed higher rates of stem elongation (Table 2). Such a pattern can be 
identified in the literature where Oliveira et al. (2019) reported higher rates of stem 
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accumulation in Marandu grass (Urochloa brizantha cv. Marandu) when PGR was  
used, a result of the synergistic action of exogenous phytohormone utilisation. 
Furthermore, the beneficial effects of using plant growth regulators for Basilisk grass 
are evidenced by the increase in the root length (Table 5) and leaf digestibility (Table 9) 
of Basilisk grass. 

In this experiment, the total mass and leaf mass in co-inoculated plants (PGPB + 
AMF) in the presence of PGR were correlated with the increase in photosynthetic 
activity promoted by the elevation of chlorophyll a and total (Table 8). The increase in 
chlorophyll content enhances the photosynthesis of the forage plant through the 
absorption of light and carbon, which will be used for plant growth and maintenance 
(Taiz et al., 2017). Thus, the elevation of photosynthetic pigments in Basilisk grass plants 
contributes to the increase in forage mass observed in plants inoculated with PGPB + 
AMF + PGR (Table 4). Furthermore, the effect of enhancing photosynthesis through the 
elevation of photosynthetic pigments was observed when the leaves of co-inoculated 
plants (PGPB + AMF) in the presence of PGR resulted in higher concentrations of 
carbohydrates (Table 10). This physiological increase in photosynthesis may provide 
greater energy reserves to be used for growth, productivity and mobilized during periods 
of stress experienced by the plant (Vendruscolo et al., 2021; Cruz et al., 2023). 

Regardless of the use of microorganisms, plants showed longer roots with the use 
of phytohormones (Table 5). However, plants inoculated with fungi showed lower root 
mass and volume when associated with phytohormones (Table 7), but not enough to 
affect nutrient absorption. The presence of phytohormones can stimulate the 
development of root hairs in plants inoculated with AMF, thereby increasing branching 
and/or density. Liu et al. (2016) consider that studies reveal an increase in root hairs, 
especially in situations where cultivation is carried out in soil with low fertility. 

Reinforcing the previously mentioned assertion, the data presented in this research 
infer efficient nutrient absorption by plants associated with R. intraradices in the 
presence of PGR, which obtained a 7.5% increase in mineral content in the aerial part 
(Table 10), surpassing plants grown without PGR, indicating a positive association 
between fungi and PGR on the nutritional status of the evaluated grass species. 
Moreover, inoculation with the association between PGPB and PGR increased the 
mineral content of Basilisk grass leaves by 5% compared with plants that received PGPB 
without growth regulators (Table 10). This indicates that the combined action of bacteria 
and PGR has the capacity to optimise mineral absorption and positively contribute to 
mineral fixation in Basilisk grass leaves. 

It is still possible to identify the beneficial effect of using PGR on the nutritional 
quality of the forage plant when, in the data presented in this research, we identified that 
plants in the control group, with the addition of exogenous phytohormones, showed an 
increase of 9.8% and 6.4% for crude protein and mineral content (Table 10), 
respectively, compared with plants untreated with PGR. These results support the 
findings of Pezenti et al. (2022), who reported higher levels of crude protein in Napier 
grass (Pennisetum purpureum cv. Napier) when treated with plant growth regulators. 

The increase in crude protein in plants treated with plant growth regulators may be 
related to the increase in total chlorophyll found in this study. Overall, chlorophylls are 
nitrogenous compounds related to the nitrogen content in the leaf, which is associated 
with biomass yield and improvements in the quality of this morphological component 
(López-Calderón et al., 2020; Kaspary et al., 2020). 
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Plants not inoculated with microorganisms (PGPB and AMF isolated or combined) 
and not treated with PGR showed lower levels of total chlorophyll, whereas plants 
inoculated with PGPB and AMF isolated or co-inoculated promoted an increase in 
chlorophyll a and total chlorophyll of 23% and 22%, respectively, for chlorophyll a and 
total concentration (Table 8), as well as lower levels of crude protein. Among the factors 
that can stimulate the reduction of photosynthetic pigments in leaves, leaf senescence 
promotes the degradation of chlorophylls, which are translocated to organs during 
growth. Thus, according to Huang et al. (2022), maintaining chlorophyll concentrations 
is of fundamental importance to keep the leaf in a vegetative state, delaying its 
senescence, which is a mechanism involving the synthesis and accumulation of ethylene 
that stimulates cell death, resulting in a decrease in leaf nutrients (Taiz et al., 2017;  
Yu et al., 2021). However, interactions between hormones, such as auxin and cytokinin, 
can reduce gene expression that activates leaf senescence, thereby delaying its death 
(Chen & Huang, 2022). 

In this experiment, the PGR used comprised kinetin (which acts similarly to 
cytokinin), 4-indole-3-butyric acid (a form of synthetic auxin), and gibberellic acid  
(such as GA3). Thus, it is possible that the use of PGR delayed the process of leaf 
senescence, maintaining higher levels of chlorophyll and crude protein concentration 
compared with plants that were not treated with the growth regulator (Table 8 and 10). 

 
CONCLUSIONS 

 
The combination of plant growth regulators with A. brasilense, P. fluorescens, and 

R. intraradices contributes to the increase in Basilisk grass biomass. Furthermore, the 
use of a plant growth regulator leads to increases in crude protein content in  
non-inoculated plants. Inoculation with microorganisms improves the nutritional quality 
through the accumulation of chlorophyll pigments, resulting in the elevation of Basilisk 
grass's crude protein content. 
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Abstract. The present study aimed to obtain estimates of the general (GCA) and specific (SCA) 
combining abilities of three soybean parents by means of the half table balanced diallel and to 
estimate genetic parameters of agronomic traits in F2 populations. The experiment was organized 
in complete randomized blocks with ten replications. The plants obtained from the combinations 
between the parents UFU 510, UFUS 7415 and MG/BR 46 Conquista were individually 
evaluated for thirteen agronomic traits. The results indicated that the parent UFUS 7415 had the 
highest and most positive GCA values for the production components. The best cross was 
UFU 510 × UFUS 7415, with the highest number of total pods and grain production. The three 
combinations showed a high coefficient of heritability for the number of productive nodes. At the 
crossing UFU 510 × UFUS 7415, greater selection gains and higher averages were observed for 
the number of pods with one, two and three grains and the number of total pods. 
 
Key words: diallel, estimation of genetic parameters, segregating populations. 
 

INTRODUCTION 
 

The genetic breeding of plants is essential for maintaining the global food supply 
and must evolve to offer products that meet population growth and cultivars capable of 
overcoming the effects of climate change. The world consumption of oilseeds is 
expected to continue, not only due to the expectation of population growth, but mainly 
due to the increase in the consumption of animal protein (Nadathur et al., 2024). In the 
Brazilian agricultural scenario, soybean crop (Glycine max (L.) Merrill) stands out as 
one of the main commodities. In this sense, investments in soybean breeding programs 
are indispensable for the search for more productive and adapted to climate change 
genotypes. 

For the success of the genetic breeding of soybean, to be informed about the genetic 
parameters and to know the combinatorial ability of the available genotypes, makes it 
possible to develop segregating populations for selective processes. The analysis of 
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genetic parameters in soybean for agronomic traits is important to direct crosses and 
maximize the genetic variability of segregating populations. These and other questions 
can be answered from crosses that follow some genetic design (Bornhofen, 2019), such 
as half table balanced diallel cross. 

With the diallel analysis it is possible to obtain information about the behavior of 
the involved parents and the hybrid combinations that result in superior segregating 
populations by means of estimates of the general (GCA) and specific (SCA) combining 
abilities (Teodoro et al., 2019). Evalutation of the combining ability of self-pollinating 
species often use the relation between GCA and SCA to indicate the predominant type 
of gene action in trait expression. GCA primarily reflects additive gene effects and 
additive × additive interactions, whereas SCA is associated with dominance effects, 
epistatic deviations, and genotype × environment interactions (Rialch & Sharma, 2019). 

For soybeans, diallel analysis has proven effective in exploring genetic variability 
and identifying the best parents for crosses. Bagateli et al. (2020) used a partial diallel to 
estimate GCA and SCA for eight soybean genotypes, focusing on traits related to 
production, plant architecture and maturity, which enabled them to select the optimal 
genotypes combinations. Similarly, Soares et al. (2023) obtained valuable genetic 
information on ten soybean parents and their F1 hybrids through diallel analysis, 
allowing them to evaluate the dissimilarity between parents and crosses. Also, Chagas 
et al. (2023) estimated the combining ability of soybean cultivars in the F2 generation, 
for agronomic, nutritional and industrial traits with the goal of identifying superior 
segregating parents and populations. 

In soybean crop there is a limitation regarding the use of F1 generation plants for 
diallel analysis due to the low availability of seeds (Friedrichs et al., 2016) and the 
predominance of dominance deviations. An alternative is the evaluation of the diallel in 
F2 populations. In advanced generations, the dominance deviation is reduced and there 
is a possibility that the effect of SCA is not meaningful (Pimentel et al., 2014). 

Given the above, the objectives of the study were to obtain the GCA and SCA 
estimates of three soybean parents through the half table balanced diallel, determine 
genetic parameters of important agronomic traits and estimate the gain selection in F2 
populations, in order to identify the genotypes and the combinations considered 
promising for the development of superior lines. 

 
MATERIALS AND METHODS 

 
The experiment was carried out in the 2017/2018 season, in an experimental area 

located at São Lourenço Farm (18° 31’ 20.6” S and 46° 04’ 49.5” W), in the municipality 
of Varjão de Minas, Minas Gerais, Brazil. The seeds of the F2 generation were obtained 
from the crosses UFU 510 × UFUS 7415, UFU 510 × MG/BR 46 Conquista and 
UFUS 7415 × MG/BR 46 Conquista. The parents show resistance to the nematode of 
the galls Meloidogyne incognita and Meloidogyne javanica (MG/BR 46 Conquista), 
high yield potential, early cycle and tolerance to Asian soybean rust (UFUS 7415) and 
tolerance to white mold (UFU 510). 

The area was prepared in the conventional tillage system with plowing and two 
harrows, followed by furrowing. Sowing fertilization was carried out with the formula 
NPK 02-28-18, at a dose of 400 kg ha-1. Prior to sowing, the seeds were treated with 
fungicide (Carbendazim and Tiram) and inoculated with Bradyrhizobium japonicum, 
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SEMIA 5079 and SEMIA 5080 strains. Each F2 generation was sown in pits, with a 
spacing of 0.50 m between rows and 0.25 m between plants. A randomized complete 
block design with ten replications was adopted. During the conduct of the experiment, 
the management of pests and diseases were carried out through applications of 
insecticides and fungicides, based on technical recommendations and the need of the 
crop (Embrapa, 2013). To assist in biological nitrogen fixation, 30 days after emergence, 
cobalt and molybdenum were applied via foliar at a dosage of 100 mL ha-1. 

The plants were evaluated individually to obtain information about the following 
agronomic traits: Plant height at flowering (PHF) and maturity (PHM): measured in cm, 
from the soil surface to the end of the main stem when the plants were in the reproductive 
stage R1 and R8; Number of nodes on the main stem at flowering (NNF) and maturity 
(NNM): determined by counting the number of nodes on the main stem, when the plants 
were in the reproductive stage R1 and R8; Number of productive nodes (NPN): number 
of nodes with pods at maturity; Number of days for flowering (NDF) and for maturity 
(NDM): defined as the number of days from emergence to flowering, when 
approximately 50% of the plants in the useful plot had at least one open flower (R1) and 
when 95% of the pods in the useful area of the plot were mature (R8); Insertion height 
of the first pod (IHP): distance, in cm, measured from the soil surface to the first pod; 
Number of pods with one grain (NP1), with two grains (NP2) and with three grains 
(NP3): after harvesting, the number of pods with one, two and three grains was counted; 
Total number of pods per plant (TNP): obtained by the sum of number of pods with one, 
two and three grains; Grain production per plant (GP): after harvesting, the plants were 
traced manually, and their grains had their mass determined on an analytical balance, 
with four decimal places. 

The data for each trait was submitted to analysis of variance and the significance 
level was analyzed using the F-test, at 5% probability. After obtaining the mean of the 
crossings for the evaluated traits, a half table balanced diallel analysis was carried out 
according to Griffing's (1956) method 2 and adapted by Geraldi & Miranda Filho (1988). 

The effect of the treatments (averages of the three F2 populations and the three 
parents) was estimated using the mathematical model: 

𝑌𝑌𝑖𝑖𝑖𝑖 =  𝜇𝜇 + 𝑙𝑙𝑖𝑖 +  𝑙𝑙𝑖𝑖 + 𝐸𝐸𝑖𝑖𝑖𝑖 +  𝜀𝜀𝚤𝚤𝚤𝚤��� (1) 
where Yij: average value of the hybrid (i ≠ j) or parent combination (i = j); μ: general 
mean of the diallel; gi and gj: effects of the general combining ability of the i-th and the 
j-th parent, respectively; sij: effect of specific combining ability for crosses between 
parents of order i and j; εi: mean experimental error. 

From the phenotypic values of individuals from the generations of parents and F2, 
the genetic parameters described below were estimated (Cruz et al., 2012): 

Genotypic variance in F2: 
𝜎𝜎�𝐺𝐺(𝐹𝐹2)
2 =  𝜎𝜎�𝐹𝐹(𝐹𝐹2)

2 −  𝜎𝜎�𝑒𝑒(𝐹𝐹2)
2  (2) 

where 𝜎𝜎�𝐺𝐺(𝐹𝐹2)
2 : genetic variance of the F2 population; 𝜎𝜎�𝐹𝐹(𝐹𝐹2)

2 : phenotypic variance of the F2 
population; 𝜎𝜎�𝑒𝑒(𝐹𝐹2)

2 : environmental variance of the F2 population. 
Environmental variance in F2: 

𝜎𝜎�𝑒𝑒(𝐹𝐹2)
2 =  

1
2

 �𝜎𝜎�(𝑇𝑇1)
2 + 𝜎𝜎�(𝑇𝑇2)

2  � (3) 
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where 𝜎𝜎�𝑒𝑒(𝐹𝐹2)
2 : environmental variance; 𝜎𝜎�(𝑇𝑇1)

2 : phenotypic variance of the parent 1; 
𝜎𝜎�(𝑇𝑇2)
2 : phenotypic variance of the parent 2. Phenotypic variance in F2: 

𝜎𝜎�𝐹𝐹(𝐹𝐹2)
2 =  𝜎𝜎�𝐺𝐺(𝐹𝐹2)

2 −  𝜎𝜎�𝑒𝑒(𝐹𝐹2)
2  (4) 

where 𝜎𝜎�𝐹𝐹(𝐹𝐹2)
2 : genetic variance of the F2 population; 𝜎𝜎�𝐺𝐺(𝐹𝐹2)

2 : phenotypic variance of the 
F2 population; 𝜎𝜎�𝑒𝑒(𝐹𝐹2)

2 : environmental variance of the F2 population. 
Heritability in the broad sense: 

ℎ𝑎𝑎2 =  
𝜎𝜎�𝐺𝐺(𝐹𝐹2)
2

𝜎𝜎�𝐹𝐹(𝐹𝐹2)
2  ∙ 100 (5) 

where ℎ𝑎𝑎2: heritability in the broad sense; 𝜎𝜎�𝐺𝐺(𝐹𝐹2)
2 : genetic variance of the F2 population; 

𝜎𝜎�𝐹𝐹(𝐹𝐹2)
2 : phenotypic variance of the F2 population. 

Prediction of gains by selection: 
𝛥𝛥𝐺𝐺% =  

𝛥𝛥𝐺𝐺
𝑋𝑋0

 (6) 

where 𝛥𝛥𝐺𝐺: selection gain; obtained by 𝑆𝑆𝑅𝑅 𝑥𝑥 ℎ2; DS: selection differential, given by  
𝑆𝑆𝑅𝑅 =  𝑋𝑋𝑠𝑠��� − 𝑋𝑋0���: average of selected; 𝑋𝑋0���: observed average of the F2 population;  
ℎ2: heritability. 

Number of genes involved in the trait expression: 

ƞ =  
𝑅𝑅2 −  (1 + 0.5𝐾𝐾2)

8 𝜎𝜎�𝐺𝐺2
 (7) 

where ƞ: number of genes; 𝑅𝑅: amplitude between the means of the parents or  
𝑅𝑅 = 𝑃𝑃1� + 𝑃𝑃2��� ; 𝜎𝜎�𝐺𝐺2: genetic variance. 

The means were compared by the Tukey test at the 5% probability level. All 
analyzes were performed using the Computational Program in Genetics and Statistics - 
GENES (Cruz, 2016). 
 

RESULTS AND DISCUSSION 
 

Significant effects were found for the general (GCA) and specific (SCA) combining 
abilities for the agronomic traits number of days to maturity (NDM), plant height at 
flowering (PHF), plant height at maturity (PHM), number of pods with one and two 
grains (NP1 e NP2), total number of pods per plant (TNP) and grain production per plant 
(GP) (Table 1). The significance of the parameters for GCA indicates that there is 
variability in the additive gene effects and the significance for SCA indicates the 
predominance of dominance deviations. In breeding programs, the information about 
GCA and SCA are essential to identify parents that result in promising combinations 
(Gayosso-Barragán et al., 2019; Kibalnik et al., 2021). 

The coefficients of variation (CV) were good, ranging from 0.74% (NDM)  
to 40.66% (NP1) (Table 1). Higher CV estimates were observed for production 
components (NP1 and NP3), which is common and occurs because these traits are 
quantitative, controlled by many genes and highly influenced by the environment  
(Leite et al., 2015). 
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The effects of SCA are more important than those of GCA, since the mean square 
associated with SCA was significant for most of the traits analyzed, which reinforces the 
greater contribution of non-additive gene action in the control of these traits (Table 1). 
Bagateli et al. (2020) informs that positive SCA estimates indicate the presence of 
numerous heterozygous loci leading to greater potential genetic variability, besides 
being associated with elevated mean values. 

 
Table 1. Summary of the analysis of variance of the partial diallel involving three parents and 
their hybrid combinations 

FV DF Medium square 
NDF NDM PHF PHM NNF NNM NPN 

Genotypes 5 1.48ns 3.66** 280.36** 187.59* 2.90* 24.05 ns 8.56 ns 
GCA 2 0.05 ns 2.05* 628.78** 184.13ns 3.23ns 12.35 ns 1.21 ns 
SCA 3 2.44 ns 4.74** 48.09 ns 189.90* 2.68ns 31.85 ns 13.46 ns 
Residue 45 0.91  0.58 52.61 62.01 1.01 16.52 6.12  
Overall Average  44.85 103.61 53.54 67.39 12.49 15.97 14.17 
CV (%)  2.13 0.74 13.54 11.68 8.05 25.44 17.46 

FV DF Medium square 
HIP NP1 NP2 NP3 TNP GP 

Genotypes 5 2.36 ns 260.92** 475.06** 493.43 ns 2,679.72* 473.84** 
GCA 2 1.70 ns 31.89ns 184.38ns 410.23 ns 1,220.51 ns 225.30 ns 
SCA 3 2.81 ns 413.61** 668.85** 548.90 ns 3,652.54* 639.54** 
Residue 45 1.12 67.26 103.46 308.90 866.70 100.82 
Overall Average  10.11 20.16 52.01 60.49 132.67 49.97 
CV (%)  10.46 40.66 19.55 29.05 22.18 20.09 
**, *: significant at the level of 1% and 5% probability, respectively, by the F and ns test, not significant by 
the F test. DF: Degrees of freedom; CV: coefficient of variation; NDF: number of days for flowering;  
NDM: number of days to maturity; PHF: plant height at flowering; PHM: plant height at maturity;  
NNF: number of nodes on the main stem in flowering; NNM: number of nodes on the main stem at maturity; 
NPN: number of productive nodes; HIP: height of insertion of the first pod; NP1, NP2 e NP3: number of 
pods with one, two and three grains; TNP: total number of pods per plant; GP: grain production per plant. 

 
Colombo et al. (2018), when analyzing the GCA and SCA of soybean genotypes 

for agronomic attributes, also identified the predominance of SCA. In contrast, Soares 
et al. (2023) found highest GCA estimates, which indicates a predominance of additive 
gene effects in controlling the traits. The differing results can be attributed to the specific 
population under study, as estimates of genetic parameters are inherently tied to the 
target population (Soares et al., 2023). Additionally, the complexity of quantitative trait 
inheritance and the influence of genotype-environment interactions may account for the 
observed discrepancies (Goksoy et al., 2019). 

Estimates of the effects of the GCA of each genotype for the evaluated traits are 
shown in Table 2. Positive or negative values for GCA indicate that the parent is higher 
or lower, respectively, than the average of the other parents (Cruz et al., 2012). For 
production components (NP1, NP2, NP3, TNP and GP), the UFUS 7415 genotype 
showed the highest and most positive values of the GCA estimates (0.74, 1.67, 3.26,  
5.69 and 2.20, respectively). In the crossings in which this parent participates, there will 
be a contribution to the increase of production components, a desired trait in soybean 
breeding programs. Rocha et al. (2019) also found positive GCA values for total number 
of pods and for grain production per plant in segregating soybean populations. 
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Table 2. Estimates of the effects of the general (GCA) and specific (SCA) combining abilities of 
agronomic traits evaluated in a partial diallel with three parents 

Genotypes GCA 
NDF NDM PHF PHM NNF NNM NPN HIP NP1 NP2 NP3 TNP GP 

UFU 510 0.03 0.21 -3.95 -2.10 0.01 0.26 0.06 -0.20 0.10 -2.00 -1.20 -3.19 -2.03 
UFUS 7415 -0.03 -0.03 1.04 0.43 -0.25 -0.57 -0.17 0.15 0.74 1.67 3.26 5.69 2.20 
MG/BR 46 
Conquista 

-0.00 -0.18 2.90 1.66 0.24 0.30 0.11 0.04 -0.84 0.41 -2.06 -2.49 -0.17 

Genotypes SCA 
NDF NDM PHF PHM NNF NNM NPN HIP NP1 NP2 NP3 TNP GP 

1x1 0.10 0.25 1.43 -4.01 0.43 -1.43 -0.94 0.18 -2.79 -1.87 -6.73 -11.40 -6.64 
1x2 -0.63 -0.64 -2.52 4.24 -0.20 0.42 0.68 -0.59 8.76 6.57 8.89 24.23 7.50 
1x3 0.42 0.13 -0.33 3.78 -0.67 2.44 1.20 0.21 -3.18 -2.81 4.58 -1.41 5.78 
2 × 2 0.31 0.65 1.90 -0.72 0.10 0.16 -0.56 0.49 -5.13 -7.69 -3.85 -16.68 -5.31 
2 × 3 0.01 -0.65 -1.27 -2.78 -0.00 -0.76 0.45 -0.39 1.49 8.81 -1.18 9.13 3.13 
3 × 3 -0.21 0.25 0.80 -0.49 0.33 -0.84 -0.83 0.08 0.84 -3.00 -1.70 -3.85 -4.45 
NDF: number of days for flowering; NDM: number of days to maturity; PHF: plant height at flowering; 
PHM: plant height at maturity NNF: number of nodes on the main stem in flowering; NNM: number of 
nodes on the main stem at maturity; NPN: number of productive nodes; HIP: height of insertion of the first 
pod; NP1, NP2 e NP3: number of pods with one, two and three grains; TNP: total number of pods per plant; 
GP: grain production per plant; 1: UFU 510; 2: UFUS 7415; 3: BR/MG 46 Conquista. 

 
The height of the plant at flowering and maturity is an important trait, as it 

influences lodging, another trait that limits the yield potential of the crop (Hwang & 
Geon, 2019). For PHF and PHM, the parent UFU 510 presented negative values of the 
GCA estimates (-3.95 and -2.10, respectively), which contributes to the reduction of the 
average in the analyzed traits, since soybean plants with heights less than 100 cm are 
ideal (Table 2). Mishra (2019), in order to evaluate six soybean genotypes by means of 
the general and specific combining abilities in F1 and F2 generations, obtained significant 
and negative (-2.49) value of GCA for plant height in one of the analyzed genotypes. 

For the height of insertion of the first pod, the values observed were -0.20, 0.15 and 
0.04 for the parents UFU 510, UFUS 7415 and MG/BR 46 Conquista, respectively 
(Table 2). IHP is an important trait to be analyzed, as the traditional cultivation of 
soybean depends on mechanized harvesting and cultivars with low values for this trait 
can be damaged during the harvesting process. In addition, the height of insertion of the 
first pod is a trait that positively correlates with yield (Jiang et al., 2018). 

For the variables NNF, NNM and NPN, the MG/BR 46 Conquista genotype showed 
the highest positive values, which indicates that it is a promising parent for the 
manufacture of more productive plants (Table 2). Leite et al. (2016) observed a positive 
and significant genotypic correlation between the traits grain yield and number of nodes 
per plant, indicating that the selection of plants with a higher number of nodes would 
result in more productive plants. It is noteworthy that one of the main objectives of 
soybean breeding programs is to seek cultivars with higher and earlier values of yield. 

The flowering and maturation period are important agronomic traits and it is crucial 
to select early maturing varieties that minimally affect seed yield and weight (Copley et 
al., 2018). In this perspective, the parents UFUS 7415 and MG/BR 46 Conquista 
presented negative estimates for NDF and NDM, which indicates the contribution of 
these genotypes to reduce the cycle. When considering the effects of GCA, it was 
observed that the traits analyzed obtained wide variation in the estimates. The parents 
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showed independent behaviors, which contributes to increase or decrease the average of 
the analyzed variables. 

The SCA demonstrates the behavior of hybrids based on the general combining 
ability of their parents and is related to nonadditive gene effects (Cruz et al., 2012). 
Estimates of the effects of SCA to determine the best hybrid combinations are shown in 
Table 2. The cross UFU 510 × UFUS 7415 presented negative SCA estimates for the 
traits NDF (-0.63), NDM (-0.64), IHP (-0.59) and high magnitude and positive estimates 
for the production components NP1 (8.76), NP2 (6.57), NP3 (8.89), TNP (24.23) and 
GP (7.50). The means described in Table 3 for the traits mentioned were satisfactory and 
within the recommended for soybean. The good performance of the F2 generation, which 
obtained values higher than its parents for the production componentes, stands out. 

Table 2 shows that the combination UFU 510 × BR/MG 46 Conquista demonstrated 
the best positive SCA estimates for the variables NNM (2.44) and NPN (1.20). The 
averages (Table 3) ranged from 15.07 to 19.00 for the number of nodes on the main stem 
at maturity and 13.35 to 15.55 for PN. The segregating population obtained higher 
estimates for the traits analyzed. 

 
Table 3. Averages of agronomic traits of three soybean parents and F2 populations 

Traits 

Population A 
UFU 510 (P1) x 
UFUS 7415 (P2) 

Population B 
UFU 510 (P1) x 
MG/BR 46 Conquista (P3) 

Population C 
UFUS 7415 (P2) x 
MG/BR 46 Conquista (P3) 

P1 P2 F2 P1 P3 F2 P2 P3 F2 
NDF 45.02 45.10 44.22 45.02 44.62 45.30 45.10 44.62 44.82 
NDM 104.30 104.20 103.15 104.30 103.50 103.78 104.20 103.50 102.80 
PHF 47.06 57.53 48.10 47.06 60.15 52.16 57.53 60.15 55.67 
PHM 59.17 67.53 69.97 59.17 70.21 70.73 67.53 70.21 67.09 
NNF 12.95 12.07 12.04 12.95 13.32 12.08 12.07 13.32 12.34 
NNM 15.07 15.00 16.09 15.07 15.75 19.00 15.00 15.75 14.91 
NPN 13.35 13.25 14.74 13.35 13.57 15.55 13.25 13.57 14.13 
HIP 9.89 10.92 9.54 9.89 10.30 10.18 10.92 10.30 10.13 
NP1 17.57 16.52 29.78 17.57 19.32 16.24 16.52 19.32 21.74 
NP2 45.95 47.67 58.17 45.95 49.85 47.52 47.67 49.85 63.51 
NP3 51.35 63.17 71.45 51.35 54.65 61.81 63.17 54.65 62.41 
TNP 114.87 127.37 159.40 114.87 123.82 125.57 127.37 123.82 147.66 
GP 39.26 49.06 57.64 39.26 45.17 53.55 49.06 45.17 55.03 
NDF: number of days for flowering; NDM: number of days to maturity; PHF: plant height at flowering; 
PHM: plant height at maturity NNF: number of nodes on the main stem in flowering; NNM: number of 
nodes on the main stem at maturity; NPN: number of productive nodes; HIP: height of insertion of the first 
pod; NP1, NP2 e NP3: number of pods with one, two and three grains; TNP: total number of pods per plant; 
GP: grain production per plant; F2: F1 self-fertilization. 

 
For PHF (-1.27) and PHM (-2.78), negative effects of SCA were observed on the 

cross UFUS 7415 × BR/MG 46 Conquista (Table 2). These observations, added to the 
fact that the parents have the best averages (Table 4) for the analyzed variables, allows 
us to affirm that this crossing brings together desirable traits, because very low plants 
(less than 60 cm) compromise yield and very high plants (over 100 cm) are more 
susceptible to lodging (Sediyama et al., 2015). Bagateli et al. (2020), in order to estimate 
the general and specific combining abilities of eight soybean genotypes, found negative 
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SCA values and averages within the recommended for soybean culture in seven of the 
fifteen analyzed combinations.  

For the agronomic attributes of economic interest, the cross UFU 510 × UFUS 7415 
presents itself as the most favorable, since it has the best means and estimates of SCA 
(Tables 2 and 3) and is composed of the best ranked parent from the GCA for the 
components of production (Table 2). Hybrid combinations involving at least one parent 
with favorable GCA estimates are of greater interest to breeders, as they are more 
important than SCA, since the objective is not to obtain hybrids, but is indicative of 
heterosis caused by the effects of the combination (Rocha et al., 2019). 

The estimates of the variance components for quantitative traits generate 
information about the genetic structure of a segregating population, favoring the 
selection of superior genotypes. The phenotypic variance ranged from 4.47 (NDF) to 
7540.82 (TNP) in the combination UFU 510 × UFUS 7415; from 2.79 (NDF) to 2748.34 
(TNP) for the combination UFU 510 × BR/MG 46 Conquista; and from 2.27 (NDF) to 
2753.86 (TNP) for the combination UFUS 7415 × BR/MG 46 Conquista (Table 4). 

 
Table 4. Estimates of variances of agronomic traits for three combinations of soybean cultivars 
obtained from F2 and their parents 

Traits 

Population A 
UFU 510 (P1) x 
UFUS 7415 (P2) 

Population B 
UFU 510 (P1) x 
MG/BR 46 Conquista (P3) 

Population C 
UFUS 7415 (P2) x 
MG/BR 46 Conquista (P3) 

𝜎𝜎�𝑓𝑓2 𝜎𝜎�𝑒𝑒2 𝜎𝜎�𝑔𝑔2 𝜎𝜎�𝑓𝑓2 𝜎𝜎�𝑒𝑒2 𝜎𝜎�𝑔𝑔2 𝜎𝜎�𝑓𝑓2 𝜎𝜎�𝑒𝑒2 𝜎𝜎�𝑔𝑔2 
NDF 4.47 1.67 2.80 2.79 1.38 1.40 2.27 1.49 0.77 
NDM 5.13 2.47 2.66 4.75 2.33 2.42 4.24 0.95 3.28 
PHF 112.20 94.89 17.31 136.45 148.49 - 149.21 153.65 - 
PHM 437.57 78.10 359.47 194.10 176.15 17.97 118.31 164.45 - 
NNF 2.80 2.57 0.23 3.58 4.13 - 3.45 2.96 0.49 
NNM 12.51 3.16 9.34 930.72 4.64 926.08 7.94 2.96 4.97 
NPN 30.13 2.70 27.43 94.42 3.60 90.82 69.51 2.68 66.83 
HIP 8.97 1.94 7.02 3.60 0.95 2.64 8.00 1.64 6.35 
NP1 2,864.96 93.53 2771.42 76.40 79.26 - 111.85 85.31 26.53 
NP2 684.64 396.26 288.38 497.64 353.11 144.53 584.39 449.33 135.06 
NP3 1,343.07 962.29 380.78 1,052.21 613.38 438.82 872.99 858.42 14.57 
TNP 7,540.82 2,359.35 5,181.47 2,748.34 1,500.61 1,247.73 2,753.86 2,470.63 283.23 
GP 530.27 220.89 309.38 484.42 128.38 356.04 675.62 231.83 443.78 
𝜎𝜎�𝑓𝑓2: phenotypic variance; 𝜎𝜎�𝑒𝑒2: environmental variance; 𝜎𝜎�𝑔𝑔2: genotypic variance; NDF: number of days for 
flowering; NDM: number of days to maturity; PHF: plant height at flowering; PHM: plant height at maturity 
NNF: number of nodes on the main stem in flowering; NNM: number of nodes on the main stem at maturity; 
NPN: number of productive nodes; HIP: height of insertion of the first pod; NP1, NP2 e NP3: number  
of pods with one, two and three grains; TNP: total number of pods per plant; GP: grain production per  
plant; -: negative estimates. 

 
In population A (UFU 510 × UFUS 7415), the genotypic variance was greater than 

the environmental variance for the agronomic traits NDF, NDM, PHM, NNM, NPN, 
IHP, NP1, TNP and GP; in population B (UFU 510 × BR/MG 46 Conquista) for NDF, 
NDM, NNM, NPN, IHP and GP; and in population C (UFUS 7415 × BR/MG 46 
Conquista), for the traits NDM, NNM, NPN, IHP e GP (Table 4). 
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The highest estimates observed in the three populations for genotypic variance 
ranged from 283.23 to 5181.47 for TNP (Table 4), which indicates potential for the 
selection of that trait. The results of the present study are similar to those found by Santos 
et al. (2019), who observed genetic variance superior to the environmental variance for 
the total number of pods per plant when evaluating the genetic and agronomic parameters 
in soybean F2 progenies from twenty two-parent crosses. 

In breeding programs, it is essential to know the genetic variation of a given trait 
and the effects on the phenotype, since the variance from the environment makes it 
difficult to recognize superior genotypes (Hamawaki et al., 2012). Heritability is one of 
the most useful genetic parameters for breeding, as it enables inferences about selection 
gains (Silva et al., 2021). When heritability is high, it means that the phenotypic variation 
is mainly due to the additive (inheritable) effects of the genes (Falconer & Mackay, 
1996). Heritability estimates in the broad sense of high magnitude can be observed in 
the three populations analyzed for the NPN. The values were between 91.03% to 96.18% 
(Table 5). The results observed for the NPN were higher than those found by Teixeira et 
al. (2017) and Vianna et al. (2019), with heritability estimates for the NPN trait of 
73.57% and 48.54%, respectively. 

 
Table 5. Estimates of genetic parameters of agronomic traits in generations P1, P2 and F2 for three 
combinations of soybean cultivars 

Traits 

Population A 
UFU 510 (P1) x 
UFUS 7415 (P2) 

Population B 
UFU 510 (P1) x 
MG/BR 46 Conquista (P3) 

Population C 
UFUS 7415 (P2) x 
MG/BR 46 Conquista (P3) 

ha2 ƞ GS  
(%) Average* ha2 ƞ GS  

(%) Average* ha2 ƞ GS  
(%) Average* 

NDF 62.60 6.42 -3.42 42.70 50.35 8.87 -2.11 44.34 33.94 13.13 -1.16 44.29 
NDM 51.90 9.18 -1.40 101.70 50.86 13.21 -1.22 102.50 77.51 5.47 -1.77 100.97 
PHF 15.43 20.35 4.16 50.11 - - -2.17 51.02 - 9.32 -0.70 55.28 
PHM 82.15 3.54 28.67 90.03 9.25 40.17 2.35 72.40 - - -7.93 61.77 
NNF 8.32 34.23 1.43 12.21 - - -2.87 11.73 14.17 65.25 2.18 12.60 
NNM 74.71 2.62 20.34 19.37 99.50 12.97 63.47 31.05 62.62 11.08 14.49 17.07 
NPN 91.03 10.93 33.97 19.74 96.18 5.10 51.41 23.55 96.14 7.42 48.64 21.00 
HIP 78.33 4.00 30.54 12.45 73.39 4.72 16.87 11.89 79.39 8.66 24.20 12.58 
NP1 96.73 4.58 137.14 70.62 - - -2.89 15.77 23.72 13.73 15.99 25.21 
NP2 42.12 9.11 25.04 72.73 29.04 7.32 18.94 56.52 23.11 11.81 11.67 70.92 
NP3 28.35 9.48 19.37 85.29 41.70 6.23 30.19 80.47 1.66 177.89 1.08 63.08 
TNP 68.71 5.53 49.71 238.63 45.39 4.76 26.01 158.23 10.28 31.22 4.84 154.82 
GP 58.34 6.56 31.46 75.78 73.49 4.42 42.74 76.44 65.68 3.68 41.57 77.91 
ha2: Heritability in the broad sense; ƞ: number of genes; GS: prediction of gains by selection; NDF: number 
of days for flowering; NDM: number of days to maturity; PHF: plant height at flowering; PHM: plant height 
at maturity NNF: number of nodes on the main stem in flowering; NNM: number of nodes on the main stem 
at maturity; NPN: number of productive nodes; HIP: height of insertion of the first pod; NP1, NP2 e 
NP3: number of pods with one, two and three grains; TNP: total number of pods per plant; GP: grain 
production per plant; -: negative estimates; *Average predicted for the 1st cycle after selection. 

 
When analyzing population A, it is also observed estimates of heritability higher 

than 70% for the traits PHM, NNM, IHP and NP1; in population B for the traits NNM 
and IHP; and in population C for NDM and IHP (Table 4). Values above 70% for  
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heritability indicate that simple selection methods can generate considerable gains,  
since the environment has no significant influence on the analyzed variable (Santos et 
al., 2018). 

Another important genetic parameter to be analyzed is the number of genes. The 
estimation of this parameter shows us whether the trait under study is controlled by many 
or few genes. According to Stacke et al. (2020) the inheritance can be classified as 
monogenic (one gene), oligogenic (a few genes), or polygenic (many genes).  
The combinations UFU 510 × UFUS 7415, UFU 510 × BR/MG 46 Conquista and 
UFUS 7415 ×BR/MG 46 showed the highest number of genes, respectively, for NNF 
(34.23), PHM (40.17) and NP3 (177.89) (Table 5) and are considered as polygenic traits. 
Silva et al. (2021) also found polygenic inheritance for traits related to production and 
plant cycle. Important agronomic traits are considered polygenics and have low 
heritability with their expression significantly influenced by environment conditions 
(Baldissera et al., 2014, Silva et al., 2021). 

Based on the analysis of genetic parameters for the three crosses, the possibility of 
selecting superior genotypes in the F2 generation was verified. Thus, the selection gain 
obtained and the average for the first cycle after selection were estimated (Table 5). The 
greatest genetic gains were obtained for the traits NP1 (137.14%), NNM (63.47%) and 
NPN (48.64%) in populations A, B and C, respectively (Table 5). In this work, greater 
positive selection gains were observed in the combination UFU 510 × UFUS 7415, with 
a higher predicted average, when compared to other crosses, for the production 
components NP1 (70.62), NP2 (72.73), NP3 (85.29) and TNP (238.63). 

For the NDM trait, the estimates for selection gain were negative, corroborating 
with the results found by Amaral et al. (2020) and diverging from those found by Leite 
et al. (2018) who studied agronomic traits in soybeans and obtained positive values for 
the mentioned trait. For PHM and IHP, the selection gain was 28.67 and 30.54 for the 
combination UFU 510 × UFUS 7415; 2.35 and 16.87 for the combination 
UFU 510 × BR/MG 46 Conquista; and -7.93 and 24.20 for UFUS 7415 × BR/MG 46 
Conquista (Table 5). The average predicted for PHM was between 61.77 cm and 90.03 
cm and for HIFP between 11.89 cm and 12.58 cm. Thus, it was observed that the three 
segregating populations met the criteria considered ideal for culture. 

The average predicted for GP ranged from 75.78 g to 77.91 g when analyzing the 
three combinations (Table 5). In addition, positive values for GP were observed in all 
segregating populations that ranged between 31.46% and 42.74%, which indicates the 
possibility of gains with the selection. Bizari et al. (2017), Teixeira et al. (2017) and 
Silva et al. (2021) also observed gains for grain production in segregating soybean 
population. Hamawaki et al. (2012) explains that selection gains are directly associated 
with the differences between the means of the selected group and the original population 
and also linked to increased heterogeneity. 

 
CONCLUSIONS 

 
The parent UFUS 7415 presents the highest and most positive values of the GCA 

estimates for the production components. The cross UFU 510 × UFUS 7415 presents  
the highest number of total pods and grain production. The combinations  
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UFU 510 × UFUS 7415, UFU 510 × MG/BR 46 Conquista and UFUS 7415 × MG/BR 
46 Conquista show a high heritability coefficient for the number of productive nodes. In 
the population of the crossing UFU 510 × UFUS 7415, greater selection gains and 
higher averages are observed for the production components NP1, NP2, NP3 and TNP. 
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Abstract. In current intensive crop production, the utilization of natural biological control in pest 
management is not fully maximized, resulting in a significant dependency on the application of 
insecticides. Insect-repellent plants (IRPs) have become a prominent subject of research and a widely 
implemented strategy for reducing both pest damage and reliance on chemical insecticides. In this study, 
intercropping three IRP species, coriander (Coriandrum sativum L.; Apiaceae), celery (Apium 
graveolens L.; Apiaceae), and bunching onion (Allium fistulosum l.; Amaryllidaceae), in two 
intercropping systems were assessed for controlling insect pests in chilli pepper. The research 
was carried out in the experimental field of the Indonesian Vegetable Research Institute (IVegRI) 
in 2022. The results revealed that intercropping systems of chilli pepper with coriander, celery, 
and bunching onion significantly reduced plant damage over sole crops. Among the various 
intercrop combinations, chili pepper intercropped with coriander resulted in the lowest damage 
of three major pest species on chili pepper, Thrips parvispinus (51.77%), Helicoverpa armigera 
(47.67%), and Bactrocera dorsalis (40.35%). Furthermore, this effect enhanced the productivity 
of chili pepper yield (43.27%). 
 
Key words: intercropping, pest management, chili pepper, natural biological control, insecticide 
reduction, sustainable agriculture. 
 

INTRODUCTION 
 

In Indonesia, the production of chili pepper (Capsicum annuum L.), indeed faces 
challenges due to insect pests, which can significantly impact the quality and quantity of 
yield. Globally, yield losses in chili pepper production can range from 25% to 100%, 
primarily due to pest infestations. In Indonesia, chili pepper production also face similar 
challenges. Various pests have significantly impacted chili pepper production, causing 
yield losses of up to 50% (Setiawati et al., 2022). Notably, a comprehensive study has 
identifield 53 insect pests affecting chili peppers in both nurseries and fields. Major pests 
include aphids (Myzus persicae Sulzer, Aphis gossypii Glover, and Aphis craccivora  
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Koch), thrips (Thrips parvispinus Karny), yellow mites (Polyphagotarsonemus latus 
Banks), and whiteflies (Bemisia tabaci Gennadius), all of which are identified as sucking 
pests of chili. Additionally, certain insects directly damage chili fruits, such as fruit 
borers (Helicoverpa armigera), armyworms (Spodoptera litura), and the oriental fruit 
fly (Bactrocera dorsalis) (Gurlaz & Sangha, 2016; Shivalingaswamy et al., 2022). 

The extensive application of chemical pesticides as a conventional method of 
controlling pests frequently has detrimental effects on agroecosystems. These include 
the development of resistance to primary pests, the resurgence of secondary pests, the 
eradication of natural enemies, toxic residue in food, long residual effects, and increased 
environmental pollution, which can adversely affect human health. This can disrupt 
ecosystems and lead to a decrease in biodiversity (Devi, 2018; Isman, 2020; Adeleye et 
al., 2022; Lishchuk et al., 2024). These factors have played to implementing environmentally 
friendly methods for controlling insect pests in chili peppers. Intercropping, a 
conventional method in agriculture and horticulture, has been investigated in several 
studies for its potential effects on the behavior and abundance of herbivores, their natural 
enemies, as well as to increase productivity and yield stability (Järvinen et al., 2023; 
Dubey et al., 2023). Intercropping is a farming technique that involves cultivating 
multiple crops in the same field simultaneously (Martin-Guay et al., 2018). This practice 
offers several benefits, including increased crop yield, cost savings in crop production, 
higher income, reduced pest infestation, and minimized reliance on broad-spectrum 
insecticides (Mahfudz et al., 2019; Huss et al., 2022; Mir et al., 2022; Lepse & Zeipiņ, 
2023). Additionally, intercropping contributes to weed suppression, improved soil 
fertility, conservation of natural enemies, mitigating climate change, and efficiently 
reducing agriculture's negative effects on the environment (Sujay & Giraddi, 2015; 
Lauren et al., 2020; da Silva et al., 2021; Adeleyea et al., 2022). Furthermore, Zhang et 
al. (2024) reported that intercropping affects plant chemistry and enhances resistance 
mechanisms, which supports sustainable agriculture. According to their research, 
intercropping can change a plant's metabolic profiles and boost its defenses, leading to 
increase against herbivorous pests. This is accomplised by altering the chemistry of the 
leaves, which can deter pests and improve the plant’s overall defense mechanisms 

Intercropping of insect-repellent plants (IRPs) alongside crops has emerged as an 
alternative method in pest management (Rahman et al., 2020). Many types of 
intercropping have been identified based on the temporal and spatial overlap of plant 
species. Previous studies have examined the effectiveness of Coriander (Coriandrum 
sativum L.) (Sujay & Giraddi, 2015; da Silva et al., 2021) and Celery (Apium graveolens) 
(Moekasan & Prabaningrum, 2017; Wang et al., 2021) as intercrops for chili pepper, but 
the impact of bunching onion (Allium fistulosum) has yet to be explored. Järvinen et al. 
(2023) reported that Allium sp. has shown repellency against a wide range of arthropods. 
Bunching onions are highly suitable for intercropping due to their sulfur compounds, 
like allicin, which effectively deter pests. Their perennial nature and adaptability make 
them sustainable for long-term use. Additionally, they offer culinary benefits and are 
excellent for companion planting, enhancing both agricultural productivity and 
economic value. 
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The purpose of the study was to evaluate the effects of different IRP species, such 
as coriander, celery, and bunching onions, as well as the type of intercropping on insect 
pests and the natural enemies of chili peppers. The overall goal was to improve yields, 
reduce pesticide usage, and promote eco-friendly pest management practices toward 
natural pest control. 

 
MATERIALS AND METHODS 

 
The research was conducted in Margahayu, an experimental field of the Indonesian 

Vegetables Research Institute (107° 30’ EL, 60° 30’ SA; 1,250 m above sea level) located 
in Lembang, West Bandung, Province of West Java, Indonesia, from October 2022 to 
February 2023. During the experiment, the average annual rainfall was 7.24 mm year-1, 
and the average annual temperature ranged between 24 °C and 26 °C, with humidity 
ranging between 84% and 88%. The soil at the experimental site was categorized as 
Andisol with a pH of 5.0. From an initial study conducted based on the literature, three 
insect-repellent plant species (IRPs) cultivated in two intercropping systems: interrow 
cropping (IRC) and interplant cropping (IPC) were chosen for incorporation into chili 
pepper cultivation as intercrops. The following seven intercropping treatments were used: 
A) Intercropped chili pepper + coriander (IRC); B) Intercropped chili pepper + coriander 

(plant height, canopy diameter), number of chili pepper fruits, and yield. Three weeks 
after transplanting, weekly records of growth performance, pest intensity, and natural 
enemies were recorded, while the fresh weight of chili pepper fruits was recorded after 
harvest. The abundance of predators was determined by the average number of 
individuals per plant over the weeks of sampling. The intensity of plant damage due to 
pest infestation was calculated using Eq. 1 (Moekasan & Prabaningrum 2017): 

𝑃𝑃 =
∑(𝑛𝑛 𝑥𝑥 𝑣𝑣)
𝑁𝑁 𝑥𝑥 𝑍𝑍

 𝑥𝑥 100% (1) 

(IPC); C) Intercropped chili pepper + 
celery (IRC); D) Intercropped chili 
pepper + celery (IPC); E) Intercropped 
chili pepper + bunching onion (IRC); 
F) Intercropped chili pepper + bunching 
onion (IPC); and G) Sole chili pepper 
(without any IRPs species) (Fig. 1). 
The experimental treatments were 
arranged following a randomized 
complete block design (RCBD) with 
four replicates. Plot sizes were 10 by 
1 meter. There were forty chili plants 
on each plot. During the experiment, 
no pesticides were used in the 
experimental area. 

Data were collected by randomly 
selecting ten plants from each plot 
(U Shape) to collect pest intensity, 
natural enemies, growth performance  

 

 
 

 = represent the main crop 

 = represent an insect-repellent plant  
 
Figure 1. A schematic drawing of (A) a 
monoculture, (B) inter-row cropping (IRC) with 
ratio (100%: 50%), and (C) inter-plant cropping 
(IPC) with a ratio (100%:100%). 
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where P is the percentage of damage level; v is the value of the damage category;  
n is the number of plants that have the same v value; Z is the highest value of the damage 
category (which is 9), and N is the number of observed plants. The value of v is based 
on the percentage of leaf area damage, with: 0 indicating no damage; 1 indicating  
>0 – ≤20% damage; 3 indicating >20 – ≤40% damage; 5 indicating >40 – ≤60% 
damage; 7 indicating >60 – ≤80% damage, and 9 indicating >80 – ≤100% damage. 

The intensity of fruit bored due damage was calculated using Eq. 2 (Moekasan & 
Prabaningrum 2017): 

Fruit damage intensity (%) =
Number of infected fruits per plot

Total number of fruits per plot
 x 100% (2) 

The percent increase in yield over control in each of treatments was calculated as 
using the Equation follows: 

% Increase in yield over control =
Yield in treatment –  Yield in control

Yield in control
 x 100% (3) 

Variables related to plant growth, such as plant height and canopy length, were 
measured once every week. The number of fruits per sample plant and yield per plot were 
recorded for each harvest, the average was determined and the yield per hectare was 
calculated. Data regarding fruit morphology parameters were recorded starting from the 
first harvest of the fruits. The fruits of each treatment harvested separately were used to 
record phenotypic parameters like fruit weight (g) fruit length (cm) and fruit diameter (cm). 

A one-way analysis of variance (ANOVA) was used to examine the differences in 
all parameters for each of the seven treatments. A post hoc test called Tukey's honestly 
significant difference (HSD) was employed to separate the means to compare the 
variations between the seven treatments at a level of 5%. 
 

RESULTS AND DISCUSSION 
 

Throughout the growing season, three insect pest species were observed in chili 
pepper plots., namely, thrips (T. parvispinus), oriental fruit flies (B. dorsalis), and  
fruit borer (H. armigera). In most cases, intercropping with IRPs significantly affected 
reducing pests and relative abundances of the pests in chili peppers, but the effects varied 
across IPR species. Plant and fruit damages were lower in intercropped plots than in 
sole chili peppers. These results corroborate with other previous studies on the  
pest-suppressive effect of intercropping with IRPs. Fig. 2 illustrates the influence of 
intercrop effects on thrips damage. The statistical analysis revealed that the average 
amount of damage between the various dates of damage evaluation varied significantly. 
The percentage of thrips damage varied depending on the treatment. Plant damage 
caused by thrips attacks was most severe in sole chili pepper plots where there were no 
IRPs. Chili pepper plants intercropped with coriander had significantly less damage, 
with only 6.94% damage observed. This was followed by that for bunching onion (IPC), 
which had 8.33% damage. These damage levels represent reductions of 51.77% and 
42.11%, respectively, compared to the control plots. This finding suggests that thrips 
damage increases with plant age. In contrast to sole chili pepper, intercropping with IRPs 
does not show a significant increase in thrips damage when plant age increases. 
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Figure 2. Plant damage due to thrips attack. 

 
The presence of intercropping plants (IRPs) significantly affected the abundance of 

thrips, their predators, and the predator to thrips ratio. Although the overall number of 
thrips was similar across different types of intercropping (as shown in Table 1), the 
impact varied depending on the IRP species. Specifically, coriander intercropped plots 
(IRC) and bunching onion plots (IPC) had the lowest thrips populations, with reductions 
of 51.12% and 47.66%, respectively. 

 
Table 1. Cumulative numbers of thrips and the total predator in chili pepper during the experiment 
under different treatments 

No. Treatments 
Total no.  
of 
thrips/leaves 

Total no.  
of 
predator/plants 

Ratio of 
predators  
to thrips 

A Intercropped chili pepper + coriander (IRC) 26.75b 47.08 a 1.76:1 
B Intercropped chili pepper + coriander (IPC) 30.64b 45.26 a 1.51:1 
C Intercropped chili pepper + celery (IRC) 30.59b 45.88 a 1.50:1 
D Intercropped chili pepper + celery (IPC) 30.54b 49.17 a 1.61:1 
E Intercropped chili pepper + bunching onion (IRC) 31.01b 42.79 a 1.38:1 
F Intercropped chili pepper + bunching onion (IPC) 29.63b 40.29 a 1.36:1 
G Sole chili pepper  83.25a 32.47b 0.39:1 
 CV (%) 19.40 17.70  
*The means in each row of a parameter followed by different letters are significantly difference (P < 0.05) 
according to the honestly significant difference (HSD) test. 

 
A recent field study conducted by Salamanca et al. (2018) found that in control 

plots (sole of chili pepper), there are 2.68–3.11 times more counted thrips. Rakotomalala 
et al. (2023) reported that intercropping decreased arthropod pest density and abundance 
by 41% and 38%, respectively. The intercropped treatment exhibits lower pest densities 
than the sole chili pepper, which is consistent with the repellent chemical theory, which 
contends that VOCs from non-host plants prevent herbivores from finding and feeding 
on hosts. Coriander contains significant amounts of linalool, geranyl acetate, α-pinene 
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and β-pinene, eucalyptol, borneol, camphor, and terpinene which may be why fewer 
insects are present on plots where coriander is grown as an intercrop (Woldemelak, 
2020). The primary active ingredients in celery that appeared to have an impact on pest 
selection behavior may have been D-Limonene, β-myrcene, and (E)-β-ocimene (Tu & 
Qin, 2017). VOCs from nonhost plants regularly affect the behavior of pests and their 
natural enemies, according to Yousefi et al. (2024). According to certain reports, 
intercropping can enhance the natural enemies of pests in agroecosystems by increasing 
crop biodiversity (Batista, 2017). When different intercrops are employed, however, the 
impact of intercrops on natural enemies differs. Our findings demonstrated that thrip  
population densities in both intercropping and sole chili pepper treatments decrease as 
predator population densities increase. The populations of predators were 51.14% and 
45% higher, respectively, in the celery and coriander plots than in the sole chili pepper 
plots, where the populations were most numerous. The decrease in pest incidence in 
intercropped chili peppers may be attributed to either the low concentration of resources 
or the abundance of natural enemies. Natural enemies were high in okra (Abelmoschus 
esculentus L.) plots intercropped with coriander (Sujayanand et al., 2016). The same 
result was obtained by (Breitenmoser et al., 2022). Additionally, it was discovered that 
there were 53% more natural enemies of pests in the intercrop and that the number of 
pests had decreased from 33.5% to 53.5. The highest numbers of Coccinellidae and 
Syrphidae were observed on plots where carrots were intercropped with coriander. 
Natural enemies were unaffected by the increased plant diversity brought about by 
intercropping, which is advantageous for the biological control of a several of pests  
(da Silva et al., 2021; Li et al., 2021). 

The ratio of predator-to-prey in all treatments was calculated. In general, the 
intercropped plots had a larger ratio of predators of thrips than the sole chili pepper plots, 
especially in the coliander and celery plots. When compared to the sole chili pepper plot, 
the ratio in these two intercropped plots increased by almost fourfold times. Thrip 
abundance was effectively reduced by intercropping, and the ratio of predators to pests 
was enhanced. In IRP intercropping, the ratio of predators to prey (pests) indicated an 
increased danger of predation and the possibility of improving biological control 
(Järvinen et al., 2023). By providing natural enemies with food, shelter, search 
capabilities, and oviposition sites, intercropping IRPs may improve the effectiveness of 
biological control by increasing the quantity and bolstering the rates of predation of these 
foes (Togni et al., 2016; Gurr et al., 2017; Talgre et al., 2023). Plants such as cabbage, 
tomatoes, carrots, eggplants, and roses attract predators such as ladybeetles 
(Coccinellidae), lacewings (Chrysopidae), and hoverflies (Syrphidae) when interplanted 
with cilantro. Plots of okra (Abelmoschus esculentus L.) interplanted with marigold 
(Tagetes spp.), mint (Mentha spp.), and coriander (C. sativum L.) (Sujayanand et al., 
2016) had high levels of natural enemies. Furthermore, coriander flowers give their 
natural enemies a source of food in the form of nectar and pollen (da Silva et al., 2021). 

Ladybeetles from the Cheilomene genus are not only the primary natural enemies 
for thrips but also contribute to manage the population of whiteflies (Sujayanand et al., 
2016), aphids (Udiarto et al., 2023), and mites (Sumathi et al., 2019). These predators 
play a crucial role in managing insect pests. It is, therefore, probable that IPRs have 
attracted predator of thrips that could have contributed to reducing their populations in 
chili pepper intercropping plots. The result demonstrates the potential of IRP cropping 
systems to provide improved and sustainable insect pest management. Intercropping has 
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been suggested as an important agronomic practice for mitigating pest infestation in 
primary crops. This practice involves manipulating habitats to maintain ecological 
balance and create favorable conditions for natural enemies as well as sustaining crop 
productivity. 

A significant difference in fruit damage between the control and the intercrop 
treatments was found during the experiments (Table 2). Tukey test results (α = 5%) 
showed that the lowest fruit damage due to B. dorsalis (8.84%) and H. armigera (2.13%) 
was recorded from chili and coriander (IRC), which was statistically similar to another  
treatment. The maximum fruit damage due to B. dorsalis (14.82%) and H. armigera 
(4.07%) was recorded from sole chili. Hence, it was confirmed that coriander was 
superior with a 40.35% and 47.67% reduction in fruit damage over control. To maintain 
production and control pest populations in the main crop, natural enemies and beneficial 
insects (pollinators) may be drawn to the increased plant diversity (da Silva et al., 2021; 
Adeleye et al., 2022). 
 
Table 2. Effect of different treatments on fruit damage (%) due to Bactocera dorsalis, and 
Helicoverpa armigera 

*The means in each row of a parameter followed by different letters are significantly difference (P < 0.05) 
according to the honestly significant difference (HSD) test. 

 
Additionally, according to Sandhu & Arora (2014), the IPM model, which included 

coriander as a plant repellent, reduced the number of H. armigera eggs and larvae and 
consequently increased productivity. Our research showed that coriander may 
effectively reduce T. parvispinus, B. dorsalis, and H. armigera on chili peppers in the 
field, suggesting that it might be a useful plant to use as an intercrop repellant. All of 
these results showed that IRP intercrops reduce the need for insecticidal treatments by 
having a variety of effects on insect pests, including direct repellence or deterrence, 
infestation delay, and indirect control and regulation through the recruitment of natural 
enemies. 

No. Treatments 

Fruits damage (%) 

Bactocera 
dorsalis 

Reduction of  
B. dorsalis  
over sole chili 
(%) 

Helicoverpa 
armigera 

Reduction of 
H. armigera 
over sole chili 
(%) 

A Intercropped chili pepper + 
coriander (IRC) 

8.84c 40.35  2.13b 47.67 

B Intercropped chili pepper + 
coriander (IPC) 

9.74bc 34.28 2.76b 32.19 

C Intercropped chili pepper + 
celery (IRC) 

9.22bc 37.79 2.69b 33.91 

D Intercropped chili pepper + 
celery (IPC) 

10.99b 25.84 2.73 b 32.92 

E Intercropped chili pepper + 
bunching onion (IRC) 

10.03b 32.32 2.50b 38.57 

F Intercropped chili pepper + 
bunching onion (IPC) 

9.47bc 36.1 2.25b 44.72 

G Sole chili pepper 14.82a - 4.07 a  
 CV (%) 21.30  11.50  

https://www.researchgate.net/scientific-contributions/SS-Sandhu-2082469029?_sg%5B0%5D=obj1tHIHcprsGpYVbRB9wCw9z38saVbX_2kwt3giebKNMqJKwCryaa6kcxwP1TVzZSkyK6U.GDlwRGCb0SyVrtUhK_pKBCdg6-6hUjAtPW1f5rLeDvQc4R64l-TDAa4bHQRFyHOekbZVVO2IjequfvCyR-mohw&_sg%5B1%5D=dgpt5qH_Rj2MXAjX6cLboGbhgOhn-OGlFZLnDgzZDbZCa1TTJM9gvogk5vFAaVQ9lRr7xuk.r9hoQUuqTgMwiaJ4PVfs7JpgmPfxsZDVFvuHI1ahPqrSzjj1-Vp2YB0LSWU4J_w4dvdjT37FrvbsOmpXLWPX8g&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
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Plant growth and yield of chili plants due to different treatments are presented in 
Table 3 and 4. At 93 DAT, the maximum plant height and canopy width in sole chili 
showed better performance over different intercropping combinations. However, there 
were no significant differences due to the effects of treatments. This was probably 
because intercropping with certain species of IRPs can improve soil quality by increasing 
soil organic nitrogen, soil water content, pH values, and available nitrogen contents 
(Kaci et al., 2022). The coriander was growing more, but the chili pepper was unshadow. 
Thus, by favoring natural enemies, the intercropping strategy suggested by IRPs can 
lower insect incidence while raising chili pepper yields. 

The fruit length and diameter of chili pepper fruits in different treatments varied 
from 11.43 to 12.20 cm and 1.68 to 2.03 cm, respectively, with maximum fruit weight 
(18.00 cm) and fruit diameter of 2.03 cm were found in intercropping chili pepper + 
bunching onion (IPC), whereas the minimum fruit weight (11.43 cm) and fruit diameter 
(1.74 cm) were found in Intercropped chili pepper + celery (IPC). Significantly, the 
highest number of fruits per plant was observed in chili pepper + coriander (230.90), and 
the lowest was in sole chili pepper (140.50). This might be associated with the number 
of pests attacked. The chili pepper + coriander (IRC) system recorded the highest chili 
pepper yield (12.35 t ha-1) followed by chili pepper + celery (IPC) (11.61 t ha-1) and chili 
pepper + bunching onion (11.31 t ha-1) compared to sole chili in the other intercropping 
system. The increase in yield over sole chili pepper was 43.27%, 4.29%, and 31.21%, 
respectively (Table 3). 

 
Table 3. Effect of different treatments on growth and yield of chili pepper 

*The means in each row of a parameter followed by different letters are significantly difference (P < 0.05) 
according to the honestly significant difference (HSD) test. 

 
Similar results of an increase in coriander and chili yield were reported by Dubey 

et al. (2023) who said that intercropping chili pepper and coriander with a ratio (85%: 
15%) produced the highest yield. Intercropping of coriander and soybean showed  
much higher fresh weight per unit area than sole cropping (Weisany et al., 2021). The 

No. Treatments 
Plant height  
at 93 DAT  
(cm)  

Canopy width  
at 93 DAT  
(cm) 

Yield 

t ha-1 % Increasing 
yield 

A. Intercropped chili pepper + 
coliander (IRC) 

72.30 46.51 12.35a 43.27 

B. Intercropped chili pepper + 
coliander (IPC) 

80.60 45.03 11.30a 31.09 

C. Intercropped chili pepper + 
celery (IRC) 

71.60 50.11 11.98a 31.09 

D. Intercropped chili pepper + 
celery (IPC) 

80.23 50.14 11.61a 34.39 

E. Intercropped chili pepper + 
bunching onion (IRC) 

63.43 49.29 11.28a 30.85 

F. Intercropped chili pepper + 
bunching onion (IPC) 

75.93 49.41 11.31a 31.21 

G. Sole chili pepper 74.93 50.00 8.62b - 
 

 
ns ns   

 CV (%) 7.18 8.29 7.54  
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beneficial impact of coriander on carrot growth and yield formation was observed  
(Lepse & Zeipiņ, 2023). 

Among both intercropping systems, interrow cropping (IRC) showed the best 
results in terms of reducing pest populations and damage compared to interplant 
cropping (IPC). The population density of IRPs is an important tool for increasing crop 
production. Talukder et al. (2015) reported that 100% onion + 20% coriander and 100% 
onion + 30% coriander rations gave a higher yield of onion. Our studies have shown that 
the presence of coriander, celery, and bunching onion on chili pepper plots significantly 
reduces the damage caused by T. parvispinus, B. dorsalis, and H. armigera. 

Lopes et al. (2016) reported that higher yield was positively correlated with an 
increase in predator populations and predation rates, with a decline in rural laborers and 
an increase in farmer’s revenue. The results of the experiment indicate that intercropping 
is a practical tactic for reducing the negatif impacts of agricultural intensification on 
beneficial arthropods. chili pepper + coriander might be a suitable combination for 
higher productivity, reducing pest populations and damage, and enhancing natural 
enemy populations (Table 4). 
 
Table 4. Effect of different treatments on yield contributing characters 

*The means in each row of a parameter followed by different letters are significantly difference (P < 0.05) 
according to the honestly significant difference (HSD) test. 
 

CONCLUSIONS 
 

This study demonstrates that intercropping chili pepper with coriander, celery,  
and bunching onions significantly reduces plant damage compared to sole chili pepper 
cultivation. Among the various intercrop combinations, chili pepper + coriander was the 
most effective, reducing damage from three major pest species T. parvispinus (51.77%), 
H. armigera (47.67%), and B. dorsalis (40.35%). Additionally, this combination 
increased the population of predatory beetles, Cheilomenses sexmaculatus 
(Coleoptera: Coccinellidae), and enhanced chili yield by 43.27%. The effectiveness of 
intercropping in reducing pest damage can be attributed to the repellent properties of the 
intercrop plants. Coriander, celery, and bunching onions release volatile organic 

No Treatments Fruit weight  
(g) 

Fruit length 
(cm) 

Fruit diameeter 
(cm) 

Fruit 
number/plant 

A Intercropped chili pepper + 
coriander (IRC) 

16.82a  12.20a 1.68b 230.90a 

B Intercropped chili pepper + 
coriander (IPC) 

14.16ab 13.43a 1.81ab 184.75a 

C Intercropped chili pepper + 
celery (IRC) 

16.14ab 13.23a 1.83ab  211.70 a 

D Intercropped chili pepper + 
celery (IPC) 

11.43b 11.89a  1.74b 161.17 a 

E Intercropped chili pepper + 
bunching onion (IRC) 

18.00a  12.02a 2.03a 173.17 a 

F Intercropped chili pepper + 
bunching onion (IPC) 

15.73ab  11.98a 1.74b 184.20 a 

G Sole chili pepper 11.50b 12.00a 1.74b 140.50 b 
 CV 5.22 ns2.83 2.62 12.50 
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compounds (VOCs) that deter pests and attract beneficial predators. These natural 
repellents reduce the reliance on chemical insecticides, promoting a more sustainable 
and environmentally friendly approach to pest management. 
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Abstract. Bean weevil (Acanthoscelides obtectus) cause considerable losses in warehouses in 
dry bean (Phaseolus vulgaris L). Phaseolus acutifolius varieties could be used for genetic studies 
and genetic improvement of common beans. Tepary bean varieties resistance was studied 
produced with irrigation and under drought conditions to A. obtectus. Previously, we studied 
A. obtectus colony from Spain with some of these bean varieties. In the present research, we 
studied a different A. obtectus colony from México. The varieties T-amarillo, PS-AZH-15 and  
T-cafe beans showed a lower ovopositation. T-amarillo, T-negro and T-cafe increased the 
duration of the insect biological cycle. In the varieties T-cafe, T-negro and T-amarillo increased 
larvae mortality before burrowing the seed in percent and reduced the number of first generation 
adults. Little grain weight loss is caused by small number of emerged adults, in the varieties  
T-amarillo, PS-AZH-15, T-cafe and T-negro. According with adult’s number of first generation 
and grain weight loss in percent T-amarillo showed resistance and tolerance to A. obtectus 
infestation and it could be used as source of resistance for P. vulgaris breeding. No significant 
differences were found according to the seed production environment for any traits studied except 
for initial seed weight. Resistant varieties maintain their lethality regardless of the seed 
production environment. Probably A. obtectus is genetically different according to the area and 
is adapted to the varieties produced in each country or region. 
 
Key words: bean bruchid, common bean, P. acutifolius, insect resistance. 
 

https://doi.org/10.15159/AR.24.066
https://doi.org/10.15159/AR.24.066
mailto:jimenez.cruz@inifap.gob.mx


1447 

INTRODUCTION 
 
Dry bean (Phaseolus vulgaris L.) is an important staple crop in many countries, it 

is an excellent source of protein of low cost, and this legume has vitamins, minerals 
(Admassu Shimelis & Kumar Rakshit, 2005) as well as secondary metabolites with 
biological activity that help to prevent some types of cancer in humans (Cid-Gallegos et 
al., 2023). In 2018, harvested area with common bean, around the world, exceed 
22.7 million of hectares with 28.4 million of tones (FAOSTAT, 2022). 

Dry bean production is affected around the world by biotic and abiotic factors 
(Beebe & Corrales, 1991). Some of the major biotic constraints involving post-harvest 
losses caused by the bruchid species Acanthoscelides obtectus Say and Zabrotes 
subfasciatus Boheman. The common bean weevil Acanthoscelides obtectus (Coleoptera: 
Bruchidae) is a global problem that causes serious damage on warehouses in regions of 
Latin America, Africa and Europe (Schmale et al., 2003; Silva et al., 2007). The bean 
weevil is the main postharvest pest of dry bean, Some studies have reported losses from 
7 to 40% caused by weevil damage (Mbogo et al., 2009). This represents worldwide 
losses, each year of 1.95–11.16 million of tones due to weevil damage. A research 
carried on in Honduras in the 90´s showed that the postharvest losses could reached up 
to US$3.5 million dollars (Espinal et al., 2004). Infestations are more commonly 
detected in storage (Parsons & Credland, 2003). Females place their eggs in groups under 
or close to a single seed. The beetles spend their larval and pupal phases inside seeds, 
where the first instars larvae burrow. The last larvae stage dig chambers directly below 
the seed and a tiny circular aperture can reveal the existence of a larva. Unlike the 
majority of other bruchids, it attacks both stored seeds and field-grown beans, it has a 
continuous reproductive cycle without diapause (Tucić et al., 1996; Ahmed et al., 2019). 
Eggs are milky white color with oval shape, the larva passes through six instars with no 
significant differences in length or head capsule between the instars, the pupa is white-
yellow color and the adult is grayish to blackish color (Ahmed et al., 2019). 

There are a number of ways to control bean weevils some examples are: the use of 
essential oils from the next plants: Foeniculum vulgare, Artemisia dracunculus, 
Lavandula angustifolia; and isolates from entomopathogenic fungus (Metarhizium 
anisopliae) (Lak et al., 2022), Bauveria bassiana (Gutièrrez Jiròn, 2016), Trichoderma 
spp (Rodríguez-González et al., 2019). The egg predatory mites Blattisocius tarsalis and 
Amblyseius swirskii have been tested as natural enemies to control bean weevils with an 
efficacy of 60%, on the other side the larvae parasitoids Anisopteromalus calandrae and 
Lariophagus distinguendus reduced up to 38% of the pest population (Iturralde-García 
et al., 2020). Great farmers with large warehouses can use chemical pesticides to control 
the bean weevil. At the contrary, small farmers could use resistant varieties as control 
strategy (Mbogo et al., 2009). 

Genetic breeding for pest resistance should increase grain yield contributing to a 
more permanent supply of common beans in countries around the world (Mbogo et al., 
2009). The common bean resistant varieties against A. obtectus, has a number of 
advantages over chemical control or others. Chemical pesticides need to be repeated 
periodically, therefore are more expensive in comparison with the use of resistant 
varieties; in addition the use of chemical insecticides is associated with insecticide 
resistance, eradication of beneficial insects and environmental contamination (Keneni et 
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al., 2011). The best approach for this pest is to develop resistant lines to A. obtectus, the 
most difficult bruchid to control. For example, the number of adults present after 182 
days of seed storage was low for all Tepary accessions and was high for most common 
bean accessions; Tepary bean may provide a useful germplasm source for Phaseolus 
vulgaris breeding (Shade et al., 1987). Seed storage protein ‘arcelin’ has been previously 
described as causing antibiosis against Z. subfasciatus, without providing protection 
against A. obtectus (Cardona & Kornegay, 1999; Osborn et al., 1988; Minney et al., 
1990). However Osborn et al. (1988) mention that the arcelin, causes sub lethal effects 
in A. obtectus larvae, increasing the biological cycle of A. obtectus and reducing their 
adult weight. Resistance is also associated with lectin-like seed storage proteins (LLPs) 
(Sales et al., 2000), and α-amylase inhibitor (Fory et al., 1996). In particular, moderate 
resistance to A. obtectus has been found by Cardona et al. (1990), Kornegay & Cardona, 
(1991) and Kornegay et al., 1993). Seven allelic arcelin variants with differential value 
for insect resistance have been reported so far, with arcelin-1 (Acosta-Gallegos et al., 
1998; Cardona et al., 1990; Hartweck et al., 1997). Arcelin not only prolongs the 
development of A. obtectus but also extends the period of adult emergence, thus 
contributing to a higher variation of host stages present at the same time (Schmale et al., 
2003; Velten et al., 2008). 

In the highly resistant accession G12952, resistance was expressed as antibiosis 
causing delayed and reduced adult emergence, high mortality of late first instar larvae, 
reduced female fecundity, and negative rates of population growth. The factors 
responsible for resistance are present in the cotyledons of seeds and are chemical in 
nature (Cardona et al., 1989). The natural storage protein arcelin, in G12952, causes  
sub-lethal effects to the bruchid A. obtectus (Schoonhoven et al., 1983; Kornegay & 
Cardona, 1991), prolonging immature development of young bruchid larvae, extending 
the period of adult emergence, and reducing adult weight (Osborn et al., 1988;  
(Velten et al., 2007). 

No other sources of bruchid resistance have been detected in over 17,000 bean 
genotypes originating elsewhere in Latin America (Valencia et al., 2006). Few genotypes 
with high resistance to A. obtectus were found: G40199 (Phaseolus acutifolius A. Gray) 
(Kusolwa & Myers, 2011), G02770 (P. vulgaris), QUESS (P. vulgaris) (Zaugg et al., 
2013), G12952 (P. vulgaris) (Schoonhoven et al., 1983). Recently T-amarillo and  
T-negro, Tepary bean varieties, were reported as resistant accessions against A. obtectus 
(Jiménez et al., 2017). And after that was reported a dominant gene for resistance to 
A. obtectus in both crosses P-saltillo × T-amarillo and T-amarillo × T-cafe using number 
of adults as resistance criteria (Jiménez-Galindo et al., 2020). 

The novelty of this manuscript is to study how the resistance level of bean 
genotypes change according to seed production environment. And indirectly to validate 
that genetically A. obtectus from Spain is different of A. obtectus from Mexico. 

 
MATERIALS AND METHODS 

 
Seed material 
We used ten dry bean varieties PS-AZH-15, Aluyori, PS-AZH-15/1, Azufrado 

Higuera (A-higuera), Rosa Bufa 60 (R-bufa-60), Pinto Saltillo (P-saltillo), Rosa  
Bufa-80 (R-bufa), Tepary cafe (T-cafe), Tepary amarillo (T-amarillo), and Tepary negro 
(T-negro). The irrigation-drought experiments were sown on July 20, 2018 and finished 



1449 

on October. Performed at the Experimental Station of INIFAP in Bachiniva, Chihuahua, 
Mexico: 28° 47' 19.32" N, 107° 16' 11.64" E, at an altitude of 2,012 meters above sea 
level. In a clay loam soil with 43% sand, 28.7% silt and 28.2% clay, free of salts, high 
in organic matter content (2.01%). The fertilizer formula 30-50-00 was applied in both 
experiments. The experimental unit consisted of 1 furrow 5 meters long with 60 seeds at 
a distance of 8.4 cm between seeds and 0.75 m between furrows. In 2018 it rained 
302 mm from July 20 to October 1, 2018 and was the total water in drought experiment. 
On the irrigation experiment, 20 mm irrigations were also added on July 31, August 7, 
August 26, August 31, September 7, September 12 and September 23 for a total of 442 mm. 
The application of water through irrigation are represented in green bars (Fig. 1). All 
seeds were harvested in 2018 from two bioassays under irrigation and drought (Table 1). 

 

 
 
Figure 1. Precipitation and irrigation in field irrigation-drought trials in 2018 at Experimental 
Station of INIFAP in Bachiniva, Chihuahua. 
 
Table 1. Characteristic of seeds of ten bean varieties from INIFAP evaluated for resistance to 
A. obtectus 
Variety Race Species Growth habit Seed size 
PS-AZH-15 Nueva Granada P. vulgaris II Large  
Aluyori Nueva Granada  P. vulgaris II Large  
PS-AZH-15/1 Nueva Granada P. vulgaris II Large  
A-higuera Nueva Granada P. vulgaris II Large  
R-bufa-60 Durango P. vulgaris III Medium 
P-saltillo Durango P. vulgaris III Medium 
R-bufa Durango P. vulgaris III Medium 
T-cafe  Wild type P. acutifoilus III Small 
T-amarillo Wild type P. acutifoilus III Small 
T-negro Wild type P. acutifoilus III Small 
 

Experimental design 
With the seed from the field experiments harvested in November 2018, two 

bioassays were performed on September 5, 2019 and finished on December 20, 2019 an 
average temperature of 22 °C in the Genetics laboratory from Experimental Station of 
INIFAP, in Cuauthemoc, Chihuahua, Mexico 28° 24' 15" N, 106° 52' 19" E, at an altitude 
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of 2050 meters above sea level. We used a completely randomized design with four 
replicates. We put 5 males and 5 females with 20 seeds per repetition, in plastic bottles 
of 5 cm diameter and 5.5 cm of height. The variables measured were: 1) 20 seed weight 
(g), 2) number of eggs (n), 3) larvae number (n) (that is equal to the number of eggs), 
4) larvae mortality before entering the seed (n), 5) larvae mortality before entering the 
seed (%) [Calculated with formula: MLBES = larvae mortality before to entering the 
seed (n) * 100/larvae number (n)], 6) number of adults (n), 7) grain weight loss (g) 
[calculated with formula: SWL = initial seed weight - final seed weight, after the first 
generation of adults] and 8) biological cycle (days) calculated from start of bioassays to 
the first adult emergence on each repetition. 

 
Statistical analysis 
The analysis of the databases of the two trials was used a General Linear Model 

(PROC-GLM) in statistical package SAS 9.3 (SAS Institute, 2016). For mean comparisons 
was used the test of MSD (Minimum Significative Difference) from LSD at p < 0.05. 
 

RESULTS AND DISCUSSION 
 
Seed weight 
Significant differences were found according to the seed production environment 

for seed weight. Significant statistical differences were found between varieties for seed 
weight. The best varieties that show high seed weight were PS-AZH-15, Aluyori and 
PS-AZH-15/1. The varieties with less seed weight were T-amarillo, T-negro and T-cafe 
(Fig. 2). 

 

 
 
Figure 2. Twenty seed weight for 10 bean varieties. DMS = 0.55. Means followed by the same 
letter are not significantly different (LSD = 0.05). 

 
In the present study, significant differences were found according to the seed 

production environment and varieties for initial seed weight, because one seed was 
produced under irrigation conditions and the other under rainfed conditions. The results 
agree with Abdalla et al. (2015) that found that the seed size and other yield components 
change according with the production environment. 
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Number of eggs 
There are no differences between environments for number of eggs. Significant 

differences were found for number of eggs between varieties. The variety with more 
number of eggs was T-negro. The varieties with less number of eggs were T-amarillo 
and PS-AZH-15 (Fig. 3). 

 

 
 
Figure 3. Number of eggs in 10 bean varieties. DMS = 49.3. Means followed by the same letter 
are not significantly different (LSD = 0.05). 

 
Jiménez et al. (2017) found several mechanism of resistance to A. obtectus 

including a compound in seed coat that keeps the adult inactive for a long time, avoiding 
also oviposition. Contrastingly with Velten et al. (2007) that found varieties with high 
level of arcelines in cotyledons where females lay less number of eggs. Jiménez et al. 
(2017) found that the varieties with more number of eggs were PS-AZH-15, T-cafe and 
P-saltillo and the varieties with less were T-negro and T-amarillo with A. obtectus 
recollected and reared in Pontevedra, Spain. In the present study contrastingly, the 
varieties with more number of eggs were T-negro, R-bufa-60 and A-higuera and less  
P-saltillo, T-cafe, PS-AZH-15 and T-amarillo. This means that probably A. obtectus 
could be adapted to each variety that exists in each region around the world. Interestingly 
T-amarillo is the most resistant variety per number of eggs for both A. obtectus colonies, 
from Spain and Mexico. However, T-negro it is the one that allows the oviposition of 
A. obtectus of Mexico in the present study and decreases to oviposition of A. obtectus of 
Spain (Jiménez et al., 2017). This supports that probably the plague is genetically 
different in the different regions of the world, but we need more bioassays with 
A. obtectus colonies from Spain and from Mexico. Some other authors have found 
genetic differences between insect populations. According to our research Sword & 
Chapman, (1994) found that the differences in the feeding habits in different parts of 
their distribution of Green Bird Grasshopper (Schistocerca shoshone) are not simply due 
to the difference in food availability of different populations, but are also probably based 
on genetic differences between individuals. Also Jones, (1987) reported a detailed study 
of cabbage white butterfly (Pieris rapae) feeding was carried out in two populations of  
 
 

a
141

ab
137 abc

124 abcd
107 abcd

100 cd
90 cd

80
cd
80 d

72 d
65

0
20
40
60
80

100
120
140
160

N
um

be
r o

f e
gg

s

Bean varieties



1452 

native Europe, but it reached Australia where it was observed that there is a great 
difference in the behavior of females from different regions. When the two populations 
were subjected to the same environmental and food conditions, the differences were 
maintained, even in successive generations. Which means that probably, as in our studies 
of A. obtectus, the pests are most likely genetically different and are adapted to different 
environmental and nutritional conditions. In addition Bonal et al. (2019) reported 
differences between acorn feeding insects (Curculio spp.) of California and the Spain 
using DNA taxonomy technique. At the intra-specific level, Californian Curculio 
showed a much more marked population genetic structure compared to Iberian ones, in 
which genetic depauperation and a posterior intense inter-population gene-flow can be 
appreciated. 

 
Larvae number 
There are no differences between environments for larvae number variable. 

Significant statistical differences for number of larvae between varieties were found. The 
variety with more number of larvae was T-negro. The varieties with less number of 
larvae were T-amarillo and PS-AZH-15 (Fig. 4). 

 

 
 
Figure 4. Larvae number in 10 bean varieties. MSD = 49.3. Means followed by the same letter 
are not significantly different (LSD = 0.05). 

 
Larvae mortality before entering the seed (n) 
There are no differences between environments for larvae mortality before to 

entering the seed (n). Significant statistical differences were found between varieties for 
larvae mortality before entering the seed (n). The varieties with more mortality of larvae 
were T-negro and T-cafe. The varieties with less mortality of larvae were PS-AZH-15/1, 
Aluyori and PS-AZH-15 (Fig. 5). 

Jiménez et al. (2017) found a possible volatile compound located in testa, causing 
larval mortality. Such compound keeps adults inactive, avoiding oviposition, adult and 
larvae antixenosis, larval mortality and is not located in cotyledons, suggesting that they  
should be different from arcelines. These results are according with Valencia et al. 
(2006) that found low percentage of survivor of larvae in G40199. In addition, 
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Jiménez et al. (2020) found pipecolic acid in testa in two F2 populations between  
T-amarillo × P-saltillo and T-cafe × T-amarillo as the responsible metabolite that keeps 
under control A. obtectus and is related to effective larvae mortality before to entering 
the seed and zero adults emerged from resistant lines. Jiménez et al. (2017) found that 
the varieties with high larvae mortality before to entering the seed were T-negro (96.1%), 
T-amarillo (77.6%), T-cafe (77.2%) and P-saltillo (66.2%) and less PS-AZH-15, 
something according with present research, where we found that the genotypes with high 
larvae mortality before to entering the seed were T-cafe (49.5%), T-negro (42.8%) and  
T-amarillo (32.5%). The mortality of larvae is lower to A. obtectus from Mexico and 
changes the order of the varieties for larvae mortality before to entering the seed, which 
probably means that insect pest from Spain and from Mexico, are genetically different. 
The varieties with less larvae mortality before entering the seed in the present study were 
P-saltillo, PS-AZH-15, according with Jiménez et al. (2017), PS-AZH-15/1, Aluyori,  
R-bufa-60, A-higuera and R-bufa. The larvae mortality before entering the seed is a very 
interesting resistance trait of the varieties and very few studies had quantified it, of the 
few reports are the authors Schmale et al. (2003) and Velten et al. (2008). Also Velten 
et al. (2008) found larvae mortality from 20% to 35% before entering the seed in the 
bean variety RAZ 94 and are according with our present results. 

 

 
 
Figure 5. Larvae mortality of before entering the seed in number for 10 bean varieties. 
DMS = 28.7. Means followed by the same letter are not significantly different (LSD = 0.05). 

 
Larvae mortality of before entering the seed (%) 
There are no differences between environments for larvae mortality before entering 

the seed (%). Significant statistical differences between varieties were found for larvae 
mortality before entering the seed (%). The varieties with high larvae mortality were  
T-cafe, T-negro and T-amarillo. The varieties with less mortality of larvae were  
PS-AZH-15/1, Aluyori and R-bufa-60 (Fig. 6). 
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Figure 6. Mortality of larvae before to entering the seed in 10 bean varieties. DMS = 21.8.  
Means followed by the same letter are not significantly different (LSD = 0.05). 

 
Adult’s number 
There are no differences between environments for adult’s number. Significant 

statistical differences between varieties were found for adult’s number. The varieties with 
high adults number were PS-AZH-15/1, R-bufa-60, A-higuera, Aluyori and PS-AZH-15. 
The varieties with less adult’s number were T-amarillo, T-negro and T-cafe (Fig. 7). 

 

 
 
Figure 7. Number of adults in 10 bean varieties. DMS = 37.3. Means followed by the same letter 
are not significantly different (LSD = 0.05). 

 
The varieties with more number of emerged adults of A. obtectus from Spain in the 

first generation were PS-AZH-15 (235) and P-saltillo (113) and less T-amarillo (2),  
T-negro (7) and T-cafe (36) (Jiménez et al., 2017). In present study we found that the 
varieties with more number of adults emerged from first generation of A. obtectus from 
México were PS-AZH-15/1 (122), R-bufa-60 (118 adults), A-higuera (108 adults), 
Aluyori (103 adults) and PS-AZH-15 (98) and interestingly the varieties are the same 
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with less number of adults T-amarillo (9 adults), T-negro (9 adults) and T-cafe  
(20 adults). The three varieties most resistant, by number of 1st adults generation, to 
A. obtectus from Spain agree with the same three that are more resistant to A. obtectus 
from Mexico. Armenta-López et al. (2021) reported Azufrado Higuera and Aluyori as 
resistant genotypes; at the contrary in our study we found Azufrado Higuera and Aluyori 
as susceptible genotypes. 

 
Grain weight loss (%) 
There are no differences between environments for grain weight loss (%). 

Significant differences were found for grain weight loss between varieties. The varieties 
with more grain weight loss were R-bufa-60 and R-bufa. The varieties with less grain 
weight loss were T-amarillo and PS-AZH-15 (Fig. 8). 

 

 
 
Figure 8. Grain weight loss in percent for 10 bean varieties. DMS = 8.8. Means followed by the 
same letter are not significantly different (LSD = 0.05). 
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T-amarillo, T-negro and T-cafe. The results of previous research are different to present 
study because we found that the most susceptible varieties were R-bufa-60 and R-bufa. 
Likewise, P-saltillo, T-negro and T-cafe show the same level of susceptibility to 
A. obtectus from Mexico. The consistent variety is T-amarillo for resistance to both 
bruchids from Spain and Mexico.  

 
Biological cycle (days) 
There are no differences between environments for biological cycle. Significant 

statistical differences were found between varieties for biological cycle. The varieties 
that showed the longest biological cycle were T-amarillo, T-negro and T-cafe. The 
varieties with the shortest biological cycle were the rest (Fig. 9). 
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106.5 days for T-amarillo, 98 for T-negro, 65.3 for T-cafe, 54.5 for P-saltillo and 50.8 
for PS-AZH-15. These results are according with present research because we found a 
cycle for T-amarillo and T-negro of 73 days, 66 for T-cafe, 55 for PS-AZH-15/1, 54 for 
P-saltillo and 53 days for PS-AZH-15. The two bioassays were carried out at medium 
temperature of 14 °C. These results are consistent with Schmale et al. (2003) who 
reported that adult emergence in resistant varieties was from 45 to 95 days (RAZ 36, 
RAZ 94 and RAZ 104), while in susceptible varieties it ranges from 20 to 48 days, in 
the Calima bean variety. 

 

 
 
Figure 9. Biological cycle in days for 10 bean varieties. DMS = 5.2. Means followed by the same 
letter are not significantly different (LSD = 0.05). 

 
CONCLUSIONS 

 
The resistance level of the varieties do not changes according to the seed production 

environment.The most resistant varieties to A. obtectus from Mexico are T-amarillo,  
T-negro and T-cafe being T-amarillo the most resistant variety for A. obtectus from 
Mexico. The most resistant varieties had smaller seed size, lower number of eggs and 
larvae (except T-negro, higher larval mortality, lower number of first generation adults, 
lower grain weight loss and longer biologica)l cycle. T-negro has the highest number of 
eggs and larvae, however, also the highest number of dead larvae before entering the 
seed in number and percentage. The consistent variety is T-amarillo for resistance to 
both bruchids from Spain and Mexico. Probably A. obtectus from Spain is genetically 
different of A. obtectus of Mexico. The most susceptible varieties were PS-AZH-15/1, 
R-Bufa-60, A-higuera and Aluyori. Susceptible varieties had greater seed size, greater 
number of eggs and larvae, lower larval mortality, greater number of first generation 
adults, greater grain weight loss (except PS-AZH-15), and greater biological cycle.  
PS-AZH-15 presented one of the largest seed sizes; however, within the varieties with 
the highest seed weight, it presented a lower number of eggs and larvae and therefore 
lower number of adults emerged from the first generation and lower grain weight loss or 
lower consumption. 
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Abstract. Sindh is an important hub for the agricultural production in Pakistan. Therefore, this study 
was aimed to model the air temperature trend in Sindh and its impacts on the seasonal water 
requirement for Rice, Wheat, and Sugarcane under the Representative Concentration Pathways 
(RCP) 4.5 and 8.5 scenarios. In this study, RegCM4 with GFDL-ESM2M was used and the bias 
correction of RegCM4 simulations was done using Quantile Mapping. As per the analysis, the 
average annual temperature over the study area may rise by about 1.2 to 1.8 °C and 2.8 to 3.3 °C 
under RCP 4.5 and 8.5 scenarios respectively. Seasonally, warming is expected to be higher in 
spring and winter seasons, whereas, diurnally, the daytime temperature may increase by about 
1.2 to 1.7 °C and 2.6 to 3.2 °C, while the nighttime temperature may rise by about 1.4 to 2.7 °C 
and 3.0 to 3.5 °C under the RCP 4.5 and 8.5 scenarios respectively. Consequentially, the seasonal 
water requirement for Rice in Sindh may increase by about 50–100 mm and 100–200 mm under 
RCP 4.5 and 8.5 scenarios respectively. For Wheat, the water requirement may rise by about 
60 mm and 100 mm, whereas for Sugarcane, it may soar by about 100–150 mm and 150–200 mm 
under RCP 4.5 and 8.5 scenarios respectively. Conclusively, the rising crop water consumption 
may cause increased irrigation requirements, low crop water productivity and yield, and rising 
local water disputes thereby endangering the crop production and water security in the province. 
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Key words: climate change, crop water requirement, CROPWAT, CORDEX, food security, 
quantile mapping, RegCM4, SDG 13. 
 

INTRODUCTION 
 

Climate variability has turned out to be one of the most pressing issues for the world 
community due to its adverse impacts on the freshwater resources, agriculture, human 
health, and the overall ecosystem. Climate change is legitimately blamed to be human-
induced with the main reasons including the land cover changes and unplanned 
development, deforestation, industrialization, burning of fossil fuels and rising 
Greenhouse Gases (GHGs) which destabilizes the global radiation balance and leads to 
the changing climate regime (Chong et al., 2021; Abbas et al., 2022). Globally, the 
unfavourable impacts of varying climate have been witnessed in the form of soaring 
temperatures, extreme meteorological events, seasonal shifts, melting glaciers, flash 
floods, and rising sea levels (Raihan, 2023). For instance, during the past 100 years, the 
mean global temperature has soared by about 0.74 °C, where in South Asia, warming 
increased by about 0.75 °C (Shah et al., 2020; Penev et al., 2021). Temporally, warming 
has been higher during the later years of century, where the earth temperature heated by 
about 0.18 °C per decade since 1981 alone (Akaev & Davydova, 2023). Due to the 
significant dependence on the natural resources and agriculture, lack of climate chnage 
adaptation and mitigation capacity, high population growth rate and poverty, the climate 
change adversities are expected to be worst in Asia, where as per the Intergovernmental 
Panel on Climate Change (IPCC), some parts of Asia have warmed up by 2 °C than the 
pre-industrial period (1850–1900), that is higher than global temperature anomaly 
(+1.1 °C) (You et al., 2022). 
 
Table 1. Temporal change in global GHG levels with life span and warming potential 

GHG Level  
in 1870 

Level  
in 2007 

Level  
in 2022 

Life Span  
in years  

Warming potential 
(Relative to CO2) 

CO2 280 ppm 399 ppm  420 ppm  300–1,000 1 
CH4 700 ppb 1,745 ppb 1,932 ppb  12 72 
NO 270 ppb 314 ppb 334 ppb  114 310 
SF6 0 3.5 ppt 10.5 ppt 3,200 16,300 
Source: Rasul et al., 2012); ppt: parts per trillion; ppb: parts per billion; ppm: parts per million. 

 
Among all major anthropogenic factors reprehensible for the changing climate 

patterns, the rising GHG concentrations across the globe (as shown in Table 1) is the 
prime cause behind the destabilizing global heat balance and consequently varrying 
climate patterns. For capturing the climate patterns under different GHG emission 
scenarios and to forumulate climate change adaptative and mitgation policy accordingly, 
IPCC in its 5th Assessment Report (2014) has adopted four (04) radiative forcing scenarios 
known as the Representative Concentration Pathways (RCPs) which depend on the 
magnitude of GHG concentrations and the mitigative measures adopted by the world 
community in the coming decades (Pedersen et al., 2022). Radiative forcing generally 
refers to the difference between the incoming and outgoing solar heat energy 
(in Watt m-2), with greater the difference, the more will be the entrapped heat and 
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warmer will be the earth temperature. RCPs are categorized as RCP 2.6, 4.5, 6.0, and 
8.5. As per IPCC, RCP 2.6 is a scenario under which the radiative forcing (global) may 
touch 2.6 Watt m-2 by 2100. Further, this scenario assumes that the CO2 emissions begin 
to decrease by 2020 and drops to zero by 2100. Further, it also expects Sulphur dioxide 
(SO2) emissions to around 10% of 1980 to 1990 levels, and CH4 reduction to about half 
of 2020 levels by 2100. Under this scenario, the mean global temperature is expected to 
climb by about 1.5 to 2.0 °C by 2100 than the pre-industrial baseline. RCP 4.5 is a 
scenario under which the radiative forcing may reach to about 4.5 Watt m-2, with the 
global CO2 levels heading to 550 to 600 ppm by the end of 21st century. This scenario 
calls for a decline in CO2 levels from 2045, so as to attain half of the levels of 2050 by 
2100. Similarly, CH4 emissions also need to be ceased by 2050 and decline to about 75% 
of CH4 levels of 2040, while SO2 levels are assumed to reach 20% of levels of 1980 to 
1990 by 2100. In this scenario, the global temperature may warm by about 2.5 to 3.0 °C. 
RCP 8.5 is the worst-case scenario with no formulation and implementation of climate 
change mitigation policies by the world community and the global CO2 levels marching 
to approximately 1,200 ppm by 2100. Under this scenario, the global temperature is 
expected to rise by about 5 °C by the end of century (Pedersen et al., 2022). 

In order to computationally project the climate patterns under the different RCP 
scenarios, numerical climate models have been used (Panfilova et al., 2020). These 
models are categorized spatially as the Global Climate Model (GCM) and the Regional 
Climate Model (RCM). GCMs have a coarser (lower) spatial resoutlion (typically  
150–300 km) and project the climate patterns on the global-scale, while RCMs (spatial 
resoultion as 20–60 km) project the climate patterns on a regional scale by using the 
Initial Conditions (ICs) and the Lateral Boundary Condtions (LBCs) of a GCM, and 
better captures the region-specific climate patterns (Barnes et al., 2024; Gutierrez et al., 
2024). As per the literature, RCM projections are basically the transformed outcomes of 
GCMs on a finer resolution via downscaling. Downscaling  refers to the transformation 
of lower resolution GCM outputs to a higher resolution climate data and is done using 
the Statistical or Dynamical appraoch (Boe et al., 2023; Zhang et al., 2023). Dynamical 
downscaling involves the use of a finer resolution RCM to dynamically transform the 
GCM projections, while in statistical downscaling, a statistical nexus is etablished 
between the past global and local climate trends to understand how the local climate is 
responding to the planetary-scale climate variability. This statistical relation is then 
applied on the GCM datasets to regionalize the model outcomes. 

As discussed above, GCMs due to the coarser resolution are suitable only for 
planetary-scale climate projections as it miss the region-specific climate features and 
may ultimately mislead the regional climate analysis. Therefore, RCMs due to the higher 
resolution have been suggested and employed in various studies to conduct regional 
climate change assessement. For example, Raul (2017) used a RCM called REMO 
(2009) with the GCM named MPI-ESM-LR to study the agricultural susceptibility over 
Maharashtra in the Western India under the changing climate scenarios for the period 
2015 to 2100. The model outcomes projected a rise in precipitation by about 80 to 
250 mm and the temperature increment of about 0.5 to 2.5 °C over the study area by 
2099. Ali et al. (2021) employed a RCM named RegCM4, with three (03) GCMs from 
the Coupled Model Intercomparison Project 5th Phase (CMIP5) namely MPI-ESM-MR, 
NorESM1-M and MICROC5 to determine the shift in the Monsoon rainfall over the 
Upper Indus Region and Pakistan. The results indicated a greater strength gain in 
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Monsoon under RCP 8.5 over the UIB than RCP 2.6. For Pakistan overall, a slight 
decline (increase) in precipitation is projected under the RCP 8.5 (RCP 2.6) scenario. 
Hassan et al. (2014) employed the RegCM, utilizing two experiments with ECMWF's 
Reanalysis data (ERA-40) and ECHAM5 for the period 1971–2000, confirming the 
model's accurate reproduction of air temperatures and effective analysis of Monsoon 
precipitation in South Asia. 

RegCM is a Regional Climate Model developed by the Italy's International Center 
for Theoretical Physics (ICTP) for extended regional climate studies. The model solves 
a set of dynamical equations describing the atmosphere dynamics along with the 
parameterization for physical climate processes including radiation, convection, 
turbulent diffusion, clouds and precipitation, soil moisture and ocean fluxes, and tracer 
transport and chemistry to capture the atmospheric state of a region (Eghbali et al., 2022). 
Nevertheless, due to the regionally varyig topography and climate features, the RCM 
simulations often yield errors known as the Biases, which may question the reliability 
and raise uncertainty in the model outcomes. Therefore, different bias correction 
techniques have been proposed including Linear Scaling (LS), Power Transformation 
(PT), Local Intensity Scaling (LOCI), Distribition Mapping (DM), and the Quantile 
Mapping (QM) method as shown in the Table 2 (Fang et al., 2015). As per the past 
studies, the QM approach works well to remove biases from daily as well as monthly 
climate model simulations (Xue et al., 2022; Rajulapati & Papalexiou, 2023). 

 
Table 2. Mathaemtical expressions for the commonly used bias correction methods 
Bias 
Correction 
Method 

Equation 

 Temperature  Precipitation 
Linear scaling Tcorrected = 

TSim + μ(Tobs) − μ(Tsim) 
Pcorrected = Psim ∙ μ(Pobs)

μ(Psim)
 

where Pcorrected = 0, if Psim < PThres 

Local intensity 
scaling (LOCI) 
of precipitation 

- Pcorrected = Psim x Sm 
where Sm = μ(Pobs|Pobs>0)

μ(Psim|Psim>PThres
 

Power 
transformation 
(PT) of 
precipitation 

- Pcorrected = Sm∙ PLOCI
b 

where Sm = μ(Pobs)

μ�PLOCIb�
 

f(b) = σ(Pobs)
μ(Pobs)

 – σ(PLOCIb)
μ(PLOCIb)

 
Variance scaling 
(VARI) 
of temperature 

Tcorrected =  
[Tsim - μ (Tsim)]. σ (Tobs)

σ (Tsim)
 + μ(Tobs) 

- 

Distribution/ 
Mapping 
(DM) 

Tcorrected =  
FN−1(Tsim | μsim,σsim) |μobs, σobs) 

where fN (x|μ,σ) =  1
σ√2π 

. e
−(x−μ)2

2σ2 ; 
x∈ R 

Pcorrected = Fr−1(Fr (PLOCI |αLOCI, βLOCI)| 
αobs, βobs) 

where fr (x|α, β) =  xα−1x 1
βα

 ∙ e
−x
β ;  

x ≥ 0,α, β > 0 
Quantile 
Mapping (QM) 

TCorrected = xms + Foh−1�Fms(xms)�
− Fmh−1 (Fms(xms)) 

Pcorrected = Foh−1�𝐹𝐹𝑚𝑚ℎ(𝑥𝑥𝑚𝑚𝑠𝑠)�, 
 𝑥𝑥𝑚𝑚𝑠𝑠 ≥ 𝑥𝑥𝑡𝑡ℎ 

Source: Fang et al., 2015. 
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The agriculture sector is highly susceptible to climate change due to its heavy 
reliance on the climate patterns and water availability (Mokrikov et al., 2019; Horváth 
et al., 2021; Talukder et al., 2022; Viikoja et al., 2023). Globally, agriculture is the largest 
consumer of freshwater as it consumes about 72% of the yearly global freshwater 
withdrawals (Bazrafshan et al., 2022; Rosa, 2022). A crop usually meet its water 
requirement through Evapotranspiration (ET). According to the Food and Agriculture 
Organization (FAO), Crop Water Requirement (CWR) is the depth of water required by 
a crop for ET (Ehteram et al., 2021; Pereira et al., 2021). Thermodynamically, 
evaporation only depends on weather conditions (temperature, humdity, windspeed, and 
solar radiation), while for transpiration, climate as well as soil properties, crop type and 
its growth phase, land treatment practice, and position of watertable are the influential 
factors (Paul et al., 2022). Furthermore, poor land fertility and soil management, high 
soil pH, limited and inadequate use of fertilizers, lack of disease and pest control, and 
low water availability also impacts (lowers) transpiration. 

For crop water requirement, Reference Evapotranspiration (ETo) is estimated which 
shows the evaporating potential or evaporatice demand of atmosphere and depends only 
on the weather conditions of region. According to FAO, ETo is the ET from a reference 
crop surface (typically grass or alfalfa) 0.12 m tall, 70 s m-1 of surface resistance, surface 
albedo of 0.23, and having suffecient water on the field with non-restricting soil 
conditions (Srdić et al., 2023). Due to the sufficient water on the reference crop surface, 
the soil and crop properties do not interfere with the ET process, and thus ETo solely 
indicates the energy available in the atmosphere to evaporate water from the surface. 
Apart from climate, the influence of soil texture, depth to water table, management 
practice, and the crop growth stage on crop ET is accounted with the help of a crop 
parameter known as Crop Coefficient (Kc). As per FAO, Kc is the ratio of actual ET from 
the crop field measured using the lysimeter to ETo under the same environmental 
conditions. Kc is an empirical parameter and is estimated by conducting the lysimetric 
studies. The value of Kc noticeably varies with the crop growth stage as the crop ET is 
lowest during the sowing stage, starts increasing with the development phase, reaches 
its maximum during the late stage, and then declines as the crop march towards its 
harvesting phase after gaining full maturity (Liu et al., 2023). 

For ETo, FAO Penman-Monteith (PM) equation is the most reliable and widely 
used approach to estimate the daily as well as monthly ETo under different climate 
conditions (Xing et al., 2023; Zerihun et al., 2023). For instance, Abeysiriwardana et al. 
(2022) used the FAO PM method to estimate ETo in different parts of Sri Lanka.  
Awal et al. (2020) used the PM equation to determine ETo over the Western Texas in 
USA. Ndule & Ranjan (2021) also used the PM equation to estimate ETo over the semi-
arid southern Manitoba (Canada). However, due to the large soil, crop, and weather data 
required for the equation which might not be available for all regions and time period, 
the equation proposed by Hargreaves and Samani (1985) known as the Hargreaves (HG) 
equation can be used for ETo. However, the method overestimates ETo under the humid 
climate conditions and underestimates under the semi-arid conditions, whereas spatially, 
the equation underestimates ETo over the inland areas and overestimates nearer to the 
coastal zones. In order to overcome this limitation, the previous studies have proposed 
the local calibration of HG equation. For example, Lujano et al. (2023) calibrated the 
HG equation for computing ETo in the Peruvian Altipano (Peru) by taking FAO PM  
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equation as a reference. Ramírez et al. (2023) used the HG equation after local 
adjustment for computing ETo in the semi-arid region of Mexico. Al-Asadi et al. (2023) 
also used FAO PM equation as a benchmark to calibrate HG equation so as to estimate 
ETo in different parts of Iraq. 

Pakistan is an agrarian country with nearly 24 Million hectares (Mha) of its area 
under cultivation, 25% of its Gross Domestic Product (GDP) depends on the agricultural 
and livestock sector, and more than 90% of its freshwater resources are utilized for the 
agricultural and livestock production (Raza et al., 2023a). As per the Pakistan 
Agricultural Research Council (PARC), about 90% of the agricultural production in 
Pakistan depends on irrigation, as the country’s precipitation can meet only 10 to 15% 
of the water requirements (Qureshi, 2020). The major source of freshwater in Pakistan 
is the mighty Indus Basin having the mean annual runoff of 146 million Acre-ft (MAF), 
where about 50 to 70% of its annual flow comes from the glacier and snowmelt runoff 
and remaining from the Monsoon and winter precipitation (Romshoo & Marazi, 2022). 
Apart from surface water, Pakistan also relies on groundwater for its domestic and 
agricultural water needs. As per the Water and Power Development Authority 
(WAPDA) of Pakistan, the mean annual groundwater recharge from the Indus Basin in 
Pakistan is about 55 MAF, where the country extracts nearly 50 MAF every year. In 
addition, Pakistan is the world’s 3rd largest consumer of groundwater for agriculture, 
where approximately 73% of its irrigated area relies on groundwater. For crop production, 
Pakistan has two growing seasons namely Kharif (May to September) and Rabi (October 
to April), with the country’s major crops including Rice, Wheat, Sugarcane, Cotton, 
chilies, fruits, and vegetables that serve as a major source of foreign exchequer to the 
national economy and livelihoods for the local farmers (Qureshi, 2020). 

Rice is a major Kharif crop of Pakistan grown on an area of about 2.7 Mha in the 
country, with the per hectare yield of 2.95 tonnes and the mean annual production of 
8.0 million tonnes (Ghani et al., 2023). The crop is among the highest water consuming 
crops consuming about 70% of the irrigation withdrawals in the country due to a 
continuous submergance required for its growth (Akbar et al., 2023). In Sindh, Rice is 
grown in between July to September on an area of about 0.75 Mha, with the annual 
production of about 2 million tonnes. In Sindh, the seasonal water requirement of Rice 
is higher than Punjab due to warmer climate, where about 1,200 to 1,500 mm is 
consumed in the former for Rice production (Joyo et al., 2023). Wheat is an important 
Rabi crop of Pakistan grown on an area of about 9.2 Mha in the country, with the mean 
annual production of 26 million tonnes and the per hectare yield of about 2.8 tonnes. 
In Sindh, Wheat is grown on an area of about 1.12 Mha in between November to March, 
with the mean annual production of about 4 million tonnes and the seasonal water 
consumption of about 400 mm (Nangraj et al., 2023). Contrarily to Rice and Wheat, 
Sugarcane is a perenial crop grown on an area of about 1.2 Mha in Pakistan, with the 
mean annual production of 64 million tonnes. In Sindh, Sugarcane is grown on an area 
of 0.3 Mha, with the seasonal crop water consumption in the province as 1,700 to 
2,000 mm (Raza et al., 2023b). 

Pakistan has repeatedly been considered among the topmost countries that are at 
high risk of climate change. As per IPCC, warming in Pakistan is expected to be more 
than the global average in coming years, where the mean temperature may increase by 
about 5.3 °C by the end of 21st century, that is more than the global predicted  
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temperature rise (3.7 °C) (Gul et al., 2022). According to the Global Change Impact 
Studies Centre (GCISC), warming may soar by about 4.6 °C in Sindh, 5.04 °C in 
Balochistan, 5.06 °C in Punjab, 5.4 °C in KPK, and 5.8 °C in Gilgit-Baltistan under RCP 
8.5 scenario (Javed & Khan, 2019). Different studies have been conducted in the past to 
assess the climate change impacts on the crop water requirements in Pakistan. For 
instance, Shafeeque & Amna (2023) modeled the seasonal CWR in different parts of 
Pakistan under CMIP6 scenarios. As per the study, under SSP245 scenario, the Kharif 
seasonal CWR may increase by 0.48–0.74 mm year-1, whereas in Rabi season, the CWR 
may increase by 0.47–0.64 mm year-1. Under SSP845 scenario, the Kharif CWR may 
increase by 1.26–1.54 mm year-1, whereas the Rabi seasonal CWR in the country may 
increase by 0.98–1.20 mm year-1 by 2100. Similarly, Ahmad et al. (2021) modeled the 
seasonal CWR in Rice-Wheat Punjab under RCP 4.5 and 8.5 scenarios for the period 
2021–2050 and 2051–2080. The analysis projected the Wheat seasonal ET to increase 
by 10–13 mm and 26–37 mm during 2021–2050 and 2051–2080 respectively, whereas 
the Rice seasonal ET may increase by 5–22 mm and 5–25 mm during 2021–2050 and 
2051–2080 respectively. Ahmed & Choi (2018) also modeled the climate change influence 
on ETo over the Upper Chenab Command area of Punjab under the A1B scenario. The 
study projected the winter seasonal ETo to raise by 21–26 mm and 45–55 mm during 
2021–2050 and 2051–2080 respectively, while the summer seasonal ETo may raise by 
16–21 mm and 51–63 mm during 2021–2050 and 2051–2080 respectively. 

The Sindh province is worst affected by climate extremes during the past decades. 
Therefore, this study was conducted to model the air temperature patterns in Sindh and 
its impacts on the seasonal CWR for Rice, Wheat, and Sugarcane under RCP 4.5 and 
8.5 scenarios. The outcomes of this study may help in understanding the future climate 
variability and its impacts on the crop water demand and freshwater resources in Sindh, 
and to formulate holistic and well-integrated climate change adaptation and freshwater 
management measures for ensuring food and water security in the province under the 
climate change scenarios. 

 
MATERIALS AND METHODS 

 
Study Area 
Sindh is an important contributor to the agricultural and livestock sector of Pakistan 

after Punjab. Geographically, Sindh lies in the Sub-tropical region between the latitudes 
23° to 29 °N and between the longitudes 67° to 70°E, spanning on an area of about 14.09 
Mha as shown in the Fig. 1. The Gross Command Area (GCA) of Sindh is about 5.53 
Mha, out of which 4.87 Mha is under cultivation (Mangan et al., 2021). However, due 
to the poor drainage infrastructure, about 36% of GCA in the province is waterlogged 
and is affected by high soil salinity, with the dominant water table depth ranging from 
about 1.5 to 3.0 m. Climatologically, Sindh is characterized with hot and rainy summers 
and cold dry winters, with the maximum temperature often touches 46 °C in May, and 
minimum temperature as low as 2 °C during winter (January). Sindh is predominantly 
arid with the annual precipitation across the province ranging from about 150–350 mm, 
where the major fraction of its yearly rainfall is recieved during Summer season  
(July–September) from the Southwest Monsoon system (Kumar et al., 2023). 
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Figure 1. Study area and the selected stations. 
 
Lithologically, based on the FAO soil classification, Sindh is classified into ten (10) 

different soil classes as shown in the Fig. 2, with clayey loam is the dominant  
soil texture, which favour crop yields due to high field capacity (as shown in Table 3). 

 

  
 
Figure 2. Landuse and FAO soil classification of Sindh, Pakistan. 
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On the other hand, based on the Sentinel-02 landuse classification, the dominant land 
cover of Sindh comprises of water bodies (25.69%), irrigated and rainfed cropfields 
(20.93%), urban areas (17.62%), and rangeland mainly consisting of moderate to sparse 
bushes, Mangrooves, shrubs and grass tufts, and savannas with less grasses, trees and 
other plants (26.81%). 

 
Table 3. Representative physical properties of FAO soil classes in Sindh 
FAO 
Soil 
Class 

Soil 
texture 

Soil composition 
Specific 
gravity 

Porosity 
(%) 

Infiltration 
rate 
(mm h-1) 

Field 
capacity 
(%) 

Crop 
extractable 
water (%) 

Sand  
(%) 

Silt 
(%) 

Clay 
(%) 

I-Rc-Yk-c Loam 35 39 26 1.3–1.5 43–49 8–20 25–36 11–17 
Qc47-1-2b Sandy 

Loam 
79 12 9 1.4–1.6 40–47 13–76 15–27 6–12 

Yk36-2-3a Clay 
Loam 

35 35 30 1.3–1.4 47–51 2.5–15 31–42 15–20 

Jc42-2-3a Clay 
Loam 

27 44 29 1.3–1.4 47–51 2.5–15 31–42 15–20 

Xh43-2-3a Loam  32 42 26 1.35–1.5 43–49 8–20 25–36 11–17 
Yh26-2-3a Loam  44 30 26 1.35–1.5 43–49 8–20 25–36 11–17 
Yh27-2a Sandy 

Loam 
52 32 16 1.4–1.6 40–47 13–76 15–27 6–12 

Yk40-2-3a Clay 
Loam 

36 33 31 1.3–1.4 47–51 2.5–15 31–42 15–20 

Zg13-2-3a Clay 
Loam 

26 35 39 1.3–1.4 47–51 2.5–15 31–42 15–20 

Zg6-2-3a Clay  25 27 48 1.2–1.3 51–55 0.1–1 39–49 19–24 
(Source: Cuenca, 1987). 

 
Hydrologically, as per the Indus River System Authority (IRSA) of Pakistan, Sindh 

receives about 48.76 MAF annually from the Indus River, with 33.94 MAF in Kharif 
season and 14.82 MAF in Rabi season. The Indus Basin Irrigation System (IBIS) has the 
province as one of its main beneficiaries with three (03) barrages in the province, diverting 
48.76 MAF annually to the 14 main canal commands with a complex system of 117 
branch canals, 1,400 distributaries and minors, and about 42,000 water courses across 
the province (Simons et al., 2020). Based on the crop type, climate, water availability, 
and cropping practice, Sindh has two major agro-climatic zones including Cotton-Wheat 
Sindh and Rice-Other Sindh. Cotton-Wheat Sindh serves as a major zone for cultivating 
Cotton, Sugarcane, Wheat, And Rice in the province, while in Rice-Other Sindh, Barley, 
Rice, Sugarcane, Wheat, pulses, vegetables, and fruits are the prominent crops (Sadiq et 
al., 2019). 

For this study, a number of five (05) stations in Sindh namely Badin, Dadu, 
Jacobabad, Larkana, and Nawabshah having rich growing fields of Rice, Wheat, and 
Sugarcane were selected. The climate data needed for this purpose was taken from the 
Pakistan Meteorological Department (PMD) for the years 1990–2022. The climate 
normal for the selected stations are shown in the Fig. 3. 
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Figure 3. Mean annual precipitation (mm) and temperature (̊C) of the selected stations. 

 
Methodology 
Selection of Regional Climate Model 
In this study, the Regional Climate Model Version 4 (RegCM4) was selected with 

NOAA-GFDL-ESM2M as the driving Atmosphere-Ocean Global Circulation Model 
(AOGCM). The daily historical and future RegCM4 climate projections for the study 
area were acquired from the CORDEX data portal (https://cordex.org/data-
access/regional-data-portals) for both RCP 4.5 and 8.5 scenarios. The Coordinated 
Regional Downscaling Experiment (CORDEX) is a program supported by the World 
Climate Research Program (WCRP) to forumulate a modifed framework via global  
co-ordination with a prime aim to generate the regional-scale downscaled climate 
projections for different regions of the world by considering the region-specific climate 
features, so as to faciltate the impact assessment studies on the regional scale. The 
climate data was obtained for the period 1990 to 2099, with 1990 to 2005 taken as the 
validation period, and 2020 to 2099 was taken as the modeling period as shown in the 
Table 4. 

 
Table 4. Description of RCM-GCM combination used in the study 

RCM  CORDEX 
Domain  Driving GCM  Spatial 

resolution 
Climate 
variables  

Temporal 
resolution  

Time 
period 

RegCM4 WAS-44i NOAA-GFDL-ESM2M 50 km  Tmax and Tmin Daily  1990–2099 
 
Bias Correction of RCM Simulations 
As discussed earlier, the RCM climate simulations often contain biases that result 

in misinterpretation and erroneous reproduction of local climate features and may 
ultimately mislead the analysis. In this study, the air temperature (Tmin and Tmax) 
simulated by RegCM4 showed the presence of warm biases (overestimation) for all 
stations during the validation period. Therefore, in order to remove biases from the 
RegCM4 temperature simulations, the Quantile Mapping (QM) technique was used. 
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Quantile mapping (QM) 
In this study, QM technique was used to bias correct the daily temperature 

projections for all stations. The method works by establishing a statistical nexus between 
the histroical model simulations and the actual data of same period by replacing the 
model values with the actual data at the same Cumulative Density Function (CDF) of 
the employed distribution, and this statsitical relation is then applied on the future 
climate dataset of the climate model to obtain statisitcally improved projections. In QM 
approach, Gamma distribution is used to correct precipitation, Normal distribution for 
temperature, and Beta distribution for the solar radiation. The mathematical expression 
employed by QM for correcting the temperature values (historical as well as the future 
values) is shown in the Eq. 1 as under (Gupta et al., 2019): 

x�ms.corr (Temperature) = xms + Foh−1�Fms(xms)� − Fmh−1 (Fms(xms)) (1) 
where, F is the Cumulative Density Function (CDF), F-1 is its inverse, and subscripts o 
is the actual data, m is the model predicted value, s and h are the simulation and past 
period respectively, and �̅�𝑥ms.corr is the bias corrected value. 

 
Estimation of reference evapotranspiration (ETo) 
FAO Penman-Monteith equation 
The FAO PM Equation for ETo is shown in the Eq. 2 as under: 

ETo = 
0.408∆(R−S)+γ 900

T+273v(es−ea)

∆+γ(1+0.34v)
 (2) 

where S is the soil heat flux density (MJ m-2 per day), R is net solar radiation at the field 
surface (MJ m-2 per day), ∆ is the slope of vapour pressure curve (KPa °C-1), γ is the 
psychometric constant (KPa °C-1), T is the average daily air temperature at 2 m altitude 
(°C), v is the wind speed at 2 m height (m s-1), es and ea are the saturation and actual 
vapour pressures (KPa) respectively. Herein, this study involved the utilization of a 
computer model called CROPWAT 8.0 to assess ETo following the FAO PM equation 
(Ma et al., 2023). 

 
Hargreaves equation 
The Hargreaves Equation is shown in the Eq. 3 as under: 

ETo = BRa (T+17.8)(Tmax- Tmin)0.5 (3) 
where, B is a constant assigned the value 0.0023, ETo represents reference evapotranspiration 
(in millimeters per day), Ra denotes extraterrestrial solar radiation (in Mega-joules per 
square meter per day), and T, Tmax, and Tmin refer to the mean, maximum, and minimum 
air temperatures, respectively, measured in degrees Celsius (Habeeb et al., 2021). 

 
Calibration of Hargreaves equation 
The calibration process (with 2005–2019 taken as the calibration period) involved 

the estimation of a calibration factor (B) for all selected stations so as to adjust the HG 
equation on monthly scale, and to align with the specific climatic conditions of the 
locality by taking PM equation as a reference. 

ETo (PM) =B ETo (HG) 
ETo (PM) = BRa (T+17.8)(Tmax- Tmin)

0.5  

By taking Y= ETo (PM) and X= ETo (HG), the expression can be rewritten as: Y = BX. 
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Afterwards, by calculating the Coefficient of determination (R2) and the Root Mean 
Square Error (RMSE) between the ETo estimates of HG and PM equations for each year 
within the calibration period, the calibration factor ‘B’ was determined for each station. 
The parameter B was selected based on the year exhibiting the highest R2 and the lowest 
RMSE value. The equations used for the estimation of R2 and RMSE as under (Majeed 
et al., 2017): 

R² =
[∑ (xi − x�)(yi − y�)]²n

i=1

∑ (xi − x�)²n
i=1  ∑ (yi − y�)²n

i=1
 (4) 

RMSE = �∑ (𝑦𝑦𝑖𝑖−𝑥𝑥𝑖𝑖)²𝑛𝑛
𝑖𝑖=1

𝑛𝑛
 (5) 

where ‘yi’ denotes the estimated average monthly reference evapotranspiration (ETo) 
using the PM equation for month ‘i’ in millimeters per day, ‘xi’ represents the estimated 
average monthly ETo using the HG equation for month ‘i’ in millimeters per day, and ‘x  ̅
and y ̅’ signify the averages of xi and yi, respectively. 

 
Computation of seasonal crop water requirement 
As per FAO, the equation used to estimate the daily water requirement for a crop 

is given in Eq. 6 as below: 
Crop Water Requirement (CWR) = ETo x Kc (6) 

In this study, the monthly and seasonal water requirements for the selected crops 
under RCP 4.5 and 8.5 scenarios were estimated using Eqs 7 and 8 respectively given as 
under: 

Monthly Crop Water Requirement = ∑Daily Crop Water Requirement (7) 
Seasonal Crop Water Requirement = ∑Monthly Crop Water Requirement (8) 

 
RESULTS AND DISCUSSION 

 
Bias correction of RCM simulations 
In this study, the RegCM4 simulations for the study area were bias corrected using 

the QM approach for the period 1990 to 2005. The evaluation of bias corrected outputs 
was performed using the two statistical parameters as RMSE and R2 between the 
historical actual and simulated data to validate how close the simulated values are to the 
actual climate data after bias correction. The validation results are shown as under: 

 
Table 5. Goodness of fit between the observed and simulated climate data before and after bias 
correction for RCP 4.5 scenario 

Station 
Nawabshah Dadu Badin Jacobabad Larkana 
Tmin (°C) 
RMSE R2 RMSE R2 RMSE R2 RMSE R2 RMSE R2 

Before Bias Correction  4.91 0.76 5.25 0.81 4.23 0.77 5.86 0.74 4.66 0.82 
After Bias Correction  3.26 0.80 2.87 0.85 2.56 0.84 2.97 0.88 1.85 0.90 
 Tmax (°C) 
Before Bias Correction  6.91 0.67 3.61 0.74 4.50 0.65 5.43 0.67 3.60 0.74 
After Bias Correction  2.71 0.78 2.48 0.88 2.09 0.86 2.98 0.79 2.05 0.89 
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Table 6. Goodness of fit between the observed and simulated climate data before and after bias 
correction for RCP 8.5 scenario 

Station 
Nawabshah Dadu Badin Jacobabad Larkana 
Tmin (°C) 
RMSE R2 RMSE R2 RMSE R2 RMSE R2 RMSE R2 

Before Bias Correction  3.32 0.79 4.10 0.79 3.22 0.78 4.31 0.79 4.13 0.81 
After Bias Correction  2.03 0.85 1.80 0.89 1.55 0.89 2.07 0.88 1.60 0.90 
 Tmin (°C) 
Before Bias Correction  5.65 0.68 3.78 0.70 4.31 0.65 5.20 0.69 3.82 0.70 
After Bias Correction  1.63 0.84 2.46 0.86 2.22 0.70 2.85 0.81 2.23 0.87 

 
Temperature projections in study area under the climate change scenarios 
In this study, after the removal of biases from the RegCM4 temperature projections, 

the temperature patterns under the RCP 4.5 and 8.5 scenarios in the selected stations 
were comprehensively analysed using the Sen’s Slope method for the period 2020 to 2099 
using R (a programming language). The results obtained from the analysis are shown as 

spring and summer seasonal temperatures are highly influential. As per the analysis, for 
Spring season,  temperature may increase by about 1.8–3.5 °C under RCP 4.5 scenario, 
whereas under the RCP 8.5 scenario, warming may increase by about 3.5–5.7 °C by the 
year 2100. For summer season, temperature may increase by about 0.3–0.9 °C under 
RCP 4.5 scenario, while under the RCP 8.5 scenario, temperature may warm by about 
0.7–1.5 °C. For winter season, a rise of about 3.1–4.9 °C under the RCP 4.5 scenario may 
be recorded, whereas under the RCP 8.5 scenario, warming may soar by about 4.3–5.9 °C. 

under: 
The above analysis showed 

a significant rise in air temperature 
in the selected stations. Annually, 
the air temperature over the study 
area may rise by about 1.3–1.8 °C 
under the RCP 4.5 scenario as 
shown in the Table 7, whereas 
under the RCP 8.5 scenario, 
warming may soar by about  
2.8–3.3 °C by the end of century 
as shown in the Table 8. It is 
pertinent to understand that the 
seasonal temperatures also hold 
significance for agriculture. For 
instance, for Rabi crops, winter 
and the early spring temperatures 
govern the crop water needs, crop 
water productivity, soil moisture 
availability, and the crop yield. 
While for the Kharif crops, the late 

 
Table 7. RegCM4 projected temperature change (°C) 
over the selected stations under RCP 4.5 scenario 

S.No. Station Temperature Change (°C) 
Annual Spring Summer Winter 

1 Badin +1.8 +2.4 +0.7 +4.9 
2 Dadu +1.3 +1.8 +0.9 +3.3 
3 Jacobabad +1.6 +3.5 +0.3 +4.3 
4 Larkana +1.3 +2.0 +0.3 +3.1 
5 Nawabshah +1.6 +3.0 +0.5 +4.7 
 
Table 8. RegCM4 projected temperature change 
(°C year-1) over the selected stations under RCP 8.5 
scenario 

S.No. Station Temperature Change (°C) 
Annual Spring Summer Winter 

1 Badin +3.1 +4.0 +0.9 +5.7 
2 Dadu +3.0 +3.7 +1.5 +4.5 
3 Jacobabad +3.3 +5.7 +0.5 +5.4 
4 Larkana +2.8 +3.6 +1.3 +4.3 
5 Nawabshah +3.3 +4.9 +0.7 +5.9 
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Apart from the mean daily temperature, the maximum (daytime) and minimum 
(nighttime) temperatures of a day also holds a significant importance for the crops, as 
the best photosynthesis is linked to high daytime and low nighttime temperatures. Moreover, 

temperature may increase by about 1.4 to 2.8 °C by the year 2100 as shown in the 
Table 9. On the other hand, under RCP 8.5 scenario, the daytime temperature may 
increase by about 2.6 to 3.2 °C, whereas the minimum temperature may increase by 
about 3.0 to 3.5 °C. 

Conclusively, it is pertinent to mention that the selected stations in this study serve 
as the major agricultural zones in Sindh province for growing important food and 
horticultural crops in the country. Therefore, the warming air temperature patterns as 
projected by the analysis may adversely impact the agricultural production in the 
province, as the rising temperatures may result in increased evapotranspiration and 
consequently more crop water consumption, soil moisture desiccation, declining crop-
water use efficiency, crop water stress conditions, and ultimately reduced crop yield, 
thereby threatening the food as well as the water security in the country. 

 
Calibration of Hargreaves equation 
In this study, HG equation was calibrated for all selected stations on the monthly 

scale to minimize the overestimation of ETo. The results of local calibration are shown 
as under:  

 
Table 10. Summary of Hargreaves Equation local calibration for selected stations in Sindh 

Station Nawabshah Dadu Badin Jacobabad Larkana 
Tmin (°C) 

 RMSE R2 RMSE R2 RMSE R2 RMSE R2 RMSE R2 
Before Bias Correction  6.72 0.93 6.83 0.89 3.87 0.80 7.71 0.87 7.22 0.90 
After Bias Correction  0.93 0.96 0.82 0.92 0.80 0.85 0.85 0.92 0.99 0.92 
 

The above calibration results (Table 10) indicated that RMSE was higher and the 
value of R2 was comparatively lower between the results of the original HG equation and 
the FAO PM equation before calibration. However, after the calibration of HG equation 
by finding the calibration factor (B), the correlation in results between the two methods 
improved statistically and the deviation in results (RMSE) dropped significantly, with the 
correlation (R2) improved further. Thus, the calibrated Hargreaves equations showed a 
good match of ETo estimates with that of FAO PM equation. The resulting calibrated HG 

 

the maturing of crops is also 
effected due to variations in the 
nighttime temperature. In this 
study, RegCM4 projected a 
higher magnitude of warming of 
nighttime temperature in Sindh 
than the daytime temperature. 
Under RCP 4.5 scenario, the 
daytime temperature in the 
province may increase by about 
1.2 to 1.7 °C, while the nighttime  

 
Table 9. RegCM4 projected daytime and nighttime 
temperature change (°C) over the selected stations 
under RCP 4.5 and 8.5 scenarios 

S.No. Station RCP 4.5 RCP 8.5 
Tmax Tmin Tmax Tmin 

1 Badin +1.7 +2.8 +3.0 +3.3 
2 Dadu +1.2 +1.4 +2.8 +3.1 
3 Jacobabad +1.6 +1.5 +3.2 +3.3 
4 Larkana +1.2 +1.4 +2.6 +3.0 
5 Nawabshah +1.5 +1.7 +3.1 +3.5 
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Projected seasonal ETo in study area under the climate change scenarios 
In this study, after the local calibration of Hargreaves equation for the selected 

stations, the change in seasonal reference evapotranspiration was estimated for Kharif and 
Rabi seasons for all stations under the RCP 4.5 and 8.5 scenarios using the calibrated HG 
equations. The results obtained from the analysis are shown as under. 

RCP 8.5 scenario, the ETo for Kharif season may increase by about 80 to 130 mm at the 
rate of about 1.0 to 1.7 mm year-1 by the end of century. For Rabi season, ETo in the 
study area may increase by about 30 to 60 mm under the RCP 4.5 scenario, whereas 
under RCP 8.5 scenario, ETo is expected to increase by about 90 to 140 mm at the rate 
of about 1.3 to 1.7 mm year-1 by the year 2100. 

 
Projected seasonal crop water requirements in study area under the climate 

change scenarios 
In this study, the calibrated Hargreaves equations along with the bias corrected 

temperature data were used to compute ETo for the modelling period. After the 
estimation of ETo, the seasonal water requirements for Rice, Wheat, and Sugarcane were 
estimated using Eq. 8 under the RCP 4.5 and 8.5 scenarios. The results obtained from 
the analysis are shown as under. 

 
Projected seasonal water requirement of rice in study area under the climate 

change scenarios 
The projected seasonal crop water requirement of Rice under RCP 4.5 and 

8.5 scenarios over the study area are shown in the Figs 4−8 as under: 

equations to estimate the monthly 
ETo are shown in the Table 11 as 
under. 

The above calibrated 
Hargreaves equations were then 
used to estimate ETo over the 
selected stations under the RCP 
4.5 and 8.5 scenarios. 

Table 11. Calibrated Hargreaves equations for the 
selected stations 
Station  Calibrated Hargreaves equation  
Badin  ETo = 0.0013 Ra (T+17.8)(Tmax- Tmin)

0.5 

Jacobabad ETo = 0.00125 Ra (T+17.8)(Tmax- Tmin)
0.5

 
Dadu ETo = 0.00123 Ra (T+17.8)(Tmax- Tmin)

0.5 
Larkana  ETo = 0.00115 Ra (T+17.8)(Tmax- Tmin)

0.5 
Nawabshah  ETo = 0.00127 Ra (T+17.8)(Tmax- Tmin)

0.5 
 

As discussed earlier, ETo 
indicates the eveporative demand 
of atmosphere at a location and 
greatly influence the crop water 
requirements. The above results 
(Table 12) showed that under the 
RCP 4.5 scenario, the ETo for  
the Kharif season in the study 
area may increase by about 60  
to 80 mm at the rate of about 0.7 
to 1.0 mm year-1 by 2100. Under  

 
Table 12. Projected station-wise change in seasonal 
ETo in mm year-1 under the climate change scenarios 

Station RCP 4.5 RCP 8.5 
Kharif Rabi Kharif Rabi 

Badin +0.76 +0.73 +1.04 +1.72 
Dadu +0.95 +0.48 +1.63 +1.63 
Jacobabad +0.82 +0.38 +1.61 +1.20 
Larkana +0.98 +0.44 +1.62 +1.18 
Nawabshah +0.80 +0.49 +1.14 +1.30 
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Figure 4. Projected Seasonal water requirement of Rice in Badin under RCP 4.5 and 8.5 scenarios. 

 

 
 

Figure 5. Projected Seasonal water requirement of Rice in Jacobabad under RCP 4.5 and  
8.5 scenarios. 
 

 
 
Figure 6. Projected Seasonal water requirement of Rice in Dadu under RCP 4.5 and 8.5 scenarios. 
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Figure 7. Projected Seasonal water requirement of Rice in Larkana under RCP 4.5 and 8.5 scenarios. 
 

 
 
Figure 8. Projected Seasonal water requirement of Rice in Nawabshah under RCP 4.5 and 8.5 
scenarios. 
 

Projected seasonal water requirement of wheat in study area under the climate change 
scenarios 

The projected seasonal crop water requirement of Wheat under RCP 4.5 and 8.5 scenarios 
in the study area are shown in the Figs 9−13 as under: 
 

 
 
Figure 9. Projected Seasonal water requirement of Wheat in Badin under RCP 4.5 and 8.5 scenarios. 
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Figure 10. Projected Seasonal water requirement of Wheat in Jacobabad under RCP 4.5 and  
8.5 scenarios. 
 

 
 
Figure 11. Projected Seasonal water requirement of Wheat in Dadu under RCP 4.5 and 8.5 scenarios. 
 

 
 
Figure 12. Projected Seasonal water requirement of Wheat in Larkana under RCP 4.5 and  
8.5 scenarios. 
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Figure 13. Projected Seasonal water requirement of Wheat in Nawabshah under RCP 4.5 and 
8.5 scenarios. 
 

Projected seasonal water requirement of sugarcane in study area under RCP 4.5 and 
8.5 scenarios 

The projected seasonal crop water requirment of Sugarcane under RCP 4.5 and  
8.5 scenarios in the study area are shown in the Figs 14−18 as under: 
 

 
 
Figure 14. Projected Seasonal water requirement of Sugarcane in Badin under RCP 4.5 and 8.5 
scenarios.  
 

 
 
Figure 15. Projected Seasonal water requirement of Sugarcane in Jacobabad under RCP 4.5 and  
8.5 scenarios. 
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Figure 16. Projected Seasonal water requirement of Sugarcane in Dadu under RCP 4.5 and  
8.5 scenarios. 
 

 
 

Figure 17. Projected Seasonal water requirement of Sugarcane in Larkana under RCP 4.5  
and 8.5 scenarios. 
 

 
 
Figure 18. Projected Seasonal water requirement of Sugarcane in Larkana under RCP 4.5 
and 8.5 scenarios. 
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The above analysis projected a noticeable rise in the seasonal water requirements 
for Rice, Wheat, and Sugarcane in Sindh under the climate change scenarios. For Rice, 
the seasonal crop water requirement may increase from about 1,500 to 1,550 mm 
currently to about 1,600 to 1,650 mm in Sindh under RCP 4.5 scenario, while under RCP 
8.5 scenario, the water consumption may increase to about 1,700 mm, as shown in the 
Figs 4 and 5. For Wheat, the seasonal crop water requirement may increase from about 
400 to 450 mm currently to about 500 mm under the RCP 4.5 scenario, while under the 
RCP 8.5 scenario, the water requirement may reach to about 550 mm, as shown in the 
Figs 6 and 7. For Sugarcane, the seasonal crop water requirement may increase from about 
1,700 to 1,900 mm currently to about 2,000 to 2,050 mm under the RCP 4.5 scenario, 
whereas under the RCP 8.5 scenario, the water requirement may reach to about 
2,100 mm by the end of century as shown in the Figs 8 and 9. 

Conclusively, Rice, Wheat, and Sugarcane are among the major crops of Pakistan, 
consuming significant amount of irrigation withdrawals in the country, and serve as 
livelihood for the local farmers and an important source of foreign exchequer for the 
national economy. Therefore, the increasing crop water requirements due to climate 
change as predicted in this study may cause increased freshwater consumption in Sindh 
for crop production, pressurizing the already stressed freshwater resources of the country 
and rise in local water disputes, ultimately posing an eminent threat to the country’s food 
and water security. 

 
CONCLUSION AND RECOMMENDATIONS 

 
The prime objective of this study was to model the temperature patterns over the 

Sindh province and to project its impacts on the reference evapotranspiration and 
seasonal water requirements for the major crops of country including Rice, Wheat, and 
Sugarcane under the climate change scenarios. Following conclusions have been made 
based on the analysis performed: 

1. The RegCM4 bias corrected outputs showed that under RCP 4.5 scenario, the 
average annual temperature in Sindh may warm by about 1.3–1.8 °C, while about  
2.8–3.3 °C under the RCP 8.5 scenario by the end of 21st century. Seasonally, warming 
was projected to be mainly focused on the spring and winter seasons. For spring season, 
temperature may increase by about 1.8–3.5 °C under RCP 4.5 scenario, and about  
3.5–5.7 °C under RCP 8.5 scenario. For winter season, warming may increase by about 
3.1–4.9 °C under RCP 4.5 scenario, and about 4.3–5.9 °C under RCP 8.5 scenario. 

2. Diurnally, RegCM4 projected a higher increase in nighttime temperature as 
compared to the daytime temperature. As per the model outputs, the daytime temperature 
may increase by about 1.2–1.7 °C, while the nighttime temperature may increase by 
about 1.4–2.8 °C under RCP 4.5 scenario. Under RCP 8.5 scenario, the maximum 
temperature may rise by about 2.6–3.2 °C, while the minimum temperature may increase 
by about 3.0–3.5 °C by the end of century. 

3. For ETo, the analysis revealed that under the RCP 4.5 scenario, the Kharif seasonal 
ETo may increase by about 60–80 mm, while the Rabi seasonal ETo may increase by 
about 30–60 mm by 2100. Under RCP 8.5 scenario, the Kharif seasonal ETo may 
increase by about 80–130 mm, whereas the Rabi seasonal ETo may soar by about  
90–150 mm by the end of century. 
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4. Due to the warming air temperatures, a noticeable rise in crop water 
consumption in the province was predicted. For Rice, the seasonal water requirement 
may increase by about 50–100 mm under the RCP 4.5 scenario, and about 100–200 mm 
under the RCP 8.5 scenario. For Wheat, the seasonal water requirement may increase by 
about 60 mm under the RCP 4.5 scenario, and about 100 mm under RCP 8.5 scenario. 
For Sugarcane, the water requirement may increase by about 100–150 mm and  
150–200 mm under RCP 4.5 and 8.5 scenarios respectively. 

5. In view of the study outcomes, the authors recommend the formulation of a 
holistic and well-integrated climate change adaptation and mitigation strategy to deal 
with the unfavorable aspects of the global climate shift in the country. Moreover, to cater 
the increasing agricultural water demand under the warming scenarios, a timely shift to 
conservative utilization and management of water resources is suggested. 
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Abstract. Sandy soils are often unsuitable for agriculture due to their poor physical and chemical 
properties. However, using conditioners can improve these parameters, making these soils viable 
for cultivation. This study evaluated Red-Yellow Argisol (Clay), Biochar, and Ceramic residues 
as soil conditioners for Planosol. The experiments were conducted in pots in a greenhouse and 
the experimental design was completely randomized with three treatments and five replications, 
compared to a control (100% P). Treatments included Clay (50% P + 570.6 t ha-1 A), Biochar 
(50% P + 189.9 t ha-1 B), and Ceramic (50% P + 459.9 t ha-1 C). Okra (Abelmoschus esculentus L.) 
was used to assess the impact on development and productivity over 90 days from transplanting 
(DAT). Granulometry of conditioners, and the carbon, hydrogen, nitrogen, and ash content were 
analyzed. For constructed soils, granulometry, bulk density, particle density, and water retention 
capacity (CRA) were measured before planting. Chemical parameters, including Ca²⁺, Mg²⁺, K⁺, 
Na⁺, Al³⁺, H⁺, pH, and others, were measured at 0 and 90 DAT. Okra growth parameters, such as 
height, stem diameter, leaf number, leaf area, stomatal conductance, and chlorophyll a 
fluorescence dry biomass and leaf nutrient contents (N, P, K, Ca, Mg, Na) were assessed at 90 
DAT. Results indicated that conditioners improved the physical and chemical properties of the 
Planosol and the physiological parameters of okra. Biochar increased phosphorus and potassium, 
while Clay enhanced nitrogen and sodium for okra cultivation. 
 
Key words: Abelmoschus esculentus L., horticulture, soil conditioners. 
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INTRODUCTION 
 

Global food demand is expected to increase by 1.3% annually over the next decade 
due to population growth and rising incomes, primarily in low- and middle-income 
countries. According to estimates from the OECD (Organisation for Economic  
Co-operation and Development) (2022), a 20% increase in global food production is 
needed over the next decade to provide enough food for the world's population, expected 
to rise from 7.7 billion in 2020 to 8.5 billion in 2030 (OECD-FAO Agricultural Outlook 
2022–2031). With agricultural land expansion contributing only 6% to this growth, light 
sandy soils, which lack nutrients and water retention, are increasingly incorporated into 
agriculture for crops other than pastures. 

These sandy soils pose challenges due to their low fertility, organic matter, acidity, 
and water retention capacity (Santos et al., 2015). Research is needed to address these 
issues, as improving soil management practices can mitigate their inherent fragility. 
Practices that enhance organic matter, cation exchange capacity, nutrient content, and 
vegetative cover are crucial for sustainable agriculture (Lamarca, 1996; Amado et al., 
1999; Aita et al., 2004; Mafra et al., 2008). 

In order to increase the organic matter content, CEC, pH, Water Retention Capacity 
(WRC), improve structure, increase microbiota, etc., several techniques can be evaluated 
individually or in combination. Among them, the use of conditioners to improve the 
chemical, physical, and biological characteristics of the soil is noteworthy, especially 
with the joint application of fertilizers, manures, and amendments (Shinde et al., 2019; 
Babla et al., 2022). 

Conditioner selection should consider soil properties, potential benefits, and 
logistical and economic feasibility. Many conditioners such as zeolite, biochar, organic 
materials, peat, humic and fulvic acids, sludge have been evaluated for soil regeneration 
(Babla et al., 2022). However, few studies explore using construction residues like 
ceramics and clayey soils removed from other areas. Biochar is a material composed of 
carbon of high stability and chemical recalcitrance, characterized by possessing complex 
organic structures (Singh et al., 2022). 

The use of biochar as a soil conditioner for the improvement of physical-hydraulic 
and nutritional properties can be visualized in the so-called Terra Preta de Indio (TPI), 
an anthropogenic formation in which, over the years, people buried organic and 
inorganic materials in the soil (Glaser et al., 2003). After the action of biotic and abiotic 
factors on these soils, significant visual, biological, physical-hydraulic, and fertility 
changes were observed (Neves Junior, 2008). These lands are characterized by  
dark-coloured soil patches, high fertility, nutrient retention, presence of ceramics, and 
lithic artifacts in the surface horizons (Neves Junior, 2008) and consist of 35% to 45% 
pyrogenic or charcoal carbon (Glaser et al., 2000). 

However, the biochar use does not present a consensus regarding the results on the 
physical and chemical parameters of the soil, as some authors point out positive results 
such as its ability to mobilize Pb, carbon sequestration (Gurwick et al., 2013; 
Igalavithana et al., 2019), influence on hydraulic parameters and water retention in the 
soil (Razzaghi et al., 2020), nutrient availability (Hussain et al., 2020), pH increase  
(Xu et al., 2014), reduction of Al3+ levels (Falcão et al., 2013), improvement of aggregate 
stability (Yang & Lu, 2021), and reduction of trace elements in contaminated soils 
(Riedel et al., 2015). The literature also presents negative results such as reduced 
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productivity and increased greenhouse gas emissions (Mukherjee & Lal, 2014) or even 
indifferent, without significant effects, for sandy soils (Jeffery et al., 2015). 

Ceramics, present in the TPI from buried artifacts, are a poorly evaluated 
conditioner. Traditionally, red ceramics mainly use clay as raw material in the 
manufacture of ceramic pieces. The production of red ceramic pieces presents significant 
environmental impacts due to failures in the production process. In addition to the waste 
generated in the production process, there are also those generated in logistics, 
construction, and demolition forming part of the so-called Construction and Demolition 
Waste (CDW). There is, therefore, a global trend towards mitigating the generation and 
maximising the resource efficiency of these CDWs, driven by more stringent 
environmental regulations, public policies, and increased societal awareness (Akhtar & 
Sarmah, 2018). 

Among the few properties studied when applied to soil, low toxic contents, a 
tendency to increase soil pH, potential use as a soil conditioner (Ramalho & Pires, 2009), 
and a source of potassium (Nobre et al., 2011; Nobre et al., 2012) can be mentioned. 
Rodrigues et al. (2021) described the composition of ceramics, emphasizing that it may 
vary according to the region, consisting mainly of silica (SiO2), alumina (Al2O3), and 
hematite (Fe2O3). 

The addition of clay to sandy soils, according to Hall et al. (2010), can lead to an 
increase in agricultural production. This can occur due to changes in stability and the 
formation of new aggregates (Silva et al., 2014). Thus, the presence of clay modifies the 
texture and its relationship with the amount of retained water, as well as factors such as 
orientation and shape of the grains (Donagemma et al., 2016). Research indicates that it 
becomes an important ally for C sequestration (Shi & Marschner, 2013), greater 
retention of nutrients such as Nitrogen and Potassium, and decreased natural leaching of 
sandy soils (Tahir & Marschner, 2017). 

Due to this, one of the crops that can be associated with sandy soils in tropical 
climate regions due to its hardiness is Okra (Abelmoschus escurentes L.), a vegetable of 
the Malvaceae family (Santos et al., 2020). Its origins are attributed to Ethiopia (Sathish 
Kumar et al., 2013) and it has applications in various sectors, including food, 
pharmaceutical, and paper. The green pod of okra is a great source of fiber, minerals, 
vitamins C, proteins, and lipids (Ofori et al., 2020; Paul et al., 2023; Paul et al., 2024). 
The ideal soils for the crop are those with clayey-sandy (light) textures, pH between 6.0 
and 6.5, and rich in organic matter (CATI, 1999). 

The hypothesis of this research is that incorporating clay, biochar, or ceramic 
residue into sandy soils will improve soil fertility and structure, thereby enhancing okra 
cultivation. The objectives are to evaluate the effects of these soil conditioners on sandy 
soils and determine the optimal conditioner for successful irrigated okra cultivation. 

 
MATERIALS AND METHODS 

 
Soil and conditioners selection and characterization 
The Haplic Planosol used in this research was chosen as the target of this study due 

to its textural composition of 643 g kg-1 coarse sand (2–0.2 mm), 234 g kg-1 fine sand 
(0.2–0.05 mm), 63 g kg-1 silt (0.05–0.002 mm), 60 g kg-1 clay (< 0.002 mm), and 
0.8 g kg-1 organic carbon. Thus, this soil, totaling almost 88% sand in its pedological 
profile in depth, is classified in the textural triangle proposed by the United States 
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Department of Agriculture (USDA) (SOIL SURVEY STAFF, 1951) as Loamy Sand, 
which is highly representative in Brazilian soils. In order to improve the physical 
characteristics, and consequently chemical, nutritional, etc., of this soil, three conditioners 

The biochar was obtained from commercial charcoal, derived from the pyrolysis of 
eucalyptus wood at approximately 400ºC, and the ceramic was obtained from 
construction waste, specifically from the disposal of red ceramic bricks collected at a 
brickyard in the municipality of Itaboraí/RJ - Brazil. 

For the biochar, elemental analyses of carbon (C), hydrogen (H), and nitrogen (N) 
contents were also performed, determined by dry combustion in a CHN elemental 
analyzer (Perkin Elmer 2400), in triplicate. The ash content of the biochar was 
determined in triplicate by weighing 0.5 g of biochar sample in porcelain crucibles, 
which were heated in a muffle furnace at 800 °C for six hours. After this period, the 
samples were placed in a desiccator for one hour to cool down and then weighed on an 
analytical balance with an accuracy of four decimal places (ASTM D1762-84) (ASTM, 
2007). The oxygen (O) content was obtained by the difference between 100 and the sum 
of the contents of C, H, N, and ash (KIM et al., 2012). 

Therefore, the elemental characterization of the biochar was 70.44 ± 1.25% carbon, 
2.62 ± 1.14% hydrogen, and 0.56 ± 0.01% nitrogen. The ash content obtained was 
7.11%, totalling 19.27% oxygen (O). The molar ratios of H/C and O/C in the biochar are 
0.03 and 0.27, respectively. 

 
Conduction of the experiment and experimental design 
The study was conducted at the Gragoatá campus of the Federal Fluminense 

University in Niterói - RJ, Brazil, 22°54'S latitude, 43°08'W longitude, and 8 m elevation 
with an Aw climate, according to the Köppen classification, meaning a tropical climate 
with a dry winter and rainy summer, with an average annual temperature of 23 °C and 
average annual precipitation of 1,200 mm, during the period from December 14, 2021, 
to April 13, 2022. 

were tested: Clay (argisol), Biochar,  
and Ceramic. 

This soil (Planosol) was collected 
in a soil toposequence in Seropédica, 
Rio de Janeiro, Brazil (S22°46'11''),  
and the Red-Yellow Argisol was also 
collected in this toposequence in 
Seropédica, Rio de Janeiro, Brazil 
(O43°42'28'') presenting 361 g kg-1 
coarse sand (2–0.2 mm), 77 g kg-1 fine 
sand (0.2–0.05 mm), 55 g kg-1 silt 
(0.05–0.002 mm), 507 g kg-1 clay 
(< 0.002 mm), and 1.9 g kg-1 organic 
carbon. Both soils were initially 
characterized regarding their chemical 
parameters (Table 1) according to 
Teixeira et al. (2017). 

 
Table 1. Analysis of the soils collected in 
Seropédica - RJ 
Analysis  Unity Argisol Planosol 
pH (water)  5.3 5.1 
pH (KCl)  4.9 4.2 
Ca2+ cmolc kg-1 1.2 0.1 Mg2+ cmolc kg-1 0.6 
K+ mg kg-1 3.9 3.9 
Na+ mg kg-1 13.8 2.3 
S Value cmolc kg-1 1.9 0.1 
Al3+ cmolc kg-1 0 0.1 
H+ cmolc kg-1 2.0 0.4 
T Value cmolc kg-1 3.9 0.6 
V Value % 49 17 
P1 mg kg-1 < 1 1 
1 Assimilable P. 
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The experiments were conducted inside a greenhouse, in plastic pots with a volume 
of 4 dm³, using 5 kg of soil with conditioners per pot. The experimental design  
was completely randomized with four treatments segregating each of the aforementioned 

weighed for the individual preparation of each experimental unit. After weighing, they 
were placed in plastic bags and shaken for 2 minutes. 

To ensure the homogeneity of the experiment, the conditioners and soils were 
passed through a 2 mm sieve, then weighed for the individual preparation of each 
experimental unit. After weighing, they were placed in plastic bags and shaken for 
2 minutes. 

Soil correction and fertilization were carried out according to the Liming and 
Fertilization Manual of the State of Rio de Janeiro (Freire et al., 2013), where each 
treatment had its pH corrected to a range between 6.0 and 6.5. The same fertilization was 
applied to all treatments considering the needs of okra plants. Thus, at planting, 
20 kg ha-1 of nitrogen was incorporated through urea, 80 kg ha-1 of phosphorus through 
single superphosphate, and 40 kg ha-1 of potassium through potassium chloride. 

The assembly of the pots was carried out by weighing each component individually, 
homogenizing them in plastic bags, and incubating them for 30 days, with the moisture 
maintained at 70% of field capacity. 

After this period, two Santa Cruz 47 okra seedlings were transplanted, with 20 days 
after seedling (DAS). At 40 DAS, thinning was carried out, leaving only one plant per pot. 

Irrigation during the experiment was carried out using the gravimetric method, 
considering the water retention capacity (CRA) and soil density of each treatment 
estimated by the Soil Analysis Methods Manual of Embrapa Solos (Teixeira et al., 2017). 

 
Soil Treatments Analysis 
Undisturbed soil samples from the experiments were collected before the okra 

transplanting (40 DAS) and after harvest (110 DAS). The samples were taken from each 
experimental unit and later mixed to obtain composite samples per treatment. They were 
then directed for chemical and physical analysis at Embrapa Solos laboratories, 
following the methodologies described by Teixeira et al. (2017). 

At the end of the experiments (110 DAS), undisturbed samples from each treatment 
were taken using a cylindrical ring with a known volume to determine the final soil 
density by the volumetric ring method. The samples were dried in a forced air circulation 
oven at 105 °C for 24 hours, and after this period, weighed to determine the soil dry mass. 

 

conditioners and the control, with 5 
replications, totalling 20 experimental 
units. The percentage composition of 
the conditioners for each treatment was 
50% of the volume of Planosol and 
50% of the volume of the conditioner 
(Table 2). 

To ensure the homogeneity of the 
experiment, the conditioners and soils 
were passed through a 2 mm sieve, then  

 
Table 2. Treatment Description % (v/v) Tonnes 
per hectare 

Treatment  Original soil Conditioner 
% t ha-1 % 

Planosol 100 - 0 
Clay 50 570.6 50 
Biochar 50 189.9 50 
Ceramic 50 459.9 50 
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Plant growth and okra analysis 
At 110 DAS, the following parameters were collected: plant height (H), stem 

diameter (SD), number of leaves (NL), and leaf area (LA). Stem diameter was measured 
at a height of three centimeters from the plant collar using a digital caliper graduated in 
millimeters; plant height was measured from the plant collar (soil surface) to the tip of 
the main stem, using a tape measure graduated in centimeters; the leaf area of each 
experimental unit, expressed in cm², was determined by averaging the area of two fully 
expanded young leaves using a tape measure graduated in centimeters to measure length 
versus width (x) versus a correction factor of 0.63, specific to okra cultivation (Oliveira 
et al., 2014); in addition to leaf number (NL). 

The leaves and stems were separated with pruning shears, placed in paper bags, 
properly identified, and directed for drying in a forced air circulation oven at 65 °C for 
72 hours. After drying, the samples were weighed on an analytical balance to determine 
the dry leaf mass (DLM) and dry stem mass (DSM) in grams for each experimental unit. 

In the greenhouse, after removing the aboveground plant material, the roots were 
removed from the pots by soil disaggregation and passing through a 2 mm sieve. Then, 
the collected roots were washed in running water using a sieve and placed in paper bags, 
properly identified, for subsequent drying in a forced air circulation oven at 65 °C for 
72 hours. After drying, the samples were weighed on an analytical balance to determine 
the dry root mass (DRM) in grams. 

The dried leaf and root material were ground in a Wiley-type knife mill and directed 
for determination of N, P, K contents using the methodology described in the Manual of 
Soil, Plant, and Fertilizer Chemical Analysis (EMBRAPA, 2009). 

After the beginning of fruiting, the number of fresh fruits was counted, and successive 
harvests of fruits were carried out considering the commercial harvest point where they 
were tender, fiberless, and had an intense green color. The fruit length (FL) was 
determined with a ruler graduated in cm, the fruit diameter (FD) with the use of a digital 
caliper in mm, and the fruit mass using a precision balance in grams. Productivity was 
determined by the total fruit production per plant and transformed from g plant-1 to t ha-1. 

 
Chlorophyll (Greenness) fluorescence parameters 
The measurements were taken on the upper middle third of the plants on young, 

fully expanded, and non-detached leaves. Evaluations were conducted on 3 leaves from 
each sample unit, which were previously adapted to dark conditions for 30 minutes using 
a portable fluorometer Model Handy-PEA (Hansatech Instruments, King’s Lynn, 
Norfolk, UK). Determinations were made after the dark period, followed by a saturating 
pulse of 3,400 μmol photons m-2 s-1, which was applied to induce the OJIP transient 
fluorescence. Transient fluorescence intensities were measured between 50 µs (initial 
fluorescence - F0) and 1 second; after obtaining the values of transient fluorescence, the 
JIP Test parameters were calculated (Table 3) (Strasser & Strasser, 1995; Tsimilli-
Michael & Strasser, 2008). The analyses were performed at the end of the experiment 
(110 DAS). 
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Table 3. JIP Test Parameters 
 Fluorescence parameters extracted 
tFm Time (in ms) to reach Fm 

 Fluorescence parameters calculated from primary data 
FV/FM Maximum quantum yield of PSII 
FV/F0 Quantum yield of primary photochemistry of PSII 
 Specific activity per reaction center (RC) 
ABS/RC Apparent size of the antenna system or the absorption flux per RC 
TR0/RC Maximum rate at which an exciton is trapped by the RC resulting in plastoquinone 

(QA-) reduction 
ET0/RC QA- reoxidation via electron transport at an active RC 
DI0/RC Total dissipation ratio of unquenched excitation energy per total RC, with 

dissipation in this case being energy loss in the form of heat 
RE0/RC Reduction of the final electron acceptor on the electron acceptor side of PSI by RC 
 Energy efficiencies and flux rates 
φP0 Maximum photochemical quantum yield 
φE0 Quantum yield of electron transport from QA- to the intersystem electron acceptors 
φR0 Quantum yield of electron transport from QA- to the final electron acceptor of PSI 
ψE0 Probability (at time 0) that an exciton captured can move an electron in the electron 

transport chain after QA- 
δR0 Efficiency with which an electron can move from reduced intersystem electron 

acceptors to the final electron acceptors of PSI 
 Performance Index 
PIABS Total performance index 
PITOTAL Total performance index, measuring performance up to the final electron acceptors 

of PSII 
1 (Sousa, 2012. Adapted from: Strasser et al., 2004 and Yusuf et al., 2010). 

 
Data analysis 
The results were subjected to the Shapiro-Wilk test to check for data normality and 

subsequently submitted to analysis of variance to determine significance. Afterwards, 
the Tukey's test for mean comparison was conducted at a 5% probability level using the 
R® software (R Core Team, 2024). 
 

RESULTS AND DISCUSSION 
 
The planosol and biochar were classified texturally as sandy loam; the argisol was 

classified as sandy clay loam; and the Ceramic as loamy sand (Table 4). The Available 
Water Capacity was respectively 0.66 mm cm-1 for the planosol; 0.93 mm cm-1 for the 
argisol; 0.61 mm cm-1 for the Biochar and 0.52 mm cm-1 for the ceramic residue. It was 
observed that the addition of ceramic resulted in worsened granulometric conditions, as 
a large percentage (81%) of this material was in the form of gravel and could effectively 
be disregarded in the granulometry used. 

The biochar had a significant impact on soil density, as its individual application 
led to a 28% decrease in density. This result was also observed by Esmaeelnejad et al. 
(2016), who found a reduction in soil density in all treatments with different types of 
biochar applied to a sandy clay loam soil. 
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Table 4. Physical analyses of treatments 
Analysis  Unity Control Clay Biochar Ceramic 
Coarse sand g kg-1 602 456 617 690 
Fine sand g kg-1 164 123 172 134 
Silt g kg-1 72 135 109 75 
Clay g kg-1 162 286 102 101 
Particle density  g cm-3 2.54 2.55 2.00 2.46 
Bulk density g cm-3 1.42 1.29 1.02 1.22 
Total porosity cm3 100 cm-3 84.4 84.58 80.44 83.88 
Water retention capacity % 26 33 43 23 
 

Total porosity decreased with the addition of biochar, due to its low density and 
presence of fine particles, leading to the filling of macropores in the Planosol and an 
increase in micropores. Carvalho et al. (2020) reported that the addition of 25 t ha−1 of 
biochar resulted in a 63% reduction in density compared to the control, affecting mainly 
the volume of soil micropores. 

The incorporation of ceramic and clay into the planosol showed similar behaviors, 
resulting in a reduction in soil density. This practice may have also influenced the 
micropores, as observed by Primo (2020), where the addition of clay resulted in 
significant improvements in microporosity, making it the most beneficial parameter. 

Since the conditioners impacted porosity and density, they consequently modified 
the soil's water retention capacity. Biochar promoted an increase of about 65.4% in 
Available Water Capacity (AWC), while Clay showed an increase of 26.9% and ceramic 
a decrease of 11.5%. Other authors support the results found for biochar incorporation, 
as in the case of Lucon (2019) who found values of 63.73% (kg dm-3) and Bibar (2014) 
values of 80 and 81% (kg dm-3), with biochar pyrolysis temperatures of 400 and 700 °C, 
respectively. However, there are no references that contextualize the incorporation of 
ceramic and clay. 

Despite the negative results of ceramic, literature has shown that the specific 
surface area of these ceramic materials and biochars has the potential to increase their 
efficiencies as they degrade in the soil, promoting increased fertility, nutrient cycling, 
microbiota activity, and water and air availability, as these factors are intrinsically 
interconnected (Petter, 2010) and can provide greater benefits to sandy soils (Troeh & 
Thompson, 2005). Probably a greater crushing of the ceramic residue, providing finer 
particles, can increase the contribution of this conditioner. 

Therefore, nutritional parameters in the soil were evaluated before transplanting 
(40 DAS) and at the end of the experiment (110 DAS) to verify the behavior of nutrients 
in the different treatments (Table 5). 

Through the solution fertilizations carried out, it was found that biochar showed a 
greater tendency to retain phosphorus. However, the same did not occur for potassium, 
as there was a decrease with a similar trend to potassium, nitrogen, calcium, and 
magnesium. 

The conditioners tend to promote greater nutrient retention. The presence of more 
stable materials in the soil promotes interaction sites that can influence carbon storage 
and nutrient retention, significantly altering the soil's cation exchange capacity (CEC). 
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Table 5. Nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), organic 
carbon (C), C/N ratio, and pH of the treatments at 40 DAS (i) and 110 DAS (f) 

Analyses ---------------- 40 DAS ---------------- ---------------- 110 DAS ---------------- 
Control Clay Biochar Ceramic Control Clay Biochar Ceramic 

N g kg-1 0.7 1.1 0.8 0.7 0.8 1.3 1.2 1.0 
P1 mg kg-1 1,213 1,152 1,195 1,113 1,199 1,325 1,820 1,240 
K+ cmolc kg-1 1.67 2.02 1.83 1.80 0.41 1.14 0.53 0.65 
Ca2+ cmolc kg-1 12.0 15.3 11.8 9.5 8.0 13.9 12.2 8.8 
Mg2+ cmolc kg-1 1.3 3.1 1.3 1.2 1.0 1.5 0.3 0.7 
C2 g kg-1 11.5 13.3 23.4 8.7 8.3 12.8 22.4 9.9 
C/N - 16 12 29 12 10 10 19 10 
pH Água 6.5 6.1 5.6 6.1 6.0 5.9 5.5 5.2 

KCl 6.4 6.0 5.3 6.0 6.0 5.2 6.0 5.8 
 

According to IBI (2015), the H/C molar ratio should be less than 0.7, ensuring a 
large proportion of aromatic rings in the biochar structure. This value is still used to 
distinguish biochar from other biomasses that have not undergone partial 
thermochemical alteration or have been only partially altered. 

In addition to biochar, the clay promotes mineral interactions, where there is a 
greater specific surface area and, in a basic medium, there is deprotonation and binding 
with cations from the soil solution. The ceramic, despite originating from clay, 
undergoes mineralogical and chemical changes according to the temperature used during 
the calcination process, which promotes the combustion of organic matter and pyrite 
(200 °C – 400 °C), allotopic transformation of crystalline silica (573 °C), changes in 
crystalline structures (800 °C – 930 °C) (Souza Santos, 1989), and vitrification process 
(900 °C) (Callister, 2006). 

The processes involved in ceramic formation modify the active sites capable of 
establishing ionic exchanges and, therefore, modify their adsorptive properties. This was 
verified in the treatment where ceramic was inserted, making the results even lower than 
the control treatment. Thus, the material in this granulometry does not have a specific 
enough surface to adsorb cations and improve the soil's CEC. Therefore, it is not 
indicated individually for this purpose. 

Total organic carbon was widely influenced by the addition of conditioners, with 
the treatment with biochar showing a greater tendency to introduce carbon into the soil. 
It is worth noting that the treatment with ceramic had a lower carbon content. Petter 
(2010) reported on the increasing linearity of soil C content with increasing doses of 
applied biochar. However, Hamer et al. (2004) described that despite the higher amount 
of carbon, it is highly aromatic and not readily accessible as an energy source for the 
microbiota; therefore, the effects of the material occur due to the greater surface area it 
promotes microbial growth and activity. 

The chlorophyll a transient parameter of the treatments with conditioner 
compositions (Fig. 1), referring to the sequential energy transduction indicated by 
reaction centers (RC), showed an increase in the reduction of the final electron acceptor 
on the PSI acceptor side (RE0/RC) for all conditioners, along with an increase in energy 
dissipated as heat per RC (DI0/RC), leading to a decrease in performance indices (PI). 
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Figure 1. Chl α fluorescence transients of dark-adapted leaves of Okra (Abelmoschus 
esculentus L.) grown in different soil conditioners at 110 DAS. 
Parameters of the JIP Test, in relation to the respective control, obtained from the transient OJIP fluorescence of rice 
plants grown under different extracts applied to the leaves and roots (A). Relative variable fluorescence between 
the steps O and P (Wt; B) on logarithmic time; Relative variable fluorescence between the steps O and I (WOI; C) 
on logarithmic time; Relative variable fluorescence between the steps I and P (WIP; D) and WOI in the insert. Relative 
variable fluorescence between the steps O and J (WOJ; E) and average kinetics (right vertical axis) depicted 
between the steps O and J (ΔWOJ), revealing the K-band; Relative variable fluorescence between the steps O and 
K (WOK; F) and average kinetics (right vertical axis) depicted between the steps O and K (ΔWOK). N = 15. 
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The decrease in both the performance index (potential) for energy conservation of the 
exciton for the reduction of electron acceptors of the intersystem (PIABS) and in the 
performance index (potential) for energy conservation of the exciton for the reduction of 
electron acceptors of photosystem I (PItotal) indicates a decrease in the functionality of 
the electron transport chain of the plants, resulting in increased energy flows for 
absorption (ABS/RC; which measures the apparent size of the antenna (total absorption 
or total chlorophyll per active RC)) mainly for the ceramic and clay, since the biochar 
showed no differences in PItotal when compared to the control. Regarding quantum 
yields and efficiencies, no significant differences were observed in the maximum 
quantum yield for primary photochemistry (φPo). Ceramic was the only one that showed 
a decrease in electron transport from QA^- to the intersystem (ψEo and φEo). However, 
the final electron acceptor of PSI (φRo and WIP phase) showed an increase. Another 
evidence of electron flow interruption is the intensity of fluorescence levels in the J step, 
which demonstrates that most of the QA^- is completely reduced (Strasser & Strasser, 
1995). This results in a decrease in the photosynthetic performance (PItotal) of the plants, 
and energy loss through fluorescence (Wt) and heat (DI0/RC). 

The chlorophyll a fluorescence transients (Fig. 1, b) exhibited typical polyphasic 
OJIP chlorophyll a fluorescence transient (Wt), increasing from initial fluorescence (FO) 
to maximum fluorescence (FM). However, a slight decrease in fluorescence was 
observed, demonstrated by a decrease in relative variable fluorescence curves in step I 
and, specifically for ceramic, an increase in step J. The normalization between steps O 
and I (WOI) mainly affected the ceramic and, subsequently, the biochar in events from 
exciton capture by PSII to plastoquinone (PQ) reduction (Fig. 1, c). On the other hand, 
Figure 1d (with its respective insertion graph) shows an increase in the sequence of 
events from PSI-driven electron transfer to the final electron acceptor on the PSI acceptor 
side, starting from PQH2 (plastoquinol) (WIP). 

The kinetic evaluations revealed the presence of the L band (ΔWOK) and the K 
band (ΔWOJ). The positive K band (Fig. 1, e) could mean that the oxygen-evolving 
complex (OEC) becomes permeable and offers access to non-aqueous electron donors 
evidenced by a reduced quinone (QA) reduction rate, the primary electron acceptor of 
PSII, from QA to QA-. The presence of a positive K band reflects an increase in the 
functional antenna size of PSII and/or an inactivation of the oxygen-evolving complex 
(Yan et al., 2013), as evidenced by an increase in ABS/RC. The presence of a positive L 
band (Fig. 1, f) indicates lower energy connectivity and more inefficient consumption of 
excitation energy, giving lower stability (Pollastrini et al., 2017). 

Thus, any disorder in these factors promoted by stress will be observed by the 
alteration of the vitality index (Han et al., 2009). According to Novák et al. (2020), under 
regular conditions, biochar-enriched soils promote photosynthesis and stomatal 
conductance. Therefore, the evaluation of these indices showed that the crop underwent 
biotic and abiotic stresses, and it can be observed that the lower the PIABS at the end of 
the experiment, and possibly the greater the stress it was subjected to, mainly evidenced 
for the ceramic treatment. 

Plants under stress exhibit several key responses, such as stomatal closure to 
minimize transpirations, reduced cell growth, and decreased turgor pressure. Theses 
physiological changes lead to lower water content, reduced dry weight, and diminished 
plant height (Guo et al., 2018). Thus, such factors related to chlorophyll a directly impact 
the growth parameters of okra (Table 6). 
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Biochar significantly impacted okra cultivation, as the plants exhibited smaller size, 
reduced leaf area, and more leaves, this is likely due to biochar's capacity to enhance 
initial plant growth by effectively retaining and storing water, while also contributing 
essential nutrients (Syaranamual et al., 2024). This finding aligns with Petter (2010), 
who noted that charcoal also had significant effects on the height parameter of soybeans, 

by Nobre et al. (2012), who found that adding ceramic powder to banana seedling 
production did not enhance height, as this material lacks essential macro and micronutrients. 

Ismail & Ozawa (2007) observed an increase in biometric attributes of cucumber and 
corn with the addition of clay, particularly in roots. 

and with Melo (2016), who 
observed similar effects on cowpea 
beans. However, it contrasts with 
Liu et al. (2021), who found 
no significant height differences  
in okra when biochar was applied. 
These results may be linked to  
the stress factors observed  
in chlorophyll a fluorescence 
parameter, which altered the crop 
parameters for better performance, 
as indicated by the increase in 
PItotal. 

The other treatments and the 
control displayed more similar 
behaviors to each other, as observed  

 
Table 6. Growth parameters of okra (Abelmoschus 
esculentus L.) at 110 DAS under different soil 
compositions 

Treatments  
Plant 
height, 
cm 

Leaf  
area, 
cm² 

Stem 
diameter, 
mm 

No of 
leaves 
per plant, 
un 

Control 161.6 a 186.6 ab 15.32 ab 14.6 b 
Clay 151.8 ab 209.8 a 15.08 b 14.0 b 
Biochar 144.2 b 154.4 c 15.94 ab 16.4 a 
Ceramic  158.6 a 160.1 bc 16.21 a 15.2 ab 
CV (%) 4.01 9.80 6.56 5.56 
1 Same letters in the column, for the same day of analysis, 
in each parameter, do not differ statistically from each 
other at a 5% probability level according to Tukey's test. 
Values represent means of n = 15. 

Consequently, these factors 
directly influenced the dry mass 
production of each part of the okra 
plant (Fig. 2). The increased root 
production in the treatments 
Control > Biochar > Ceramic may 
be related to the amount of 
macropores and resistance to root 
penetration in the constructed soil 
and/or the low nutrient availability, 
prompting greater root exploration 
in the soil volume in search of 
nutrients. Liu et al. (2021) did not 
corroborate the data found, as they 
identified a 40% increase in root 
biomass in the biochar treatment 
compared to the control. Milla et al. 
(2013) also reported increases in 
biomass factors, root depth, leaf 
width, and stem size with the 
application of rice husk charcoal.  

 

 
     

 
Figure 2. Dry mass of leaves, stems, and roots of 
okra for the treatments at the end of the experiment 
(110 DAS). 
*Same letters among treatments for the same parameter 
do not differ statistically from each other at a 5% 
probability level according to the Tukey test. The values 
represent the means of n = 5. 
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Regarding the aerial part, Primo (2020) reported that increasing the percentage of 
clay in the soil did not significantly affect the dry matter of sorghum. However, Song et 
al. (2020) obtained higher corn biomass in soils with 40% clay content due to higher 
water retention. Lucon (2019) and Petter (2010) did not observe a relationship between 
charcoal levels in the soil and increased dry matter in corn and soybean crops, 
respectively. 

Thus, since there were differences in the photosynthetic factors and the parameters 
related to the physiology of okra, it is necessary to evaluate its foliar contents to check 
for nutritional differences (Table 7). 

 
Table 7. Foliar contents of nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), 
magnesium (Mg), and sodium (Na), in g kg^-1, of okra (Abelmoschus esculentus L.) subjected to 
different soil compositions 

Treatments  N P K Ca ns Mg ns Na 
--------------------------------------- g kg-1 --------------------------------------- 

Control 17.86 c 9.58 b 41.01 b 48.60 9.33 0.28 b 
Clay 25.35 a 9.49 b 41.77 b 43.84 9.26 0.32 a 
Biochar 21.83 b 12.21 a 44.30 a 41.97 9.25 0.28 b 
Ceramic  21.00 b 9.11 b 41.86 b 42.87 9.58 0.28 b 
CV (%) 5.92 5.12 2.77 9.60 9.60 4.45 
1 Same letters in the column, for the same day of analysis, in each parameter, do not differ statistically  
from each other at a 5% probability level according to Tukey's test; Values represent means of n = 15;  
ns = not significant. 

 
It was found that there was a significant difference for nitrogen, phosphorus, 

potassium, and sodium. The treatment composed of clay stood out in the promotion of 
nitrogen (N) and sodium (Na), while biochar stood out in the promotion of potassium 
(K) and phosphorus (P). Hussain et al. (2020) described that the use of biochar promotes 
higher concentrations of nitrogen (N), phosphorus (P), and potassium (K), and, in 
combination with other conditioners, promotes greater productivity, nutrient absorption, 
and growth for maize. 

Moreover, biochar's influence manifests through the generation of anionic species 
via complex oxidation-reduction interactions with soil oxygen. Consequently, biochar 
demonstrates significant efficacy in nutrient retention for enhanced plant assimilation 
(Joseph et al., 2010; Bolan et al., 2022). Primo (2020) corroborates these results by 
reporting that in soil with 26% clay, there was greater nitrogen absorption by plants 
compared to levels of 10%, 15%, and 31%. 

Thus, the use of biochar can be a good ally for phosphate and potassium 
fertilization, as phosphorus plays a significant role in the flowering and fruiting of plants, 
promoting good development of the root system and increased production (Raij, 1991), 
participating in the regulation of enzyme activity, synthesis of sucrose, phospholipids 
and cellulose, and the release of energy from ATP (Malavolta, 2008). Potassium, in turn, 
acts as an enzyme activator in the synthesis and degradation of organic compounds, in 
the processes of stomatal opening and closing, and osmoregulation (Marschner, 1995). 



1498 

Consequently, this culminated in the productivity of the crop (Fig. 3), where about 
99% of the harvested fruits were classified as Prime, i.e., fruits over 12 cm in length, 

increase in productivity starting from the second year of okra cultivation, and by Major 
et al. (2010), who noted an increase in corn productivity in the second year of planting. 
Melo (2016) observed an increase of up to 60% in the productivity of dry caupi beans in 
Fluvic Neosol between the application of zero dose and a dose of 10.5 t ha-1. 

 
CONCLUSIONS 

 
As the conditioners are highly stable materials, it is natural for the modifications to 

take time to appear over time. However, it was found that ceramic induced greater 
photosynthetic stress, was not efficient in retaining nutrients in the soil, nor did it 
promote chemical and/or physical qualities. Despite this, it significantly increased 
productivity. Biochar, on the other hand, was effective in retaining more water in the 
soil, retaining phosphorus, making it available for okra cultivation, increasing its 
absorption along with potassium, and increasing organic carbon content. Clay increased 
the levels of sodium and nitrogen in the crop. There was no difference between the 
conditioners in increasing productivity, only compared to the control. 

Given that these results are preliminary, for future research, it is recommended to 
conduct experiments with doses and combinations of conditioners. Additionally, should 
be made experimentation in an open system (field) and medium and long-term trials. 
 

regardless of the treatment (data not 
shown) (Filgueira, 2005). Productivity 
was significantly affected by the 
inclusion of conditioners; however, 
there were no significant differences 
between them, only compared to the 
control. 

However, these values may 
present different results in subsequent 
harvests, as biochars can undergo 
biodegradation and transformation 
(Madari et al., 2006), potentially 
resulting in an increase in the 
availability of electrochemical sites. 
The utilization of biochar in nutrient-
deficient soils represents a potential 
strategy to enhance agricultural 
productivity (Widiasri et al., 2022;  
Xu et al., 2017). This was observed by 
Yakubu et al. (2020), who reported an  

 

 
 
Figure 3. Productivity of okra (Abelmoschus 
esculentus L.) for treatments. 
Values followed by the same letter within the same 
column are not significantly different from each other 
at a 5% probability level according to Tukey's test. 
Values represent the means of n = 5. 
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Abstract. Adobe is an ancient construction technique, simple and low cost, still used in some 
parts of the world, mainly in rural areas. Normally, in these regions, a considerable amount of 
agricultural waste is generated that can be used for different purposes. An agricultural waste that 
has been increasingly studied in the construction sector is natural fibers. The addition of natural 
fibers in the soil matrix has been gaining prominence as it is a natural and easily accessible 
stabilizer. This work aimed to analyze and characterize adobe blocks reinforced with coconut 
fibers, with the addition of 1% and 2% compared to the reference block (without the addition of 
coconut fiber) through capillary absorption, fiber-soil adhesion, durability in the presence of 
water and mechanical, properties through of compression bending tests. The adobe blocks with 
the addition of fibers showed mechanical results above those required by the standard 
NBR 16814. The addition of fibers promoted higher capillary absorption results than the samples 
consisting only of soil and when exposed to drip erosion, no significant damage was observed in 
the adobe structure. 
 
Key words: adobe, coconut fiber, rural buildings. 
 

INTRODUCTION 
 

The construction with earth resurged significantly in 1970, where the global 
scenario was witnessing the oil crisis and the increasing environmental issues such as 
the rise in pollutant emissions related to high energy consumption and extraction of  
non-renewable raw materials (Santos & Lima Bessa, 2020). A technique used in the past 
in prehistoric dwellings reemerges as a low-cost, highly available, and environmentally 
friendly alternative (Cordeiro et al., 2020). 
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In Brazil, an important milestone occurred in 2020 regarding earthen construction, 
which was the publication of the standard NBR 16814 by the Brazilian Association of 
Technical Standards (ABNT, 2020a). This brought visibility and credibility to the adobe 
construction technique. 

Adobe is the most commonly used technique due to its ease of fabrication (Jalali & 
Eires, 2008). Christoforou et al. (2016) conducted a cradle-to-gate Life Cycle Assessment 
(LCA) of adobe blocks under different scenarios. In the local production scenario with 
regionally sourced soil and reinforcement, the global warming potential (GWP) impact 
category was 1.76E-03 kgCO2eq. The embodied energy value was 0.34 MJ/block, 
demonstrating that adobe has a significantly lower energy footprint than concrete blocks 
(12.5 MJ/block) and fired clay bricks (4.25 MJ/block). 

 When associated with rural constructions, it is an interesting alternative not only 
because of the ease of construction but also because it requires simple maintenance, low 
cost, and contributes to sustainable rural development in construction when compared to 
conventional building materials. 

According to Faostat data, in 2019, the global production of coconut was 
62.9 million tons, and Brazil was the fifth largest producer globally, accounting for 3.7% 
of the total produced, behind only Indonesia, the Philippines, India, and Sri Lanka 
(FAOSTAT, 2021). Coconut is frequently found in places with tropical climates, such 
as Brazil, and the residue from its processing, when not discarded properly, can create 
environmental problems (Lertwattanaruk & Suntijitto, 2015). Natural fibers have been 
increasingly utilized in construction materials due to their characteristics and potential 
to enhance the mechanical properties of products (Ferreira et al., 2021). Among these 
fibers, acai fiber (Rocha et al., 2021), pineapple fibers (Azevedo et al., 2021), and 
coconut fibers (Ferreira et al., 2022) have been mentioned. 

The characteristics of coconut residues include reduced cost, high lignin content, 
low density, abundant availability, while the fibers have high elongation at break, and 
low modulus of elasticity (Adeniyi et al., 2019). These characteristics of coconut 
residues make coconut fibers a promising choice as reinforcement for adobe blocks, as 
they can improve their mechanical properties. The objective of this study was to evaluate 
adobe blocks reinforced with the addition of coconut fiber for potential use in rural 
constructions.By investigating this combination, the study hopes to contribute to the 
development of more sustainable and accessible construction techniques, promoting 
both economic and environmental benefits. 

 
MATERIALS AND METHODS 

 
Soil 
The soil used in the research was derived from excavation at a construction site in 

the state of Rio de Janeiro. Physical characterization tests (bulk density, moisture 
content, liquid limit, plastic limit, and plasticity index), granulometric analysis, and 
chemical composition analysis were conducted. 

For the granulometric analysis, the soil was prepared according to the NBR 7181 
(ABNT, 2016a) standard, which determines analysis by sieving and sedimentation  
(to distinguish the silt and clay fractions). In this study, the sedimentation test was replaced 
by laser diffraction analysis using the MasterSizer 2000 equipment, which provides precise 
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grain size measurements down to 0.0001 mm. It employs a light scattering technique 
where the angles of laser diffraction are measured and related to particle diameters. 

The bulk density was determined according to NBR 6458 (ABNT, 2016b). Fifty 
grams of soil were separated, immersed in distilled water for 24 hours, and then 
transferred entirely to the dispersion cup and dispersed for 15 minutes. Subsequently, 
the sample was transferred to the pycnometer, where vacuum was applied to remove all 
air. After the test was completed, the set (pycnometer + soil + water) was weighed. 

For determining the moisture content, the procedure followed the NBR 6457 (2016) 
standard. Three samples of 30 g each were taken in metallic capsules. The capsules along 
with the soil were weighed initially and then placed in an oven at 105 °C until a constant 
mass was achieved. Subsequently, the set was weighed again, the dry mass was recorded, 
and the moisture content was calculated according to Eq. (1). 

𝑤𝑤(%)  =  
𝑅𝑅𝑣𝑣 −𝑅𝑅𝐸𝐸 

𝑅𝑅𝐸𝐸 
𝑥𝑥100 (1) 

where w – Soil moisture content; 𝑅𝑅𝑣𝑣 – Mass of the soil in its natural state; 𝑅𝑅𝐸𝐸 – Mass of 
the soil when dry. 

The plasticity index of the soil was determined by the decrease in the liquid limit, 
which is found through the test described in NBR 6459 (ABNT, 2016c), and the plastic 
limit test conducted according to NBR 7180 (ABNT, 2016d). The Liquid Limit (LL) is 
the transition from the liquid state to the plastic state, and the Plastic Limit (PL) is the 
transition from the plastic state to the semi-solid state. The Plasticity Index (PI) 
physically represents the amount of water needed to add to the soil to transition it from 
the plastic to the liquid state. 

For the plastic limit test, 50 g of soil, a glass plate, and an oven were required. The 
soil used was the one passing through a 0.42 mm sieve. This soil was mixed with distilled 
water in a porcelain container until a homogeneous mixture was obtained. Then, 10 g of 
this sample was taken and formed into a small ball, which was rolled on the glass plate 
to form a cylinder with a diameter of 3 mm and a length of 100 mm. When the cylinder 
fragmented with these dimensions, the sample was transferred to a container, weighed, 
and placed in the oven to determine its moisture content. To determine the liquid limit, 
the Casagrande apparatus and 200 g of soil were required. After preparing the soil, a 
portion was transferred to the Casagrande apparatus. Once the apparatus was filled, a 
chisel was used to divide the material, and the apparatus was operated to perform the 
necessary blows until the lower edges of the groove joined. After this process, a portion 
of the soil was removed to determine the moisture content, and this test was repeated 
two more times to obtain mixtures covering the range of 15 to 35 blows. With the results 
obtained, a graph of the number of blows versus moisture content was plotted, and the 
liquid limit of the soil is the moisture content corresponding to 25 blows. 

The chemical composition was determined through X-ray fluorescence (XRF) 
analysis using the Shimadzu model EDX-720. 

 
Coconut fiber 
The coconut fibers used were purchased from the company Coco Verde, located in 

Duque de Caxias, Rio de Janeiro. The fibers were subjected to a crusher, with the aim of 
reducing their length and contributing to the adobe production process. 

The coconut fibers underwent physical characterization (bulk density and moisture 
content) and Scanning Electron Microscopy (SEM) analysis. The moisture content of 
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the coconut fiber was determined according to the NBR 9939 standard (ABNT, 2011). 
Three samples of 30 g each were separated and distributed in metal trays, then placed in 
an oven at 105 °C until reaching a constant mass. 

To determine the bulk density, the procedure followed the NBR NM 52 (ABNT, 
2009) standard. Initially, the fibers were submerged in water for 24 hours and then 
exposed to air to superficially dry. They were then placed in bottles with water up to the 
500 ml mark. The bottles were left to rest in a water bath at 21 °C for 1 hour. Afterward, 
the bottles were topped up with water, and the entire set was weighed to record the total 
mass. Finally, the samples were removed and placed in ovens to dry at 105 °C until a 
constant mass was achieved. 

 
Adobe 
Adobe Production. Nine adobe blocks were produced (three for each treatment) 

and the production steps were as follows: 
a. Production of wooden molds: The dimensions of the adobe mold were based on 

the criteria established by NBR 16814 (ABNT, 2020a), which are: 7×15×31 cm (height × 
width × length). 

b.  Preparation of the mixture: Three different mixtures were prepared, including a 
reference mixture with soil and water, and two others with the addition of 1% and 2% of 
fiber relative to the soil mass. The water-to-soil ratio was fixed at 0.35. 

c.  Molding and demolding: With the mixture ready, the mold was completely 
filled, the surface was leveled, and the adobe was demolded onto a flat surface. 

d. Drying: The drying time was 20 days, ensuring uniform drying on all faces of 
the block. 

Analysis. The adobe blocks underwent tests for: Mechanical characterization 
(uniaxial compression and flexural strength), absorption, density, durability, erosion 
test), and fiber-soil interface (pull-out test). 
 

 
Figure 1. Uniaxial compression test: (a) sample cutting; (b) samples after cutting; and (c) uniaxial 
compression test of the adobe. 

 
The uniaxial compression test was conducted according to NBR 16817 (ABNT, 

2020b) standards using a Universal Testing Machine with a load capacity of 1,000 kN 
at a speed of 0.30 MPa min-1. Two cubic test specimens of 6 cm were cut from each 
adobe block using a band saw (Fig. 1, a and b). To regularize the faces, a capping layer 
of up to 3 mm thickness was applied using a mix of cement and fine sand in a ratio of 
1:2 by mass. The setup of the tests is illustrated in Fig. 1, c. 

a)  b)  c)  
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The flexural test was conducted using a Shimadzu Universal Testing Machine with 
a loading capacity of 100 kN. The test speed used was 0.3 mm min-1. Prismatic 
specimens measuring (40×40×160 mm) were positioned for the three-point flexural test 
with a support span of 120 mm (Fig. 2). 

For the calculation of flexural strength, Eq. (2) was used, according to the  
 

where 𝜌𝜌 – density (kg m-3); 𝑓𝑓 – mass (kg); 𝐶𝐶 – volume (m³). 
For the determination of water absorption by capillarity, the procedures were based 

on the NBR 9779 (ABNT, 2012) standard. The specimens were placed in an oven at 
105 °C for 24 hours, and after this process, they were cooled to room temperature to 
determine their masses. Then, they were wrapped with plastic film, leaving a 5 mm strip 
without plastic, as it is the region that was in direct contact with water. The specimens 
were immersed in a 5 mm layer of water, arranged in a glass container. During the test, 
the mass of the specimens was recorded at 3, 6, 24, 48, and 72 hour intervals. 

The drip erosion test was based on the NBR 17014 standart (ABNT, 2022). In this 
test, the block was placed on a surface with a 1:2 slope so that the center of gravity of 
the larger face is on the axis of water drip application. A container with 100 mL of water 
was positioned 400 mm above the block. Water dripped onto the block for approximately 
30 minutes, and after this process, the depth of the hole was measured using a vernier 
caliper and ruler. Depending on the depth, the adobe mixture can be classified as erosive, 
highly erosive, or failure. 

The analysis of the fiber-soil interface was conducted through the pullout test, where 
the fiber is pulled out of the soil, and force and displacement data are collected, performed 
as described by Mendonça (2018). To conduct this test, a machine called Tytron 250 was 
used, equipped with a 50 N load cell. The test speed was set at 0.4 mm min-1, and the 
samples consisted of a coconut fiber inserted into a PVC tube filled with soil, with an 
immersion length of 10 mm. For the calculation of the maximum tension (τmáx), it was 
compute using Eq. (4) 

𝜏𝜏𝑓𝑓á𝑥𝑥 =
𝑃𝑃𝑓𝑓á𝑥𝑥
𝑙𝑙𝑓𝑓𝑃𝑃𝑙𝑙

 (4) 

where 𝑃𝑃𝑓𝑓á𝑥𝑥 – maximum load during pullout; 𝑙𝑙𝑓𝑓 – fiber embedment length; 𝑃𝑃𝑙𝑙 – fiber 
perimeter. 

Araya-Letelier et al. (2019). 

𝜏𝜏𝑓𝑓 =
3𝑃𝑃𝑃𝑃

2𝐵𝐵𝐵𝐵²
 (2) 

where P – maximum applied load; L – distance 
between supports; B – width of the sample; 
H – height of the sample. 

The density of the blocks was 
determined according to BS EN 771:1 
(2003). According to the standard, the 
specimens were placed in ovens at 110 °C 
for 48 hours until a constant mass was 
reached, and then weighed. The dimensions 
are collected, and the volume is calculated. 
Density is calculated using Eq. 3. 

𝜌𝜌 =
𝑓𝑓
𝐶𝐶

 (3) 
 

 

 
 

Figure 2. Three-point flexural test. 
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To obtain the perimeter of the fiber, images from the SEM (Scanning Electron 
Microscope) and the Image J software were used. 

 
RESULTS AND DISCUSSION 

 
Soil 
The grain size distribution curve of the soil is presented in Fig. 3, where the grain 

diameters and the percentages retained and passed through the soil are observed, 
according to the distribution of sieves described in NBR 7181 (ABNT, 2016). 

 

 
 
Figure 3. Granulometric distribution curve of the soil. 

 
The grain size composition of the soil (Table 1) showed a higher concentration of 

clay (52%), followed by sand (37%), and finally silt (10%). According to NBR 16184 
ABNT, 2020), the grain size composition should preferably meet (the following parameters: 

 

sand (between 45% and 65%); silt (up to 
30%); and clay (between 25% and 35%). 

Analyzing the grain size 
distribution of the soil selected for this 
study, the clay and sand contents do 
not meet the parameters specified by 
the standard. In this case, the standard 
suggests conducting physical and 
mechanical behavior tests on the 
produced adobes to determine if they 
meet performance specifications.  

The results of the soil's physical 
properties can be observed in Table 2. 

 
Table 1. Granulometric composition of the soil 

Gravel Coarse 
Sand 

Medium 
Sand 

Fine 
Sand Silt Clay 

1% 24% 6% 7% 10% 52% 
 
Table 2. Soil physical properties and coefficient 
of variation (in parentheses) 
Bulk 
density  
(BD) 

Plastic 
limit  
(PL) 

Liquid 
limit  
(LL) 

Plasticity 
index  
(PI) 

Moisture 
Content 
(MC) 

2.37 g cm-3 
(2.19) 

31.65% 
(4.50) 

56.25% 
(6.12) 

24.75% 3.11% 
(0.80) 
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The average soil moisture content at the time of the test was 3.11%, and the bulk 
density was 2.37 g cm-³. When analyzing the consistency limits, it is important to note 

soils. Table 3 presents the chemical composition of the soil in the form of oxides, and it is 
noticeable that the highest contents are silica (SiO2), alumina (Al2O3), and hematite 
(Fe2O3). According to Brian & Carleton (1982), these chemical elements, after oxygen, 
are the most abundant in the Earth's crust, and these contents may vary in percentages 
depending on the location. 

 
Coconut fiber 
The bulk density and moisture content of coconut fibers yielded the following 

results and coefficients of variation, respectively: 1.06 g cm-³ (8.4) and 8.77 (4.1). 
Vegetable fibers in general do not have a defined cross-section, and their dimensions  
can vary along the length (Ribeiro, 2021). Fig. 4, a shows an image of the  
cross-section of coconut fiber, which appears to have an approximately circular shape. 

 

a)  

 

b)  
 

Figure 4. Scanning Electron Microscopy (SEM) images of coconut fibers: a) cross-section and 
b) outer surface. 

 
Coconut fibers have a significant number of fibrocells, and their cell walls are thinner 
compared to other vegetable fibers such as sisal, jute, and curauá (Pereira, 2012). In 
Fig. 4, b, the outer surface of the fiber can be analyzed, showing a slight roughness that, 
according to Nunes et al. (2022), may be due to its vegetal origin and the extraction 
processes, which can result in the presence of impurities, fats, and organic residues adhered. 
 

that this property is related to the physical 
state in which the soil is found in the presence 
of moisture and is divided into four groups: 
liquid (soil with fluid appearance), plastic 
(moldable soil), semi-solid (soil that shrinks 
when drying), and solid (soil that no longer 
undergoes volumetric variation) (Silva, 2022). 
According to Burmister (1949), a soil with a 
PI between 20–40, which is the case of the soil 
in this study (24.75%), is considered to have 
high plasticity, a characteristic of more clayey  

 
Table 3. Chemical composition of the soil 
Element Content (%) 
SiO2 41.13 
Al2O3 38.43 
Fe2O3 15.78 
SO3 1.66 
TiO2 1.55 
BaO 0.66 
K2O 0.26 
others 0.53 
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Adobe 
The values of bulk density of the adobe blocks (reference (without fiber addition), 

1% fiber addition, and 2% fiber addition) and their respective coefficients of variation 
were: 1,790 kg m-3 (4.1), 1,714.77 kg m-3 (3.6) and 1,675 kg m-3 (2.4). Since coconut 
fibers are very light (density 1.06 g cm-3), when incorporated into the soil matrix, there is 

process, the fibers retract, creating these voids (Ghavami et al., 1999; Danso et al., 2015). 
Upon analyzing the results from the drip erosion analysis, it was noted that there 

were no significant changes on the surface of the blocks. In fact, the 17014 standard 
(ABNT, 2022) recommends dripping 100 mL of water onto the block's surface for 20 to 

fiber displaced, a force-displacement curve of the fiber was obtained (Fig. 6). 
According to Naaman et al. (1991), the adhesion between fiber and matrix is a result 

a reduction in densities compared 
to the reference mixture. This 
reduction ranges from 4.20% for 
the mixture with 1% of fibers  
to 6.40% for the mixture with 2% 
of fibers. 

In the adobe blocks 
reinforced with fibers, an increase 
in water absorption by capillarity 
is observed (Fig. 5). This increase 
is attributed to the water absorbed 
by the cellulose of the fibers and 
the voids created by the fibers in 
the blocks, allowing more water 
to be absorbed. During the mixing 
process, the fibers absorb water 
and expand, and after the drying 

 

 
 

Figure 5. Capillary absorption curves of the adobe 
blocks. 

60 minutes. In this study, double 
the amount of water was tested, 
and consequently, the time also 
doubled, to simulate a more severe 
scenario. However, no significant 
impact was observed. 

According to Danso et al. 
(2015), when using water jets with 
higher pressures, the durability of 
the blocks is more affected. The 
authors concluded that fiber-
reinforced blocks protect soil 
particles from being carried away, 
thus reducing the effects of erosion. 

For the analysis of fiber-soil 
adhesion, the coconut fiber was 
inserted into the matrix and 
subjected to a tensile force. As the  

 

 
 

Figure 6. Typical force-displacement curve of the fiber 
from the pull-out test. 
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of the combined action of many elements, including physical-chemical adhesion 
between the fiber and the matrix, anchorage, and friction. 

According to Ribeiro (2021), this behavior can be divided into four phases: Phase 
I: In this initial phase, the behavior is linear until the point where the superficial shear 
stress results in the breakage of the chemical adhesion between the fiber and the matrix, 
at which point the Pad (adhesion load) is reached. Analyzing the curve, it is noted that 
in the case of coconut fiber with the soil matrix, this breakage of chemical adhesion 
occurred at 1.2 N. Phase II: The displacement is no longer linear, and partial decohesion 
of the fiber-matrix interface occurs until the pull-out force reaches the maximum value, 
Pmax (2N). With this load, it was possible to calculate the adhesive stress (τmax), which 
was 0.28 MPa, as shown in Table 4. Phase III: In the post-peak phase, the fiber was 
gradually pulled out of the matrix, reducing the force. The fissure of the fiber-matrix 
interface, which began in phase II, propagates throughout the fiber's length, 
characterized by the point Pu (0.88 N). Phase IV: It is characterized by the total pull-out 
of the fiber along its embedding length. 

 
Table 4. Average results and coefficient of variation of the coconut fiber pull-out test 
Perimeter (µm) Pad (kN) Pmax (kN) Pu (kN) τmax (MPa) 
1,027.92 (9.4) 1.20 (8.7) 2.00 (5.6) 0.88 (7.8) 0.28 (3.2) 
Pad: adhesion load; Pmax: peak load; Pu: fiber debonding force; τmax: bond stress. 

 
The uniaxial compression strength was analyzed according to NBR 16814 (ABNT, 

2020a), where the individual compression strength of adobe should be ≥ 1.5 MPa. All 
mixtures produced and tested in this study were above 1.5 MPa (Table 5), hence they 

Abdulla et al. (2020) investigated the mechanical properties of straw fiber-
reinforced adobe and obtained a compressive strength of 1.45 MPa after 28 days of 
curing. Rodríguez-Mariscal & Solís (2020) evaluated the mechanical properties of 
unreinforced adobe blocks in compression and found a value of 1.13 MPa. Pinto et al. 
(2021) subjected unreinforced adobe blocks to compression and found a value of 
1.97 MPa; when reinforced with sisal, the value significantly increased to 3.28 MPa. 
Comparing the values found in this study with those in the literature, it is evident that 
the results are within the observed ranges. 

Regarding the behavior of adobes during rupture, it is important to note that this 
behavior begins with the formation of microcracks, and when fibers are added, there is 
a delay in the propagation of cracks, preventing catastrophic failure (Ribeiro, 2021). 
Fig. 7, b and 7, c represent this type of behavior, while Fig. 7, a shows that the reference 
formed a continuous crack map, leading to abrupt rupture shortly thereafter. 

can be used in constructions. It is 
noticeable that as the fiber content 
increases, the compression strength 
reduces. This phenomenon is related 
to the porosity of the material, which 
can cause additional microcracks due 
to fiber detachment and the formation 
of cracks at the fiber-matrix interface 
(Li, 1992; Ribeiro, 2021). 

 
Table 5. Average results and coefficient of 
variation of the uniaxial compression test 

Mixtures fca (MPa) Coefficient of 
variation (%) 

Reference (0% fiber) 2.19 8.37 
1% fiber 2.05 6.50 
2% fiber 1.95 9.50 
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a)  b)  c)  
 

Figure 7. Samples broken after uniaxial compression test: a) reference (0% fiber); b) 1% fiber; 
and c) 2% fiber. 

 
In regards to the three-point bending test, only the reference adobe blocks and those 

with 2% fiber were tested, as it has the highest volumetric fraction of fibers. The values 
obtained for flexural strengths (Fig. 8) for the reference adobe block were 0.61 MPa (6.8), 

propagation, improving resistance and ductility. The rupture process is characterized by 
the pulling out of fibers until the opening of a single crack. 

 

a)  

b)  
 
Figure 9. Adobe samples after the bending test:(a) Reference and (b) 2% fiber. 

and for the samples with 2% fiber, 
the strength was approximately 
0.56 MPa (9.4). 

The load-displacement curve 
of the reference sample initially 
exhibits a linear behavior, and when 
the first crack appears (peak), 
there is an abrupt reduction in 
load, classifying this behavior as 
brittle. The characteristic crack 
opening of these samples can be 
observed in Fig. 9. The curve 
representing the samples with 2% 
fiber initially shows a linear 
segment until the first crack, and 
as micro-cracking begins, the 
randomly arranged fibers limit this 

 

 
 

Figure 8. Load-displacement behavior of the adobe 
blocks. 
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CONCLUSIONS 
 

With the incorporation of fibers, there was a reduction in the apparent densities of 
the adobe blocks. 

When inserted into the adobe production process, the fibers absorb a certain amount 
of water from the mixture, which leads to an expansion process of their structure. As the 
block drying process occurs over time, these fibers undergo a retraction process, and the 
fiber-matrix interface experiences micro-cracks that end up providing pathways for a 
greater amount of water to penetrate, resulting in higher capillary absorption. 

The evaluated adobe blocks did not show any significant damage related to water 
erosion when exposed to water dripping. 

All blocks surpassed 1.5 MPa when subjected to compression loads, confirming the 
potential application of adobe. It was observed that the fibers provided mechanical gains 
regarding both the rupture and stabilization of the blocks, not only in compression but 
also in flexion. 

Applying coconut fibers in earth constructions, specifically adobe, is a safe, low-
cost possibility that requires low technology and contributes to the environment. 

For future research, it is suggested to test the durability of adobe blocks under 
different climatic conditions by exposing them to prolonged cycles of rain, sun, wind, 
and temperature variations. Additionally, it is proposed to explore other natural fibers 
such as jute, sisal, and bamboo, with the aim of identifying alternatives that can further 
improve the strength and sustainability of these construction materials. 
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Abstract. Adenostemma platyphyllum, a medicinal plant belonging to the Asteraceae family, has 
gained increasing attention due to its potential as a source of bioactive compounds with diverse 
therapeutic properties but has not been widely cultivated. This work aims to obtain the optimum 
concentration of AB-mix solution to produce higher terpenoid and kaurenoic acid, as well as 
metabolite profiling in cultivating A. platyphyllum using a hydroponic wick system. This research 
uses a one-factor randomized block design of different concentrations of AB-mix nutrient 
solutions. Total terpenoids were quantified using the UV-Vis spectrophotometric method, total 
kaurenoic acid was determined using a high-performance liquid chromatography (HPLC) 
method, and the metabolite profiling was analyzed using a liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) instrument. Several terpenoid compounds have been identified in 
A. platyphyllum, including Ent-17-Oxo-15-kauren-19-oic acid, andrographolide, cafestol, alpha-
Farnesene, curcumene, as well as ent-11α-hydroxy-15-oxo-kaur-16-en-19-oic acid (11αOH-KA) 
and 11α,15-dihydroxy-16-kauren-19-oic acid (11α,15OH-KA), which belong to the kaurenoic 
acid group. The plants had the highest total terpenoid and kaurenoic acid found in 1,300 mg L-1 
nutrient concentrations. On the other hand, the highest terpenoid and kaurenoic acid productivity 
were found in plants with 900 and 1,300 mg L-1 AB-mix solution, respectively. Therefore, the 
optimum concentration of nutrient solution to produce optimum terpenoid and kaurenoic acid 
levels in A. platyphyllum cultivation by hydroponic wick system was 1,300 mg L-1. 
 
Key words: Adenostemma platyphyllum; hydroponic; kaurenoic acid; plant growth; total 
terpenoid. 
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INTRODUCTION 
 

Adenostemma genus, a plant of the Asteraceae family, has received much attention 
due to its traditional and widespread use in herbal medicine. A. platyphyllum from this 
genus contains diverse bioactive compounds associated with therapeutic properties, such 
as terpenoids (Fauzan et al., 2018). A large and diverse natural product derived part of 
isoprene, like terpenoids, is known for its various biological activities, including anti-
inflammatory, anti-melanogenic, and antioxidant properties (Bisht et al., 2021). Apart 
from this, the agricultural potential of this genus needs to be explored and studied further. 

Kaurenoic acids, a type of diterpenoid, are a group of compounds found in 
A. lavenia, another species from the Adenostemma genus. This compound is responsible 
for 50% of the anti-melanogenic activity in the extract (Hamamoto et al., 2020). On the 
other hand, there is no investigation of the total terpenoid and kaurenoic acid levels in 
A. platyphyllum species. Understanding the total terpenoid of A. platyphyllum is crucial 
for clarifying the chemical basis of its therapeutic effects and exploring its potential as 
an herbal medicine. 

To conduct a comprehensive analysis of plant content, a substantial sample size is 
necessary. However, the A. platyphyllum species remains uncultivated and thrives in its 
natural habitat within tropical regions. Therefore, a cultivation method is needed to 
produce plants with high levels of secondary metabolite, for example hydroponic 
method. Cultivating plants using hydroponic systems has demonstrated efficiency and 
sustainability in enhancing plant biomass and boosting secondary metabolite production 
(Majid et al., 2021). 

In hydroponic systems, the composition of the AB-mix nutrient solution plays a 
vital role in plant growth (Ghatage et al., 2019) and the synthesizing of the 
phytochemicals responsible for the medicinal properties (Bulawa et al., 2022). 
According to a study conducted by Attarzadeh et al. (2020), it was found that the 
utilization of hydroponic systems with nutrient solutions rich in elements like 
phosphorus demonstrated the potential to enhance the synthesis of secondary metabolites 
in plants belonging to the Asteraceae family. This research aims to comprehensively 
examine the effect of different concentrations of the AB-mix solution in a hydroponic 
wick system on the growth parameters and phytochemical production of 
A. platyphyllum. 

 
MATERIALS AND METHODS 

 
Experimental material: The experiment was carried out from December 2021 to 

January 2022 in the greenhouse of the Faculty of Agriculture, IPB University, Bogor, 
Indonesia. The study area lies at -6°55’ 10.8” S, 106°71’ 57.6” E, 159 m above sea level. 
Seeds of A. platyphyllum were collected from forests in Karanganyar, Pekalongan, 
Indonesia. The plants' identification was conducted by curators affiliated with the 
Bandungen Herbarium (FIPIA) at the SITH ITB (Nurlela et al., 2022). Specimens 
verifying the plants were deposited at the Bandungense Herbarium (FIPIA) at SITH ITB, 
assigned with collection numbers FIPIA-DEP35, FIPIA-DEP36, and FIPIA-DEP37. The 
stem cutting of A. platyphyllum was transferred into a rock wool medium and cultitaved 
with wick system of hydroponic method that are generally passive aerated system. 
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Treatments: In this study, a one-factor randomized block design was employed, 
focusing on different concentrations of AB mix fertilizer. The five AB-mix 
concentrations were replicated three times (in three groups: group 1, group 2, and group 3), 
resulting in 15 experimental units. Each experimental unit comprised five hydroponic 
containers, totaling 75 containers. Within each container, nine plants were grown, 
resulting in a total of 675 A. platyphyllum plants across all treatments. The concentration 
of AB-mix fertilizer was set in 5 concentrations of 0, 700, 900, 1,100, and 1,300 mg L-1. 
The fertilizer used as the nutrient solution is AB mix fertilizer manufactured by CV. 
Agrifam. The environmental conditions in the greenhouse have a 14% UV plastic roof, 
a 50-mesh insect net, and a 50% shaded net. 

 
Preparation of AB-mix Nutrient Solution 
The nutrient solution is prepared by dissolving separate stocks of A and B, both 

produced by CV. Agrifam. Each stock, weighing 500 g, is dissolved in 5 L of water to 
create concentrated solutions. Subsequently, these concentrated stocks A and B are 
combined. The resulting nutrient solution is then poured into plastic tubs, with each tub 
containing a water volume of 7 L. 
 

Observation of Plant Growth 
The plants were harvested six weeks after applying treatment at each concentration. 

During the cultivation period, non-destructive observations were also made, including 
the leaf and branch number and plant height at once-a-week intervals. Destructive 
observations included determining leaf area, relative growth rate (RGR), net assimilation 
rate (NAR), and chlorophyll content. RGR calculation refers to Saharuddin et al. (2018), 
based on the dry weight of plants per unit time based on the following formula : 

RGR (g week-1) = 1 W X ∆W ∆t = ln W2- ln W1 t2-t1 (1) 
where W1: ln dry weight of plants at observation 1; W2: ln dry weight of plants at 
observation 2; t1: observation time 1; t2: observation time 2. 
NAR calculations refer to those carried out by Saharuddin et al. (2018), based on dry 
weight and plant area per unit time using the following formula:  

NAR (g cm-2week-1) = 1 A X ∆W ∆t = ln A2- ln A1 A2-A1 X ln W2- ln W1 t2-t1 (2) 
where W1: ln plant dry weight at observation 1; W2: ln plant dry weight at observation 
2; t1: observation time 1; t2: observation time 2; A1: ln leaf area 1; A2: ln leaf area 2. 

 
Sample Preparation 
Subsequently, after harvested the leaves were dried, and their wet and dry weights 

were measured. Finally, the dried leaves were ground using a blender. A 1 g sample of 
the powder was extracted with 7 mL of methanol using a Sartorius shaker for one hour. 
The resulting mixture was then filtered through Whatman filter paper number 93. The 
residue underwent two additional solvent extractions until the solvent volume reached 
20 mL. To determine the moisture content of A. platyphyllum, the gravimetric method 
was employed, specifically following the guidelines outlined in AOAC 2012, chapter 4, 
item 4.1.06, method 930.15. 
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Determination of Total Terpenoid Content 
Determination of chlorophyll content was carried out referring to Sims and Gamon 

(2003) by weighing 0.02 g of fresh sample, at that point putting the sample in a mortar 
and including 1 mL of acetone, then grinding until homogeneous. The homogenized 
sample was transferred into a 2 mL microtube, then the mortar and pestle were washed 
with acetone solution and after that the wash water was included into the microtube until 
the volume was full. The sample within the microtube was then isolated using 
centrifugation at a speed of 18.845 g for 10 seconds. The isolated supernatant was then 
transferred 1 mL into a test tube and after that homogenized until the precipitate 
disappeared. The samples were then analyzed using a UV-Vis spectrophotometer at 
wavelengths of 537, 647 and 663 nm. The equation for deciding chlorophyll content is 
appeared within the condition below. The coefficients contained within the equation are 
decided based on the particular retention coefficients recorded in Lichtenthaler (1987). 

 
Determination of Total Terpenoid Content 
According to Łukowski et al. (2022), a total of 0.2 g of A. platyphyllum leaf simplicia 

was combined with 2.8 mL of cold methanol. The mixture was then macerated for 48 
hours at low temperature and subsequently centrifuged at 4,000 g for 15 minutes. The 
resulting supernatant was filtered and transferred to a test tube. Next, 1.5 mL of 
chloroform and 100 µL of H2SO was added. The absorbance was analyzed by UV-Vis 
spectrophotometer at a wavelength of 520 nm. The total terpenoid content was 
determined based on the standard nerol curve (y = 0.1817x + 0.0249; R2 = 0.9912). 
Terpenoid productivity (mmol nerol plant-1) is determined by multiplying the total 
terpenoid concentration, mmol nerol equivalent/g dry weight units (mmol NE g-1 DW), 
by the dry weight of the plants at harvest (g plant-1). Average mass of a plant and the dry 
matter content, as results are given (g plant-1) based on previous research (Tamsin, et al., 
2023). 

 
Determination of Kaurenoic Acid Content 
Determination of kaurenoic acid content by high-performance liquid 

chromatography (HPLC) refers to the method used by Hamamoto et al. (2020). A 
10 mg sample of the extract was combined with 1,000 µL of 50% methanol. After 
homogenization for 1 hour, the mixture underwent centrifugation at 14,500 g for 
5 minutes. The resulting supernatant was transferred to a microtube, from which 10 µL 
was drawn using a syringe and injected into the HPLC injector port. The column 
specifications included a C18 ODS column (4.6 mm × 50 mm: RP-18 GP, Kanto 
Kagaku, Tokyo, Japan) with acid A solvent (0.1% formate in distilled water) and solvent 
B (100% acetonitrile). The gradient elution profile consisted of 10% solvent B at  
0.0–0.1 minutes, followed by 10.0–35.0% at 1.0–7.0 minutes, 35.0% – 47.5% solvent B 
at 7.0–10.0 minutes, and 47.5% – 100% solvent B at 10.0–12.0 minutes. The system was 
then maintained at 100% solvent B for an additional 5 minutes. Detection of the  
11αOH-KA compound occurred via UV absorption at a wavelength of 245 nm. The 
concentration of the 11αOH-KA compound in A. platyphyllum was determined  
using a standard curve based on 11αOH-KA isolated from A. lavenia plant  
(y = 3953.2x + 64465; R2 = 0.9982). Kaurenoic acid productivity (mmol/plant) is 
determined by multiplying the total kaurenoic acid concentration (mmol g-1 DW) by the 
dry weight of the plants at harvest (g plant-1). 
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Metabolite Profiling with LC-MS/MS 
Metabolite profiling from methanol extract of A. platyphyllum leaves prepared 

before was investigated through UHPLC Vanquish Tandem Q Exactive Plus Orbitrap 
HRMS ThermoScientific system according to Rafi et al. (2020), with Accucore™ 
Vanquish C18 column (100×2.1 mm, 1.5 µm) was used for separation. The positive scan 
mode of an MS ES (electrospray ionization) was used to acquire accurate masses in the 
200−1,500 m/z range. The injection volume used was 2 μL with a flow rate of 
0.2 mL min-1 and a column temperature of 30 °C. The gradient separation used 0.1% 
formic acid in H2O (phase A) and 0.1% formic acid in acetonitrile (phase B) as a mobile 
phase. The eluent composition was 5% phase B at 0–1 min, 90-5% phase A, and  
10–95% phase B at 1–17 min, 100% phase B at 17–18.5 min, and 5% B at 18.5 min. 
Three sample replicates were blank-corrected. 

The UHPLC-Q-Orbitrap HRMS analysis involved several additional conditions. 
Fragmentation was achieved using collision energies of 18, 35, and 53 eV. The spray 
voltage was set at approximately 3.9 kV, and the capillary temperature was maintained 
at 320 °C. Sheath gas and auxiliary gas flow rates were set to 15 and 3 mL min-1, 
respectively. We used scan type full MS/dd MS2 for positive ion mode. The potential 
identification of detected metabolites in A. platyphyllum extracts was made by analyzing 
the mass spectrum obtained from UHPLC-Q-Orbitrap HRMS. The data was processed 
using Compound Discoverer version 2.2. Furthermore, the obtained MS/MS spectra 
were subjected to another compound identification and characterization by utilizing 
various databases, including PubChem, ChemSpider, HMDB (Human Metabolome 
Database), and CFM-ID (Compound Fragmentation Mass Spectrometry Identification). 

 
Statistical analysis 
The data were subjected to an ANOVA test. Duncan's multiple range test (DMRT) 

was used for mean separation. Data were analyzed using SAS on Demand for academic 
programs. LC-MS/MS data were processed using Thermo Scientific Xcalibur software. 
Afterward, Origin software was employed to generate chromatograms and perform data 
visualization. 

 
RESULTS 

 
Plant Growth 
The growth observations were carried out 1 to 6 weeks after planting (WAP). 

Parameters observed during the study were plant height (Fig. 1, a), leaf number 
(Fig. 1, b), branch number (Fig. 1, c), and leaf area (Fig. 1, d), aimed to know a plant's 
response during the cultivation period to the treatment applied. Increasing the 
concentration of the hydroponic nutrient solution in A. platyphyllum plants tends to 
improve their growth. AB-mi concentrations significantly increased the plant height, 
branch number, leaf number, and leaf area. 

The growth of A. platyphyllum plants without adding AB-mix nutrient solution did 
not increase every week, resulting in significantly lower plant height, leaf number,  
branch number, and leaf area. In contrast, the growth of plants with concentrations of 700, 
900, 1,100, and 1,300 mg L-1 AB-mix increased constantly. However, there was no 
significant difference between the four treatments on growth parameters at the end of the 
cultivation period. 
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 0  700 mg L-1  900 mg L-1  1,000 mg L-1  1,300 mg L-1 
 
Figure 1. Plant height (a); leaf number (b); branch number (c); and leaf area (d) of 
A. platyphyllum. Different bar charts followed by different letters are significantly different based 
on DMRT 5% 
 

Relative Growth Rate  
The relative growth rate (RGR) or the relative increase in plant biomass per unit of 

time from A. platyphyllum is illustrated in Table 1. Comparing RGR values between 
treatments allows for identifying factors influencing plant growth. Based on plant growth 
observation, different concentrations of AB-mix solution did not significantly affect 
A. platyphyllum RGR. 
 
Table 1. The relative growth rate of A. platyphyllum 

Treatment  Relative Growth Rate ± SD (g g-1day-1) 
Weeks 2 & 4 Weeks 4 & 6 Weeks 6 & 8 

0 0.0118 ± 0.0095b 0.0235 ± 0.0149 0.0653 ± 0.0349 
700 0.0806 ± 0.0699ab 0.0220 ± 0.0149 0.1128 ± 0.0066 
900 0.0793 ± 0.0581ab 0.0258 ± 0.0174 0.1308 ± 0.0748 
1,100 0.1278 ± 0.0617a 0.0425 ± 0.0136 0.1170 ± 0.0331 
1,300 0.0311 ± 0.0197b 0.0516 ± 0.0538 0.1039 ± 0.0894 
Different numbers followed by letters differ significantly with DMRT 5%. 
 

Net Assimilation Rate 
In contrast to RGR, the net assimilation rate (NAR) measures plants' photosynthetic 

ability to produce dry matter (biomass). Based on the data shown in Table 2, the net 
assimilation rate of A. platyphyllum at 6−8 WAP, the plant experienced a significant 
difference. 
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Table 2. Net assimilation rate of A. platyphyllum 

Treatment Net Assimilation Rate ± SD (g cm-2 day-1) 
Weeks 2 & 4 Weeks 4 & 6 Weeks 6 & 8 

0 0.0002 ± 0.0001b 0.0003 ± 0.0002 0.0007 ± 0.0002a 
700 0.0006 ± 0.0005ab 0.0001 ± 0.0001 0.0004 ± 0.0001b 
900 0.0005 ± 0.0004ab 0.0001 ± 0.0001 0.0005 ± 0.0003ab 
1,100 0.0009 ± 0.0005a 0.0002 ± 0.0001 0.0005 ± 0.0002ab 
1,300 0.0004 ± 0.0003ab 0.0003 ± 0.0004 0.0004 ± 0.0004b 
Different numbers followed by letters differ significantly with DMRT 5%. 

 
Chlorophyll Content 
The chlorophyll content obtained from the A. platyphyllum plant is shown in Table 3, 

the highest value was obtained from the A. platyphyllum with 1,100 mg L-1 AB-mix 
solution. Meanwhile, plants treated with concentrations of 700, 900, and 1,300 mg L-1 did 
not significantly differ. On the other hand, plants without AB-mix solution produced the 
lowest chlorophyll content. 
 
Table 3. Chrolophyll content of A. platyphyllum 

Treatment Chrolophyll a ± SD 
(µmol cm-2) 

Chrolophyll b ± SD  
(µmol cm-2) 

Total Chrolophyll ± SD 
(µmol cm-2) 

0 0.0055 ± 0.00087c 0.0025 ± 0.00039c 0.008 ± 0.00131c 
700 0.0079 ± 0.00043b 0.0036 ± 0.00019b 0.0114 ± 0.00048b 
900 0.0087 ± 0.0004ab 0.0039 ± 0.00018ab 0.0126 ± 0.0002ab 
1,100 0.0094 ± 0.00085a 0.0042 ± 0.00038a 0.0136 ± 0.00094a 
1,300 0.0084 ± 0.00073ab 0.0034 ± 0.00032ab 0.0123 ± 0.00032ab 
Different numbers followed by letters differ significantly with DMRT 5%. 
 

Total Terpenoid Concentration and Productivity 
A. platyphyllum without AB-mix solution treatment resulted in a significant 

minimum total terpenoid concentration, 3.46 mmol NE g-1 DW (Fig. 2, a). Total 
terpenoids increased significantly with increased AB-mix concentration. The highest 
total terpenoid concentration was found in plants with 1,300 mg L-1 of AB-mix treatment 
(9.65 mmol NE g-1 DW). Moreover, the highest terpenoid productivity was found in 
plants treated with 900 mg L-1 AB-Mix solution (24.38 mmol NE plant-1). 

 
Total Kaurenoic Acid Concentration and Productivity 
The total kaurenoic acid contained in A. platyphyllum was significantly affected by 

the concentration of the AB-mix nutrient solution (Fig. 2, b). The results of the analysis 
using the HPLC instrument stated that AB-mix concentration of 1,300 mg L-1 produced the 
highest total kaurenoic acid and kaurenoid acid productivity in A. platyphyllum,  
2.74 mM g-1 DW and 5.91 mM plant-1 respectively. On the other hand, plants without  
AB-mix solution generate the lowest total kaurenoid acid and productivity, 1.85 mM g-1 
DW and 0.46 mM plant-1, respectively. 
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Figure 2. Total terpenoid and terpenoid productivity (a); Total kaurenoic acid and kaurenoic acid 
productivity (b) of A. platyphyllum. Different bar/line charts followed by different letters are 
significantly different based on DMRT 5%. 
 

Metabolite Analysis by LC-MS/MS 
A total of 17 metabolites from six prominent compounds were putatively identified 

(Table 3) in the treatment methanol extract of A platyphyllum using UHPLC-Q-Orbitrap-
HRMS (Fig. 3, a). A cluster analysis was conducted on the metabolites identified in 
A. platyphyllum. The results were visualized using a heatmap format (Fig. 3, b). 

 
DISCUSSION 

 
Plant growth observations are crucial for understanding plant development and 

assessing crop performance. Plant growth can be explained as increased plant volume and 
mass, with or without constructing new structures such as organs, tissues, cells, and 
organelles. Growth is usually associated with development and reproduction (Brukhin & 
Morozova, 2011). Observations of plant growth provide valuable insights into plant 
strength, biomass accumulation, and productivity. 

According to Wang et al. (2020), nitrogen in the AB-mix nutrient solution is a factor 
affecting plant height, which is required in large quantities for plant growth because it 
functions in the formation of cells, tissues, and plant organs. In addition, nitrogen also 
plays a role in various metabolic processes, including photosynthesis, that trigger 
vegetative growth. Increasing the available nitrogen will produce large amounts of 
protein, so plant tissue growth will also increase. A lack of nitrogen elements will inhibit 
plant growth because it cannot form cells or tissues (Jiaying et al., 2022), causing the 
plant height of A. platyphyllum at a concentration of 0 mg L-1 to become stunted. 

Another parameter of plant growth is relative growth rate (RGR) and net 
assimilation rate (NAR). RGR measures a plant's average growth rate over time by 
quantifying the increase in plant biomass per unit of time (Rajput, 2017). Determining the 
RGR provides insight into resource utilization efficiency, overall growth potential, and 
the impact of different processing and environmental conditions. The RGR during the 
2−4-week period after planting exhibited a statistically significant variation, primarily 
attributed to the ongoing adaptive responses of plants to the environmental conditions. 
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a)   
 

b)  
 

Figure 3. The base peak of the LC-MS/MS chromatogram in the positive ionization mode of 
A. platyphyllum (a); Heatmap analysis of identified compound in A. platyphyllum (b). K0 is 
0 mg L-1, K1 is 700 mg L-1, K2 is 900 mg L-1, K3 is 1,100 mg L-1, and K4 is 1,300 mg L-1. 
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The environmental adaptation process induces stunted growth in plants (Li et al., 
2021), manifested by a wilted appearance and reduced turgidity in their morphological 
characteristics. Moreover, during 4−6 WAP and 6−8 WAP, the growth of A. platyphyllum 
exhibited a recovery phase, with the relative growth rate showing an upward trend 
compared to the preceding weeks. However, the analysis of variance revealed no 
significant influence of varying concentrations of AB mix fertilizer on the RGR values 
during the 4−6 and 6−8 WAP time intervals. 

The NAR value expresses how plants convert assimilated carbon into new biomass 
(Safitri et al., 2018). The NAR exhibited significant variations between 2−4 and 6−8 
weeks after planting, indicating dynamic physiological responses. Conversely, at the 4−6 
weeks marker, the NAR values showed no significant distinctions, implying comparable 
photosynthetic capacities across the five treatments assessed. Statistical analyses revealed 
that plants without AB-mix solution exhibited significantly higher NAR values than the 
700 and 1,300 mg L-1 treatments.  

Notably, leaf area is among the influential factors affecting NAR, wherein plants 
with broader leaves typically exhibit higher NAR due to increased photosynthetic surface 
area and subsequent biomass production (Lewar & Hasan, 2022). However, an inverse 
relationship between leaf area and NAR was observed in the 700 and 1,300 mg L-1 
treatments, whereby a higher leaf area resulted in reduced NAR and could be attributed 
to shading effects caused by lush leaves, hindering efficient photosynthesis in the shaded 
portions of leaves (Safitri et al., 2018). 

Chlorophyll content determination in plant leaves is crucial in evaluating 
photosynthetic efficiency and plant health. Chlorophyll content in plants can be 
influenced by various factors, including intrinsic factors, which pertain to plant-specific 
characteristics, and extrinsic factors, which refer to environmental influences (Li et al., 
2018). One factor that influences chlorophyll content is nutrient availability.  

Plants without AB-mix solution exhibit nutrient deficiency, resulting in an 
insufficient energy supply to support growth and photosynthesis. Nitrogen is an essential 
component of the chlorophyll molecule, especially in the form of the magnesium 
porphyrin complex (Borah & Bhuyan, 2017). The presence of sufficient nitrogen 
promotes chlorophyll synthesis and increases chlorophyll content. Limited nitrogen levels 
can limit chlorophyll production, lower chlorophyll levels, and cause chlorosis or leaf 
yellowing (Sakuraba, 2022). 

Determining phytochemicals, like total terpenoid and kaurenoic acid content in 
A. platyphyllum, is essential in evaluating the plant's potential medicinal and 
pharmacological properties. One factor that affects the production of phytochemical 
content is nutrient availability. Plants treated with AB-mix solution tended to have higher 
total terpenoids caused by several mechanisms. The availability of adequate nutrients, 
particularly nitrogen (N), phosphorus (P), and potassium (K), provides the necessary for 
plants’ building blocks (Xu et al., 2020) and energy for secondary metabolite 
biosynthesis, as well as terpenoid synthesis.  

These macronutrients are essential to biosynthesis precursors, enzymes, coenzymes, 
and energy carriers. For example, sufficient phosphorus promotes some precursors for 
terpenoid production. The terpenoid precursors IPP (isopentenyl diphosphate), DMAPP 
(dimethylallyl pyrophosphate), GDP (geranyl diphosphate), and FDP (farnesyl 
diphosphate) possess high-energy phosphate bonds. In addition, phosphorus is part of 
ATP and NADPH molecules needed for terpenoid synthesis via the mevalonate (MVA) 
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and methylerythritol phosphate (MEP) pathways, hence phosphorus may be an essential 
element for terpenoid biosynthesis (Bustamante et al., 2020). 

A. platyphyllum, a wild species, has been introduced into cultivation for the 
production of terpenoids. Research conducted on cultivated sunflower (Helianthus 
annuus) has indicated significant compositional diversity of volatiles among the studied 
lines of H. annuus. This diversity includes a notable reduction in the total abundance of 
volatiles compared to wild H. annuus (Bahmani et al., 2023). The findings of this study 
suggest that the possibility of volatile terpenoids diversity for breeding the 
A. platyphyllum. 

One of the terpenoid compounds found in Adenostemma is kaurenoic acid. Previous 
studies by Maeda et al. (2022) have reported the presence of at least three different types 
of kaurenoic acid in A. lavenia, namely ent-11α-hydroxy-15-oxo-kaur-16-en-19-oic acid 
(11αOH-KA), 9,11α-dehydroxy-15-oxo-kauren-16-en-19-oic acid (9,11αOH-KA), and 
11α,15-dihydroxy-16-kauren-19-oic acid (11α,15OH-KA). Additionally, Batubara et al. 
(2020) have researched A. lavenia and highlighted that the terpenoid compound  
11αOH-KA, successfully extracted from this plant, exhibits significant biological 
activities such as antitumor, anti-melanogenesis, and anti-inflammatory effects. This 
compound belongs to the diterpenoid classification, which has four repeated isoprene 
units, as described by (Hamamoto et al., 2020). 

Plant secondary metabolite productivity refers to the capacity of plants to produce 
and accumulate secondary metabolites. The quantification of secondary metabolite 
productivity can be assessed by multiplying the biomass of the harvested plants with the 
total concentrations or levels of the secondary metabolite (Abbasi et al., 2019). Plants 
without AB mix nutrient solution exhibited the lowest terpenoid and kaurenoic acid 
productivity due to their significantly lower biomass. 

Insufficient nutrient availability negatively impacts plant biomass, leading to 
reduced terpenoid production. The observed low secondary metabolite productivity 
reflects the poor ability of plants to synthesize secondary metabolites due to suboptimal 
nutrition conditions (Bahmani et al., 2020). In contrast, the four other treatments 
demonstrated comparable productivity levels for total terpenoids and kaurenoic acid. 
Statistical analysis indicated no significant differences among these treatments, 
demonstrating similar performance in secondary metabolite production. 

The chemical content from the methanol extract of A. platyphyllum analyzed using 
UHPLC-Q-Orbitrap-HRMS resulted in 17 compounds. These metabolites were identified 
based on their mass spectra and fragmentation patterns that belonged to various 
compound groups, specifically, the primary metabolite represented by L-tryptophan, 
which belonged to the amino acid group. The fatty acid group was represented by four 
compounds, erucamide, oleamide, palmitic acid, and α-Linolenic acid. The secondary 
metabolites belonging to the alkaloid group were represented by lycopsamine. The 
flavonoid group was expressed by trifolin, and the phenolic group included chlorogenic 
acid, 4,5-O-caffeoylquinic acid, and sugiol.  

Additionally, seven metabolites were identified from the terpenoid group, 
represented by ent-17-Oxo-15-kauren-19-oic acid, 11αOH-KA, 11α,15OH-KA, 
andrographolide, cafestol, α-farnesene, and curcumene. The dominant compounds in 
A. platyphyllum were phenolic compounds, originated lipids (fatty acid), and terpenoids, 
as reported by Fauzan et al. (2018). Furthermore, the comprehensive metabolite profiling 
verified the high total terpenoid content in A. platyphyllum, confirming numerous 
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compounds derived from the terpenoid group found in the A. platyphyllum plant. This 
concurrence between the quantitative analysis and secondary metabolite profile 
reinforces the rich terpenoid diversity within the A. platyphyllum plant. 

Hierarchical cluster analysis visually represents the variations in metabolite content 
among A. platyphyllum, which is cultivated using different concentrations of AB-mix 
solution types through a heatmap. Upon the heatmap pattern displayed in Figure 3, the 
color intensity corresponding to secondary metabolites derived from the terpenoid group, 
present in A. platyphyllum treated with the AB-mix solution (AP2, AP3, AP4, and AP5), 
exhibited a significant increase compared to the plants without AB-mix solution (AP1). 
Specifically, the color pattern exhibited by the A. platyphyllum plant treated with a 
concentration of 1,300 mg L-1 AB-mix resulted in the highest intensity of red color for 
the metabolites 11αOH-KA and 11α,15OH-KA, which both belonged to the kaurenoic 
acid group. These findings corroborate the results obtained from the HPLC analysis, 
which demonstrated that A. platyphyllum treated with a 1,300 mg L-1 AB-mix solution 
displayed the highest total kaurenoic acid content. 

 
CONCLUSION 

 
A. platyphyllum possesses various beneficial properties and bioactive compounds. 

The plant has been found to contain metabolites from diverse classes, including 
flavonoids, phenolics, and terpenoids. The highest terpenoid and kaurenoic acid 
productivity were found in plants with 900 and 1,300 mg L-1 AB-mix solution, 
respectively. Secondary metabolite compounds from the kaurenoic acid group were 
identified in A. platyphyllum, namely 11αOH-KA and 11α,15OH-KA, which have a 
wide range of biological activities and have potential, especially in the health and 
pharmaceutical industries. 
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Abstract. The study investigated the effect of fermented purple sweet potato flour (PSPF) on 
intestinal and physiological health of broilers. A 189-day-old broiler chicks were divided into T0 
(diet based on corn and soybean meal), T1 (diet containing 15% unfermented PSPF), and T2 (diet 
containing 15% fermented PSPF). Samples collection and measurement were conducted at 
day 35. The T2 chicks had greater (p < 0.05) weight gain than T1, but did not differ from T0. 
Feed conversion ratio (FCR) was better (p < 0.05) in T2 than in T1. The mean corpuscular 
haemoglobin (MCH) and mean corpuscular haemoglobin concentration (MCHC) were higher 
(P < 0.05) in T2 than in T0 and T1 groups. Haemoglobin tended (p = 0.08) to be lower in in T2 
than in T0 and T1 groups. Heterophils were higher (p = 0.05) in T2 than in T0 and T1 groups. 
Total cholesterol and high-density lipoprotein (HDL) were higher (p < 0.05) in T0 than in T1. 
Low-density lipoprotein (LDL) tended (p = 0.06) to be lower in T1 than that in T0. Total protein 
and globulin were higher (p < 0.05) in T0 than that in T1 and T2. Lactic acid bacteria (LAB) to 
coliform ratio in the ileum was higher (p < 0.05) in T2 than in T0. LAB counts tended (p = 0.08) 
to be greater in T2 than in other chickens. T1 tended (p = 0.09) to have a smaller number of 
lactose negative Enterobacteriaceae (LNE) in caecum as compared to that of T0 chicks. T2 
tended (p = 0.09) to have a lower crypt depth than T0. In conclusion, feeding fermented purple 
sweet potato flour contributes for the better growth, feed conversion, immune defence, bacterial 
population and morphology of the small intestine. 
 
Key words: bacteria, broilers, energy source, fermentation, immune response, intestine. 
 

INTRODUCTION 
 

Corn is the main energy source for poultry and contributes more than 70% of the 
energy needs of poultry (Sultana et al., 2016). The demand for corn increases every year 
along with the increase in the poultry population. To reduce the use of corn in feed 
formulations, several attempts have been made by broiler producers, one of which is by 
using alternative energy source feed ingredients. Despite their widespread availability, 
using alternative feed ingredients is often challenging due to their low nutritional quality 
and the presence of anti-nutritional compounds in the ingredients (Helda et al., 2021). 
Owing to these circumstances, specific processing techniques are required to raise the 
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nutritional value of these substitute feed ingredients. Fermentation is a commonly 
employed technique to enhance nutritional value and reduce the amount of anti-
nutritional substances present in feed ingredients. Its application is relatively simple and 
cheap (Sugiharto & Ranjitkar, 2019). Apart from having an impact on improving 
nutrition, fermentation is also reported to increase the bioactive components in feed 
ingredients (Sugiharto & Ranjitkar, 2019). Furthermore, according to Sugiharto et al. 
(2018a), fermentation can raise functional value, which benefits broiler chickens’ 
physiological state and general health. 

One alternative feed stuff that can be used as an energy source for broiler chickens 
and also as a functional feed ingredient is purple sweet potato. Purple sweet potatoes 
have a relatively high carbohydrate content of 75–90%, which suggests that they could 
be utilized as an alternative feed ingredient to provide broilers with energy sources 
(Dapawisi et al., 2022). According to Kusuma et al. (2016), purple sweet potatoes are 
rich in vitamins, β-carotene and anthocyanins. Indeed, purple sweet potato also shows 
high antioxidant activity. The antioxidant properties in purple sweet potatoes is 
beneficial for health because it can ward off free radicals, oxidation in the body and 
clumping of blood cells. Natural antioxidants in purple sweet potatoes have the 
advantage of low molecular weight which is effective in suppressing reactive oxygen 
species (ROS) and preventing oxidative damage to biomolecules. With regard particularly 
to anthocyanins, because anthocyanins possess antibacterial properties, they can inhibit 
the growth of harmful bacteria, which in turn encourages the production of mucus by 
intestinal microbes and improves the digestibility of nutrients (Edi et al., 2018). The high 
level of carbohydrates in purple sweet potato is inversely proportional to the level of 
crude protein. Crude protein in purple sweet potatoes is only around 3.2% (Hartadi et 
al., 2005). Purple sweet potatoes also have anti-nutritional components, one of which is 
trypsin inhibitor, which can inhibit the work of the trypsin enzyme thereby reducing the 
level of protein utilization by broiler chickens (Anbuselvi & Muthumani, 2014). 

Among the fermentation starters that are often used for the fermentation process is 
Saccharomyces cerevisiae (Nurhayati et al., 2019). S. cerevisiae is a yeast that is able to 
utilize sugar for its growth. S. cerevisiae as a fermentation starter is reported to increase 
protein content and also reduce crude fibre content. In this case, S. cerevisiae produces 
enzymes that can degrade complex carbohydrates into simpler carbohydrates (Kusuma, 
2016). Apart from its potential as a fermenter, Saccharomyces is utilized extensively as 
a probiotic, potentially improving the well-being and productivity of chickens 
(Sugiharto, 2016). Based on the capabilities of this yeast, it was expected that using 
S. cerevisiae as a fermenter for feed ingredients would improve the nutritional quality of 
the feed ingredients while also serving as a probiotic for poultry. In this study, 
S. cerevisiae was used to ferment purple sweet potato flour. Overall, the demand for corn 
as the primary energy source in broiler chicken feed continues to rise, and it is frequently 
unmet because corn production remains unstable throughout the year. Such conditions 
therefore necessitate efforts to find alternative energy sources other than corn without 
compromising broiler chicken productivity and health. The scientific purpose of the 
present study was to look into how fermented purple sweet potato flour affected the 
intestinal and physiological health of broiler chickens. From the practical broiler 
production point of view, the present study aimed to find alternative energy source feed 
ingredients, to reduce the proportion of corn in the feed, for broiler chickens. 
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MATERIALS AND METHODS 
 
Production of the fermented sweet potatoes 
Purple sweet potatoes were purchased from farmers around Semarang, Central 

Java, Indonesia. Making purple sweet potato flour begun with washing and separating 
the rotten parts of the sweet potato. Purple sweet potatoes were cut into small pieces, 
then dried in the sun until dry. The dried purple sweet potato is then ground using a disk 
mill, then sifted to get purple sweet potato flour. Making fermented purple sweet potato 
flour begins with sterilizing the purple sweet potato flour using an autoclave at 121 °C 
for 15 minutes. Next, the sterilized flour was added with yeast containing 6.6×108 cfu/g 
of S. cerevisiae (5.5 g of yeast added for every 1 kg of purple sweet potato flour). Then 
purple sweet potato flour was mixed with water in a ratio of 1:2. In this study, 
considering that purple sweet potato flour has a high water absorption capacity (ability 
to absorb and retain water), more water was needed so that the fermentation process 
could take place optimally through solid state fermentation. Fermentation was carried 
out in the bucket aerobically for 2 hours at room temperature (~25 °C). Fermentation 
was halted when alcohol-like smell started to emerge. Fermented purple sweet potato 
flour was then sun-dried (at the temperature of ~34 °C) until dry (about 2 hours). After 
drying, a proximate analysis was carried out to determine the nutritional content of the 
material. 

 
Broiler experiment 
The broiler experiment was conducted to met animal welfare principles as approved 

by Animal Ethics Committee of the Faculty of Animal and Agricultural Sciences, 
Universitas Diponegoro (No. 59-07d/A-16/KEP-FPP). In total, 189-day-old broiler 
chicks from the Cobb strain were used in this investigation. Using rice husk as litter, 
they were raised in an open-sided (naturally ventilated) broiler house for the entire of the 
rearing process. To manually regulate the temperature and humidity inside the broiler 
house, plastic curtains, light bulbs, and fans were used. The temperature was kept at  
28–30 °C, and the humidity at 80–85%. During the study, the chickens were given light 
24 hours a day. The birds, weighing 45.85 ± 3.04 g at arrival, were fed commercial  
pre-starter feed for seven days. The birds, weighing 142.17 ± 0.34 g, were divided into 
experimental treatment groups at random starting on day 8. From day 8 to day 21, the 
birds were fed formulated starter feed (Table 1), and from day 22 to day 35, they were 
fed finisher feed (Table 2). For the duration of the rearing process, food and water were 
given freely using round bottom feeder and manual drinker. With three treatment groups 
and seven replicates (each containing nine chicks), the dietary treatments were set up in 
a completely randomized manner. From day 8 to 35, the following treatments were given 
to the chicks: T0 (a diet based on corn and soybean meal), T1 (a diet containing 15% 
unfermented purple sweet potato flour), and T2 (a diet containing 15% fermented purple 
sweet potato flour). The chicks were raised in compliance with the Cobb broiler strain 
rearing guidelines. Using eye drops (day 4) and drinking water (day 18), the chicks 
received the Newcastle disease vaccination. On day 12, a drinkable vaccine against 
infectious bursal disease was also administered. 
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Both the total amount of feed consumed and the body weight were noted. To 

 
Laboratory analyses 
The routine blood profile tests of the chicks were determined automatically by 

means of a Hematology Analyzer (Prima Fully-auto Hematology Analyzer, PT. Prima 
Alkesindo Nusantara, Jakarta, Indonesia) based on the manufacturer’s instructions 
(Sapsuha et al., 2022). Serum lipid profiles (total triglycerides, total cholesterol,  
low-density lipoprotein [LDL], and high-density lipoprotein [HDL]) and creatinine and 
uric acid levels were measured using enzyme-based colorimetric techniques. Serum total 
protein and albumin levels were determined using spectrophotometric and photometric 
methods. To calculate the globulin concentration, the serum albumin value was  
 

determine the feed conversion 
ratio (FCR) value, the ratio of 
accumulative feed intake (g) to 
total body weight gain (g)was 
computed. At the end of 
experiment, one male chick (in 
order to prevent gender bias), 
representing the average body 
weight of each experimental unit, 
was chosen to have blood 
withdrawn from the brachial vein. 
To produce serum, 3 mL of  
blood were placed in a non-
ethylenediaminetetraacetic acid 
(EDTA) tube and 1 mL of blood 
was placed in an EDTA tube for 
routine blood testing. The same 
chicks as blood sampled were 
slaughtered. As soon as the 
chicken was slaughtered, its 
intestines were removed. 
Segments of the duodenum, 
jejunum, and ileum (about 2 cm) 
were placed in 10% buffered 
formalin (Leica Biosystems 
Richmond, Inc., Richmond, USA) 
in order to measure the 
morphology of the small intestine 
(villus height and crypt depth). 
After being placed in each sterile 
sample pot, the ileum and cecum 
digesta were examined further in 
the lab to determine the population 
of particular bacteria present in the 
intestine. 

 
Table 1. Feed ingredients and nutritional compositions 
of broilers (day 8–21) 
Ingredients (%) T0 T1 T2 
Yellow corn 53.5 36.2 36.4 
Palm oil 2.32 2.39 2.55 
Soybean meal 40.13 42.36 42.0 
DL-methionine 0.19 0.19 0.19 
Bentonite  0.75 0.75 0.75 
Limestone  1.00 1.00 1.00 
Monocalcium phosphate 1.30 1.30 1.30 
Premix1 0.34 0.34 0.34 
Chlorine chloride 0.07 0.07 0.07 
Salt  0.40 0.40 0.40 
Purple sweet potato flour  - 15.0 - 
Fermented purple sweet 
potato flour 

- - 15.0 

Nutritional compositions: 
   

ME2 (kcal kg-1) 2,900 2,900 2,900 
Crude protein 22.0 22.0 22.0 
Crude fibre 5.47 4.56 4.75 
Ca 1.14 1.09 1.09 
P (available) 0.57 0.50 0.50 
1The following nutrients are provided per kilogram of 
feed: 1,100 mg Zn, 1,000 mg Mn, 75 mg Cu, 850 mg Fe, 
4 mg Se, 19 mg I, 6 mg Co, 1,225 mg K, 1,225 mg Mg, 
1,250,000 IU vitamin A, 250,000 IU vitamin D3, 1,350 g 
pantothenic acid, 1,875 g vitamin E, 250 g vitamin K3, 
250 g vitamin B1, 750 g vitamin B2, 500 g vitamin B6, 
2,500 mg vitamin B12, 5,000 g niacin, 125 g folic acid and 
2,500 mg biotin. 
2ME (metabolizable energy) was calculated according to 
formula: 40.81 {0.87 (crude protein + 2.25 crude fat + 
nitrogen‐free extract) + 2.5}. 
T0: chicks were provided with corn-soybean meal-based 
diet, T1: chicks were provided with diet containing 15% 
unfermented purple sweet potato flour, T2: chicks were 
provided with diet containing 15% fermented purple sweet 
potato flour. 
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subtracted from the total protein value. All biochemical analyses of serum samples were 
performed in accordance with the manufacturer's instructions (DiaSys Diagnostic System 

employed. Duncan’smultiple analysis was conducted when a significant effect 
(p < 0.05) was observed from the treatments. The implementation of tendency occurred 
when 0.05 ≤ p < 0.10. 
 

RESULTS AND DISCUSSION 
 
Chemical composition and antioxidant activity of non- and fermented purple sweet 

potato flour are presented in Table 3. The concentrations of crude protein, crude fibre, 
crude fat and crude ash increased with fermentation using S. cerevisiae. There was a  
 

GmbH, Holzheim, Germany). 
Small intestinal segments 

were histologically examined 
using 5 µm sections of the ileum, 
jejunum, or duodenum stained with 
haematoxylin and eosin. The 
villous height and crypt depth in 
each segment were measured with 
an optical microscope equipped 
with a digital camera (Leica 
Microsystems GmbH, Wetzlar, 
Germany). Five measurements 
were used to determine the mean 
values of villous height and crypt 
depth for each sample. The 
bacterial population in the ileal and 
caecal contents was determined 
according to the total plate count 
method. After a 24-hour aerobic 
incubation at 38 °C, coliforms and 
lactose-negative Enterobacteriaceae 
(LNE) were counted as red and 
colourless colonies on MacConkey 
agar (Merck KGaA, Darmstadt, 
Germany). Lactic acid bacteria 
(LAB) were counted on de Man, 
Rogosa, and Sharpe (MRS;  
Merck KGaA) agar after a 48-hour 
anaerobic incubation period at 
38 °C. 

 
Statistical analyses 
To evaluate the data gathered 

for the study, analysis of variance 
(ANOVA, SPSS version 16.0) was  

 
Table 2. Feed ingredients and nutritional compositions 
of broilers (day 22–35) 
Ingredients (%) T0 T1 T2 
Yellow corn 61.74 44.49 44.6 
Palm oil 2.41 2.46 2.63 
Soybean meal 31.8 34.0 33.72 
DL-methionine 0.19 0.19 0.19 
Bentonite  0.75 0.75 0.75 
Limestone  1.00 1.00 1.00 
Monocalcium phosphate 1.30 1.30 1.30 
Premix1 0.34 0.34 0.34 
Chlorine chloride 0.07 0.07 0.07 
Salt  0.40 0.40 0.40 
Purple sweet potato flour  - 15.0 - 
Fermented purple sweet 
potato flour 

- - 15.0 

Nutritional compositions: 
   

ME2 (kcal kg-1) 3,000 3,000 3,000 
Crude protein 19.0 19.0 19.0 
Crude fibre 5.57 4.67 4.85 
Ca 1.12 1.07 1.07 
P (available) 0.59 0.51 0.51 
1The following nutrients are provided per kilogram of 
feed: 1,100 mg Zn, 1,000 mg Mn, 75 mg Cu, 850 mg Fe, 
4 mg Se, 19 mg I, 6 mg Co, 1,225 mg K, 1,225 mg Mg, 
1,250,000 IU vitamin A, 250,000 IU vitamin D3, 1,350 g 
pantothenic acid, 1,875 g vitamin E, 250 g vitamin K3, 
250 g vitamin B1, 750 g vitamin B2, 500 g vitamin B6, 
2,500 mg vitamin B12, 5,000 g niacin, 125 g folic acid and 
2,500 mg biotin. 
2ME (metabolizable energy) was calculated according to 
formula: 40.81 {0.87 (crude protein + 2.25 crude fat + 
nitrogen‐free extract) + 2.5}. 
T0: chicks were provided with corn-soybean meal-based 
diet, T1: chicks were provided with diet containing 15% 
unfermented purple sweet potato flour, T2: chicks were 
provided with diet containing 15% fermented purple 
sweet potato flour. 
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decline in antioxidant activity following fermentation. Typically, fermentation is 
identical with increasing the nutritional value of feed ingredients (Sugiharto & Ranjitkar, 
2019). In line with the latter study, the fermentation carried out increased the crude 

who found that the fermentation of herbal medicine waste with Bacillus bacteria 
increased its fibre content. They also proposed that the breakdown of complex 
carbohydrates (polysaccharides) into simpler fibre (oligosaccharides), which led to an 
increase in crude fibre content and a decrease in carbohydrate content, was the cause of 
the increased fibre content in the fermented ingredients. In term of antioxidant activity, 
our finding showed that S. cerevisiae-fermentation reduced antioxidant activity of sweet 
potato flour. In agreement, Sugiharto et al. (2018b) noted the reduced antioxidant activity 
of the herbal medicine waste with Bacillus subtilis. One possible explanation for this 
situation could be the breakdown of phenolic compounds that occurs during 
fermentation. In fact, during the fermentation process, phenolics are reactive compounds 
that can be destroyed by enzymatic and/or non-enzymatic reactions (Sugiharto et al., 
2018b). 

Fig. 1 shows the weight gain, feed intake and FCR of broilers. It was apparent that 
T2 chicks had greater (p < 0.05) weight gain than the chicks in T1 groups, but did not 
differ from those in T0 group. FCR was better (p < 0.05) in T2 than in T1, but did not 
vary from that of T0 chicks. There was no substantial effect of dietary treatments on feed 
intake of broilers. There were no dead or sick chickens found during this present study.  
The use of purple sweet potato flour, whether fermented or not, was intended to reduce 
the proportion of corn as an energy source for broiler chickens. In this study, the use of 
either fermented or non-fermented purple sweet potato flour had no detrimental effects 
on the broiler chickens’ feed intake, weight gain, and FCR during the rearing phase. An 
interesting finding was seen in this research, in which broiler chickens that were fed 
fermented purple sweet potato flour had better weight gain and FCR than those that were 
fed non-fermented purple sweet potato flour. Hence, the benefits of fermentation for 
maximizing the use of purple sweet potato flour by broiler chickens can be confirmed 
by these data. As mentioned above, fermentation can improve the nutritional content of 
purple sweet potato flour. In this respect, improving the nutrient content may increase 
nutrient availability and chicken growth. Apart from improving nutrition, fermentation 
of purple sweet potato flour using S. cerevisiae could be associated with the use of 
probiotics in broiler feeds, which has an impact on improving intestinal health and 

protein, crude fat and crude ash 
content in purple sweet potato flour in 
this study. With protein, crude fat and 
crude ash content in purple sweet 
potato flour in this study. With respect 
to the crude fibre, fermentation using 
S. cerevisiae increased the crude fibre 
content of the purple sweet potato 
flour. In contrast, Sugiharto & 
Ranjitkar (2019) have confirmed that 
fermentation reduces the amount of 
crude fibre in feed ingredients. 
However, our results were consistent 
with that of Sugiharto et al. (2018a),  

 
Table 3. Chemical compositions and antioxidant 
activity of purple sweet potato flour* 

Chemical 
compositions  

Purple sweet 
potato flour 

Fermented 
purple sweet 
potato flour 

Crude protein (%) 2.55 3.43 
Crude fibre (%) 0.60 1.89 
Crude fat (%) 1.20 1.39 
Crude ash (%) 3.89 4.98 
Antioxidant activity 
(% inhibition) 

1.55 0.27 

*Analyses were conducted in duplicate, and not 
statistically analysed. 
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chicken function. Indeed, S. cerevisiae is one of the probiotic microbes that is reported 
to improve the growth performance of broiler chickens (Sugiharto, 2016). In particular, 
when it came to feed intake, feeding 
birds purple sweet potato flour or 
fermented purple sweet potato flour 
tended to reduce their feed 
consumption, even though the 
difference was not statistically 
significant. Our results were consistent 
with those of Maphosa et al. (2003), 
who observed a drop in broiler feed 
consumption when fed sweet potato 
flour because the sweet potato was not 
well-palatable or well-accepted by the 
broiler chickens. 

The values of MCH and MCHC 
were higher (p < 0.05) in T2 than in 
T0 and T1 groups, while there was a 
tendency (p = 0.08) that haemoglobin 
values were lower in in T2 than in T0 
and T1 groups. Moreover, there was a 
strong tendency (p = 0.05) that 
heterophils were higher in T2 than in 
T0 and T1 groups. The data on complete 
blood counts are listed in Table 4. 
Data in the current study showed that 
the chicks that received fermented 
purple sweet potato flour had lower 
MCH and MCHC values than the 
control group and chicks that received 
non-fermented purple sweet potato 
flour. The haemoglobin value was 
also lower in the fermented purple 
sweet potato flour group than in the 
purple sweet potato flour and control 
groups, which is consistent with these 
two parameters. According to earlier 
studies conducted by Pratama et al. 
(2022), feeding broiler chickens 
fermented wheat bran reduced the 
amount of MCH and haemoglobin in 
the chickens. They suggested that the 
decline in the risk of infection in 
chickens fed fermented ingredients 
was closely related to the decline in 
haemoglobin and MCH levels. 

 
 

 
 
 

 
 
Figure 1. Weight gain, feed intake and FCR of 
broiler chickens. 
a,bMeans with divergent superscripts among the column 
differ significantly (p < 0.05). T0: chicks were 
provided with corn-soybean meal-based diet;  
T1: chicks were provided with diet containing 15% 
unfermented purple sweet potato flour; T2: chicks were 
provided with diet containing 15% fermented purple 
sweet potato flour; FCR: feed conversion ratio. 
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Haemoglobin typically functions as a transporter of oxygen used for energy 
metabolism. In many cases, infected chickens require more energy for recovery, so they 
have higher numbers of haemoglobin and MCH to transport the oxygen supplied to the 
cells. In regard to the infection, the heterophils value was significantly higher in the 
fermented purple sweet potato flour group compared to the control group. Hidayah et al. 
(2021) revealed that the high value of heterophils has an effect on bolstering chicken 
immunity, reducing the risk of infection in broiler chickens. The mechanism by which 
fermented feed can improve the immune system in chickens has been discussed in detail 
by Sugiharto & Ranjitkar (2019). They explained that fermented feed can improve the 
composition of bacteria in the intestine so that it has a positive impact on the immune 
response of broiler chickens. 

 
Table 4. Complete blood counts of broiler chickens 
Items T0 T1 T2 SE p value 
Erythrocytes (1012/L) 1.66 1.65 1.54 0.04 0.51 
Haemoglobin (g dL1) 6.63 6.77 5.74 0.20 0.08 
Haematocrits (%) 28.4 28.2 26.4 0.80 0.56 
MCV (fl) 172 171 172 1.45 0.94 
MCH (pg) 39.9a 40.8a 36.9b 0.58 0.01 
MCHC (g/dL) 22.7a 23.5a 21.2b 0.34 0.01 
RDW-SD (10-15 L) 48.9 47.5 34.8 3.22 0.14 
RDW-CV (%) 9.81 9.63 13.6 1.75 0.60 
Leukocytes (109/L) 57.9 62.7 63.7 2.02 0.48 
Heterophils (109/L) 1.34 2.11 4.23 0.51 0.05 
Lymphocytes (109/L) 56.6 60.6 59.5 1.73 0.64 
Thrombocytes (109/L) 84.7 87.6 64.4 9.35 0.57 
a,bMeans with divergent superscripts within the similar row differ significantly (p < 0.05). 
T0: chicks were provided with corn-soybean meal-based diet; T1: chicks were provided with diet containing 
15% unfermented purple sweet potato flour; T2: chicks were provided with diet containing 15% fermented 
purple sweet potato flour; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin;  
MCHC: mean corpuscular hemoglobin concentration; RDW-SD: red cell distribution width standard 
deviation; RDW-CV: red cell distribution width coefficient variation, SE: standard error of the means. 

 
The data on serum biochemistry of broiler chickens are presented in Table 5. 
 

Table 5. Serum biochemistry of broiler chickens 
Items T0 T1 T2 SE p value 
Total cholesterol (mg dL-1) 109a 78.7b 96.1ab 5.18 0.04 
Total triglyceride (mg dL-1) 85.9 80.1 78.2 6.53 0.89 
LDL (mg dL-1) 17.7 7.20 13.9 1.88 0.06 
HDL (mg dL-1) 74.6a 55.4b 66.7ab 2.90 0.01 
Total protein (g dL-1) 2.19a 1.10b 1.15b 0.15 < 0.01 
Albumin (g dL-1) 0.46 0.49 0.51 0.08 0.96 
Globulin (g dL-1) 1.74a 0.61b 0.64b 0.18 0.01 
Uric acid (mg dL-1) 7.92 5.32 6.37 0.52 0.12 
Creatinine (mg dL-1) 0.33 0.67 0.77 0.21 0.70 
a,bMeans with divergent superscripts within the similar row differ significantly (p < 0.05). 
T0: chicks were provided with corn-soybean meal-based diet; T1: chicks were provided with diet containing 15% 
unfermented purple sweet potato flour; T2: chicks were provided with diet containing 15% fermented purple sweet 
potato flour; LDL: low-density lipoprotein; HDL: high-density lipoprotein, SE: standard error of the means. 
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The levels of total cholesterol and HDL were higher (p < 0.05) in T0 when compared to 
that in T1, but was not different from T2 chicks. The level of LDL tended (p = 0.06) to 
be lower in T1 than that in T0. Total protein and globulin were higher (p < 0.05) in T0 
than that in T1 and T2 chicks. In this study, total cholesterol, LDL and HDL values were 
lower in the group of chickens receiving non-fermented purple sweet potato flour 
compared to chickens that received control feed. However, significant differences were 
not found when compared with chickens that received fermented purple sweet potato 
flour. Various factors influence the cholesterol profile in the serum of broiler chickens, 
one of which is the antioxidant content in the feed. Shen et al. (2019) confirmed that 
antioxidant components such as flavonoids and polyphenols can influence metabolism 
thereby reducing cholesterol content of broiler chickens. Given that purple sweet potato 
flour has an antioxidant capacity, using it in this study was probably going to enhance 
that capacity and had an effect on lowering HDL, LDL, and cholesterol in broiler chicken 
serum. In this study, the chickens fed fermented purple sweet potato flour did not 
experience significant reductions in cholesterol, LDL, or HDL. As previously mentioned, 
the antioxidant capacity of purple sweet potato flour is decreased during the fermentation 
process using S. cerevisiae. Because of this, there is little discernible effect of fermented 
purple sweet potato flour on the cholesterol profile. 

The use of purple sweet potato flour or fermented purple sweet potato flour had an 
impact on reducing total protein and globulin in broiler chicken serum. In this study, 
serum albumin levels were not affected by the dietary intervention applied during the study. 

The LAB to coliform ratio in the ileum was higher (p < 0.05) in T2 than in T0, but 
did not significantly different from that in T1 chicks (Table 6). The counts of LAB 
tended (p = 0.08) to be greater in T2 than in other treatment groups of chickens. In the 

Considering that the globulin 
value is the difference between 
total protein and albumin, the 
decrease in total protein in broiler 
chicken serum was very likely 
related to the decrease in globulin 
in broiler chicken serum. Globulin 
is a precursor for immunoglobulin 
which is responsible for the 
immunity of broiler chickens. As 
previously mentioned, the low 
risk of infection in chickens was 
very likely the reason for the low 
need for globulin for the 
production of immunoglobulins. 
In line with this inference, Wu et 
al. (2018) reported that the use of 
oridonin improved Salmonella-
induced immune responses  
and reduced immunoglobulin 
concentrations (IgA and IgG) in 
the jejunum of broiler chickens. 

 
Table 6. Selected bacteria count in the ileum and 
caecum of broiler chickens 
Items T0 T1 T2 SE p value 
Ileum  
(log cfu/g) 

     

LAB 2.38 2.77 4.00 0.31 0.08 
Coliform 1.58 1.29 1.53 0.26 0.90 
LNE 1.00 1.00 1.32 0.11 0.38 
LAB/coliform 1.84b 2.25ab 3.42a 0.27 0.04 
Caecum  
(log cfu/g) 

     

LAB 8.06 7.91 7.98 0.11 0.87 
Coliform 5.11 4.39 4.52 0.14 0.10 
LNE 2.80 1.33 2.03 0.28 0.09 
LAB/coliform 1.59 1.83 1.82 0.06 0.26 
a,bMeans with divergent superscripts within the similar row 
differ significantly (p < 0.05). 
T0: chicks were provided with corn-soybean meal-based diet; 
T1: chicks were provided with diet containing 15% 
unfermented purple sweet potato flour; T2: chicks were 
provided with diet containing 15% fermented purple sweet 
potato flour; LAB: lactic acid bacteria; LNE: lactose negative 
Enterobacteriaceae; SE: standard error of the means. 
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caecum, the T1 chicks tended (p = 0.09) to have a smaller number of LNE as comparedto 
that of T0 chicks. When compared with the control feed, the use of fermented purple 
sweet potato flour in the feed significantly increased the population of LAB and the LAB 
to coliform ratio in the ileum of broiler chickens. These results were as expected, as 
according to Sugiharto & Ranjitkar (2019), fermented feed with a high organic acid 
content can support the growth of LAB in the small intestine of broilers. A higher LAB 
to coliform ratio was observed in the group of chickens fed feed containing fermented 
purple sweet potato flour due to the high number of LAB in those birds and the 
comparatively constant number of coliforms in those birds across treatment groups. In 
this study, it was alsoseen that there was a lower population of LNE in the cecum of 
broiler chickens that received non-fermented purple sweet potato flour compared to 
controls. The reason for the lower counts of LNE in the caecum of chickens given purple 
sweet potato flour remains unclear. However, the content of anthocyanins (possessing 
antibacterial properties) (Edi et al., 2018) in purple sweet potato flour may inhibit the 
growth of LNE in the caecum of broiler chickens. 

Table 7 shows the morphology of the small intestine of broiler chickens. The group 
of chicks in T2 tended (p = 0.09) to have a lower crypt depth as compared particularly 
to the T0 group. The villi height, crypt depth as well as the ratio of villi height to crypt 
depth did not differ in the duodenum and jejunum of broiler chickens. In this study, it 
was observed that the use of fermented purple sweet potato flour in feed was associated 
with the reduced crypt depth, especially in the ileum of broilers. Study shows that crypt 

supported by the fact in this study that feeding fermented purple sweet potato flour 
enhanced the LAB countsand LAB to coliform ratio in the ileum of broilers. 

depth increases are considered to 
be a result of damage to epithelial 
cells lining the villi or increased 
epithelial cell turnover requiring 
replacement cells from the crypt 
to prevent loss of absorptive 
surface area (Cloft et al., 2023). 
Based on these conditions, it can 
be inferred that the use of 
fermented purple sweet potato 
flour may result in reduced 
potential for damage to epithelial 
cells in the ileum. In this context, 
the use of fermented purple sweet 
potato flour could improve the 
ecological conditions in the 
intestine, and hence the potential 
for damage to epithelial cells in 
the intestine can be minimized 
(Sugiharto & Ranjitkar, 2019). 
The latter inference was actually  

 
Table 7. Intestinal villous height and crypt depth of 
broiler chickens 
Items T0 T1 T2 SE p value 
Duodenum      
VH (µm) 1,202 1,304 1,390 61.6 0.48 
CD (µm) 221 251 223 8.45 0.28 
VH/CD ratio 5.47 5.29 6.39 0.31 0.30 
Jejunum      
VH (µm) 1,235 1,307 1,194 80.9 0.85 
CD (µm) 255 242 281 11.8 0.40 
VH/CD ratio 4.74 5.55 4.25 0.30 0.20 
Ileum      
VH (µm) 752 748 676 30.7 0.54 
CD (µm) 235 197 178 10.9 0.09 
VH/CD ratio 3.31 3.89 3.93 0.19 0.35 
T0: chicks were provided with corn-soybean meal-based 
diet; T1: chicks were provided with diet containing 15% 
unfermented purple sweet potato flour; T2: chicks were 
provided with diet containing 15% fermented purple  
sweet potato flour; VH: villous height; CD: crypt depth;  
SE: standard error of the means. 
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Purple sweet potatoes are now becoming increasingly popular as a human food due 
to their high nutritional value and functional properties (Dereje et al., 2020). This increases 
the economic value of purple sweet potatoes. Based on these conditions, apart from the 
positive influence of the fermented purple sweet potato on broiler health and 
productivity, the use of purple sweet potato or fermented purple sweet potato as an  
energy source feed ingredient for broiler chickens was considered less efficient, 
particularly during seasons when corn supplies can meet broiler feed needs. However, 
the positive values of fermentedpurple sweet potato as a functional feed ingredient may 
be exploited to improve the physiological and health conditions of broilers, particularly 
after the ban on the use of antibiotic growth promoters in feed and efforts to reduce 
chemical-based feed additives for chickens. 

 
CONCLUSIONS 

 
Feeding fermented purple sweet potato flour contributes for the better growth, feed 

conversion, immune defence, bacterial population and morphology of the small intestine 
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