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Abstract. Maize (Zea mays L.) is the third most important cereal crop worldwide after wheat and 
rice per cultivated area with 249,225,876 hectares and the most important crop for number of 
harvested grain tons with 1,482,997,259 in 2021. Some native Mexican maize races could be a 
source for drought tolerance to improve commercial cultivars and hybrids. The experiments were 
conducted using various osmotic pressures (OP) induced by polyethylene glycol (PEG-6000)  
(0, -0.05, -0.15, -0.30 and -0.49 MPa) simulating an increase of drought stress in ten maize 
genotypes. The main objectives of this study were the evaluation of germination and seedling 
growth components in response to drought stress and the identification of sources of drought 
tolerance in Mexican maize races. Apachito-r showed an increased germination in 110.4%, 
Cristalino-079 had a decreased germination in 98.7% and Cristalino-279 reduced its germination 
in a 91.1% compared to the control. Apachito-r outstands in root length at -0.05 OP increasing 
200.1% and at -0.49 increasing 129.8%. The values for stem length were decreasing as the OP 
was increasing and only Apachito-r showed a significant difference at -0.30 MPa decreasing 
39.8% respect to its control. Cristalino-279 showed significant difference in the variable root 
fresh weight and its value outstand at -0.15 increasing 267.2%, at -0.30 increasing 281.6% and at 
-0.49 MPa increasing 189.3% compared to the control in water. The variable root dry weight had 
the highest value for Apachito-r at -0.05 MPa increasing in a 189.4%, decreasing at -0.15 in 72% 
and at -0.30 MPa in a 79.8% and increasing at -0.49 MPa in 112.3%. Also noteworthy are  
E-zapata-r increasing 190.5% and Cristalino-061 increasing 142.9% at -0.30. E-zapata-r at -0.49 
increased 115.1%. Cristalino-279 showed significant difference in the variable stem fresh weight 
and its value outstand at -0.05, -0.15 and -0.30 MPa increasing 146.7%, 103.7% and 60.2% 
respectively. Finally, in stem dry weight the tendency was to decrease as OP was increasing, 
however Cristalino-279 showed differences at -0.30 decreasing in 89.5% and at -0.49 MPa 
increasing in a 143.5% respect to the control. The most drought tolerant genotypes were 
Cristalino-279, Apachito-r, Azul and 8-carreras-PP. The most tolerant genotypes showed greater 
root length, greater root fresh and dry weight, better germination and greater stem length. 
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Resistant and susceptible genotypes are ideal material to understand the physical and chemical 
mechanisms related to drought tolerance. Cristalino-279 shows the best level of drought tolerance 
at all levels of osmotic pressure, this genotype can be used as a source of drought tolerance for 
the improvement of commercial maize. 
 
Key words: native maize races, drought tolerance, osmotic pressure, polyethylene glycol. 
 

INTRODUCTION 
 
Worldwide, maize (Zea mays L.) is the third most important cereal crop, after wheat 

and rice (Huang et al., 2015) per cultivated area with 249,225,876 hectares harvested in 
2021 (FAOSTAT, 2023); and the most important crop in the world, per grain harvested 
tons, with 1,482,997,259 (Shiferaw et al., 2011; FAOSTAT, 2023). Maize is listed as an 
essential crop for world food security, for humans and in animal consumption (Campos 
et al., 2004; Prasanna, 2012). Moreover this crop is a staple grain with economic and 
social importance (Ureta et al., 2020; Magorokosho & Tongoona, 2003; Iqbal et al., 
2021). 

Climate change is increasing average temperatures, modifying patterns of 
precipitation and reduction water availability, this phenomena is likely to increase in 
frequency and intensity in the coming decades (Hendrix & Glaser, 2007; Lobell & 
Burke, 2008). Due to climate change, grain yield and quality will decrease, because of 
the increment of biotic and abiotic stresses, among these, dry and heat stresses are the 
most remarkable affecting negatively growth and yield traits of maize (Sabagh et al., 
2018; Zenda et al., 2018; Islam et al., 2019; Dong et al., 2020; Raj et al., 2020; Liu et 
al., 2022; SINGH et al., 2022). 

Mainly, farmers grow the maize under rain-fed conditions (Hellin et al., 2014). 
Biradar et al. (2006) mentioned that globally more than 50% of the total cultivated area 
of maize is under rain-fed conditions. 

Some native Mexican maize races have been reported as tolerant to drought, such 
is the case of Apachito, Cristalino de Chihuahua and Azul (Ruiz Corral et al., 2008; Ruiz 
Corral et al., 2013). Other genotypes from other regions of the world have been identified 
such as hybrids with good response under drought conditions as H3, H4, H8, H11, H15, 
H19, H27 and H29 (Qayyum et al., 2012). Tohono O’odham Z16 maize was reported 
with high drought tolerance (Shisanya & Hornetz, 1997). Arun-2 the most drought 
tolerant maize was reported by (Magar et al., 2019). Genotypes BC678 and BC404 were 
reported as resistant to drought stress (Khayatnezhad & Gholamin, 2012). Ahmad et al. 
(2015) found two hybrids with good drought tolerance 6525 and 32B33. Naghavi et al. 
(2013) found three genotypes with highest tolerance to drought KSC-720, KSC-710-GT 
and KSC-700. ND476 genotype were reported with high level of drought tolerance 
(Dong et al., 2020). And from the tested genotypes by (Iqbal et al., 2021), genotype 249 
and genotype 252 were the best genotypes for maize improvement for tolerance to 
drought stress. 

The loss in maize production is accounted approximately 16% in lowland tropics 
(Edmeades et al., 2006) and it reached up to 60% in severely drought-affected regions/ 
seasons (Ribaut et al., 2009). Current trends of climatic change show a likehood of 
increase water scarcity and reduce maize productivity by 15–30% (Lobell et al., 2014). 



1435 

Recommended drought tolerance adaptation strategies include farmers’ increased 
use of tolerant maize genotypes (Hellin et al., 2014). Among different plant adaptive 
strategies to water stress (WS), drought avoidance is one of the most important, can be 
used for enhancing crop yield under WS conditions (Blum, 2011). This can be achieved 
in a variety of ways, including adjustment of growth rate and growth pattern of shoot 
and root (Comas et al., 2013). It is already known that the ability of the plant for water 
uptake depends on root system, root structure, and access to water in soil which in turn 
determine the functionality of plant shoot. Thus, extent of drought avoidance or tolerance 
in plants can be determined by a number of biometric attributes such as leaf number and 
structure, root length and branching pattern, leaf waxy layer, leaf rolling etc. (Blum, 
2011; Comas et al., 2013). Since crop sensitivity at the germination growth stage governs 
overall success of a crop, it is advocated that biometric attributes at the early growth 
stages can be used as indicator for crop performance at later growth stage or as a selection 
criteria for improving crop resistance against drought (Lobell et al., 2008; Reynolds & 
Tuberosa, 2008; Blum & Blum, 2011; Comas et al., 2013). This argument can be 
supported by the fact that several germination and seedling growth indices are frequently 
used as predictors to appraise drought tolerance in crop plants (Comas et al., 2013; 
Ayalew et al., 2015). 

One of the most plausible techniques to simulate uniform drought includes the use 
of metabolically inactive compound such as Polyethylene glycol which has been widely 
employed by a number of workers to study the effects of WS in different groups of plants 
(Waheed, 2014; Ahmad et al., 2015; Islam et al., 2019; Zeng et al., 2019; Badr et al., 
2020; Raj et al., 2020; Bukhari et al., 2021; Badr et al., 2020; Suhartono, 2021). Some 
efforts have been carried out in different crops to find sources of tolerance to drought, 
such is the case of (Jimenez-Galindo et al., 2018) that found that the tolerant  
bean genotypes, detected with PEG-6000, T-cafe and R-bufa, showed more root length 
and root dry weight. Therefore these traits could help us indirectly to select tolerant 
genotypes in beans (Jiménez Galindo & Acosta Gallegos, 2013). In addition  
(Ortega-Ortega et al., 2023) found that tolerant genotypes detected with PEG-6000 
bioassays of oat to drought have higher germination rate with respect to their control in 
water, longer roots, and higher root fresh weight, root dry weight, shoot fresh weight, 
and shoot dry weight. In this case Teporaca genotype was the most tolerant genotype 
and had the best response in field experiments with irrigation-drought experiments. 

The main objective of this research is to assess drought tolerance in a collection of 
native Mexican maize races to identify the best sources of drought tolerance at early stages. 

 
MATERIALS AND METHODS 

 
Plant material 
Ten genotypes with diverse genetic backgrounds into six Mexican maize races 

(Zea mays L.) recollected by INIFAP at Chihuahua State, were used, to study drought 
tolerance on germination, and root and stem development characters using polyethylene 
glycol (Table 1). The Apachito, Cristalino de Chihuahua and Azul races, tolerant to 
drought, were selected (Ruiz Corral et al., 2008; Ruiz Corral et al., 2013). In addition, 
we studied the races: Gordo, Palomero, E-Zapata-r and 8-Carreras-PP with unknown 
response to drought tolerance. 
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Table 1. Agronomic traits of ten genotypes of maize, evaluated for drought tolerance 

Genotype  Origin Drought response Race  Seed color 
Apachito-r INIFAP Tolerant1, 2 Apachito Pink 
Gordo INIFAP Unknown  Gordo White 
Palomero INIFAP Unknown  Palomero de Chihuahua Yellow 
E-Zapata-r INIFAP Unknown  Unknown  White 
Cristalino-282 INIFAP Tolerant2  Cristalino de Chihuahua Yellow 
Azul INIFAP Tolerant2 Azul Black 
Cristalino-079 INIFAP Tolerant2 Cristalino de Chihuahua Yellow 
Cristalino-279 INIFAP Tolerant2  Cristalino de Chihuahua White 
Cristalino-061 INIFAP Tolerant2  Cristalino de Chihuahua White 
8-carreras-PP INIFAP Unknown  8-carreras White 
1Apachito race was reported as tolerant to dry conditions by (Ruiz Corral et al., 2008). 2Apachito, Cristalino 
de Chihuahua and Azul races were reported as tolerant to dry conditions by (Ruiz Corral et al., 2013). 

 
Experimental design 
Two experiments were conducted in Lab where seeds were incubated at 28 °C in a 

complete randomized design in a factorial arrangement. Factorial combinations of ten 
maize genotypes and five osmotic pressures levels were evaluated with three repetitions. 
The experimental plot was one petri dish of 10 cm in diameter. Ten seeds of each 
accession were used per repetition with a layer of filter paper, to which 8 mL of the 
previously PEG-6000 prepared dilutions were added. Obtaining a total of 10 genotypes 
and 5 levels of osmotic pressure of 0.0, -0.05, -0.15, -0.30 and -0.49. To carry out the 
evaluation, dilutions of polyethylene glycol (PEG-6000) were prepared in distilled water 
at 0, 50, 100, 150, and 200 g of PEG-6000 per liter of distilled water, to reach an osmotic 
pressure (OP) of 0.0, -0.05, -0.15, -0.30 and -0.49, respectively, based on the equation 
provided by (Michel & Kaufmann, 1973). The variables germination, root and stem length, 
root fresh weight, stem fresh weight, root dry weight and stem dry weight were measured. 
Seeds were considered germinated when the root or stem was approximately 10 mm in 
length or more. After seven days, the roots and stems of the seedlings were measured in 
centimeters and on the same day the fresh root and stem were weighed on a precision 
balance in grams. The root and stem tissue were cut and placed in a stove at 45 °C for 
seven days to record the root and stem dry weight in grams. All data were expressed as 
percent reduction or increase respect to their own control in water with 0.0 OP. 

 
Statistical analysis 
An analysis of variance (ANOVA) was made using the GLM (General Linear 

Model) procedure (PROC GLM) of SAS. Sources of variation were genotype, stress 
level, and genotype × stress level interaction. Genotypes, osmotic pressure and genotype 
× osmotic pressure interaction were considered fixed effects. Besides, an individual 
ANOVA by stress level was also carried out. We used Tukey at p < 0.05 for mean 
comparisons. In addition, Principal Component Analyzes was performed with all traits 
using the SAS Software for Windows 9.0 statistical package (SAS Institute. Inc. Cary, 
N.C., USA, 2002). Previously, all data were standardized with mean = 0 and standard 
deviation = 1. The first component was used to ordering genotypes because it explained 
most of the variability across Osmotic Pressure levels (OP1 = 44.7%, OP2 = 36.5%, 
OP3 = 45.0% and OP4 = 40.3% of the explained variability) and was considered as an 
index of tolerance to drought. 
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RESULTS AND DISCUSSION 
 
Of the ten maize races under study, three stand out in percentage of germination: 

Apachito-r which had an increased germination in 110.4%, Cristalino-079 with a 
decreased germination of 98.7% and Cristalino-279 that reduced its germination in 
91.1% compared to control at high osmotic pressure at -0.49 OP. No significant  
differences were obtained at -0.05, -0.15 and -0.30 MPa between maize races (Figs 1 –7). 

 

 
 
Figure 1. ANOVA for germination (%) effects by the osmotic potential of percentage data of ten 
maize genotypes evaluated in vitro conditions under different osmotic potentials generated by 
increasing concentration of PEG-6000. The control group is not shown because it is the 100% for 
each variety and for each trait. The LSD for the interaction (genotype*PEG) was calculated with 
the formula LSD = Distribution T (α-DF) * √EMS * 2 / n repetitions. 

 

 
 

Figure 2. ANOVA for root length effects by the osmotic potential of percentage data of ten maize 
genotypes evaluated in vitro conditions under different osmotic potentials generated by increasing 
concentration of PEG-6000. The control group is not shown because it is the 100% for each 
variety and for each trait. The LSD for the interaction (genotype*PEG) was calculated with the 
formula LSD = Distribution T (α-DF) * √EMS * 2 / n repetitions. 
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Figure 3. ANOVA for stem length effects by the osmotic potential of percentage data of ten 
maize genotypes evaluated in vitro conditions under different osmotic potentials generated by 
increasing concentration of PEG-6000. The control group is not shown because it is the 100% for 
each variety and for each trait. The LSD for the interaction (genotype*PEG) was calculated with 
the formula LSD = Distribution T (α-DF) * √EMS * 2 / n repetitions. 
 

 
 
Figure 4. ANOVA for root fresh weight effects by the osmotic potential of percentage data of 
ten maize genotypes evaluated in vitro conditions under different osmotic potentials generated by 
increasing concentration of PEG-6000. The control group is not shown because it is the 100% for 
each variety and for each trait. The LSD for the interaction (genotype*PEG) was calculated with 
the formula LSD = Distribution T (α-DF) * √EMS * 2 / n repetitions. 
 
Apachito-r outstands in root length at -0.05 OP increasing 200.1% compared to control. 
No significant differences were found at -0.15 and -0.30 between maize races; and at -
0.49 only Apachito-r was different to the other races, increasing 129.8% respect to its 
control in water. The values for stem length were decreasing as the OP was increasing 
and only Apachito-r showed a significant difference at -0.30 MPa decreasing 39.8% 
respect to its control. Cristalino-279 showed significant difference in the variable root 
fresh weight and its value outstand at -0.15 increasing 267.2%, at -0.30 increasing 
281.6% and at -0.49 MPa increasing 189.3% compared to the control in water. The 
variable root dry weight had the highest value for Apachito-r at -0.05 MPa increasing in 
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189.4%, decreasing at -0.15 in 72% and at -0.30 MPa in a 79.8% and increasing  
at -0.49 MPa in 112.3%. Also noteworthy are E-zapata-r increasing 190.5% and 
Cristalino-061 increasing 142.9% at -0.30. E-zapata-r at -0.49 increasing 115.1% 
compared to the control. Cristalino-279 showed significant difference in the variable 
stem fresh weight and its value outstand at -0.05, -0.15 and -0.30 MPa increasing 
146.7%, 103.7% and 60.2% respectively. Finally, in stem dry weight the tendency was 
to decrease as OP was increasing, however Cristalino-279 showed differences at -0.30 
decreasing in 89.5% and at -0.49 MPa increasing in 143.5% (Figs 1–7). 

 

 
 
Figure 5. ANOVA for root dry weight effects by the osmotic potential of percentage data of ten 
maize genotypes evaluated in vitro conditions under different osmotic potentials generated by 
increasing concentration of PEG-6000. The control group is not shown because it is the 100% for 
each variety and for each trait. The LSD for the interaction (genotype*PEG) was calculated with 
the formula LSD = Distribution T (α-DF) * √EMS * 2 / n repetitions. 
 

 
 
Figure 6. ANOVA for stem fresh weight effects by the osmotic potential of percentage data of 
ten maize genotypes evaluated in vitro conditions under different osmotic potentials generated by 
increasing concentration of PEG-6000. The control group is not shown because it is the 100% for 
each variety and for each trait. The LSD for the interaction (genotype*PEG) was calculated with 
the formula LSD = Distribution T (α-DF) * √EMS * 2 / n repetitions. 
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Figure 7. ANOVA for stem dry weight effects by the osmotic potential of percentage data of ten 
maize genotypes evaluated in vitro conditions under different osmotic potentials generated by 
increasing concentration of PEG-6000. The control group is not shown because it is the 100% for 
each variety and for each trait. The LSD for the interaction (genotype*PEG) was calculated with 
the formula LSD = Distribution T (α-DF) * √EMS * 2 / n repetitions. 

 
Many studies have been carried out to search sources of drought tolerant maize 

using PEG-6000 (Bashir et al., 2016; Khayatnezhad et al., 2010; Magar et al., 2019). 
Sabagh et al. (2018) mention that due to drought stress, yield of maize reduce significantly, 
especially in Arid and Semi-Arid regions around the world. The use of drought tolerant 
maize genotypes has potential to stabilize the grain yield of maize (Sabagh et al., 2018). 
Therefore, developing cultivars tolerant to drought stress is challenging for breeders to 
face the future climate changing conditions (Sabagh et al., 2018; Iqbal et al., 2021). The 
main traits that have been used to evaluate drought tolerance with PEG-6000 are: 
germination, root length, stems length, fresh and dry weight of the root, fresh and dry 
weight of the stem (Bashir et al., 2016; Jimenez-Galindo et al., 2018; Ortega-Ortega et 
al., 2023). Other researchers have been measured number of crown roots, number of 
seminal roots, primary root length, number of lateral roots fresh root weight, dry root 
weight and these genetic variations can be used to develop high yielding drought tolerant 
maize genotypes through selection and conventional breeding approaches (Qayyum et 
al., 2012). Mexico is the primary center of origin and diversity for maize (Zea mays L.) 
(Hellin et al., 2014; SINGH et al., 2022). For this reason, it is extremely important to 
search for the best sources of drought tolerance in maize races from northern Mexico where 
the maize genotypes have been mostly exposed to severe droughts, perhaps for thousands 
of years. However, few studies have been carried out with maize races from Mexico. 

On the other hand, when evaluating root growth, it was also observed that the 
Apachito-r genotype showed greater length in root growth at -0.05 and -0.49 of OP. Our 
results are agree with (Zeng et al., 2019) that mention that the growth and development 
of maize roots are closely related to drought tolerance. While when evaluating the length 
of its stem, significant differences were only found at -0.30 of OP. These results are 
consistent, because the Apachito-r genotype has been reported as adaptable to drought 
stress conditions, but only in some period of its production cycle (Ruiz Corral et al., 
2013), although no significant differences were found at all OP concentrations. 



1441 

When evaluating the total fresh weight of the root, a greater weight was observed 
at -0.05 of OP, in the races: Cristalino-061, Apachito-r and 8-carreras-PP. In addition, 
the higher weight found in the Cristalino-279 genotype at -0.15, -0.30 and -0.49 from OP. 
However, it is necessary to highlight that not all the genotypes of the Cristalino de 
Chihuahua race presented a good response to drought as mentioned by (Ruiz Corral et 
al., 2013), highlighting only the Cristalino-279 genotype. Maize selection by farmers 
and by environmental factors led to the evolution of a large number of distinct Mexican 
maize races (Perales & Golicher, 2014). This is probably due to the great variability of 
Cristalinos de Chihuahua that has been preserved in the mountains of the state by the 
Tarahumaras. This native group, and with the help of the environment, have selected 
genotypes for different colors and their response to biotic and abiotic factors. This is also 
consistent because Mexico is the main center of origin for bean and maize (SINGH et 
al., 2022), as mentioned by (Jiménez-Galindo et al., 2023) where it is mentioned that 
maize Mexican races, have been exposed for thousands of years to adverse biotic and 
abiotic factors. We are agree with (Eagles & Lothrop, 1994) that mention that Mexican 
maize races is of ancient origin and has a distinct morphology, karyotype, and isozyme 
frequency. Previous research describes that the Cristalino de Chihuahua maize race 
tolerates varying degrees of WS during its production stages, and it is a race that 
commonly grows in conditions of low humidity and with high temperatures around 
31 °C (Ruiz Corral et al., 2013). Therefore, it can be considered that the higher fresh 
weight of the root, which was observed in the Cristalino-279 genotype, is because of its 
greater tolerance to drought stress compared to Apachito-r, Cristalino-061 and  
8-Carreras- PP, during root development. 

In contrast, when evaluating root dry weight, the maize races with the highest 
weight were: Apachito-r, E. Zapata-r and Cristalino-061, the three maize genotypes, 
showed significant differences at -0.05 from OP; E. Zapata-r and Cristalino-061 at -0.30 
and Apachito-r and E. Zapata-r at -0.49 of OP. Although it is known that the Cristalino-279 
genotype obtained greater root weight when fresh, but not dry, it could be suggested that 
the root of Cristalino-279 in contrast to the races: Apachito-r, Cristalino-061 and E. 
Zapata-r, maintains a greater amount of water in its root, possibly because drought stress 
has induced the expression of proteins such as aquaporins (Chávez Suárez et al., 2014), 
these proteins regulate and transport water, under conditions of abiotic stress, such as 
drought. Therefore, it could be suggested that the lower amount of dry weight of the 
Cristalino-279 genotype is due to the fact that the evaporation rate was higher when 
subjected to dehydration, since possibly its roots are capable of retaining a greater 
amount of water, in contrast to the other races that obtained higher root dry weight. 

 
Principal Component Analysis 
On the other hand, when performing the principal component analysis, to  

evaluate the effects of the increasing osmotic potential (PEG-6000) of the maize 
genotypes in vitro, the principal component (PC1) explains 44.7% at -0.05 MPa, 36.5% 
at -0.15 MPa, 45.0% at -0.30 MPa and 40.3% at -0.49 MPa of OP. The PC1,  
when considered as an index of tolerance to drought, it was observed, that the maize 
races evaluated, with greater tolerance to drought at -0.30 and -0.49 of OP, were 
Cristalino-279, Azul and 8-carreras-PP, in contrast to Apachito-r, E-Zapata-r and Palomero, 
which proved to be maize races with greater susceptibility to drought at -0.49 MPa. 
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Figure 8. Effect of osmotic potential in ten maize genotypes evaluated in vitro under osmotic potential generated by an increasing concentration of 
PEG-6000. 
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Apachito-r responds well at -0.05, -0.15 and -0.49 MPa. Therefore, it is observed that 
the best genotype for tolerance to drought was Cristalino-279, which maintained 
tolerance at all different levels of OP evaluated. Fig. 8 shows whether the genotypes 
respond positively or negatively as the OP level increases. Cristalino-279 responds 
positively (Fig. 8). 

Research has been reported that in maize germination under drought stress, 
enzymes such as isocitrate lyase (ICL) and malate synthase (MS) are expressed, these 
belong to the glyoxylate cycle, which is activated under different phonological stages of 
the plant kingdom, including germination (Ihle & Dure III, 1972; Longo et al., 1975). 
Furthermore, it has also been shown that both ICL and MS are responsible for inhibiting 
the action of abscisic acid (ABA), a phytohormone responsible for seed dormancy; in 
contrast, the germination phytohormone gibberellic acid (GA) is activated (Paek et al., 
1998). Therefore, it is probable that Apachito-r, Cristalino-079 and Cristalino-279 
genotypes stand out in germination, under drought stress conditions, induced with  
PEG-6000, due to a higher expression of the enzymes ICL and MS, allowing a greater 
AG activity in the seeds. The drought tolerance mechanism may be associated with 
accumulation of osmoprotectants as proline and soluble sugars (Mohammadkhani & 
Heidari, 2008). The accumulation of soluble sugars is strongly correlated to the 
acquisition of drought tolerance in plants (Hoekstra et al., 2001). 

However, the enzymatic activity of the Mexican maize races mentioned should be 
studied in the future. 

On the other hand, when evaluating the fresh weight of the stem, the best genotype 
in all the levels induced by drought with PEG-6000, was the Cristalino-279 genotype. 
Similarly, when evaluating stem dry weight, significant differences were observed  
at -0.30 and -0.49 of OP, which favor higher, stem dry weight again to the  
Cristalino-279 genotype. As can be seen, in this evaluated parameter of dry and fresh 
weight of the stem, Cristalino-279 again obtained greater weight, due to the fact that the 
Cristalino race is reported as one of those that best adapts to drought stress conditions 
(Ruiz Corral et al., 2013). Although the other selected races are high-yielding, it is 
consistently shown that the Cristalino-279 genotype excels in stem weight, both fresh 
and dry, which could suggest that in addition to retaining a greater amount of water in 
the stem, could also be a great producer of biomass and therefore, the possibility that it 
excels in grain yield, although the necessary evaluations are still to be carried out to 
verify this parameter. Finally, it can be suggested that the races with the highest yield, 
in different parameters evaluated, were both Apachito-r and Crisitalino-279, both maize 
races, reported in previous studies (García-Lara & Serna-Saldivar, 2019), also native to 
the Sierra de Chihuahua. We are agree with (Wen et al., 2012) about the knowledge of 
genetic diversity within and among maize races is essential for using them in plant 
breeding. 

The maize races with the best response for the variable root length, under drought 
conditions at -0.49 OP, were the genotypes: Cristalino-279, Azul and 8-carreras-PP. 
Apachito-r responds well at -0.05, -0.15 and -0.30 (Fig. 9). 
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Figure 9. Effect of osmotic potential in ten genotypes of maize evaluated in vitro under osmotic potential generated by an increasing concentration 
of PEG-6000. Green arrows show longer roots at -0.49 of OP, and red arrows show shorter roots at -0.49 MPa. 
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Figure 10. Plot of PC1 vs PC2 for ten maize genotypes and four levels of OP.  Green arrows show genotypes with best response to OP, and red arrows 
show the genotypes with the poor response when OP was increasing. 
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On the other hand, when performing the principal component analysis at the four 
OP levels (-0.05, -0.15, -0.30 and -0.49), between PC1 (49.6%) and PC2 (19.3%). It was 
observed that the genotypes with the best response to the OP at -0.05 were Apachito-r, 
E-Zapata-r, Cristalino-061, 8-carreras-PP, Palomero, Gordo and Cristalino-079 but 
when subjected to OP values of -0.15, the best were 8-Carreras-PP, Cristalino-079, 
Cristalino-279 and E-Zapata-r and, although when increasing the OP to -0.30, the more 
tolerant were E-zapata-r, Critalino-061, Cristalino-279 and Cristalino-079. Finally, it 
was shown that when increasing the OP to -0.49, the genotypes with the highest 
resistance proved to be in order of greater than less tolerance to drought: Cristalino-279 
and Apachito-r. In contrast, it was shown that the genotypes most susceptible to drought 
for OP levels of -0.05, -0.15, -0.30 and -0.49 were: Azul, Cristalino-282, Azul and 
Cristalino-282, respectively (Fig. 10). 

Cristalino-279 shows the best level of drought tolerance at all levels of osmotic 
pressure, this genotype will help to develop maize drought resistance breeding in Mexico 
and the world. In addition, to carry out genetic research and improvement in maize we 
are preparing a MAGIC population, with this races, to study the genomic regions for 
biotic and abiotic stresses, among them drought tolerance, and in addition grain  
quality and agronomic traits in a future. Now we have the first recombination with  
crosses Cacahuacintle × Bofo × Cristalino-079 × Cristalino-279 × Azul × Cristalino-282 × 
Apachito-r × Apachito-b. 
 

CONCLUSIONS 
 

The most drought tolerant genotypes were Cristalino-279, Apachito-r, Azul and  
8-carreras-PP. In contrast to Cristalino-282, the genotype most susceptible to drought. 
The most tolerant genotypes showed greater root length, greater root fresh and dry 
weight, better germination and greater stem length. Susceptible genotypes have shorter 
root length, lower fresh and dry root weight, lower germination and shorter stem length. 
Resistant and susceptible genotypes are ideal material to understand the physical and 
chemical mechanisms that are related to drought tolerance. Cristalino-279 shows the best 
level of drought tolerance at all levels of osmotic pressure and this genotype can be used 
as a source of drought tolerance for the improvement of commercial maize. In future 
research we should focus on mapping the genomic regions responsible of drought 
tolerance using PEG method for phenotyping MAGIC populations from Mexican maize 
races. 

 
ACKNOWLEDGMENTS. Armando Batista thanks the Agrotechnological Sciences Faculty of 
Universidad Autónoma de Chihuahua for the support and help given for the realization of the 
present research. As well as to the National Institute of Agricultural, Forestry and Livestock 
Research (INIFAP), campus Cuauhtémoc for their economic support and assistance. 
 
FUNDING. This work was supported by National Institute of Forestry, Agriculture and Livestock 
Research of México. Grant number: 1-1.6-9385034743-A-M.2-2 ‘Regiones genómicas asociadas 
a la resistencia a plagas de almacén en una población MAGIC de maíz’. 
 



1447 

REFERENCES 
 
Ahmad, Z., Waraich, E.A., Ahmad, R., Iqbal, M.A. & Awan, M.I. 2015. Studies on screening of 

maize (Zea mays L.) hybrids under drought stress conditions. Journal of Advance Botany 
and Zoology 2, 1–5. doi: 10.15297/JABZ.V2I4.01 

Ayalew, H., Ma, X. & Yan, G. 2015. Screening wheat (Triticum spp.) genotypes for root  
length under contrasting water regimes: potential sources of variability for drought 
resistance breeding. Journal of Agronomy and Crop Science 201, 189–194. 
doi: https://doi.org/10.1111/jac.12116 

Badr, A., El-Shazly, H.H., Tarawneh, R.A. & Börner, A. 2020. Screening for drought tolerance 
in maize (Zea mays L.) germplasm using germination and seedling traits under simulated 
drought conditions. Plants 9, 565. doi: https://doi.org/10.3390/plants9050565 

Bashir, N., Mahmood, S., Zafar, Z.U. & Rasul, S. 2016. Is drought tolerance in maize (Zea mays 
L.) cultivars atthe juvenile stage maintainedat the reproductive stage. Pak. J. Bot 48,  
1385–1392. 

Biradar, C.M., Thenkabail, P.S., Turral, H., Noojipady, P., Li, Y., Velpuri, M., Dheeravath, V., 
Vithanage, J., Schull, M. & Cai, X. 2006. A Global Map of Rainfed Cropland Areas at the 
end of last millennium using Remote Sensing and Geospatial Techniques. Proceedings 
6418, 546–550. doi: https://doi.org/10.1117/12.713204 

Blum, A. 2011. Drought resistance-is it really a complex trait? Functional Plant Biology 38(10) 
753–757. doi: https://doi.org/10.1071/FP11101 

Blum, A. 2011. Drought Resistance and Its Improvement. In: Plant Breeding for Water-Limited 
Environments. Springer, New York, NY. doi: https://doi.org/10.1007/978-1-4419-7491-4_3 

Bukhari, B., Sabaruddin, Z., Sufardi, S. & Syafruddin, S. 2021. Drought test resistance of maize 
varieties through PEG 6000. IOP Conference Series: Earth and Environmental Science, 
IOP Publishing 644, pp. 012040. doi:10.1088/1755-1315/644/1/012040 

Campos, H., Cooper, M., Habben, J., Edmeades, G. & Schussler, J. 2004. Improving  
drought tolerance in maize: a view from industry. Field crops research 90, 19–34. 
doi: https://doi.org/10.1016/j.fcr.2004.07.003 

Comas, L.H., Becker, S.R., Cruz, V.M.V., Byrne, P.F. & Dierig, D.A. 2013. Root traits 
contributing to plant productivity under drought. Frontiers in plant science 4, 442. 
doi: https://doi.org/10.3389/fpls.2013.00442 

Chávez-Suárez, L., Álvarez-Fonseca, A. & Ramírez-Fernández, R. 2014. Aspectos de interés 
sobre las acuaporinas en las plantas. Cultivos Tropicales 35, 45–54. 

Dong, A., Yang, Y., Liu, S., Zenda, T., Liu, X., Wang, Y., Li, J. & Duan, H. 2020.  
Comparative proteomics analysis of two maize hybrids revealed drought-stress  
tolerance mechanisms. Biotechnology & Biotechnological Equipment 34, 763–780. 
doi: https://doi.org/10.1080/13102818.2020.1805015 

Eagles, H. & Lothrop, J. 1994. Highland maize from central Mexico-its origin,  
characteristics, and use in breeding programs. Crop science 34, 11–19. 
doi: https://doi.org/10.2135/cropsci1994.0011183X003400010002x 

Edmeades, G., Bänziger, M., Campos, H. & Schussler, J. 2006. Improving tolerance to abiotic 
stresses in staple crops: a random or planned Process?, Plant breeding: the Arnel R. Hallauer 
international symposium, Blackwell Publishing Ames, Iowa, USA. pp. 293–309. 

FAOSTAT. Statistical Database. In Food and Agriculture Organization of the United Nations; 
FAO: Rome, Italy, 2022. Available online: http://faostat.fao.org/ (accessed on 20 May 2023). 

García-Lara, S. & Serna-Saldivar, S.O. 2019. Corn history and culture. Corn, pp. 1–18. 
doi: https://doi.org/10.1016/B978-0-12-811971-6.00001-2 

Hellin, J., Bellon, M.R. & Hearne, S.J. 2014. Maize landraces and adaptation to  
climate change in Mexico. Journal of Crop Improvement 28, 484–501. 
doi: https://doi.org/10.1080/15427528.2014.921800 



1448 

Hendrix, C.S. & Glaser, S.M. 2007. Trends and triggers: Climate, climate change  
and civil conflict in Sub-Saharan Africa. Political geography 26, 695–715. 
doi: https://doi.org/10.1016/j.polgeo.2007.06.006 

Hoekstra, F.A., Golovina, E.A. & Buitink, J. 2001. Mechanisms of plant desiccation tolerance. 
Trends in plant science 6, 431–438. doi: https://doi.org/10.1016/S1360-1385(01)02052-0 

Huang, Q., Zhao, Y., Liu, C., Zou, X., Cheng, Y., Fu, G., Xu, J., Zhang, X. & Lu, G. 2015. 
Evaluation of and selection criteria for drought resistance in C hinese semiwinter  
rapeseed varieties at different developmental stages. Plant Breeding 134, 542–550. 
doi: https://doi.org/10.1111/pbr.12291 

Ihle, J.N. & Dure, III L.S. 1972. The Developmental Biochemistry of Cottonseed Embryogenesis 
and Germination: III. Regulation of the Biosynthesis of Enzymes Utilized in Germination. 
Journal of Biological Chemistry 247, 5048–5055. doi: https://doi.org/10.1016/S0021-
9258(19)44937-5 

Iqbal, M., Suwarno, W.B. & Azrai, M. 2021. Selection of maize genotypes for drought tolerance 
improvement. IOP Conference Series: Earth and Environmental Science, IOP Publishing 
911, pp. 012002. doi: 10.1088/1755-1315/911/1/012002 

Islam, N.U., Ali, G., Dar, Z., Maqbool, S., Khulbe, R. & Bhat, A. 2019. Effect of Peg Induced 
Drought Stress on Maize (Zea mays L.) Inbreds. Plant Arch 19, 1677–1681. 

Jimenez-Galindo, J.C., Alvarez-Iglesias, L., Revilla-Temino, P., Jacinto-Soto, R.,  
Garcia-Dominguez, L.E., de La Fuente-Martinez, M., Malvar-Pintos, R.A.,  
Ordas-Lopez, B., Vander Wal, A.J. & Osorno, J.M. 2018. Screening for Drought Tolerance 
in Tepary and Common Bean Based on Osmotic Potential Assays. Plant 6, 24. 
doi: 10.11648/j.plant.20180602.11 

Jiménez-Galindo, J.C., Castillo-Rosales, A., Castellanos-Pérez, G., Orozco-González, F., 
Ortega-Ortega, A., Padilla-Chacón, D., Butrón, A., Revilla, P. & Malvar, R.A. 2023. 
Identification of Resistance to the Corn Weevil (Sitophilus zeamais M.) in Mexican Maize 
Races (Zea mays L.). Agronomy 13(2), 312. doi: https://doi.org/10.3390/agronomy13020312 

Jiménez-Galindo, J.C. & Acosta-Gallegos, J.A. 2013. Rendimiento de frijol común (Phaseolus 
vulgaris L.) y Tépari (Phaseolus acutifolius A. Gray) bajo el método riego-sequía en 
Chihuahua. Revista mexicana de ciencias agrícolas 4, pp 557–567. 

Khayatnezhad, M. & Gholamin, R. 2012. The effect of drought stress on leaf chlorophyll content 
and stress resistance in maize cultivars (Zea mays). African Journal of Microbiology 
Research 6, 2844–2848. 

Khayatnezhad, M., Gholamin, R., Jamaatie-Somarin, S. & Zabihi-Mahmoodabad, R. 2010. 
Effects of peg stress on corn cultivars (Zea mays L.) at germination stage. World Appl. Sci. 
J. 11, 504–506. 

Liu, S., Liu, X., Zhang, X., Chang, S., Ma, C. & Qin, F. 2022. Co-Expression of ZmVPP1  
with ZmNAC111 Confers Robust Drought Resistance in Maize. Genes 14(1), 8. 
doi: https://doi.org/10.3390/genes14010008 

Lobell, D.B. & Burke, M.B. 2008. Why are agricultural impacts of climate change so uncertain? 
The importance of temperature relative to precipitation. Environmental Research Letters 3, 
034007.doi: 10.1088/1748-9326/3/3/034007 

Lobell, D.B., Burke, M.B., Tebaldi, C., Mastrandrea, M.D., Falcon, W.P. & Naylor, R.L. 2008. 
Prioritizing climate change adaptation needs for food security in 2030. Science 319,  
607–610. doi: 10.1126/science.1152339 

Lobell, D.B., Roberts, M.J., Schlenker, W., Braun, N., Little, B.B., Rejesus, R.M. & 
Hammer, G.L. 2014. Greater sensitivity to drought accompanies maize yield increase in the 
US Midwest. Science 344, 516–519. doi: 10.1126/science.1251423 

Longo, G.P., Bernasconi, E. & Longo, C.P. 1975. Solubilization of enzymes from glyoxysomes of 
maize scutellum. Plant Physiology 55, 1115–1119. doi: https://doi.org/10.1104/pp.55.6.1115 



1449 

Magar, M.M., Parajuli, A., Shrestha, J., Koirala, K.B. & Dhital, S.P. 2019. Effect of PEG induced 
drought stress on germination and seedling traits of maize (Zea mays L.) lines. Türk Tarım 
ve Doğa Bilimleri Dergisi 6, 196–205. doi: https://doi.org/10.30910/turkjans.556607 

Magorokosho, C. & Tongoona, P. 2003. Selection for drought tolerance in two tropical maize 
populations. African Crop Science Journal 11, 151–161. doi: 10.4314/acsj.v11i3.27566 

Michel, B.E. & Kaufmann, M.R. 1973. The osmotic potential of polyethylene glycol 6000. Plant 
physiology 51, 914–916. doi: https://doi.org/10.1104/pp.51.5.914 

Mohammadkhani, N. & Heidari, R. 2008. Drought-induced accumulation of soluble sugars and 
proline in two maize varieties. World Appl. Sci. J. 3, 448–453. 

Naghavi, M.R., Aboughadareh, A.P. & Khalili, M. 2013. Evaluation of drought tolerance indices 
for screening some of corn (Zea mays L.) cultivars under environmental conditions. Notulae 
Scientia Biologicae 5, 388–393. doi: https://doi.org/10.15835/nsb539049 

Ortega-Ortega, A., Jiménez-Galindo, J., Parra-Quezada, R., Jacobo-Cuellar, J., Ruiz-Anchondo, T.D., 
Salmerón-Zamora, J., Zamudio-Flores, P. & Malvar, R. 2023. Osmotic stress tolerance in 
forage oat varieties (Avena Sativa L.) based on osmotic potential trials. Agronomy Research 
21(S1), 335–346. doi: https://doi.org/10.15159/AR.23.005 

Paek, N.C., Lee, B.-M., Bai, D.G. & Smith, J.D. 1998. Inhibition of germination gene expression 
by Viviparous-1 and ABA during maize kernel development. Molecules & Cells (Springer 
Science & Business Media B.V.) 8(3), 336–342. 

Perales, H. & Golicher, D. 2014. Mapping the diversity of maize races in Mexico. PloS one 9(12), 
e114657. doi: https://doi.org/10.1371/journal.pone.0114657 

Prasanna, B. 2012. Diversity in global maize germplasm: characterization and utilization. Journal 
of biosciences 37, 843–855. doi: https://doi.org/10.1007/s12038-012-9227-1 

Qayyum, A., Ahmad, S., Liaqat, S., Malik, W., Noor, E., Saeed, H.M. & Hanif, M. 2012. 
Screening for drought tolerance in maize (Zea mays L.) hybrids at an early seedling stage. 
African Journal of Agricultural Research 7(24), 3594–3604. 

Raj, R.N., Gokulakrishnan, J. & Prakash, M. 2020. Assessing drought tolerance using PEG-6000 
and molecular screening by SSR markers in maize (Zea mays L.) hybrids. Maydica 64, 1–7. 

Reynolds, M. & Tuberosa, R. 2008. Translational research impacting on crop productivity in 
drought-prone environments. Current opinion in plant biology 11, 171–179. 
doi: https://doi.org/10.1016/j.pbi.2008.02.005 

Ribaut, J.M., Betran, J., Monneveux, P. & Setter, T. 2009. Drought Tolerance in Maize. In: 
Bennetzen, J.L., Hake, S.C. (eds) Handbook of Maize: Its Biology. Springer, New York, 
NY. doi: https://doi.org/10.1007/978-0-387-79418-1_16  

Ruiz-Corral, J.A., Durán-Puga, N., Sanchez-Gonzalez, J.d.J., Ron-Parra, J., González-
Eguiarte, D.R., Holland, J. & Medina-García, G. 2008. Climatic adaptation and ecological 
descriptors of 42 Mexican maize races. Crop Science 48, 1502–1512. 
doi: https://doi.org/10.2135/cropsci2007.09.0518 

Ruiz-Corral, J.A., Sánchez-González, J.d.J., Hernández-Casillas, J.M., Willcox, M.C., Ramírez-
Ojeda, G., Ramírez-Díaz, J.L. & González-Eguiarte, D.R. 2013. Identificación de razas 
mexicanas de maíz adaptadas a condiciones deficientes de humedad mediante datos 
biogeográficos. Revista mexicana de ciencias agrícolas 4, 829–842. 

Sabagh, A.E., Hossain, A., Barutçular, C., Khaled, A., Fahad, S., Anjorin, F.B., Islam, M.S., 
Ratnasekera, D., Kizilgeçi, F. & Yadav, G. 2018. Sustainable maize (Zea mays L.) 
production under drought stress by understanding its adverse effect, survival mechanism 
and drought tolerance indices. Journal of Experimental Biology and Agricultural Sciences 
6(2), 282–295. doi: http://dx.doi.org/10.18006/2018 

SAS Institute. Base SAS 9.4 Procedures Guide: Statistical Procedures. Version 9.4; SAS Institute: 
Cary, NC, USA, 2016. 



1450 

Shiferaw, B., Prasanna, B.M., Hellin, J. & Bänziger, M. 2011. Crops that feed the world 6. Past 
successes and future challenges to the role played by maize in global food security. Food 
security 3, 307–327. doi: https://doi.org/10.1007/s12571-011-0140-5 

Shisanya, C.A. & Hornetz, B. 1997. Phenological and Physiological Evaluation of the Potential 
of Tohono O'odham Z16 Maize as a New Crop for the Semi-Arid Areas of SE-Kenya. Der 
Tropenlandwirt-Journal of Agriculture in the Tropics and Subtropics 98(1), 94–115. 

Singh, G.M., Gosavi, G., Srinathareddy, S., Patel, S.S., Solanki, P.S., Zhang, F., Xu, J., 
Mishra, V. & Sharma, S. 2022. Impact of Drought on Maize Yield and Exploration of  
In-Situ Maize Crop Genetic Resources for Drought Tolerance. Preprints. 
doi: https://doi.org/10.20944/preprints202212.0210.v1 

Suhartono, A.A. 2021. Selection of maize plants resistant to drought stress in the vegetative phase 
using polyethylene glycol (PEG 6000). AMA Agric Mech Asia Afr Lat Am 52(1), 2255–2261. 

Ureta, C., González, E.J., Espinosa, A., Trueba, A., Piñeyro-Nelson, A. & Álvarez-Buylla, E.R. 
2020. Maize yield in Mexico under climate change. Agricultural Systems 177, 102697. 
doi: https://doi.org/10.1016/j.agsy.2019.102697 

Waheed, A. 2014. Screening and selection of tomato genotypes/cultivars for drought tolerance 
using multivariate analysis. Pak J of Bot 46(4), 1165–1178. 

Wen, W., Franco, J., Chavez-Tovar, V.H., Yan, J. & Taba, S. 2012. Genetic characterization of 
a core set of a tropical maize race Tuxpeño for further use in maize improvement. PLoS 
One 7, e32626. doi: https://doi.org/10.1371/journal.pone.0032626 

Zenda, T., Liu, S., Wang, X., Jin, H., Liu, G. & Duan, H. 2018. Comparative proteomic and 
physiological analyses of two divergent maize inbred lines provide more insights into 
drought-stress tolerance mechanisms. International journal of molecular sciences 19, 3225. 
doi: https://doi.org/10.3390/ijms19103225 

Zeng, W., Peng, Y., Zhao, X., Wu, B., Chen, F., Ren, B., Zhuang, Z., Gao, Q. & Ding, Y. 2019. 
Comparative proteomics analysis of the seedling root response of drought-sensitive and 
drought-tolerant maize varieties to drought stress. International Journal of Molecular 
Sciences 20, 2793. doi: https://doi.org/10.3390/ijms20112793 

 
 


