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Abstract: Thsi laboratory experiment was conducted in the Forestry Department of Bingöl 

University, Vocational School of Youth, in 2023. It aimed to investigate the responses of cotton 

genotypes to drought stress by creating osmotic pressure stresses of 0 MPa (control), -4 MPa, -6 

MPa, -8 MPa, and -10 MPa using PEG 6000 chemical on the advanced lines SC32 and SC38, as well 

as the varieties Aşkabat 71 and May 505. Various parameters such as Root length (RL), Root Fresh 

Weight (RFW), Root Dry Weight (RDW), Shoot Length (SL), Shoot Fresh Weight (SFW), Shoot Dry 

Weight (SDW), Relative Water Content (RWC), Germination percent (GP), Vigor Seed Index (VSI), 

and Number of Lateral roots (NLRs) were measured. It was observed that as the severity of drought 

increased, the root system expanded in parallel. However, the plant’s tolerance decreased with 

increasing drought severity. The genotypes SC32 and SC38, which were obtained from the breeding 

program for developing drought-tolerant varieties, exhibited high averages in almost all drought 

measurement parameters, demonstrating a high level of heterosis. As a conclusion, continuing the 

breeding program with these genotypes was found tolerant to contribute to the success of breeding. 

May 505 variety showed high tolerance to drought in terms of Relative Water Content (RWC), and 

it also exhibited promising results in other parameters compared to G. barbadense variety Aşkabat 

71 and segregating population genotypes. May 505 variety showed a high germination rate and 

rapid germination, suggesting its potential use as a parent in both drought and early variety 

breeding programs. 
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1. Introduction 

The cotton (Gossypium spp.) plant is the most important oil and natural fiber source worldwide, 

but during growth and development, it is subjected to some abiotic stress factors such as drought, 

salinity, low temperature, and high temperature [1] which are extremely dangers and collectively [2] 

reduce world cotton production by 73% [3]. Drought is the severe abiotic stress factor that plants are 

exposed to during growth and development [4]. The drought which means plants suffer from water 

shortage for a long time [5], occurs as a result of global warming and climate change and negatively 

affects cotton production seriously [3; 6-7]. Cotton plants normally show higher tolerance as 

compared to the other crop plants, however, under long periods environmental effects, particularly, 

drought, negatively affects the cotton growth, yield, and quality of fiber [8; 9]. Among 50 cotton 

species, the most cultivated is the Gossypium hirsutum L. species, which contributes to 90% of 

worldwide cotton production [10]. Even though the reactions of plants to drought stress vary from 
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plant to plant and drought changes from environment to environment, the reactions of plants under 

drought stress, the resistance mechanisms they develop, and the losses in yield and quality are 

similar. Drought stress adversely affects the physiology of plants by influencing their cellular and 

genetic structure [11].  

Drought stress decreases the Relative Water Content (RWC), photosynthetic rate and 

photosynthesis product, chlorophyll, cell membrane stability, and dry matter stocking [12]. Drought 

has a potentially harmful effect on photosynthesis and indirectly impacts the production of 

photosynthesis. Plants minimize transpiration, the decline in leaf expansion and leaf area [13], and 

ripen and shed their fruits to save water. Drought also reduces the water movement from the soil 

into the root and results in increased osmotic potential of plant and plant starts to show the symptoms 

of drought stress. Plants developed various mechanisms against abiotic stress factors and three main 

of them are stomatal closure to minimize the transpiration and thereby protect the internal water 

potential (Drought avoidance), to shorten the life cycle early blooming and early maturating 

(Drought escape), combating drought stress without any regulation or development features 

(Drought resistance) [14].  

Drought also leads the plants to close stomata which reduce uptaking CO2 and make plants 

susceptible to photodamage [15]. Drought-tolerance species did some regulations such as carbon 

fixation by stomata movement to use water efficiency under water scarcity period or to open the 

closed stomata after the water shortage is over [16]. Plants developed some fighting mechanisms to 

overcome drought stress and that mechanism are divided into four categories: drought escape, 

drought recovery, drought tolerance, and drought avoidance [17]. The seedling stage of plants is 

sensitive and is an indicator to determine drought-tolerance plants. In another word, drought 

tolerance is available at the seedling stage of plants [18].  

The germination and seedling stages are accepted as the most vulnerable periods of the plant 

[19], and many biotic (Pathogen, pests) and abiotic stress factors effects more clearly can be observed 

during this growth period [19]. Germination and seedling stages are the best plant growth cycle to 

screen stress factors effects. Moisture stress may decrease, delay or prevent seed germination, 

however, the seed has the ability to germinate under low moisture levels giving them competitive 

advantages and enabling them to outcompete germination and growth [20]. Seed priming techniques 

are cheap, fast, and reliable at the germination and seedling stages of plants and can be employed to 

overcome biotic and abiotic stress factors [21-22]. Recently years’ researchers focused on Polyethylene 

glycol (PEG) priming applications to create osmotic stress and determine the drought-tolerance 

genotypes of cotton. 

Decreasing the negative effects and developing drought-tolerance crop plants play a key role to 

meet the increasing demand for crop products [23]. Development of abiotic and biotic stress-tolerance 

crops is restricted by the low heritability quantitative traits including yield by the deficiency of 

information on plant metabolical activities which represent the genetic potential to improve quality 

and productivity under water scarcity [24]. Drought resistance is polygenic, and it is regulated by 

many genes [25-26].  

Polyethylene glycol (PEG) application creates osmotic stress in plants and is accepted as an 

artificial drought simulator [27]. Polyethylene glycol chemical is used to control water potential in 

seeds at the seedling and germination stage to assess the drought-tolerance level of cotton genotypes 

[28-29]. Sunflower Germination rate, plant height, and dry matter are decreased when PEG 6000 

concentration is increased [30]. In an experiment that created artificial drought by exposure to 

polyethylene glycol, 6000 chemical twelve upland cotton genotypes were used to screen the drought-

tolerance level, and ARB-970, GIHV218, CNH-120MB, and BS-279 cotton genotypes were determined 

as drought tolerance to the increased Osmotic Potential (OP) level [31]. Artificial drought was created 

by applying five different PEG 6000 osmotic potentials (0.0, 0.4, 0.6, 0.8, and 1 MPa to 4 cotton 

cultivars (G. hirsutum var. latifolium L.) with high tolerance to water stress in Brazil and the reactions 

of the varieties were investigated.  
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Drought is a global issue. While it affects some people directly, it affects the rest of the people 

indirectly. In addition to the efficient use of irrigation water at the point of combating drought, 

studies should be carried out to solve the genetic mechanism of drought in order to produce plants 

resistant to drought. 

This study aimed to determine the Upland cotton (Gossypium hirsutum L.) genotypes’ drought-

tolerance level under increased osmotic potential with Polyethylene glycol 6000 chemical and suggest 

the most tolerance genotype/genotypes for drought-tolerance molecular plant breeding program as 

parents. 

2. Materials and Methods 

2.1. Plant materials 

All the plant materials belong to an allotetraploid cotton species G. hirsutum L.  (2n=4x=52, AD 

genome group) [33]. This trial consisted of 4 cotton genetic materials. This genetic material is 

provided by GAP, International Agricultural Research, and Training Institute, East Mediterranean 

Agricultural Research Institute, East Mediterranean Transitional Zone Agricultural Research 

Institute, MAY seed company (www.may.com.tr/), Progen Inc. companies (www.progenseed.com/), 

SET seed company (www.settohum.com/), and BASF (www.agro.basf.com.tr) companies. 

Commercial’s technological properties are available in the link given, the advanced lines (F2), 

because the segregation continues after the experiment is complete, will be possible to give 

information related to the drought. 

2.2. Method 

This experiment was conducted in the Agricultural biotechnology laboratory at Bingol 

University, Genç Vocational School, in the climate chamber (Coordinates: 38 ° 442 58” N and 40 ° 32’ 

11” E) on 21 December in 2022, Bingol-Turkey. The Climate chamber temperature was adjusted to 

between 28-38°C, and humidity between 57-67% [18; 33]. For optimum photosynthesizing rate, LED 

lamps with 2.500 lux for 14-15 hours a day were used.  

The investigation was performed as a factorial experiment with a completely randomized design 

(CRD) with three replications (3x6). All the cotton seeds were delinted and for the delitation, the 

cotton seed picked up from different fields of cotton in the 2022 cultivating season, each cultivar seed 

separately was put in 10 mL-1 Sulphuric acid solution (Merck, Darmstadt, Germany) for 3 minutes 

and transferred into a lime water mix, and then washed with clean water [34; 35]. Due to the trial 

being conducted in the winter season, to break the dormancy, the cotton seed was put in a hot water 

bath at 65°C for 5 minutes and put in the 1% Sodium Hypochlorite (NaOCl) solution for 5 minutes to 

obtain disease and pest-free seed. For the germination stage, two layers of sterile paper napkins 

covering the bottom of the autoclaved Petri dish with 100x20 mm dimensions were used. In each 

Petri dish, 10 cotton seeds were sown. For each cultivar, 180 seeds were used in total. After sowing 

was completed the second sterile 2-layer paper napkin was used to cover the seed and then Petri 

dishes were closed and kept at room temperature. After germination from each replication one 

seedling was picked up and transferred into a 200 ml (CC) plastic bottle containing plant nutritious 

and 3 weeks after transporting the below drought indicator parameters were calculated. 21th days 

after the germination trial was terminated. 

To screen the tolerance of highly often cultivated 4 genotypes belonging to Upland cotton species 

with AD genome group (MAY 505, AŞKABAT 71, SÇ-32 (F3), SÇ-38 (F3), in arid and semi-arid 

regions in Turkey (South-East Anatolia and Mediterranean regions) were used in chamber trial 

against the treatment of Polyethylene glycol 6000 (PEG 6000) artificial drought. PEG 6000 solutions 

were prepared with the osmotic potentials of 0 MPa, -4 MPa, -6 MPa, -8 MPa ve -10 MPa, and -1 MPa 

which are equivalent to PEG 6000 percent solution 0%, 10%, 15%, 20%, and 25% respectively. The 

Osmotic Potential (OP, bar) values using PEG 6000 chemical obtained used the formula described by 

Michel and Kaufmann [37].  
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Osmotic Potantial (OP)= (-1.18 x 10-2) x C-(1.18 x 10-4) x C+ (2.67 X 10-4) x CxT + (8.39 x l0-7) x 

C2T (bar) 

where C=PEG concentration (1m L-1 PEG concentration in water, W/V%), T=Tempearture (°C). 

The seed germination rate was measured on the 12th and 18th days after sowing (DAS) taking into 

account the formula defined by Abdul-Baki and Anderson [38].  10 ml of PEG 6000 was applied to 

each petri dish at three-day intervals [31]. Seedling emergence and seed germination are the most 

important and vulnerable cycles of growth [39]. The ridicule that emerged 2-3 mm from the seed is 

the criteria for germination [39]. However, due to the lack of germination at stress levels of -6, -8, and 

-10 MPa, the commonly used drought stress treatments during the germination period, including 0.0 

MPa, -0.4 MPa, -0.6 MPa, -0.8 MPa, and -1 MPa (0%, 10%, 15%, 20%, and 25%) PEG 6000, were applied, 

and germination data were obtained. Cotton seedlings taken from the germination containers were 

transferred into pots with a soil mixture, each with a capacity of 200 cc. Once all seedlings reached 

the true leaf stage, drought stress solutions of 0 MPa, -4 MPa, -6 MPa, -8 MPa, and -10 MPa, prepared 

using the PEG 6000 chemical, were applied, and drought indicators were measured.For screening the 

Upland cotton (Gossypium hirsutum L.) cotton genotypes reaction after PEG 6000 treatment was 

applicated, the drought-related parameters such as Germination percentage (GP), Root length (RL), 

Root weight (RW), Shoot length (SL), Shoot fresh weight (SFW), Number of Lateral roots (NLR), 

Vigor Seed index (VI), and Relative Water Content (RWC) was observed at the both seedling and 

germination stage. 

The Germination percentage (%) was calculated as follows: 

The Germination percentage (GP) =
𝑛

N
𝑥100 

Where n presents the number of germinated seeds, N is the total of seeds [40]. Root length and 

shoot length were obtained as a result of direct measurement of taproots and shoot with a ruler. Root 

weight (RW) was calculated before drying, Shoot fresh weight (SFW was measured on a scale with a 

precision of 0.1 mg-210 g, and shoot dry weight was measured after drying the shoots in the oven for 

48 hours.  

To obtain the Relative Water Content (RWC) parameter value the following formula was used: 

Relative Water Content (RWC) =
(FW−DW)

(TW−DW)
𝑥100  [41]. 

Where FW is fresh weight, DW is Dry weight and TW is turgid weight. After cotton genotypes 

were exposed to drought stress, from each plant’s leaf, a 0.8 cm radius disc piece was cut and weighed 

to obtain Turgid weight at the end of the trial. The cut pieces were put in sterile Petri dishes filled 

with distilled water (dH2O) and four (4) hours later Turgid weight was measured. Then, these leaf 

pieces were kept in a drying oven at 60 °C for 24 hours, and Dry weights were calculated. The relative 

water content (RWC) value was calculated using FW, DW, and TW parameters. 

The vigor index parameter can be obtained with the following formula: 

Vigor Seed Index (VI)=(RL+SL) × GP [37]. 

Where VI is the Vigor seed index, RL is root length (cm), SL is shoot length (cm), and GP is 

Germination percentage (%). Mean of RL, Mean of SL and Mean of GP are used to calculate Vigor 

seed index. 

2.3. Data Analysis 

One-way analysis of variance (ANOVA) was conducted using drought-related traits at the 

germination and seedling stage using statistical software JMP 17.0 [42]. Phylogenetic tree obtained 

with the morphological traits data measured in the trial with JMP 17.0. To obtain Principal component 

analysis (PCA) Minitab statistical analysis software [43] was used, Frequencies charts were obtained 

with Microsoft Office EXCEL 2016 ver. Software. The significant differences among trait means were 

investigated at a 5% level of probability (p≤0.05) and the Least Significant Differences of Mean (LSD) 

test was used to compare the mean [44]. 
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3. Results 

Based on the statistical analysis of RL, the genotypes Aşkabat71, May 505, SC 32, and Sc 38 had 

different mean values in response to varying levels of pressure (0 MPa, -4 MPa, -6 MPa, -8 MPa, and 

-10 MPa). The overall mean value for all genotypes was calculated for each level of pressure, and the 

results are as follows: At 0 MPa pressure, the genotypes had mean values ranging from 10.00a to 

16.00a, with an overall mean value of 13.87a. At -4 MPa pressure, the genotypes had mean values 

ranging from 10.00a to 17.25a, with an overall mean value of 14.25a. At -6 MPa pressure, the 

genotypes had mean values ranging from 16.00a to 24.50a, with an overall mean value of 19.75a. 

similar results were obtained at -8 MPa pressure, the genotypes had mean values ranging from 16.75a 

to 21.75a, with an overall mean value of 19.06a, and at -10 MPa pressure, the genotypes had mean 

values ranging from 15.25b to 23.50a, with an overall mean value of 19.53ab. The letters (a and b) 

indicate significant differences between the means of the genotypes. Specifically, genotypes with the 

same letter are not significantly different from each other, while those with different letters are 

significantly different. Overall, the results suggest that the genotypes SC 32 and Sc 38 had better 

performance under pressure compared to Aşkabat71 and May 505. However, further research in the 

greenhouse and in the field is necessary to fully understand the implications of these findings and 

their potential applications in plant breeding and agriculture (Table 1, Figure 3). 

Table 1. Means of root and shoot morphological drought markers. 

Root Lenght (RL) 

Genotype 0 MPa -4 MPa -6 MPa -8 Pa -10 MPa 

Aşkabat71 10.00a 10. 00a 17. 00a 20.25a 17.38b 

May 505 13.75a 17.25a 16. 00a 16.75a 15.25b 

SC 32 15.75a 15.25a 21.50a 21.75a 23.50a 

Sc 38 16. 00a 14.50a 24.50a 17.50a 22. 00a 

Mean 13.87 a 14.25a 19.75a 19.06a 19.53ab 

Root Weight (RW) 

Genotype 0 MPa -4 MPa -6 MPa -8 MPa -10 MPa 

Aşkabat71 0.201b 0.190a 0.310ab 0.325a 0.219b 

May 505 0.223ab 0.290a 0.270b 0.300a 0.254b 

SC 32 0.374a 0.340a 0.370a 0.390a 0.374a 

Sc 38 0.267ab 0.230a 0.420a 0.370a 0.337ab 

Mean 0.266ab 0.262c 0.342ab 0.346a  0.296a 

Number of Lateral Roots (NLRs) 

Genotip 0 MPa -4 MPa -6 MPa -8 MPa -10 MPa 

Aşkabat71 15.25b 18.50a 24.25ab 36.75a 34.00ab 

May 505 11.75b 16.50a 17.25b 15.5b 19.25b 

SC 32 24.00ab 28.25a 30.75ab 43.25a 39.00a 

Sc 38 34.25a 29.50a 41.25a 33.25a 43.00a 

Mean 21.31ab 23.18a 28.38ab 32.19a 33.812ab 

Shoot Lenght (SL) 

Genotip 0 MPa -4 MPa -6 MPa -8 MPa -10 MPa 

Aşkabat71 15.98a 15.87a 19.82a 20.22a 15.95a 

May 505 09.00c 11.12b 09.90c 12.80c 12.40a 

SC 32 11.75bc 9.87b 12.52bc 11.92c 13.00a 

Sc 38 13.20ab 13.57ab 15.05b 16.82b 13.62a 

Mean 12.48bc 12.607ab 14.322bc 15.44b 13.742a 

Shoot Fresh Weight (SFW) 

Genotip 0 MPa -4 MPa -6 MPa -8 MPa -10 MPa 

Aşkabat71 1.187a 1.740a 1.670a 1.051a 1.117a 

May 505 0.687b 1.107b 0.940b 1.142a 1.230a 
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SC 32 1.530a 1.150b 1.290ab 1.560a 1.717a 

Sc 38 1.437a 1.307ab 1.407ab   1.790a 1.380a 

Mean 1.210ab 1.326ab 1.327ab 1.386a 1.361a 

Root Dry Weight (RDW) 

Genotip 0 MPa -4 MPa -6 MPa -8 MPa -10 MPa 

Aşkabat71 0,0373a 0,0413a 0,083a 0,0919a 0,1731a 

May 505 0,0364a 0,0579a 0,0534b 0,0656b 0,1192b 

SC 32 0,1061b 0,0808b 0,1181c 0,294d 0,1046b 

Sc 38 0,0753c 0,0634c 0,1186c 0,2323d 0,0862c 

Mean 0,063775c 0,06085c 0,0932a 0,17095d 0,1207b 

Shoot Dry Weight (SDW) 

Genotip 0 MPa -4 MPa -6 MPa -8 MPa -10 MPa 

Aşkabat71 0.116b 0.174a 0.155a 0.150b 0.108a 

May 505 0.138ab 0.108a 0.128a 0.150b 0.194a 

SC 32 0.070c 0.115a 0.107a 0.119b 0.174a 

Sc 38 0.166a 0.155a 0.354a   0.263a 0.168a 

Mean 0.122ab 0.138a 0.186a 0.171ab 0.161a 

Relative Water Content (RWC) 

Genotip 0 MPa -4 MPa -6 MPa -8 MPa -10 MPa 

Aşkabat71 81.50b 83.75a 85.25a 63,00a 82.50a 

May 505 79.75b 77.75a 83.50a 79,00a 71.75b 

SC 32 92.25a 84.25a 83.25a 77.75a 73.25ab 

Sc 38 82.00ab 82.50a 82.50a 75.25a 79.5ab 

Mean 83.875ab 82.06a 83.63a 73.75a 76.81ab 

Germination Percentage (GP) 

Genotip 0 MPa -0.4 MPa -0.6 MPa -0.8 MPa -1 MPa 

Aşkabat71 92.50a 92.5a 75,00a 62.50a 47.50a 

May 505 97.50a 87.5ab 75,00a 60,00a 45,00a 

SC 32 87.50a 77.5ab 60,00a 55,00a 42.50a 

Sc 38 80,00a 70,00b 65,00a 52.50a 47.50a 

Mean 71.37a 81.88ab 68.75a 57.50a 45.625a 

Vigor Seed Index (VSI) 

Genotip 0 MPa -4 MPa -6 MPa -8 MPa -10 MPa 

Aşkabat71 2379a 2473a 3381a 3740a 3062a 

May 505 2225a 2780a 2521a 2905b 2699a 

SC 32 2387a 2134a 2951a 2960ab 3197a 

Sc 38 2245a 2284a 3099a 2725b 2905a 

Mean 2309a 2417a 2988a 3082bc 2965a 

For all genotypes, the average fresh root weight showed a gradual increase at 0, -4, -6, -8, and -

10 MPa stress levels, and then started to decrease from the -8 MPa level onwards. The Aşkabat71 

variety and SC 38 genotype remained below the overall average at the -4 MPa stress level, while the 

May 505 variety and SC 32 advanced cotton genotype performed above the overall average. At -6 

MPa, both May 505 and Aşkabat 71 experienced a decrease, while SC 32 and SC 38 genotypes 

produced higher average root weights. After -6 MPa, all genotypes generally exhibited a decline, with 

the lowest average recorded in Aşkabat 71 and the highest average in SC 32 genotype (Table 1, Figure 

3). 

In terms of lateral root number (NLRs), the highest value for -4 MPa was observed in Aşkabat71 

(18.50a), while the lowest value was found in May 505 (16.50a). For -6 MPa, the highest value was 

recorded in SC 38 (41.25a), whereas the lowest value was observed in May 505 (17.25b). Under -8 

MPa osmotic pressure stress, May 505 (15.5b) exhibited the lowest value, while SC 32 (43.25a) showed 

the highest value. Similarly, for -10 MPa drought stress, the lowest value was observed in May 505 
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(19.25b), and the highest value was found in SC 38 (43.00a) genotype. The overall mean values for 

each genotype are as follows: Aşkabat71 (21.31ab), May 505 (23.18a), SC 32 (28.38ab), and SC 38 

(32.19a). Based on the overall means, SC 38 had the highest mean, followed by SC 32, May 505, and 

Aşkabat71. Overall, the results indicate that the performance of the genotypes varied across different 

MPa values. The ranking of genotypes changed depending on the MPa value being considered. When 

considering the overall means, SC 38 showed the highest mean performance, indicating it may be the 

most favorable genotype across different MPa values. However, it’s important to note that these 

conclusions are based on the provided means, and further statistical analysis may be required to 

establish the significance of the observed differences (Table 1, Figure 3). 

 

Figure 1. PEG 6000-treated cotton seedlings (A), Shoot dry weight (B), and Root dry weight (C). 
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Shoot length (SL) values under water-deficit conditions play a key role in measuring the 

response of cotton plants against drought conditions. This study showed that Aşkabat 71 genotype 

exhibited the highest L mean (20.22a) value under the -8 MPa pressure condition. Additionally, it 

also showed higher mean values compared to other genotypes under the 0 MPa, -4 MPa, -6 MPa, and 

-10 MPa pressure conditions. While the Aşkabat71 genotype generally had the highest mean values, 

other genotypes performed better under specific pressure conditions. These findings emphasize the 

differences among genotypes and the impact of pressure conditions on plant performance. This 

article presents detailed results on the performance differences among genotypes under different 

pressure conditions. These findings can be valuable information for researchers working in the field 

of plant cultivation and stress tolerance. 

Aşkabat 71 and SC 38 genotypes exhibited above-average Shoot Length (SL) in all drought 

stresses except for -10 MPa. May 505 variety, which germinated the earliest and had the highest shoot 

growth rate, showed the lowest responses of drought compared to a G. barbadance L. variety Aşkabat 

71, and because of heterosis took place in SC 32 and SC 38 genotypes derived from the F2 segregation 

population of the obtained from the drought-tolerant breeding program. Therefore, the commercial 

cultivar May 505 performed below the overall average under -4,-6,-8, and-10MPa stress conditions 

(Table 1, Figure 3). 

 

Figure 2. Turgid weight process (RWC) and oven-dried shoots. 

All genotypes showed a gradual increase in Shoot Fresh Weight (SFW) towards -4, -6, -8, and -

10 MPa drought stress compared to the control (0 MPa). The response levels of the genotypes also 

increased compared to the control at the specified drought levels. The highest average was observed 

in Aşkabat 71 genotype at -4 and -6 MPa, while the lowest average was recorded in the May 505 

variety. At the highest drought, intensities of -8 and -10 MPa, SC32 and SC38 exhibited the highest 

averages, while the commercial varieties Aşkabat 71 and May 505 remained below the overall 

average. However, the May 505 variety showed a higher average compared to the Aşkabat 71 variety, 

which is known for its high tolerance to biotic and abiotic stress factors (Table 1, Figure 3). 

Root dry weight (RDW) responded in parallel and gradually increased its resistance 

mechanisms in response to the increasing severity of drought stress at all other osmotic pressure 

stress levels compared to the control (0 MPa). At -4 and -6 MPa levels, the genotypes’ responses were 

close to the overall average and each other, while at -8 MPa, the highest RDW value of 0.294 was 

observed in SC32, a genotype of the segregation population, followed by another individual of the 

same population, genotype SC38. The commercial varieties, May 505 and Aşkabat 71, remained 

below the overall average. At -10 MPa, the Aşkabat 71 variety activated its drought resistance 

mechanism and reached the highest level, followed by the commercial variety May 505, which 

produced an above-average yield. Generally, Aşkabat 71 and May 505 varieties showed low but 

consistent resistance parallel to the increasing drought stress (Table 1, Figure 1 and Figure 3). This 
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suggests that the segregation may be approaching zero and their stable behaviors may be a result of 

this. The other two genotypes of the segregation population could show different responses 

depending on the stress levels due to being in the early stages of hybridization, leading to a high level 

of segregation. 

 

Figure 3. Average response of cotton genotypes to osmotic pressure levels of 0, -4, -6, -8, and -10 MPa graph 

(Microsoft Excel). 

Almost all drought morphological markers show an increase in response mechanisms parallel 

to the increase in stress. However, due to excessive increase in drought stress, cotton genotypes 
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gradually succumb to drought stress, indicating their vulnerability. As mentioned in the introduction 

of this study, cotton genotypes have high tolerance to drought stress, but under prolonged drought 

stress, it is observed that even the Sea-island cotton species begins to be negatively affected by 

drought. 

As indicated in Table 1 and Figure 3, Shoot dry weight (SDW) (Figure 2) showed different 

reactions among genotypes. May 505 and SC32 genotypes exhibited a reaction below the average at 

-4 MPa, while Aşkabat and SC38 genotypes showed an above-average performance. At -6 MPa, 

except for the SC38 genotype, the others showed a reaction close to the overall average. SC38 

genotype showed the highest average at -6 MPa (0.354a), but it decreased with the increasing severity 

of drought and again exhibited the highest value (0.263a) at -8 MPa. At -4 MPa, the Aşkabat 71 variety, 

which showed the highest tolerance value at the onset of drought severity, exhibited a behavior 

inversely proportional to the increase in drought stress and decreased. This may be due to cotton 

genotypes sending the glucose (C6H12O6), which is a product of photosynthesis, to the roots through 

the phloem and xylem vascular bundles in parallel with the increase in drought stress in order to 

effectively cope with drought. 

The highest value of Relative Water Content (RWC) was obtained in the Aşkabat 71 variety at -

6 MPa stress level (Table 1), followed by the segregating individual SC32 genotype (84.25a) and 

Aşkabat 71 variety (83.75a) at -4 MPa. Aşkabat 71 recorded values above the overall average at all 

stress levels except -8 MPa. The commercial variety May 505 had an average of 77.75a at -4 MPa, 

below the overall average of 82.06a, and at -10 MPa stress level, the variety average was 71.75b, below 

the overall average of 76.81ab. However, it showed results close to or above the average at other 

drought stresses (Table 1, Figure 2-3). Aşkabat 71 variety, which consistently had values above the 

genotype mean, experienced a significant decrease at -8 MPa stress level (Genotype mean: 63.00a). 

The SC32 genotype showed a consistent decrease, but it was not significant enough to lower its 

tolerance, and it performed below the overall average in some stress levels and above it in others. 

The SC38 genotype showed stability at -4 and -6 MPa, and had values above the overall average at -

8 MPa, but experienced a decrease, and at the most severe drought stress, it preserved its available 

water (Table 1, Figure 2, Figure 3). 

Germination percentage (GP) was greatly affected by the high concentration of PEG 6000 

solution, and no germination occurred at -6, -8, and -10 MPa treatments. At -4 MPa, although 

germination occurred, the germination percentage was very low. Instead, osmotic pressure stresses 

of -0.4, -0.6, -0.8, and -1 MPa were applied to observe germination in the genotypes. It was then 

observed that the stress factors at these levels did not induce drought stress in the plants, and more 

severe drought stresses of -4, -6, -8, and -10 MPa were applied. Accordingly, a decrease in germination 

percentage was observed in all genotypes parallel to the increase in stress, compared to the control 

(Table 1, Figure 3). For all genotypes and stress factors, the lowest germination was recorded in the 

SC32 genotype (42.5a) at -1 MPa, while the highest germination was observed in Aşkabat 71 (92.5a) 

at -0.4 MPa. The May 505 variety had germination averages of 87.5ab, 75a, 60a, and 45a at -0.4, -0.6, -

0.8, and -0.41 MPa levels, respectively. Looking at the overall genotype averages, the highest general 

average (81.88) was recorded at -0.4 MPa, while the lowest average (45.6) was obtained at -0.4 MPa. 

According to Table 1, compared to the control (0 MPa), the highest genotype in terms of Vigor 

Seed Index (VSI) at -4 MPa was obtained in the commercial variety May 505 with a value of 2780a, 

followed by Aşkabat 71 with a value of 2473a, which was also above the average. At -6 MPa, Aşkabat 

71, SC38, and SC32 genotypes followed with average values of 3381a, 3099a, and 2951a, respectively. 

Generally, an increase in drought stress corresponded to an increase in VSI average. In the 

experiment, a consistent increase was observed in Aşkabat 71 at -8 MPa, but at -10 MPa, it was 

observed that the tolerance of this genotype to drought also decreased. A similar pattern was 

observed in the SC32 genotype at all levels of drought stress. The highest VSI average of all genotypes 

(3082c) was recorded at -8 MPa stress level, while the lowest average (2417a) was obtained at the 

beginning of the drought stress at -4 MPa. This observation indicates that cotton plants exhibit a 
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drought response that should be displayed at the beginning, middle, and end of drought stress (Table 

1, Figure 3). 

4. Discussion 

Photosynthetic rate, proline content, chlorophyll, root length, fresh and dry biomass, plant 

height, and expression of genes responsive to drought are realistic indicators of drought [45]. The 

root system of cotton plants is an organ that supplies the plant with water lost through photosynthetic 

activity and transpiration from the soil [46]. Researchers have conducted various studies to optimize 

water uptake by roots with optimal energy from the soil [47-48]. 

In terms of root system architecture, lateral branching [47], branching angles [48], root hydraulic 

conductivity [49], and root topology [50] have been identified as important criteria for optimizing 

water uptake. In this study, the longest root length (24.50 cm) was observed in the SC38 genotype at 

-6 MPa drought level, while the shortest root length (10 cm) was found in the Aşkabat 71 variety at -

4 MPa. The average drought response of the genotypes initially increased and then started to decrease 

as they succumbed to drought stress (Table 1, Figure 3). The highest average (19.75 cm) was measured 

at -6 MPa, while the lowest average (14.25 cm) was observed at -4 MPa. In terms of the average across 

all stress levels, the SC38 genotype had the highest average of 20.5 cm, while the lowest average of 

16.15 cm was observed in the Aşkabat 71 variety belonging to the G. Barbadense cotton species (Table 

1, Figure 3). Pawar and Veena [51] observed that the root length of cotton genotypes subjected to 

artificial drought using PEG-6000 chemical increased until the 10% PEG-6000 stress level, after which 

it started to decrease. Plants under water stress develop their roots to extract water from deeper layers 

in order to sustain photosynthesis, and as a result, the aboveground parts of the plant may become 

weaker due to the allocation of photosynthetic products from shoots to roots [31]. This indicates that 

drought stress primarily affects the shoots. Fernández et al. [52] found in their study on the effects of 

drought on cotton plants that shoots were affected earlier than roots under drought conditions. 

The SC38 genotype exhibited the highest average root fresh weight (RFW) of 0.37 g at -6 MPa, 

while the lowest average of 0.19 g was obtained at -4 MPa. Due to heterosis, the SC32 genotype 

showed values above the overall RFW averages at all stress levels. In terms of the average across all 

levels, the highest average was again recorded in the SC32 genotype (0.36 g), while the lowest was 

observed in the Aşkabat 71 variety (0.26 g). Generally, average RFW values of 0.262, 0.342, 0.346, and 

0.296 were obtained at -4, -6, -8, and -10 MPa, respectively (Table 1, Figure 3). The increasing drought 

stress levels indicate that cotton, which is already tolerant to drought, enhances its resistance 

mechanism by allocating photosynthetic products to the root system to cope with drought, but it 

struggles to withstand severe drought. Riaz et al. [53] reported average fresh root weights ranging 

from 0.39 to 0.57 g under drought stress conditions in greenhouse settings. The higher RFW values 

obtained in our study may be due to the absence of chemicals such as PEG6000 used to induce 

artificial drought stress. The density of root systems in plants enables them to survive under different 

environmental conditions [54-57]. Furthermore, Su et al. [58] demonstrated a positive correlation 

between increased root biomass and yield improvement in the Sesame plant. Iftikhar et al. [59] 

reported that root traits such as fresh root weight, dry root weight, and root length were more 

effective than shoot traits in combating drought stress. 

Understanding the genetic basis of root traits is of critical importance for enhancing tolerance to 

abiotic stress factors and improving productivity in field crops [60-61]. In this study, for the root dry 

weight (RDW) parameter, the highest average (0.294 g) was obtained in the drought-tolerant 

breeding material SC32 under -8 MPa drought stress. The lowest average (0.041 g) was recorded in 

the Aşkabat 71 variety at -4 MPa. As the drought intensity increased, there was a parallel increase in 

the averages of 0.060 g, 0.093 g, and 0.170 g at -4, -6, and -8 MPa stress levels, respectively. However, 

at -10 MPa, a decrease in drought tolerance was observed with an average of 0.120 g. In cotton, the 

root system secretes various metabolites or specific components such as gossypol to regulate plant 

development [62-63]. In terms of the average across all stress levels, the highest average of 0.149 g 

was measured in the SC32 genotype, followed by the SC38 genotype, which is an individual from the 
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hybrid population, with an average of 0.125 g (Table 1, Figure 3). Rauf et al. [64] conducted an 

experiment on wheat, where they induced artificial drought using PEG 6000, and found the root dry 

weight of 16 wheat genotypes to be 0.120 g at a 25% PEG drought level. In sesame plants, root dry 

weights ranging from 0.040 g to 0.120 g have been reported [65]. Similar results were reported by 

Riaz et al. [53] in cotton: The lowest dry weight among five advanced line genotypes of Gossypium 

hirsutum was found to be 0.06 g, the highest was 0.08 g, and the average was 0.88 g. Furthermore, the 

highest average root and shoot lengths were 17.34 cm and 4.35 cm, respectively, while the lowest 

average root dry weight was 0.399 g. Studies have shown that drought and other abiotic stress factors 

significantly affect root and shoot development [33; 66-67]. It has also been reported that drought 

stress in cotton affects root development, shoot vigor, and seed index [67-68]. In line with our study, 

Singh et al. [67] reported that “under drought stress during the seedling stage, the root diameter was 

higher. 

In this study, Aşkabat 71 commercial variety showed higher average shoot lengths (SL) than the 

overall average at all stress levels (Figure 3). The average shoot lengths across stress levels were 

highest in Aşkabat 71 (17.96 cm) and lowest in May 505 (11.55 cm) variety. The advanced line SC38 

had the second-highest average (14.76 cm). When the experiment was conducted under field capacity 

irrigation, a regular shoot elongation was observed, but with the application of PEG 6000, shoot 

elongation decreased immediately and reached near-zero levels. Shoot length, root length, lateral root 

count, RWC (relative water content), stomatal density, stomatal conductance, and leaf water loss are 

important measurements taken during the seedling stage of cotton under drought stress, and there 

are positive and significant correlations among these values [69]. Rehman et al. [70] reported a 

decrease in shoot length ranging from 33% to 59% with increasing drought stress in cotton. The 

decrease in shoot length during prolonged water deficiency is believed to be due to the plant’s 

allocation of resources to strengthen the roots. After the 60% PEG 6000 level, shoot elongation was 

inhibited in all cotton plants [71]. Additionally, on the 12th day, the average shoot lengths of the 

genotypes varied between 0.88 and 6.13 cm [71]. Khan et al. [72] obtained root lengths ranging from 

22.13 cm to 7.03 cm in okra, which belongs to the same family as cotton, under drought stress. 

In this study, there appears to be a negative correlation between fresh shoot weight (SFW) and 

shoot length (SL) on one hand, and root length, fresh root weight, and dry root weight on the other. 

As the severity of drought increases, cotton plants, in an effort to develop their root system by 

allocating resources to the roots, experience a decrease in fresh shoot weight and shoot length. In our 

study, the highest SFW average was observed in the SC32 genotype at all stress levels. The gradual 

increase in SFW initially observed in cotton genotypes when facing drought at its onset may explain 

their ability to cope with drought. However, as the drought severity exceeds a certain threshold, SFW 

begins to decrease. The May 505 variety, for instance, showed an increase in SFW at -4 MPa, a 

decrease at -6 MPa, and then a gradual activation of resistance mechanisms against drought (Table 1, 

Figure 3). This suggests that the drought stress may have stimulated the plant’s DNA, leading to the 

anticipation of worsening conditions. As a response, the plant may have stored more nutrients and 

water from the soil, increased glucose storage through enhanced photosynthesis, and engaged in 

biomass accumulation. 

The highest shoot dry weight (SDW) was found in the SC38 genotype at 0.235 g for all drought 

stress levels, while the lowest average was observed in the SC32 genotype at 0.128 g. SDW showed 

an increase at -4 and -6 MPa stress levels, followed by a gradual decrease at -8 and -10 MPa. The SC38 

genotype had the highest SDW average of 0.354 g at -6 MPa stress level. Although the Aşkabat 71 

variety initially exhibited tolerance to drought stress, its tolerance decreased with increasing drought 

severity, and it had the lowest average at -10 MPa. Rauf et al. [64] found varying values for shoot 

fresh weight (SFW) ranging from 0.329 g to shoot dry weight (SDW) ranging from 0.177 g in wheat 

plants treated with PEG 6000. Similar results to our study have been reported in the literature. In 

cotton, SFW values ranged from 1.13 to 2.12, while SDW values ranged from 0.16 to 0.26 [53]. Under 

25% and 50% drought stress, the SFW average values for cotton genotypes were obtained as 0.129 g 

and 0.090 g, respectively [73]. 
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In terms of relative water content (RWC), genotypes generally showed similar responses to each 

other and to the overall average, except at -8 MPa. However, at -4 MPa, the SC32 genotype exhibited 

the highest value with an average of 84.25, while the Aşkabat 71 variety recorded a low RWC value 

at -8 MPa with an average of 63. Regarding drought stress, the highest averages were obtained in the 

SC38 and SC32 genotypes with values of 79.93 and 79.62, respectively. The study observed a decrease 

in RWC value with increasing drought stress (Table 1, Figure 3). Raza et al. [74] stated that drought 

stress can significantly reduce RWC value and that a high RWC value is an indicator of drought 

tolerance. Similar results have been obtained in Pistachio [75], Rice [76], Barley [77], and Tomato [78]. 

In this study, RWC showed a linear relationship with shoot length, shoot fresh weight, root length, 

and root weight, while it showed a partial correlation with lateral root number. Phenotypic 

observations have confirmed a positive correlation between germination rate and RWC value. 

Researchers have shown that there is a positive correlation between root fresh weight and RWC value 

in leaves, stating that “combining high water-holding capacity in fresh roots with leaves enhances 

effective drought resistance” [53; 79]. Bayoumi et al. [80] mentioned that RWC plays a role in 

regulating water loss in stomata and maintaining turgor pressure in plants, indicating its importance 

as a criterion for selecting high-yielding varieties under drought stress. 

Lateral roots are derived from cambial swaps of the main root [36]. The number of lateral roots 

(NLRs) increased at all levels of drought stress. The highest NLRs were observed in the SC38 

genotype (36.75), followed by the SC32 genotype (35.31) across all drought stress levels. The highest 

lateral root number for cotton genotypes, which increase in response to drought and attempt to 

mitigate its negative effects, was observed at -10 MPa stress with an average of 33.81, while the lowest 

was observed at -4 MPa. Riaz et al. [53] obtained values ranging from 14.33 to 21.33 NLRs in a 60-day 

drought experiment using a five-line cotton variety. Quisenberry et al. [81] reported significant 

differences in root length and lateral root number in a 35-day drought-stress cotton experiment 

conducted under greenhouse conditions. Salt stress, which is the second most important abiotic stress 

factor, has a greater negative impact on lateral growth in cotton compared to the formation of lateral 

roots [82]. In this study, it was observed that an increase in root length did not always parallel an 

increase in lateral root number. Some genotypes that do not exhibit taproot elongation tended to 

develop more lateral roots to obtain the necessary nutrients and water, and these lateral roots were 

longer than the normal lateral root number to compensate for the lack of a taproot (Figure 1, Table 

1). 

The study demonstrated that drought stress induced by the chemical PEG 6000 had a negative 

effect on the germination of all cotton genotypes. Kalefetoğlu et al. [83] found a 40% decrease in 

germination rate in chickpea with PEG 6000 application up to the-0.8 MPa level. Increasing drought 

stress leads to increased water deficiency, negatively affecting germination rate, germination speed, 

and seedling development [83-84]. PEG chemicals are non-ionic and large-molecule water polymers 

that are used to create artificial drought conditions and do not penetrate plant tissues [85]. 

Carpita et al. [86] reported that PEG molecules with a molecular weight of 6000 or greater cannot 

enter the plant cell wall. Grouzis and Danthu [87] stated that germination is one of the most important 

life stages of a plant and can be influenced not only by genotypic factors such as dormancy and seed 

coat thickness but also by environmental factors. In the study, the highest germination rate was 

observed in the varieties Aşkabat 71 and May 505. However, May 505 exhibited the highest 

germination speed. Our study showed a positive correlation between early germination and SL, 

SDW, and SFW parameters, indicating that early germination generally leads to higher shoot length, 

shoot fresh weight, and shoot dry weight production through increased photosynthesis. In terms of 

vigor seed index (VSI), the highest genotype average was observed at -8 MPa drought stress, while 

the lowest was observed at -4 MPa. Among the genotypes, Aşkabat 71 had the highest VSI average 

of 3164, followed by the SC32 genotype with an average of 2810. Aşkabat 71 consistently exhibited 

VSI values above the overall average at all stress levels, but at -10 MPa, SC32 showed the highest VSI 

value (Figure 3, Table 1). Uprety et al. [88] reported the highest VSI value as 1367 and the lowest as 

947. In our study, the highest VSI value was observed in the Aşkabat 71 variety at an osmotic pressure 
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level of -8 MPa, with a value of 3740, while the lowest value was 2134 on average in the advanced 

line genotype SC32. The higher values we obtained compared to the literature may be due to the 

longer duration of our experiment, which was approximately twice as long. 

5. Conclusions 

Drought is a global climatic event that directly or indirectly affects the entire population. There 

are various methods to combat drought, and one of the most important approaches is the 

development of drought-tolerant plant varieties. In order to achieve this, artificial stresses are applied 

to plants during the seedling and germination stages, where cotton plants are most sensitive to stress 

factors, and the plant’s responses are measured using drought measurement criteria. In this study, 

artificial osmotic pressure stresses of PEG 6000 chemical were applied to the varieties Aşkabat 71, 

May 505, and the advanced lines SC32 and SC38 at 0 MPa (Control), -4 MPa, -6 MPa, -8 MPa, and -10 

MPa, and the responses of cotton genotypes to drought stress were measured using parameters such 

as RL, RFW, RDW, SL, SFW, SDW, RWC, GP, VSI, and NLRs. The results of this study demonstrated 

that the development of drought-tolerant varieties through breeding programs showed high 

heterosis in the genotypes SC32 and SC38, indicating that continuing the breeding program with 

these genotypes would enhance the success of the breeding program. May 505 variety exhibited high 

tolerance to drought in terms of RWC value, and it showed promising results compared to the G. 

barbadense variety Aşkabat 71 and segregating population genotypes in other parameters as well. 

The high germination rate and germination speed of the May 505 variety suggest that it can be used 

as a parent in both drought and early variety breeding programs. In this study, the Sea-island cotton 

variety Aşkabat demonstrated the expected performance and exhibited high tolerance to PEG 6000 

drought stress. Additionally, it was observed that as the root length increased, the number of lateral 

roots did not increase. In fact, to compensate for this deficiency, cotton genotypes increased the 

number and length of lateral roots when the main root was short and thick. It is also important to 

note that shoot-related parameters alone cannot be used to measure the response to drought, as early 

germinating varieties store more nutrients through photosynthesis, and therefore, the high values of 

shoot-related parameters may be more associated with early germination than drought stress. 
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