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Article 

Investigation of Some Upland Cotton (Gossypium 

hirsutum L.) Genotypes Tolerance Under Limited 

Irrigation at Seedling Stage 

Sadettin Çelik 

University of Bingol, Genç Vocational School, 12500, Bingol/Turkey; sadettincelik@bingol.edu.tr 

Abstract: Cotton is an important plant since it provides raw materials for various industry bracnhes. 
Even though cotton is generally tolerant of drought, it is affected negatively by long-term drought 
stress. This experiment was conducted according to a completed randomized plots trial design with 
3 replications to determine the upland cotton genotype’s reactions against drought under controlled 
conditions in the 2022 year. All genotypes were watered with 80 mL-1 of water (100% irrigation, 
Field capacity) until three true leaves appeared. After this period water stress was applied at limited 
irrigation of 75% (60 mL-1), 50% (40 mL-1), and 25% (20 mL-1) of field capacity. After the trial 
terminated at 52. Days, the cv. G56, elit line G44, G5, and commercial variety G86 genotype, 
respectively resulted in the highest Root Length (RL), and the G76 genotype resulted in the lowest 
RL followed by G41 and G35 elite lines.  G1 cultivar showed the highest Root Fresh Weight (RFW), 
followed by G56, G44, G86, G51, and G88, respectively. The lowest RFW was also obtained in elite 
lines G76 and G41. The third drought morphological marker, the Number of Lateral Roots (NLRs), 
was the highest in G44, followed by G86, Cv. G56, elite lines G13 and G5 genotype.  The lowest 
NLRs value was obtained in genotype G47 and G76. The highest RDW means was obtained in elite 
line G5, followed by Cv. G56, elite line G44, G75 and cv. G90, while the lowes RDW mean obtained 
in elite line G76, G35, and local varieties G20 and G61. In the SL marker, the highest averages were 
recorded for genotypes G35, G15, G26, G67, and G56, respectively. In the SFW marker, the highest 
averages were observed in genotypes G15, G52, G60, G31, and G68, respectively. The lowest SL 
values were observed in genotypes G91, G72, G32, and G22. Similarly, the lowest SFW values were 
found in genotypes G83, G2, G75, and G91. In another shoot drought marker, Shoot Dry Weight 
(SDW), the highest values were obtained in genotypes G35, G52, G57, G41, and G60, respectively. 
Conversely, the lowest SDW values were observed in genotypes G65, G91, G4, G20, and G22.  In 
conclusion, the commercial varieties with high averages in roots, namely G86, G56, G88, and G90, 
and the genotypes G67, G20, G60, and G57 showing tolerance in shoots, are suggested to be potential 
parent plants for developing cotton varieties resistant to drought. Using the cultivars found tolerant 
in the current study as parents in a drought-tolerant variety development Marker-assisted selection 
(MAS) plant breeding program will increase the chance of success in reaching the target after genetic 
diversity analyses are performed. It is highly recommended to continue the plant breeding program 
with the G44, G30, G19, G1, G5, G75, G35, G15, G52, G29, and G76 genotypes which show high 
tolerance in both root and shoot systems. 

Keywords: drought; cotton; root; shoot; tolerance; water scarcity 
 

1. Introduction 

Cotton (Gossypium spp.) provides raw materials to many industries with its various economic 
features such as natural fiber to the textile sector, cotton seed to the oil sector, and pulp to the livestock 
sector. This industrial plant, which directly and indirectly affects the livelihood of many people 
around the world, is drought-tolerant and is cultivated by about 30 countries, primarily China, India, 
the USA, Pakistan, and Brazil due to their warm climate (Riaz et al. 2013; Statista, 2015). However, 
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intensive cultivation also leads to the emergence of various biotic and abiotic diseases and pests. 
Abiotic stress factors such as salinity, and drought, prevent the water intake of the cotton, and biotic 
stress factors such as Verticillium, and Fusarium, xylem vessels are clogged and the plant may not 
receive sufficient water which causes a decrease in the turgor pressure that provides the verticality 
of the plants and causes the leaves to wilt and the fruits to be small (Mahmood et al. 2020). In the 
USA, which is one of the leaders in world cotton production, the production loss due to drought 
stress in the last 50 years is approximately 67% (Comas et al. 2013), while it is 34% in Pakistan (Dawn 
News 2016). Drought means that plants suffer from water shortages for a long period on a global 
scale because of the greenhouse gas effect as a result of human and non-human activities. Drought is 
one of the most important abiotic stress factors that cause 73% of product loss in cotton plants 
(Saranga et al. 2009).  

Although cotton has a higher tolerance to drought compared to other cultivated industrial field 
crops when it is exposed to long-term drought stress, undesirable effects such as a decrease in yield, 
lower biomass, and stem weight, a slowdown in plant development, a decrease in fiber quality, and 
small bolls may occur [parida et al., 2007]. Drought stress affects cotton as other plants by limiting 
and adversely affecting parameters such as height, leaf weight, number of nodes, transpiration rate, 
photosynthesis rate, and stomatal conductivity [Parida et al., 2007, Asati et al., 2022, Zhang et al., 
2013, Ranjan et al., 2012, Bowman et al., 2013]. In addition, when it is exposed to long-term drought 
stress, it closes its stomata, rolls its leaves, tends to have osmotic regulation, and tries to reach 
water/moisture in the depths of the soil [Hejnák et al.2015)] and the rate of photosynthesis is reduced 
[Chastain et al., 2014].  Pace et al., [1999] reported that short-term drought during the seedling period 
increased the cotton roots to reach the deep water but decreased the diameter of the roots. It is 
revealed that the cotton roots were affected by drought more than the root distribution [Malik et al., 
1979]. Insufficient soil moisture reduces the elongation of the roots [Ball et al., 1994, Prior et al., 1995] 
and the shortened root system is developed approximately 42-70 days after the germination of the 
cotton [Malik et al., 1979]. This situation seems to coincide with the period of strong droughts.  

The responses of the cotton plant to stress factors vary during different stages of development. 
The seedling stage is a period of high sensitivity to environmental conditions for many plant species, 
including cotton [Gutterman, 2002]. McCarter (1976) reported low temperature as the main factor 
affecting the degree of damage by pathogens such as Rhizoctonia and Pythium on cotton seedlings. 
Brand et al. (2016) discovered that low temperature at the seedling stage in cotton under chilling 
conditions is strongly associated with a low temperature of the seedling stage diseases such as 
dumping off, which causes root deterioration. Low temperature at the seedling stage of cotton has a 
big effect on the damage thresholds of pathogens such as Rhizoctonia and Pythium (Brown and 
McCarter, 1976). Also, Brown and Seedling emergence rates and development under controlled 
conditions can determine the sensitivity of varieties to cold weather (Singh et al., 2018; Reddy et al., 
1192). When the cotton seeds emerged and were exposed to sub-optimal temperatures in late spring, 
seedling growth was adversely affected and significant decreases were observed in yield (Bradow 
and Bauer, 2010). When soil moisture tension generally exceeds 30-50 centibars, drought stress 
occurs, depending on soil type (Perry et al., 2012). 

Various studies have been conducted to understand the genetic mechanism of drought 
tolerance. Studies such as developing tolerant cultivars to drought through crossbreeding [Kıvılcım 
et al., 2005)], hormonal regulation against drought and salinity stress [Riemann et al., 2005], 
understanding the drought tolerance mechanism of cotton and integrating it into variety 
development breeding programs [Fang & Xiong, 2015], increasing the tolerance to drought using the 
CRISPR/Cas9 technique [Long et al., 2018], performing Genome-wide associaition (GWAS) analyzes 
to determine the genetic variations and the relationship between drought and genetic variations of 
gene candidates that are responsible for some traits in Upland cotton [Hou et al.2018], performing 
linkage mapping and genome-wide association mapping (GWAS)  for Verticillium wilt, thrips, 
salinity and drought tolerance [Abdelraheem, 2017], determining Quantitative trait loci (QTLs) in 
cotton germplasm related to tolerance to salinity and drought stress [Abdelraheem et al., 2016], 
performing Linkage mapping in Recombinant Inbred Lines (RIL) against drought [Abdelraheem et 
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al., 2015], determining genetic stock materials and molecular markers that are tolerant to drought 
[Adams, 2011], comprehensive QTL analyzes of cotton's economic parameters under the influence of 
abiotic and biotic stress factors [Said et al., 2013], genome-wide (GWAS) drought-associated marker 
identification studies [Chen et al., 2013, Padmalatha et al., 2012, Park et al., 2012, Zhao et al., 2016, Li 
et al., 2020], drought stress generation and determination of tolerant genotypes in cotton plant using 
Polyethylene Glycol (PEG) [Zhang et al., 2007], determining drought stress related traits in seedling 
period [Li et al., 2019], strategies for coping with drought stress in cotton and their application to crop 
improvement programs  [Li et al., 2019], Increasing drought tolerance of cotton genotypes by 
exposing them to salinity during the seedling period  [Ullah et al., 2017], allelic genetic diversity of 
drought-resistant cotton genotypes [Javaid et al., 2017] and identifying cultivars carrying drought 
genes using Marker-assisted selection (MAS) in cotton [Ulloa et al., 2017] have been carried out.  

Research conducted shows that the seedling stage is the period during which the plant reactions 
can be observed the best [Uniyal and Nautiyal, 1998)]. This study aims to investigate the drought-
tolerant level of some elite breeding lines and some genetic stock cultivars of the Upland cotton 
(Gossypium hirsutum L.) species under artificial drought stress with limited irrigation methods during 
the seedling stage. In this study, unlike many studies not only are cultivars evaluated under drought 
stress conditions but also elit breeding lines’ genetic potential against drought is determined. 

2. Materials and Methods 

2.1. Plant Materials 

All of the 93 cotton genetic materials used in the experiment are a panel of both accessions from 
advanced lines of F3 and commercial varieties of G. hirsutum L. cotton with allotetraploid (2n=4x=52) 
chromosome set with AD genome group. The genotypes were provided by East Mediterranean 
Transitional Zone Agricultural Research Institute, East Mediterranean Agricultural Research 
Institute, GAP International Agricultural Research and Training Institute, SET seed company 
(www.settohum.com/), STARseed, MAY (www.may.com.tr/), BASF (www.agro.basf.com.tr) and 
Progen Inc. seed companies (www.progenseed.com/). The commercial cultivars’ properties such as 
cotton seed yield, resistance to biotic and abiotic stresses, fiber yield and quality, adaption, and 
climate requirements are known. Due to the continuous segregation, the economic properties of the 
elite breeding lines are still not clear, this experiment provides information about individuals of 
advanced lines including reactions against drought.  

2.2. Method 

The pattern of the trial is a completed randomized plots trial design with 3 replications. The 
experiment was conducted at Bingol University, Genc Vocational School (Coordinates: 38 ° 442 58” 
N and 40 ° 32’ 11” E), climate chamber. The soil used is prepared by using peat, perlite, and soil at a 
ratio of 3:1:1. All three components were sterilized with an autoclave at 121°C for 15 minutes and 
transferred to 200 ml plastic pots. Triangular holes were made at the bottom of the plastic pots for 
the excess water to be drained. 4 seeds were sowed in each pot at a depth of about 2 cm and potting 
soil was brought to the field capacity. For control purposes, STV373 (G86), BA119 (G56, White gold), 
and TEX (G93) varieties adapted to the Southeastern Anatolia Region, where the experiment was 
established, were used. In the experiment, three pots were used for each genotype as 3 replications. 
The soil temperature was raised to 15°C for seeds to germinate and since the experiment was 
established in winter, the cotton seeds, which are likely to be dormant, were kept in a hot water bath 
device at 65°C for 15-30 minutes before sowing to break the dormancy. Then, the ambient 
temperature was adjusted to be between 28-38°C and the humidity was between 57-67% [Basal et al., 
2005].  

The LED lights were adjusted to provide daylight at 2.500 lux for 14-15 hours a day, and each 
pot was given 0.2 g of pure nitrogen-containing urea fertilizer for effective growth 14 days after 
planting. From the starting point of the experiment, cotton genotypes were irrigated with 100% 
irrigation every 10 days until true leaves bloomed. All genotypes were fully watered with 80 mL-1 of 
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water (100% irrigation) until three true leaves appeared. For cotton plants to develop optimally, the 
soil should contain 60% humidity of the field capacity [Wrona, 2005]. As soon as all genotypes opened 
true leaves, the irrigation was limited. Then, water stress was applied at limited irrigation of 75% (60 
mL-1), 50% (40 mL-1), and 25% (20 mL-1) of field capacity. The experiment was terminated on the 52th 
day. 

The cotton plants were taken out of their pots intact and the soil was washed using tap water 
without damaging the roots, and parameters such as the Root Length (RL), Root Fresh Weight (RFW), 
Root Dry Weight (RDW), Shoot length (SL), Shoot Fresh Weight (SFW), Shoot dry weight (SDW) and 
Number of lateral roots (NLRs) of one plant from each replication genotype were measured. RL was 
calculated by direct measurement of fresh taproots, RFW by direct weighting of taproots, RDW was 
measured after dried in the oven after 24 hours at 60° C, NLRs by direct counting of roots before 
drying, SL by measuring with a ruler, SFW by calculation with a scale with 0.5 mg precision, SDW 
was measured after dried in oven after 24 hours at 60° C [Basal et al., 2005]  

2.3. Data Analysis 

Analysis of variance (ANOVA) using data from these drought-related parameters was carried 
out using the statistical software JUMP 17.0 (JMP®, Version <17>. SAS Institute Inc., Cary, NC, 1989–
2021) [JMP, 17]. and the significance of the difference between the means of the parameters was 
investigated (p<0.05). The least significant difference (LSD) test was used to compare the means.  

3. Results 

In the experiment, the RL, RFW, RDW, NLRs, SL, SFW, and SDW of the cotton germplasm panel 
were measured. As a result of the statistical analysis, it was observed that there was a highly 
significant difference between the means for each parameter (P<0.01).  

The first plant organ that is exposed to water stress is the roots, and by transmitting this stress 
to the rest of the plant, it goes through Morphological, physiological, and metabolic changes and the 
plant starts to activate its mechanisms to cope with water stress (Kang et al, 2022). In this study, the 
genotypes with the longest roots (the ones with the highest tolerance to drought) were G56 (27 cm), 
and G44 (25,6), followed by GG5 and G86 cultivars with 24.3 and 23.6 cm root lengths. G76 and G41 
had the shortest RL (5,3 cm), and it was followed by G35 line, G14 (5,7 cm), and G79, G73, and G7 
(7,3 cm) cm) genotypes (Supplementary Table S1). The mean RL of the population was 14.27 cm 
(Figure 1, Supplementary Table S1). Figure 1A shows the mean distribution frequency of genotypes 
regarding the RL. The developed root system turns towards the direction where soil moisture is 
intense and solves the water problem of the plant, and the roots disperse to the deep and to the sides 
to enable the plant to hold onto the soil more strongly under harsh weather conditions. Similar 
studies have been conducted on the length and width of the roots. 

The responses of plant roots under drought stress have become the focus of researchers in recent 
years (Gupta et al., 2020, Yamaguchi and Sharp, 2010, Hu and Xiong, 2014). A great deal of research 
is being conducted to understand the physiological, morphological, and metabolic reactions of plants 
against drought in roots (Kang et al. 2022; Xiong et al., 2018, Ahmad et al., 2016). Under drought 
stress, the roots of the plants tend to go deeper and aim to reach the underground water, and these 
behaviors of the roots also play an important role in activating other mechanisms related to drought 
[Španić et al., 2017]. Anjum et al [2011] indicated that a strong root system plays a very critical role in 
physiological functions, carbohydrate storage, uptaking, and absorption of water and nutrients from 
the soil. In the first stage of drought plants, slow down the elongation of the stem, and develop the 
root system to reach the deeper water [Kul et al., 2020].   
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Figure 1. A. Rooth length (RL), B. Root weight (RW), C. Number of Lateral roots (LRN), D. Lateral 
root fresh weight (LRFW), E. Total root dry weight (TRDW) Frequency chart. 

Root weight is an indicator that the plant tries to develop the root system by transferring all its 
strength to the roots to absorb water from the soil under water stress. The mean RFW of the entire 
population in the study was 0.26 g. The lowest root Fresh weight was (0.123 g) recorded in G76 and 
G41 (0.136 g) Recombinant inbred lines (RIL) genotypes followed by G35 (0.140 g), and the highest 
root fresh weight was recorded in G1 (0.446 g) elite line, and these were followed by the cv. G56 (0.427 
g), G44 (0.424 g), commercial cultivar G86 (0.411 g), G51 (0.397 g), and G88 (0.384 g) (Supplementary 
Table S1, Figure 1). The research showed that there is a positive correlation between root weight and 
drought and that the genotypes with quantitatively higher root weight had higher tolerance to 
drought stress than others. According to Figure 1B RW-frequency histogram graph, the number of 
genotypes with a mean root weight above the mean of the whole population (0.260 g) is 79 
(Supplementary Table S1). This may be an indication that most of the individuals in the population 
can activate their tolerance mechanisms against drought stress. The cotton plant, which tries to 
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develop and strengthen its root system when drought stress begins, completely stops the 
development of both roots and other organs under long-term drought stress [Anjum et al., 2011]. 

The number and development of lateral roots is an important indicator of drought tolerance. 
The development of the root system, which allows plants to stand, hold on to the soil, give yield, and 
grow and develop, plays an active role in the fight against agricultural drought. Wang et al. (2017) 
stated that many previous studies related to crop root system improvement suggest that increasing 
the number of lateral roots (NLRs) could characterize plant development and increase crop yield.  In 
the current study, the G44 (38) RIL genotype had the most number of lateral roots (NLRs), and it was 
followed by G86 (33), Commercial cv. G56 (32), and elite lines G13 (30), G5 (29,33), and G49 (29), from 
the F3 period of the segregation. The mean of lateral roots of all genotypes was 19.16 (Supplementary 
Table S1). The number, development, and growth of lateral roots, are critical for the development 
and yield of field crops [Barber and Silberbush, 1984, Russel, 1977]. In another study, Forde and 
Lorenzo, (2001) stated that the lateral roots, which are important in plants with a taproot system, 
initially act as a taproot and take water and nutrients dissolved in water. To increase tolerance to 
drought stress, it was seen that researchers should focus on the development of genotypes of lateral 
root systems. It was seen that the drought-resistance RIL genotype G44 (38), G86 (33), and G56 (32) 
varieties, which have good adaptation in the Southeast Anatolia region of Turkey, where cotton is 
mainly cultivated, develop better lateral root systems under drought stress.  

Root dry weight (RDW) is also one of the phenotypic markers used to see the reactions of the 
cotton against drought. Accordingly, the mean RDW of the population consisting of 93 genotypes 
was 0.06 g. The elite genotype G5 recorded the highest RDW value (0.127 g) followed by cv. G56 
(0.112 g) and the elite breeding line G44 (0.099 g), G75 (0.092 g), and cv. G90 (0.091), and this value 
was followed by G85 (0.088 g), and G7 (0.085 g) breeding genotypes. It is possible to say that the 
drought resistance genes show themself in the phenotype of G5, G56, and G44 cultivars. Control 
cultivar G56 is well adapted to the Southeastern Anatolia and Mediterranean regions of Turkey, 
where cotton cultivation is most common, and shows tolerance above the general mean, are used as 
control varieties in the research (Supplementary Table S1). The mean RDW of the 50 genotypes used 
was above the general mean. Liu and Stützel [2004) pointed out that under long-term drought stress 
root dry weight increased and leaf area decreased in China spinach.   

The difference between the Shoot Length (SL) mean of the population was found to be highly 
significant (p<0.01). Accordingly, the mean total Shoot Length of the genotypes was 12.47 cm. G35 
(18.33 cm) had the longest SL, and it was followed by G15-G29 (16.67 cm), and G76 (16.33 cm) 
breeding genotypes, respectively. Commercial cultivar G65 (6.33 cm) showed the lowest SL means 
followed by Elit lines G72-G32 (7.33 cm) and Local variety G22 (7.33) (Supplementary Table S1). 

The difference between the Shoot Fresh Weight (SFW) mean of the population was found to be 
highly significant (p<0.01). The mean SFW of 93 upland cotton genotypes was 1.33 grams. The highest 
SFW values were recorded in the genotypes Elite line G15 (1.853 g), G52 (1.815 g), and commercial 
variety G60 (1.805 g), respectively. These were followed by G31 (1,752 g), G41 (1.736 g), G47 (1,724 g), 
G14 (1,700 g) and the Commercial local variety G68 (1,691 g). The lowest SFW value was measured 
in RIL genotype G83 (0.686 g), followed by G2 (0.716 g), G75 (0.739 g), and G91 (0.740 g), respectively. 
As a result of statistical analysis, the difference between the mean SDW of the population was found 
to be statistically very significant (p<0.01). SDW mean of all genotypes was recorded as 0.16 g. The 
highest SDW value was recorded in G35 (0.349 g), the lowest in the G65 (0.060 g) genotype. While 
commercial cultivars such as G57 (0.337 g), G60 (0.294 g), and G66 (0.289 g) showed high mean SDW 
values, the elite lines of G52 (0.345 g) and G41 (0.314) showed very high SDW values. The second 
lowest SDW value was found at commercial variety G91 (0.078 g) and G4 (0.078 g), G20 (0.078 g) 
followed by G22 (0.081 g), and Cv. G90 (0.087 g) (Table 2, Figure 2) 
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Figure 2. Scatter (XY) plot analysis of drought morphological markers using Minitab 19 [Minitab, 
2021], and correlation diagram in JMP 17.00 version. 

Table 2. Correlation between drought indicates parameters. 

 NLRs RL RFW RDW SL SFW SDW 

Number of lateral roots **** 0,7591 0,6795 0,4942 -0,3188 -0,2193 -0,1242 

Root Lenght 0,7591 **** 0,8232 0,5681 -0,2684 -0,1105 -0,0932 

Root Fresh Weight 0,6795 0,8232 **** 0,6420 -0,3274 -0,0866 -0,1433 

Root DryWeight 0,4942 0,5681 0,6420 **** -0,4465 -0,1015 -0,1284 

Shoot Length -0,3188 -0,2684 -0,3274 -0,4465 **** 0,4774 0,2154 

Shoot Fresh Weight -0,2193 -0,1105 -0,0866 -0,1015 0,4774 **** 0,4189 

Shoot Dry Weight -0,1242 -0,0932 -0,1433 -0,1284 0,2154 0,4189 **** 

Scatter plot analysis is done to determine the relationship and relationship type between every 
two variables of drought indicators. Yi [2022] emphasized that the closer they get to the linear line, 
the more the relationship between parameters increases. According to Figure 2 scatter plots and 
correlation diagram, while the strongest positive correlation is viewed between RL and RFW (0.823), 
followed by NLRs and RL (0.759), RFW and NLRs (0.679), RFW-RDW (0.642), RL-RDW (0.568) and 
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NLRs-RDW (0.494); the strongest negative colerations took place between SL-RDW (-0.446) and 
followed by RFW-SL (-0.327), NLRs-SL )-0.318), NLRs-SFW (-0.219) and SDW-RFW (-0.143)  (Table 
2, Figures 2 and 3). Similar results were found in literature as Lesch and Corwin [2008] expressed the 
cotton yield and electrical conductivity of the saturation extract (Ece, dS/m), which is one of the causes 
of drought relation using Scatter plot analysis and indicated that until the level of 7.17 dS/m the cotton 
yield is increased and after that point yield started to decrease.  

 

Figure 3. The Partial correlation Diagram is obtained from JMP 17.00 version statistical software. 

Principal component analysis (PCA) is a very common statistical analysis to reduce the 
dimensionality of large data sets. It’s a technique for identifying patterns of data, expressing the data, 
and highlighting their similarities and dissimilarities (Mishra et al., 2017). The graph (Figure 4) is the 
loading plot from the PCA analysis. The results of PCA are given in Figure 4. The PCA analysis was 
conducted based on the morphological drought parameters and in the correlation circle the first axes 
(F1) and the second axes (F2) represent the discriminant function analysis (DFA) respectively 47.6% 
and 21.4% of variable. Among the drought measurement parameters of the cotton plant's 
aboveground portion, the strongest positive correlation was found between Shoot dry weight (SDW) 
and Shoot fresh weight (SFW), while shoot length (SL) showed a positive correlation with both SFW 
and SDW (Figure 4). Accordingly, as SL increases, it appears that SFW and SDW values increase 
positively. In terms of underground drought measurement morphological parameters, a very close 
positive correlation between them is observed. The strongest positive correlation was found between 
Root length (RL) and Root Fresh weight (RFW), while a significant positive correlation was also found 
between the number of lateral roots (NLRs) and Root dry weight (RDW). Generally, there is a 
negative correlation between aboveground drought markers and underground markers in cotton 
plants. This situation can be explained by the development of aboveground parts being hindered due 
to strengthening the roots of cotton plants under water stress, transferring photosynthesis products 
from aboveground parts to the roots to draw water from the soil more effectively (Figure 4). 
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Figure 4. Correlation circle obtained by Principal component analysis (PCA) of the variables factor 
space of F1 and F2 using JMP 17.00 ver. Statistical analysis software. 

4. Discussion and Conclusions 

When the cotton is exposed to drought stress, the Glucose (C6H12O6) produced during the 
photosynthesis event is transmitted to the roots through the phloem transmission bundle and triggers 
the development of the root system. Photosynthesis plays a significant role in plant development and 
is most affected by water deficiency in the soil. Studies show that the biggest side effects of drought 
occur on photosynthesis and light utilization efficiency in cotton leaves [Tang et al., 2005, Ko and 
Piccinni, 2009]. Photosynthetic components react at certain rates and as in Liebig's Law of Minimum 
[Ebelhar et al., 2008], the rate of photosynthesis is determined by the lowest amount of water (H2O). 
As photosynthesis takes place with water (H2O), when a cotton plant under drought stress cannot 
get enough water, the turgor pressure drops, the defoliation, and the plant rolls its leaves to reduce 
the sun’s effects to minimize the plant’s water loss through transpiration [14]. Since the 
photosynthesis rate of the plant whose photosynthesis products cannot be transferred to the plant 
roots, the nutrients previously stored in the leaves are transferred to the roots; hence, the fruits of the 
plant remain small, and the yield decreases [Wanjura et al., 1984, Peynircioğlu, 2014, Kaçar, 2007].  

It’s a current trend in plant breeding to select the genotypes with the longest root as drought 
tolerance (Paez-Garcia et al., 2015, Comas et al., 2013). It was seen in this study that several elite 
breeding lines had a high tolerance to drought in some drought measurement parameters. Cv. 
Commercial variety G56 had the longest RL (27 cm) and was followed by G44 (25.67 cm), G5 (24.33 
cm), and G86 (23.67 cm). Similar results were found by [Basal et al.2005] that are reported that 
taproots had a root length between 47.9 and 86.6 cm under full irrigation, and between 48.3 and 82.5 
cm under restricted irrigation in their experiment. The higher root length means of Basal et al. (2005) 
compared to our results are believed to be dependent on the experimental conditions, trial materials, 
origins of the plant varieties used, amount of water used, and the duration of the experiment. Root 
Length growth has a great impact on uptaking nutrients and root system architecture (Tian et al., 
2014, Sun et al., 2017). Only two cultivars were noted to have significant root shortening. In the study, 
although the humidity and temperature in the greenhouse can increase excessively during the day, 
the amount of soil mixture used was parallel to our study, and a longer taproot system was observed. 
Research showed that immersing the roots in depths where the moisture content is high can 
compensate for the moisture losses that occur through evapotranspiration [Nguyen et al., 2004].  In 
the current study, G76 and G41 advanced lines produced 5.33 cm RL as the lowest and followed by 
G35, G14 (5.7), G79, G73, and G7 (7.3 cm). Similar root length (RL) values were obtained by Pawar 
and Veena (2020) with the highest root length as 12.72, 12.17, and 12.88 cm, the lowest as 9.8, 9.85, 
and 10.5 cm root lengths with the PEG 6000 drought application. At the same time, Pawar and Veena 
revealed that the root length increased when the PEG 6000 application was increased by 10 % and 
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decreased after that level. This situation can be explained with the plant root tolerance mechanism of 
the plant: The plant sents more photosynthesis products to the root in order to strengthen the roots 
and uptaking more water from the soil (Babu et al., 2014).  In a study, Zahid et al. (2021) found a 
highly significant correlation between genotypes and watering, and in their study, they found the 
root length as 5,161 cm. According to the current study with a 27 cm mean root length, 5.161 cm is 
highly low and the irrigation period, the amount of water given in each irrigation, soil mixture, 
infiltration and germination ability, and speed can be shown as the reasons why it is found to be 
lower than our study. Wang et al [2009] reported that the distribution of photosynthetic products in 
the roots of beans increased under drought stress which did not last long, but the photosynthetic 
products in the production organs decreased significantly. It was observed that the plant tries to 
strengthen its root system under long-lasting drought stress; hence, severely reducing its yield and 
economic added value as a result of giving all its weight to the roots. However, it was reported that 
moderate water stress during the grain-filling period of the wheat plant increases the transport of 
photosynthetic products to the roots, and this provides a significant benefit to the wheat, as the wheat 
will have developed roots and thus take more moisture and therefore more nutrients from the soil 
[Proffitt et al., 1985]. Studies reported that a situation similar to the growth period of wheat can be 
observed in cotton, that moderate water stress causes photosynthetic products to be transported to 
the roots by vascular bundles and has a similar positive effect on buds and bolls [Shan and Zhang, 
2006].  

While breeding line cultivar G1 (0.446 g) has the weighest Root Fresh Weight value and is 
followed by Cv. G56 (0.427 g), G44 (0.424 g), commercial variety G86 (0.411 g), G51 (0.397 g), and G88 
(0.384 g); and the lowest Root weight (RW) values belong to advanced lines G76 (0.123 g), G41 (0.136 
g), G35 (0.140 g), G14 (0.145 g) and G47 (0.148 g). In our study on another drought indicator, root dry 
weight (RDW), the highest value was recorded in the advanced line G5 (0.127 g), followed by the 
control variety G56 (0.112 g), G44 (0.099 g), G75 (0.092 g), and control variety G90 (0.091 g). The lowest 
RDW values were recorded in the advanced line G76 (0.016 g), followed by genotypes G35 (0.021 g), 
G20 (0.024 g), G61 (0.026 g), G70 (0.028 g), G59-G15 (0.029 g), and G67 (0.030 g). Istiqomah et al. (2021) 
found a very significant difference between the applications in terms of dry root weight or total dry 
weight in the corn plant. Similar to our current study conducted by Shah et al. [2011] they obtained 
root weight ranging from 0.049 to 0.155 g under water stress in a trial conducted under normal and 
water stress for 52 days. A higher root weight uptake more plant nutrients from the soil and plays a 
key role in vegetative and generative development (Istiqomah et al., 2021). The fact that the ambient 
temperature fell below the optimum level due to unpredictable power cuts at night or on weekends 
in the experiment, which was established in laboratory conditions in the winter season, may have 
caused some drought measurement parameters to be below normal. Root growth is a critical process 
to be grown under sustainable temperatures [Mai et al., 2018, Gavelienė et al., 2022]. Zahid et al [2016] 
stated that 22-30°C is an optimal temperature for cotton root, shoot, and root/shoot (R/S) ratio, but a 
temperature between 32-40°C will restrict the distribution and growth of the root/shoot system. A 
similar approach was declared by Koevoets et al. [2016] as the optimal temperature promotes the 
increase of root/shoot ratio (R/S ratio), nevertheless, a temperature above optima temperature will 
decrease water absorption and plant nutrients by cotton plant root system as a results root system 
get weaker against drought [Luo et al., 2020].  The decrease in soil water content by evaporation 
significantly reduces root activities, but hydraulic lifting and transpiration by roots can carry 
groundwater to levels close to the soil surface (to 0-40 cm soil depth) [Chiatante et al., 1999].  

Lateral roots and numbers play a key role in plants reaching and absorbing the water (Varney 
and Canny, 1993) and uptaking the plant nutrients such as phosphorus (Lambers et al., 2006). Hund 
et al. (2007) and Hund et al. (2008) Put forward that lateral root numbers can possibly have positive 
effects of vigorous growth under low temperatures in maize plants. Considering the studies in the 
literature, it is seen that the number of lateral roots is a drought marker that increases the tolerance 
of plants against drought stress. The number of lateral roots (NLRs) population means changed from 
5 to 38.  Advanced line G44 (38) showed the highest NLRs and this value was followed by G86 (33), 
Cv. Variety G56 (32), G13 (30), and G5 (29.33). The lowest NLRs values ranged from 5 to 10. In the 
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current study, the lowest NLRs were recorded in G47 (5), followed by G76 (6.33), and G79 (7) 
(Supplementary Table S1). McMichael et al. (1987) obtained similar NLRs values ranging from 4 to 
50 at 30° C within 7 days after germination. The reason of the higher LRNs values may be associated 
with not applied drought stress in the first 7 days and plenty of water and plant nutrients. Gallardo 
et al. [83] reported that enough water in soil accelerates the root development, and Luo et al. [2014] 
reported that moderate water stress in the middle and upper layers of the soil strengthens the root 
system in the early stage of cotton plant development and contributes significantly to reaching deep 
waters.  four strands of cotton and generally 120 exotic cotton genotypes provided NLRs means 
changed from 3.5, 17.5, 25.97, and 49.75, respectively (McMichael et al. 1987). Lateral root initiation 
(LRI) and development is coordinated by many genes. In Arabidopsis thaliana, there are more than 7 
genes associated with lateral root growth (Benková et al., 2003; De Smet et al., 2006). Lateral root 
number and development is regulated by diverse many hormones and their interaction (Shkolnik et 
al., 2010; Nishiyama et al., 2011; Ha et al., 2012). Even though the current study breeding lines have 
developed good taproot systems, they may not show resistance when faced with high temperatures 
compared to commercial cultivars adapted in warm regions.  

As a result of this study, it has been observed that Shoot Length (SL) during the seedling stage 
is one of the organs most affected by drought in cotton, the population means were obtained as 12.47, 
and genotype means ranged from 18.33 cm (G35) to 6.33 cm (G91). Iqbal et al. (2020) reported that 
drought during the seedling stage negatively affects both the shoot and root morphology of cotton, 
reducing shoot length by 29%. A study indicated that drought stress causes a significant reduction in 
shoot elongation and the percentage of decreasing SL ranging from 97.14 to 35.1 (Zahid et al., 2021). 
Simonneau et al. (1993) indicated that a reduction the in shoot or in the root may be caused by the 
imbalance of water.  

The genotype G35 has emerged as the most tolerant genotype in both parameters, with a mean 
shoot length (SL) of 18.33 cm and shoot dry weight (SDW) of 0.349 g. Meanwhile, genotype G15 
registers the second-highest mean SL, and the same genotype yields the highest mean shoot fresh 
weight (SFW) (Supplementary Table S1). These values indicate that an increase in shoot length does 
not always correspond to the highest shoot fresh weight; however, there is a positive correlation 
between an increase in shoot length and shoot fresh weight. A similar situation is observed in the 
tolerant genotype G31 for the SL and SFW parameters. On the contrary, the genotype G91, which has 
the lowest SL value, becomes the fourth genotype with the lowest SFW means. Generally, genotypes 
with higher SL means have higher SFW means, and genotypes with lower SL means have lower SFW 
values. In the experiment, among plants that shade each other, those receiving less light exhibit 
higher shoot length but lower shoot fresh and shoot dry weights compared to plants receiving full 
light. 

This situation can be explained by the hypothesis that as the amount of light increases, the plant 
enhances its photosynthetic rate and consequently increases its biomass. Based on the conducted 
phenotypic observations, it has been observed that under greenhouse conditions, cotton genotypes 
exhibit shorter shoot lengths compared to the same duration of laboratory trials. However, it is 
evident that the experiment established in greenhouse conditions has significantly longer root lengths 
and a higher lateral root count compared to the laboratory drought trial. This suggests that when the 
plant experiences actual water stress, it strengthens its roots and engages in coping mechanisms to 
deal with water scarcity. This response aims to minimize the impact of drought and indicates the 
activation of defense mechanisms to mitigate the effects of water stress (Çelik, 2023, not published). 
The genotype G35, which shows the highest value in shoot dry weight (SDW), also exhibits the 
highest value in the shoot length (SL) parameter as a drought marker. Genotypes G22 and G91 have 
low averages in both SL, SFW, and SDW parameters, indicating their low tolerance to drought stress 
(Supplementary Table S1). 

Genotypes G60, G52, and G41 have produced high averages in both shoot fresh weight (SFW) 
and SDW parameters. In genotype G52, as the SFW value increases, a proportional increase in SDW 
value is observed, indicating a positive correlation between them. On the other hand, the genotype 
G60, which shows the highest value in SFW, ranks sixth in SDW. This suggests that while the SFW 
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value increases, it doesn't necessarily follow a linear correlation with SDW. In the SL marker, 
genotypes G35, G37, and G29, in the SFW marker, genotypes G15, G52, G60, G31, G41, and in the 
SDW marker, genotypes G35, G52, G57, G41, and G60, all appear to be more tolerant compared to 
the control genotypes G90, G56, and G5 (Supplementary Table S1). 

In this study, it has been observed that there is a negative relationship between root-related 
drought markers and shoot markers in terms of the obtained values. None of the genotypes that 
ranked highest in any of the root-related markers appeared as high-ranking in the shoot markers. 
This suggests that when the plant faces water stress, it initially focuses on strengthening its root 
system for a certain period, and later continues on strengthening the shoots. This behavior indicates 
that under abiotic stress conditions, the plant doesn't allocate resources evenly between shoots and 
roots, but rather prioritizes different aspects at different stages of stress. 

Formun Üstü 

5. Conclusions 

Global warming, which occurs as a result of the greenhouse gas effect and various human 
activities, causes global climate change. As a result, precipitation regimes and precipitation areas 
varied. When the correlation between the decrease in Agricultural yield and human nutrition is 
considered, drought is a crucial issue that the whole world should focus on. Thus, it is necessary to 
use the available amount of water effectively to provide maximum benefit, to implement drip 
irrigation methods that will avoid water waste and provide high efficiency, and to increase the 
drought tolerance characteristics of hot climate plants to be grown in the drought season.  

The current study aimed to determine the drought tolerance of the Gossypium hirsutum L. cotton 
species, which is the direct and indirect livelihood of millions of people. Root system parameters such 
as RL, RFW, RDW, LNRs, SL, SFW and SDW indicate that when the plant faced drought stress, a 
sugary compound, glucose (C6H12O6), which is produced of photosynthesis, for a while at the 
beginning of the stress, is transmitted from the leaves to the roots through the phloem conduction 
bundle and stored in the roots. In the current study, the first six genotypes with the highest values in 
each parameter and the genotypes that were common in two or more drought measurement 
parameters are considered genotypes with high drought tolerance. 

In this study, genotypes with the highest values for multiple parameters and genotypes with the 
highest values for each drought measurement parameter are considered genotypes with high 
drought tolerance. In previous studies, parameters such as RL, RFW, RDW, NLRs, SL, SFW, and SDW 
have been used as markers for drought measurement, and certain genotypes, including control 
varieties (G56, G90, and G86), have shown high values for some of these parameters. Therefore, it is 
possible to state that some genotypes are tolerant to drought due to their high values in certain 
parameters. 

Genotypes G44, G56, and NLRs exhibit common high values in all four drought indicators: 
NLRs, RL, RFW, and RDW. Genotypes G13 and G5 share high values in NLRs and RL, while 
genotype G5 coincides in NLRs, RL, and RDW. Genotypes G1, G56, G51, and G88 show the highest 
values in RFW, and genotypes G5, G56, G44, G75, and G90 consistently yield the highest means in 
the RDW parameter. These genotypes (G5, G56, G44, G75, G90) are considered to be highly drought-
tolerant genotypes. Genotype G35, shows the highest mean values in both shoot length (SL) and shoot 
dry weight (SDW), genotype G15, shares high values in both SL and shoot fresh weight (SFW), and 
genotypes G41, G52, and G60 with high values in both SFW and SDW parameters, demonstrate high 
drought tolerance. 

Conversely, genotypes G22 and G91, sharing the lowest means in all three shoot-related 
parameters, as well as genotypes G83, G2, and G75 in SFW, and genotypes G65 and G4 in SDW, 
exhibit low drought tolerance. The study's outcome suggests that commercial varieties showing high 
drought tolerance could potentially be used as parent plants in breeding programs aimed at 
developing drought-tolerant cotton varieties. It is also possible for the genes/QTLs responsible for 
this tolerance to transfer from the donor plants to the recipient plants through hybridization. 
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The drought-tolerant elite breeding lines are used to obtain Recombinant inbred lines (RIL), and 
after adaptation in different regions by determining some technological parameters such as the seed 
cotton yield, and fiber quality parameters will be able to release new cotton varieties. In order to 
develop varieties with high drought tolerance for the Marker-assisted selection (MAS) breeding 
program to be carried out, it is strongly recommended that they be used as parents after genetic 
diversity analyses have been carried out and the kinship distances between them have been 
determined. Additionally, as a result of the observations, measurements, and evaluations made in 
the current study, as well as the phenotypic observations made on perennial herbaceous plants in 
field conditions, it can be argued that one of the most important factors that convert a plant from an 
annual to a perennial is having a strong root system. 
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Supplementary Table S1. Drought morphological markers mean in Upland cotton (Gossypium 

hirsutum L.) at the seedling stage 

CODE Genotypes NLRs  RL RFW  RDW SL SFW  SDW  

G1 14 12.67 8 0.446 0.037 15.33 1.585 0.183 

G2 15 17.33 10 0.170 0.049 10.33 0.716 0.156 

G3 17 22.33 19.3 0.182 0.050 12.33 1.596 0.253 

G4 18 12.67 14.3 0.228 0.057 9.67 0.947 0.078 

G5 19 29.33 24.3 0.240 0.127 10.67 1.142 0.171 

G6 21 20.67 21.0 0.282 0.083 11.33 1.387 0.152 

G7 22 12.67 7.3 0.151 0.043 10.67 1.341 0.152 

G8 23 17.00 14.7 0.227 0.045 15.00 1.327 0.156 

G9 24 16.67 20.7 0.330 0.080 14.33 1.263 0.150 

G10 26 22.33 22.7 0.332 0.083 12.33 1.602 0.144 

G11 27 18.00 13.3 0.264 0.073 9.00 1.630 0.155 

G12 28 22.33 18.0 0.196 0.070 10.00 0.833 0.100 

G13 30 30.00 22.3 0.293 0.060 9.33 1.111 0.180 

G14 31 8.67 5.7 0.145 0.039 14.33 1.700 0.185 

G15 37 18.33 12.7 0.198 0.029 16.67 1.853 0.228 

G16 69 18.67 16.3 0.305 0.080 15.00 1.399 0.145 

G17 ADN 513 14.67 13.0 0.252 0.072 13.00 1.433 0.153 

G18 ADN123 14.67 9.3 0.198 0.042 12.67 1.510 0.165 

G19 ADN413 22.33 11.3 0.250 0.057 8.00 1.008 0.108 
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G20 ADN710 16.33 10.7 0.187 0.024 15.67 0.809 0.078 

G21 ADN741 23.00 14.7 0.255 0.052 12.33 1.250 0.153 

G22 ADN811 23.33 16.0 0.333 0.070 7.33 0.885 0.081 

G23 ARAS1 20.00 13.7 0.315 0.075 11.00 1.394 0.160 

G24 ARAS2 25.67 21.7 0.378 0.072 10.67 1.168 0.162 

G25 ARAS3 13.00 9.3 0.228 0.057 14.33 1.496 0.151 

G26 ARAS4 19.00 17.7 0.275 0.077 12.67 1.381 0.124 

G27 ARAS5 15.00 12.3 0.233 0.040 14.00 1.310 0.135 

G28 ARAS6 21.67 16.3 0.286 0.068 10.67 1.298 0.301 

G29 ARAS7 13.33 13.0 0.237 0.037 16.67 1.323 0.172 

G30 ARAS8 21.67 19.3 0.290 0.066 16.00 1.591 0.108 

G31 ARAS9 10.00 10.3 0.232 0.060 15.67 1.752 0.172 

G32 ARAS10 24.00 19.7 0.314 0.085 7.33 0.784 0.154 

G33 ARAS11 20.67 15.0 0.318 0.075 13.67 1.537 0.175 

G34 ARAS12 12.33 12.3 0.271 0.074 12.33 1.465 0.159 

G35 ARAS13 7.33 5.7 0.140 0.021 18.33 1.466 0.349 

G36 ARAS14 23.00 17.0 0.380 0.062 11.67 1.441 0.149 

G37 ARAS15 18.67 13.7 0.224 0.035 13.00 1.343 0.176 

G38 ARAS16 18.33 14.7 0.269 0.063 12.33 1.347 0.127 

G39 ARAS17 14.33 14.7 0.324 0.035 13.67 1.391 0.165 

G40 ARAS18 12.67 8.7 0.208 0.080 9.67 1.395 0.131 

G41 ARAS19 4.33 5.3 0.136 0.047 13.67 1.736 0.314 

G42 ARAS20 12.67 11.3 0.220 0.052 13.00 1.402 0.125 

G43 ARAS23 18.00 13.3 0.234 0.061 12.67 1.407 0.153 

G44 ARAS24 38.00 25.7 0.424 0.099 9.67 1.376 0.249 

G45 ARAS26 27.33 16.7 0.260 0.065 14.00 1.144 0.133 

G46 ARAS27 28.00 14.0 0.211 0.039 14.67 1.336 0.135 

G47 ARAS31 5.00 7.7 0.148 0.050 14.00 1.724 0.195 

G48 ARAS32 16.67 12.0 0.228 0.067 13.67 1.423 0.137 

G49 ARAS33 29.00 13.3 0.255 0.082 14.00 1.479 0.156 

G50 ARAS34 16.00 12.3 0.314 0.067 9.67 1.054 0.094 

G51 ARAS35 25.00 20.3 0.397 0.039 13.67 1.572 0.148 

G52 ARAS43 19.67 18.3 0.232 0.072 14.33 1.815 0.345 

G53 ARAS48 24.33 18.0 0.314 0.081 12.00 1.325 0.150 

G54 ASOS 21.67 9.3 0.224 0.053 9.67 1.136 0.134 

G55 Aşkabat 71 14.33 12.0 0.233 0.031 15.33 1.560 0.139 

G56 BA119 32.00 27.0 0.427 0.112 15.67 1.634 0.162 

G57 BA151 17.67 12.7 0.224 0.036 11.67 1.489 0.337 

G58 Beren 24.00 10.7 0.190 0.039 9.33 1.272 0.172 

G59 DeltaPine 332 23.00 13.7 0.213 0.029 15.33 0.972 0.104 

G60 DeltaPine 396 14.51 18.4 0.315 0.039 14.12 1.805 0.294 

G61 Erşan92 17.00 8.3 0.179 0.026 14.33 1.537 0.219 

G62 Famosa 12.00 10.0 0.205 0.031 11.33 0.903 0.094 
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G63 Fiona 17.67 16.0 0.271 0.056 11.33 1.131 0.102 

G64 Furkan 23.67 19.0 0.339 0.044 11.00 0.895 0.151 

G65 Gaia 24.00 12.3 0.288 0.074 8.33 1.262 0.060 

G66 Kartanesi 16.67 14.7 0.238 0.037 14.00 1.312 0.289 

G67 Lydia 16.00 9.0 0.210 0.030 15.83 1.468 0.203 

G68 Maraş 92 12.33 13.0 0.259 0.033 12.67 1.691 0.252 

G69 May 344 14.33 13.7 0.253 0.039 11.67 1.157 0.131 

G70 Maysos 18.67 12.3 0.228 0.028 15.57 1.347 0.156 

G71 Nihal 13.33 14.7 0.222 0.043 12.00 1.365 0.159 

G72 SC-125 25.33 18.7 0.351 0.075 7.33 1.052 0.110 

G73 SC-21 14.00 7.3 0.178 0.038 12.67 1.435 0.204 

G74 SC-22 13.00 8.3 0.187 0.036 15.33 1.289 0.160 

G75 SC-24 23.00 15.7 0.322 0.092 9.00 0.739 0.091 

G76 SC-25 6.33 5.3 0.123 0.016 16.33 1.492 0.205 

G77 SC-28 25.67 15.7 0.275 0.047 15.33 1.362 0.151 

G78 SC-29 24.33 16.3 0.308 0.075 11.00 1.341 0.124 

G79 SC-30 7.00 7.3 0.159 0.030 15.67 1.499 0.141 

G80 SC-36 24.33 13.0 0.251 0.059 12.67 1.308 0.162 

G81 SC-37 19.00 13.7 0.324 0.055 12.67 1.284 0.158 

G82 SC-38 16.00 11.7 0.227 0.035 13.67 1.375 0.172 

G83 SC-39 25.33 14.7 0.222 0.062 9.00 0.686 0.161 

G84 SC-41 26.33 18.0 0.266 0.054 14.67 1.443 0.160 

G85 SC-42 25.33 12.0 0.310 0.088 13.33 1.568 0.149 

G86 STV373 33.00 23.7 0.411 0.083 9.67 1.301 0.167 

G87 STV468 22.67 15.3 0.253 0.050 12.00 1.179 0.146 

G88 STV498 23.67 19.3 0.384 0.072 7.67 1.090 0.125 

G89 Suregrow 125 26.33 20.3 0.321 0.064 13.00 1.231 0.112 

G90 Text 21.00 15.7 0.350 0.091 9.67 1.039 0.087 

G91 TMN 199 26.00 17.3 0.314 0.078 6.33 0.770 0.078 

G92 TMN108 18.00 13.0 0.196 0.032 14.00 1.639 0.233 

G93 TMS 108 14.67 9.3 0.201 0.058 11.67 1.444 0.170 

  Means: 19.16 14.27 0.26 0.06 12.47 1.33 0.16 

Abbreviations=Number of Lateral roots (NLRs), Root length (RL), Rooth Fresh Weight (RFW), Root Dry Weight 
(RDW), Shoot Length (SL), Shoot Fresh Weight (SFW), Shoot Dry Weight (SDW). 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 
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