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Article 
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Middle East 

Srinivasan Samineni *, Sridhar Gummadi *, Sumitha Thushar, Dil Nawaz Khan,  

Anestis Gkanogiannis, Luis Augusto Becerra Lopez-Lavalle and Rakesh Kumar Singh 

International Center for Biosaline Agriculture (ICBA), Dubai P.O. Box 14660, United Arab Emirates 

* Correspondence: s.samineni@biosaline.org.ae (S.S.); s.gummadi@biosaline.org.ae (S.G.) 

Abstract: Scarce water resources, high temperatures, limited rainfall, elevated soil salinity, and poor soil quality 

(98% sand) challenge crop production in the desert regions of the Middle East. Proso millet’s resilience under 

these stresses presents a potential solution for enhancing food security in arid environments. This field study 

evaluated 24 proso millet genotypes under three  environments (100% freshwater, 50% freshwater, and 10 dS/m 

salinity) in the UAE during normal and summer seasons, aiming to identify genotypes resilient to water, heat, 

and salinity stresses and to assess genotype-by-environment (G×E) interactions and key traits associated with 

grain yield. ANOVA indicated significant G×E interactions. Genotypes G9 and G24 displayed high yield and 

stability across environments during the normal season. In summer, genotypes G7 and G10 exhibited resilience 

with high yields under high-temperature stress alone, while combined stresses led to yield reductions across all 

genotypes, with greater susceptibility under cumulative stress. GGE biplot analysis identified G9 as ideal in the 

normal season, while G15 and G23 demonstrated stability under combined stresses in the summer season. High 

chaffy grain yield (CGY) observed under summer stress conditions suggests a shift in resource allocation away 

from productive grain formation. The reproductive phase was highly vulnerable to heat stress, with 88% of this 

period experiencing daytime temperatures exceeding 40°C, with a peak reaching up to 49°C. These extreme 

conditions, coinciding with the crop's critical growth stages, triggered a significant increase in chaffy grain 

production, substantially reducing overall grain yield. Despite these challenges, genotypes G7, G10, and G12 

exhibited notable resilience, maintaining yields above 0.75 t ha⁻¹. Correlation analysis suggested that selecting 

for increased plant height, forage yield, and 1000-grain weight (TGW) could enhance grain yield under normal 

and summer conditions. This study highlights the potential of proso millet genotypes as climate-resilient options 

for arid regions, providing a basis for developing stress-tolerant varieties and promoting sustainable agriculture 

in desert climates. 

Keywords: Panicum miliaceum L. stability; correlation; chaffy grain; abiotic stress; salinity; high  

temperature 

 

1. Introduction 

The United Arab Emirates (UAE) faces some of the most challenging agricultural conditions 

globally, with summer temperatures often exceeding 50°C and prolonged heatwaves lasting several 

weeks. These extreme heat conditions are compounded by scarce water resources, with available 

groundwater frequently exhibiting high salinity levels [1–3]. The combined impact of high 

temperatures, intense solar radiation, and saline water creates an inhospitable environment for most 

conventional crops globally. These factors contribute to the UAE's heavy reliance on agricultural food 

imports, which account for approximately US$ 2.28 billion [4]. This heavy reliance on imports poses 

a significant economic burden and makes the nation highly vulnerable to fluctuations in global food 

markets. As the nation strives to enhance its food security and reduce vulnerability, it must explore 

resilient crop alternatives that can thrive under such unique environmental conditions. One such 
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alternative is promoting millet crops, which are more efficient in photosynthesis (C4) and can thrive 

under adverse climatic conditions, including drought and salinity. 

Proso millet (Panicum miliaceum L.), traditionally grown in arid and semi-arid regions, exhibits 

exceptional resilience to abiotic stresses, including drought, salinity, and low soil fertility, making it 

an ideal crop for sustainable agriculture in these challenging climates [5]. Proso millet has been 

adapted to marginal lands of rainfed agriculture systems characterized by low rainfall (100-400 mm) 

and high temperatures for food or feed production in arid and semi-arid regions of China, India, 

Africa, Russia, Nepal, and the Pacific Northwest (PNW) region of the United States [6–9]. It is 

cultivated globally across diverse regions, with significant production areas in China, India, the USA, 

and Eastern Europe [10,11]. Known for its short growing season (60–90 days), proso millet is used as 

a catch crop before planting the cool season crops such as wheat [12] and in rotation with sunflower 

and maize [13]. Country-level production data on proso millet production is limited, as the statistics 

for this crop are often grouped with other millets. Consequently, obtaining accurate figures for 

specific countries, particularly those in arid regions, can be challenging. 

proso millet is a valuable option for resource-poor farmers due to its minimal input 

requirements. It delivers high nutritional value, with 11-12% protein, 8-9% dietary fiber, and essential 

vitamins and minerals [5,14], making it suitable for both human consumption and animal feed. Its 

nutritional profile emphasizes its role in enhancing food security and addressing malnutrition. 

Furthermore, incorporating proso millet into local agricultural practices aligns with the UAE's 

National Food Security Strategy, which aims to foster sustainable agricultural development and 

enhance domestic food production [15]. 

This research aims to evaluate a diverse panel of proso millet genotypes under field conditions, 

applying various stress treatments across normal and summer seasons. This study seeks to enhance 

food security and promote self-sufficiency in these water-scarce environments by identifying resilient 

varieties capable of thriving in the UAE's challenging environment. The successful cultivation of 

proso millet could mitigate the import burden and contribute to a diversified agricultural landscape less 

dependent on traditional crops, paving the way for a more sustainable and resilient food system in the 

UAE. To ensure optimal crop performance and yield in the UAE's challenging climate, it is crucial to 

identify proso millet genotypes that exhibit superior salinity, water stress, and heat stress tolerance.  

Each test environment in this study provided insights into the phenotypic performance of 

genotypes under specific stress conditions. During the normal season, ENV1 represented ideal 

conditions with no stress (100% irrigation), ENV2 imposed only water stress (50% irrigation), and 

ENV3 applied salinity stress. In the summer, ENV1 was structured to assess genotypes under heat 

stress alone (100% irrigation; no water stress); ENV2 combined water (50% irrigation) and heat stresses, 

while ENV3 evaluated the effects of heat, water, and salinity stresses. This combination of treatments will 

provide researchers with a comprehensive understanding of genetic variation within the tested 

genotypes, facilitating the identification of genotypes suited to specific or combinations of stresses. 

This approach is essential to optimize proso millet's productivity and ensure its role as a 

sustainable food source in regions with adverse climatic conditions, such as in the Gulf Cooperation 

Council countries (GCC). Multi-seasonal or location testing of proso millet accessions plays a crucial 

role in varietal development programs, focusing on the agronomic superiority of new accessions, 

particularly in grain and fodder yield. However, limited emphasis is often placed on understanding 

the accession's interaction with diverse target environments, which can be unpredictable. The 

development of biplot methodology, especially AMMI and GGE biplots, has simplified complex GEI 

visualization, allowing researchers to observe genotype and environment interactions in a clear, 

graphical format [16–18]. By introducing climate-resilient proso millet genotypes, our research can 

significantly impact the UAE's food production, reduce import dependency, and contribute to a more 

sustainable and resilient food system. 
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2. Materials and Methods 

2.1. Study Area and Soil Analysis 

The experiments were conducted under field conditions at the International Center for Biosaline 

Agriculture (ICBA) in Dubai during the 2023-24 (Nov-Feb) and 2024 (Apr-Jun) growing seasons. 

ICBA is 34 meters above sea level, with geographic coordinates of 25°09' N latitude and 55°39' E 

longitude. Dubai has a hot desert climate classified under the Köppen climate classification as BWh 

(Arid, desert climate). High temperatures, minimal rainfall, and intense solar radiation characterize 

this climate. Summer (May to September) is extremely hot, with average daytime temperatures often 

exceeding 40°C and frequently reaching above 45°C and nighttime temperatures rarely falling below 

30°C. Winter (November to February) is milder, with temperatures ranging between 14°C and 25°C 

(57°F to 77°F). However, extremes can dip below 10°C (50°F) at night in rare cases (Figure 1). The 

average annual rainfall is extremely low, typically around 100 mm annually. Most rainfall occurs 

during the winter months, between December and March, though it is highly erratic and often in the 

form of brief showers or thunderstorms. The soils of Dubai are primarily arid and sandy, typical of 

desert regions, with low organic matter content and limited water retention capacity. They belong 

mainly to the Aridisols soil orders, as defined by the USDA soil taxonomy. These soils dominate the 

UAE’s landscape and are common in dry regions with minimal organic content. They are 

characterized by low fertility, high salinity, and poor moisture retention due to the sandy texture. 

Due to high evaporation rates, salts accumulate in the upper soil layers, leading to saline conditions 

that challenge crop growth without proper management. 

Soil data was collected in the experimental site using an Agile Camp soil auger of 1 m length. 

Two representative samplings were selected for freshwater treatment and one for salinity. Soil 

samples by horizon layer were collected and analyzed for chemical and physical characteristics. Soil 

layer information regarding bulk density, pH, soil texture, soil organic carbon (SOC), and soil 

hydraulic properties are shown in Table 1. The bulk density was estimated by the Core method [19], 

pH and EC by the Saturated soil paste method [20], SOC by Walkley [21], FAO [22] methods and soil 

texture by Pipette method [23]. The soil profile in the freshwater zone tends to have a lower sand 

proportion than in the salinity zone. The Soil Organic Carbon (SOC) in the top layer is 0.89% and 

0.78% in the fresh and saline soil, respectively. During the field experiments, three fertilizer doses 

were applied using fertigation to ensure consistent nutrient availability. The first dose, consisting of 

a complex fertilizer, was applied 20 days after sowing (DAS) at a rate of 60 kg/ha. The second dose, 

using Urea, was applied after 30 DAS at the same rate of 60 kg/ha. The final dose, comprising a 

complex fertilizer, was applied on 40 DAS, also at a rate of 60 kg/ha. These fertilization practices 

ensured adequate nutrient supply during the experimental period, supporting plant growth and 

development under the applied stress conditions. 

Table 1. Status of soil biophysical properties collected at different depths of the experimental site. 

Treatment 
Depth 

(cm) 

Bulk density 

(g cm-3) 
pH Sand (%) Silt (%) Clay (%) 

Organic 

Carbon (%) 

EC  

(dS.m-1) 

Freshwater 

15 

30 

60 

100 

0.97 

1.25 

1.42 

1.44 

7.68 

7.73 

7.56 

7.48 

1.00 

2.16 

1.28 

1.16 

98.25 

98.25 

98.09 

98.13 

0.75 

0.27 

0.63 

0.71 

0.74 

0.34 

0.09 

0.05 

0.51 

0.21 

1.07 

3.08 

Salinity 

15 

30 

60 

100 

1.01 

1.29 

1.41 

1.46 

3.19 

0.64 

5.44 

4.47 

1.28 

1.96 

1.44 

1.56 

98.17 

97.21 

97.85 

97.81 

0.55 

0.83 

0.71 

0.63 

0.69 

0.27 

0.10 

0.03 

3.19 

0.64 

5.44 

4.47 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 December 2024 doi:10.20944/preprints202412.2296.v1

https://doi.org/10.20944/preprints202412.2296.v1


 4 of 17 

 

 

Figure 1. Daily weather data collected during the crop growth period in normal and summer seasons. 

2.2. Plant Materials 

A set of 24 genotypes was carefully selected based on yield performance and flowering time 

from a genebank characterization program that screened over 80 germplasm accessions stored at the 

ICBA genebank. Pure seeds collected from single plants of each genotype during the 2022-23 season 

in the germplasm characterization nursery were used in the current experiment. Details on genotype 

designation, ID, and respective origins are provided in Table S1. No special permissions were 

required to use these genotypes, as they were sourced through ICBA’s genebank under the Standard 

Material Transfer Agreement (SMTA) of the International Treaty on Plant Genetic Resources for Food 

and Agriculture (ITPGRFA) of the FAO. 

2.3. Treatments and Experimentation 

The experiment was conducted over two seasons: the normal (November–January/February 

2023/24) and the summer (April – June/July 2024). In each season, genotypes were evaluated under 

three treatments: fresh water with 100% irrigation (ENV1), fresh water with 50% irrigation (ENV2), 

and saline water with an electrical conductivity of 10 dS/m (ENV3). The experiments followed a 

randomized complete block design (RCBD) with three replications. Each plot consisted of two rows, 

each 3 meters long, with 30 cm spacing between rows and 25 cm between plants. Irrigation was 

managed using a drip irrigation system connected to an automated Supervisory Control and Data 

Acquisition (SCADA) system to control water quantity and quality (ICBA) precisely. Drip Irrigation 

system of the plots was controlled by SCADA system. Which consists of sensors and smart 

flowmeters which control the required amount of water to the exact plot in exact time. The system 

also works on 3.5 bars constant pressure. Inline drip tubing with 4LPH discharge was used in the 

experiment. Eurodrip has pressure compensating emitters which has same discharge between 1 to 4 

bar operating pressure. Even though the lateral line for risers were kept 50 mm diameter for even 

distribution of water to the extreme end drip line. Compression male adapters were used instead of 

gromets to avoid any type of leakage in the system. Regular inspections were carried out by irrigation 

team for leakage. Discharge of emitters were also measured by selecting random emitters in the start, 

mid and last emitters of a polyline. Pre-sowing irrigation was applied one day before sowing. In each 

plot, 2–3 seeds were sown at each dripper on a flat sand bed at a depth of 1.5 cm. A single weeding 

operation was performed 30 days after sowing across all treatments in both seasons. Irrigation 

quantities were based on crop coefficients derived from evapotranspiration measurements under 

local conditions. During the normal and summer seasons, 5.33 mm and 6.40 mm of water were 

supplied daily for ENV1 and ENV3, respectively. For ENV2, irrigation was set at half the amount 

provided to ENV1 or ENV3 (Figure S1). 
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2.4. Crop Water Requirements 

The irrigation requirement was calculated by using the FAO Penman-Monteith equation [24].  

𝐸𝑇𝑜 =
0.408∆ (𝑅𝑛−𝐺)+ 𝛾

900

𝑇+273
𝑢2

(𝑒𝑠−𝑒𝑎)

∆+ 𝛾 (1+0.34 𝑢2)
   

where: 

ETo is reference evapotranspiration [mm day-1],  Rn is net radiation at the crop surface [MJ m-

2 day-1]; G soil heat flux density [MJ m-2 day-1]; T air temperature at 2 m height [°C]; u2 wind speed 

at 2 m height [m s-1]; es saturation vapor pressure [kPa]; ea actual vapor pressure [kPa]; es - ea 

saturation vapor pressure deficit [kPa]; D slope vapor pressure curve [kPa °C-1]; g psychrometric 

constant [kPa °C-1]. 

Daily meteorological data from the ICBA weather station was used to calculate ETo, including 

daily maximum (Tmax) and minimum (Tmin) air temperature, mean wind speed (u2), maximum (RHmax

) and minimum (RHmin) relative humidity, and net radiation (Rn). 

Daily ETo was calculated over the last 5 years, and the average of these daily values was used to 

determine the crop evapotranspiration (ETc): 

𝐸𝑇𝑐 = 𝐸𝑇𝑜 𝑋 𝐾𝑐   

The calculation of ETc involved identifying specific crop growth stages and the duration of each 

growth stage. The crop coefficient (Kc) values were obtained from the FAO 56 guidelines, with values 

adjusted for different crop growth stages. 

2.5. Application of Saline Water for Irrigation 

Two sources of water were available for irrigation. The first source was fresh water supplied by 

DEWA (Dubai Electricity and Water Authority), with a salinity level of 0.2 dS/m. The second source 

was groundwater, with a high salinity level of 23 dS/m. For the experiment, the crop was irrigated 

with water at a target salinity of 10 dS/m, achieved by mixing fresh and saline water using a specific 

mixing formula. 

 Fresh Water = Tank Capacity  x 
(Required EC −EC of High saline water)

(EC of Fresh Water −EC of High saline water)
   

Phenotypic data were recorded on a plot basis for each replication, capturing the following traits: 

days to flowering (DF), days to maturity (DM), plant height (PH), green fodder yield (FY), grain yield 

(GY), chaffy grain yield (CGY), and 1000-grain weight (TGW) or grain size. Flowering was recorded when 

50% of the plants in a plot showed panicle emergence, while maturity was noted when 50% of panicles in 

a plot had reached physiological maturity. The PH and GY were measured when the plants in each plot 

reached maturity. The mature panicles were hand-threshed and cleaned by winnowing. 

High temperatures during the summer season led to the formation of chaffy or unfilled grains 

in the panicles across genotypes. Both GY and CGY were converted to kg/ha for analysis. 

2.6. Statistical Analysis 

Data analysis was conducted using R statistical software version 4.4.1 [25] and Python 

programming language version 3.12.6 [26]. The main effects of genotype, environment (treatments), 

and genotype-by-environment (G × E) interaction were estimated through a combined analysis of 

variance (ANOVA) for both the normal and summer seasons. The ANOVA model included 

replication (REP), genotype (GEN), environment (ENV), and their interaction as factors, using the 

formula Trait ~ REP + GEN * ENV. Python’s statsmodels v0.14.3 package [27] was employed for 

model fitting, following standard procedures described by [28]. This analysis treated genotypes as 

fixed variables, while environments were treated as random variables. The significance of effects was 

evaluated based on p-values, with significance levels indicated by stars (* for p < 0.05, ** for p < 0.01, 

*** for p < 0.001). The results were summarized, and their contributions to the total sum of squares 

(TSS%) were calculated. Significant G × E interactions were observed for the target trait in the 
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ANOVA, prompting further analysis using Additive Main Effects and Multiplicative Interaction 

(AMMI) and Genotype × Environment (GGE) biplots to identify high-performing, stable and 

environment-specific genotypes under both seasonal conditions at the target location. The original 

datasets underwent quality checks before AMMI and GGE biplot modeling in RStudio, as developed 

by the R Core Team [29]. Multivariate stability analysis was performed on GGE biplots and AMMI 

to graphically interpret the G × E interactions, enabling the ranking of genotypes and environments 

based on both mean performance and stability [18]. 

Due to extreme variability in phenotypic data across and within treatments during the summer 

season, primarily driven by cumulative water stress, salinity, and repeated episodes of heat stress, 

grain yield data was standardized. Yields ranged from 0 to 100 kg ha-1 under salinity treatment, 0 to 

200 kg ha-1 with 50% irrigation, and 0 to 810 kg ha-1 with 100% irrigation. This high variability caused 

genotypes to cluster closely at the origin in the GGE biplot, limiting interpretability. To address this, 

Z-score normalization was applied to standardize the data. This method transforms data so that it 

has a mean of 0 and a standard deviation of 1, transforming each value Z as follows: 

𝑍 =
𝑋− 𝜇

𝜎
   

where: 

X is the original data point. 

μ is the mean of the dataset. 

σ is the standard deviation of the dataset. 

Z is the standardized value, representing how many standard deviations the original value is 

from the mean. 

Standardization was used to eliminate the effect of differing scales while preserving the original 

data distribution, maintaining the original shape of the data distribution, and being especially useful 

when the data follows a normal (Gaussian) distribution [30,31]. 

3. Results and Discussion: 

3.1. Combined Analysis of Variance 

Analysis of Variance (ANOVA) was used to determine the statistical significance of differences 

among treatments, genotypes, and their interactions. ANOVA provides a robust framework for 

partitioning the total variation in the data into components attributable to these factors, highlighting 

key sources of variability. The combined analysis of variance revealed that genotype, environment, 

and genotype × environment (G × E) interactions were significant for both grain yield (GY) and chaffy 

grain yield (CGY) in both the normal and summer seasons (Table 2). The genotype component 

accounted for 77.69% of the variation in GY during the normal season, indicating substantial genetic 

diversity among the tested entries. This finding aligns with Yazdizadeh et al. [32], who reported 

significant genetic variability in proso millet, emphasizing the potential for selecting high-yielding 

genotypes. The significant G × E interactions, contributing 50.03% to GY and 39.48% to CGY, suggest 

that genotypes respond differently across environments. This is consistent with findings in other 

small millets, for instance, a study on finger millet by Anuradha et al. [33] highlighted the importance 

of evaluating G × E interactions to identify stable genotypes across diverse conditions. The non-

significant replication effects and low error variance for both GY and CGY indicate effective control 

of random variation by the experimental design, enhancing the reliability of the results. This 

methodological robustness is crucial for accurate genotype performance assessment, as 

emphasized in their study on proso millet.  

The highly significant genotype effects (p ≤ 0.001) for GY and CGY suggest that breeders can 

achieve substantial genetic gains by selecting superior genotypes with favorable yield traits, such as 

higher grain yield and reduced chaffy grain production. This is supported by research on little millet 

[33], which demonstrated that selecting genotypes with desirable traits can significantly improve 

yield and quality.  
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These findings provide valuable insights for breeding strategies in proso millet and other small 

millets. The significant genotype effects, combined with substantial G × E interactions, underscore 

the importance of multi-environment testing to identify genotypes that exhibit high yield potential 

and maintain stability across diverse environmental conditions. This approach is essential for 

developing resilient cultivars that sustain productivity under varying climatic scenarios. 

Table 2. A combined analysis of variance was performed on grain yield (GY) and chaffy grain yield (CGY) traits 

during normal and summer seasons. df, degrees of freedom; GY, grain yield; CGY, chaffy grain yield. 

Source of variation 

  Normal season   Summer season 
   GY      GY       CGY   
 df MSS TSS%  df MSS TSS%  df MSS TSS% 

Genotype  23 3250365.56 77.69*** 23 79309.76 21.52*** 23 3710.23 20.11*** 

Environment  2 593904.04 1.23**  2 1165860.91 27.51*** 2 29324.85 13.82*** 

Genotype x Environment 46 305387.57 14.59*** 46 92201.43 50.03*** 46 3641.03 39.48*** 

Reps  1 9741.96 0.01ns  1 56.49 0.00ns  1 199.17 0.05ns 

Error   117 53171.35 6.47   119 668.64 0.94   125 900.69 26.54 

***very highly significant at p≤0.001; **highly significant at p≤0.01; ns=non-significant p>0.05  . 

3.2. Genotype-by-Environment Interactions 

GGE biplot analysis was employed to visualize the performance and stability of genotypes 

across environments. This method combines genotype (G) and genotype-by-environment interaction 

(GE) effects into a single biplot, making it particularly effective for identifying ideal genotypes and 

environments. The "mean vs. stability" view was used to evaluate genotypes based on their mean 

performance and stability, while the "ideal genotype" assessment identified those closest to the 

individual environmental mean. Understanding the relationship between environments and 

genotype performance under stress conditions is essential for proso millet's successful expansion into 

diverse agro-ecological zones. As represented in Figure 2, the analysis highlights three environments 

(ENV1, ENV2, and ENV3), plotted as vectors, with principal component axes capturing over 98% and 

84% of the total variation in the normal and summer seasons, respectively. This high percentage 

reflects robust data representation. Such visual analyses are widely used for interpreting genotype-

by-environment (G × E) interactions and identifying genotypes with stable performance. The angles 

between environment vectors in the normal season reveal close associations, with ENV1 and ENV2 

and ENV2 and ENV3 exhibiting angles under 45°, suggesting strong correlations and similar 

environmental influences on genotype performance. In comparison, in the summer season, only 

ENV2 and ENV3 display this close correlation, while ENV1 shows a distinct pattern from ENV2 and 

ENV3 due to its unique stress factors. This distinction aligns with findings by Sanku et al. [34] in 

small millets, who reported that environmental stresses such as heat and water deficit can create 

distinct response patterns, impacting genotype performance consistency across varied conditions. 

Genotypes were ranked according to grain yield performance in each environment across the 

normal (Figure 2a) and summer (Figure 2b) seasons. The line (with an arrow) that passes through the 

biplot origin and the environment is called the axis for the environment [35], and along this axis, 

genotypes are ranked. In the normal season, genotypes G9 and G24 yielded higher than the mean in 

ENV1, ENV2, and ENV3, respectively, highlighting their adaptability across different conditions. 

This approach to ranking genotypes along the environmental axis has been effectively used in studies 

to evaluate yield stability, as described by Gauch et al. [36], who emphasized that the biplot method 

offers a transparent and interpretable way of assessing genotype stability across multiple 

environments. Such methods are beneficial for identifying genotypes with broad adaptability, 

providing valuable insights for breeding programs targeting multi-environment resilience. 

In the summer season, multiple stresses (e.g., elevated temperature, water stress, and salinity) 

severely impacted yields, with distinct variations across environments. In ENV1, which primarily 

featured heat stress, yields ranged between 32.1-810.2 kg ha⁻¹. Under combined heat and water stress 
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in ENV2, the top genotypes yielded between 80-100 kg ha⁻¹, whereas in ENV3, with added salinity, 

yields were further reduced to 20-25 kg ha⁻¹. This performance decline highlights the vulnerability of 

proso millet to combined stresses, particularly during the reproductive phase, which affects grain 

filling. The impact of combined stresses on the genotype performance in proso millet or other millet 

crops is understudied. However, the reproductive impairment observed in proso millet is likely due 

to the formation of non-viable pollen grains [37] and damage to ovarian tissues [38] under high 

temperatures (40-42°C), which mirrors similar findings in sorghum. These factors can lead to 

complete sterility and significant yield losses. 

In ENV3 (combined heat and salinity stress), genotypes G19 and G20 produced only chaffy, 

unfilled grains, indicating severe reproductive stress under these conditions. Genotype G24 failed to 

produce flowers, underscoring the harsh impact of combined stress factors on flowering and grain-

filling processes and categorizing them as the most sensitive genotypes. However, the crop exhibited 

resilience under ENV1, where heat stress was the primary factor. Genotypes G7, G10, and G12 

yielded over 750 kg ha⁻¹ despite high temperatures but showed moderate performance under ENV2 

and 3, suggesting inherent tolerance to heat stress alone. Studies on heat-stressed environments in 

millets support these findings, as they demonstrated that specific genotypes could withstand high 

temperatures but showed decreased resilience when water or salinity stress was introduced [39]. 

 

Figure 2. Relationship among three environments and grain yield performance of genotypes in ENV1 

(Freshwater 100% irrigation), ENV2 (Freshwater 50% irrigation), and ENV3 (Salinity 10 dS/m) conditions under 

a) normal and b) summer seasons. 

3.3. Mean vs. Stability Analysis and Assessment of Ideal Genotype 

In this study, the GGE biplot ‘mean vs. stability’ analysis explained 98.15% of the total variation 

in grain yield for the normal season (Figure 3a), 84.53% for grain yield, and 94.82% for chaffy grain 

under the summer season (Figure 3b). The average-environment axis (AEA) or AEC abscissa, 

indicated by the single-arrowed line, reflects the mean yield across the three environments. The 

proximity of ENV2 to the AEA suggests it had the highest alignment with the season mean yield, 

offering a consistent reference for evaluating genotypes. This approach aligns with Yan and Tinker's 

[35] findings, emphasizing the AEA's role in GGE biplots for accurately identifying high-yielding, 

stable genotypes across environments. In the normal season, genotype G9 displayed high mean yield 

and stability, followed by G24 and G18, with G6, G5, and G23 near the grand mean. G14 and G16 

showed the lowest mean yields. The combination of high yield and stability in the G9 genotype 
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suggests its potential as a broadly adaptable cultivar, an essential trait for multi-environment 

cultivation [35]. Conversely, genotypes G22 and G4, though high-yielding, showed low stability due 

to their distance from the AEA, reflecting significant environmental interactions. These findings echo 

Torres-Ordoñez et al. [40], who observed that high-yielding genotypes may not consistently 

demonstrate stability due to environmental variability. It is essential to balance yield with stability 

when selecting ideal genotypes. 

In the summer season, under combined stress conditions, genotypes G15, G23, and G5 exhibited 

higher mean yields. At the same time, G24 had the lowest mean yield (Figure 3b). Genotype G7 displayed 

high variability, performing well in ENV1 but inconsistently in other environments, indicating that stress-

specific adaptability may vary significantly among genotypes. This observation aligns with Sun et al. [41], 

who reported similar variability in millet crops under drought and heat stress, emphasizing identifying 

genotypes with specific tolerance profiles for environments prone to such conditions. 

The mean yield (AEA) in the summer season aligned closely with ENV2’s performance, 

suggesting that ENV2 serves as a representative environment under moderate stress conditions. 

However, the combination of water deficit, high temperature, and salinity in ENV3 significantly 

reduced mean yields and increased chaffy grains production. This aligns with the work of Chellapilla 

et al. [42]and Srividhya et al. [43], who reported that high temperatures and salinity together increase 

the likelihood of unfilled grains, severely impacting reproductive development in millet crops. 

Genotype G5 produced a high quantity of chaffy grains, reflecting its susceptibility to stress-induced 

grain-filling issues, while G16 and G19 exhibited both low chaffy grain production and reduced 

variability. These genotypes, closer to the origin on the biplot and with shorter projections from the 

AEA, emerge as promising candidates for enhanced tolerance to moisture stress, heat, and salinity. 

Interestingly, most genotypes tested under salinity in the summer season were able to produce seeds, 

with exceptions like G19, G20, and G24. This suggests variable tolerance among genotypes to concurrent 

stress factors, providing valuable insights for breeding programs focused on developing resilient proso 

millet varieties for challenging environments. Chaffy grains in pearl millet often increase under combined 

heat and drought stresses, reducing yield quality [43]. Similarly, optimizing maturity timing in finger 

millet remains critical to avoiding yield penalties during the cropping season [44]. 

 

Figure 3. ‘Mean vs. stability’ pattern of GGE biplot illustrating interaction effect of 24 proso millet genotypes evaluated 

under three environments in the a) normal and b) summer seasons for grain yield (GY) and chaffy grain (CGY). The 

biplots were generated using Column Metric Preserving SVP and Tester Centered G+GE with no scaling. 

3.4. Which-Won Where Pattern of GGE Biplot 

The GGE biplot analysis (Figure 4) presents the performance of 24 genotypes under different 

environmental conditions across the normal and summer seasons, focusing on GY and CGY. Figure 

4a represents GY in the normal season; both PCAs explained a total of 98.15% variation. The 

positioning of the environments (ENV1, ENV2, and ENV3) reveals differential genotype performance 

across them, with ENV1 located on the positive side of both PCA1 and PCA2, suggesting that 

a b 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 December 2024 doi:10.20944/preprints202412.2296.v1

https://doi.org/10.20944/preprints202412.2296.v1


 10 of 17 

 

genotypes aligned with this direction perform better in ENV1. In contrast, ENV2 and ENV3 are 

situated on the negative side of PCA1, indicating that these genotypes are less suitable in these 

environments. Genotypes G9 and G24, positioned along ENV2, represent their robust performance 

under this specific environment. Meanwhile, genotypes such as G9 and G22, closer to ENV1, exhibit 

high adaptation to this environment. Genotypes G9, G24, and G7, located closer to ENV3, suggest an 

advantage in that environment under normal season conditions. 

In Figure 4b, representing GY in the summer season, PCA1 and PCA2 explained 46.12% and 

38.35% of the variation, respectively. The clustering of the environments (ENV1, ENV2, and ENV3) 

in this plot suggests reduced variation in genotype performance across different environments 

compared to the normal season, reflecting a more consistent genotype-by-environment interaction in 

summer. Nonetheless, specific genotypes such as G7 and G10 showed higher performance under 

ENV1, while G5, G17, and G23 were favorable for ENV2 and ENV3, respectively, indicating 

environment-specific adaptation. Similarly, PCA1 and PCA2 explained 65.49% of the variation in 

CGY. In this plot, ENV1 was distinctly separated from ENV2 and ENV3, revealing specific genotype 

responses to environmental conditions for CGY. Genotype G5, positioned close to ENV1, indicates a 

large amount of CGY was produced under this environment, while genotypes G14 and G23 produced 

less CGY. This result highlights that CGY, often influenced by environmental stress, particularly 

benefits from genotype-specific adaptation, underscoring the impact of environmental factors on trait 

expression in the summer season. 

Comparing the normal and summer seasons, it becomes evident that the genotype performance 

across environments in the normal season is more variable, with certain genotypes showing high 

adaptation to specific environments, such as G9 in ENV1 and ENV2. In contrast, the summer season 

presents a more homogenous response across environments due to the severe negative impact of 

stresses, as indicated by the closer clustering of environments. This reduced environmental 

differentiation in the summer season might reflect stress adaptation traits across genotypes, as the 

summer conditions exerted drought, heat, and salinity stresses on the genotypes. This finding aligns 

with previous studies that reported genotype stability under stress conditions due to adaptive traits 

that buffer environmental variations [45]. 

Our findings align with previous studies on proso millet and other small millets, highlighting 

genotype-specific adaptations to varying environmental conditions, especially under stress [46,47]. 

For example, proso millet genotypes have demonstrated significant yield stability and adaptability 

across diverse environments, exhibiting distinct performance patterns under stressors like drought 

and high temperatures [48]. Similarly, genotype-specific responses in proso millet under varying 

water stress conditions reinforced that environmental stress could enhance adaptive traits, ensuring 

consistent performance across environments [47]. 

 

Figure 4. Polygon view of GGE biplot displaying the ‘Which-won-where’ pattern of genotype main effect and 

G×E interaction effects in 24 proso millet genotypes evaluated under three different environments in the a) 

normal and b) summer seasons for grain yield (GY) and chaffy grain (CGY). The biplots were generated using 

Column Metric Preserving SVP and Tester Centered G+GE with no scaling. 

a b 
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3.5. Discriminativeness vs. Representativeness Pattern of GGE Biplot 

The GGE biplots display the “Discriminativeness vs. Representativeness” pattern genotypes 

under three environments in both the normal and summer seasons, specifically focusing on GY and 

CGY (Figure 5). Genotypes such as G22, located farther from the origin, exhibit high discrimination 

ability, and align closely with the ideal genotype for ENV1, suggesting they perform well in that 

environment with favorable yield stability. ENV2 and ENV3, positioned along the negative side of 

PCA1, indicate differential responses in genotype performance, highlighting specific adaptability 

patterns among genotypes such as G24, G7, and G18. These results align with previous findings 

demonstrating genotype-specific adaptation and stability across different environments in small 

millets under normal seasonal conditions [49]. 

In Figure 5b for GY in the summer season, the environments are positioned closer to each other 

compared to the regular season, suggesting a more consistent genotype performance across 

environments. This clustering of environments could reflect the effect of summer-season stresses, 

such as drought, heat, and salinity, reducing the distinctiveness of genotypic responses across 

environments. Genotype G7 is close to ENV1, indicating a robust performance in this environment, while 

G15 and G23 show favorable adaptation to ENV2 and ENV3, respectively. These findings are consistent 

with Guo et al. [45], who reported that stress conditions often lead to convergent performance patterns 

among genotypes due to adaptive traits that mitigate environmental variability. 

The third plot focuses on CGY in the summer season, where ENV2 and ENV1 are distinctly 

separated from ENV1, emphasizing that genotype response was distinct for the formation of chaffy 

grains. Genotype G15, located far along the positive PCA1 axis near ENV2, exhibits high 

discriminativeness and produces more amount of chaffy grains when water and heat stress 

were applied, while G5 and G24, positioned closer to ENV1, indicating that these genotypes were 

sensitive to heat stress alone. This response pattern aligns with findings in Ventura et al. [47], which 

demonstrated that specific genotypes of proso millet and other small millets exhibit varying levels of 

chaffy grain production depending on the environment, particularly under stress conditions. 

During the normal growing season, maximum surface temperatures exceeding 35°C were 

recorded during the early vegetative phase, lasting approximately 15 days. In contrast, during the 

summer, extreme temperatures surpassing 35°C, peaking at 49.2°C, coincided with critical crop 

stages such as flowering and grain filling. These extreme conditions, particularly under saline 

treatments, were associated with significantly increasing chaffy grains. Similar impacts have been 

reported in finger millet, where high-temperature stress of 38°C during reproductive stages reduced 

seeds per panicle by 95% and seed yield per panicle by 97% [50]. Mean maximum temperatures 

during the flowering-to-maturity period averaged 43°C in the summer compared to 28°C in the 

normal season. Despite these harsh summer conditions, genotypes G7, G10, and G12 displayed 

remarkable resilience, achieving yields exceeding 0.75 t ha⁻¹. 

Under normal fresh-water irrigation (ENV1), the mean yield of the 24 genotypes reached 1.11 t 

ha-1. In contrast, under summer conditions (ENV1), yields dropped sharply by 79% (0.24 t ha-1) due 

to high temperatures during critical crop growth phases. Such thermal stress severely restricts 

photosynthate allocation to reproductive organs, reducing grain yield and increasing sterility rates 

[51,52]. In addition, salinity stress compounds these effects by hindering water uptake and disrupting 

nutrient balance, contributing to additional reductions in grain formation [53]. In normal season, 

mean crop yields declined by 23% under 50% irrigation (ENV2) and by 17% under salinity conditions 

(ENV3) compared to full irrigation with freshwater (ENV1). Similar studies in pearl millet reported 

a yield reduction of 72% [54] and 12-49% [55] under water stress. 

While in the summer, proso millet yields decreased more drastically, by 79% under 50% 

irrigation (ENV2) and 96% under salinity conditions. Therefore, the combined impact of heat and 

salinity stress presents a significant threat to yield stability. This heat and salinity stress pattern in 

Proso millet emphasizes the importance of developing stress-resilient cultivars. Research in small 

millets highlights the potential for genetic improvements to enhance heat and salinity tolerance 
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during crucial growth stages, an essential strategy for mitigating the adverse effects of climate 

variability [56]. 

The findings further emphasize the importance of selecting genotypes that balance high yield 

with stability and lower production of chaffy grains under stress conditions, supporting previous 

studies on the adaptability and resilience of millets [46,47]. This insight is critical for breeding 

programs that improve stress resilience in proso millet and other small millets, particularly in regions 

prone to climate variability. 

 

Figure 5. The GGE biplot showing the ‘Discriminativeness vs. Representativeness’ pattern for genotype 

comparison with ideal genotype in 24 proso millet genotypes evaluated under three environments in the a) 

normal and b) summer seasons for grain yield (GY) and chaffy grain (CGY). The biplots were generated using 

Column Metric Preserving SVP and Tester Centered G+GE with no scaling. 

3.6. Key Relationships Among Environments 

The correlation analysis across three environments (ENV1, ENV2, and ENV3) in the normal and 

summer seasons highlights key associations between GY and various plant traits. Under normal 

season (Figure 6a) of ENV1, GY shows a strong positive correlation with FY (r = 0.92**) and a 

moderate association with PH (r = 0.58**), indicating that higher biomass and taller plants may 

enhance GY. This is consistent with findings from Anuradha et al. [33] and Yazdizadeh et al. [32], 

who observed a similar positive correlation between biomass yield and GY in proso millet, attributing 

this to increased photosynthetic resource allocation, which directly supports grain-filling. Similar 

studies in proso millet also highlighted the role of plant height: taller genotypes have better light 

interception, improving overall growth and yield potential [48,57]. These results suggest that 

managing plant traits such as biomass and plant height can effectively improve GY in proso millet 

and other small millets. 

In ENV2, GY maintains a robust correlation with FY (r = 0.85**) and shows moderate positive 

associations with PH (r = 0.58**) and TGW (r = 0.31**), suggesting that both biomass and grain size 

contribute to yield. Earlier studies indicated that larger grain size, as reflected by higher TGW, 

significantly contributes to yield potential in proso millet [58] and foxtail millet [59], reinforcing the 

importance of grain size across small millets. In ENV3, GY correlates strongly with FY (r = 0.93) and 

positively with PH (r = 0.69**) and DM (r = 0.54**), showing that both PH and fodder yield can 

contribute to yield. Although the association between DM and HI in the current study was non-

significant (r = 0.02), it contrasts with findings by Wolie and Tadesse [44], who observed a more 

notable negative association between DM and HI in finger millet. Their study suggested that 

extended maturity phases in certain millet types could reduce HI, as resources may be diverted to 

vegetative growth rather than grain filling. While the current study did not find a substantial trade-

off, this insight from other millets underscores the importance of carefully managing growth duration 

to optimize yield. 

Under the summer season (Figure 6b) of ENV1, GY has a moderate negative correlation with 

DM (r = -0.41**) and a positive association with TGW (r = 0.33**), indicating that delayed maturity 
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may hinder yield, while larger grain size improves it. This finding aligns with previous [59] , which 

indicate that larger TGW benefits yield, as grain size contributes more effectively to overall yield. 

Additionally, the negative relationship between DM and GY suggests that managing the maturity 

period is crucial to avoid yield penalties associated with extended vegetative growth under summer 

conditions. In ENV2, GY shows a moderate positive correlation with CGY (r = 0.35) and TGW (r = 

0.37**) under drought and heat stress conditions. While TGW is a favorable trait for yield, the positive 

correlation with CGY suggests a complex interaction. High CGY is not beneficial, as it often 

represents non-productive grains that do not contribute directly to harvestable yield. The slight 

positive association may indicate that, under stress, plants allocate resources to CGY, potentially as 

a survival mechanism, but this can come at the expense of actual grain yield.  Wang et al. [60] 

observed that although CGY may act as a temporary nutrient buffer, its contribution to yield is 

limited, as non-viable grains can reduce overall grain quality and marketable yield. In ENV3, GY also 

shows a positive correlation with CGY (r = 0.47**) and a stronger association with TGW (r = 0.66**), 

again highlighting the beneficial role of grain size in yield, even as CGY increases. However, the 

negative impact of CGY on grain yield remains, as CGY typically represents a yield inefficiency where 

resources are allocated to unfilled grains. PH negatively associates with TGW (r = -0.42**), suggesting that 

taller plants may produce smaller grains in this environment. While promising genotypes were identified, 

the study faced certain limitations. The salinity level was limited to 10 dS/m, which constrained the ability 

to quantify the genotypes' threshold tolerance and full variability. Additionally, during the summer 

season, the combined effect of high-temperature stress and salinity significantly impacted most 

genotypes, reducing yields and limiting the expression of their genetic potential. 

 

Figure 6. Heat map showing the Pearson’s correlation coefficient (r) between selected traits under ENV1, ENV 

2, and ENV 3 in (a) normal (a) and (b) summer (b) seasons. * p< 0.05, ** p< 0.01, *** p< 0.001. DM, days to 

flowering; DM, days to maturity; PH, plant height; FY, fodder yield; DY, grain yield; CGY, chaffy grain yield; 

TGW, 1000-grain weight; and HI, harvest Index. 

4. Conclusions 

The study highlights the significant impact of heat, drought, and salinity stress on proso millet 

yields, with drastic reductions observed during the summer season, particularly under combined 

stresses. Genotypes such as G22 showed high stability under optimal conditions, while G15, G24, and 

G7 exhibited specific adaptability to stressed environments. Critical growth stages like booting, 

panicle emergence, and flowering were most affected, leading to increased chaffy grain production 
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and reduced grain yields. Despite these challenges, resilient genotypes like G7, G10, and G12 

maintained relatively high yields, demonstrating their potential for stress-prone environments. These 

findings underscore the importance of developing stress-resilient cultivars with enhanced heat and 

salinity tolerance to ensure yield stability in regions vulnerable to climate variability. During the 

normal season, temperatures were moderate (Tmax: 29.5°C, Tmin: 16.4°C), while the summer season 

experienced extreme heat (Tmax: 40.3°C, Tmin: 24.8°C), with peaks reaching 49.2°C. The 

reproductive phase was particularly vulnerable, with 88% (62 out of 70 days) of this period 

experiencing surface maximum temperatures above 40°C. These extreme conditions coincided with 

critical growth stages, significantly reducing 1000-seed weight, grain yield, and fodder yield while 

increasing chaffy grain production. The correlation analysis highlights key trait-yield relationships 

in proso millet across diverse environments. In the normal season, GY strongly correlated with FY 

and PH, emphasizing the importance of biomass and plant height for yield. TGW also contributed to 

GY in stressed environments, reinforcing its role in yield resilience. Under summer stress, delayed 

maturity negatively impacted GY, while TGW remained a key positive driver. The moderate positive 

correlation between GY and CGY under stress suggests resource allocation trade-offs, with non-

productive grains reducing efficiency. These insights underline the need to prioritize traits like 

biomass, plant height, and TGW while minimizing chaffy grains for breeding stress-resilient proso 

millet. Developing mapping populations from the identified stress-tolerant and sensitive genotypes 

will enable the detection of large-effect QTLs, which are promising candidates for enhancing stress 

tolerance in proso millet improvement programs. Additionally, multi-location testing of these 

genotypes will improve our understanding of target population environments (TPEs) and optimize 

production areas. 
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