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Abstract 

This study aimed to assess the drought and heat stress tolerance of nine Tunisian 

maize populations and their potential stress tolerance mechanisms. Over two years, 

nine Tunisian maize populations were evaluated under five environments with varying 

stress levels and one optimal growth condition in Tunisia. This work formed part of 

a larger study that includes a total of 223 Mediterranean maize landraces. The nine 

Tunisian populations were specifically chosen to assess the behavior of landraces 

adapted to the drought and heat stress conditions prevalent in the southern Mediter-

ranean. In all the locations, the trials followed an augmented design with five blocks 

and a total of five checks over the two-year study period replicated in each block.The 

study demonstrated that combined drought and heat stress severely reduced maize 

yield, with Tunisian landraces experiencing losses of 76% to 95% relative to optimal 

conditions. Factorial regression analyses were performed to provide a biological 

interpretation of the contribution of environmental and genotypic variables, as well as 

their interactions, to grain yield variability. The most representative genotypic covari-

ates were plant height (PH) followed by the number of ears (NE), thousand-grain 

weight (1000GW), and aerial biomass, respectively, explaining 26%, 12%, 9%, and 

8% of the total variability. The significant environmental covariates were cumulative 

hydric deficit (DHC) and the average anthesis silking interval (ASI_ENV) in each 

environment, representing 48% of the total environmental variation. The interac-

tion between thousand-grain weight and cumulative hydric deficit had the highest 

contribution (9%) of interaction for grain yield. The factorial regression indicated 

that under stress conditions, maize plants appeared to adapt to maintain yield by 

increasing thousand-grain weight while reducing aerial biomass, number of ears, 

and grain number. This response likely reflects an enhanced capacity for efficient 
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resource reallocation, supporting the plant’s resilience under combined drought and 

heat stress conditions. The landraces BK, KAR, and MT2 consistently outperformed 

in most traits under stress conditions, showing significant tolerance and adaptability 

for across multiple stress levels with better yields and flowering synchronization. The 

selected best-performing populations could serve as valuable sources of drought and 

heat stress tolerance sources for future breeding programs.

Introduction

Maize (Zea mays L.) is the most important cereal crop after rice and wheat and is 
cultivated worldwide due to its importance as a primary food resource, livestock feed, 
and biofuel [1,2]. Maize production, particularly in the Mediterranean areas, faces 
many challenges, such as water and heat stress (Rida et al., 2021). Maize is more 
heat and drought-susceptible than rice (Oryza sativa L.) and wheat (Triticum aes-
tivum L.), mainly when high temperatures and drought occur during flowering and 
grain-filling growth stages [3,4]. Drought and heat stress are expected to rise in all 
projected climate change scenarios thus limiting crop growth and productivity [5,6].

Maize plants under drought stress experience reductions in photosynthetic rate [7], 
growth, yield, and grain quality, particularly through a decline in starch relative to pro-
tein content [8,9]. Depending on its intensity and duration, drought causes maize yield 
loss of 30% to 90% [10,11]. Heat stress alone also severely reduces maize yield; each 
increase of one degree Celsius exceeding 30°C reduces maize grain yield by 1% to 
1.7% [12]. Global warming scenarios expect a reduction of maize yield from 21% to 
50% under 1°C to 4°C increase, respectively [13]. The favorable growth temperature 
for maize is 26°C, and for each degree increase of this temperature, root and shoot 
mass both decline by 10% until 35°C when growth is the most retarded [14].

Like other crops, maize performance varies considerably across environments due 
to Genotypes × Environments (G × E) interactions [15]. The interaction between Gen-
otypes and Environments suggests that genotype ranking is inconsistent across sev-
eral environments [16]. This differential performance can be classified into two main 
interaction; a Magnitude interaction and a crossover interaction [17]. Such interac-
tions are critical in plant breeding programs, as they influence selection efficiency and 
the stability of genotypic performance across diverse growth conditions [17]. There-
fore, under various environmental conditions, yield could be affected by the effect of 
the environment (E), the genotype (G), and their interaction (G × E). Assessing G × E 
is thus critical for breeding programs, either to select broadly adapted genotypes with 
stable performance or to identify varieties specifically adapted to particular agro-
ecological conditions [18]. Multi-environment trials (METs) and associated biometrical 
tools are essential to capture these dynamics and guide breeding strategies [19–22]. 
Despite advances in maize improvement, relatively few studies have addressed 
the combined effects of drought and heat stress under Mediterranean conditions, 
where these stresses frequently co-occur and severely limit yield stability. Moreover, 
the potential of local landraces as a genetic resource for stress tolerance remains 
underexploited.
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The present study aims to (i) identify tolerant Tunisian maize local landraces under six contrasting environmental 
conditions, (ii) evaluate the G × E interaction of the Tunisian maize landraces across stressed and non-stressed condi-
tions in order to identify high-performing genotypes and (iii) assess the relative impact of environmental, genotypic, and 
G × E interaction factors on maize grain yield, and investigate stress tolerance mechanisms and resource allocation under 
limited conditions.

Materials and methods

Plant material

We tested nine maize local landraces representing the unique Tunisian germplasm pools that have been adapted by 
selection to the Mediterranean climatic conditions and came from crosses and recombination of European and American 
sources [23,24] (Table 1). A total of five checks were used during the two-year study, composed of three Tunisian commer-
cial hybrids (Agrister, Sancia, Fandari), the synthetic BS17, and the hybrid B73 × Mo17. Agrister, Fandari and Sancia were 
the commercial Tunisian hybrids used as checks during the first year of the study [25]. The synthetic BS17 and the hybrid 
B73 × Mo17 were also used as checks, accompanied by Agrister and Fandari during the second year of trials.

Field trials

This study focuses on nine Tunisian landraces, selected from a larger dataset of 255 Mediterranean varieties and selec-
tions cycles, in which only the Tunisian accessions were examined in detail for the specific objectives of the present work. 
The field trials followed an augmented design with a total of five checks over the two-year study period. In the first year, 
the design included 5 blocks with 54 plots per block. Of these, 3 plots in each block were allocated to check varieties, 
which were replicated across all blocks, while the remaining 51 plots were assigned to unreplicated landraces. In the sec-
ond year, the augmented design consisted of 55 plots per block, with 4 plots assigned to replicated check varieties and 51 
plots allocated to unreplicated landraces.

The nine Tunisian maize landraces were selected based on their diverse bioclimatic origins, which may confer adap-
tation to contrasting abiotic stresses. Previous assessments demonstrated substantial genetic diversity among them, 
indicating potential for differential tolerance [22,23]. This diversity represented a valuable resource for improving maize 
productivity under the challenging conditions of Tunisia and other Mediterranean regions with similar growth conditions. 
The genotypes including landraces and checks, were cultivated in a plot measuring three meters in length with 12 hills 
per row, each hill sown with two seeds. The interlinks between the experimental plots were 50 cm, and the plants on the 
same plot were spaced by 25 cm. Hills were thinned to one plant at two leaf stages, with an expected final plant density of 
around 60000 plants ha-1.

Table 1.  Tunisian maize landraces evaluated in this study, along with the regions and bioclimatic zones.

Landrace_ID Region Latitude Longitude Bioclimatic zone

BIZ1 Bizerte 37°18’10.7“N 9°49’57.0“E Subhumid

BIZ2 Bizerte 37° 18’ 58.5“N 9° 41’ 57.7“E Subhumid

GAB1 Gabès 33°52’39.3“N 10°03’53.0“E Semi-arid with cold winter

GAB2 Gabès 33° 51’ 4.37“N 10° 7’ 22.76“E Semi-arid with cold winter

GAF Gafsa 34°25’49.9“N 8°46’05.9“E Arid with cold winter

KAR Kairouan 35°36’57.0“N 9°55’23.2“E Semi-arid with cold winter

MT1 Nabeul 36°47’11.7“N 10°59’52.2“E Subhumid

MT2 Nabeul 36°55’48.0“N 11°06’00.0“E Subhumid

BK Nabeul 36°38’54.1“N 10°35’50.4“E Subhumid

https://doi.org/10.1371/journal.pone.0338577.t001

https://doi.org/10.1371/journal.pone.0338577.t001
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The trials were conducted under six environments in three locations from different bioclimatic areas: Mornag, Sousse, 
and Gabèss (Fig 1). In Mornag, the soil texture was heavy clay with high organic content. In Sousse, the soil texture was 
sandy, while in Gabès, the soil has a sandy clay texture (Table 2). During the maize growth cycle in Mornag, temperatures 
ranged from 20°C to 45°C in 2022 and 2023. Several heat waves were recorded in Mornag during both years with more 
frequent heat waves in 2023 than in 2022, classifying it as a heat-stressed setting, even for the well-watered trials. The 
temperatures in Sousse during the growth cycle ranged between 20°C and 38°C, with no registered heat waves (Fig 2). 

Fig 1.  Experimental fields used for the screening trials of nine Tunisian maize landraces and check varieties across three locations in Tunisia. 
Mornag was used for control and stressed irrigation conditions in 2022 and 2023 (C_22, C_23, S_22, S_23), Sousse for optimal conditions (OP), and 
Gabès for combined drought and heat stress (D_H). Map of Tunisia generated using data from NASA Earth Observatory (public domain). Source: NASA 
Earth Observatory (https://earthobservatory.nasa.gov).

https://doi.org/10.1371/journal.pone.0338577.g001

Table 2.  Average main soil characteristics of the locations where the Tunisian maize landraces 
were evaluated: Mornag, Sousse and Gabès experimental fields at a depth of 60 cm.

Soil characteristics Mornag Sousse Gabès

Clay (%) 47.0 22.2 13.9

Silt (%) 24.5 16.6 26.3

Sand (%) 28.5 61.2 59.8

Total limestone (%) 19.10 < 4.00 8.18

pH 8.07 8.01 8.19

Organic matter (%) 2.4 1.5 1.0

Electric Conductivity (mS/cm) 0.48 0.42 2.95

N total (‰) 1.76 0.96 0.61

P2O5 – assimilable (mg.kg-1) 21.93 35.69 4.68

K2O – assimilable (mg.kg-1) 745.2 521.3 294.3

https://doi.org/10.1371/journal.pone.0338577.t002

https://earthobservatory.nasa.gov
https://doi.org/10.1371/journal.pone.0338577.g001
https://doi.org/10.1371/journal.pone.0338577.t002
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The most stressful growth conditions were recorded in Gabès, with several heatwaves similar to those in Mornag, but 
more frequent during the initial growth stages (Fig 2). The heatwaves in Gabès were accompanied by a lack of precipita-
tion with a total of only 15 mm during the cycle with low water input (Fig 2).

Maize performance under different conditions was evaluated through two water regimes in Mornag with well-watered 
and stressed irrigation in 2022 and 2023, nominated as C_22 and C_23, respectively, for the control and S_22 and S_23 
for the drought conditions. The control treatments of C_22 and C_23 received full irrigation at 90% of field capacity (FC), 
respectively, with a total water supply of 1507.3 mm and 1543.4 mm. The stressed environments received a moderate 
water deficit treatment for S_22 and S_23 by applying 50% of FC. The stress irrigation was applied approximately two 
weeks before tassel emergence. These water regimes were managed using the MABIA software integrated into the Water 
Evaluation and Planning (WEAP) framework. For both control and stress treatments, soil moisture was monitored using 
soil depletion curves, which tracked water availability in the root zone The total water inputs for S_22 and S_23 during the 
cycle were 1080.5 mm and 1112 mm, respectively. In Sousse (OP), the irrigation was applied regularly, four times weekly; 
the total water supply was 1610 mm during the cycle. In Gabès (D_H), irregular water availability disrupted the irrigation 
schedule, leading to irregular irrigation (once every 10–12 days), contributing to drought and heat stress conditions with 
frequent heat waves during the cycle. The total water supply was 710 mm. The irregular irrigation with the lack of precip-
itation and the high temperatures during the growth cycle, make Gabès the most stressed environment with a combined 
drought and heat throughout the entire cycle.

Fig 2.  Precipitation, minimum, and maximum temperatures across the three Tunisian locations during maize growth cycle of the Tunisian 
maize landraces plus checks evaluated in 2022 and 2023.

https://doi.org/10.1371/journal.pone.0338577.g002

https://doi.org/10.1371/journal.pone.0338577.g002
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Traits recorded

The number of days to pollen shedding (DT) and days to silking (DS) represented the number of days until 50% of the 
plants in the row showed tassels or silks, respectively. The anthesis-silking interval (ASI, days) was calculated as the 
difference between days to silking and days to pollen shedding. The morphological parameters such as plant height (PH, 
cm) and aerial biomass (AB, g) were recorded at harvest. Yield and yield-related parameters including the number of 
grains per ear (NG), number of grains per plant (NGP), thousand-grain weight (1000GW, g), ears per plant (NE), and grain 
yield per plant (GYP, g/plant) were also recorded on the same stage. The harvested ears were air-dried until reaching con-
stant moisture before taking 1000GW and GYP. For the evaluation of plant height, aerial biomass, yield, and yield-related 
parameters, a total of five normal and competitive plants were selected.

Several environmental covariates were calculated to evaluate the effect of environmental conditions on determining 
grain yield under several stressed conditions. To evaluate the effect of soil moisture stress on final grain yield, we calcu-
late the cumulative hydric deficit (DHC, mm) as follows [26]:

	 DHC = Irrigation + Precipitation – ETP 	 (1)

ETP represents the potential evapotranspiration and can be estimated using different models such as Hargreaves or 
Penman-Monteith. In our study, ETP (mm/day) was calculated following Hargreaves Method as follows [26]:

	 ETP = 0.0023 × (T_avg + 17.8) × √
(T_max – T_min) × Ra	 (2)

With 17.8 is a constant used in the equation for estimating potential evapotranspiration (ETP) and 0.0023 an empirical 
adjustment constant introduced by Hargreaves and Samani [26] to align the estimated evapotranspiration with observed 
data under various climatic conditions. T_avg, T_max, and T_min represent the average, maximum, and minimum tem-
peratures of each environment, respectively, and Ra is the extraterrestrial radiation (MJ/m2/day), which depends on the 
latitude and the day of the year. The Water stress index (WSI) was also calculated to compare the available water and the 
water requirements of the maize plants. WSI was calculated as follows [26]:

	 WSI = (Irrigation + Precipitation) / ETP	 (3)

On the other hand, DAY > 40 and ASI_ENV, representing respectively the total number of days when the temperature 
exceeded 40 degrees in each environment and the average anthesis silking interval of the different genotypes in each 
environment, were also calculated to estimate the effect of heat stress.

Statistical analysis

Analyses of variance were performed for each trait. The sources of variation were environment (E), bloc within the envi-
ronment (bloc(environment)), genotypes (G), and genotype × environment interaction (G × E). G, E, and G × E were con-
sidered fixed effects; while blocks nested within environments (bloc(environment)) was considered random. A combined 
analysis of variance over environments was firstly performed. Subsequently, individual analysis of variance including the 
checks were made for each environment for the traits showing significant genotype × environment interaction. The least 
significant difference (LSD) at P < 0.05 was calculated using the checks to compare the LS means (Least Squares Means) 
of the landraces. This part of the statistical analysis was made using the SAS Proc Mixed procedure [27–30]. For traits 
showing a significant G × E interaction, separate analyses of variance were conducted within each environment while for 
traits without significant interaction, the LSD was derived from the combined analysis across environments.

The GGE biplot method was employed to analyze the interaction and stability of genotypes when a significant G × E 
was detected. The GGE biplot was constructed using the first two principal components (PC1 and PC2), derived from 
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environment-centered yield data. The advanced multivariate analyses, including “mean vs. stability” biplot and “which won 
where” biplot analyses, were accomplished using the “metan” package version 1.18.0 [27], with R version 4.1.2 in RStudio 
[31], providing a clear visualization of the genotype × environment interactions and the stability of the genotypes across 
environments [32]. The analyses were based on the single portioning value (SVP) of the first two principal components as 
follows:

	 Yij = µ + αi + βj + θij + εij	

Where is observation of genotype i in environment (Yij) is the mixed effect value of grand mean (μ), which is modified by 
the main effect of genotype (αi), environment main effect (βj), as well as the interaction between the genotype and envi-
ronment due to ith genotype and jth environment (θij), and random error (εij) [16].

The heatmap is created using the mean values of the parameters measured under the different growth conditions for 
each genotype. Hierarchical clustering is applied to the rows (genotypes and environments) and columns (parameters). 
Using the Euclidean distance, a hierarchical clustering was made to identify similarities. The parameter values are normal-
ized by column and represented by colors, ranging from blue (low values) to red (high values). The heatmap and dendro-
gram construction were performed with the heatmap R library with RStudio [33].

Factorial regression analyses were performed to evaluate the impact of the environmental (E), genotypic (G), and gen-
otype × environment interaction (G × E) factors contributing to variability among maize grain yield under different drought 
and heat stress conditions. Factorial regression analysis was performed using R software. The models were fitted with 
the lm() function from the stats package, and significance of main and interaction effects was assessed using the Anova 
function from the car package [34].

The general form for a factorial regression model with genotypic and environmental covariates is expressed as 
described as follows [35]:

	 Yij = µ + [Σρk ·Gik + αi] + [Σδh · Ejh + βj] + [ΣGik · θkh · Ejh + Σα′ih · Ejh + Σβ′jk ·Gik + εij],	

Where ρk and δh are the regression coefficients of genotypic (Gik) and environmental (Ejh) covariates, respectively; αi 
and βj are the residuals of genotype and environmental main effects, respectively; θkh is the regression coefficient of 
the cross-product of covariates (Gik and Εjh), and α′ih and β′jk are the genotype-specific (i) and environment-specific(j) 
regression coefficient of environmental covariate Εjh and genotypic covariate Gik, respectively. εij is the residual interac-
tion effect. In our study, the genotype-specific regression coefficient (α′ih) and the environment-specific regression coeffi-
cient (β′jk) were not explicitly estimated but were accounted for within the general residual error term (εij). This approach 
simplifies the model while maintaining a robust estimation of the G × E interaction effects [36].

Results

The analysis of variance revealed significant differences among genotypes (GEN), and among environments (ENV) for all 
traits (S3 Table). Significant ENV × GEN interactions were registered for days to tasseling and silking (DT and DS), plant 
height (PH), thousand-grain weight (1000GW), and grain yield per plant (GYP), (P < 0.001), suggesting that genotype per-
formance varies across environments (Table 3).

The trials were conducted in six distinct environments representing different climatic conditions in Tunisia during the 2022 
and 2023 seasons. Two environments at Mornag (C_22 and C_23) correspond to conditions of moderate heat stress, with 
maximum temperatures above 32°C and high solar radiation (>39 MJ/m2/d) (Table 4). Total potential evapotranspiration 
(ETP) exceeds 1860 mm, while the quantity of water supplied (W) remained lower, which led to a moderate cumulative hydric 
deficit (DHC: −320 to −417 mm) and water stress indices (WSI) of around 0.8. On the other hand, in the combined moderate 
heat and drought stress scenarios at Mornag (S_22 and S_23), water inputs were significantly reduced (1080.53 mm and 
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1111.36 mm), which resulted in a hydric deficit exceeding −780 mm and a WSI of 0.58, indicating a more severe stress (Table 
4). The environment (D_H), exposed to high temperatures (T_MED = 26°C), high radiation (33.5 MJ/m2/d), and very low rain-
fall (15 mm), was the most critical, combining severe heat and water stress with a WSI of 0.43 and a DHC close to −950 mm. 
In contrast, the environment at Sousse (OP) represented the optimum conditions for the system (Table 4). It was character-
ized by more moderate average temperatures (22.83°C), a lower ETP (1286.72 mm), a high-water input (1616.08 mm), and 
an absence of extreme days (>40°C), which reflected ideal conditions for maize development (Table 4).

The comparison of means revealed a wide diversity among landraces for growth and productivity (Table 5). Under the 
stressed environments S_22, S_23, and D_H, the landraces BK, KAR, and MT2 consistently demonstrated strong adap-
tation and high performance across several traits. In particular, BK and MT2 maintained early growth cycles with good 
anthesis–silking synchrony, flowering at 42 days for tasseling and silking in BK and at 45 and 46 days for DT and DS in 
MT2 under OP, compared with 44 and 45 days for the checks. Even under stress, they remained earlier than the checks: 
in S_22, BK and MT2 flowered about one to two days earlier, while under the most stressful environment (D_H) they 
were still one day earlier for DT and three to four days earlier for DS. Regarding plant height, the tallest genotypes under 
OP were BK (217 cm), KAR (215 cm), and MT2 (205 cm). Although reduced by 355–44% under D_H, they still remained 
taller than the checks, which averaged only 132 cm. A similar trend was observed for grain yield per plant. Despite severe 
reductions between OP and D_H (91% in BK, 92% in KAR, and 89% in MT2), these landraces consistently ranked among 
the top-performing genotypes under stress. In contrast, GAF, while highly productive under OP and well-watered condi-
tions, exhibited the sharpest yield decline, with a 94% reduction under D_H. Thousand-grain weight (1000GW) followed 
the same pattern. Under D_H, BK, KAR, and MT2 maintained relatively higher values (276 g, 247 g, and 271 g, respec-
tively) compared with the check average (241 g), whereas GAF dropped to 239 g.

Table 3.  Mean squares from the analyses of variance of plant height (PH), aerial biomass (AB), number of grains per ear (NG), number of ears 
(NE), thousand grain weigh (1000GW), number of grains per plant (NGP), grain yield per plant (GYP), anthesis silking interval (ASI), days to 
tasseling (DT), and days to silking (DS) in nine Tunisian landraces under six environments.

Source DF PH (cm) AB (g) NG NE 1000GW (g) NGP GYP (g/
plant)

ASI 
(days)

DT DS

ENV 5 75482.32** 3331376.93** 1049202.00** 10.59** 866501.34** 9368657.85** 3901002.35** 109.85** 1274.43** 2022.14**

BLOC (ENV) 24 6577.04 311412.46 71393.13 2.32 60016.97 383053.27 172824.45 10.40 57.26* 98.46*

GEN 13 27167.24** 346543.57* 194962.31** 4.32** 290775.93** 1576315.06** 820934.73** 38.71** 100.14** 197.34**

GEN × ENV 51 22324.96** 534351.02 168953.00 4.82 322683.23** 1850220.80 1041780.49** 31.33 228.98** 309.42**

Error 56 12554.00 714959.00 218252.00 3.66 101020.00 1759373.00 390867.00 25.20 54.33 96.73

ns: no significant, *: significant at P = 0.05, and **: significant at P = 0.01.

https://doi.org/10.1371/journal.pone.0338577.t003

Table 4.  Agro-climatic description and abiotic stress levels of experimental environments where the Tunisian maize landraces were evaluated.

Loca-
tion

Year Envi-
ronment

T_Min 
(ºC)

T_Max 
(ºC)

T_MED 
(ºC)

RA (MJ/
m²/day)

ETP 
(mm)

W (mm) DHC 
(mm)

WSI ASI_ENV 
(days)

DAY > 40 Growth Conditions

Mornag 2022 C_22 17.18 32.33 24.75 39.43 1863.84 1543.42 −320.42 0.83 1.2 25 Moderate heat stress

Mornag 2022 S_22 17.18 32.33 24.75 39.43 1863.84 1080.53 −783.31 0.58 3.0 25 Moderate combined 
heat and drought stress

Mornag 2023 C_23 20.12 34.45 27.29 39.76 1925.02 1507.34 −417.68 0.78 2.0 29 Moderate heat stress

Mornag 2023 S_23 20.12 34.45 27.29 39.76 1925.02 1111.36 −813.66 0.56 3.7 29 Moderate combined 
heat and drought stress

Gabes 2022 D_H 20.23 31.68 25.95 33.50 1657.71 710.02 −947.69 0.43 4.3 11 Severe combined heat 
and drought stress

Sousse 2022 OP 19.08 26.57 22.83 32.89 1286.72 1616.08 329.35 1.26 1.0 – optimal conditions

https://doi.org/10.1371/journal.pone.0338577.t004

https://doi.org/10.1371/journal.pone.0338577.t003
https://doi.org/10.1371/journal.pone.0338577.t004
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Overall, the checks showed an intermediate level of performance across environments. They tended to flower later 
and produce taller plants under optimal conditions, but were less resilient under stress compared with the best-performing 
landraces. BK, KAR, and MT2 flowered earlier than the checks. Under D_H, BK and KAR consistently surpassed them in 
grain yield (Table 5).

The heatmap (Fig 3) classified the genotypes into three main clusters according to their responses to different stress 
levels. Cluster A grouped environments with severe drought and heat stress (D_H) or moderate drought combined with 
heat waves (S_22 and S_23), where most genotypes showed strong yield reductions, except for a few that maintained 
flowering synchronization or moderate yield stability. Cluster B included favorable environments (OP and C_22), char-
acterized by intense red tones for plant height and yield traits, contrasting with cooler tones for flowering parameters, 
highlighting better overall growth. Cluster C comprised genotypes under intermediate stress (C_23 and S_23), with 
more variable performance but still allowing some genotypes to maintain relatively high yields compared to their optimal 
performance.

The heatmap confirmed the mean comparison patterns (Table 5). The landraces MT1, GAB1 and BIZ1 showed lim-
ited adaptability, while BK, KAR, and MT2 combined early flowering synchronization with yield stability, particularly under 
stress. These trends were corroborated by the clustering analysis (S1 Fig).

Considering the overall performance of the genotypes across all environments for the traits with no significant G × E, 
KAR and BK were the top-performing genotypes (Table 6). KAR recorded the highest aerial biomass (592.75 g), number 
of grains per plant (862.79), coupled with a low anthesis-silking interval (1.99 days). Similarly, BK achieved high aerial 
biomass of 587.41 g, the highest NGP of 1059.97, and the shortest ASI with 1.21 days, marking it as a superior genotype 
for yield potential (Table 6). GAF, MT1, and MT2 fall within an intermediate category of populations, showing balanced 

Fig 3.  Heatmap representing hierarchical clustering of five measured traits for nine Tunisian maize landraces based on the significant rate 
change values in response to several environmental conditions (C_22, C_23, S_22, S_23, OP, and D_H), A, B, and C are the clusters based 
on Euclidean distance measurement for the landraces. The color bar depicts the gradient of rate change values with Red tones representing high 
performance and blue tones indicating the low performance in response to different conditions for GYP: grain yield per plant (g), PH: plant height (cm), 
1000GW: thousand-grain weight (g), DS: days to silking, and DT: days to tasseling.

https://doi.org/10.1371/journal.pone.0338577.g003

https://doi.org/10.1371/journal.pone.0338577.g003
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performance without extreme variability. GAF has a commendable NGP of 867.72 and a moderate average anthesis silk-
ing interval of 2.10 days, while BIZ1 and BIZ2 exhibited stability across traits, maintaining moderate-to-high values for AB 
and NGP with medium ASI between 2.20 and 2.39, days respectively (Table 6).

The GGE biplot of means vs. stability (Fig 4) described a graphical representation of the mean performance and sta-
bility of tested genotypes across environments with genotypic matrix (SVP = 2) and environment-centered (centering = 2). 
The first two principal components (PC1 and PC2) explained 95% of the total variation for plant height. The genotypes BK 
and KAR, followed by MT2, were the most performing genotypes for PH, and showed higher stability across the different 
environments (Fig 4-a). For 1000GW (Fig 4-b), where the first principal components explained 91% of the total variation, 
KAR was the most performant genotype, followed by BK and GAB1. For stability, the most stable genotype for 1000GW 
was GAF, followed by KAR and MT1. The means vs. stability of the grain yield (Fig 5-a) showed that the two first principal 
components explained 97% of the total variation. BK and KAR were the most performant genotypes, followed by GAF 
and MT2, while GAB2 was the less performant and the most stable genotype. The GGE means vs stability of the number 
of days to tasseling (Fig 5-b), the total variation represented by the two first principal components was 80% of the total 
variation. GAF and BIZ2 were the most stable genotypes. BK, followed by GAF, registered the highest performance as 
the earliest genotype, while BIZ2, which represented significant stability, was the less performant and latest genotype, 
followed by GAB2. The results of the number of days to silking (Fig 6) highlighted GAF again as the most stable for the 
number of days to silking the principal components, explaining 82% of the total variation, followed by BIZ2 and GAB2. BK, 
KAR, and MT2 did not register the highest stability; but they exhibited the earliest silking performance. In contrast, GAB2 
and BIZ2 with high stability were the latest-flowering genotypes.

The insights obtained from the mean vs. stability biplots prepare a foundation for further analysis of the superior perfor-
mance of the genotypes under distinct environments, leading us to the “Which Won Where” biplot analysis. This analysis 

Table 6.  Comparisons of means of the average six environments for agronomic traits with no significant genotype environment interactions 
as aerial biomass (AB), number of grains per ear (NG), number of ears (NE), number of grains per plant (NGP), and anthesis silking interval 
(ASI) recorded from the nine Tunisian maize landraces.

GEN AB (g) NG NE NGP ASI (days)

BIZ1 422.82 421.68 1.37 639.01 3.34

BIZ2 354.92 335.75 1.42 471.67 3.75

BK 587.41 451.32 2.27 1059.97 1.21

GAB1 491.04 389.95 1.54 660.41 2.83

GAB2 309.33 312.42 1.42 435.83 4.25

GAF 430.92 450.78 1.83 867.72 2.10

KAR 592.75 408.83 2.03 872.48 1.99

MT1 464.60 407.52 1.92 821.94 2.39

MT2 479.28 420.67 2.10 899.11 2.20

Checks

AGRISTER 501.21 409.56 1.77 764.92 2.40

FANDARI 506.19 463.31 1.67 816.67 2.47

SANCIA 509.23 373.00 1.83 741.12 3.10

B73 × Mo17 550.70 485.43 1.80 882.63 1.90

BS17 521.02 490.33 1.78 898.42 2.00

Mean check 517.67 444.33 1.77 820.75 2.37

LSD 120.48 66.57 0.27 189.00 0.72

The values in bolt signify that the landraces were not significantly different from the highest performant landrace, based on mean comparisons using 
least significant difference (LSD) test at a P-value < 0.05.

https://doi.org/10.1371/journal.pone.0338577.t006

https://doi.org/10.1371/journal.pone.0338577.t006
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aimed to identify the high-performing, adapted, and stable genotypes under different stress conditions. A polygon connect-
ing the outermost genotypes formed the convex of the plant height (Fig 7-a). Equality lines drawn from the origin to each 
side of the biplot divided the biplot into sectors with one genotype at each vertex, representing the best or the poorest 
performances recorded in one or more environments. Six vertexes were included in the convex of plant height: BK, 

Fig 4.  GGE biplot of mean performance vs. stability for plant height (cm) (a) and thousand-grain weight (b) for nine Tunisian maize landraces 
under six environmental conditions (C_22, C_23, S_22, S_23, OP, and D_H).

https://doi.org/10.1371/journal.pone.0338577.g004

Fig 5.  GGE biplot of mean performance vs. stability for grain yield per plant (g) (a) and days to tasseling (b) for nine Tunisian maize landraces 
under six environmental conditions (C_22, C_23, S_22, S_23, OP, and D_H).

https://doi.org/10.1371/journal.pone.0338577.g005

https://doi.org/10.1371/journal.pone.0338577.g004
https://doi.org/10.1371/journal.pone.0338577.g005
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KAR, GAB1, GAB2, BIZ1, and GAF (Fig 7-a). BK and KAR registered the shortest connector lines, as similar performant 
genotypes in all environments. In addition, all the environments were placed on the same side of the perpendicular line 
on the BK sector. The results showed that BK, followed by KAR, were the best and most adapted genotype under overall 
conditions.

The genotypes KAR, GAB1, MT2, GAB2, and BIZ2 represented the most responsive cultivars and formed the poly-
gon of the thousand-grain weight (Fig 7-b). The short connector line between GAB1 and MT2 reflected their similar 

Fig 6.  GGE biplot of mean performance vs. stability for days to silking for nine Tunisian maize landraces under six environmental conditions 
(C_22, C_23, S_22, S_23, OP, and D_H).

https://doi.org/10.1371/journal.pone.0338577.g006

Fig 7.  Which-won-where view of the GGE biplot for plant height (cm) (a) and thousand-grain weight (g) (b) for nine Tunisian maize landraces 
under six environmental conditions (C_22, C_23, S_22, S_23, OP, and D_H).

https://doi.org/10.1371/journal.pone.0338577.g007

https://doi.org/10.1371/journal.pone.0338577.g006
https://doi.org/10.1371/journal.pone.0338577.g007
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performance across all environments. The biplot showed that the environments were positioned on the KAR sector on the 
same side of the perpendicular line. Thus, KAR became the most performant genotype for 1000GW in all environments, 
followed by GAB1 and MT2. The genotypes inside the polygon, such as BIZ1, MT1, and GAF, exhibited lower perfor-
mance than those on the vertices but more stability. GAF was the most stable, as the closest to the origin of the biplot. 
After reversing 1000GW signs, the resulting biplot showed that all the environments were classified in the GAB2 sector.

The “which won where view” of grain yield (GYP) (Fig 8-a) showed a convex composed of, BK, GAF, MT1, GAB2, BIZ2, 
and KAR representing the extremely best and poorest performer genotypes. The close distance between BK and KAR, 
closely followed by GAF and MT1, indicated similar performance patterns of these genotypes through all the environ-
ments. Most of the environments were figured on the same side of the biplot perpendicular line in the BK sector, except 
for C_22, which figured in the GAF sector.

To further evaluate flowering synchronization in the tested genotypes, the earliest genotypes regarding tasseling (DT) 
and silking (DS) were identified as those that reached these stages, respectively, before 60 and 65 days. The polygon for 
DT was formed by the vertex genotypes BK, BIZ1, GAB2, BIZ2, GAB1, and MT1 (Fig 8-b). MT1 was the earliest genotype 
in the S_22 environment; while the other environments fell into the BK sector. GAB1 and MT1 registered similar perfor-
mance, as depicted by the short length of their connector vector. The biplot of reversed-sign indicated that BIZ1 and GAB1 
were the latest genotypes under the most stressed conditions, while GAB2 was the latest genotype under control environ-
ments. The genotypes BK, BIZ1, GAB2, BIZ2, GAB1, and MT2 formed the convex for the number of days to silking, cor-
responding to the most distant genotypes from the origin (Fig 9). The earliest genotype for the stressed condition of S_22 
was MT2, while the other environments figured on the BK sector. The reversed-sign analysis showed that BIZ1, BIZ2, and 
GAB1 were the latest genotypes for silking under stressed environments, while GAB2 was the latest under control and 
optimum conditions.

Fig 8.  Which-won-where view of the GGE biplot for grain yield per plant (g) (a), days to tasseling (b) for nine Tunisian maize landraces under 
six environmental conditions (C_22, C_23, S_22, S_23, OP, and D_H).

https://doi.org/10.1371/journal.pone.0338577.g008

https://doi.org/10.1371/journal.pone.0338577.g008
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Factorial regression was conducted to provide a biological interpretation of the main effects of genotype (G), environ-
ment (E), and their interaction (G × E) on grain yield (Table 7, S2 Fig). The results showed that the significant genotypic 
covariates were plant height, aerial biomass, number of ears, number of grains per plant, and thousand-grain weight. The 
genotypic covariates represented 60% of the total genotypic variation. Whereas cumulative hydric deficit (DHC), anthesis 
silking interval were the most significant environmental covariates representing a total of 48% of the total environmental 
variation (Table 7). The highest representativeness genotype covariates were plant height followed by number of ears, 
thousand-grain weight and aerial biomass respectively with 26%, 13%, 9% and 8% of the total variability. The regression 
coefficients of PH and AB on Grain Yield were negative (αPH= −0.797, αAB=−0.027, respectively), while for NE, NGP, 
and 1000KW there were positive effects (αNE = 13.361, αNGP = 0.561, and α1000kw=1.082, respectively). The regres-
sion coefficients of the environmental covariates were positive for DHC (βDHC = 0.968) and negative for ASI_ENV, as the 
average ASI of the different genotypes in each environment (βASI_ENV= −65.629). The results exhibited also four sig-
nificant interactions between several genotypic covariates and the environmental covariate DHC such as, PH × DHC, (θ= 
−0.0116), AB × DHC (θ = 0.00035), NE × DHC (θ = 0.191), and 1000GW × DHC (θ= −0.013). Significant interactions were 
also found between NE × DAY > 40 (θ= −0.556) and NGP × ASI_ENV (θ= −0.049). All the significant interacted covariates 
explained approximately 35% of the sum of squares for G × E (Table 7, Fig 10).

Discussion

All environments, except Sousse (OP), experienced stressful conditions during these evaluations. Even under the 
well-watered conditions of C_22 and C_23, the heat waves that occurred for several days classified them as stressed 
environments, which could partially explain the results of the factorial regression. The significant differences among 
environments, and genotypes confirm the environmental and genetic diversity involved in this study [18]. Additionally, the 
significant genotype × environment interaction of PH, 1000GW, GYP, DT, and DS illustrated on the GGE biplot analysis 
indicated the presence of crossover interactions for those traits [36]. These interactions resulted in variable responses 
under different environmental conditions, confirming the effect of genetic variability among landraces [37].

Differences among genotypes were significant for number of days to tasseling and silking across environments, high-
lighting its critical role in selecting tolerant maize genotypes under different stress conditions. Several studies reported 

Fig 9.  Which-won-where view of the GGE biplot for days to silking for nine Tunisian maize landraces under six environmental conditions 
(C_22, C_23, S_22, S_23, OP, and D_H).

https://doi.org/10.1371/journal.pone.0338577.g009

https://doi.org/10.1371/journal.pone.0338577.g009
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Table 7.  Analysis of variance of the factorial regression model for grain yield including seven genotypic as the number of days to pollen 
shedding (DT), number of days to silking (DS), anthesis-silking interval (ASI), plant height (PH), aerial biomass (AB), number of grains per ear 
(NG), number of grains per plant (NGP), thousand-grain weight (1000GW) and number of ears per plant (NE), With four environmental covari-
ates as the cumulative hydric deficit (DHC), the Water stress index (WSI), total number of days when the temperature exceeded 40 degrees in 
each environment (DAY > 40),and the average anthesis silking interval of the different genotypes in each environment ASI_ENV. Trials were 
conducted with nine maize landraces under six different environments.

Source of variation DF Sum of squares† Mean of Squaresŧ Estimate‡ % variability

GEN 13 13.034 1.003***

PH 1 3.395 3.395*** α = −0.797 26.04

AB 1 1.072 1.072** α = −0.027 8.22

NE 1 1.598 1.598*** α = 13.361 12.26

NGP 1 0.513 0.513* α = 0.561 3.93

1000 GW 1 1.204 1.204** α = 1.082 9.23

ASI_GEN 1 0.010 0.010 0.07

DS 1 0.035 0.035 0.26

Residual GEN 6 5.206 0.868*** 39.94

ENV 5 106.245 21.249***

DHC 1 48.081 48.081*** β = 0.968 45.25

ASI_ENV 1 2.845 2.845*** β = −65.629 2.67

DAY > 40 1 0.092 0.092 0.08

WSI 1 0.062 0.062 0.05

Residual ENV 1 55.165 55.165*** 51.92

GEN × ENV 51 15.477 0.303***

PH × DHC 1 0.836 0.836** θ = −0.0116 5.40

PH × ASI_ENV 1 0.253 0.253 1.63

PH × DAY > 40 1 0.037 0.037 0.23

PH × WSI 1 0.304 0.347 1.96

AB × DHC 1 0.642 0.632** θ = 0.00035 4.14

AB × ASI_ENV 1 0.209 0.209 1.35

AB × DAY > 40 1 0.189 0.074 1.22

AB × WSI 1 0.022 0.001 0.14

NE × DHC 1 1.100 1.1*** θ = −0.191 7.10

NE × ASI_ENV 1 0.161 0.161 1.04

NE × DAY > 40 1 0.570 0.563** θ = −0.556 3.68

NE × WSI 1 0.002 0.086 0.01

NGP × DHC 1 0.248 0.296 1.60

NGP × ASI_ENV 1 0.743 0.732** θ = −0.049 4.80

NGP × DAY > 40 1 0.002 0.000 0.01

NGP × WSI 1 0.019 0.018 0.12

1000GW × DHC 1 1.406 1.354*** θ = −0.013 9.08

1000GW × ASI_ENV 1 0.010 0.014 0.06

1000GW × DAY > 40 1 0.054 0.055 0.34

1000GW × WSI 1 0.017 0.000 0.10

ASI_GEN × DHC 1 0.052 0.043 0.33

ASI_GEN × ASI_ENV 1 0.032 0.031 0.20

ASI_GEN × DAY > 40 1 0.002 0.004 0.01

ASI_GEN × WSI 1 0.046 0.047 0.29

DS × DHC 1 0.035 0.019 0.22

(Continued)
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similar findings, supporting this perspective [12,38]. The largest ASI was recorded under the combined drought and heat 
stress conditions. Conversely, the shortest ASI was recorded under optimal moisture conditions. These results align with 
previous studies showing that heightened stress levels are reflected in increased ASI and flowering-synchronization prob-
lems, whereas a shorter ASI indicates favorable growing conditions [39,40]. Additionally, the negative relation of ASI with 

Source of variation DF Sum of squares† Mean of Squaresŧ Estimate‡ % variability

DS × ASI_ENV 1 0.110 0.110 0.71

DS × DAY > 40 1 0.012 0.035 0.07

DS × WSI 1 0.045 0.069 0.29

Residual G × E 23 8.319 0.362*** 53.75

ERROR 56 7.161 0.128

R2=46.6%

* Significant at 0.05 probability level.

** Significant at 0.01 probability level.

*** Significant at 0.001 probability level.
†Sum of squares for the main and the interaction effects were decomposed; sum of squares for each partition of main and interaction effects were ex-
pressed as the percentage of the sum of squares of the corresponding main or interaction effect.
ŧMean of squares for the main and the interaction effects were decomposed; sum of squares for each partition of main and interaction effects were 
expressed as the percentage of the sum of squares of the corresponding main or interaction effect.
‡α and β are the regression coefficients for genotypic and environmental covariates, respectively. θ is the regression coefficient for genotypic and envi-
ronmental interaction covariates.

https://doi.org/10.1371/journal.pone.0338577.t007

Table 7.  (Continued)

Fig 10.  Factorial regression of genotype × environment effects on maize grain yield: Direct and interactive contributions for nine Tunisian 
maize landraces evaluated under six environmental conditions (C_22, C_23, S_22, S_23, OP, and D_H).

https://doi.org/10.1371/journal.pone.0338577.g010

https://doi.org/10.1371/journal.pone.0338577.t007
https://doi.org/10.1371/journal.pone.0338577.g010
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GYP and yield components (1000GW, NE, NGP). highlights that delayed flowering with extended ASI cause reproductive 
delays with an inefficient resource allocation, leading to lower yields [41].

The biological importance of a short ASI lies in maintaining synchrony between pollen shedding and silk emergence, 
which is essential for efficient pollination. In contrast, an extended ASI disrupts fertilization, increases ovary abortion, 
and reduces assimilate allocation to kernels, leading to lower yields [38,41]. Different levels of grain yield reduction were 
observed under varying stress scenarios, and the high decreases were registered under the combined drought and heat 
stress conditions. This observation aligns with findings from previous studies documenting the variability of grain yield 
under several stress levels [37,42].

BK stood out with the shortest ASI across all environments, contributing to its earliness, higher number of ears per plant, and 
high grain yield. Similarly, MT2 and KAR also maintained short ASI values, which translated into superior yield performance. 
Previous reports concluded that flowering synchronization and earliness could significantly affect yield stability and adaptability 
[43], particularly in Mediterranean conditions where flowering often coincides with episodes of drought and heat stress.

For several traits, these three landraces emerged as the top-performing genotypes and even outperformed some 
checks, suggesting they could be promising sources of favorable alleles for breeding programs focusing on sustainable 
maize production in arid and semiarid environments. Their consistent high performance across environments and traits 
highlights strong adaptability and resilience. Previous studies reported that the genetic background of BK, MT2, and KAR 
shared similarities with reference populations such as Reid Yellow Dent and Lancaster Sure Crop, both recognized for 
their adaptability to severe environmental conditions [23,44].The factorial regression analysis showed that grain yield per 
plant (GYP) is determined by agronomic traits, environmental variables, and their interactions. Among the main effects, 
plant height (PH) and aerial biomass (AB) showed negative associations with yield (Fig 10). This result suggests their 
main direct contribution was already explained by other yield-related traits such as 1000GW and NGP. Once the other 
traits are considered, the remaining effect of PH and AB reflects mainly the cost of maintaining excessive vegetative 
growth, which limits resource availability for reproductive development and reduces grain yield (Fig 10). In contrast, the 
yield components such as the number of ears (NE), the number of grains per plant (NGP), and thousand-grain weight 
(1000GW) showed significant positive effects, confirming their central role in determining yield [45].

Regarding environmental factors, cumulative hydric deficit (DHC) exerted a strong positive effect, highlighting the direct 
dependence of yield on water supply. Otherwise, an increase in the anthesis–silking Interval in the environment (ASI_
ENV), a key indicator of reproductive stress, was strongly associated with yield reduction, reflecting the negative impact of 
stress on fertilization and grain set [38].

The analysis of interactions further refines this understanding and highlights the adaptive plasticity of genotypes under 
abiotic constraints. The PH × DHC interaction does not reflect changes in plant height after stress, since stem elongation 
ended before flowering and the water stress was imposed 14 days earlier. Instead, it shows that the effect of an already 
established plant height on yield depends on water availability. Under water stress, taller genotypes maintain higher grain 
yield, indicating that early vigor and greater plant height before flowering provide an adaptive advantage [46].

The AB × DHC and NE × DHC interactions suggest that reducing biomass and number of ears under stress represents 
a resource-saving strategy, limiting vegetative and reproductive load and reallocating assimilates to the remaining ears 
[47,48]. The 1000GW × DHC interaction indicates that, under stress conditions, yield can be partly compensated by an 
increase in grain weight, reflecting enhanced grain filling [43]. In addition, NGP × ASI_ENV and NE × DAY > 40 confirmed 
that, under combined water and heat stress, plants tend to reduce the number of grains per ear and the number of ears 
per plant [49,50]. Although this reduces reproductive potential, it favors the development of the remaining grains. This 
adaptive strategy of reducing reproductive load thus secures yield under extreme stress conditions.

Overall, these results indicate that stress tolerance relies on a differentiated resource allocation mechanism. Under lim-
iting conditions, plants reduce its aerial biomass and prioritize reproductive functions over vegetative growth. They secure 
grain quality rather than grain number, increasing thousand-grain weight (1000GW) while reducing the number of ears per 
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plant (NE) and grains per plant (NGP). This adaptive strategy reflects a targeted use of an available resources to produce 
fewer but better-developed grains, thereby ensuring the maintenance of a minimum productivity under stress.

From a breeding perspective, several traits emerged as key contributors to stress resilience and productivity. Traits such 
as ASI, 1000GW, NE, and NGP showed strong interactions with environmental stress factors and were consistently asso-
ciated with yield stability. Genotypes like BK, KAR, and MT2 combined short ASI, high NE and NGP, and consistent grain 
weight, indicating their potential as parental lines in breeding programs. Future breeding efforts should prioritize these traits 
and explore potential crosses between elite landraces to accumulate favorable alleles conferring drought and heat tolerance.

Conclusion

The Tunisian maize landraces BK, KAR, and MT2 demonstrated strong adaptation, maintaining shorter anthesis–silking 
intervals, high grain number per plant, and moderate reductions in plant height and grain yield under combined drought 
and heat stress. Significant genotype × environment interactions highlighted that extended ASI, reduced water availability, 
and frequent high-temperature days negatively impacted grain set and yield. These stresses activated adaptive resource 
allocation strategies to promote grain yield, whereby plants limited vegetative growth and reduced ear and grains number, 
while prioritizing the filling of kernels to ensure grain quality under adverse conditions. From a breeding perspective, short 
ASI, high NGP, moderate plant height, and stable grain weight emerged as key traits for improving yield resilience under 
combined drought and heat stress. The landraces BK, KAR, and MT2 represent promising donor lines for pre-breeding 
programs. Future research should integrate these landraces into selection pipelines through marker-assisted or genomic 
prediction tools while incorporating root system architecture, physiological indicators, and molecular markers to better 
characterize adaptive mechanisms and accelerate selection. Beyond Tunisia, these findings provide valuable insights 
for Mediterranean drylands and other drought- and heat-prone regions worldwide, offering practical genetic resources to 
develop resilient cultivars that secure yield stability and enhance food security under climate stress.
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