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ARTICLE INFO ABSTRACT

Keywords: The Psathyrostachys juncea (Fisch.) Nevski. Is an important forage grass in cold and arid regions.
GGE biplot ) ) ) However, its high seed shattering (SS) traits affects seed yield. The SS phenomenon arises from
Genotype-environment interaction the intricate interplay between its genotype and environment (GE). To gain a comprehensive

Psathyrostachys juncea (fisch.) nevski

. understanding of SS variations in different Psathyrostachys juncea (Fisch.) Nevski materials under
Seed shattering

the influence of GE interactions, a two-year experiment was conducted on 300 individual plants
at two locations. Utilizing the GGE biplot method, the current research aimed to assess the
adaptability and stability of Psathyrostachys juncea (Fisch.) Nevski on SS trait, with a focus on
identifying genotype materials conducive to breeding. The analysis of variance indicated that
genotype, environment, year, and their interactions exhibited extremely significant effects on SS.
Among these factors, the GE interaction showed as the primary contributor to variability in the SS
trait of Psathyrostachys juncea (Fisch.) Nevski. The GGE biplot illustrated that Hohhot and Baotou
emerged as representative locations with strong discriminative power for the materials. Geno-
types 18 and 120 exhibited high SS rates in Hohhot, while 118 and 111 showed high SS rates in
Baotou. Genotypes 132 and 177 were identified as ideal genotypes with both high and stable SS
rates. These findings serve as valuable references for applications in grazing pastures and provide
genotype materials for the genetic improvement and mechanistic analysis of SS traits in Psa-
thyrostachys juncea (Fisch.) Nevski.

1. Introduction

Psathyrostachys juncea (Fisch.) Nevski., a diploid chromosome plant (2n = 2x = 14) in the Triticeae Dumort of the Gramineae
family, is a cross-pollinated perennial grass native to Central and Northern Asia [1]. Their distribution has spread to East Asia, Europe,
and North America due to introduction and domestication [2]. Its primary distribution includes Inner Mongolia, Tibet, and Xinjiang in
China [2]. It is accustomed to grow in arid and cold environments and is frequently utilized in natural grasslands and cultivated
pastures within cold and arid regions [3]. Psathyrostachys juncea (Fisch.) Nevski has clustered leaves, multiple tillers, and a strong root
system [4]. Thriving during summer and autumn when the soil retains some moisture, it offers high nutritional value as forage [4,5].
Consequently, Psathyrostachys juncea (Fisch.) Nevski stands out as an exceptional forage grass with economic and breeding significance
for livestock [6]. However, the challenge lies in its high seed shattering (SS), a self-regulating mechanism for wild grass to adapt to the
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environment, ensuring life continuity through seed dispersal and pasture regeneration [7]. Despite these advantages, the high SS of
forage grass reduces seed yield, limiting its application in agricultural production. Notably, research on the SS traits of Psathyrostachys
juncea (Fisch.) Nevski is yet to be conducted. This study measured the SS rate of 300 individual plants to evaluate the degree of SS for
each material.

In agricultural ecosystems, SS traits in plants are intricately determined by the interplay of genetic regulation, environmental
influences, and management practices [8]. The dynamic interaction between genetics and the environment (GE) across diverse
environmental conditions leads to variations in plant phenotypic traits. Because of this complexity, breeders routinely conduct
multi-year, multi-site regional trials on plant materials. While traditional statistical analysis methods such as joint variance analysis
and linear regression exist, they prove cumbersome in practical application and may lack systematic and comprehensive results [9,10].

The GGE model (genotype main effect plus genotype x environment interaction model) is an effective analytical method for
environmental discrimination and comprehensive evaluation of various varieties in regional trials [11]. Functioning as a valuable tool,
the GGE model facilitates efficient statistical analysis and visually intuitive representation of the stability and multifactor interactions
of plant traits in different environments [12]. It provides an objective assessment of GE interactions [13], effectively mitigating the
association between phenotypic and genotypic values and influencing the progress of selection [14]. Knowledge of GE interaction can
help plant breeders to reduce the cost of genotype evaluation by eliminating unnecessary testing locations [15].

The GGE model proves invaluable in discerning the optimal performance of different materials across diverse environments. It
evaluates the discriminative power and representativeness of the environment, aiding in the selection of ideal varieties characterized
by high yield, stability, quality, and broad adaptability [16-18]. This methodology has been successfully applied in various contexts,
such as barley germplasm resource screening [19] and the evaluation of experimental environments for maize [20]. The growth of
edible peanuts, influenced by the interaction of GE, has been effectively assessed using the GGE biplot to identify stable and
high-yielding peanut genotypes [21]. Similarly, sorghum, a crucial source of human nutrition, underwent a two-year experiment
involving 13 newly developed varieties at seven trial locations. The GGE biplot analysis shed light on the GE interaction’s impact on
sorghum yield, pinpointing the optimal trial locations for each variety [22]. The research group led by Wang Tian investigated the
tillering-related traits of 21 Psathyrostachys juncea (Fisch.) Nevski materials, identifying materials suitable for cultivation in different
environments [23]. In contrast, the current research on Psathyrostachys juncea (Fisch.) Nevski underscores a significant gap in the
utilization of the GGE biplot for analyzing SS traits. This study actively bridges this gap by identifying optimal planting environments
for diverse Psathyrostachys juncea (Fisch.) Nevski materials and precisely delineating superior genotypes exhibiting stable SS perfor-
mance. The outcomes not only provide valuable insights for deploying high-performing genotypes in grassland settings but also furnish
alternative materials for refining SS genotypes through strategic breeding efforts. The findings from this study stand as a pivotal
reference for subsequent transcriptome sequencing technology focused on mechanistically unraveling the intricacies of SS traits in
Psathyrostachys juncea (Fisch.) Nevski.

2. Materials and methods
2.1. Plant materials and experimental site

The 21 accessions of Psathyrostachys juncea (Fisch.) Nevski selected for this study were procured from eight countries, encom-
passing China, the United States, Mongolia, and Russia. One accession (CF005043) originated from the China National Medium-term

Table 1
Sources, geographic coordinates, and cultivation methods of Psathyrostachys juncea (Fisch.) Nevski accessions.

Accession Individual plant number Sample size Longitude Latitude Origin Cultivation
P1531828 1-14 14 113°51'45'W 45°26'0'N Idaho, U.S. wild

PI 595135 15-28 14 86°31'6'E 43°36'43'N Xin jiang, China wild

PI 619487 29-42 14 92°4'35'E 49°51'50'N Mongolia wild

CF 005043 43-56 14 110°46"E 40°51'0'N China Cultivate
PI 502577 57-70 14 113°51'0'E 62°31'0'N Russian Federation Cultivate
PI 549118 71-84 14 111°46'0'E 40°51'0'N Utah, U.S. Cultivate
PI 502576 85-98 14 113°51'0'E 62°31'0'N Russian Federation Cultivate
PI 565060 99-112 14 112°48'30"E 63°21'2'N Russian Federation wild

PI 565051 113-123 11 112°48'30"E 63°212'N Russian Federation wild

PI 578854 124-138 15 106°7'0'W 52°2'0"N Canada Cultivate
PI1 619483 139-153 15 90°7'58'E 49°29'13'N Mongolia wild

PI 565052 154-167 14 112°50'28"E 63°50'2'N Russian Federation wild

PI 531827 168-182 15 24°28'0'E 59°22'0'N Estonia wild

PI 272136 183-195 13 76°55'0'E 43°19'0'N Alma-Asa, Kazakhstan Cultivate
PI 502573 196-210 15 164°9'5'E 65°17'0'N Former Soviet Union Cultivate
PI 598614 211-224 14 50°30'0"E 50°25'0'N Kazakhstan wild

PI 476299 225-237 13 99°59'55"W 46°1'42'N u.s. Cultivate
PI 619565 238-251 14 94°55'45"E 49°22'50'N Mongolia wild

PI 531826 252-268 17 93°51'45'E 42°22'6'N China wild

PI 502572 269-284 16 164°9'5'E 65°17'0'N Former Soviet Union Cultivate
PI 598610 285-300 16 58°45'0"E 46°45'0'N Kazakhstan wild
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Gene Bank for Forage Germplasm, while the remaining 20 were supplied by the U.S. National Plant Germplasm Resources Conser-
vation System (NPGS). Table 1 outlines individual plant numbers, source countries, and cultivation methods. The geographical
location, soil conditions, and climatic details of Hohhot and Baotou are comprehensively presented in Tables 2 and 3.

2.1.1. Field experimental design

The accessions of Psathyrostachys juncea (Fisch.) Nevski were individually cultivated in the greenhouse at Inner Mongolia Agri-
cultural University in October 2018. Upon seedling formation, they were divided into two clone populations at the tillering node
position and subsequently transplanted into cultivation bowls. In June 2019, the two clone populations were separately transplanted
to Hohhot and the Vocational Technology College of Inner Mongolia Agricultural University in Baotou. Using a randomized complete
block experimental design, each accession was planted with 30 individual plants at spacings of 50 cm. Conventional field management
practices were diligently applied, and after heading, artificial watering was judiciously regulated. (Although the study was initiated in
2018, the primary data collection and major experimental work were conducted from 2022 to 2023. The early years were focused on
initial plant cultivation and experimental setup. The comprehensive analysis and final data collection were carried out during the years
2022-2023.)

The method for determining SS in Gramineae forage grass, as outlined by Steven [24], served as the reference for SS assessment. We
selected 300 individual plants that survived in both locations (Table 1) and chose three inflorescences from each plant that exhibited
similar shapes and consistent maturity (The materials we introduced have a relatively short cultivation time, and their domestication
level is low. The materials come from natural populations, and there are differences between different individuals of the same material.
Therefore, it is necessary to analyze individual plants). Each inflorescence underwent ten shakes with equal force on the edge of a
bucket, causing the seeds to detach and fall into the container. The number of shed seeds was meticulously recorded. The sum of the
shed seeds and the remaining seeds on the inflorescence yielded the total seed count. The SS rate was calculated using the formula:
Seed Shattering Rate (%) = (Number of shed seeds per inflorescence/Total number of seeds per inflorescence) x 100 % [24]. Mea-
surements were conducted 30 days after the peak flowering of Psathyrostachys juncea (Fisch.) Nevski in the years 2022-2023 (July,
when seeds were fully matured). Since 2020, we have been exploring methods suitable for measuring the seed shattering rate of
Psathyrostachys juncea (Fisch.) Nevski. We have ultimately settled on this method, which, despite being laborious and time-consuming,
offers high accuracy.

2.2. Statistical analysis

Data plotting and statistical analyses were conducted using GraphPad Prism 8.0 software (https://www.graphpad.com/). Detailed
statistical parameters, including means + SDs (standard deviations), skewness, and kurtosis, are presented in the table. Joint variance
analysis utilized SAS 9.4, while GE interaction effects analysis was carried out using the R language GGEBiplot-GUI package [25]. Each
individual plant was assigned a numerical identifier (Table 1). The left figures (a, c, e, g) correspond to the year 2022, while the right
figures (b, d, f, h) depict the year 2023. A and B represent Hohhot and Baotou, respectively. Statistical significance is denoted by
asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

3. Results
3.1. Genetic variation and analysis of variance

In the years 2022-2023, seed shattering (SS) rates were assessed for 300 individual plants of Psathyrostachys juncea (Fisch.) Nevski
in Hohhot and Baotou. The analysis revealed notable disparities in SS rates between the two locations within the same year, as depicted
in Fig. 1 (where red and blue colors represent Hohhot and Baotou, respectively) and detailed in Table 4. Specifically, in 2023, the SS
rates in the two locations exhibited significant differences at the 0.001 significance level. In 2022, the disparity in SS rates between the
two locations was minimal. However, in 2023, the SS rates ranged from 0 percent to 64.35 percent in Hohhot and from 0 percent to
40.98 percent in Baotou, demonstrating a marked distinction between the two locations. The high variability rate of SS (55.51 %-73
%) indicates that the 300 individual plants of Psathyrostachys juncea (Fisch.) Nevski exhibit rich variability. The skewness and kurtosis
values presented in Table 4, when combined with the data distribution illustrated in Fig. 1 (where red and blue colors represent Hohhot
and Baotou, respectively), suggest that the SS rates were relatively concentrated under different environmental conditions and across
various years, conforming to a normal distribution. These findings indicate strong environmental influences on SS rates, particularly in

Table 2
Environmental parameters of Hohhot and Baotou, including soil type, temperature, precipitation, and humidity.
Climate index Hohhot Baotou
2022 2023 2022 2023
May Jun. Jul. May Jun. Jul. May Jun. Jul. May Jun. Jul.
Average temperature/°C 16.1 22.4 23.3 16.2 22.2 23.4 17.4 23.3 23.5 17.3 23.1 23.3
Average relative humidity/% 30.8 41.4 52.1 38.5 33.0 52.0 35.4 45.8 60.4 44.7 41.0 62.8
Average precipitation/mm 4.7 31.3 37.2 29.7 27.3 58.5 11.0 36.7 50.0 23.9 16.3 97.4

Average effective sunshine hours/h 289.5 246.8 263.1 226.1 321.7 241.6 302.5 281.0 273.8 253.1 343.6 269.3
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Table 3
Climate indices of Hohhot and Baotou, including temperature, precipitation, humidity, and sunshine hours.
Basic facts Hohhot (A) Baotou (B)
Latitude 40°44'58.3188" 40°35'54.8124"
Longitude 111°50'46.6116" 110°34'42.7512"
Altitude/m 1048.0 1019.0
Soil pH value 8.0 7.6
Soil Organic matter/g-kg-1 20.7 26.6
Total nitrogen/g-kg-1 1.0 1.7
Rapidly available phosphorus/mg-kg-1 20.5 6.4
Rapidly available potassium/mg-kg-1 171.8 205.6
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Fig. 1. Boxplots of seed shattering rate of Psathyrostachys juncea (Fisch.) Nevski at two locations from 2022 to 2023. "A" and "B" denote Hohhot and
Baotou, respectively. The red and blue figures correspond to seed shattering rate analysis in 2022 and 2023, respectively. Statistical significance is

denoted by asterisks: *P < 0.05, ***
version of this article.)

P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

Table 4
Seed shattering rates of Psathyrostachys juncea (Fisch.) Nevski at Hohhot and Baotou over two years (2022-2023).
Environment Year Range of variation Mean + SD CV/% Skewness Kurtosis
Hohhot 2022 0.00-56.15 25.22 + 14.00 55.51 0.15 —0.45
2023 0.00-64.35 23.15 £ 16.90 73.00 0.20 —0.56
Baotou 2022 0.00-56.66 18.72 + 13.16 70.30 0.50 —-0.31
2023 0.00-40.98 12.86 + 8.63 67.11 0.71 0.87

2023, where significant differences at the 0.001 level were observed between the two locations. Additionally, while the disparity in SS
rates was minimal in 2022, it became more pronounced in 2023, highlighting potential year-specific environmental factors affecting SS
rates. The high variability rate (55.51 %73 %) among the 300 individual plants indicates rich genetic diversity within the studied
Psathyrostachys juncea (Fisch.) Nevski population.

Table 5 further examined the SS rates of Psathyrostachys juncea (Fisch.) Nevski from diverse sources, revealing high variability rates
ranging from 48.02 percent to 64.08 percent. Notably, germplasm materials from the United States exhibited the highest variability
rate (64.08 %), while materials from Mongolia showed the lowest variability rate (48.02 %). Chinese and Russian materials had similar
variability rates, at 59.25 percent and 59.18 percent, respectively.
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To elucidate the magnitude of the impact of environment, year, genotype, and their interactions on SS traits, an analysis of variance
was performed for the SS rate, as presented in Table 6. The results revealed that Location, Year, Genotype, Location x Year, Location x
Genotype, Year x Genotype, and Location x Year x Genotype were all statistically significant at the 0.0001 level. Among these factors,
Location, Year, Genotype, and Location x Year contributed smaller proportions to the total sum of squares. Location x Genotype, Year
x Genotype, and Location x Year x Genotype accounted for 64 percent, 25.35 percent, and 10.37 percent of the total sum of squares,
respectively. Remarkably, Location x Genotype exhibited the most substantial proportion in the total sum of squares, indicating that
the interaction of GE was the primary driver of variations in SS traits, followed by the interaction between year and genotype.

3.2. GGE biplot analysis of G x E interaction

The "Which Won Where/What" method is employed to group experimental points based on the interaction of GE. This grouping
technique highlights genotype performance in different categories and aids in the analysis of the most suitable planting zones for the
tested materials. The polygon depicted in Fig. 2 is formed by connecting the "vertices," which are farthest from the origin, one by one,
encompassing all genotypes. Perpendicular lines drawn from the center to each side divide the polygon into several sectors. Within
each sector, the "vertex" corresponds to the genotype that performs relatively well. Genotypes situated within the polygon and close to
the origin are considered less sensitive to the environment, with SS rates approaching the mean. The horizontal axis (AXIS1) represents
genotype, while the vertical axis (AXIS2) represents the interaction of GE. In 2022 (Fig. 2-c), the first principal component (PC)
accounted for 57.92 percent of the total variation, while the second principal component explained 42.08 percent of the variation.
Genotypes 118 and 30 exhibited high SS rates in Baotou, originating from materials 565051 and 619487, respectively. Genotypes 18
and 119 showed elevated SS rates in Hohhot, sourced from 595135 to 565051, respectively. Moving to 2023 (Fig. 2-d), PC1 and PC2
accounted for 56.21 percent and 43.79 percent of the total variation, respectively. Genotype 120 displayed high SS rates in Hohhot,
originating from 565051, while genotypes 111 and 47 demonstrated elevated SS rates in Baotou, sourced from 565060 to 005043,
respectively. Over the two consecutive years of experiments, 565051 consistently exhibited characteristics indicative of a superior
genotype at the individual plant level.

The ideal genotype demonstrates both high and stable yields in specific environments. The "Mean vs. Stability" method is employed
to concurrently identify the high-yielding and stable characteristics of materials. In Fig. 3, the direction along the arrow indicates
higher yields. Genotypes on the left side of the vertical axis, perpendicular to the horizontal axis, have yields below the average, while
those on the right side have yields above the average. The length of the perpendicular line from a genotype to the average environment
axis reflects the genotype’s stability, with longer lines indicating less stability and vice versa. The first two principal components in
Fig. 3-e and Fig. 3-f collectively incorporated 100 percent of the variation information. In Fig. 3-e, genotypes 61, 132, and 177
exhibited high and stable SS rates, originating from materials 502577, 578854, and 531827, respectively. In Fig. 3-f, 171 exhibited the
highest SS rate, sourced from 531827 but with instability. Genotype 131, originating from 578854, showed a high and stable SS rate. In
summary, there are genotypes with consistently high and stable SS rates from the same materials in both years. Therefore, 132 and 177
were selected as ideal genotypes.

The "Discriminativeness vs. Representativeness" analysis method is employed to illustrate the correlation of different locations in
the assessment of material adaptability. In Fig. 4, the lines originating from the origin represent vectors, with the length of the vector
indicating discriminative power. Longer vectors suggest a stronger discriminative ability of the location for the materials. The lines
with arrows passing through the circles represent the "average environment axis." The angle between the vector and the average
environment axis reflects the representativeness of the environment, with a smaller angle indicating stronger representativeness.
Furthermore, the angle between testing points can unveil the correlation between environments. An angle less than 90° indicates a
positive correlation, suggesting similar effects of environments on materials. Conversely, an angle greater than 90° signifies a negative
correlation, indicating opposing effects of environments on materials. An angle equal to 90° represents no correlation between en-
vironments. In this investigation, the elongated vectors observed in both Hohhot and Baotou indicated a robust discriminative power.
The angles between the vectors and the average environment axis were less than 90° in both locations, highlighting the strong
representativeness of Hohhot and Baotou. Nevertheless, the angle between the two locations was close to 90°, indicating that the
impacts of the two test points on the materials were independent of each other.

Table 5

Seed shattering rates of Psathyrostachys juncea (Fisch.) Nevski from different geographic sources.
Source Max Min Mean =+ SD CV/%
China 64.35 0.00 21.45 +12.71 59.25
Mongoliae 61.04 0.00 25.49 +12.24 48.02
Russia Federation 63.32 0.00 22.81 +13.50 59.18
Kazakhstan 51.46 0.00 20.39 +11.99 58.80
Estonia 41.29 0.00 18.70 + 11.56 61.82
America 48.77 0.00 17.26 + 11.06 64.08
Former Soviet Union 51.72 0.00 21.84 +13.16 60.26
Canada 61.21 0.00 27.47 +13.89 50.56
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Table 6
Combined analysis of variance for seed shattering rates of Psathyrostachys juncea (Fisch.) Nevski genotypes in two locations and two years
(2022-2023).

Sources of variation df Sum of square P ok % of total sums of squares
Location 1 416,278.3 <0.0001 0.18
Year 1 119,049.7 <0.0001 0.05
Genotype 20 1641.1 <0.0001 0.00
Location x Year 1 103,964.5 <0.0001 0.04
Location x Genotype 20 144,232,482.4 <0.0001 64.00
Year x Genotype 20 57,139,597.8 <0.0001 25.35
Location x Year x Genotype 20 23,363,789.4 <0.0001 10.37
Error 189 3253.9 0.00
Total 272 225,380,057.2
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Fig. 2. "Polygon" view of the GGE biplot showing the performance of Psathyrostachys juncea (Fisch.) Nevski Genotypes in seed shattering across
different locations. "A" and "B" denote Hohhot and Baotou, respectively. ¢) Which won where polygon view for the year 2022. d) Which won where
polygon view for the year 2023.

4. Discussion
4.1. Combined analysis of variance for seed shattering trait

Seed shattering is more prevalent in wild forage grass varieties [26]. In agricultural production, SS can result in a reduction in seed
yield [27]. This trait is influenced by environmental factors such as moisture, temperature, and humidity [28,29]. We assessed the SS
rate of Psathyrostachys juncea (Fisch.) Nevski in Hohhot and Baotou and identified significant differences in the SS rate between the two
locations in 2022 and extremely significant differences in 2023. Analyzed of meteorological data reveals that in 2023, Baotou
experienced the highest average precipitation and relative humidity in July. Given that the maturity period of Psathyrostachys juncea
(Fisch.) Nevski also coincides with July, the overall measured SS rate was lower. The study concludes that harvesting Psathyrostachys
juncea (Fisch.) Nevski seeds in a relatively humid environment can mitigate the loss of seed yield.

The examination of distribution using skewness and kurtosis provides insights into the nature of gene action and the number of
genes governing traits [30]. Positive skewness is linked to complementary gene action, while negative skewness is associated with
duplicate (additive x additive) gene interactions [31]. Positive kurtosis (leptokurtosis) suggests a limited number of genes regulating
the trait (single gene or oligogenic inheritance, i.e., minimal environmental impact), whereas normal distribution at zero (meso-
kurtosis) and negative kurtosis (platykurtosis) are indicative of numerous genes influencing the trait (polygenic inheritance, i.e.,
substantial environmental impact) [32]. This study revealed positive skewness in all four replications of the SS rate, indicating
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complementary gene interactions. The kurtosis of the Baotou SS rate in 2023 was 0.87, reinforcing the notion that the influence of a
humid environment on SS in Psathyrostachys juncea (Fisch.) Nevski was relatively small. In the other three replications, negative
kurtosis was observed, suggesting a significant impact of dry conditions on SS, likely regulated by interactions among multiple genes.
Overall, the genetic complexity of SS appears to be higher in arid environments, presenting challenges in terms of selection intensity
and the improvement of varieties under complementary gene interaction [33]. The study proposes exploring genes related to SS and
improving high SS varieties through gene editing. This approach could expedite the breeding process of superior varieties. In the
context of natural grassland applications, the inclination for seeds to shed more easily facilitates propagation. The experiment’s results
demonstrated abundant variability in SS traits among the 300 individual plants of Psathyrostachys juncea (Fisch.) Nevski, with the
highest variability observed in the materials from the United States. Further utilization of these materials can be pursued based on
specific needs.

The evident interaction of GE highlights the variation in the growth status of plants across different environments. Consequently,
cross-regional experiments become an indispensable prerequisite for the selection of optimal planting materials [34,35]. In multi-year,
multi-location experiments, the manifestation of plants in phenotypic traits is governed by the interplay of genotype, environment, and
their interactive effects [36]. The analysis of variance in this study underscored that the primary factor influencing SS in Psathyr-
ostachys juncea (Fisch.) Nevski was the interaction of GE. This observation emphasizesd the importance, in regional trials, of priori-
tizing both the selection of materials and the representativeness of the trial environment. The interaction of GE should not be
overlooked. It is crucial to tailor the selection of Psathyrostachys juncea (Fisch.) Nevski materials for cultivation based on local con-
ditions. Consequently, we employed the GGE biplot to further refine the selection of genotypic materials that exhibit high adaptability
and stability.

4.1.1. GGE biplot

The GGE biplot emerges as a valuable tool for comprehending the growth patterns of genotypes in intricate environments [37].
Recognized for its efficacy in detecting stable and high-yielding genotypes, this method elucidates the performance of each genotype at
every trial site and has found validation across numerous plant studies [36,38-41]. The "which-won-where" biplot uncovered
mega-environment disparities, revealing environments conducive to genotypic adaptability, the best-performing genotypes in each
mega-environment, and the ideal genotype exemplifying high agronomic performance and stability [42]. Our research findings
exhibited diverse excellent genotypes across different years and environments. In 2022, materials displaying high SS rates in Baotou
were 565051 and 619487, while in Hohhot, they were 565051 and 595135. In 2023, materials with elevated SS rates in Hohhot were
565051, and in Baotou, they were 565060 and 005043. In regional trials, evaluating the adaptability of plant agronomic traits ne-
cessitates a thorough analysis of both the high yield and stability of each material in multi-location trials [43,44]. Zhang emphasized
that varieties with high and stable yields are suitable for extensive cultivation, whereas low-yielding varieties, even with stable yields,
are not recommended for widespread planting [45]. Noteworthy for their high and stable SS rates, 61, 132, and 177 prove suitable for
cultivation in both cultivated pastures and natural grasslands in both Hohhot and Baotou. Some varieties, while lacking stability,
exhibit high yields and exceptional performance in specific environments, demonstrating adaptability and potential for local culti-
vation [46]. Although 171 displayed the highest SS rate, its instability maked it suitable for forage use in Baotou. The discriminative
ability and representativeness of the GGE biplot serve as vital metrics for test environments, offering unbiased insights into the tested
genotypes [47]. In multi-year studies, environments with longer vectors were observed to possess greater discriminative abilities
between genotypes, while those with shorter vectors provided limited or no information on genotype differences [48]. Both Hohhot
and Baotou exhibited representation and robust discriminative power for materials, unveiling significant differences in the SS per-
formance of each genotype.

Our analyzed results corresponded closely with the actual climatic conditions, affirming the reliability of the GGE biplot analysis
outcomes. Divergent soil conditions across distinct experimental sites can give rise to intricate and diverse mechanisms governing the
interaction between plants and the environment, thereby yielding inconsistent performance across various environments. While the
concept of an "ideal" genotype may not necessarily reflect a tangible reality, it functions as a benchmark for evaluating the relative
desirability of the tested materials.

5. Conclusions

The study evaluated the SS traits of 300 individual plants of Psathyrostachys juncea (Fisch.) Nevski over two years at two locations,
revealing significant genetic variability in SS. This information holds value for subsequent hybrid breeding efforts. The analysis of
variance indicated that genotype, environment, year, and their interactions exhibited extremely significant effects on SS. Notably, the
interaction effect between genotype and environment emerged as the primary factor contributing to variation in SS traits. The GGE
biplot illustrated that Hohhot and Baotou emerged as representative locations with strong discriminative power for the materials.
Genotypes 18 and 120 exhibited high SS rates in Hohhot, while 118 and 111 showed high SS rates in Baotou. Genotypes 132 and 177
were identified as ideal genotypes with both high and stable SS rates. Through GGE biplot analysis, we have deepened our under-
standing of the SS traits in Psathyrostachys juncea (Fisch.) Nevski and provided a reference tool for data analysis of SS traits. The
genotypes with high SS obtained from these research results can serve as reference materials for subsequent transcriptome sequencing
technology and the establishment of natural grasslands.
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