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Abstract: Grass pea is recognized as one of the most resilient and versatile crops, thriving in extreme
environments. It has also high protein content and suitable for forage production. These abilities
make the crop a superior product for guaranteeing food security in changing climate conditions.
To address this concern, a total of 94 accessions were assessed in relation to three qualitative and
19 quantitative traits in lowland (Antalya, Turkey) and highland (Isparta, Turkey) conditions. There
were significant differences among genotypes for all agronomic traits in lowland location. The
maximum biological yield was detected in GP104 and GP145 with values of 22.5 and 82.4 g in
lowland and highland, respectively. The t-test of significance for mean values indicated that there
were significant differences between the growing areas for all agronomic traits except for number of
pods. Principal component analysis using the 11 agronomic traits including maturity, yield and yield
related-traits showed that 76.4% and 72.2% variability were accounted for the first four principal
components (PCs) with eigenvalues ≥ 1 in collection grown in highland and lowland, respectively.
The data on variations in agronomic, quality and forage traits detected in this research provided
useful genetic resources. The parental genotypes which have desired traits can be used in grass pea
improvement programs to develop new cultivars.

Keywords: Lathyrus sativus; climate change; neglected legume; forage quality

1. Introduction

The impact of climate change on agriculture varies depending on the region [1]. The
environmental effects on plants can emerge as reduced water availability, rising tempera-
tures, the pest and disease epidemics and an increase in the frequency of different extreme
events [2]. Alternative varieties/types or new crops are required to provide a steady food
supply under changing environmental conditions [3]. Most of agricultural systems in dif-
ferent countries, therefore, have re-designed their breeding approaches based on growing
population and climate change. Increasing research focused on developing and improving
plants that are underutilized or neglected should be one of the important parts of new
breeding studies. Lathyrus sativus L. is a legume crop that belongs to the Lathyrus genus,
which includes 187 different species and subspecies [4,5]. Grass pea is recognized as one
of the most resilient and versatile crops, thriving in extreme environments and climatic
conditions such as cold, heat, drought, salinity-affected soils, and flooding, and is resistant
to insect attacks, when compared to other legume crops [4,6]. These characteristics make it
a superior product for guaranteeing food security, particularly in the face of anticipated cli-
mate challenges [3]. Its seeds contain about 8.6–34.6% protein content, which is higher than
chickpea [7], and can replace rapeseed and soybean meal in animal feed, moderately [8]. It
is therefore used, not only for human food, but also for livestock feed, forage and green
manure [9]. According to Hanbury et al. [10], the grass pea offers a cheap, high-protein,
and currently under-utilized feed source due to the rising demand for animal products.
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However, excessive consumption of grass pea seeds can cause lathyrism, occurred
by the non-protein amino acid β-N-oxalyl-L-α, β-diaminopropionic acid (β-ODAP). It
is thought that the presence of β-ODAP as a free amino acid in seeds and in significant
concentrations in drought-tolerant grass pea is what causes this debilitating illness [11]
affecting both animals and humans [12]. Indeed, when consumed in high quantities over
an extended period of time (as is frequently the case during famine), “lathyrism” can result
in permanent paralysis and brain damage [12]. According to a report by Abd El Moneim
et al. [13], grass pea seeds should have an β-ODAP level of less than 0.22% for safe con-
sumption to reduce the danger of lathyrism. Environmental conditions have a significant
impact on the amount of β-ODAP content in grass pea seeds [4]. Its concentration varies
commonly among both genotypes and environments [14]. Further domestication and
improving of this crop for food (as low β-ODAP) and fodder (as high as biological and
seed yield) have been made necessary [15]. Therefore, generating germplasm/cultivars
with a low β-ODAP content should be the main goal of both traditional and contemporary
breeding programs on Lathyrus [15]. Additionally, the majority of traditional breeding
programs for grass peas have emphasized using the selection criterion to increase yield
(number of branches per plant). The single node double blooms or pods, higher protein
content, 100-seed weight, and forage traits are also important characteristics that can be
used in grass pea breeding studies [15,16].

The improvement of quantitative traits related to yield and quality is the main target
of breeding programs [17]. With the use of only few elite lines and/or cultivars make a
limited contribution to the improvement studies because of their narrow genetic base [18].
Selection from a collection with high diversity makes it more possible to discover the
desired traits [19]. Lots of genetic diversity studies have been conducted in grass pea for
different regions [5,20–26] to find new traits and develop cultivars in the respective region.
However, there is no study which was conducted in two different climatic conditions
(lowland and highland) in grass pea. From this perspective, we evaluated a total of 94 grass
pea accessions with agro-morphological traits, nutritional contents and β-ODAP contents
in lowland and highland environmental areas. The evaluation of agronomic, food and
forage traits for economic importance should be useful for choosing the appropriate genetic
resources for crop improvement.

2. Materials and Methods
2.1. Genetic Material

The grass pea collection, 250 accessions from USDA and 24 accessions from ICARDA,
were evaluated as an initial genetic material in this study (Table S1). This genetic resource
was coded “GP” and ordered. It was grown in the experimental field of Akdeniz University
in Antalya, Turkey (36◦53′56.2′′ N 30◦38′30.3′′ E) in 2018. However, 184 out of 274 accessions
were discarded from the study because they did not produce sufficient seeds. Remaining
genetic material (90 accessions) and four registered controls (Karadağ, İptaş, Gürbüz and
Ceora) (Table S2) were used to conduct field trials in both locations, Antalya and Isparta,
Turkey (Figure 1).

2.2. Field Trials
2.2.1. First Year in Field Trials (2019)

A total of 94 grass pea genotypes were grown in the experimental field of Akdeniz
University at Antalya, Turkiye (36◦53′56.2′′ N 30◦38′30.3′′ E) (lowland). Before seeding,
15-15-15 (N-P-K) compound fertilizer was applied as 10 kg da−1 during the soil tillage
stage. Grass pea seeds were sown on 5 December 2019 in a randomized complete blocks
design with two replications. Each genotype was grown in two rows of 3 m length with a
row-to-row distance of 50 cm and plant to plant within a row of 10 cm. The plants were not
irrigated during the trial period. Standard agronomic practices were applied to all plots.
The harvest was performed on 30 May 2020.
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Figure 1. (•) The site of experimental areas (Isparta (37◦50′12.3′′ N 30◦32′31.1′′ E) and Antalya
(36◦53′56.2′′ N 30◦38′30.3′′ E), Turkiye).

2.2.2. Second Year in Field Trials (2020)

The 2nd year studies were carried out with the same genetic material in both locations,
Antalya (lowland) and Isparta (highland). The field trial in Antalya was established on
23 December 2020 in the same experimental area with a randomized complete blocks design
with two replications. The seeds were also sown on 20th October 2020 in the field of Isparta
Applied Sciences University (37◦50′12.3′′ N 30◦32′31.1′′ E) in Isparta with an augmented
experimental design. The experimental field was divided into three blocks of equal size
and each block had four checks replicated across the three blocks in augmented treatment.
Soil type of each location was monitored in Table 1. It shows that the pH of the soils in both
Antalya and Isparta fields are neutral, the lime content is high, slightly salty and sufficient
in terms of organic matter. Each experimental field consisted of a 3 m row on a ridge.
Spacing was 50 cm between rows and 10 cm between plants in both locations. Similarly,
standard agronomic practices were applied in both fields. The seeds were harvested on
25 May 2021 and 15 June 2021 in Antalya and in Isparta respectively.

Table 1. The chemical and physical properties of soil in the experiment fields.

Characteristics
Values

Evaluation
Antalya Isparta

pH 7.30 7.66 Slightly alkaline
Lime (%) 21.6 28.7 Too limy
EC micromhos/cm (25 ◦C) 485 375 Slightly salted
Texture Clay-loam Clay-loam
Organic material, (%) 2.3 1.54 Enough
P ppm (Olsen) 5 23.5 20–25
K ppm 275 176.2 200–320

2.3. Climatic Conditions

The monthly temperature, precipitation, and humidity were recorded by the State
Meteorology Station for Antalya (Table S3) and Isparta (Table S4). For 2018–2019 and
2019–2020, there were similar trends for temperatures, with the lowest temperatures occur-
ring in January and February and the highest in June at Antalya. The highest rainfall was
recorded in December. Additionally, there was less rainfall in 2018–2019 than in 2019–2020
in all growing seasons except for January, April and June. Similarly, the highest rainfall
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was observed in December and January in Isparta (highland), however at least 40% total
rainfall was recorded compared to Antalya. The coldest month in highland is January, with
5.2 (◦C), followed by February and March (Table S4).

2.4. Data Collection

Although all of the genotypes successfully passed the seedling period and bloomed,
limited seed holding was occurred in 184 genotypes. The qualitative traits were recorded
for the initial collection (274 accessions). However, 94 lines were used to get observations
for quantitative and nutritional traits. Grass pea descriptors [4] were used for recording
qualitative and quantitative characteristics. Plants were characterized by the following
traits: days of first flowering, days of 50% flowering, plant height, pod number per plant,
number of branches per plant, pod height, pod width, stem diameter, hundred seed weight,
biological yield per plant and seed yield per plant. In addition, β-ODAP, raw protein, acid
detergent fiber (ADF), and neutral detergent fiber (NDF) were determined from the seeds
of grass pea.

2.5. Chemical Analysis
2.5.1. β-ODAP Content

In the first stage of analysis, a blender was used for homogenization. These samples
were divided into 1-g portions in individual 50-mL sample tubes. Then, 25 mL of extraction
solution, 0.1% (v/v) formic acid in water:methanol (50:50) (v/v), was added to the sample
tube. For recovery studies, a standard was added to the tube at this stage. The mixture
was extracted using Ultra-Turrax (IKA, Germany) for 2 min at 10,000 rpm. Centrifuging
was done on the extracted samples for 10 min at 4 ◦C and 4000 rpm. The supernatant
was passed through a 0.2-µm PTFE membrane filter. Filtered samples were diluted with a
mobile phase and injected at 10 µL volumes to LC-MS/MS. β-ODAP was purchased from
ChemFaces (Wuhan, China), with high purity (>98%). After extraction, β-ODAP content
was identified with the UHPLC-MS/MS method, which has been detailed in the study by
Arslan et al. [27].

2.5.2. Forage Traits

The Kjeldahl method was used for nitrogen content, and the crude protein ratio was
calculated using a conversion factor of 6.25. ADF and NDF concentrations were determined
according to standard laboratory procedures for forage quality analysis outlined by Ankom
Technology. ANKOM F57 filter bags were used for ADF and NDF analysis in this study.
Total digestible nutrients (TDN), dry matter intake (DMI), digestible dry matter (DDM),
and relative feed value (RFV) were estimated [28] according to the following equations
adapted from:

TDN = (−1.291 × ADF) + 101.35

DMI = 120% NDF% dry matter basis

DDM = 88.9 − (0.779 × ADF% dry matter basis)

RFV = DDM% × DMI% × 0.775

2.6. Data Analysis

Qualitative data were analyzed using percentage distribution. Analysis of vari-
ance was conducted using SAS 9.1 (Cary, NC, USA) [29]. Augmented randomized com-
plete block design was performed using the “augmentedRCBD” package developed by
Aravind et al. [30] in R-Studio (version 2022.02.0) (Boston, MA, USA) [31]. The least sig-
nificant difference (LSD) test was used for mean comparison in the analysis of variance.
Principal component analysis (PCA) was performed with the quantitative traits data using
the Minitab 19.1 software (State College, PA, USA) [32]
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3. Results

In this study, the large and diverse grass pea collection grown in highland and lowland
conditions was evaluated with three qualitative, 11 quantitative, six forage and two quality
traits. The frequency distribution of qualitative traits, flower colors, plant growth habits
and seed color of the grass pea genotypes were shown in Figure 2. There was a large
variation among grass pea genotypes in terms of flower colors. Nine different flower colors
were observed in the grass pea collection as blue, white, blue-white, dark blue, purple, light
blue, pink, blue-purple and red with percentages of 28.1, 24.45, 21.53, 13.5, 7.3, 2.55, 1.46,
0.73 and 0.36%. Furthermore, three plant growth habits were determined as erect (50%),
semi-erect (40%) and spreading (10%). The seeds of the collection had a gray color with a
value of 57%.
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According to the analysis of variance, there were significant differences among geno-
types for all traits in Antalya (lowland) location (Table S2). The mean number of days of the
first flowering varied from 88.8 to 109, and the number of days of 50% flowering ranged
from 99.5 to 120.5 in the collection. In the average of two years, the genotypes GP23, GP11,
and GP114 had the earliest flowering date. The highest plant height was recorded in GP213
with a value of 90.8, while the shortest plant was GP10 had a plant height of 41.5 cm. The
grand mean of number of pods was 23.77 and check cultivars, Corea and Gürbüz showed a
higher number of pods than the mean of the germplasm. The maximum and minimum
biological yield was detected in GP104 and GP23 with values of 22.5 and 3.3 g, respectively.
The seed yield ranged from 1.2 to 7.3 g. The highest seed yield was observed in genotype
GP105, followed by GP 104 and GP 249, the mean of collection was 3.01 g. Among the
check cultivars, İptaş gave the highest seed yield, however 40 genotypes of the collection
had higher means for seed yield than this check cultivar.

A total of 90 genotypes along with four check cultivars were evaluated at field con-
dition in Isparta (highland) for quantitative agronomic traits using an augmented exper-
imental design (Table S5). The analysis of variance showed that there was a significant
(<0.01) difference among the genotypes for all traits except for days of the first flowering.
The results revealed no significant differences were observed for blocks except for traits
of number of pods, number of branches and stem diameter (Table S6). The number of
days to first flowering ranged from 172.1 to 206.3 days, and the number of days to 50%
flowering ranged from 181.3 to 213.3 days. The check cultivar, Corea had the earliest 50%
flowering date among the check cultivars with a value of 178, only genotypes GP230 and
GP247 had higher values compared to this cultivar (Table S5). GP107 and GP105 had the
tallest plants, while GP246 was the shortest (15.6 cm). Genotype GP156 and GP145 gave
the highest number of pods (62) as well as GP145 produced the highest biological yield
being 82.4 g in the highland conditions. There was also a lot of variation in the collection
for hundred-seed weight and seed yield traits, which ranged from 4.1 to 82.4 g and 0.9 to
33 g, respectively (Table S5). The genotype GP40 had the highest seed yield followed by
GP161, GP18 and GP 19.
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Significant differences were observed in the germplasm for quality and forage traits
among genotypes grown in Antalya (lowland) (Table S7). The β-ODAP content (%) ranged
from 0.25 to 0.49, the average being 0.38. The genotypes GP213, GP49, GP58, GP60 and
GP110 had the lowest values for this trait while the genotypes GP248 and GP227 had the
highest content. The lowest value was 0.38 among the check cultivars. The maximum
amount of protein content was recorded for GP53 in the germplasm, with a notable higher
value in the quantity of this trait observed in the genotypes of GP40, GP270 and GP197.
Regarding ADF (%), genotypes GP251, GP243, GP248 and GP23 had the highest values
over the 9.0 in the mean of two years, the check cultivar, Karadağ had the highest check
cultivar with value of 8.82. There were four genotypes (GP34, GP156, GP225 and GP149)
had an NDF > 17%, the mean of the collection was 13.98. The DMI and DDM ranges in
the collection varied from 6.48 to 9.96 and 81.48 to 83.4 with mean values of 8.45 and 82.45,
respectively.

The ANOVA analysis of the genotypes showed a highly significant variation in all
quality and forage traits in highland conditions (Table S8). There is a non-significant
difference among the blocks for these traits in augmented experiment design. Overall, the
β-ODAP content (%) corresponding to the genotypes was 0.35 (Table S9). The lowest values
were recorded for GP17, GP18 andGP49 with the means of 0.19, 0.21, 0.22, respectively.
GP215 had the greatest mean value (0.51) for this trait. The maximum and minimum protein
content (%) were detected in the genotypes GP242 and GP225. The genotype, GP248 also
had >24% protein content which is higher than the mean of all check cultivars (Table S9).
The mean of ADF and NDF values were 8.43 and 15.72, respectively. The highest mean
was 10.22 for ADF and 24.23 for NDF. The genotype GP248 was superior for these traits
whose means were 10.15 and 19.78, respectively, they were higher than general means and
check cultivars. The highest DMI was recorded for GP242, followed by GP43 and GP207.
The check cultivar, Corea was the fourth genotype for this trait. When all genotypes were
combined, the total mean of total digestible nutrients was 90.47%, with GP213 being the
top genotype for this trait. The highest relative feed value was observed in GP242 (668.63)
while the lowest value was measured in GP199 (316.72) in the collection.

The grass pea collection examined in this study had 94 genotypes and was evaluated
in lowland and highland conditions. The t-test of significance for mean values indicated
that there were significant differences between the growing areas for all agronomic traits
except for the number of branches (Table 2). These genotypes grown in two different
environmental area were also compared with quality and forage traits. The mean values
for β-ODAP content, raw protein ADF, NDF, DMI and RFV were significantly different
between the genotypes grown in lowland and highland (Table 2).

The PCA using the 11 quantitative traits including maturity traits, yield and yield
related-trait showed that more than 76.4% and 72.2% variability were accounted for the first
four principal components (PCs) with eigenvalues ≥ 1 in the collection grown in Isparta
(highland) and Antalya (lowland) (Table 3). The 1st principal component (PC1) had an
eigenvalue of 3.89 and explained 35.4% of the total variation in highland. Seed yield and
biological yield had the highest positive eigenvectors in PC1, while the pod height had
the highest negative eigenvector. The second component (PC2) explained 17.1% of the
total variance with an eigenvalue of 1.87 and was mainly correlated with flowering traits,
negatively (Table 3). In lowland, the first principal component’s (PC1) eigenvalue was 3.36,
explaining 30.36% of the total variation, the highest positive eigenvector was biological
yield (Table 3). The PC2 explained 16.3% of the total variance and was correlated with days
to first flowering, days to 50% flowering, plant height, and the number of pods and stem
diameter, positively. The traits of quality and forage were also evaluated with PCA for the
grass pea collection grown in lowland and highland (Table 4). Results showed that in the
analysis, three components had eigenvalues > 1 for highland andthey explained 93.7% of
the variability among the 94 genotypes grown in highland. The PC1 explained 57.2% of
the total variance and was positively correlated with all quality and forage traits except for
ADF and NDF. The PC1 explained 52.79% of the total variance (75.9%) and was positively
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correlated with raw protein, TDN, DMI, DDM and RFV in the collection that was evaluated
in lowland.

Table 2. Means and standard errors for 11 quantitative and eight quality traits in 94 genotypes
produced in Antalya (lowland) and Isparta (highland).

Antalya (Lowland) Isparta (Highland)

Agronomic Traits Mean S.E. † Mean S.E. † Differences #

First flowering (day) 99.15 0.51 187.8 0.76 FF
50% flowering (day) 107.06 0.54 192.9 0.76 FF

Plant height (cm) 64.40 0.73 39.7 1.30 FF
Number of pods 23.77 0.55 22.0 1.34 ns

Number of branches 9.65 0.21 3.9 0.15 FF
Pod height (cm) 3.53 0.22 3.19 0.05 FF
Pod width (cm) 1.29 0.01 1.03 0.01 FF

Stem diameter (mm) 1.81 0.01 4.1 0.07 FF
Hundred seed weight (g) 13.15 0.18 14.3 0.48 F

Biological yield (g) 10.30 0.21 20.8 1.68 FF
Seed yield (g) 3.01 0.09 6.0 0.56 FF

Forage and quality traits Mean S.E. † Mean S.E. † Differences #

Beta-ODAP 0.38 0.01 0.35 0.01 F
Raw protein 24.00 0.12 21.06 0.18 FF

Acid detergent fiber 8.20 0.03 8.43 0.08 F
Neutral detergent fiber 13.98 0.13 15.72 0.27 FF

Total digestible nutrients 90.66 0.04 90.47 0.10 ns
Dry matter intake 8.45 0.07 7.83 0.12 FF

Digestible dry matter 82.45 0.02 82.33 0.06 ns
Relative feed values 539.95 4.7 499.86 8.0 FF

† S.E.: standard error of the mean. # Differences between means of entire and core collection were tested by t test;
ns is non-significant, p = 0.05 and p = 0.001, and F and FF, respectively.

Table 3. Eigenvectors for the four principal components (PCs) of traits associated with agronomic
performance of 94 grass pea genotypes produced in two different regions.

Isparta (Highland) Antalya (Lowland)

PC Axis

PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4

Eigenvalues 3.89 1.87 1.53 1.10 3.36 1.79 1.53 1.24
Explained proportion of

variation, % 35.4 17.1 13.9 10.0 30.6 16.3 14.0 11.3

Cumulative proportion of
variation, % 35.4 52.5 66.4 76.4 30.6 46.9 60.9 72.2

Traits Eigenvectors

First flowering (day) −0.000 −0.640 0.233 −0.013 0.293 0.562 −0.155 −0.108
50% flowering (day) −0.005 −0.669 0.148 −0.103 0.291 0.563 −0.154 −0.061

Plant height (cm) 0.169 0.032 0.182 −0.700 0.265 0.249 0.424 0.034
Number of pods 0.413 0.114 −0.036 −0.273 0.114 0.091 0.644 0.345

Number of branches 0.364 0.035 −0.034 −0.016 0.278 −0.163 0.406 0.037
Pod height (cm) −0.104 −0.152 −0.690 0.109 0.307 −0.182 0.181 −0.502
Pod width (cm) −0.035 −0.225 −0.624 −0.396 0.374 −0.231 −0.023 −0.457

Stem diameter (mm) 0.329 −0.069 −0.096 0.396 0.291 0.092 −0.246 0.298
Hundred seed weight (g) 0.341 −0.222 0.016 0.304 0.351 −0.257 −0.169 −0.084

Biological yield (g) 0.465 0.001 −0.109 0.054 0.382 −0.216 −0.231 0.375
Seed yield (g) 0.463 0.012 −0.042 −0.055 0.284 −0.253 −0.127 0.407
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Table 4. Eigenvectors for principal components (PCs) of traits associated with forage and quality
value of 94 grass pea genotypes produced in two different regions.

Isparta (Highland) Antalya (Lowland)

PC Axis

PC1 PC2 PC3 PC1 PC2

Eigenvalues 4.57 1.89 1.02 4.22 1.83
Explained proportion of variation, % 57.2 23.7 12.9 52.9 23.0

Cumulative proportion of variation, % 57.2 80.9 93.7 52.9 75.9

Traits Eigenvectors

Beta-ODAP 0.007 −0.086 −0.963 −0.151 −0.007
Raw protein 0.311 0.253 −0.252 0.307 −0.001

Acid detergent fiber −0.372 0.440 −0.040 −0.393 0.369
Neutral detergent fiber −0.398 −0.341 −0.055 −0.368 −0.422

Total digestible nutrients 0.372 −0.440 0.040 0.382 −0.424
Dry matter intake 0.402 0.353 0.022 0.382 0.418

Digestible dry matter 0.371 −0.440 0.040 0.382 −0.424
Relative feed values 0.411 0.328 0.023 0.394 0.389

4. Discussion

This study was carried out in two different locations; lowland and highland, showed
that this special grass pea collection has great variation with respect to seed yield, yield
components, quality and forage traits. Obtaining a higher seed yield for different environ-
mental conditions is one of the most important challenges in plant breeding [19]. However,
improving the traits related to yield characteristics such as double podding, more seeds per
pod, plant height or branches are also highly critical to obtain desired grass pea lines [4].
Our collection was characterized by three qualitative and 19 quantitative traits to develop
desired cultivars. Similarly, different germplasm resources have been characterized with
different agro-quality traits in grass pea [20,22,25,33,34].

Based on comparison between their altitudes, the mean number of days to the first
flowering was found to be shorter in lowland environmental conditions. Altitude levels
and sun exposure times are thought to be responsible for these differences [35]. The results
obtained in our study were found to be higher when compared to the studies conducted
in European countries and India [35–37]. Furthermore, the highest day of 50% flowering
was determined as 213.3 days (GP107) in highland (Table S5) and the lowest mean was
120.5 days (GP237) in lowland (Table S6). While our findings regarding the flowering
period are in agreement with the results of Çakmakçı and Çeçen [38], Şeydoşoğlu et al. [39]
and Öten et al. [40], they are higher than the findings of Kumari [37]. Grela et al. [41] stated
that variation of these traits depends on the environmental factors, especially on soil type
and precipitation amount during vegetation period. Plant height effects both seed and
biological yield in grass pea. In the present study, plant height ranged from 41.5 cm to
90.8 cm in lowland conditions and 15.6–76.8 cm in highland conditions. In the research
of grass pea, it was reported that the plant height was determined between 24.5 cm and
172.0 cm by different studies [35,42,43]. These results clearly revealed that environmental
differences highly affect the plant height trait of grass pea. We also had large variation
for the number of branches and comparable results were also observed as 6.10–13.00 [44],
3.73–6.00 [45], 4.6–8.6 [46]. The hundred-grain weight is considerable in terms of giving an
idea about the grain’s size, fullness, thinness and flour yield. We obtained the maximum
value as 23.8 in highland and 29.39 in lowland. These are higher values than those obtained
by Aksu et al. [43] and Başaran et al. [44]. However, Grela et al. [35], Ribinski et al. [47]
monitored higher weights in this trait compared to our maximum results. Biological yield
frequently used as yield selection criteria, especially in studies to increase grain yield in
cereal and legume plants [48]. The maximum biological yield was detected in GP104 and
GP145 in lowland and highland, respectively. These genotypes, therefore, should be used in
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cultivar development program and also as parents in crossing programs to obtain superior
lines. Looking at the seed yield, we observed increased mean values compared to the
check cultivar average values. Moreover, in comparison with Antalya and Isparta for seed
yields, we observed significant differences between genotypes (Table S8). According to
Pandey et al. [34], seed yield per plant in grass pea ranged from 0.5 to 19.7 g, whereas
Ribinski et al. [47] claimed that it ranged from 7.20 to 21.19 g. Especially, we obtained
lower values in lowland compared to highland and these previous studies. According to
Das et al. [15] one of the important factors influencing seed yield is ecological difference.
In addition, PCA analysis demonstrated that seed yield and biological yield had high and
positive values in PC1 both environmental areas. Similar these traits positively contributed
to PC was obtained by Polignano et al. [49] when they characterized of genetic diversity of
grass pea entries.

Genotype x environment effects play an important role in the phenotypic expression
of ODAP content, which is polygenically inherited [50]. Low ODAP is frequently linked to
undesired features such as late flowering and low seed and biological yields [51]. Therefore,
new breeding programs have been successful in achieving both low ODAP, high yield
and protein in recent years [5]. The β-ODAP content of the genotypes grown in lowland
(Antalya) and highland (Isparta) regions has significantly different (Tables S7 and S9). We
obtained large variation for β-ODAP content among the genotypes and lands and it is
showed that this trait is affected by both genetic and environmental factors [52,53]. The
genotypes GP2 and GP49 genotypes in collection are notable for having low β-ODAP
concentrations in both Antalya and Isparta. These accessions therefore provide better
opportunities for developing high seed yielding and low B-ODAP cultivars suitable for
studied regions. Previous studies indicated that there was no genotype of grass pea that
was β-ODAP free, although in several genotypes the β-ODAP content was low [6]. Futher-
more, many researchers [14,54,55] found that these low-toxin cultivars did not have stable
-ODAP levels in grass pea seeds when grown under different environmental conditions.
The β-ODAP content in grass pea seed had high variation depends on genotype and envi-
ronmental conditions and it ranged from 0.02 to 7.2% [56]. Onar et al. [57] reported that
they found the amount of β-ODAP in local grass pea varieties grown in Turkey, ranged
from 0.10% to 0.87% (w/w). Arslan et al. [27] investigated the β-ODAP contents of 173 local
grass pea genotypes in lowland conditions and obtained values ranging from 1.55 mg/g to
20.8 mg/g, showing the genotype effect on this trait.

Crude protein content is a significant indicator of feed quality [58]. The minimum
crude protein content in ruminant diet should be around 6.0 to 8.0% of dry matter for
adequate activity of rumen microorganisms [59], suggesting that hay crude protein content
in investigated grass peas is more than twice or thrice the needed ratios. The highest crude
protein ratios were found in GP242 (24.64%) and GP248 (24.08%) genotypes in highland
(Table S9), GP53 (27.09%), GP40 (26.88%) and GP270 (26.55%) in lowland (Table S7). There
were significant differences among genotypes grown in two different locations (Table 2).
Differences in crude protein ratios of the genotypes were mainly resulted from plant
genetics, but leaf, spike and stem ratios, ripening periods, temperature and fertilization
might also have significant effects on crude protein contents [60]. Present crude protein
contents of some genotypes were similar to the findings of Basaran et al. [61]. In fact,
Basaran et al. [61] stated that due to ecological differences in the regions where grass pea
genotypes are collected, variation in seed crude protein concentrations can be linked to
ecological factors rather than genetic variation.

Increasing ADF ratios reduces digestibility of the feeds and increasing NDF ratios
reduces feed intake and make the animals feel full, thus limit feed intake and feed availabil-
ity. Since high ADF and NDF ratios have negative effects on feed intake and digestibility,
feeds with ideal ADF and NDF values are usually preferred [62]. ADF content of grass
pea varied between 6.87 and 9.74% in lowland, while they varied between 7.19 and 10.22%
in highland. Lower ADF values are preferred for animal production due to the negative
correlation between ADF values and ruminant digestion [63]. Therefore, genotypes having
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the lowing values should be taken into consideration for forage breeding. NDF content of
grass pea varied between 11.15 and 17.58% in lowland, while it varied between 11.52 and
24.23% in highland. Grela et al. [35] found NDF between 11.25 and 18.92%, while Karadag
and Yavuz [63] found it between 10.18 and 13.55%. The monogastric and ruminants should
have lower NDF content in their feed. Furthermore, ruminant animals may require a
certain amount of NDF values, but higher NDF values may reduce animal intake [63].
The TDN refers to the nutrients that are available for livestock and are related to the ADF
concentration of the forage [64]. As ADF increases, there is a decline in TDN which means
that animals are not able to utilize the nutrients that are present in the forage [65]. In
Antalya ecological conditions, line GP270 had the highest TDN and DDM values, while line
GP248 had the lowest. When the averages of both regions in terms of TDN, DMI, DDM and
RFV were compared, it was determined that the values in Antalya were higher. According
to the Hay Market Task Force of American Forage and Grassland Council standards, the
genotype is classed as premium quality when it has protein content > 19, ADF < 31%,
NDF < 40%, and RFV > 151. The scale showed that lots of genotypes in the collection
should be classed as premium with regard to forage quality. Considering all the results,
GP60 in lowland and GP40 in highland were considered the most promising lines for grass
pea breeding with their high crude protein content, low ADF, NDF and β-ODAP ratios, as
well as biological yield.
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