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Abstract: Soybean is a short-day crop, and its sensitivity to photoperiod is an important trait for its
adaptability. Rapid changes in the climate on a global scale could be a threat to future food security.
There is a need to increase the heat tolerance of soybean to sustain its production. The availability of
global germplasm provides plant breeders with the opportunity to explore the genetic potential of
the existing soybean germplasm. For this purpose, a panel of 203 soybean accessions from different
global climatic zones was evaluated for adaptability under long-day conditions. Field screening of
the soybean germplasm was conducted over two consecutive years, 2016 and 2017, in Faisalabad,
Pakistan. This study screened 15 diverse soybean accessions that exhibited economically viable yields
in both years, i.e., 1500–2200 kg/ha. Data related to plant height, node number, pods per plant,
seeds per plant, seed weight per plant, hundred-grain weight, and total yield were recorded. Two
soybean accessions, PI548271 (MG-IV) and PI553039 (MG-IV,) produced the highest yield in both
years. The genotypic and phenotypic coefficients of variance, broad-sense heritability, and genetic
advances observed in their yields were also high. These results highlight the potential pre-existing
genetic variation required to improve the adaptation of soybean to long-day conditions. Some of
the accessions identified in the current study could be recommended for general cultivation under
long-day and high-temperature conditions.

Keywords: Glycine max; germplasm evaluation; photoperiod; mixed linear model; high temperature

1. Introduction

Soybean is considered a cheap source of protein and edible oil for both humans and
animals all over the world [1–3]. Currently, the greatest soybean-producing country is
Brazil, followed by the United States of America (USA), Argentina, China, and India [4].
With the rise of globalization, diets are becoming more diverse. Traditional staples are being
replaced with meat and other high-value agricultural goods, i.e., vegetable protein and
oil. This trend is increasing the demand for vegetable oil for food and high-protein grains
for livestock feed, particularly those derived from soybean. Soybean, being one of the
most significant commodities in international trade, is regarded as a good feed supplement,
especially for monogastric animals, because of its high protein content and optimal amino
acid composition.

In Pakistan, commercial soybean farming began in the early 1970s, and subsequently,
extensive work has been conducted for variety evaluation. However, Pakistan continues
to struggle to meet the domestic demand for edible oil and other soybean products, and
its global share of soybean production remains insignificant. As a result, the country has
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to import soybean products and edible oil [5]. In 2018–2019, the production of soybean
was only 0.002 million tons, whereas >2225.08 thousand tons of soybean seeds (worth PKR
123.0623 billion) and 150.91 thousand tons of soybean oil (worth PKR 14.832 billion) were
imported [6]. Although Pakistan’s soil and climate are ideal for growing soybean, the lack
of known cultivars adapted to Pakistan has prevented them from becoming widely used
by farmers. Numerous factors contribute to the low production of soybeans in Pakistan as
follows: (1) a lack of high-yielding and well-adapted cultivars suitable for different agro-
ecological zones of the nation, as well as the growing seasons; (2) a lack of diverse soybean
germplasm; (3) a lack of photo-insensitive soybean germplasm; and (4) competition for
cultivation with already well-established crops in many regions of the country. However,
there are possible locations with favorable agro-climatic conditions in which soybean can
be grown.

The adaptability of soybean genotypes is influenced by their response to day length
because it influences the flowering and growth habit, i.e., short or long days. Soybean
can grow in varying latitudinal climates because of photoperiod sensitivity variation. For
short-duration crops, decreased photoperiod sensitivity is necessary for adaptation to high
latitudes and long-day periods. Soybean responds to day lengths at both the pre-flowering
(vegetative and flowering periods) and post-flowering stages, such as terminal inflorescence,
leaf senescence, and pod filling. The reproductive periods are increased by photoperiod
sensitivity, causing delayed leaf senescence and seed maturation of soybean under long-
day conditions. A wide range of temperatures can be used to cultivate soybean. Soil
temperatures must be between 5 ◦C and 40 ◦C for soybean seeds to germinate, depending
on the amount of rain and irrigation. About 30 ◦C is the ideal temperature for quick
vegetative growth, whereas temperatures exceeding 40 ◦C have a negative impact on
bloom initiation and pod retention. The high temperature of heat stress mostly hinders
soybean production during the reproduction stages, but a continuous supply of water can
help overcome this problem. Irrigation in the Punjab region of Pakistan is mostly carried
out using one of the largest contiguous irrigation systems in the world. Thus, 90% of
agricultural output comes from this source. So, the development of soybean as spring (Zaid
Rabi) and autumn (Kharif) crops has enormous potential. The existing cropping pattern can
incorporate soybean with diverse ecologies and a good agricultural system. The soybean
growing period (mid-July to mid-November) coincides with the two major cash crops of
Pakistan, i.e., cotton and rice, significantly reducing the chances of soybean acceptability
to farmers [7]. To resolve this problem, a strategy to incorporate soybean into the current
cropping pattern is needed. Such a strategy would need varieties that could provide an
economically viable yield under long-day and high-temperature conditions to cope with
the expected changes in the climate of different regions.

In both cultivated and wild species, genotypes are often genetically adapted to specific
climatic conditions to ensure reproductive success [8] or high yields [9], thus it is important
to choose a genotype for a particular set of environmental conditions. The growth and
yield of a genotype are greatly affected by the environmental conditions under which it is
grown. As a result, screening a pool of genotypes for certain environments would depend
on the yield rankings [9]. Breeders have emphasized the need to create genotypes with
stable yields under a range of climatic conditions and geographic variances. To break the
production ceiling, it is crucial to develop new soybean varieties with high yields [10].
This requires soybean breeders to improve the yield-contributing traits in the existing
germplasm or identify/develop novel genotypes. However, the yield-contributing traits
are complex and polygenic [11,12]. Therefore, selecting the traits based exclusively on
their heritability can occasionally result in poor decisions. In this regard, it would be more
beneficial to consider genetic advancements.

Currently, the USDA soybean germplasm collection has more than 19,000 accessions
of cultivated soybean from all over the world [13]. Such a diverse germplasm collection
can help us identify suitable accessions for specific agroclimatic conditions. If successful,
such a strategy will benefit soybean breeders and farmers in identifying and developing
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high-yielding soybean varieties that are adaptable to the desired environment. In this
regard, limited attempts have been made in Pakistan. Therefore, the main goal of this
study was to identify genotypes with a high yield potential and promote their widespread
cultivation under long-day conditions. It was predicted that under local climatic conditions,
the tested genotypes would provide dramatically different yields. This study will help in
selecting genotypes that are most suited to long-day environmental conditions.

2. Materials and Methods
2.1. Experimental Material

A field experiment was conducted using a complete randomized block design during
the spring of 2016 and 2017 at NIBGE (National Institute for Biotechnology and Genetic
Engineering), Faisalabad, Pakistan (31◦42′ N 73◦02′ E). Seeds were sown in February 2016
and 2017, with three replications for each accession. Seedbeds were prepared by one-time
plowing with a cultivator, followed by planking, and two times with a rotavator. Plants
were spaced three inches apart using a dibbler during sowing. Twenty-five seeds of each
accession were sown at a depth of 1–2 inches. For proper emergence, a row-to-row distance
of 30 cm was maintained. Each soybean line consisted of three rows of 2.43 m. The soybean
crop’s flowering cycle coincided with naturally hotter growing conditions that occurred
from April to July in Faisalabad since the seeding was set for the spring. Three weeks before
sowing, the area was pre-irrigated using canal water during both years so that the soil
could have maximum moisture for seed emergence. Additionally, supplemental irrigation
was used during the growing season. Water was supplied through canals during both years
after 15 days of sowing. Rainfall recorded during this period was very low, so for in-season
irrigation four times, additional water was supplied using canal water. The soybean fields
were kept weed- and pest-free throughout the growing season, and no disease symptoms
were observed in these trials.

The 203 soybean accessions belonging to 12 different countries, i.e., Australia, Afghanistan,
Brazil, China, Canada, France, Iran, India, Korea, Japan, Pakistan, and the USA, were
resourced from the Agriculture Research Service of the United States Department of Agri-
culture (USDA-ARS), USA (Supplementary Table S1). To screen accessions suitable for the
agro-climatic conditions of Pakistan, these accessions were planted with locally adapted
soybean cultivars. Commercially available fertilizers (urea, DAP, and SOP), potassium (K),
phosphorus (P), and nitrogen (N) were used at ratios of 50, 60, and 25 kg/ha, respectively.
At the time of seedbed preparation, half the dose of N and the full dose of K and P were ap-
plied. The second half of the N dose was applied at the flowering stage. For other agronomic
practices, i.e., disease and pest control, we followed the recommendations of the Depart-
ment of Agriculture, Punjab, Pakistan (https://ext.agripunjab.gov.pk/production_plans,
(accessed on 12 September 2022).

2.2. Morphological Trait Evaluation

A total of nine morphological traits were studied in 2016 and 2017, and data were
collected for further analysis. Days to flowering (DTF) data were recorded from the date
of sowing to when 50% of plants in a row produced at least one flower, whereas days to
maturity (DTM) data were recorded from the sowing date to when 95% of plants in a row
reached maturity. For plant height (PH), three plants were selected from each row, and the
data were measured in centimeters at maturity from the surface of the soil to the tip of the
plant using a meter rod. The node number per plant (NN) was measured by counting the
number of nodes on the main stem of three randomly selected plants at maturity. For seed
weight per plant (SWPP), three plants were selected from each row for each accession, and
the data were recorded by measuring the weight of seeds harvested from a single plant in
grams. For the hundred-grain weight (HGW), the weight of 100 seeds was measured in
grams using a benchtop weighing balance, and the total yield (TY) per plot was measured
by weighing all of the seeds obtained from each replicate. TY data were recorded in grams
per square meter and further converted into kilograms per hectare for estimating the yield

https://ext.agripunjab.gov.pk/production_plans
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of each accession on a large scale. For the number of pods per plant (PPP), three plants
were selected at the time of harvesting, and the data were recorded by counting the number
of pods present on each plant. The number of seeds per plant (SDPP) was measured in
three plants by counting the number of seeds harvested from a single plant.

2.3. Statistical Analysis

The relative contributions of genotype (G) and genotype-by-environment interaction
(GEI) effects to the phenotypic variation in all agronomic traits across environments were
examined using linear mixed models [12].

yijk=µ+ Gi+ Ej+ (GE)I J+ Bk(j)+ εijk
(1)

where yijk is the phenotypic observation of the ith genotype in the jth environment,
µ represents the general interception, GEij is the random interaction effect of the ith geno-
type and the jth environment, Bk(j) is the random effect of the kth block nested within the
jth environment, and εijk is the residual plot error associated with the observation yijk.

Both linear mixed models were fitted using the R package’s Meta-R [14]. This function
assesses the variance components of random effects using restricted maximum likelihood
(REML) while determining their significance using a likelihood ratio test (LRT). It also
compares a full model with all random terms with each other. The typical linear mixed
model serves as the framework for BLUE and BLUP [15]. To create an array of 203 accessions
for the nine traits, we first computed the Best Linear Unbiased Predictors (BLUPs) and
Best Linear Unbiased Estimation (BLUEs) for each genotype, as well as the GEI terms.
For examining the relationship between genotypes and traits, two interactive principle
component analyses were used to create a biplot.

To evaluate the effects of different traits on genotypes, an analysis of variance (ANOVA)
was conducted for all the traits. The correlation between the total yield and each trait was
identified using Pearson’s correlation in the “Performance Analytics” package of the R
statistical program. The “Dist” function in R was used to calculate the distance matrix of the
genotypes based on phenotypic data using the “Euclidean” method [16]. The hierarchical
cluster analysis was performed using the “hclust” function. The set of dissimilarities
matrix produced by “dist” was used to form clusters based on the “complete” clustering
method. This method finds the most similar clusters [17]. For enhanced visualization of the
dendrogram, the “fviz_dend” function of the factoextra R package and ggplot2 was used.

2.4. Variability Analysis

Variability parameters, including heritability, genotypic coefficient of variance (GCV),
phenotypic coefficients of variation (PCV), genotypic and phenotypic variances, and genetic
advance (GA), were calculated using formulas proposed by [18].

The genotypic variance was calculated as,

δ2g =
MSG−MSE

r
× 100 (2)

where δ2g stands for genotypic variance, MSG refers to the mean sum of squares for
genotypes, MSE stands for the mean sum of squares for error, and r refers to the number of
replications.

The phenotypic variance was calculated as,

δ2 p = δ2g + δ2e (3)

where δ2p stands for phenotypic variance and δ2e for environmental variance, which is
equal to the mean squared error.
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Genotypic and phenotypic coefficients of variance were calculated as,

GCV =

√
δ2g× 100

x
(4)

PCV =

√
δ2 p× 100

x
(5)

In the above equations, GCV stands for genotypic coefficient of variance, PCV stands
for phenotypic coefficient of variance, δ2p stands for phenotypic variance, δ2g stands for
genotypic variance, and x is the mean of the population.

Broad-sense heritability for all the traits was measured as,

H2% =
σ2g
σ2 p
× 100 (6)

In the above equation, H2 is broad-sense heritability, σ2g is genotypic variance, and
σ2p is phenotypic variance.

Heritability was calculated by adjusting the scale to below 30% as low, 30–60% as
moderate, and greater than 60% as high, as suggested by [19].

For calculating the genetic advance, the following formula was used:

GA = K
σ2g
σ2 p

. σph (7)

In the above equation, K is 5% selection intensity, σ2g is genotypic variance, σ2p is
phenotypic variance, h is broad-sense heritability, and σph is the phenotypic standard deviation.

3. Results
3.1. Effects of Growing Conditions on Phenotypic Variation

In Faisalabad, Pakistan, the growth conditions were consistent over the course of the
experiment. In 2017, a decrease in the lowest temperature and an increase in rainfall were
observed (Table 1). The climatic conditions in these two specific years were almost the
same, with minor variations. For the crop cycle, the seasonal photoperiods ranged from
10.4 to 14.9 h/day. The weather information for the cropping season is provided in (Table 1).
The weather data for all the experimental locations during both years were collected from
https://www.worldweatheronline.com/, (accessed on 22 September 2022).

Table 1. Weather conditions recorded during the cropping season 2016–2017.

Growing
Season Year

Temperature ◦C Humidity
(%)

Rain
(mm)

Wind
(km/h)

Pressure
(mm)

Photoperiod
h·min

Cropping
StageMax Min Mean

February 2016 28.21 13.25 20.73 30.92 0 9 1015.1 11–04 Sowing
2017 27.82 13.07 20.44 33.57 0.11 8.57 1015.5 11–04

March
2016 31.22 17.45 24.33 41.45 2.12 10.38 1011.96 12–00 Vegetative

stage2017 31.77 16.03 23.9 33.45 0.35 8.19 1010.87 11–59

April 2016 37.13 23.53 30.33 23.23 0.34 11.13 1005.7 12–57 Reproductive
Stage2017 40.33 25.33 32.83 21.46 1.29 9.93 1004.3 12–57

May 2016 43.58 31.45 37.51 19.45 0.4 9.25 999.25 13–45 Reproductive
Stage2017 44.16 30.87 37.51 18.83 0.16 8.12 1000.77 13–45

June
2016 46.03 34.93 40.48 22.27 0.07 8.8 996.64 14–09 Harvesting
2017 42.96 33.56 38.26 26.67 1.17 8.3 996.75 14–09

July 2016 42.51 33.61 38.06 35.48 0.69 7.32 994.96 13–57 Harvesting
2017 42.12 33.87 37.995 34.96 0.2 8.77 996.19 13–57

https://www.worldweatheronline.com/
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3.2. Correlation Analysis

Quantitative traits that are polygenic in nature are susceptible to environmental in-
fluence. Because of this, selecting the candidate genotypes exclusively based on yield
may not be useful. To increase production or improve plant architecture, associated traits
must be considered when selecting suitable genotypes. In this study, Pearson’s correlation
revealed a significant correlation between the agronomic traits (Figure 1). The total yield
was positively correlated with SDPP and SWPP, with a significant correlation of 0.52 and
0.61, respectively, whereas the correlation observed for the total yield with DTF, DTM,
PH, and HGW was significantly low. A significantly high positive correlation (0.90) was
observed between PPP and SDPP, and between SDPP and SWPP. The correlation observed
between the HGW and other traits was significantly very low (Figure 1).
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Figure 1. Correlation coefficients representing the scatter matrix plots of agronomic traits. The
correlation matrix (above the diagonal), frequency distributions (gray bars), and bivariate scatter
plots with a fitted line below the diagonal are shown. Days to flowering (DTF), days to maturity
(DTM), plant height (PH), number of nodes (NN), pods per plant (PPP), seeds per plant (SDPP), seed
weight per plant (SWPP), 100-grain weight (HGW), and total yield (TY). Each variable’s distribution
is displayed diagonally. The bivariate scatter plots with a fitted line are shown at the bottom of
the diagonal. The correlation coefficient is displayed at the top of the diagonal and the level of
significance is displayed as stars (** = 0.001, *** = 0). The correlation coefficients are proportional to
the color intensity and the size of the correlation values.

3.3. Analysis of Variance of Agronomic Traits

The estimated components of variance and their effects on phenotypic variation are
shown in Table 2. Genotypic variance ranged from 17.29 for NN to 2157.67 for TY. The
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genotypic effect has a significant contribution to the phenotypic variation in all traits except
for the hundred-grain weight, whereas the genotype × environment effect also showed
a significant contribution to phenotypic variation for PH, NN, SWPP, SDPP, PPP, and TY
(Table 2). The highest CV (coefficient of variance) of 25.77 was observed for PPP (Table 2).

Table 2. Estimate of eight agronomic traits for 203 genotypes of soybean during 2016–2017.

Traits X δ2g δ2p δ2e δ2g × δ2e LSD CV

DTF 54.24 17.53 *** 17.52 0 3.31 *** 3.57 1.46
DTM 120 212.92 *** 212.92 0 42.29 *** 12.89 3.19
PH 24.6 90.83 *** 94.68 3.85 *** 19.39 *** 8.92 11.98
NN 13.43 17.29 *** 17.29 0 15.72 *** 6.94 24.26
PPP 47.84 683.91 *** 724.08 40.17 *** 296.91 *** 33.09 25.77

SDPP 85.26 2123.61 *** 2235.6 111.99 *** 817.39 *** 55.87 25.01
SWPP 10.89 33.01 *** 34.61 1.6 *** 11.63 *** 6.77 24.77

TY 58.53 2157.67 *** 2177.4 19.73 *** 60.91 *** 16.87 5.23

*** 0.001 level of significance. X: grand mean, δ2g: genotypic variance, δ2p: phenotypic variance, δ2e: environmental
variance, LSD: least significant difference, CV: coefficient of variance, DTF: days to flowering, DTM: days to
maturity, PPP: pods per plant, PH: plant height, NN: number of nodes, SDPP: seeds per plant, SWPP: seed weight
per plant, and TY: total yield.

3.4. Analysis of Variability, Heritability, and Genetic Advance

In the present study, GCV, PCV, H2, and GA showed a considerable amount of vari-
ation, indicating that there is enough scope for the selection of the desired germplasm
based on agronomic traits (Table 3). Both PCV (77.97) and GCV (77.47) calculated for TY,
PPP (63.05/72.86), and SDPP (62.22/70.09) were higher. While less distance between GCV
and PCV was calculated for DTF (7.8/8.03), DTM (11.87/11.87), and HGW (4.97/18.72), it
shows that the trait was less affected by environmental variation. Heritability estimated for
the observed traits ranged from 64 to 99%. DTF (91%), DTM (90%), HGW (92%), and TY
(99%) showed relatively higher heritability compared to PPP (80%), NN (64%), SDPP (81%),
and SWPP (82%). The genetic advance calculated for TY was 977.34, which was higher
than any other trait, whereas the lowest GA was observed for HGW (4.91).

Table 3. Estimate of variability, heritability, and genetic advance for different agronomic traits.

Traits SEm GCV (%) PCV (%) H2 (%) GA

DTF 0.598 7.8 8.03 91 8.46
DTM 0.1616 11.87 11.87 90 29.41
PPP 11.13 63.05 72.86 80 59.39
PH 1.9636 44.23 46.06 89 20.02
NN 1.92 47.2 53.45 64 11.41

SDPP 17.34 62.22 70.09 81 105.86
SWPP 2.19 59.12 67.47 82 12.46
HGW 0.39 4.97 18.72 92 4.91

TY 24.94 77.47 77.79 99 977.34

GCV%: percentage of genotypic coefficient of variance, PCV%: percentage of phenotypic coefficient of variance,
H2%: percentage of broad sense heritability, GA: genetic advance, DTF: days to flowering, DTM: days to maturity,
PPP: pods per plant, PH: plant height, NN: number of nodes, SDPP: seeds per plant, SWPP: seed weight per plant,
HGW: hundred-grain weight, and TY: total yield.

3.5. Phenotypic Variation Patterns in Germplasm Collection

The ideal biometrical tool for classifying data based on similarity is cluster analysis.
The data can be divided into different and homogeneous groups. From the phylogenetic tree
drawn by cluster analysis on the phenotypic data of highly correlated traits, 203 soybean
genotypes were grouped into three separate clusters (Figure 2). Cluster 1 (C1) consisted of
only five genotypes (three from the USA and one from Australia and Pakistan each). The
genotypes in C1 showed good vegetative growth and had the highest PH and NN values,
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whereas group 2 (C2) consisted of 52 genotypes dominated by genotypes from the USA
(35), followed by Pakistan (8), China (5), and Brazil (3), and a genotype of unknown origin.
Genotypes from this group had the highest values for TY, PH, PPP, SDPP, and SWPP but
the lowest values for DTF, DTM, and HGW. Cluster 3 (C3) was the largest group with the
maximum number of genotypes (146). The higher numbers of genotypes in G3 were from
the USA (72), followed by Pakistan (28) and China (20). Genotypes from this group had the
lowest values for most of the traits but the highest values for HGW, DTF, and DTM.
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3.6. Biplot Analysis

The first two highly significant principle components accounted for 59% of the total
variation and are displayed in the biplot (Figure 3). The extensive coverage of Euclidean
space by the trait vector suggests that the phenotypic traits considered are strongly con-
trasting. The angle between TY and PH, NN, PPP, SDPP, SWPP, and HGW is an acute angle,
i.e., less than 90◦ (Figure 3), which implies that the majority of these traits have positive
associations with the evaluated genotypes. Positively correlated traits like PH, PPP, and
HGW lack association because their angles are so near to 90◦ (Figure 3), whereas DTF and
DTM were associated with TY, PH, PPP, SDPP, SWPP, and HGW with both strong and
negative correlations (angles greater than 90◦),
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Figure 3. PCA biplot analysis of nine agronomic traits of 203 soybean accessions evaluated during
2016 (E1) and 2017 (E2). The first two interactive principal components explain 45.1% and 13.9%
variations, respectively. Traits are represented by vectors, while genotypes are represented by symbols.
Similar color symbols show genotype groups with members of the same response pattern. Days to
flowering (DTF), days to maturity (DTM), plant height (PH), number of nodes (NN), pods per plant
(PPP), seeds per plant (SDPP), seed weight per plant (SWPP), 100-grain weight (HGW), and total
yield (TY).

The first principal component (PC1) explained 45.1% of the total variation. As shown
in Figure 3, genotypes with higher PH, NN, PPP, SDPP, SWPP, and TY were located on
the right side of the biplot. The majority of these genotypes were from C2 and represent
the most differentiated group (Figures 1 and 2). The genotypes on the left side of PC1
showed lower values for TY and its related traits (Figure 3). Most of them were from C1
and C3 (Figure 2).

3.7. Analysis of Agronomic Traits Based on BLUPs and BLUEs

Flowering and maturity time are important morphological traits that affect crop yields.
In the present study, based on the prediction models, accession PI548298 took a minimum
number of days for flowering, while the maximum number of days for flowering was
observed for accession PI561401 (Supplementary Table S2). Similarly, accessions Swat-18,
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PI644045, and PI508084 took the maximum number of days for maturity, whereas accessions
PI548488, PI644045, and PI508084 were observed as early maturing lines.

For PH maximum height was predicted for accessions Faisal Soybean, PI553041, and
Swat-13, whereas minimum PH was observed for accessions PI583295, PI548477, and
PI643146. Based on BLUP and BLUE values for the grand mean of traits, accessions
PI644053, PI553042, PI657829, and PI553041 were observed with the highest number of
nodes, whereas accessions PI079693, PI548477, and Swat-16 had the lowest number of
nodes (Supplementary Table S2).

In this study, PPP, SDPP, and SWPP showed a significant variation among accessions.
Based on the values obtained from the prediction models, accessions PI553041 and PI657829
had the highest mean for PPP, SDPP, and SWPP, whereas accessions PI079693 and PI567208
had the lowest values for these traits (Supplementary Table S2).

Soybean accessions PI548271, PI612608, PI553039, and PI518664 were identified as high-
yielding and were better adapted by a mean yield based on their BLUP and BLUE values
(Tables 4 and 5), whereas accessions PI079693, PI548348, PI438496E, Ajmeri, and Swat-31
were identified as low-yielding accessions. Differences among the ranks of accessions
observed by adaptability measures highlighted the presence of crossover interaction effects.
The ranking of accessions based on mixed-models predictions was ideal and should be
considered for the final recommendation of the best accessions.
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Table 4. Descriptive performance of different yield parameters (means) in 2016.

Soybean
Germplasm

Days to
Flowering

(DTF)

Days to
Maturity (DTM)

Pods per Plant
(No.)

Plant Height
(cm)

Nodes per Plant
(No.)

Seeds per Plant
(No.)

Seed Weight per
Plant (g)

100 Seed
Weight (g) Seed Yield (kg ha−1)

PI548271 62 ± 1.15 a 131 ± 0.57 ab 198.3 ± 17.63 a 36.3 ± 0.88 cd 32.3 ± 2.03 bc 406 ± 73.33 a 37.9 ± 1.54 a 11.3 ± 0.61 h 2150.6 ± 358.65 a
PI553039 58 ± 0.57 ab 137 ± 0.57 ab 89 ± 2.08 efg 25 ± 2.89 efgh 17.7 ± 2.34 efg 155 ± 1.73 defg 26.1 ± 0.20 bcdef 15.3 ± 0.26 de 2027.9 ± 228.33 ab
PI612608 49 ± 1.15 abc 106 ± 0.57 abcde 126.3 ± 5.85 cd 40 ± 2.65 c 32.7 ± 3.48 bc 187 ± 45.94 cdef 28.1 ± 5.12 abcd 15.7 ± 0.09 cd 1966.2 ± 258.93 ab
PI518664 55.33 ± 0.66 ab 135 ± 0.57 ab 77.3 ± 5.46 efgh 23.3 ± 1.45 fghi 12 ± 0.58 ghi 135.3 ± 18.29 defgh 25 ± 2.92 cdefg 16.2 ± 0.20 bc 1964.2 ± 171.86 ab
PI553042 49 ± 1.15 abc 128 ± 0.57 abc 101.7 ± 9.88 cdefg 48 ± 2.31 b 40.3 ± 3.18 a 222.3 ± 24.86 cd 33.7 ± 4.34 abc 14 ± 0.20 f 1927.4 ± 200.15 abc
PI591825 67 ± 0.57 a 135 ± 0.57 ab 190 ± 20.23 ab 27 ± 1.53 efg 28 ± 1.73 cd 320 ± 52.74 ab 35.4 ± 5.62 ab 11.1 ± 0.19 h 1915.1 ± 155.20 abc
PI548657 54 ± 0.57 ab 113 ± 0.57 abcd 63.3 ± 6.23 fghi 20 ± 0 hi 9.3 ± 1.45 hi 123.3 ± 9.83 efgh 16.8 ± 1.07 fgh 14.6 ± 0.35 ef 1888.4 ± 148.08 abcd
PI604464 55 ± 0.57 ab 134 ± 0.57 ab 60.7 ± 3.72 ghi 21 ± 0.58 ghi 15.3 ± 0.88 efgh 97 ± 15.29 fgh 16.1 ± 3.20 gh 15.6 ± 0.19 cd 1878.8 ± 178.09 abcd
Swat-20 55 ± 0.57 ab 128 ± 0.57 abc 129 ± 11.52 cd 34.3 ± 0.67 cd 21.3 ± 4.92 def 224 ± 10.61 cd 27.8 ± 2.07 bcd 12.3 ± 0.06 g 1856.3 ± 140.27 abcd
PI548533 54 ± 0.57 ab 109 ± 0.57 abcde 124.3 ± 44.48 cde 39.3 ± 0.67 c 19.7 ± 0.88 ef 199 ± 36.06 cde 29.1 ± 1.82 abcd 16.8 ± 0.24 b 1853.6 ± 80.76 abcd
PI518671 49 ± 1.15 abc 106 ± 0.57 abcde 85.3 ± 20.39 defg 38.7 ± 1.86 c 16.3 ± 2.03 efgh 198.3 ± 48.40 cde 26.9 ± 6.48 bcde 14.3 ± 0.15 f 1825.7 ± 33.40 abcd
PI522236 49 ± 0.57 abc 118 ± 0.57 abcd 109 ± 9.08 cdef 27 ± 3.52 efg 30.3 ± 2.61 c 250 ± 13.52 bc 33 ± 3.02 abc 15.4 ± 0.40 d 1743.5 ± 94.74 bcd
PI628837 63 ± 0.57 a 137 ± 0.57 ab 132.7 ± 32.16 cd 27.7 ± 1.20 ef 21.7 ± 2.91 de 222 ± 5.20 cd 32.1 ± 3.32 abc 12.7 ± 0.21 g 1600.7 ± 8.60 cd
PI548400 62 ± 1.15 a 118 ± 0.57 abcd 64.7 ± 7.89 fghi 37.3 ± 1.45 c 21.7 ± 1.86 de 151.7 ± 6.67 defg 21.2 ± 2.05 defg 17.7 ± 0.44 a 1553.3 ± 45.82 d
PI548482 49 ± 1.15 abc 122 ± 0.57 abc 107 ± 20.33 cdefg 31 ± 2.0 de 15 ± 0.58 efghi 212.3 ± 23.01 cde 25.1 ± 2.49 cdefg 14.3 ± 0.46 f 1546.4 ± 12.96 d

Faisal 55 ± 0.57 ab 139 ± 0.57 ab 143 ± 4.7 abc 84.33 ± 4.7 a 37.66 ± 4.17 ab 197 ± 22.50 cde 17.26 ± 3.3 defg 14 ± 0.17 fg 513.33 ± 85.96 e
NARC2 50 ± 0.57 ab 132 ± 0.57 ab 27.33 ± 1.45 h 17.33 ± 1.45 h 8 ± 1 i 73.33 ± 12.4 fg 9 ± 0.65 fg 12.86 ± 0.08 gh 235.80 ± 10.90 f
Ajmeri 56 ± 0.57 ab 143 ± 0.57 a 30 ± 0.577 h 21 ± 12.58 gh 14.33 ± 1.45 fghi 45.66 ± 11.85 g 8.33 ± 3.74 g 10.56 ± 0.14 j 57.03 ± 9.40 g

Values before ± are the means of the sample, and values after ± are the standard error of the mean. Means with the same letter are not significantly different. Analysis was performed
using the Statistical Tool for Agricultural Research (STAR).
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Table 5. Descriptive performance of different yield parameters (means) in 2017.

Soybean
Germplasm

Days to
Flowering

(DTF)

Days to
Maturity (DTM)

Pods per Plant
(No.) Plant Height (cm) Nodes per Plant

(No.)
Seeds per Plant

(No.)
Seed Weight per

Plant (g)
100 Seed Weight

(g)
Seed Yield (kg

ha−1)

PI548271 62 ± 0.57 a 132 ± 0.57 ab 190 ± 3.52 d 35.33 ± 2.10 def 29 ± 0.57 bcd 384.11 ± 2.36 d 33.18 ± 0.22 g 9.32 ± 0.08 k 2199.6 ± 16.62 a
PI553039 62 ± 0.57 a 141 ± 0.57 a 77.33 ± 2.02 d 33.33 ± 1.37 defg 16 ± 0.57 abcd 131.045 ± 4.32 d 24.11 ± 0.51 g 16.81 ± 0.05 b 2017.41 ± 23.09 ab
PI518664 55 ± 0.57 ab 133 ± 0.57 ab 67 ± 1.73 bcd 25.89 ± 2.07 ghijk 11 ± 0.58 abcd 117.25 ± 3.03 bcd 21.69 ± 0.56 abcd 18.49 ± 0.01 a 1968.89 ± 5.77 ab
PI612608 52 ± 0.57 ab 107 ± 0.57 abcde 37 ± 1.15 d 43.5 ± 1.80 bc 25 ± 0.57 abcd 184.05 ± 4.99 d 28.11 ± 2.58 g 14.99 ± 0.05 c 1932.12 ± 20.82 ab
PI604464 53 ± 0.57 ab 132 ± 0.57 ab 67 ± 1.15 bcd 21.12 ± 1.54 ijk 13 ± 2.08 abcd 107.12 ± 1.84 bcd 17.82 ± 0.3 bcdef 16.63 ± 0.01 b 1868.12 ± 17.29 abc
PI553042 50 ± 0.57 ab 129 ± 0.57 abc 93 ± 1.15 abc 46.12 ± 2.08 b 92.33 ± 3.38 a 203.38 ± 2.52 ab 30.79 ± 0.38 a 14.80 ± 0.33 cd 1867.81 ± 16.62 abc
Swat-20 54 ± 1.15 ab 127 ± 1.15 abc 110 ± 2.30 ab 37.63 ± 1.15 cde 19 ± 1.15 a 191 ± 4.01 abc 23.70 ± 0.49 abc 12.34 ± 0.06 ghi 1854.23 ± 9.23 abc
PI591825 68 ± 0.57 a 136 ± 0.57 ab 186.33 ± 3.52 d 28 ± 2.08 fghij 25 ± 0.57 abc 301.89 ± 10.18 d 32.41 ± 0.21 g 11.02 ± 0.01 j 1852.1 ± 17.21 abc
PI548533 55 ± 0.57 ab 110 ± 0.57 abcde 113 ± 1.73 ab 40.23 ± 5.49 bcd 20 ± 2.08 a 180.86 ± 2.77 abc 26.45 ± 0.40 ab 14.62 ± 0.06 cde 1789.98 ± 15.28 bcd
PI548657 55 ± 0.57 ab 113 ± 0.57 abcd 56 ± 1.73 bcd 20.93 ± 1.64 jk 11 ± 1.73 abcd 109.05 ± 3.37 bcd 14.85 ± 0.45 bcdef 13.61 ± 0.05 def 1778.98 ± 12.02 bcd
PI518671 42 ± 0.57 abc 100 ± 0.57 qbcde 73.66 ± 2.40 d 24.33 ± 2.08 hijk 13.66 ± 0.88 d 154.18 ± 5.59 d 25.36 ± 0.36 fg 13.54 ± 001 efg 1745.4 ± 7.51 bcde
PI522236 49 ± 0.57 bc 117 ± 0.57 abcd 102 ± 1.15 ab 28.91 ± 1.73 fghi 29 ± 1.53 a 233.94 ± 2.64 a 30.91 ± 0.34 a 13.21 ± 0.06 fgh 1693.45 ± 16.92 cd
PI628837 67 ± 0.57 a 141 ± 0.57 a 127.67 ± 1.73 d 23.67 ± 0.57 ijk 16.33 ± 1.53 abc 196.30 ± 2.89 d 26.70 ± 0.41 efg 14.45 ± 0.05 cdef 1560.89 ± 15.28 d
PI548482 60 ± 0.57 a 117 ± 0.57 abcd 101 ± 1.73 ab 32.13 ± 2.14 efg 14 ± 1.73 abcd 200.42 ± 3.43 ab 23.69 ± 0.4 abc 11.82 ± 0.01 ij 1535.65 ± 12.5 d
PI548400 56 ± 0.57 ab 130 ± 0.57 ab 57 ± 2.03 cd 25.66 ± 0.57 ghijk 23.33 ± 0.58 abcd 168.97 ± 1.71 cd 21.04 ± 0.57 cdefg 13.64 ± 0.33 def 1493.98 ± 10.15 ef

Faisal 56 ± 0.57 ab 140 ± 0.57 a 152 ± 2.3 a 91 ± 0.58 a 32.33 ± 2.84 a 208.91 ± 3.17 ab 17.98 ± 0.17 abcde 8.78 ± 0.06 k 496 ± 18.04 e
NARC2 49 ± 1.15 abc 130 ± 1.15 ab 28 ± 2.3 d 19.23 ± 1.53 k 7 ± 1.15 cd 76.05 ± 6.27 cd 9.33 ± 0.76 defg 12.27 ± 1.25 hij 231.21 ± 13.11 f
Ajmeri 54 ± 0.57 ab 140 ± 0.57 a 25.33 ± 1.76 d 23.78 ± 1.15 ijk 17 ± 1.15 ab 40.16 ± 1.78 d 7.78 ± 1.16 efg 7.58 ± 0.67 a 51.98 ± 9.24 g

Values before ± are the means of the sample and values after ± are the standard error of the mean. Means with the same letter are not significantly different. Analysis was performed
using the Statistical Tool for Agricultural Research (STAR).
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4. Discussion

Soybean breeders have always remained in search of germplasm, which has wide
adaptability, is photo-insensitive, and could provide potential yield under long-day condi-
tions [20]. The findings of this study demonstrate the first long-day phenotyping evaluation
performed on a panel of 203 soybean accessions from the USDA germplasm collection,
along with locally adapted cultivars accounting for yield and other important agronomic
traits. High variability was observed among the accessions for DTF, DTM, PH, PPP, SDPP,
SWPP, and TY (Table 3), which could be due to the differences in geographical regions and
genetic makeup [21,22]. Genetic variation is crucial for improving soybean grain yield in
Pakistan. These traits are very important for evaluating the adaptability of soybean in any
particular environment, as well as their productivity [23–25].

Our results showed that the environment played a role in the phenotypic variation
for the majority of traits (Table 1), although the extent was less significant than that of the
G and GE effects. This was unexpected because typically the environment contributes
the highest percentage of variation. These observations are possibly due to the similar
environmental conditions for the two studied years (2016 and 2017) (Table 1).

Flowering and maturity times are important characteristics of soybean that contribute
to the total yield [21]. In plants, photoreceptor regulation, geographic distribution, floral
meristem, and flowering time explain the maturity time [24,26,27]. The flowering time in
the soybean accessions examined in this study ranged from 48 to 76 days, whereas the
maturity time varied between 86 and 155 days. The accessions that produced early flowers
can be considered for short-period crops. The difference in flowering and maturity time in
soybean cultivars was also reported by Khan and Bashir [28], who observed that soybean
genotypes took 31–39 days for flowering and 84–100 days for maturity. The difference
in flowering and maturity times was mainly due to changes in the planting time. Under
certain ecological conditions, the timing of flowering and maturity has a significant impact
on soybean productivity [29,30]. Therefore, in North America, soybean genotypes were
classified into 13 maturity groups (MG) for breeding purposes [31]. This classification made
it possible to compare seed maturation trends across a wide range of environments [32].
Another fundamental trait in plants that controls the yield, degree of lodging, and efficiency
in the mechanized harvest is plant height. In phenotypic selection for better adaptivity,
PH can be used to screen the desired lines because it depends on environmental factors.
Typically, the ideal plant height considered for soybean plants is 70–90 cm, and plants with
taller or shorter heights lead to yield reduction [33,34]. In this study, the observed PH
ranged from 9.33 cm to 84.33 cm which is a significant range. The variation in PH was also
reported by Guzman et al. [35], who observed a maximum of 82 to 88 cm PH in three-year
data. In another study, Rehman et al. [36] stated that the difference in plant height may be
due to a longer photoperiod.

Yield components like PPP, SDPP, and SWPP have a significant impact on the final
yield. In our study, PPP, SDPP, and SWPP were found to be positively correlated with the
total yield (Figure 1). Although significant variation was observed in these traits among
the accessions, the overall yield can be enhanced by increasing PPP, SDPP, and SWPP.
Using yield component analysis, it is possible to examine the relationships between yield
components and how they affect yield [37]. However, this is difficult because the results
observed in different studies vary, e.g., PPP, SDPP, and SWPP are positively correlated
with the total yield in the present study. However, significant variations among soybean
genotypes for these traits were also reported in [28,38–40]. This variation is due to the
differences in methodologies, data collection, and analysis techniques. Despite these
challenges, skillfully planned and executed field studies combined with physiological
understanding can offer insightful information on how traits affect yield [41]. Apart from
the above-mentioned factors, seed shrinkage was also observed in most of the evaluated
germplasm. However, accessions with high yields showed negligible seed shrinkage.
Coradi et al. [42] reported that shrinkage is mainly due to the high temperature and low
moisture at the harvesting stage, which affects the final yield by reducing the volume of
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the grains. HGW is another important trait that affects the final yield of soybean. The
accessions that showed more HGW were bold-seeded, which can be further used for
crop enhancement programs. So, genotypes have a significant effect on the total crop
yield. Similar results were reported by the authors of [28,43,44], who observed significant
differences in HGW for different genotypes.

The agro-morphological traits follow a complex pattern of inheritance; thus, the
correlation analysis provides useful insights regarding the relationship among the traits
and helps researchers understand the evolutionary constraints involved in breeding soy-
beans [45]. In the current study, TY was positively correlated with DTF, DTM, PH, PPP,
SDPP, SWPP, and HGW, indicating that these yield components are very important in
determining the total yield of soybean. Previous studies [46–49] reported a strong corre-
lation between yield and other yield-related traits while working on the morphological
variability and agronomic characteristics of soybean accessions. DTF, DTM, and PH showed
positive but non-significant correlations of 0.065, 0.13, and 0.23 with TY, which is in line
with the results of Rodrigues et al. [50], who found that DTF, DTM, and PH have a posi-
tive but non-significant effect on TY. But these findings were in contrast to the results of
Malik et al. [43], who found a negative correlation between DTF and DTM with TY. This
difference in results might be due to day length or other abiotic factors; however, we did
not study abiotic stress factors and followed recommended agronomic practices. In the
present study, HGW showed a low positive correlation with all of the traits. In a previous
study, Iqbal et al. [51] found a highly significant and positive correlation between HGW and
TY, and PPP SDPP, and SWPP, showing a slightly high positive correlation of 0.52 and 0.61
with TY. The correlation analysis of all accessions showed a positive correlation between
PPP and PH, DTF, DTM, SDPP, and TY. Similar findings were also reported in previous
studies [28,40,52–54]. Hence, based on these findings, PPP, SDPP, and SWPP showed a
significant positive correlation with yield. So, these traits can be effective selection criteria
for improving the seed yield [55].

In crops, phenotypic traits are mainly controlled by the genetic makeup of that crop
along with the particular environment in which they grow, as well as the genotype and
environment interaction [56]. Measuring heritability, phenotypic coefficient of variance,
and genotypic coefficient of variance is important because observed variability can be
divided into heritable and non-heritable measures. In the present study, genotypic variance,
phenotypic variance, and heritability showed considerable variation, indicating that there is
enough scope for the selection of the desired germplasm based on agronomic traits (Table 3).
PCV observed for all the traits was slightly higher than GCV, which indicated that the
variation observed was not only due to genotypes but also due to environmental influence.
Earlier, Aditya et al. [46] also observed a significant variation in yield-attributing traits.
They reported that both the PCV and GCV observed for TY and PPP were significantly
higher. In the present study, both PCV (77.97) and GCV (77.47) were calculated for TY,
PPP (63.05/72.86), and SDPP (62.22/70.09), which were found to be higher, as suggested
in the findings by Gohil et al. [57] and Akram et al. [58], who estimated higher values of
GCV and PCV for PPP and SWPP. Less distance between GCV and PCV was calculated
for DTF (7.8/8.03), DTM (11.87/11.87), and HGW (4.97/18.72), indicating that these traits
were less affected by environmental variation. Previous studies [46,59,60] also reported
less distance between GCV and PCV for DTF and DTM. In the present study, we observed
higher values of GA and heritability for TY, which is more beneficial for selecting the best
individual as compared to heritability alone. Neelima et al. [61] also observed similar
results, indicating that it is not always possible to have higher values for both heritability
and genetic advances for a particular trait. A trait with a higher value for heritability may
be due to the additive gene effect and may be easily improved by selection [57]. A higher
value of GA and heritability is helpful for breeders to identify the suitable characteristics
for selection based on phenotypic traits ([62–66]. So, using the phenotypic performance of
these traits for selection would be successful in achieving significant improvement in crops.
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5. Conclusions

In conclusion, significant phenotypic variability was observed among 203 genotypes
for the examined agronomic traits under the agro-climatic long-day conditions in Faisal-
abad. The phenotypic correlations between PPP, SDPP, and SWPP showed that these
traits are important indices for selecting suitable cultivars. Accessions PI548271 (MG IV)
and PI553039 (MG VI) showed better yields (kg/ha) in both years. These lines are rec-
ommended for further field testing in multi-location yield trials under diverse climatic
conditions. These soybean lines could be potential candidate lines for cultivation under
long-day and high-temperature conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13092317/s1, Supplementary Table S1: List of accessions
along with maturity group and origin. Supplementary Table S2: Analysis of agronomic traits based
on BLUPs and BLUEs.
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