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Alfalfa (Medicago sativa L.), an important perennial legume forage crop with high

nutritional value and forage yield, is widely used in animal husbandry. However,

it is very sensitive to aluminum, which severely limits its growth in acidic soils. In

this study, we analyzed the genotype variation of each agronomic trait in 44 alfalfa

varieties in two acidic soil environments. Then, analysis of variance (ANOVA) of

the variance components was performed using the Residual Maximum Likelihood

(REML). The best linear unbiased predictor analysis was used to obtain the mean

trait of each variety, and the mean values were used to construct the mean matrix

of varieties× traits and interaction analysis of varieties× years. The results showed

that there was significant (P < 0.05) genotypic variation for each trait of the 44

varieties and the genetic diversity was abundant. The average repeatability (R

value) of interannual plant height (PH), stem thickness (ST), number of branches

(NS), fresh weight (FW), total fresh weight (TFW), and total dry weight (TDW) was

high (0.21–0.34), whereas the genetics were relatively stable. PH, NS, FW, TFW,

and dry weight (DW) were positively correlated (P < 0.01) with TDW. Six alfalfa

varieties (Algonquin, Xinjiang daye, Trifecta, Vernal, WL354HQ, and Boja) with

excellent TDW and TFW were identified in di�erent years, environmental regions,

and climatic altitudes. Our research results can provide suggestions and critical

information regarding the future improvement and development of new alfalfa

strains and varieties that are resistant to acidic soil conditions.
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1. Introduction

Alfalfa (Medicago sativa L.), which has a high protein content, high grass yield, and
barren tolerance, is the most widely cultivated legume forage crop in the world (Avci et al.,
2013; Arshad et al., 2017) and is often called the “King of Forages” (Feng et al., 2022).
Worldwide, approximately 320 million hm2 of land are used to cultivate alfalfa (Yuegao
et al., 2010), which plays an important role in the development of animal husbandry. Alfalfa
grows well in alkaline soils, but its yield decreases along with pH in acidic soils (Dogbatse
et al., 2020). Approximately 50% of the world’s potentially arable soils are acidic (Kochian
et al., 2015), located predominantly in tropical, subtropical, and temperate regions (Ryan
and Delhaize, 2010). China’s acidic soil area is large, with a total area of ∼2.03 × 108 hm2,
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spanning both tropical and subtropical regions in more than a
dozen provinces and regions such as Guizhou, Sichuan, and Jiangxi
south of the Yangtze River. Soil acidification is increasing with the
use of fertilizers in agriculture and the emission of industrial waste
and gases (Guo et al., 2010); in some areas, soil pH has reduced
to <5.0 (Von Uexküll and Mutert, 1995; Zeng, 2000). At low pH,
metallic aluminum in the soil dissolves in its toxic form and is
absorbed by plants (Kinraide, 1991). The tips of plant roots are
the most sensitive to aluminum toxicity, which inhibits cell division
and elongation (Ciamporová, 2000, 2002). The subsoil may remain
acidic despite raising the soil pH with lime, inhibiting root growth
and leading to stunted plant growth and an increased susceptibility
to drought (Sumner et al., 1986). This has severely limited the
adoption of alfalfa in southern China.

Studying genetic diversity is crucial for the development of
improved plant varieties, their selection, and exploration of species
kinship. Studying plant genetic diversity based on the agronomic
traits offers the advantage of being intuitive, simplicity, and
practicality (Jia et al., 2019; Ambati et al., 2020). The identification,
classification, and screening of plant germplasm resources by
agronomic or phenotypic traits and the selection of breeding
materials with excellent traits have become a common and effective
research method (Kephart et al., 1990; Ta et al., 2020; Hakl et al.,
2021). Many plants agronomic traits are quantitative, with a broad
and complex genetic basis. Varieties with excellent traits can
be screened for starting with their phenotype. However, if the
relationship among traits is not clear, the selection of varieties tends
to be speculative and ineffective (Yang et al., 2014). Understanding
the correlations between traits and predicting them through
arbitrary traits can save a lot of breeding resources and is necessary
to select new varieties. Previous studies have used agronomic traits
to analyze the genetic diversity of alfalfa (Ray et al., 1999; Ta et al.,
2020; Hakl et al., 2021), among which stem weight, leaf dry weight,
single plant dry weight, and single plant fresh weight have shown
rich diversity and large coefficients of variation (Wu et al., 2018b).
However, the research conclusions of these studies vary because of
the differences in test materials, growth environment, and analysis
methods. Talebi et al. (2011) conducted genetic diversity studies on
alfalfa germplasm and found that with a wider source of materials,
the genetic diversity and Shannon information index were greater
and the results more meaningful.

Phenotypic expression and the observed variation in growth
and development are influenced by the genotype (G) of a plant,
the environment (E), and their interaction (G × E) (Zhu et al.,
2009). Temporal adjustments include the effects of year-to-year
and harvest time variations, where biotic and abiotic events
among years or ripening times between harvests affect agricultural
production and quality (Redpath et al., 2021). Dong et al.
(2019) conducted a 2-year continuous evaluation of the genotypic
variation, phenotype, and genotype correlations of 18 traits in 418
common vetch (Vicia sativa L.) germplasm resources and found
that all traits had significant genotypic variation (P < 0.05) as well
as genotype interaction (P < 0.05). Redpath et al. (2021) performed
phenotypic analysis on various fruit quality-related traits in two
consecutive harvests over 2 years at two sites and found that
genotype is an important source of variation for most phenotypic
characteristics. In addition, year × environment and genotype ×

year × environment interactions significantly influenced most of

the phenotypic traits. Jia et al. (2022) analyzed the productivity
of 10 alfalfa cultivars in the Hexi Corridor region for 3 years
and found that there were yearly differences in agronomic traits
and productivity between varieties. Genetic variation in key traits
of other important forages and legumes has also been studied in
detail, including that of ryegrass (Lolium perenne L.) (Humphreys,
1991), white clover (Trifolium repens L.) (Jahufer et al., 2002), and
yellow sweet clover (Melilotus officinalis L.) (Luo et al., 2016). In
recent years, alfalfa resources introduced in China have increased
annually, but there are few studies on their agronomic traits and
phenotypic genetic diversity in acidic soil areas (Dall’Agnol et al.,
1996; Grewal and Williams, 2003; Lakić et al., 2019). Notably,
these studies did not note the effects of genotype × year ×

environment interactions in acidic soil areas, so exploring the
effects of alfalfa genotype × year × environment interactions in
acidic soils is of great significance for the development of acid
tolerant conditions and aluminum tolerant varieties in animal
husbandry in southern China.

This study performed a genetic diversity analysis on 9
agronomic traits in 44 alfalfa varieties planted for 2 consecutive
years at 2 sites. We pursued the following objectives: (1) estimating
the genotype and environmental type variations of key traits, (2)
clarifying the interrelationships among these traits, (3) screening
for alfalfa varieties resistant to acidic soil conditions in China, and
(4) provide reference data and breedingmaterials for the cultivation
of new varieties of acid-resistant aluminum.

2. Materials and methods

2.1. Experimental sites

The experiments were performed at the experimental sites of
Guizhou University in Huaxi District, Guiyang City (GY; 106◦

39′ 28′′ E, 26◦ 27′ 15′′ N, 1,100m.a.s.l.) and Beiping Village,
Huaqiao Town, Shiqiao County, Tongren City (SQ; 108◦ 20′ 14′′

E, 27◦ 32′ 03′′ N, 614m.a.s.l.), both in Guizhou Province. The
monthly precipitation and temperature changes in the two study
sites during the experimental period are shown in Figure 1. GY is
located in the middle of Guizhou Province, which has a subtropical
monsoon humid climate and clear plateau climate characteristics.
The annual average temperature at this site is 14.80 ◦C, whereas the
average annual precipitation is 1,347.30mm (https://data.cma.cn/
data/detail/dataCode/A.0012.0001.html, Figure 1). The vegetation
primarily comprised natural weeds at an early stage of growth
as no crops were planted. SQ is located in the eastern part
of Guizhou Province and has a humid central subtropical
monsoon climate, with sufficient sunshine and abundant rainfall,
an average annual temperature of 17.24◦C, and an average annual
precipitation of 1,410.05mm. Before the test, the SQ test point was
corn field.

Previously, alfalfa had not been planted at either of the two test
sites. Before planting, ∼20 cm of surface soil at the two test sites
were collected, from which impurities were removed, air-dried,
ground through a 2mm sieve, and used to determine the basal
nutrient composition and pH of the soil. Both places have yellow
loam soil; SQ has a soil pH of 5.44 and GY has a soil pH of 6.14. The
basic nutrients of both soils are detailed in Supplementary Table 1.
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FIGURE 1

Monthly rainfall, minimum temperature, and maximum temperature in the study areas in 2019 and 2020.

TABLE 1 List of alfalfa traits 2019 and 2020.

Traits Traits description and measurement

Stem biomass/leaf biomass ratio (RSL) Description: The weight ratio of stems to leaves of the same alfalfa plant.

Measurement: Each repeat randomly selects 10 alfalfa plants, weighs the stem and leaf weights separately, RSB= stem
weight/leaf weight.

Stem thickness (ST, mm) Description: The main stem of alfalfa plant is thick.

Measurement: Select 10 plants randomly for each repetition and use vernier caliper to measure the diameter of the middle
part of the second section of the main stem from the base upward (stubble height 5 cm).

Fresh weight (FW, g) Description: The weight of a single alfalfa plant at the time of mowing.

Measurement: Ten alfalfa plants (stubble height 5 cm) were selected at random for each repetition and weighed by
electronic balance.

Total fresh weight (TFW, g) Description: The fresh weight yield of alfalfa after cutting for 1 year.

Plant height (PH, cm) Description: The natural height of the alfalfa plant.

Measurement: Ten plants were randomly selected for listing in each repetition, and the height from the root neck to the
top of the main stem was measured.

Number of stems (NS) Description: The number of branches of alfalfa plants.

Measurement: Ten plants were randomly selected for each repeat, and the number of branches was determined.

Dry weight/fresh weight ratio (RDF) Description: The weight ratio of dry weight to fresh weight of alfalfa plant.

Dry weight (DW, g) Description: The weight of a single alfalfa plant after drying.

Measurement: Each repeat randomly selects 10 plants and fixation the trimmed alfalfa plants at 105◦C, dried at 65◦C To
constant weight, and weighed on an electronic balance.

Total dry weight (TDW, g) Description: The annual dry weight yield of alfalfa plants after cutting.

This study involved 44 alfalfa varieties, that is, 21 varieties
from China; 17 from the United States; 2 each from France and
Austria; and 1 each from Poland, the United Kingdom,Mexico, and
Guatemala (Supplementary Table 2).

2.2. Experimental design

The experimental layout of the field trial was a randomized
complete block design with three replicates, planted on September
27, 2018. The spacing between both plants and rows was 50 cm, and
each replicate had 15 individual plants. During the test period, the
plants grew naturally, without fertilization or artificial irrigation.

When 50% of the plants of each variety in each test site flowered,
they were harvested and data were recorded (harvest times are
shown in Supplementary Table 3). Trait data for 10 individual
plants of each variety were recorded in each replicate, presented
in Table 1. Supplementary Table 1 lists the measurement methods
used for each trait.

2.3. Data analysis

Using GenStat 21 (2021, VSN International Ltd.) data on the
interactions of 9 agronomic traits, different years, and varieties
× years of 44 alfalfa varieties cultivated in 2019 and 2020 were
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TABLE 2 GGE yield rankings from 44 varieties of alfalfa in 2019 and 2020.

Rank (ID) Variety Rank (ID) Variety Rank (ID) Variety Rank (ID) Variety

G1 Algonquin G12 Gannong No. 1 G23 Gannong No. 4 G34 Gongnong No. 2

G2 Xinjiang daye G13 Xinmu No. 2 G24 WL319HQ G35 UC-1887

G3 Trifecta G14 Ranger G25 Gannong No. 6 G36 Gannong No. 5

G4 Vernal G15 Derby G26 Sanditi G37 Saranac AR

G5 Zhongmu No. 1 G16 Zhonglan No. 1 G27 Arc G38 Maverick

G6 Phabulous G17 Archer G28 Orca G39 Zhongmu No. 2

G7 Sutter G18 Gannong No. 2 G29 Gannong No. 7 G40 Longzhong

G8 WL354HQ G19 Wudi G30 Tianshui G41 Dongmu No. 1

G9 Hunter River G20 WL363HQ G31 Gannong No. 3 G42 Longdong

G10 Boja G21 Abi 700 G32 Aurora G43 CUF 101

G11 Tumu No. 1 G22 WL343HQ G33 WL168HQ G44 UC-1465

The GGE yield ranking of each variety corresponds to its genotype ID.

analyzed. First, the genotypic variations of each agronomic trait
in the 44 alfalfa varieties were analyzed (Dong et al., 2019).
Then, analysis of variance (ANOVA) of the variance components
was performed using the Residual Maximum Likelihood (REML)
(White and Hodge, 1989). The best linear unbiased predictor
analysis was used to obtain the mean trait of each variety, and the
mean values were used to construct the mean matrix of varieties ×
traits and interaction analysis of varieties× years.

REMLwas used to estimate the average repeatability (R) of each
trait in each variety using the following equation:

R =
σ 2
g

σ 2
g +

σ 2
gy

nl
+

σ 2
ε

nlnr

, (1)

where σ 2
g is the genotype, σ 2

ε is the experimental error, nl is the
year, and nr is the number of replicates.

The coefficient of variation (CV) indicates the degree of
dispersion of each trait and was calculated based on the
following equation:

CV = S/X, (2)

where S represents the standard deviation and X represents
the mean.

Phenotypic correlation (rp) between traits was analyzed using
GenStat 21 (2021, VSN International Ltd.). Stochastic linear
models have been used to analyze inter-varietal variation in alfalfa
traits (Nguyen et al., 2016). Pattern analysis combines principal
component analysis (PCA) and cluster analysis (Gabriel, 1971;
Kroonenberg, 1994) to provide a graphical overview of the data
matrix for each trait between different varieties, where the direction
vector represents the correlations between traits. A mixed linear
model analysis with different varieties as fixed effects was also
performed to study the differences in traits between different
varieties of alfalfa (Watson et al., 1995).

The genotype main effects and genotype × environment
interaction (GGE) model (Yan et al., 2000) was used to evaluate
alfalfa yields in the two sites. Analyses were performed using
GenStat 21 (2021, VSN International Ltd.).

3. Results

3.1. Yield evaluation of 44 alfalfa varieties

The total dry weight (TDW) of 44 alfalfa varieties was analyzed
and ranked using GGE model analysis of G × E (Table 2). The
varieties with the five highest yields were, in descending order,
Algonquin, Xinjiang daye, Trifecta, Vernal, and Zhongmu No. 1.
The varieties with the five lowest yields, in descending order, were
Longzhong, Dongmu No. 1, Longdong, CUF 101, and UC-1465.

3.2. Diversity analysis of alfalfa agronomic
traits

3.2.1. Genetic diversity of agronomic traits in a
single year

Genotypic ANOVA of the agronomic traits of alfalfa varieties
in 2019 and 2020 exhibited significant differences in yield between
varieties (P < 0.05). Except for plant height (PH) in 2019, the
results showed significant (P < 0.05) genotype differences among
varieties (Tables 3, 4). Additionally, the average R values of each
trait were significantly different. When comparing R values in 2019,
those of the stem biomass/leaf biomass ratio (RSL), stem thickness
(ST), number of branches (NS), and DW were the highest, at 0.45,
0.34, 0.32 and 0.32, respectively; PH, TDW and total fresh weight
(TFW) followed with R values of 0.22, 0.23 and 0.24, respectively;
whereas the fresh weight (FW) and dry weight/fresh weight ratio
(RDF) R values were the lowest at 0.10 and 0.07, respectively. In
2020, DW and TDW R values were the highest at 0.33 and 0.61,
respectively; followed by the FW and NS with R values of 0.2
and 0.22, respectively; TFW, RDF, RSL, ST and PH have lower R
values of 0.12, 0.14, 0.14, 0.17 and 0.19, respectively (Table 4). The
results showed that DW and TDW are hereditarily stable and less
susceptible to environmental influence; thus, they could be used as
important reference traits for variety selection. In 2019, FW, TFW,
NS, DW, and TDW had high CVs of 29.91, 28.65, 23.40, 28.09, and
28.09%, respectively. The CVs of the RSL, ST, PH, and RDF were
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TABLE 3 Average, maximum, minimum, least significant di�erences (l.s.d.0.05), estimated genotypic (σ 2
g ) and experimental error (σ 2

ε
) variance components and associated standard errors (± SE), and mean

repeatability (R) estimated from the 44 varieties of alfalfa evaluated in 2019.

Traits RSL ST (mm) FW (g) TFW (g) PH (cm) NS RDF DW (g) TDW (g)

Average 1.04 2.81 44.26 135.32 54.33 36.56 0.31 13.10 39.29

Max 1.28 3.22 80.32 233.04 65.65 56.72 0.35 23.39 70.18

Min 0.91 2.43 19.57 66.63 44.01 21.06 0.26 5.82 17.44

l.s.d.0.05 0.00 0.00 0.00 0.00 0.58 0.00 0.00 0.00 0.00

σ 2
g 0.006± 0.002 0.034± 0.026 6.800± 22.300 310.120± 420.002 7.630± 8.900 45.500± 19.100 0.001± 0.001 2.040± 1.440 26.800± 34.100

σ 2
ε 0.021± 0.003 0.243± 0.026 308.000± 46.400 2,358.201± 356.225 91.300± 13.760 446.300± 67.300 0.004± 0.001 22.180± 3.340 225.900± 34.100

σ 2
gy 0.008± 0.003 0.052± 0.030 20.700± 30.800 1,412.000± 489.084 16.840± 11.180 49.400± 31.000 0.001± 0.001 1.410± 1.710 99.800± 39.400

R 0.45 0.34 0.10 0.22 0.24 0.32 0.07 0.32 0.23

CV (%) 6.91 7.18 29.91 28.65 8.71 23.40 6.48 28.09 28.09

ST, stem thickness; PH, plant height; NS, number of branches; RSL, stem biomass/leaf biomass ratio; FW, fresh weight; DW, dry weight; RDF, dry weight/fresh weight ratio; TFW, total fresh weight; TDW, total dry weight.

TABLE 4 Average, maximum, minimum, least significant di�erences (l.s.d.0.05), estimated genotypic (σ 2
g ) and experimental error (σ 2

ε
) variance components and associated standard errors (± SE), and mean

repeatability (R) estimated from the 44 varieties of alfalfa evaluated in 2020.

Traits RSL ST (mm) FW (g) TFW (g) PH (cm) NS RDF DW (g) TDW (g)

Average 1.20 2.76 182.03 985.35 69.79 54.31 0.33 58.27 291.17

Max 1.40 3.36 311.70 1,661.65 149.34 81.60 0.43 102.91 514.53

Min 1.05 2.32 64.50 387.55 60.12 27.28 0.30 23.53 117.64

l.s.d.0.05 0.00 0.00 0.00 0.00 0.00 0.01 0.07 0.01 0.00

σ 2
g 0.001± 0.001 0.031± 0.045 1,343.100± 2,109.380 5,031.025± 1,023.001 13.000± 19.501 68.005± 94.014 0.001± 0.001 199.016± 155.104 4,421.340± 1,671.010

σ 2
ε 0.008± 0.001 0.484± 0.073 25,444.040± 3,836.840 108,531.108± 11,636.520 135.201± 14.507 1,399.050± 211.004 0.007± 0.001 2,149.504± 324.051 13,311.110± 14,19.090

σ 2
gy 0.002± 0.001 0.143± 0.070 2,163.250± 2,628.770 36,622.221± 16,172.010 69.100± 25.118 6.004± 124.601 0.001± 0.001 103.170± 171.220 1,169.720± 1,298.505

R 0.14 0.17 0.20 0.12 0.19 0.22 0.14 0.33 0.61

CV (%) 5.06 6.03 29.37 26.39 17.88 20.15 7.67 28.81 28.86

ST, stem thickness; PH, plant height; NS, number of branches; RSL, stem biomass/leaf biomass ratio; FW, fresh weight; DW, dry weight; RDF, dry weight/fresh weight ratio; TFW, total fresh weight; TDW, total dry weight.

F
ro
n
tie

rs
in

S
u
sta

in
a
b
le
F
o
o
d
S
y
ste

m
s

0
5

fro
n
tie

rsin
.o
rg

https://doi.org/10.3389/fsufs.2023.1144061
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Tian et al. 10.3389/fsufs.2023.1144061

relatively small at 6.91, 7.18, 8.71, and 6.48%, respectively (Table 3).
In 2020, FW, TFW, NS, DW, and TDW had the highest CV values
of 29.37, 26.39, 20.15, 28.81, and 28.86%, respectively. The CVs of
PH, ST, RDF, and RSL were relatively low at 17.88, 6.03, 7.66, and
5.06%, respectively (Table 4).

3.2.2. Genetic diversity of interannual agronomic
traits

The results of variance analysis of the mean value of agronomic
traits under the interaction of variety × year show that there
were extremely significant (P < 0.01) differences among the nine
agronomic traits of 44 alfalfa varieties, excludingNS, indicating rich
genotypic variations between them (Table 5). Comparing the R of
each trait, ST and NS had high values of 0.31 and 0.34, respectively.
RSL, FW, TFW, NS, and TDW had medium R values of 0.25,
0.22, 0.27, 0.28, and 0.21, respectively. RDF and DW had low R

values of 0.03. The CVs of all agronomic traits except for RSL
were high, ranging from 5.03 to 27.74%, indicating high agronomic
trait diversity among alfalfa varieties. In terms of interannual
performance, the highest values of DW and TDWwere observed in
Algonquin (61.45 and 340.82 g, respectively) and the highest values
of NS, FW, and TFW were observed in WL354HQ (69.16, 189.72,
and 946.60 g, respectively). The highest values of PH, ST, RSL, and
RDF was observed in Derby (70.29 cm), Gannong No. 6 (3.06mm),
UC-1465 (1.26), and Xinmu No. 2 (0.37), respectively.

3.3. Pattern analysis and phenotypic
correlation

3.3.1. Pattern analysis and phenotypic correlation
in a single year

In 2019, the PCA showed that principal component 1
explained 50.49% of the total characteristic variation, and principal
component 2 explained 16.45% of it (Figure 2A). According to
PCA and correlation analyses (Table 6), both TFW and TDW were
positively correlated with NS, DW, FW, PH, ST, and RSL (angle
between direction vectors <90◦, P < 0.01). Additionally, RDF was
negatively correlated with DW, FW, TFW, TDW, and NS (angle
between directional vectors >90◦, P < 0.01). The smallest and
largest positive rp were between RSL and DW (0.017) and FW and
DW (0.969), respectively. Cluster analysis divided the 44 varieties
into 2 groups (Figure 2A, Table 7). Group 1 contained 10 varieties,
and group 2 contained 34 varieties. The mean values of RSL, ST,
FW, TFW, PH, NS, DW, and TDW in the first group were greater
than those in the second group.

In 2020, PCA showed that principal component 1 explained
42.96% of the total characteristic variation, and principal
component 2 explained 20.18% of it (Figure 2B). According to
PCA and correlation analyses (Table 8), among the traits, TFW
and TDW were positively correlated with PH, DW, FW, and NS
(angle between direction vectors <90◦, P < 0.01), whereas they
were negatively correlated with RSL and RDF (angle between
direction vectors >90◦, P < 0.05). ST, PH, FW, NS, and DW
were significantly positively correlated (P < 0.01). Cluster analysis
divided the 44 alfalfa varieties into three groups (Figure 2B,

Table 7): group 1 contained 8 varieties, group 2 contained 23
varieties, and group 3 contained 13 varieties. Among them, group
1 had the highest values of TFW, PH, NS, and TDW, which were
1,421.05 g, 95.83 cm, 84, and 421.59 g, respectively. Group 3 had the
lowest values for TFW, PH, NS, and TDW (707.81 g, 88.18 cm, 57,
and 204.55 g, respectively).

3.3.2. Interannual agronomic trait pattern analysis
and phenotypic correlation

Between 2019 and 2020, TFW and TDW were positively
correlated with PH, DW, FW, NS, and ST (angle between direction
vectors <90◦) and negatively correlated with RSL and RDF (angle
between direction vectors >90◦) (Figure 2C). PCA showed that
principal component 1 explained 47.87% of the total characteristic
variation, and principal component 2 explained 19.07% of it.
Cluster analysis divided the 44 alfalfa varieties into two groups
(Figure 2C, Table 7), with group 1 containing 11 varieties and group
2 containing 33 varieties. The mean values of all traits in group
1 were greater than those of group 2, and the mean values of
TFW, PH, NS, and TDW in group 1 were 764.26 g, 76.51 cm, 61,
and 224.03 g, respectively. The same trend was observed in the
agronomic traits across years (Figure 3), as varieties with high FW,
DW, TFW, and TDW (Algonquin, Xinjiang daye, Trifecta, Vernal,
WL354HQ, and Boja) also had relatively high ST, PH, and NS. This
result was the same as that shown in Figure 2C.

The rp coefficients between the agronomic traits of the
44 alfalfa varieties, shown in Table 9, further demonstrate the
correlation between the indicators in Figure 2C. TFW and TDW
were positively correlated with PH, DW, FW, and NS (P < 0.01)
and negatively correlated with RSL and RDF, reaching a significant
correlation only with RDF. The smallest positive rp belonged to the
PH and RSL correlation, whereas the largest belonged to the TDW
and TFW correlation.

4. Discussion

Genetic variations in plants are formed by long-term natural
selection and endows them with relatively stable and rich
phenotypic and genotypic traits (Wu et al., 2018a). In this study,
5 alfalfa varieties (Algonquin, Xinjiang daye, Trifecta, Vernal, and
Zhongmu No. 1) with strong adaptability and high grass yield
were screened through GGE evaluation of the dry weights of 44
alfalfa varieties at multiple locations over 2 years. Jia et al. (2022)
conducted a 3-year study on yield and agronomic traits of 10
alfalfa varieties in the Hexi Corridor region. Through the analysis
of grass yield, they found that the yield of Xinjiang daye (11,416
kg/ha) was lower than that of Gannong No. 5 (13,923 kg/ha).
However, in this study, Xinjiang daye showed good adaptability
and high relative yields compared with Gannong No. 5. Zhao
et al. (2022) conducted a 1-year adaptability study on 7 alfalfa
varieties in Chifeng area, China, the total hay yield of each crop
was in the order of Algonquin (12,859.40 kg/ha), Golden Empress
(12,341.31 kg/ha), WL168(11,928.95 kg/ha), 55V12(10,258.90,
Sanditi (9,394.60 kg/ha), Hunt River (8,782.25 kg/ha) and 54V09
(8,422.43 kg/ha). This was quite different from the performance of
Algonquin, WL168 and Sanditi in this study, which may be due to a
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TABLE 5 Average, maximum, minimum, least significant di�erences (l.s.d.0.05), estimated genotypic (σ 2
g ) and experimental error (σ 2

ε
) variance components and associated standard errors (± SE), and mean

repeatability (R) estimated from the 44 varieties of alfalfa evaluated in both 2019 and 2020.

ID genotype RSL ST (mm) FW (g) TFW (g) PH (cm) NS RDF DW (g) TDW (g)

G1 Algonquin 1.11 2.98 180.67 847.60 67.55 58.20 0.32 61.45 340.82

G2 Xinjiang daye 1.14 2.88 164.03 838.28 65.30 67.51 0.31 51.12 283.51

G3 Trifecta 1.13 3.04 183.13 856.54 67.42 56.43 0.30 55.36 305.22

G4 Vernal 1.15 2.58 167.26 773.02 64.99 61.06 0.29 48.32 268.83

G5 Zhongmu No. 1 1.14 2.97 126.89 658.33 63.99 49.69 0.30 38.63 225.82

G6 Phabulous 1.07 2.88 134.82 655.86 64.70 55.76 0.33 42.59 234.20

G7 Sutter 1.11 2.99 134.10 658.44 63.07 54.88 0.32 41.22 237.69

G8 WL354HQ 1.15 2.97 189.72 946.60 63.15 69.16 0.30 54.24 308.54

G9 Hunter River 1.19 2.88 122.27 524.13 67.29 44.79 0.31 37.59 211.01

G10 Boja 1.14 2.99 166.73 748.11 63.23 60.05 0.32 50.70 289.89

G11 Tumu No. 1 1.09 2.81 112.34 558.04 62.85 43.78 0.31 35.29 214.78

G12 Gannong No. 1 1.15 2.64 110.48 569.42 60.68 45.26 0.31 35.34 200.37

G13 Xinmu No. 2 1.09 2.70 102.76 578.03 64.26 48.88 0.37 35.35 206.11

G14 Ranger 1.18 2.96 145.49 745.55 65.93 50.14 0.33 44.88 274.01

G15 Derby 1.12 2.91 110.55 564.72 70.29 42.30 0.32 34.56 197.02

G16 Zhonglan No. 1 1.09 2.81 87.94 513.89 65.99 40.69 0.32 28.50 170.58

G17 Archer 1.21 2.88 140.06 678.56 66.23 50.23 0.31 42.86 258.88

G18 Gannong No. 2 1.09 2.66 86.25 426.60 59.74 41.63 0.31 26.53 166.02

G19 Wudi 1.03 2.82 88.08 441.52 59.70 40.19 0.32 28.58 173.98

G20 WL363HQ 1.09 2.72 117.36 506.92 58.22 45.28 0.36 51.92 267.99

G21 Abi 700 1.08 2.81 103.00 563.61 61.77 43.34 0.32 32.82 200.02

G22 WL343HQ 1.11 2.87 129.10 623.08 63.36 47.18 0.31 39.00 229.09

G23 Gannong No. 4 1.09 2.87 118.20 567.5 60.68 39.89 0.29 36.42 209.22

G24 WL319HQ 1.04 2.77 116.96 603.49 60.93 50.16 0.31 36.15 204.33

G25 Gannong No. 6 1.14 3.06 87.49 450.26 64.02 39.76 0.31 27.40 153.96

G26 Sanditi 1.05 2.55 86.09 427.99 59.48 32.69 0.32 28.08 157.81

G27 Arc 1.15 2.66 104.55 493.42 62.98 45.24 0.32 32.58 193.15

(Continued)
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TABLE 5 (Continued)

ID genotype RSL ST (mm) FW (g) TFW (g) PH (cm) NS RDF DW (g) TDW (g)

G28 Orca 1.23 3.00 83.93 423.38 68.12 34.83 0.34 26.88 156.83

G29 Gannong No. 7 1.19 2.82 107.75 547.38 63.42 42.73 0.30 34.27 208.59

G30 Tianshui 1.14 2.82 90.11 500.82 62.54 44.39 0.33 29.89 176.67

G31 Gannong No. 3 1.17 2.78 126.86 598.97 60.61 38.46 0.30 38.95 229.98

G32 Aurora 1.10 2.77 105.06 509.28 59.37 39.24 0.33 34.93 203.36

G33 WL168HQ 1.11 2.62 99.20 534.60 58.42 45.08 0.32 30.35 176.97

G34 Gongnong No. 1 1.11 2.88 107.22 526.08 64.57 41.25 0.31 34.11 196.04

G35 UC-1887 1.26 2.80 95.69 498.42 68.06 40.38 0.30 29.12 176.26

G36 Gannong No. 5 1.08 2.71 98.33 474.54 65.89 42.63 0.31 30.00 164.59

G37 Saranac AR 1.13 2.76 86.92 448.75 62.44 35.96 0.34 28.10 169.29

G38 Maverick 1.11 2.43 82.80 400.58 55.85 43.17 0.30 24.94 148.46

G39 Zhongmu No. 2 1.08 2.91 84.86 393.19 61.89 38.13 0.30 26.19 162.63

G40 Longzhong 1.12 2.67 111.23 536.02 61.34 47.12 0.32 33.11 207.67

G41 Dongmu No. 1 1.09 2.63 79.50 402.28 54.94 37.41 0.31 23.95 147.91

G42 Longdong 1.12 2.63 74.60 398.26 60.52 44.17 0.32 23.78 144.21

G43 CUF 101 1.14 2.70 78.91 399.98 59.91 32.96 0.33 27.21 175.56

G44 UC-1465 1.19 2.52 49.22 242.66 58.44 27.26 0.34 16.78 104.74

Average 1.12 2.80 113.15 560.33 62.82 45.44 0.32 35.68 207.56

Max 1.26 3.06 189.72 946.60 70.29 69.16 0.37 61.45 340.82

Min 1.03 2.43 49.22 242.66 54.94 27.26 0.29 16.78 104.74

l.s.d.0.05 0.00 0.03 0.00 0.00 0.03 0.48 0.00 0.00 0.00

σ 2
g 0.001± 0.001 0.001± 0.001 2,288.052± 619.200 7,272.000±

5,505.001
16.700± 8.101 75.400± 29.400 0.001± 0.001 9.010± 41.000 570.003± 567.520

σ 2
ε 0.140± 0.010 0.052± 0.011 38,387.033±

2,893.086
73,529.001±
4,957.008

182.400± 12.300 998.000± 75.200 0.001± 0.001 1,791.000± 121.000 7,852.017± 529.610

σ 2
gy 0.020± 0.001 0.001± 0.001 3,100.100± 861.001 15,834.060±

6,114.140
3.200± 7.500 56.000± 26.900 0.001± 0.001 38.001± 60.000 1,796.204± 675.570

R 0.25 0.31 0.22 0.27 0.34 0.28 0.03 0.03 0.21

CV (%) 4.19 5.27 27.74 25.76 5.30 19.22 5.03 26.93 24.21

ST, stem thickness; PH, plant height; NS, number of branches; RSL, stem biomass/leaf biomass ratio; FW, fresh weight; DW, dry weight; RDF, dry weight/fresh weight ratio; TFW, total fresh weight; TDW, total dry weight.

The highest values in each column are shown in bold.
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FIGURE 2

Principal component analysis of 9 agronomic traits of 44 alfalfa varieties in (A) 2019, (B) 2020, and (C) interannual. ST, stem thickness; PH, plant

height; NS, number of branches; RSL, stem biomass/leaf biomass ratio; FW, fresh weight; DW, dry weight; RDF, dry weight/fresh weight ratio; TFW,

total fresh weight; TDW, total dry weight.

combination of genes and the environment (Dungey et al., 2018) as
the same variety will show significant phenotypic variation across
different environments. Thus, the above discrepancies in results
may be caused by differences among the varieties, test-site climate
(especially temperature and precipitation), and soil physical and
chemical properties.

Agronomic traits such as RSL, ST, FW, TFW, PH, NS, RDF,
DW, and TDW are key indicators used to evaluate both the
quality (Bhattarai et al., 2020; Jia et al., 2022; Sayed et al.,
2022) and productivity of alfalfa varieties (Singer et al., 2017).
However, previous studies on alfalfa have primarily focused on
agronomic traits in a single place or year (Tucak et al., 2008;
Inostroza et al., 2021) as well as the development of simple
sequence repeat primers (Flajoulot et al., 2005; He et al., 2020)
and transcriptome analysis (Chen et al., 2011; Liu et al., 2017).

In this study, phenotypic and genotypic variation analyses of 9
agronomic traits in 44 varieties of alfalfa grown in acidic soil
for 2 years showed that there was abundant genotypic variation
in these agronomic traits. Overall, ST, PH, RSL, FW, NS, TFW,
and TDW had relatively high R values (0.21–0.34, Tables 2–4),
which indicate that the trait is mainly affected by genetic factors,
is less susceptible to environmental factors, and has more stable
genetics (Gonçalves et al., 2020). Generally, the genetic traits ST,
PH, RSL, FW, NS, TFW, and TDW are genetically more stable
than RDF and DW. Dong et al. (2019) found that the R values of
ST, PH, and DW of 418 common vetch germplasms in 2015 and
2016 ranged 0.89–0.95, which is much larger than the R values
of those traits seen in this study. This may be because vetch is
a self-pollinating plant with more conserved and stable genetics,
whereas alfalfa is a cross-pollinating plant with greater variation
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TABLE 6 Correlation coe�cients of phenotypes (rp) among 44 varieties of alfalfa in 2019.

Traits RSL ST FW TFW PH NS RDF DW TDW

RSL 1

ST 0.240∗∗ 1

FW −0.016 0.568∗∗ 1

TFW 0.410∗∗ 0.492∗∗ 0.698∗∗ 1

PH 0.196∗∗ 0.597∗∗ 0.464∗∗ 0.412∗∗ 1

NS 0.078 0.300∗∗ 0.479∗∗ 0.409∗∗ 0.138∗ 1

RDF 0.162∗∗ 0.152∗∗ −0.246∗∗ −0.240∗∗ 0.184∗∗ −0.310∗∗ 1

DW 0.017 0.544∗∗ 0.969∗∗ 0.647∗∗ 0.463∗∗ 0.455∗∗ −0.080 1

TDW 0.411∗∗ 0.468∗∗ 0.681∗∗ 0.934∗∗ 0.385∗∗ 0.403∗∗ −0.230∗∗ 0.640∗∗ 1

ST, stem thickness; PH, plant height; NS, number of branches; RSL, stem biomass/leaf biomass ratio; FW, fresh weight; DW, dry weight; RDF, dry weight/fresh weight ratio; TFW, total fresh

weight; TDW, total dry weight. ∗Denotes significant correlation of P < 0.05, ∗∗denotes extremely significant correlation of P < 0.01.

TABLE 7 Cluster analysis of grouping information for 44 varieties of alfalfa.

Group Variety
numbers

RSL ST (mm) FW (g) TFW (g) PH (cm) NS RDF DW (g) TDW (g)

2019 1 10 0.99 2.98 39.14 193.49 58.70 39 0.29 10.06 55.02

2 34 0.95 2.72 29.06 118.21 55.81 30 0.28 7.71 34.66

2020 1 8 0.85 3.36 358.83 1,421.05 95.83 84 0.31 91.50 421.59

2 23 0.87 3.44 304.54 990.67 93.55 69 0.30 78.11 294.77

3 13 0.86 3.33 238.89 707.81 88.18 57 0.31 60.27 204.55

2019–2020 1 11 0.93 3.28 196.14 764.26 76.52 61 0.29 49.23 224.03

2 33 0.91 3.01 152.20 492.37 73.73 46 0.29 39.27 145.63

ST, stem thickness; PH, plant height; NS, number of branches; RSL, stem biomass/leaf biomass ratio; FW, fresh weight; DW, dry weight; RDF, dry weight/fresh weight ratio; TFW, total fresh

weight; TDW, total dry weight.

TABLE 8 Correlation coe�cients of phenotypes (rp) among 44 varieties of alfalfa in 2020.

Traits RSL ST FW TFW PH NS RDF DW TDW

RSL 1

ST 0.437∗∗ 1

FW 0.745∗∗ 0.480∗∗ 1

TFW −0.208∗∗ 0.126∗∗ 0.198∗∗ 1

PH 0.408∗∗ 0.331∗∗ 0.450∗∗ 0.189∗∗ 1

NS 0.356∗∗ 0.475∗∗ 0.684∗∗ 0.414∗∗ 0.231∗∗ 1

RDF 0.629∗∗ 0.249∗∗ 0.548∗∗ −0.216∗∗ 0.219∗∗ −0.074 1

DW 0.609∗∗ 0.443∗∗ 0.850∗∗ 0.223∗∗ 0.439∗∗ 0.597∗∗ −0.173∗∗ 1

TDW −0.207∗∗ 0.078 0.196∗∗ 0.813∗∗ 0.127∗ 0.324∗∗ −0.182∗∗ 0.223∗∗ 1

ST, stem thickness; PH, plant height; NS, number of branches; RSL, stem biomass/leaf biomass ratio; FW, fresh weight; DW, dry weight; RDF, dry weight/fresh weight ratio; TFW, total fresh

weight; TDW, total dry weight. ∗Denotes significant correlation of P < 0.05, ∗∗denotes extremely significant correlation of P < 0.01.

and susceptibility to environmental influence (Bagavathiannan and
Van Acker, 2009).

Plant yield is an important indicator of forage production
performance and is mainly affected by dry weight (Sayed et al.,
2022). El-Hifny et al. (2019) found that alfalfa genotypes exhibited
a high total variability in PH and pasture yield. The forage yield of
alfalfa depends mainly on PH and tillering (Monirifar, 2011). This
was also verified in this study, where visualization of interannual

data showed that high FW and DW were usually accompanied by
higher pH and NS (Tables 3–5, Figure 3). Studies have shown that
PH is positively correlated with alfalfa yield; therefore, PH can be
used as an indicator for selecting the best genotype and predicting
high yield in hybridization and breeding programs (Davis and
Buker, 1966; Tucak et al., 2008). The RSL, fresh yield, and dry
yield are important indicators for evaluating the palatability of
forage, which affects forage yield. However, when the RSL is too
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high, it indicates that the stem yield is too large and the leaf
yield is relatively reduced. Although the overall yield increases
with high RSL, the protein content is low and the palatability

FIGURE 3

Heatmap showing 9 agronomic traits of 44 alfalfa varieties cultivated

between 2019 and 2020. ST, stem thickness; PH, plant height; NS,

number of branches; RSL, stem biomass/leaf biomass ratio; FW,

fresh weight; DW, dry weight; RDF, dry weight/fresh weight ratio;

TFW, total fresh weight; TDW, total dry weight.

is poor. Wu et al. (2018a) conducted a genetic diversity analysis
on seven agronomic traits, including PH, FW, and DW, and the
results showed that the CV of each trait was >10%. The CV of
each trait in this study was high (>5%, RSL CV <5% only for
2019–2020, Tables 3–5), which could be regarded as producing
large variation (Bendjama and Ramdani, 2022), indicating that the
agronomic traits in this study are rich in genetic diversity. The
richer the genetic diversity of a species, the greater its ability to
adapt to its environment and its evolutionary potential (Nevo et al.,
2012). Under the interaction between varieties× environment, the
traits showed large differences, which was also conducive to the
study of alfalfa variety selection and introduction adaptability in the
later stage.

Previously, the correlation between agronomic traits and
yield as well as their contribution rate were used to determine
whether agronomic traits could be used as reference indicators
for germplasm selection (Monirifar, 2011; Jia et al., 2022). In this
study, PCA and related analysis results showed that PH, NS, FW,
TFW, DW, and TDW all had a significant positive correlation,
and the higher the RSL, the better the yield performance.
This may be a consequence of higher stem/leaf ratio being
accompanied by a higher PH and NS. These results are consistent
with those reported by other researchers (Kephart et al., 1990;
Ray et al., 1999; Avci et al., 2018). The results showed that
PH, DW, FW, and NS can be used as the main target traits
for breeding, and it is necessary to increase the selection of
target traits in the process of variety selection. However, the
contribution of alfalfa agronomic traits varied across locations
and years. In the first year of planting (2019), the ecological
niche requirements of alfalfa were sufficiently met, and the
available resources promoted vegetative growth (Weiner et al.,
2009; Zhu et al., 2019); that is, agronomic traits were proportional
to DW and FW. In the second year (2020), the competition
between communities increased, the varieties obtained more
resources by increasing PH, the proportion of stems increased,
the resources were more inclined toward reproductive growth,
RSL gradually increased, and RDF increased. Also taking into
account the interannual data analysis, Algonquin, Xinjiang daye,
Trifecta, Vernal, WL354HQ, and Boja varieties performed well
in terms of TDW and TFW in different years, environmental

TABLE 9 Correlation coe�cients of phenotypes (rp) among 44 varieties of alfalfa in both 2019 and 2020.

Traits RSL ST FW TFW PH NS RDF DW TDW

RSL 1

ST 0.287∗∗ 1

FW 0.443∗∗ 0.537∗∗ 1

TFW −0.023 0.393∗∗ 0.580∗∗ 1

PH 0.096∗ 0.549∗∗ 0.658∗∗ 0.703∗∗ 1

NS 0.185∗ 0.529∗ 0.740∗∗ 0.611∗∗ 0.505∗∗ 1

RDF 0.489∗∗ 0.180∗∗ −0.294∗∗ −0.335∗∗ 0.218∗∗ −0.314∗∗ 1

DW 0.331∗∗ 0.518∗∗ 0.906∗∗ 0.610∗∗ 0.671∗∗ 0.690∗∗ −0.030 1

TDW −0.225∗∗ 0.361∗∗ 0.519∗∗ 0.931∗∗ 0.665∗∗ 0.565∗∗ −0.391∗∗ 0.600∗∗ 1

ST, stem thickness; PH, plant height; NS, number of branches; RSL, stem biomass/leaf biomass ratio; FW, fresh weight; DW, dry weight; RDF, dry weight/fresh weight ratio; TFW, total fresh

weight; TDW, total dry weight. ∗Denotes significant correlation of P < 0.05, ∗∗denotes extremely significant correlation of P < 0.01.
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regions, and climatic altitudes (Tables 3–5). Thus, these varieties
(genotypes) can be used in future projects to improve and
develop new strains and varieties of alfalfa that can tolerate acidic
soil conditions.

5. Conclusion

The agronomic traits of alfalfa are of great significance to the
selection and preservation of excellent varieties, and dry weight
plays a decisive role in yield. There were significant (P < 0.05)
genotypic variations and genetic diversities in the traits of 44 alfalfa
cultivars. Compared with other traits, PH, ST, NS, FW, TFW,
and TDW R values were higher, and their genetics were relatively
stable, suggesting they could be used as reference indicators for
alfalfa variety selection. Genotypes Algonquin, Xinjiang daye,
Trifecta, Vernal, WL354HQ, and Boja performed well under
various climatic and environmental conditions. They can be used as
commercial varieties as well as in projects to improve and develop
new alfalfa strains that tolerate the acidic soil conditions in the
south of China.
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