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Abstract

Drought stress is a common issue that affects agriculture production. The soybean plant is one of the drought-sensitive crops
that could lose the yield of up to 40% under severe drought years. Improvements in drought tolerance have been one of the
main objectives of breeding programs in soybean. In this study, 62 soybeans [Glycine max (L.) Merri.] germplasms including
landraces and elite cultivars were evaluated by analyzing canopy and root morphological characteristics at seedling stage
under polyethylene glycol (2.5 M PEG 8000, — 0.54 MPa) simulated drought stress. The results showed that the wilting
index of sixty-two soybean germplasms showed significant polymorphism differences after 4 days PEG treatment. The low-
est wilting index was 2.75 in Tiefeng 31, while the largest reached 9 in Fengdou 93 and Songzidou. The wilting index was
positively correlated with plant height, electrolyte leakage, and negatively correlated with a dry weight of the above-ground
part, stomatal conductance, and transpiration rate by regression analysis. The root system architecture (RSA) study showed
root-canopy ratio, root length, number of the lateral roots, root surface area, and root volume were significantly negatively
correlated with the wilting index and positively correlated with the root volume. Based on these results, sixty-two soybean
germplasms were comprehensively evaluated for drought-tolerant cultivar by the principal component analysis (PCA). The
results showed that Tiefeng 31 was the most drought-tolerant elite cultivar. However, Fengdou 93 was the most drought-
sensitive elite variety. The drought tolerance screening results were consistent with the wilting index and RSA analysis,
especially the root length. Both droughts tolerant and sensitive elite cultivar could be further used to breed drought-tolerant
germplasms and to clarify the drought tolerance mechanism in soybean.
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Introduction

Global warming affects not only temperature but also rain-
fall size, intensity, frequency, and distribution. Additionally,
climate change will also reduce the predictability of rainfall
and lead to increased drought and flooding stress (Doug-
las et al. 2008). Drought stress is a major global issue that
adversely affects plant growth and limits crop productiv-
ity. Yield losses of significant crops due to the fluctuating
weather will be challenging to meet the food requirements
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of the world’s growing population in 2050 (Foley et al.
2011). Soybean is one of the most abundant oil and plant
protein crops in the world (Hasanah et al. 2015). It needs
450-700 mm of water during the growing season and
considers as a drought-sensitive crop (Dogan et al. 2007).
Drought stress exposure during flowering and pod stages
could severely limit the yield and may reduce yield by
approximately 20-40% in soybean (Thao and Tran 2012).
Obtaining more water resources, absorbing more water, and
reducing water loss are useful measures to improve drought
stress in crops (Passioura 1983). Therefore, tremendous
efforts have been placed on planting drought-tolerant soy-
bean cultivars are an effective strategy for enhancing seed
yield under drought stress (Tester and Langridge 2010). The
acceptable policy is selecting the drought tolerance trait
from soybean germplasms and using traditional breeding,
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which combines the desirable feature into elite cultivar via
crossing and backcrossing process.

It is essential to assess the drought tolerance in soybean
germplasms. Experiments have been conducted to evalu-
ate the soybean drought tolerance by seed yield reduction,
drought tolerance index, and wilting index (Bouslama and
Schapaugh 1984; Liu 1986). The first visible symptom of
soil water deficit is canopy wilting in soybean (Charlson
et al. 2009). The sign of canopy wilting included leaves fad-
ing, upper canopy curling, leaf angles movement, and peti-
oles shrinking (Oosterhuis et al. 1985). However, the time
of onset and severity of canopy wilting in response to water
deficit were different in soybean germplasms (Sloane et al.
1990). The slow-wilting genotype PI 416937 from Japan and
PI 471938 from Nepal had been identified among soybean
germplasms (King et al. 2009), and the progeny of these
genotypes had shown to have high yield under water defi-
cit conditions (Bagherzadi et al. 2017). Slow wilting was
the main factor for drought-tolerant soybean to increase
the yield (Sinclair et al. 2010). The slow-wilting genotypes
reportedly had a high capacity allowing high CO, assimila-
tions even with partial stomata closure (Sadok et al. 2012),
increased transpiration rate under air vapor pressure deficit
(Fletcher et al. 2007; Pathan et al. 2014; Bagherzadi et al.
2017). Compared to the fast-wilting genotypes, the slow-
wilting genotypes generally had less radiation use efficiency
and improved water use efficiency. Still, the stomatal con-
ductance or canopy temperature had no difference (Ries
et al. 2012). Soybean plants could withstand drought by root
length elongation and prolonged nitrogen fixation besides
slow canopy wilting (Sinclair et al. 2008).

Plant roots are the first tissues to percept the moisture
change in the soil. The root system architecture (RSA)
plays a crucial role in determining crop productivity in
water-limited environments (Bengough et al. 2011). Root
system architecture (RSA) refers to the shape and physi-
cal space of the roots. More deep-seated taproot and more
lateral roots could absorb more water from deep soil layer
and avoid drought stress in most of a dicotyledonous root
system (Gilbert et al. 2011; Battisti and Sentelhas 2017; Ye
et al. 2018). The drought-tolerant landrace (PI 416937) had
a slow canopy wilting index and more fibrous root morphol-
ogy (Hudak and Patterson 1996). Pantalone et al. (1996) also
found the slow-wilting genotype showed a highly prolific
root system and increased lateral root growth. Besides, the
soybean plants can adapt to drought by developing a longer
taproot under water-deficit environment (Manavalan et al.
2009). Root morphology parameters were used to classify
the different cultivars in conferring drought tolerance traits
in soybean. The drought-sensitive variety had a shallow root
and root angle < 40°, and the drought-escaping cultivar had
a deep root and root angle > 60° (Fenta et al. 2014). Some
researchers had been studied the influence of drought on
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the growth of soybean crops, especially on leaves. However,
fewer studies are focusing on combination above-ground part
and root system architecture for screening drought-tolerant
cultivars in soybean. Therefore, the objectives in this study
will be (i) to evaluate differential wilting index and other
physiological characteristics among soybean genotypes after
polyethylene glycol (PEG) -simulated drought stress at the
seedling stage; (ii) to determine the root morphological char-
acteristics among soybean genotypes after PEG-simulated
drought stress; (iii) to explore the relationship between the
wilting index and root morphological characteristics; (iv) to
identify some varieties more tolerant or more sensitive to the
drought stress and select the drought-tolerant varieties for
further soybean drought tolerance breeding program.

Materials and methods
Plant materials

62 soybean (Glycine max L. Merri.) germplasms including
landraces and elite cultivars, comprising of 29 spring-type,
11 summer-type, and 22 autumn-type, which were obtained
from Oil crops Research Institute, Chinese Academy of
Agricultural Sciences (Wuhan, China), were evaluated in
this research. The full list of germplasms is given in Table 1.

Drought stress trial

Drought stress trial was conducted at the walk-in growth
chamber in the Institute of Crop Science, Zhejiang Univer-
sity, Zijinggang campus, Hangzhou, China (30° 17’ 55" N,
120°5' 12" E) in 2017 and 2018. The day/night temperature
was about 25 °C/22 °C, the light length was 14 h/10 h (day/
night), and the relative air humidity was about 57%. Sixteen
seeds of each germplasm were sowed on the 19X 13X 12 cm
germinating box containing 1.3 kg sterilized river sand with
a 130 ml half-length Hoagland nutrient solution (Hoagland
and Arnon 1938). Plants were watered 100 ml ddH,O daily
until the beginning of PEG simulated drought stress. Nine
days after sowing, the seedlings were thinned to ten. Four-
teen days after sowing when the first trifoliolate leave was
coming out, PEG simulated drought stress was imposed by
watering plants with 100 ml 2.5 M PEG 8000 (y-0.54 MPa)
solution and watering with 100 ml ddH,O as control. Each
treatment for each germplasm was repeated three times at
least 30 plants.

Physiological traits of above-ground part
assessment

Four days after PEG-simulated drought stress treatment, the
treated and control plants were analyzed for wilting canopy
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Table 1 The list of soybean

. . Germplasm Ecological type Germplasm Ecological type

germplasms including landraces

and elite cultivars used in this Yangyan dou Spring Zhonghuang 71 Summer

study Tiegan 1 Spring Zhonghuang 74 Summer
Ludou 8 Spring Heihe 1 Spring
Yudou 19 Spring Daimi dou Autumn
Yudou 15 Spring Xiamen Tengzi Autumn
Yudou 20 Spring Shaxian green bean Autumn
Liaodou 14 Spring Shaxin dou Autumn
Tiefeng 31 Spring Tonghua Pingdingxiang Autumn
Hedou 13 Spring Chihuang dou 2 Autumn
Dongnong 43 Spring Wuyanwo Autumn
Fengshou 19 Spring Qionglai Huangmaozi Autumn
Jilin 33 Spring Qiyuehuang Autumn
kennong 19 Spring Baimaozao Douzi Autumn
Suinong 10 Spring Xihuangdou 9 Autumn
Heihe 19 Spring Erjizaodou-2 Autumn
Kenjiandou 4 Spring Qiyuehuang 1 Autumn
Jindou 42 Summer Longchuan Huangniumao Autumn
Jimidou 2 Spring Lianjiangpo Huangdou Autumn
Qihuang 35 Summer Bozhi dou Autumn
L-6 Summer Songzi dou Autumn
Jinda Zaohuang 2 Summer Baomuji Autumn
Jidou 21 Summer Lvhuangdou Autumn
Jiyu 403 Spring 2,340,322 Autumn
Jiyu 501 Spring Liuyuehuang Spring
Jihei 2 Spring Pengshan Huangkezi 3 Autumn
Jihei 3 Spring Dahuangdou 2 Autumn
Changnong 26 Spring Madaiqingdou 2 Autumn
Jinong 27 Spring Zheng 92116 Summer
Jinong 29 Spring Zhonghuang 203 Summer
Yannong 12 Spring Fendou 93 Spring
Zhonghuang 63 Summer Zhonghuang 66 Summer

index, stomatal conductance, transpiration rate, electrolyte
leakage, and root morphological characteristics.

Canopy wilting index

Four days after PEG treatment, the leaf wilting was recorded
according to Pathan et al. (2014). The leaf wilting was rated
visually on a scale of O to 4. The wilting scale of O repre-
sented no wilting. 1 represented the cotyledon wilting. 2
represented the wilting of both the cotyledonary and unifo-
liolate leave. 3 represented the cotyledonary, unifoliolate,
and the first trifoliolate leave wilting together. 4 represented
the whole plant wilting (Fig. 1). The wilting index was cal-
culated by formula as follows:

Fig. 1 The wilting phenotype of leaves after 3 days of PEG simulated
drought stress in soybean

Z (grade X plants of each grade)/total plants

Grade represented the degree of wilting scale, e.g., 0, 1,
2,3, 4.
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Fig.2 The seedling growth after 0 day, 1 day, 3 day, and 5 day PEG
treatment in soybean

Stomatal conductance, transpiration rate,
and electrolyte leakage

The stomatal conductance (Sc) and transpiration rate (Tr)
were measured with Li-6400 portable photosynthesis system
(Li-Cor Inc. USA) at constant CO, of 380 umol and light
intensity of 1200 pmol m~2 s~ at the time of 09:00-11:00
when the first trifoliolate leave fully expanded. Measurement
was conducted from 10 plants of each genotype exposed
under drought and control treatments. The highest and low-
est values were removed during analyses, and the remaining
data were averaged.

The electrolyte leakage of leaves was measured accord-
ing to the manufacturer’s protocol using the Lei-magnetic
conductivity meter (DDS-307, China). Three biological rep-
licates of each germplasm were measured.

Root system architecture analysis

Four days after PEG-simulated drought stress, the above-
ground part from five plants, which were selected randomly
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was used to determine the dry weight, and the roots were
washed thoroughly using tap water and making the root flat
in the plexiglass tray for scanning the root system architec-
ture by EPSON Perfection V850 Pro. Root system architec-
ture parameters such as root length (mm), number of lateral
roots, root diameter (mm), root surface area (mm?), and root
volume (mm?®) were obtained through WinRHIZO software
(Reagent Instrument, Quebc, Canada).

A comprehensive evaluation of drought resistance

The method of Yue et al. (2003) was adopted for evaluating
drought-tolerance cultivars by Principal component analysis
(PCA). Those indexes which are easy to measure and rel-
evant to drought-tolerance, such as wilt index, root length,
number of the lateral root, root diameter, root surface area
and root volume, root-canopy ratio, were used as compo-
nents of PCA. The component score of PCA is calculated
by formula as follows:

Principal component score (Fn) = factornscore X A,

The principal component synthesis score

_ A b e M
(F) = (}\,+~-]~+)\n) XF + (et XFy 4+ (Mot XF,

The A represents the square root of the eigenvalue cor-
responding to the principal component.

Data analysis

All data were calculated as the relative reduction percentage,
i.e., the data under non-drought stress minus the data under
drought stress then divided by the data under non-drought
stress. The data were analyzed by using SPSS 20.0 statistic
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Fig.3 The wilting indices of leaves in different soybean germplasms after 4 days PEG-simulated drought stress at the seedling stage
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Table 2 The list of above ground part traits in soybean germplasms
Germplasm Plant height Aboveground dry weight Stomatal conductance  Transpiration rate Wilting index
reduction % reduction % reduction % reduction %
Tiefeng 31 343 4.44 92.81 88.68 2.75
Pengshan Huangkezi 3 40.80 46.90 87.43 76.54 3.25
Yudou 20 40.68 19.73 96.71 94.71 3.50
Fengshou 19 17.77 39.04 93.15 88.39 3.50
Jilin 33 3.08 38.73 88.42 78.81 3.50
Jiyu 403 53.24 4191 94.41 87.09 3.50
Jihei 2 29.70 4.64 95.86 89.97 3.50
Jihei 3 35.31 39.52 95.50 93.15 3.50
Zhonghuang 63 37.55 3.03 97.58 94.75 3.50
Chihuang dou 2 11.32 37.63 94.92 91.06 3.50
Qionglai Huangmaozi 30.95 47.81 92.99 84.37 3.50
Qiyuehuang 49.89 36.37 96.13 92.17 3.50
Bozhi dou 17.78 6.51 93.05 88.98 3.50
Zheng 92116 47.50 41.95 92.00 88.20 3.50
Yudou 15 43.44 52.58 93.12 90.32 4.25
Liaodou 14 42.88 60.23 94.98 92.99 4.25
Dongnong 43 15.15 8.90 94.61 87.28 4.25
Heihe 19 22.59 50.65 93.55 88.54 4.25
Jinda Zaohuang 2 28.79 14.87 92.85 86.22 4.25
Jidou 21 47.49 41.72 93.96 88.41 4.25
Zhonghuang 71 19.60 14.71 97.42 92.19 4.25
Erjizaodou-2 37.80 19.02 96.82 92.24 4.25
Longchuan Huangniumao 39.24 53.16 92.16 89.36 4.25
Kenjiandou 4 14.29 40.00 93.01 90.81 5.00
Jimidou 2 39.68 44.82 96.25 92.49 5.00
Changnong 26 17.69 47.30 95.17 90.86 5.00
Jinong 27 33.69 37.68 97.69 94.16 5.00
Yannong 12 16.25 38.13 94.44 89.16 5.00
Daimi dou 43.59 59.07 93.66 86.71 5.00
Xiamen Tengzi 30.80 32.67 95.61 91.04 5.00
Tonghua Pingdingxiang 47.59 18.82 96.64 92.57 5.00
Wuyanwo 24.60 7.17 97.05 93.18 5.00
Baimaozao Douzi 31.44 9.64 94.99 89.45 5.00
Xihuangdou 9 22.04 1.55 96.49 91.47 5.00
Qiyuehuang 1 45.70 21.04 96.56 93.30 5.00
Lianjiangpo Huangdou 44.90 32.85 95.64 90.02 5.00
Baomuji 49.60 34.18 95.91 90.88 5.00
2,340,322 48.59 30.77 95.87 91.47 5.00
Zhonghuang 203 34.62 43.91 91.93 90.06 5.00
Jindou 42 22.49 20.92 87.74 77.88 5.25
Yangyan dou 13.61 9.47 89.25 79.99 6.00
Suinong 10 52.41 57.34 94.88 89.39 6.00
Shaxian green bean 22.07 8.05 94.93 89.72 6.00
Shaxin dou 12.71 25.15 94.63 89.84 6.00
Liuyuehuang 38.44 50.27 97.84 94.96 6.00
Lvhuangdou 23.59 28.24 95.79 90.62 7.00
Tiegan 1 31.37 7.57 97.06 93.28 8.00
Hedou 13 55.30 46.53 95.40 94.85 8.00
kennong 19 23.21 14.89 96.75 91.93 8.00
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Table 2 (continued)

Germplasm Plant height Aboveground dry weight Stomatal conductance  Transpiration rate Wilting index
reduction % reduction % reduction % reduction %
L-6 58.10 62.47 90.98 92.49 8.00
Jiyu 501 33.18 39.22 96.42 92.03 8.00
Jinong 29 38.54 40.90 93.73 87.90 8.00
Zhonghuang 66 19.09 23.52 92.29 88.41 8.00
Zhonghuang 74 19.60 6.00 95.84 95.88 8.00
Heihe 1 13.40 4.00 97.21 93.73 8.00
Dahuangdou 2 38.52 39.68 93.97 90.26 8.00
Madaigingdou 2 46.03 40.49 93.81 91.06 8.00
Ludou 8 53.19 28.43 96.71 96.01 9.00
Yudou 19 28.98 45.39 97.30 94.23 9.00
Qihuang 35 25.82 53.72 95.44 90.79 9.00
Songzi dou 15.58 7.86 97.21 93.10 9.00
Fendou 93 47.67 65.94 95.35 93.60 9.00

software package (Chicago, USA), and the linear fitting was
analyzed by OriginPro 9.0.0 (OriginLab Corporation, USA).

Results

PEG-simulated drought stress influence
on the wilting index

We observed that the seedling wilting was more severe
with the prolongation of PEG-induced drought stress
(Fig. 2). The leaves were healthy before PEG simulated
drought stress (Fig. 2a). The cotyledons and the unifoliol-
ate leave started wilting after 1d PEG simulated drought
stress (Fig. 2b). The cotyledons, the unifoliolate leave,
and the first trifoliolate leave became wilting after 3d
PEG simulated drought stress (Fig. 2¢). The whole plants
showed complete wilting 5 d after PEG simulated drought
stress (Fig. 2d). The wilting index of 62 soybean geno-
types showed polymorphism (Fig. 3). From the Fig. 3, we
found the lower wilting index were from Tiefeng 31, Peng-
shan Huangkezi-3, Jiyu 403, Jihei 3 and Dongnong 43 and
the corresponding wilting index was 2.75, 3.25, 3.5, 3.5,
and 4.25, respectively. The medium wilting indexes were
5,5, 6, 6, and 7 respectively from Yannong 12, Zhong-
huang 203, Shaxindou, Yangyan dou, and Lvhuangdou.
The highest wilting indexes were 8, 9, 9, 9, and 9, respec-
tively, which were from Madai Qingdou-2, Ludou 8, Fen-
dou 93, Pine Bean, and Dahuangdou-2.
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PEG-simulated drought stress influence
on above-ground growth

Drought stress can inhibit the growth of the above-ground
part. Also, plant height, dry weight of the above-ground,
stomatal conductance, and transpiration rate showed a sig-
nificant down-regulation after PEG-simulated drought stress
(Table 2). The wilting indexes were associated with plant
height, above-ground part dry weight, electrolyte leakage,
stomatal conductance and transpiration rate. The results of
the linear analysis showed that the wilting index was posi-
tively correlated with plant height, and electrolyte leakage
(Fig. 4a, c), and the correlation coefficients were 0.63 and
0.63, respectively. However, the wilting indexes were nega-
tively correlated with a dry weight of the above-ground part,
stomatal conductance, and transpiration rate (Fig. 4b—e),
and the correlation coefficients were 0.72, 0.82, and 0.85,
respectively.

PEG-simulated drought stress influenced on root
system architecture

The PEG-simulated drought stress altered the root morphol-
ogy of soybean plants (Fig. 5 and Table 3). From Fig. 5 and
Table 3, we found the more extensive the wilting index, the
shorter the root length, the fewer the number of lateral roots,
and the smaller the root surface area and root volume. Fur-
thermore, linear analysis between root morphological char-
acteristics such as root length, lateral root number, root mean
diameter, root surface area, root volume, and wilting index
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Fig.5 The representative images of root system architecture scanning of the different wilting index in five soybean germplasms. a Jihei 3, b

Yudoul$, ¢ Yangyan dou, d Hedou 13, e Songzidou

in sixty-two soybean cultivars was evaluated. The results
indicated that the root length, lateral root number, root sur-
face area, and root volume were negatively correlated with
the wilting index, and the correlation coefficients were 0.80,
0.82, 0.85, and 0.81, respectively. Meanwhile, the average
root diameter was positively correlated with the wilting
index, and the correlation coefficient was 0.86 (Fig. 6a—f).

A comprehensive evaluation of drought tolerance
among soybean genotypes

PCA comprehensively evaluated the 62 soybean germplasm
for drought tolerance. The wilting index was positively cor-
related with the principal component, and R* was 0.997
(Fig. 7). Root length, lateral root number, root surface area,
root volume, plant height, and shoot growth contributed
more to drought tolerance in principal component 1. In
contrast, stomatal conductance and transpiration rate con-
tributed more to drought tolerance in principal component
2, and the root-canopy ratio contributed more to drought
tolerance in principal component 3 (Table 4). The linear cor-
relation analysis between the wilting index and 11 drought
tolerance related factors showed that stomatal conductance,
transpiration rate, root length, lateral root number, root
surface area, root volume, and average root diameter were
strongly correlated with the wilting index under PEG simu-
lated drought stress.

Meanwhile, the results of the principal component analy-
sis showed that the principal component scores of Tiefeng
31, Wuyanwo, and Jilin 33 were higher than Tonghua Ping-
dingxiang, Yudou 20, and Shaxindou. The scores of Fendou
93, Liuyuehuang and Suinong 10 were the lowest. There-
fore, Tiefeng 31, Wuyanwo and Jilin 33 can be considered as
drought-tolerant soybean germplasms. Besides, Fendou 93,
Liuyuehuang and Suinong 10 can be considered as drought-
sensitive germplasms.
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Discussion

Soybean productivity is lower compared to cereal crops.
How to increase the global soybean productivity to sat-
isfy the demand for soybean products is a concern of many
researchers and farmers. Given the importance of soybean
to the world economy, it is imperative to select drought-
tolerant germplasm to improve soybean yield under drought
conditions. The results showed that the plant height, shoot
growth, stomatal conductance, and transpiration rate of
soybean varieties decreased after PEG-simulated drought
stress. Generally, drought tolerance soybean germplasm
has strong water retention and is slow-wilting than that of
drought-sensitive germplasm. The wilting index is the most
intuitive index that can be seen by naked eyes after drought
stress. Researchers use the wilting index as an indicator of
drought tolerance directly (Sloane et al. 1990). The wilting
of different genotypes may be associated with soil water
conservation. The slow wilting genotype PI 416937 had
higher soil water conservation by limiting the transpiration
rate and decreasing stomatal conductance (King et al. 2009).
Our result was coincidence with this, in which the wilting
index was strongly negatively correlated with transpiration
rate and stomatal conductance. Our results found the slow-
wilting was negatively correlated with a dry weight of the
above part, and this was following slow-wilting germplasms
resulting in yield increases in many locations in 70% or more
(Sinclair et al. 2010).

Drought tolerance is a very complex trait, which involves
the morphological, physiological, and biochemical charac-
teristics of above-ground and below-ground parts. So far,
there is no valid, reasonable protocol and criteria for screen-
ing drought tolerance germplasms. Root system architecture,
including root morphology and development, had a signifi-
cant influence on plant survival and productivity, especially
in water deficit stress or excess water (Manavalan et al.
2010; Jogaiah et al. 2013). Battisti and Sentelhas (2017)
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main component
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wilt index

Fig.7 Correlation analysis between the wilting index and main com-
ponent composite score

found the deeper root depth was an important characteristic
to make soybean crops more elastic to droughts, and that
was an important strategy to be considered for adapting the
crop to climate change. The root is the first organ that could
experience drought stress, and soybean taproots are the first
roots that formed. Therefore, screening germplasms with
long taproots under non-stress conditions by a cone system
to evaluate the root system architecture in soybean germ-
plasms might determine the profound rooting ability, which
is helpful to drought tolerance (Manavalan et al. 2010). Our
results showed that root length, lateral root number, root
surface area, root volume, and root-canopy ratio increased,
and the root diameter decreased with the PEG-simulated
drought stress. The wilting index was strongly negatively

correlated with root traits such as root length, the number
of lateral roots, root surface area, and root volume, strongly
positively correlated with root mean diameter and moderate
negatively correlated with root-canopy ratio. Soybean plants
that experienced drought stress before flowering had a higher
yield than those stressed after flowering since the root sys-
tem architecture had been developed well before flowering
(Hirasawa et al. 1994). Liu et al. (2005) were also found sig-
nificant correlations between drought resistance and various
root traits such as dry weight, total length, root volume, and
the number of lateral roots in soybean.

Recently, Prince et al. (2019) attempted to identify genes
linked to root system architecture using GWAS in soybean
landraces and elite cultivars and find four loci were detected
in landraces for lateral root number, no major was detected
for lateral root number in elite germplasm. The discovery
that evaluated for drought tolerance germplasms to integrate
wilting index and root system architecture could consider
being used in soybean breeding programs in the future.

Conclusion

In summary, this study provided both above-and below-
ground characteristics of sixty-two soybean germplasms
during PEG-simulated drought stress in the seedling stage
and evaluated the drought tolerance germplasm by PCA.
The results showed the wilting index was positively cor-
related with plant height, electrolyte leakage and root mean
diameter, but negatively correlated with shoot dry weight,
stomatal conductance, transpiration rate, root-canopy ratio,
root length, number of lateral roots, root surface area and
root volume. Six drought-tolerance evaluation indexes were

Table 4 Principal component
analysis results of different

Trait

Component 1 Component 2 Component 3

drought resistance traits Root length (cm)

Number of lateral root

Root mean diameter (cm)
Root surface area (cm?)

Root volume (cm?)

Root and crown ratio

Plant height (cm)
Aboveground growth (g/box)
Electrolyte leakage (%)

Stomatal conductance (mol H,O m2s7h

Transpiration rate(mmol H,O m2s7h

Variance contribution rate

Cumulative contribution rate

0.968 0.054 —0.067
0.948 0.057 —-0.030
-0.321 —0.494 0.337
0.976 —0.089 0.016
0.906 —0.250 0.116
0.313 —0.445 0.542
0.550 0.159 -0.214
0.756 —0.280 —0.234
—0.093 0.277 —0.698
0.181 0.871 0.361
0.218 0.824 0.353
0.434 0.194 0.115
0.434 0.628 0.743

The bold data in the table indicates a large contribution rate
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obtained by wilting index, correlation analysis, and PCA,
which contain stomatal conductance, transpiration rate, root
length, lateral root number, root surface area, and root vol-
ume. Furthermore, by comparison, the wilting index and the
main component overall score, the drought-tolerant cultivar
Tiefeng 31, and the drought-sensitive cultivar Fendou 93
were evaluated. Therefore, the selected drought-tolerant and
drought-sensitive soybean cultivars could be used to under-
stand further the mechanism of drought tolerance and breed
soybean drought-tolerant cultivars in the future.
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