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Abstract

Abiotic stresses, especially drought, may seriously affect soybean yield. Due to the complexity of drought tolerance, one of the
difficulties in selecting genotypes is the identification of traits contributing to improve stress tolerance. This study carried out
soybean phenotyping under water deficit in vegetative and reproductive stages in field conditions at two consecutive crop seasons
(2012/13 and 2013/14). The experiment was performed in Londrina, PR, Brazil, with two soybean cultivars with distinct levels of
drought tolerance, BR 16 (sensitive) and Embrapa 48 (less sensitive). Water deficit was applied through rainout shelters, moving on
rails to cover plots when the rainfall begins and uncover them when it ends. Then, some agronomic and morphological traits were
measured. Multivariate statistics through the principal component analysis (PCA) associated with the biplot graph identified traits
contributing to greater yield stability under drought. Result showed that water deficit affected soybean yield, mainly in the
reproductive stage, in which Embrapa 48 had greater yield stability when compared to BR 16. However, opposite results were
obtained for stress induced in the vegetative stage, when Embrapa 48 was more negatively affected than BR16 cultivar. Seed
weight influenced yield differences between cultivars. Lighter seeds, but in larger number, constituted an advantage under water
deficit. Due to the difficulty in introducing all drought tolerance mechanisms in one genotype, breeding programs need to define
selection parameters according to regional drought conditions.

Keywords: Glycine max L. Merrill; grain yield; plant growth; principal component analysis; water deficit.

Abbreviations: ANOVA_analysis of variance; DRL_dystrophic Red Latosol; DSI_drought susceptibility index; HI_apparent harvest
index; HSW_100-seed weight; IPCC_Intergovernmental Panel on Climate Change; IRR_irrigated; LA_leaf area; LAI_leaf area index;
LDM_leaf dry matter; NDVI_Normalized Difference Vegetation Index; NDVIV6_NDVI readings in the V6 stage; NDVIR3_NDVI
readings in the R3 stage; NIRR_non-irrigated; NN_number of nodes; NPNS_number of pods with no seeds; NPS_number of pods
with seeds; NS_number of seeds; PCs_principal components; PCA_principal component analysis; PH_plant height; SHDM_shoot dry
matter; SVD_singular value decomposition; WDR_water deficit induced in the reproductive stage; WDV_water deficit induced in
the vegetative stage.

Introduction agronomic traits of soybean plants, thus negatively
influencing plant growth and development, resulting in grain
Soybean (Glycine max L. Merrill) is the most important yield reduction (Stolf-Moreira et al., 2010).
oleaginous crop worldwide and occupies an area of The importance of studies on management improvement
approximately 118 million hectares, with production of techniques and the development of tolerant plants become
around 320 million tons (USDA, 2016). Brazil is the second more evident when considering the Intergovernmental Panel
largest producer of soybean in the world and, besides on Climate Change (IPCC) reports (IPCC, 2014), which
supplying the internal market, the surplus volume presented detailed information on increases in the levels of
represents the main Brazilian export agricultural product. greenhouse gases in the atmosphere due to the anthropic
Despite such expressive numbers, soybean crop yield and interference and their impact on the weather worldwide.
geographic distribution can be severely limited by Scientific forecasts draw a future with dark scenarios of
restrictions imposed by biotic and abiotic factors to which water restrictions around the world (Dai, 2013).
plants are exposed. Among abiotic factors, drought has been Water deficit effects on soybean yield depend on intensity,
one of the main factors responsible for crop shortfalls in duration and period of its occurrence. When drought occurs
world agriculture, leading to drastic reductions in yield and on the first vegetative development stage, soybean plants
in seed and grain quality (Wu et al., 2011; Khalili et al., 2013; have greater recovery capacity and may tolerate short
Ku et al.,, 2013). Water deficit affects physiological and periods of water deficit. However, sensitivity to stress tends
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to increase as the crop develops, with a maximum degree in
the reproductive stage (Kron et al., 2008; Rolla et al., 2014).
Due to the complexity of plant responses to water deficit,
the search for more drought tolerant cultivars has been a
hard task, so that phenotyping and identification of traits
contributing to select the best genotypes under water deficit
conditions represent the main challenges in this process.
Thus, a detailed characterization of soybean plants under
drought conditions may indicate traits contributing to
greater yield stability, thus helping in the selection of
tolerant plants.

The aim of the present study was to identify agronomic and
morphological traits contributing to yield stability in two
soybean cultivars (with different sensitivity to drought)
submitted to water deficit in vegetative and reproductive
stages under field conditions at two consecutive crop
seasons.

Results
Climate conditions and Stress Index

Water balance showed great variation between crop
seasons (Figures S1A and S1B). The 2012/13 season was
characterized by the occurrence of well-distributed rainfall,
while the 2013/14 one was marked by severe water deficit
between the second ten-day period of January and the
second ten-day period of February, coinciding with the
reproductive stage of soybean plants. Such a climate
variation between both seasons led to a more severe water
deficit stress in the second period of evaluation, according to
the stress index data (Fischer and Maurer, 1978) ( Figure 1).

Effect of water deficit agronomical and morphological
parameters

For the 2012/13 crop season, ANOVA showed significant
stress effect for the variables NDVIV6, NDVIV3, LAI, SHDM,
NPS, NS, HSW, Hl, and yield, and significant cultivar effect for
NDVIV6, NN, NPS, and HSW (Table 1). A significant
interaction (water condition x cultivar) was detected for
NDVIV6, NPS, HSW, Hl, and yield.

In the 2013/14 crop season, the stress effect was significant
for most parameters, except for NN and NPS, while the
cultivar effect showed significance only for PH, LA, NPS, and
yield. The interaction between water condition and cultivar
was only significant for PH (Table 1).

Regarding growth parameters in the 2012/13 crop season,
the different water conditions had no effect on NDVI in the
V6 stage (NDVIV6) for the cultivar BR 16. However, the
cultivar Embrapa 48 was affected by the treatment WDV.
Consequently, NDVIV6 was greater for BR 16 than Embrapa
48 under WDV (Table 2).

For PH, stress effect was only detected in the 2013/14 crop
season, and only for the cultivar Embrapa 48 (Table 2), in
which NIRR, WDV, and WDR water conditions showed
reduction in PH when compared to IRR, thus indicating that
such a variable was not the key contributing factor to the
effects observed in grain yield.

For NN, in the 2012/13 crop season, BR 16 plants had higher
values than those of Embrapa 48 (Table 3). In the 2013/14
crop season, however, no differences were detected
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regarding NN among water conditions or between cultivars
(Table 4).

Under more favorable climate conditions (2012/13), the
traits LA, LAI, and LDM showed no significant differences for
water conditions, genotypes or their interaction (Table 3).
However, in the 2013/14 crop season, i.e. under more
severe stress, both cultivars presented lower LAl and LDM
when submitted to WDV. In addition, regardless of the
treatments, the cultivar BR 16 showed greater LA than that
of Embrapa 48 in such a crop season (Table 4).

For SHDM, in both seasons, the lowest values were obtained
under WDR and WDV (Tables 3 and 4).

Regarding yield-related components, WDV and WDR led to
the lowest values for NPS in the 2012/13 crop season (Table
2). In 2013/14, no differences were detected among water
conditions. However, in general, the cultivar Embrapa 48
had larger NPS than that of BR 16 regardless of the water
condition (Table 4).

Water deficit (WDV and WDR) negatively affected NS (Tables
3 and 4). For HWS, BR 16 plants showed greater values than
those of the cultivar Embrapa 48 (Tabela 2). However, for
presenting heavier seeds, BR 16 was more affected by water
deficit than Embrapa 48 during WDR (Table 2). In the
2013/14 crop season, i.e. under more severe stress, lower
HWS values were detected under WDR. In addition, although
no differences were detected for NPS, NS almost halved
under WDR (Table 4).

As to grain yield, in 2012/13, the cultivar BR 16 was more
sensitive to WDR than Embrapa 48. On the other hand,
Embrapa 48 plants were more sensitive to WDV than BR 16
ones (Table 2). In 2013/14, i.e. under more severe stress,
although no interaction was detected between water
conditions and cultivars, higher values were observed for
Embrapa 48 when compared to BR 16 plants regardless of
the water condition (Table 4). Furthermore, in comparison
with the previous crop season, lower yield was observed for
both cultivars (Tables 2 and 4).

DSI (Fischer and Maurer, 1978) indicated different levels of
susceptibility to drought between cultivars, showing that BR
16 plants were more sensitive to WDR, while Embrapa 48
was more sensitive to WDV (Figure 2).

Principal component analysis

The Pearson correlation coefficient (Figure 3) showed the
lowest and the highest values for HI x PH (r=-0.53) and NS x
NPS (r= 0.97). Among all evaluated variables, considering
treatments, cultivars, and evaluation periods, NDVIR3, LA,
LAl, LDM, SHDM, NPS, NS, HSW, and HI showed significant
positive correlation with yield.

PCA was performed per cultivar as shown in polygonal
biplots (Figures 4A and 4B), as well as through their joint
analysis (Figure 4C). All analyses considered the two PCs
corresponding to the two eigenvalues with the highest
values, which, in all cases, explained more than 77%
variance.

Figures 4A and 4B show a greater variance explained by the
PC1 for variances associated with yield components in both
cultivars. On the other hand, PC2 could better explain
growth traits such as NDVI6, NN, and PH due to a high effect
of WDV.



Table 1. Analysis of variance (ANOVA) with mean squares for different sources of variation.

2012/2013

Source of Variation NDVIV6 NDVIR3 PH NN LA LAI LDM SHDM NPS NS HSW HI YIELD

Blocks 0.000986 0.000155 174.023 1.5921 101235 2.7753 0.84623 21.86 86.64 166 1.021 0.000513 41327
Stress 0.008138* 0.000912* 238.011 0.0871 90447 7.2455% 2.61003 396.63* 1667.07* 7695.5* 15.032* 0.037887* 7130213*

Error A 0.001478 0.000049 77.196 1.1513 52200 1.6717 0.84449 12.74 56.17 159.1 0.918 0.001871 273061

Cultivar 0.003741* 0.000021 193.061 15.68* 89507 1.3184 1.12875 17.62 887.26* 991.2 59.569* 0.002046 22934
Interaction 0.002786* 0.000135 148.349 0.8925 110125 0.6135 1.37957 57.49 414.79* 1668.5 5.086* 0.0019* 342953*

Error B 0.000639 0.000045 46.976 0.3944 69865 1.2050 0.98390 27.53 111.24 528.3 0.547 0.000540 52851

cvi 4.75% 0.79% 15.10% 7.47% 17.16% 24.98% 18.79% 17.42% 17.71% 15.06% 7.48% 8.24% 15.25%

cv2 3.13% 0.75% 11.78% 4.37% 19.86% 21.20% 20.26% 25.61% 24.92% 27.44% 5.77% 4.43% 6.72%

2013/2014

Source of Variation NDVIV6 NDVIR3 PH NN LA LAI LDM SHDM NPS NS HSW Hl YIELD

Blocks 0.000023 0.000764 67.63 0.62139 35262 0.43 0.4077 23.135 275.53 366.62 1.1206 0.001727 179573
Stress 0.004841* 0.044144%* 754.87* 0.45241 1015514* 17.4623* 7.6622* 144.99* 394.18 2155.93* 17.8164* 0.032121* 4585657*

Error A 0.000457 0.001457 53.34 0.51723 54307 1.7818 0.5895 11.980 127.71 226.14 1.0737 0.001720 65321
Cultivar 0.000114 0.000497 338.14* 0.05648 342130* 3.3829 0.7564 9.574 446.42* 382.49 0.4384 0.000283 1458444*

Interaction 0.000301 0.00051 246.46* 1.51917 145411 0.4763 1.2212 3.471 71.24 109.18 1.864 0.002818 31094

Error B 0.000625 0.000339 32.02 0.60544 59163 0.7254 0.9768 6.503 46.32 108.59 0.9123 0.000882 34729

Ccvi 2.57% 4.79% 9.57% 4.82% 21.86% 30.03% 20.11% 21.88% 35.50% 23.19% 10.88% 10.68% 13.27%

Ccv2 3.00% 2.31% 7.41% 5.21% 22.81% 19.16% 25.88% 16.12% 21.38% 16.07% 10.03% 7.65% 9.68%

*Significant at p<0.05. NDVIV6 - Normalized Difference Vegetation Index in the V6 stage; NDVIR3 - NDVI in the R3 stage; PH — plant height; NN — number of nodes; LA — leaf area; LAl — leaf area index; LDM — leaf dry matter; SHDM — shoot dry matter; NPS - number of pods with seeds; NS -

number of seeds; HSW — 100-seed weight; HI — apparent harvest index; Yield.
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Fig 1. Stress Index according to Fischer e Maurer (1978), in soybean plants under water deficit induced in vegetative (WDV) and reproductive (WDR) stages, in 2012/13 and 2013/14 crop
seasons. Londrina, PR, Brazil.
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Table 2. Morphological traits and yield components in the soybean cultivars Embrapa 48 and BR 16 under different water deficit conditions in the 2012/13 and 2013/14 crop seasons.
Londrina, PR. Variables with significant interaction (Cultivar x Water Condition).

2012/2013 2013/2014
NDVIV6 NPS HSW HI YIELD PH
BR 16 E48 BR 16 E48 BR 16 E48 BR 16 E48 BR 16 E48 BR 16 E48
IRR  0.826Aa  0.830Aa 42.17 ABb 74.2 Aa 15.09 Aa 12.07 Ab 0.564Aa  0.529 Aa 4110.75 Aa 4187.43 Aa 78.45Ab  100.48 Aa
NIRR  0.84Aa  0.805 Aa 49.57 Aa 52.22 Ba 1457 Aa  11.945 Ab 0.565Aa  0.535 Aa 4117.57Aa  3874.57 Aba 74.77Aa  79.5Ba
WDV  0.794Aa  0.726Bb 28.35 Ba 33.72 Ca 15.96 Aa 11.39 Ab 0.591Aa  0.563 Aa 3706.89 Aa 3203.47 Bb 69.07Aa  64.77 Ca
WDR 0.815Aa  0.827 Aa 28.15 Ba 30.22 Ca 11.15 Ba 10.44 Aa 0.408Ba  0.438Ba 1847.16 Bb 2302.73 Ca 69.92 Aa  73.47 BCa

*Means followed by the same capital letters in the column and the same lowercase letters in lines do not differ significantly by the Tukey test (p<0.05). NDVIV6 - Normalized Difference Vegetation Index in the V6 stage; NPS - Number of pods with seeds; HSW — 100-seed weight; HI -
apparent harvest index; Yield; PH — plant height. IRR (irrigated), NIRR (non-irrigated), WDV (water deficit induced in the vegetative stage), WDR (water deficit induced in the reproductive stage).

DSI

0s

02 4

BR16 Embrapa 48
Cultivars

Fig 2. Drought Susceptibility Index (DSI), according to Fischer e Maurer (1978), in the soybean cultivars BR 16 and Embrapa 48, under water deficit induced in vegetative (WDV) and
reproductive (WDR) stages.

Table 3. Morphological traits and yield components in the soybean cultivars Embrapa 48 and BR 16 under different water deficit conditions in the 2012/13 crop season. Variables with no
significant interaction (Cultivar x Water Condition).

2012/2013
Water Condition NDVIR3 PH NN LA LAI NPNS LDM SHDM NS
IRR 0.900 A 62.15A 14.35A 1347.025A 6.266 A 2.775A 5.21A 27.69 A 11796 A
NIRR 0.896 A 57.56 A 1435 A 1427925 A 5.673A 3.187 A 5.18A 2532 A 101.67 A
WDV 0.883B 50.69 A 14.2625 A 1369.575 A 4.499 A 1B 5.16 A 15.05B 61.9B
WDR 0.878 B 62.30A 14.5125 A 1180.075 A 4.268 A 2.125 AB 4.04 A 13.87B 53.478B
Cultivar NDVIR3 PH NN LA LAI NPNS LDM SHDM NS
BR 16 0.89 a 60.63 a 15.06 a 1384.037 a 5.380a 2.581a 4.71a 21.23a 78.19a
Embrapa 48 0.889 a 55.72 a 13.66 b 1278.263 a 4974 a 1.96 b 5.08 a 19.75a 89.32a

*Means followed by the same capital letters (among water conditions) and the same lowercase letters (between cultivars) in the column do not differ significantly by the Tukey test (p<0.05). NDVIR3 - Normalized Difference Vegetation Index in the R3 stage; PH — plant height; NN —
number of nodes; LA — leaf area; LAl — leaf area index; NPNS - number of pods with no seeds; LDM — leaf dry matter; SHDM — shoot dry matter; NS — number of seeds.
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Fig 3. Correlation coefficient among morphological traits and yield components in soybean plants under different water deficit conditions. Crop seasons: 2013/2014 and 2014/2015. Londrina,
PR. IRR (irrigated), NIRR (non-irrigated), WDV (water deficit induced in the vegetative stage), WDR (water deficit induced in the reproductive stage). NDVIV6 - Normalized Difference
Vegetation Index in the V6 stage; NDVIR3 - NDVI in the R3 stage; NPS - number of pods with seeds; HSW — 100-seed weight; Hl — apparent harvest index; PH — plant height; NN — number of
nodes; LA — leaf area; LAl — leaf area index; LDM — leaf dry matter; SHDM — shoot dry matter; NPNS — number of pods with no seeds; NPS - number of pods with seeds; NS — number of seeds;
Yield.

Table 4. Morphological traits and yield components in the soybean cultivars Embrapa 48 and BR 16 under different water deficit conditions in the 2013/14 crop season. Variables with no
significant interaction (Cultivar x Water Condition).

2013/2014
Water
. NDVIV6 NDVIR3 NN LA LAI NPNS NPS LDM SHDM NS HSW HI YIELD
Condition

IRR 0.860 A 0.858 A 14.88 A 1441.47 A 6.03 A 0.889 A 37.87A 4.68 A 21.09A 82.13 A 11.17 A 0.434 A 2857.23 A
NIRR 0.843 AB 0.852 A 14.98 A 1204.92 AB 5.10A 2.212 A 37.00A 425A 16.90 AB 722 A 9.39B 0.397 A 2018.87 B
WDV 0.803 C 0.701C 15.21A 598.7C 2.59B 1.812A 29.56 A 2.43B 14.25 BC 61.27 AB 9.95 AB 0.425A 1811.89B
WDR 0.822 BC 0.775B 14.64 A 1019.45B 4.05 AB 23A 2291A 3.91A 11.03C 43.8B 7.58 C 0.296 B 1014.52C

Cultivar NDVIV6 NDVIR3 NN LA LAI NPNS NPS LDM SHDM NS HSW HI YIELD
BR 16 0.834a 0.793a 14.97 a 1169.53 a 477 a 2.281a 28.1b 3.97a 15.27 a 61.39a 9.64174a 0.385a 1712.14 b
Embrapa 48 0.83a 0.801a 14.88 a 962.73 b 412 a 1.325b 35.57 a 3.67a 16.37 a 68.31a 9.40765a 0.391a 2139.11a

*Means followed the same capital letters (among water conditions) and the same lowercase letters (between cultivars) in the column do not differ significantly by the Tukey test (p<0.05).
NDVIV6 - Normalized Difference Vegetation Index in the V6 stage; NDVIR3 - NDVI in the R3 stage; NN — number of nodes; LA — leaf area; LAl — |eaf area index; NPNS — number of pods with no seeds; NPS - number of pods with seeds; LDM — leaf dry matter; SHDM — shoot dry matter; NS —
number of seeds; HSW — 100-seed weight; HI — apparent harvest index; Yield. IRR (irrigated), NIRR (non-irrigated), WDV (water
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Fig 4. Principal Component Analysis (PCA) of morphological traits and yield components in the soybean cultivars Embrapa 48 (A), BR 16 (B), and the means of both cultivars (C) under different
water deficit conditions in the 2012/13 and 2013/14 crop seasons. IRR (irrigated), NIRR (non-irrigated), WDV (water deficit induced in the vegetative stage), WDR (water deficit induced in the
reproductive stage). NDVIV6 - Normalized Difference Vegetation Index in the V6 stage; NDVIR3 - NDVI in the R3 stage; NPS - number of pods with seeds; HSW — 100-seed weight; HI — apparent
harvest index; PH — plant height; NN — number of nodes; LA — leaf area; LAl — leaf area index; LDM — leaf dry matter; SHDM — shoot dry matter; NPNS — number of pods with no seeds; NPS -
number of pods with seeds; NS — number of seeds; Yield.

40



WDR and WDV treatments influenced most variables,
which are associated with the IRR and NIRR sectors and
in opposing sectors to WDV and WDR (Figure 4A, 4B and
4C).

In polygonal biplots, the concentric circle helps to
visualize the length of vectors, in which traits with
greater vectors have higher contribution and variances.
Yield and HI were found in the fourth and in the third
concentric circles, in BR 16 (Figure 4B) and Embrapa 48
(Figure 4A) cultivars, respectively. These findings indicate
that such traits were more affected by WDV and WDR in
BR 16 plants when compared to Embrapa 48 ones.

In both cultivars, HSW had a close relationship with grain
yield (Figures 4A, 4B and 4C). The cultivar BR 16 showed
greater variance, located in the fourth concentric circle
(Figure 4B), while Embrapa 48 showed greater stability,
located in the second circle (Figure 4A). On the other
hand, NS varied more in Embrapa 48 (Figure 4A) than in
BR 16 plants (Figure 4B) due to a greater NPS variance.

In relation to NDVI, when measured in the R3 stage
(NDVIR3), such a trait was highly associated with yield,
mainly in Embrapa 48 plants (Figure 4B). On the other
hand, the traits NDVIV6, NN, and PH had no association
with grain yield or other yield-related components. In
addition, such variables are positioned in an opposite
sector compared with WDV, thus showing greater
influence of this water stress condition, mainly on
Embrapa 48 plants. Water deficit had a negative effect
on other growth traits (LA, LAl, LDM, and SHDM) in
vegetative and reproductive stages.

Discussion

In this study, two soybean cultivars (BR 16 and Embrapa
48) with distinct susceptibility to water deficit (Oya et al.,
2004; Carvalho et al., 2015) were characterized based on
yield components and growth parameters. Water deficit
was evaluated under four conditions - IRR, NIRR, WDV,
and WDR. Multivariate statistics by PCA was performed
to identify treatment combinations and traits with
greater contribution to the observed variance.

Climate data from the water balance allowed us to infer
on the real evapotranspiration, water deficit or surplus
and the total of water withdrawn from the soil in each
crop season (Figure S1). Rainfall and temperature
variations reflected not only on the amount of available
water, but also on the amount of water withdrawn by
soybean plants. At high temperatures and low air
humidity, a higher crop evapotranspiration is observed.
Thus, even under WDV and WDR treatments, drought
was more severe in the 2013/14 crop season (Figure S1).
The stress index (SI) shows a greater intensity of water
deficit when applied in 2013/14 (Figure 1), based on
values equal to 0.167 and 0.455, respectively, for water
deficit induced in vegetative and reproductive stages in
the 2012/13 crop season, and 0.366 and 0.645 for the
same conditions in 2013/14. A more severe water deficit
in 2013/14 made difficult to differentiate both cultivars
for a large number of analyzed variables (Table 1).
Through PCA, reproductive and growth parameters were
simultaneously evaluated under water deficit conditions
(Figure 4A, 4B and 4C). This study performed an analysis
of each cultivar independently (Figure 4A and 4B), in
order to identify differences among traits and in
relationships established among them. This approach
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differs from most PCA studies performed under water
deficit conditions, since they are only based on the joint
analysis of different genotypes (Silvente et al., 2012).
Mustafa et al. (2015) also applied PCA to classify maize
(Zea mays L.) genotypes regarding drought tolerance,
grouping 40 evaluated genotypes in four different
groups.

In the present study, water deficit had a negative impact
on soybean crop vyield in both vegetative and
reproductive stages (Tables 2 and 4). In the vegetative
period, water deficit affected mainly the number of
nodes and plant height. Desclaux et al. (2000) assessed
the effect of drought on different development stages of
soybean plants and observed that water deficit reduced
plant height, so that the lowest plants were detected
under drought induced in the vegetative stage.

In the present study, a negative drought effect was also
observed in other growth parameters (LA, LAI, LDM, and
SHDM) under WDV and WDR (Tables 3 and 4). Akinci and
Losel (2012) reported that drought reduced drastically
root elongation and leaf expansion in soybean plants. In
general, a greater reduction in leaf expansion occurs
under drought, a condition in which partitioning in
photosynthesis changes to increase the root-shoot ratio.
In regards to NDVI, this parameter was strongly
associated with vyield when evaluated in the
reproductive stage (R3) (Table 5). Carvalho et al. (2015)
analyzed the NDVI of soybean plants under water deficit
in the R5.5 stage and found an association between the
results obtained for this parameter and physiological
traits including photosynthesis, transpiration, and
chlorophyll content. Although these authors stated that
such a measurement is useful to evaluate responses of
soybean cultivars to water deficit, they highlighted the
importance of standardizing the development stage and
leaf area for NDVI readings. A decrease in chlorophyll
content is a typical symptom observed in plants under
water deficit due to photo-oxidation of pigments and
chlorophyll degradation. Chlorophyll content is the main
component influencing NDVI, which explains the
sensitivity of the in detecting differences a stress
condition (Liu et al., 2012).

HSW was highly associated with yield in both cultivars
(Figures 2A and 2B). Such a trait was the most affected
by water deficit in the cultivar BR 16, which has greater
seed weight than that of Embrapa 48 (Table 2). The
latter has lighter seeds but in larger number than those
of BR 16 plants, and showed more HSW stability under
WODR (Figures 2A and 2B), and, consequently, higher final
yield. Similarly, Oya et al. (2007) also reported the
difference in seed weight between such cultivars under
water deficit in the reproductive stage.

Yield components showed differences for both
development stages (vegetative and reproductive), with
reduction in the number of pods and seeds and seed
weight (Tables 2, 3 and 4). Differences were stronger in
the reproductive stage, with final yield reduction by up
to 60% (Table 2 and 4). Although water is important
during the crop cycle, the reproductive period is the
most critical phase (Nogueira and Nagai, 1988). A
reduction in photosynthesis and stomatal conductance,
besides retention of photoassimilates in vegetative
structures, mainly in the stem, to the detriment of
grains, occurs under water deficit (Ohashi et al., 2009).



NPNS has no efficiency in the differentiation of genotype
stability under stress conditions, which may be due to
the number of seedless pods is high even under ideal
conditions because of a high flower bud emission over
plant capacity, thus generating empty pods.

When comparing the two cultivars in regards to grain
yield, Embrapa 48 was the less sensitive to water deficit
in the reproductive stage, which is considered, in
general, the most severe (Table 2). On the other hand,
BR 16 plants showed less sensitivity under WDV (Table
2). Drought tolerance in plants is a complex mechanism
involving changes at morphological, physiological, and
molecular levels that are activated according to the
intensity, duration and stage in which drought is
induced. Soybean genotypes have different strategies to
deal with stress according to different situations.
Drought-tolerant plants in a particular situation or stage
may be drought-susceptible in others. DSI data confirm
such differences in drought sensitivity between both
cultivars, where BR 16 was more sensitive to WDR than
Embrapa 48, while the opposite occurred in relation to
WDV (Figure 2). Terra et al. (2015) found high correlation
between DSI and several traits of interest in rice (Oryza
sativa L.), showing that this index can be efficient for
selecting tolerant genotypes under water deficit
conditions. Du et al. (2009) used DSI to develop a
soybean linkage map.

Materials and Methods
Plant materials

Two conventional soybean cultivars were evaluated - BR
16 and Embrapa 48, more and less sensitive to water
deficit, respectively (Oya et al., 2004; Carvalho et al.,
2015).

Experimental design and assaysExperiments were
carried out in the 2012/13 and 2013/14 crop seasons at
the Brazilian Agricultural Research Corporation -
National Soybean Research Center, located in Londrina,
PR, Brazil (23°11'37" S, 51°11'03" W, 630 m altitude).
The experimental area was composed of a dystrophic
Red Latosol (DRL) soil, with 71% clay content. The local
annual average temperature is 21°C, with the highest
values in February (28.5°C) and the lowest ones in July
(13.3°C). Annual rainfall is approximately 1600mm, with
123 days of showers annually, concentrated mainly from
January to March.

The Képpen climate classification defines the location as
Cfa (humid, subtropical, and with hot summers). The
weather station located in the experimental area
monitored temperature, relative humidity, and rainfall
data. Temperature and rainfall data were used to
calculate the water balance, according to Thornthwaite
and Mather (1955) (Supplementary Fig S1).

In both crop seasons, experiments were carried out
through a split-plot randomized block design, with four

replicates. In plots, four water conditions were
considered: irrigated (IRR), non-irrigated (NIRR), and
water deficit induced in vegetative (WDV) and

reproductive (WDR) stages. The two soybean cultivars
(BR 16 and Embrapa 48) were distributed into subplots.
Each subplot comprised eight rows, with 0.5 m spacing,
and 5.5 m length per row, totaling 16 plants m?.
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Manual sowing was performed on November 5, in both
crop seasons. Seeds were previously treated with
fungicide and insecticide (carboxin 200 g + fipronil 250 g
100 kg'l) to prevent fungi and soil pest attacks. In-furrow
inoculation with Bradyrhizobium japonicum strains
SEMIA 5079 and SEMIA 5080 was performed, and
fertilization was made based on soil analysis results.

Water conditions

To simulate stress by water deficit in vegetative and
reproductive stages, rainout shelters moving on rails
were used to cover plots when the rainfall begins and
uncover them when it ends.

In the 2012/13 crop season, WDV started on December
5, 2012 and ended on December 27, 2012, while WDR
started soon after the end of WDV, remaining until the
harvesting period on March 05, 2013. In the 2013/14
crop season, WDV started on December 02, 2013 and
ended on December 12, 2013, while WDR started soon
after the end of WDV, remaining until the harvesting
period on February 20, 2014.

Under NIRR condition, plants received natural rainfall,
while under the IRR treatment the natural rainfall was
complemented with irrigation when necessary. Pressure
meters installed at 0.30 m deep in the field monitored
the need for irrigation, activating it to maintain soil
matric potential between -0.03 and -0.05 MPa.

Growth and yield traits

Leaf area index (LAl), leaf area (LA), and leaf dry matter
(LDM) were evaluated through an average of five plants
per treatment in the R4 phenological stage (Fehr and
Caviness, 1977). The following traits were evaluated in
the R8 (harvest) stage: plant height (PH), number of
nodes (NN), number of pods with no seeds (NPNS),
number of pods with seeds (NPS), shoot dry matter
(SHDM), number of seeds (NS), 100-seed weight (g)
(HSW), apparent harvest index (HI), and grain yield (kg
ha'l). All measurements were performed at the four
central rows of each subplot.

The measurement of the Normalized Difference
Vegetation Index (NDVI) in plants submitted to drought
conditions is often performed from sensors attached to
satellites. However, the increasing use of portable
sensors in data acquisition has wide applicability in
agricultural production, since it consists of a fast and
nondestructive method, and is less susceptible to
interference problems (Crusiol et al., 2016). Thus, NDVI
readings were carried out in V6 (NDVIV6) and R3
(NDVIR3) phenological stages (Fehr and Caviness, 1977),
using a GreenSeeker 505 handheld sensor, Ntech
Industries, Inc (Ukiah, California, USA), at 0.80 m height
above the canopy, following the methodology described
by Carvalho et al. (2015).

Drought susceptibility index

The drought susceptibility index (DSI) was calculated

according to Fischer and Maurer (1978), through the
1- Ys

formula DSI = #

under stress; Yp is the non-stressed genotype yield; and
Sl is the stress application intensity.

, where Ys is the genotype yield



Statistical analysis

The Shapiro-Wilk and Bartlett tests were used to check
normality and homogeneity of variance at p<0.05. Then,
data were submitted to the analysis of variance (ANOVA)
through the F-test (p<0.05). When F values were
significant, data were compared by the Tukey test. Data
were standardized for the principal component analysis
(PCA) to assure that all variables with distinct units
would become dimensionless and with the same
contribution. For the application of PCA and biplot
graphs, a model based on the singular value
decomposition (SVD) of principal components (PCs) for
the present study was expressed as

T, —T.
ijk jk
= ﬂ1¢iklz‘jk1 + 4, k2T k2 T Eijk
ik

where: Tikj is the mean value for the combination of

crop season, water availability, and genotype; ij for the
variable k; Tjk is the mean value for the combination of

crop season and treatment jj for all genotypes; Sjk is

the standard deviation for the interaction of the
treatment j and the crop season k among the means of

genotypes; ¢, and ¢, are the PC1 and PC2 scores

for the genotype /; Tj;and Ty, are the PC1 and PC2

scores for the variable j; and & is the residual effect

associated with the model, with the interaction between
genotype and crop season (ik) in the variable j.

ANOVA and the Tukey test were performed through the
ExpDes package of the R software (http://www.r-
project.org). PCA was made through the GGEbiplot
software.

Conclusion

Results from the present study indicate that water
deficit affected soybean yield, mainly in the reproductive
stage. PCA helped to identify the relationship among
traits with greater contribution to explain total variance.
In addition, PCA helped to assess treatments and
agronomic and morphological traits simultaneously and
to make inferences about their relationship. Embrapa 48
showed greater yield stability under WDR, while BR 16
showed to be more sensitive to such a condition, with
seed weight highly affected by water deficit. Therefore,
the relationship between weight and number of seeds
was essential for distinguishing both cultivars under
water deficit, since lighter seeds but in larger number
were advantageous under water deficit induced in the
reproductive stage. On the other hand, the largest leaf
area of BR 16 plants may have led to a better recovery
capacity when stress was induced in the vegetative
stage. Thus, due to the difficulty in introducing all
drought tolerance mechanisms in one genotype,
breeding programs need to define selection parameters
according to regional drought conditions.
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