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Abstract

Several studies have investigated soybean response to drought, revealing significant changes in different physiological
and anatomical traits. Investigating how plants respond to regulated deficits can help optimize water use efficiency and
shed light on their tolerance and sensitivity to water stress at different phenological stages. Thus, this study aimed to
assess the effect of water stress during the vegetative stages on the morphophysiological and water status characteristics
of soybean cultivar. The experiment was conducted in a greenhouse at the State University of Maranhdo. A completely
randomized design with four irrigation levels: 100% field capacity (FC) (control), 75% FC, 50% FC, and 25% FC, and
20 replicates were used. Growth variables, physiological parameters, water-related parameters, and root, stem, and leaf
anatomy were evaluated. Interaction was observed between water levels and assessment times for plant height and stem
diameter growth rates. There was a significant reduction in gas exchange over time, with the greatest decline at 81 days
after planting (DAP). The 25% FC treatment had the most pronounced effect on the photosynthetic CO, assimilation (4),
stomatal conductance (g,), transpiration (£), and carboxylation efficiency (CE), with reductions of 55, 72, 53, and 60%,
respectively, compared to the control, at 80 DAP. Anatomical analysis revealed adaptations in the 25% FC treatment,
characterized by increased stem sclerenchyma thickness and smaller root xylem vessel diameter. Plants in the 75% FC
treatment showed similar responses to the control, demonstrating that this water regime did not compromise the growth
and development of BRS Tracaja soybean plants.

Keywords Gas exchange - Glycine max - Water deficit - Plant anatomy

Introduction

Climate conditions play a pivotal role in determining favor-
able agricultural production. It is therefore essential to
embrace innovative approaches to comprehend the impact
of various climate scenarios on plant growth, encom-
passing physiological and phenological traits (Guo et al.
Communicated by V.P. Singh. 2022). Soybean (Glycine max (L.) Merr.) is an economi-
cally important crop worldwide (Santos et al. 2022). In the
last century, breeding programs have developed highly
productive soybean cultivars adapted to different environ-
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in physiological and anatomical traits such as leaf area, gas
exchange dynamics, chlorophyll fluorescence, and photo-
synthetic pigment levels (Chowdhury et al. 2016; Wang et
al. 2018; Basal and Szabo 2018). Furthermore, at the ana-
tomical level, differences in the continuity and thickness of
the sclerenchyma layer and smaller xylem diameters have
also been observed (Makbul et al. 2011; Prince et al. 2017).

The hydraulic efficiency of the xylem is closely linked
to anatomical traits related to xylem vessel diameter and
configurations (Lens et al. 2013). To ensure robust shoot
growth, plants need an efficient root system to uptake water
and essential nutrients. Root water uptake and its subse-
quent transport throughout the plant occur in a continuous
flow, driven leaf evaporation. This establishes a hydraulic
pathway known as the soil-plant-atmosphere continuum.
In this context, high root hydraulic conductivity plays a
pivotal role in supplying water to the aerial parts of plants
(Figueiredo et al. 2014; Lopes et al. 2019).

Thus, investigating how plants respond to regulated
deficit irrigation can help optimize water productivity
(Fernandez et al. 2020) and shed light on their tolerance and
sensitivity to water deficit at different phenological stages
(Coelho et al. 2020). This study aimed to assess the effects
of drought stress during the vegetative stages on the growth,
physiological, anatomical, and water status characteristics
of soybean cultivar.

Materials and methods
Plant material

BRS Tracaja, a conventional soybean cultivar launched in
2003 by the Brazilian Agricultural Research Corporation
(Embrapa) and the Research Support Foundation of the
North Export Corridor (Fapcen), was used in this study. It
is recommended for cultivation in the Brazilian North and
Northeast regions. It has the following phenotypic charac-
teristics: determinate growth, 108 to 120-day cycle, average
nutritional requirements, lodging resistance, good produc-
tion stability, and high physiological seed quality. It also
exhibits a wide range of yields in response to genotype-
environment interaction, performing differently according
to variations in soil and climate conditions (El-Husny et al.
2003).

The seeds were inoculated with Rhizobium bacteria
(Embrapa Agrobiology, RJ, Brazil) and sown in 8 L plastic
pots. The substrate consisted of a soil, sand, and manure
mixture 4:2:1. After germination, thinning was performed,
leaving one plant per pot, representing one replicate. Irriga-
tion was carried out daily, maintaining soil moisture at field
capacity until the treatments began.
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Experimental site, growing conditions, and
treatments

The experiment was conducted in a greenhouse at the State
University of Maranhdao (2°35°30.5"S, 44°12°43.4"W)
between May and November 2018. Climate variables
(Fig. 1) such as temperature, relative humidity, and photo-
synthetically active radiation (PAR) were monitored using a
set of data loggers (Spectrum Technologies, Illinois, USA)
positioned above the crop canopy. Vapor pressure deficit
(VPD) was calculated according to Jones (1992).

A completely randomized design with four treatments
was used, consisting of irrigation at 100% field capacity
(FC) (control), 75% FC, 50% FC, and 25% FC (Mwamlima
et al. 2022), with 20 replicates. The treatments began when
the plants reached stage V3 (15 days after planting, DAP).
FC was estimated using five pot extra with soybean plants
in addition to the main experiment. Trays were placed under
each pot and the plants were irrigated with a known volume
of water, sufficient to saturate the substrate. After complete
drainage (approximately 30 min), the volume of drained
water was measured, and the difference between the applied
and drained volume represented the amount of water stored
by the substrate, which was used for 100% FC. This proce-
dure was performed daily in the late afternoon throughout
the experimental period.

Growth variables

Plant height and stem diameter were assessed every three
days after stress imposition. Height (cm) was measured
using a measuring tape and diameter (mm) at the base of
the stem with a stainless steel 150 mm digital pachymeter.

Specific leaf mass (SLM, g cm™ %) was determined at the
end of the experiment by calculating the ratio of the area of
fifteen 0.23 cm-wide leaf disks per plant to their dry mass
(g), according to Matos et al. (2015). Total leaf area (LA,
cm?) was calculated by measuring the total area of the indi-
vidual canopies in all the experimental units using a scanner
and conveyor belt system (WinDIAS 3.2, Delta-T Devices).

Root volume (RV, cm®) was measured via water displace-
ment in a graduated cylinder. After washing, the roots were
placed in a cylinder containing a known water volume. RV
was calculated as the difference between water volume
before root addition and water volume after root addition,
applying the equivalence of units (1 mL=1 cm?). The num-
ber of nodules (NN) was determined by manual counting
(Lopes et al. 2019; Nget et al. 2022). The plant parts were
separated and dried in a forced-air oven at 65 °C until con-
stant weight to determine leaf dry mass (LDM, g), stem dry
mass (SDM, g), root dry mass (RDM, g), and nodule dry
mass (NDM, g).
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Fig. 1 Data climate collected during the experimental period (may
—nov/2018, in a greenhouse, Sdo Luis, Maranhdo, Brazil. A — Tem-
perature average, maximum and minimum, B — humid relative (HR),
C — Vapor pressure deficit (VPD), and D — photosynthetically active

Physiological parameters

Gas exchange, chlorophyll fluorescence, and greenness
intensity were measured between 8:00 and 10:00 am on the
fully expanded central leaflet of the trifoliate in the upper
third of the plants at 38, 44, and 82 DAP, which corresponds
to the transition from stages V4 to V5, transition from stages
V5 to V6, and the end of the vegetative cycle and the begin-
ning of the reproductive stages, respectively (Kumudini
2010). The photosynthetic CO, assimilation (4, pmol m>
s~ 1), transpiration (E, mmol m~2 s "), stomatal conductance
(g, mol m ?s '), and internal CO, concentration (Ci, pmol
m s ') were determined with an LI-6400 infrared gas ana-
lyzer (IRGA, Li-Cor), calibrated for 1500 pmol m * s~ ! of
photosynthetically active radiation and 400 ppm of CO,.
Water use efficiency (WUE, umol mol™ ') and carboxylation
efficiency (CE, [(pmol m 2 s~ 1) (umol mol ') ']) were cal-
culated via the A/E and A4/Ci ratios, respectively. The Chlo-
rophyll Index was estimated using a portable chlorophyll
meter (SPAD-502), performing ten readings on one leaf per
plant. Chlorophyll fluorescence variables, established based
on variations in maximum efficiency of PSII (Fv/Fm) and
photosynthetic index (PI), were measured using a Pocket-
PEA fluorometer (Hansatech).
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radiation. White arrow: start of application of treatments; black
arrows: physiological assessments; gray arrow: assessment of leaf
water potential

Estimation of water-related parameters

Leaf water potential (LWP, MPa) was measured predawn
and at midday in leaves from the middle third of the can-
opy, at 44 DAP, using a Scholander pressure chamber (Soil
Moisture, PMS Instrument Company) with N, gas.

Root hydraulic conductivity (RHC, m* H,0 cm® root !
MPa ! s7!) was determined at 60 DAP with a Scholan-
der pressure chamber (Soil Moisture, PMS Instrument
Company). By the methodology of Tyree and Zimmer-
man (2003), adapted by Figueiredo et al. (2014), plant
stems were cut 7 cm from the base. The root system was
then placed in a water container inside a pressure cham-
ber. Increasing pressures of 0.1, 0.2, 0.3, and 0.4 MPa were
applied for 4 min, and all the exuded water was collected
and weighed between the 3rd and 4th minute on a preci-
sion analytical balance. The collection time was established
based on a previous study that indicated flow stabilization
between the 2nd and 5th minute within a 10-minute interval
for all the treatments and pressures tested, and the collection
interval was set between the 3rd and 4th min.
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Anatomical analyzes

For leaf samples, a trifoliate was taken from the middle third
of the plant, while for stem and root samples, 4 cm sec-
tions were removed 6 cm from the stem and root tips. After
removal, the samples were immediately immersed in 50%
FAA fixative solution (50% alcohol, formaldehyde, and ace-
tic acid at a ratio of 90:5:5) for 24 h and then permanently
stored in containers with 50% alcohol. Semi-permanent
slides of root, stem, and leaf samples were manually sec-
tioned according to the methodology of Jorge et al. (2006).
The sections were then cleared in a 50% hypochlorite solu-
tion and stained with basic fuchsin, which highlights sec-
ondary tissues such as the xylem and sclerenchyma. The
sections were mounted in 50% glycerin solution, sealed
with acrylic varnish, and then selected and photographed
using a Leica® optical microscope equipped with a camera
and Laz Ez 3.4.0 software. The images were analyzed using
Image J software, with the thickness (um) and area (um?) of
the following tissues measured on the leaf midrib and stem
laminae: cortex (comprising epidermis, collenchyma, and
cortical parenchyma), phloem sclerenchyma (strip below
the cortex), phloem, and xylem.

To minimize differences in the thickness and total area
of the tissues identified in the stem and leaf midrib slides,
the measurements were expressed as percentages to allow
comparison of thickness and area for all the tissues. In the
root sections, the average diameter of xylem vessels and the
proportion of vessels with diameters up to 20 pm, >20 to
30 um, >30 to 40 um, >40 to 50 um, and >50 pm were
evaluated. In addition, the flow-conducting area of the root
xylem was compared between treatments, calculated by the
ratio between the sum of the total diameter of the vessels
(um?) and the total area of the xylem tissue in the section

(um?).

Statistical analysis

Data on the effect of treatments on plant height, stem diam-
eter, gas exchange, SPAD index, and chlorophyll fluores-
cence parameters were submitted to analysis of variance
(ANOVA) in a split-plot design, with interaction between
treatments and assessment times. The remaining data were
analyzed by one-way ANOVA. Data normality was assessed
by the Shapiro-Wilk test and means were compared using
Tukey’s test at 5% significance. Principal component analy-
sis was performed between treatments and variables that
showed significant differences to understand the influence
of water deficit on the variables studied. All statistical anal-
yses were performed using R software version 4.3.1 with
the “ExpDes.pt”, “ggplot2” and “factoextra” packages.

Results

Shoot growth responses of soybean plants under
water deficit

The height and stem diameter growth in all treatments were
significant and positively correlated with the days after the
imposition of water restriction treatments. Differences were
also observed among the treatments (p<0.001; Fig. 2A and
B).

Regarding dry matter, the treatment that most affected
this parameter was 25% FC, with a 73% decrease in leaf dry
mass (Fig. 3A) and 80% in stem dry mass (Fig. 3B) about
the control (100% FC) (p<0.05). There was no difference
between 75% FC and the control for leaf area, whereas the
25% FC treatment negatively affected leaf area, with an
84% decline in leaf area concerning the control (Fig. 3C).
Specific leaf mass increased by 13% at 25% FC level when
compared to the control (Fig. 3D) (p<0.05).
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Fig. 2 Growth rate of soybean plants height and diameter under different field capacity (FC) levels and assessment times (n=4)
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The mean comparison showed no difference between the
control and 75% FC treatments for predawn and midday
LWP (Fig. 3E and F). At 25 and 50% FC, predawn LWP
declined by 81 and 93%, respectively, about the control
(Fig. 3E). The lowest midday LWP was obtained at 50%
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differ according to Tukey’s test (p<0.05). The bar graphs represent
means=standard error (A-D). The boxplots represent the replicates
(n=4; E-F). The analyses and collections were conducted 90 days after
planting

FC, with a value 96% lower than that observed in control
(»<0.001) (Fig. 3F).

In the leaf midrib, the most significant cortical thickness
and proportion concerning other vessels occurred in the
water-restricted treatments. At the same time, the phloem
scleraemic exhibited an equivalent total area across all the
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treatments. Among the conducting tissues, the most signifi-
cant xylem thickness and area were observed at 25%, 75%,
and 100% FC and the lowest at 25%. At the same time, the
phloem displayed proportional thicknesses and areas across
all the treatments, i.e., no difference between the means
(Table 1).

In the stem, the thickness, area, and proportion of corti-
cal and phloem tissues and the relationship between con-
ducting tissues remained unchanged (p<0.05). Phloem
sclerenchyma showed equivalent areas in all the treatments,
and the xylem exhibited proportional thickness across treat-
ments, with a larger area at 75% FC compared to 25% FC
(Table 1). Vessel anatomy in the cortex, sclerenchyma,
phloem, and xylem showed the same organizational pattern
in all the treatments. Additionally, comparing stem and leaf
sections from the different treatments indicated larger xylem
vessels at 75% FC (Fig. 4).

Physiological responses of soybean plants under
water restriction

There was a significant reduction in gas exchange over
time (p<0.001, Table 2), with the most significant decrease
observed at 81 DAP (Fig. 5). The 25% FC treatment had the
most pronounced effect on 4, gs, E, and CE, which declined
by 55, 72, 53, and 60%, respectively, about the control at
81 DAP. The highest WUE was observed at 25% FC and
44 DAP, exhibiting an increase of 33% compared to the

control. There was no interaction between treatments and
assessment times for the SPAD index and Fv/Fm (p>0.05).
At 81 DAP, PI differed between treatments, with the most
significant reduction recorded at a 50% level (32% lower
than the control) (Fig. 5).

Root responses of soybean plants under water
deficit

There was no difference between the 75% FC and control
treatments for nodule number (NN) and root volume (RV)
(»<0.05). The 25% FC level negatively affected NN and
RV, which declined by 85% and 81%, respectively, when
compared to the control. Root dry mass (RDM) was most
affected at 25% FC with reductions of 81% about the con-
trol (100% FC). There was a difference (p<0.05) among the
means for RHC, with the highest average value (5.53 m?
H,0 cm® root ' MPa™! s7!) recorded at 100% FC. The
75% FC treatment showed a similar response to the control
(5.09 m* H,0 cm® root ! MPa™! s™!), while average RHC
declined by 50.5% at 50 and 25% FC compared to 100%
FC (Fig. 6).

Root anatomy demonstrated a decrease (p <0.05) in aver-
age vessel diameter at 25% FC, whereby a most significant
percentage of vessels had diameters up to 20 pm and a lower
percentage above 40 pum. Vessels with diameters between
20 and 40 pm showed no statistical difference among the

Table 1 Thickness and area of leaf midrib and stem tissue in soybean plants at 25, 50, 75, and 100% field capacity (FC) (n=4)

Anatomical traits Treatments

100%FC 75%FC 50%FC 25%FC
Leaf midrib Cortex 334b 34.8 ab 379a 35.1ab
Phloem scleraemic 13.7a 12.0b 13.0 ab 12.3 ab

Thickness (%) Phloem 122 a 12.7a 122 a 11.8a

Xylem 40.7 a 40.4 ab 377b 40.8 a

Phloem/xylem 030a 032a 033a 0.29a
Cortex 443 Db 45.4 ab 492 a 45.6 ab

Phloem scleraemic 16.5a 152a 143 a 153 a

Area (%) Phloem 11.6a 129a 11.0a 112 a

Xylem 274 a 26.3 ab 253b 277 a

Phloem/xylem 0.42 ab 049 a 0.43 ab 040b

Stem Cortex 17.6 a 16.6 a 19.7 a 16.0 a
Phloem scleraemic 740b 7.70 ab 9.90 a 7.70 ab

Thickness (%) Phloem 13.5a 179 a 15.0a 163 a

Xylem 61.5a 57.8a 555a 60.0 a

Phloem/xylem 023 a 0.32a 0.27 a 0.28 a

Cortex 18.8a 213 a 250a 204 a

Phloem scleraemic 9.00 a 9.60 a 10.6 a 8.70 a

Area (%) Phloem 159a 21.7a 183a 18.8a
Xylem 563 a 47.3 ab 46.0b 52.0 ab

Phloem/xylem 0.30a 0.46 a 0.40 a 0.38 a

Means followed by the same letter do not differ according to Tukey’s test (p<0.05)

The collections were conducted 90 days after planting
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Fig. 4 Cross-sections of the leaf midrib (A — 25% FC; B — 50% FC; C — 75% FC; D — 100% FC) and stem (E — 25% FC; F — 50% FC; G — 75%
FC; H - 100% FC). Arrows indicate the cortex (black), phloem sclerenchyma (red), phloem (blue), and xylem (white). Scale bar =100 um
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Table 2 Root thickness (ium) and area (um?) in soybean plants at 25,
50, 75, and 100% field capacity (FC)

Treatments 100%FC  75%FC 50%FC 25%FC
Root Average vessels 422a 420a 39.7a 299b
diameter (um)
Up to 20 pm (%) 1.90b 380b 270b 251a
>20 to 30 pm (%) 212a 192a 21.5a 302a
>30 to 40 um (%) 26.0a 274a 308a 236a
>40 to 50 pm (%) 23.0ab 21.4ab 27.0a 13.7b
>50 pum (%) 28.0a 28.1a 18.0ab 7.50b
Vessels/xylem (um% 0.18ab  023a 0.12b 0.19ab

2
pm-)

Means followed by the same letter do not differ according to Tukey’s

test (p<0.05)

The collections were conducted 90 days after planting

treatments, while those larger than 50 um had a higher per-
centage at 50, 75, and 100% FC (Table 2).

The root xylem was equally stained for all the treat-
ments and contained xylem parenchyma with spherical to
oval vessel elements, with no differences identified between
treatments (Fig. 7).

Principal component analysis

In principal component analysis (PCA), the first compo-
nent (PC1) explained 47.5% of the variance, and the sec-
ond (PC2) 21.4%, corresponding to 68.9% of total variance
(Fig. 8). The PC1 and PC2 provide sufficient information
to support the results obtained. Gas exchange and response
variables in the shoot and root system contributed to the
highest data variance, with only Ci exhibiting a negative
correlation with the other variables.

Most of the variance observed is explained by PC1. The
similarity between shoot and root variables in the 75 and
100% FC treatments indicates a correlation, with the water
regime influencing these variables. A similar response was
observed for gas exchange at 50% FC. The 25% FC treat-
ment negatively correlated with the other treatments and
variables.

Discussion

In the present study, severe water stress (25% FC) had a
significant adverse effect on the biometric, physiological,
anatomical, and water status characteristics of the soybean
cultivar during the vegetative stages. Understanding the
impact of drought stress on soybeans is the key to improv-
ing agricultural production in an environment characterized
by constant changes. The data from this study enhance our
understanding of how water deficit affects soybeans during
the vegetative stages, thereby improving soybean tolerance
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and yield potential in environments with low water avail-
ability. Soil moisture stress is a crucial limiting factor during
the vegetative phase of soybean growth and establishment,
affecting cell elongation, leaf expansion, and development.
Among different growth and developmental traits, node
number, plant height, internode length, and leaf area expan-
sion have been suggested as indicators of tolerance to soil
moisture deficit in soybeans (Khan et al. 2014; Wijewardana
et al. 2019). According to Staniak et al. (2023), understand-
ing how soybean plants respond to stress factors and react to
stress is essential for innovation in agronomic practices that
benefit soybean production in the face of climate change.

The growth rate, physiological responses, and morphol-
ogy of above-ground and root components were affected
by water deficit. Among the water regimes studied, the
25% FC treatment compromised the most significantly
variables (height, diameter, gas exchanges, biomass, leaf
area, and number of nodules). Crop growth and yields are
severely impacted by inadequate water supply, reducing
carbon assimilate contents. According to Hasanuzzaman
et al. (2013), plant drought stress in can alter gene expres-
sion and cellular metabolism, reduce mitotic cell division in
mesophyll tissues and other organs, and decrease stomatal
conductance.

Drought stress compromises dry matter accumulation,
leaf area index, and photosynthetic efficiency (Li et al.
2019). The degree of soybean sensitivity to water is closely
related to the growth period, with short-term and moderate
water deficit during vegetative growth generally not reduc-
ing soybean yield significantly (Xiong et al. 2021). Under
drought stress, plants may partially or fully close stomata
to reduce water loss; the resulting decline in the photosyn-
thetic electron transport chain forces excitation energy to
dissipate through nonphotochemical quenching, producing
reactive oxygen species that damage the photosynthetic
apparatus (Xiong et al. 2021). As observed in Fig. 4B, there
was a reduction in stomatal conductance over the exposure
period to stress in the treatment with 25% FC.

The decline in 4 is mainly attributed to stomatal closure,
as observed in Fig. 4, which is in line with the findings of
Wijewardana et al. (2019). The stomatal limitation is likely
the primary cause of reduced net photosynthesis in water-
stressed soybeans. Typically, the response of leaf stomata is
regulated to minimize water loss or maximize carbon gain,
depending on the plant’s water status and photosynthetic
CO, assimilation. Some studies have reported reduced A
and gs in response to soil moisture stress (Makbul et al.
2011; Ku et al. 2013).

Soil moisture stress decreases leaf water potential (LWP),
which reduces turgor pressure and, subsequently, stomatal
closure. Midday LWP is a reliable measure to assess plant
water status, given its relationship with leaf gas exchange
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Fig.5 Physiological responses of soybean
plants under different field capacity (FC)
levels and assessment times (7=4). Pho-
tosynthetic CO, assimilation (4), stomatal
conductance (gs), transpiration (£), internal
CO, concentration (Ci), photosynthetic index
(PI), water use efficiency (WUE), and car-
boxylation efficiency (CE) of soybean plants
under different field capacity (FC) levels
and assessment times (n=4). The bar graphs
represent means+ standard error
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Fig. 6 Nodule number (A), root volume (B), nodule dry mass (C) root
dry mass (D), and root hydraulic conductivity (E) of BRS Tracaja
under different field capacity (FC) levels and assessment times (n=4).
Means followed by the same letter do not differ according to Tukey’s

and other growth and development parameters (Wijeward-
ana et al. 2019).

Water use efficiency is an essential trait in plants and a
key factor linking water and carbon cycles. Understand-
ing the physiological mechanisms involved in this trait and
predicting their response in a constantly changing environ-
ment is a considerable challenge. Instantaneous water use
efficiency (4/F) and intrinsic water use efficiency (4/gs) are
obtained from the gas exchange and express how efficiently
plants use water while simultaneously assimilating carbon.
High WUE values are characteristic of plants tolerant to low
water availability and work as a parameter that indicates
physiological plasticity to abiotic factors (Costa et al. 2022).

Factors limiting photosynthesis are generally attributed to
restricted CO, conductance from the atmosphere to the car-
boxylation site and limited CO, assimilation in the stroma
of chloroplasts under saturated light conditions (Hu et al.
2019). Rubisco is a fundamental catalyst of carbon fixation,
a process regulated primarily by chloroplast CO, concentra-
tion and the content and activity of the Rubisco enzyme.
Photosynthesis depends on CO, diffusion and assimilation
capacity and coordination, which are critical in achieving
maximum photosynthetic capacity (Galmés et al. 2005).

Under prolonged water deficit, plants undergo morpho-
logical changes to cope with the adverse effects of stress
(Wang et al. 2022). A complex network of anatomical
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adaptations, such as reduced vessel size with greater wall
thickness, decreased formation of cortical and mesophyll
parenchyma, and increased stomatal density, is needed to
maintain water potential and energy storage under drought
stress (Boughalleb et al. 2014). Confirming the authors
mentioned earlier, in the present study, we found a reduc-
tion in the thickness and area of the cortex in the leaf
midrib (Table 1). Additionally, an increase in root xylem
vessels with a diameter of <20 pm and a reduction in ves-
sels>50 um was observed (Table 2).

Root vascular systems showed smaller xylem vessel
diameters under water deficit (Table 2). A decrease in root
xylem diameter in response to drought is a mechanism to
prevent xylem embolism (Comas et al. 2013). Makbul et al.
(2011) also reported a decline in stele and xylem diameter in
soybean roots as a drought tolerance mechanism. In the pres-
ent study, severe stress (25% FC) reduced root volume and
xylem vessel diameter, leading to a decline in root hydraulic
conductivity (RHC) (Fig. 6; Table 2). According to Suku
et al. (2013), within a stable water potential gradient, RHC
is altered via two pathways: increasing root surface area or
enhancing intrinsic properties (transport volume).

Furthermore, water flow resistance in the xylem is partly
determined by the diameter and length of conducting ves-
sels responsible for water transport (Figueiredo et al. 2014).
Kisman et al. (2022) reported that drought stress increased
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Fig. 7 Cross-section of root xylem (A—25% FC; B—50% FC; C—75% FC; D—100% FC). The arrow indicates the vessel element. Scale bar

=100 pm

epidermal and phloem thickness and decreased cortex,
stele parenchyma, and xylem thickness in root anatomy.
Similarly, in stem anatomy, epidermal, xylem, and phloem
thickness decreased, but there were no differences in leaf
anatomy. Similar responses were observed in our study
(Table 1).

Efficient water and nutrient uptake by the roots signifi-
cantly affect shoot development, governed by the balance
between carbon assimilation through photosynthesis and
carbon loss via respiration (Oliveira et al. 2019). Conse-
quently, alterations that decrease hydraulic conductivity,
particularly in the early stages of the pathway, such as the
root, increase stress and may reduce leaf gas exchange, with
a potentially adverse effect on growth and yield (Gilbert et
al. 2011).

The 25% reduction in field capacity (75% FC treatment)
did not compromise shoot and root responses, as shown in
Fig. 8. This demonstrates the potential for water resource
conservation and more effective water management.

Conclusions

The water regimes studied decreased the growth rate of
plant height and stem diameter, especially from 30 to 60
days after planting. Severe drought stress (25% FC) drasti-
cally reduced the biomass of soybean plants. Gas exchange
was also affected by water deficit, decreasing the photosyn-
thetic CO, assimilation, stomatal conductance, transpira-
tion, and carboxylation efficiency. Chlorophyll fluorescence
and the SPAD index were not altered by the treatments
applied. Anatomical analysis revealed adaptations at 25%
FC, characterized by increased stem sclerenchyma thick-
ness and a smaller average diameter of root xylem vessels.
The 75% FC treatment showed similar responses to the con-
trol (100% FC), demonstrating that the former water regime
did not compromise the growth and development of BRS
Tracaja soybean plants.
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Treatments - PCA

cos2

Dim 1 (47.3%)
[ 25% FC ] 75% FC
50% FC 100% FC

Fig. 8 Principal component analysis (PCA) between treatments (A)
and variables (B). Variables: 4, photosynthetic CO, assimilation; gs,
stomatal conductance; £, transpiration; Ci, internal CO, concentration;
PI, photosynthetic index; WUE, water use efficiency; CE, carboxyl-

Acknowledgements This research was financed by the Maranhdo
Foundation for Support to Research and Scientific and Technologi-
cal Development — FAPEMA (process number 01170/16). This study
was financed in part by the Coordenagdo de Aperfeicoamento de Pes-
soal de Nivel Superior (CAPES) - Finance Code 001. The authors
thank the National Council for Scientific and Technological Devel-
opment (CNPq, Brasilia, DF, Brazil: Grants no. PQ 312653/2025-5,
PQ 305522/2025-6, PQ 306442/2025-6, PQ 307349/2023-3 to TMF,
FOR, FAMAF, and TRC, respectively). Preprint: Rocha Sobrinho et
al. (03 April 2024) Severe water deficit strongly impacts physiological
and morphoanatomical traits of soybean cultivar during its vegetative
stage, Preprint (Version 1) available at Research Square [https://doi.or
2/10.21203/rs.3.1s-4110171/v1].

Authors’ Contributions Conceptualization: Sobrinho MR, Costa NB;
Data curation: Sobrinho MR, Costa NB; Formal analysis: Costa NB;
Investigation: Sobrinho MR, Santos DP, Ferraz TM; Resources: Reis
FO, Figueiredo FAMMA, Ferraz TM; Supervision: Ferraz TM; Visu-
alization: Costa NB; Writing - review & editing: Costa NB, Sobrinho
MR, Ferraz TM, Felipe SHS, Andrade JR, Maia Jinior SO, Batista DS,
Reis FO, Figueiredo FAMMA, Catunda Junior FEA, Catunda PHA,
Corréa TR.

Funding The Article Processing Charge (APC) for the publication
of this research was funded by the Coordenacdo de Aperfeicoamen-
to de Pessoal de Nivel Superior - Brasil (CAPES) (ROR identifier:
00x0ma614). The authors have no relevant financial or non-financial
interests to disclose.

Declarations

Conflict of interest The authors have declared that no competing in-
terests exist.

@ Springer

Variables - PCA

Dim 2 (21 .4%)

contrib

;
Dim 1 (47.5%)

ation efficiency; RHC, root hydraulic conductivity; LWP,, predawn
leaf water potential; LWP,,,, midday leaf water potential; RV, root vol-
ume; LDM, leaf dry mass; SDM, stem dry mass; RDM, root dry mass
and NDM, nodule dry mass

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Anderson EJ, Ali ML, Beavis WD, Chen P, Clemente TE, Diers BW
et al (2019) Soybean [Glycine max (L.) Merr.] breeding: History,
improvement, production, and future opportunities. Adv plant
Breed strategies 7:431-516. https://doi.org/10.1007/978-3-030-2
3400-3 12

Basal O, Szabo A (2018) Physiological traits and yield of three soy-
bean (Glycine max (L.) Merr.) genotypes as affected by water
deficiency. Acta Agraria Debreceniensis 74:11-15. https://doi.or
2/10.34101/actaagrar/74/1658

Boughalleb F, Abdellaoui RR, Ben-Brahim N, Neffati M (2014) Ana-
tomical adaptations of Astragalus gombiformis Pomel. under
drought stress. Cent Eur J Biol 9:1215-1225. https://doi.org/10.2
478/s11535-014-0353-7

Chowdhury JA, Karim MA, Khaliq QA, Ahmed AU, Khan MSA
(2016) Effect of drought stress on gas exchange characteristics
of four soybean genotypes. Bangladesh Journal of Agricultural
Research 41:195-205


https://doi.org/10.21203/rs.3.rs-4110171/v1
https://doi.org/10.21203/rs.3.rs-4110171/v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/978-3-030-23400-3_12
https://doi.org/10.1007/978-3-030-23400-3_12
https://doi.org/10.34101/actaagrar/74/1658
https://doi.org/10.34101/actaagrar/74/1658
https://doi.org/10.2478/s11535-014-0353-7
https://doi.org/10.2478/s11535-014-0353-7

Acta Physiologiae Plantarum (2026) 48:49

Page 130f 13 49

Coelho EF, Santos MR, Cruz ROR, Lima LWF, Barros DL (2020)
Irrigagdo com déficit regulado em diferentes fases de cultivo de
Bananeira ‘BRS princesa’. Revista Brasileira de Agricultura Irri-
gada 14:3931. https://doi.org/10.1016/j.agwat.2020.106074

Comas LH, Becker SR, Cruz VMYV, Byme PF, Dierig DA (2013) Root
traits contributing to plant productivity under drought. Frontiers
in Plant Science. Funct Plant Ecol 4:1-16. https://doi.org/10.338
9/1pls.2013.00442

Costa NB, Oliveira MDFC, Braun H, Berilli SS, Figueiredo FAMMA,
Reis FO, Ferraz TM (2022) Ecophysiology and water use effi-
ciency of soybean cultivars under field conditions. Biosci J 38.
https://doi.org/10.14393/BJ-v38n0a2022-54125

El-Husny JC, Andrade EB, Almeida LA, Kleper D, Meyer MC (2003)
BRS Tracaja: cultivar de soja para a regido sul do Para. Embrapa
Amazonia Oriental, Belém. (in Portuguese)

Fernandez JE, Alcon F, Diaz-Espejo A, Hernandez-Santana V, Cue-
vas MV (2020) Water use indicators and economic analysis for
on-farm irrigation decision: A case study of a super high-density
olive tree orchard. Agric Water Manag 237:106074. https://doi.or
2/10.1016/j.agwat.2020.106074

Figueiredo FAMMA, Carneiro JGDA, Penchel RM, Campostrini E,
Thiebaut JTDL, Barroso DG (2014) Condutividade hidraulica
de raiz e capacidade fotossintética de mudas clonais de euc-
alipto com indugdo de deformagdes radiculares. Ciéncia Florestal
24:277-287 (in Portuguese, with abstract in English). https://doi.
org/10.5902/1980509814566

Galmés J, Flexas J, Keys AJ, Cifre J, Mitchell RAC, Madgwick PJ,
Haslam RP, Medrano H, Parry MAJ (2005) Rubisco specificity
factor tends to be larger in plant species from drier habitats in spe-
cies with persistent leaves. Plant Cell Environ 28:571-579. https:/
/doi.org/10.1111/j.1365-3040.2005.01300.x

Gilbert ME, Holbrook NM, Zwieniecki MA, Sadok W, Sinclair TR
(2011) Field confirmation of genetic variation in soybean tran-
spiration response to vapor pressure deficit and photosynthetic
compensation. Field Crops Res 124:85-92. https://doi.org/10.10
16/j.£cr.2011.06.011

Guo H, XiaY, Jin J, Pan C (2022) The impact of climate change on the
efficiency of agricultural production in the world’s main agricul-
tural regions. Environ Impact Assess Rev 97:106891. https://doi.
org/10.1016/j.eiar.2022.106891

Hasanuzzaman M, Nahar K, Gill SS, Fujita M (2013) Drought stress
responses in plants, oxidative stress, and antioxidant defense. Cli-
mate change and plant abiotic stress tolerance 209-250. https://d
0i.0rg/10.1002/9783527675265.ch09

Hu W, Ren T, Meng F, Cong R, Li X, White PJ, Lu J (2019) Leaf
photosynthetic capacity is regulated by the interaction of nitrogen
and potassium through coordination of CO, diffusion and carbox-
ylation. Physiol Plant 167:418-432. https://doi.org/10.1111/ppl.
12919

Jones HG (1992) Plants and microclimate: A quantitative approach
to environmental plant physiology. Second Edition. Cambridge
University Press. London, UK

Khan MSA, Karim MA, Haque MM (2014) Genotypic differences in
growth and ions accumulation in soybean under NaCl salinity and
water stress conditions. Bangladesh Agron J 18:267-288

KuY, Wan-Kin A, Yung Y, Li M, Wen C, Liu X et al (2013) Stress and
drought tolerance in soybeans. InTech. 209. https://doi.org/10.5
772/52945

Kumudini S (2010) Soybean growth and development. In: Singh B
(ed) The soybean: botany, production and uses. CAB Interna-
tional, Oxfordshire, pp 48-73

Lens F, Tixier A, Cochard H, Sperry JS, Jansen S, Herbette S (2013)
Embolism resistance as a key mechanism to understand adaptive
plant strategies. Curr Opin Plant Biol 16:287-292. https://doi.org
/10.1016/j.pbi.2013.02.005

Li S, Wang W, Cao Y, Wang C, Yan C, Dong L, Wu L, Xie F, Song
S (2019) How root traits would be affected by soybean yield
improvement? An examination of historical cultivars grafted with
record-yield cultivar scion. Plant Soil 439:19-30. https://doi.org/
10.1007/s11104-018-3792-5

Lopes ECS, Rodrigues WP, Fraga KR, Machado Filho JA, Silva JR,
Assis-Gomes MM et al (2019) Hypernodulating soybean mutant
line nod4 lacking ‘Autoregulation of Nodulation’(AON) has lim-
ited root-to-shoot water transport capacity. Ann Botany 124:979—
991. https://doi.org/10.1093/a0b/mcz040

Makbul S, Giiler NS, Durmus N, Giiven S (2011) Changes in anatomi-
cal and physiological parameters of soybean under drought stress.
Turkish J Bot 35:369-377. https://doi.org/10.3906/bot-1002-7

Matos R, Silva P, Lima S, Santos C, Neto JD (2015) Caracteristi-
cas foliares e indice de colheita do rabanete irrigado com agua
residuaria em ambiente protegido. Enciclopédia Biosfera 11:21
(in Portuguese, with abstract in English)

Mwamlima LH, Cheruiyot EK, Ouma JP (2022) Soil Moisture Modu-
lates Carbon Dioxide Assimilation in Soybean (Glycine max).
Agricultural Res 11:652-662. https://doi.org/10.1007/s40003-0
21-00601-8

Nget R, Aguilar EA, Cruz PCS, Reaiio CE, Sanchez PB, Reyes MR,
Prasad PV (2022) Responses of soybean genotypes to different
nitrogen and phosphorus sources: impacts on yield components,
seed yield, and seed protein. Plants 11:298. https://doi.org/10.33
90/plants11030298

Oliveira TPDFD, Barroso DG, Figueiredo FAMMA, Barros TC, Gam-
betta GA, Campostrini E (2019) Gas exchange, root hydraulic
conductivity, water use efficiency and th e growth of Toona ciliata
clones and seedlings. Ciéncia Florestal 29(2):715-727. https://do
1.0rg/10.5902/1980509825604

Prince SJ, Murphy M, Mutava RN, Durnell LA, Valliyodan B, Shan-
non JG, Nguyen HT (2017) Root xylem plasticity to improve
water use and yield in water-stressed soybean. J Exp Bot
68:2027-2036. https://doi.org/10.1093/jxb/erw472

Santos RM, Cueva-Yesquén LG, Garboggini FF, Desoignies N, Rigo-
belo EC (2022) Inoculum concentration and mineral fertilization:
effects on the endophytic microbiome of soybean. Front Micro-
biol 13:900980. https://doi.org/10.3389/fmicb.2022.900980

Staniak M, Szpunar-Krok E, Kocira A (2023) Responses of soybean
to selected abiotic stresses-Photoperiod, temperature and water.
Agriculture 13:146. https://doi.org/10.3390/agriculture13010146

Suku S, Knipfer T, Fricke W (2013) Do root hydraulic properties
change during the early vegetative stage of plant development in
barley (Hordeum vulgare)? Ann Botany 113:385—402. https://doi
.org/10.1093/a0b/mct270

Wang W, Wang C, Pan D, Zhang Y, Luo B, Ji J (2018) Effects of
drought stress on photosynthesis and chlorophyll fluorescence
images of soybean (Glycine max) seedlings. Int J Agric Biol Eng
11:196-201. https://doi.org/10.25165/j.ijabe.20181102.3390

Wang X, Wu Z, Zhou Q, Wang X, Song S, Dong S (2022) Physiologi-
cal response of soybean plants to water deficit. Front Plant Sci
12:809692. https://doi.org/10.3389/fpls.2021.809692

Wijewardana C, Alsajri FA, Irby JT, Krutz LJ, Golden B, Henry WB
et al (2019) Physiological assessment of water deficit in soybean
using midday leaf water potential and spectral features. J Plant
Interact 14:533-543. https://doi.org/10.1080/17429145.2019.16
62499

Xiong R, Liu S, Considine MJ, Siddique KH, Lam HM, Chen Y (2021)
Root system architecture, physiological and transcriptional traits
of soybean (Glycine max L.) in response to water deficit: A review.
Physiol Plant 172:405-418. https://doi.org/10.1111/ppl.13201

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.agwat.2020.106074
https://doi.org/10.3389/fpls.2013.00442
https://doi.org/10.3389/fpls.2013.00442
https://doi.org/10.14393/BJ-v38n0a2022-54125
https://doi.org/10.1016/j.agwat.2020.106074
https://doi.org/10.1016/j.agwat.2020.106074
https://doi.org/10.5902/1980509814566
https://doi.org/10.5902/1980509814566
https://doi.org/10.1111/j.1365-3040.2005.01300.x
https://doi.org/10.1111/j.1365-3040.2005.01300.x
https://doi.org/10.1016/j.fcr.2011.06.011
https://doi.org/10.1016/j.fcr.2011.06.011
https://doi.org/10.1016/j.eiar.2022.106891
https://doi.org/10.1016/j.eiar.2022.106891
https://doi.org/10.1002/9783527675265.ch09
https://doi.org/10.1002/9783527675265.ch09
https://doi.org/10.1111/ppl.12919
https://doi.org/10.1111/ppl.12919
https://doi.org/10.5772/52945
https://doi.org/10.5772/52945
https://doi.org/10.1016/j.pbi.2013.02.005
https://doi.org/10.1016/j.pbi.2013.02.005
https://doi.org/10.1007/s11104-018-3792-5
https://doi.org/10.1007/s11104-018-3792-5
https://doi.org/10.1093/aob/mcz040
https://doi.org/10.3906/bot-1002-7
https://doi.org/10.1007/s40003-021-00601-8
https://doi.org/10.1007/s40003-021-00601-8
https://doi.org/10.3390/plants11030298
https://doi.org/10.3390/plants11030298
https://doi.org/10.5902/1980509825604
https://doi.org/10.5902/1980509825604
https://doi.org/10.1093/jxb/erw472
https://doi.org/10.3389/fmicb.2022.900980
https://doi.org/10.3390/agriculture13010146
https://doi.org/10.1093/aob/mct270
https://doi.org/10.1093/aob/mct270
https://doi.org/10.25165/j.ijabe.20181102.3390
https://doi.org/10.3389/fpls.2021.809692
https://doi.org/10.1080/17429145.2019.1662499
https://doi.org/10.1080/17429145.2019.1662499
https://doi.org/10.1111/ppl.13201

	﻿Severe drought stress strongly impacts physiological and morphoanatomical traits of soybean cultivars during vegetative stage
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Plant material
	﻿Experimental site, growing conditions, and treatments
	﻿Growth variables
	﻿Physiological parameters
	﻿Estimation of water-related parameters
	﻿Anatomical analyzes
	﻿Statistical analysis

	﻿Results
	﻿Shoot growth responses of soybean plants under water deficit
	﻿Physiological responses of soybean plants under water restriction
	﻿Root responses of soybean plants under water deficit
	﻿Principal component analysis

	﻿Discussion
	﻿Conclusions
	﻿References


