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Abstract Water shortage is the most limiting abiotic
stress for agricultural crops, and the mechanisms through
which plants perceive water restriction are highly complex
and must be better understood. In order to shed light on the
effect of hydric stress over the anatomical characteristics of
soybean, this paper aimed to examine the morphological
alterations in two soybean cultivars: MG/BR 46 Conquista
(non-transgenic) and BRS Valiosa RR (transgenic), via the
response to different soil water managements, in two veg-
etative development stages. The plants were subjected to
five soil water hydric management conditions (¥s): —0.03;
—0.05; —0.07; —0.5; —1.5 MPa, in vegetative development
stages V2 and V4. Evaluations were carried out involving
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stomatal conductance, leaf area, leaf anatomy measures
(width of palisade and spongy parenchyma, length of cen-
tral vein, adaxial and abaxial width of central vein, length
of vascular bundle, width of vascular bundle), and stem
diameter. A higher tolerance was observed in BRS Vali-
osa RR to moderate hydric deficit conditions when they
occurred in soybean stage V2. The BRS Valiosa RR cul-
tivar presents a better morphologically and anatomically
adaptive response to moderate hydric restrictions of up to
(—0.07 MPa) when they occur in the first weeks of plant
development.

Keywords Anatomy - Stomatal conductance - Glycine
Max - Drought tolerance

Introduction

Drought is the most limiting and severe abiotic stress for
agricultural crops, as it causes significant losses in vegetal
production (Costa et al. 2008; Balardin et al. 2011; Silva
et al. 2013). Drought triggers an imbalance between water
absorption by the root and leaf transpiration, which causes
a reduction in plant growth and development (Dogan et al.
2007; Ashraf 2010; Afzal et al. 2014).

Plant responses to hydric stress are highly complex,
as the state of water in plants and the hydric potential
of leaves are affected, which causes low turgidity pres-
sure in cells (Cabuslay et al. 2002; Chaitanya et al. 2003;
Karthikeyan et al. 2007; Jaleel et al. 2008) and triggers a
series of physiological adaptations that have detrimental
effects, such as: metabolic impairment of photosynthesis,
oxidative damage, hormonal alterations, and the accumu-
lation of proteins related to stress, which leads to inter-
ruptions in physiological and biochemical processes in
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the cellular and molecular pathways (Galmés et at. 2011,
2013; Afzal et al. 2014).

The main mechanism by which plants perceive water
restriction in soil is signaled by stomatal closure, this
being the first and immediate response to hydric deficit,
regulating the reduction in water losses through phototran-
spiration. However, stomata closure is the main cause of
decreased photosynthesis, due to the reduction in carbon
assimilation rates (Flexas et al. 2004; Paiva et al. 2005;
Ohashi et al. 2006; Mak et al. 2014).

Modifications in anatomical characteristics in plants
under hydric stress, suggesting specific adaptive processes
in plants, have been recorded in the literature, and include:
modifications in the architecture and a decrease in the num-
ber of leaves, a decrease in leaf expansion, an alteration in
the xylem/phloem relationship, a reduction in xylem ves-
sel diameters and in parenchyma cell diameters, and an
increase in vascular tissue and in the thickness of the cel-
lular wall (Guerfel et al. 2009; Kutlu et al. 2009; Makbul
et al. 2011; Polizel et al. 2011).

Soybean (Glycine max (L.) Merrill) is an oilseed of
great economic importance in many countries and occupies
the first position in areas of grain production in the world.
Moreover, it is a source of proteins for human and animal
consumption. For soybean plants, hydric restriction is quite
worrying, since this crop has a low efficiency in terms of
water use, and in order to be highly productive it requires
a large amount of water for good maintenance (Yang et al.
2003).

Considering the current scenario in which greater areas
of soybean cultivation are being opened up without the use
of irrigation, the risks in the productive process are high
due to hydric restrictions, since in harvest and inter-harvest
periods the occurrence of prolonged periods of drought, or
“Indian summers”, have being occurring more and more
frequently, being especially common in southern areas of
Brazil.

In order to overcome these problems and achieve high
agricultural crop performance, studies have focused on
selecting individuals with adaptive characteristics for
overcoming environmental stresses. The BRS Valiosa RR
(transgenic) soybean cultivar is fundamentally derived
from the MG/BR-46 Conquista (non-transgenic) cultivar,
obtained through crossbreeding. Although these cultivars
have considerable genetic similarities, it is possible, with
the improvement process for inserting the gene that con-
fers tolerance to glyphosate herbicides to this cultivar, that
target protein genes are also activated by hydric stress in
soybean. Therefore, this paper aimed to examine the mor-
phological and anatomical alterations in the MG/BR 46
Conquista (non-transgenic) and BRS Valiosa RR (trans-
genic) soybean cultivars via their response to different soil
water managements, in two vegetative development stages.
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Materials and methods
Plants and growth conditions

Two experiments were conducted in greenhouse condi-
tions, in the Vegetal Production Department of the Fac-
ulty of Agrarian and Veterinary Sciences - FCAV/UNESP,
Jaboticabal/SP Campus. The average temperature in the
periods the experiments were conducted was 24 °C (+7°C)
and the relative humidity was between 44.6 and 83.8% and
an 11.8 h average mean photoperiod.

Two soybean cultivars were used in these studies: MG/
BR 46 Conquista (non-transgenic) and BRS Valiosa RR
(transgenic) from the EMBRAPA-Soya germplasm bank.
The plants were subjected to five soil water hydric man-
agement conditions (¥s): —0.03; —0.05; —0.07; -0.5;
—1.5 MPa (soil water management of 13, 11, 10, 9, and 8%,
respectively) during a period of 10 days. The water content
in the pots was controlled by weighing them daily. When
the weight reached the water potential defined for each
treatment, the water was replaced until reaching the maxi-
mum soil water potential (¥'s): —0.01 MPa (14%).

For the first study the soil water hydric management
conditions were initiated when the plant reached the V2
vegetative development stage (first open trefoil) and the
second study when the plants reached the V4 vegetative
development stage (third open trefoil) described by Fehr
and Caviness (1977).

The experiments were installed and conducted in an
entirely randomized design, with four repetitions, in a 5X2
factorial arrangement, with the first factor consisting of
the five soil water hydric conditions (¥s): —0.03; —0.05;
—0.07; —0.5; —1.5 MPa, and the second factor consisting of
the two soybean cultivars (non-transgenic and transgenic).

Before seeding, the soil was air dried until reaching
a constant humidity of 3%. To obtain the water retention
curve, a Richards pressure plate was used (Klar 1984).
Based on the results from the retention curve, five soil
water hydric management conditions were established.

The experimental plots were composed of plastic
pots containing 3 kg of soil. The soil was classified as
Eutrophic Dark Red Latosol. Four seeds were sown per
pot and the plantlets were subsequently thinned, leav-
ing only two plants per pot. The soil was previously
irrigated until the humidity reached field capacity, in
order to guarantee the effectiveness of the germination
process and plantlet development. Before installing the
experiments, a sample composed of soil was removed
for chemical characterization. The chemical analysis of
the soil presented: pH (CaCl,) 5.2; M.O.=17 g dm™>;
P=21 mg dm™3; S=8 mg dm™3; Ca=16 mmolc dm
Mg=5 mmolc dm™; K=23 mmolc dm
H+Al=24 mmolc dm™3; S.B.=23.3 mmolc dm™>;
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CTC=47.3; V=49. Acidity and fertility correction was
carried out in accordance with the recommendations for
the crop. Before sowing, the seeds were inoculated with
strains of Bradyrhizobium japonicum SEMIA 5079 and
Bradyrhizobium elkanii SEMIA 5019 (9x10° viable
cells kg™! of seeds) in order to guarantee maximum soy-
bean plant performance.

Stomatal conductance measurements

After the treatment period, one plant was used to evaluate
stomatal conductance (gs). Stomatal conductance (gs) was
measured in a pair of completely expanded leaves based
on an intermediate plant height between nine and 11 in the
morning using a prometer (Leaf Promoter SC — 1; DECA-
GON DEVICES, USA).

Leaf area measurements

One plant of each treatment was collected to determine
the leaf area (cm?). The leaf area (cm?) was determined
using the direct method, in which leaves were collected and
measured automatically, using a leaf area integrator (Licor
3100).

Laboratory tests

The second plant was collected for the leaf and stem anat-
omy evaluations. Completely expanded leaves were col-
lected, sampled in the middle portion of the leaf limb. The
middle portion of the stem between the penultimate and last
expanded leaf of the plant apex was also sampled. Immedi-
ately after cutting, the samples were set in FAA4, for 48 h,
and subsequently stored in 70% alcohol (Johansen 1940).

The leaf and stem anatomy analyses were carried out at
the Vegetal Morphology Laboratory of the DBAA-FCAV-
UNESP. The leaf samples were dehydrated, in an increas-
ing ethylic series, immersed in TBA (C,H,,0), and kept
in TBA +paraffin oil (Johansen 1940). Then the samples
were immersed in paraffin and 10 pm thick cross sections
were carried out in a rotating microtome (Leica RM2065),
which were colored with 0.05% toluidine blue (O’Brien
et al. 1964) and placed between glass slides with synthetic
Canada balsam. The following leaf anatomy evaluations
were carried out: width of palisade and spongy parenchyma
(um), length of central vein (um), adaxial and abaxial width
of central vein (um), length of vascular bundle (um), width
of vascular bundle (um), and stem diameter (um). The
evaluations were carried out based on 20 measurements per
treatment using a Bel Photonics microscope.

Statistical analysis

The results were submitted for variance analysis and sig-
nificance tested for the sources of significant variation from
the F test, by applying the Tukey test (5% significance). The
graphs were plotted using the Sigma Plot 10.0 software.

Results and discussion

It is well known in the literature that the main mechanism
through which plants perceive soil water restriction is sig-
naled by stomatal closure. Because this is the first and
immediate response to hydric deficit that regulates a reduc-
tion in plant water loss, stomatal control must be consid-
ered as an adaptation that leads to maintaining hydric status
in drought conditions (Cattivelli et al. 2008). It bears men-
tioning that a reduction in stomatal density can improve
drought tolerance (Tripathi et al. 2016). The results found
here show that both cultivars studied presented a large
reduction in stomatal conductance in response to soil water
levels (Fig. 1a, b).

However, it was possible to observe, especially in the
V4 phenological stage (Fig. 1b), that the BRS Valiosa RR
(transgenic) soybean cultivar obtained a better response to
moderate levels of stress of (—0.05 and —0.07 MPa), since
the reduction in stomatal conductance was lower compared
to the MG/BR 46 Conquista (non-transgenic) soybean cul-
tivar. This can be an indication that the transgenic cultivar
was not in a stress condition for hydric restriction up until
(=0.07 MPa). As for levels of (—0.5 and —1.5 MPa), both
cultivars were drastically affected.

The literature reports a progressive reduction in plant
stomatal conductance in low soil humidity conditions as a
response to water losses (Liu et al. 2005; Ribas-Carbo et al.
2005; Flexas et al. 2006a, b; Galmés et al. 2013). However,
this condition of stomatal closure is also reported as being
the main cause of a decrease in photosynthesis, due to
the low CO, assimilation rates, which limits plant growth
(Flexas et al. 2004; Ohashi et al. 2006; Afzal et al. 2014,
Mak et al. 2014).

It was shown that water shortage was a limiting factor
for growth, since a progressive reduction in leaf area was
recorded in the soybean plants studied (Fig. lc, d). How-
ever, when a small hydric reduction occurred in the V2
phenological state, the non-transgenic cultivar presented
greater sensitivities to drought, as a moderate lack of water
condition (—0.07 MPa) limited leaf area development
(Fig. 1c), unlike the transgenic cultivar, which for the same
conditions did not present a reduction in leaf area.

Liu et al. (2003) had also already reported a reduc-
tion in soybean plant leaf area due to water scarcity, this
being a limiting factor for growth, compromising aerial
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part biomass and productivity (Paiva et al. 2005; Mak et al.
2014). Moreira et al. (2010) reported that under hydric
stress conditions, drought tolerant soybean cultivars
maintain a greater leaf area compared with less tolerant
cultivars.

A modification in leaf thickness was observed in the
non-transgenic and transgenic soybean cultivars in stages
V2 and V4 when the plants were maintained in hydric
restriction conditions. This result was measured by evaluat-
ing the thickness of the palisade and spongy parenchyma.

For the V2 stage evaluations it was verified that all of
the hydric restriction levels reduced the thickness of the
palisade parenchyma for both cultivars studied (Fig. 2a). As
for the V4 stage evaluations, the modifications found in the
palisade parenchyma for the different soil water manage-
ments were barely expressive (Fig. 2b).

The spongy parenchyma also presented a similar
response to the palisade parenchyma, since the reduction
in the thickness of this was more accentuated in the V2
stage for the different hydric managements in both culti-
vars (Fig. 3a). In V4 stage, although the plants under hydric
stress had been affected, the modifications were smaller.

In general, the non-transgenic cultivar presented a
greater leaf thickness in the V2 stage in comparison with
the transgenic plants. This result can be observed via the
evaluations of the palisade parenchyma and of the spongy
parenchyma (Figs. 2c, 3c). However, as the plants devel-
oped, this difference was no longer observed, given that no
differences were noted between the cultivars in V4 stage for
the palisade parenchyma and the spongy parenchyma.
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It bears mentioning that as the plant leaf area
increased, a reduction occurred in leaf thickness. For
both cultivars studied it was possible to observe that
in the V4 stage the leaves present less thickness of the
palisade parenchyma and of the spongy parenchyma
(Figs. 2d, 34d).

Makbul et al. (2011) reported in a study that the palisade
and spongy parenchyma is reduced when soybean plants
are subjected to hydric deficit conditions. This reduction in
leaf lamina is related with a greater quantity of intercellular
spaces, which makes it possible for cells to remain more
juxtaposed. According to Fahn (1977), in plants with a high
photosynthetic capacity, there are few occurrences of inter-
cellular spaces in the mesophyll, which represents an adap-
tive advantage. According to Polizel et al. (2011), closer
cells can represent an adaption in hydric scarcity, since this
increases cell contact, which can facilitate the capture of
light energy and gaseous elements needed for the photosyn-
thetic process.

The length of the central vein was also drastically
affected by hydric stress (Fig. 4a, b). For the evaluations
of the central vein in the adaxial surface, a strong reduc-
tion was observed for both cultivars in the phenological
stages studied (Fig. 5a, b). However, for the V2 phenologi-
cal stage, a more accentuated linear reduction was recorded
with the increase of the stress by the drought (Fig. 5a). A
greater central vein width on the adaxial surface was also
shown for the BRS Valiosa RR cultivar, compared with
MG/BR 46 Conquista for all drought stress conditions
(Fig. 5a).
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In (Fig. 6d, e) it was verified that the abaxial surface
of the non-transgenic cultivar under hydric stresses of
(—0.5 and —1.5 MPa) in the V2 phenological stage, and

V2 V4
Soybean Phenological Stages

Non-transgenic Transgenic

Cultivars

in (Fig. 7e) under hyrdic stresses of (—1.5 MPa) in the V4
phenological stage, presented an intense cell derangement.
This was unlike the transgenic cultivar, which although
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being strongly affected by hydric stress, maintained its
natural cell arrangement. This behavior presented by the
transgenic cultivar suggests better morphological and ana-
tomical adaptation as a response of the plants in order to
tolerate hydric restriction, compared to the non-transgenic
cultivar.

In Fig. 8a—d, modifications are also observed in the
vascular bundles. Via the length and width of the vascular
bundles it was found that in the V2 phenological stage the
plants presented a greater adaptive flexibility in response to
hydric restriction (Fig. 8a, ¢). As for hydric stress in the V4
stage, these alterations are less evident (Fig. 8b, d), since
the anatomical structure is already established.

It is noted that the vascular bundles of the transgenic
cultivar are more evident in V2 stage, compared to the
non-transgenic cultivar. In V4 stage, this difference was
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no longer observed. These results of our study suggest that
in V2 stage the transgenic cultivar tissues are already well
established, leading to less tissue destructuring in this cul-
tivar when subjected to severe stress (—0.5 and —1.5 MPa),
unlike the non-transgenic cultivar, in which the tissues were
compromised when subjected to these stress conditions.

It bears mentioning that the formation of the tissues that
involve the central vein (formed of collenchyma and scle-
renchyma and with protective functions) is impaired when
the vascular bundles are not well established, which may
have lead to higher sensitivity in the non-transgenic plants.

Makbul et al. (2011) reported morphological modifi-
cations in the root, stem, and leaf systems in soy plants
suffering from hydric deficit. The researchers observed
a greater distribution of sclerenchymatic cells in the
stem and leaf phloem. It was also observed that the
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Fig. 6 Cross sections of the
soybean leaf at the V2 pheno-
logical stage, non-transgenic
cultivar (a, b, ¢, d, e), transgenic
cultivar (f, g, h, i, j), submitted
to different soil water potentials.
pp: palisade parenchyma, sp:
spongy parenchyma, vb: vascu-
lar bundles. Bar: 150 pm

-1.5 MPa

-1.5 MPa
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Fig. 7 Cross sections of the
soybean leaf at the V4 pheno-
logical stage, non-transgenic
cultivar (a, b, ¢, d, e), transgenic
cultivar (f, g, h, i, j), submitted
to different soil water potentials.
pp: palisade parenchyma, sp:
spongy parenchyma, vb: vascu-
lar bundles. Bar: 150 pm

(F)

— \ -0.03 MPa . -0.03 MPa

-0.07 MPa

—_— -0.15MPa -0.15 MPa
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sclerenchyma fibers spread as a continuous layer between
the cortex and the phloem in plants suffering from hydric
deficit. As for the plants not under stress, the scleren-
chyma fibers occur as grouped layers. This sclerenchym-
atic tissue distribution is of considerable taxonomic value
(Canne-Hilliker and Kampny 1991). These results show
that the sclerenchya tissue provides a protective adaptive
advantage in plants suffering from hydric stress.

As in the leaf anatomy evaluations, a reduction in
stem diameter was also observed for both cultivars when
kept under hydric stress conditions, in both phenological
stages studied (Fig. 9a, b).

There was clearly greater damage to the xylem bundles
in the non-transgenic cultivar when subjected to hydric
stress of —1.5 MPa, compared to the transgenic cultivar,
since they were more compromised (Figs. 10e, j, 11e, j).

Greater fragility in the medullary parenchyma of the
stem was observed in the transgenic cultivar, since tissue
rupture was recorded in all of the laminas analyzed for
the plants kept under hydric stress conditions of 1.5 MPa
(Figs. 10, 11j). As for the non-transgenic cultivar, the
medullary tissue was intact. It should also be mentioned
that a reduction was observed in cell size for the non-
transgenic cultivar when subjected to severe hydric deficit
(—1.5 MPa).

It was verified that the in the V4 phenological stage and
under severe hydric deficit conditions, the non-transgenic
cultivar presented second meristem rupture, which may
have impaired tissue formation (Fig. 11e).

In Figs. 6, 7, 10, and 11, for both the V2 and V4 phe-
nological stages, a reduction was shown in leaf and stem
intercellular spaces when the soybean plants were sub-
jected to hydric stress conditions, especially the severe

Fig. 9 Effect of drought on . V2 - ; \¢!
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ments and means followed by s 1000 g 1000 1
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Fig. 10 Cross sections of the
soybean stem at the V2 pheno-
logical stage, non-transgenic
cultivar (a, b, ¢, d, e), transgenic
cultivar (f, g, h, i, j), submitted
to different soil water potentials.
mp: medullary parenchyma, xb:
xylem bundles. Bar: 110 um
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Fig. 11 Cross sections of the
soybean stem at the V4 pheno-
logical stage, non-transgenic
cultivar (a, b, ¢, d, e), transgenic
cultivar (f, g, h, i, j), submitted
to different soil water potentials.
mp: medullary parenchyma,

xb: xylem bundles, r: rupture of
the secondary meristem. Bar:
110 ym
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hydric stress condition (—0.5 and —1.5 MPa) in V2 stage
(Figs. 6, 10), which may be related to greater phenotypic
plasticity in soybean plants in response to hydric stress,
when this occurs in the initial phenological stage of plant.

This has been measured by various researchers, who
have also reported a reduction in cell size and a reduc-
tion in intercellur spaces, caused by low turgidity pressure
in the cells, due to a reduction in the water content of the
tissues of plants suffering from water shortage (Chaitanya
et al. 2003; Karthikeyan et al. 2007; Jaleel et al. 2008; Shao
et al. 2008).

Conclusions

All of the anatomical characters evaluated were affected by
hydric deficit, with these alterations being more evident in
the V2 stage. The results showed greater tolerance in BRS
Valiosa RR (transgenic) to moderate hydric deficit condi-
tions when these occur in the initial soybean stage. The
BRS Valiosa RR cultivar presents a better morphologically
and anatomically adaptive response to moderate hydric
deficit of up to (—0.07 MPa) when this occurs in the first
weeks of plant development.
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