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ABSTRACT: Periods of drought may cause changes in the physiological condition of soybean [Glycine max (L.) Merr.] and the
biological nitrogen fixation (BNF) is one of the first processes to be impaired. The objective of this study was to evaluate the effect
of water restriction in soybean genotypes on BNF related traits to select genotype(s) with drought-tolerant BNF. The experiment
was carried out under greenhouse, in a 5 x 2 factorial arrangement, with five genotypes (BRS 317, Jackson, R02-1325,
R01-416F, and R01-581F) at two moisture levels, humid condition (80% of field capacity, FC) and drought condition (30% of FC).
Drought induction started 33 days after sowing, at flowering, and was kept for 10, 22, and 42 days. The evaluations were: number
and mass of dry nodules; specific mass of nodules; ureide concentrations in leaflets, petioles, and nodules; total nitrogen in the
leaves and mass of grains per plant. Water restriction for 10 days reduced nodulation by 30%, grain mass by 35% for R02-1325
and R01-416F, and increased ureide concentration in nodules by 72% and in petioles by 90%. BRS 317, Jackson, and R01-581F
stood out for exposure to drought for 10 days. At 22 days, BRS 317 stood out, while the other genotypes had reduction in grain
mass by 36%, 40% in nodulation, and ureides in nodules by 34%. Exposure to drought for 42 days reduced nodulation by 46%,
grain mass by 44%, leaf N by 15%, ureides in leaflets by 29 and 35% In petioles, with an increase of 136% of ureides in nodules.
R02-1325 presented grain yield 30% higher than the other genotypes in wet condition and did not differ from the most productive
ones under drought, indicating potential as source of drought tolerance in breeding programs.
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Fixacao bioldgica de nitrogénio em soja com diferentes niveis de tolerancia a seca

RESUMO: Periodos de seca podem causar mudangas na condigéo fisiolégica da soja [Glycine max (L.) Merr.] e a fixagéo
biolégica do nitrogénio (FBN) e um dos primeiros processos a serem prejudicados. O objetivo deste estudo foi avaliar o efeito
da restri¢do hidrica em genotipos de soja sobre atributos relativos a FBN visando selecionar genotipo(s) com FBN tolerante a
seca. O experimento foi conduzido em condicdes controladas, em arranjo fatorial 5 x 2, com cinco genétipos (BRS 317, Jackson,
R02-1325, R01-416F e R01-581F) em dois niveis de disponibilidade hidrica, condigdo umida (80% da capacidade de campo,
CC) e condic&o seca (30% da CC). Ainducéo de seca teve inicio aos 33 dias apds a semeadura, na floragao, e foi mantida por
10, 22 e 42 dias. As avalia¢des foram: nimero € massa de nddulos secos; massa especifica de nddulos; teores de ureideos nos
foliolos, peciolos e nddulos; nitrogénio total nas folhas e a massa de gréos por planta. A induc&o de restrigao hidrica por 10 dias
reduziu a nodulagdo em 30%, a massa de graos em 35% para R02-1325 e R01-416F, e aumentou o teor de ureideos nos nddulos
em 72% e nos peciolos em 90%. BRS 317, Jackson e R01-581F se destacaram quanto a exposi¢éo a seca por 10 dias; aos
22 dias, BRS 317 se destacou, enquanto os demais gendtipos tiveram reducéo de 36% na massa de graos, 40% na nodulagao
e ureideos nos nddulos em 34%. A exposicao a seca por 42 dias reduziu a nodulagdo em 46%, a massa de gréos em 44%, N
foliar em 15%, ureideos nos foliolos em 29 e em 35% nos peciolos, com aumento de 136% de ureideos nos nodulos. R02-1325
apresentou produgdo de gréos 30% maior que os demais genotipos em condi¢do umida e néo diferiu das mais produtivas sob
seca, indicando potencial como fonte de tolerancia a seca em programas de melhoramento.

Palavras-chave: Glycine max; nitrogénio; nddulos; ureideos, estresse hidrico
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Biological nitrogen fixation in soybean genotypes with different levels of drought tolerance

Introduction

The soybean plant [Glycine max (L.) Merr.] has about
90% water in its fresh mass, which acts in practically all
physiological and biochemical processes, with an important
role in the regulation and distribution of heat in the plant
(Salisbury & Ross, 2013; Taiz et al., 2017; Embrapa, 2020).
However, prolonged periods of drought can cause changes in
the physiological condition of the plant, such as the closure
of stomata, and cause premature fall of leaves, flowers, and
pods, with consequent decrease in yield potential. One of
the first physiological processes affected by water restriction
is biological nitrogen fixation (BNF), whose decline is related
to decrease in the photosynthetic capacity of the host and/
or damage to the nitrogenase complex (Purcell et al., 2004;
Taiz et al., 2017; Embrapa, 2020).

Nodulation capacity and efficiency in fixing atmospheric
(N,) nitrogen (N) are dependent on the interaction between
symbiont bacterial strains and the host plant, which are
influenced by environmental conditions (Cerezini et al.
2020). Nodules in the soybean root system can remain active
for weeks, constantly forming and renewing during the crop
cycle, with maximum nodulation between the reproductive
stages of full bloom (R,) and grain filling (R;). From R, (fully
formed green grains) onwards, the gradual process of
maturation, plant and nodule senescence occurs (R, and R,),
with a consequent reduction in BNF rate (Purcell et al., 2004;
Hungria et al., 2007; Finoto et al., 2009).

To carry out BNF, the bacteroids inside the nodules
need photoassimilates provided by the host and oxygen
(0,) to generate adenosine triphosphate (ATP) and reduce
N, to ammonia (NH,) through the nitrogenase complex,
which then receives protons from the medium and forms
ammonium ion (NH,*). Finally, an organic substrate receives
NH,* for subsequent incorporation into the plant metabolism
in the form of ureides, which correspond to 90% of the N
translocated by the xylem towards the aerial part (Taiz et al.
2017). Water restriction may impair the ureide metabolism
in leaves, resulting in accumulation in the leaflets, petioles,
and possible exportation to nodules via phloem, which may
inhibit BNF by a retroinhibitory effect (Purcell et al., 2004;
King & Purcell, 2005).

Water restriction also decreases the number and mass of
nodules on soybean roots (Cerezini et al., 2020). Nodulationiis
generally lower under drought, both in genotypes considered
tolerant and in those considered sensitive to water deficit,
although the effect is lower in tolerant genotypes because
they are able to maintain the supply of photoassimilates for
longer, greater water flow, and lower ureide concentrations
in the tissues (King & Purcell, 2001; Ladrera et al., 2007).

The strain R02-1325 has been characterized for drought
tolerance in relation to BNF components, as well as high
yield potential (Devi et al., 2014). Similarly, Chen et al. (2007)
reported that strains R01-416F and R01-581F have high grain
yield potential while exhibiting drought tolerant BNF. These
strains are the result of crossing the soybean genotypes
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Jackson (drought tolerant) and KS4895 (high yielding).
Jackson, since its release, has been characterized as having
drought tolerant BNF (Serraj & Sinclair, 1996).

With the development of soybean genotypes with
drought tolerance traits, there is a need for studies to
identify more precisely the factors involved in the limitation
of BNF under water restriction. The effects of drought on BNF
and soybean yield depend on its duration and intensity. The
stage at which water restriction occurs can also influence the
effects on the crop, especially in the most critical stages such
as flowering and grain filling (Ladrera et al., 2007; Kron et
al., 2008).

The objective of this study was to evaluate the effect of
water restriction on BNF related traits in soybean genotypes
with different levels of drought tolerance, and on grain yield
performance, exposed or not to drought, at different times
between the reproductive stages of flowering and grain filling.

Materials and Methods

The experiment was carried out in the agricultural year
2013-2014 in a greenhouse, in a controlled environment
with temperature records between 25 and 30 °C, and
relative air humidity (RH%) between 70 and 85% on average
during the crop cycle at the Agronomy Department of the
Universidade Estadual de Londrina (UEL), Londrina, PR,
Brazil (latitude 23° 22’ S, longitude 51° 12" W, and altitude
of 585 m). Sowing took place at the end of November and
harvesting in early April.

The experimental design was in randomized blocks with
five replications, in a 5 x 2 factorial arrangement, with five
soybean genotypes: the strains R0O1-416F, RO1-581F, and
R02-1325, and the varieties Jackson and BRS 317; under two
water conditions: full water supply at 80% of field capacity
(FC) (wet condition) during the whole cycle and water
restriction at 30% of FC (drought condition) at different
stages of reproductive cycle.

BRS 317 is a conventional soybean variety with high
yield potential, developed by Embrapa Soja and indicated
for cultivation in the states of Parana, Sdo Paulo, Santa
Catarina, and southern Mato Grosso do Sul, Brazil. It has a
determinate growth type, maturity group 6.6 (Brazil) and
a cycle of 122 to 128 days at an altitude of 500 to 800 m
(Embrapa, 2016). There is no disclosure on drought tolerance
or sensitivity trait, however some authors reported that
this cultivar presents drought sensitive BNF (Cerezini et
al., 2014). However, it is indicated as moderately tolerant
to water deficit for the southern region of Mato Grosso do
Sul, Brazil (Pitol, 2015). The Jackson variety was developed
in the United States in 1953, with maturity group VII (USA),
and has been characterized as drought tolerant BNF since its
release. The strains R02-1325, R01-416F, and RO1-581F were
developed in the United States at the Arkansas Agricultural
Experiment Station, belonging to maturity group V (USA).
They have been reported as able to keep the BNF rates under
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moderate water deficit and have high yield potential (Chen
et al., 2007; Devi et al., 2014).

Exposure to water restriction (30% of FC) started at 33
days after sowing (DAS) in half of the experimental plots
when the genotypes were between flowering stages R, and
R,, while the other half of the plots continued to receive
water at 80% of FC. The evaluations were carried out at
three times, i.e. at 43 DAS, after 10 days of exposure to
drought, at stage R, (full flowering); at 55 DAS, after 22 days
of drought, at stage R, (pods formed); and at 75 DAS, after 42
days of drought, at stage R, (grains formed and green) (Eehr
& Caviness, 1977).

The strains were earlier than the varieties. Thus, the times
for evaluations were determined when more than 50% of
the experimental plots were in the respective reproductive
stages, within dry or wet conditions. For statistical analysis,
each evaluation time (10, 22, and 42 days of exposure to
drought) was considered a separate trial, where evaluation
of the treatment effect within one analysis time was
independent of the other times.

Each experimental plot was represented by a polyethylene
pot with capacity of 9 L in marble color, to minimize the
effects of solar radiation on the pot temperature. Each pot
received 8 kg of a substrate in the ratio 3:1 (soil:sand), formed
by mixing the sample of ‘Latossolo Vermelho distroférrico’ of
clayey texture collected in the layer 0-20 cm in an area of
commercial soybean cultivation and washed fine river sand.

Samples of the substrate were analyzed for fertility
(Silva, 2009), which results were: pH (CaCl,) = 6.8; Ca** = 8.2
cmol_dm?; Mg?* = 0.8 cmol_dm?; K*=0.64 cmol_dm?; AP>* =
0.0 cmol_dm?; H + Al = 2.5 cmol_dm?; CTC = 12.2 cmol_dm~; V%
=79;0M =12.1gkg?; and, P =47.5 mg dm?.

For pH determination, the H* ion activity in the substrate
suspension was estimated using calcium chloride solution
(CaCl, 0.01 mol L") and read using a potentiometer. The
determination of exchangeable acidity (APP*) was with
the potassium chloride (KCI) extractor and the reading
performed by titration with sodium hydroxide solution
(NaOH). Potential acidity (H + Al) was determined using SMP
buffer solution (Shoemaker, McLean, and Pratt method) and
read using a potentiometer.

Exchangeable calcium (Ca*) and magnesium (Mg?)
concentrations were extracted with KCI and determined
by titration with EDTA. Phosphorus (P) and potassium (K*)
were determined in Mehlich-1 extractant solution. The P
content was obtained by reading in a spectrophotometer at
630 nm, while K concentration was obtained by reading in a
flame photometer. Carbon (C) determination was performed
according to the Walkley-Black method and the OM was
obtained by the multiplication factor 1.724 x C.

Before sowing, soybean seeds were inoculated with
commercial peat inoculant containing 7.2 x 10° colony
forming units per gram (manufacturer guarantee), containing
Bradyrhizobium spp. strains SEMIA 5079 and SEMIA 5080. At
the V, stage, plants were thinned to two per pot.
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The mass of water in the substrate was determined in the
condition of full supply (80% of FC, wet) and water restriction
(30% of FC, dry), when applied (Albuguerque, 2010). Water
availability was determined daily from the mass of water
(kg) contained in each pot using an electronic scale with a
capacity of 15 kg, and once a day the values were restored
to 80 or 30% of FC by determining and replacing the mass of
water lost.

Half of the experimental plots with each soybean
genotype were maintained with water supply at 80% of FC
throughout the whole crop cycle. However, the other half
of the plots was subjected to different periods of water
restriction with humidity at 30% of FC, between 33 DAS and
75 DAS, for a total time of 42 days. From 75 DAS until harvest
at 127 DAS, all plants received water again to reach 80% of
FC and were maintained in this condition until the end of
the cycle. At the end of each period under water restriction
(10, 22, or 42 days) five replicates of each treatment (five
genotypes x two water conditions) within five blocks were
randomly sampled for destructive analyses, for a total of 50
experimental plots for each evaluation. At harvest (127 DAS),
during the R, stage (maturity), 100 representative plots of
the five genotypes were sampled for yield determination,
i.e. 25 plots under 30% of FC for 10 days, 25 for 22 days, 25
for 42 days and 25 under 80% of FC throughout the cycle. A
total of 250 experimental plots were used in the experiment.

The effect of the applied water regime (80 or 30% of
FC) was evaluated by non-destructive determinations
in the aerial part of the plants and in the substrate
of the plots during the periods of exposure to water
restriction (10, 22, or 42 days) by the variables: stomatal
conductance (mmol m?s?) (Leaf Porometer, Model SC-1,
Decagon Devices, Inc); leaf temperature (°C) (Mira Laser
Thermometer, Incoterm); substrate water content before
daily irrigation (kg) (digital scale, capacity 15 kg, Toledo);
water concentration (m®* m3) and substrate temperature
(°C) at 5 cm depth (5TE Soil Moisture Content/Procheck,
Decagon Devices, Inc); and, substrate water potential
(MPa) (WP4-T Dewpoint Potentiameter, Decagon Devices,
Inc). Foliar determinations took place on the central
leaflet of the 3™ fully developed trefoil from the apex of
the main stem of the plants.

In each evaluation, the pots were disassembled, the
aerial part was separated from the roots which were
washed and the nodules separated. Nodules and aerial part
were dried in a forced air circulation oven at 65 °C until
they reached constant mass. The number of nodules and
the mass of dry nodules per plant (g); the specific mass
of nodules (mg/nodule); the concentration of total N in
the dry biomass of leaves (g kg!) by the Kjeldahl method;
the mass of grains per plant (g); and the concentrations of
ureide in the extracts obtained from dry tissues of leaflets,
petioles, and nodules (umol g') were evaluated.

To obtain the extract for ureide analysis, after the material
was dried, ground, and passed through a 60 or 100 mesh
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sieve, an aliquot was added to a test tube in the amount of
0.1 g (nodules) or 0.3 g (leaflets or petioles), together with
5.0 mL of phosphate buffer, 0.1 mol L, pH 7.0, and 2.5 mL of
ethanol (2:1 ratio, buffer:ethanol). The tube was heated at 80
°C for 5 min and its contents mixed with the aid of a vortex.
After 1 h of rest, the material was filtered on layers of sterile
hydrophilic cotton, and centrifuged in a microcentrifuge for
about 5 min (10,000 g). Aliquots of 50 pL of the clean extract
free of any suspension were used for the analyses of total
ureides (Hungria, 1994).

The total ureide concentrations (allantoin and allantoic
acid) in the tissue extract were quantified by the technique
of Vogels & Van der Drift (1970), described in Hungria (1994).
The technique was based on the principle of selective
hydrolysis of ureides to glyoxylate, which was quantified
colorimetrically after the Rimini-Scrhyver reaction. Briefly,
50 plL aliquots of the extract in duplicate were subjected
to alkaline hydrolysis and acid hydrolysis sequence for
qguantification of ureides. Once the hydrolysis products
were obtained, they were quantified colorimetrically after
reaction with phenylhydrazine and potassium ferricyanide
which formed a pink chromophore, which intensity was read
at 535 nm in a spectrophotometer. The absorbance readings
were converted to pmols of total ureides against a standard
curve constructed for each set of analyses. Results were
expressed as umols of total ureides per gram of dry biomass.

At R, (full maturity), the grains of the genotypes exposed
to wet (80% of FC) and drought conditions (30% of FC) for
three different periods (10, 22, and 42 days) were collected
for evaluation of grain mass per plant (g), which was
determined from the correction to 13% moisture.

The data were submitted to analysis of variance by
the F test and means comparisons by the Tukey test at 5%
significance level.

Results a Discussion

The main route for gas exchange in the plant is the
stomatal, whose openinginfluencesthetranspiration rateand
the energy balance in the photosynthetic process (Kerbauy
2008). Stomatal closure in response to water deficit or high
temperatures influences the whole plant, as it compromises
photosynthetic performance and the BNF process, which
depends on reducing power generated in the former for the

reduction of N, to NH, (Salisbury & Ross, 2013). Nascimento
et al. (2011) observed that stomatal conductance decreased
by 72% and leaf temperature increased by 12% in cowpea
(Vigna unguiculata) that received 50% of the optimal water
supply. Thus, as stomata close, transpiration decreases,
leading to an increase in leaf temperature (Cerezini et al.
2014). The results of this study corroborate these authors, as
water restriction reduced stomatal conductance by 73% and
increased leaf temperature by about 1 °C (Table 1).

The 10 days of drought exposure (30% of FC) between
flowering stages R, and R, did not influence the nodule
number and nodule mass for Jackson, or nodule number for
strain R02-1325. For the other genotypes, water restriction
decreased both nodule mass and number (Figure 1).

Drought induction for 10 days did not change the ureide
concentrations in leaflets, but increased in petioles and
nodules in all genotypes, except in nodules of strain RO1-
416F, which showed the highest concentration even under
full water supply. Despite the increase in ureides in petioles
and nodules under water restriction, N concentrations were
lower in the leaf dry biomass, which indicated a negative
effect on BNF.

Water restriction during the R, and R, stages for 10 days
reduced the grain mass of strains R02-1325 by 32% and RO1-
416F by 39%, but did not influence BRS 317, Jackson, and
strain R0O1-581F. Among the genotypes, the strain RO1-416F
showed 39% lower grain yield than the tolerant cultivar
Jackson under water restriction (Figure 1).

At 22 days of exposure to drought, during the
reproductive stage, when the pods were formed (R)),
all genotypes submitted to water restriction had the
number and dry mass of nodules reduced. Among the
genotypes, Jackson presented the lowest number of
nodules, corresponding to 44 and 25% of the means of the
other genotypes, under water restriction and full water
supply, respectively (Figure 2). However, specific nodule
mass, which is an indication of nodule size, was higher in
percent under drought when compared to with wet control
treatment for Jackson (Figure 4).

King & Purcell (2001) suggest that larger nodules help to
confer drought tolerance because the fraction of N, fixing
tissues is greater than in small nodules. These authors
concluded that the drought tolerance of Jackson is partly

Table 1. Average of the determinations carried out in the substrate and in the aerial part of soybean plants (cv. BRS 317, cv.
Jackson, R02-1325, R01-416F, and R01-581F) exposed to wet (80% of FC) or drought (30% of FC) conditions at 10, 22, or 42

days between stages R, and R_.

* Water content in kg per pot. ** Water content in m® m3 in the first 5 cm of depth. Average measurements taken immediately before the daily water replenishments in the pots.

FC - Field capacity.

Rev. Bras. Cienc. Agrar., Recife, v.18, n.3, €2565, 2023
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A. B

C. D

E. F
G.

Means followed by the same letter, uppercase (water conditions, within genotype) and lowercase (genotypes, within water condition), do not differ by Tukey test (p > 0.05).
CV - Coefficient of variation; MSD - Minimal significant difference; WC - Water condition; G - Genotype; DM - Dry mass.

Figure 1. Number (A) and mass (B) of nodules, ureide concentrations (leaflets - C, petioles - D, and nodules - E), leaf N
concentration (F) and grain mass per plant (G) of soybean genotypes (BRS 317, Jackson, R02-1325, R01-416F, and RO1-581F),
exposed to wet (80% of FC) or drought (30% of FC) conditions for 10 days between flowering stages R, and R,.
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A. B

C D.

E. F
G.

Means followed by the same letter, uppercase (water conditions, within genotype) and lowercase (genotypes, within water condition) do not differ by Tukey test (p = 0.05).
CV - Coefficient of variation; MSD - Minimal significant difference; WC - Water condition; G - Genotype; DM - Dry mass.

Figure 2. Number (A) and mass (B) of nodules, ureide concentrations (leaflets - C, petioles - D, and nodules - E), leaf N
concentration (F) and grain mass per plant (G) of soybean genotypes (BRS 317, Jackson, R02-1325, R01-416F, and RO1-581F),
exposed to wet (80% of FC) or drought (30% of FC) conditions for 22 days between flowering (R,) and pod formation (R,) stages.

Rev. Bras. Cienc. Agrar., Recife, v.18, n.3, €2565, 2023 6/8



V. C. do Nascimento Junior et al.

driven by the advantage of larger nodules, but also results
from more efficient supply of photosynthates to the nodules.

At 22 days of drought exposure (stage R)), leaf ureides
decreased only in strain R02-1325 under water restriction.
Ureide concentrations in petioles varied among genotypes
when exposed to drought, sometimes increasing, sometimes
decreasing, or without effect. However, ureide concentrations
in nodules decreased in all genotypes exposed to water
restriction. The highest ureide concentration in nodules was
observed in strain R02-1325 (Figure 2), regardless of water
condition. Water restriction did not influence the leaf N
concentration for Jackson and R01-416F, but decreased in
the other genotypes (Figure 2).

Purcell et al. (2004) and King & Purcell (2005) suggest
that the increase in ureide concentration in leaves may
cause a retroinhibitory effect on BNF, with re-exportation via
phloem and accumulation of ureides in nodules, a behavior
that would be associated with drought-sensitive soybean
genotypes. However, the higher ureide concentration
in nodules of R02-1325 did not result in lower leaf N
concentrations or decreased grain yield. However, Coleto
et al. (2014) found accumulation of ureides in stems and
leaves but not in nodules of P. vulgaris under drought. The
accumulation of ureides was not associated with impaired
translocation of the BNF product under drought, as has been
suggested for soybean, but seems to have been a general
plant response to stress, so that higher accumulation may
correspond to greater sensitivity of the genotype to drought.

A.
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Increased ureide concentration in aerial part tissues also
seems to be related to drought-induced senescence, in
which nucleic acids are degraded to purines and pyrimidines
that are relocated in the plant in the form of ureides (De
Luca & Hungria, 2014).

Water restriction for 22 days decreased grain mass,
except for BRS 317, which showed drought tolerance for this
variable. Under water restriction, strain R01-416F produced
33% less compared with BRS 317, and did not differ from the
other genotypes (Figure 2).

At stage R,, after 42 days of water restriction, Jackson
showed, in general, the lowest number and mass of nodules
(Figure 3), but its specific mass remained close to 100%
compared with the wet control plants (Figure 4).

Still at R, the 42 days of drought reduced ureide
contents in leaflets, except Jackson, and in petioles, except
BRS 317 that were not influenced by water condition.
Leaf N concentration, grain mass, number and mass of
dry nodules were reduced in all genotypes exposed to
water restriction. However, water restriction increased the
ureide concentration in nodules, except in R01-416F, which
presented the lowest concentration compared with the other
genotypes, especially when subjected to drought (Figure 3).

At R,, BRS 317 showed the highest ureide concentration
in leaflets under water restriction, while in petioles the
differences were less evident. Ureide concentrations in
nodules of strains RO1-581F and R01-416F were lower than
in the other genotypes under water restriction. Higher leaf

B.

Continued on next page
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Continued from Figure 3
E. F.

Means followed by the same letter, uppercase (water condition, within genotype) and lowercase (genotypes, within water condition) do not differ by Tukey test (p > 0.05).
CV - Coefficient of variation; MSD - Minimal significant difference; WC - Water condition; G - Genotype; DM - Dry mass.

Figure 3. Number (A) and mass (B) of nodules, ureide concentration (leaflets - C, petioles - D, and nodules - E), leaf N concentration
(F) and grain mass per plant (G) of soybean genotypes (BRS 317, Jackson, R02-1325, R01-416F, and R01-581F), exposed to wet
(80% of FC) or drought (30% of FC) conditions for 42 days between the reproductive stages of flowering (R,) and grain filling (R ).

A. B.

Figure 4. Percentage in relation to the wet control of the number (A), mass (B), and specific mass (C) of nodules of soybean
genotypes (BRS 317, Jackson, R02-1325, R01-416F, and R01-581F) obtained under drought condition (30% of FC) in relation
to the wet condition (80% of FC) at 10 (R,), 22 (R ), and 42 (R,) days of exposure to water restriction from the R, stage.
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N concentrations were observed in strains R0O1-581F and
RO1-416F, with more evident effects under water restriction
(Figure 3).

Sinclair et al. (2007) observed higher leaf N concentration
in the strains R01-416F and R01-581F in relation to the
parental Jackson, indicating that the attributes inherited
from the parental make the strains more tolerant to drought,
and with greater yield potential in this condition. These
results corroborate the observations at 22 and 42 days under
drought (Figures 2 and 3), where strains R0O1-416F and RO1-
581F showed higher leaf N concentrations compared with
the genotypes Jackson, BRS 317, and R01-1325. However,
higher foliar N concentrations did not result in higher grain
yield, especially for R01-416F, indicating that although foliar
N concentration is important for yield potential, other factors
also interfere with grain yield (Figure 3).

The results for grain mass indicated that the cultivar
Jackson and the strain R01-581F showed tolerance to water
restriction at 30% of FC for up to 10 days during flowering
stages (Figure 1). Likewise, cultivar BRS 317 behaved as
droughttolerant, but for up to 22 days under water restriction
at 30% of FC between flowering and pod formation stages
(Figures 1 and 2). Among the genotypes, strain RO1-416F
showed the greatest reduction in grain yield when exposed
to drought for 10 and 22 days during the flowering (R /R,)
and pod formation (R,). Exposure to water restriction for
42 days (R,) reduced the performance of all genotypes.
However, under full water supply, the highest grain mass
yield was obtained with strain R02-1325 (Figures 1, 2, and 3).
Among the strains, R01-581F and R02-1325 show potential
for use in breeding programs for drought tolerance when
compared with R0O1-416F.

Conclusions

Exposure to drought for 10 days during flowering at
30% of FC reduced nodulation by an average of 30%, except
for the Jackson genotype. Yet in this drought phase, leaf N
concentration was 17% lower, grain yield reduced for RO1-
1325 and R02-416F by an average of 35%, and nodule ureide
concentration increased by 72%, except for R02-416F. In
contrast, ureide concentration increased in petioles by an
average of 90% after 10 days under drought at flowering.

The grain mass revealed BRS 317, Jackson, and R01-581F
as drought-tolerant under 30% of FC for 10 days during the
flowering, while R02-1325 and R01-416F had an average
reduction of 35%. BRS 317 was also tolerant for 22 days of
exposure to drought between flowering and pod formation,
while the other genotypes were susceptible, with an average
reduction of 36% in grain yield. At this stage, after 22 days of
drought, there was a decrease in the number and mass of
nodules by 40% and in the ureide concentration in nodules
by 34%.

With the increase of the exposure for 42 days under
drought, between stages R, and R, all genotypes were
susceptible to water restriction at 30% of FC, with an average
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reduction by 46% in the number and mass of nodules and 44%
in grain mass, while the N concentration in leaves decreased
by 15% and that of ureides in leaflets and petioles by 29
and 35%, respectively, whereas the ureide concentrations in
nodules increased by 136%.

R02-1325 showed 30% higher grain yield compared with
the other genotypes under full water supply at 80% of FC
and did not differ from the most productive under drought
at 30% of FC, showing to be promising for use in breeding
programs aiming to increase drought tolerance.

Acknowledgments

M. A. Nogueira and M. Hungria are Conselho Nacional
de Desenvolvimento Cientifico e Tecnoldgico (CNPq)
research fellows. Financed by the INCT-Plant Growth-
Promoting Microorganisms for Agricultural Sustainability
and Environmental Responsibility (CNPq 465133/2014-
2, Fundag¢do Araucdria-STI, CAPES), CNPg-Universal
(432243/2018-6) and Embrapa (20.18.01.011.00.02.019).

Compliance with Ethical Standards

Author  contributions:  Conceptualization:  VCNJ,
CECP, MAN; Data Curation: VCNJ; Formal Analysis VCNJ;
Funding Acquisition: MH, MAN; Investigation: VCNJ, CECP;
Methodology: CECP, MH, MAN; Project Administration: VCNJ,
CECP; Resources: CECP, MH, MAN; Supervision: VCNJ, CECP;
Validation: CECP, MH, MAN; Visualization: VCNJ; Writing-
original draft: VCNJ; Writing-review & editing: CECP, MAN.

Conflict of interest: The authors declare no conflict of
interest.

Financing source: The Institutos Nacionais de Ciéncia e
Tecnologia (INCT) - Plant Growth-Promoting Microorganisms
for  Agricultural  Sustainability and  Environmental
Responsibility (CNPq 465133/2014-2, Fundag¢do Araucaria-
STI, CAPES), the Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior (CAPES) - Finance Code 001,
the Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldgico (CNPq) - Universal (432243/2018-6), Embrapa
(20.18.01.011.00.02.019), and Universidade Estadual de
Londrina.

Literature Cited

Albuquerque, P.E.P. Estratégias de manejo de irrigagdo: Exemplos
de calculo. Sete Lagoas: Embrapa Milho e Sorgo, 2010. 24p.
(Embrapa Milho e Sorgo. Circular técnica, 136). https://ainfo.
cnptia.embrapa.br/digital/bitstream/item/25532/1/Circ-136.
pdf. 05 May. 2023.

Cerezini, P.; Kuwano, B.H.; Grunvald, A.K.; Hungria, M.; Nogueira,

M.A. Soybean tolerance to drought depends on the associated
Bradyrhizobium strain. Brazilian Journal of Microbiology, v.
51, p.1977-1986, 2020. https://doi.org/10.1007/s42770-020-
00375-1.

9/8


https://ainfo.cnptia.embrapa.br/digital/bitstream/item/25532/1/Circ-136.pdf
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/25532/1/Circ-136.pdf
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/25532/1/Circ-136.pdf
https://doi.org/10.1007/s42770-020-00375-1
https://doi.org/10.1007/s42770-020-00375-1

Biological nitrogen fixation in soybean genotypes with different levels of drought tolerance

Cerezini, P.; Pipolo, A.E.; M.A. Gas
exchanges and biological nitrogen fixation in soybean under
water restriction. American Journal of Plant Sciences, v.5, n.26,
p.4011-4017, 2014. https://doi.org/10.4236/ajps.2014.526419.

Chen, P.; Sneller, C.H.; Purcell, L.C.; Sinclair, T.R.; King, C.A.; Ishibashi,
T. Registration of soybean germplasm strains R01-416F and RO1-
581F for improved yield and nitrogen fixation under drought
stress. Journal of Plant Registration, v.1, n.2, p.166-167, 2007.
https://doi.org/10.3198/jpr2007.01.0046crg.

Coleto, I.; Pineda, M.; Rodino, A.P.; Deron; A.M.; Alamillo, J.M.
Comparison of inhibition of N, fixation and ureide accumulation
under water deficit in four common bean genotypes of
contrasting drought tolerance. Annals of Botany, v.113, n.6,
p.1071-1082, 2014. https://doi.org/10.1093/acb/mcu029.

De Luca, M.J.; Hungria, M. Plant densities and modulation of

Hungria, M.; Nogueira,

symbiotic nitrogen fixation in soybean. Scientia Agricola,
v.71, n.3, p.181-187, 2014. https://doi.org/10.1590/S0103-
90162014000300002.

Devi, M.J.; Sinclair, T.R.; Chen, P.; Carter, T. Evaluation of elite
southern maturity soybean breeding lines for drought tolerant
traits. Agronomy Journal, v.106, n.6, p.1947-1954, 2014.
https://doi.org/10.2134/agronj14.0242.

Empresa Brasileira de Pesquisa Agropecuaria - Embrapa. Cultivares
de soja. Macrorregides 1, 2 e 3. Centro-Sul do Brasil. Londrina:
Embrapa Soja, 2016. 64p. https://ainfo.cnptia.embrapa.br/digital/
bitstream/item/146447/1/catalogo-soja.pdf. 05 May. 2023.

Empresa Brasileira de
Tecnologias de produgdo de soja. Londrina: Embrapa Soja,
2020. 347p. (Embrapa Soja. Sistemas de Produgdo, 17). https://
ainfo.cnptia.embrapa.br/digital/bitstream/item/223209/1/SP-
17-2020-online-1.pdf. 05 May. 2023.

Fehr, W.R.; Caviness, C.E. Stages of soybean development.
Ames: lowa State University; Cooperative Extension Service;
Agriculture and Home Economics Experiment Station, 1977.
11p. (Special Report, 80). https://core.ac.uk/download/
pdf/83024475.pdf. 05 May. 2023.

Finoto, E.L.; Sediyama, T.; Barros, H.B. Fixacdo bioldgica de

Pesquisa Agropecuaria - Embrapa.

nitrogénio e inoculagdo com Bradyrhizobium. In: Sediyama, T.
(Ed.). Tecnologias de produgdo e usos da soja. Londrina: Editora
Mecenas, 2009. p.59-69.

Hungria, M. Metabolismo do carbono e do nitrogénio nos nédulos.
In: Hungria, M.; Araujo, R.S. (Eds.). Manual de métodos
empregados em estudos de microbiologia agricola. Brasilia:
Embrapa-SPI, 1994. p.249-283. https: 10.13140
RG.2.1.2663.4727.

Hungria, M.; Campo, R.J.; Mendes, I.C. A importancia do processo
de fixagdo bioldgica do nitrogénio para a soja: componente
essencial para a competitividade do produto brasileiro.
Londrina: Embrapa Soja; Embrapa Cerrados, 2007. 80 p.
(Embrapa Soja. Documentos, 283). https://ainfo.cnptia.
embrapa.br/digital/bitstream/item/139642/1/bolpd-283-soja.
pdf. 05 May. 2023.

Kerbauy, G.B. Fisiologia Vegetal. 2.ed. Rio de Janeiro: Guanabara
Koogan, 2008. 446 p.

doi.or:

Rev. Bras. Cienc. Agrar., Recife, v.18, n.3, €2565, 2023

King, C.A.; Purcell, L.C. Inhibition of N, fixation in soybean is

associated with elevated ureides and amino acids. Plant
Physiology, v.137, n.4, p.1389-1396, 2005. https://doi.

0rg/10.1104%2Fpp.104.056317.
King, C.A.; Purcell, L.C. Soybean nodule size and relationship to

nitrogen fixation response to water deficit. Crop Science,
v.41, n.4, p.1099-1107, 2001. https://doi.org/10.2135/
cropsci2001.4141099x.

Kron, A.P.; Souza, G.M.; Ribeiro, R.V. Water deficiency at different
developmental stages of Glycine max can improve drought
tolerance. Bragantia, v.67, n.1, p.43-49, 2008. https://doi.
org/10.1590/50006-87052008000100005.

Ladrera, R.; Marino, D.; Larrainzar, E.; Gonzalez, E.M.; Arrese-Igor, C.

Reduced carbon availability to bacteroids and elevated ureides
innodules, but notinshoots, are involved in the nitrogen fixation
response to early drought in soybean. Plant Physiology, v.145,
n.2, p.539-546, 2007. https://doi.org/10.1104/pp.107.102491.
Nascimento, S.P.; Bastos, E.A.; Araujo, E.C.E.; Freire Filho, F.R.;

Silva, E.M. Tolerancia ao déficit hidrico em gendtipos de feijao-
caupi. Revista Brasileira de Engenharia Agricola e Ambiental,
v.15, n.8, p.853-860, 2011. https://doi.org/10.1590/51415-
43662011000800013.

Pitol, C. Soja mais produtiva e tolerante a seca. In: Lourengao, A.L.F.
et al. (Eds.). Tecnologia e Producgdo: Soja 2014/2015. Fundagdo
MS. Curitiba: Midiograf, p. 29-37, 2015. 161p. https://www.
fundacaoms.org.br/wp-content/uploads/2021/02/Tecnologia-
Producao-Soja-20142015.pdf. 05 May. 2023.

Purcell, L.C.; Serraj, R.; Sinclair, T.R.; De, A. Soybean N, fixation

estimates, ureide concentration, and yield responses to
drought. Crop Science, v.44, n.2, p.484-492, 2004. https://doi.
org/10.2135/cropsci2004.4840.

Salisbury, B.F.; Ross, C.W. Fisiologia das plantas. 4.ed. Sdo Paulo:

Cengage Learning, 2013. 774 p.

Serraj, R.; Sinclair, T.R. Processes contributing to N -fixation
insensitivity to drought in the soybean cultivar Jackson. Crop
Science, v.36, n.4, p.961-968, 1996. https://doi.org/10.2135/cr

0pscil996.0011183X003600040024x.
Silva, F.C. (Ed.). Manual de analises quimicas de solos, plantas e

fertilizantes. 2.ed. Brasilia: Embrapa Informagdo Tecnoldgica;
Rio de Janeiro: Embrapa Solos, 2009. 627p. http://www.
infoteca.cnptia.embrapa.br/infoteca/handle/doc/330496. 05
May. 2023.

Sinclair, T.R.; Purcell, L.C.; King, C.A.; Sneller, C.H.; Chen, P.; Vadez, V.
Drought tolerance and yield increase of soybean resulting from

improved symbiotic N, fixation. Field Crops Research, v.101, n.1,
p.68-71, 2007. https 10.1016/j.fcr.2006.09.010.

Taiz, L.; I.M.; Murphy, A.
desenvolvimento vegetal. 6.ed. Porto Alegre: Artmed, 2017.
888p.

Vogels, G.D.; Van der Drift, C. Differential analysis of glyoxylate
derivatives. Analytical Biochemistry, v.33, n.1, p.143-157, 1970.
https://doi.org/10.1016/0003-2697(70)90448-3.

doi.or

Zeiger, E; Moller, Fisiologia e

10/8


https://doi.org/10.4236/ajps.2014.526419
https://doi.org/10.3198/jpr2007.01.0046crg
https://doi.org/10.1093/aob/mcu029
https://doi.org/10.1590/S0103-90162014000300002
https://doi.org/10.1590/S0103-90162014000300002
https://doi.org/10.2134/agronj14.0242
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/146447/1/catalogo-soja.pdf
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/146447/1/catalogo-soja.pdf
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/223209/1/SP-17-2020-online-1.pdf
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/223209/1/SP-17-2020-online-1.pdf
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/223209/1/SP-17-2020-online-1.pdf
https://core.ac.uk/download/pdf/83024475.pdf
https://core.ac.uk/download/pdf/83024475.pdf
https://doi.org/10.13140/RG.2.1.2663.4727
https://doi.org/10.13140/RG.2.1.2663.4727
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/139642/1/bolpd-283-soja.pdf
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/139642/1/bolpd-283-soja.pdf
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/139642/1/bolpd-283-soja.pdf
https://doi.org/10.1104%2Fpp.104.056317
https://doi.org/10.1104%2Fpp.104.056317
https://doi.org/10.2135/cropsci2001.4141099x
https://doi.org/10.2135/cropsci2001.4141099x
https://doi.org/10.1590/S0006-87052008000100005
https://doi.org/10.1590/S0006-87052008000100005
https://doi.org/10.1104/pp.107.102491
https://doi.org/10.1590/S1415-43662011000800013
https://doi.org/10.1590/S1415-43662011000800013
https://www.fundacaoms.org.br/wp-content/uploads/2021/02/Tecnologia-Producao-Soja-20142015.pdf
https://www.fundacaoms.org.br/wp-content/uploads/2021/02/Tecnologia-Producao-Soja-20142015.pdf
https://www.fundacaoms.org.br/wp-content/uploads/2021/02/Tecnologia-Producao-Soja-20142015.pdf
https://doi.org/10.2135/cropsci2004.4840
https://doi.org/10.2135/cropsci2004.4840
https://doi.org/10.2135/cropsci1996.0011183X003600040024x
https://doi.org/10.2135/cropsci1996.0011183X003600040024x
http://www.infoteca.cnptia.embrapa.br/infoteca/handle/doc/330496
http://www.infoteca.cnptia.embrapa.br/infoteca/handle/doc/330496
https://doi.org/10.1016/j.fcr.2006.09.010
https://doi.org/10.1016/0003-2697(70)90448-3

