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Abstract

Background: Seed mass is a key component of adaptation in plants that are strongly affected by development and maturity, and, at the same
time, all is modulated by the environment of cultivation.

Hypotheses: The response to water deficit in seeds of P. vulgaris L. and P. acutifolius A. Gray is species-dependent and affects their biochemical
and morphological characteristics.

Studied species: The studied cultivars were Rosa Bufa (P. vulgaris) and cv. 10017 (P. acutifolius). Seeds were obtained from plants grown at
100 % and 25 % soil field capacity during their pod development.

Study site and dates: The experiments were performed during May and August 2018 in a greenhouse at the Colegio de Postgraduados, Texcoco,
State of Mexico (altitude 2,353 m).

Methods: The biochemical and morphological characteristics and the grain size of starch in seeds cotyledons were assessed.

Results: Water restriction had no significant effects on the seed thickness, width, or mass only length decreased in P. acutifolius. In both spe-
cies, the axis size of the starch granules decreased due to the stress, glucose concentration increased, sucrose and starch were not altered. Water
imbibition increased six times in P, vulgaris seeds with no effect on the germination. The a-amylase activity was 25 - 35 % lower in both species
due to the water restriction, particularly in P. acutifolius the activity was two-fold higher than in P. vulgaris.

Conclusions: Comparing the carbohydrate concentration in germinating seeds of common and Tepary beans gave insights on the nutrient re-
serves mobilization during seed maturation and germination.

Keywords: Enzymatic degradation, germination, imbibition, legume, photoassimilates, seed development.

Resumen

Antecedentes: La acumulacion de biomasa en la semilla es dependiente del desarrollo y la madurez, y responde al ambiente.

Hipotesis: Las semillas de P. vulgaris L. y P. acutifolius A. Gray responden a la deficiencia de agua con alteraciones bioquimicas y morfologicas
en dependencia de la especie.

Especies de estudio: cv. Rosa Bufa (P, vulgaris L.) y cv. 10017 (P. acutifolius). Las semillas se obtuvieron de plantas en riego con 25y 100 %
de capacidad de campo durante el desarrollo de la vaina.

Sitio y aifio de estudio: Las semillas se obtuvieron en el Colegio de Postgraduados, Texcoco, Estado de México (altitud 2,353 m) entre mayo y
agosto de 2018.

Métodos: Los analisis incluyeron las caracteristicas bioquimicas y morfologicas de las semillas y el tamafio de los granulos del almidén.
Resultados: La restriccion de humedad no modifico significativamente el espesor, la anchura y la biomasa de la semilla, pero en P. acutifolius
la longitud disminuy6. En ambas especies el tamafio del eje de los granulos de almidon decrecid, la concentracion de glucosa incrementd, la
concentracion de sacarosa y almidon no cambid. Las semillas de P. vulgaris incrementaron seis veces su imbibicion, sin afectar la germinacion
por el déficit de humedad. La actividad de a-amilasas disminuyo entre 25y 35 % pero en P. acutifolius fue el doble que en P. vulgaris.
Conclusiones: La comparacion de la concentracién de carbohidratos en semillas en germinacion de Phaseolus aportd informacion sobre la
movilizacion de nutrientes durante la maduracion y la germinacion.

Palabras clave: Degradacion enzimatica, desarrollo de semilla, fotoasimilados, germinacion, imbibicion, leguminosas.
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The seed’s primary function is to protect the embryo, sens-
ing favorable conditions for the germination and nourish-
ment of the germinating seedling (Sehgal ef al. 2018).
Because of climate change, seed quality will be affected
mainly due to seasonal droughts, fluctuations in soil mois-
ture acting as a selective pressure for germination, seed
size and yield (Beebe et al. 2013). This effect occurs
when photoassimilates uptake and their remobilization
from source tissues toward the seeds is modified and alter
the grain composition (Farooq et al. 2018). In particular,
common beans (Phaseolus vulgaris L.) grow in a range
of habitats where it is exposed to seasonal droughts, with
soil moisture fluctuations. This stress may act as a selec-
tive pressure on yield, seed size and quality (Beebe et al.
2013); however, the low yield is typical result in common
beans grown at low water availability (Padilla-Chacén et
al. 2019).

To achieve systematic progress in breeding, it is nec-
essary to have a broad genetic base (Singh 2001). Most
of the available diversity in wild and landraces of these
species remains without use due to a ‘bottleneck’ effect
that took place during the domestication process from a
small number of wild populations, there is greater diversi-
ty in the wild forms of the species in the Phaseolus genus
(Jiménez-Galindo & Acosta-Gallegos 2012).

Common bean is one of the most important legume
crops, providing as much as 15 % of total daily caloric
intake and 36 % of total daily protein in Africa and Amer-
ica (Schmutz et al. 2014; http://faostat.fao.org/site/291/
default.aspx). The development of high yield varieties
with increased drought tolerance and high grain quality
are primary objectives of a bean genetic improvement
program (Acosta et al. 2004). There are available genetic
resources of P. vulagris selected for drought tolerance de-
veloped at arid and semiarid areas (Bebee et al. 2013). In
contrast to common bean, Phaseolus acutifolius A. Gray
(Tepary bean) distributes in arid and semi-arid regions
from northern Mexico to Southwestern USA; its yield un-
der limited water availability is qualified as satisfactory,
even outstanding (Gujaria-Verma et al. 2016, ILDIS 2018,
Leal-Delgado et al. 2019); it is a pulse less consumed than
common bean even its high nutritive value (Bhardwaj &
Hamama 2004).

Carbohydrate content, as a key factor for plant growth,
regulates synthesis and seed reserves accumulation during
development, seed filling time and the overall metabolic
activity (Sehgal et al. 2018). Starch is generally composed
of amylose and amylopectin, about 98-99 % of the poly-
saccharide dry weight, organized as granules, can show

similar or heterogeneous size and shapes (Tayade et al.
2019). In cereals like wheat (Triticum aestivum), drought
decreases the total starch concentration and amylose pro-
portion, modifying the amylose-to-amylopectin ratio in
the grain (Li et al. 2015, Yu et al. 2016).

The genetics and molecular details of starch synthesis
and granules organization are described in cereal crops,
yet, little is known of their synthesis in Phaseolus; even
less to the effects water restriction has in the seeds, their
sugars and starch accumulation and effects on the seed
growth and germination (Lemmens et a/. 2019). Though,
in common beans, water restriction during plant growth
modifies the amylose-amylopectin ratio, digestibility and
pasting properties of isolated starch in the seeds (Ovando-
Martinez et al. 2011).

The objective of this research was to evaluate the ef-
fect water restriction during on seed’s development re-
gard their carbohydrates concentration, starch granules
size and amylolytic activity in seeds of P. vulgaris and
P. acutifolius, which contrast in their drought tolerance.
For this purpose, this study included common bean seeds
from cv. “Rosa Bufa”, from Chihuahua, improved for
extremely dry environments at the Instituto Nacional
de Investigaciones Forestales, Agricolas y Pecuarias,
INIFAP-Chihuahua, Mexico. This common bean culti-
var has a reported yield of 376 kg ha’', higher than that
of other cultivars under the same stressing conditions
(Jiménez-Galindo & Acosta-Gallegos 2012). The above
contrasted with Tepary bean variant 10017 collected at
Durango, Mexico, from highly dry habitats of northern
Mexico. Tepary bean 10017 is registered in a core col-
lection of the INIFAP (Cardenas-Ramos et al. 1996).
The outstanding tolerance to water restriction of the
10017 variants, during vegetative stage, was reported by
Leal-Delgado er al. (2019). We hypothesized that the
seed responses to water deficit in their physiology, carbo-
hydrates concentration and starch grain morphology are
species dependent.

Materials and methods

Evaluated seeds. Seeds of the Tepary bean cv. 10017 (P.
acutifolius A. Gray) were donated by the INIFAP. The ma-
terial was collected at Durango, Mexico, and is registered
in the germplasm bank catalog for Phaseolus spp. of the
INIFAP (Cardenas-Ramos et al. 1996). The cv. Rosa Bufa
(P. vulgaris) was also donated by INIFAP, Campo ex-
perimental Sierra Chihuahua (Jiménez-Galindo & Acosta
Gallegos 2013). Plants from both species were cultivated
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between May and August 2018, in a greenhouse at the
Colegio de Postgraduados, Campus Montecillo, Texcoco,
State of Mexico (19° 29’ N, 98° 53° W, 2,240 m altitude).
During plant development, the mean daily temperature
was 24 + 4 °C, sunlight radiation of 1,259.25 ym m™2 s™
and the relative maximum and minimum humidity were
83.17 and 9.93 %. Each plant was grown in a plastic pot
(15 x 13 x 11 cm), in 5.5 kg of sandy crumb-type soil.
Plants were daily irrigated (~100 % field capacity; FC)
until the third trifoliate leaf was fully expanded (~30 days
after sowing; DAS). Then, plants from each species were
randomly separated into two groups. One group continued
with regular irrigation to maintain soil near FC (control);
the other group, was maintained at 25 % FC by irriga-
tion restriction. Soil moisture was daily evaluated via the
gravimetric method until harvest.

Morphometric traits. The mass of 100 randomly cho-
sen seeds (Figure 1) was gravimetrically determined by
weighing in an electronic balance (Hongzuan HZ-2003).

Seed size was determined by measuring the length, width
and thickness using a vernier caliper (HER-411, Steren,
China).

Starch grain analysis. Seeds were imbibed in water for 48
h and dehulled. Cotyledons were fixed in FAA solution
(50 % ethanol, 5 % acetic acid, 10 % formol and 35 %
distilled water volume ratios) for 72 h. Cotyledons were
infiltrated and embedded into paraffin to obtain 10 um
transverse sections in a microtome (Erma Inc. Japan). The
samples were analyzed using periodic acid Schiff reaction
and evaluated by field emission in light microscopy (Carl
Zeiss, Model LG, Germany). Micrographs of each sample
were taken with 400 times magnification. At least 12 ma-
ture grains from three independent plants of each treat-
ment were imaged. The starch granule number per field
was counted in eight micrographs of the same size. Grain
total starch concentration was quantified using Image J
(Java, JVM) software. Data were collected from at least
eight cotyledons with four replicates per image.

Figure 1. Representative image of seeds harvested from plants of P. vulgaris (cv. Rosa Bufa) (A-C) and Tepary bean P. acutifolius (cv. 10017) (B-D)

under 100 % FC (A-B) and 25 % FC (C-D). Barr represent lcm.
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Soluble sugars and starch. Glucose, fructose, sucrose, and
starch concentrations were determined in 12 h imbibed
seeds. Fifty mg of triturated seed was mixed with 500 pL
of 80 % ethanol, heated at 80 °C for 30 min and centri-
fuged at 10,000 x g for 10 min. Glucose, fructose and su-
crose were enzymatically quantified from the supernatants
and starch in the insoluble material as described by Bernal
et al. (2005) and Leal-Delgado ef al. (2019).

Water uptake and germination. Twenty-five seeds of
each treatment were germinated in Petri Dishes, for
triplicated, for 96 hours, in total darkness and at 25 °C,
following ISTA (International Seed Testing Association
2018) standards. The seeds were blotted and placed on
paper towels to remove surface water. Seed imbibition
was determined at 12, 24, 36, 48, 60 hours, or up to ger-
mination. A similar-seed set of each treatment was moni-
tored every 12 h until reaching maximum germination.
The criterion for germination was a radicle protrusion
of > 1 mm.

Native PAGE and activity staining. Native PAGE elec-
trophoresis for starch amylolytic enzyme detection was

carried out with crude extracts from 12 h germinating
seeds, as described by Zeeman et al. (1988) and Delatte
et al. (2006). This method relies on the composition of
a glucan substrate and amylopectin from potato (Sigma,
Aldrich) incorporated into the gel and visualized by stain-
ing with an iodine solution. The native gels contained
6 % (w/v) polyacrylamide and 2 % amylopectin. After
electrophoresis, gels were kept at 37 °C, for 1 h, in a me-
dium containing buffer 50 mM sodium acetate, pH 5.5,
1 mM MgCL, 1 mM CaCl,, | mM dithiothreitol. Clear
bands developed in amylopectin-containing gels and were
stained with Lugol solution.

Amylase activity. Amylase activity was assessed 12 h
after germination started, in 100 mg of the cotyledon
samples, using an amylase activity assay kit (Sigma Al-
drich). Each sample was homogenized in 0.5 mL of the
amylase assay buffer. The samples were centrifugated
at 13,000 x g for 10 min to remove insoluble mate-
rial. A standard curve was obtained using nitrophenol
standards for colorimetric detection at 405 nm with 0,
2,4, 6,8, 10 uL from the 2 mM nitrophenol standard,
placed into a 96-well plate, generating a 0 (blank), 4, 8§,

Figure 2. Seeds of Phaseolus vulgaris L. (cv. Rosa Bufa) and P. acutifolius (cv. 10017); seed weight (A), width (B), length (C) and thickness (D) at
harvest. Plants were grown under two soil moisture treatments during the whole cycle, 100 % (red box) and 25 % of soil field capacity (blue box).

n = 100. Different letters indicate a significant difference between moisture treatments. Tukey test (P < 0.05).
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Table 1. Comparison of the amount of water (g) imbibed by seeds of P. vulgaris cv. Rosa Bufa and P. acutifolius 10017 Tepary bean.

Specie Cultivar H“(‘.',‘/")hty DWS  g/12h  g24h  g/36h g48h g/60h  g/72h  g/84h g/96h
(1]

. 024+ 002+ 015+ 028+ 030+ 036+ 044+ 064+ 0.74 +

P vulgaris — Rosa Bufa 100 0.02a 00a  004a 008a 006a 007a 008a 0lla 0.13a

- 022+ 012+ 018+ 022+ 028+ 04+ 047+ 065+ 0.77 +

0.01 b 00b  003b 0076 007b 0.12a 0.13a 0204 023 a

o 0.17+ 0004+ 003+ 0.3+ 016+ 021+ 027+ 041+ 0.51 +

P acutifolius 10017 100 0.02 ¢ 002¢  006c 003c¢ 003c 005¢ 006c  0.09c 0.11c

’s 016+ 0002+ 003+ 0.2+ 015+ 021+ 027+ 041+ 047 +

002d  004c  005¢ 006h 008d 008¢ 007c  Olle¢ 0.13 ¢

Means (+ ES) in the same column followed by the different lower case letters (a, b, ¢, d) are significantly different at (P < 0.05) using Tukey

test. n =50. DWS = dry weight seed (g).

12, 16, and 20 nmol/well standards. Ten pL from each
sample were added into the wells, plus a 40 pL assay
buffer and 100 puL of the master reaction mix. A stan-
dard and positive control wells were included. The plate
was mixed for 3 min using a horizontal shaker, their
initial absorbance (T initial) was then measured at 405
nm (Abs405). The samples were kept at 25 °C the plate
was protected from light during the incubation. Read-
ings were made five times every 5 min. The results were
calculated from the background by subtracting the final
Abs405 blank absorbance from the final Abs405 mea-
surement of the standards and those from the samples,
calculating the change in absorbance from T initial to T
final for the samples. The AAbs405 of each sample was
compared to the standard curve to determine the amount
of nitrophenol generated by the amylase between T ini-
tial to T final.

Experimental design. A completely randomized factorial
design was used to analyze the effects of two water con-
ditions (well-watered or 100 and 25 % FC) on two bean
species. The experimental unit was a plant, five replicates
were evaluated.

Statistical analysis. For the statistical comparison of treat-
ments, the normality test (Shapiro-Wilk) was performed
for each variable as well as the equal variance test. An
ANOVA was performed for each response variable using
the Sigma Stat 3.5 software, followed by a comparison of
means using Tukey’s multiple comparison test to found
significant differences (P < 0.05).

368

Results

Seed weight, width, length, and thickness were signifi-
cantly different between P. vulgaris (cv. Rosa Bufa) and
P acutifolius (10017) (Figure 2). Water restriction had no
significant effect on P. vulgaris seed size or mass. In con-
trast, in P. acutifolius 10017 Tepary beans the seed length
and width decreased 10 % each compared to its control
(Figure 2). The starch granules of P. vulgaris were 27 %
longer than those of P. acutifolius at 100 % FC (Figure
3). The starch granules and neutral carbohydrates were
detected with periodic acid-Schiff’s (Figure 3A-D). Inter-
estingly, the major axis in P. vulgaris had no significant
differences at 100 % FC while in P. acutifolius was de-
creased. However, in both species significantly decreased
by 10 % the maximum and minimum axis length because
of the water restriction. Regard to neutral carbohydrates
no differences were detected (Figure 4A-B).

The glucose concentration ranged, in seeds of both
species, between 180 to 230 umol g' at 100 % FC. The
glucose concentration increased to 219-294 umol g™'as an
effect of 25 % FC (Figure 5A). The fructose concentration
in both species and at both FC was less than 10 % than that
of the glucose concentration, there were no significant dif-
ferences between species and watering levels (Figure SA).
The sucrose and starch concentration had no difference
between species or water treatment (Figure 5B).

Seed imbibition increased by the effect of water re-
striction (Table 1). Results show that P. acutifolius in both
FCs had similar maximum imbibition. However, in the
first 12 h, seeds grown at 25 % FC of cv. Rosa Bufa im-



Cilia Garciaet al. / Botanical Sciences 99(2): 364-376. 2021

Figure 3. Light micrographs (40X) showing starch granules and neutral carbohydrates (yellow arrows) of cotyledons of Phaseolus vulgaris (cv. Rosa
Bufa) (A-C) and P. acutifolius (cv. 10017) seeds (B-D) growing at 100 % field capacity (FC) (A-B) or 25 % FC (C-D) during their development. Starch
granules were analyzed with a Peryodic acid-Schiff reaction. The bars represent 30 pm.

bibed water six-folds more than those grown at 100 % FC
(Table 1).

The water restriction did not modify maximum ger-
mination in either species, both species began germina-
tion at 24 h (Figure 6A-B). However, P. vulgaris seeds
from plants grow at 25 % FC reached 100 % germination
at 36 h. In contrast, the seeds developed at 100 % FC
(control), total germination was reached by 60 h. In P.
acutifolius no changes were observed as an effect of FC
(Figure 6B).

Amylolytic enzyme activity using semiquantitative
native PAGE (zymogram) showed three major bands
in crude extracts from both species. The clear colorless

bands were putative amylases (Figure 7A) represented
as bands A1 and A2, the third one putative clear or pale
blue, A3 leads, also suggested some activity (Zeeman et
al. 1988) attributed to amylolytic enzymes. One minor
band was visible when gels were incubated for a longer
period (Figure 7A).

The enzymatic activity of the a-amylases was quan-
tified in crude extracts from both species (Figure 7B).
Reduction between 15 and 20 % in their activity was
observed as pNP-G7 production in seeds grown at 25
% FC (Figure 7B) in both species, but in Tepary beans
the activity was twice as high compared to cv. Rosa
Bufa.
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Discussion

Starch is the most abundant nutrient in Phaseolus seeds,
accounting for up to 70 to 80 % of their total carbohy-
drates. Nevertheless, little research has been focused on
the impact drought has on the starch content of legume
seeds. This research focuses on evaluating the water re-
striction effects on the seeds’ developmental process. The
seed weight of Tepery beans was~40 % lower than P. vul-
garis. These observations concur with previous reports of
grain legumes with seed size variation between species
(Blessing et al. 2018). Our results indicate that under wa-
ter restriction (25 % FC), both species do not significantly
modify their seed morphological traits (weight, thickness,
and width) except for length in P. acutifolius (Figure 2).
However, the number of seeds per plant decreased 40-50
%, due to the restriction, respect to the control (data not
included) because of reproductive tissue abortion. Seed
abortion can be a response to reduced resource availability
because of low rates of carbohydrate remobilization from
vegetative tissue and pod wall to seeds. Seed size increas-
es under-water deficit before or at the early reproductive
stage (Fang et al. 2011). However, on chickpeas (Push-
pavalli et al. 2015), lentils (Shrestha et al. 2006), grass
peas (Gusmao et al. 2012) and common beans (Sechgal et
al. 2018), it is reported that seed size was not affected by
water deficit despite yield decrease. This also points to a

relative increase in carbon allocation to reproductive tis-
sues. Thus, our results indicate that 25 % FC has no effect
on seed size in P. vulgaris and P. acutifolius.

At water restriction conditions and nitrogen deficiency
cotyledons of maize (Zhou et al. 2018) and wheat (Zhang
et al. 2017) alter their starch synthesis and grain weight.
It is well documented that moisture regulates the grain’s
length and surface area, thus influencing grain yield. Starch
granules of P, vulgaris are partially modified under mois-
ture restrictions, but the seed morphology was not altered.
In contrast to P, acutifolius, drought affects starch synthesis
by regulating the enzymatic activity for starch biosynthe-
ses, such as soluble starch synthase and ADP-glucose py-
rophosphorylase (Lu et al. 2019). Our results indicate that
25 % FC in P, vulgaris could accelerate grain filling in a
reduced number of seeds, maintaining grain weight. The
observation would have great significance in achieving the
dual goal of increasing crop yield and saving water for final
product quality.

Information in the literature regards a differential role
of starch granules in beans as a drought response is lim-
ited. The available data regard plants grown under optimal
conditions indicate that enzymes as starch synthase and
ADP-glucose pyrophosphorylase in rice grains contribute
to establishing sink strength in seeds by distinctively par-
ticipating in different stages of seed development (Prathap
et al. 2019). The starch accumulation in common beans

Figure 4. Maximum and minimum starch granule length + SE in seeds of Phaseolus vulgaris (cv. Rosa Bufa) (A) and P. acutifolius ( cv. 10017) (B)

growing at 100 % (red box) and (25) % soil field capacity (blue box) during plant development; n = 8. Different letters indicate a significant difference

between moisture treatments. Tukey test (P < 0.05).
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pre-filling pods analyzed in this research concurs with
other crop data, where the AGPase activity increases as a
response to drought treatments (Cuellar-Ortiz et al. 2008).
However, results contrast with those obtained in storage
organs, where a high sink strength is distinctive; as in
stem rice, in which drought induces a decrease in starch
accumulation and AGPase activity (Yang et al. 2001).
Although P. acutifolius yield was significantly reduced
under water restrictions, the number of seeds per plant
was three times higher than that in P. vulgaris cv. Rosa
Bufa (data not published). This could be explained by the
fact that Tepary bean plants have an indeterminate growth
habit that may attenuate temporary drought effects, fol-
lowing deep rooting strategies which are more capable
to withstand drought than shallow-rooted annuals (Ye et

Figure 5. Glucose, fructose, sucrose (A) and starch concentration (B)
(+ SE) in seeds of Phaseolus vulgaris (cv. Rosa Bufa) and P. acutifolius
(cv. 10017) grown at 100 and 25 % FC during seed development; n = 5.
Different letters indicate a significant difference between moisture treat-
ments. Tukey test (P < 0.05).

al. 2018). Thus, the reduction of the maximum and mini-
mum axis of starch granules in Tepary beans compared to
P, vugaris suggests that a high proportion of small starch
granules in Tepary bean is a consequence of the enzymes
involved in starch synthesis playing key roles in grain size,
which could improve the starch molecular structure and
functional properties in the grain. These results are con-
sistent with analyses in two wheat varieties. On them, the
authors report visual evidence of ultra-structural changes
on granule surfaces induced by drought, with differential
reduction of granule sizes, leading to an increased suscep-
tibility of the starches to drought-induced hydrolytic en-
zymes (Li et al. 2015).

The differences between both bean species in the pre-
sent study indicate the capacity of P. acutifolius seeds to
buffer drought impact and maintain a similar nutrient con-
centration under both, irrigated and drought conditions.
Nevertheless, this study supports the fact that genetic vari-
ation in bean species in response to drought exists not only
for their yield, as previously detected but also for their
nutrient concentration (Herrera ef al. 2019).

Regard their soluble sugars, glucose concentration
in cotyledons increased as a response to water restric-
tion. Fructose levels were maintained without changes in
levels 10 to 20 times lower than glucose. These results
contrast with those reported for wheat plants exposed
to drought stress during grain filling, in which, glucose,
fructose, and sucrose concentrations significantly de-
clined in grains of a drought-sensitive genotype accom-
panied by a sharp reduction in cell wall invertase activity
and soluble invertase activity (Koch 2004, Ruan 2012).
Certain concentrations of soluble sugars in the cotyle-
dons of cereals are associated with protection to stresses
and drought response (Lotfi et al. 2010). Regard sugar
signaling in reproductive organs, it has been shown that
hexoses stimulate cell division, while sucrose promotes
cell endoreduplication and starch accumulation in the
cotyledons in Vicia faba (Weber et al. 1996). These au-
thors further propose that cell wall invertase (CWIN) in
the seed coat of V. faba affects the developmental pro-
cesses of seeds by regulating sugar signaling in the em-
bryo. In maize, the mutation of a CWIN gene (INCW2)
resulted in a miniature seed phenotype by blocking cell
division in the endosperm (Vilhar et al. 2002). Our re-
sults indicate that a possible regulatory network modu-
lates the sucrose metabolism and signaling in seeds set
under abiotic stresses. In this study, we detected neutral
carbohydrate in the light micrographs (Figure 3A-D).
However, further work is needed to extend the method of
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Figure 6. Seed germination percentage of P. vulgaris cv. Rosa Bufa (A) and P. acutifolius (cv. 10017) (B) at 100 % (FC) red circle, and 25 % (FC) blue

square during seed development; n = 50.

analysis to other oligosaccharides, currently underway in
our laboratory.

Seed quality traits depend on the accumulation of vari-
ous storage molecules during seed development. Drought
stress during the initial stage of seed development re-
duces the capacity of seeds to sink strength, by decreasing
the number of endosperm cells and formed amyloplasts
(Sehgal ez al. 2018), thus reducing grain weight with a de-
cline in endosperm competence to gather starch, in terms
of both, rate and duration. In the present study, a similar
effect was observed in P. acutifolius.

To test if water restriction affects the physiological
seed quality of Phaseolus species, we tested the hypoth-
eses that 25 % FC during seed development affects seed
imbibition and germination percentage (Table 1). Results
showed that in both cultivars, water absorption increased
four-folds with respect to dry seeds at 72-96 h (Table
1). This result concurs with those reported by Aliu et al.

the water adsorption. The differences in seeds imbibition
among the species may relate to seed coat thickness, the
number of seed coat pores and the size of the micropyle
and hilum (Borji et al. 2007).

Several reports indicate that a-amylases are key in
the degradation of stored starch in the cotyledons (Ali &
Elozeiri 2017, Damaris et al. 2019, Sehgal et al. 2018,
Liu et al. 2018). These enzymes account for 40-60 % of
de novo protein synthesis in grains (Liu et al. 2018). Al-
though a-amylase is necessary to initiate starch degrada-
tion in cereal grains (Beck & Ziegler 1989), little is known
about the activity in legumes.

The water restriction effects during grain develop-
ment on amylolytic activity and a-amylase activity
were investigated in this study (Figure 7). The native
gels show three putative starch hydrolyzing enzymes
involved in reserves remobilization during germination
(Figure 7A). This indicates that bean extracts from P,

(2016) where the time limit for the imbibition of seeds
began to reduce after 72 h and even 48 h.

Surprisingly, in cv. Rosa Bufa at 25 % FC, imbibition
significantly increased at 12 h respect to the 100 % FC
(Table 1). These results correlate with the germination
percentage reached at 36 h at 25 % FC while at 100 %
FC was at 60 h. Some reports demonstrate that germina-
tion depends on water as the main factor that stimulates
germination and the chemical composition of the seeds
(Saux et al. 2020). We do not discard that in cv. Rosa Bufa
the water restriction during seed development impacts the
imbibition rate thus, germination as a consequence of al-
terations in the biochemical components associated with
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vulgaris and P. acutifolius are capable of starch degra-
dation and that endo amylases activity is present in the
amyloplast. Therefore, we conducted a quantitative as-
say to assess a-amylase activity on crude extracts from
cotyledons. Results show that the enzymatic activity
reduced ~10 to 15 % in seeds from plants grown at 25
% FC in both species, compared to seeds from plants
in 100 % FC. However, a two-fold increase in activ-
ity was observed, twice as higher, in Tepary beans com-
pared to P. vulgaris (Figure 7B). It might be possible
that in Tepary beans an increase in the phosphorylase
activity enables the phosphorolysis of starch partly to
accelerate the hydrolysis (Chen et al. 2017). Srivastava
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Figure 7. Native PAGE of starch-degrading enzymes (A). A1, A2, A3 represent different band with amylolytic activity in the gel. Changes in enzy-

matic activities of a-amylases (B). The experiments were carried out from crude homogenates of seeds at physiological maturity germinated for 24 h of
Pvulgaris cv. Rosa Bufa and P.acutifolius (cv. 10017) at 100 % (FC), red circle and 25 % (FC) blue square. Different letters indicate a significant differ-

ence between moisture treatments. Tukey test (P < 0.05).

& Kayastha (2014) report that in seeds of Trigonella
foenum-graecum f-amylase was the major starch de-
grading enzyme, depending on the amount of enzyme
present, compared to a-amylase and on its localization
at the periphery of amyloplasts. That might reflect their
different roles among various amylolytic enzymes in a
complex regulation. Further experiments are necessary
to elucidate the role of each amylase in starch stored
degradation in the cotyledons, particularly during seed
germination, to facilitate crop breeding as an efficient
biomarker in legumes.

Acknowledgments

This research was funded by the COLPOS. D-PC re-
search is supported by the Catedras-CONACyT. M-CG
was supported by a fellowship from the CONACYT.
We thank the Germplasm Bank of INIFAP for provid-
ing the seeds of cv. Rosa Bufa seeds and Tepary bean
10017.

Literatured cited

Acosta GJA, Gonzalez RH, Torres ECA, Cuellar RI,
Acosta DE, Lopez SE, Pérez SRA, Ibarra PFJ, Rosales
SR. 2004. Impacto de la genotecnia en el cultivo de
frijol en México. In: Preciado ORE, Rios SA, eds. Sim-
posium Aportaciones de la genotecnia a la Agricultura.
Toluca, Estado de México: México. Sociedad Mexi-
cana de Fitogenética, pp 36-57.

Ali AS, Elozeiri AA. 2017. Metabolic processes during
seed germination. /n: Advances in Seed Biology. In-
Tech, London, United Kingdom. pp-141-166. DOI:
https://doi.org/10.5772/intechopen.70653

Aliu S, Rusinovci I, Fetahu S, Bradhi N, Bislimi K. 2016.
Effect of water stress on seed imbibitions in common
bean (Phaseolus vulgaris). Acta Horticulturae 1142:
429-434. DOI: https://doi.org/10.17660/ActaHor-
tic.2016.1142.64

Beck E, Ziegler P. 1989. Biosynthesis and Degrada-
tion of Starch in Higher Plants. Annual Review of
Plant Physiology and Plant Molecular Biology

373


https://doi.org/10.17660/ActaHortic.2016.1142.64
https://doi.org/10.17660/ActaHortic.2016.1142.64

Effect of water restriction in seeds of two species of genus Phaseolus

40: 95-117. DOI: https://doi.org/10.1146/annurev.
pp.40.060189.000523

Beebe SE, Rao IM, Blair MW, Acosta-Gallegos JA. 2013.
Phenotyping common beans for adaptation to drought.
Frontiers in Physiolology 4:35. DOI: https://doi.
org/10.3389/fphys.2013.00035

Bernal L, Coello P, Martinez-Barajas E. 2005. Possible
role played by R1 protein in starch accumulation in
bean (Phaseolus vulgaris) seedlings under phosphate
deficiency. Journal of Plant Physiology 162: 970-976.
DOI: https://doi.org/10.1016/].jplph.2004.12.005

Blessing CH, Mariette A, Kaloki P, Bramley H. 2018.
Profligate and conservative: water use strategies in
grain legumes. Journal of Experimental Botany 69:
349-369. DOI: https://doi.org/10.1093/jxb/erx415

Bhardwaj HL, Hamama AA. 2004. Protein and mineral
composition of Tepari bean seed. Horticultural Sci-
ence 39: 1363-1365. DOI: https://doi.org/10.21273/
HORTSCI.39.6.1363

Borji M, Ghorbanli M, Sarlak M. 2007. Some seed traits
and their relationships to seed germination, emergence
rate electrical conductivity in common bean (Phaseo-
lus vulgaris L.). Asian Journal of Plant Science 6: 781-
787. DOLI: https://doi.org/10.3923/ajps.2007.781.787

Cardenas-Ramos F, Muruaga Martinez J, Acosta Gallegos
J. 1996. Banco de germoplasma de Phaseolus spp.
del Instituto Nacional de Investigaciones Forestales y

Agropecuarias: catilogo. México: Instituto Nacional
de Investigaciones Forestales, Agricolas y Pecuarias.
Comision Nacional para el Conocimiento y Uso de la
Biodiversidad.

Cuellar-Ortiz SM, De La Paz Arrieta-Montiel M, Acos-
ta-Gallegos J, Covarrubias AA. 2008. Relationship
between carbohydrate partitioning and drought re-
sistance in common bean. Plant Cell & Environment
31: 1399-1409. DOI: https://doi.org/10.1111/.1365-
3040.2008.01853.x

Chen GX, Zhen SM, Liu YL, Yan X, Zhang M, Yan YM.
2017. In vivo phosphoproteome characterization re-
veals key starch granule-binding phosphoproteins in-
volved in wheat water-deficit response. BMC Plant
Biology 17:168. DOI: https://doi.org/10.1186/s12870-
017-1118-z

Damaris RN, Lin Z, Yang P, He D. 2019. The Rice Al-
pha-Amylase, Conserved Regulator of Seed Matura-
tion and Germination. /nternational Journal of Molec-
ular Sciences 20: 450. DOI: https://doi.org/10.3390/

ijms20020450
Delatte T, Umhang M, Trevisan M, Eicke S, Thorneycroft

374

D, Smith SM, Zeeman SC. 2006. Evidence for Distinct
Mechanisms of Starch Granule Breakdown in Plants.
Journal of Biological Chemistry 28: 12050-12059.
DOI: https://doi.org/10.1074/jbc.M513661200

Fang XW, Turner NC, Li FM, Siddique KHM. 2011. An
early transient water deficit reduces flower number
and pod production but increases seed size in chick-
pea (Cicer arietinum L.). Crop and Pasture Science 62:
481-487. DOI: https://doi.org/10.1071/Cp10349

Farooq M, Hussain M, Usman M, Farooq S, Alghamdi
SS, Siddique KHM. 2018. Impact of Abiotic Stresses
on Grain Composition and Quality in Food Legumes.
Journal of Agricultural and Food Chemistry 66: 8887-
8897. DOL: https://doi.org/10.1021/acs.jafc.8b02924

Gujaria-Verma N, Ramsay L, Sharpe AG, Sanderson L-A,
Debouck DG, Tar’an B, Bett KE. 2016. Gene-based
SNP discovery in tepary bean (Phaseolus acutifolius)
and common bean (P. vulgaris) for diversity analysis
and comparative mapping. BMC Genomics 17: 239.
DOI: https://doi.org/10.1186/s12864-016-2499-3

Gusmao M, Siddique KHM, Flower K, Nesbitt H, Venek-
laas EJ. 2012. Water deficit during the reproductive pe-
riod of grass pea (Lathyrus sativus L.) reduced grain
yield but maintained seed size. Journal of Agronomy
and Crop Science 198: 430-441. DOI: https://doi.
org/10.1111/5.1439-037X.2012.00513.x

Herrera MD, Acosta-Gallegos JA, Reynoso-Camacho R,
Pérez-Ramirez IF. 2019. Common bean seeds from
plants subjected to severe drought, restricted- and full-
irrigation regimes show differential phytochemical fin-
gerprint. Food Chemistry 294: 368-377. DOI: https:/
doi.org/10.1016/j.foodchem.2019.05.076

ILDIS [International Legume Database & Information
Service]. 2018. http:/www.legumes-online.net/ildis/
aweb/td056/td 11932.htm (accessed July 19, 2018)

Jiménez-Galindo JC, Acosta-Gallegos JA. 2012. Caracter-
izacion de genotipos criollos de frijol Tepari (Phaseolus
acutifolius A. Gray) y comun (Phaseolus vulgaris L.)
bajo temporal. Revista Mexicana de Ciencias Agrico-
las 3: 1565-1577. DOL: https://doi.org/10.29312/rem-
exca.v3i8.1321

Jiménez-Galindo JC, Acosta-Gallegos JA. 2013. Ren-
dimiento de frijol comun (Phaseolus vulgaris L.) y
Tépari (Phaseolus acutifolius A. Gray) bajo el méto-
do riego-sequia en Chihuahua. Revista Mexicana
de Ciencias Agricolas 4. 557-567. DOI: https://doi.
org/10.29312/remexca.v4i4.1188

Koch KE. 2004. Sucrose metabolism: regulatory mecha-
nisms and pivotal roles in sugar sensing and plant de-



https://doi.org/10.1146/annurev.pp.40.060189.000523
https://doi.org/10.1146/annurev.pp.40.060189.000523
https://doi.org/10.3389/fphys.2013.00035
https://doi.org/10.3389/fphys.2013.00035
https://doi.org/10.1016/j.jplph.2004.12.005
https://doi.org/10.1093/jxb/erx415
https://doi.org/10.21273/HORTSCI.39.6.1363
https://doi.org/10.21273/HORTSCI.39.6.1363
https://doi.org/10.3923/ajps.2007.781.787
https://doi.org/10.1111/j.1365-3040.2008.01853.x
https://doi.org/10.1111/j.1365-3040.2008.01853.x
https://doi.org/10.1186/s12870-017-1118-z
https://doi.org/10.1186/s12870-017-1118-z
https://doi.org/10.3390/ijms20020450
https://doi.org/10.3390/ijms20020450
https://doi.org/10.1074/jbc.M513661200
https://doi.org/10.1071/Cp10349
https://doi.org/10.1021/acs.jafc.8b02924
https://doi.org/10.1186/s12864-016-2499-3
https://doi.org/10.1111/j.1439-037X.2012.00513.x
https://doi.org/10.1111/j.1439-037X.2012.00513.x
https://doi.org/10.1016/j.foodchem.2019.05.076
https://doi.org/10.1016/j.foodchem.2019.05.076
http://www.legumes-online.net/ildis/aweb/td056/td_11932.htm
http://www.legumes-online.net/ildis/aweb/td056/td_11932.htm
https://doi.org/10.29312/remexca.v3i8.1321
https://doi.org/10.29312/remexca.v3i8.1321
https://doi.org/10.29312/remexca.v4i4.1188
https://doi.org/10.29312/remexca.v4i4.1188

Cilia Garciaet al. / Botanical Sciences 99(2): 364-376. 2021

velopment. Current Opinion in Plant Biology T: 235-
246 DOL: https://doi.org/10.1016/j.pbi.2004.03.014
Leal-Delgado R, Pefia-Valdivia CB, Garcia-Nava R,
Garcia-Esteva A, Martinez-Barajas E, Padilla-Chacon
D. 2019. Phenotypical, physiological and biochemi-
cal traits of the vegetative growth of wild Tepary bean
(Phaseolus acutifolius) under restricted water condi-
tions. South African Journal of Plant and Soil 36: 261-
270. DOI: https://doi.org/10.1080/02571862.2018.155
4749

Lemmens E, Moroni AV, Pagand J, Heirbaut P, Ritala A,
Karlen Y,Le AL, van den Broeck HC, Brouns FJPH,
De Brier N, Delcour JA. 2019. Impact of Cereal Seed
Sprouting on Its Nutritional and Technological Prop-
erties: A Critical Review. Comprehensive Reviews
in Food Science and Food Safety 18: 305-328. DOI:
https://doi.org/10.1111/1541-4337.12414

Li C, Li CY, Zhang RQ, Liang W, Kang XL, Jia Y, Liao
YC. 2015. Effects of drought on the morphological
and physicochemical characteristics of starch gran-
ules in different elite wheat varieties. Journal of Ce-
real Science 66: 66-73. DOI: https://doi.org/10.1016/].
jcs.2015.10.005

Liu L, Xia W, Li H, Zeng H, Wei B, Han S, Yin C. 2018.
Salinity Inhibits Rice Seed Germination by Reducing
a-Amylase Activity via Decreased Bioactive Gibber-
ellin Content. Frontiers in Plant Science 9: 275-275.
DOI: https://doi.org/10.3389/fpls.2018.00275

Lotfi N, Vahdati K, Amiri R, Kholdebarin B. 2010.
Drought-induced accumulation of sugars and proline in
radicle and plumule of tolerant walnut varieties during
germination phase. Acta Horticulturae 861: 289-296.
DOI: https://doi.org/10.17660/ActaHortic.2010.861.39

Lu H, Hu 'Y, Wang C, Liu W, Ma G, Han Q, Ma D. 2019.
Effects of high temperature and drought stress on the
expression of gene encoding enzymes and the activ-
ity of key enzymes involved in starch biosynthesis
in wheat grains. Frontiers in Plant Science 10: 1414.
DOI: https://doi.org/10.3389/fpls.2019.01414

Ovando-Martinez M, Bello-Pérez L, Whitney K, Osorio-
Diaz P, Simsek S. 2011. Starch characteristics of bean
(Phaseolus vulgaris L.) grown in different localities.
Carbohydrate Polymers 85: 54-64. DOI: https://doi.
org/10.1016/j.carbpol.2011.01.043

Padilla-Chacén D, Pefia Valdivia CB, Garcia-Esteva A,
Cayetano-Marcial MI, Kohashi Shibata J. 2019. Phe-
notypic variation and biomass partitioning during
post-flowering in two common bean cultivars (Pha-
seolus vulgaris L.) under water restriction. South Af-

rican Journal of Botany 121: 98-104. DOI: https://doi.
org/10.1016/j.sajb.2018.10.031

Prathap V, Ali K, Singh A, Vishwakarma C, Krishnan V,
Chinnusamy V, Tyagi A. 2019. Starch accumulation
in rice grains subjected to drought during grain filling
stage. Plant Physiology and Biochemistry 142:440-451.
DOI: https://doi.org/10.1016/j.plaphy.2019.07.027

Pushpavalli R, Zaman-Allah M, Turner NC, Baddam
R, Rao MV, Vadez V. 2015. Higher flower and seed
number leads to higher yield under water stress condi-
tions imposed during reproduction in chickpea. Func-
tional Plant Biology 42: 162-174. DOI: https://doi.
org/10.1071/FP14135

Ruan YL. 2012. Signaling role of sucrose metabolism
in development. Molecular Plant 5: 763-765. DOI:
https://doi.org/10.1093/mp/sss046

Saux M, Ponnaiah M, Langlade N, Zanchetta C, Balliau
T, El-Maarouf-Bouteau H, Bailly, C. 2020. A mul-
tiscale approach reveals regulatory players of water
stress responses in seeds during germination. Plant
Cell & Environment 43: 1300-1313. DOI: https://doi.
org/10.1111/pce.13731

Sehgal A, Sita K, Siddique KHM, Kumar R, Bhogireddy
S, Varshney R.K, HanumanthaRao B, Nair RM, Pras-
sad PVV, Nayyar H. 2018. Drought or/and Heat-Stress
Effects on Seed Filling in Food Crops: Impacts on
Functional Biochemistry, Seed Yields, and Nutrition-
al Quality. Frontiers in Plant Science 9:1705. DOI:
https://doi.org/10.3389/fpls.2018.01705

Shrestha R, Turner NC, Siddique KHM, Turner DW, Spei-
jers J. 2006. A water deficit during pod development in
lentils reduces flower and pod numbers but not seed
size. Australian Journal of Agricultural Research 57:
427-438. DOI: https://doi.org/10.1071/AR05225

Singh SP. 2001. Broadening the genetic base of common
bean cultivars. Crop Science. 41:1659-1675. DOI:
https://doi.org/10.2135/cropsci2001.1659

Schmutz J, McClean PE, Mamidi S, Wu GA, Cannon SB,
Grimwood J, Jenkins J, Shu S, Song Q, Chavarro C,
Torres-Torres M, Geffroy V, Moghaddam SM, Gao D,
Abernathy B, Barry K, Blair M, Brick MA, Chovatia
M, Geps P, Goodstein DM, Gonzalez M,Hellsten U,
Hyten DL, Jia G, Kelly JD, Kudrna D, Lee R, Richard
MMS, Miklas PN, Osorno JM, Rodriguez J, Thareau V,
Urrea CA, Wang M, Yu'Y, Zhang M, Wing RA, Cregan
PB, Rokhsar DS, Jackson SA. 2014. A reference ge-
nome for common bean and genome-wide analysis
of dual domestications. Nature Genetics 46: 707-713.
DOI: https://doi.org/10.1038/ng.3008

375


https://doi.org/10.1016/j.pbi.2004.03.014
https://doi.org/10.1080/02571862.2018.1554749
https://doi.org/10.1080/02571862.2018.1554749
https://doi.org/10.1111/1541-4337.12414
https://doi.org/10.1016/j.jcs.2015.10.005
https://doi.org/10.1016/j.jcs.2015.10.005
https://doi.org/10.3389/fpls.2018.00275
https://doi.org/10.17660/ActaHortic.2010.861.39
https://doi.org/10.3389/fpls.2019.01414
https://doi.org/10.1016/j.carbpol.2011.01.043
https://doi.org/10.1016/j.carbpol.2011.01.043
https://doi.org/10.1016/j.sajb.2018.10.031
https://doi.org/10.1016/j.sajb.2018.10.031
https://doi.org/10.1016/j.plaphy.2019.07.027
https://doi.org/10.1071/FP14135
https://doi.org/10.1071/FP14135
https://doi.org/10.1093/mp/sss046
https://doi.org/10.1111/pce.13731
https://doi.org/10.1111/pce.13731
https://doi.org/10.3389/fpls.2018.01705
https://doi.org/10.1071/AR05225
https://doi.org/10.2135/cropsci2001.1659
https://doi.org/10.1038/ng.3008

Effect of water restriction in seeds of two species of genus Phaseolus

Srivastava G, Kayastha AM. 2014. B-Amylase from Starch-
less Seeds of Trigonella Foenum-Graecum and Its Lo-
calization in Germinating Seeds. Plos One 9: ¢88697.
DOI: https://doi.org/10.1371/journal.pone.0088697

Tayade R, Kulkarni KP, Jo H, Song JT, Lee JD. 2019.
Insight into the prospects for the improvement of
seed starch in legume. A review. Frontiers in Plant
Science 10: 1213. DOI: https://doi.org/10.3389/
pls.2019.01213

Vilhar B, Kladnik A, Blejec A, Chourey PS, Dermastia
M. 2002. Cytometrical evidence that the loss of seed
weight in the miniaturel seed mutant of maize is asso-
ciated with reduced mitotic activity in the developing
endosperm. Plant Physiology 129: 23-30. DOI:_https://
doi.org/10.1104/pp.001826

Weber H, Borisjuk L, Wobus U. 1996. Controlling seed
development and seed size in Vicia faba: a role for
seed coat-associated invertases and carbohydrate
state. The Plant Journal 10: 823-834. DOI:_https://doi.
0rg/10.1046/1.1365-313X.1996.10050823.x

Yang J, Zhang J, Wang Z, Zhu Q. 2001. Activities of starch
hydrolytic enzymes and sucrose-phosphate synthase in
the stems of rice subjected to water stress during grain
filling. Journal of Experimental Botany 52: 2169-2179.
DOI: https://doi.org/10.1093/jexbot/52.364.2169

Ye H, Roorkiwal M, Valliyodan B, Zhou L, Chen P, Varsh-

Associate editor: Joel Flores

Author contributions: MCG, carried out the experiments; CBPV
supervised the project and contributed to the final version of the
manuscript; LABG contributed to the final version of the manuscript
and helped supervise the project; PYJ helped in microscopy and
analysis of starch grains using periodic acid-Schift reaction; AGE
contributed in the final manuscript version; DPC designed and per-
formed the experiments, compiled the results and wrote the manu-
script in consultation with all authors.

376

ney R K, Nguyen HT. 2018. Genetic diversity of root
system architecture in response to drought stress in
grain legumes. Journal of Experimental Botany 69:
3267-3277. DOI: https://doi.org/10.1093/jxb/ery082

Yu X, Li B, Wang L, Chen X, Wang W, Gu Y, Wang Z,
Xiong F. 2016. Effect of drought stress on the devel-
opment of endosperm starch granules and the com-
position and physicochemical properties of starches
from soft and hard wheat. Journal of the Science of
Food and Agriculture 96: 2746-2754. DOI: https://doi.
org/10.1002/jsfa.7439

Zeeman SC, Northrop F, Smith AM, Rees T. 1998. A
starch-accumulating mutant of Arabidopsis thalia-
na deficient in a chloroplastic starch-hydrolysing en-
zyme. The Plant Journal 15: 357-365. DOI: https://doi.
org/10.1046/1.1365-313X.1998.00213.x

Zhang W, Gu J, Wang Z, Wei C, Yang J, Zhang J. 2017.
Comparison of structural and functional properties of
wheat starch under different soil drought conditions.
Scientific Reports 7. DOI:_https://doi.org/10.1038/
s41598-017-10802-3

Zhou F, Jing L, Wang D, Bao F, Lu W, Wang G. 2018.
Grain and starch granule morphology in superior and
inferior kernels of maize in response to nitrogen. Sci-
entific Reports 8: 6343. DOI: https://doi.org/10.1038/
s41598-018-23977-0



https://doi.org/10.1371/journal.pone.0088697
https://doi.org/10.3389/fpls.2019.01213
https://doi.org/10.3389/fpls.2019.01213
https://doi.org/10.1104/pp.001826
https://doi.org/10.1104/pp.001826
https://doi.org/10.1046/j.1365-313X.1996.10050823.x
https://doi.org/10.1046/j.1365-313X.1996.10050823.x
https://doi.org/10.1093/jexbot/52.364.2169
https://doi.org/10.1093/jxb/ery082
https://doi.org/10.1002/jsfa.7439
https://doi.org/10.1002/jsfa.7439
https://doi.org/10.1046/j.1365-313X.1998.00213.x
https://doi.org/10.1046/j.1365-313X.1998.00213.x
https://doi.org/10.1038/s41598-017-10802-3
https://doi.org/10.1038/s41598-017-10802-3
https://doi.org/10.1038/s41598-018-23977-0
https://doi.org/10.1038/s41598-018-23977-0

	Materials and methods
	Results
	Discussion



