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ABSTRACT

The objective of this work was to determine the isoflavones accumulation in soybean pods and grains during the
filling period in field conditions. Pods of the same phenological stage (marked in R5, i.e. beginning of grain filling
period) were collected at R5, R6 (full grain), and R7 (beginning of physiological maturity) stages. At each analyzed
stage, grains always exceed pods isoflavone concentrations. A decreasing tendency of isoflavone concentration
was observed in pods towards the late grain filling. In this maternal tissue, no acetyl glucosides at any stage or
aglycones at physiological maturity were detected. In grains, glucosides, malonyl glucosides, and total isoflavones
increased and acetyl glucosides decreased from R5 to R7, whereas aglycones increased to R6, but then decreased.
It is concluded that grains are the main accumulation tissue of these bioactive compounds, whereas pods seem to
contribute to their accumulation in advanced stages of grain development.

Keywords: Glycine max, aglycones, glycosides, malonyl glycosides, acetyl glycosides, maternal tissue and seed
isoflavones.

RESUMEN

El objetivo de este trabajo fue determinar la acumulacién de isoflavonoides en vainas y granos de soja durante el pe-
riodo de llenado en condiciones de campo. Vainas de la misma fenologia (marcadas en R5, es decir, inicio del llenado
de granos) fueron colectadas en los estadios R5, R6 (maximo tamaio de grano) y R7 (inicio de madurez fisiolégica).
En cada estadio analizado, los granos siempre superaron la concentracién de isoflavonoides de las vainas. Se obser-
v0 una tendencia decreciente de la concentracién de isoflavonoides en las vainas hacia el llenado tardio de granos.
En este tejido materno no se detectaron acetil glucésidos en ningun estadio ni agliconas a madurez fisiolégica. En
los granos los glucdsidos, los malonil glucésidos y los isoflavonoides totales aumentaron y los acetil glucésidos
disminuyeron de R5 a R7, mientras que las agliconas aumentaron a R6, pero luego disminuyeron. Se concluyd que
los granos son el principal tejido de acumulacion de estos compuestos bioactivos, mientras que las vainas parecen
contribuir a su sintesis mas tarde en el desarrollo de los granos.

Palabras clave: Glycine max, agliconas, glicdsidos, malonil glicésidos, acetil glicésidos, isoflavonoides del tejido
materno y del grano.
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INTRODUCTION

Isoflavones, abundant in soybean meal, are physiologically
active compounds with great nutraceutical value. The health
benefits of isoflavones consumption are prevention of hor-
mone-dependent cancers, cardiovascular diseases, osteopo-
rosis, adverse menopausal manifestations and age-related
cognitive decline (Pilsakova et al., 2010) and prostate cancer
(Mahmoud et al., 2014). Although soybean grain isoflavone
concentration is influenced by genotype, environment and
their interaction (Carrera et al., 2014b), it is widely report-
ed that, in the processed soybean meal, malonyl glucosides
represent approximately 72% of the total isoflavones. Gluco-
sides, acetyl glucosides and aglycones forms represent 20%,
6% and less than 4%, respectively (Wilson, 2004). Despite
their low quantity, aglycones are proposed as responsible for
the physiological activities attributed to the entire group of
grain isoflavones (Izumi et al., 2000).

Isoflavones are ubiquitous natural organic compounds that
display several physiological activities in soybean crops.
For instance, they were shown to induce nodulation genes
in Bradyrhizobium japonicum during the symbiosis process
(Ferguson and Mathesius, 2003), and also are one of the main
chemical defenses against insect attack (Zavala et al., 2015)
or pathogen infection (Graham and Graham, 1996). Thus, large
amounts of isoflavones were found in leaves, stems, and roots
tissues, which would be channeled into sink tissues such as
grains (Dhaubhadel, 2011). Indeed, an in vitro study revealed
that although soybean embryos have the ability to synthesize
isoflavones by themselves, the maternal tissues might con-
tribute to the total grain isoflavones accumulation at maturity
(Dhaubhadel et al., 2003). Therefore, information about the
contribution of total isoflavones in grains derived from trans-
location of maternal tissues (pods) under field conditions still
needs quantification (Carrera and Dardanelli, 2016).

The synthesis of isoflavones in soybean grains takes place
35-60 days after flowering, i.e. during the grain filling pe-
riod (Kim and Chung, 2007; Medic et al., 2014). During this
period many environmental factors (climatic variations, soil
types) and the cropping management’s diversity (sowing
date, plant density, genotypes, water regimes, among oth-
ers) affect the final amount of these compounds in grains
(Al-Tawaha and Seguin, 2006; Carrera and Dardanelli, 2016).
Even when there are some studies addressing the changes
of isoflavones from beginning of grain filling to physiological
maturity, all of them are focused on grain and they present
discrepancies regarding the patterns of accumulation fol-
lowed by the different isoflavones conjugates in the grains
(Carrao-Panizzi et al., 2019; Kim and Chung, 2007; Kim et al.,
2006). Therefore, the objective of this study was to quantify
isoflavones accumulation in soybean maternal tissue (pods)
as well as on grains during the filling period in field condition.
The information generated may be useful i) physiologically,
to understand the deposition pattern of these health-promot-
ing compounds in the fruit tissues during grain filling in field
conditions, and ii) agronomically, to improve decisions relat-
ed to harvest time in order to obtain specific raw material for
the functional foods industry.

MATERIALS AND METHODS

An experiment was carried out at the field station of the Na-
tional University of Lomas de Zamora (34°45 S, 58°29 W), un-

der rainfed conditions. The soybean cultivar DM40R16 (Don
Mario seeds) was sowed on the 29t of December 2017 on a
typic Argiudoll soil (USDA Soil Taxonomy). This cultivar (of
indeterminate growth habit and maturity group 1V) is wide-
ly cropped in the Rolling Pampas. Inoculated seeds were
hand-planted in three rows 0.52m apart and three meters long
using a stand density of 35 plants/m2 The experimental field
trial was laid out as a completely randomized design with three
replications. At the beginning of grain filling (R5 phenologi-
cal stage), 50 pods were hand-marked per plot (2-4 pods per
plant) on the upper six nodes of the main stem. The selected
pods contained grains of 3 mm length indicative of R5 stage
(according to the scale of Fehr and Caviness 1977). Marked
pods were collected at the stages R5, R6 (full grain) and R7
(beginning of physiological maturity), placed on ice in the field,
and immediately after stored in the freezer (-20°C). To ensure
enough sample size, the marked pods were collected as fol-
lows: 25 pods per plot were harvested at R5 stage, 20 pods
per plot were harvested at R6 stage, while 5 pods per plot were
sampled at R7 stage. Meteorological data during the grain fill-
ing period, namely average daily maximum and minimum air
temperature, as well as daily precipitation, were provided by
the National University of Lomas de Zamora’s Meteorological
Station. Mean air temperature was calculated as the average
between maximum and minimum air temperature.

Quantitative analysis of isoflavones was carried out by ul-
tra-high-performance liquid chromatography (UPLC, Waters,
USA) equipped with a photodiode array detector according
to Berhow (2002). The extraction was done separately in
both tissues of the fruit, i.e. pod (without grains) and grain
in triplicate according to Carrdo-Panizzi et al. (2002). The
isoflavones were eluted in a reverse phase column Acqui-
ty UPLC BEH C18 (Waters, Milford, MA, USA), the gradient
system was compounded by methanol and water. Since the
different isoflavones isomers vary in their molecular weights,
isoflavones concentration were expressed as mg of isofla-
vones per 100 g of defatted samples on a dry weight basis.
Total isoflavones were calculated as the sum of the 12 forms
whose peaks were identified from 12 standards (Sigma Co
and Fuji Co). The following variables were defined by add-
ing the concentrations of their respective isomers, namely:
aglycones = daidzein + genistein + glycitein; glycosides =
daidzin + genistin + glycitein; malonyl glycosides = malonyl
daidzin + malonyl genistin + malonyl glicitin, and acetyl gly-
cosides = acetyl daidzin + acetyl genistin + acetyl glicitin. All
determinations were made at the Physicochemical and Chro-
matographic Analysis Laboratory, located at EMBRAPA Soja,
Londrina, Paran4, Brazil.

Chemical analyses were performed in the three replicates.
The data obtained from the field trial was modeled according
to a bifactorial experiment with tissues of the fruit and phe-
nological stage as factors, using ANOVA and following the
mentioned experimental design. The level of significance was
5%. The comparison of means was performed using Fisher's
least significant difference (LSD) test. From this analysis, the
variance components were also calculated as a percentage
(as part of total sums of squares) of the total variance for the
four isoflavone conjugates (aglycones, glycosides, malonyl
glycosides, acetyl glycosides) as well as the total isoflavones,
accounted by the effects of the mentioned factors and their
interaction. All calculations were done with the statistical soft-
ware InfoStat (InfoStat, http://www.infostat.com.ar).
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RESULTS

Average daily mean, maximum and minimum air temperature
and daily precipitation during soybean grain filling period are
shown in figure 1. The time elapsed between beginning grain
filling (R5 stage) and physiological maturity (R7 stage) was 45
d, being within the mean duration for this region and soybean
cultivar, during which the daily mean air temperature ranged
was 15.1°C to 29.2°C, whereas the daily maximum air tempera-
ture ranged from 21.5°C to 36.3°C. Moreover, the proportion of
the grain filling duration having a daily maximum temperature
above 30°C was 49% of days and occurred mainly during the
first half of this period. Precipitations during grain filling to-
talized 171mm, however, the first half of the period was fast
dry with only one day of 23mm of rainfall, and with 60mm rain
registered three days before physiological maturity (figure 1).

The analysis of variance (table 1) showed that tissues of the
fruit, phenological stage, and tissues of the fruit x phenologi-
cal stage interaction were significant (p < 0.0001) for all iso-
flavones, including the total concentration. Nevertheless, the
tissues of the fruit were the most important source of variation
for all of them, explaining up to 70% of the isoflavones total
variability (table 1).

Interestingly, at the level of maternal tissue (pods), the ma-
jor conjugated isoflavones, namely aglycones, glycosides, and
malonyl glycosides decreased 100%, 73%, and 93% between
R5 and R7 stages (figure 2A-C), resulting in a 91% decrease of
total isoflavones concentration in this period (figure 2E). No
presence of the acetyl glucosides conjugates was detected
in any of the sampled stages (figure 2D) and of aglycones at
physiological maturity (figure 2A).

In grains conjugates and the total isoflavones concentration
varied significantly (P < 0.001, table 1) throughout the late
reproductive development exhibiting different patterns of ac-
cumulation. For instance, glycosides and malonyl glycosides
increased 192% and 270% between stages R5 and R7 (figure
2B-C) resulting in a 222% increase in total isoflavones, from
89.1 mg/100 g in R5 to 286.9 mg/100 g in R7 (figure 2E).
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The conjugate forms aglycones represented less than 7% at
R5 and R6, and 2% at R7 of grains total isoflavones, whereas
acetyl glucosides accounted for less than 6% at R5 and less
than ~ 0.5% of grains total isoflavones at R6 and R7 (figure 2A
and 2D, respectively). Although representing a small propor-
tion of the total isoflavones, we found that aglycones forms,
responsible for the biological activity, increased 82% between
R5 to R6 stages, then decreased steadily to R7 stage, reach-
ing values similar to those at R5 (6.27 mg/100 g) (figure 2A).
In contrast, acetyl glucosides showed an inverse trend to the
rest of isoflavones, decreasing 74% from R5 to R6, and then
remained unchanged until R7 (figure 2D).

DISCUSSION AND CONCLUSIONS

Results showed that grains always exceed pods isoflavone
concentrations at each of the analyzed phenological stages
(Figure 2A-E). Chennupati et al. (2012) observed that individu-
al aglycones as well as their sum (considered by these authors
the total isoflavones) were consistently greater in grains than
in pods across the filling period. Nevertheless, it is important
to note that we did not find studies addressing the accumu-
lation dynamics extended to the other conjugated forms of
isoflavones (glycosides, malonyl glycosides, and acetyl gluco-
sides) in pods. The highest grain concentration compared to
pods is expected, since developing grains become highly spe-
cialized storage tissues compared to maternal organs, which
supply many products synthesized in different plant tissues
to grains. In turn, this higher concentration of isoflavones in
grains contributes to conferring this tissue, antioxidant proper-
ties and defense against stinkbug attacks for example.

Conjugates glycosides and MAL significantly increased
throughout the whole filling period, resulting in a significant
total isoflavones increases, which is expected since both con-
jugates accounted for 97.4% of total isoflavones at physiologi-
cal maturity. Likewise, previous field studies by Kim and Chung
(2007), Kim et al. (2006) and Carrao-Panizzi et al. (2019) re-

Average daily air temperature (°C)

T3 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45

Precipitations (mm)

Days after beginning grain filling (R5)

Figure 1. Average daily maximum (grey square), mean (green square), and minimum (black square) air temperature, and precipitations
(grey bars) in field station of the National University of Lomas de Zamora (34°45 S, 58°29 W) during soybean grain filling period (R5-R7),

growing season 2017-2018.
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Source AGL GLC MAL ACE TI
Tissues of the fruit (T) 71.71%%* 69.7%** 65.8%** 53.1%** 68.7%**
Phenological stage (PS) 17.8%** 9.5%x* 11.8%** 23.3%** 10.4%**
TxPS 8.5%** 20.7%** 22.0%+* 23.3%%* 20.5%**
Residual 2.6 0.7 0.4 0.2 0.4

***P < 0.001

Table 1. Variance components as a percentage (as part of total sums of squares) of the total variance for aglycones (AGL), glucosides
(GLC), malonyl glucosides (MAL), acetyl glucosides (ACE), total isoflavones (TI) (mg/100 g of defatted sample), accounted by the effects
of the tissues of the fruit, phenological stage, and their interaction.
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Figure 2. Concentration of the conjugated forms of isoflavones: A) aglycones (AGL), B) glycosides (GLC), C) malonyl glycosides (MAL),
D) acetyl glycosides (ACE), and E) total isoflavones (TI) in pod (dashed line) and grain (continuous line) of the DM40R16 soybean cultivar.
Determinations correspond to pods and grains harvested at the following phenological stages: R5 (beginning grain filling), R6 (full grain)
and R7 (physiological maturity) according to Fehr and Caviness (1977). Values are expressed as mean * SD (n = 3). Means with different
letters were significantly different (P < 0.05).
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ported malonyl glycosides and glycosides as the most abun-
dant conjugates and also observed increases of both forms
during grain development. Even though it has been found that
malonyl glycosides are highly thermolabile compounds during
the course of extraction (Kudou et al., 1991), the majority of
soybean grain isoflavones accumulate in this form. This has
been related to facilitation of glycoside isoflavones transport
through the tonoplast into the cell vacuole where they are
located, remaining unknown what stabilizes this form in the
plant (Dhaubhadel, 2011).

Regarding the other two isoflavone conjugates, namely
aglycones and acetyl glucosides, discrepancies emerge in
the literature regarding their accumulation patterns in grains.
Kim et al. (2006) found that these two conjugates increased
during the filling period. Later studies also described this
rising tendency during grain filling (Berger et al., 2008; Car-
rdo-Panizzi et al., 2019; Chennupati et al., 2012; Kumar et al.,
2009). The opposite trend was observed by Kim and Chung
(2007), who found a decrease of aglycones and acetyl glu-
cosides during grain development. Our results showed that
the direction followed by both isoflavones conjugates varied
across the filling period. While aglycones increased during
the early grain filling (from R5 to R6 stages) and then de-
creased steadily to physiological maturity; acetyl glucosides
showed an inverse trend to the rest of isoflavones, decreas-
ing from R5 to R6, and then remaining unchanged until R7.
According to the general theory, acetyl forms are degradative
products generated from the malonate forms (heat unstable
compounds), either in the grain or during the course of ex-
traction and processing (Kim et al., 2006). Probably, the pre-
vailing heat and drought conditions at the beginning of the
filling (Figure 1) exposed immature grains to rising tempera-
tures promoting degradation products of malonyl-glucose
conjugates into acetyl glucosides explaining, at least in part,
the higher acetyl glucosides levels at stage R5 compared to
levels at stages R6 and R7 (figure 2D). In an advanced grain
filling the increase of the other conjugates (malonyl gluco-
sides, glucosides and aglycones) would have diluted acetyl
glucosides concentrations to negligible amounts in the mini-
mally processed grains. Regarding aglycones, this conjugate
significantly increased between R5 and R6 (figure 2A), the
most active period of isoflavones accumulation (Kumar et al.,
2009), matching with the higher rate of glycosides and mal-
onyl glycosides accumulation (figure 2B-C). Considering that
aglycones synthesized via the phenylpropanoid pathway are
then derivatized to the corresponding glucosides and malonyl
glucosides (Kudou et al., 1991), then the higher the amount of
aglycones, the greater the possibility of converting them into
glycosides and malonyl glycosides and vice versa. The sig-
nificant decrease of aglycones from R6 to R7 also matched
with the decreasing increments of glycosides and malonyl
glycosides conjugates in the mentioned stages. Besides, the
decrease of aglycones during the late grain filling could be
related to reductions in leaf primary metabolism towards the
end of the cycle in a crop characterized by accelerated senes-
cence processes and loss of leaves. This hypothesis is sup-
ported by the fact that isoflavones are secondary metabolites
that need carbon skeletons synthesized by photosynthesis,
given rise to carbon fluxes from the primary to the secondary
metabolism (Caretto et al., 2015). Moreover, in a field study
it was found that factors enhancing soybean photosynthet-
ic rates such as cooler canopies (canopy temperature lower
than air ones) with higher total leaf chlorophyll content were
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significantly related with higher grain levels of isoflavones
(Carrera et al., 2015).

On the other hand, discrepancies regarding the patterns
of accumulation followed by the different isoflavones con-
jugates in the grains among literature (Carrao-Panizzi et al.,
2019; Kim and Chung, 2007; Kim et al., 2006) could be also
related to the methodology followed when sampling. In previ-
ous studies at each phenological stage during the grain filling
period, samples corresponded to pooled pods, whereas in our
research we collected at each sample date marked pods of
the same phenological age. This is an important difference
since it is well documented that canopy position has a pro-
found effect on soybean grain composition, due to the asyn-
chrony between grains growth of different nodal positions in
the plant (Huber et al., 2016; Bellaloui and Gillen, 2010).

Although the magnitude of the decrease in the proportions,
between R5 and R7 stages, observed for most of isoflavone
conjugates including the total at the level of maternal tissue
(pods) was high (up to 100%), differences between both stag-
es of the grain filling were not statistically significant. The lack
of significance could be related to the great differences in
all isoflavones concentration between pod and grain tissues,
which were exacerbated at R7, indeed glycosides, malonyl
glycosides and total isoflavones were 22-fold, 104-fold, 71-
fold higher in grains respect to pods (figure 2). The decreased
tendency of isoflavones in pods towards physiological matu-
rity indicates translocation from the maternal tissues to the
growing grains. Dhaubhadel et al. (2003) reported that the
maternal tissue constitutes a substantial source of contribu-
tion to the total isoflavones concentration of grains in vitro. In
control conditions data from Chennupati et al. (2012) limited
to aglycones, also suggested that pods play a key role in the
translocation of synthetized isoflavones and/or metabolic pre-
cursors into grains. It is particularly important that bioactive
compounds such as the one analyzed in this study accumulate
in grains, minimizing the rest that is wasted in the residual bio-
mass (pods). On the other hand, the analysis of the isoflavone
profile in both tissues showed that in grains as well as in pods
the predominant forms were the malonyl glucosides conju-
gates followed by the glucosides conjugates. This character-
istic was maintained through the different sampled phenolog-
ical stages. Although from previous studies it is known that
both conjugates are the predominant ones in soybean grains
at maturity (Carrera et al., 2014a; Wang and Murphy, 1994; Wil-
son, 2004), these results would not be obvious in the case of
pods isoflavone composition which as mentioned above, has
been less explored. Indeed, to the best of our knowledge, this
is the first report that described the dynamic of accumulation
of all 12 isoflavones in soybean pods, and also the first that
analyzed pods of the same phenological age marked at the be-
ginning of the grain filling which represents an improvement in
the methodology followed respect to previous research stud-
ies. Additional studies on the dynamics of accumulation ex-
panding to other compounds should be carried out to provide
a more comprehensive chemical composition characterization
of fruit tissues during grain filling. This information will help
growers to improve decisions related to harvest time in order
to obtain a specific raw material for the functional foods indus-
try, key for the majority of the population who uses this crop as
a main nutrition source. Besides this study is also relevant for
the edamame (immature soybean) production strategy, which
is an imported vegetable in the world, especially in East Asia.
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