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ABSTRACT

The yield and protein content of soybean seeds are challenging traits for breeding since they have a
negative correlation. To solve this issue, it is essential to understand the protein transport in soybean
seeds. Here we performed an analysis of 3 datasets containing transcriptional data from soybean
seeds and pods, without any treatment, aiming to select genes related to the transport of organic
nitrogen compounds. We identified 69 transporters, and among them, seven were chosen to be
validated by qRT-PCR. Seeds and pods of soybean cultivars BRS 232 and BRS 284, respectively,
presenting higher and lower protein content, were assayed under normal growth condition.
Results showed in BRS 232 soybean cultivar, a positive correlation between seed protein content
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and gene expression for five out of the seven genes analyzed. These nitrogen compounds
transporters can play an essential role in the storage of proteins, thus increases the protein
content of soybean seeds and contributes to the decrease the negative correlation between yield

and protein content of soybean seeds.

Introduction

Soybean is an important agricultural commodity globally
since its production chain is 3% of the world’s Gross Dom-
estic Product, moving over 70 billion dollars (Franceschini
2017). The 2020/2021 crop season produced 362.95 million
tons of soybean grain, and the estimate for the 2021/2022
harvest is an increase of approximately 5.86% in that pro-
duction (USDA 2021). The leading producing countries are
the USA, Brazil, and Argentina, which jointly account for
over 80% of world production (http://www.soystats.com;
Patil et al. 2017). The growing demand and supply of soy-
bean are mainly due to its high protein content (~38%)
and quality (Pipolo and Mandarino 2016). The soybean
seeds are rich in essential and sulfur amino acids, and for
this reason, it is the dominant source of protein in animal
feed (Michelfelder 2009; Pipolo and Mandarino 2016).
Over the years, breeding programs have focused on
increasing soybean yield, which has led to a reduction in
seed protein content due to the negative genetic correlation
between these traits (Pathan et al. 2013). In this scenario, a
study showed a decrease of 1.3g Kg™!, in protein
content per Mg seed yield increase (Assefa et al. 2019). For
mitigating that correlation, recent studies have employed
molecular genetic approaches, such as identifying genomic
regions, point mutations, and genes related to protein con-
tent in seeds. In this sense, 12 Quantitative Trait Loci
(QTLs) (Seo et al. 2019) and 40 Single Nucleotide Poly-
morphisms (SNPs) localized in 17 genomic regions
(Hwang et al. 2014), have been identified. From those, five
SNPs, localized on chromosome 20, showed a strong positive

correlation with protein content (Hwang et al. 2014). Despite
the awareness of a set of molecular markers associated with
soy protein content (Patil et al. 2017), their use in marker-
assisted selection for genetic breeding is still not widespread.
Among the difficulties for adopting such a strategy, is the
complexity of that trait controlled by many genes, combined
with the fact that many of those markers still need validation
before they can get into the routine of breeding programs.
Moreover, the negative genetic correlation between protein
content and other important traits, such as yield and oil con-
tent, makes breeding for this trait even more challenging
(Patil et al. 2017).

In such circumstances, genetic engineering approaches
such as transgenics and gene editing can contribute to devel-
oping soybean genotypes with high seed protein content (Liu
et al. 2020). For this, it is essential to expand the comprehen-
sion of the molecular mechanisms that control the synthesis,
transport, and storage of proteins in the seeds (The et al.
2020; Yang et al. 2020). The nitrogen resources required
for storage in seeds only partially derive from direct uptake
but rather are derived from organic nitrogen, taken up
before. Therefore, the seed protein content relies on the
transport of organic nitrogen assigned as amino acids,
ureides, and peptides from roots, nodules, and mature leaves
(Tegeder and Masclaux-Daubresse 2018). Thus, among
nitrogen transporters, those involved in the transport of
organic nitrogen compounds are more important for protein
accumulation in seeds than those involved in the transport of
inorganic nitrogen compounds (Jones and Vodkin 2013; The
et al. 2020; Thu et al. 2020).
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Studies with soybean identified 189 genes coding for
amino acid transporters. These transporters were classified
into 12 subfamilies, among which Cationic Amino Acid
Transporters (CATs), Amino Acid Permeases (AAPs),
Lysine and Histidine Transporters (LHTs) are the best-
studied (Cheng et al. 2016). Overexpression of genes related
to organic nitrogen compounds transporters (NCTs)
increased nitrogen transport and increase yield (Carter and
Tegeder 2016; Besnard et al. 2018). In soybean plants overex-
pressing the common bean ureide transporter PvUPSI
(Ureide Permease 1), a 36% increase in overall seed yield
was observed (Carter and Tegeder 2016). In the model
plant Arabidopsis thaliana (Arabidopsis), the overexpression
of the amino acid transporter UMAMIT25 (Usually Multiple
Acids Move In And Out Transporters 25) induced an
increase in the number of seeds (Besnard et al. 2018). In
rice, the overexpression of NCT OsAAP1 (Amino Acid Per-
measel) increased the uptake and reallocation of N, which
positively affected the final grain yield (Ji et al. 2020).

Genes encoding NCTs identification helps to get a more
accurate understanding of the processes involved in seed
loading. For this reason, the objective of this work is to ident-
ify promising NCTs in 3 datasets of soybean seeds and pods
transcriptome and validate their expressions by Quantitative
Reverse Transcription PCR (qQRT-PCR) in the same tissues of
soybean cultivars with higher and lower seed protein con-
tent. Comparing the expression pattern of NCTs genes in
productive soybean cultivars with contrasting seed protein
content can assist in selecting target genes that are promising
for strategies aimed at increasing the protein content of the
seed without negatively affecting yield.

Material and methods

Identification of candidate genes for NCTs in RNA-Seq
libraries

The selection of candidate genes for NCT's was carried out by
analyzing three independent datasets of RNA-Seq libraries:
Dataset 1, RNA-Seq of developing seeds and seed coats
(Jones and Vodkin 2013); Dataset 2, RNA-Seq of mature
seeds, generated by Embrapa Soybean from BRS MG715,
DM 6563, and BRS 413RR genotypes; and Dataset 3, RNA-
Seq of seedless pods, generated by Embrapa Soybean from
the BR-16 genotype (Additional file 2). All the stages of bio-
logical material were described in the Additional file 4. In
short, was evaluated mature seeds, seeds in different develop-
ment stages, cotyledon, and pods.

For the in silico analysis, the quality of the fragments
before and after cleaning by the FastQC software version
0.11.5 was evaluated (Andrews 2010; Patel and Jain 2012).
After cleaning the reads, just fragments with >40 bp and
Phred Quality Score > 20 were retrieved using the Trimmo-
matic software version 0.36 (Bolger et al. 2014). Then, the
reads were aligned on the soybean genome version
Wm82.a2.vl using the Hisat2 software version 2.1.0 (Kim
etal. 2015; Kim et al. 2019). PCR artifacts using the Samtools
v.1.5 software (Li et al. 2009) and mapping and normaliza-
tion between libraries using Stringtie v.1.3.3 software in tran-
scripts per million were carried out (TPM; Pertea et al. 2015).
All genes annotated as amino acids transporters and with the
TPM > 10 (Machado et al. 2020) were selected for further

evaluation. The bioinformatic analyses were performed
according to the best practices of data analysis for RNA-
Seq (Conesa et al. 2016; Molinari et al. 2021a).

In silico characterization of amino acid transporters

For the genes annotated as amino acid transporters, a charac-
terization regarding the number of transcripts and copies in
soybean and orthologs in Arabidopsis (TAIR10) by Phyto-
zome database and Persephone software (https://
persephonesoft.com/) was carried out. To perform this ana-
lyses, the annotations Araportll (Cheng et al. 2017),
Wm82.a2.v1l (Schmutz et al. 2010), and Wm82.a4.vl (Lawr-
ence-Dill 2019) served as references. Were validated by qRT-
PCR only genes contained in the two versions of the soybean
genome to avoid sequencing errors between both versions.
Gene ontology using ShinyGO software version 0.66
(http://bioinformatics.sdstate.edu/go/) was carried out and
analysis of protein domains using the MotifScan software
(https://myhits.sib.swiss/cgi-bin/motif_scan) = and  the
Ensemble database (https://www.ensembl.org/index.html)
was performed. Heatmaps by the ClustVis software (Metsalu
and Vilo 2015) and the Venn diagrams by the Jvenn software
(Bardou et al. 2014) were generated.

Plant material

In the experiments carried out under controlled conditions
in a greenhouse (Additional file 1A-D), two conventional
soybean cultivars with high yield potential but having con-
trasting seed protein contents (BRS 232 with higher and
BRS 284 with lower protein contents were used).

The experimental design used was randomized blocks,
with 18 biological replications for each of the cultivars.
After germinating the seeds on Germitest® paper rolls and
according to the rules for seed analysis (Brasil 2009), we trea-
ted the seedling roots with 5.0 x 10° CFU/mL of Bradyrhizo-
bium japonicum Atmo® inoculant and transplanted two of
the seedlings to a 10 L pot containing sterilized soil and
sand (1:1), in a total of 36 vessels, kept humid by a drip irri-
gation system. We collected one pod from each of the 18
plants in three stages of development (R5.1/R5.2 - seeds
with a fresh weight of 25-100 mg; R5.3 - seeds with 100-
200 mg and R6 - seeds with 350-450 mg; Additional file
1E) to determine the seed weight and protein content. The
basis for the selection of these stages was on the type of
protein synthesized during seed development, considering
that, up to 100 mg, there is a predominance in the synthesis
of metabolic proteins, and, beyond this weight, the synthesis
of reserve proteins starts (Jones and Vodkin 2013).

In the gene expression experiments, we evaluated plants
at the three stages mentioned above, and we divided the 18
plants of each cultivar into three bulks of six plants, with
six pods collected from each plant, totaling 36 pods per
bulk, around 108 seeds for BRS 284 and 72 for BRS 232.
The pods and the seeds were separated and stored in a freezer
at —80° C until the RNA extraction.

Rna isolation, cDNA synthesis, and qRT-PCR analysis

Total RNA extraction, conducted by using Trizol reagent,
was done following the manufacturer’s recommendations



(Invitrogen, Carlsbad, CA, USA). After extraction, we trea-
ted the RNA was treated with DNAse I (Invitrogen, Carls-
bad, CA, USA). Then, to confirm the absence of genomic
DNA, a conventional PCR was performed using the -
actin intron primer. cDNA was synthesized from 1.5 pg
total RNA using Super Script® III First-Strand Synthesis Sys-
tem (Invitrogen, Carlsbad, CA, USA) and oligo(dT)18
according to the manufacturer’s instructions. Again, PCR
to verify the efficiency of the synthesis and absence of geno-
mic DNA was carried out. The qRT-PCR reactions were con-
ducted on a Real-Time PCR 7900HT (Applied Biosystems,
Foster City, CA, USA), using Platinum SYBR green (cat.
no. 11733-038; Invitrogen), with S-actina and ELFI5 (Wan
et al. 2017) as reference genes (Czechowski et al. 2005).
The relative quantification of genes was performed using
three random biologicals and three technical replicates (n
=9). The reactions were made through 7900HT thermocy-
cler equipment (Applied Biosystems). The cycling conditions
used were denaturation at 95°C for 20 s (s) followed by 40
cycles of 95°C for 3s, 60°C for 26s, and 1 cycle for Melt
curve at 95°C for 15 s, 60°C for 1 min and 95°C for 15s.
The expression level was determined using the formula 2°
AACt adapted according to the primer’s efficiencies (Livak
and Schmittgen 2001).

The qRT-PCR data was performed using the comparison
between two groups by the two-tailed Student’s t-test. Ana-
lyses were considered significant at p < 0.05 (*). These ana-
lyses as described previously (Czechowski et al. 2005;
Molinari et al. 2021b).

Primer design

Primers for validation by qRT-PCR of genes from NCTs
families best characterized, such as Cationic Amino Acid
Transporter - CAT, Lysine Histidine Transporter - LHT,
Amino Acid Permeasse - AAP, UMAMIT - Usually Mul-
tiple Acids Move In and Out Transporters, Bidirectional
Amino Acid Transporter - BAT, Ureide Permease — UPS,
Amino Acid Vacuolar Transporter - AVT (Cheng et al.
2016; Fujiki et al. 2017; Zhou et al. 2020), were designed
using Primer3plus software (https://primer3plus.com/cgi-
bin/dev/primer3plus.cgi) and only primers without the for-
mation of secondary structures were selected (Additional
file 3).

Determination of weight and protein content in seeds
and pods

Pods from both soybean cultivars, BRS 232 and BRS 284,
separated from the seeds, were collected, and immediately
assessed for fresh weight. The fresh weight of seeds was
also assessed. The after drying these samples in an oven at
65° C, for 48 h, weighing was performed to obtain the dry
weight. The fresh and dry weight of both tissues was per-
formed separately in analytical balance.

Protein content determination was performed using a
near-infrared spectroscopy equipment (FT-NIR) (Antaris
II, Thermo Scientific, Waltham, MA, USA), equipped with
an integrating sphere. Readings were assayed in the range
between 1100 and 2500 nanometers. For every 30 g sample
of each cultivar in biological triplicate, 32 scans were col-
lected, with 4 cm™! resolution and background at each read-
ing. The average spectra went through prediction in four
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different mathematical models for each constituent. The
basis for the modeling was on the partial least square’s
regression, with pre-treatments for data normalization and
application of the first derivative of Savitzky-Golay.

Statistical analyses

Data on pod and seed weight and protein content were sub-
mitted to analysis of variance (ANOVA), with the means
compared by the Tukey test. Analyses were considered sig-
nificant at P < 0.05 (¥).

Results and discussion
Expression of NCTs by tissue

We identified 69 genes for NCTs with high expression levels
in soybean RNA-Seq libraries from seed coats, developing
seeds, mature seeds, and pods tissues (Figure 1A; Additional
file 4). Of those, 65 showed high expression in pods (Pod
reproductive stage 4 - stage R4), 36 in seed coat with 5-
6 mg, 58 in whole seed (WS) with 4-24 days after flowering
(DAF, stage R5.1/5.2), 56 in WS with 5-6 mg, 50 in cotyledon
with 100-200 mg (stage R5.3), 49 in cotyledon with 400-
500 mg (stage R6) and 31 in mature WS (stage RS8)
(Additional file 4).

When evaluating the overall expression profile of NCTs
by tissue through Pearson’s correlation, a similar expression
profile between NCTs of Pod R4, Seed Coat 5-6 mg, and
WS 4-24 DAF we observed, so they were grouped in Clus-
ter 1 while seeds with more than 5-6 mg until maturity were
grouped in Cluster 2 (Figure 1A). We found that 36 (22.6%)
among the 159 transcripts of Cluster 1 were common to all
tissues (Figure 1B), while in Cluster 2, only 26 (13.9%) of
the 186 transcripts were common to all tissues (Figure
1C). The clustering observed in Cluster 1 between the
seed coat, pod, and seeds in the early development stages
(WS 4-24 DAF), probably reflects the significant role of
these tissues in controlling the embryo development
(Jones and Vodkin 2013; Kim et al. 2017). Seeds also rely
on the seed coat and pods to store proteins, and these tis-
sues have the role of uptaking amino acids and ureides
coming from the leaves and roots to allocate them to the
seeds, and much of this transfer depends on membrane
transporters (Castro et al. 2004; Abirached-Darmency
et al. 2005; Herman 2014; Karmann et al. 2018). Pods,
seed coats, and seeds shared 22.6% of NCTs in their early
development stages. That observation, suggests that amino
acids and ureides transported by pods and seed coats are
focused on metabolic protein synthesis, whose function is
to maintain the proper development of the embryo until
the 24th4 DAF (Tegeder and Rentsch 2010; Jones and Vod-
kin 2013). Since, at this stage, the synthesized proteins are
for metabolic use. After this stage, there is a change in
the expression and types of NCTs, in which 75% of tissues
initiate reserve-type protein synthesis (Tegeder and Rentsch
2010), which explains the grouping of these tissues in Clus-
ter 2 (Figure 1A e 1C).

Among the 69 genes related to NCTs, 29% (20 genes)
were identified as members of the AAP family (Amino
Acid Permease), 18% (12 genes) from AVT family (Amino
Acid Vacuolar Transporter, 13% (9 genes) from CAT family
(Cationic Amino Acid Transporters), 10% (7 genes) from



312 (&) P.1.L.JOAQUIMETAL.

Expression Profile by tissue Cluster 1
Pod R4 Seed Coat 5-6mg
Pod R4 | WS424DAF WS mature € 100-200mg. Tissue Gene Name
T l Glyma.14G144700 1000 [ ARPY
] 04G208100 ez
T T 1 lyma.06G156700 800 [AAPY
i T T i yma 046209200 s
e 13005160 er
1 I lyma.04G088200 £l 600
—_— I I f s Siooni e
B = | 1 lyma.18G071700 AAT
I T I e 020503700 [ 00 [ army
ma 146010300
I e [ i ma 020303800 Am
I i yma.t4got0t00 | 200 [MAT3
B 1 | o e e
[ | yma.04G086600 BAT
T 06G088300 CAT2 3
I I I = f ma 110168500 fady
1a0050300
! L lyma. 14G090200 CATS
! 1 ] T | | Glyma.11G166500 CATE. WSdA
B E— | | E— iyma 206181900 pisdd 0
 — 1 1 ! yma 106208300 DAF
1 lyma.09G238100 CATO I
1 I I lyma. 11G086700 LAX1 £ &
I E— S 1iCo%i00 s £
I I ! I ya 140054100 }
I 1 I 1 lyma. 116234600 LHTY % ) 58
! 080222400 LT ] 36
I I ol — i iyma 18022400 il 3
—— T ' e DRRoTe Pod R4 Seed Coat 5-61 WS 4-24 DAF
== | I 02G2601 PROT3 -6mg
. ' " yma 020260200 vz
I T lyr 121500
] 1 i i T 1 hma 206121500 vz c
| [ | lyma. 19G 116400 UMAMIT2S.
— ! ! 1 ; i 085080200 uvAMITS Cluster 2
I ) | Glyma
f | j Qima-103036%00 v
| — I I I I yma 20611100 upsz
100277700
I ! ! i T e 050008500 € 100-200mg C 400-500mg
| WS mature
: i WS 5-6mg a
|} ! o
_— ! I
i ] I '
i [ ! I '
I |
{ I 8G339700 1
j——1 [ Glyma, 01G058500
I Glyma.02G116400
— i Qima 020116300

smey 2y

Gene Number

WS S-6mg.
€100200mg

€ 400500 mg.
WS mature

Figure 1. Expression profile of genes related to the nitrogen compounds transporter (NCTs) in soybean. A. Clustering of genes related to NCT. Cluster 1: Genes
identified in pods (Pod R4), seeds in the early stages of development (WS 4-24 DAF), and seed coat (Seed Coat 5-6 mg). Cluster 2: Genes identified in seeds from 5-
6 mg to maturity (WS 5-6 mg, WS 100-200 mg, WS 400-500 mg, and WS mature). Values represent expression levels in transcripts per million-TPM. B. Overlap
between transcripts in Cluster 1. C. Overlap between in Cluster 2. WS: Whole seed; C: Cotyledon.

UMAMIT family (Usually Multiple Acids Move In and Out
Transporters), 7% (5 genes) from AAT family (Amino Acid
Transporters), 6% (4 genes) from LHT family (Lysine Histi-
dine Transporter) and LAX family (Like Aux1), 4% (3 genes)
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Figure 2. Characterization of genes related to the nitrogen compounds transport (

from BAT family (Bidirectional Amino Acid Transporter)
Figure 2A, Additional file 4). Regarding the distribution of
genes by tissue, we observed that all evaluated tissues shared
20 NCT-related genes (29%; Additional file 5).

Each type of transporter has an affinity for one or more
substrates and can play different roles and functions in plants
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NCTs) in soybean. A. Distribution by the family of the 69 NCT-related genes with

TPM > 10 identified in at least one of the seven RNA-seq libraries evaluated in this work. B. Molecular function of the 69 NCT-related genes. AAP: Amino Acid

Permeasse; AVT: Amino Acid Vacuolar Transporter; CAT: Cationic Amino Acid Tra
Amino Acid Transporters; LHT: Lysine Histidine Transporter; LAX: Like Aux1; PROT: P
Amino Acid Transporter.
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(Yang et al. 2020). In the early stages of seed development,
the main requirements involve the development of the
embryo and the accumulation of metabolic proteins for
seed development (Jones and Vodkin 2013). As the seed
grows, the type of protein synthesized changed, moving
from metabolic to storage proteins (Jones and Vodkin
2013). Changes in gene expression and types of NCTs
observed between Clusters 1 and 2 (Figure 1A) corroborate
those observations. Previous results indicated that the
activity of transporters in the pod and seed coat impact the
quality of mature seed (Castro et al. 2004; Abirached-Dar-
mency et al. 2005), which suggests the participation of
these seed tissues in the storage of reserve-type proteins.
The observation that all tissues evaluated in our work
share 29% of NCTs support the findings available in the lit-
erature described above.

The gene ontology analysis indicated that the main mol-
ecular functions performed by NCT-related genes, in
addition to amino acid transport, are the transport of organic
acids, inorganic solutes, anionic ions, carboxylic acid, and
organic anions (Figure 2B). Previous work had already
suggested that NCTs can transport different substrates
(Yang et al. 2020), and the gene ontology analysis of the pre-
sent study confirmed this role (Figure 2B).

The NCTs also play a role in the transport of nitrogen
compounds across cell membranes. The AAP family, for
example, present in the plasma membrane, is characterized
by transporting amino acids from other parts of the plant
for seed nutrition, even in a condition of nitrogen depri-
vation in the soil, thus ensuring seed production through
the remobilization of that element (Karmann et al. 2018;
Liu et al. 2020; Zhou et al. 2020). The activity of the AVT
family, also characterized by acting on the plasma mem-
brane, is related to the importation and exportation of
amino acids stored in vacuoles and may be related to the
release of amino acids as required by the tissues. Therefore,
contributing to the accumulation of proteins that will culmi-
nate later in the final seed protein content (Fujiki et al. 2017).
The predominant export destination of amino acids from the
vacuoles to the cytosol is protein synthesis, and members of
the AVT family are among those primarily molecules
responsible for that transport (Fujiki et al. 2017).

CAT family plays a similar role as AVT family, but besides
acting in the vacuolar membrane, these transporters are also
present in mitochondrial and chloroplast membranes (Su
et al. 2004). According to Su et al. (2004), CAT5 acts as a
basic amino acid transporter, while CAT3, CAT6, and
CATS8 preferentially transport neutral and acidic amino
acids. The UMAMIT and LHT families, in addition to trans-
porting amino acids to seeds, significantly increase their yield
(Besnard et al. 2018; Wang et al. 2019). The UMAMIT over-
expression accelerated the pericarp maturation and resulted
in an increase in total seed number and seed mass produced
per plant in Arabidopsis (Besnard et al. 2018). While a loss-
of-function of OsLHT1I inhibited rice root and shoot growth,
and markedly reduced grain yields suggesting that the over-
expression may increase the yield (Wang et al. 2019). Finally,
the ProT family, characterized as a carrier of proline, glycine,
betaine, and GABA, is involved in long-distance transport,
and it occurs too in the plasma membrane (Grallath et al.
2005; Lin et al. 2019; Yang et al. 2020)..

The activity of NCT-related genes has a positive relation-
ship with seed yield and quality in several crops. In soybean,
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the overexpression of NCT AAP6 increased tolerance to
nitrogen starvation and the protein quality of soybean
seeds, probably due to AAP6 capacity to transport essential
amino acids to seeds (Liu et al. 2020). Besides that, APP6
overexpressed improves seed nitrogen status by optimizing
amino acid partitioning in soybean resulting in seed yield
increased (Liu et al. 2020). In rice, the overexpression of
NCT AAPI positively increased the yield of this crop (Ji
et al. 2020). OsAAPI may affect N transport and metabolism,
and auxin, cytokinin, and strigolactone signaling in regulat-
ing rice tillering. These results support together with that the
increase of neutral amino acid uptake and reallocation via
OsAAP] could improve growth and grain yield in rice (Ji
et al. 2020).

In Arabidopsis, the overexpression of NCTs UMAMIT24
and UMAMIT25 significantly increased the number of seeds
and the essential amino acids in the seeds (Besnard et al.
2018).

Expression of NCTs in soybean cultivars with higher
and lower protein content

We characterized the seeds and pods of the cultivars used for
gene expression validation via qRT-PCR for weight and
protein content in the development stages R5.1/2 (25-
100 mg), R5.3 (100-200 mg), and R6 (350-450 mg). We
observed a significant difference in seed protein content,
38.98 £0.46% for the cultivar BRS 232 and 36.01 +0.93%
for BRS 284. These results follow previously observed data,
where BRS 232 was classified as a higher protein content cul-
tivar and BRS 284 as a lower one (EMBRAPA 2014). We
highlighted that despite the variation in protein content,
both cultivars are highly productive with weight of a thou-
sand seeds of 185 grams to BRS 232 and 146 grams to BRS
284 (EMBRAPA 2014). As for the weight of seeds and
pods, no significant variation between cultivars BRS 232
and BRS 284 was observed, both for fresh and dry weights.
The means and standard deviations of fresh and dry weights
of the seeds of both cultivars were, respectively, 56.5+
3.22mg and 8.5+0.78 mg for the stage R5.1/2, 18038,
74mg and 38.5+2.19mg for stage R53 and 385+
11.48 mg and 134 +3.40 mg for stage R6. For pods, the
fresh and dry weights of both cultivars were, respectively,
556 £11.97 mg and 101+523mg in R5.1/2, 473+
11.64 mg and 90 + 3.14 mg in R5.3 and 482 + 16.53 mg and
158 +7.38 mg in R6.

After characterization for weight and protein content, cul-
tivars BRS 232 and BRS 284 were used to validate gene
expression by qRT-PCR. To this end, we sought to represent
the predominant families of NCT's described in the literature
(Figure 2A). Thus, the following NCT-related genes were
selected:  Glyma.14G010300,  Glyma.09G242000,  Gly-
ma.09G197800, Glyma.10G269700, Glyma.02G116400, Gly-
ma.16G062600, and Glyma.03G229700, belonging to the
AAP, CAT, AVT, BAT, UPS, LHT, and UMAMIT families,
respectively. All NCT-related genes selected were expressed
in seed and pods tissues at all three stages of development
(R5.1/R5.2, R5.3, and R6), which confirmed data from tran-
scriptome libraries. In seeds, for all development stages,
genes AAP7, AVT3, CAT9, and UMAMIT25 showed the
highest expression levels in cultivar BRS 232 compared to
BRS 284 (Figure 3). In this regard, the UPS2 gene also
showed higher expression in cultivar BRS 232 than in BRS
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284, although the higher expression levels were only ident-
ified in R5.3 stage. On the other hand, at all three stages of
development, the LHT1 and BATI genes showed lower
expression in BRS 232 seeds were compared to BRS 284
(Figure 3).

Regarding gene expression in pods, an opposite pattern
was observed, with genes AAP7, BAT1 and UPS2 being
more expressed at all three stages in cultivar BRS 284,
whose protein content is lower. Similarly, the LHTI gene
presented a higher expression in BRS 284 at R5.1/R5.2 and
R6 stages, as well as AVT3 which, was more expressed in
BRS 284 at R5.3 and R6 stages, and finally, UMAMIT25
showed a markedly higher expression at R5.1/R5.2 stage in
cultivar BRS 284 compared to BRS 232 (Figure 3).

Overall, these results suggest a positive correlation
between higher expression for NCT-related genes AAP7,
AVT3, CAT9, UMAMIT25, and UPS2 with a higher seed
protein content of cultivar BRS 232 (Figure 3). However,
in pods, the expression of genes AAP7, AVT3, BATI,
UPS2, LHT1, and UMAMIT25 did not correlate positively
with the higher protein content of cultivar BRS 232, since
these genes were more expressed in cultivar BRS 284, with
lower protein content (Figure 3). The observation that five
of the seven genes validated by qRT-PCR had higher
expression in the seeds of the cultivar with the highest
protein content reinforces the suggested role that NCTs
have an essential role in increasing the protein content of
soybean seeds (Liu et al. 2020), notably when expressed
directly in seed tissues.

Copy number, transcripts, and orthologs in soybean
and arabidopsis

In an in silico analysis carried out, we observed that five of
the seven genes validated by qRT-PCR are present in mul-
tiple copies (AAP7, CAT9, BATI, LHT1, and UMAMIT25)
and two in single copies (AVT3 and UP2) in the soybean
genome. In Arabidopsis, all genes are present in single copies
(Table 1). In soybean, in addition to higher copy numbers,
higher numbers of alternative transcripts were observed if
compared to orthologous in Arabidopsis (Table 1). The per-
centage of physicochemical similarity of protein sequences
between soybean and Arabidopsis was higher than 62%,
and all genes have conserved domains of transmembrane
transporters (Table 1). The importance of assessing levels
of gene duplication is that the duplication process can lead
to pseudogenization (loss of function) during the evolution-
ary process (Schmutz et al. 2010; Jung et al. 2012). In the pre-
sent study, although we observed that five of the seven genes
in soybean are in multiple copies, all have conserved
domains, even in alternative transcripts, indicating that the
duplication of these genes did not negatively influence the
performance of their biological expected roles. Instead, the
increase in the number of copies of these genes can be advan-
tageous for the overexpression process by genetic
engineering.

In Arabidopsis, NCTs AAP7, AVT3, LHTI, and UMA-
MIT25 are localized in the plasma membrane, while CATY,
AVT3, BATI, UPS2, and LHTI occur in the membrane of

BRS 232 - SEED
AAP7

B CATO9

8.0
6.0
4.0
2.0
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R5.3 (100-200 mg)

UPS2 LHT1 EBATI
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Figure 3. Relative gene expression of AAP7, AVT3, BAT1, CATY, LHT1, UMAMIT25, and UPS2 in soybean seeds and pods at development stages R5.1/R5.2, R5.3, and
R6. The highest values (positive ones) and lowest expression (negative ones) represent the averages of three biological repetition observed in cultivar BRS 232
compared to the cultivar BRS 284. The bars represent the standard error of three biological repetitions. Two-tailed Student’s t-test * P < 0.05. Orange bars represent
the gene expression levels in seeds, and green bars represent the gene expression levels in pods. Upper bars represent up-regulated genes, and Lower bars rep-

resent down-regulated genes.
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Table 1. Copy number and orthologue evaluation between Soybean and Arabidopsis.

Gene ID SCN Genetic copies %S STN  Annotation Orthologue ACN ATN %S CL
Glyma.14G010300 2 Glyma.02G303500 99 13/5  AAP7 AT5G23810 1 4 62  Plasmatic
Glyma.09G242000 2 Glyma.18G253600 94 1/6 CAT9 AT1G05940 1 4 72 Chloroplast,
Mitochondrion, Vacuole
Glyma.09G197800 1 NA NA NA AVT3 AT4G38250 1 1 62 Plasmatic, Vacuole
Glyma.10G269700 2 Glyma.20G121500 91 4n BAT1 AT2G01170 1 2 79  Mitochondrion
Glyma.02G116400 1 NA NA  NA UPS2 AT2G03530 1 5 77 Mitochondrion
Glyma.16G062600 2 Glyma.19G083900 96 1/3 LHT1 AT5G40780 1 3 83  Plasmatic, Plastid
Glyma.03G229700 3 Glyma.19G227900/Glyma.19G227000  96/96 2/2/1 UMAMIT25 AT1G09380 1 1 63  Plasmatic

Legend: SCN: Soybean Copy Number. %S: Similarity Percentage. STN: Soybean Transcript Number. ACN: Arabidopsis Copy Number. ATN: Arabidopsis Transcript

Number. CL: Cellular localization; NA: Not Available.

organelles such as mitochondria, chloroplast, vacuoles, and
plastids (Figure 4). Considering the high (>62%) physico-
chemical similarity of orthologs between soybean and Arabi-
dopsis, it is possible to assume that, in soybean, these NCT's
have identical subcellular localization (Table 1). Subcellular
localization gives us clues about the function of a particular
NCT since the synthesis of most amino acids occurs in orga-
nelles such as plastids, mitochondria, peroxisomes, and cyto-
sol (Rentsch et al. 2007). Therefore, knowledge of the
subcellular localization of these NCTs can tell us which
type of nitrogenous compound is transported by a particular
NCT. Whereas transmembrane transporters mediate the
intra- and intercellular translocation of amino acids over
short and long distances (Yang et al. 2020), the genetic
manipulation of amino acid transporters has the potential
to improve several aspects of the plant, such as biomass,
yield, and seed quality (Yang et al. 2020). In other words,
the genetic manipulation of these transporters constitutes a
promising strategy for the betterment of several crops.
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Conclusion

The NCT-related genes AAP7, AVT3, CAT9, UMAMIT25
and UPS2 are present higher expression in the seeds of the
cultivar with higher protein content (BRS 232), having a
positive correlation with this parameter. However, the
BATI and LHTI genes are more expressed in cultivar BRS
284, suggesting that their expression is not directly related
to the high protein content of seeds. In pods, the expression
of NCT-related genes AAP7, BAT1, UPS2, LHT1, and UMA-
MIT25 did not correlate positively with the higher protein
content of cultivar BRS 232, suggesting that, in pod tissues,
the activity of these NCTs may has a secondary role in the
increase of the protein content of soybean seeds.

Considering that, in the seed, the expression of the
majority of NCTs evaluated was higher in the cultivar with
higher protein content (BRS 232), this result suggests that
the genetic manipulation of these transporters can increase
both protein content and quality in soybean seeds.
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Figure 4. Subcellular localization of NCTs in seed and pod tissues of soybean cultivars with higher (BRS 232) and lower (BRS 284) seed protein content.
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