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Abstract: Iron (Fe) is an essential micronutrient required for plant growth and development. However, its deficiency causes substantial
yield losses, particularly in alkaline soils. Soybean (Glycine max) serves as an ideal model to study Fe deficiency chlorosis (IDC) due
to its inefficient Fe uptake from the soil. Although the quantitative trait loci (QTL) associated with IDC tolerance were determined in
soybean, the specific genes within these QTL regions remain unidentified. In this study, it was aimed to identify and analyze the expres-
sion levels of genes present in IDC-responsive soybean QTL under Fe deficiency. Through this investigation, 6593 genes were identified
within 19 QTL linked to IDC tolerance in soybean, and among these, 607 genes exhibited differential expression under Fe deficiency
conditions. Notably, the orthologs of 10 selected genes, referred to as the core group, were found to be induced in Fe-signaling mutants
of Arabidopsis thaliana. These core group genes were enriched in metal transport and Fe-signaling pathways. Further examination of
these genes in an IDC-sensitive soybean cultivar revealed their induction under Fe deficiency and high soil pH conditions. Particularly,
GATA TRANSCRIPTION FACTORI12 (GATA12) stood out with significantly increased expression levels of approximately 5 and 20
times under Fe deficiency and high pH treatments, respectively. Coexpression network analyses of the core group genes highlighted the
significance of the cluster containing GATA12 as a crucial integrator of Fe signaling between the epidermis-localized FER-LIKE IRON
DEFICIENCY INDUCED TRANSCRIPTION FACTOR (FIT) and the stele-localized POPEYE (PYE) signaling networks. Overall, the
findings suggest that GATA12 and its close paralogs may act in the transcriptional network linking the two Fe-signaling networks in
the root stele and epidermis. This knowledge sheds light on the intricate mechanisms of Fe signaling in soybean and provides valuable
insights for future studies on IDC tolerance and Fe-efficient cultivar development.

Key words: Arabidopsis, gene expression, iron deficiency, molecular networks, QTL, soybean

1. Introduction

Iron (Fe) is an essential micronutrient required by all living
organisms to continue their metabolic activities properly
(Schwarz and Bauer, 2020). Plants often face Fe deficiency
in the field since Fe cannot be taken up by many species
effectively due to its low bioavailability, even though
enough Fe is present in the soil. These plants experience
Fe deficiency, especially in calcareous soils, where the soil
pH is high, and at different developmental stages with an
increase in the sink demand (Schwarz and Bauer, 2020).

oxidative stress (Kermeur et al., 2023). Therefore, tight
regulation of Fe homeostasis is necessary to avoid both
its deficiency and toxicity. Plants have evolved different
strategies to uptake Fe from the soil and translocate it from
the roots into the shoots and/or seeds (Aksoy et al., 2018).
Strategy I plants can uptake Fe in the form of Fe**, while
Strategy II plants have evolved mechanisms to uptake the
Fe**. Dicots and nongramineous monocots mobilize Fe
from the soil by Strategy I. In this strategy, Fe is taken up
by the plant roots in three steps, i.e., 1) the acidification of
rhizosphere by proton extrusion mediated by H*-ATPASE

Its deficiency in plants decreases photosynthesis and plant
growth, which eventually limits yield. However, an excess
amount of Fe can act as a catalyst in the Fenton reaction,
which may result in the production of reactive oxygen
species (ROS) that can damage the cells by inducing

* Correspondence: emreaks@metu.edu.tr

(AHA), 2) the reduction of nonsoluble Fe** into Fe** by
the action of FERRIC CHELATE REDUCTASE/FERRIC
REDUCTION OXIDASE (FCR/FRO), and 3) the uptake of
Fe?* by a divalent metal transporter, IRON-REGULATED
TRANSPORTER1
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To maintain Fe homeostasis, plants must sense the
bioavailable Fe in the growth medium and fine-tune
their transcriptome accordingly. Fe uptake and long-
distance translocation are primarily regulated by bHLH
transcription factors (Gao et al., 2019). These factors fall
into two major signaling groups centered on the FER-LIKE
IRON DEFICIENCY INDUCED TRANSCRIPTION
FACTOR (FIT) and the POPEYE (PYE) networks
(Kobayashi, 2019). The FIT network, localized in the
root epidermis, regulates Fe uptake from the rhizosphere,
while the PYE network, specific to the root vasculature,
is involved in Fe transport into and out of the vascular
tissues (Mari et al., 2020). Although these two networks
are proposed to function synchronously (Kobayashi et al.,
2019), their interconnection has not been demonstrated
yet. Apart from the bHLH transcription factors, different
transcription regulators also play a role in the control
of Fe uptake and distribution mechanisms. The studies
conducted in the last 10 years have demonstrated the
interaction of different transcription factors with the
bHLH regulatory network to control the pathways
involved in hormonal regulations, abiotic stress responses,
and even plant growth and development (Gao et al., 2019;
Kobayashi, 2019).

Soybean (Glycine max L.) is an important legume crop
rich in protein and oil contents, and it is used for food,
feed, and biofuel production. Unfortunately, soybean is
one of the crops that is most sensitive to Fe deficiency since
it is affected by even a small decrease in Fe bioavailability.
Fe deficiency in soybean leads to Fe deficiency chlorosis
(IDC) due to limited chlorophyll biosynthesis, which, in
turn, causes the yellowing of younger leaves, a reduction
in leaf area, and shoot and root dry weights. Consequently,
the soybean yield is significantly reduced by Fe deficiency
due to high soil pH. High annual economic losses due to
IDC in soybean production led to the development of new
strategies to cope with Fe deficiency. Soil amendments
and foliar Fe sprays have been used traditionally to correct
mild chlorosis (Schenkeveld, 2010). However, they are
not economically feasible. Genetic engineering has shown
promise in developing IDC-tolerant soybean genotypes,
but transformation and regeneration efficiencies remain
low, and public acceptance is limited. Hence, breeding
Fe-efficient cultivars through breeding programs stands
as the most practical solution to address IDC in soybean.
Therefore, the best way to overcome the IDC problem in
soybean is the development of Fe-efficient cultivars in
breeding programs. IDC is a polygenic quantitative trait
related to the regulation of Fe acquisition, translocation,
and accumulation in soybean (Fourcroy et al, 2014).
Extensive research has identified genetic markers
associated with Fe efficiency in soybean (Merry et al.,
2019), and several quantitative trait loci (QTL) have been
linked to Fe deficiency symptoms, particularly the IDC
score and SPAD measurement (Diers et al., 1992; Lin
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et al,, 1997; Lin et al., 2000a, Lin et al., 2000b; Charlson
et al., 2005; Peiffer et al., 2012). However, the specific
genes within these QTL regions remain unidentified and
uncharacterized. The identification of genes involved
in IDC-related QTLs would enhance our ability to
understand molecular mechanisms behind IDC tolerance
and sensitivity in soybean and facilitate the development
of IDC-tolerant genotypes in the future.

In silico studies of already available QTL data and
prediction of genes and their functional characterization
in response to Fe deficiency can help in broadening our
ability to understand the mechanisms behind Fe deficiency
tolerance in soybean. Therefore, this study aimed to
identify the IDC-related genes present in the previously
reported IDC-responsive QTLs in soybeans and determine
their expression levels under limited Fe conditions.

2. Materials and methods
2.1. Identification of QTL linked with Fe deficiency
tolerance in soybean
QTL regions linked with Fe deficiency symptoms,
especially with the IDC score and SPAD measurement,
were previously generated from 6 different experiments,
representing a divergence in genetic background,
experimental setup, field, and environmental conditions
(Diers et al., 1992; Lin et al., 1997; Lin et al., 2000a; Lin
et al., 2000b; Charlson et al., 2005; Peiffer et al., 2012)
(Tables S1 and S2). The QTL data were obtained from the
SoyBase (https://www.soybase.org/) and are summarized
in Table 1. Among a total of 40 QTL regions generated
from the 6 experiments, only 19 represented unique
regions. Chromosomal distribution of the 19 QTL regions
was generated using Geneious software (Kearse et al,
2012) according to the soybean chromosome sizes and
distribution of the QTL regions compared to the size of
the chromosomes (Nepal et al., 2015). The centromere
position was determined by identifying 91-92 nucleotide
tandem repeats within the centromeric region. A total of
6593 genes were found in the 19 QTL regions by screening
through the SoyBase Genome Browser (Nepal et al., 2015).
For proper annotation of the identified genes, their
Arabidopsis thaliana orthologs were obtained from a
BLASTp search of each gene against the A. thaliana
genome in The Arabidopsis Information Resource (TAIR)
(Lamesch et al., 2012) with preset parameters, and the top
query hit was selected as the ortholog, where the percent
similarity was >75% and E < 10~°.

2.2. In silico expression and gene set enrichment analysis
(GSEA) of the IDC-related genes

The expression levels of single-copy Arabidopsis orthologs
were determined using Genvestigator (Zimmermann et
al.,, 2004) in 5 microarray experiments generated from the
whole roots of wild-type Col-0 exposed to Fe deficiency.
The Gene Expression Omnibus (GEO) datasets used in
the in silico analyses included GSE40076 (Sivitz et al.,



Table 1. QTL data used in the study.
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QTL Nearest sequence-based genetic marker
QTL name | Parentl Parent 2 Reference
number 5’ end Position 3’ end Position
BARC- BARC-028361- Diers et al.,
9 Fe effic 1-1 | A81356022 PI1468916 011635-00314 Gmo08:6809647 05840 Gmo08:7723315 1992
3 Fe effic 1-2 | A81356022 | P1468916 Satt129 GmO1:55166202| PARCOI82LL- 1 56113047 | Diers etal,
03157 1992
Diers et al.,
2 Fe effic 1-3 | A81356022 PI468916 Satt407 Gm01:53174848| Sat_160 Gmo01:54121486 1992
BARC- BARC-039805- Diers et al.,
1 Fe effic 1-4 | A81356022 PI468916 020113-04470 GmO01:52286178 07589 GmO01:53429616 1992
Diers et al.,
14 Fe effic 1-5 | A81356022 PI468916 Satt217 Gm18:4713017 | Sat_315 Gm18:5348175 1992
Diers et al.,
- Fe effic 2-1 | A81356022 PI468916 - - - -
1992
- Fe effic 3-1 | PH4e B2L6Fe | o o efficient| Satt122 Gm14:17619136 | Sat_424 Gm14:46281808| 0 €2l
inefficient 1997
- Fe effic 3.2 | PTide B216Fe |\ o v icient| Satt063 Gm14:45993714| BARC-039667-| 1 4 47205620 | 10 €t 2L
inefficient 07534 1997
Pride B216 Fe . BARC- BARC-018441- Lin et al.,
- Fe effic 3-3 inefficient A15 Fe efficient 017185-02246 Gm18:50785143 03188 Gm18:52157617 1997
4 Fe effic 3.4 | TIde B2L6Fe |\ o p hcient| Satt159 Gm03:3197845 |PARCOI6199-| o s ceea7as |Hnetals
inefficient 02307 1997
Pride B216 Fe . BARC- BARC-056587- Lin et al.,
- Fe effic 4-1 inefficient A15 Fe efficient 013927-01275 Gm14:16752071 14511 Gm14:16256888 1997
Pride B216 Fe . BARC- Lin et al.,
- Fe effic 4-2 inefficient A15 Fe efficient 029827-06444 Gm?20:24177772| Sat_104 Gm?20:37789703 1997
Pride B216 Fe . BARC-049209- Lin et al.,
- Fe effic 4-3 inefficient A15 Fe efficient | Sat_334 Gm12:9131428 10821 Gm12:35692712 1997
Anoka Fe . BARC- BARC-014463- Lin et al.,
7 Fe effic 5-1 inefficient A7 Fe efficient 020479-046341 Gm05:32322642 01558 Gm05:34473339 1997
- Fe effic 5-2 | AOKaFe 1 1o b efficient | Sat 033 Gm03:32837825| Satt237 Gmo3:38104512| L etals
inefficient 1997
Anoka Fe . BARC- Lin et al.,
- Fe effic 6-1 inefficient A7 Fe efficient 029827-06444 Gm?20:24177772| Sat_104 Gm?20:37789703 1997
. Fe effic 6-2 | A% Fe 1 4o B efficient | Sat 033 Gm03:32837825 | Satt237 Gmo3:38104512| L etals
inefficient 1997
15 Fe effic 7-1 | L1de B216Fe | o b eficient| Satt012 Gm18:49174114| PARCOI84AL-) o, o o 157617 | D etals
inefficient 03188 1997
Pride B216 Fe . BARC- BARC-013561- Lin et al.,
5 Fe effic 7-2 inefficient A15 Fe efficient 044085-08610 Gm03:7805399 01160 Gm03:33280183 1997
- Fe effic 81| Tde B216Fe |\ b hcient| Satt020 Gm14:41294144 | Sat_424 Gm14:46281808 | - etal
inefficient 1997
. Fe effic 8-2 | Tide B2L6Fe |\ p fhicient| Satto12 Gm18:49174114| PARC-OI84AL-) oo 52157617 M2 etals
inefficient 03188 1997
- Fe effic 8-3 | TIde B2LOFe |\ o b o fhicient| Sat_334 Gm12:9131428 | PARC-049209-1 15 35602712 MR etal
inefficient 10821 1997
Pride B216 Fe . BARC- BARC-013561- Lin et al.,
- Fe effic 8-4 inefficient A15 Fe efficient 044085-08610 Gm03:7805399 01160 Gm03:33280183 1997
Pride B216 Fe . BARC-059851- Lin et al.,
10 Fe effic 9-1 inefficient A15 Fe efficient | Sat_270 Gm11:4234139 16137 Gm11:24571364 20008
Pride B216 Fe . BARC-039667- Lin et al.,
- Fe effic 9-2 inefficient A15 Fe efficient | Satt063 Gm14:45993714 07534 Gm14:47205629 20008
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Table 1. (Continued).

Pride B216 Fe . BARC-018441- Lin et al.,
- Fe effic 9-3 inefficient A15 Fe efficient | Satt012 Gm18:49174114 03188 Gm18:52157617 2000B
Pride B216 Fe . BARC- BARC-013505- Lin et al.,
17 Fe effic 9-4 inefficient A15 Fe efficient 044913-08839) Gm19:43329322 00505 Gm19:45014383 2000B
Pride B216 Fe . BARC- BARC-013561- Lin et al.,
- Fe effic 9-5 inefficient A15 Fe efficient 044085-08610 Gm03:7805399 01160 Gm03:33280183 20008
Fe effic Anoka Fe . BARC- Lin et al.,
18 10-1 inefficient A7 Fe efficient 029827-06444) Gm20:24177772| Sat_104 Gm20:37789703 20008
Fe effic Anoka Fe . Lin et al.,
6 102 inefficient A7 Fe efficient | Sat_033 Gm03:32837825| Satt237 Gm03:38104512 2000B
Fe effic Anoka Fe . BARC-039667- Lin et al.,
13 10-3 inefficient A7 Fe efficient |Sat_189 Gm14:16352945 07534 Gm14:47205629 20008
Fe effic Pride B216 Fe . BARC- BARC-056587- Lin et al.,
12 11-1 inefficient A15 Fe efficient 013927-01275 Gm14:16752071 14511 Gm14:16256888 2000A
Fe effic Pride B216 Fe . BARC- Lin et al.,
- 11-2 inefficient A15 Fe efficient 029827-06444 Gm?20:24177772| Sat_104 Gm?20:37789703 2000A
Fe effic Pride B216 Fe . BARC-049209- Lin et al.,
11 11-3 inefficient A15 Fe efficient | Sat_334 Gm12:9131428 10821 Gm12:35692712 2000A
Fe effic Anoka Fe . BARC- Lin et al.,
- 12-1 inefficient A7 Fe efficient 029827-06444 Gm?20:24177772| Sat_104 Gm?20:37789703 2000A
Fe effic Anoka Fe . Lin et al.,
- 122 inefficient A7 Fe efficient | Sat_033 Gm03:32837825| Satt237 Gmo03:38104512 2000A
A97-770012
P9254 Low
Fe effic . High Fe BARC- BARC-018681- Charlson
8 13-1 Fe chlorosis | 410 i 060051-16321 CMO>41877400 50, GmO5:41347323| 1, 2005
resistance .
resistance
A97-770012
P9254 Low
Fe effic . High Fe BARC- Charlson
16 132 Fe ?hlor031s chlorosis 059657-15973 Gm19:40154846| Satt156 Gm19:40637071 etal, 2005
resistance .
resistance
A97-770012
P9254 Low
Fe effic . High Fe BARC- BARC-030259- Charlson
19 13-3 Fe chlorosis | 410 i 038869-07350 CM20:375961891 o0 Gm20:38262192| 21, 2005
resistance .
resistance
Fe effic Anoka Fe . BARC-040277- Peiffer et
- 14-1 inefficient A7 Fe efficient | Sat_033 Gm03:32837825 07706 Gmo03:36368900 al, 2012

* All data were obtained from the SoyBase QTL database (https://soybase.org/search/qtllist_by_symbol.php#I).

2012), GSE24348 (Schuler et al., 2011), GSE21582 (Long
et al, 2010), GSE15189 (Buckhout et al., 2009), and
GSE10576 (Dinneny et al., 2008). Differentially expressed
genes (DEGs) were identified via gene search analysis
of perturbations with a minimum target log ratio of 0.5,
maximum target p-value of 0.05, and tolerance percent
of 0. Expression patterns of the Fe deficiency-related
Arabidopsis orthologousgenes were determined in the
bhlh100 bhlh101 (GSE40076 - (Sivitz et al., 2012)) and
pyel-1 (GSE21582 - (Long et al., 2010)) mutants using
Genevestigator (Zimmermann et al., 2004).

The heat map construction and/or hierarchical
clustering of the genes was completed in Genevestigator
according to the Manhattan correlation distance and the
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average linkage rule (Eisen et al., 1998). The gene ontology
(GO) enrichment was performed using PANTHER 14.0
according to Fisher’s exact test and corrected by Bonferroni
correction for multiple testing, where p < 0.05 (Mi et al.,
2019).

To prove the relation of the core group genes with
Fe deficiency, GSEA was done using GeneTrail (Schuler
et al,, 2011) as explained previously (Eroglu and Aksoy,
2017). GSEA was performed against datasets obtained
from the GEO accessions of GSE40076 (Sivitz et al.,
2012), GSE24348 (Schuler et al.,, 2011), GSE21582 (Long
et al,, 2010), GSE15189 (Buckhout et al., 2009), GSE10576
(Dinneny et al., 2008), E-MEXP2378 (Mizoguchi et al.,
2010), and E-MEXP475 (Nishimura et al., 2007), and
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NASCArray accessions 176 (Goda Backes et al., 2008),
139 (Kilian et al., 2007), and 140 (Nakashima et al., 2006).
The gene set consisting of constitutively expressed genes in
Arabidopsis was used as a negative control in the analysis
(Czechowski et al., 2005). The false discovery rate was set
atp <0.05.

The genes that coexpressed together with the core
group genes were identified using ATTED-II Network
Drawer (Obayashi et al., 2007), where the coexpression
option was set to ‘add a few genes” and the PPI was set to
‘Draw PPIs.

2.3. Plant material

A Turkish soybean (Glycine max (L.) Merr.) variety
known to be IDC-sensitive (Atakisi) was used in the study
(Magbool, 2018) and the seeds were generously provided
by Prof. Sevgi Caliskan from Nigde Omer Halisdemir
University, Nigde, Tiirkiye.

2.4. Plant growth and stress application

In the experiment, a custom-made hydroponics culture
system was used with some modifications (Kurtz, 2017).
A cheesecloth was stretched over the mouth of 0.5-L
polypropylene cups and the seeds placed on this setup
were covered with polypropylene transparent cups with a
25-mm opening on the top for 10 days while they were
germinating. The soybean seeds were surface sterilized by
washing with 70% ethanol for 5 min, followed by washing
with 0.25% sodium hypochlorite for 2 min. Then, they
were rinsed 5 times with sterile distilled water. For the
stratification of the seeds, they were kept at 4 °C in the
dark for 2 days in sterile distilled water. Subsequently, the
seeds were transferred to the hydroponics 1 h before the
lights were turned on and germinated on Y2 x Hoagland’s
solution at the following mineral element concentrations:
75 mM N, 3.0 mM K, 0.5 mM P, 2.5 mM Ca, 1.0 mM
Mg, 1,0 mM S, 50 uM Fe, 7.4 uM Mn, 0.96 uM Zn, 1.04
uM Cu, 7.13 pM B, and 0.01 pM Mo (Hoagland et al,
n.d.). Fe was applied as sodium Fe-EDTA (Carl Zeiss Str.,
Roedermark, Germany). Three plants were transferred to
each cup (as technical replicates) and 4 cups were used for
each application as biological replicates. The cups were
wrapped with aluminum foil to prevent algal growth.
Under these conditions, the plants were grown for 2 weeks
under Fe deficiency (0 uM Fe-EDTA, pH: 5.7), high pH
(50 uM Fe-EDTA, pH: 9.0), or the control conditions (50
uM Fe-EDTA, pH: 5.7) in a controlled growth chamber at
25/20 °C (day/night) under a long day cycle (16:8 h light/
dark photoperiod), 70%-80% relative humidity, and 200
pumol m~s™ light provided by high-pressure sodium lamps
placed over the plant canopy to prevent excessive light,
and thus reduce the photoinhibition on the photosystem.
The plants were sampled at the V2 stage since the IDC
symptoms are best observed at this developmental stage
in soybean. During the study, growth media were replaced

with new ones every 48 h, thus eliminating the diminishing
element and oxygen deficiencies in the environment. The
experiment was performed in 5 replicates according to the
randomized block design, where the location of the cups was
randomly changed every 2 days.

2.5. Physiological and biochemical measurements

All of the aboveground measurements were taken from
the top second trifoliate leaves that completed their full
development. Chlorophyll index measurements were taken at
noon using the SPAD-502 chlorophyll meter (Konica Minolta,
Tokyo, Japan) from at least 3 independent measurements
from each leaf and evaluated by calculating the mean and
standard deviation. After the measurements, the second
trifoliate leaves were used for total chlorophyll determination
following extraction in 80% acetone (Aksoy et al., 2013). The
absorbance readings of the extracts were determined at 470,
646.8, and 663.2 nm and compared to 80% acetone.

Plant roots and shoots were photographed with a
digital camera at the end of the stress application. Root and
shoot lengths were determined by Image] software (http://
rsbweb.nih.gov/ij/) (Aksoy et al., 2013). After imaging, the
fresh weights (FWs) of roots and shoots were recorded.

FCR activity was analyzed from the roots following
the method in (Aksoy and Koiwa, 2013). Briefly, after the
physiological measurements were completed, the plant
roots were washed 3 times in distilled water, dried with
tissue paper, and weighed. Then, the root samples were
placed in the FCR activity solution (0.1 mM of Fe (III)-
ethylenediaminetetraacetic acid (EDTA) and 0.3 mM
of ferrozine in distilled water). The samples were kept in
the solution for 12 h in the dark at room temperature.
Then, the absorbance of the solution was read at 562 nm
against a blank without the roots. The enzyme activity was
calculated with a molar extinction coefficient of 28.6 mM™!
cm™ and presented as normalized to the root FW.

2.6. Total RNA extraction and gene expression analyses

Total RNA was isolated from 200 mg of root sample in
a 1-step method using TRIzol reagent (Thermo Fisher
Scientific Inc., Waltham, MA, USA) (Chomczynski
and Sacchi, 1987). After elimination of the genomic
DNA contamination using a RapidOut DNA removal
kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions, RNA integrity and quantity
were determined using 1% agarose gel electrophoresis and
a microspectrophotometer, respectively. Complementary
DNA was produced by the RevertAid First Strand cDNA
synthesis kit (Thermo Fisher Scientific) by using random
hexamers according to the manufacturer’s instructions.
Finally, the expression levels of the genes (DINI, MTPA2,
AIP1, IREG2, ST2A, and GATA12) were determined by
real-time quantitative polymerase chain reaction (RT-
qPCR) (Qiagen, USA) using the SYBR Green PCR kit
(Roche Diagnostics, Basel, Basel-Stadt, Switzerland)
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and the primers given in Table 2 following our previous
study (Aksoy et al., 2013). Relative gene expression was
calculated according to the 244 < method (Livak and
Schmittgen, 2001) after data normalization with ELFIB
(Glyma.02g44460) reference gene (Jian et al., 2008). RT-
qPCR experiments were designed in 2 biological and 3
technical replicates.

2.7. Statistical analysis

MINITAB 18.0 (Minitab, LLC, State College, PA, USA)
was used in the statistical analyses. The physiological and
biochemical data obtained in the study were compared at
a 5% significance level by subjecting the variance analysis
of the mean values (followed by the Tukey HSD post hoc
test) according to the randomized block design. The gene
expression data were analyzed using the Student’s t-test
at a 5% significance level. Statistical test results of the
individual bioinformatic analyses are provided under the
appropriate sections below.

3. Results

3.1. QTLs related to Fe deficiency tolerance in soybean

The analysis of 40 QTL regions linked with Fe deficiency
tolerance found that only 19 represented unique regions
in the soybean genome, demonstrating a conserved high-
level genetic effect of IDC tolerance in soybean (Figure 1).
Distributed on 10 soybean chromosomes, these regions
encompass a total size of 101.763 megabases, representing
0.88% of the entire soybean genome (1.15 Gb) (Shultz et al.,
2006). All of the genes in each QTL region were identified
and this list was named the master gene list (Table S3).
Accordingly, a total of 6593 genes were found in the master
gene list and 347 genes on average occupied each QTL
region. Genes with multiple copies in the soybean were
eliminated from future analyses, since Glycine species
contain paleopolyploid genomes that were established by
an ancient genome duplication event that occurred 50,000
years ago (Shoemaker et al., 2006). As the soybean genome
has not been well-annotated yet, a BLASTp search was
performed of the proteins encoded by each gene against

Table 2. RT-qPCR primers used in the gene expression analyses.

the A. thaliana genome to find its Arabidopsis ortholog
and as a result, 3822 unique genes were found.

3.2. Identification of loci linked with Fe deficiency
tolerance in soybean

To understand if the selected Arabidopsis orthologs were
related to the Fe deficiency, their in silico expression levels
under Fe deficiency were checked. Out of the 3822 unique
genes, 607 were selected because their expression levels
were differentially altered by more than 1.5 times (where
p < 0.05) by one or more of the Fe deficiency treatments
on the Arabidopsis (Figure 2). As the list of DEGs was
long, how many of these genes were also affected by Fe
deficiency signaling was further investigated. To this end,
the expression levels of 607 genes were further evaluated
in microarray experiments of Fe deficiency signaling
mutants, i.e., bhlh100bhlh101 and pyel-1 (also known as
pye). Thus, 68 genes were found to be differentially altered
specifically in the bhlh100bhlh101 mutant, while 13 DEGs
were exclusively identified in the pyel-I mutant (Figure
3a, Table S4). It is interesting to note that DEGs identified
in both bhih100bhlh101 or pyel-1 suggested that they are
unique genes that might be under the control of these
transcription factors. Ten DEGs were found to be affected
by both bHLH100-bHLH1001 and PYE, suggesting their
importance in Fe uptake and/or translocation in plants.
These core set of 10 genes include DNA ] PROTEINC77
(DJC77), GLUTAMINE-DEPENDENT ASPARAGINE
SYNTHASE1/DARK  INDUCIBLE6  (ASN1/DING),
UDP-GLUCOSYL TRANSFERASE72E1 (UGT21ELl),
METAL TOLERANCE PROTEIN3 (MTP3), IRON-
REGULATED PROTEIN2/FERROPORTIN2 (IREG2/
FPN2), SULFOTRANSFERASE2A  (ST2A), GATA
TRANSCRIPTION FACTOR12 (GATA12), CONSERVED
IN THE GREEN LINEAGE AND DIATOMS27
(CGLD27), an adenine nucleotide alpha hydrolases-
domain containing protein kinase (AT1G77280) and
ALUMINUM-INDUCED PROTEIN1 (AT4G27450)
(Table 3). Their gene expression levels were upregulated
under Fe deficiency in at least one of the microarray

AGI number SoyBase Number  Gene Code Forward primer (5’ - 3’) Reverse primer (5’ - 3°)

AT3G47340 Glyma.11g170300  ASNI/DIN6 CATACTTGCTGTGCTTGGTTG GCCCACTCCAGTCAGGACCA
AT3G58810 Glyma.11g135500 MTP3/MTPA2 GGAAAGGACACCAAGTGAGA CCTGCACTCCCTTGATATTTCTG
AT4G27450 Glyma.12g150500  AIPI CCCTGCATCTAACAGTGGCT GGAAGGTGGATCAGGACGAG
AT5G03570 Glyma.03g042400  IREG2/FPN2 AGAGCCTCTTCTTGCCCAAC AATTCCCACATCCTGGCACC
AT5G07010 Glyma.11g158900 ST2A GGTCACTACCCACATTGGCA AATGGGCCAAAACCAACCAC
AT5G25830 Glyma.14g145700 GATAI2 GGCATGAATGCGCGAAACTA CTCATAGTGGAGCCCGCC
AT5G12110 Glyma.02g44460 ELFIB GTTGAAAAGCCAGGGGACA  TCTTACCCCTTGAGCGTGG
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Figure 1. 19 QTL regions are distributed on ten soybean chromosomes. The figure was generated using Geneious software
(Kearse et al., 2012) according to the soybean chromosome sizes and distribution of QTL regions compared to the size of the
chromosomes (Nepal et al., 2015). The centromere position was determined by identifying 91-92 nucleotide tandem repeats

within the centromeric region.

experiments performed from the roots, and all of them
showed a high level of similar expression patterns under
Fe deficiency in a hierarchical clustering analysis (Figure
3b), suggesting their close evolutionary relationship with
each other. As the core group genes were not linked with Fe
deficiency before, we performed a GSEA of 10 genes under
available Fe deficiency microarray experiments (Table S5).

As expected, the core group genes were explicitly enriched
as a group in Fe deficiency, while they were not enriched
in salinity, abscisic acid, or drought stresses. Overall,
these analyses revealed that the core set of 10 genes was
upregulated under Fe deficiency and might be under the
control of bHLH transcription factors in plant roots for
providing tolerance to Fe deficiency in soybean.
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Figure 2. Expression levels of Arabidopsis orthologs under Fe deficiency. The heat map of 607 unique genes was generated from the
microarray experiments, including the Fe deficiency treatment to the whole roots by Genevestigator (Zimmermann et al., 2004). GEO
datasets used in the heat map construction included GSE40076 (Sivitz et al., 2012), GSE24348 (Schuler et al., 2011), GSE21582 (Long et
al,, 2010), GSE15189 (Buckhout et al., 2009), and GSE10576 (Dinneny et al., 2008).

3.3. Core group gene association with metal ion transport
and Fe deficiency signaling

For the functional characterization of the core group genes,
the GO enrichment was utilized (Table 4). Accordingly,
the top 10 most enriched GOs include metal ion transport,
specifically of Fe and zinc, in the biological processes,
whereas Fe and zinc ion transmembrane transporter
activity was enriched in the molecular functions. Some
additionally enriched GOs include asparagine metabolic
process (p = 1.82 x 10%), (glutamine-hydrolyzing)
asparagine synthase activity (p = 1.82 x 10), and
sulfotransferase activity (p = 6.91 x 10-%), providing a clue
for the involvement of sugar and sulfur metabolisms in Fe
deficiency response and/or tolerance in plants.

To infer the potential functions of the core group
genes, genes that coexpressed together with them were
determined (Figure 4). The coexpression gene network
identified both Fe-signaling components (i.e., PYE
and FIT/FRU) as linked with the core group genes. The
network also included several transcription factors
and metal transporters with known functions in metal
translocation and Fe homeostasis. Interestingly, there were
some genes involved in sugar and amino acid metabolism
in the network. As the network analysis presented
coexpressing genes with known functions in Fe uptake,
translocation, and signaling as well as the ones involved
in other metabolic pathways, the network was divided
into 6 clusters according to the network topology (Figure
4 and Table S6) and a GO enrichment was performed for
the genes included in each of the 6 clusters (Table S7). As
known from previous bioinformatics studies (Schwarz and
Bauer, 2020), clusters 1 and 2 included the genes involved
in the Fe-signaling networks regulated by PYE and FIT
in the root stele and epidermis, respectively. Surprisingly,
cluster 3 which was centered around GATA12, represented
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a knob between the 2 Fe-signaling networks, indicating
the potential missing link between the 2 most important
Fe-signaling components of Fe homeostasis in plant roots.
Cluster 4 contained the genes with GO enrichment in
amino acid metabolism, while clusters 5 and 6 contained
the genes with GO enrichment in ethylene response and
gibberellic acid-mediated signaling, respectively. Taken
together, these data indicated that the core group genes
are associated with metal ion transport and Fe deficiency
signaling in plants (Table 4).

3.4 Core group genes induced by Fe deficiency and high
pH in soybean roots

Finally, to prove that the core group genes identified in the
bioinformatic analyses were induced by Fe deficiency in
the soybean roots, Fe deficiency-sensitive soybean plants
(Atakisi variety) were exposed to Fe deficiency for 2 weeks.
Except for the FCR activity, the root and shoot lengths,
root, and shoot FWs, soil plant analysis development
(SPAD) value, and chlorophyll content were significantly
decreased in the plants exposed to Fe deficiency, whereas
the FCR activity increased by 2 times under Fe deficiency
(Figure 5). As plants cannot uptake divalent elements
such as Fe?* efliciently in alkaline soils (Olsen and Brown,
1980), also investigated was the effect of a high pH (9.0) on
the growth and development of the Atakisi variety. Except
for the shoot length and FCR activity, the other parameters
increased significantly with a high pH, as expected. On the
other hand, the high pH did not affect the shoot length
and FCR activity, suggesting that the induction of the FCR
enzyme is unique to the Fe deficiency treatment.

The expression levels of some genes in the core group
were determined in the plant roots exposed to Fe deficiency
or high pH (Figure 6). The expression of DINI, MTPA2,
AIPI, IREG2, ST2A, and GATAI2 increased significantly
under Fe deficiency and a high pH compared to the control
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Figure 3. Genes linked with Fe signaling in the Arabidopsis roots.
Expression patterns of Fe deficiency-related Arabidopsis ortholo-
gous genes were determined in the bhlh100 bhlh101 (GSE40076
- [90]) and pyeI-I (GSE21582 - [92]) mutants using Genevesti-
gator [21]. (a) Venn diagram of the DEGs in the bhlh100bhlh1011
and pyel-1 mutants. (b) Hierarchical clustering of the 10 DEGs
common in bhlh100bhlh1011 and pyel-1 under Fe deficiency
microarrays. GEO datasets used in the hierarchical clustering
construction included GSE40076 (Sivitz et al., 2012), GSE24348
(Schuler et al,, 2011), GSE21582 (Long et al., 2010), GSE15189
(Buckhout et al., 2009), and GSE10576 (Dinneny et al., 2008).
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Table 4. GO enrichment of the ten core genes.

GO term Fold enrichment raw p-value
Biological process

Detoxification of zinc ion >100 3.65E-04
Stress response to zinc ion >100 7.29E-04
Asparagine metabolic process >100 1.82E-03
Cellular response to Fe ion starvation >100 2.91E-03
Fe ion transmembrane transport >100 3.28E-03
Response to Fe ion starvation >100 4.37E-03
Stress response to metal ion >100 6.18E-03
Zinc ion transport >100 9.80E-03
Fe ion transport 88.44 1.12E-02
Cellular Fe ion homeostasis 70.30 1.41E-02
Molecular function

Asparagine synthase (glutamine-hydrolyzing) activity >100 1.82E-03
Sulfotransferase activity >100 6.91E-03
Fe ion transmembrane transporter activity >100 8.72E-03
Zinc ion transmembrane transporter activity >100 9.80E-03
Transferase activity 80.64 1.27E-02
Transition metal ion transmembrane transporter activity 74.10 3.36E-04
Divalent inorganic cation transmembrane transporter activity 68.54 1.49E-02
Ligase activity 38.08 2.63E-02
Metal ion transmembrane transporter activity 23.33 3.20E-03
Inorganic anion transmembrane transporter activity 21.93 4.50E-02

group. Under a high pH, the induction of ST2A and
GATAI12 reached 10 and 20 times, respectively. Overall,
this indicated that the core group genes were induced by
Fe deficiency and high pH in soybean roots and therefore
their functions in Fe uptake and/or translocation in plants
should be investigated in future studies.

4. Discussion

Herein, the identification of 19 unique regions containing
6493 genes were presented for the first time in soybean
(Figure 1) and 3822 unique ortholog genes were obtained
in A. thaliana. In silico expression analysis of 3822
unique genes identified 607 of them as differentially
expressed under Fe deficiency. To gain a more detailed
understanding of their regulation under Fe deficiency,
their expression levels in the bhlh100bhih101 and pyel-1
mutants were evaluated, since POPEYE (PYE) is localized
to the stele, while basic helix-loop-helix transcription
factors bHLH100 and bHLH1001 are localized to the
root epidermis and function as a dimer with other bHLH
transcription factors including the major Fe deficiency
signaling regulator FIT (Gao et al., 2019).

The in silico analysis revealed 10 DEGs affected by both
bHLH100-bHLH1001 and PYE (Table 3). GSEA showed
that the core group of genes was linked with Fe deficiency
response, while the hierarchical clustering demonstrated
their similar expression patterns in different Fe deficiency
experiments. Among these genes, the molecular functions
of METAL TOLERANCE PROTEIN3 (MTP3) and IRON-
REGULATED PROTEIN2/FERROPORTIN2 (IREG2/
FPN2) have already been shown under Fe deficiency.
The core group of genes was enriched in GOs linked with
Fe tolerance in previous studies (Schwarz and Bauer,
2020). Some additionally enriched GOs include sulfur
metabolism. The positive regulatory effect of hydrogen
sulfide (Chen et al., 2020) and the involvement of sulfur
metabolism in the alleviation of Fe deficiency responses
have been demonstrated in plants. Interestingly, these
studies demonstrated the necessity of sulfur for proper Fe
deficiency tolerance in plants (Robe et al., 2020), and the
contribution of hormones, especially auxin and gibberellic
acid, to the tolerance mechanisms (Chen et al., 2020).

The coexpression gene network analysis identified 6
clusters linked with the core group of genes (Figure 5).
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Figure 4. Coexpression network analysis of the core group genes. The coexpression network drawer of Atted II (Obayashi et al.,
2007) was used to generate the network map. Dark circles present the 10 core group genes. Colors indicate the predicted subcellu-
lar localizations according to WoLF PSORT (Horton et al., 2007). Green: chloroplast, yellow: mitochondria, purple: nucleus, pale

blue: cytosol, red: vacuole, dark blue: plasma membrane, pale grey: extracellular, and beige: peroxisome.

Clusters 1 and 2 included the genes involved in the Fe-
signaling networks regulated by PYE and FIT/FRU in the
root stele and epidermis, respectively, as determined in
previous bioinformatic studies (Schwarz and Bauer, 2020).
Although these spatially separated signaling networks
have been known for a long time, their interdependence
has not been shown before. The cluster analysis herein
showed that cluster 3 represented a link between the 2 Fe-
signaling networks, indicating the potential missing link
between the 2 most important Fe-signaling components
of Fe homeostasis in plant roots. Interestingly, cluster 3
was centered around GATA12. By binding to the main
sequence of G-A-T-A, GATA transcription factors are
classified in the IV group of the zinc finger transcription
factor family and function in different pathways (Reyes et
al., 2004). Thirty GATA transcription factors have been
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identified in the Arabidopsis genome and divided into 4
subgroups preserved within themselves. While GATA12
was found in the first subgroup of GATAs together with
GATA9, GATA2, and GATA4, the clustering in this study
showed a coexpression of these 4 GATA transcription
factors together in cluster 3. It has been reported that GATA
transcription factors are controlled by different hormones,
and thus play important roles in plant growth and stress
responses (Behringer and Schwechheimer, 2015). In a
recent study, it was shown that GATA12 was expressed
especially in the root and stem, localized to the nucleus,
and negatively affected dormancy (Ravindran et al., 2017).
In the same study, it was shown that the activation of
GATA12 was dependent on the presence of gibberellic acid
and GATA12 was activated as a result of the interaction of
the DELLA transcription factor RGL2, which is the main
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Figure 5. Physiological and biochemical responses of soybean under Fe deficiency and high pH. The soybean
plants were grown under Fe deficiency (0 uM Fe-EDTA, pH: 5.7) and high pH (50 uM Fe-EDTA, pH: 9.0)
compared to the control conditions (50 pM Fe-EDTA, pH: 5.7) for 2 weeks. (a) Root length. (b) Root FW. (c)
Shoot length. (d) Shoot FW. (e) SPAD value. (f) Chlorophyll content. (g) FCR enzyme activity. Values indicate
the means + SEM (n = 3). Different letters indicate significant changes among the treatments (p < 0.05).
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Figure 6. Expression levels of DINI, MTPA2, AIP1, IREG2, ST2A, and GATA12 in the soy-
bean roots under Fe deficiency and high pH. The gene expression levels were determined
in the roots of soybean plants grown under Fe deficiency (0 uM Fe-EDTA, pH: 5.7) and
high pH (50 uM Fe-EDTA, pH: 9.0) compared to the control conditions (50 uM Fe-EDTA,
pH: 5.7) for 2 weeks. Values indicate the means of relative gene expression + SEM (n = 3).
* Significant change compared to the control (p < 0.05).

regulator of gibberellic acid signaling, with DOF6, the
stress transcription factor. This suggests that the DELLA
proteins are one of the possible regulators of GATA
transcription factors. In another study, it was shown that
the DELLA proteins post-translationally regulate the Fe-
signaling regulator FIT in the roots (Wild et al,, 2016). In
that study, it was reported that the local distribution of
DELLA suppressors responsible for gibberellin signaling
was regulated by Fe and contributed to the modulation of
the root system architecture. DELLA interacts with FIT
activity to inhibit it, but DELLA becomes unstable, and
unable to release the FIT to activate Fe uptake genes in
epidermis cells under Fe deficiency. Taken together, the
coexpression network analysis conducted in the present
study, together with the RT-qPCR results, highlight the
importance of the interaction of GATA transcription
factors with DELLASs in regulating the stability of FIT (and
possibly other bHLH transcription factors involved in Fe
signaling) for proper Fe uptake from the rhizosphere in
plants.

Cluster 1 was centered around DJC77 (AT2G42750),
which is a ] domain-containing cochaperone (J protein)
that interacts with the chloroplast-localized heat shock
protein HSP70 to regulate the binding of HSP70 to folding
proteins under stress conditions (Chiu et al., 2013).
Interestingly, DJC77 is highly expressed in the leaves,
especially under selenium treatment (Van Hoewyk et al.,
2008), and was shown to be mobile from leaves to the
roots via the phloem (Thieme et al., 2015), suggesting its
potential regulatory effect under mineral imbalances.
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Cluster4includedbHLH121,alsoknownasUPSTREAM
REGULATOR OF IRT1 (URI), which was recently shown
to act as a crucial regulator of the Fe deficiency signaling
pathway (Gao etal., 2020). The phosphorylated form of URI
accumulates under Fe deficiency and forms heterodimers
with bHLH38/39/100/101. These transcription factors
in turn heterodimerize with the FIT and drive the
transcription of IRTI and FRO2 to increase Fe uptake. It
also interacts with PYE, BTS, and BTSLI. Surprisingly,
URI clustered with STA2, ASN1, and AIP1 in cluster 4
instead of clustering together with FIT, FRO2, IRT1, and
other bHLHs (Figure 5). Moreover, FIT was found to be
epistatic to bHLH121, and FIT overexpression partially
rescued the severe phenotype of the bhlh121 mutant under
Fe deficiency (Lei et al., 2020). The expression of URI was
not affected by Fe availability. This suggests URI as an
upstream transcription factor regulating the Fe-signaling
pathway depending on the availability of nutrients,
especially of Fe, via amino acid metabolism, since cluster
4 was enriched in GOs linked to amino acid metabolism.
Taken together, these observations indicate that the core
group genes are associated with metal ion transport and
Fe deficiency signaling in plants. Moreover, they expand
our understanding of the Fe deficiency signaling network
toward the integration of plant hormonal signals.

Under Fe deficiency, the root and shoot lengths as well
as the FWs decreased significantly compared to the control
conditions (Figure 6), which is in agreement with previous
studies done on soybean (Kurtz, 2017; Magbool, 2018).
As Fe is required for chlorophyll biosynthesis, the total
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chlorophyll content and the chlorophyll index decrease
significantly under Fe deficiency in Fe-sensitive soybean
genotypes (Magbool, 2018). Hence, the observations
herein are in agreement with the literature. FCR was
determined as the major factor affecting the Fe uptake in
dicots and the application of Fe deficiency enhances the
FCR activity in plants (Jiménez et al., 2019). Herein, a two-
fold increase was observed in the FCR activity in the roots
of the Atakisi plants under Fe deficiency, proving that
the plants experienced Fe deficiency in the hydroponics
setup. Dicots require the protonation of the rhizosphere
for proper solubilization and uptake of Fe. Therefore,
they cannot uptake Fe efficiently in alkaline soils (Olsen
and Brown, 1980). To understand how high pH affects
plant growth, Atakisi plants were also grown under a high
pH (9.0) for two weeks. As expected, high pH decreased
the chlorophyll content while the root length increased
together with root and shoot FWs (Figure 6). The effects
of a high pH and Fe deficiency are opposite in terms of
the root growth (Gheshlaghi et al., 2020), which was
also observed in the current study. While the high pH
and Fe deficiency caused a decrease in the chlorophyll
content in plants (Magbool, 2018), Fe deficiency showed
a more remarkable reduction compared to the high pH
application. Interestingly, the high pH did not increase
the FCR activity, while Fe deficiency did, suggesting
that different molecular mechanisms would be affected
by individual stresses. This observation confirms the
previously reported mildly acidic pH optimum of FRO2-
mediated Fe chelate reduction (Tsai et al., 2018).

The molecular networks affected by alkalinity (Tsai and
Schmidt, 2020) and Fe deficiency have already been studied
in plants. However, genes involved in individual networks
have not been compared to determine the common genes.
Interestingly, the expression levels of some core group
genes were significantly induced under both Fe deficiency
and high pH, indicating their potential involvement in the
common set of genes regulated under both stresses. The
identification of these core genes involved in IDC-related
QTLs in soybean would enhance our ability to understand
molecular mechanisms behind IDC tolerance and
sensitivity in soybean and facilitate the development of
IDC-tolerant genotypes in the future. Among these genes,
GATAI12 stands out with its induced expression levels

around 5 and 20 times under Fe deficiency and high pH,
respectively (Figure 7). Since cluster 3, which was centered
around GATA12, represented a knob between the 2 Fe-
signaling networks, indicating the potential missing link
between the 2 most important Fe-signaling components
of Fe homeostasis in plant roots. Therefore, the potential
regulatory roles of the GATA transcription factors in Fe
signaling should be investigated in future studies.

5. Conclusions

Several molecular studies have been performed with
IDC-tolerant and sensitive soybean genotypes to find
the QTLs linked with IDC in soybean. However, none
of these studies have identified the potential genes in
these QTL regions and their interactions in Fe uptake in
soybean. Herein, 10 core group genes were identified that
have not been linked with Fe deficiency responses before.
Their interactions with other well-known Fe-signaling
components represent the interaction of different nutrient
metabolisms and hormonal regulations. Among these 10
core genes, GATA12 stands out as an important integrator
of Fe signaling between the epidermis-localized FIT and
the stele-localized PYE signaling networks. Overall, these
results suggest that the core group genes are induced by
Fe deficiency and high pH in soybean roots and GATA12
should be characterized under Fe deficiency in plants.
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