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Soybean (Glycine max) is a major protein and oil crop. Soybean basic region/
leucine zipper (bZIP) transcription factors are involved in many regulatory
pathways, including yield, stress responses, environmental signaling, and
carbon-nitrogen balance. Here, we discuss the members of the soybean bZIP
family and their classification: 161 members have been identified and clustered
into 13 groups. Our review of the transcriptional regulation and functions of
soybean bZIP members provides important information for future study of bZIP
transcription factors and genetic resources for soybean breeding.
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Introduction

Transcription factors (TFs) can be grouped into different families according to their
DNA-binding and multimerization domains. Basic region/leucine zipper (bZIP) TFs are
characterized by a conserved bZIP domain composed of two motifs: a basic region
responsible for binding to specific DNA sequences, and a leucine zipper motif required for
dimerization (Hurst, 1995; Wingender et al., 2001; Jakoby et al, 2002). Plant bZIP TFs
function in stress and hormone signaling, organ and tissue differentiation,
photomorphogenesis, cell elongation, nitrogen/carbon balance, energy metabolism, flower
development, seed development, pathogen defense, and gibberellin biosynthesis (Chern et al.,
1996; Albani et al., 1997; Oyama et al., 1997; Fukazawa et al., 2000; Jakoby et al., 2002; Cluis
etal, 2004; Corréa et al., 2008; Weltmeier et al., 2009). The functions of plant bZIP proteins
appear to be more complex and broader than those of other TFs (Wei et al., 2010).

Due to their crucial roles in numerous biological processes, bZIP TFs have been studied
in many plant species: 78 bZIP genes have been identified in Arabidopsis thaliana (Droge-
Laser et al,, 2018), 92 in rice (Oryza sativa) (Corréa et al., 2008), 125 in maize (Zea mays)
(Wei etal., 2012), 64 in cucumber (Cucumis sativus) (Yoshida et al., 2015a), and 69 in tomato
(Solanum lycopersicum) (Li et al., 2015). Jakoby et al. (2002) classified Arabidopsis bZIP genes
into 10 groups (A, B, C, D, E, F, G, H, I, and S) based on the similarity in the basic region and
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other conserved motifs. Droge-Laser et al. (2018) reported four new
members in Arabidopsis, AtbZIP76-AtbZIP79, and excluded
AtbZIP73 as a pseudogene, and classified these 78 AtbZIPs into 13
groups (designated A-M). AtbZIPs are associated with a plethora of
functions; most AtbZIPs in each group display group-specific
properties (Jakoby et al,, 2002; Droge-Laser et al., 2018).

Soybean (Glycine max [L.] Merr) is an important food and
industrial crop. Many bZIP genes have been found in soybean. Liao
et al. (2008) identified 131 GmbZIP TFs and classified them into 10
groups (A, B,C, D, E, F, G, H, I, and S). Most GmbZIP proteins cluster
with the AtbZIP proteins, whereas several GmbZIP members form a
distinct S group. Wang et al. (2015) identified 138 GmbZIPs, and
Zhang et al. (2018) identified and classified 160 GmbZIPs into 12
groups (A, B, C,D,E, F, G, H, L, ], K, and S). In soybean, 124 and 122
out of 160 GmbZIPs are involved in drought and flooding responses,
respectively (Zhang et al,, 2018), however, many GmbZIPs have been
implicated in various biological processes besides abiotic stress
responses. In this review, we analyze the cladistics and expression
profiles of GmbZIP and AtbZIP genes, and focus on the well-studied
GmbZIP genes, in order to summarize and predict the functions of
GmbZIP TFs, and to provide perspectives for their further
identification and use in soybean breeding.

Cladistic analysis of GmbZIP proteins

Soybean and Arabidopsis bZIP proteins have been recently updated
(Sussmilch et al., 2015; Droge-Laser et al., 2018; Zhang et al., 2018), we

FIGURE 1
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regenerated the cladistic tree, and the names of soybean bZIP proteins
were based on Zhang et al. (2018) in this review. We aligned the full-
length GmbZIP and AtbZIP amino acid sequences by MAFFT v7.505
with default parameters and then conducted a cladistic analysis using
iQtree with model JTT+F+R5 and polishing using iTOL (https://
itolembl.de). The GmbZIPs and AtbZIPs classified into 13 groups,
which is the same as Zhang et al. (2018) and Droge-Laser et al.
(2018) (Figure 1).

Expression patterns of GmbZIP genes

We obtained expression values (fragments per kilobase of exon
per million mapped fragments (FPKMs)) of GmbZIP and AtbZIP
genes in different tissues/organs (seeds, flowers, leaves, shoot apices,
stems, and roots) from the websites at Phytozomel2 (https://
phytozome.jgi.doe.gov/pz/portal.html) (Schmutz et al, 2010), and
AtGenExpress Plus-Extended Tissue Series in the Arabidopsis eFP
Browser (http://bar.utoronto.ca/efp_arabidopsis/cgi-bin/efpWeb.cgi)
with the Developmental Baseline as the parameter and other
parameters remaining the default (Schmid et al., 2005) (Figure 1).
Arabidopsis tissues/organs were selected for consisting with soybean
tissues/organs. We removed GmbZIP88, AtbZIP18, AtbZIP23,
AtbZIP36, AtbZIP62, AtbZIP70, AtbZIP75, and AtbZIP76 due to
lack of expression in all tissues/organs. The expression data of the
bZIP genes of two species were row scale normalized respectively
after log2™*™*! by using TBtools (Chen et al., 2020a), and displayed
in the heatmap by iTOL (Figure 1; Table SI).
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Phylogenetic analysis and expression profiles of soybean and Arabidopsis bZIP proteins.
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Group A bZIPs regulate abiotic
stress responses, plant development,
and flowering

We further classified 13 Arabidopsis and 31 soybean members
in group A, characterized as having conserved motifs containing
phosphorylation sites, into four subgroups (Jakoby et al., 2002;
Droge-Laser et al., 2018). The first subgroup contained AtbZIP15
and AtbZIP35-AtbZIP38, which are involved in abscisic acid (ABA)
and stress signaling (Choi et al., 2000; Uno et al,, 2000). ABA is a
plant hormone that regulates diverse processes including stomatal
closure, osmotic stress response, and seed maturation and
germination (Yoshida et al, 2015b). The members of this first
subgroup contained abscisic acid responsive element (ABRE)
binding factors (ABFs) that function at the core of ABA signaling
(Banerjee and Roychoudhury, 2017). Under osmotic stress
conditions (such as drought and high salinity), accumulating
ABA is perceived by Pyrabactin resistance 1

(PYRI1)/PYRI-LIKE (PYL)/Regulatory components of ABA
receptor (RCAR) receptors that inhibit the phosphatase activities
of protein phosphatase type 2Cs (PP2Cs). ABA-PYR1/PYL/RCAR-
PP2C complexes activate (Sucrose non-fermenting-1) SNF1-related
protein kinase 2s (SnRK2s), then SnRK2s directly phosphorylate
ABFs to strongly enhance their transactivation properties by
directly binding to ABRE cis-elements (Yoshida et al., 2015b). We
identified four GmbZIP TFs in this subgroup, of which GmbZIP14,
GmbZIP59, GmbZIP50, and GmbZIP33 were mainly expressed in
roots and flowers (Figure 1). Because they clustered with AtbZIP35-
AtbZIP 38 in the cladistic tree, they likely also participate in ABA
and stress signaling. This idea is reinforced by the detailed analysis
of GmbZIP14 (name in the reference is listed in Table 1), which is
localized in the nucleus and is responsive to ABA, drought, high
salinity, and low temperature. Overexpressing GmbZIP14 improves
tolerance to high salt, low temperature, and drought in transgenic
plants. Furthermore, some ABREs exist in the promoter region of
GmbZIP14 targets, such as ABA insensitive 1 (ABII), ABI2, RD29B,
RABI18, KATI, and KAT2, whose expression is also affected by ABA,
drought, and high salinity (Gao et al., 2011).

The second subgroup contained ABI5/DPBF1/AtbZIP39, which
has been extensively characterized in Arabidopsis and functions in
ABA-dependent seed maturation and germination (Lopez-Molina
etal, 2001; Skubacz et al., 2016). We classified 16 GmbZIP TFs into
this subgroup, most of which were highly expressed in seeds
(Figure 1), suggesting their potential functions in seed
development and germination. In soybean, seed weight is one of
the most important yield determinants (Smith and Camper, 1970).
The GmbZIP TFs ABA-responsive element binding protein 3-1
(AREB3-1/GmbZIP35), AREB3-2/GmbZIP57, and GmbZIP92
(belonging to Group D) regulate distinct seed development
processes by acting with LEAFY COTYLEDONI1 (LECI1), a
central TF of seed development that controls embryo
morphogenesis, photosynthesis, and seed maturation (Jo et al,
2019). LEC1 alone and the LEC1-AREB3 module primarily
regulate genes involved in embryo morphogenesis. LEC1-AREB3,
LEC1-AREB3-GmbZIP92, and LECI-AREB3-GmbZIP92-ABI3
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modules regulate genes involved in photosynthesis. The LECI-
AREB3-GmbZIP92-ABI3 module also regulates seed maturation
genes (Jo et al,, 2020) (Figure 2C). Soybean FD-like 19 (GmFDL19,
GmbZIP146) also classified in this subgroup, is highly induced by
ABA, polyethylene glycol (PEG 6000), and high salinity.
Overexpressing GmFDLI9 in soybean enhances drought and salt
tolerance at the seedling stage. Furthermore, GmFDL19/
GmbZIP146 overexpression reduces Na' ion accumulation and
up-regulates the expression of several ABA- and stress-responsive
genes (Li et al,, 2017).

The third subgroup, containing FD (AtbZIP14) and FD
PARALOG (FDP, AtbZIP27), is involved in control of the
Arabidopsis floral transition (Abe et al, 2005). The AtbZIP TF
FD promotes flowering with the florigen FLOWERING LOCUS T
(FT) as a florigen activation complex (Abe et al., 2005; Wigge et al.,
2005). TERMINAL FLOWER 1 (TFL1) competes with FT for FD
binding and represses the transcription of floral meristem identity
genes, such as LEAFY (LFY) and APETALA 1 (API) (Gustafson-
Brown et al,, 1994; Hanano and Goto, 2011). GmTFL1b (Dtl), the
soybean ortholog of Arabidopsis TFL1, controls stem growth habit
(Liu et al,, 2010; Tian et al, 2010) and flowering time (Yue et al.,
2021), which strongly influence soybean grain yield (Bernard, 1972;
Heatherly and Smith, 2004; Cao et al., 2016). Soybean contains five
FD and FDP homologs, which all belong to this subgroup
(Sussmilch et al,, 2015) (Figure 1). Dtl interacts with GmFDc1/
GmbZIP30 and binds to ACGT cis-elements in the promoter region
of GmAPIa to repress its activity during plant height and flowering
time regulation in soybean (Chen et al., 2020b; Yue et al., 2021).
Overexpressing GmFDc1/GmbZIP30 leads to early flowering and
fewer nodes, suggesting that GmFDc1/GmbZIP30 functions as a
floral transition activator (Yue et al., 2021). GmFT5a interferes with
Dtl for GmFDcl binding and enhances the positive effect of
GmFDc1/GmbZIP30 on GmAPI expression (Yue et al., 2021).
GmFT2a and GmFT5a both induce flowering; however, GmFT5a
plays an additional role in termination of shoot apical meristem
growth shortly after floral induction (Takeshima et al, 2019).
GmFT5a, but not GmFT2a, competes with Dtl for GmFDcl/
GmbZIP30 binding to more rapidly terminate stem growth
(Takeshima et al., 2019; Yue et al., 2021) (Figure 2A). The
functions of the other four FD and FDP homologs are not
known, and can only be inferred from their gene expression
patterns: GmbZIP9 is mainly expressed in shoot apices and seeds,
GmbZIP48, GmbZIP30, GmbZIP4 and GmbZIP161 in shoot apices
and stems. These distinct expression patterns indicate their
functional differentiation during soybean selection and
domestication. Furthermore, three other group A members are
also involved in floral transition: GmFDL06/GmbZIP50, which
interacts with GmFT5a; GmFDL12/GmbZIP103, which functions
together with Dtl, GmFT2a, and GmFT5a; and GmFDL19/
GmbZIP146, which associates with GmFT2a and GmFT5a (Nan
et al, 2014; Takeshima et al.,, 2019). GmFDL19/GmbZIP146
overexpression in soybean causes early flowering, which may be
mediated by upregulation of floral identity genes, such as Suppressor
of overexpression of CO 1 (SOCls), LFYs, and APIs, the possible
direct targets of GmFDL19/GmbZIP146 (Nan et al.,
2014) (Figure 2A).
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TABLE 1 Well studied soybean bZIP transcription factors.

10.3389/fpls.2023.1150363

Group Gene Gene name in Gene ID Function Reference
ID name references
A GmbZIP14 GmbZIP1 Glyma.02G131700  Salt, drought and low temperature stresses Gao et al. (2011)
responses
GmbZIP35 AREB3-1 Glyma.04G124200  Seed development Jo et al. (2020)
GmbZIP57 AREB3-2 Glyma.06G314400  Seed development Jo et al. (2020)
GmbZIP30 GmFDcl Glyma.04G022100  Flowering; stem growth habit Yue et al. (2021)
GmbZIP50 GmFDL06 Glyma.06G040400  Flowering Takeshima et al. (2019)
GmbZIP103 GmFDL12 Glyma.12G184432 Flowering Nan et al. (2014); Takeshima et al.
(2019)
GmbZIP146 GmFDL19 Glyma.19G122800  Flowering; salt and drought stresses responses Nan et al. (2014); Takeshima et al.
(2019); Li et al. (2017)
C GmbZIP27 GmbZIP105 Glyma.03G247100 = Pathogen response Alves et al. (2015)
GmbZIP53 GmbZIP62 Glyma.06G079800  ABA signaling; salt and low temperature stresses Liao et al.,, 2008; Alves et al. (2015)
responses; pathogen response
GmbZIP76 G/HBF-1, SBZ1 Glyma.10G162100  Pathogen response Droge-Laser et al. (1997); Yoshida
et al. (2008)
GmbZIP159 GmbZIP159 Glyma.20G224500  Seed development Hu et al. (2022)
D GmbZIP92 GmbZIP67 Glyma.11G183700  Seed development Jo et al. (2020)
GmbZIP104 GmTGA17 Glyma.12G184500  Salt and drought stresses responses Li et al. (2019)
E GmbZIP45 GmbZIPE2 Glyma.05G168100  Pathogen response Alves et al. (2015)
G GmbZIP28 GmbZIP78 Glyma.03G255000 ~ ABA signaling; salt and low temperature stresses Liao et al. (2008)
responses
GmbZIP82 SGBF-1 Glyma.11G065000  Cold stress response Kim et al. (2001)
H GmbZIP142 STF1 Glyma.18G117100 ~ Photomorphogenic; shade avoidance syndrome; Shin et al. (2016); Lyu et al. (2021); Ji
lightsignal and nodulation et al. (2021)
GmbZIP69 STF2 Glyma.08G302500  Shade avoidance syndrome; light signal and Lyu et al. (2021); Ji et al. (2021)
nodulation
GmbZIP131 STF3 Glyma.16G092700  Lightsignal and nodulation Wang et al. (2021)
GmbZIP20 STF4 Glyma.03G081700  Light signal and nodulation Wang et al. (2021)
K GmbZIP15 GmbZIP15 Glyma.02G161100  Salt and drought stresses responses Zhang et al. (2020)
M GmbZIP115 GmbZIPE1 Glyma.13G292800  Pathogen response Alves et al. (2015)
S GmbZIP8 GmbZIP60 Glyma.02G012700 ~ ABA signaling; salt stress response Xu et al. (2015)
GmbZIP32 GmbZIP44 Glyma.04G029600  ABA signaling; salt and low temperature stresses Liao et al. (2008)
responses
GmbZIP51 GmbZIP2 Glyma.06G048500  Salt and drought stresses responses Yang et al. (2020)
GmbZIP61 GmbZIP110 Glyma.08G115300  Salt stress response; root growth Xu et al. (2016); Manavalan et al.
(2015)
GmbZIP97 GmbZIP97 Glyma.12G040600  Seed development Hu et al. (2022)
GmbZIP152 GmbZIP152 Glyma.19G216200 Pathogen response; salt, drought, and heavy metal Chai et al. (2022)
stress responses

The uppercase letters are group IDs.

Group A Arabidopsis bZIPs could be divided into four
subgroups; three of them have specific functions: ABA and
stress signaling, seed maturation and germination, and
flowering time and stem growth. Although only a few Group
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A soybean members are well studied, their functions are
largely consistent with those of Arabidopsis members. These
studies provide directions for studying other members in
each subgroup.
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FIGURE 2

Regulation mechanisms of soybean bZIP TFs involved in selected signaling pathways. (A) The soybean bZIP TFs FDc1/bZIP30, FDLO6/bZIP50, FDL12/
bZIP103, and FDL19/bZIP146 function together with Dt1, FT2a, and/or FT5a in the regulation of flowering and stem growth habit. (B) STF1/bZIP142 and
STF2/bZIP69, whose abundances are increased by light-activated CRY1s, directly upregulate the expression of genes encoding gibberellin 2 oxidases to
deactivate gibberellin 1 and control the blue light-induced shade avoidance syndrome. (C) The soybean bZIP TFs ABA-responsive element binding
protein 3-1 (AREB3-1/bZIP35), AREB3-2/bZIP57, and bZIP92 regulate distinct seed development processes by acting with LEC1. (D) bZIP97 and bZIP159
are involved in gibberellin biosynthesis, which is associated with soybean seed yield. (E) STF3/bZIP131-STF4/bZIP20-FT module integrates the light-
induced shoot signal and the rhizobium-activated root signal, which coordinately promote nodule formation. (F) CRY1s interact with and activate STF1/
bZIP142 and STF2/bZIP69 transcription in shoots and roots, which repress NINa expression, thereby inhibiting nodulation. FM: Floral meristem, IM:
Inflorescence meristem, SAS: Shade avoidance syndrome. The solid arrows and the solid blunt ended arrows represent the stimulation and inhibition
effect on downstream gene or substances, respectively. The dashed lines represent the stimulation remains to be further confirmed. ™~ represent

movement of proteins.

Group B and K bZIPs function
in endoplasmic reticulum
stress pathways

Two bZIPs (AtbZIP17 and AtbZIP28) in group B and the only
member in group K (AtbZIP60) function in two endoplasmic
reticulum (ER) stress pathways (Iwata and Koizumi, 2005; Howell,
2013). ER stress occurs under adverse environmental conditions, and
the ER stress response is implicated in seed development and
pathogen response (Vitale and Ceriotti, 2004). AtbZIP17 and
AtbZIP28 regulate the unfolded protein response pathway, and
AtbZIP60 is involved in a plant-specific ER stress response signal
transduction pathway (Iwata and Koizumi, 2005; Howell, 2013).

Frontiers in Plant Science

There are two soybean members in group B, GmbZIP21 and
GmbZIP147, whose genes are highly expressed in seeds. Their
expression patterns provide clues about their analogous functions
in the ER stress response; however, their functions are not clearly
understood. The only soybean member in group K (GmbZIP15) is
involved in the abiotic stress response, different from its Arabidopsis
homolog AtbZIP60. GmbZIP15 transcription is suppressed under
salt- and drought-stress conditions. Overexpressing GmbZIPI5 in
soybean results in hypersensitivity to abiotic stress compared with
wild-type plants, which is associated with lower expression of stress-
responsive genes, defective stomatal aperture regulation, and reduced
antioxidant enzyme activities (Zhang et al., 2020). Considering the
crucial functions of AtbZIP60 in the ER stress response, the functions
of GmbZIP15 deserve more attention.
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Group C and S bZIPs regulate stress
responses and plant development

In Arabidopsis, four group C members preferentially
heterodimerize with five group S1 members, which is defined as
the ‘C/S1 bZIP network’ (Jakoby et al., 2002; Weltmeier et al., 2006).
The C/S1 bZIP network is involved in metabolic readjustment
during low-energy signaling, downstream of SnRKI (Baena-
Gonzalez et al, 2007). SnRK1-C/S1 signaling is involved in
pathogen defense, which is an energy-consuming process
requiring metabolic readjustment. Likewise, C/S1 bZIPs, such as
AtbZIP10 in Arabidopsis and AtbZIP63 orthologs in several plant
species, are implicated in pathogen defense (Droge-Laser et al.,
1997; Kuhlmann et al., 2003; Kaminaka et al., 2006; Shen et al,,
2016). We detected 8 and 28 soybean members in groups C and S,
respectively, and most of them are expressed in roots and stems,
similar to their Arabidopsis counterparts (Figure 1). Droge-Laser
et al. (1997) isolated a group C member, G/HBF-1/GmbZIP76,
which activates pathogen defense by binding to the promoters of
Chalcone Synthase 15 (CHS15), CHS7, and CHSI, which belong to
the chalcone synthase (CHS) family that catalyzes the first and key
regulatory step of flavonoid biosynthesis, the well-characterized
defense substances (Dixon et al, 1983; Hahlbrock and Scheel,
1989; Wingender et al., 1990; Yoshida et al., 2008). In-vitro
phosphorylation of G/HBF-1/GmbZIP76 enhances its binding to
the CHS15 promoter. A cytosolic serine kinase that is stimulated by
an avirulent strain of the soybean pathogen Pseudomonas syringae
pv. glycinea was identified using recombinant G/HBF-1/GmbZIP76
as a substrate. Stimulation of G/HBF-1/GmbZIP76 kinase activity
and G/HBF-1/GmbZIP76 phosphorylation are terminal events in a
signal pathway to activate early transcription-dependent plant
defense responses (Droge-Laser et al., 1997). Genes encoding the
Group C proteins GmbZIP53 and GmbZIP27 are differentially
expressed in the resistant soybean cultivar PI561356 during Asian
soybean rust (ASR) infection, which is caused by an obligate
biotrophic pathogenic fungus Phakopsora pachyrhizi and results
in yield losses of up to 80%, indicating their important roles in the
response to ASR infection (Patil et al., 1997; Alves et al., 2015).

Moreover, some Arabidopsis C and S1 members are also involved
in abiotic stress responses, such as AtbZIP1 and its partners AtbZIP53,
AtbZIP10, and AtbZIP25 (Sun et al,, 2012; Hartmann et al., 2015). In
soybean, GmbZIP61, GmbZIP51, GmbZIP8, and GmbZIP32 in groups
C and S positively regulate drought and salt stress responses; and
GmbZIP53 positively regulates drought, salt, and low-temperature
stress responses; GmbZIP152 positively regulate drought, salt, heavy
metal, and Sclerotinia sclerotiorum stress responses (Liao et al., 2008;
Xu et al, 2015; Xu et al., 2016; Yang et al., 2020; Chai et al,, 2022).
(GmbZIP61 overexpression in Arabidopsis improved salt tolerance by
elevating the survival rate, rosette diameter, relative electrolyte leakage,
and proline content after a 200 mM NaCl treatment. GmbZIP61 binds
to the ACGT motif in promoters and influences the expression of
many stress-related genes as well as the accumulation of proline, Na™,
and K" (Xu et al, 2016). GmbZIP51 is induced by multiple abiotic
stresses. GmbZIP51 overexpression in Arabidopsis and soybean hairy
roots improves tolerance to drought and salt stresses and enhances the
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expression of the stress-responsive genes GmMYB48, GmWD40,
Dehydrins 15 (GmDHNI5), Glutathione S-transferase 1 (GmGST1),
and Late Embryogenesis Abundant (GmLEA) (Yang et al, 2020).
GmbZIP8 is implicated in abiotic stress responses. GmbZIP8 is
induced by ABA and salt stress. Promoter analysis indicated that the
GmbZIP8 promoter contains cis-acting elements involved in defense
and stress responses, such as the ABREs involved in the ABA response
and the MYB binding site involved in the drought response.
Arabidopsis plants heterologously expressing the GmbZIP8 promoter
indicated that GmbZIP8 is strongly induced by ABA and weakly
induced by salt (Xu et al, 2015). Liao et al. (2008) reported that
GmbZIP32 and GmbZIP53 are differentially regulated by various
treatments. GmbZIP32 is induced by drought, flooding, and salt
stress, but moderately induced by ABA treatment; GmbZIP53 is
slightly induced by drought and salt treatments. Transgenic
Arabidopsis plants overexpressing GmbZIP32 or GmbZIP53 had
reduced ABA sensitivity, but enhanced salt and low-temperature
stress tolerance. GmbZIP152 is significantly induced by salt, drought,
heavy metal, and S. sclerotiorum stresses in soybean. Overexpression of
GmbZIP152 in Arabidopsis enhances the resistance to the abiotic and S.
sclerotiorum stresses. ABA-, JA-, ETH-, and SA-induced biotic- and
abiotic-related genes, such as Early Response to Dehydration 1
(GmERDI) and Pathogenesis-related 2 (GmPR2), might be the direct
targets of GmbZIP152 (Chai et al., 2022).

The C/S1 bZIP network is also implicated in seed development.
The Group C members in Arabidopsis (AtbZIP10 and AtbZIP25)
control seed storage protein biosynthesis; AtbZIP53 activates seed
maturation by interacting with AtbZIP10 and AtbZIP25 (Lara et al.,
2003; Alonso et al., 2009). GmbZIP97 (Group S) and GmbZIP159
(Group C) are involved in gibberellin biosynthesis, which is
associated with soybean hundred-seed weight and seed number.
Knocking out Gibberellin 3-oxidasel (GmGA3o0x1), which encodes a
key gibberellin biosynthesis enzyme, decreases the content of
bioactive gibberellins in leaves while enhancing photosynthesis,
thereby promoting seed yield by upregulating GmbZIP97
(Group S) and GmbZIP159 (Group C), and then GmbZIP97 and
GmbZIP159 directly activate ribulose-1,5-bispho-sphate
carboxylase-oxygenase (Rubisco) activases (GmRCAD). Further,
GmRCAD induces the production of more Rubisco to increase
photosynthesis and ensures sufficient energy transport from leaves
to seeds (Hu et al., 2022) (Figure 2D).

Because many genes encoding Group S members are expressed
in soybean roots, some of them are implicated in regulating root size
and architecture, which are important for yield performance (Price
etal., 2002; Manavalan et al., 2009). A major quantitative trait locus
on chromosome 8 (the Satt315-I locus) controls tap root length,
lateral root number, and shoot length in soybean. Eleven TF genes
were identified within the confidence interval of this region, among
them, the Group S member GmbZIP61 is highly expressed in the
root pericycle and nodules. Pericycle cells form lateral root
primordium, which determine lateral root number (Manavalan
et al, 2015). GmbZIP43, closely related to GmbZIP61, is also
highly expressed in roots, which suggests its similar function in
regulating root architecture.

Arabidopsis Group C members always heterodimerize and work
together with Group S1 members; however, this phenomenon has
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not been reported in soybean. Therefore, soybean C and S members
may have similar biochemical properties, but further study at the
molecular level is needed.

Group D members have
diverse functions

Characterized by a short zipper domain, a conserved C terminus,
and a more variable N terminus, Group D comprises the so-called
‘TGACG motif-binding factors’ (TGAs), which are further divided
into five clades in Arabidopsis (Gatz, 2013). AtTGA1/AtbZIP47 and
AtTGA4/AtbZIP57 in Clade I participate in root nitrate uptake,
nitrate responses, apoplastic defenses, ER stress responses, salicylic
acid biosynthesis, and pathogen defense (Miao et al., 1994; Wang and
Fobert, 2013; Alvarez et al., 2014; Sun et al., 2018). The Arabidopsis
Clade II factors AtTGA2/AtbZIP20, AtTGA5/AtbZIP26, and
AtTGA6/AtbZIP45 play crucial roles in systemic acquired
resistance and detoxification processes (Xiang et al., 1997; Miller
and Berger, 2008; Fu and Dong, 2013). AtTGA3/AtbZIP22 in Clade
III is involved in basal pathogen resistance and in mediating
phytohormonal cross-talk between salicylic acid and cytokinin
(Choi et al, 2010). Arabidopsis Clade IV members AtTGA9/
AtbZIP21 and AtTGA10/AtbZIP65 regulate anther development
(Murmu et al.,, 2010). The Arabidopsis Clade V member AtTGAS8/
PERIANTHIA (AtPAN/AtbZIP46) controls the formation of floral
organ primordia (Chuang et al, 1999; Maier et al, 2011). The
soybean members in each clade were expressed in distinct tissues
(Figure 1), which suggests their differential roles in soybean. TGACG
motif-binding factor 17 (GmTGAI7, GmbZIP104), encoding a Clade
IV protein, is strongly induced by drought and salt stress.
Heterologous overexpression of GmTGAI7 in Arabidopsis and
homologous overexpression in soybean hairy roots enhanced
drought and salt tolerance (Li et al., 2019). GmTGA17/GmbZIP104
is highly expressed in roots, stems, and flowers (Figure 1), which
indicated its potential function in another development, similar to
AtTGA9/AtbZIP21 and AtTGA10/AtbZIP65.

Group E and M bZIPs regulate
pollen wall formation and biotic
stress responses

We identified six Arabidopsis and four soybean bZIP TFs in
Group E. Research on Arabidopsis Group E bZIP TFs is limited.
Only one study reported that one member from Group E,
AtbZIP34, has an essential role in pollen wall formation, and the
atbzip34 mutants show pollen morphology and pollen germination
defects. AtbZIP34 is involved in lipid metabolism, cellular
transport, and intine biosynthesis by regulating the putative
downstream gene MYB97 (Gibalova et al., 2009). The soybean
bZIP TFs GmbZIP106 and GmbZIP114 are closely related to
AtbZIP34. GmbZIP106 and GmbZIP114 are highly expressed in
flowers, suggesting their involvement in floral organ
development (Figure 1).
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Two other soybean bZIP TF genes, GmbZIPE1/GmbZIP115
(Group M) and GmbZIPE2/GmbZIP45 (Group E), are
differentially expressed during ASR infection in the resistant
soybean cultivar PI561356, indicating that their proteins
participate in the response to ASR infection (Alves et al., 2015),
but their exact functions and regulation mechanisms need further
study. All soybean Group M members are highly expressed in seeds,
indicating that they have similar functions (Figure 1).

Group F bZIPs regulate zinc deficiency
and salt stress responses

Arabidopsis Group F members AtbZIP19 and AtbZIP23 are
essential for adaptation to zinc deficiency in Arabidopsis roots
(Assuncio et al., 2010). AtbZIP24 is an important regulator of the
salt stress response; transcriptional repression of AtbZIP24
improves salt tolerance in Arabidopsis (Yang et al, 2009).
GmbZIP84 in this group, whose gene is also highly expressed in
roots, may have similar functions as its Arabidopsis homologs
(AtbZIP19, AtbZIP23, and AtbZIP24).

Group G bZIPs regulate abiotic
stress responses

Group G proteins are characterized by a proline-rich N-
terminal activation domain (Jakoby et al, 2002). G-BOX-
BINDING FACTORI! (AtGBF1), a well-known Arabidopsis
Group G bZIP TF, regulates blue-light-dependent hypocotyl
expansion, lateral root development, natural senescence, and
salicylic acid-dependent pathogen defense (Weisshaar et al., 1991;
Schindler et al., 1992; Smykowski et al., 2010; Maurya et al.,, 2015;
Giri et al., 2017). We identified 14 soybean bZIPs in Group G, and
Soybean G-box binding factor 1 (SGBF-1, GmbZIP82), GmbZIP6,
GmbZIP10, and GmbZIP133 are homologs of Arabidopsis GBF1,
and their genes are mainly expressed in flowers and leaves
(Figure 1). SGBF-1/GmbZIP82 has been extensively studied and
participates in abiotic stress responses. SGBF-1/GmbZIP82 binds
directly to ABREs in cold-regulated gene promoters. SGBF-1/
GmbZIP82 interacts with the C2H2-type zinc finger protein
SCOF-1 to up-regulate COLD-REGULATED (AtCOR) expression
and enhance cold tolerance in transgenic Arabidopsis (Kim et al.,
2001). Another well-studied soybean Group G member is
GmbZIP28, which is slightly induced by NaCl treatment.
Transgenic Arabidopsis plants overexpressing GmbZIP28showed
reduced ABA sensitivity, but increased salt and low-temperature
tolerance. GmbZIP28 binds to GLM (GTGAGTCAT), ABRE
(CCACGTGG), and PB-like (TGAAAA) cis-elements and may
function in ABA signaling by upregulating ABII and ABI2, and
has roles in stress tolerance by regulating various stress-responsive
genes (Liao et al,, 2008). Also in Group G, GmbZIP154, GmbZIP58,
and GmbZIP130 are homologs of AtGBF2 and AtGBF3; and
GmbZIP72, GmbZIP1l, GmbZIP68, and GmbZIP132 are
homologs of AtbZIP16 and AtbZIP68, but their functions are not
clearly understood.
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Group H bZIPs regulate
environmental signaling and
carbon-nitrogen balance

Group H contains only two Arabidopsis members, ELONGATED
HYPOCOTYLS5 (AtHY5, AtbZIP56) and HY5 HOMOLOG (AtHYH,
AtbZIP64). AtHY5/AtbZIP56 promote photomorphogenesis
downstream of phytochromes, cryptochromes, and UV-B
photoreceptors, and regulates cell elongation, cell proliferation,
chloroplast development, lateral root development, pigment
accumulation, and nutrient assimilation (Gangappa and Botto, 2016).
AtHYH/AtbZIP64 forms heterodimers with AtHY5/AtbZIP56 and
enhances transcriptional activation; AtHYH/AtbZIP64 acts
redundantly with AtHY5/AtbZIP56 to regulate hypocotyl growth,
lateral root growth, pigment accumulation, and the expression of
light-inducible genes (Holm et al.,, 2002; Gangappa and Botto, 2016).
Four soybean bZIP TFs belong to this group. Soybean TGACG-motif-
binding factor 1 (STF1, GmbZIP142) and STF2/GmbZIP69, mainly
expressed in leaves, are homologs of AtHY5. STF3/GmbZIP131 and
STF4/GmbZIP20, mainly expressed in leaves, are homologs of
AtHYH (Figure 1).

STF1/GmbZIP142 plays a positive role in photomorphogenesis
and phytohormone signaling (Song et al., 2008). The C terminus of
STF1/GmbZIP142 complemented the Athy5 Arabidopsis mutant
phenotype for hypocotyl length, root gravitropic response, and
chlorophyll and anthocyanin content, indicating their analogous
roles in Arabidopsis and soybean. STF1/GmbZIP142 interacts with
three B-box zinc finger proteins STO homolog (GmSTH), and
GmSTH2 and with Constitutively Photomorphogenic 1
(GmCOP1), which play important roles in light-dependent
development and gene expression. The regulatory mechanisms
that involve GmCOP1, STF1/GmbZIP142, and the B-box factors
in soybean may be similar to those in Arabidopsis, including STF1/
GmbZIP142, GmSTO, and GmSTH degradation in the dark via the
GmCOP1-mediated ubiquitination pathway (Shin et al., 2016). In
addition, both AtHY5/AtbZIP56 and STF1/GmbZIP142 have
strong binding affinity to ACGT-containing elements, suggesting
that these two proteins have similar functions and may regulate
similar downstream genes (Song et al., 2008).

AtHY5/AtbZIP56 also participates in the shade avoidance
response; AtHY5/AtbZIP56 and AtHYH/AtbZIP64 are induced by
low red/far-red light ratios (Ciolfi et al., 2013). Soybean displays the
classic shade avoidance syndrome, including exaggerated stem
elongation, which leads to lodging and yield reduction under
dense planting conditions. Two AtHY5/AtbZIP56 homologs in
soybean, STF1/GmbZIPI142 and STF2/GmbZIP69, whose
abundances are increased by light-activated Cryptochrome
Circadian Regulator 1 (GmCRYIs), directly upregulate the
expression of genes encoding gibberellin 2 oxidases to deactivate
gibberellin 1 and repress stem elongation and control the blue light-
induced shade avoidance syndrome. GmCRY1b overexpression
lines are promising lodging-resistant options for dense planting
and intercropping conditions (Lyu et al., 2021) (Figure 2B).

In Arabidopsis, another important role of AtHY5/AtbZIP56 is
to adjust the carbon-nitrogen balance. In leaves, AtHY5/AtbZIP56
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activates the transcription of SWEET-facilitator genes to support
sucrose export to roots (Chen et al., 2016). AtHY5/AtbZIP56 moves
from shoot to root to activate its own expression to promote nitrate
uptake by activating NITRATE TRANSPORTER2.1 (AtNRT2.1)
expression (Chen et al, 2016). In roots, AtHY5/AtbZIP56 is
involved in nitrogen signaling pathways by positively regulating
NITRATE REDUCTASE2 (AtNIA2) and NITRITE REDUCTASEI
(AtNIRI) expression, and negatively regulating AtNRTI.I1 and
AMMONIUM TRANSPORTERI;2 (AtAMTI1;2) expression
(Yanagisawa, 2014; Huang et al., 2015). Different from
Arabidopsis, legumes evolved a symbiotic relationship with
rhizobia, who fix atmospheric nitrogen and provide nitrogen
nutrients to their host plant, and the soybean AtHY5 homologs
STF1/GmbZIP142 and STF2/GmbZIP69 are also involved in light-
mediated symbiotic root nodulation (Wang et al., 2021).
Specifically, the blue light receptor GmCRY1-STF1/GmbZIP142-
STF2/GmbZIP69 module plays a pivotal role in integrating
darkness/blue light and nodulation signals. Soybean perceives
blue light by GmCRY1s, which activates STF1/GmbZIP142 and
STF2/GmbZIP69 transcription in shoots and roots. Root GmCRY1s
interact with and elevate the levels of STF1/GmbZIP142 and STF2/
GmbZIP69, which repress Nodule Inception a (GmNINa)
expression, thereby inhibiting nodulation (Ji et al., 2021)
(Figure 2F). Wang et al. (2021) demonstrated that light-induced
STF3/GmbZIP131, STF4/GmbZIP20, and GmFTs interdependently
induce nodule organogenesis from shoots to roots. The rhizobium-
activated calcium- and calmodulin-dependent protein kinase
(CCaMK) phosphorylates STF3/GmbZIP131, triggering STF3/
GmbZIP131-FT2a complex formation, which directly activates
GmNIN and Nuclear factor Y (GmNF-YAI and GmNF-YBI)
expression. The GmCCaMK-STF3/GmbZIP131-STF4/GmbZIP20-
FT module integrates the light-induced shoot signal and the
rhizobium-activated root signal, which coordinately promote
nodule formation (Figure 2E).

Group | bZIPs regulate
plant development

We identified 12 Arabidopsis and 17 soybean members in
Group I, who share a characteristic lysine residue in the basic
domain that replaces the highly conserved arginine (Jakoby et al.,
2002). The best-studied Arabidopsis member in group I is VIRE2-
INTERACTING PROTEIN 1 (AtVIPI, AtbZIP51), which is
involved in the Agrobacterium tumefaciens response, pathogen
response, abiotic stress response, cell proliferation, and plant
development (Van Leene et al., 2016). The most closely related
soybean bZIP TFs are GmbZIP11, GmbZIP134, and GmbZIP78.
GmbZIP11 and GmbZIP134 are highly expressed in leaves and
stems; GmbZIP78 is highly expressed in seeds (Figure 1).

Group I members regulate plant development. AtbZIP29
regulates the cell number in leaves and root meristems by
controlling cell wall organization, and DRINK ME (AtDKM,
AtbZIP30) affects meristematic tissues and gynoecium
development (Lozano-Sotomayor et al, 2016; Van Leene et al.,
2016). Their homologous genes in soybean, GmbZIP85,
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GmbZIP139, and GmbZIP31, are highly expressed in flowers, which
implies their similar roles as AtDKM, whereas GmbZIP124 and
GmbZIP96 are highly expressed in roots and stems, which suggests
similar functions as those of AtbZIP29. Another Group I member,
AtbZIP18, controls pollen development by interacting with
AtbZIP34, AtbZIP52, and AtbZIP61, and works redundantly with
AtbZIP34 (Gibalova et al., 2017). AtbZIP18, AtbZIP52, AtbZIP34,
and AtbZIP61 have one to four homologs in soybean; their
unknown redundancy may make it difficult to study their
functions. In Group I, AtbZIP59 interacts with lateral organ
boundaries domain (LBD) TFs to regulate auxin-induced callus
formation, which is required for plant regeneration (Xu et al., 2018).
GmbZIP87, GmbZIP99, GmbZIP118, and GmbZIP125 are mainly
expressed in roots and stems, but their exact functions
are unknown.

Conclusions and perspectives

Plant bZIP TFs regulate a variety of biological processes. The
functions of some soybean bZIP TFs have been extensively studied
(Table 1). Most soybean members in Groups B, K, D, E, M, and G
regulate abiotic stress responses, which differs from the various
functions of Arabidopsis members in these groups, such as ER stress
response, root nitrate uptake, nitrate responses, apoplastic defenses,
pathogen defense, floral organ development, pollen development,
lateral root development, and natural senescence. However, the
functions of soybean members in Groups A, C, S, and H are highly
consistent with those of Arabidopsis members in these groups. Our
knowledge of soybean members in Groups B, K, D, E, M, and G is
limiteds, and reports on the functions of Group F, I, ], and N
soybean members are even less clear. Therefore, detailed
investigations of all soybean bZIP TF functions and molecular
mechanisms are needed. The cladistic, transcriptional, and
functional information we provided in each group will be useful
for future studies.

Soybean is an important protein and oil crop. Soybean yield is
determined by multiple traits, including flowering time, node
number, internode length, effective branching number, pod
number per plant, seed number per plant, and hundred-seed
weight (Pedersen and Lauer, 2004; Lu et al., 2017; Lu et al., 2020).
Soybean bZIP TFs regulate many important yield traits. For
example, GmFDcl, GmFDL12, GmFDL19, and GmFDL06
(Group A) are transcription cofactors of Dtl, GmFT2a, and/or
GmFT5a, which determine stem growth habit and/or flowering
time of soybean (Nan et al., 2014; Takeshima et al., 2019; Li et al,,
2021; Yue et al, 2021). The detailed functions and regulatory
mechanisms of these Group A TFs remain unclear, but they
appear to have enormous contributions to soybean yield. STF1
and STF2 (Group H) are involved in the shade avoidance syndrome,
which corresponds to internode length of soybean main stems (Lyu
etal, 2021). AREB3 (Group A) and GmbZIP92 (Group D) regulate
seed development by acting with LEC1 (Jo et al., 2020). GmbZIP97
(Group S) and GmbZIP159 (Group C) are involved in the
gibberellin-mediated seed development pathway (Hu et al., 2022).
These bZIP TFs are optimal gene resources for soybean breeding.
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Crop yield is reduced when plants are exposed to extreme
environmental conditions such as high salt, drought, cold, and
heat, as well as to biotic stresses such as insects and pathogen
invasion. Plants exhibit numerous adaptive and protective
responses to various abiotic and biotic stimuli. Most of the
soybean bZIP TFs are considered abiotic stress regulators; about
75.6% of soybean bZIP genes display transcriptional changes after
abiotic stress treatment (Zhang et al, 2018). Among the well-
studied soybean bZIP TFs, 11 regulate abiotic stress responses,
and 5 are involved in biotic stress responses (Table 1). Most of the
environmental-stress-related Arabidopsis bZIP TFs are distributed
in Groups A, G, S, B, K, D, G, and F. Although the functional
diversity and molecular mechanisms of these soybean members
need further study, preliminary data provide a valuable basis for
future study.

Biological nitrogen fixation is an alternative to nitrogen
fertilizer; the ability of legumes to form a symbiosis with
nitrogen-fixing rhizobia provides a distinct advantage (Ferguson
etal, 2010). STF1, STF2, STF3, and STF4 (Group H) are orthologs
of AtHY5 and AtHYH. STF1 and STF2 suppress soybean
nodulation, while STF3 and STF4 play positive roles in light-
induced nodulation responses in soybean (Ji et al., 2021; Wang
et al, 2021). Further studies are needed to determine why these
proteins regulate nodulation in different ways, and different
strategies should be used to utilize these gene resources in
soybean breeding.

The functions of some soybean bZIP TFs have been analyzed
via physiological experiments and genetic engineering; however, the
biochemical properties and regulation mechanisms of many
members remain unclear. Because of the duplication of the
soybean genome, soybean contains two to ten bZIP TF homologs,
which makes it difficult to analyze their homodimers/heterodimers,
binding sites, and knockout phenotypes. Advances in genomics and
molecular biology have facilitated cloning of homologs and
screening of TF binding sites, and clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated protein 9
(Cas9) gene editing technologies have accelerated the generation of
single and multiple mutants for studying genes and their functions,
which will also facilitate the study of soybean bZIP TFs.
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