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GmNACS is a member of NAM subfamily belonging to NAC transcription factors in soybean (Glycine max (L.) Merr.). Studies
on NAC transcription factors have shown that this family functioned in the regulation of shoot apical meristem (SAM), hormone
signalling, and stress responses. In this study, we examined the expression levels of GmmNAC5. GmNACS5 was highly expressed in the
roots and immature seeds, especially strongly in immature seeds of 40 days after flowering. In addition, we found that GmNAC5 was
induced by mechanical wounding, high salinity, and cold treatments but was not induced by abscisic acid (ABA). The subcellular
localization assay suggested that GmNACS5 was targeted at nucleus. Together, it was suggested that GmNACS5 might be involved in

seed development and abiotic stress responses in soybean.

1. Introduction

Environmental stresses such as drought, salinity, and cold are
major factors that significantly limit agricultural productivity.
NAC transcription factors play essential roles in response to
various abiotic stresses [1]. The N-terminal region of NAC
proteins contains a highly conserved NAC domain, which
can be divided into five subdomains based on sequence
similarities and may function as DNA-binding region. The
C-terminal regions of NAC proteins, which exhibit the trans-
activation activity, are highly divergent in both sequence and
length [2-4]. This family of transcription factors is involved in
alot of plant developmental processes, including shoot apical
meristem formation [5], hormone signaling [2, 6], regulation
of cell division and cell expansion [7], control of secondary
wall formation [8-10], and responses to various stresses [11-
14].

The NAC family consists of several subfamilies [15]. The
NAM subfamily is the best studied NAC subfamily. CUCI and
CUC2, encoding NAM subfamily proteins, are a pair of func-
tionally redundant genes, expressed in Arabidopsis meristem
and organ primordia boundary [1, 16]. The cotyledons of
the transgenic seedlings overexpressing CUCI (35S::CUCI)
regularly had two basal lobes, small and round epidermal

cells between the sinuses, and adventitious SAMs on the
adaxial surface of this region [17]. It has been reported that
CUC2 is essential for dissecting the leaves of a wide range
of lobed/serrated Arabidopsis lines. Inactivation of CUC3
leads to a partial suppression of the serrations, indicating
a role for this gene in leaf shaping. Morphometric analysis
of leaf development and genetic analysis provide evidences
for different temporal contributions of CUC2 and CUC3
[18]. The CUP played an important role in the lateral organ
boundary forming snapdragon. Cupuliformis mutants are
defective in shoot apical meristem formation, but cup plants
overcome this early barrier to development to reach maturity.
CUP encodes a NAM protein, homologous to the petunia
NAM and Arabidopsis CUC proteins. The phenotype of cup
mutants differs from the phenotype of NAM and CUCI
CUC2 in that dramatic organ fusion is observed throughout
development [19]. Phloem transport of CmNACP mRNA
was proved directly by heterograft studies between pumpkin
and cucumber plants, in which CmNACP transcripts were
shown to accumulate in cucumber scion phloem and apical
tissues [20]. Petunia NAM proteins were mainly expressed
in the meristem and primordia boundaries, which might
be required by embryo and flower pattern formation [5].
For abiotic stress, it was observed that Arabidopsis AtNAC2
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expression was induced by salt stress and this induction was
reduced in magnitude in the transgenic Arabidopsis plants
overexpressing tobacco ethylene receptor gene NTHKI.
AtNAC2 was localized in the nucleus and had transcriptional
activation activity. It can form a homodimer in yeast. AINAC2
was highly expressed in roots and flowers but less expressed
in other organs examined. In addition to the salt induction,
AtNAC2 can be induced by abscisic acid (ABA), ACC, and
NAA [21]. These showed that the NAM subfamily members
not only play a regulatory role in plant development but
also participate in stress responses. GmNAC5, which is a
member of NAM subfamily belonging to NAC transcription
factor in soybean, was cloned and analysed [22]. In order
to further study the physiological and biochemical processes
that GmNAC5 gene may be involved in, the soybean organ
expression patterns of the gene and the relationship between
GmNACS5 gene and abiotic stress were examined.

2. Materials and Methods

2.1. Plant Materials. Soybean cv. Ludou 10th was used in
this study. Plants were field-grown under normal conditions
in Nanjing Agricultural University. Vegetable tissues such
as roots, stems, and leaves were collected from 4-week-old
seedlings, while floral buds at Rl stage [23], young pods
at R3 stage, and developing seeds from 15 to 50 days after
flowering (DAF) were collected and frozen immediately in
liquid nitrogen and stored at —80°C until use.

2.2. RNA Isolation, cDNA Synthesis, and Quantitative Real-
Time PCR. Total RNA was extracted using a Total RNA Plant
Extraction Kit (Tiangen, Beijing, China), according to the
manufacturer’s protocol. First-strand cDNA was synthesized
using the TaKaRa PrimeScript 1st strand cDNA Synthesis
Kit (TaKaRa, Dalian, China), according to the manufac-
turer’s instructions. Quantitative real-time polymerase chain
reaction (QRT-PCR) was conducted using the SYBR Green
Real-Time PCR Master Mix (TOYOBO, Osaka, Japan) on
an ABI7500 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA). Gene expression was quantified using
the comparative method Ct: 274" method as previously
described [24].

2.3. Stress Treatments. The soybean seedlings cultured with
sand were moved to Hoagland nutrient solution, when
growing to two true leaves. After the first cluster of fronds
grew, the plants were applied with stress treatments with
three replicates. For hormone treatments, the seedlings were
treated with 100 #M JA and 100 uM of ABA, respectively. For
salt stress, the seedlings were treated with 200 mM NaCl. For
dehydration stress, the seedlings were placed on filter paper,
respectively. For cold stress, the seedlings were placed in 4°C
light incubator. For mechanical wounding, the seedling leaves
were cut into pieces with a sharp and clean scissor. After
each treatment, the leaves were harvested and frozen in liquid
nitrogen immediately.
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FIGURE I: Schematic diagram of gene structures of GmNAC5 and
its homologous genes in Arabidopsis thaliana (ANACO08), Zea mays
(GRMZM5G898290), and Linum usitatissimum (Lus10021659). The
black and white boxes indicate exons and introns, respectively.

2.4. Subcellular Localization of NAC Proteins. The full-length
c¢DNA of GmNAC5 was cloned in pBI121-GFP vector, in frame
fusing with GFP reporter gene and producing the plasmid
pBI-GmNACS5-GFP. After transient expression of the fusion
plasmid in onion epidermal cells, the cells were observed
under florescence microscope.

3. Results

3.1. Genomic Structure of GmNACS5. NAC transcription fac-
tors have been considered one of the largest families of
transcription factors so far discovered in the plant genomes.
GmNACS5 encodes a NAC transcription factor belonging to
the NAM subfamily. It was found that the exon-intron struc-
tures were conserved among GmNAC5 homologous genes in
three common species, including Arabidopsis thaliana, Zea
mays, and Linum usitatissimum (Figure 1).

3.2. Subcellular Localization. GmNACS5 encoding product is
presumed to act as a transcription factor. If transcription
factors achieve the precise adjustment of the target genes,
this specific transcription factor should be located in the
nucleus. Interestingly, GmNACS5 lacks the traditional nuclear
localization signal (NLS); even some researchers have found
that some NAC domain proteins have the nuclear localization
signals [16, 25, 26]. To clarify whether soybean NAC protein
GmNACS is located in the nucleus, the subcellular localiza-
tion assay was performed (Figure 2). Despite the transient
expression in the onion epidermal cells, it was observed that
the GmNACS5-GFP fusion protein was located predominantly
in the nucleus whereas GFP alone was localized throughout
the cells (Figure 2(b)).

3.3. Tissue-Specific Expression of GmNACS5. In order to
analyze the physiological and biochemical processes that
GmNACS5 gene may involve, qRT-PCR approach was used to
analyze GmNACS5 gene expression in soybean in different tis-
sues and organs. GmNAC5 was mainly expressed in the roots
and seeds in soybean development and weakly expressed
in the other organs (Figure3). GmNAC5 has the lowest
expression level in the stems, but the highest expression level
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FIGURE 2: Subcellular localization of GmNACS. (a) The structure of 35S:GmNAC5-GFP vector. (b) Subcellular localization of GmNAC5-GFP
fusion protein. The arrow indicates the location of the nucleus. Bars: 40 ym in 35S:GFP; 80 ym in 355:GmNAC5-GFP.
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FIGURE 3: Real-time RT-PCR analysis of GmNAC5 expression in
various soybean tissues. DAF: days after flowering.

in soybean seeds of 40 days after flowering. The difference
in GmNAC5 expression level of each period in soybean
seed development is obvious. The highest expression level
was found 40 days after flowering (DAF), but only weak
expression in the seeds of 15 days and 50 days after flowering,
which indicates that the GmNAC5 may participate in the
middle stage of soybean seed development. We found that
GmNACS has strong expression in roots, but expression levels
in stems, leaves, and pods are weak.

3.4. Expression of GmNACS in Soybean under Various Stresses.
GmNACS5 was weakly expressed in leaves in soybean under
normal growth condition. The real-time qRT-PCR was per-
formed to detect the expression of GmNACS5 in soybean
under various stresses (Figure 4). For jasmonic acid treat-
ment, GmNAC5 was significantly induced after 3h of JA
treatment (Figure 4(a)). For mechanical wounding, expres-
sion of GmNACS5 was sharply induced after 1h of treat-
ment (Figure 4(b)). For NaCl treatment, GmNAC5 expression
was markedly upregulated by 8-fold after 3h of treatment
and then decreased (Figure 4(c)). Under drought treatment,
expression of GmNAC5 showed a weak increase and then
declined (Figure 4(d)). For cold stress, it was found that
GmNACS5 expression was gradually increased and reached the
maximum after 12h of treatment (Figure 4(e)). In order to

reveal whether stress responsive expression of GmNAC5 was
involved in ABA pathway, we studied expression of GmNAC5
under ABA treatment (Figure 4(f)). The qRT-PCR assay
suggested that expression of GmNACS5 was not markedly
affected by ABA, suggesting that GmNAC5 may participate
in ABA-independent signaling pathway in soybean under
abiotic stresses.

4. Concluding Remarks

It has been documented that the plant-specific NAC (for
NAM, ATAFI, 2, and CUC2) transcription factors play an
important role in plant development and stress responses
[27]. GmNACS5 belongs to the NAM subgroup and is most
closely related to CUCI, CUC2, and NAM, which are involved
in developmental events, maintenance of shoot meristem,
and cotyledons separation [28]. In this study, we observed
some new clues involved in the functions of GmNACS.
Tissue-specific expression analysis indicated that GmNAC5
was highly expressed in immature seeds at 40 DAF and in
the roots, suggesting the involvements of GmNACS in seed
development and root development. It was also found that
transcripts of Arabidopsis AtNAC2 were accumulated at the
late stages of seed development [29].

It is also possible that higher expression of GmNACS5 in
soybean roots is associated with abiotic stress responses. Ara-
bidopsis AINAC2 expression was highly in roots and induced
by salt stress [21]. Further studies suggested that AtNAC2
functioned downstream of ethylene and auxin signaling
pathways and regulated lateral root development under salt
stress. Expression of GmNACS5 was significantly induced
by multiple abiotic stresses but not by ABA, suggesting
that GmNACS5 may be involved in ABA-independent stress
responses in soybean under abiotic stresses. It was previously
reported that NAC transcription factor involves the control
of plant senescence and transient expression of GmNAC5 in
tobacco leaves induced senescence and necrosis, suggesting
that GmNACS5 may play a role in the regulation of stress
promoted senescence. Through microarray analysis, it was
found that Arabidopsis AtNAC2 regulated many senescence-
related genes and the majority of them are also regulated
by salt stress, a major promoter of plant senescence [29].
Whether GmNACS plays a regulatory role in stress regulated
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FIGURE 4: Expression of GmNACS5 in soybean seedlings under various stresses. The soybean seedlings were stressed with 100 uM JA (a),
wounding (b), 200 mM NaCl (¢), drought (d), 4°C (e), and 100 uM ABA (f).

root development or stress promoted senescence still needs
to be further analyzed.
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