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Seed germination is an elaborate devel-
opmental process that is regulated
through intricate signaling networks
integrating diverse environmental cues
into endogenous hormonal signaling
pathways. Accumulating evidence in
recent years supports the role of auxin
in seed germination. Whereas the roles
of gibberellic acid (GA) and abscisic acid
(ABA) in the germination process have
been studied extensively, how auxin
modulates seed germination is largely
unknown. We found that a membrane-
bound NAC transcription factor NTM2
mediates the signaling crosstalk between
auxin and salt stress via the JAA30 gene
during seed germination in Arabidopsis.
NTM2-deficient
ntm2-1 mutant seeds exhibited enhanced
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resistance to high salinity. However, the
salt resistance was reduced in the ntm2-1
mutant overexpressing the JAA30 gene,
which was induced by high salinity in a
NTM2-dependent manner. Exogenous
auxin treatment further suppressed the
reduced germination rate of control
seeds under high salinity. In contrast, the
auxin effects disappeared in the ntm2-1
mutant. These observations indicate that
NTM2 is a molecular link that incorpo-
rates auxin signal into salt stress signal-
ing during seed germination, providing a
role of auxin in modulating seed germi-
nation under high salinity.

Seed germination is the very first devel-
opmental process that is critical for plant
establishment and propagation in nature.
As sessile organisms, plants should stay
throughout their life span at the place
where their seeds germinate in most plant
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species. Therefore, seeds perceive diverse
environmental cues, such as light intensity
and quality, ambient temperature, water
and oxygen availability and soil salinity,
and incorporate these signals into endog-
enous developmental programs to deter-
mine when to germinate."? It has been
known that a variety of growth hormones,
including GA, ABA and ethylene, plays a
role in seed germination.’” These neces-
sitate that identification and functional
characterization of the molecular links
that incorporate external cues into endog-
enous growth hormonal signaling are
essential for understanding the germina-
tion process.

Auxin plays diverse roles in virtually
all aspects of plant growth and develop-
mental processes.®® It also plays a role in
seed germination.” Whereas roles of GA
and ABA in seed germination have been
extensively studied,'"® those of auxin in
seed germination is only poorly known.
More direct evidence supporting the
contribution of auxin to seed germina-
tion has been inferred from germination
assays using transgenic plants overexpress-
ing microRNA160 (miR160) or its target
transcription factor gene Auxin Response
Factorl0 (ARFI10)."* Seed germination of
the miR160-overproducing transgenic
plants is hyposensitive to ABA. In con-
trast, that of transgenic plants overex-
pressing a miR160-resistant ARFI0 gene
is relatively more sensitive to ABA. High
soil salinity, which is likely to be mediated
by ABA-dependent signaling pathways,
also reduces seed germination.” However,
the relationship between auxin and high
salinity in seed germination is unexplored

yet.
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Figure 1. Schematic working model for NTM2 function in seed germination. High salinity induces
NTM2 gene transcription and NTM2 protein release from the plasma membranes. The tran-
scriptionally active NTM2 transcription factor binds directly to the /AA30 gene promoter. In this
signaling crosstalk, the NTM2 transcription factor links salt signals into an auxin signaling pathway

We found that a NAM-ATAF1/2-
CUC2 (NAC) transcription factor
NTM2 comprises a salt signaling path-
way functioning in seed germination.
The NTM2 gene was induced by ABA
to some degree. However, its role in
seed germination under high salinity
was essentially independent of ABA.
The NTM?2 gene was induced by high
salinity primarily in the roots, a primary
plant organ that perceives soil salinity.
Germination of the ntm2-1 mutant seeds
was less sensitive to high salinity, and
accordingly the salt resistance response
disappeared in the nmm2-1 mutant that
was complemented with a wild-type
NTM?2 gene, confirming that the N7M2
gene plays a role in salt regulation of seed
germination.

Notably, the NTM2-mediated salt
signaling during seed germination was
intimately linked with auxin signaling.
Auxin does not affect the germination
process under normal growth conditions.
In contrast, it acts as a negative regulator
of seed germination under high salinity.
Intriguingly, germination of ntm2-1 seeds
was influenced to a lesser degree by auxin,
showing that auxin signals are intercon-
nected with the NTM2-mediated salt
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signaling during seed germination under
high salinity, in which the ZAA30 gene
plays a role. Whereas the transcript level of
the JAA30 gene was elevated under high
salinity, the salt induction of the 74430
gene largely disappeared in the nzm2-1
mutant, indicating that the J4A30 gene is
a component of the N7M2-mediated salt
signaling. In addition, under high salinity,
the germination percentage of the ntm2-1
mutant seeds overexpressing the 74430
gene was lower than that of the parental
ntm2-1 seeds but was comparable to that
of control seeds, demonstrating that the
effects of auxin on seed germination under
high salinity is mediated at least in part by
the JAA30 gene.

Our electrophoretic mobility  shift
assays (EMSA) and transcriptional acti-
vation activity assays in Arabidopsis pro-
toplasts revealed that the NTM2 protein
acts as a transcriptional activator and binds
directly to the JAA30 gene promoter, pro-
viding a direct molecular evidence that the
salt-responsive NTM2 transcription factor
is a component of TAA30-mediated auxin
signaling functioning during seed germi-
nation under high salinity.

Our data show that seed germina-
tion is suppressed by auxin under high
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salinity. To verify the notion that auxin
plays a negative regulatory role in seed
germination under high salinity, we
generated transgenic plants overexpress-
ing the YUCCA3 (YUC3) gene, which
encodes an auxin biosynthetic enzyme.'®
It was observed that seed germination of
the YUC3-overexpressing plants was more
sensitive to high salinity. Histochemical
assays using the DR5-GUS reporter sys-
tem also showed that elevation of GUS
activities in the emerging radicles of ger-
minating seeds is correlated with delayed
seed germination. We also observed that
GUS activity is elevated by high salinity as
well as by auxin in the emerging radicles.
The GUS activity was further elevated in
the presence of both auxin and salt, the
combination of which significantly delays
seed germination.

Altogether, our observations demon-
strate that auxin signals are incorporated
into the NTM2-mediated salt signal
transduction pathway in modulating seed
germination under high salinity (Fig. 1).
In this signaling crosstalk, the /4430 gene
incorporates auxin and salt signals into
the germination process. Our data also
support that NTM2 serves as a molecular
link that interconnects a developmental
feedback loop of auxin signaling with a
salt signal transduction pathway during
seed germination by direct regulation of
the JAA30 gene.

A question to be answered is how the
plasma membrane-localized NTM2 pro-
tein is released from the membranes and
transported into the nucleus.!>”® We
observed in subcellular localization assays
that more NTM2 proteins are localized
into the nucleus of Arabidopsis protoplasts
after salt treatments, showing that NTM2
processing step is also influenced by high
salinity. It has been known in both animals
and plants that membrane-bound tran-
scription factors (MTFs) are released pro-
teolytically from the cellular membranes
by either intramembrane proteolysis or
ubiquitin/proteasome-dependent process-
ing.” It will be interesting to examine
whether NTM2 processing by high salin-
ity is mediated by a specific membrane-
bound protease or by ubiquitin-mediated
processing and how this activation process
is related with regulation of seed germina-
tion by high salinity.
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