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Seed germination is a complex biological process controlled by various regulators,
including phytohormones. Among these, abscisic acid and gibberellic acid inhibit and
promote seed germination, respectively. Many studies have addressed the biological roles
of auxin in plant growth and development, but very few have considered its role in seed
germination. Here, we identified a novel function of the auxin signaling repressor Aux/IAA8
during seed germination. The IAA8 loss-of-function mutant iaa8-7 exhibited delayed seed
germination. The phenotype of iaa8-7 was restored by ectopic expression of /AAS.
Interestingly, IAA8 accumulated to high levels during seed germination, which was
achieved not only by increased protein synthesis but also by the stabilization of IAA8
protein. We also showed that IAA8 down-regulates the transcription of ABSCISIC ACID
INSENSITIVE3 (ABI3), a negative regulator of seed germination. Our study, thus strongly
suggest that the auxin signaling repressor IAA8 acts as a positive regulator of seed
germination in Arabidopsis thaliana.

Keywords: ABI3, Arabidopsis, auxin, IAA8, protein stability, seed germination

INTRODUCTION

Seed maturation is the final stage of embryogenesis. The embryo becomes protected by a hard outer
cover of dead tissue, the testa, underneath which the endosperm is deposited (Debeaujon et al.,
2000). Upon germination, the testa ruptures, allowing the embryonic axis to protrude at the proper
time to ensure propagation to the next generation (Piskurewicz et al., 2008). Germination occupies a
critical position in the life cycle of seed plants, converting dormant seeds into active seedlings. This
process is strictly regulated by genetic and environmental factors (Chen et al., 2008; Bassel et al.,
2011; Liu et al., 2013). From an agronomic point of view, uniform germination is required for high
crop yield. However, lack of dormancy may lead to pre-harvest sprouting (Gubler et al., 2005),
resulting in decreased seed longevity (Rajjou and Debeaujon, 2008). Therefore, it is important to

Abbreviations: ABA, Abscisic Acid; ABI3, ABSCISIC ACID INSENSITIVE3; ARF, Auxin Response Factor; Aux/IAA, Auxin/
Indole-3-Acetic Acid; GA, Gibberellic Acid; ROS, Reactive Oxygen Species.
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maintain seeds in a dormant condition until suitable timing for
germination is established (Shu et al., 2016).

Releasing dormancy is a prerequisite to germination that can
be induced by various external and internal stimuli (Arc et al,,
2012). Germination is induced most commonly through the
imbibition of water at a species-specific temperature. Imbibition
of dry seeds activates a series of events (Bewley, 1997) including
oxidation, degradation, and mobilization of accumulated reserve
components (Penfield et al., 2005a). Reactive oxygen species
(ROS) also accumulate in seeds to a level that positively regulates
seed germination (Leymarie et al., 2012). ROS are proposed to
up-regulate abscisic acid (ABA) catabolism and promote
gibberellic acid (GA) biosynthesis, thereby maintaining a
dynamic balance between ABA and GA during seed
germination (Liu et al., 2010).

Various endogenous regulators including phytohormones
and associated proteins control the transition from dormant to
active, germinating seeds (Shu et al., 2016; Nee et al, 2017).
Among phytohormones, ABA is considered to maintain seed
dormancy and inhibit seed germination (Hubbard et al., 2010).
Meanwhile, GA, brassinosteroids, ethylene, and cytokinin
promote seed germination (Steber and McCourt, 2001; Wang
et al,, 2011). Several ABA signaling genes such as ABSCISIC
ACID INSENSITIVE3 (ABI3), ABI4, and ABI5 was identified as
negative regulators of seed germination. Among these, ABI3 acts
as a major downstream components of ABA signaling (Giraudat
et al.,, 1992; Bentsink and Koornneef, 2008). The transcript levels
of ABI3 are high in dormant seeds but low after germination (Liu
et al,, 2013). The antagonistic roles of ABA and GA in dormancy
and germination have been studied extensively (Shu et al., 2016).
However, the relationship between ABA and auxin in seed
germination remains unresolved.

Auxin is involved in almost every aspect of plant growth and
development (Zhao, 2010); however, its role in seed germination
is still unknown. Rapid turnover of auxin/indole-3-acetic acid
(Aux/IAA) repressor proteins is required (Overvoorde et al., 2005)
to trigger auxin-mediated transcriptional activation (Tiwari et al.,
2003). These short-lived transcriptional repressors are mainly
targeted for degradation by polyubiquitination (Kepinski and
Leyser, 2005; Overvoorde et al, 2005; Gilkerson et al., 2015).
Recent reports have suggested that auxin inhibits seed
germination in an ABA dependent manner. For instance, seeds
of auxin over-producing transgenic plants (iaaM-OX) display
arrested germination (Liu et al., 2013). By contrast, mutants
with reduced levels of auxin (yucl/yuc6) showed enhanced seed
germination rate (Liu et al, 2013). Similarly, auxin signaling
mutants with impaired ability to degrade Aux/IAA repressor
proteins show enhanced germination (Kepinski and Leyser,
2005; Liu et al,, 2013). Gain-of-function mutants of Aux/IAA
repressors, such as IAA7/AXR2 and IAA17/AXR3, also display
enhanced germination rate (Liu et al, 2013). The underlying
genetic and biochemical evidence suggests that ABI3 is the
downstream regulatory component of auxin-mediated seed
dormancy (Belin et al., 2009; Liu et al.,, 2013). These molecular
observations imply that inhibition of auxin signaling via Aux/IAA
might be responsible for promoting seed germination.

Although the gain-of-function mutation of IAA8 negatively
regulates flower development (Wang et al., 2013), the loss-of-
function mutant show no visible developmental phenotype
(Overvoorde et al., 2005). To decipher the molecular
mechanism explaining how auxin signaling regulates seed
germination, we characterized the biological role of TAAS8
during seed germination. We provide evidence that TAA8
protein accumulates during seed germination, promoting
germination through the inhibition of ABI3 transcription.

MATERIALS AND METHODS

Plant Material and Growth Conditions
Arabidopsis thaliana ecotype Columbia (Col-0) was used in all
experiments. T-DNA insertion mutants iaa8-1 (CS25210) and
iaa8-2 (SALK_202296) were obtained from SALK. T-DNA
insertion was confirmed by genotyping PCR using JAAS8 gene-
specific and T-DNA border primers (listed in Supplementary
Table 1). The transcript was confirmed by semi-quantitative RT-
PCR using IAA8 gene specific forward and reverse primers
(Supplementary Table 1).

Seeds were surface sterilized and then stratified at 4°C for 4
days in the dark. All seeds were germinated on plates containing
half-strength Murashige and Skoog (¥ MS) medium
supplemented with 2% sucrose and 0.25% Phytagel. Plates
were then transferred to a growth chamber at 22 + 2°C under
long day conditions (16-h-light/8-h-dark photoperiod) with 100
E m™ s light intensity.

Generation of Transgenic Plants
Overexpressing IAA8

The Cauliflower mosaic virus (CaMV) 35S::3xflag-1AA8
construct in binary vector pCAMBIA 1300 was introduced
into Agrobacterium tumefaciens strain GV3101 and used for
transformation of iaa8-1 mutant plants by floral dipping.
Transformed lines were selected on % MS medium containing
hygromycin (40 g/mL). Three independent homozygous lines
overexpressing JAA8 were selected from the T; generation and
used for all experiments.

Seed Germination Assay

Seeds were carefully harvested after siliques were fully mature. The
germination assay was performed according to the method of
Nguyen et al. (2012). After surface sterilization, seeds of all
genotypes were stratified at 4°C for 4 days in the dark and
allowed to germinate on % MS medium or % MS supplemented
with 5 uM NAA or 1 uM ABA alone or together at 22 + 2°C in a
growth chamber under a 16-h-light/8-h-dark cycle. Seed
germination based on radicle protrusion was quantified from
day 0 until day 5. Seeds were considered germinated after radicle
protrusion at the indicated time. Statistical analysis was performed,
and data are presented as percentage germination rate from three
independent experiments with three biological replicates.
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Protein Extraction and Immunoblot
Analysis

Immunoblot analysis was performed according to the method of
Kim et al. (2017). Seedlings were treated with or without MG132,
cycloheximide (CHX), or H,0O,. Tissues were ground in liquid
nitrogen to fine powder, and total proteins were extracted using
extraction buffer containing 50 mM HEPES, pH 7.5, 5 mM
EDTA, 5 mM EGTA, 2 mM DTT, 25 mM NaF, 1 mM Na;VOy,,
50 mM [3-glycerophosphate, 20% glycerol (v/v), 2 mM PMSF, 1%
Triton X-100 (v/v), and protease inhibitor cocktail (Roche
diagnostics, Germany). Following two rounds of centrifugation
at 12,000 x g for 15 min, supernatants were transferred to pre-
chilled micro centrifuge tubes. Protein concentration was
determined using a protein assay kit (Bio-Rad Laboratories,
USA) with bovine serum albumin (BSA) as a standard. For
immunoblot analysis, 80 pg of total protein from each sample
was separated by 10% Sodium Dodecyl Sulfate Polyacrylamide
Gel Electrophoresis (SDS-PAGE) and transferred to
polyvinylidene fluoride (PVDF) membranes (Bio-Rad
Laboratories, USA). Proteins were probed using mouse anti-
flag (1:5000; Sigma, USA) as primary antibody and horseradish
peroxidase (HRP) conjugated anti-mouse as secondary antibody
(1:5000) and visualized using an ECL kit (Bio-Rad
Laboratories, USA).

RNA Extraction and Gene Expression
Analysis by Reverse-Transcription
Quantitative PCR (RT-qPCR) and Semi-
Quantitative RT-PCR

Total RNA was extracted from seeds by the LiCl/phenol method
according to the protocol of Nguyen et al. (2012). RNA (2 ug)
was reverse transcribed using SuperScript II RNase-Reverse
Transcriptase (Invitrogen, USA). RT-qPCR was performed
according to the method of Kim et al. (2017) with some
modification. RT product (1 puL) was mixed with gene specific
primers (10 pmol) in 10 pL reaction volume. SYBR Green PCR
Master Mix kit (Bio-Rad SYBR Green Supermix) was added to
the mixture and incubated in a CFX384 real-time PCR detection
system (Bio-Rad Laboratories, USA). Gene expression was
quantified during the logarithmic phase using expression of the
housekeeping gene Tubulin2 as an internal control. Semi-
quantitative RT-PCR was carried out as described by Nguyen
et al. (2012). Primers used for PCR are listed in Supplementary
Table 2.

Chromatin Immunoprecipitation Assay

Ten-day-old iaa8-1 and iaa8-1/IAA8 OX seedlings were treated
with cold (4°C) and H,0, for 12 h. Chromatin
immunoprecipitation (ChIP) was carried out as described
(Gendrel et al., 2002) using mouse polyclonal anti-flag
antibody (1:3000; Sigma, USA). PCR amplification was
performed quantitatively using the CFX384 Real-Time System
(Bio-Rad, USA). The immunoprecipitation was replicated three
times. The ChIP primers are listed in Supplementary Table S2.

RESULTS

IAAS8 Is Involved in Seed Germination

IAA8 negatively regulates flower development (Wang et al,
2013). To investigate the biological function of IAAS, we
obtained the T-DNA insertion mutants iaa8-1 (CS25210) and
iaa8-2 (SALK_202296) from SALK (Supplementary Figure 1A)
and confirmed the T-DNA insertion by diagnostic PCR and
semi-quantitative RT-PCR assays (Supplementary Figure 1B).
The full length transcript of JAA8 was disrupted in the iaa8-1
line, whereas the transcript in iaa8-2 was similar to the Col-0
plants, suggesting that only iaa8-1 is a loss-of-function mutant
(Supplementary Figure 1C).

To identify the physiological function of IAA8, we intensively
screened the iaa8-1 phenotype. In a time course experiment,
seeds of the selected genotypes were germinated on %2 MS
medium for 5 days under long day conditions. Germination
rate based on radicle protrusion was lower in iga8-1 mutant
seeds than in Col-0 and iaa8-2 seeds (Figure 1A), indicating that
TAAS positively regulates seed germination.

To further confirm the iaa8-1 mutant phenotype, we generated
complementation plants expressing p35S::3xflag-IAA8 in the iaa8-
I background (iaa8-1/IAA8 OX). Three independent homozygous
lines were selected from the T; generation. To verify ectopic
expression, semi-quantitative RT-PCR and immunoblot analyses
were performed (Figures 1B, D). Aux/IAA repressor proteins are
rapidly degraded by the auxin-mediated 26S proteasomal
pathway, thereby regulating auxin-dependent transcriptional
regulation (Tiwari et al., 2003; Park et al,, 2011). We assumed
that TAA8 might also be degraded by the 26S proteasomal
pathway, similar to other Aux/IAA proteins (Gilkerson et al,
2015). To test this hypothesis, 10-day-old seedlings of iaa8-1/
TAA8 OX plants from three independent lines were treated with or
without 10 uM MG132 (a proteasome inhibitor) for 3 h. Proteins
were extracted and immunoblot analysis was performed. As
expected, TAA8 protein was almost undetectable under mock
conditions (control); however, high levels of IAA8 protein
accumulated in the presence of MG132 (Figure 1D), indicating
that TAAS8 is degraded by the 26S proteasomal pathway.

We next tested seed germination phenotypes using Col-0, iaa8-
1, and three independent iaa8-1/IAA8 OX complemented lines.
Seeds of the selected genotypes were allowed to germinate on ¥
MS medium under long day conditions. The germination rate of
iaa8-1/IAA8 OX complemented seeds was almost the same as that
of Col-0 (Figure 1C and Supplementary Figure 2), indicating
that the lower germination in the iaa8-1 mutant line resulted from
loss-of-function of IJAA8. Three independent complemented lines
showed similar expression patterns and seed germination
phenotype. Therefore, we used the iaa8-1/IAA8 OX (#6-3) for
further experiments, and hereafter referred to as iaa8-1/IAA8 OX.

Previous study suggests that auxin inhibits seed germination
through ABA-dependent manner (Liu et al., 2013). Therefore, we
tested the effect of auxin on germination by using Col-0, iaa8-1,
and iaa8-1/IAA8 OX seeds in the presence and absence of ABA
(Supplementary Figure 3). Seeds of the selected genotypes were
allowed to germinate on % MS or %2 MS supplemented with 5 pM
NAA and 1 uM ABA alone or together. In our experimental
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FIGURE 1 | IAA8 positively regulates seed germination. (A) Seeds of Col-0, iaa8-1, and iaa8-2 mutants were germinated on % MS medium after stratification for 4 days
in the dark at 4°C in a long-day chamber. Radicle protrusion was quantified at the indicated times (days). Data are presented as mean values of three independent
experiments of three biological replicates. Error bars represent SE. Significant difference was determined by Student's t-test (*P < 0.05 and **P < 0.01). (B) Construction of
transgenic lines overexpressing /AA8 in the iaa8-1 background. Abundance of JAA8 transcript in Col-0 and transgenic lines expressing p35S.::3xflag-IAA8 was determined
by semi-quantitative RT-PCR. Total RNA was extracted from 10-day-old seedlings, and semi-quantitative RT-PCR analysis was performed using gene-specific primers;
Tubulin2 was used as an internal control. (C) /AA8 rescues the germination phenotype of iaa8-1. Seeds of Col-0, iaa8-1, and an iaa8-1/IAA8 OX (#6-3) complemented line
were germinated on 2 MS medium in a long-day chamber. Radicle protrusion was quantified at the indicated times (days). Data are presented as mean values. Error bars
represent SE. Significant difference was determined by Student's t-test (*P < 0.05 and P < 0.01). (D) Immunoblot analysis of protein extracts prepared from samples
used in (B) to confirm the expression of flag-tagged IAA8 protein in the absence (mock) or presence of 10 uM MG132. Proteins were extracted and probed with anti-flag
antibody. Rubisco was stained with Coomassie briliant blue (CBB) and used as a loading control.

condition, exogenous NAA alone did not inhibit seed germination
in Col-0 and iaa8-1/IAA8 OX compared to iaa8-1 mutant
(Supplementary Figures 3A, B). These results suggest that even
upon NAA treatment, small amount of IAA8 protein can be
existed in Col-0 and iaa8-1/IAA8 OX, which inhibits ABI3
expression to promote seed germination compared to iaa8-1
mutant seeds. However, co-treatment of NAA and ABA
synergistically inhibited seed germination in Col-0 and iaa8-1/
TAA8 OX seeds similar to those of iaa8- 1 (Supplementary Figures
3C, D), indicating that ABI3, ABI4, and ABI5 transcription by
ABA may cause inhibitory effect on germination, which cannot be
rescued by small amount of IAAS8 proteins.

IAA8 Protein Accumulates During

Seed Germination

To further investigate the specific role of TAA8 in seed
germination, we searched the public Arabidopsis microarray
database (http://bar.utoronto.ca/eplant/) and found that the
IAAS8 transcript is induced by seed imbibition. We therefore
proposed that IAA8 transcription might be induced during seed

germination. To determine the expression pattern of IAA8
during seed germination, we performed RT-qPCR using freshly
harvested Col-0 seeds. The IAA8 transcript level peaked in
germinating seeds at day 2 (Figure 2A), indicating that JAAS
transcription is induced during seed germination.

Because JAAS8 transcription was induced during seed
germination, we assumed that the TAA8 protein might also
accumulate following initiation of germination signals. We
therefore germinated seeds of iaa8-1/IAA8 OX plants and
performed immunoblot analysis. As expected, IAA8 protein
accumulated to high levels during seed germination. Interestingly,
TAAS8 protein was detectable at day 2 and accumulated rapidly until
day 5 (Figure 2B). By day 10, however, IAA8 protein was almost
undetectable (Figure 1D), suggesting that IAA8 proteins
accumulate only during germination.

IAA8 Protein Stability Is Maintained by
Cold and ROS Signals

Cold treatment is considered one of the most efficient stimuli of
seed dormancy release (Penfield et al., 2005b). Germinating seeds
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FIGURE 2 | /AA8 transcript levels and protein abundance during seed germination. (A) JAA8 transcript level in germinating seeds of Col-0 plants. Seeds of Col-0

plants were germinated on %2 MS medium for the indicated time periods (days). Total RNA was extracted, and RT-gPCR analysis was performed using gene-specific
primers; Tubulin2 was used as an internal control. Data are presented as mean values. Error bars represent SE of three biological replicates. Different letters indicate
statistically significant differences (P < 0.05). (B) IAA8 protein accumulation during seed germination. Seeds of iaa8-1/IAA8 OX (#6-3) plants were stratified for 4 days

in the dark at 4°C and then allowed to germinate on %2> MS medium. Proteins were extracted at the indicated time points (days), and immunoblot analysis was
performed using 80 pg of total protein in each well. IAA8 protein was detected using anti-flag antibody. Membranes were stained using Coomassie brilliant blue

(CBB). A representative image of three independent experiments is shown.

produce ROS upon imbibition, which promotes radicle
protrusion by rupturing the testa (Leymarie et al., 2012). Cold
and imbibition therefore work in parallel during seed
germination. As IAA8 protein accumulated to high levels
during seed germination after cold imbibition (Figure 2B), we
investigated whether cold and ROS affect IAA8 protein level.
Seedlings of iaa8-1/IAA8 OX plants were exposed to cold (4°C)
and 5 mM H,O, alone or together for 12 h. Total proteins were
then extracted and immunoblot analysis was performed

I1AA8

C

After Cold for 12 h
CHX CHX+NAA

013601 36(h
ARG | e e G e e —

(Figure 3). Under mock conditions, IAA8 protein was detected
at low levels, indicating that iaa8-1/IAA8 OX plants were under
mild stress during experimental handling. However, treatment
with cold or H,O, induced a rapid accumulation of IAAS8
(Figure 3A). Interestingly, more IAA8 protein accumulated
when iaa8-1/IAA8 OX seedlings were incubated under cold
and H,0, together (Figure 3A). These results demonstrate
that cold and ROS act together to promote IAA8 protein
accumulation during germination.

After MG132 for 12 h
CHX CHX+NAA
3 6 1 3 6()

0 1
AAS |-

Rubisco xx I x x I .

D

After H,0, for 12 h
CHX CHX+NAA
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FIGURE 3 | IAA8 protein is stabilized by cold and H,O,. (A) Stabilization of IAA8 in the presence of MG132, cold, and H,O,. Ten-day-old iaa8-1/IAA8 OX (#6-3)
seedlings were treated with 10 pM MG132, cold (4°C), 5 mM H,O,, or cold and H,O, together for 12 h. (B-D) De novo protein synthesis and auxin-mediated
turnover of stabilized IAA8 in presence of MG132, cold, or H,O,. Ten-day-old iaa8-1/IAA8 OX (#6-3) seedlings were treated with 10 pM MG132. (B) cold (4°C).
(C) or 5 mM H,0O5 (D) for 12 h and then incubated with 500 pM CHX with or without 20 uM NAA for the indicated time periods (h). Total proteins were extracted,
and immunoblot analysis was performed using anti-flag antibody. Col-0 seedlings were used as a negative control. Rubisco was stained using Coomassie brilliant

blue (CBB) and used as a loading control.
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We next asked whether accumulation of IAA8 protein under
cold and H,O, conditions was caused by de novo protein
synthesis or increased protein stability. We exposed iaa8-1/
TAA8 OX seedlings to MG132, cold or H,O, for 12 h, and then
incubated them in medium containing 500 pM cycloheximide
(CHX; an inhibitor of translation) with or without 20 pM 1-
naphthaleneacetic acid (NAA) for 1, 3, and 6 h. As expected,
TAA8 protein accumulated rapidly in the presence of MG132;
however, preventing de novo protein synthesis by treatment with
CHX caused significant depletion of IAA8 (Figure 3B). Next, we
treated iaa8-1/IAA8 OX seedlings with cold or H,0,, followed by
incubation with CHX. Surprisingly, preventing de novo protein
synthesis by treatment with CHX did not result in complete loss
of TAA8 protein in cold and H,0, treated seedlings (Figures
3C, D), indicating that the increased abundance of IAA8 protein
caused by cold and H,O, is independent of de novo protein
synthesis. Furthermore, treatment with exogenous NAA
potentiated the effect of CHX, leading to faster turnover of
TAA8 in MG132-treated seedlings (Figure 3B). Surprisingly,
however, TAA8 protein was still detectible after 6 h of NAA
treatment in both cold- and H,O,-treated seedlings (Figures
3C, D). Together, these results suggest that cold and H,O, delay
auxin-mediated degradation of IAA8 protein.

IAA8 Down-Regulates ABI3 Expression
During Seed Germination

ABI3 functions in ABA-mediated seed dormancy and inhibition
of seed germination. ABI3 transcript levels are high in dormant
seeds and decrease rapidly after germination (Liu et al,, 2013).
Likewise, ABI3 protein levels decrease in germinating seeds in a
light dependent manner (Lopez-Molina et al.,, 2002). We
therefore proposed that TAA8 accumulation might regulate
ABI3 expression during or after seed germination. To test this
hypothesis, we germinated seeds of Col-0, iaa8-1, and iaa8-1/
TAA8 OX under long day conditions and collected samples from
day 0 to day 5. Total RNA was then extracted, and RT-qPCR
analysis was performed. Interestingly, the transcript levels of
ABI3 were comparatively high in non-germinating Col-0 seeds
but declined during germination. The ABI3 transcript levels were
very high in iaa8-1 seeds compared to those in Col-0 seeds
(Figure 4A). Furthermore, the transcript levels of other ABA-
responsive genes such as ABI4, ABI5, Em1, Em6, and RAV1 were
also analyzed. The results showed that transcript levels of ABI4,
ABI5, Em1, and Em6 were significantly elevated in iaa8-1
(Figures 4B-E). In contrast, the transcript level of RAVI was
very low in iaa8-1 compared to Col-0 plants (Figure 4F).
Consistent with the germination results (Figures 1A, C,
Supplementary Figure 2), JAA8 complementation down-
regulated ABI3, ABI4, ABI5, Em1, and Em6 expression to levels
almost comparable to those in Col-0 (Figure 4), indicating that
TAAS8 negatively regulates ABI3, ABI4, ABI5, Eml, and Em6
expression during seed germination.

Aux/TAA proteins are transcriptional repressors that regulate
the expression of auxin responsive genes by inactivating ARFs
activity (Tiwari et al., 2003). Recent studies suggest that ABI3
functions as a major downstream regulatory component of auxin-
mediated seed dormancy (Belin et al., 2009; Liu et al., 2013). We

therefore asked how IAA8 might affect the expression of ABI3. For
this purpose, chromatin immunoprecipitation (ChIP) assay was
performed to confirm the binding ability of IAA8 with ABI3
promoter using anti-flag antibody. We treated the iaa8-1 and iaa8-
I/IAA8 OX plants with mock, cold and H,O, for 12 h, and then
ChIP-qPCR analysis was performed. The results showed that ITAA8
associates to AuxRE motif on ABI3 promoter under mock
condition in iaa8-1/IAA8 OX plants (Figure 5). Interestingly, the
ABI3 promoter fragment were highly enriched in iaa8-1/IAA8 OX
plants in response to cold and H,O, signals compared to ChIP
samples in mock and without anti-flag treated plants (Figure 5B),
suggesting that binding of IAA8 to ABI3 promoter presumably
through ARFs could down-regulate ABI3 transcription during
seed germination.

DISCUSSION

Seed germination is mainly controlled by two hormones
(Leymarie et al, 2012): ABA inhibits germination, while GA
promotes it. Catabolism of ABA and biosynthesis of GA are up-
regulated by imbibition to release seeds from dormancy (Liu
et al,, 2010; Leymarie et al., 2012; Wang et al., 2018). Other
hormones, including brassinosteroids, ethylene, and cytokinin,
are also known to contribute to seed germination (Steber and
McCourt, 2001; Wang et al., 2011; Corbineau et al., 2014). Auxin
is generally considered to negatively regulate seed germination in
an ABA-dependent manner (Liu et al., 2013). However, the
biological role of auxin in seed germination has not been fully
elucidated. In this study, we uncovered a novel physiological
function of IAAS8 in seed germination.

IAA8 Is a Positive Regulator of

Seed Germination

The biological functions of most Aux/IAA genes have been
identified using gain-of-function mutants, with axr5-1 (iaal),
shy2 (iaa3), iaa6 (shyl), axr2-1(iaa7), iaa8, iaal2 (bdl), iaal4
(slr), iaal6, axr3-1(iaal7), iaal8, iaal9 (msg2), and iaa28
reported to display auxin related phenotypes (Timpte et al,
1994; Kim et al., 1996; Leyser et al., 1996; Rouse et al., 1998;
Hamann et al., 1999; Nagpal et al., 2000; Rogg et al., 2001; Fukaki
et al., 2002; Tian et al., 2003; Tatematsu et al., 2004; Yang et al,,
2004; Uehara et al., 2008; Rinaldi et al., 2012; Wang et al., 2013).
Among these, the JAA8 gain-of-function mutant negatively
regulates flower development (Wang et al., 2013); however, the
TAA8 loss-of-function mutant shows no developmental
phenotype in aerial plants parts (Overvoorde et al., 2005). In
this study, we found that the IAAS8 loss-of-function mutant
(iaa8-1) showed delayed seed germination compared to the
wild type (Figures 1A, C). This result correlates well with
previous observations. First, external auxin application
negatively regulates seed germination (Liu et al., 2013). Second,
the gain-of-function mutants axr2-1 (IAA7) and axr3-1 (IAA17)
show enhanced seed germination and exhibit stronger ABA
insensitivity than the wild type (Belin et al, 2009; Liu et al,
2013). Third, tirl, tirlafb2, tirl/afb3, and tirlafblafb2afb3
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FIGURE 4 | IAA8 down-regulates ABA responsive genes transcription. Transcript abundance of ABI3 (A), ABI4 (B), ABI5 (C), Em1 (D), Em6 (E), and RAV1 (F) in
germinating seeds of Col-0, jiaa8-7 mutant, and /aa8-1/IAA8 OX (#6-3) plants. Seeds of the selected genotypes were germinated on %2 MS medium. Total RNA was
extracted and RT-gPCR analysis was performed using gene-specific primers; Tubulin2 was used as an internal control. Error bars represent SE in three biological
replicates. Significant difference was determined by Student’s t-test (*P < 0.05, **P < 0.01 and ***P < 0.001).

mutants with impaired ability to degrade Aux/IAA proteins
show enhanced seed germination (Liu et al., 2013). These
observations suggest that Aux/IAA proteins act as positive
regulators of seed germination. The biological roles of other
Aux/TAA proteins during seed germination should be
investigated to better understand which and how many Aux/
TAA proteins are involved.

IAA8 Accumulation Is Caused by De Novo
Synthesis and Increased Stability During
Germination

The amount of different proteins in cells is controlled by
translation of mRNA, which is dependent on gene expression.
In addition, protein accumulation can also be achieved by
increasing protein stability in response to external or internal

signals (Finch-Savage et al., 2007; Carrera et al.,, 2008;
Holdsworth et al., 2008). We found that TAA8 protein rapidly
accumulated to high levels during seed germination in response
to germination signals (Figure 2B). The increase in IAA8 protein
was achieved not only by de novo protein synthesis but also by
protein stabilization (Figure 3). Similarly, the expression of
many germination related genes is highly up-regulated in
response to germination-inducing signals (Wang et al., 2018).
Several Aux/IAA genes, such as IAAl, IAA2, IAA3, IAAIS,
TAA20, IAA26, IAA28, and IAA29, are highly expressed during
germination (Fujii et al., 2000; Winter et al., 2007; Carranco et al.,
2010). Furthermore, transcription of JAA30, IAA11, and IAA19
is enhanced under stress conditions in germinating seeds (Park
et al, 2011), suggesting that many Aux/IAA genes may play
important roles during seed germination in a stress-dependent
or -independent manner.
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experiments were repeated three times with similar results.

This study showed that IAA8 protein is stabilized by cold and
ROS signals during seed germination (Figure 3). Similarly, IAA7
and TAA17 are highly stabilized by salt and salicylic acid (Wang
et al., 2007; Liu et al., 2015). Thus, we suspect that the
stabilization of TAAS8 is achieved by unidentified post-
translational modification (PTM). Various PTMs, such as
phosphorylation, ubiquitination, and sumoylation, can alter
protein stability, subcellular localization, and protein
interactions in response to external signals (Yang et al., 2003).
Interestingly, various Aux/IAA proteins, such as IAA1, IAAS5,
TAAS8,TIAA11,IAA13,IAA15, and IAA31, are putative substrates
of kinases (Popescu et al., 2009). Therefore, there is a strong
possibility that TAA8 is stabilized by cold and ROS through
phosphorylation during seed germination.

IAA8 Promotes Seed Germination Through
Suppression of ABI3 Transcription

ABI3 is a well-known key negative regulator in seed germination
(Liu et al., 2013). ABI3 is transcriptionally induced by ABA and
involved in ABA-mediated inhibition of seed germination
(Bentsink and Koornneef, 2008; Liu et al., 2013). Auxin also
negatively regulates seed germination through auxin response
factor 10 (ARF10)- and ARF16-mediated increase of ABI3
transcription (Nemhauser et al., 2006; Santner and Estelle,
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FIGURE 5 | IAA8 associate to ABI3 gene promoter. (A) Structure of the ABI3 promoter and amplicon regions (P1 and P2). The arrow indicates the transcription
start site. The black line and black rectangle indicate 1.5-kb promoter and CDS region, respectively. TGTCTC sequence is auxin responsive element (AuxRE). (B-C)
Germination signals induce binding of IAA8 to ABI3 promoter at AuxRE region. Chromatins from iaa8-1 and iaa8-1/IAA8 OX (#6-3) plants were treated with cold (4°
C) and HoO for 12 h. Flag-tagged IAA8 chromatin complex were immunoprecipitated with anti-Flag antibody. A control reaction was processed in parallel without
antibody. ChIP-DNA was applied to RT-gPCR using primers specifically targeting to ABI3 promoter regions, (B) (P1) and (C) (P2). The ChlP results are presented as
fold-enrichment of nontarget DNA. Error bars indicate SE (n = 3). Significant difference was determined by Student's t-test (*P < 0.05 and **P < 0.01). The

2009; Liu et al., 2013). We showed that the iaa8-1 mutant has
delayed seed germination and higher levels of ABI3, ABI4, ABI5,
Eml, and Em6 transcript (Figures 4A-E), while the RAVI
transcript level was markedly repressed in iga8-1 mutant
compared to wild type (Figure 4F). Similar observations in
seeds of various auxin biosynthesis and signaling mutants (Liu
et al, 2013) demonstrate that auxin signaling can negatively
control seed germination through ARF-mediated regulation of
ABI3 transcription. In addition, exogenous auxin application up-
regulates the transcription of ABI3, resulting in inhibition of seed
germination (Liu et al.,, 2007; Liu et al., 2013). By contrast, the
arfl0arfl6 double mutant shows enhanced germination with
reduced transcription levels of ABI3 (Liu et al., 2013), suggesting
that ARF10 and ARF16 are required for maintenance of ABI3
transcription. Moreover, ABI3 transcription factor positively
regulates ABI4 and ABI5 expression, which in turn promotes
Em1 and Emé6 transcription, thereby, negatively regulating seed
germination (Soderman et al., 2000; Skubacz et al., 2016). In
contrast, the higher transcript level of RAV1I positively regulates
seed germination (Feng et al., 2014). Taken together, these results
suggest that IAAS8 acts as a key upstream regulator during seed
germination. Additionally, ChIP assay confirmed that IAAS8
associates to ABI3 promoter, specifically to AuxRE motif via
unidentified interacting ARFs (Figure 5). These observations
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FIGURE 6 | Proposed model explaining the role of IAA8 in seed germination.
In response to germination signals, ROS accumulate in seeds. IAA8 gene
expression is induced in response to these signals, thereby enhancing IAA8
protein synthesis. In addition, the IAA8 protein is stabilized by cold- and ROS-
mediated signaling pathways, triggering the accumulation of IAA8 protein. The
accumulated IAA8 inhibits ARF activity, thereby down-regulating ABI3 gene
expression, which ultimately promotes seed germination. Upward and
downward blue arrows represent enhanced and reduced levels, respectively.

indicate that ABI3 transcription can be down-regulated through
IAA8-mediated transcriptional inactivation of ARFs proteins.
Interestingly, various ARFs, such as ARF4, ARF5, ARF6, ARF7,
ARF8, ARF11, ARF14, ARF15, ARF16, ARF19, ARF20, and
ARF22 have been previously investigated as IAAS8 interacting
partners (Vernoux et al., 2011; Arase et al.,, 2012; Wang et al,,
2013; Piya et al., 2014). Therefore, we suspect that stabilized
IAA8 down-regulates transcription of ABI3 by inactivating ARF
proteins, which directly bind to the promoter of ABI3. A better
understanding of auxin signaling in seed germination will be
achieved by investigating which specific ARF proteins bind to
TAAS and regulate the transcription of ABI3.

We propose a model (Figure 6) explaining how Aux/IAA
proteins regulate seed germination. Germination-inducing
signals promote seed germination by increasing ROS, which
triggers ABA catabolism and GA biosynthesis (Liu et al., 2010).

REFERENCES

Arase, F., Nishitani, H., Egusa, M., Nishimoto, N., Sakurai, S., Sakamoto, N, et al.
(2012). IAAS8 involved in lateral root formation interacts with the TIR1 auxin
receptor and ARF transcription factors in Arabidopsis. PloS One 7, e43414.
doi: 10.1371/journal.pone.0043414

Arc, E., Chibani, K., Grappin, P., Jullien, M., Godin, B., Cueff, G., et al. (2012). Cold
stratification and exogenous nitrates entail similar functional proteome
adjustments during Arabidopsis seed dormancy release. J. Proteome Res. 11,
5418-5432. doi: 10.1021/pr3006815

Bassel, G. W, Lan, H., Glaab, E., Gibbs, D. J., Gerjets, T., Krasnogor, N., et al.
(2011). Genome-wide network model capturing seed germination reveals

In response to these signals, JAA8 accumulates not only by
induction of protein synthesis, but also by protein stabilization.
The accumulated IAA8 increases seed germination through
transcriptional inhibition of ABI3 by inactivating ARFs activity.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

AUTHOR CONTRIBUTIONS

SH, SK, and WC conceived the study. XN and WC supervised
this study. SH and SB performed the experiments. SH, SK, and
AA analyzed the data. SH, AA, DJ-Y, and WC wrote the
manuscript with feedback from all authors.

FUNDING

This work was supported by the Next-Generation BioGreen 21
Program (#PJ01325401) funded by RDA and the National
Research Foundation of Korea (NRF) grant funded by the
Korean government (MSIP) (no. 2019R1A2C1009932), partly
by the Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of
Education (no. 2018R1A6A3A11042628), and by the Vietnam
National Foundation for Science and Technology Development
(NAFOSTED) under grant number 106.02-2017.09. SH and SB
were supported by the Brain Korea 21 Plus (BK21+)
fellowship program.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2020.00111/
full#supplementary-material

coordinated regulation of plant cellular phase transitions. Proc. Natl. Acad.
Sci. U. S. A. 108, 9709-9714. doi: 10.1073/pnas.1100958108

Belin, C., Megies, C., Hauserova, E., and Lopez-Molina, L. (2009). Abscisic acid
represses growth of the Arabidopsis embryonic axis after germination by
enhancing auxin signaling. Plant Cell 21, 2253-2268. doi: 10.1105/
tpc.109.067702

Bentsink, L., and Koornneef, M. (2008). Seed dormancy and germination.
Arabidopsis Book 6, €0119. doi: 10.1199/tab.0119

Bewley, J. D. (1997). Seed germination and dormancy. Plant Cell 9, 1055-1066.
doi: 10.1105/tpc.9.7.1055

Carranco, R., Espinosa, ]J. M., Prieto-Dapena, P., Almoguera, C., and Jordano, J.
(2010). Repression by an auxin/indole acetic acid protein connects auxin

Frontiers in Plant Science | www.frontiersin.org

February 2020 | Volume 11 | Article 111


https://www.frontiersin.org/articles/10.3389/fpls.2020.00111/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2020.00111/full#supplementary-material
https://doi.org/10.1371/journal.pone.0043414
https://doi.org/10.1021/pr3006815
https://doi.org/10.1073/pnas.1100958108
https://doi.org/10.1105/tpc.109.067702
https://doi.org/10.1105/tpc.109.067702
https://doi.org/10.1199/tab.0119
https://doi.org/10.1105/tpc.9.7.1055
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Hussain et al.

Accumulation of the auxin signaling repressor IAA8

signaling with heat shock factor-mediated seed longevity. Proc. Natl. Acad. Sci.
U. S. A. 107, 21908-21913. doi: 10.1073/pnas.1014856107

Carrera, E., Holman, T., Medhurst, A., Dietrich, D., Footitt, S., Theodoulou, F. L.,
et al. (2008). Seed after-ripening is a discrete developmental pathway associated
with specific gene networks in Arabidopsis. Plant J. 53, 214-224. doi: 10.1111/
j.1365-313X.2007.03331.x

Chen, H., Zhang, J., Neff, M. M., Hong, S. W., Zhang, H., Deng, X. W, et al. (2008).
Integration of light and abscisic acid signaling during seed germination and
early seedling development. Proc. Natl. Acad. Sci. U. S. A. 105, 4495-4500.
doi: 10.1073/pnas.0710778105

Corbineau, F., Xia, Q., Bailly, C., and El-Maarouf-Bouteau, H. (2014). Ethylene, a
key factor in the regulation of seed dormancy. Front. Plant Sci. 5, 539. doi:
10.3389/fpls.2014.00539

Debeaujon, 1., Leon-Kloosterziel, K. M., and Koornneef, M. (2000). Influence of
the testa on seed dormancy, germination, and longevity in Arabidopsis. Plant
Physiol. 122, 403-414. doi: 10.1104/pp.122.2.403

Feng, C. Z., Chen, Y., Wang, C., Kong, Y. H.,, Wu, W. H,, and Chen, Y. F. (2014).
Arabidopsis RAV1 transcription factor, phosphorylated by SnRK2 kinases,
regulates the expression of ABI3, ABI4, and ABI5 during seed germination and
early seedling development. Plant J. 80, 654-668. doi: 10.1111/tpj.12670

Finch-Savage, W. E., Cadman, C. S., Toorop, P. E., Lynn, J. R., and Hilhorst, H. W.
(2007). Seed dormancy release in Arabidopsis Cvi by dry after-ripening, low
temperature, nitrate and light shows common quantitative patterns of gene
expression directed by environmentally specific sensing. Plant J. 51, 60-78. doi:
10.1111/j.1365-313X.2007.03118.x

Fujii, N., Kamada, M., Yamasaki, S., and Takahashi, H. (2000). Differential
accumulation of Aux/IAA mRNA during seedling development and gravity
response in cucumber (Cucumis sativus L.). Plant Mol. Biol. 42, 731-740. doi:
10.1023/a:1006379804678

Fukaki, H., Tameda, S., Masuda, H., and Tasaka, M. (2002). Lateral root formation
is blocked by a gain-of-function mutation in the SOLITARY-ROOT/IAA14
gene of Arabidopsis. Plant J. 29, 153-168. doi: 10.1046/j.0960-
7412.2001.01201.x

Gendrel, A. V., Lippman, Z., Yordan, C., Colot, V., and Martienssen, R. A. (2002).
Dependence of heterochromatic histone H3 methylation patterns on the
Arabidopsis gene DDMI1. Science 297, 1871-1873. doi: 10.1126/
science.1074950

Gilkerson, J., Kelley, D. R., Tam, R., Estelle, M., and Callis, J. (2015). Lysine
residues are not required for proteasome-mediated proteolysis of the Auxin/
Indole Acidic Acid Protein IAA1. Plant Physiol. 168, 708-720. doi: 10.1104/
pp.15.00402

Giraudat, J., Hauge, B. M., Valon, C., Smalle, J., Parcy, F.,, and Goodman, H. M.
(1992). Isolation of the Arabidopsis ABI3 gene by positional cloning. Plant Cell
4, 1251-1261. doi: 10.1105/tpc.4.10.1251

Gubler, F., Millar, A. A., and Jacobsen, J. V. (2005). Dormancy release, ABA and
pre-harvest sprouting. Curr. Opin. Plant Biol. 8, 183-187. doi: 10.1016/
j-pbi.2005.01.011

Hamann, T., Mayer, U., and Jurgens, G. (1999). The auxin-insensitive bodenlos
mutation affects primary root formation and apical-basal patterning in the
Arabidopsis embryo. Development 126, 1387-1395.

Holdsworth, M. J., Finch-Savage, W. E., Grappin, P., and Job, D. (2008). Post-
genomics dissection of seed dormancy and germination. Trends Plant Sci. 13,
7-13. doi: 10.1016/j.tplants.2007.11.002

Hubbard, K. E., Nishimura, N., Hitomi, K., Getzoff, E. D., and Schroeder, J. 1.
(2010). Early abscisic acid signal transduction mechanisms: newly discovered
components and newly emerging questions. Genes Dev. 24, 1695-1708. doi:
10.1101/gad.1953910

Kepinski, S., and Leyser, O. (2005). The Arabidopsis F-box protein TIR1 is an
auxin receptor. Nature 435, 446-451. doi: 10.1038/nature03542

Kim, B. C,, Soh, M. C,, Kang, B. J., Furuya, M., and Nam, H. G. (1996). Two
dominant photomorphogenic mutations of Arabidopsis thaliana identified as
suppressor mutations of hy2. Plant J. 9, 441-456. doi: 10.1046/j.1365-
313X.1996.09040441.x

Kim, S. H.,, Kim, H. S., Bahk, S, An, J, Yoo, Y., Kim, J. Y., et al. (2017).
Phosphorylation of the transcriptional repressor MYB15 by mitogen-
activated protein kinase 6 is required for freezing tolerance in Arabidopsis.
Nucleic Acids Res. 45, 6613-6627. doi: 10.1093/nar/gkx417

Leymarie, J., Vitkauskaite, G., Hoang, H. H., Gendreau., E., Chazoule, V.,
Meimoun, P., et al. (2012). Role of reactive oxygen species in the regulation
of Arabidopsis seed dormancy. Plant Cell Physiol. 53, 96-106. doi: 10.1093/
pcp/per129

Leyser, H. M., Pickett, F. B., Dharmasiri, S., and Estelle, M. (1996). Mutations in
the AXR3 gene of Arabidopsis result in altered auxin response including
ectopic expression from the SAUR-AC1 promoter. Plant J. 10, 403-413. doi:
10.1046/j.1365-313x.1996.10030403 .x

Liu, P. P., Montgomery, T. A., Fahlgren, N., Kasschau, K. D., Nonogaki, H., and
Carrington, J. C. (2007). Repression of AUXIN RESPONSE FACTORI10 by
microRNA160 is critical for seed germination and post-germination stages.
Plant J. 52, 133-146. doi: 10.1111/j.1365-313X.2007.03218.x

Liu, Y., Ye, N,, Liu, R, Chen, M., and Zhang, J. (2010). H,O, mediates the
regulation of ABA catabolism and GA biosynthesis in Arabidopsis seed
dormancy and germination. J. Exp. Bot. 61, 2979-2990. doi: 10.1093/jxb/
erql25

Liu, X., Zhang, H., Zhao, Y., Feng, Z., Li, Q., Yang, H. Q,, et al. (2013). Auxin
controls seed dormancy through stimulation of abscisic acid signaling by
inducing ARF-mediated ABI3 activation in Arabidopsis. Proc. Natl. Acad. Sci.
U. S. A. 110, 15485-15490. doi: 10.1073/pnas.1304651110

Liu, W,, Li, R. ], Han, T. T., Cai, W., Fu, Z. W., and Lu, Y. T. (2015). Salt stress
reduces root meristem size by nitric oxide-mediated modulation of auxin
accumulation and signaling in Arabidopsis. Plant Physiol. 168, 343-356. doi:
10.1104/pp.15.00030

Lopez-Molina, L., Mongrand, S., McLachlin, D. T., Chait, B. T., and Chua, N. H.
(2002). ABI5 acts downstream of ABI3 to execute an ABA-dependent growth
arrest during germination. Plant ]. 32, 317-328. doi: 10.1046/j.1365-
313X.2002.01430.x

Nagpal, P., Walker, L. M., Young, J. C., Sonawala, A., Timpte, C., Estelle, M., et al.
(2000). AXR2 encodes a member of the Aux/IAA protein family. Plant Physiol.
123, 563-574. doi: 10.1104/pp.123.2.563

Nee, G., Xiang, Y., and Soppe, W. J. (2017). The release of dormancy, a wake-up
call for seeds to germinate. Curr. Opin. Plant Biol. 35, 8-14. doi: 10.1016/
j.pbi.2016.09.002

Nembhauser, J. L, Hong, F., and Chory, J. (2006). Different plant hormones
regulate similar processes through largely nonoverlapping transcriptional
responses. Cell 126, 467-475. doi: 10.1016/j.cell.2006.05.050

Nguyen, X. C., Hoang, M. H., Kim, H. S,, Lee, K,, Liu, X. M., Kim, S. H,, et al.
(2012). Phosphorylation of the transcriptional regulator MYB44 by mitogen
activated protein kinase regulates Arabidopsis seed germination. Biochem.
Biophys. Res. Commun. 423, 703-708. doi: 10.1016/j.bbrc.2012.06.019

Overvoorde, P. J., Okushima, Y., Alonso, J. M., Chan, A., Chang, C., Ecker, J. R,,
et al. (2005). Functional genomic analysis of the AUXIN/INDOLE-3-ACETIC
ACID gene family members in Arabidopsis thaliana. Plant Cell 17, 3282-3300.
doi: 10.1105/tpc.105.036723

Park, J., Kim, Y. S, Kim, S. G,, Jung, J. H.,, Woo, J. C,, and Park, C. M. (2011).
Integration of auxin and salt signals by the NAC transcription factor NTM2
during seed germination in Arabidopsis. Plant Physiol. 156, 537-549. doi:
10.1104/pp.111.177071

Penfield, S., Graham, S., and Graham, I. A. (2005a). Storage reserve mobilization in
germinating oilseeds: Arabidopsis as a model system. Biochem. Soc Trans. 33,
380-383. doi: 10.1042/BST0330380

Penfield, S., Josse, E.-M., Kannangara, R, Gilday, A. D., Halliday, K. J,, and
Graham, I. A. (2005b). Cold and light control seed germinationthrough the
bHLH transcription factor SPATULA. Curr. Biol. 15, 1998-2006. doi: 10.1016/
j.cub.2005.11.010

Piskurewicz, U., Jikumaru, Y., Kinoshita, N., Nambara, E., Kamiya, Y., and Lopez-
Molina, L. (2008). The gibberellic acid signaling repressor RGL2 inhibits
Arabidopsis seed germination by stimulating abscisic acid synthesis and
ABI5 activity. Plant Cell 20, 2729-2745. doi: 10.1105/tpc.108.061515

Piya, S., Shrestha, S. K., Binder, B., Stewart, C. N., and Hewezi, T. (2014). Protein-
protein interaction and gene co-expression maps of ARFs and Aux/IAAs in
Arabidopsis. Front. Plant Sci. 5, 744. doi: 10.3389/fpls.2014.00744

Popescu, S. C., Popescu, G. V., Bachan, S., Zhang, Z., Gerstein, M., Snyder, M.,
et al. (2009). MAPK target networks in Arabidopsis thaliana revealed using
functional protein microarrays. Genes Dev. 23, 80-92. doi: 10.1101/
ad. 1740009

Frontiers in Plant Science | www.frontiersin.org

February 2020 | Volume 11 | Article 111


https://doi.org/10.1073/pnas.1014856107
https://doi.org/10.1111/j.1365-313X.2007.03331.x
https://doi.org/10.1111/j.1365-313X.2007.03331.x
https://doi.org/10.1073/pnas.0710778105
https://doi.org/10.3389/fpls.2014.00539
https://doi.org/10.1104/pp.122.2.403
https://doi.org/10.1111/tpj.12670
https://doi.org/10.1111/j.1365-313X.2007.03118.x
https://doi.org/10.1023/a:1006379804678
https://doi.org/10.1046/j.0960-7412.2001.01201.x
https://doi.org/10.1046/j.0960-7412.2001.01201.x
https://doi.org/10.1126/science.1074950
https://doi.org/10.1126/science.1074950
https://doi.org/10.1104/pp.15.00402
https://doi.org/10.1104/pp.15.00402
https://doi.org/10.1105/tpc.4.10.1251
https://doi.org/10.1016/j.pbi.2005.01.011
https://doi.org/10.1016/j.pbi.2005.01.011
https://doi.org/10.1016/j.tplants.2007.11.002
https://doi.org/10.1101/gad.1953910
https://doi.org/10.1038/nature03542
https://doi.org/10.1046/j.1365-313X.1996.09040441.x
https://doi.org/10.1046/j.1365-313X.1996.09040441.x
https://doi.org/10.1093/nar/gkx417
https://doi.org/10.1093/pcp/pcr129
https://doi.org/10.1093/pcp/pcr129
https://doi.org/10.1046/j.1365-313x.1996.10030403.x
https://doi.org/10.1111/j.1365-313X.2007.03218.x
https://doi.org/10.1093/jxb/erq125
https://doi.org/10.1093/jxb/erq125
https://doi.org/10.1073/pnas.1304651110
https://doi.org/10.1104/pp.15.00030
https://doi.org/10.1046/j.1365-313X.2002.01430.x
https://doi.org/10.1046/j.1365-313X.2002.01430.x
https://doi.org/10.1104/pp.123.2.563
https://doi.org/10.1016/j.pbi.2016.09.002
https://doi.org/10.1016/j.pbi.2016.09.002
https://doi.org/10.1016/j.cell.2006.05.050
https://doi.org/10.1016/j.bbrc.2012.06.019
https://doi.org/10.1105/tpc.105.036723
https://doi.org/10.1104/pp.111.177071
https://doi.org/10.1042/BST0330380
https://doi.org/10.1016/j.cub.2005.11.010
https://doi.org/10.1016/j.cub.2005.11.010
https://doi.org/10.1105/tpc.108.061515
https://doi.org/10.3389/fpls.2014.00744
https://doi.org/10.1101/gad.1740009
https://doi.org/10.1101/gad.1740009
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Hussain et al.

Accumulation of the auxin signaling repressor IAA8

Rajjou, L., and Debeaujon, L. (2008). Seed longevity: survival and maintenance of
high germination ability of dry seeds. C. R. Biol. 331, 796-805. doi: 10.1016/
j.crvi.2008.07.021

Rinaldi, M. A., Liu, J., Enders, T. A., Bartel, B., and Strader, L. C. (2012). A gain-of-
function mutation in IAA16 confers reduced responses to auxin and abscisic
acid and impedes plant growth and fertility. Plant Mol. Biol. 79, 359-373. doi:
10.1007/s11103-012-9917-y

Rogg, L. E., Lasswell, ., and Bartel, B. (2001). A gain-of-function mutation in
IAA28 suppresses lateral root development. Plant Cell 13, 465-480. doi:
10.1105/tpc.13.3.465

Rouse, D., Mackay, P., Stirnberg, P., Estelle, M., and Leyser, O. (1998). Changes in
auxin response from mutations in an AUX/IAA gene. Science 279, 1371-1373.
doi: 10.1126/science.279.5355.1371

Santner, A., and Estelle, M. (2009). Recent advances and emerging trends in plant
hormone signalling. Nature 459, 1071. doi: 10.1038/nature08122

Shu, K., Liu, X. D., Xie, Q., and He, Z. H. (2016). Two faces of one seed: hormonal
regulation of dormancy and germination. Mol. Plant 9, 34-45. doi: 10.1016/
j.molp.2015.08.010

Skubacz, A., Daszkowska-Golec, A., and Szarejko, I. (2016). The role and
regulation of ABI5 (ABA-Insensitive 5) in plant development, abiotic stress
responses and phytohormone crosstalk. Front. In Plant Sci. 7, 1884. doi:
10.3389/fpls.2016.01884

Soderman, E. M., Brocard, I. M., Lynch, T. J., and Finkelstein, R. R. (2000).
Regulation and function of the Arabidopsis ABA-insensitive 4 gene in seed and
abscisic acid response signaling networks. Plant Physiol. 124, 1752-1765. doi:
10.1104/pp.124.4.1752

Steber, C. M., and McCourt, P. (2001). A role for brassinosteroids in germination
in Arabidopsis. Plant Physiol. 125, 763-769. doi: 10.1104/pp.125.2.763

Tatematsu, K., Kumagai, S., Muto, H., Sato, A., Watahiki, M. K., Harper, R. M.,
et al. (2004). MASSUGU2 encodes Aux/IAA19, an auxin-regulated protein
that functions together with the transcriptional activator NPH4/ARF7 to
regulate differential growth responses of hypocotyl and formation of lateral
roots in Arabidopsis thaliana. Plant Cell 16, 379-393. doi: 10.1105/tpc.018630

Tian, Q., Nagpal, P., and Reed, J. W. (2003). Regulation of Arabidopsis SHY2/IAA3
protein turnover. Plant J. 36, 643-651. doi: 10.1046/j.1365-313X.2003.01909.x

Timpte, C., Wilson, A. K., and Estelle, M. (1994). The axr2-1 mutation of
Arabidopsis thaliana is a gain-of-function mutation that disrupts an early
step in auxin response. Genetics 138, 1239-1249.

Tiwari, S. B., Hagen, G., and Guilfoyle, T. (2003). The roles of auxin response
factor domains in auxin-responsive transcription. Plant Cell 15, 533-543. doi:
10.1105/tpc.008417

Uehara, T., Okushima, Y., Mimura, T., Tasaka, M., and Fukaki, H. (2008). Domain
II mutations in CRANE/IAA18 suppress lateral root formation and affect shoot

development in Arabidopsis thaliana. Plant Cell Physiol. 49, 1025-1038. doi:
10.1093/pcp/pen079

Vernoux, T., Brunoud, G., Farcot, E., Morin, V., Van den Daele, H., Legrand, J.,
etal. (2011). The auxin signalling network translates dynamic input into robust
patterning at the shoot apex. Mol. Syst. Biol. 7, 508. doi: 10.1038/msb.2011.39

Wang, D., Pajerowska-Mukhtar, K., Culler, A. H., and Dong, X. (2007). Salicylic
acid inhibits pathogen growth in plants through repression of the auxin
signaling pathway. Curr. Biol. 17, 1784-1790. doi: 10.1016/j.cub.2007.09.025

Wang, Y., Li, L, Ye, T., Zhao, S., Liu, Z., Feng, Y. Q., et al. (2011). Cytokinin
antagonizes ABA suppression to seed germination of Arabidopsis by
downregulating ABI5 expression. Plant ]. 68, 249-261. doi: 10.1111/j.1365-
313X.2011.04683.x

Wang, J., Yan, D. W., Yuan, T. T., Gao, X, and Lu, Y. T. (2013). A gain-of-function
mutation in TAAS8 alters Arabidopsis floral organ development by change of
jasmonic acid level. Plant Mol. Biol. 82, 71-83. doi: 10.1007/s11103-013-0039-y

Wang, X., Yesbergenova-Cuny, Z., Biniek, C., Bailly, C., El-Maarouf-Bouteau, H.,
and Corbineau, F. (2018). Revisiting the role of ethylene and N-end rule
pathway on chilling-induced dormancy release in arabidopsis seeds. Int. J. Mol.
Sci. 19, 3577. doi: 10.3390/ijms19113577

Winter, D., Vinegar, B., Nahal, H., Ammar, R., Wilson, G. V., and Provart, N. J.
(2007). An “Electronic Fluorescent Pictograph” browser for exploring and
analyzing large-scale biological data sets. PloS One 2, €718. doi: 10.1371/
journal.pone.0000718

Yang, S. H., Sharrocks, A. D., and Whitmarsh, A. J. (2003). Transcriptional
regulation by the MAP kinase signaling cascades. Gene 320, 3-21. doi: 10.1016/
s0378-1119(03)00816-3

Yang, X,, Lee, S., So, J. H., Dharmasiri, S., Dharmasiri, N., Ge, L., et al. (2004). The
TAAL1 protein is encoded by AXR5 and is a substrate of SCF(TIR1). Plant J. 40,
772-782. doi: 10.1111/j.1365-313X.2004.02254.x

Zhao, Y. (2010). Auxin biosynthesis and its role in plant development. Annu. Rev.
Plant Biol. 61, 49-64. doi: 10.1146/annurev-arplant-042809-112308

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Hussain, Kim, Bahk, Ali, Nguyen, Yun and Chung. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Plant Science | www.frontiersin.org

February 2020 | Volume 11 | Article 111


https://doi.org/10.1016/j.crvi.2008.07.021
https://doi.org/10.1016/j.crvi.2008.07.021
https://doi.org/10.1007/s11103-012-9917-y
https://doi.org/10.1105/tpc.13.3.465
https://doi.org/10.1126/science.279.5355.1371
https://doi.org/10.1038/nature08122
https://doi.org/10.1016/j.molp.2015.08.010
https://doi.org/10.1016/j.molp.2015.08.010
https://doi.org/10.3389/fpls.2016.01884
https://doi.org/10.1104/pp.124.4.1752
https://doi.org/10.1104/pp.125.2.763
https://doi.org/10.1105/tpc.018630
https://doi.org/10.1046/j.1365-313X.2003.01909.x
https://doi.org/10.1105/tpc.008417
https://doi.org/10.1093/pcp/pcn079
https://doi.org/10.1038/msb.2011.39
https://doi.org/10.1016/j.cub.2007.09.025
https://doi.org/10.1111/j.1365-313X.2011.04683.x
https://doi.org/10.1111/j.1365-313X.2011.04683.x
https://doi.org/10.1007/s11103-013-0039-y
https://doi.org/10.3390/ijms19113577
https://doi.org/10.1371/journal.pone.0000718
https://doi.org/10.1371/journal.pone.0000718
https://doi.org/10.1016/s0378-1119(03)00816-3
https://doi.org/10.1016/s0378-1119(03)00816-3
https://doi.org/10.1111/j.1365-313X.2004.02254.x
https://doi.org/10.1146/annurev-arplant-042809-112308 
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	The Auxin Signaling Repressor IAA8 Promotes Seed Germination Through Down-Regulation of ABI3 Transcription in Arabidopsis
	Introduction
	Materials and Methods
	Plant Material and Growth Conditions
	Generation of Transgenic Plants Overexpressing IAA8
	Seed Germination Assay
	Protein Extraction and Immunoblot Analysis
	RNA Extraction and Gene Expression Analysis by Reverse-Transcription Quantitative PCR (RT-qPCR) and Semi-Quantitative RT-PCR
	Chromatin Immunoprecipitation Assay

	Results
	IAA8 Is Involved in Seed Germination
	IAA8 Protein Accumulates During Seed&nbsp;Germination
	IAA8 Protein Stability Is Maintained by Cold and ROS Signals
	IAA8 Down-Regulates ABI3 Expression During Seed Germination

	Discussion
	IAA8 Is a Positive Regulator of Seed&nbsp;Germination
	IAA8 Accumulation Is Caused by De Novo Synthesis and Increased Stability During Germination
	IAA8 Promotes Seed Germination Through Suppression of ABI3 Transcription

	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


