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Abstract
The plant hormone auxin, a master coordinator of development, regulates hypocotyl elongation during seedling growth.
We previously identified the synthetic molecule RubNeddin 1 (RN1), which induces degradation of the AUXIN/INDOLE-3-
ACETIC ACID (AUX/IAA) transcriptional repressors INDOLE-3-ACETIC ACID-INDUCIBLE3 (IAA3) and IAA7 in planta and
strongly promotes hypocotyl elongation. In the present study, we show that despite the structural similarity of RN1 to the
synthetic auxin 2,4-dichlorophenoxyacetic-acid (2,4-D), direct treatments with these compounds in Arabidopsis
(Arabidopsis thaliana) result in distinct effects, possibly due to enhanced uptake of RN1 and low-level, chronic release of
2,4-D from RN1 in planta. We confirm RN1-induced hypocotyl elongation occurs via specific TRANSPORT INHIBITOR
RESISTANT1 (TIR1)/AUXIN SIGNALING F-BOX (AFB) receptor-mediated auxin signaling involving TIR1, AFB2, and AFB5.
Using a transcriptome profiling strategy and candidate gene approach, we identify the genes ZINC FINGER OF
ARABIDOPSIS THALIANA10 (ZAT10), ARABIDOPSIS TOXICOS EN LEVADURA31 (ATL31), and WRKY DNA-BINDING
PROTEIN33 (WRKY33) as being rapidly upregulated by RN1, despite being downregulated by 2,4-D treatment. RN1-induced
expression of these genes also occurs via TIR1/AFB-mediated auxin signaling. Our results suggest both hypocotyl elongation
and transcription of these genes are induced by RN1 via the promoted degradation of the AUX/IAA transcriptional
repressor IAA7. Moreover, these three genes, which are known to be stress-related, act in an inter-dependent transcrip-
tional regulatory network controlling hypocotyl elongation. Together, our results suggest ZAT10, ATL31, and WRKY33
take part in a common gene network regulating hypocotyl elongation in Arabidopsis downstream of a selective auxin
perception module likely involving TIR1, AFB2, and AFB5 and inducing the degradation of IAA7.
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Introduction
Auxin is a master regulator of plant development, known to
be involved in coordinating almost all aspects of plant
growth (Strader and Zhao, 2016). Dissecting the regulation
of specific features of auxin-coordinated plant development
can therefore present challenges. Over the past few years,
powerful chemical biology approaches have resulted in
the isolation of synthetic auxin analogs, agonists, and
antagonists displaying more potency and/or selectivity than
auxin itself, which has greatly assisted in unraveling the
mechanisms and signaling pathways of auxin-regulated
developmental programs (Fukui and Hayashi, 2018; Ma et
al., 2018).

Auxin is perceived in the nucleus via the TRANSPORT
INHIBITOR RESISTANT1 (TIR1)/AUXIN SIGNALING F-BOX
(AFB)-AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA) co-
receptor complex within the S-PHASE KINASE-ASSOCIATED
PROTEIN1-CULLIN1-F-BOX (SCF) E3 ligase (Calderon-
Villalobos et al., 2010). The formation of the SCFTIR1/AFB–
AUX/IAA–auxin complex promotes the degradation of
the AUX/IAA transcriptional repressors, releasing AUXIN
RESPONSE FACTOR (ARF) transcription factors from repres-
sion, which in turn leads to an auxin-induced transcriptional
response (Weijers and Wagner, 2016). Recently, we isolated
and characterized a set of small, synthetic molecules
affecting plant development, called RubNeddins (RNs), to
which mutants deficient in the enzyme subunit AUXIN
RESISTANT1 (AXR1) are less sensitive (Vain et al., 2019).
AXR1 activates RELATED TO UBIQUITIN/NEURAL
PRECURSOR CELL EXPRESSED DEVELOPMENTALLY
DOWNREGULATED PROTEIN8 (RUB/NEDD8), which in
turn regulates the SCF complex by modifying CULLIN1
(Calderon-Villalobos et al., 2010). The RN molecules differen-
tially affect the interactions of TIR1 with specific AUX/IAAs,
dependent on the experimental conditions, leading to
regulation of selective plant developmental aspects (Vain et
al., 2019). One of these molecules, RN 1 (RN1), strongly pro-
motes hypocotyl elongation in Arabidopsis (Arabidopsis
thaliana) seedlings at concentrations which only weakly in-
hibit root elongation (Vain et al., 2019).

In this study, we took advantage of these selective effects
of RN1 to dissect the genetic regulation of hypocotyl elonga-
tion in Arabidopsis. Hypocotyl elongation following seed ger-
mination occurs mainly via cell expansion and is regulated
by multiple internal and environmental signals including
hormone signaling, circadian rhythm, gravity, and light
(Gendreau et al., 1997; Vandenbussche et al., 2005). Auxin in
particular has long been known to play an important role in
hypocotyl elongation in light conditions (Gray et al., 1998;
Jensen et al., 1998). We confirmed RN1 promotes light-
grown hypocotyl elongation via the SCFTIR1/AFB complex.
Our results suggest RN1 treatment triggers an auxin percep-
tion module including the receptors TIR1, AFB2, and/or
AFB5, leading to degradation of distinct AUX/IAAs, such as
IAA-INDUCIBLE7 (IAA7). Using a transcriptome profiling
strategy, we identified three stress-related genes, namely

ZINC FINGER OF ARABIDOPSIS THALIANA10 (ZAT10),
ARABIDOPSIS TOXICOS EN LEVADURA31 (ATL31), and
WRKY DNA-BINDING PROTEIN33 (WRKY33), which are
rapidly upregulated by RN1 treatment, despite being
downregulated by treatment with the synthetic auxin 2,4-
dichlorophenoxyacetic acid (2,4-D). Our results suggest
these three genes take part in a common regulatory
network downstream of a distinct auxin perception module,
which is involved in the selective promotion of hypocotyl
elongation.

Results

RN1-induced hypocotyl elongation requires the
SCFTIR1/AFB complex
RN1 is a synthetic molecule (Figure 1A), identified from an
AXR1-dependent developmental plant-based chemical
screen as selectively stimulating hypocotyl elongation and
inhibiting primary root growth in seedlings of Arabidopsis
(Vain et al., 2019). We showed previously that the growth of
seedlings on RN1-supplemented medium strongly induced
hypocotyl elongation in a dose-dependent manner up to a
concentration of 2 mM and inhibited primary root growth
at concentrations above 0.5 mM (Vain et al., 2019). The neg-
ative effect of RN1 on primary root growth was weak at
concentrations of 0.5–1 mM, at which the positive effect on
hypocotyl length was rather strong. We confirmed RN1
enhances Arabidopsis hypocotyl elongation at these two
concentrations, with 1 mM having a stronger effect (Figure
1B).

Structurally, part of the RN1 molecule closely resembles
the synthetic auxin 2,4-D (Figure 1A) and it has previously
been shown RN1 can be slightly metabolized to release
some 2,4-D in planta (Vain et al., 2019). We found 2,4-D
may slightly increase hypocotyl length at a treatment con-
centration of 0.05 mM (Figure 1B). We therefore further in-
vestigated the effects of 2,4-D at a range of concentrations
by performing a dose response analysis, revealing a weak ac-
tivity of 2,4-D on promotion of hypocotyl elongation
(Supplemental Figure S1A) at concentrations that strongly
inhibited primary root growth (Supplemental Figure S1B).
These results show the effects of RN1 and 2,4-D treatment
on hypocotyl elongation seem to be quite different, suggest-
ing one of several possible alternatives. It may be the activity
of RN1 on the promotion of hypocotyl elongation is inde-
pendent of its structural analogy to 2,4-D. Alternatively, RN1
may act as a bipartite prohormone as has been demon-
strated for other 2,4-D analogs (Savaldi-Goldstein et al.,
2008), enabling easier uptake than 2,4-D itself into hypocotyl
tissue and/or providing a means for low-level, chronic 2,4-D
release in planta, resulting in different effects than those of
direct, acute treatment with the potent 2,4-D molecule. The
potential for prohormone activity of RN1 is strengthened by
the observations that RN1-enhanced hypocotyl elongation is
almost abolished by removal or slight alteration of the 2,4-D
substructure (Vain et al., 2019).
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Auxin is known to be a major regulator of plant growth
and hypocotyl development (Spartz et al., 2014). Therefore,
we tested the effects of short-term RN1 treatments on ex-
pression of the auxin early-responsive homeobox gene
HOMEOBOX FROM ARABIDOPSIS THALIANA2 (HAT2; Sawa
et al., 2002). We reasoned the use of rather high treatment
concentrations would ensure early-responsive genes could

be easily identified in spite of the short treatment time.
While 30 min treatments with 50-mM 2,4-D and another
synthetic auxin, 1-naphthaleneacetic acid (NAA), strongly
promoted HAT2 expression in Arabidopsis cell suspension
cultures, RN1 did not affect the level of HAT2 expression,
neither in cell cultures nor in seedlings (Figure 1C).
Overall, our results show the synthetic molecule RN1,
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Figure 1 RN1 effects differ from those of direct 2,4-D treatment and RN1 induces hypocotyl elongation through the SCFTIR1/AFB pathway. A,
Chemical structure of RN1 and 2,4-D. B, Seedling phenotype (left) and hypocotyl length (right) in 5-d-old wild-type (WT) seedlings treated with
RN1 or 2,4-D for 5 d. Representative images are shown. Scale bars represent 1 cm. C, Expression of HAT2 relative to DMSO treatment after 30 min
of RN1, 2,4-D, and NAA treatment in cell cultures and after 30 min of RN1 treatment in 5-d-old WT seedlings. D, E, Hypocotyl length relative to
the WT (D) and relative to DMSO treatment after 5 d of RN1 and 2,4-D treatments, relative to that in WT (E) in 5-d-old axr1-30, cul1-6, tir1-1,
afb1-3, afb2-3, afb3-4, afb5-5, tir1-1afb2-3, and tir1-1afb5 mutants. For all graphs, means of at least three biological replicates are shown, horizontal
dashed lines represent DMSO (B, C) or WT (D, E) and error bars represent SE of the mean. Different letters (of the same color) indicate statistical
differences according to the Tukey–Kramer honestly significant difference test or Wilcoxon rank-sum test at a = 0.05 (B–E); ns indicates no sig-
nificant difference compared to DMSO according to the Student’s t test at a = 0.05 (C); letters of different colors (black and gray) indicate two
different groups of samples (RN1 and 2,4-D treatments) that were not statistically compared (E). Concentrations in square brackets are in mM.
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despite its 2,4-D-like substructure, induces distinct auxin-like
effects that differ to those of direct 2,4-D treatment.
With this in mind, the selective effects of RN1 on hypocotyl
elongation prompted us to take advantage of RN1 as a tool
to investigate hypocotyl regulation in a way not possible us-
ing 2,4-D itself.

RN1 requires the SCFTIR1/AFB complex to induce hypocotyl
elongation (Vain et al., 2019). Interestingly, we found
Arabidopsis single mutants deficient in the RUB/NEDD8-
activating enzyme subunit AXR1 (axr1-30), in the SCF com-
plex component CULLIN1 (cul1-6), or in the F-box proteins
AFB2 or 3 (afb2-3 and afb3-4) displayed shorter hypocotyls
compared to the wild-type (Figure 1D). This suggests a role
of auxin signaling mediated by the SCF complex and in
particular the receptors AFB2 and AFB3 in hypocotyl elonga-
tion. As was previously shown for the mutants axr1-30, cul1-
6, tir1-1, and tir1-1afb1-3afb3-4 (Vain et al., 2019), we
showed the mutants axr1-30, cul1-1, and tir1-1 were signifi-
cantly less sensitive, while afb2-3 and afb5-5 were slightly
less sensitive, than the wild-type to the effects of 1-mM RN1
on hypocotyl elongation (Figure 1E). Furthermore, the
potency of RN1 on hypocotyl elongation was more strongly
reduced in the double mutants tir1-1afb2-3 and tir1-1afb5
compared to the wild-type, than in the relevant single
mutants (Figure 1E), suggesting redundancy between TIR1
and AFB2/AFB5. Interestingly, cul1-6 was the only mutant
that displayed significantly reduced sensitivity to 2,4-D than
the wild-type, supporting the better potential of RN1 as a
tool to dissect hypocotyl growth regulation via TIR1/AFB
signaling pathways. Together, these data demonstrate that
RN1-mediated hypocotyl elongation requires the SCFTIR1/AFB

complex and in particular the auxin receptors TIR1, AFB2,
and AFB5.

Direct RN1 and 2,4-D treatments induce different
early transcriptomic responses
To identify molecular actors involved in hypocotyl elonga-
tion, an RN1-dependent transcriptomic analysis was
performed. First, a pilot cDNA-amplified fragment length
polymorphism (AFLP) experiment was conducted on 7-d-
old Arabidopsis seedlings to determine the optimum
conditions for full transcriptomic profiling. We focused on
early transcriptional modulation using treatments of 30 min
and 3 h of 1-mM RN1. Interestingly, the transcriptional re-
sponse differed considerably between these two durations of
RN1 treatment and suggested the occurrence of an early
transcriptional response to RN1. The expression levels of 13
genes were modulated after 30 min of RN1 treatment, while
only one gene expression was changed after 3 h, with no
overlap in the gene identity (Supplemental Table S1).
Among the thirteen genes regulated after 30-min RN1 treat-
ment, eleven were induced and only two were repressed
(Supplemental Table S1). Therefore, the cDNA-AFLP analysis
revealed RN1 induces an early transcriptomic response,
within 30 min, at a micromolar concentration range.

Based on these results, an RNA sequencing (RNAseq) ex-
periment was conducted on samples treated for 30 min
with RN1. To compare the transcriptomic responses in-
duced by direct RN1 and 2,4-D treatments, samples treated
for 30 min with 2,4-D were also included. With the aim of
more easily distinguishing early-responsive genes, we again
chose a high treatment concentration of 50 mM for both
molecules. To ensure a homogeneous response, the RNAseq
analysis was performed using Arabidopsis cell suspension
cultures, as was previously used for profiling methyl jasmo-
nate (Pauwels et al., 2008). The expression of a total of 326
genes was significantly affected by the RN1 treatment, while
the expression of 1,439 genes was modulated by the 2,4-D
treatment, compared to the control treatment (Figure 2A;
Supplemental Table S2, A and B). These results suggest RN1
is less potent than 2,4-D in altering gene expression after a
30-min direct treatment and might therefore induce a more
specific early transcriptomic response. Of the genes affected
by either of these molecules, 144 (8.9%) were commonly
regulated by both molecules (Figure 2A; Supplemental
Table S2C). The 2,4-D treatment mainly suppressed gene
expression, with 1,125 (78.2%) of the 2,4-D-modulated genes
being downregulated and 314 (21.8%) being upregulated
(Figure 2B; Supplemental Table S2B). In contrast,
RN1 mainly induced gene expression, as 291 (89.3%) of the
RN1-modulated genes were upregulated and only 35
(10.7%) were downregulated (Figure 2B; Supplemental Table
S2A). Additionally, 93 (64.6%) of the 144 genes regulated by
both molecules displayed an opposite pattern of regulation,
with gene expression being induced by one molecule and re-
pressed by the other (Figure 2B; Supplemental Table S2D).
Of the 248 genes specifically induced by RN1, 86 (34.7%)
were downregulated by 2,4-D (Figure 2B; Supplemental
Table S2D) and we chose to focus on this gene set, with the
aim of isolating genes specifically involved in RN1-mediated
hypocotyl elongation.

As the RNAseq was performed in cell cultures, we com-
pared the effects of RN1 on gene expression in cell cultures
and seedlings. We used reverse transcription quantitative
real-time polymerase chain reaction (RT-qPCR) to investi-
gate the expression of ZAT10, which was identified as an
RN1-upregulated gene in both the cDNA-AFLP and RNAseq
experiments (Supplemental Tables S1 and S2A). In agree-
ment with the RNAseq data, while 30-min treatment of cell
cultures or seedlings with 50-mM RN1 significantly enhanced
ZAT10 expression, 30-min treatment with 50-mM 2,4-D sig-
nificantly repressed the ZAT10 expression (Figure 2C).
Additionally, 30-min treatment with 50-mM NAA slightly,
but not significantly, decreased the ZAT10 expression (Figure
2C). To investigate the effects of RN1 on the expression pat-
tern of ZAT10, we performed GUS staining on seedlings of
ZAT10::GUS grown for 5 d on chemical-supplemented me-
dium. The results showed ZAT10 is expressed mainly in the
cotyledons, lower hypocotyl, upper root, and root tip in
control conditions (Figure 2D). The ZAT10 expression was
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noticeably increased in the hypocotyl, especially the upper
hypocotyl, in response to 1-mM RN1 treatment, but not in
response to 0.5-mM 2,4-D treatment, which rather increased
the ZAT10 expression in the root tip (Figure 2D). These
results imply both the level and pattern of the ZAT10 ex-
pression are affected differently by direct treatments with
RN1 and 2,4-D as well as suggesting the possibility ZAT10
may be involved in the effect of RN1 on hypocotyl elonga-
tion. In conclusion, the RNAseq analysis suggests RN1 acts
mainly as a promotor of gene expression, with many RN1-
induced genes being subject to downregulation by direct
2,4-D treatment. These results reveal a set of genes,

including ZAT10, with the potential for being involved in
RN1-mediated hypocotyl elongation.

The early transcriptomic response to RN1 requires
the SCFTIR1/AFB signaling pathway
To understand the specificity of the RN1 transcriptional re-
sponse and its effect on hypocotyl elongation, we focused
on ZAT10 and two other candidate genes selected from the
same gene set (upregulated by RN1 treatment and downre-
gulated by 2,4-D treatment; Supplemental Table S2D), which
are all known to be involved in stress responses. ZAT10 has
been implicated in several abiotic stress responses
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(Sakamoto et al., 2000, 2004; Mittler et al., 2006; Rossel et al.,
2007). The other candidates selected were ATL31 and
WRKY33, which have both been implicated in defense
responses to pathogens (Zheng et al., 2006; Maekawa et al.,
2012), while ATL31 is additionally involved in carbon and ni-
trogen balance responses (Sato et al., 2009; Maekawa et al.,
2012). Furthermore, evidence has suggested crosstalk be-
tween ATL31 and WRKY33 (Maekawa et al., 2012; Reyes et
al., 2015). To confirm the RNAseq data obtained with cell
cultures, we performed RT-qPCR analysis of these genes in 5-
d-old Arabidopsis seedlings after 30 min of RN1 treatment at
50 mM. The results revealed RN1 also induces the expression
of these selected candidates in seedlings (Figure 3A).

The SCFTIR1/AFB complex requirement for hypocotyl elon-
gation induction by RN1 (Figure 1E) prompted us to study
the expression of the candidate genes in AXR1- and TIR1/
AFB-deficient Arabidopsis mutants after RN1 treatment. The
mutant axr1-30 displayed significantly less sensitivity to
RN1-induced expression of the three candidate genes com-
pared to the wild-type (Figure 3B). This suggests RN1 induc-
tion of these genes requires the AXR1 signaling pathway.
Although the mutant tir1-1 was slightly less sensitive to RN1
compared to the wild-type in terms of hypocotyl elongation
(Figure 1E), the RN1-induced expression of ZAT10, ATL31,
and WRKY33 in tir1-1 and the wild-type were similar (Figure
3C), which might be explained by redundancy of TIR1 with
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the other members of the TIR1/AFB protein family. The
gene expression data were much less robust than the hypo-
cotyl elongation data, displaying far more variation across bi-
ological replicates; therefore, we reasoned higher-order
multiple tir1/afb mutations may be required to confer resis-
tance to RN1-induced changes in gene expression. Thus, we
next analyzed the expression levels of the candidate genes in
the quadruple TIR1/AFB-deficient mutant tir1-1afb1-3afb2-
3afb3-4, revealing a trend of lowered sensitivity to RN1-
induced expression of the candidate genes; however, only
ZAT10 expression was significantly less sensitive to RN1 in
this mutant (Figure 3D). These results suggest RN1 induc-
tion of ZAT10, ATL31, and WRKY33 occurs through the
SCFTIR1/AFB auxin signaling pathway.

Overall, these data imply the involvement of AXR1 and
the SCFTIR1/AFB complex in the RN1-induced early transcrip-
tional response and furthermore suggest the possibility the
candidate genes ZAT10, ATL31, and/or WRKY33 may be in-
volved in the RN1 mode of action on hypocotyl elongation.

Gain of IAA7 function results in loss of RN1 effects
The transcriptional repressors IAA3 and IAA7 have been
implicated in regulating hypocotyl elongation (Timpte et al.,
1992; Reed et al., 1998) and we previously showed RN1 se-
lectively promotes the degradation of these two AUX/IAAs
in planta (Vain et al., 2019). We therefore tested the sensi-
tivity of the AUX/IAA gain-of-function mutants shy2-2/iaa3
and axr2-1/iaa7 to RN1 as a promoter of hypocotyl elonga-
tion. First, we confirmed the hypocotyls of these two
mutants were shorter than the wild-type in control condi-
tions (Figure 4A), as has been shown previously (Timpte et
al., 1992; Reed et al., 1998). Interestingly, in agreement with
our previous work showing variable RN sensitivity between
different Arabidopsis accessions (Vain et al., 2019),
Landsberg erecta (Ler) and Columbia-0 (Col-0) showed dif-
ferent sensitivities to RN1-induced hypocotyl elongation,
with Ler being substantially less sensitive than Col-0 (Figure
4B). We found both shy2-2/iaa3 (Ler background) and axr2-
1/iaa7 (Col-0 background) were significantly less sensitive
than their respective wild-types to RN1-induced hypocotyl
elongation (Figure 4C), suggesting the degradation of IAA3
and IAA7 may be important for this effect of RN1. We next
investigated the sensitivities of these gain-of-function
mutants to RN1-induced upregulation of our three candi-
date genes. While shy2-2/iaa3 showed similar sensitivity to
Ler in terms of RN1-induced ZAT10, ATL31, and WRKY33
expression (Figure 4D), axr2-1/iaa7 showed less sensitivity
than Col-0 in terms of RN1-induced ZAT10 and WRKY33 ex-
pression, but similar sensitivity to Col-0 in terms of RN1-
induced ATL31 expression (Figure 4E). Together, these
results suggest RN1 promotion of hypocotyl elongation and
at least part of the RN1-induced early transcriptional re-
sponse occur downstream of the degradation of specific
AUX/IAAs, most likely including IAA7.

ZAT10, ATL31, and WRKY33 act in a common gene
regulatory network
To determine whether ZAT10, ATL31, and WRKY33 may
belong to the same transcriptional network, potentially reg-
ulating hypocotyl elongation triggered by RN1, their gene
transcript levels were analyzed in mutant and overexpressor
Arabidopsis lines of these genes. Interestingly, ZAT10 expres-
sion was significantly reduced in the ATL31 overexpressor
line as well as being noticeably, but not significantly, reduced
in the wrky33 mutant (Figure 5A), suggesting ATL31 and
WRKY33 may negatively and positively regulate ZAT10
expression, respectively. ATL31 expression was noticeably,
but not significantly, reduced in the wrky33 mutant and was
significantly enhanced in the WRKY33 overexpressor line
(Figure 5B), implying WRKY33 acts as a positive regulator of
ATL31 expression. WRKY33 expression was not significantly
modulated in any of the lines (Figure 5C), suggesting
WRKY33 may act upstream of the other genes.

To investigate the possibility that these genes interact in
an RN1-induced regulatory network, we tested the effects of
RN1 on their expression in mutant and overexpressor lines
of the genes. We found ZAT10 expression was significantly
more enhanced by RN1 treatment in the ATL31 overexpres-
sor line than in the wild-type (Supplemental Figure S2A).
Additionally, ATL31 expression was significantly less sensitive
to RN1 in the WRKY33 overexpressor line than in the wild-
type (Supplemental Figure S2B), most likely because ATL31
expression is already significantly increased in the WRKY33
overexpressor line without treatment (Figure 5B). Although
WRKY33 expression tended to be more sensitive to RN1 in
ATL31-affected lines than in the wild-type, the differences
were not significant (Supplemental Figure S2C).

Interestingly, both ZAT10 and WRKY33 showed the trend
of higher sensitivity to RN1-induced expression than the
wild-type in the atl31-1 mutant and even more so in the
ATL31 overexpressor line (Supplemental Figure S2, A and C),
suggesting a balanced expression of ATL31 may be impor-
tant for regulating the responses of the other two genes to
RN1. Furthermore, ZAT10 and ATL31 both showed the
trend of lower sensitivity to RN1 than the wild-type in
the WRKY33 overexpressor line (Supplemental Figure S2,
A and B). Paradoxically, although WRKY33 appears to act
upstream of the two other genes, enhancing their expression
in the absence of RN1, RN1 does not require WRKY33 to
enhance the expression of the other two genes and their
RN1-enhanced expression appears to be suppressed by
WRKY33. One potential explanation for these results is the
functional redundancy known to occur within the large fam-
ily of WRKY transcription factors (Eulgem and Somssich,
2007). Together, these results suggest these three genes may
be involved in a regulatory interaction network stimulated
by RN1 treatment, with WRKY33 likely acting upstream as a
positive regulator of ATL31 and ZAT10 expression, and
ATL31 acting as a suppressor of ZAT10 expression.
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RN1-induced genes are potential actors in
hypocotyl elongation
To investigate whether the induction of the ZAT10, ATL31,
and WRKY33 regulatory network by RN1 may be involved
in the RN1 promotion of hypocotyl growth, we next investi-
gated the mutant and overexpressor lines for their hypo-
cotyl growth and their sensitivity to RN1-induced hypocotyl
elongation. To further investigate the potential interactions

between these three genes in the regulation of hypocotyl
elongation, we also included homozygous double mutant
combinations of the genes in our analyses.

In control conditions, the overexpressor lines of ZAT10,
ATL31, and WRKY33 all had significantly longer hypocotyls,
while the wrky33 mutant had significantly shorter hypoco-
tyls, than the wild-type (Figure 6). These results support
roles for ZAT10, ATL31, and WRKY33 in hypocotyl growth.
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Furthermore, the atl31-1 mutant was significantly more sen-
sitive, while the WRKY33 overexpressor line was significantly
less sensitive, to RN1-induced hypocotyl elongation than the
wild-type (Supplemental Figure S3). These findings imply
ATL31 and WRKY33 are specifically involved in RN1-induced
hypocotyl elongation.

Interestingly, combination of the wrky33 mutation with ei-
ther the zat10 or atl31-1 mutation rescued the short hypo-
cotyl phenotype of single wrky33 mutant in control
conditions to that of the wild-type (Figure 6). Moreover,
combination of the atl31-1 mutation with either the zat10
or wrky33 mutation rescued the increased sensitivity of the
atl31-1 single mutant to RN1-enhanced hypocotyl length to
that of the wild-type (Supplemental Figure S3). These results
strengthen the hypothesis ZAT10, ATL31, and WRKY33
are inter-dependent genes acting in the same regulatory
transcriptional network.

Together, the results of this study suggest hypocotyl
elongation in light-grown Arabidopsis seedlings is regulated
by a gene network involving ZAT10, ATL31, and WRKY33,
acting downstream of a specific auxin perception module
likely involving the SCFTIR1/AFB complex F-boxes TIR1, AFB2,
and AFB5 and the AUX/IAA transcriptional repressor IAA7.
We postulate RN1 stimulates this signaling pathway by se-
lectively promoting the interaction of these F-box receptors
with the transcriptional repressor IAA7, leading to IAA7
degradation and the consequent activation of downstream
signaling, which in turn leads to upregulation of WRKY33
expression (Supplemental Figure S4). WRKY33 acts upstream
of ATL31 and ZAT10, in turn promoting their expression,
while ATL31 acts as an inhibitor of ZAT10 expression, with
this interactive gene network contributing to the regulation
of hypocotyl elongation (Supplemental Figure S4).

Discussion
Auxin is involved in regulating virtually all aspects of plant
development, its diverse effects being mediated through the
degradation of a multitude of AUX/IAA transcriptional
repressors. The AUX/IAAs, of which there are 29 in
Arabidopsis, vary considerably in their auxin-induced degra-
dation rates and the specificity of their interactions with the
six Arabidopsis TIR1/AFB F-box proteins, thus allowing a va-
riety of complex auxin responses, specific to certain aspects
of plant growth and development (Weijers and Wagner,
2016). We showed in the present work that mutants
deficient in TIR1, AFB2, and AFB5 are resistant to RN1-
induced hypocotyl elongation, implying these particular
F-box receptors may be involved in a selective auxin-sensing
module regulating hypocotyl growth. Various tir1, afb1, afb2,
and afb3 mutant combinations have previously been shown
to be resistant to IAA-induced hypocotyl elongation
(Chapman et al., 2012), while the afb5 mutant is highly
resistant to hypocotyl elongation induced by the synthetic
auxin picloram (Greenham et al., 2011). Our results add
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Figure 5 ZAT10, ATL31, and WRKY33 act in a common regulatory gene expression network. A–C, Expression of ZAT10 (A), ATL31 (B), and
WRKY33 (C) relative to the WT in 5-d-old mutant and overexpressor lines of ZAT10 (zat10 and 35S::ZAT10), ATL31 (atl31-1 and 35S::ATL31), and
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represent SE of the mean. Different letters indicate statistical differences according to the Tukey–Kramer honestly significant difference test or
Wilcoxon rank-sum test at a = 0.05.
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Figure 6 Hypocotyl elongation is altered in lines affected in ATL31
and WRKY33. Hypocotyl length relative to the WT in 5-d-old mutant
and overexpressor lines of ZAT10, ATL31, and WRKY33. Hypocotyl
length was analyzed in mutants and overexpressor lines of ZAT10
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further support for important roles of selective SCFTIR1/AFB

signaling in auxin-induced hypocotyl elongation.
Hypocotyl elongation has been shown to be defective, in

both light and dark conditions, in shy2 and axr2 mutants
(Timpte et al., 1992; Reed et al., 1998), which were
later revealed as gain-of-function mutants of the AUX/IAAs
IAA3 and IAA7, respectively (Tian and Reed, 1999; Nagpal et
al., 2000). Furthermore, the IAA7 loss-of-function mutant
axr2-5 was shown to display slightly longer light-grown
hypocotyls than the wild-type (Nagpal et al., 2000).
Therefore, auxin may induce hypocotyl elongation via the
selective degradation of IAA3 and/or IAA7, by releasing the
repression of their interacting auxin response-activating
ARFs. In agreement with this hypothesis, we previously
showed RN1, which strongly induces hypocotyl elongation,
selectively promotes the degradation of IAA3 and IAA7 in
planta (Vain et al., 2019). In the present study, we showed
shy2-2/iaa3 and axr2-1/iaa7 mutants are resistant to RN1-
induced hypocotyl elongation, thus supporting an important
role for auxin-induced degradation of IAA3 and IAA7 in reg-
ulating hypocotyl growth. The mutant axr2-1/iaa7 is addi-
tionally resistant to RN1-induced expression of ZAT10 and
WRKY33, which suggests the RN1-induced gene network
regulating hypocotyl elongation may be upregulated down-
stream of IAA7 degradation. The axr2-1/iaa7 mutant was
previously shown to be resistant to hypocotyl elongation in-
duced by IAA and the synthetic auxin picloram (Chapman
et al., 2012), therefore our results add further support for an
important role of IAA7 degradation in auxin-induced hypo-
cotyl elongation. Additionally, axr5-1/iaa1 and slr-1/iaa14,
but not msg2-1/iaa19, showed resistance to IAA- and
picloram-induced hypocotyl elongation (Chapman et al.,
2012), suggesting roles for other selective AUX/IAAs in this
process as well.

Interestingly, RN1 also induces adventitious root forma-
tion (Vain et al., 2019), a developmental program recently
shown to be regulated by selective auxin co-receptor com-
plexes also specifically involving TIR1 and AFB2 and in this
case the AUX/IAAs IAA6, IAA9, and/or IAA17 (Lakehal et
al., 2019). RN1, therefore, presents an interesting potential
additional application in investigations of adventitious root-
ing regulatory mechanisms.

ARF6, ARF7, and ARF8 have been implicated in hypocotyl
elongation. The genes encoding these three ARFs are
expressed in the hypocotyl (Chapman et al., 2012), and in
untreated conditions, null arf6, arf7, and arf8 mutants dis-
play shorter dark-grown hypocotyls than the wild-type
(Reed et al., 2018). Dark-grown hypocotyls are shorter in
double mutants of these ARFs than the single mutants and
even shorter in a triple mutated/silenced line, being similar
in length to those of shy2 and axr2 seedlings (Reed et al.,
2018). These results suggest IAA3 and IAA7 as well as ARF6,
ARF7, and ARF8 are important for etiolation of hypocotyls
in the dark. In the case of light-grown hypocotyl growth,
treatment with the synthetic auxin-like compound 533,
which strongly promotes hypocotyl elongation in the wild-

type (Savaldi-Goldstein et al., 2008), is less effective on the
mutants shy2 and axr2 and the triple mutated/silenced line
affected in ARF6, ARF7, and ARF8 (Reed et al., 2018). These
results strongly support the involvement of IAA3 and IAA7,
as well as suggesting the importance of ARF6, ARF7, and
ARF8, in hypocotyl elongation induced by auxin. These
ARFs, once released from IAA3- and IAA7-mediated repres-
sion, are likely to activate further genes and gene networks
that lead to hypocotyl cell elongation including, for example,
genes with cell wall-loosening functions.

Our comparison of early RN1 and 2,4-D-regulated genes
revealed rather little overlap between the two treatments in
terms of commonly up- or downregulated genes.
Interestingly, comparison of our transcriptomic data with
that of a previous microarray analysis of hypocotyls in re-
sponse to 30 min of picloram treatment (Chapman et al.,
2012) reveals a small group of upregulated genes in com-
mon between 2,4-D and picloram that are not affected by
RN1. This particular group includes several known auxin-
related genes such as GRETCHEN HAGEN3.2 (GH3.2), AUXIN
UP-REGULATED F-BOX PROTEIN1 (AUF1), and the AUX/IAA
AUXIN-INDUCIBLE2-27/IAA5 (AUX2-27/IAA5). Moreover,
only one gene, the AUX/IAA AXR5/IAA1, was commonly
upregulated by all three treatments. This comparison sug-
gests RN1 may induce a more specific early transcriptomic
response than synthetic auxins such as 2,4-D or picloram.
This idea is further supported by our finding that RN1 did
not affect the expression of HAT2, an auxin early-responsive
gene, while both 2,4-D and NAA strongly induced its
expression.

In this study, we uncovered potential previously unknown
roles for genes in hypocotyl elongation, the functions of
which may seem surprising. All three of our selected RN1-
induced candidate genes, ZAT10, ATL31, and WRKY33, have
been shown to play important roles in plant responses to
various biotic and abiotic stresses. ZAT10 was originally iden-
tified in a screen for Arabidopsis cDNA clones that confer
increased salt resistance in yeast (Lippuner et al., 1996). The
encoded protein contains a Cys2/His2-type zinc finger, a
well-characterized DNA-binding motif found in eukaryotic
transcription factors (Sakamoto et al., 2000). ZAT10 expres-
sion has been shown to be induced by salt, cold, drought,
high light and oxidative, osmotic, and genotoxic stresses, as
well as by treatments with the hormones abscisic acid, gib-
berellin, methyl jasmonate, salicylic acid, and 2,4-D
(Sakamoto et al., 2000, 2004; Mittler et al., 2006; Rossel et al.,
2007; Pauwels et al., 2008). Furthermore, ZAT10 overexpres-
sor lines show enhanced resistance to drought, osmotic
stress, salinity, heat stress, photoinhibitory light, and exoge-
nous hydrogen peroxide (Sakamoto et al., 2004; Mittler et
al., 2006; Rossel et al., 2007), revealing an important role for
ZAT10 in plant resistance to a wide variety of abiotic
stresses. Interestingly, overexpressor lines of ZAT10 display
growth retardation corresponding with both ZAT10 expres-
sion levels and drought resistance (Sakamoto et al., 2004),
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highlighting the potential of stress-regulating genes to play
simultaneous roles in plant growth.

ATL genes, of which there are 80 predicted in Arabidopsis
(Serrano et al., 2006), encode a class of E3 ubiquitin ligases
containing a Really Interesting New Gene finger, a zinc finger
domain that binds to both the corresponding E2 ubiquitin-
conjugating enzyme and the substrate (Salinas-Mondragon
et al., 1999; Moon et al., 2004). Several of the ATL genes,
including ATL2, ATL6, and ATL31, are rapidly induced in
response to elicitors and pathogen infection (Salinas-
Mondragon et al., 1999; Maekawa et al., 2012). Moreover,
ATL6 and ATL31 overexpression have been shown to
enhance resistance to pathogen infection, while atl31atl6
double mutants show decreased resistance (Maekawa et al.,
2012). ATL31 is, however, perhaps best studied for its role in
carbon/nitrogen (C/N) ratio sensing, an important function
at the heterotrophic-to-autotrophic seedling transition, at
which a growth arrest checkpoint occurs, with high C/N ra-
tios being unfavorable for photosynthesis and therefore
resulting in developmental cessation (Sato et al., 2009).
The overexpressor lines of ATL31 are resistant to high C/N
stress, while atl31 mutants are hypersensitive (Sato et al.,
2009). 14-3-3 proteins have been revealed as targets for
ubiquitination by ATL31, as part of the C/N balance
response (Sato et al., 2011). Interestingly, the growth and
phenotype effects of C/N stress on ATL31 overexpressor
mutants suggest ATL31 is also important for normal vegeta-
tive growth (Sato et al., 2009).

WRKY proteins constitute an important family of
transcription factors related to plant defense (Buscaill and
Rivas, 2014). Transcriptional reprogramming of the plant in
response to pathogen attack involves major changes in gene
expression in favor of defense and at the expense of growth
and development. There are 74 WRKY members in
Arabidopsis, playing both positive and negative roles in de-
fense (Buscaill and Rivas, 2014). Functional redundancy
occurs within the WRKY family (Eulgem and Somssich,
2007) and our results suggest potential redundancy of
WRKY33 with other WRKY proteins during the response to
RN1. WRKY33 is a group I WRKY transcription factor that
localizes to the nucleus and contains two DNA-binding
domains, which likely bind to cognate W-box cis-elements
in the promoters of target genes to regulate their expression
(Zheng et al., 2006). While WRKY33 is generally expressed at
low levels in healthy plants, its expression is induced upon
infection with pathogenic bacteria and fungi and wrky33
mutants show enhanced susceptibility to infection by
Botrytis and Alternaria brassicicola, while 35S::WRKY33 plants
show enhanced resistance (Zheng et al., 2006). WRKY33
functions therefore in limiting necrotrophic fungal pathogen
growth and promoting plant defense, but has also been im-
plicated in tolerance to several abiotic stresses (Zheng et al.,
2006; Buscaill and Rivas, 2014). Like other WRKY family
members, WRKY33 is phosphorylated by MITOGEN-
ACTIVATED PROTEIN KINASEs (MAPKs), but as the
phosphorylation does not affect its binding, it is thought

rather to promote transactivation activity (Buscaill and
Rivas, 2014). WRKY33 forms a complex with MAP KINASE
SUBSTRATE1 (MKS1), a substrate of MAPK4, and upon
pathogen infection or elicitor treatment, activated MAPK4
phosphorylates MKS1 and releases WRKY33 from the
complex (Qiu et al., 2008). The WRKY33-interacting proteins
SIGMA FACTOR BINDING PROTEIN1 (SIB1) and SIB2
stimulate the DNA-binding activity of WRKY33 in the
nucleus. SIB1 and SIB2 are rapidly induced in response to
necrotrophic pathogen infection and the mutants sib1
and sib2 show enhanced susceptibility to infection while
SIB1-overexpressing plants show enhanced resistance (Lai et
al., 2011).

Interestingly, WRKY33 has been found to co-express with
ATL31 and ATL6 and transcript levels of all three genes
were highly induced by C/N stress, suggesting potential
crosstalk among ATL31, ATL6, and WRKY33 in sensing the
C/N balance (Maekawa et al., 2012). Furthermore, WRKY33
has been found to positively regulate ATL31 expression in
Arabidopsis via a specific W-box cis-acting element in the
ATL31 promoter (Reyes et al., 2015). Elicitor-induced ATL31
expression was lower in the wrky33 mutant and higher in
the WRKY33 over-expressor line compared to the wild-type,
suggesting ATL31 transcription in response to pathogens lies
under the control of WRKY33 (Reyes et al., 2015). However,
high C/N stress conditions induced ATL31 expression simi-
larly in the wild-type and wrky33, suggesting WRKY33 may
not regulate ATL31 expression in response to C/N stress
(Reyes et al., 2015). Our work suggests WRKY33 also posi-
tively regulates ATL31 expression in a pathway regulating
hypocotyl elongation downstream of a selective auxin per-
ception module that is activated by RN1 treatment
(Supplemental Figure S4). Our results imply WRKY33 also
induces ZAT10 expression, while ATL31 appears to repress
ZAT10 expression, in a likely feedback mechanism leading to
balanced regulation of further downstream signaling control-
ling hypocotyl elongation (Supplemental Figure S4). It is also
tempting to speculate that these three genes, which
are known to regulate stress responses, may additionally
function in regulating the balance between stress resistance
and growth. Many stress responses occur at the expense of
growth and the existence of gene networks regulating such
stress response/growth balance is perhaps not surprising.

These findings were made possible through the use of the
selective molecule RN1 as a stimulator of hypocotyl elonga-
tion (Vain et al., 2019), highlighting the potential of chemical
biology to unravel complex auxin signaling pathways and
reveal molecular players in specific aspects of plant develop-
ment. Previous successful chemical biology approaches have
helped to dissect many details of complicated auxin biology,
including its signaling, transport, and biosynthesis (Doyle et
al., 2015b; Fukui and Hayashi, 2018; Torii et al., 2018). The
effects of RN1 may be due to enhanced uptake compared
to 2,4-D and/or a low-level, chronic 2,4-D release, as we
previously demonstrated some 2,4-D is released via
RN1 metabolism in planta (Vain et al., 2019) and it will be
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important to investigate this possibility in follow-up studies.
However, the effects of direct, acute 2,4-D treatments on hy-
pocotyl elongation and expression of the three candidate
genes are distinct from those of RN1. RN1 is reminiscent of
other 2,4-D analogs isolated previously, such as compounds
533 and 602 (Savaldi-Goldstein et al., 2008). Compound
602 also enhances hypocotyl elongation at concentrations
not affecting root length and is thought to be hydrolyzed
to release 2,4-D inside hypocotyl tissue, being more
easily taken up than 2,4-D itself (Savaldi-Goldstein et al.,
2008). Interestingly, compounds 533 and 602 both enhance
TIR1-IAA7 interaction in pull-down assays and, similar to
RN1, the double tir1-1afb2-3 mutant is resistant to the
effects of compound 602 on hypocotyl elongation (Savaldi-
Goldstein et al., 2008). In summary, our work with RN1
strengthens the existing hypothesis that TIR1, AFB2, AFB5,
and IAA7 are involved in auxin regulation of hypocotyl
elongation, while adding evidence that activation of the
ZAT10, ATL31, and WRKY33 transcriptional network occurs
downstream in the regulatory pathway.

Conclusions
In this study, we took advantage of a synthetic small mole-
cule inducing the degradation of the AUX/IAAs IAA3 and
IAA7 in planta to reveal molecular players in auxin-induced
hypocotyl elongation in Arabidopsis. Our results suggest the
stress-related genes ZAT10, ATL31, and WRKY33 take part in
a common transcriptional regulatory network inducing
hypocotyl elongation downstream of a specific auxin percep-
tion module in which the F-box receptors TIR1, AFB2, and
AFB5 and degradation of the AUX/IAA transcriptional re-
pressor IAA7 likely play important roles. This work paves
the way for further studies detailing other molecular players
in this network, such as the ARFs acting downstream of
IAA7 degradation and upstream of our three candidate
gene-encoded proteins, and elucidating the potential inter-
actions of these proteins. It will also be of great interest to
determine the players acting downstream of ZAT10,
ATL31, and WRKY33 and clarifying their specific actions in
hypocotyl growth induction.

Materials and methods

Plant material
All experiments were performed with Arabidopsis (A. thali-
ana) Columbia-0 (Col-0) accession as the wild-type control,
except for experiments using shy2-2, in which Ler accession
was used. The Arabidopsis lines axr1-30 (Hotton et al.,
2011), cul1-6 (Moon et al., 2007), tir1-1 (Ruegger et al.,
1998), afb1-3, afb2-3, afb3-4, tir1-1afb2-3, and tir1-1afb1-
3afb2-3afb3-4 (Parry et al., 2009), afb5-5 (Prigge et al., 2016),
tir1-1afb5 (Gleason et al., 2011), shy2-2/iaa3 (Reed et al.,
1998; Tian and Reed, 1999), axr2-1/iaa7 (Timpte et al., 1992;
Nagpal et al., 2000), zat10 (SALK_054092C; Alonso et al.,
2003; Mittler et al., 2006), 35S::ZAT10 (Rossel et al., 2007),
wrky33 (GABI_324B11) and WRKY33ox (Birkenbihl et al.,
2012; Kleinboelting et al., 2012), and atl31-1 (GABI_746D08)

and 35S::ATL31 (Sato et al., 2009; Kleinboelting et al., 2012)
have been described previously. Homozygous zat10wrky33,
zat10atl31-1 and atl31-1wrky33 double mutants were gener-
ated by crossing and genotyping (see Table 1 for primer
sequences).

Plant and cell growth conditions
Arabidopsis seedlings were grown on vertical plates of
growth medium containing 2.2-g�L–1 Murashige and Skoog
(MS) medium, 0.5-g�L–1 MES, and 1% w/v sucrose at pH 5.6
with 0.7% w/v agar. Seedlings were grown for 5 d at 22�C
with 16-h light per day. For the cDNA-AFLP experiment,
Arabidopsis seedlings were grown in 25-mL liquid growth
medium lacking agar at pH 5.9. The seedlings were grown
under agitation at 95 rpm for 7 d at 21�C with 16-h light
per day. Arabidopsis cell suspension culture medium con-
tained 4.43-g�L–1 MS medium with minimal organics,
0.5-mg�L–1 NAA, 0.05-mg�L–1 kinetin, and 3% w/v sucrose at
pH 5.7. The cultures were maintained under agitation at
130 rpm at 25�C in darkness and subcultured every 7 d by
diluting 10-fold in fresh medium.

Chemical treatments
RN1 (Chembridge ID 6389186; Vain et al., 2019) and 2,4-D
stocks were dissolved in dimethyl sulfoxide (DMSO). The
stock solutions were then diluted in liquid or solid growth
medium for treatment at the indicated concentrations.
Equal volumes of DMSO were used as mock treatment for
control conditions.

Hypocotyl and root length measurements
Hypocotyl and root length were measured in 5-d-old seed-
lings grown vertically on solid growth medium supple-
mented with 0.5–1-mM RN1 or 0.001–0.1-mM 2,4-D, using
ImageJ software (https://imagej.nih.gov/ij/). Quantifications
were made for 15–20 seedlings per sample for each of at
least three biological replicates.

GUS staining
Seedlings grown for 5 d on solid medium supplemented
with 1-mM RN1 or 0.5-mM 2,4-D were fixed in 80% v/v ace-
tone at –20�C for 20 min and then washed with distilled
water. Seedlings were then incubated in 2 mM X-GlcA in
b-glucuronidase (GUS) buffer at pH 7, infiltrated for 10 min
in a vacuum and incubated in the dark at 37�C. The GUS
buffer consisted of 0.1% v/v Triton X-100, 10-mM EDTA,
0.5-mM potassium ferrocyanide, and 0.5-mM potassium
ferricyanide in 0.1 M phosphate buffer. Seedlings were then
mounted in 50% v/v glycerol and observed on a Zeiss
Axioplan microscope. GUS staining was performed on 5–10
seedlings per sample for each of at least three biological
replicates and representative images were selected.

RT-qPCR
Five-day-old seedlings grown vertically on solid growth me-
dium were treated for 30 min with 50-mM RN1 or an equal
volume of DMSO in liquid growth medium before
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extracting RNA. A PSB-D wild-type Arabidopsis cell culture
(Arabidopsis Biological Resource Center stock: CCL84840)
was grown after subculturing for 1 week and then divided
into separate 10-mL samples for 24 h. Samples were then
treated with 50-mM RN1, 2,4-D, NAA or an equal volume of
DMSO before extracting RNA. Total RNA was extracted
from 20 pooled whole seedlings per sample, or from each
10-mL cell culture sample, for each of at least three biologi-
cal replicates, with the RNeasy Plant Kit (Qiagen) according
to the manufacturer’s instructions. RQ1 RNase-free DNase
(Promega) was used for the on-column DNase digestion
step. cDNA was prepared from 1-mg total RNA with the
iScript cDNA Synthesis Kit (Bio-Rad). RT-qPCR analyses on
two technical replicates per sample were performed on a
LightCycler 480 System (Roche Diagnostics) using SYBR
Green I master mix (Roche Diagnostics) and the primers
listed in Table 1. The genes AT5G25760, AT1G13440,
AT4G34270, and AT1G13320 were used as stable reference
genes according to Doyle et al. (2015a). Two appropriate
reference genes were selected using GeNorm (Biogazelle) for
each set of experiments and relative expression levels were
normalized to these two reference genes (Vandesompele et
al., 2002).

Pilot cDNA-AFLP experiment
Seven-day-old seedlings were treated with 1-mM RN1 or
equivalent volume of DMSO, by directly adding the chemi-
cals to the liquid growth medium. Two biological replicates
were harvested after 30 min and 3 h of treatments. Total
RNA was extracted using the RNeasy Plant Kit (Qiagen).
For each sample, 2-mg total RNA was used. The pilot

cDNA-AFLP-based transcriptomic profiling (20 primer
combinations) was performed as described previously
(Vuylsteke et al., 2007; Colling et al., 2013).

RNAseq
RNA was extracted from Arabidopsis cell suspension culture
samples (see “RT-qPCR” section) after treatment with
50-mM RN1 or 2,4-D for 30 min. RNA samples were proc-
essed by preparing a Trueseq RNAseq library (Illumina) and
then sequenced at 30 million reads depth at 50-bp single
read using Illumina HiSeq 2000 technology at GATC
Biotech, Germany. Read quality control, filtering, mapping to
the TAIR10 Arabidopsis genome and read counting were
carried out using the Galaxy portal running on an internal
server (http://galaxyproject.org/). Sequences were filtered
and trimmed with the Filter FASTQ v1 and FASTQ Quality
Trimmer v1 tools, respectively, using default settings (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads
were subsequently mapped to the TAIR10 version of the
Arabidopsis genome using GSNAPv2, allowing a maximum
of five mismatches. The concordantly paired reads that
uniquely mapped to the genome were used for quantifica-
tion on the gene level with htseq-count from the HTSeq
python package. Data were normalized using TMM
and common dispersion was then estimated using the con-
ditional maximum-likelihood method implemented in
edgeR64. Differentially expressed genes were defined by a
2-fold difference between samples with corrected P 50.05
at a false discovery rate 50.05.

Table 1. Primers used in this study

RT-qPCR primers

Gene Forward primer sequence Reverse primer sequence

HAT2 GAGAAGGAATCTCCGGAACC CCGGAGTGATCTCGTCGT
ZAT10 TCACAAGGCAAGCCACCGTAAG TTGTCGCCGACGAGGTTGAATG
ATL31 CAATCGGCGGTTCCTGTA ATGCGACCTCGGGAATTTA
WRKY33 CTCTCCTTCCACTTGTTTCAGTCC CTGTGGTTGGAGAAGCTAGAACG
AT5G25760 CTTAACTGCGACTCAGGGAATCTTC AGGCGTGTATACATTTGTGCCATT
AT1G13440 TTGGTGACAACAGGTCAAGCA AAACTTGTCGCTCAATGCAATC
AT4G34270 GGTTCCTCCTCTTGCGATT ACAGTTGGTGCCTCATCTTC
AT1G13320 TAACGTGGCCAAAATGATGC GTTCTCCACAACCGCTTGGT

Genotyping primers

Mutant Left primer Right primer

zat10 TATTTTGTAAGGCGGCATCAG AACGCGTTTGTAAAATATGTGG
atl31-1 ACATCACCGAACACTAAACCG CTACTATTATCCGTGTCGGCG
wrky33 TTCACCAATCAGACGTGCAA GTTTGGCTCCATTGTTCTGAC

Cloning primers

Primer name Sequence

zat10prom_attB4 GGGGACAACTTTGTATAGAAAAGTTGAAAAATGCATAAGTTACTTG
zat10prom_attB1 GGGGACTGCTTTTTTGTACAAACTTGTAAGTTAAAGATTCTGAGG

Sequences of RT-qPCR, genotyping, and cloning primers are shown. For SALK (zat10) and GABI-Kat (atl31-1, wrky33) mutants, the left border primers LBb1.3 and o8474 were
used, respectively.
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Cloning and generation of ZAT10::GUS reporter line
For the generation of promoter analysis lines of ZAT10, a
promoter fragment was amplified by PCR using Pfu DNA
Polymerase (Promega), in which the Gateway attB sites were
added to the primers (see Table 1 for primer sequences).
Then, the amplified sequences were purified and cloned into
pDONR p4-p1r to build the entry vector. The ZAT10 pro-
moter in the entry vector was cloned together with the
GUS reporter using the pEN-L2-S-L2 entry clone and the
pK7m24GW destination binary vector using Gateway LR
Clonase Plus (Invitrogen). The destination vector contained
the terminator sequence from the 35S promoter and kana-
mycin resistance for the selection of transformants. All
transgenic plants were generated by the floral dip method
(Clough and Bent, 1998). The structure and sequence of en-
try and destination vectors are available online at https://
gateway.psb.ugent.be.

Statistical analyses
For all experiments, at least three biological replicates were
performed, always on different days. The means and stan-
dard errors (SE) of the means of all the biological replicates
are displayed on charts. For parametric data, the Student’s t
test was performed to compare two groups, while one-way
analysis of variance followed by Tukey honestly significant
difference post hoc tests were performed to compare three
or more groups, for statistical differences. For nonparametric
data, the Wilcoxon rank-sum test was performed to com-
pare two groups, while Kruskal–Wallis one-way analysis of
variance followed by Wilcoxon rank-sum tests were per-
formed to compare three or more groups, for statistical
differences.

Accession numbers
The Arabidopsis Genome Initiative numbers for the genes
featured in this study are as follows. AFB1: AT4G03190;
AFB2: AT3G26810; AFB3: AT1G12820; AFB5: AT5G49980;
ATL31: AT5G27420; AUF1: AT1G78100; AUX2-27/IAA5:
AT1G15580; AXR1: AT1G05180; AXR2/IAA7: AT3G23050;
AXR5/IAA1: AT4G14560; CUL1: AT4G02570; GH3.2:
AT4G37390; HAT2: AT5G47370; SHY2/IAA3: AT1G04240;
TIR1: AT3G62980; WRKY33: AT2G38470; ZAT10: AT1G27730.
The RNAseq datasets generated in this study are available in
the ArrayExpress database at EMBL-EBI under accession
number E-MTAB-7761 (http://www.ebi.ac.uk/arrayexpress/
experiments/E-MTAB-7761).
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Supplemental Figure S2. RN1-induced gene expression in
ZAT10-, ATL31-, and WRKY33-affected lines.

Supplemental Figure S3. RN1-induced hypocotyl elonga-
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(T.V.), the Belgian Science Policy organization for a postdoc-
toral fellowship (A.Rit.), and the Research Foundation
Flanders for a postdoctoral fellowship (L.P.) and for research
grant no. 1507013N (A.Rit., A.G., L.P.).

Conflict of interest statement. None declared.

References

Alonso JM, Stepanova AN, Leisse TJ, Kim CJ, Chen H, Shinn P,
Stevenson DK, Zimmerman J, Barajas P, Cheuk R, et al. (2003)
Genome-wide insertional mutagenesis of Arabidopsis thaliana.
Science 301: 653–657

Birkenbihl RP, Diezel C, Somssich IE (2012) Arabidopsis WRKY33 is a
key transcriptional regulator of hormonal and metabolic responses
toward Botrytis cinerea infection. Plant Physiol 159: 266–285

Buscaill P, Rivas S (2014) Transcriptional control of plant defence
responses. Curr Opin Plant Biol 20: 35–46

Calderon-Villalobos LI, Tan X, Zheng N, Estelle M (2010) Auxin
perception–structural insights. Cold Spring Harb Perspect Biol 2:
a005546

Chapman EJ, Greenham K, Castillejo C, Sartor R, Bialy A, Sun TP,
Estelle M (2012) Hypocotyl transcriptome reveals auxin regulation
of growth-promoting genes through GA-dependent and -indepen-
dent pathways. PLoS One 7: e36210

Clough SJ, Bent AF (1998) Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana.
Plant J 16: 735–743

Colling J, Pollier J, Makunga NP, Goossens A (2013)
cDNA-AFLP-based transcript profiling for genome-wide expression
analysis of jasmonate-treated plants and plant cultures. In A
Goossens, L Pauwels, eds, Jasmonate Signaling: Methods and
Protocols, Totowa, NJ, Humana Press, pp 287–303

Doyle SM, Haeger A, Vain T, Rigal A, Viotti C, Łangowska M, Ma
Q, Friml J, Raikhel NV, Hicks GR, et al. (2015a) An early secre-
tory pathway mediated by GNOM-LIKE 1 and GNOM is essential
for basal polarity establishment in Arabidopsis thaliana. Proc Natl
Acad Sci USA 112: E806–E815

Doyle SM, Vain T, Robert S (2015b) Small molecules unravel
complex interplay between auxin biology and endomembrane traf-
ficking. J Exp Bot 66: 4971–4982

Plant Physiology, 2021, Vol. 187, No. 1 PLANT PHYSIOLOGY 2021: 187; 430–445 | 443

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/187/1/430/6297224 by Sveriges Lantbruksuniversitet user on 05 O

ctober 2021

https://gateway.psb.ugent.be
https://gateway.psb.ugent.be
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-7761
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-7761
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab269#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab269#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab269#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab269#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab269#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab269#supplementary-data


Eulgem T, Somssich IE (2007) Networks of WRKY transcription
factors in defense signaling. Curr Opin Plant Biol 10: 366–371

Fukui K, Hayashi KI (2018) Manipulation and sensing of auxin me-
tabolism, transport and signaling. Plant Cell Physiol 59: 1500–1510

Gendreau E, Traas J, Desnos T, Grandjean O, Caboche M, Hofte H
(1997) Cellular basis of hypocotyl growth in Arabidopsis thaliana.
Plant Physiol 114: 295–305

Gleason C, Foley RC, Singh KB (2011) Mutant analysis in
Arabidopsis provides insight into the molecular mode of action of
the auxinic herbicide dicamba. PLoS One 6: e17245

Gray WM, Ostin A, Sandberg G, Romano CP, Estelle M (1998)
High temperature promotes auxin-mediated hypocotyl elongation
in Arabidopsis. Proc Natl Acad Sci USA 95: 7197–7202

Greenham K, Santner A, Castillejo C, Mooney S, Sairanen I, Ljung
K, Estelle M (2011) The AFB4 auxin receptor is a negative regula-
tor of auxin signaling in seedlings. Curr Biol 21: 520–525

Hotton SK, Eigenheer RA, Castro MF, Bostick M, Callis J (2011)
AXR1-ECR1 and AXL1-ECR1 heterodimeric RUB-activating enzymes
diverge in function in Arabidopsis thaliana. Plant Mol Biol 75:
515–526

Jensen PJ, Hangarter RP, Estelle M (1998) Auxin transport is re-
quired for hypocotyl elongation in light-grown but not dark-grown
Arabidopsis. Plant Physiol 116: 455–462

Kleinboelting N, Huep G, Kloetgen A, Viehoever P, Weisshaar B
(2012) GABI-Kat SimpleSearch: new features of the Arabidopsis
thaliana T-DNA mutant database. Nucleic Acids Res 40:
D1211–1215

Lai Z, Li Y, Wang F, Cheng Y, Fan B, Yu JQ, Chen Z (2011)
Arabidopsis sigma factor binding proteins are activators of the
WRKY33 transcription factor in plant defense. Plant Cell 23:
3824–3841

Lakehal A, Chaabouni S, Cavel E, Le Hir R, Ranjan A, Raneshan Z,
Novak O, Pacurar DI, Perrone I, Jobert F, et al. (2019) A molecu-
lar framework for the control of adventitious rooting by the
TIR1/AFB2-Aux/IAA-dependent auxin signaling in Arabidopsis. Mol
Plant 12: 1499–1514

Lippuner V, Cyert MS, Gasser CS (1996) Two classes of plant cDNA
clones differentially complement yeast calcineurin mutants and in-
crease salt tolerance of wild-type yeast. J Biol Chem 271:
12859–12866

Ma Q, Grones P, Robert S (2018) Auxin signaling: a big question to
be addressed by small molecules. J Exp Bot 69: 313–328

Maekawa S, Sato T, Asada Y, Yasuda S, Yoshida M, Chiba Y,
Yamaguchi J (2012) The Arabidopsis ubiquitin ligases ATL31 and
ATL6 control the defense response as well as the carbon/nitrogen
response. Plant Mol Biol 79: 217–227

Mittler R, Kim Y, Song L, Coutu J, Coutu A, Ciftci-Yilmaz S, Lee
H, Stevenson B, Zhu JK (2006) Gain- and loss-of-function muta-
tions in Zat10 enhance the tolerance of plants to abiotic stress.
FEBS Lett 580: 6537–6542

Moon J, Parry G, Estelle M (2004) The ubiquitin-proteasome path-
way and plant development. Plant Cell 16: 3181–3195

Moon J, Zhao Y, Dai X, Zhang W, Gray WM, Huq E, Estelle M
(2007) A new CULLIN 1 mutant has altered responses to hor-
mones and light in Arabidopsis. Plant Physiol 143: 684–696

Nagpal P, Walker LM, Young JC, Sonawala A, Timpte C, Estelle
M, Reed JW (2000) AXR2 encodes a member of the Aux/IAA pro-
tein family. Plant Physiol 123: 563–574

Parry G, Calderon-Villalobos LI, Prigge M, Peret B, Dharmasiri S,
Itoh H, Lechner E, Gray WM, Bennett M, Estelle M (2009)
Complex regulation of the TIR1/AFB family of auxin receptors.
Proc Natl Acad Sci USA 106: 22540–22545

Pauwels L, Morreel K, De Witte E, Lammertyn F, Van Montagu
M, Boerjan W, Inze D, Goossens A (2008) Mapping methyl
jasmonate-mediated transcriptional reprogramming of metabolism

and cell cycle progression in cultured Arabidopsis cells. Proc Natl
Acad Sci USA 105: 1380–1385

Prigge MJ, Greenham K, Zhang Y, Santner A, Castillejo C, Mutka
AM, O’Malley RC, Ecker JR, Kunkel BN, Estelle M (2016) The
Arabidopsis auxin receptor F-box proteins AFB4 and AFB5 are re-
quired for response to the synthetic auxin picloram.
GenesjGenomesjGenetics 6: 1383–1390

Qiu JL, Fiil BK, Petersen K, Nielsen HB, Botanga CJ, Thorgrimsen
S, Palma K, Suarez-Rodriguez MC, Sandbech-Clausen S, Lichota
J, et al. (2008) Arabidopsis MAP kinase 4 regulates gene expression
through transcription factor release in the nucleus. EMBO J 27:
2214–2221

Reed JW, Elumalai RP, Chory J (1998) Suppressors of an
Arabidopsis thaliana phyB mutation identify genes that
control light signaling and hypocotyl elongation. Genetics 148:
1295–1310

Reed JW, Wu MF, Reeves PH, Hodgens C, Yadav V, Hayes S,
Pierik R (2018) Three auxin response factors promote hypocotyl
elongation. Plant Physiol 178: 864–875

Reyes TH, Maekawa S, Sato T, Yamaguchi J (2015) The Arabidopsis
ubiquitin ligase ATL31 is transcriptionally controlled by WRKY33
transcription factor in response to pathogen attack. Plant
Biotechnol 32: 11–19

Rossel JB, Wilson PB, Hussain D, Woo NS, Gordon MJ, Mewett
OP, Howell KA, Whelan J, Kazan K, Pogson BJ (2007) Systemic
and intracellular responses to photooxidative stress in Arabidopsis.
Plant Cell 19: 4091–4110

Ruegger M, Dewey E, Gray WM, Hobbie L, Turner J, Estelle M
(1998) The TIR1 protein of Arabidopsis functions in auxin re-
sponse and is related to human SKP2 and yeast grr1p. Genes Dev
12: 198–207

Sakamoto H, Araki T, Meshi T, Iwabuchi M (2000) Expression of a
subset of the Arabidopsis Cys(2)/His(2)-type zinc-finger protein
gene family under water stress. Gene 248: 23–32

Sakamoto H, Maruyama K, Sakuma Y, Meshi T, Iwabuchi M,
Shinozaki K, Yamaguchi-Shinozaki K (2004) Arabidopsis
Cys2/His2-type zinc-finger proteins function as transcription
repressors under drought, cold, and high-salinity stress conditions.
Plant Physiol 136: 2734–2746

Salinas-Mondragon RE, Garciduenas-Pina C, Guzman P (1999)
Early elicitor induction in members of a novel multigene family
coding for highly related RING-H2 proteins in Arabidopsis thaliana.
Plant Mol Biol 40: 579–590

Sato T, Maekawa S, Yasuda S, Domeki Y, Sueyoshi K, Fujiwara M,
Fukao Y, Goto DB, Yamaguchi J (2011) Identification of 14-3-3
proteins as a target of ATL31 ubiquitin ligase, a regulator of the
C/N response in Arabidopsis. Plant J 68: 137–146

Sato T, Maekawa S, Yasuda S, Sonoda Y, Katoh E, Ichikawa T,
Nakazawa M, Seki M, Shinozaki K, Matsui M, et al. (2009)
CNI1/ATL31, a RING-type ubiquitin ligase that functions in the
carbon/nitrogen response for growth phase transition in
Arabidopsis seedlings. Plant J 60: 852–864

Savaldi-Goldstein S, Baiga TJ, Pojer F, Dabi T, Butterfield C, Parry
G, Santner A, Dharmasiri N, Tao Y, Estelle M, et al. (2008) New
auxin analogs with growth-promoting effects in intact plants reveal
a chemical strategy to improve hormone delivery. Proc Natl Acad
Sci USA 105: 15190–15195

Sawa S, Ohgishi M, Goda H, Higuchi K, Shimada Y, Yoshida S,
Koshiba T (2002) The HAT2 gene, a member of the HD-Zip gene
family, isolated as an auxin inducible gene by DNA microarray
screening, affects auxin response in Arabidopsis. Plant J 32:
1011–1022

Serrano M, Parra S, Alcaraz LD, Guzman P (2006) The ATL gene
family from Arabidopsis thaliana and Oryza sativa comprises a
large number of putative ubiquitin ligases of the RING-H2 type. J
Mol Evol 62: 434–445

444 | PLANT PHYSIOLOGY 2021: 187; 430–445 Rigal et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/187/1/430/6297224 by Sveriges Lantbruksuniversitet user on 05 O

ctober 2021



Spartz AK, Ren H, Park MY, Grandt KN, Lee SH, Murphy AS,
Sussman MR, Overvoorde PJ, Gray WM (2014) SAUR inhibition
of PP2C-D phosphatases activates plasma membrane H + -ATPases
to promote cell expansion in Arabidopsis. Plant Cell 26:
2129–2142

Strader LC, Zhao Y (2016) Auxin perception and downstream
events. Curr Opin Plant Biol 33: 8–14

Tian Q, Reed JW (1999) Control of auxin-regulated root develop-
ment by the Arabidopsis thaliana SHY2/IAA3 gene. Development
126: 711–721

Timpte CS, Wilson AK, Estelle M (1992) Effects of the axr2 muta-
tion of Arabidopsis on cell shape in hypocotyl and inflorescence.
Planta 188: 271–278

Torii KU, Hagihara S, Uchida N, Takahashi K (2018) Harnessing
synthetic chemistry to probe and hijack auxin signaling. New
Phytol 220: 417–424

Vain T, Raggi S, Ferro N, Barange DK, Kieffer M, Ma Q, Doyle SM,
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