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Developing seedlings are well equipped to alter their growth in response to external factors in order to maximize their chances of
survival. SUPPRESSOR OF PHYTOCHROME B4-#3 (SOB3) and other members of the AT-HOOK MOTIF CONTAINING
NUCLEAR LOCALIZED (AHL) family of transcription factors modulate the development of Arabidopsis (Arabidopsis thaliana)
by repressing hypocotyl elongation in young seedlings growing in light. However, the molecular mechanism behind how AHLs
influence seedling development is largely unknown. We have identified genes associated with auxin-mediated hypocotyl
elongation as downstream targets of SOB3. We found that YUCCA8 (YUC8) as well as members of the SMALL AUXIN
UP-REGULATED RNA19 (SAUR19) subfamily were down-regulated in the short-hypocotyl, gain-of-function SOB3-D mutant
and up-regulated in the dominant-negative, tall-hypocotyl sob3-6 mutant. SOB3-D and sob3-6 hypocotyls also exhibited altered
sensitivity to the polar auxin transport inhibitor N-1-napthylphthalamic acid, suggesting a critical connection between auxin and
the modulation of seedling elongation by SOB3. Finally, we found that overexpression of GREEN FLUORESCENT PROTEIN-
SAUR19 in the SOB3-D line partially rescued defects in hypocotyl elongation, and SOB3 bound directly to the promoters of
YUC8 and SAUR19 subfamily members. Taken together, these data indicate that SOB3 modulates hypocotyl elongation in young
seedlings by directly repressing the transcription of genes associated with auxin signaling.

Strict regulation of development is critical for the
survival of plants and other living organisms. How-
ever, rather than blindly following an endogenous road

map for development, an organism must be able to
integrate external signals with internal ones. This en-
ables growth to be altered based on environmental
conditions, maximizing chances of survival for the
species. In particular, plants, as sessile organisms, are
well equipped to alter their growth in response to ex-
ternal cues (for review, see Braidwood et al., 2014). For
example, seedlings have the ability to substantially alter
their developmental program in response to changing
external conditions, such as light intensity, making
them especially appropriate for studying how plants
modulate their growth in response to various envi-
ronmental signals (for review, see Arsovski et al., 2012;
Boron and Vissenberg, 2014). Seedlings growing in
darkness, such as those that have not yet emerged from
soil following germination, devote most of their stored
energy reserves to stem elongation in an attempt to
rapidly reach sunlight at the soil surface, which is nec-
essary for photosynthesis. This developmental pro-
gram is known as skotomorphogenesis. In contrast,
upon light exposure, seedlings switch to photomor-
phogenesis, diverting most of their energy to other
processes, including chloroplast development, root
growth, cotyledon expansion, and the production of
true leaves. Skotomorphogenesis, photomorphogene-
sis, and other developmental processes are directed to a
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large degree by transcription factors, which connect
hormone and other signal transduction pathways with
the regulation of specific genes important for directly
altering plant growth and architecture (for review, see
Neff et al., 2000; Kaufmann et al., 2010; Arsovski et al.,
2012). Research exploring the connections between
transcription factors and development in plants is
important because it unlocks the potential to di-
rectly manipulate these genes in order to improve crop
productivity.

One group of genes coding for transcription factors
that influence development specifically in plants is the
AT-HOOK MOTIF CONTAINING NUCLEAR LOCAL-
IZED (AHL) family (Fujimoto et al., 2004; Zhao et al.,
2014). These transcription factors are characterized by
the presence of two conserved regions, which are
both essential for function: one or two DNA-binding
AT-hook motifs, and a single plant and prokaryotic
conserved (PPC) domain that is important for protein-
protein interactions and nuclear localization (Fujimoto
et al., 2004; Street et al., 2008; Zhao et al., 2013, 2014).
Previous studies on AHLs, specifically those in the
29-member Arabidopsis (Arabidopsis thaliana) family
(Fujimoto et al., 2004; Matsushita et al., 2007; Street
et al., 2008; Zhao et al., 2013, 2014), have implicated
some of these proteins in the direct regulation of
downstream targets that influence various develop-
mental processes. AHL25/AT-HOOK PROTEIN OF
GIBBERELLIN FEEDBACK REGULATION1 binds to
the promoter of the GA biosynthesis gene AtGA3Ox1
and helps maintain proper expression of the gene in
response to feedback signals (Matsushita et al., 2007).
The development of floral organs is influenced by
AHL21/GIANT KILLER, which binds to and directly
represses the expression of genes important for these
processes, including AUXIN RESPONSE FACTOR3
(ARF3), JAGGED, KNUCKLES, and CRABS CLAW (Ng
et al., 2009). AHL22 binds to an intragenic AT-rich re-
gion in FLOWERING LOCUS T, a gene that promotes
flowering, and represses its expression (Yun et al.,
2012). AHL16/TRANSPOSABLE ELEMENT SILENC-
ING VIA AT-HOOK binds to an AT-rich region located
in an intron of FLOWERING LOCUS C and the pro-
moter of FLOWERING WAGENINGEN, both inhibitors
of flowering, and represses the expression of both genes
(Xu et al., 2013). Additional work on AHL16 has dem-
onstrated that it can act not only as a repressor but also
as an activator of transcription. AHL16 binds to AT-rich
promoters of genes encoding arabinogalactan proteins,
including AGP6, AGP11, AGP23, and AGP40, and ac-
tivates their expression during the development of the
pollen wall (Lou et al., 2014; Jia et al., 2015).

However, despite these recent findings, the down-
stream targets important for most developmental pro-
cesses known to be influenced by AHLs have yet to
be investigated. One notable example is their well-
established role in modulating hypocotyl growth
(Street et al., 2008; Xiao et al., 2009; Zhao et al., 2013).
AHL29 was initially identified as SUPPRESSOR OF
PHYTOCHROME B4-#3 DOMINANT (SOB3-D) in an

activation-tagging screen, where it was found that
enhanced expression of this gene suppresses the tall-
hypocotyl phenotype characteristic of the photorecep-
tor mutant phyB-4 (Street et al., 2008). A role for SOB3,
its closest homolog ESCAROLA (ESC), and other AHLs
in repressing hypocotyl elongation in light-grown
seedlings was confirmed subsequently through rigor-
ous loss-of-function studies (Street et al., 2008; Xiao
et al., 2009; Zhao et al., 2013). Additionally, three lines
of evidence indicate that SOB3 represses hypocotyl
elongation through its action as a transcription factor.
First, SOB3 mutant alleles that either lack the AT-hook
motif entirely or fail to bind DNA due to a single
missense mutation (sob3-6 allele) behave in a dominant-
negative fashion when expressed in Arabidopsis, pro-
ducing an extremely tall-hypocotyl phenotype (Street
et al., 2008; Zhao et al., 2013). Additionally, the TCP
family of plant-specific transcription factors plays im-
portant roles in a variety of developmental processes
(Cubas et al., 1999; Palatnik et al., 2003; Koyama et al.,
2010; Danisman et al., 2012; Uberti-Manassero et al.,
2012; Tao et al., 2013; Lucero et al., 2015; for review, see
Manassero et al., 2013) and interacts with SOB3, which
is essential for the repression of hypocotyl growth
(Zhao et al., 2013). Finally, the extremely tall-hypocotyl
phenotype characteristic of sob3-6 is completely abol-
ished in the jaw-D background, where the expression
levels of several TCP transcription factors are reduced
due to enhanced expression of a microRNA important
for posttranscriptional regulation of these genes
(Palatnik et al., 2003; Zhao et al., 2013). These data
strongly indicate that SOB3 represses hypocotyl elon-
gation via its activity as a transcription factor.

Despite the well-established role of SOB3 in hypo-
cotyl growth, downstream targets of SOB3 are un-
known. Thus, in order to begin to understand the
mechanism by which SOB3 modulates hypocotyl
growth in light-grown seedlings, we sought to identify
downstream targets important for this developmental
process. We report the identification of several genes
associated with auxin signaling and temperature-
induced hypocotyl elongation that are strong candi-
dates for being directly repressed at the transcriptional
level by SOB3.

RESULTS

Genes Associated with Auxin Signaling Are Misregulated
in SOB3-D and sob3-6

To identify candidate downstream targets of SOB3
important for its role in modulating hypocotyl elonga-
tion, we used RNA sequencing (RNA-seq) as a screen
for genes misexpressed in SOB3 mutants. For this ex-
periment, cDNA was generated from 4-d-old seedlings
of Columbia-0 (Col-0), SOB3-D, and sob3-6, as we ob-
served that hypocotyl phenotypes began to be apparent
for both mutants around this time (Supplemental Fig.
S1, A and B). Hierarchical clustering of the RNA-seq
data indicated that perturbations in gene expression
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were much greater in SOB3-D than in sob3-6, as com-
pared with the wild type (Supplemental Fig. S2). This
was in agreement with our observation that SOB3-D
had a much greater overall impact on plant develop-
ment than sob3-6 (Supplemental Figs. S1, 3A, and S4). In
order to screen for genes exhibiting expression changes
correlating with hypocotyl growth, we calculated
Pearson correlation coefficient (r) values for every gene
using RPKM (reads per kilobase of exon model per
million mapped reads) values and hypocotyl lengths
for each genotype. For this analysis, we excluded any
genes that exhibited less than a 2-fold change in ex-
pression between SOB3-D and sob3-6, as well as any
genes for which transcript was not detected in the wild
type. We then used PLAZA 3.0 software to perform
Gene Ontology enrichment analysis on all genes for
which an r value of greater than 0.8 or less than 20.8
was calculated (Proost et al., 2015). One group of
enriched genes in this screen, annotated Response to
Auxin, caught our interest (Supplemental Table S1).
This enriched group of genes associated with the

auxin response seemed likely to be relevant to our
study, since auxin signaling plays an important role in
hypocotyl elongation, particularly in light-grown
seedlings (Jensen et al., 1998), and SOB3 seems to be
important for modulating hypocotyl elongation, spe-
cifically in light-grown seedlings (Street et al., 2008;
Zhao et al., 2013). Within the group of auxin response
genes identified here, we noticed thatmanymembers of
the SMALL AUXIN UP-REGULATED (SAUR) gene
family were included (Table I). SAUR genes, of which
there are 79 functional members in Arabidopsis, are
generally induced in response to auxin (Hagen and
Guilfoyle, 2002; Spartz et al., 2012; for review, see Ren
and Gray, 2015). SAURs were generally repressed in
SOB3-D but up-regulated in sob3-6, as indicated by the
positive r values for 21 of the 26 SAUR genes in this list.
In addition, we also performed an RNA-seq screen
using cDNA generated from 6-d-old Col-0 and SOB3-D
seedlings. Among the genes exhibiting at least a 5-fold
difference in expression between the two genotypes,
Response to Auxin was again enriched as a Gene On-
tology term (Supplemental Table S2). Also in agree-
ment with the first RNA-seq screen, many of the genes
included in this group were SAUR genes, and most of
them (25 of 29) were expressed at lower levels in SOB3-D
as compared with Col-0 (Supplemental Table S3).
In particular, one subclade of SAURs, the SAUR19

subfamily, which includes six members, SAUR19 to
SAUR24 (Jain et al., 2006), was of particular interest for
further analysis. All six of these genes showed a strong
positive correlation with hypocotyl phenotypes based
on the RNA-seq data from 4-d-old seedlings (Table I),
and all but one of them, SAUR24, alsowere identified in
the second RNA-seq screen using 6-d-old seedlings
(Supplemental Table S3). Another reason SAUR19 to
SAUR24were of particular interest is because they have
documented roles in promoting hypocotyl elongation
(Franklin et al., 2011; Spartz et al., 2012, 2014). Addi-
tionally, it has been demonstrated that members of this

subfamily are misregulated in tcp3 and tcp4 mutants
(Koyama et al., 2010; Sarvepalli and Nath, 2011), and
physical interactions with TCP4 have been linked to
SOB3’s role in modulating hypocotyl growth (Zhao
et al., 2013).

To further evaluate expression levels in the SOB3
mutants for three members of the SAUR19 subfamily,
SAUR19, SAUR22, and SAUR24, we performed quan-
titative reverse transcription (qRT)-PCR using an in-
dependent set of cDNA preparations from 4-d-old
seedlings grown in dim white light. These results con-
firmed that transcripts of SAUR19 subfamily members
are depleted in SOB3-D and elevated in sob3-6 (Fig. 1).
Also based on qRT-PCR analysis, the expression of
several SAUR genes, includingmembers of the SAUR19
subfamily, were down-regulated in SOB3-D seedlings
grown for 6 d in white light or for 7 d in far-red light,
further suggesting that SOB3 represses the transcrip-
tion of these genes (Supplemental Figs. S5 and S6).
However, we did not observe increased SAUR expres-
sion in sob3-6 seedlings at these later time points, which
is not surprising considering that this mutant only

Table I. SAUR genes for which expression levels at 4 d correlate with
hypocotyl phenotypes in SOB3 mutants

Pearson correlation coefficient (r) values were calculated based on
hypocotyl phenotypes at 6 d (Supplemental Fig. S1A) and RNA-seq
RPKM values at 4 d (Supplemental Data Set S1) for SOB3-D, sob3-6, and
Col-0 in seedlings grown under constant dim white light. Fold changes
were calculated based on RPKM values from the same data set. SAUR
genes for which an r value of greater than 0.8 or less than 20.8 are
shown. Asterisks indicate genes that were repressed in SOB3-D based on
the RNA-seq screen from 6-d-old seedlings and/or qRT-PCR data from
6-d-old seedlings (Supplemental Table S3; Supplemental Fig. S5).

Name r Fold Change (sob3-6/SOB3-D)

SAUR45 21.00 0.17
SAUR12* 20.98 0.12
SAUR34 20.95 Not expressed in sob3-6
SAUR69 20.93 0.04
SAUR71* 20.82 0.35
SAUR20* 0.81 2.48
SAUR19* 0.84 4.84
SAUR61 0.88 6.28
SAUR42* 0.91 Not expressed in SOB3-D
SAUR64 0.92 18.84
SAUR6 0.92 2.19
SAUR21* 0.95 2.68
SAUR41 0.96 Not expressed in SOB3-D
SAUR68* 0.97 Not expressed in SOB3-D
SAUR28* 0.97 17.79
SAUR1* 0.97 8.37
SAUR7* 0.97 8.37
SAUR23* 0.99 8.11
SAUR29 0.99 12.56
SAUR65 1.00 3.37
SAUR22* 1.00 28.78
SAUR13* 1.00 Not expressed in SOB3-D
SAUR66* 1.00 4.67
SAUR24 1.00 17.27
SAUR76 1.00 7.32
SAUR63* 1.00 3.78
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exhibited enhanced hypocotyl growth compared with
the wild type prior to day 6 (Supplemental Fig. S1).
Therefore, the reduction of SAUR levels observed in
6-d-old SOB3-D seedlings likely results from ectopic
expression of SOB3 artificially lengthening the time
frame within which this protein functions as a repres-
sor, mimicking the prolonged manner in which this
allele impacted Arabidopsis development as compared
with sob3-6 (Supplemental Figs. S1, 3A, and S4).

Changes in SAUR gene expression in SOB3-D and
sob3-6 could be the result of either direct or indirect
repression by SOB3. One possibility is that changes in
SAUR levels could result from altered auxin signaling
in the mutants, perhaps due to differences in levels of
the hormone. This is especially possible considering
that SAUR19 to SAUR24 are all known to be induced by
auxin (Spartz et al., 2012). The rate-limiting step inwhat
is thought to be the main auxin biosynthetic pathway in
plants is catalyzed by a class of flavin monooxygenases
coded for by the 11 members of the YUCCA (YUC)
family of genes (Zhao et al., 2001; Hofmann, 2011;
Mashiguchi et al., 2011; Phillips et al., 2011; Stepanova
et al., 2011; Won et al., 2011; Dai et al., 2013; for review,
see Zhao, 2014). With this in mind, we examined data
from both RNA-seq screens to evaluate if any YUC
genes are misexpressed in the SOB3mutants. Only one
YUC gene, YUC8, fit our screening criteria for both
RNA-seq data sets, correlating with hypocotyl pheno-
types based on the expression values from 4-d-old
seedlings (r = 0.99) and being repressed more than
5-fold in SOB3-D at 6 d (Supplemental Fig. S1A;

Supplemental Data Sets S1 and S2). This indicated that
YUC8 also could be a downstream target of SOB3. In-
deed, when we examined transcript levels for YUC8 in
4-d-old Col-0, SOB3-D, and sob3-6 seedlings using qRT-
PCR, we found that its expression pattern was very
similar to that of SAUR19, SAUR22, and SAUR24 (Fig.
1). We also checked the expression patterns of both
SAUR22 and YUC8 using cDNA generated from 5-d-
old seedlings and observed similar results, providing
further evidence that SOB3 causes downstream re-
pression of both SAUR19 family members and YUC8 in
seedlings less than 6 d old (Supplemental Fig. S7).

Auxin Signaling Is Important for SOB3 Mutant
Hypocotyl Phenotypes

Since SAUR and YUC genes are both associated with
auxin, we sought to test the hypothesis that SOB3 im-
pacts hypocotyl growth by acting on this signaling
pathway. With this aim in mind, we generated dose-
response curves for seedlings grown in the presence of
exogenous indole-3-acetic acid (IAA). Although en-
dogenous auxin is generally thought to promote hy-
pocotyl growth, exogenous IAA usually inhibits
hypocotyl growth in light-grown wild-type seedlings,
perhaps because the auxin response becomes saturated
(Collett et al., 2000). However, mutant seedlings with
alterations in auxin levels or auxin perception can ex-
hibit resistance to such treatment or even display the
complete opposite response, elongating in the presence

Figure 1. Auxin-associated genes are repressed in
SOB3-D but induced in sob3-6 at 4 d. Relative
expression is shown for genes associated with
auxin signaling in Col-0 and homozygous SOB3-
D and sob3-6 seedlings, as determined by qRT-
PCR. Transcript levels are normalized based on the
expression of the MDAR4 housekeeping gene.
PCR was performed in triplicate, and average ex-
pression values were calculated and used for
analysis. All values are shown as fold change
compared with the wild type. Error bars represent
SE from four biological replicates. In a Welch’s t
test (unpaired two-tailed t test with unequal vari-
ance) compared with the wild type, *, P , 0.05;
**, P , 0.01; and ***, P , 0.001.
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of exogenous IAA. When we examined the responses
of the SOB3 mutants to exogenous IAA, we found
that SOB3-D responded similarly to the wild type
(Supplemental Fig. S8). On the other hand, sob3-6
seemed to be slightly more sensitive than the wild type
at higher concentrations of IAA.
We also examined the effect ofN-1-napthylphthalamic

acid (NPA) on SOB3-D and sob3-6. NPA inhibits polar
auxin transport, leading to altered hypocotyl elonga-
tion in light-grown seedlings while having very little
effect on hypocotyl growth in dark-grown seedlings
(Jensen et al., 1998). In our conditions, NPA promoted
hypocotyl elongation at low concentrations, while at
high concentrations, it inhibited elongation (Fig. 2).
Furthermore, in contrast to the situation observed for
IAA, both mutants clearly had different responses to
NPA treatment as comparedwith thewild type. SOB3-D
was less sensitive to both the inhibition and promotion
of elongation by NPA when compared with the wild
type, whereas, sob3-6 exhibited the opposite trend,
showing greater overall sensitivity to NPA than the
wild type. Furthermore, high concentrations of NPA
almost completely eliminated differences in hypocotyl
elongation between the three genotypes. These results
indicate that there is a critical link between auxin sig-
naling and the hypocotyl phenotypes observed in SOB3
mutants.

Overexpressing SAUR19 Partially Rescues Hypocotyl
Elongation Defects in SOB3-D

Since members of the SAUR19 subfamily exhibit al-
tered expression in SOB3 mutants and the phenotypes
of these mutants are heavily influenced by auxin sig-
naling, we hypothesized that alterations in SAUR levels

might be responsible for the altered hypocotyl growth
in SOB3-D and sob3-6. Specifically, we suspected that
the short-hypocotyl phenotype in SOB3-D may be
caused by the repression of SAUR19 subfamily mem-
bers, which are known to promote cell expansion and
hypocotyl elongation (Franklin et al., 2011; Spartz et al.,
2012, 2014). To test this hypothesis, we transformed the
homozygous SOB3-D line with a construct expressing
GFP-SAUR19 under the control of the cauliflower mo-
saic virus 35S promoter. The GFP epitope tag was
translationally fused upstream of the SAUR19 coding
sequence in order to stabilize the SAUR19 protein upon
expression in the plant. The proteins coded for by
SAUR19 subfamily members are unstable to the point
that overexpressing them without an epitope tag pro-
duces no visible phenotype (Spartz et al., 2012). How-
ever, it has been demonstrated that attaching an
N-terminal epitope tag stabilizes these proteins,
resulting in enhanced hypocotyl elongation for lines
expressing such constructs (Franklin et al., 2011; Spartz
et al., 2012, 2014).

We examined both hypocotyl phenotypes and gene
expression in T2 seedlings to evaluate if enhanced
SAUR19 expression could rescue defects in elongation
caused by SOB3-D. SOB3-D/GFP-SAUR19 seedlings
were grown vertically on LS plates in dim white light
for 6 d. At 6 d, seedlings were quickly photographed
and then immediately harvested for RNA extraction. In
multiple lines, the seedlings appeared to be segregating
for hypocotyl length (Fig. 3). Within individual lines,
some seedlings still resembled SOB3-D, having short
hypocotyls, while others were noticeably taller.

To test the hypothesis that enhanced expression of
SAUR19 rescued defects in hypocotyl elongation for
some T2 GFP-SAUR19 seedlings in the SOB3-D back-
ground,we compared gene expression between tall and

Figure 2. SOB3 mutants exhibit altered sensitivity to NPA. Hypocotyl dose-response curves are shown for 6-d-old seedlings
grown in dim white light on LS medium. Values represent means of either the actual measured hypocotyl length (left) or the
sensitivity toNPA treatment (right) calculated as the percentage change in length comparedwith the same genotype on theDMSO
control plates. Error bars represent SE. For DMSO, Col-0, n = 34; SOB3-D, n = 35; and sob3-6, n = 41. For 0.05mmNPA, Col-0, n =
35; SOB3-D, n = 31; and sob3-6, n = 37. For 0.1mMNPA, Col-0, n = 38; SOB3-D, n = 38; and sob3-6, n = 44. For 0.5mMNPA, Col-0,
n = 41; SOB3-D, n = 37; and sob3-6, n = 43. For 1mMNPA, Col-0, n = 40; SOB3-D, n = 33; and sob3-6, n = 38. For 5mMNPA, Col-0,
n = 38; SOB3-D, n = 34; and sob3-6, n = 24. And for 10 mM NPA, Col-0, n = 32; SOB3-D, n = 38; and sob3-6, n = 36.
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short 6-d-old seedlings for each double transgenic line
pictured in Figure 3. Examination of SOB3 transcript
levels revealed no significant decrease in expression of
this gene in tall seedlings, as compared with short in-
dividuals, when seedlings from the same line were
compared (Fig. 4). In addition, expression of SOB3 in
these three and other double transgenic lines was not
substantially different as compared with the original
SOB3-D line in 6-d-old seedlings (Fig. 4; Supplemental
Fig. S9).

We also examined SAUR19 expression levels in tall
and short T2 GFP-SAUR19 individuals. Even in the
short seedlings, higher levels of SAUR19 were ob-
served, as compared with Col-0, which was attributed
to the subtle nature of the phenotype combined with
methodological constraints preventing us from choos-
ing wild-type segregants at the GFP-SAUR19 locus
with 100% accuracy. Since the seedlings did not always
grow straight along the surface of the vertically ori-
ented plates, quantification of individual hypocotyl
lengths was impossible without the addition of another
step, such as transferring the seedlings to acetate sheets
and scanning them. This would have substantially
delayed the time until seedlings could have been

harvested for RNA extraction, potentially causing
major changes in gene expression and making the
qRT-PCR results unreliable. Hence, when choosing
seedlings for RNA extraction, we relied entirely on vi-
sual identification of tall and short seedlings. Despite
these difficulties, we were still able to observe 3- to
6-fold higher levels of SAUR19 expression in the se-
lected tall individuals as compared with short siblings
from the same line (Fig. 4). This indicates that enhanced
levels of SAUR19 in the tall, double transgenic seed-
lings were responsible for partially rescuing hypocotyl
elongation in these individuals.

For several segregating T2 GFP-SAUR19 single-locus
insertion lines in the SOB3-D background, defects in
rosette development and flowering disappeared for
many individuals. Initially, this led us to think that
enhanced expression of the SAURs could be compen-
sating for low SAUR levels normally present in SOB3-D,
thereby rescuing these plants (Supplemental Fig. S3A).
However, whenwe examined transcript levels in SOB3-D
rosette leaves using qRT-PCR, we found that SAUR19,
SAUR22, and SAUR24 all were expressed at similar
levels as compared with the wild type (Supplemental
Fig. S10). Based on these results, we suspected that
suppression of developmental defects forGFP-SAUR19
T2 plants in the SOB3-D background could be a result of
reduced SOB3 expression due to trans-interactions be-
tween similar T-DNA insertions, leading to silencing
(Daxinger et al., 2008; Gao and Zhao, 2013; Sandhu
et al., 2013). Enhanced expression of SOB3 in the SOB3-D
background is due to the presence of an activation-
tagged construct containing enhancer elements from
the cauliflower mosaic virus 35S promoter (Weigel
et al., 2000; Street et al., 2008), which is the same pro-
moter that was used in this experiment to drive the
constitutive expression of GFP-SAUR19. Indeed, when
we examined SOB3 transcript levels in rosette leaves of
the wild-type-looking GFP-SAUR19 T2 individuals, we
found that expression of the gene was significantly
lower than in the original SOB3-D line (Supplemental
Fig. S3B). These data strongly indicate that the sup-
pression of developmental defects observed in some
double transgenic plants was due to silencing of the
enhancer elements that are responsible for increasing
SOB3 expression in the SOB3-D background rather
than an increase in the level of SAUR19.

SOB3 Binds to the Promoters of Genes Associated with
Auxin Signaling

To test the hypothesis that SOB3 directly represses
the expression of SAUR genes, we decided to investi-
gate promoter binding using chromatin immunopre-
cipitation followed by quantitative PCR (ChIP-qPCR).
We generated transgenic lines expressing a SOB3-GFP
translational fusion under the control of the endoge-
nous SOB3 promoter. To avoid interference with en-
dogenous SOB3 protein, we transformed the ProSOB3:
SOB3-GFP construct into the null sob3-4 background,

Figure 3. SOB3-D/GFP-SAUR19 lines segregate for hypocotyl pheno-
types. Seedlings were grown on vertically oriented LS plates for 6 d in
dim white light. All seedlings, except for Col-0, are homozygous at the
SOB3-D locus. With regard to lines containing the GFP-SAUR19
transgene, these are segregating T2 generation seedlings. Similar results
were obtained on at least two different plates for all lines, with one
representative plate shown for each. For the double transgenic lines, the
indicated tall and short seedlingswere harvested for RNA extraction and
cDNA synthesis, with these samples being used for the qRT-PCR anal-
ysis in Figure 4.

2706 Plant Physiol. Vol. 171, 2016

Favero et al.

http://www.plantphysiol.org/cgi/content/full/pp.16.00405/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00405/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00405/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00405/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00405/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00405/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00405/DC1


which was described previously (Street et al., 2008). We
identified a homozygous single-locus insertion T3 line
that displayed phenotypes reminiscent of SOB3-D, only
more mild, including short hypocotyls, curled ro-
sette leaves, and delayed flowering and senescence
(Supplemental Figs. S4 and S11). These phenotypes
indicate that the SOB3-GFP protein is functional and
expressed at somewhat higher levels in this line than in
Col-0. We chose to use this line, subsequently referred
to simply as SOB3-GFP, for ChIP-qPCR analysis (Fig. 5).
In turn, ChIP-qPCR revealed significant enrichment,

in SOB3-GFP samples, as compared with Col-0, for a
region amplified by a primer set landing approxi-
mately 250 bp upstream of the transcription start site in
the SAUR19 promoter (Fig. 5A). This suggests that
SOB3 binds directly to the SAUR19 promoter. Inter-
estingly, contained within the region amplified by this
primer set is a consensus sequence known to be bound
by another AHL in the same clade as SOB3 (Verkest
et al., 2014). Another clade A AHL consensus-binding
sequence also is located slightly farther upstream. We
also examined enrichment in the SOB3-GFP samples at
a site located farther upstream, approximately 1,000 bp
away from the SAUR19 transcription start site, in an
area lacking any known binding sites for clade A
AHLs. Only very slight enrichment at this locus was
observed in SOB3-GFP, indicating little or no binding
by SOB3.

We also evaluated other SAUR promoters for SOB3
binding. The six members of the SAUR19 subfamily are
all located on chromosome 5 in Arabidopsis within
a region spanning approximately 21 kb (Spartz et al.,
2012). Within this region, two pairs of genes,
SAUR20/21 and SAUR22/23, are positioned head to
head, with less than 2 kb separating their transcription
start sites. These intervening regions likely act as dual
promoters, controlling the expression of both adjacent
SAUR genes. Our ChIP-qPCR results indicated that
SOB3 binds to at least two sites in the dual promoter
region between SAUR20 and SAUR21 (Fig. 5B). This
promoter region contains three known clade A AHL
consensus-binding sequences, two of which are located
in the immediate vicinity of the regions where enrich-
ment was observed in the SOB3-GFP samples. Slight
enrichment also was observed for a region located
within the dual promoter separating SAUR22 and
SAUR23, although the increase was not quite signifi-
cant (Fig. 5C). However, in a second set of ChIP sam-
ples, which were prepared using the same procedure
except that sonication of nuclei was increased from
20 to 30 min, a slightly higher level of binding was
observed at this locus, with significant enrichment ob-
served this time in SOB3-GFP samples, as compared
with Col-0 (Supplemental Fig. S12).

Additionally, we used ChIP-qPCR to test if SOB3
binds to the promoter of the auxin biosynthesis gene

Figure 4. Tall SOB3-D/GFP-SAUR19
seedlings have higher SAUR19 levels.
Transcript levels are shown for the in-
dicated genes as measured by qRT-PCR
in short and tall seedlings harvested
from vertically oriented LS plates. A
representative plate for each sample is
shown in Figure 3. All seedlings were
grown in dim white light for 6 d. In a
Welch’s t test (unpaired one-tailed t test
with unequal variance), ***, P , 0.001
compared with SOB3-D (top) or is in-
dicated for comparisons between spe-
cific pairs of samples (bottom). PCRwas
performed at least in triplicate, and
average expression values were calcu-
lated and used for analysis. Transcript
levels are normalized based on the ex-
pression of the MDAR4 housekeeping
gene. All values are shown as fold
change compared with SOB3-D. Error
bars represent SE for at least two bio-
logical replicates (when multiple short
or tall seedlings were selected from the
same plate, individuals were pooled
together to constitute a single repli-
cate).
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YUC8. We observed enrichment at two different loci
located within the YUC8 promoter in the SOB3-GFP
samples as compared with the Col-0 control, indicating
that SOB3 also binds to this promoter (Fig. 6). Similar to
the results for the SAURs, the two sites in the YUC8
promoter where enrichment was observed either con-
tain, or are located close to, consensus clade A AHL-
binding sequences. Although enrichment for SAUR and
YUC8 promoter regions in the ChIP-qPCR assays was
small, we checked for enrichment at several of these loci
in a second, independent set of ChIP preparations and

obtained similar results (Supplemental Fig. S12). Taken
together, these results suggest that SOB3 directly binds
to and regulates the expression of YUC8 and SAUR19
family members, both associated with auxin signaling.
Furthermore, a lack of enrichment observed in the
SOB3-GFP line for an intragenic region located within
another auxin-response gene, IAA29, indicates that the
enrichment observed for YUC8 and SAUR promoters is
region specific and not simply an artifact arising from
differences in ChIP preparations between the two lines
(Fig. 5D; Supplemental Fig. S12).

Figure 5. SOB3 binds to SAUR promoters. A, Relative enrichment within the SAUR19 promoter in samples prepared from wild-
type or transgenic SOB3-GFP lines using a ChIP-qPCR procedure employing an antibody against the GFP epitope. B, Relative
enrichment within a dual promoter region located between SAUR20 and SAUR21. C, Enrichment within a dual promoter region
located between SAUR22 and SAUR23. D, ChIP-qPCR results for a control primer set that amplifies an intragenic region of the
IAA29 gene. Arrowheads on the promoter diagrams indicate primer pairs used for quantitative PCR (qPCR), and large arrows
indicate the transcription start sites. Solid black vertical lines on the diagrams indicate the presence of one of five consensus
sequences bound by AHLs in the same clade as SOB3 (AATTAAAT and ATTATAAT bound by AHL20; AATATATT bound by both
AHL20 andAHL25; andAATTAATTandAATAAAT bound byAHL25; Verkest et al., 2014).Magenta lines indicatemotifs bound by
ARFs (TGTCTC and TGTCGG; Ulmasov et al., 1999b; Boer et al., 2014). Green lines indicate the presence of a specific E-box
motif (CACATG), which is bound by PIF4 (Hornitschek et al., 2012). This motif also is enriched in promoters of genes that are both
activated in response to brassinosteroids and directly bound by BZR1 (Sun et al., 2010) as well as in regions of the genome
commonly bound by BZR1 and PIF4 (Oh et al., 2012). Blue lines indicate a 5-bp motif (GGTCC) enriched in the promoters of
brassinosteroid-regulated genes also bound by BZR1 (Sun et al., 2010). The brown line indicates the presence of a brassinosteroid
response element (CGTGTG), which is bound by BZR1 (He et al., 2005; Sun et al., 2010). The dashed vertical line indicates the
presence of a CCA1-binding site (AAAAATCT), a potential ATAF2-binding site (Peng et al., 2015). The same set of chromatin
immunoprecipitation (ChIP) samples was used for all PCRs shown. All values are shown as fold change compared with the Col-0
control samples. Error bars represent SE from three different ChIP preparations. In a Welch’s t test (unpaired one-tailed t test with
unequal variance), *, P , 0.05 and **, P , 0.01.
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Phenotypes of SOB3 Mutants Are Influenced
by Temperature

Since YUC8 and SAUR19 subfamily members are
both thought to function as components of a signaling
pathway that promotes elongation growth in response
to elevated temperatures (Franklin et al., 2011; Sun
et al., 2012; for review, see Proveniers and van Zanten,
2013), we investigated if the SOB3-D and sob3-6 phe-
notypes were affected by temperature. We compared
hypocotyl elongation at 25°C and 30°C. Hypocotyl
phenotypes in SOB3-D and sob3-6 were apparent at
both temperatures, but the impact of both alleles on
seedling elongation clearly changed based on the tem-
perature (Fig. 7). SOB3-D exhibited lower sensitivity to
enhanced hypocotyl elongation promoted by growth at
30°C. This indicates that the repressive effect of the
SOB3-D allele on hypocotyl growth was more severe at
30°C than at 25°C. The sob3-6 mutant also exhibited
lower sensitivity to warm temperature-induced hypo-
cotyl elongation. As a result, the tall-hypocotyl pheno-
type characteristic of sob3-6 was severely attenuated at
30°C as compared with 25°C. This indicates that a
connection exists between temperature-induced hypo-
cotyl elongation and SOB3. Along these lines, we also
tested if the expression of one SAUR, SAUR22, differs
based on temperature in our growth conditions. In-
deed, we found that the expression of SAUR22 was
higher at 25°C than at 18°C (Supplemental Fig. S13),
which is consistent with previous reports indicating

that SAUR19 subfamily members are induced by warm
temperatures (Franklin et al., 2011; Delker et al., 2014;
Johansson et al., 2014; Bours et al., 2015). This indicates
that SAUR19 subfamily genes are regulated by tem-
perature in our growth conditions. Taken together with
the phenotypic data for SOB3-D and sob3-6 at 25°C and
30°C, this lends further support to the hypothesis that
SOB3 represses hypocotyl growth by acting on com-
ponents important for mediating hypocotyl elongation
in response to warm temperatures.

DISCUSSION

AModel for the Repression of Hypocotyl Growth by SOB3

Seedlings fine-tune their rate of elongation in re-
sponse to changing environmental conditions. Tran-
scription factors functioning as components of signaling
pathways are essential to alter the expression of
downstream target genes, which are directly responsi-
ble for imparting changes in growth. We have gener-
ated several pieces of evidence indicating that SOB3
represses hypocotyl elongation in light-grown seed-
lings by suppressing the expression of YUC8 and
members of the SAUR19 subfamily. First, data from our
RNA-seq screen and qRT-PCR analyses indicated that
transcription of these genes is robustly down-regulated
in the SOB3-D gain-of-function mutant, including in
seedlings grown for 4, 5, or 6 d in white light as well as
in far-red light for 7 d (Fig. 1; Table I; Supplemental

Figure 6. SOB3 binds to the YUC8 promoter. Relative enrichment is shown within the YUC8 promoter in samples prepared from
Col-0 or transgenic SOB3-GFP lines using a ChIP-qPCR procedure employing an antibody against the GFP epitope. Arrowheads
on the promoter diagram indicate primer pairs used for qPCR, and the large arrow indicates the transcription start site. Solid black
vertical lines on the diagram indicate the presence of one of the five consensus sequences bound by AHLs in the same clade as
SOB3 (AATTAAATandATTATAAT bound byAHL20; AATATATT bound by both AHL20 and AHL25; and AATTAATTandAATAAAT
bound by AHL25; Verkest et al., 2014). Orange lines indicate a G-box motif (CACGTG), which is bound by PIF4 (Huq and Quail,
2002; Hornitschek et al., 2012; Sun et al., 2012) and also enriched in regions of the genome commonly bound by BZR1 and PIF4
(Oh et al., 2012). The green line indicates the presence of a specific E-box motif (CACATG), which is bound by PIF4 (Hornitschek
et al., 2012). This motif also is enriched in promoters of genes that are both activated in response to brassinosteroids and directly
bound by BZR1 (Sun et al., 2010), as well as in regions of the genome commonly bound by BZR1 and PIF4 (Oh et al., 2012). Blue
lines indicate a 5-bpmotif (GGTCC) enriched in the promoters of brassinosteroid-regulated genes also bound by BZR1 (Sun et al.,
2010). The dashed vertical line indicates the presence of an evening element (AAAATATCT), a potential ATAF2 binding site (Peng
et al., 2015). The same set of ChIP samples was used as for Figure 5. All values are shown as fold change comparedwith the Col-0
control sample. Error bars represent SE from three different ChIP preparations. In a Welch’s t test (unpaired two-tailed t test with
unequal variance), *, P , 0.05.
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Table S3; Supplemental Figs. S5–S7). Our data also in-
dicated that transcripts of these genes are elevated in
the loss-of-function sob3-6mutant in seedlings less than
6 d old, which is the stage of development when this
allele confers enhanced hypocotyl elongation (Table I;
Fig. 1; Supplemental Figs. S1 and S7). Additionally,
overexpression of SAUR19 partially rescued the short-
hypocotyl phenotype caused by enhanced expression
of SOB3 in the SOB3-Dmutant (Figs. 3 and 4). Although
the results from this experiment do not exclude the
possibility that SOB3 acts in a pathway parallel to auxin
signaling, when considered in light of the aforemen-
tioned expression data obtained from the SOB3-D and
sob3-6 mutants, it seems much more likely that YUC8
and SAUR19 to SAUR24 function downstream of SOB3.
These results, combined with our ChIP-qPCR data,
which indicated that SOB3 binds directly to the pro-
moters of YUC8 and multiple SAUR19 subfamily
members (Figs. 5 and 6; Supplemental Fig. S12),
strongly suggest that SOB3 inhibits hypocotyl elonga-
tion by directly repressing the transcription of these
auxin signaling pathway components. That said, cross
talk frequently occurs between various plant hormone
signaling pathways (for review, see Depuydt and
Hardtke, 2011). Therefore, it is possible that SOB3 acts
on other hormone pathways in addition to that of
auxin. A rigorous transcriptomics study in which
multiple replicates and time points are included would
be informative to determine if SOB3 exerts its effect on
hypocotyl growth mainly by acting on auxin signaling
or if it also acts on other pathways, such as those as-
sociated with brassinosteroids or GAs.

YUC8 and SAURs function at opposite ends of the
auxin signaling pathway (Fig. 8). YUC8 functions in
biosynthesis of the hormone and is essential for in-
creasing endogenous auxin levels in response to
warm temperatures, which in turn leads to hypocotyl

elongation (Gray et al., 1998; Stavang et al., 2009;
Franklin et al., 2011; Sun et al., 2012; Ma et al., 2016).
Eleven YUC genes in Arabidopsis code for flavin
monooxygenases, which function in the biosynthesis of
auxin from Trp in what seems to be the major pathway
for the synthesis of this hormone in plants (Zhao et al.,
2001; Hofmann, 2011; Mashiguchi et al., 2011; Phillips
et al., 2011; Stepanova et al., 2011; Won et al., 2011; Dai
et al., 2013; for review, see Zhao, 2014). Specifically,
these enzymes catalyze the rate-limiting conversion of
indole-3-pyruvic acid to the active hormone IAA, the
second of two steps in this short biosynthetic pathway.
The presence of multiple YUC genes in plants seems to
be important for the precise regulation of auxin bio-
synthesis based on tissue, stage of development, and
external stimuli (Cheng et al., 2006, 2007; Yamamoto
et al., 2007; Hornitschek et al., 2012; Kriechbaumer et al.,
2012; Li et al., 2012; Sun et al., 2012; Hersch et al., 2014;
Ma et al., 2016; for review, see Zhao, 2010, 2014).

In turn, auxin influences the transcription of at least a
portion of its downstream targets through a short sig-
naling pathwaymediated by the receptor TRANSPORT
INHIBITOR RESPONSE1 (TIR1) (Fig. 8; Gray et al.,
1999; Dharmasiri et al., 2005; Kepinski and Leyser,
2005; for review, see Enders and Strader, 2015; Salehin
et al., 2015; Li et al., 2016). Binding of auxin to TIR1
stabilizes interactions between the SCFTIR1 E3 ubiquitin
ligase complex and AUXIN/INDOLE-3-ACETIC ACID
(AUX/IAA) repressors, the latter of which are ubiq-
uitinated and subsequently degraded via the 26S pro-
teasome (Gray et al., 1999, 2001; Tiwari et al., 2001; Tian
et al., 2003; Dharmasiri et al., 2005; Kepinski and Leyser,
2005; Tan et al., 2007; Maraschin et al., 2009). AUX/IAA
proteins are potent repressors of transcription, and in
the absence of auxin promoting their degradation, they
complex with and inhibit the function of activating
ARFs (Tiwari et al., 2001, 2003; Szemenyei et al., 2008;

Figure 7. Temperature impacts hypocotyl phenotypes in SOB3-D and sob3-6. Hypocotyl growth is shown for homozygous
mutants grown for 6 d in the same intensity of dimwhite light at either 25˚C or 30˚C. Values represent either themean of the actual
measured hypocotyl length (left) or the sensitivity to warm temperature-induced hypocotyl elongation (right), presented for each
genotype as hypocotyl length at 30˚C divided by hypocotyl length at 25˚C. Error bars represent SE. For 25˚C, Col-0, n = 89; SOB3-
D, n = 71; and sob3-6, n = 91. For 30˚C, Col-0, n = 55; SOB3-D, n = 43; and sob3-6, n = 65.
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Korasick et al., 2014; for review, see Guilfoyle and
Hagen, 2007; Wright and Nemhauser, 2015). Auxin re-
sponse elements located in the promoters of genes tar-
geted by this signaling pathway are bound by ARFs,
which always seem to function as transcriptional acti-
vators in the case of targets antagonized by AUX/IAAs
(Ulmasov et al., 1997a, 1997b, 1999a, 1999b; Tiwari et al.,
2003; Tatematsu et al., 2004; Oh et al., 2014; for review,
see Enders and Strader, 2015; Salehin et al., 2015; Li
et al., 2016). SAUR19 to SAUR24 transcripts are all in-
duced by auxin but severely depleted in a mutant
exhibiting enhanced stability of an AUX/IAA protein,
while their promoters also are bound by ARF6, indi-
cating that this subfamily is regulated by the SCFTIR1-
AUX/IAA-ARF pathway (Spartz et al., 2012; Oh et al.,
2014; for review, see Proveniers and van Zanten, 2013).
It is also known that SAUR19 subfamily members di-
rectly interact with and inhibit the function of PP2C-D
phosphatases, which in turn leads to the activation of

plasma membrane H+-ATPases, causing a decrease in
apoplastic pH and, finally, an increase in cell expansion
due to the enhanced activity of expansins and other cell
wall-modifying enzymes (Spartz et al., 2012, 2014;
Takahashi et al., 2012; for review, see Dünser and
Kleine-Vehn, 2015). Therefore, it is clear that SAUR19 to
SAUR24 function at the end of the auxin signaling
pathway to convert the hormonal signal into a specific
developmental output, cell expansion.

Considering our data in light of this information, we
propose amodel whereby SOB3 represses auxin signals
involved in promoting hypocotyl cell expansion in re-
sponse to elevated temperatures at two different points,
both at the beginning of the signaling pathway, via the
repression of YUC8 and the synthesis of the hormone,
and at the end of it, through the repression of SAUR19
to SAUR24 (Fig. 8). Although this seems to be the most
likely scenario given that SOB3 bound directly to the
promoters of both YUC8 and SAURs in our study (Figs.
5 and 6; Supplemental Fig. S12), additional work is
needed to conclusively rule out the possibility that
SOB3 directly represses the transcription of only YUC8
or SAURs. For instance, direct repression of YUC8
transcription alone by SOB3 could reduce auxin levels
and signaling through the SCFTIR1-mediated signal-
ing pathway, indirectly leading to a reduction in the
abundance of SAUR19 to SAUR24 transcripts. Con-
versely, it is also conceivable that SOB3 may only di-
rectly repress the transcription of SAUR19 subfamily
members, in turn leading to the misregulation of YUC8
via a feedback loop. Transgenic rice plants over-
expressing the auxin-inducibleOsSAUR39 gene exhibit
reduced levels of the hormone (Kant et al., 2009), likely
indicating that SAUR genes are involved in the feed-
back regulation of auxin biosynthetic genes. Interest-
ingly, in this study, SOB3-D lacked any changes in
sensitivity to exogenous IAA (Supplemental Fig. S8),
which are characteristic of at least some mutants
exhibiting either global changes in auxin levels or de-
fects in transmission of the hormone signal (Collett
et al., 2000). Hence, this may indicate that any changes
in auxin levels as a result of altered YUC8 expression in
SOB3-D either are minimal or are simply restricted to
sites where exogenous IAA cannot be efficiently trans-
ported (Cheng et al., 2006). On the other hand, overall,
sob3-6 was somewhat more sensitive to IAA applica-
tion. This could indicate that YUC8-mediated changes
in auxin levels are more important for producing the
defects in hypocotyl growth observed in sob3-6 than
those in SOB3-D.

Does SOB3 Repress Additional SAUR Genes?

A question of interest for future studies is whether
SOB3 regulates the expression of other SAUR genes
outside the SAUR19 subfamily. This is a distinct pos-
sibility, considering that, in addition to SAUR19 to
SAUR24, many other SAURs were identified, via the
RNA-seq screens performed in this study, as potential

Figure 8. Model for the modulation of hypocotyl growth by SOB3.
Increased temperature leads to hypocotyl elongation through a pathway
that is at least partially mediated through YUC8 and SAUR19 subfamily
members. Heat induces the expression of YUC8, which leads to en-
hanced auxin production. Auxin promotes physical interactions be-
tween SCFTIR1 and AUX/IAA repressors, inhibiting the activity of
AUX/IAAs by promoting their degradation. This leads to the attenuation
of posttranslational repression of ARF activity by AUX/IAAs, which in
turn promotes the transcription of growth-promoting SAUR19 subfam-
ily members. Based on the results of this study, we propose that SOB3
inhibits hypocotyl elongation by some combination of direct and in-
direct repression of SAUR19 subfamily member expression. SOB3 in-
hibits production of the hormone signal, auxin, by binding to the
promoter of YUC8 and repressing its expression, which in turn leads
to the inhibition of SAUR19 to SAUR24 transcription via the SCFTIR1-
mediated auxin signaling pathway. Additionally, SAUR19 to SAUR24
are repressed directly at the transcriptional level by SOB3.
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downstream targets of SOB3 (Table I; Supplemental
Table S3). Additionally, this seems very likely consid-
ering that only small changes in expression were ob-
served for SAUR19, SAUR22, and SAUR24 in SOB3-D
and sob3-6 (Fig. 1), yet high GFP-SAUR19 expression
seems to only partially rescue hypocotyl growth in the
SOB3-D background (Figs. 3 and 4). Members of an-
other subclade, consisting of SAUR61 to SAUR68, as
well as SAUR75, are excellent candidates for repression
by SOB3, as they also promote hypocotyl elongation
(Chae et al., 2012; Sun et al., 2016), and our RNA-seq
screen at 4 d indicated that SAUR61, SAUR63 to
SAUR66, and SAUR68 are all down-regulated in SOB3-D
and up-regulated in sob3-6 (Table I). Additionally, we
also saw evidence for the repression of SAUR62,
SAUR63, and SAUR66 to SAUR68 in SOB3-D at later
time points (Supplemental Table S3; Supplemental Figs.
S5 and S6). Furthermore, SAUR65 is regulated directly
by TCP3 and TCP15 (Koyama et al., 2010; Uberti-
Manassero et al., 2012; Lucero et al., 2015), while the
expression of SAUR63, SAUR66, and SAUR67 is influ-
enced by TCP10 (Danisman et al., 2013). TCP3 and
TCP10 may be important for SOB3 function due to the
fact that they are two of five TCP family members
exhibiting reduced expression in the jaw-D back-
ground (Palatnik et al., 2003), where the extremely tall-
hypocotyl phenotype typically characteristic of sob3-6 is
abolished (Zhao et al., 2013).

The Seedling-Specific Impact of SOB3 Is a Point of Interest
for Future Studies

Another point of interest for future studies is the rel-
atively narrow time frame in which the sob3-6 allele
impacts plant development as well as the transcription
of downstream targets (Fig. 1; Table I; Supplemental
Figs. S1 and S5–S7). These results suggest that endoge-
nous SOB3 only impacts hypocotyl elongation in seed-
lings less than 6 d old, which is surprising, considering
that this gene is still expressed in 7-d-old seedlings
(Street et al., 2008). One possible explanation for this is
that SOB3 requires a cofactor, missing in older seedlings,
that is necessary for it to bind target promoters and re-
press gene transcription. One interesting possible co-
factor is the transcription factor ATAF2, which interacts
physically with SOB3’s closest homolog, ESC, as well
as with AHL12 (Zhao et al., 2013), and is known to
function as a direct transcriptional repressor of two
brassinosteroid-inactivating enzymes that influence hy-
pocotyl growth, BAS1 and SOB7 (Neff et al., 1999; Turk
et al., 2005; Peng et al., 2015). Interestingly, we found an
evening element and CCA1-binding site in the pro-
moters of YUC8 and SAUR22/SAUR23, respectively,
which also are sequences bound by ATAF2. TCPs also
are good candidate cofactors important for the activity of
SOB3 as a transcriptional repressor, given that they are
indispensable for manifestation of the sob3-6 phenotype
(Zhao et al., 2013), and they also are known to regulate
the expression of SAUR genes (Koyama et al., 2010;

Uberti-Manassero et al., 2012; Danisman et al., 2013;
Lucero et al., 2015).

SOB3’s function as a repressor of SAURs also could
be dependent on interactions with transcription
factors responsible for activating these genes. For ex-
ample, transcriptional repression by SOB3 could be
dependent on binding to and antagonizing the tran-
scription factor PHYTOCHROME INTERACTING
FACTOR4 (PIF4), which is important for directly ac-
tivating both YUC8 and SAUR19 subfamily members
in response to warm temperatures, promoting hypo-
cotyl elongation (Koini et al., 2009; Franklin et al., 2011;
Oh et al., 2012, 2014; Sun et al., 2012; Johansson et al.,
2014; Ma et al., 2016; for review, see Proveniers and
van Zanten, 2013). PIF4 also plays a major role in light
signaling (Huq andQuail, 2002; Lorrain et al., 2008; for
review, see Leivar and Quail, 2011), and some evi-
dence indicates that it activates YUC8 in response to
low light intensities (Hornitschek et al., 2012). This
makes PIF4 a particularly interesting candidate, con-
sidering that previous studies revealed that defects in
hypocotyl elongation observed in SOB3 mutants are
apparent mainly at low light intensities (Street et al.,
2008; Zhao et al., 2013). Along these same lines, SOB3’s
function as a repressor of SAURs could be dependent
on interactions with ARFs, which activate these genes
(Fig. 8; Oh et al., 2014; for review, see Proveniers and
van Zanten, 2013). Interestingly, cis-elements known
to be bound by PIF4 and ARFs are found in the pro-
moter regions where binding of SOB3 was observed in
this study (Figs. 5 and 6). This further suggests that
SOB3 may repress transcription by antagonizing the
functions of PIF4 and ARFs. Motifs bound by the
transcription factor BZR1, which is a key component
of the brassinosteroid signaling pathway, also are
present in the promoter regions where SOB3 binding
was observed. Since BZR1, PIF4, and ARF6 all inter-
act physically and frequently function together as
coactivators of transcription (Oh et al., 2012, 2014) it
is possible that SOB3 represses gene transcription
by antagonizing complexes composed of these three
transcription factors.

The sob3-6 allele also is unique in that it confers a tall-
hypocotyl phenotype in seedlings without producing
other visible phenotypes at the seedling, juvenile, or
adult stage (Supplemental Figs. S1, S3A, and S4). This is
consistent with SOB3 repressing the expression of
SAUR19 to SAUR24, direct promoters of cell growth in
hypocotyls (Spartz et al., 2012, 2014), rather than af-
fecting components involved generally in light signal-
ing or photomorphogenesis (for review, see Neff et al.,
2000; Arsovski et al., 2012; Boron andVissenberg, 2014).
Many mutations conferring defects in hypocotyl elon-
gation are in components of light-signaling pathways;
hence, they produce pleiotropic phenotypes, as in the
case of loss-of-function phyB mutants, which exhibit
constitutive shade avoidance, reduced levels of chlo-
rophyll, and early flowering (Reed et al., 1993; Lorrain
et al., 2008; Leivar et al., 2009; for review, see Neff et al.,
2000; Arsovski et al., 2012). Manipulating these types of
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genes for agricultural purposes is largely impractical,
because a number of undesirable phenotypes are likely
to accompany a desired characteristic conferred by a
mutant allele. However, since the effect of SOB3 on
development is restricted to repressing elongation in
young seedlings, this makes its homologs in crop plants
ideal candidates to manipulate in order to improve
stand establishment. Since AHLs seem to be found
ubiquitously as large gene families in higher plants, it is
likely that homologs possessing similar functions to
SOB3 are widespread in crop plants (Zhao et al., 2014).
Cultivars mutated in ways that mimic the sob3-6 allele
presumably would have enhanced hypocotyl elonga-
tion, helping them to reach the soil surface rapidly, yet
otherwise be unaffected developmentally. Therefore,
off-target, negative effects on other agronomically im-
portant traits could be avoided. This could be particu-
larly helpful for improving yields in dry climates, as it
would enable seeds to be planted deeper in the soil,
facilitating access to moisture.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

All Arabidopsis (Arabidopsis thaliana) plants used in this study are in the Col-0

ecotype. The SOB3-D, sob3-6, and sob3-4 mutants were all described previously

(Street et al., 2008; Zhao et al., 2013). Except for soil-grownplants, seedswere sown

on one-half-strength LS medium with 1.5% Suc and 1% phytagel (Sigma). For

assays with IAA or NPA, the compound was added in solution to the medium to

achieve the specified concentration, with the amount of solvent held constant

among all plates used for the same experiment. In order to synchronize germi-

nation, seeds were incubated in the dark at 4°C for about 4 d, then transferred to

red light and 25°C for 12 h, prior to being grown in a chamber. For the dim white

light condition, seedlings were grown in an E-30B growth chamber (Percival),

where both fluorescent and incandescent bulbs were used to supply continuous

light with a red to far-red light ratio of approximately 1:1 and a fluence rate of

23mmolm22 s21. Except where other growth temperatures are specified, seedlings

were grown at 25°C.

For soil-grownplants, seedswere sown onmoist soil, then potswere placed in

4°C for about 1 week to synchronize germination. Subsequently, plants were

grown in aCMP4030Controller (Conviron) at 21°C constant temperature in long-

day conditions (16-h days/8-h nights), irradiating with 200 mmol m22 s21 white

light supplied by a mixture of fluorescent and incandescent bulbs.

RNA-Seq Screen

RNAwas extracted fromseedlings using theRNeasyPlantMiniKit (Qiagen).

During extraction, the On-Column DNase I Digestion Set (Sigma) was used to

eliminate genomic DNA contamination. Following RNA extraction, the

MicroPoly(A) Purist Kit (Applied Biosystems) was used to enrich for mRNA.

Since the purpose of this experiment was to simply identify candidate genes

misregulated in SOB3 mutants and not to perform rigorous transcriptomic

analysis, at this point, mRNA samples from the same genotype and condition

were pooled together, effectively resulting in single replicates for sequencing. A

total of 50 ng of poly(A) purified mRNA was used for Ion Proton sequencing

library construction using the Ion Total RNA-seq kit version 2, with the ex-

ception that all purifications and size selections were performed using

AMPureXP beads (Beckmann-Coulter Genomics). Libraries were quantified by

qPCR. An Ion One Touch 2 was used for emulsion PCR and sequencing bead

preparation with Ion P1 OT2 200 V3 reagents. Sequencing beads were charac-

terized and quantified by flow cytometry (Guava EasyCyte; Millipore) and

sequenced at three samples per P1 chip using 520 flows on an Ion Proton. Signal

processing, base calling, and barcode separation were done using Torrent Suite

version 4.2 software. Reads were mapped to the Arabidopsis genome (TAIR

10), and RPKM values were calculated using CLC Genomics Workbench 7.5

software (www.clcbio.com). Hierarchical clustering analysis was performed

using the settings Euclidian Distance for distance measure and Single Linkage

for cluster linkage. Fold changes in RPKM values, as well as Pearson correlation

coefficients, were calculated using Microsoft Excel software.

Hypocotyl Measurements

Seedlings were harvested for hypocotyl measurements at the time points

specified. A ScanJet3500 (Hewlett-Packard) or an Epson Perfection V600 Photo

flat-bed scanner was used to generate TIFF or JPEG format images of the

seedlings. NIH ImageJ version 1.48 (Schneider et al., 2012) was used tomeasure

hypocotyl lengths, and data were analyzed and graphs generated using

Microsoft Excel software.

Photography and Image Processing

All photographs were taken using a Nikon Coolpix P600 camera. Images

were cropped and assembled using Inkscape software 0.91.

qRT-PCR

RNAwas extracted fromseedlings using theRNeasyPlantMiniKit (Qiagen).

Genomic DNA contamination was eliminated either with the On-Column

DNase I Digestion Set (Sigma) or the gDNA Eraser (Takara). First-strand cDNA

synthesis was conducted using the iScript Reverse Transcription Supermix for

RT-qPCR (Bio-Rad) or the PrimeScript RT Reagent Kit (Takara). qPCR was

carried out using the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad)

or Thunderbird SYBR qPCRMix (Toyobo) in a 7500 Fast Real Time PCR System

(Applied Biosystem), a CFX96 Touch Real-Time PCR Detection System (Bio-

Rad), or anMx3000p qPCR System (Agilent). Primers used for amplification are

listed in Supplemental Table S4. Microsoft Excel software was used to analyze

and compare data using the DDCT method.

Generation of GFP-SAUR19 Transgenic Lines

The GFP coding sequence was amplified from the pEarleyGate 103 vector

(Earley et al., 2006) using primers 59-GGTACTCCATGGCTCGAGATGGTA-

GATCTGACTAGTAAAGG-39 and 59-GGTACTGAGCTCCCTAGGCTG-

CAGTATGCATATGCAGGTACCGCTAGCTTTGTATAGTTCATCC-39. The

resulting PCR product and the pGEM T-Easy vector (Promega) were digested

with NcoI and SacI, and the two fragments were ligated together to generate

pGEM-GFP. The SAUR19 coding sequence was then amplified from cDNA

using primers 59-CGGGCAGGTACCAAAATGGCTTTCGTGAGAAGTC-39

and 59-ATTAAATCTGCAGTGTTGGATCATCTTCATTGGAG-39. The result-

ing PCR product and the pGEM-GFP plasmidwere then both cleavedwithKpnI

and PstI. This enabled subsequent ligation of the SAUR19 coding sequence into

the pGEM-GFP plasmid, 39 of GFP. The resulting GFP-SAUR19 translational

fusion construct was then sequenced and confirmed to be free of errors. GFP-

SAUR19was cut out of the resulting vector usingXhoI andXbaI and cloned into

pEarleyGate 103 at the XhoI and AvrII sites. This plasmid was transformed into

Agrobacterium tumefaciens, which was subsequently used to transform SOB3-D

plants, using the floral dip method (Clough and Bent, 1998). Successful trans-

formants were identified by screening on LS plates containing 30 ngmL21 Basta

(Bayer CropScience). Single-locus insertion T2 lines were identified by growing

plants on selection plates, scoring the number of resistant and susceptible in-

dividuals, and selecting lines that segregated at a 3:1 ratio based on x
2 analysis.

Kanamycin (30 ng mL21) also was included on all plates used for screening

SOB3-D/GFP-SAUR19 lines, in an attempt to increase the chances of identify-

ing lines where SOB3 was not being silenced.

ProSOB3:SOB3-GFP Plasmid Construction

Around 1.2 kb of the promoter region of SOB3 together with its coding sequence

(without stop codon) was amplified with the primer pair 59-GGGGACAAGTTTGTA-

CAAAAAAGCAGGCTCCTTCACCTTTAGAATATATGAC-39 and 59-GGGGAC-

CACTTTGTACAAGAAAGCTGGGTACTTAAAGGCTGGTCTTGGTGGTGCG-

39 and cloned into the entry pENTR/D-TOPO plasmid using the pENTR/D-

TOPO cloning kit (Thermo Fisher Scientific). The resulting plasmid was

sequenced to confirm the absence of errors. Subsequently, ProSOB3-SOB3 was

recombined into the pMDC107 binary vector (Curtis andGrossniklaus, 2003), 59

of and in frame with GFP, via a Gateway LR reaction (Invitrogen). sob3-4 plants

were transformed, and transgenic plants were isolated as described above.
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ChIP

ChIPwas carried out essentially as described previously (Ikeuchi et al., 2015)

except for the following modifications. Four-day-old whole seedlings grown in

dim white light were used in this study, and the cross-linking step with 1%

formaldehyde was only performed for 4 min. Sonication was performed in a

Bioruptor Plus UCD-300 (Diagenode) for 20 or 30 cycles (30 s on/30 s off) on the

H power setting, which resulted in an average fragment size of approximately

150 bp. Anti-GFP antibody (ab290; Abcam) was used for immunoprecipitation.

RNase A (Thermo) at a final concentration of 1 mgmL21 at 37°C for 30 min was

used to degrade RNA.

Accession Numbers

Arabidopsis Genome Initiative numbers for the sequences used in this study are as

follows: IAA29 (AT4G32280), MDAR4 (AT3G27820), PMP (AT3G24160), PP2AA3

(AT1G13320), SAUR1 (AT4G34770), SAUR6 (AT2G21210), SAUR7 (AT2G21200),

SAUR12 (AT2G21220), SAUR13 (AT4G38825), SAUR19 (AT5G18010), SAUR20

(AT5G18020), SAUR21 (AT5G18030), SAUR22 (AT5G18050), SAUR23 (AT5G18060),

SAUR24 (AT5G18080), SAUR28 (AT3G03830), SAUR29 (AT3G03820), SAUR34

(AT4G22620), SAUR41 (AT1G16510), SAUR42 (AT2G28085), SAUR45 (AT2G36210),

SAUR57 (AT3G53250), SAUR61 (AT1G29420), SAUR62 (AT1G29430), SAUR63

(AT1G29440), SAUR64 (AT1G29450), SAUR65 (AT1G29460), SAUR66 (AT1G29500),

SAUR68 (AT1G29490), SAUR69 (AT5G10990), SAUR71 (AT1G56150), SAUR76

(AT5G20820), SOB3 (AT1G76500), UBQ10 (AT4G05320), and YUC8 (AT4G28720).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. sob3-6 does not affect development after day 6.

Supplemental Figure S2. Hierarchical clustering of RNA-seq data.

Supplemental Figure S3. Rosette phenotypes in SOB3 mutants and SOB3-

D/GFP-SAUR19 double transgenic lines.

Supplemental Figure S4. Phenotypes in 55-d-old SOB3 mutants.

Supplemental Figure S5. SAUR genes are repressed in SOB3-D at 6 d.

Supplemental Figure S6. SAUR genes are down-regulated in SOB3-D

seedlings grown in far-red light.

Supplemental Figure S7. SAUR22 and YUC8 expression patterns in SOB3

mutants at 5 d.

Supplemental Figure S8. Responses of SOB3 mutants to exogenous IAA.

Supplemental Figure S9. SOB3 expression in SOB3-D/GFP-SAUR19 seedlings.

Supplemental Figure S10. SAUR expression in rosettes leaves.

Supplemental Figure S11. SOB3-GFP phenotypes are reminiscent of SOB3-D.

Supplemental Figure S12. SOB3 binding to SAUR and YUC8 promoters.

Supplemental Figure S13. Comparison of SAUR22 expression at 25°C and 18°C.

Supplemental Table S1. Expression of auxin-response genes correlating

with hypocotyl lengths in SOB3 mutants.

Supplemental Table S2.Auxin-response genes misregulated in SOB3-D at 6 d.

Supplemental Table S3. Misregulated SAUR genes in SOB3-D based on

RNA-seq at 6 d.

Supplemental Table S4. Primers used for qRT-PCR and ChIP-qPCR.

Supplemental Data Set S1. RNA-seq data from 4-d-old seedlings.

Supplemental Data Set S2. RNA-seq data from 6-d-old seedlings.
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