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SUMMARY

Interactions between signaling pathways help guide plant development. In this study, we found 

that brassinosteroid (BR) signaling converges with SUPPRESSOR OF PHYTOCHROME B4-#3 

(SOB3) to influence both the transcription of genes involved in cell elongation and hypocotyl 

growth. Specifically, SOB3 mutant hypocotyl phenotypes, which are readily apparent when the 

seedlings are grown in dim white light, were attenuated by treatment with either brassinolide (BL) 

or the BR biosynthesis inhibitor brassinazole (BRZ). Hypocotyls of SOB3 mutant seedlings grown 

in white light with a higher fluence rate also exhibited altered sensitivities to BL, further 

suggesting a connection to BR signaling. However, the impact of BL treatment on SOB3 mutants 

grown in moderate-intensity white light was reduced when polar auxin transport was inhibited. BL 

treatment enhanced transcript accumulation for all six members of the SMALL AUXIN UP 
RNA19 (SAUR19) subfamily, which promote cell expansion, are repressed by SOB3 and light, 

and are induced by auxin. Conversely, BRZ inhibited the expression of SAUR19 and its homologs. 

Expression of these SAURs was also enhanced in lines expressing a constitutively active form of 

the BR signaling component BZR1, further indicating that the transcription of SAUR19 subfamily 

members are influenced by this hormone signaling pathway. Taken together, these results indicate 

that SOB3 and BR signaling converge to influence the transcription of hypocotyl growth-

promoting SAUR19 subfamily members.
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INTRODUCTION

Living organisms rely on complex signaling pathways to translate both internal and external 

signals into developmental changes. The rate of elongation in seedlings is one such process 

that is heavily influenced by external factors, including light quantity and quality, 

temperature, and day length (Downs, 1955; Gray et al., 1998; Nozue et al., 2007; Niwa et 
al., 2009), as well as internal factors, such as signals from various hormone pathways (Su 

and Howell, 1995; Neff et al., 1999; Alabadi et al., 2004; Bai et al., 2012; Hornitschek et al., 
2012; Chen et al., 2013; Jia et al., 2014; reviewed in Vandenbussche et al., 2005). Much of 

our current understanding of how seedling elongation is modulated at the molecular level 

comes from studies on the hypocotyl of Arabidopsis thaliana (reviewed in Arsovski et al., 
2012; Boron and Vissenberg, 2014; Braidwood et al., 2014).

SUPPRESSOR OF PHYTOCHROME B4-#3 (SOB3)/AHL29 and other members of the AT-
HOOK MOTIF NUCLEAR LOCALIZED (AHL) family are important for proper regulation 

of hypocotyl elongation (Street et al., 2008; Xiao et al., 2009; Zhao et al., 2013, 2014; 

Favero et al., 2016). Specifically, SOB3 and its closest homolog, ESCAROLA (ESC), inhibit 

hypocotyl elongation in a fluence rate-dependent manner (Street et al., 2008; Zhao et al., 
2013). The sob3–4 esc-8 double null mutant elongates normally when grown in darkness or 

in light of higher fluence rates but exhibits a tall-hypocotyl phenotype when grown in dim 

white, red, far-red, or blue light (Street et al., 2008). Furthermore, the sob3–4 esc-8 mutant 

exhibits enhanced elongation even in the absence of functional phytochrome B (phyB) and 

cryptochrome 1 (cry1) photoreceptors in red and blue light, respectively, although phyA is 

necessary for the tall-hypocotyl phenotype in far-red light (Street et al., 2008).

Removal of additional family members besides SOB3 and ESC generally results in even 

taller light-grown seedlings (Zhao et al., 2013). Interestingly, when mutant AHLs unable to 

bind DNA are expressed at high levels in seedlings, such as in the case of the sob3–6 
mutant, they behave in a dominant-negative fashion, conferring extremely tall-hypocotyl 

phenotypes (Street et al., 2008; Zhao et al., 2013). This has been explained based on the fact 

that AHLs interact with other family members, as well as other non-AHL DNA-binding 

proteins (Zhao et al., 2013). As SOB3–6 is unaffected in its ability to engage in protein–

protein interactions, the defective protein is thought to still associate with other transcription 

factors (TFs) in the plant, whereby it inhibits DNA binding and relieves the normally 

repressive effects of these TF complexes on hypocotyl growth.

At least in Arabidopsis, hypocotyl growth occurs mainly due to cell expansion, rather than 

cell division (Gendreau et al., 1997). Auxin, brassinosteroid (BR), and gibberellin (GA) 

hormone pathways all play major roles in regulating cell expansion (reviewed in Depuydt 

and Hardtke, 2011). However, of these three hormones, only one of them, auxin, has been 

directly connected to SOB3 function (Favero et al., 2016). SOB3 inhibits the expression of 

genes associated with the auxin pathway, including YUCCA8 (YUC8) and members of the 

SMALL AUXIN UP RNA19 (SAUR19) subfamily (Favero et al., 2016). YUC genes code 

for flavin monooxygenases which catalyze a rate-limiting step during auxin biosynthesis in 

plants (Zhao et al., 2001; Mashiguchi et al., 2011; Phillips et al., 2011; Stepanova et al., 
2011; Won et al., 2011; Dai et al., 2013). In contrast with YUC8, the six members of the 
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SAUR19 subfamily, SAUR19 to SAUR24, function at the end of the hormone signaling 

pathway, where they link auxin signals to a specific developmental output, cell expansion 

(Jain et al., 2006; Franklin et al., 2011; Spartz et al., 2012, 2014). YUC8 and SAUR19 
subfamily members have primarily been associated with temperature-induced hypocotyl 

elongation mediated by auxin (Franklin et al., 2011; Sun et al., 2012; Delker et al., 2014; 

Johansson et al., 2014; Bours et al., 2015; Ma et al., 2016). However, many different 

signaling pathways likely converge to influence the expression of these genes. For example, 

both YUC8 and SAUR19 subfamily members are also influenced at the transcriptional level 

by light (Hornitschek et al., 2012; Li et al., 2012a; Spartz et al., 2012; Hersch et al., 2014; 

Sun et al., 2016). Further, RNA sequencing (RNA-seq) data also indicate that the SAUR19 
subfamily member expression is influenced by GA and BR hormone signaling pathways 

(Bai et al., 2012; Oh et al., 2012).

Although one member of the AHL family, AT-HOOK PROTEIN OF GA FEEDBACK1 
(AGF1)/AHL25, has been implicated in negative feedback regulation of a gene coding for a 

GA 3-oxidase, which is involved in biosynthesis of this hormone (Matsushita et al., 2007), 

connections between this family of TFs and BRs have not yet been studied. However, such a 

connection is likely to exist, as RNA-seq data indicate that SAUR19 subfamily member 

transcription is influenced by BR signaling (Oh et al., 2012), and these genes are also 

directly repressed by SOB3 (Favero et al., 2016). Additionally, a connection between BRs 

and AHLs is further suggested by the fact that ESC/AHL27 and AHL12 interact physically 

with ATAF2 (Zhao et al., 2013). ATAF2 is a NAC transcription factor which promotes 

hypocotyl elongation by repressing the expression of PHYTOCHROME B ACTIVATION-
TAGGED SUPPRESSOR1 (BAS1) and SOB7, two genes which code for BR inactivating 

enzymes (Neff et al., 1999; Turk et al., 2003, 2005; Peng et al., 2015). In this study, we test 

the hypothesis that SOB3 interacts with the BR pathway in the modulation of Arabidopsis 
hypocotyl growth. Our results indicate that BR signaling converges with SOB3 in 

hypocotyls of light-grown seedlings at the level of transcriptional regulation of the SAUR19 
subfamily.

RESULTS

Brassinosteroid responses are altered in SOB3 mutants

In order to investigate if there is a connection between SOB3 and BRs, we generated dose–

response curves for WT Col-0 and SOB3 mutants grown in the presence of exogenous 

brassinolide (BL), which generally promotes hypocotyl elongation in light-grown seedlings 

(Neff et al., 1999). Specifically, for this experiment, we chose two SOB3 mutants with 

opposite hypocotyl phenotypes, the short SOB3-D gain-of-function mutant and the tall 

sob3–6 mutant. Because SOB3 functions under red, far-red, and blue light (Street et al., 
2008), we chose to use white light containing all three colors of light (see Experimental 

procedures) for this experiment and the rest of the study. The mutants both exhibited 

different responses to BL as compared with the WT (Figure 1a,b). SOB3-D was more 

sensitive to promotion of hypocotyl elongation by BL, while sob3–6 was less sensitive. This 

suggests that BRs are important for modulation of hypocotyl growth by SOB3. To further 

test this hypothesis, we also generated dose–response curves for all three genotypes grown 
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in the presence of the BR biosynthesis inhibitor brassinazole (BRZ) (Asami et al., 2000). 

BRZ treatment had the opposite effect as compared with BL (Figure 1c,d). Hypocotyl 

elongation was inhibited by BRZ, and the inhibitory effect was less severe in SOB3-D as 

compared with the WT, but more severe in sob3–6. These results further suggest that there is 

a connection between SOB3 function and BRs in hypocotyls.

Although the dose–response curves generated for Col-0, SOB3-D, and sob3–6 grown in 23 

μmol m−2 sec−1 on plates supplemented with BL or BRZ indicated that SOB3 likely 

influences BR metabolism and/or signaling, one could argue that these results are difficult to 

interpret accurately, because the hypocotyl lengths for all three genotypes are quite different 

on the control plates. Therefore, we investigated the effect of exogenous BL in conditions 

where hypocotyl lengths are much more similar between all three genotypes. First, we tested 

the effect of BL on seedlings grown in a higher fluence rate of white light, 140 μmol m−2 

sec−1. Clear differences emerged when we compared the dose–response curves between the 

three genotypes (Figure 2). SOB3-D was less sensitive to BL-induced hypocotyl elongation 

in this light condition as compared with the WT, while sob3–6 was more sensitive. 

Therefore, as compared with the wild-type, BR signaling was reduced in SOB3-D but 

enhanced in sob3–6, further demonstrating that there is a connection between BRs and 

SOB3-mediated repression of hypocotyl growth. In addition, we generated BL dose–

response curves for the three genotypes grown in the dark, as darkness also mostly abolishes 

defects in hypocotyl elongation for SOB3-D and sob3–6. In contrast with the situation 

observed in 140 μmol m−2 sec−1 white light, no clear pattern emerged for the three 

genotypes grown in the presence of BL in the dark (Figure S1).

Auxin converges with brassinosteroid signaling to impact hypocotyl phenotypes in SOB3 
mutants

SOB3 is known to repress hypocotyl elongation at least in part by inhibiting the auxin 

pathway (Favero et al., 2016). Multiple auxin and BR signaling components physically 

interact with each other, and TFs activated by these two different signaling pathways bind to 

the promoters of many shared target genes, synergistically inducing their transcription 

(Nemhauser et al., 2004; Vert et al., 2008; Oh et al., 2014; reviewed in Hardtke, 2007). 

Therefore, we hypothesized that the altered sensitivities of SOB3-D and sob3–6 to BL and 

BRZ might be related to SOB3′s impact on auxin signaling. In order to test this hypothesis, 

we investigated hypocotyl phenotypes for SOB3 mutant seedlings grown in 150 μmol m−2 

sec−1 white light on plates containing 1 μM BL and various concentrations of the polar auxin 

transport inhibitor N-1-naphthylphthalamic acid (NPA). Previously, we found that defects in 

hypocotyl elongation observed for SOB3 mutants could be attenuated by growth in the 

presence of NPA (Favero et al., 2016). Therefore, we thought that NPA might also attenuate 

the BL response phenotypes observed for SOB3-D and sob3–6 seedlings grown under a 

moderate intensity of white light. Interestingly, we found that NPA effectively blocked the 

enhanced sensitivity of sob3–6 to BL (Figure 3). Most notably, at 200 μM NPA, there was 

almost no difference in hypocotyl length between Col-0 and sob3–6 seedlings grown in the 

presence of 1 μM BL under 150 μmol m−2 sec−1 white light. In addition, NPA attenuated the 

SOB3-D short-hypocotyl phenotype observed in the presence of BL under 150 μmol m−2 
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sec−1 white light. These results suggest that auxin signaling is important for the BR-

associated phenotypes observed in the SOB3 mutants.

Brassinosteroid signaling promotes transcription of SOB3 target genes

One possible explanation for the results observed in our hypocotyl elongation assays 

performed in the presence of BL and NPA may be that BR signaling converges with auxin 

signaling and SOB3 to affect common downstream components. Specifically, we 

hypothesized that BR signaling could converge with auxin and SOB3 at the level of 

transcriptional control of members of the SAUR19 subfamily. The expression of SAUR19 
subfamily members are influenced by both auxin (Spartz et al., 2012; Oh et al., 2014) and 

SOB3 (Favero et al., 2016), and there are numerous reports of SAUR gene transcription, 

particularly that of SAUR15, being influenced by brassinosteroids (Clouse et al., 1992; 

Zurek et al., 1994; Goda et al., 2002, 2004; Yin et al., 2002, 2005; Nakamura et al., 2003b; 

Nemhauser et al., 2004; Vert et al., 2008; Yan et al., 2009; Chung et al., 2012; Oh et al., 
2012, 2014; Bittner et al., 2015). In order to test the hypothesis that BRs influence the 

expression of members of the SAUR19 subfamily, gene expression was examined in 

seedlings grown in the presence or absence of BL using real-time quantitative reverse 

transcription PCR (qRT-PCR) (Figures 4, S2 and S3). SAUR22 was chosen for initial qRT-

PCR analysis because previous RNA-seq data indicate that this gene is one of the most 

misregulated members of the SAUR family in SOB3 mutants (Favero et al., 2016). In a 

preliminary experiment, we first checked SAUR22 expression in 4-day-old WT, SOB3-D, 

and sob3–6 seedlings grown in the presence or absence of BL under either a dim or 

moderate intensity of white light (Figure S2). Consistent with the tall-hypocotyl phenotypes 

caused by exogenous application of this hormone (Figure 1a,b), the expression of SAUR22 
was higher in both WT and SOB3-D seedlings grown under dim white light in the presence 

of BL as compared with the EtOH control, although for Col-0, this increase was not quite 

statistically significant (P = 0.0553) (Figure S2a). In contrast, no increase in SAUR22 
expression was observed for sob3–6 grown in the presence of BL in dim white light. This 

finding is not surprising considering that SAUR22 expression is already induced in sob3–6 
compared with Col-0 (Figure S2a) (Favero et al., 2016), and this mutant exhibited reduced 

sensitivity to BL-induced hypocotyl elongation in dim light as compared with the WT 

(Figure 1a,b). SAUR22 expression was also enhanced in the presence of BL for all three 

genotypes grown in moderate-intensity white light (Figure S2b). These results indicate that 

BR signaling promotes SAUR22 transcription. Interestingly, in this experiment, we also 

observed that SAUR22 expression was reduced in SOB3-D in all four conditions tested and 

increased in sob3–6 in three of the conditions, lending further support to a previous study 

indicating that SOB3 influences the transcription of SAUR19 subfamily members (Figure 

S2) (Favero et al., 2016).

In order to further evaluate if the expression of SAUR19 subfamily members are influenced 

by BRs, we generated a second set of cDNA samples from wild-type seedlings grown in the 

presence and absence of BL. Combining these cDNA samples with the previously generated 

set of samples for the wild-type, we performed qPCR for SAUR19 to 24, the six members of 

the SAUR19 subfamily (Jain et al., 2006; Spartz et al., 2012). Based on these results, we 

found that all six members of the SAUR19 subfamily were significantly induced in response 
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to exogenous BL in dim white light (Figure 4). Similar results were achieved with seedlings 

grown under a moderate intensity of white light (Figure S3). These results indicate that BR 

promotes the expression of SAUR19 subfamily members.

We also tested if application of the BR biosynthesis inhibitor BRZ (Asami et al., 2000) 

influences the expression of SAUR19 to 24 (Figure 5). We found that the expression of all 

six SAURs was significantly lower in the seedlings grown on medium containing BRZ. 

These results indicate that inhibiting BR signaling represses the expression of SAUR19 to 

SAUR24, further indicating that the BR pathway promotes transcription of these genes. In 

contrast, expression of another known SOB3 target, YUC8 (Favero et al., 2016), was not 

significantly altered by BRZ application (Figure S4).

Data from a previous RNA-seq study indicate that the expression of SAUR19 subfamily 

members may be promoted by the transcription factor BRASSINAZOLE-RESISTANT1 

(BZR1) (Oh et al., 2012), which is a major component of the BR signaling pathway (Wang 

et al., 2002). In order to test the hypothesis that BZR1 promotes the transcription of 

SAUR19 subfamily members in response to BR signals, we performed qRT-PCR using 

transgenic lines expressing a mutant, dominant allele of BZR1, denoted mBZR1 (He et al., 
2002; Wang et al., 2002). BZR1 is normally phosphorylated and degraded in the absence of 

signals from the BR pathway, but a missense mutation in the mBZR1 protein confers 

reduced phosphorylation and enhanced stability. In turn, this leads to increased action of the 

mBZR1 transcription factor (He et al., 2005). We generated multiple T2 lines expressing 

mBZR1 and measured gene expression in these seedlings. First, we identified four lines that 

had significantly elevated levels of BZR1 transcripts, indicating that the mBZR1 construct 

was expressed in these seedlings (Figure 6a). We next examined the expression of SAUR19 
to 24 in these four mBZR1-expressing lines (Figure 6b–g). SAUR19, SAUR21, SAUR22, 

and SAUR24 were significantly upregulated in all four mBZR1 lines (Figure 6b,d,e,g). 

SAUR20 and SAUR23 were significantly upregulated in three of the four lines, and nearly 

also significantly upregulated in the fourth line (SAUR20, P = 0.0628; SAUR23, P = 0.0524) 

(Figure 6c,f). Further, the expression levels of all six SAUR genes correlated well with that 

of BZR1 in the lines examined, as indicated by Pearson correlation coefficient (r) values 

ranging from 0.949 to 0.982 for the different members of the subfamily (Figure 6a–g). This 

likely indicates that BZR1 is at least partially responsible for inducing SAUR19 subfamily 

members in response to signals from the BR pathway. In contrast, YUC8 expression 

correlated less well with that of BZR1 (r = 0.807), and was not significantly altered in three 

of the four lines tested (Figure 6h).

DISCUSSION

SOB3, BRs, and auxin influence SAUR transcription

Our findings indicate that SOB3 interacts with BRs in the modulation of hypocotyl growth 

(Figures 1, 2 and 3). Further, this is at least partially attributable to direct downstream targets 

of SOB3, members of the SAUR19 subfamily (Favero et al., 2016), being influenced at the 

transcriptional level by BR signaling (Figures 4, 5, 6b–g, S2 and S3). Considering these 

results in light of previous work, we propose a model for how SOB3, auxin, and BRs 

converge to influence hypocotyl growth (Figure 7). Hypocotyl growth-promoting SAUR19 
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subfamily members (Franklin et al., 2011; Spartz et al., 2012, 2014) are directly repressed 

by SOB3 (Favero et al., 2016). However, SOB3 also indirectly represses the expression of 

SAUR19 subfamily members, which are induced by auxin (Spartz et al., 2012; Oh et al., 
2014), as it inhibits the transcription of YUC8 (Favero et al., 2016). YUC8 and other YUC 
genes code for a class of enzymes which play critical roles in auxin biosynthesis (Zhao et 
al., 2001; Mashiguchi et al., 2011; Phillips et al., 2011; Stepanova et al., 2011; Won et al., 
2011; Dai et al., 2013). Results from the current study suggest that BRs converge with 

SOB3-mediated modulation of hypocotyl growth by promoting expression of SAUR19 
subfamily members, via the transcription factor BZR1 (Figure 7).

In contrast with the SAUR19 subfamily, we found little evidence that YUC8 is regulated by 

BR signaling. Its expression was not significantly altered by BRZ application (Figure S4) or 

in the majority of mBZR1 lines evaluated (Figure 6h). This is not surprising when 

considering previous reports indicating that auxin biosynthesis is not influenced by BRs 

(Nakamura et al., 2003a; Nemhauser et al., 2004). Rather, it has been demonstrated that a 

BR signaling component, BES1, which is BZR1′s closest homolog, binds directly to the 

promoters of SAUR15 and SAUR68, suggesting that these genes can be directly regulated 

by this transcription factor in response to signals from the pathway (Nemhauser et al., 2004; 

Yin et al., 2005; Vert and Chory, 2006; Vert et al., 2008). Future work should test the 

hypothesis that BZR1 activates the expression of SAUR19 subfamily members directly, by 

binding to their promoters.

SOB3 and photomorphogenesis

Another interesting observation from this study is that SOB3 mutant phenotypes are largely 

dependent on light fluence rate (Figures 1a,c, 2a and 3a), in agreement with a previous study 

(Street et al., 2008). However, SOB3 function is not dependent on growth in the presence of 

a particular wavelength of light, and far-red light alone is sufficient to induce a tall-

hypocotyl phenotype in the sob3–4 esc-8 double null mutant (Street et al., 2008). This 

indicates that the low fluence rate (LFR) response is not essential for SOB3 activity, because 

far-red light fails to activate this photomorphogenic response (reviewed in Casal et al., 
1998). Conversely, since far-red light alone is sufficient to induce a phenotype in sob3–4 
esc-8 (Street et al., 2008), it is possible that these genes act as downstream components in 

the very low fluence rate (VLFR) response (reviewed in Casal et al., 2014). However, this 

possibility seems unlikely, given that sob3–4 esc-8, which is in the Columbia-0 (Col-0) 

ecotype, exhibits a phenotype in red light. VLFR is mediated by phyA (reviewed in Casal et 
al., 2014), and the removal of this photoreceptor alone in Col-0 has no effect on hypocotyl 

growth in red light (Su et al., 2015). Therefore, in Col-0, inhibition of hypocotyl growth in 

red light is entirely attributable to LFR, rather than VLFR effects. Furthermore, although no 

hypocotyl phenotype was observed for sob3–4 esc-8 in a phyA mutant background in far-red 

light (Street et al., 2008), this is explainable by the fact that this photoreceptor alone is 

predominantly responsible for mediating de-etiolation in response to far-red light (Neff and 

Chory, 1998). Therefore, phyA mutants grown in far-red light lack an active 

photomorphogenic signaling pathway necessary for manifestation of the sob3–4 esc-8 tall-

hypocotyl phenotype, similar to the situation in dark-grown seedlings (Street et al., 2008). 

Taken together, these observations indicate that SOB3 likely functions as a growth repressor 
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downstream of multiple photoreceptors, and its function does not depend specifically on 

either VLFR or LFR.

One likely reason SOB3 functions in a fluence rate-dependent manner is because the 

expression of YUC8 and SAUR19 subfamily members are influenced by light (Hornitschek 

et al., 2012; Li et al., 2012a; Spartz et al., 2012; Hersch et al., 2014; Sun et al., 2016). 

PHYTOCHROME INTERACTING FACTOR (PIF) TFs, which are generally destabilized 

by light-activated phytochromes (Ni et al., 1998; Huq and Quail, 2002; Lorrain et al., 2008; 

reviewed in de Lucas and Prat, 2014), regulate YUC8 expression in response to light (Figure 

7) (Hornitschek et al., 2012; Li et al., 2012a; Hersch et al., 2014). YUC8 expression is 

substantially elevated during shade avoidance, i.e. in light with a low red to far-red (R:FR) 

ratio, an effect which is mediated largely by PIF7 (Li et al., 2012a; Hersch et al., 2014). In 

contrast, there is evidence that PIF4 and PIF5 activate YUC8 in response to low fluence-rate 

light when the R:FR ratio is higher (Hornitschek et al., 2012). Similar to YUC8, the 

expression of SAUR19, 21, 23, and 24 is induced by light with a low ratio of R:FR (Spartz 

et al., 2012), and it is likely that these changes in expression are caused at least partially by 

increased auxin levels in shade-avoiding seedlings (Li et al., 2012a; Hersch et al., 2014). 

However, chromatin immunoprecipitation sequencing (ChIP-seq) data indicate that both 

PIF4 and PIF5 bind in the vicinity of all six members of the SAUR19 subfamily 

(Hornitschek et al., 2012; Oh et al., 2012), and, therefore, that these SAURs are also direct 

downstream targets of PIFs (Figure 7). Although PIFs were named based on their ability to 

interact with phytochromes (Ni et al., 1998), cryptochromes also interact with these TFs, 

altering their ability to influence target gene transcription (Ma et al., 2016; Pedmale et al., 
2016). Therefore, it seems likely that SAUR transcription is influenced by both red and far-

red light, through the phytochromes, as well as by blue light, via the cryptochromes. Future 

studies directly testing how the expression of SAUR19 subfamily members is influenced by 

monochromatic red, far-red, and blue light, as well as if it is altered in phytochrome and 

cryptochrome mutants, will be useful for confirming this hypothesis.

The connection established in this study between the BR signaling pathway and the 

expression of SAUR19 subfamily members (Figures 4, 5 and 6b–g) provides another 

indirect route by which light may affect SAUR transcription (Figure 7). ATAF2 transcription 

correlates inversely with light intensity, and the TF encoded by this gene promotes 

hypocotyl elongation in a fluence rate-dependent manner by repressing BAS1 and SOB7 
expression (Peng et al., 2015). This indicates that ATAF2 inhibits BR inactivation, while 

light antagonizes this effect. Therefore, BZR1-mediated SAUR induction through the BR 

signaling pathway should also be antagonized by light, particularly that of higher fluence 

rates (Figure 7).

Interestingly, BZR1 interacts physically with PIF4 as well as a transcription factor which is 

activated by the auxin signaling pathway, AUXIN RESPONSE FACTOR6 (ARF6) (Nagpal 

et al., 2005). Together, the three TFs synergistically activate the expression of SAUR genes, 

including SAUR19 (Figure 7) (Oh et al., 2014). SAUR19 subfamily members contain a 

number of putative binding sites for all three TFs in their promoters, with many of these 

located near AHL-binding motifs (Favero et al., 2016). Therefore, activation of SAUR19 
subfamily members via the BZR1/ARF6/PIF4 (BAP) complex (Oh et al., 2014) may be 
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directly inhibited by SOB3 (Figure 7). Future studies should investigate if SOB3 antagonizes 

BAP function by physically disrupting the assembly of the complex on the promoters of 

target genes. This mode of regulation would not be without precedent, as DELLA repressor 

proteins physically interfere with the formation of BAP-DNA complexes by disrupting PIF4-

ARF6 interactions as well as by blocking BZR1, ARF6 and PIF4 from binding to target 

promoters (de Lucas et al., 2008; Bai et al., 2012; Li et al., 2012b; Oh et al., 2014). DELLAs 

are themselves destabilized by activation of the GA signaling pathway (Dill et al., 2001). 

GA levels are reduced in light, where DELLAs promote photomorphogenesis in a fluence 

rate-dependent manner (Achard et al., 2007). This presents another route by which light 

should impact the expression of SAUR19 subfamily members (Figure 7), a hypothesis which 

is supported by RNA-seq data indicating that SAUR19, SAUR20, SAUR21, SAUR23, and 

SAUR24 are all induced by a 12-h GA treatment (Bai et al., 2012). Interestingly, another 

AHL known to influence hypocotyl growth, AHL6 (Zhao et al., 2013), interacts with the 

DELLA protein RGA1 based on results from a blind, high-throughput yeast two-hybrid 

(Y2H) assay (Stark et al., 2006; Arabidopsis Interactome Mapping Consortium, 2011). This 

suggests that DELLAs may physically interact with AHL complexes containing SOB3, 

potentially leading to the formation of large repressor complexes which antagonize the 

activation of genes induced by BAP. This possibility should be investigated in future studies.

Finally, TCP TFs may be important for the effects of both SOB3 and light on SAUR19 
subfamily member expression. SOB3 physically interacts with TCPs, and the sob3–6 tall-

hypocotyl phenotype is completely abolished in a mutant exhibiting reduced levels of 

several TCPs (Zhao et al., 2013). Additionally, several SAUR genes are misregulated in TCP 

mutants (Koyama et al., 2010; Sarvepalli and Nath, 2011; Danisman et al., 2013), and TCP2 

protein levels are influenced by light (He et al., 2016). Future experiments should elucidate 

precisely how SOB3–TCP interactions influence the expression of SAUR19 to SAUR24.

Alternative explanations for the altered sensitivities of SOB3-D and sob3–6 to BL and BRZ

Although our gene expression analyses suggest that the physiological results from this study 

are at least partially explained by the convergence of SOB3, auxin, and BRs at the level of 

transcriptional regulation of SAUR19 subfamily members, there are other potential 

explanations for the altered sensitivities of the SOB3 mutant hypocotyls to BL and BRZ. For 

example, SOB3 could reduce BR levels by associating with ATAF2-containing complexes 

and relieving repression of BAS1 and SOB7 by this TF (Figure 7) (Peng et al., 2015). This 

idea is consistent with the current model in which AHLs are believed to modulate hypocotyl 

growth by functioning as components of large complexes composed of multiple family 

members and other non-AHL TFs (Zhao et al., 2013). Furthermore, ESC and AHL12 

physically interact with ATAF2 based on Y2H assays (Zhao et al., 2013). Future studies 

should investigate if interactions between AHLs and ATAF2 are important for 

photomorphogenesis, as well as if they contribute to the BL- and BRZ-response phenotypes 

observed in this study. Additionally, another potential explanation for the physiological 

results obtained in this study, which we cannot rule out entirely, is that SOB3 directly 

represses the expression of genes encoding enzymes which are involved more directly in 

promoting hypocotyl elongation, e.g. expansins and pectin methylesterases (reviewed in 

Braidwood et al., 2014). An in-depth transcriptomics study using RNA extracted from 
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multiple AHL mutants at different stages of seedling development would be informative for 

testing this hypothesis.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

All plants used in this study are in the Col-0 ecotype. The SOB3-D and sob3–6 mutants 

were described previously (Street et al., 2008; Zhao et al., 2013). Seeds were sown on half-

strength LS medium with 1.5% sucrose and 1% Phytagel (Sigma, St. Louis, MO, USA). For 

assays with brassinolide (BL), brassinazole (BRZ), or N-1-naphthylphthalamic acid (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 germination, seeds were incubated in the dark at 4°C for about 4 days, 

then transferred to red light and 25°C for 12 h, prior to being grown in a chamber. Seedlings 

were grown in an E-30B (Percival Scientific, Perry, IA, USA) growth chamber, where both 

fluorescent and incandescent bulbs were used to supply continuous white light at the 

specified fluence rate. All seedlings were grown at 25°C.

Hypocotyl measurements

Six-day-old seedlings were harvested for hypocotyl measurements. A ScanJet3500 (Hewlett-

Packard, Palo Alto, CA, USA) or a Perfection V600 Photo (Epson, Nagano, Japan) flat-bed 

scanner was used to generate TIFF or JPEG format images of the seedlings. National 

Institutes of Health (NIH) ImageJ 1.48 (Schneider et al., 2012) was used to measure 

hypocotyl lengths and data were analyzed and graphs generated using Excel (Microsoft, 

Redmond, WA, USA) software.

qRT-PCR

RNA was extracted from 4-day-old seedlings using the RNeasy Plant Mini Kit (Qiagen, 

Hilden, Germany). During extraction, genomic DNA contamination was eliminated via the 

On-Column DNase I Digestion Set (Sigma). First strand cDNA synthesis was conducted 

using the iScript Reverse Transcription Supermix for RT-qPCR (BioRad, Hercules, CA, 

USA). Quantitative PCR was carried out using the SsoAdvanced Universal SYBR Green 

Supermix (BioRad) in a CFX96 Touch Real-Time PCR Detection System (BioRad). Primers 

used for amplification are as follows: BZR1, 5′TTATCGCAAGGGATGCAAGC-3′ and 5′-

GGGCTCTGGTTCTGTGATGA-3′; MDAR4, 5′-GCGGTGGCTATATCGGTATGG-3 and 

5′-AAAGAGACGTGCCATGCAGTG-3′; SAUR19, 5′-

GCTCTCATACTTGAGCCAACCG-3′ and 5′-AGGGATCGTTAAGCCACCCATC-3′; 

SAUR20, 5′-CGATCATCCAATGGGTGGCT-3′ and 5′-

GCTCATCATCGTTGGAACCG-3′; SAUR21, 5′-

GCTCTCATACTTGAGCCAACCTTC-3′ and 5-GGGATCGTTAAGCCACCCATTG-3′; 

SAUR22, 5′-TGTGACTTCTCGGCTCCAAT-3′ and 5′-

CAAAAATGGCATCCATTCTCTAAAC-3′; SAUR23, 5-

AATCCGAAGAAGAGTTTGGGTTCG-3′ and 5′-

AATCATCAATGGAGCCGAGAAGTC-3′; SAUR24, 5′-

ACCAGCCTTCATTTCAAGCTCTTC-3′ and 5′-AGGGATCGTTAAGCCTCCCATC-3′; 

Favero et al. Page 10

Plant J. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



YUC8, 5′-GAGGAAAGGGCTCTCAGGTG-3′ and 5′-

GAAGAGAACCCCTTGAGCGT-3′. Excel (Microsoft) software was used to analyze and 

compare data using the DDCT method.

Generation of mBZR1 Lines

The BZR1 coding sequence was amplified using primers (5′-

CCTAGGCCGTCAAGGCCAATGACTTCGGATGGAGCTACGTC-3′ and 5′-

CTATGGCCCATGAGGCCTCAACCACGAGCCTTCCCATTTC-3′) and cloned into the 

pENTR223.1-Sfi vector. The QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent 

Technologies, Santa Clara, CA, USA) was used to generate the previously described mBZR1 
allele, which contains a proline to leucine mutation at residue 234 (Wang et al., 2002), using 

the primer pair (5′ATTCAGGTATAGTAGCCAGGGTATGAAACTGGTGG-3′ and 

5′CCACCAGTTTCATACCCTGGCTACTATACCTGAAT-3′). Subsequently, the presence 

of the desired mutation and absence of other errors in the BZR1 coding sequence was 

confirmed via sequencing. PCR was then performed to amplify mBZR1 using primers 

(5′CAGTTCGCTAGCATGACTTCGGATGGAGCTACGTC-3′ and 5′-

TGTGTCGGCGCGCCAACCACGAGCCTTCCCATTTCC-3′). The resulting PCR product 

was cleaved with AscI and NheI and ligated into pMDC83 cleaved with AscI and SpeI, 5′ 
of and in frame with GFP. The resulting plasmid was sequenced to confirm the absence of 

errors, then cloned into Agrobacterium, which was subsequently used to transform the ‘WT-

like’ line, homozygous for a ProSOB3: SOB3-FLAG construct in the previously described 

sob3–4 esc-8 ahl6 triple null (Zhao et al., 2013), using the floral dip method (Clough and 

Bent, 1998). Successful transformants were identified by screening on LS plates containing 

25 ng ml−1 Hygromycin B (PhytoTechnology Laboratories, Lenexa, KS, USA). Single-locus 

insertion lines were identified by growing T2 seedlings on selection plates, scoring the 

number of resistant and susceptible individuals, and selecting lines which segregated at a 3:1 

ratio based on chi-square analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SOB3-D and sob3–6 exhibit opposite responses to exogenous BL and BRZ
(a–d) Hypocotyl growth of Col-0, SOB3-D, and sob3–6 grown for 6 days in 23 μmol m−2 

sec−1 white light on media containing the specified concentrations of brassinolide (BL). 

Values represent the mean of either the actual measured hypocotyl length (a) or the 

sensitivity to BL treatment (b) calculated as percent change in length compared with the 

same genotype on EtOH control plates. EtOH-Col-0, n = 39; SOB3-D, n = 41; sob3–6, n = 

34. 0.001 μM BL-Col-0, n = 51; SOB3-D, n = 60; sob3–6, n = 51. 0.01 μM BL-Col-0, n = 

54; SOB3-D, n = 53; sob3–6, n = 57. 0.1 μM BL-Col-0, n = 48; SOB3-D, n = 49; sob3–6, n 
= 45. 1 μM BL-Col-0, n = 41; SOB3-D, n = 49; sob3–6, n = 47.
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(c, d) Hypocotyl growth of WT Col-0, SOB3-D, and sob3–6 grown for 6 days in 23 μmol 

m−2 sec−1 white light on media containing the specified concentrations of brassinazole 

(BRZ). DMSO-Col-0, n = 35; SOB3-D, n = 32; sob3–6, n = 43. 0.001 μM BRZ-Col-0, n = 

37; SOB3-D, n = 44; sob3–6, n = 39. 0.01 μM BRZ-Col-0, n = 38; SOB3-D, n = 37; sob3–6, 
n = 36. 0.1 μM BRZ-Col-0, n = 39; SOB3-D, n = 41; sob3–6, n = 44. 1 μM BRZ-Col-0, n = 

47; SOB3-D, n = 41; sob3–6, n = 42. Values represent the mean of either the actual 

measured hypocotyl length (c) or the sensitivity to BRZ treatment (d) calculated as percent 

change in length compared with the same genotype on dimethyl sulphoxide (DMSO) control 

plates. Error bars represent standard error of the mean. Photographs show seedlings of 

average length given the indicated genotype and plate type. Scale bars depict 1 mm. [Colour 

figure can be viewed at wileyonlinelibrary.com].
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Figure 2. SOB3-D and sob3–6 display different sensitivities to BL when grown under moderate-
intensity white light
Hypocotyl growth of Col-0, SOB3-D, and sob3–6 grown for 6 days in 140 μmol m−2 sec−1 

white light on media containing the specified concentrations of brassinolide (BL). EtOH-

Col-0, n = 29; SOB3-D, n = 26; sob3–6, n = 34. 0.001 μM BL-Col-0, n = 31; SOB3-D, n = 

33; sob3–6, n = 39. 0.01 μM BL Col-0, n = 40; SOB3-D, n = 27; sob3–6, n = 41. 0.1 μM 

BL-Col-0, n = 37; SOB3-D, n = 31; sob3–6, n = 39. 1 μM BL-Col-0, n = 38; SOB3-D, n = 

41; sob3–6, n = 32.

(a, b) Values represent the mean of either the actual measured hypocotyl length (a) or the 

sensitivity to BL treatment (b) calculated as percent change in length compared with the 

same genotype on EtOH control plates. Error bars represent standard error of the mean. 

Photographs show seedlings of average length given the indicated genotype and plate type. 

Scale bars depict 1 mm. [Colour figure can be viewed at wileyonlinelibrary.com].
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Figure 3. NPA reduces BL sensitivity differences in SOB3 mutant hypocotyls
Hypocotyl growth of Col-0, SOB3-D, and sob3–6 grown for 6 days in 150 μmol m−2 sec−1 

white light. ‘+ BL’ indicates that 1 μM brassinolide (BL) was included in the medium. 

EtOH/DMSO-Col-0, n = 41; SOB3-D, n = 44; sob3–6, n = 41. +BL/DMSO-Col-0, n = 59; 

SOB3-D, n = 53; sob3–6, n = 56. +BL/2 μM NPA-Col-0, n = 62; SOB3-D, n = 48; sob3–6, n 
= 63. +BL/20 μM NPA-Col-0, n = 56; SOB3-D, n = 47; sob3–6, n = 53. +BL/200 μM NPA-

Col-0, n = 49; SOB3-D, n = 43; sob3–6, n = 37.

(a, b) Values represent the mean of either the actual measured hypocotyl length (a) or the 

sensitivity to NPA treatment (b) calculated as percent change in length compared with 

seedlings of the same genotype grown on +BL/DMSO plates. Error bars represent standard 

error of the mean. Photographs show seedlings of average length given the indicated 

genotype and plate type. Scale bars depict 1 mm. [Colour figure can be viewed at 

wileyonlinelibrary.com].
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Figure 4. Expression levels of SOB3 target genes are affected by BL
Relative expression of SAUR19 subfamily members, which are known targets of SOB3, in 

Col-0 4-day-old seedlings grown in 23 μmol m−2 sec−1 white light, as determined by qRT-

PCR. Transcript levels are normalized based on the expression of the MDAR4 housekeeping 

gene. PCR was performed in duplicate and average expression values calculated and used 

for analysis. All values are shown as fold change compared with the EtOH control for the 

same gene. Error bars represent standard error of the mean from 11 (EtOH) or 10 (1 μM BL) 

biological replicates. In a Welch’s t-test (unpaired two-tailed t-test with unequal variance) 

compared with the EtOH control for the same gene **P < 0.01. ***P < 0.001. Note that a 

subset of the data for SAUR22 are also presented in Figure S2a.

Favero et al. Page 21

Plant J. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Effect of BRZ on SAUR expression
Relative expression of SAUR genes in the WT-like line (see Experimental procedures) 

grown in the presence or absence of the brassinosteroid biosynthesis inhibitor BRZ, as 

determined by qRT-PCR. Seedlings were grown in 23 μmol m−2 sec−1 white light. Transcript 

levels are normalized based on the expression of the MDAR4 housekeeping gene. PCR was 

performed in duplicate and average expression values calculated and used for analysis. 

Values are shown as fold change compared with the DMSO control for the same gene. Error 

bars represent standard error of the mean from three biological replicates. In a Welch’s t-test 

(unpaired two-tailed t-test with unequal variance) compared with the DMSO control for the 

same gene **P < 0.01. ***P < 0.001.
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Figure 6. BZR1 promotes SAUR transcription
(a–h) Relative expression of (a) BZR1, (b) SAUR19, (c) SAUR20, (d) SAUR21, (e) 

SAUR22, (f) SAUR23, (g) SAUR24, and (h) YUC8 as determined by qRT-PCR, in T2 lines 

segregating for the mBZR1-GFP (mBZR1–2, etc.) construct or seedlings of the same genetic 

background lacking the construct (WT-like, see Experimental procedures). Previous work 

indicates that a C-terminal fluorescent protein tag does not interfere with BZR1 function 

(Wang et al., 2002). All seedlings were grown under 23 μmol m−2 sec−1 white light on plates 

containing 2 μM BRZ in order to degrade endogenous BZR1. Transcript levels are 
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normalized based on the expression of the MDAR4 housekeeping gene. PCR was performed 

in duplicate and average expression values calculated and used for analysis. All values are 

shown as fold change compared with the WT-like samples for the same gene. Error bars 

represent standard error of the mean from three biological replicates. In a Welch’s t-test 

(unpaired two-tailed t-test with unequal variance) compared with the WT-like control for the 

same gene *P < 0.05. **P < 0.01. ***P < 0.001. Pearson correlation coefficient (r) values 

were calculated based on the expression levels of BZR1 and the indicated gene.
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Figure 7. Model for the convergence of SOB3 with brassinosteroids, auxin, and light in the 
modulation of hypocotyl elongation
SOB3 represses hypocotyl elongation at least in part by directly inhibiting the transcription 

of the auxin biosynthetic gene YUC8 and the growth-promoting SAUR19 subfamily 

members. Based on our results here, we propose that BRs converge with SOB3 and auxin at 

the level of transcriptional control of SAUR19 to 24. BRs promote the expression of 

SAUR19 subfamily members via BZR1. BRs are deactivated by the photomorphogenesis-

promoting BAS1 and SOB7 cytochrome P450s, and the genes encoding these enzymes are 

repressed at the transcriptional level by ATAF2. Light antagonizes the transcription of 

ATAF2 and the activity of PIFs, the latter which activate YUC8 expression. PIF4, ARF6, 

and BZR1 interact with each other and synergistically induce the expression of SAURs, 

while DELLAs repress the activating functions of these TFs. DELLAs are destabilized by 

GA signaling, while GA biosynthesis is inhibited by light.
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