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Abstract 
Auxin regulates many aspects of plant growth and development in concert with other plant 
hormones. Auxin interactions with these other phytohormones to regulate distinct processes is not 
fully understood. Using a forward genetics screen designed to identify seedlings resistant to the 
suppressive effects of auxin on dark-grown hypocotyl elongation, we identified a mutant defective 
in ABA ALDEHYDE OXIDASE3 (AAO3), which encodes for the enzyme that carries out the final 
step in the biosynthesis of the plant hormone abscisic acid (ABA). We found that all examined ABA 
deficient mutants display resistance to the inhibitory effects of auxin on dark-grown hypocotyl 
elongation, suggesting that aspects of ABA signaling are downstream of auxin in regulating dark-
grown hypocotyl elongation. Conversely, these mutants display wild type responsiveness to auxin 
in root elongation assays, suggesting that ABA does not act downstream of auxin in regulating 
elongation of the root. Our RNA-seq analysis suggests that many auxin-repressed genes in the 
hypocotyl require an intact ABA pathway for full repression. Our results suggest a model in which 
auxin partially requires intact ABA biosynthesis in order to regulate hypocotyl elongation, but not to 
regulate primary root elongation, suggesting that the genetic interactions between these two 
pathways are tissue-dependent.  
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Introduction 
Plant hormones act to coordinate plant growth and developmental processes (reviewed in 1). The 
plant hormone auxin is a central regulator of many plant growth and developmental processes 
through regulation of cell division and expansion (reviewed in 2). Because auxin is a central 
regulator of basic growth processes, it sits at the nexus of multiple signaling pathways, typically 
acting downstream in each of these signaling pathways. How auxin coordinates with other signaling 
pathways to regulate specific growth processes is not fully understood.  
 
The plant hormone abscisic acid (ABA) is often thought of as a “stress hormone” although it also 
plays roles under non-stress conditions (3). Increasing evidence suggests that auxin and ABA work 
together to regulate various processes (reviewed in 4), including seed germination, (5-8), hypocotyl 
elongation (9), root elongation (6, 8, 10), lateral root formation (11-14), and cotyledon expansion 
(15). Notably, in all cases where it has been investigated, including seed germination, root 
elongation, and lateral root formation, disruption of either auxin biosynthesis or auxin signaling 
reduces the effects of ABA on growth processes (4).  
 
Seedling establishment is a tenuous time in a plant’s life. After a seed germinates, typically below 
the soil line, the nascent seedling must quickly burn through seed reserves to fuel the growth 
necessary to emerge from the soil so that captured sunlight can become an energy source. In 
Arabidopsis, this growth of the hypocotyl is driven solely by cell expansion. Multiple pathways 
converge on regulating Arabidopsis hypocotyl elongation; however, auxin is a key regulator of the 
cell expansion driving this growth. Because many mutants that exhibit resistance to auxin in root 
growth assays are not markedly resistant to the inhibitory effects of auxin on dark-grown hypocotyl 
elongation (10, 16), we hypothesized that our understanding of how auxin regulates this critical 
process was incomplete. 
 
Here, we describe the identification of a mutant resistant to the suppressive effects of supplied 
auxin on dark-grown hypocotyl elongation. The ABA ALDEHYDE OXIDASE3 (AAO3) gene is 
required for full responsiveness to auxin in the regulation of hypocotyl elongation. AAO3 is the 
enzyme responsible for catalyzing the final step in ABA biosynthesis (17). Examination of various 
ABA biosynthetic and signaling mutants revealed that auxin requires functional ABA biosynthesis 
and signaling to fully regulate hypocotyl elongation, suggesting that aspects of ABA function 
downstream of auxin in this tissue. We found that the root and the shoot have distinct transcriptional 
responses to auxin and that many auxin-responsive transcripts in the hypocotyl, but not the root, 
require intact ABA biosynthesis. In particular, the repression of genes by auxin was limited by 
defects in ABA biosynthesis. Our data support a model in which auxin relies on intact ABA 
biosynthesis to regulate some aspects of hypocotyl elongation. Our findings further suggest that 
some tissues can display ABA-auxin interactions distinct from other tissues and raise the possibility 
that ABA may alter auxin-regulated hypocotyl growth under stressful conditions. 
 
Results 
 
Mutations in ABA ALDEHYDE OXIDASE3 confer auxin resistance in dark-grown hypocotyl 
elongation assays 
 
Depending on context, auxin may either promote or inhibit cell expansion (reviewed in 2). 
Exogenous auxin inhibits hypocotyl elongation in dark-grown seedlings (16); however, many 
mutants strongly resistant to the inhibitory effects of auxin in root elongation assays are only mildly 
resistant to the inhibitory effects of auxin on dark-grown hypocotyl elongation, consistent with the 
possibility that distinct mechanisms drive auxin responses in hypocotyl and root tissues. We 
therefore expanded from our previous hypocotyl resistance (HR) screen (16) to identify ethyl 
methanesulfonate (EMS)-mutagenized dark-grown M2 seedlings that display resistance to the 
inhibitory effects of the auxin indole-3-butyric acid (IBA) on hypocotyl elongation. Hypocotyl 
Resistant 12 (HR12) displayed resistance to the inhibitory effects of the natural active auxin indole-
3-acetic acid (IAA), the natural long-chain auxin precursor IBA, the synthetic active auxin 2,4- 
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dichlorophenoxyacetic acid (2,4-D), and the synthetic long-chain auxin precursor 2,4-
dichlorophenoxybutyric acid (2,4-DB) on dark-grown hypocotyl elongation (Figures 1A, 1B). This 
data suggests that the defect in HR12 generally affects auxin responsiveness in the hypocotyl. 
Although HR12 displayed resistance to the inhibitory effects of auxin on dark-grown hypocotyl 
elongation (Figures 1A, 1B), HR12 displayed wild-type sensitivity to the inhibitory effects of auxins 
on light-grown root elongation (Figure 1C). Thus, HR12 appears to be specifically defective in 
response to auxin in hypocotyl elongation assays. 
 
To identify the causative mutation in HR12, we backcrossed the mutant to wild type and isolated 
auxin-resistant individuals in the F2 generation. We then used a whole genome sequencing of bulk 
segregants approach (6, 18) on DNA from pooled F3 individuals to identify nine homozygous EMS-
induced mutations in the HR12 mutant (Figure 1D). One of these mutations was in At2g27150 and 
resulted in a premature stop codon in ABA ALDEHYDE OXIDASE3 (AAO3), prompting us to further 
investigate whether this mutation was causative for the auxin resistance seen in HR12. We named 
the AAO3 mutation in HR12 aao3-12 (Figure 1E). 
 
To determine whether the aao3-12 mutation was causative for the auxin resistance observed in 
HR12, we examined auxin responsiveness of a T-DNA insertional allele, Salk_072361C (hereafter 
referred to as aao3-4; Figure 1E). Similar to HR12, the aao3-4 mutant displayed resistance to auxin 
in dark-grown hypocotyl elongation assays (Figure 1A) and displayed wild-type sensitivity to auxin 
in root elongation assays (Figure 1C), suggesting that AAO3 defects may be causative for the 
observed auxin resistance in hypocotyl elongation assays in HR12. It is important to note that the 
aao3-4 allele showed a very slight but statistically significant difference from wild type in the root 
elongation assays when treated with the synthetic auxin 2,4-DB. However, because we did not see 
statistically significant differences between wild type and aao3-4 for any of the other treatments, 
and none of the differences between aao3-12 and wild-type were significant, this small difference 
between wild-type and aao3-4 when treated with 2,4-DB while statistically significant is unlikely to 
be biologically relevant.  
 
To further confirm whether the AAO3 mutation was causative in HR12, we crossed aao3-4 to HR12 
and examined auxin sensitivity of the F1 progeny, finding that the aao3-12/aao3-4 trans-
heterozygote displayed resistance to the inhibitory effects of IBA (Figure 1F) and 2,4-DB (Figure 
1G) on hypocotyl elongation. Thus, AAO3 defects are causative for the auxin resistance displayed 
in these mutants. As a final means of verifying that the aao3-12 lesion caused the observed 
resistance to the inhibitory effects of auxin in dark-grown hypocotyl elongation, we transformed 
aao3-12 with a wild type, genomic copy of AAO3 under the 35S promoter. Expression of a wild-
type copy of AAO3 was sufficient to restore auxin sensitivity to aao3-12 (Figure 1H). We should 
note that in the hypocotyl elongation assays using either IAA or 2,4-DB, wild type lines expressing 
AAO3 under the 35S promoter displayed increased sensitivity to auxin treatment in comparison to 
untransformed wild type (Figure 1H). While statistically significant, this difference was very small 
and not consistent across all auxins tested. Nonetheless, taken together, these results further 
support that the auxin response defects in HR12/aao3-12 resulted from reduced AAO3 function. 
 
Additional ABA mutants exhibit auxin resistance in dark-grown hypocotyl elongation 
assays but not root elongation assays 
 
AAO3 catalyzes the final step in ABA biosynthesis (Fig 2A) (17). We reasoned that if disruption of 
ABA biosynthesis, rather than an unrelated role for AAO3, causes the auxin resistance seen in 
aao3 mutants, then mutants with defects in other steps in the ABA biosynthetic pathway should 
also display auxin resistance in dark-grown hypocotyl elongation assays. We therefore obtained T-
DNA insertional alleles for ABA DEFICIENT2 (ABA2) and ABA DEFICIENT3 (ABA3). We found 
that disruption of either ABA2 or ABA3 resulted in auxin resistance in dark-grown hypocotyl 
elongation assays, supporting a model where ABA biosynthesis is necessary for full auxin-
mediated inhibition of dark-grown hypocotyl elongation (Figure 2B). In addition, similar to the aao3 
mutants, mutants defective in ABA2 and ABA3 displayed wild type sensitivity to auxin in root 
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elongation assays (Figure 2C). This finding that ABA biosynthesis was required for auxin-mediated 
dark-grown hypocotyl elongation is in contrast with previous research that found that ABA is not 
necessary for auxin-induced inhibition of root elongation (6). However, our data clearly show that 
under the conditions tested here, auxin requires intact ABA biosynthesis in order to exert its full 
effects on hypocotyl elongation. Importantly, whereas the ABA biosynthesis mutants we examined 
dispaly resistance to auxin in the inhibition of dark-grown hypocotyl elongation, the ABA 
biosynthesis mutants are still capable of responding to auxin treatment in these assays; the 
response of the ABA mutants to auxin’s effects on hypocotyl elongation are attenuated compared 
to wild type. The requirement of intact ABA biosynthesis for full auxin-mediated inhibition of 
hypocotyl elongation suggests that some, but not all, aspects of ABA are downstream of auxin in 
the regulation of this process. Because ABA-deficient mutants are still moderately responsive to 
auxin, aspects of auxin-mediated regulation of hypocotyl elongation are clearly independent of 
ABA. 
 
Binding of ABA to the PYROBACTIN RESISTANCE/PYROBACTIN 1-LIKE/REGULATORY 
COMPONENTS OF ABA RECEPTOR (PYR/PYL/RCAR) family of proteins results in inhibition of 
the clade A members of the PROTEIN PHOSPHATASE 2C (PP2C) family of protein phosphatases 
(19, 20). The clade A PP2C phosphatases typically inhibit the ABA response, and their inhibition 
by PYR/PYL/RCAR family members in the presence of ABA results in reactivation of other ABA 
signaling components including the SLOW ANION CHANNEL ASSOCIATED1 (SLAC1) ion 
channel and the SUCROSE NONFERMENTING1-RELATED PROTEIN KINASES2 (SnRK2) 
kinases (21, 22). To further investigate the role of ABA in auxin-mediated regulation of hypocotyl 
elongation, we examined two gain-of-function ABA signaling mutants, aba insensitive1-1 (abi1-1) 
and aba insensitive2-1 (abi2-1), both of which display strong resistance to ABA. ABI1 and ABI2 are 
in the PP2C family of protein phosphatases; the abi1-1 and abi2-1 gain-of-function mutants display 
strong resistance to ABA. We found abi1-1 but not abi2-1 displayed resistance to all four auxins 
tested in dark-grown hypocotyl elongation assays (Figure 2D). This is consistent with a previous 
study that found dephosphorylation of plasma membrane H+ATPases by ABA, which has been 
proposed to be a possible mechanism by which ABA can inhibit hypocotyl elongation, is diminished 
in the abi1-1 mutant (23). In contrast to a previous study in which abi1-1 and abi2-1 displayed wild 
type sensitivity to auxin in root elongation assays (6), we found that both abi1-1 and abi2-1 exhibited 
a slight hypersensitivity to auxin in these assays (Figure 2E). These results may suggest that 
aspects of ABA signaling are involved in auxin-mediated regulation of root elongation; however, 
more extensive characterization would be required to draw this conclusion. These findings support 
that ABA biosynthesis and some aspects of ABA signaling are necessary for auxin to fully exert its 
inhibitory effects on dark-grown hypocotyl elongation, but auxin-mediated regulation of root 
elongation does not require intact ABA biosynthesis.   
 
ABA mutants are resistant to auxin in hypocotyls independent of light conditions 
 
Our described root elongation assays were carried out under light-grown conditions whereas our 
hypocotyl elongation assays were carried out under dark-grown conditions, raising the possibility 
that differences between the root elongation and hypocotyl elongation assays in dependence on 
ABA biosynthesis for auxin responsiveness may be a light-dependent phenomenon rather than 
specific to the tissues examined. To test this possibility, we carried out hypocotyl elongation assays 
under continuous exposure to light. In light-growth conditions, supplied auxin promotes hypocotyl 
elongation (24). For light-grown hypocotyl elongation assays, we found that the ABA biosynthesis 
mutants were resistant to the synthetic auxin picloram in promotion of hypocotyl elongation (Figure 
3A, Figure 3B), although the ABA biosynthesis mutants displayed longer hypocotyls than wild type 
in the control treatment (Figure 3A). The lengthened hypocotyls of the ABA biosynthesis mutants 
under mock conditions suggests endogenous ABA may function to reduce hypocotyl elongation 
under light-grown conditions. Furthermore, the reduced percent increase in hypocotyl length seen 
in the ABA biosynthesis mutants in response to auxin may suggest that auxin is less able to 
promote hypocotyl elongation in the ABA biosynthesis mutants as compared to wild type. This 
would support the notion that aspects of auxin-mediated regulation of hypocotyl elongation depend 
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on intact ABA biosynthesis independent of whether the seedlings are grown in the dark or in the 
light. However, because the ABA biosynthesis mutants had longer hypocotyls under mock 
conditions, it is also possible that the ABA biosynthesis mutants did not undergo further hypocotyl 
elongation in response to picloram because they are maximally elongated even in the absence of 
auxin.  
 
Auxin and ABA show largely distinct impacts on transcript accumulation in the hypocotyl 
and the root 
 
Our hormone response data suggest that auxin requires intact ABA biosynthesis to fully regulate 
hypocotyl elongation whereas auxin does not require intact ABA biosynthesis to regulate root 
elongation. To further shed light on the differences in ABA-dependent, auxin-mediated regulation 
of these two tissues, we examined the auxin- and ABA-regulated transcriptional programs in dark 
grown roots (everything below the root-hypocotyl junction) and dark-grown shoots (everything 
above the root-hypocotyl junction) (Figure 4A). Working under green safe lights, we treated four-
day old dark-grown wild type seedlings with mock, IAA, or ABA for 2 hours prior to bisecting the 
root and the shoot at the root-hypocotyl junction and examining the differential effects of these 
hormone treatments in these two tissues. We found that auxin regulates largely non-overlapping 
sets of genes in dark-grown root and shoot tissues (Figure 4B), consistent with a model in which 
auxin has distinct effects in these two tissues. Through gene ontology analysis, we found that 
differentially expressed genes in the root included those with annotated roles in cell wall loosening, 
lateral root formation/root system development, steroid biosynthesis, and gravitropism (25). In 
contrast, genes that were differentially expressed in response to auxin treatment in the shoot 
included genes with roles in shade avoidance, positive regulation of growth, and response to 
brassinosteroid (25). Gene ontology analysis (25) revealed enrichment of auxin, auxin transport, 
regulation of transcription, and auxin homeostasis genes that differentially accumulate in response 
to auxin in both the root and the shoot.  
 
In contrast to previously published transcriptome profiles of auxin- and ABA-regulated genes (24, 
26-28), our dataset was collected using dark-grown seedlings. Although it is difficult to compare 
across experiments, we found fewer auxin- and ABA-responsive genes in dark-grown seedlings 
than we expected based on previous experiments in light-grown seedlings. Future work would be 
necessary to distinguish whether these differences are truly reflective of differences in the biology 
between seedlings grown under these two light regimes. 
 
We found little overlap in auxin- and ABA-responsive genes in either the root or the shoot of dark-
grown seedlings (Figure 4E,F,G). This data is in contrast to our growth response assays (Figures 
1, 2, 3) that suggest that ABA acts downstream in regulating dark-grown hypocotyl elongation. 
However, given that these two hormones regulate genes that have impacts other than simply 
regulating the elongation of the root or the hypocotyl, it is possible that the genes that have 
opposing effects in response to auxin and ABA treatment may be involved in other processes. In 
examining the15 genes that were upregulated by both ABA and IAA in the shoot, five were 
identified as genes that have previously been annotated as having roles in regulating hypocotyl 
elongation including SHI-RELATED SEQUENCE 5 (AT1G75520) (29), INDOLE-3-ACETIC ACID 
CARBOXYL METHYLTRANSFERASE (AT5G55250) (30), CYCLING DOF FACTOR 5 
(AT1G69570) (31), SHORT HYPOCOTYL 1 (At1G52830) (32), OVATE FAMILY PROTEIN 1 
(AT5G01840) (33). No genes that were downregulated by both IAA and ABA in the shoot have 
previously described roles in hypocotyl elongation. 
 
The aba2 mutant reveals ABA-dependent auxin-regulated gene transcription  
 
Our growth response data suggest that ABA biosynthesis is required for the full inhibitory effects of 
auxin on dark-grown hypocotyl elongation, but our RNASeq data suggest that auxin and ABA elicit 
distinct transcriptional responses in dark-grown hypocotyl tissue. We therefore sought to determine 
whether aspects of auxin transcriptional response are affected when ABA biosynthesis is disrupted. 
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Full auxin responses in hypocotyl-based growth assays require intact ABA biosynthesis. The 9-
CIS-EPOXYCAROTENOID DIOXYGENASE (NCED) family regulates first committed step of ABA 
biosynthesis and is often transcriptionally regulated to affect ABA levels (34). Examination of NCED 
transcript accumulation revealed that NCED5 transcripts were upregulated by auxin treatment in 
shoot tissues (Figure 5A), consistent with the possibility that auxin treatment upregulates ABA 
levels in this tissue.  
 
Because aba2 is defective in ABA biosynthesis (35), we reasoned that comparing the auxin-
induced transcriptional response of aba2 to wild type in the hypocotyl would allow us to identify 
auxin regulated transcripts that depend on intact ABA biosynthesis. Notably, ABA2 is one step 
downstream of NCED5 (Figure 2A); therefore, in the aba2-3 mutant we would not expect 
upregulation of NCED5 to result in altered ABA levels. We found striking differences in auxin-
regulated transcripts between wild type and aba2 in dark-grown shoot tissues (Figure 5B, 5C). 
Further, transcripts downregulated by auxin were more strongly affected by loss of endogenous 
ABA than those upregulated by auxin (Figure 5D). To determine possible ABA biosynthesis-
dependent mechanisms through which auxin regulates hypocotyl elongation, we identified 67 
auxin-responsive genes that required ABA2 and were differentially regulated specifically in the 
shoot of wild type but not of aba2 (Figure 5E, Supplemental File 1). We also identified 71 genes 
that were differentially regulated by auxin treatment in the shoot of aba2 but not in the shoot of wild 
type (Figure 5E, Supplemental File 2). These data suggest that not only does auxin rely on intact 
ABA biosynthesis for repressing some target genes, but in the absence of intact ABA biosynthesis, 
auxin regulates transcription of a largely distinct set of genes. In addition, our finding that there was 
overlap in genes that are auxin-responsive between aba2 and wild type is consistent with our 
phenotypic data in that the ABA biosynthesis mutants were less responsive to auxin than wild type 
but still responded to auxin. Therefore, our phenotypic data and our transcript profiling data support 
a model whereby some parts of auxin-mediated regulation of the hypocotyl is ABA-dependent, but 
not all auxin-mediated regulation of the hypocotyl requires ABA. 
 
From the ABA-treated samples, we identified a subset of 24 auxin-responsive transcripts that both 
require ABA2 for auxin-responsiveness and directly respond to ABA treatment (Figure 6A). This 
suggests that some but not all transcripts that require intact ABA biosynthesis for auxin-
responsiveness are regulated by altered ABA levels in response to auxin. 
 
In addition, we examined transcript accumulation from genes that have been directly or indirectly 
associated with promoting or inhibiting hypocotyl elongation (Supplemental File 3), including genes 
involved in the biosynthesis, catabolism, or signaling of plant hormones implicated in regulating 
hypocotyl elongation such as GA and brassinosteroids, genes implicated in cell wall remodeling or 
acidification, and other genes that have been experimentally implicated in regulating hypocotyl 
elongation (24, 36, 37). Notably, several genes with known roles in hypocotyl elongation regulation 
display ABA-dependent regulation in dark-grown hypocotyls (Table 1). In particular, auxin 
upregulation of GA20OX2, a gene encoding a rate-limiting step in gibberellin biosynthesis, did not 
occur in the shoots of aba2-3 mutants. GA biosynthesis is necessary for auxin to regulate hypocotyl 
elongation (24); our data suggest that ABA affects auxin regulation of this critical step. 
 
We found multiple differences in auxin-responsive transcript accumulation from genes with known 
roles in hypocotyl elongation between wild type and aba2. No single difference is likely to explain 
why ABA biosynthesis mutants are resistant to the inhibitory effects of auxin on dark-grown 
hypocotyl elongation; however, taken together, the differential regulation of these genes by auxin 
in the aba2 background may in part explain why ABA biosynthesis mutants display resistance to 
the effects of auxin on hypocotyl elongation. The complexity of these interactions illustrates the 
enigmatic connections between these pathways.  
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Discussion 
 
Hormone interactions in plants are complex. Our data shed light on auxin-ABA interactions in 
hypocotyl elongation. Because hypocotyl elongation is driven solely by cell expansion, dissecting 
hormone signaling interactions in this tissue is somewhat simpler compared to understanding 
hormone interactions in developmental events requiring a combination of cell division and cell 
expansion. However, even in a ‘simple’ system like the hypocotyl, we were unable to find a clear, 
single mechanism that explains the mild auxin resistance that the ABA biosynthesis mutants had 
in our hypocotyl elongation assays. Nonetheless, we were able to identify some genes that have 
previously been shown to be involved in hypocotyl elongation and require intact ABA biosynthesis 
for auxin responsiveness, and the additive impact of the altered regulation of these genes in the 
absence of normal endogenous ABA levels may in part explain the observed auxin resistance of 
the ABA biosynthesis mutants in hypocotyl elongation assays.  
 
By comparing the genes regulated by auxin in the shoot of wild type seedlings to the shoot of aba2-
3 seedlings, we found striking differences in genes regulated by auxin when ABA biosynthesis was 
disrupted (Figure 5A). This shows that while the total number of genes that are auxin responsive 
in the shoot of wild type and aba2-3 plants is largely the same (Figure 4B), the set of genes that 
are auxin responsive are very different in aba2-3. Interestingly, we found less overlap between 
genes downregulated by auxin in aba2-3 and wild type shoots than those that were upregulated 
(Figure 5C). This suggests that disruption of ABA biosynthesis has a larger impact on the genes 
that auxin is able to downregulate than those that auxin upregulates. Additionally, we found that in 
aba2-3 over a hundred genes that were not auxin responsive in wild type shoots became auxin 
responsive (Figure 5A). This suggests that not only does auxin rely on intact ABA biosynthesis to 
properly regulate a subset of auxin-responsive genes, but disruption of ABA biosynthesis also 
results in auxin gaining the capacity to regulate additional genes that are otherwise not auxin 
responsive.  
 
In contrast to our understanding of auxin-regulated activation of gene transcription, auxin-triggered 
gene repression is not well understood. Our data provide some clues to how auxin might induce 
the repression of gene targets; in the case of genes repressed by auxin treatment of dark-grown 
hypocotyls, ABA biosynthesis is required for repression of at least a subset of targets. This finding 
raises the possibility that auxin-induced downregulation of genes may be through secondary 
pathways, such as ABA, in other tissues as well. 
 
We found that auxin and ABA transcriptional responses in dark-grown roots and shoots are largely 
distinct (Figure 4). This suggests that while there are some interactions between these two 
hormones in regulating aspects of the shoot, specifically hypocotyl elongation, these two hormones 
largely regulate the transcript accumulation of non-overlapping sets of genes in the root and the 
shoot. This is consistent with our finding that ABA biosynthesis mutants show a mild resistance to 
the suppressive effects of auxin on dark-grown hypocotyl elongation and are not completely 
resistant to auxin like some lines containing mutations in genes encoding for core parts of the auxin 
signaling pathway. In addition, we found that ABA and IAA treatment often had opposing effects 
on the transcript accumulation of genes significantly differentially regulated in the shoot or the root 
by IAA and ABA treatment in wild type shoots. This suggests that while interactions between these 
two phytohormones play some role in regulating hypocotyl elongation, they have largely distinct 
impacts on gene expression. Future research into the drivers of these distinctions will be 
informative. Could these differences be because of expression patterns of the components of the 
auxin response system? Or is it possible that these context-dependent differences are due to 
chromatin landscape differences in different tissues? Delving into these distinctions will shed light 
on to how auxin plays distinct roles in different contexts. 
 
Whereas our phenotypic analyses and transcript profiling experiments support a model whereby 
parts of auxin-mediated regulation of hypocotyl elongation require intact ABA biosynthesis, 
interactions between auxin and ABA in the regulation of this process are likely far more complex 
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than what we have proposed. Indeed, examining the 72 genes shoot-specific genes that depend 
on ABA biosynthesis for auxin regulation revealed many genes involved in aspects of other 
phytohormone pathways, including those associated with aspects of the gibberellin, 
brassinosteroid, salicylic acid, jasmonate, cytokinin, and ethylene pathways. Thus, regulation of 
‘simple’ hypocotyl elongation is extraordinarily complex. Our finding that auxin relies on intact ABA 
biosynthesis to exert its full regulatory capacity on hypocotyl elongation provides one piece of 
information that brings us closer to disentangling the complexities of phytohormone-regulated 
hypocotyl elongation. 
 
In this study, we found that auxin requires ABA for its full inhibitory effects on dark-grown hypocotyl 
elongation or promotion of light-grown hypocotyls. Notably, the hypocotyl in Arabidopsis elongates 
solely via cell expansion whereas the root elongates through a combination of cell expansion and 
division (38). Whether auxin requires intact ABA biosynthesis to regulate other growth processes 
that are primarily based on cell expansion is an interesting open question. Finally, our finding that 
auxin requires ABA biosynthesis in order to fully regulate hypocotyl elongation suggests the 
possibility that stress inputs are downstream modulators of auxin-regulated growth in hypocotyl 
tissues, which has implications for seedling establishment.  
 
Materials and Methods 
 
Plant growth 
All Arabidopsis lines with the exception of abi1-1 and aba2-1 were in the Col-0 background, which 
was used as the wild type (Wt). The abi1-1 and abi2-1 lines are in the Ler background, and for 
assays using these lines Ler was used as the wild type (Wt). Before plating, seeds were surface 
sterilized as described in (39) and then resuspended in 0.1% agar. The seeds were then stratified 
for 2 days at 4°C. After stratification, the seeds were plated on plant nutrient (PN) media (40) 
containing 0.6% agar and supplemented with 0.5% sucrose (PNS). Seedlings were grown in 
continuous light at 22°C.  
 
Phenotypic assays 
For dark-grown hypocotyl elongation assays, stratified seeds were plated on PNS supplemented 
with hormones or the equivalent amount of ethanol for mock treatment and then exposed to 
continuous light for 24 hours filtered through a thin yellow long-pass plexiglass filter to help reduce 
breakdown of the added hormones (41). Next, the plates were wrapped in three layers of aluminum 
foil to ensure complete blocking of light. The seedlings were then allowed to grow for five days 
before hypocotyls were measured. 
For light-grown hypocotyl elongation assays, stratified seeds were plated on PNS supplemented 
with picloram or the equivalent amount of DMSO for mock treatment. The seedlings then grew for 
six days under continuous light filtered through a thin yellow long-pass plexiglass filter to help 
reduce breakdown of the added hormones (41). The seedlings were then imaged, and the 
hypocotyls were measured using Image J software. 
For root elongation assays, stratified seeds were plated on PNS supplemented with hormones or 
the equivalent amount of ethanol for mock treatment. The seedlings were grown under continuous 
light filtered through a thin yellow long-pass plexiglass filter to help reduce breakdown of added 
hormones (41). After eight days of growth, roots were measured. For statistical analysis of data 
acquired for the various phenotypic assays, first all groups were compared using a one-way 
ANOVA test to test for significant differences between the groups. In addition, pair-wise 
comparisons between groups using the Tukey HSD test were carried out to identify statistically 
significant differences between specific groups. A p-value of less than 0.01 was used as the cutoff 
for statistical significance. 
 
EMS mutagenesis and HR mutant isolation 
Ethyl methane-sulfonate (EMS) Col-0 seeds were mutagenized as described in (42). The M2 seeds 
were then surface sterilized (39) and stratified for two days and then plated on PNS containing 
30ìM IBA. The seeds were then incubated for 24 hours under continuous light filtered through a 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 26, 2021. ; https://doi.org/10.1101/2021.04.25.441358doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.25.441358
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

10 
 

 

thin yellow long-pass plexiglass filter to help reduce breakdown of the added hormones (41). The 
plates were then wrapped three times in aluminum foil and incubated in darkness for four days. At 
this time, the seedlings were screened for those exhibiting resistance to the inhibitory effects of 
auxin on dark-grown hypocotyl elongation. Resistant seedlings were transferred to PNS plates 
using sterile technique. Once large enough, the seedlings were transferred to soil. The M3 progeny 
from the auxin-resistant isolates were then re-tested for auxin resistance. 
 
Whole Genome Sequencing 
EMS-induced mutations were identified using a whole genome sequencing of bulk segregants 
approach as described in (18). Briefly, seedlings isolated from the hypocotyl resistance screen 
were back crossed to Col-0. The F2 generation from this cross was then used to re-isolate seedlings 
exhibiting resistance to auxin in dark-grown hypocotyl elongation assays. The resultant F3 seed 
from the re-isolated seedlings was then grown and DNA isolated from the tissue of six F3 lines was 
pooled together and used for whole genome sequencing. The sequencing data was then analyzed 
to identify EMS-generated mutations. 
 
Vector construction and Arabidopsis transformation 
AAO3 was amplified from Arabidopsis thaliana (Columbia) genomic DNA using Pfx platinum (Life 
Technologies) polymerase and the primers 5’-caccATGGATTTGGAGTTTGCAGTTAATGG-3’ and 
5’-GTTGCTTACTTGCTTTGCCTTTATTGTC-3’. The generated PCR product was then cloned into 
pENTR/D-TOPO (Life Technologies) resulting in pENTR-AAO3. The pENTR-AAO3 vector was 
sequenced to confirm accurate cloning of AAO3. The sequenced pENTR-AAO3 vector was then 
recombined into the plant expression vectors pEG100 and pEG201 (43), both of which were 
confirmed by sequencing. The pEG100 and pEG201 vectors were then transformed into 
Agrobacterium tumefaciens strain GV3101 (44). The Agrobacterium tumefaciens strains carrying 
the pEG100 and pEG201 vectors were then used to transform Columbia and HR12 plants via the 
floral dip method. From the dipped plants, T1 seed was harvested, surface sterilized, and then 
plated on PN media supplemented with 10 ìg/mL BASTA (40). Subsequent generations were 
tested to identify lines homozygous for the transgene, which were then used for downstream 
experiments.  
 
RNA isolation and RNA-seq experiment 
For the RNA-seq experiment, Col-0 (Wt) and aba2-3 seeds were surface sterilized (39), 
resuspended in agar, and then incubated for two days at 4°C. The seeds were then plated on PNS 
plates and incubated for 24 hours under continuous light. The plates were then wrapped in three 
sheets of aluminum foil and incubated for four days. Next, the dark-grown plants were transferred 
to liquid PNS containing either 10ìM IAA, 10ìM ABA, or the equivalent amount of ethanol for the 
mock treatment in a dark room with only a green safe-light for illumination. Each treatment was 
repeated in triplicate for both lines. After incubation for two hours, the seedlings were removed from 
the liquid PNS, cut and separated at the root shoot junction, and the isolated tissue was then 
immediately frozen in liquid nitrogen. Total RNA was isolated from each tissue for each respective 
treatment using the RNeasy Plant Mini Kit from Qiagen according to manufacturer’s instructions. 
Samples were then prepared for sequencing using the SMARTer cDNA synthesis kit (Clontech) 
according to manufacturer’s instructions. The samples were sequenced across three (1x50bp) 
lanes using an Illumina HiSeq 3000. The reads were then demultiplexed and aligned to the TAIR 
10 Ensemble Release 23 assembly using STAR. Gene counts were derived from the number of 
uniquely aligned unambiguous reads by Subread:featureCount. 
 
Gene counts were normalized using the R/Bioconductor package EdgeR, and TMM normalization 
size factors were calculated to adjust values due to differences in library size. Ribosomal genes 
and genes not expressed in any sample greater than 2 counts-per-million were not considered for 
further analysis. The calculated TMM size factors and the matrix of counts were then imported into 
the R/Bioconductor Limma package, and these values were used to make a Spearman correlation 
matrix (Figure S1A) and multi-dimensional scaling plot (Figure S1B). The weighted likelihoods 
based on observed mean-variance relationship of every gene for every sample were calculated 
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using the voomWithQualityWeights function. The residual standard deviation of every gene to the 
gene’s average log-count was plotted to assess gene performance, and these values were used to 
fit a trendline of the residuals (Figure S1C). A generalized linear model was then created to test for 
gene level differential expression, and results for genes with a Benjamini-Hochberg flase-discovery 
rate adjusted p-value of greater than or equal to 0.05 were filtered out.  
 
Gene ontology analysis 
Gene ontology analysis was carried out using panther.db (25). Genes were identified by searching 
for statistically overrepresented genes within the different lists of differentially expressed for the 
various comparisons. The specific analysis used was the statistical overrepresentation test using 
the GO biological process complete annotation set. 
 
Data availability  
The RNA-seq data discussed in this publication have been deposited in NCBI’s Gene Expression 
Omnibus and are accessible through GEO Series accession number GEO: GSE169302. 
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Table 1. Shoot-specific ABA2-dependent auxin-responsive genes 

Gene AGI Function 
Mock vs IAA1 
Wt aba2 

SAUR44 At5g03310 Expressed in dark-grown hypocotyls (45) 2.79 (NS) 

PMEI4 At4g25250 Pectin methylesterase inhibitor, overexpression 
alters hypocotyl growth rate (46) 3.04 (NS) 

PIF8 At4g00050 Mutants have reduced hypocotyl length in dark 
(47) 2.02 (NS) 

GA20oX2 At5g51810 Involved in GA biosynthesis, loss of function 
results in shorter hypocotyls  (48) 4.85 (NS) 

RAP2.4 At4g39780 
AP2 family transcription factor, overexpression 

results in shorter hypocotyls in light grown 
conditions (49) 

-2.12 (NS) 

WRKY6 At1g62300 

Encodes a transcription factor that has been 
implicated in the regulation of hypocotyl 

elongation through controlling ABA singaling 
(50) 

2.08 (NS) 

IBL1 At4g30410 
Overexpression causes reduced hypocotyl 
length and reduced hypocotyl cell length in 

dark-grown hypocotyls. (51) 
(NS) 2.21 

CYP72C1 At1g17060 Mutants have longer hypocotyls in dark (52) (NS) 2.30 

HB23 At1g26960 Mutants have longer hypocotyls when grown 
under red light. (53) (NS) 2.62 

IAA14 At4g14550 

Aux/IAA family member. Thought to play a role 
in decreasing auxin-responsive hypocotyl 

elongation. Gain of function mutant has shorter 
hypocotyls in dark (15) 

(NS) 2.80 

TCP7 At5g23280 Mutants have shorter hypocotyls in dark (54) (NS) -2.02 

CYP79B2 At4g39950 
Converts tryptophan to IAOx, double mutant 

with CYP79B3 display reduced hypocotyl 
length (55) 

(NS) -2.00 

 
1Linear fold change. Adjusted p-value < 0.05. (NS) = adjusted p-value over 0.05 or LFC < |1|. 
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Figure 1.  Characterization of HR12 and confirmation of the causative mutation 
(A) Mean hypocotyl lengths (± SD; n ≥ 78) of wild type (Wt; Col-0), HR12, and aao3-4 seedlings 
grown in the dark on media supplemented with the indicated treatment. Statistically significant (P 
≤ 0.01) differences from wild type are indicated with an asterisk and significant differences (P ≤ 
0.01) in comparison with aao3-12 are marked with a purple asterisk.  
. 
(B) Photograph of wild type (Wt; Col-0) and HR12 seedlings grown in the dark on media 
supplemented with ethanol (mock) or 30 µM IBA.  
(C) Mean root lengths (± SD; n = 80) of wild type (Wt; Col-0), HR12, and aao3-4 grown under 
continuous illumination on media supplemented with the indicated treatment. Significant 
differences (P ≤ 0.01) from wild type are indicated with an asterisk. 
(D) Bulk segregant analysis revealed homozygous EMS mutations within the HR12 backcrossed 
population. 
(E) At2g27150/AAO3 gene schematic depicting the EMS-consistent point mutation identified in 
aao3-12 (HR12) and the aao3-4 T-DNA insertion allele. aao3-12 (HR12) carries a C-to-T mutation 
at position 3846 (where the A of ATG is +1) that results in a Q1081-to-stop substitution. 
(F) Non-complementation assay of HR12 (aao3-12) and aao3-4 (SALK-072361c). Mean hypocotyl 
lengths (± SD; n = 20) of dark-grown seedlings for the indicated genotype for Mock and 30 ìM IBA 
treatments. Significant differences (P ≤ 0.01) between wild type and the indicated genotype are 
indicated by a black asterisk. 
(G) Photograph of seedlings grown in the dark on media supplemented with ethanol (mock) or 4 
ìM 2,4-DB treatment. Examined genotypes include wild type (Wt; Col-0), aao3-12, aao3-4, and the 
F1 trans-heterozygote from a cross between aao3-12 and aao3-4 (aao3-12/aao3-4). 
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(H) The AAO3 gene complements aao3-12 (HR12) phenotypes. Mean hypocotyl lengths (± SD; n 
= 40) of wild type (Wt) and aao3-12 seedlings carrying no transgene, 35S:AAO3, or 35S:HA-AAO3 
grown in the dark on media supplemented with mock (ethanol) or the indicated auxin. Significant 
differences (P ≤ 0.01) in comparison with wild type are indicated with a black asterisk and 
significant differences (P ≤ 0.01) in comparison with aao3-12 are marked with a purple asterisk.  
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Figure 2. Assessing the role of ABA biosynthesis and signaling in hypocotyl and root 
elongation. 
(A) Schematic of the ABA biosynthetic pathway with intermediates and enzymatic steps indicated.  
(B) Mean hypocotyl lengths (± SD; n = 40) of wild type (Wt; Col-0), aao3-4, aao3-12, aba2-1, aba2-
3, aba2-4, aba3-1, and gin1-3 seedlings grown in the dark on media supplemented with ethanol 
(Mock) or the indicated hormone. The gin1-3 mutant is defective in ABA2. Significant differences 
(P ≤ 0.01) in comparison with wild type are marked by an asterisk.  
(C) Mean root lengths (± SD; n ≥ 35) of wild type (Wt; Col-0), aao3-4, aao3-12, aba2-1, aba2-3, 
aba2-4, aba3-1, and gin1-3 seedlings grown in the light on media supplemented with ethanol 
(Mock) or the indicated hormone. Significant differences (P ≤ 0.01) in comparison to wild type are 
indicated by an asterisk. 
(D) Mean hypocotyl lengths (± SD; n = 40) of wild type (Wt; Ler-0), abi1-1, and abi2-1 seedlings 
grown in the dark on media supplemented with ethanol (Mock) or the indicated hormone. Significant 
differences (P ≤ 0.01) in comparison to wild type are indicated by an asterisk. 
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(E) Mean root lengths (± SD; n ≥ 32) of wild type (Wt; Ler-0), abi1-1, and abi2-1 seedlings grown 
in the light on media supplemented with ethanol (Mock) or the indicated hormone. Significant 
differences (P ≤ 0.01) in comparison to wild type are indicated by an asterisk.  
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Figure 3. ABA biosynthesis mutants are resistant to promotion of hypocotyl elongation by 
auxin in the light. 
(A) Mean hypocotyl lengths (± SD; n = 30) of wild type (Wt; Col-0), aao3-12, aao3-4, aba2-3, aba3-
1, and gin1-3 seedlings grown under continuous illumination on media supplemented with ethanol 
(Mock) or the synthetic auxin picloram.  
(B) Mean percent increase in hypocotyl lengths of seedlings grown in the presence of 5 ìM 
picloram compared to those grown on media supplemented with ethanol (Mock) using the data 
from Figure 3A. 
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Figure 4. Auxin and ABA have distinct impacts on the transcription of genes in the root 
and the shoot. 
(A) Dark-grown seedlings were treated with ethanol (Mock), 10 ìM IAA, or 10 ìM ABA prior to 
dissection of the root and the shoot by cutting at the root-hypocotyl junction. RNA was extracted 
from the separated tissues, which was then used for RNA-seq analysis.  
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(B) Venn diagrams showing the overlap between the datasets of genes differentially expressed (log 
fold change ≥ |1.0|; FDR ≤ 0.05) in response to auxin treatment the root and the shoot of wild type 
(Wt; Col-0).  
(C) Venn diagrams showing the overlap between the datasets of genes differentially expressed 
(log fold change ≥ |1.0|; FDR ≤ 0.05) in response to ABA treatment the root and the shoot of wild 
type (Wt; Col-0).  
(D) Volcano plots displaying pairwise transcript accumulation differences between auxin or ABA 
and mock-treated wild type (Col-0) shoots (top) and roots (bottom).  
(E) Venn diagrams showing the overlap between the datasets of genes differentially expressed (log 
fold change ≥ |1.0|; FDR ≤ 0.05) in response to auxin or ABA treatment in shoot or root tissues.  
(F) Hierarchical clustering of genes displaying differential expression among hormone-treated 
shoot samples (FDR ≤ 0.05).  
(G) Hierarchical clustering of genes displaying differential expression among hormone-treated root 
samples (FDR ≤ 0.05). 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 26, 2021. ; https://doi.org/10.1101/2021.04.25.441358doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.25.441358
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

23 
 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 26, 2021. ; https://doi.org/10.1101/2021.04.25.441358doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.25.441358
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

24 
 

 

Figure 5. Disruption of ABA biosynthesis impacts the transcriptional response to auxin in 
the root and the shoot 
(A) Auxin-responsive fold-change in NCED family member transcript accumulation in the shoots of 
wild type (Wt; Col-0) and aba2-3 seedlings. ND designates not detected in RNA-seq experiment, 
(NS) designates not statistically significant (FDR ≤ 0.05).  
(B) Venn diagram showing overlap between the datasets of genes that are differentially expressed 
(log fold change ≥ |1.0|; FDR ≤ 0.05) in response to auxin treatment in the shoots of aba2-3 and 
wild type (Wt; Col-0).  
(C) Volcano plots displaying pairwise transcript accumulation differences between mock and auxin-
treated wild type (Wt; Col-0) (left) and aba2-3 (right) shoot tissues.  
(D) Venn diagrams showing overlap between the datasets of genes that display decreased (left) or 
increased (right) accumulation (log fold change ≥ |1.0|; FDR ≤ 0.05) in response to auxin treatment 
of wild type (Wt; Col-0) or aba2-3 shoot tissues.  
(E) Venn diagram showing overlap between the datasets of genes that are differentially expressed 
(log fold change ≥ |1.0|; FDR ≤ 0.05) in response to auxin treatment in the shoots of wild type (Wt; 
Col-0) and aba2-3 and wild type.  
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Figure 6. RNA-seq evaluating ABA-responsive genes identifies genes that require ABA 
biosynthesis for auxin response and are ABA responsive.  
(A) Venn diagram showing overlap between the datasets of genes that are differentially expressed 
(log fold change ≥ |1.0|; FDR ≤ 0.05) in shoot tissues.  
(B) Hierarchical clustering of the 24 genes in wild type (Wt; Col-0) shoots that both require ABA2 
to respond to auxin treatment and respond directly to ABA treatment.  
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Supplemental Figure 1. RNA-seq Sample Quality Assessment 
(A) Spearman correlation values for all genes with a count-per-million value of greater than 1 in at 
least 3 samples. 
(B) Grouping of various samples using a multi-dimensional scaling plot of the leading log fold 
changes for the various samples.  
(C) The voom:Mean-variance trend plot (left) shows a scatter plot of empirically derived fitted and 
trended mean-variance relationship across all genes. The sample-specific weights plot (right) 
shows the sample specific weights for each sample for the statistical model fitting and differential 
transcript accumulation analysis. 
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