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•  Background and Aims  Aquilegia produce elongated, three-dimensional petal spurs that fill with nectar to 
attract pollinators. Previous studies have shown that the diversity of spur length across the Aquilegia genus is a 
key innovation that is tightly linked with its recent and rapid diversification into new ranges, and that evolution 
of increased spur lengths is achieved via anisotropic cell elongation. Previous work identified a brassinosteroid 
response transcription factor as being enriched in the early developing spur cup. Brassinosteroids are known to be 
important for cell elongation, suggesting that brassinosteroid-mediated response may be an important regulator of 
spur elongation and potentially a driver of spur length diversity in Aquilegia. In this study, we investigated the role 
of brassinosteroids in the development of the Aquilegia coerulea petal spur.
•  Methods  We exogenously applied the biologically active brassinosteroid brassinolide to developing petal spurs to 
investigate spur growth under high hormone conditions. We used virus-induced gene silencing and gene expression 
experiments to understand the function of brassinosteroid-related transcription factors in A. coerulea petal spurs.
•  Key Results  We identified a total of three Aquilegia homologues of the BES1/BZR1 protein family and found 
that these genes are ubiquitously expressed in all floral tissues during development, yet, consistent with the pre-
vious RNAseq study, we found that two of these paralogues are enriched in early developing petals. Exogenously 
applied brassinosteroid increased petal spur length due to increased anisotropic cell elongation as well as cell div-
ision. We found that targeting of the AqBEH genes with virus-induced gene silencing resulted in shortened petals, 
a phenotype caused in part by a loss of cell anisotropy.
•  Conclusions  Collectively, our results support a role for brassinosteroids in anisotropic cell expansion in 
Aquilegia petal spurs and highlight the brassinosteroid pathway as a potential player in the diversification of petal 
spur length in Aquilegia.

Key words: Aquilegia, petal spurs, BES1/BZR1, BEH, cell elongation, petal development, brassinosteroid 
response.

INTRODUCTION

Plants generate diverse organ shapes that often lead to adap-
tive advantages. Understanding how plants sculpt their organs 
requires an understanding of how these organs are constructed 
at the cellular level and also the roles of molecular and hor-
monal control that underlie their development (reviewed in 
Whitewoods and Coen, 2017). Aquilegia petals offer a prom-
ising opportunity to investigate the multiple components of the 
development and evolution of complex organ shape. Members 
of the Aquilegia genus produce complex three-dimensional 
petals that consist of a flat, laminar blade and a hollow tube 
(spur) with a nectary at the distal end that fills the tube with 
nectar to attract pollinators (Whittall and Hodges 2007). From 
Asian origins, the genus has undergone a recent and rapid ra-
diation in North America, during which the length of the petal 
spur has progressively increased, presumably to adapt to new 
pollinators with longer tongues. Investigations into Aquilegia 
petal morphology therefore offer an opportunity to not only 

understand how a plant builds a complex lateral organ at the 
cellular, tissue and organ levels, but also how a plant can modify 
itself at these levels in order to adapt to selective pressures of 
new habitats.

Previous studies on the Aquilegia petal spur have shown that 
petal growth can be broadly defined into two phases, which in-
clude an early phase of cell proliferation (Phase I) followed by 
a later phase of cell elongation (Phase II) (Puzey et al., 2012; 
Yant et al., 2015). Early in Phase I, cell division is widespread 
through the petal primordium, but it becomes increasingly 
limited to the incipient nectary zone, which establishes a cup-
shaped bulge that will give rise to the spur. Cell divisions cease 
in a wave that appears to collapse down towards the incipient 
nectary and by the time the petal spur is 6–10 mm in length 
cell divisions have largely ceased. Phase II growth involves the 
switch from cell proliferation to expansion, which consists of 
highly anisotropic cell elongation. Puzey et  al. (2012) meas-
ured petal spurs that varied at maturity from 2.4 to 16 cm in 
final length and found that the duration of Phase II and the 
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degree of cell anisotropy accounted for 99 % of the variation in 
spur length between the species. In contrast, cell number only 
varied by ~30 % despite a 16-fold change in length between 
the shortest and longest lengths. This suggests that the major 
underlying mechanism driving the increase in spur length 
during the evolution of Aquilegia appears to be extension in 
cell length.

Based on this previous work, the goal of this study was to 
identify candidates that regulate the transition from division 
to elongation and promote the anisotropic cell elongation that 
generates long petal spurs. RNA sequencing (RNAseq) of 
Phase I showed that the expression of two brassinosteroid (BR) 
pathway genes was strongly enriched in the early developing 
spur. The first is a homologue of the Arabidopsis thaliana 
DWARF4 (DWF4), which is a cytochrome P450 important in 
the BR biosynthesis pathway (Azpiroz et al., 1998; Choe et al., 
1998). The second, which is expressed later in development, 
is an apparent homologue of the two paralogous A.  thaliana 
transcription factors BRI1-EMS-SUPRESSOR1 (BES1) and 
BRASSINAZOLE-RESISTANT1 (BRZ1) (Wang et al., 2002; Yin 
et  al., 2002). Functional studies in arabidopsis and rice have 
demonstrated a conserved role for BR in anisotropic cell ex-
pansion, although these studies have primarily focused on seed-
lings and vegetative organs (Zhang et  al., 2009; Tong et  al., 
2014; Yamagami et al., 2017), the one exception being studies 
of BR’s role in cell elongation in Gerbera petals (Huang et al., 
2017; Lin et al., 2021). These findings make BR an interesting 
candidate for controlling petal spur elongation.

Brassinosteroids are plant hormones with pleiotropic ef-
fects on growth and development, ranging from cell elongation 
and proliferation to response to light and stress response, and 
to resistance to pathogens (see review by Nolan et al., 2020). 
Brassinosteroid loss-of-function phenotypes, including mu-
tants in the BR biosynthesis pathway, BR perception or down-
stream regulation, are typically dwarf plants, with short stems 
and small round leaves with short petioles (Clouse et al., 1996; 
Li et al., 1996; Szekeres et al., 1996; Li and Chory, 1997; Wang 
et  al., 2002; Nakaya et  al., 2002; Yin et  al., 2002; Gonzalez 
et  al., 2010; Sun et  al., 2010; Zhiponova et  al., 2013, Chen 
et al., 2019). The BR signalling pathway initiates when BRs 
are perceived at the plasma membrane by the external do-
main of the leucine-rich repeat (LRR) receptor kinase BR 
INSENSITIVE1 (BRI1) (Clouse 1996; Li and Chory, 1997; 
He et  al., 2000; Friedrichsen et  al., 2000) and a co-receptor, 
BRI1-ASSOCIATED RECEPTOR KINASE1 (BAK1) (Li 
et al., 2002; Nam and Li, 2002; Wang et al., 2008). The ac-
tivated BRI1 initiates a phosphorylation signalling cascade 
involving several regulatory proteins that results in the tran-
scription factors BES1/BZR1 being activated and directly regu-
lating the expression of a large network of target genes (He 
et al., 2002, 2005; Wang et al., 2002; Yin et al., 2002, 2005; 
Zhao et al., 2002; Guo et al., 2013; Sun et al., 2010). When 
BR levels are low, a GSK3 kinase, BRASSINOSTEROID 
INSENSITIVE2 (BIN2), acts to repress the activity of BES1/
BRZ1 by phosphorylation (Kim et al., 2009; Hao et al., 2016; 
Zhu et al., 2017) and inhibits their DNA-binding activity and 
targets them for degradation (He et al., 2002; Yin et al., 2002; 
Vert and Chory 2006; Gampala et al., 2007; Ryu et al., 2007). 
The arabidopsis BES1/BZR1 protein family also includes four 

similar proteins, BEH1–BEH4, all of which are atypical bHLH 
transcription factors (Wang et al., 2002; Yin et al., 2002, 2005). 
Single loss-of-function mutations in BES1 have no change in 
phenotype compared with wildtype, but BES1 RNAi lines show 
a weak, semi-dwarf response (Yin et al., 2005). A hextuple mu-
tant deficient in all six genes in the family has the typical dwarf 
phenotype of the BR biosynthesis or perception mutants (Chen 
et al., 2019).

Given the importance of localized cell elongation in 
generating petal spur length in Aquilegia, we investigated the 
role of BRs in the development of the Aquilegia coerulea petal 
spur. We used hormone applications in combination with gene 
expression and functional studies to provide evidence that BR 
plays a critical role in promoting spur elongation. Taken to-
gether, our results highlight the BR pathway as a potential con-
tributor to the morphological diversity of spur length associated 
with pollinator shifts in Aquilegia. This work provides a better 
understanding of the development and evolution of Aquilegia 
spurs, as well as being the first functional BR study outside of 
the model eudicots and grasses.

MATERIALS AND METHODS

Phylogenetic analysis

BZR1/BES1-related genes in the Aquilegia coerulea genome 
were determined by BLAST searches in Phytozome 12 
(http://phytozome.jgi.doe.gov) using the N-terminal domain 
of the BR-responsive transcription factors BRASSINAZOLE-
RESISTANT 1 (BZR1) and BRI1-EMS-SUPPRESSOR 1 
(BES1). Homologues from 92 species were aligned using the 
MUSCLE (multiple sequence comparison by log-expectation) 
algorithm in Geneious (v9.1.8, http://www.geneious.com) then 
manually adjusted by hand. Several truncated sequences that 
only contained the N-terminal domain, as well as sequences 
whose homology were not confidently predicted from the 
alignment, were removed. The phylogenetic analysis was run 
using IQTREE (Trifinopoulos et  al., 2016, http://iqtree.cibiv.
univie.ac.at) using the default best-fit substitution model and 
maximum likelihood analysis from 1000 bootstrap replicates. 
The results were visualized with FigTree (http://tree.bio.ed.ac.
uk/software/figtree/) and edited with Adobe Photoshop 2020.

Hormone applications

The active BR hormone brassinolide (BL) (ChemiClones, 
Waterloo, Ontario, Canada) was applied to the outer surface of 
spurs close to the nectary tip at 0.5, 1, 3 and 5 μm concentrations. 
The hormone was dissolved with ethanol for active treatments 
and ethanol alone was used for mock treatments. The ethanol or 
ethanol + hormone was mixed with liquid lanolin, cooled and 
applied to the spur using a glass rod. Three of five petals were 
treated per flower, with a total of 172 petals treated with the ac-
tive hormone and 57 petals mock-treated. Petals were treated at 
ten different spur lengths within early development, which have 
been grouped as Stages 1–3 (Supplementary Data Table S2), 
with spurs ranging in length from 0.5 to 5 mm when treated.

http://phytozome.jgi.doe.gov
http://www.geneious.com
http://iqtree.cibiv.univie.ac.at
http://iqtree.cibiv.univie.ac.at
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab116#supplementary-data
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Virus-induced gene silencing

All three AqBEH genes were targeted for silencing with a 
double construct that included a non-conserved region of AqBEH1 
and a conserved region between the closely related AqBEH3 and 
AqBEH4. A 192-bp region in the conserved N-terminal domain 
was selected to target both AqBEH3 and AqBEH4 (90.7 % iden-
tical sites in this region), although this may have also been able to 
target AqBEH1 (79.6 % identity between the three genes in this re-
gion). To ensure silencing of AqBEH1, a 258-bp region in exon 2 of 
AqBEH1 was also selected (for all primers used see Supplementary 
Data Table S1). A region of the A. coerulea ANTHOCYCANIDIN 
SYNTHASE (AqANS) gene was also included as a silencing 
marker. These regions were amplified and ligated into the TRV2 
vector to generate the TRV2-AqBEH1-AqBEH3/4-AqANS con-
struct. A TRV2 construct containing AqANS alone was also used 
as a control. These constructs were transformed into GV3103 
electrocompetent Agrobacterium cells. Infiltrations were carried 
out following previously published protocols (Gould and Kramer, 
2007; Sharma and Kramer, 2013). A  total of 392 plants were 
treated with TRV2-AqBEH1-AqBEH3/4-AqANS and 100 control 
plants were treated with TRV2-AqANS.

qPCR analysis of gene expression

Wildtype AqBEH expression was quantified in three 
broadly defined developmental stages: early, middle and late 
(Supplementary Data Table S3). Early stages include pooled 
RNA from Stages 1–3, middle stages include pooled RNA 
from Stages 5 and 7 and late stage includes RNA from Stage 
8. Petal expression was quantified in all three stages, whereas 
sepal, stamen, staminode and carpel expression was quanti-
fied in early and late stages only. Virus-induced gene silencing 
(VIGS) tissue was quantified at late stage only. The following 
extraction and quantification protocol was used for both ex-
periments. Total RNA was extracted with PureLink Plant RNA 
Reagent (ThermoFisher Scientific), DNA was removed using 
Turbo DNase (Ambion), and cDNA was synthesized with an 
iScript cDNA synthesis kit (Bio-Rad). Quantitative real-time 
polymerase chain reaction (RT-qPCR) was carried out using 
10 ng of cDNA (concentration estimated based on total RNA 
used in cDNA synthesis) as a template amplified with PerfeCTa 
SYBR Green FastMix Reaction Mix, Low ROX (Quantabio, 
Beverly, MA, USA) in the Stratagene Mx3005P QPCR System 
(Stratagene, La Jolla, CA, USA). Three technical replicates 
were assayed per tissue type. Primer efficiency was checked 
with a cDNA serial dilution and efficiency was determined 
using the slope of the linear regression. Relative expressions of 
AqBEH genes were calculated using the 2-ΔΔCt method (Livak 
and Schmittgen, 2001) (for all primers see Supplementary Data 
Table S1). AqIDI (ISOPENTENYL-DIPHOSPHATE DELTA-
ISOMERASE) (Aqcoe2G421100) was used for normalization 
(Sharma and Kramer, 2013).

Scanning electron microscopy

Petals for scanning electron microscopy (SEM) were fixed 
in FAA (4 % formalin, 5 % glacial acetic acid, 50 % ethanol), 

and dehydrated through an ethanol series to 100 % and critical-
point dried. Tissue was imaged using a Jeol JSM-6010 LC 
scanning electron microscope (Jeol USA, Peabody, MA, USA). 
Cells were measured using FIJI imaging software (Schindelin 
et al., 2012).

Cell counts and measurements

Hormone- and mock-treated petals were fixed in FAA (4 % 
formalin, 5 % glacial acetic acid, 50 % ethanol), dehydrated to 
70 % and stored at 4 °C. Petals were mounted on glass slides 
with CytoSeal 60 (Electron Microscopy Sciences) and clamped 
with a coverslip until sealed. Petals were imaged using an 
AxioCam 512 camera mounted on a Zeiss AxioImager micro-
scope. Each spur was imaged at ×200 magnification along a 
continuous transect from the attachment point to the nectary, 
using DIC illumination. A  line of contiguous cells from the 
attachment point to the nectary was measured for length and 
width using FIJI (Schindelin et  al., 2012). Cell area (A) was 
calculated as A = lw and cell anisotropy (E) was calculated as 
E = l/w.

RESULTS

Identification of BEH genes in Aquilegia

A previous transcriptomic study of early spur development 
in A coerulea identified a homologue of A.  thaliana BES1/
BZR1 HOMOLOG 4 (BEH4) that is strongly enriched in the 
3-mm cup of the developing petal spur (Yant et al., 2015). In 
A.  thaliana, BEH4 is a member of the BES1/BZR1 family 
of BR response proteins, which have been shown to be tran-
scription factors that regulate the expression of downstream 
BR response genes, including many related to cell elongation 
(Wang et al., 2002; Yin et al., 2002; Chen et al., 2019). The 
enrichment of a BES1/BZR1 homologue suggests a possible 
role for BRs in the switch from cell division to cell elongation 
in the Aquilegia petal spur. To identify all members of this 
gene family in Aquilegia, we used the conserved N-terminus 
domain of the BES1/BZR1 family (PFAM) to search the 
Aquilegia genome, which revealed two further BES1/BZR1-
related proteins in Aquilegia. To understand the orthologous 
relationships of these three genes, we used BLAST to search 
for BES1/BRZ1 homologues in 21 plant genera across 17 
families and used the resultant 91 amino acid sequences to 
generate a maximum likelihood phylogeny (Supplementary 
Data Fig. S1). Angiosperm BES1/BZR1 proteins fall into 
two strongly supported clades, one of which includes the 
A. thaliana BES1, BZR1, BEH1 and BEH2 proteins, and its 
sister clade, which includes the A. thaliana BEH3 and BEH4 
proteins. The previously identified Aquilegia protein AqBEH4 
(Aqcoe1G215900) falls as expected in the BEH3 and BEH4 
clade, and is sister to another Aquilegia protein, here named 
AqBEH3 (Aqcoe4G027100), although the AqBEH3 and 
AqBEH4 loci are equally related to both BEH3 or BEH4. The 
third Aquilegia protein falls into the BES1/BRZ1 clade and is 
therefore named AqBEH1 (Aqcoe6G111000).

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab116#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab116#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab116#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab116#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab116#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab116#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab116#supplementary-data
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BEH genes are most highly expressed in early stages of petal 
development

To investigate the possible tissue-specific role of these genes, 
relative expression was quantified using RT-qPCR across all 
five floral organs in A coerulea (sepals, petals, stamens, stam-
inodes and carpels). The tissue sampled included three devel-
opment stages of petals: early, middle and late, as well as the 
corresponding early and late stages of sepals, stamens, stam-
inodes and carpels (Supplementary Data Table S3). All three 
Aquilegia BEH genes were expressed in all floral organs 
throughout the developmental stages examined here (Fig. 1). 
Notably, in Aquilegia petals the highest expression for AqBEH1 
and AqBEH4 was in young petals, in which expression was at 
least 2-fold higher than in other floral organs at the same stage, 
or in petals at later stages (Fig. 1B). AqBEH3 expression was 
relatively low in petals at all stages but slightly increased in late 
stages (Fig. 1B). As the petals mature, the expression of both 
AqBEH1 and AqBEH4 decreases, with AqBEH4 dropping rap-
idly after the early stage, while AqBEH1 tapers off more slowly. 
In sepals, the pattern is similar, including higher expression of 
AqBEH1 and AqBEH4 at early stages and a reduction of ex-
pression at maturity (Fig. 1D). AqBEH3 expression increases at 
later stages of sepal growth. In stamens, expression of all three 
AqBEH genes is low, but is again higher at early stages than at 
maturity for all three genes (Fig. 1F). Expression in stamin-
odes and carpels is similar: both are relatively low compared 
with petals, but the expression is higher at early stages and 
drops at maturity (Fig. 1H, J). In summary, these data show that 
the AqBEH1 and AqBEH4 genes are highly expressed at early 
stages of all floral organs, compared with later stages in the 
same organs, with particularly strong expression in early petals, 
while AqBEH3 is more weakly expressed.

Application of BL increases the average length of the petal spur

Since BR response genes appear to be active in petal devel-
opment, we set out to investigate the effects of increased BRs 
on spur development. We exogenously applied BL, the most 
biologically active form of BR, to the growing tips of Aquilegia 
spurs. The hormone was applied to a range of early develop-
ment stages (spur lengths of 0·5–5 mm) and four concentrations 
(0·5, 1, 3 and 5 μm) as well as a mock treatment (Supplementary 
Data Table S2). The response to BL treatment was easily ob-
served within 1–2 d of treatment, with petals appearing elong-
ated compared with mock-treated flowers (Fig. 2A, B). At 
maturity, the average length of BL-treated petals increased by 
1–1·5 cm compared with mature mock-treated flowers (average 
4.5  cm) (Fig. 2C, F) and wildtype petals (4·4  cm, n = 396, 
Supplementary Data Fig. S2). On average, the higher the BL 
concentration, the longer the petal became [5  cm (0·5  μm), 
5·5 cm (1 μm), 5·6 cm (3 μm), 5·7 cm (5 μm)] (Fig. 2F). In all 
concentrations except 0·5 μm, this increase in spur length was 
significant (Fig. 2F, P < 0·0001). In addition to increased spur 
length, we observed a few spurs that were actually reduced in 
length by the hormone application. To investigate if the stage 
when BRs were applied and/or the hormone concentration af-
fected either the decrease or increase in spur length in treated 
petals, we compared petal spurs at different concentrations 

during different stages of spur development. We found that the 
greatest spur length increase was in the lowest (0·5 μm) and 
highest (5 μm) treatment concentration groups when treatment 
occurred after the spur was at least 3 mm in length (Fig. 2G). 
In contrast, shortened spurs also occurred within these two con-
centrations but this phenotype occurred only in those petals 
treated when the spur was ≤1 mm. At moderate concentrations 
(1 and 3 μm ) the petals were longer regardless of when the 
hormone was applied. Although no other phenotypic change 
other than length was observed, the shape of the nectary was 
distorted in a small proportion of the treated spurs; however, 
the nectary secreting cells were unaffected and nectar was pro-
duced (Supplementary Data Fig. S3A–D), indicating that the 
increase in hormone did not affect the function of the nectary.

Cell number, cell length and cell anisotropy increase with an 
increase in BR concentration in the Aquilegia petal spur

To determine the cellular mechanism generating the increase 
in spur length under high BR conditions, we measured the 
length and width of a contiguous file of cells from the attach-
ment point to the nectary in mock-treated (n = 9) and treated 
spurs (n = 9). Cells in the BL-treated spurs were significantly 
longer on average (Fig. 2H; mock = 97·9  μm; BL = 102·4, 
P < 0.0001) but the increase in cell length did not occur evenly 
along the length of the spur; in fact, cell length did not increase 
significantly near the attachment point or near the nectary. 
Instead, the increase in length occurred in the lower third of 
the spur only, indicating that the effect of BL on cell elong-
ation was limited to a subset of cells within the spur (Fig. 2H). 
The effect of BL treatment on cell anisotropy has a similar pat-
tern: BL-treated spurs have increased anisotropic elongation 
in cells in the lower third of the spur (Fig. 2I; mock = 4·115; 
BL = 4·3059, P < 0.0001) when compared with mock-treated 
spurs. Interestingly, under high BL conditions, the mean 
number of cells in treated spurs also increased compared with 
mock spurs, with an average cell number of 523 in treated spurs 
and 413 in control spurs (Fig. 2J; P < 0.0001).

AqBEH genes control spur growth via cell elongation in 
A. coerulea

In order to understand the function of AqBEH genes in the 
Aquilegia petal spur, VIGS was used to knock down all three 
Aquilegia BEH genes, via a double construct that also included 
a fragment of ANTHOCYANIN SYNTHASE (AqANS) as a silen-
cing marker. Of 392 plants treated, 9 flowers and a total of 21 
petals had strong phenotypic modifications compared with ANS 
control plants (Fig. 2A–G). The petal defects include shortened 
spurs (Fig. 3D, arrowheads), bends in the lower third of the spur 
(Fig. 3C, E, G: arrowheads), twists along the lower section of 
the spur (Fig. 3E, arrowhead) and outgrowths on the abaxial 
surface (Fig. 3C, E, arrowheads). These defects occurred alone 
or in combinations, such as bends and outgrowths (Fig. 3C, G), 
or short and twisted (Fig. 3D). The average lengths of the BEH-
VIGS petal spurs were significantly shorter than those of control 
spurs, having a mean length of 3·14 cm compared with a mean 
length of 4·42 cm for controls (Fig. 3J, K). Closer examination 

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab116#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab116#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab116#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab116#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab116#supplementary-data
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Fig. 1.  Relative expression patterns of Aquilegia BEH genes in floral organs. (A) Petals representing early, mid and late stages sampled for RT-qPCR. Scale 
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of the bends and outgrowths using SEM showed that cell files 
were mis-orientated, with cells often arranged at right angles 
to the length of the spur (Fig. 3I, Supplementary Data Fig. S4). 
No change in phenotype was observed in stamens, staminodes 
or carpels but we observed that the sepals were often smaller 
in flowers with affected petals (Fig. 3F, Supplementary Data 
Fig. S5). To understand the cause of shorter petal spurs in the 
BEH-VIGS-treated plants, cell length and cell anisotropy were 
measured and compared with ANS control petal spurs. To com-
pare a relatively analogous region of the petals, spurs were div-
ided into four quarters, which included (1) attachment point, 
(2) mid-spur ‘top’, (3) mid-spur ‘lower’ and (4) nectary quarter. 
For cell measurements, the mid-spur lower was compared as 
this corresponds to the previously identified zone of maximum 
cell elongation. In this area, cells of BEH-VIGS petals were 
significantly shorter, with a mean length of 55·5 μm compared 
with 94·2 μm for control petals. (Fig. 3L). Anisotropy was also 
significantly reduced in BEH-VIGS petal spurs, with a mean of 
2·3 compared with 4·1 in control petals (Fig. 3M).

Despite a strong phenotypic response from the BEH-VIGS 
treatment, the measurement of AqBEH expression in petals 
showed inconsistent silencing at maturity (Fig. 4). Overall, 
petals with abnormal phenotypes showed no significant 
knockdown in the level of AqBEH expression between the 
triple knockdowns and ANS controls (Supplementary Data Fig. 
S6d). However, when examined individually, we found that 
approximately half the petals showed some degree of reduced 
expression for AqBEH1 and AqBEH3, although the level was 
not statistically significant. None of the petals showed signifi-
cant knockdown for AqBEH4. Intriguingly, one-quarter of the 
petals showed significant overexpression for all three genes 
(one-way ANOVA, P < 0·00001). Additionally, one quarter of 
the petals showed no obvious silencing for any of the AqBEH 
genes. When we attempted to associate a phenotype with the 
expression levels, we found petals in each phenotypic category 
with increased, decreased or wildtype expression of AqBEH 
genes (Fig. 3J, arrowheads showing increased or decreased ex-
pression). Interestingly, VIGS sepals showed weak phenotypes 
(Supplementary Data Fig. S5a–c) but were not significantly 
knocked down for any gene (Supplementary Data Fig. S6a), yet 
carpels showed no altered phenotype but AqBEH expression for 
all three genes was significantly knocked down compared with 
the control carpels (Supplementary Data Fig. S6c). Similarly, 
stamens showed no major change in phenotype but were sig-
nificantly lowered in expression in AqBEH1 and AqBEH4 but 
not AqBEH3 (Supplementary Data Fig. S6b). Staminodes were 
not phenotypically altered but were not checked for expression 
levels due to lack of tissue.

DISCUSSION

Plants produce complex organs by coordination and organiza-
tion of cell division and cell expansion (Lyndon, 1990). While 
cell division is critical to the establishment of an organ, and 
gives rise to the cells required for growth, the integration of 

localized and directional expansion is often the major mech-
anism required to create elaborate organ shapes (reviewed in 
Facette et al., 2019). Previous studies have shown that species 
of Aquilegia display remarkable differences in spur length and 
that this morphological diversity evolved rapidly in association 
with new pollinators (Whittall and Hodges, 2007). An inves-
tigation into spur morphogenesis showed that significant dif-
ferences in Aquilegia spur length are achieved by variation 
in highly anisotropic cell elongation (Puzey et al., 2012), yet 
little is known about the molecular mechanisms controlling the 
process of anisotropic cell expansion in the developing spur. 
Intriguingly, transcriptomic experiments detected strong differ-
ential expression of genes involved in BR response, known in 
A. thaliana to regulate the shift from cell division to cell elong-
ation (Yant et al., 2015). Here, we investigated the role of the 
BR response pathway in regulating spur length and show that 
BRs are an important regulator of anisotropic cell elongation in 
A. coerulea.

In the A. coerulea petal spur, highly anisotropic cell elong-
ation increases progressively from the attachment point to-
wards the nectary (Fig. 2I), generating a long, slender tube. 
Exogenous application of the BR hormone BL increases an-
isotropic elongation, particularly in the lower half of the spur, 
leading to a significant increase in spur length. We observed no 
effect on the gross morphology of the petal or on nectary func-
tion, with no effect on cell elongation at or near the nectary, nor 
in the proximal part of spur near the attachment point. The dif-
ferential response to BR application along the spur is intriguing 
since it mirrors the trend observed in control petals, in which 
cells are longer approaching the nectary. This response pattern 
could be due to differences in the ability of the cells to respond, 
or to a gradient of BR concentration from the lanolin applied 
to the nectary region. The fact that cells closest to the hormone 
application site, in the nectary itself and immediately adjacent 
cells, do not show increased length may suggest that this pat-
tern is, at least in part, due to sensitivity and ability to respond. 
At the same time, it is also clear that the effect of exogenous BR 
is influenced by hormone concentration, which shows a trend of 
increased spur length with increased concentration. However, 
at the highest concentration applied, a small number of spurs 
were significantly shorter, suggestive of a negative feedback 
loop that inhibits growth. This type of inhibition by a high con-
centration of BR has been shown in other model plants, where 
high levels of exogenous BR have a negative effect on growth 
in roots and leaves, suggesting that maintaining optimal BR 
levels is critical for normal growth and development (Szekeres 
et al., 1996; Clouse and Sasse, 1998, Mussig et al., 2003). In 
Aquilegia petals, the most severe suppression of growth oc-
curred only in petals treated with high concentration early in 
development, suggesting that the two distinct developmental 
phases in the Aquilegia spur (cell division and cell expansion) 
may be associated with distinct BR response in the Aquilegia 
petal spur.

Interestingly, cell number also increased in spurs treated 
with BL (Fig. 2J), indicating that BRs are capable of inducing 

5 μm BL = 1·923e-07****, mock = 0·4889. (H) Average cell length in mock-treated (n = 9) and BL-treated petals (n = 9). Spur lengths are normalized to 1·0. 
Grey shading represents 95 % confidence interval. Welch t-test, P < 0·0001. (I) Average cell anisotropy in mock-treated (n = 9) and BL-treated petals (n = 9). Spur 
lengths are normalized to 1·0. Grey shading represents 95 % confidence interval. Welch t-test, P < 0.02034. (J) Mean cell number per spur between mock-treated 

(n = 9) and BL-treated spurs (n = 9). Welch t-test, ****P < 0·002215. Scale bars = 1 cm.
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cell division in the petal spur, but further investigation may 
reveal if these roles are spatially or temporally restricted. This 
dual role for BRs is consistent with studies showing that BRs 
also promote cell division in A. thaliana leaves through regu-
lation of mitosis and cell cycle timing (Nakaya et al., 2002; 
Gonzales et al., 2010; Oh et al., 2011; Zhiponova et al., 2013). 
Brassinosteroids are also suggested to regulate the transition 
from cell proliferation to expansion in A.  thaliana leaves 
(Zhiponova et al., 2013), and the timing of high expression of 
AqBEH genes in early stages of petal development suggests a 
similar role for BRs in the A. coerulea petal. This differential 
control of BR response in different stages of growth suggests 
a context specific role for BR in both cell proliferation and 
expansion.

Previous RNAseq data revealed that AqBEH4 expression 
is enriched in young petal spurs (Yant et  al., 2015). Here 
we show that AqBEH1, AqBEH3 and AqBEH4 genes are ex-
pressed in all floral organs throughout development, yet, con-
sistent with previous transcriptomic results, the loci show 
stage- and organ-specific expression patterns. AqBEH1 and 
AqBEH4 are both expressed significantly higher in petals 

than other floral organs and both are more highly expressed in 
early petal development. These expression patterns are con-
sistent with expression of the six BES1/BZR1 homologues in 
A. thaliana, which are widely expressed yet also show various 
differences in expression levels, both developmentally and be-
tween organ types (Otani et al., 2020). AqBEH3 and AqBEH4 
are very similar at the protein level, likely paralogues due to a 
recent duplication in Aquilegia, suggesting that AqBEH3 may 
be acting redundantly with AqBEH4. In A.  thaliana, all six 
proteins in the BES1/BZR1 family are regulated by BR (Yin 
et al., 2005) and all can act redundantly with each other (Chen 
et  al., 2019). Although the expression patterns in Aquilegia 
floral tissue suggest some functional differences among 
AqBEH genes, and perhaps indicate a petal-specific role, in 
A. thaliana interpretation of expression levels of BES1/BZR1 
transcription factors is complicated by the post-translational 
regulation of BES1/BZR1 (He et al., 2002; Wang et al., 2002; 
Yin et al., 2002, 2005; Vert and Chory, 2006; Gampala et al., 
2007; Shimada et  al., 2015; Nolan et  al., 2017; Kim et  al., 
2019). At present it is unknown if this type of regulation also 
operates in A. coerulea, but we do know that the majority of 
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the BR biosynthesis pathway and signalling cascade factors 
appear to be conserved across the flowering plants (Ferreira-
Guerra et  al., 2020) and that all the phosphorylation and 
dephosphorylation cascade elements from A. thaliana are pre-
sent in the A. coerulea genome (Filiault et al., 2018).

In A.  thaliana, single loss-of-function mutations in ei-
ther BES1 or BZR1 have no or weak phenotypes; however, a 
loss-of-function mutant in which all six BES1/BZR1 family 
members are silenced has the typical BR-insensitive dwarf 
phenotype (Chen et  al., 2019). Therefore, we targeted all 
three AqBEH genes for silencing in order to determine BR’s 
role in cell elongation during petal spur development. Based 
on previous experience with silencing multiple loci simultan-
eously (Min et al., 2019), we expected a lower success rate, 
but we were able to recover a number of petals with inhibited 
growth and defects in the lower spur. Unfortunately, contra-
dictory expression pattern of AqBEH genes in BEH-VIGS 
petals with strong phenotypes made confirmation of their 
downregulation challenging. The inconsistent expression pat-
tern may have several possible explanations. First, the rela-
tively low expression of AqBEH genes at organ maturity (Fig. 
1B) may have contributed to inaccuracy in the expression ana-
lysis. Second, VIGS can result in transient silencing (Lu et al., 
2003; Gould and Kramer, 2007), and thus the measurement 
of expression at organ maturity may not detect silencing that 
occurred earlier in development. This is further complicated 
by the probable post-translational regulation of AqBEH genes, 
which often decouples RNA expression levels from pheno-
typic effects. Third, some petals experienced upregulation of 
expression, which is possibly in response to earlier silencing, 
a phenomenon observed in a number of mutant BES1/BZR1 
lines and potentially caused by feedback loops between 
family members (Wang et al., 2013; Lachowiec et al., 2018; 
Chen et al., 2019). Supporting this is the fact that petals that 
did show AqBEH downregulation had strong phenotypic de-
fects similar to those of petals that had wildtype or increased 
levels of expression (Figs 3J and 4). Also noteworthy is that 
no phenotypic effect was observed in stamens or carpels al-
though AqBEH genes were downregulated in both organs, 
suggesting that the observed compensation was specific to or-
gans showing strong dependence on BR function. We should 
further note that although there is a small family of β-amylase 
genes in the Aquilegia genome that share some sequence simi-
larity with the BEH family (Filiault et al., 2018), this never 
rises above 54 % identity in the region of the VIGS fragment, 
making it extremely unlikely that the phenotypes are due to 
off-target silencing. Despite the fact that the mechanism regu-
lating the expression and co-ordination of AqBEH genes is 
not yet known, taken together, we believe that the prepon-
derance of the evidence suggests that petals with strong petal 
phenotypes did experience AqBEH silencing at critical stages 
of development.

The consistent phenotype observed across the VIGS petals 
is a shortening of the spurs, due to reduced anisotropy of cells 
in the lower spur. Given that exogenous BL application led to 
an increase in anisotropic elongation and longer spurs, this 
suggests a tight coupling of BR response and spur length in 
A. coerulea. This result is consistent with studies in A. thaliana 
where BRs play critical roles in cell expansion – defects in 
BR biosynthesis, perception and response all result in dwarf 

phenotypes due to smaller cell size (Clouse et  al., 1996; 
Szekeres et al., 1996; Li and Chory, 1997; Azpiroz et al., 1998; 
Choe et  al., 1998; Friedrichsen et  al., 2000; Li et  al., 2001; 
Wang et al., 2001). The other strong defect observed in some 
petals was the localized miscoordination of growth in the lower 
spur in A. coerulea, leading to twists, bends and abaxial out-
growths within the spur tube. This indicates that AqBEH genes 
act, likely via downstream targets, to maintain synchronously 
orientated cell elongation as well as appropriately orientated 
cell division. This would be in line with observed roles for 
A.  thaliana BES1/BZR1 in modulating cell wall organization 
by promoting cellulose synthesis and microtubule reorganiza-
tion and orientation to facilitate cell elongation (Tang et  al., 
2008; Sun et al., 2010; Lanza et al., 2012; Wang et al., 2012; 
Sánchez-Rodrígues et al., 2017; Liu et al., 2018; Ruan et al., 
2018). For example, BZR1 binds directly to the promoter of 
PCAP1/2, a gene shown to coordinate cortical microtubule or-
ganization and regulate directional cell elongation (Tang et al., 
2008; Sun et al., 2010). It is also likely that the nature of VIGS 
silencing contributed to these distortions in spur shape; hor-
mone application is more likely to have an even effect on tissue 
whereas VIGS silencing can be sectorial, in terms of both its 
spatial and temporal components (Min et al., 2019).

While BRs are best known for their role in promoting 
cell elongation, other plant hormones, such as auxin, play a 
major role in developmental processes important to spur de-
velopment, including cell orientation and elongation (Gallei 
et al., 2020; Heisler and Byrne, 2020). Auxin signalling re-
sponse transcription factors, AUXIN RESPONSE FACTOR6 
(ARF6) and AUXIN RESPONSE FACTOR8 (ARF8), have 
been shown to play an active role in anisotropic cell elong-
ation in A.  coerulea petal spurs and silencing of AqARF6/8 
also leads to shorter spurs (Zhang et  al., 2020). These 
overlapping roles for BR and auxin in the A.  coerulea spur 
are not surprising given the crosstalk between the auxin and 
BR pathways (Nemhauser et al., 2004, Vert et al., 2008; Sun 
et al., 2010; Cho et al., 2014; Oh et al., 2014; Xiong et al., 
2021). For example, BZR1 directly interacts with ARF6 and 
PHYTOCHROME INTERACTING FACTOR4 (PIF4) in order 
to promote auxin response in cell elongation, and together 
they co-operatively share promoter sites of many downstream 
target genes. Identifying downstream AqBEH targets will be 
an important next step in determining how BR regulates cell 
elongation in Aquilegia, and a starting point to untangle the 
synergistic interactions of both hormonal and developmental 
cues operating in the petal spur.

Integrating our newfound understanding of how BRs pro-
mote spur length in A. coerulea has generated a more complete 
picture of the dynamic interplay of multiple developmental pro-
cesses that sculpt petal shape in Aquilegia. Early spur growth 
requires AqPOP in order to promote and maintain cell prolif-
eration (Ballerini et al., 2020); AqTCP4 likely plays a role in 
repressing cell division at the end of Phase I growth (Yant et al., 
2015); and auxin and BR may play coordinated roles in pro-
moting cell expansion and anisotropic elongation in order to 
generate the final length of the petal spur (Zhang et al., 2020). 
Our results indicate that, unlike auxin, the BR response in petal 
spurs is not highly pleiotropic, making BR regulation a good 
candidate for playing a key role in the evolutionary modifica-
tion of petal spur length.



Conway et al. — Brassinosteroids regulate petal spur length in Aquilegia 941

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Figure S1: phylo-
genetic relationship of BES1/BZR and BEH proteins. Figure 
S2: spur measurements of wildtype flowers. Figure S3: SEM 
of nectaries of four BL-treated spurs. Figure S4: SEM of BEH-
VIGS petals with bends and outgrowths. Figure S5: sepal 
phenotypes of BEH-VIGS petals. Figure S6: relative expres-
sion levels of AqBEH genes in VIGS tissue. Table S1: list of 
primers used in this study. Table S2: list of development stages 
and concentrations used in BR application experiment. Table 
S3: list of stages used in wildtype BEH expression study.
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