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Abstract
The phytohormone auxin plays a pivotal role in floral meristem initiation and gynoecium development, but whether and
how auxin controls floral organ identity remain largely unknown. Here, we found that auxin levels influence organ specifica-
tion, and changes in auxin levels influence homeotic transformation between petals and stamens in rose (Rosa hybrida). The
PIN-FORMED-LIKES (PILS) gene RhPILS1 governs auxin levels in floral buds during floral organogenesis. RhAUXIN RESPONSE
FACTOR 18 (RhARF18), whose expression decreases with increasing auxin content, encodes a transcriptional repressor of the
C-class gene RhAGAMOUS (RhAG), and controls stamen–petal organ specification in an auxin-dependent manner.
Moreover, RhARF18 physically interacts with the histone deacetylase (HDA) RhHDA6. Silencing of RhHDA6 increases H3K9/
K14 acetylation levels at the site adjacent to the RhARF18-binding site in the RhAG promoter and reduces petal number, in-
dicating that RhARF18 might recruit RhHDA6 to the RhAG promoter to reinforce the repression of RhAG transcription. We
propose a model for how auxin homeostasis controls floral organ identity via regulating transcription of RhAG
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Introduction

Rather than being single organs (like leaves or roots), flowers
are composite structures composed of multiple organs ar-
ranged in an ordered pattern (Endress, 2010). A typical an-
giosperm flower consists of four types of organ: sepal, petal,
stamen, and pistil. The number (merosity) and the arrange-
ment (phyllotaxy) of floral organs vary in different species.
Floral organs may differ in their position within a flower, in
specific characteristics, or their identity, all of which are im-
portant criteria for homology (Theißen and Rümpler, 2018).
Although different floral organs have different structures
and functions, they all initiate from the floral meristem.

Flower patterning and determinacy is tightly controlled by
a set of homeotic genes, whose functions are classified in
the ABCE model (Coen and Meyerowitz, 1991; Weigel and
Meyerowitz, 1994; Krizek and Fletcher, 2005; Theißen et al.,
2016; Yan et al., 2016). All ABCE genes encode members of
the MADS-box family, except APETALA2 (AP2), which enco-
des a member of the AP2/ethylene-responsive element bind-
ing proteins (EREBPs) family. The formation of sepals is
controlled by A-class genes APETALA1 (AP1) and AP2, while
the petals are coordinately controlled by A-class and B-class
genes AP3 and PISTILLATA (PI). Identity of stamens is deter-
mined by B-class genes and the C-class gene AGAMOUS
(AG), and gynoecia are controlled by AG. The class E genes
SEPALLATA1–4 (SEP1–SEP4) encode functionally redundant
proteins, which could interact with class A, B, C, and D pro-
teins to form tetrameric complexes that specify each floral
organ type.

Floral organ initiation and determination are also con-
trolled by hormones, especially auxin. Auxin plays an indis-
pensable role in floral organ initiation (Cheng and Zhao,
2007; Zhao, 2010; Yamaguchi et al., 2013). Local biosynthesis,
metabolism, and transport of auxin are regulated coordi-
nately to generate auxin maxima (Petrasek, 2006;
Wisniewska, 2006; K�re�cek et al., 2009; Barbez et al., 2012; van
Berkel et al., 2013; Adamowski and Friml, 2015; Brumos
et al., 2018). Establishment of a local auxin maximum is re-
quired for the initiation of a flower primordium in
Arabidopsis thaliana (Reinhardt et al., 2000; Benková et al.,
2003; Heisler et al., 2005; Yamaguchi et al., 2013). In A. thali-
ana, a mutant of the auxin efflux carrier, PIN-FORMED1
(pin1-1), produces no flowers in the apical meristem, and
forms a pin-like stem (Gälweiler et al., 1998; Friml, 2003;
Zhao, 2010). Overexpression of PIN-LIKES 3/5 (PILS3/5), the
intracellular auxin carriers, in A. thaliana also results in de-
formation of flowers, inducing transitions of flower organs
to flower buds, formation of extra gynoecia, and unfused
carpels (Barbez et al., 2012). Similarly, mutation of the auxin-
responsive transcription factor gene MONOPTEROS/AUXIN-
RESPONSIVE FACTOR5 (MP/ARF5), produces a pin-like stem
(Hardtke and Berleth, 1998). Mutation of ETTIN (ETT)/ARF3
leads to increased petal and sepal numbers and decreased
stamen number, as well as defects in gynoecium (Sessions
and Zambryski, 1995; Sessions et al., 1997). So far, however,

whether and how auxin distribution and signaling are in-
volved in controlling floral organ identity remains unknown.

Here, we found that changes in auxin levels induce home-
otic transformation between petals and stamens in rose
(Rosa hybrida). RhPILS1, a rose PILS1-type protein, governs
auxin levels in floral buds during floral organogenesis.
RhARF18 is an auxin-regulated gene encoding a transcrip-
tional repressor of RhAG, and thus plays a role in stamen–
petal specification in an auxin-dependent manner.
Moreover, we found that RhARF18 physically interacts with
a histone deacetylase (HDA), RhHDA6. Therefore, we pro-
pose that RhARF18 might act as a subunit in a complex
with RhHDA6 to control RhAG expression and petal–sta-
men fate via modifying histone acetylation level at the
RhAG promoter.

Results

RhPILS1 influences auxin homeostasis in floral
meristem of rose
To test whether auxin homeostasis influences floral organ
development in roses, we first monitored the auxin level in
floral buds during rose flower development. The early devel-
opment of floral buds is divided into four stages: sepal pri-
mordium initiation (early stage 1), petal primordium
initiation (early stage 2), stamen primordium initiation (early
stage 3), and pistil primordium initiation (early stage 4; Ma
et al., 2015; Supplemental Figure S1A, upper panel).
Immuno-gold localization analysis showed that IAA accumu-
lated in the center region in early stages 3 and 4
(Supplemental Figure S2A). Ultra high-performance liquid
chromatography–mass spectrometry/mass spectrometry
(UPLC–MS/MS) assays further confirmed that levels of the
major auxin indole-3-acetic acid (IAA) increased as flowers
developed from early stage 3 to early stage 4 (Figure 1A),
suggesting that auxin accumulation might be required for
initiation of the floral primordium, especially stamen and
pistil, in rose.

To understand if regulation of auxin transport is involved
in floral primordium initiation, we screened for auxin trans-
porter genes against our Rose Flower Transcriptome
Database (http://bioinfo.bti.cornell.edu/cgi-bin/rose_454/in
dex.cgi). We identified two PIN and five PIN-LIKES (PILS)
transcripts based on protein sequence alignment
(Supplemental Table S1). Quantitative RT-PCR analysis
showed that expressions of two PINs (ARHL12440,
ARHL05865) and two PIN-LIKES genes (ARHL01838,
ARHL16576) were relatively low during floral organ develop-
ment (early stages 1–4), while ARHL18978 and ARHL25031
expressions remained at constant levels throughout the pro-
cess (Supplemental Figure S1a, bottom panel).

Unlike other PILS genes, ARHL22791 was highly expressed
in floral organ development (early stages 1–4) and rapidly
decreased when flower buds were evident, implying that
ARHL22791 might be involved in early development of floral
organs (Supplemental Figure S1a, bottom panel).
Phylogenetic analysis indicated that the deduced amino acid
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Figure 1 RhPILS1 is involved in floral organ development via governing auxin level. A, Quantification of IAA levels in floral buds using UPLC–MS/
MS. One biological sample consisted of a mixture of at least 12 or 8 floral buds at early stage 3 or 4, respectively. The mean values 6 SD from three
biological replicates (n ¼ 3) are shown. B, Quantitative RT-PCR of RhPILS1 in TRV control and RhPILS1-silenced floral buds. One biological sample
consisted of a mixture of at least 12 or 8 floral buds at early stage 3 or 4, respectively. The mean values 6 SD from three biological replicates (n ¼
3) are shown. Asterisks indicate statistically significant differences (two-sided Student’s t test; **P < 0.01). RhUBI2 was used as an internal control.
C and D, Silencing of RhPILS1 decreased petal numbers. Images of TRV and TRV-RhPILS1 infected plants were taken 50–55 d after infiltration. The
petals were digitally extracted for comparison. The number of petals, which included normal petals and petaloid stamens, and stamens were
counted from 5 flowers (n ¼ 5). The box itself contains the middle 50% of the data. The upper edge (hinge) of the box indicates the 75th percen-
tile of the dataset while the lower hinge indicates the 25th percentile. The range of the middle two quartiles represents the inter-quartile range.
The lines within the boxes indicate the median value of the data. Scale bar, 1 cm. Asterisks indicate statistically significant differences (two-sided
Student’s t test; *P < 0.05). E, Silencing of RhPILS1 altered IAA level in floral buds. IAA levels were determined using UPLC–MS/MS in TRV control
and RhPILS1-silenced floral buds. One biological sample consisted of a mixture of at least 12 or 8 floral buds at early stage 3 or 4, respectively. The
mean values 6 SD from three biological replicates (n ¼ 3) are shown. Asterisks indicate statistically significant differences (two-sided Student’s t
test; **P < 0.01). (F and G, Silencing of RhPILS1 influenced expression level of RhAG. Quantitative RT-PCR (F) and in situ hybridization (G) of
RhAG were conducted in TRV control and in RhPILS1-silenced floral buds during floral organogenesis. The floral bud at early stage 4 probed with
a sense probe was used as a negative control. At least 12 TRV and 12 TRV-RhPILS1 plants were used for in situ hybridation. Scale bars, 200 lm.
The mean values 6 SD from three biological replicates (n ¼ 3) are shown. Asterisks indicate statistically significant differences (two-sided
Student’s t test; **, P < 0.01). RhUBI2 was used as an internal control. SE, sepal; PE, petal; ST, stamen; PI, pistil.
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sequence of ARHL22791 was close to that of the PILS1/3/4
subclade in A. thaliana (Elena et al., 2012); hence, it was des-
ignated RhPILS1 (Supplemental Figure S1B). Alignment of
the deduced amino acid sequence indicated that RhPILS1
shared highly conserved domains with PILS1/3 proteins from
other species, like woodland strawberry (Fragaria vesca),
Brassica rapa, and Populus euphratica (Supplemental Figure
S1C). Protein sequence analysis predicted 10 transmembrane
domains and a short cytosolic fragment, consistent with pre-
viously reported topology of PILS in A. thaliana
(Supplemental Figure S1D; Barbez et al., 2012). In addition,
expression assays showed that RhPILS1 was induced by
auxin, like the typical auxin-inducible gene GH3 (Hagen
et al., 1984; Chapman and Estelle, 2009; Supplemental Figure
S1E).

To test if RhPILS1 plays a role in floral organ development
in rose, we silenced RhPILS1 in rose plants using virus-in-
duced gene silencing (VIGS) technology with Tobacco rattle
virus (TRV). Considering expression of RhPILS1 was increas-
ing as floral buds developed, we detected the expression of
RhPILS1 in floral buds at early stages 3 and 4. Quantitative
RT-PCR assays demonstrated that expression of RhPILS1 was
significantly reduced in TRV-RhPILS1 lines (Figure 1B).
Compared to TRV-only controls, silencing of RhPILS1
resulted in flowers with fewer layers of petals (Figure 1C).
The petal number of RhPILS1-silenced plants was signifi-
cantly less than that of TRV controls, while stamen number
was significantly higher (Figure 1D). Meanwhile, the total
numbers of petals and stamens in RhPILS1-silenced plants
were similar to those of TRV plants (Figure 1D), suggesting

Figure 2 RhARF18 is a transcriptional repressor of RhAG. A, Transactivation of the RhAG promoter by RhARF18. The pRhAG::LUC construct was
co-infiltrated with 35S::RhARF18 or SK empty vector in N. benthamiana leaves. Co-infiltration of 35S::RhARF18 plus LUC empty vector served as a
negative control. The experiments were independently repeated three times. A representative image of an N. benthamiana leaf 72 h after infiltra-
tion is shown. B, Dual LUC reporter construct containing pRhAG::LUC and 35S::REN (Renilla luciferase) was co-infiltrated with 35S::RhARF18 or SK
empty vector in N. benthamiana leaves. Co-infiltration of 35S::RhARF18 plus LUC empty vector served as a negative control. The experiments
were performed independently twice, and similar results were obtained. The mean values 6 SD are shown from five biological replicates (n ¼ 5).
Asterisks indicate statistically significant differences (two-sided Student’s t test; **, P < 0.01). C, Analysis of the transcriptional activity of RhARF18
in yeast. The RhARF18 and RhARF18-VP16 sequences were cloned into the pBD-GAL4 Cam vector (GAL4BD). GAL4BD and GAL4BD-VP16 were
used as a negative and positive control, respectively. The transformants were streaked on SD/-Trp, SD/-Trp-His, SD/-Trp-HisþX-galþ3-AT, and
SD/-Trp-Hisþ3-AT plates, and incubated at 30�C for 3 d. The b-galactosidase activities were examined by X-gal staining. The experiments were
performed independently twice, and similar results were obtained. D, Transcriptional repressor activity of RhARF18 in N. benthamiana leaves.
(Left) schematic representation of Effectors and Reporter. The coding sequence with the stop codon was inserted into pBD effector driven by the
35S promoter. pBD-VP16 was used as a positive control. The mean values 6 SD are shown from three biological replicates (n ¼ 5). Asterisks indi-
cate statistically significant differences (two-sided Student’s t test; **P < 0.01). E, Analysis of RhARF18 binding to the promoter of RhAG in an
EMSA system. The sequence of the region from -868 to -832 of the RhAG promoter was used as a probe (A of ATG marked for þ1). As indicated,
RhARF18-dependent mobility shifts were detected and competed by an unlabeled cold probe in a dose-dependent manner, but not by a mutated
probe. The experiments were performed independently twice, and similar results were obtained.
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that RhPILS1 influences homeotic conversion between petals
and stamens in rose flowers.

In A. thaliana, PILS has been reported to function as an
auxin carrier to regulate intracellular auxin homeostasis.
PILS-overexpressing A. thaliana plants show homeotic trans-
formation of floral organs into new floral buds, triplication
of the gynoecium, or unfused carpels (Barbez et al., 2012).
We monitored auxin levels and distribution in floral buds of
RhPILS1-silenced plants to explore whether silencing of
RhPILS1 caused petal and stamen conversion due to altered
IAA level and distribution. UPLC–MS/MS assays showed
that silencing of RhPILS1 significantly elevated free IAA level
in floral buds during early stages 3 and 4 (Figure 1E).
Immuno-gold localization analysis also supported that silenc-
ing of RhPILS1 enhanced IAA accumulation in stamen and
pistil primordia (Supplemental Figure S2B).

Previous studies have reported that expression (levels and
specific location) of AGAMOUS (AG), a C-class homeotic
gene, are involved in controlling the floral organ identity of
petals and stamens. In A. thaliana, the knockout ag mutant
lacks normal pistils and stamens, and exhibits double flowers
resulting from homeotic transformation of stamens to petals
(Yanofsky et al., 1990). Our previous work also showed that
knockdown of RhAG resulted in increased petal numbers
and decreased stamen numbers in rose (Ma et al., 2015).
Therefore, we speculate that silencing of RhPILS1 might in-
fluence accumulation of RhAG transcripts in floral buds.
Quantitative RT-PCR analysis confirmed that the expression
level of RhAG in RhPILS1-silenced floral buds was signifi-
cantly higher than in TRV controls in floral buds during
early stages 3 and 4 (Figure 1F). In situ hybridization assays
showed that RhAG transcripts accumulated to a higher level
in the center of the floral meristem (early stage 3), as well as
stamen and pistil primordia (early stage 4), in RhPILS1-si-
lenced flowers than in TRV controls (Figure 1G). These
results suggest that RhPILS1 might affect petal–stamen spec-
ification via governing the distribution of endogenous auxin
in flower primordia.

RhARF18 directly represses transcription of RhAG
Given that silencing of RhPILS1 influences auxin homeostasis
and RhAG accumulation, auxin signaling might be involved
in the regulation of RhAG expression, and thus controls pet-
aloidy of rose stamens. We searched the putative cis-ele-
ments in the promoter region of RhAG using the PlantCARE
program (http://bioinformatics.psb.ugent.be/webtools/plant
care/html/). We found an AuxRR-core cis-element
GGTCCAT at �853 to �847 bp upstream to the ATG of
RhAG (Supplemental Figure S3A). The AuxRR cis-element is
different from canonical auxin response elements (TGTCCC/
GG/TC/AC; Lai et al., 2019; Lieberman-Lazarovich et al.,
2019), and it was identified in the promoter of an auxin-re-
sponsive cellulose synthase catalytic subunit 4 (CesA4) gene
in Gossypium hirsutum (Kim et al., 2011). Next, we searched
for ARFs in the rose genome and checked their expression
during flower development using our Rose Transcriptome
Database (http://bioinfo.bti.cornell.edu/cgi-bin/rose_454/in

dex.cgi). We identified 12 ARFs and found that 8 of them
were detectable by RNA sequencing in floral buds (Pei et al.,
2013a, 2013b; Supplemental Table S2).

We then conducted a transactivation assay to identify the
ARFs that are able to regulate expression of the firefly lucif-
erase (LUC) gene driven by the RhAG promoter in Nicotiana
benthamiana leaves. Each RhARF ORF was driven by the 35S
promoter and was co-infiltrated with pRhAG::LUC reporter
into N. benthamiana leaves, while co-infiltration of empty
SK plasmid and pRhAG::LUC served as a control. We found
that ARHL06399 strongly repressed activity of the LUC re-
porter, while most of the tested ARFs barely influenced it
(Supplemental Figure S3B). Therefore, we chose ARHL03699
for further analysis.

According to the annotation of the rose genome
(Raymond et al., 2018), ARHL06399 was designated as
RhARF18. Phylogenetic analysis showed that RhARF18 is
close to A. thaliana ARF16 (Supplemental Figure S4A).
Protein sequence analysis predicted a B3 DNA-binding do-
main, an Auxin Response Factor domain, and an AUX/IAA
family domain in RhARF18, similar to ARF16 (Supplemental
Figure S4, B and C). Quantitative RT-PCR showed that ex-
pression levels of RhARF18 dropped in floral buds from early
stages 1 to 4 (Supplemental Figure S4D). Fluorescence co-lo-
calization showed that RhARF18 protein was localized in the
nucleus, indicating that RhARF18 could function as a tran-
scriptional regulator (Supplemental Figure S4E).

A dual-LUC reporter assay confirmed that RhARF18 signif-
icantly repressed the transactivation of the RhAG promoter
(Figure 2, A and B). Once RhARF18 was fused to the VP16
activator, the transactivation activity of VP16 was totally re-
pressed in yeast (Figure 2C). Moreover, pBD-RhARF18 signifi-
cantly repressed expression of the LUC reporter in
comparison to the effect of pBD alone, suggesting that
RhARF18 is a transcriptional repressor (Figure 2D). To deter-
mine whether RhARF18 directly binds to the GGTCCAT ele-
ment in the RhAG promoter, we conducted an
electrophoretic mobility shift assay (EMSA). RhARF18 was
expressed as a GST fusion protein in Escherichia coli strain
Rosetta, and recombinant GST-RhARF18 proteins were in-
duced by adding IPTG. Shifted bands were detected in the
presence of recombinant GST-RhARF18 proteins and biotin-
labeled probes containing the AuxRR cis-element. The inten-
sity of the shifted bands was decreased by increasing con-
centrations of cold competitor probe (nonbiotin-labeled),
but was not affected by adding mutated cold probe
(Figure 2E), further supporting that this AuxRR cis-element
can be specifically recognized by RhARF18. These results in-
dicated that RhARF18 was able to directly bind the AuxRR
cis-element in the RhAG promoter and suppress its tran-
scription activity.

We next monitored the expression pattern of RhARF18 in
RhPILS1-silenced floral buds during the floral organ develop-
ment process using RT-qPCR and in situ hybridization.
Quantitative RT-PCR analysis demonstrated that silencing of
RhPILS1 significantly reduced expression levels of RhARF18
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Figure 3 Silencing of RhPILS1 represses accumulation of RhARF18 transcripts in rose floral buds. A, Quantitative RT-PCR of RhARF18 in TRV con-
trol and RhPILS1-silenced floral buds. One biological sample consisted of a mixture of at least 12 or 8 floral buds at early stage 3 or 4, respectively.
The mean values 6 SD from three biological replicates (n ¼ 3) are shown. Asterisks indicate statistically significant differences (two-sided
Student’s t test; **P < 0.01). RhUBI2 was used as an internal control. B, In situ hybridization of RhARF18 in TRV control (upper) and RhPILS1-si-
lenced flower buds (lower panel). The floral bud at early stage 4 probed with a sense probe was used as a negative control. At least 12 TRV and 12
TRV-RhPILS1 plants were used. Scale bars, 200 lm. SE, sepal; PE, petal; ST, stamen; PI, pistil.

Figure 4 Silencing of RhARF18 alters stamen petaloidy and expression of RhAG in rose floral buds. A, Quantitative RT-PCR of RhARF18 in TRV
control and RhARF18-silenced floral buds. One biological sample consisted of a mixture of at least 12 or 8 floral buds at early stage 3 or 4, respec-
tively. The mean values 6 SD from three biological replicates (n ¼ 3) are shown. Asterisks indicate statistically significant differences (two-sided
Student’s t test; **P < 0.01). RhUBI2 was used as an internal control. B and C, Silencing of RhARF18 reduced petal number. Images of TRV and
TRV-RhARF18 infected plants were taken 50–55 d after infiltration. The petals were digitally extracted for comparison. The number of petals
(which included normal petals and petaloid stamens) and stamens were counted from 10 flowers (n ¼ 10). Images representative of three inde-
pendent experiments are shown. The box itself contains the middle 50% of the data. The upper edge (hinge) of the box indicates the 75th percen-
tile of the dataset while the lower hinge indicates the 25th percentile. The range of the middle two quartiles represents the inter-quartile range.
The lines within the boxes indicate the median value of the data. Scale bar, 1 cm. Asterisks indicate statistically significant differences (two-sided
Student’s t test; **P < 0.01). D, Quantitative RT-PCR of RhAG in TRV control and RhARF18-silenced floral buds. One biological sample consisted
of a mixture of at least 12 or 8 floral buds at early stage 3 or 4, respectively. The mean values 6 SD from three biological replicates (n ¼ 3) are
shown. Asterisks indicate statistically significant differences (two-sided Student’s t test; **P < 0.01). RhUBI2 was used as an internal control. E, In
situ hybridization of RhAG in TRV control (upper) and in RhARF18-silenced flower buds (lower) during floral organogenesis. The floral bud at early
stage 4 probed with a sense probe was used as a negative control. Images representative of three independent experiments are shown. For each
experiment, at least 13 TRV and 13 TRV-RhARF18 plants were used. Scale bars, 200 lm. SE, sepal; PE, petal; ST, stamen; PI, pistil.
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in floral buds during early stages 3 and 4 (Figure 3A). In ad-
dition, in situ hybridization showed that transcript levels of
RhARF18 in stamen and pistil primordia were weaker in
RhPILS1-silenced flower buds than in TRV controls
(Figure 3B), indicating that RhARF18 level might be nega-
tively associated with auxin content.

Notably, silencing of RhARF18 led to a flower phenotype
similar to that of RhPILS1-silenced rose plants, including sub-
stantially decreased petal number and increased stamen
number compared to TRV controls (Figure 4A–C). The total
number of petals and stamens was not altered between
RhARF18-silenced and TRV plants, suggesting that RhARF18
might be involved in specification of stamens and petals in
roses (Figure 4C). Consistent with this idea, RT-qPCR dem-
onstrated that the expression level of RhAG was significantly
increased by silencing of RhARF18 in floral buds during early
stages 3 and 4 (Figure 4D). In situ hybridization also showed
that RhAG mRNA accumulated to a higher level in
RhARF18-silenced floral buds than in TRV controls, especially
in the stamen and pistil primordia (Figure 4E). These results
indicate that RhARF18 is involved in specification of sta-
mens and petals via governing expression of RhAG.

RhARF18 recruits RhHDA6 to the promoter of
RhAG
To understand how RhARF18 functions as a transcriptional
repressor in rose flower, we used a yeast two-hybrid (Y2H)
system to screen a cDNA library from rose floral buds for
potential RhARF18 interactors in . The screen yielded 52 po-
tential interacting proteins, of which 11 candidates were
identified independently at least twice (Supplemental Table
S3). Among the interacting proteins, we noticed a HDA,
ARHL09507. Phylogenetic analysis showed that ARHL09507
was close to HDA6 from A. thaliana (Supplemental Figure
S5A). Conserved domain analysis predicted the HDA do-
main (36–327 aa; http://pfam.xfam.org), and thus we named
the ARHL09507 protein RhHDA6 (Supplemental Figure S5B).
Expression of RhHDA6 remained relatively constant during
floral organogenesis (early stages 1–4; Supplemental Figure
S5C). Subcellular localization demonstrated that RhHDA6 lo-
calized in the nucleus (Supplemental Figure S5D).

Y2H assays showed that RhARF18 interacted with
RhHDA6 in vivo, but not with HDA19 or HD2 (Figure 5A).
Both HDA19 and HDA6 are members of Class I of the
RPD3/HDA1 family, while HD2 is a plant-specific HDA (Liu
et al., 2014); our results suggested that RhARF18 interacted
specifically with RhHDA6. A bimolecular fluorescence com-
plementation (BiFC) assay showed that RhARF18 interacted
with RhHDA6 in the nucleus in N. benthamiana leaves
(Figure 5B). To further confirm the interaction between
RhARF18 and RhHDA6, we performed immunoprecipitation
of RhARF18 and RhHDA6. RhARF18-MYC and RhHDA6-GFP
were co-expressed in N. benthamiana leaves, and the possi-
ble protein complexes were precipitated using anti-MYC an-
tibody and then probed with anti-GFP antibody. The results
showed that RhHDA6 was co-immunoprecipitated with

RhARF18 (Figure 5C), confirming that RhARF18 interacts
with RhHDA6 in planta.

Previous reports have demonstrated that HDA6 controls
the H3K9/K14 acetylation level in plants (Yu et al., 2011;
Luo et al., 2012). Therefore, we monitored the H3 acetyla-
tion level of the RhAG promoter in rose floral buds at early
stage 4. Interestingly, a relatively high level of H3K9/K14
acetylation was detected in a region adjacent to the
RhARF18-recognized site (P1, �861 to �644; Supplemental
Table S4) in the RhAG promoter (Figure 6A).

We silenced RhHDA6 using the VIGS approach to confirm
the involvement of RhHDA6 in floral organogenesis. To
avoid cross-silencing, we chose a RhHDA6-specific fragment
to construct the TRV-RhHDA6 plasmid, and measured ex-
pression levels of RhHDA6 and other members of the RPD3/
HDA1 family in TRV-RhHDA6-infected floral buds
(Supplemental Table S5). Quantitative RT-PCR showed that
specifically RhHDA6 was silenced (Figure 6B; Supplemental
Figure S6). Interestingly, silencing of RhHDA6 significantly de-
creased petal number but increased stamen number
(Figure 6, C and D), suggesting that RhHDA6 is involved in
regulation of petal and stamen development. Furthermore,
silencing of either RhHDA6 or RhARF18 significantly elevated
the H3K9/K14 acetylation level in the P1 region (Figure 6, E
and F), implying that RhARF18 might recruit RhHDA6 to
the RhAG promoter to modify histone acetylation level of
the latter.

Taken together, our findings suggest a model for auxin
homeostasis in the petal–stamen homeotic transition in
rose. RhPILS1 regulates free auxin level and distribution in
the floral meristem. As an auxin-responsive repressor,
RhARF18 governs petal and stamen development by di-
rectly suppressing transcription of the C-class gene RhAG.
Moreover, RhARF18 might be able to recruit the HDA
RhHDA6 to the RhAG promoter to reinforce the tran-
scription suppression. Elevated auxin levels would sup-
press expression of RhARF18, and thus release expression
of RhAG, leading to the homeotic transition from petals
to stamens (Supplemental Figure S7).

Discussion
In plants, auxin regulates cell division, expansion, and differ-
entiation in both shoot and root meristems, and thus auxin
homeostasis plays a vital role in organogenesis, leading to
proper plant architecture. Local biosynthesis and polar trans-
port action coordinately establish the morphogenic auxin
maxima that trigger primordium initiation (Zhao, 2010;
Brumos et al., 2018). The auxin efflux mutant pin1 generates
a flower with wide petals that lack stamens and ovules at
the top of inflorescence axes (Okada et al., 1991), while
pin6-2 had petals that failed to expand, smaller nectaries,
and lacked short stamens (Bender et al., 2013).

Besides the classical PINs charged with intercellular trans-
port of auxin, a PILS family of auxin carriers has been discov-
ered to control intracellular auxin homeostasis (Barbez et al.,
2012; Adamowski and Friml, 2015). In A. thaliana, PILS
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proteins localize in the endoplasmic reticulum (ER) and con-
trol auxin availability for nuclear auxin signaling (Barbez
et al., 2012). Ectopic expression of PILS genes, like PILS3, pro-
duces severe defects in flowers, such as homeotic transfor-
mation of flower organs into new flower buds, triplication of
the gynoecium, or unfused carpels. In our study, we found
that silencing of RhPILS1, a RhPILS1-type protein in rose, led
to homeotic conversion between petals and stamens in
rose. Compared to Col-0, free IAA level is significantly higher
in pils2 and pils5 mutants (Barbez et al., 2012). Similarly, IAA
quantifications and immuno-gold assay showed that free
IAA was elevated in RhPILS1-silenced rose floral buds, espe-
cially in stamen and pistil primordia. Moreover, the in-
creased auxin caused increased numbers of stamens but
decreased numbers of petals in RhPILS1-silenced rose floral
buds, indicating that auxin level and distribution governs
proper floral organ development. Notably, a previous study
reported that in A. thaliana, new floral primordia will initiate
in SAM at the region with the highest concentration of
auxin (Heisler et al., 2005). A boundary gene, SUPERMAN
(SUP), is able to control floral organogenesis and floral meri-
stem determinacy via governing local auxin distribution and
signaling in A. thaliana. SUP protein can directly repress ex-
pression of the auxin biosynthesis genes YUCCA1/4 (YUC1/

4). The sup mutant exhibits an enhanced auxin level at the
boundary between whorls 3 and 4 due to depression of
YUC1/4, and exhibits an increased number of stamen (Xu
et al., 2018). In addition to YUC1/4, SUP seems to regulate
expression of PIN3/4, and whether SUP regulates the expres-
sion of PILS genes would be an interesting question. On the
other hand, whether and how auxin biosynthesis is regulated
in rose floral buds need to be clarified in the future.

Elevated IAA levels suppressed expression of an AUXIN
RESPONSE FACTOR gene, RhARF18, in rose. Usually, ARF
transcription factors are activated through the auxin-depen-
dent degradation of the Aux/IAA repressors (Chapman and
Estelle, 2009). Although most ARFs are auxin activation fac-
tors (AAFs), several ARFs could be downregulated by auxin.
In Medicago truncatula, MtARF18, a homolog of RhARF18, is
also repressed by auxin in both shoots and roots (Shen
et al., 2015). How auxin represses the expression of RhARF18
is yet to be clarified.

RhARF18 directly bound to the AuxRR cis-element of the
RhAG promoter and transcriptionally suppressed expression
of RhAG. Silencing of RhARF18 upregulated expression of
RhAG and resulted in homeotic transformation from petals
to stamens. In A. thaliana, AG expression is restricted by
AP2 to the inner two floral whorls (Drews et al., 1991).

Figure 5 RhARF18 interacts with HDA RhHDA6. A, RhARF18 and RhHDA6 interaction in yeast. AD is empty vector of pGADT7. Positive control
is pGBKT7-53 þ pGADT7-T, while negative control is pGBKT7-lam þ pGADT7-T. B, Interaction of RhARF18 and RhHDA6 in a bimolecular fluo-
rescence complementation assay. RhARF18-nYFP was co-infiltrated with RhHDA6-cYFP in N. benthamiana leaves. Infiltrated leaves were visualized
by confocal microscopy 3 d after infiltration. RhARF18-nYFP with cYFP and nYFP with RhHDA6-cYFP were used as negative controls. NF-YA4-
mCherry was co-infiltrated as a nuclear marker. The experiment was performed independently three times, and representative results are shown.
Scale bar, 50 lm. C, Co-immunoprecipitation assays of RhARF18 and RhHDA6 in N. benthamiana leaves. The RhARF18-MYC was co-infiltrated
with RhHDA6-GFP in N. benthamiana leaves. The total proteins were extracted 3 d after infiltration and the supernatant with soluble proteins
was incubated with anti-MYC antibody. The precipitates were analyzed by western blotting by using anti-MYC and anti-GFP antibodies.
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AINTEGUMENTA (ANT) acts redundantly with AP2 to re-
press AG in the second whorl (Krizek et al., 2000). LEUNIG
(LUG), a glutamine-rich protein with seven WD repeats, acts
as a transcriptional regulator to govern the expression of AG
expression in the outer two whorls of a flower. In lug and
ap2 mutants, ectopically expressed AG in the outer two
whorls leads to homeotic transformation from sepals to sta-
mens or carpels, and petals that are either staminoid or ab-
sent (Drews et al., 1991; Liu and Meyerowitz, 1995). In rose,
the expression region of RhAG is restricted toward the cen-
ter of floral buds in cultivars with double flowers, while it is
wider in cultivars with single flowers (Dubois et al., 2010).
Low temperature could induce homeotic transformation
from petals to stamens via attenuating expression of RhAG
(Ma et al., 2015). Whether auxin mediates the effects of low
temperature on floral organ development and how
RhARF18 coordinates with other upstream regulators to
control expression of RhAG would be interesting topics to
study in the future.

Because RhARF18 physically interacts with RhHDA6 and
silencing of RhHDA6 increases H3K9/K14 acetylation level at
the site adjacent to the RhARF18-binding site in the RhAG
promoter, we speculate that RhARF18 might recruit
RhHDA6 to the RhAG promoter to reinforce the transcrip-
tion repression of RhAG through histone deacetylation. In A.
thaliana, auxin-induced MP/ARF5 recruits BRM-containing
or SYD-containing chromatin remodelers to increase chro-
matin accessibility of the genes that are crucial for floral or-
gan initiation (Wu et al., 2015; Chung et al., 2019). Another
ARF, ETTIN (ETT)/ARF3, also plays a pivotal role in floral or-
gan development, and the arf3/ett mutant exhibits increased
petal number, decreased stamen number, decreased anther
formation, and aberrant gynoecium morphogenesis (Sessions
et al., 1997). A recent unexpected report demonstrates that
ETT/ARF3 protein interacts with a TOPLESS/TOPLESS-
RELATED (TPL/TPR)–HDA19 complex to repress transcrip-
tion at ETT/ARF3 target loci via H3K27 deacetylation. Under
high auxin conditions, ETT/ARF3 protein directly binds

Figure 6 RhHDA6 regulates histone acetylation level in the promoter of RhAG and is involved in floral organ development. A, Schematic diagram
of the RhARF18-recognized site (upper) and relative H3K9/K14Ac level in the RhAG promoter (bottom). The mean value 6 SD are shown from
three biological replicates (n ¼ 3). Different letters above each bar indicate significant differences according to one-way ANOVA with Tukey’s mul-
tiple comparisons test (P < 0.05). The blue box represents AuxRR cis-element. B, Quantitative RT-PCR of RhHDA6 in TRV and TRV-RhHDA6 floral
buds. At least eight floral buds were mixed as one biological sample of early stage 4. The mean values 6 SD from three biological replicates (n ¼ 3)
are shown. Asterisks indicate statistically significant differences (two-sided Student’s t test; **P < 0.01). RhUBI2 was used as an internal control. C
and D, Silencing of RhHDA6 decreased petal number. Images of TRV and TRV-RhHDA6 infected plants were taken 50–55 d after infiltration. The
petals were digitally extracted for comparison. The number of petals and stamens were counted from five flowers (n ¼ 5). Images representative
of three independent experiments are shown. The box itself contains the middle 50% of the data. The upper edge (hinge) of the box indicates the
75th percentile of the dataset while the lower hinge indicates the 25th percentile. The range of the middle two quartiles represents the inter-quar-
tile range. The lines within the boxes indicate the median value of the data. Scale bar, 1 cm. Asterisks indicate statistically significant differences
(two-sided Student’s t test; *P < 0.05; **P < 0.01). E and F, Relative levels of H3K9/K14Ac in the promoter of RhAG in RhARF18-silenced (E) and
RhHDA6-silenced (F) rose plants. Measurement of H3Ac enrichment on the P1 region promoter of RhAG assessed by ChIP. Asterisks indicate sta-
tistically significant differences (two-sided Student’s t test; *P < 0.05; **P < 0.01).
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auxin molecules, resulting in disassociation of ETT/ARF3
from the complex, releasing expression of ETT/ARF3 targets
(Kuhn et al., 2020). Similarly, AP2 interacts with the TPL/
TPR–HDA19 complex to repress expression of AG in the
outer two whorls (Krogan et al., 2012). Although HDA19 is
close to HDA6, our results showed that RhARF18 specifically
interacts with RhHDA6 but not RhHDA19. Whether
RhARF18 could interact RhHDA19 indirectly, for example
through TPL/TPR proteins, needs to be clarified. Notably,
AP2-TPL/TPR-HDA19 targets the second intron of AG in A.
thaliana, while RhARF18–RhHDA6 targets the upstream
promoter of RhAG, indicating that AG is extensively regu-
lated by multiple pathways.

Intriguingly, CRABS CLAW (CRC), a direct target of AG, is
recently reported to directly repress transcription of a
plasma membrane-localized protein TORNADO2 (TRN2) in a
flower-specific manner. Plants with mutation of TRN2 dis-
play reduced IAA transport compared to wild type, indicat-
ing that AG-CRC-TRN2 is involved in auxin homeostasis in
floral meristem and is crucial to floral organ development
(Yamaguchi et al., 2017). Moreover, both AG and CRC are
able to bind to the promoter of YUCCA4 (YUC4), an auxin
biosynthetic gene, suggesting that AG plays an important
role in auxin biosynthesis as well (Yamaguchi et al., 2018).
Therefore, auxin homeostasis (biosynthesis and conjugation)
and AG level might form a regulatory loop to precisely gov-
ern floral organ development.

Conclusions
In this study, we have demonstrated that the auxin-respon-
sive gene RhARF18 controls petal–stamen specification by
directly suppressing expression of the C-class gene RhAG.
RhARF18 recruits HDA RhHDA6 to the RhAG promoter to
reinforce the transcription repression via histone deacetyla-
tion. This work identifies a regulatory pathway by which
auxin homeostasis governs floral organ development in rose.

Materials and methods

Plant materials and growth conditions
Rosa hybrida cv “Samantha” and N. benthamiana plants
were grown as described previously (Zhang et al., 2019).
Rose stems with at least one node were cut and used as
explants, and cultured on Murashige and Skoog (MS) me-
dium (Duchefa Biochemie, Haarlem, Netherlands) supple-
mented with 1.0 mg/L 6-benzyl aminopurine (6-BA), 3 mg/L
Gibberellin acid 3 (GA3), and 0.05 mg/L 1-naphthaleneacetic
acid (NAA) for 30 d at 22 6 1�C, under a 16-h light/8-h
dark photoperiod. The shoots were then transferred to half-
strength MS medium supplemented with 0.1 mg/L NAA for
25 d for rooting. Then the plants were transferred to pots
containing peat moss:vermiculite (1:1) and were grown at
22 6 1�C with a relative humidity of �60% and 16 h light/8
h dark photoperiod. Nicotiana benthamiana were planted in
pots in a growth chamber with the same growth conditions.

Virus-induced gene silencing
VIGS was performed as previously described (Zhang et al.,
2019). A gene-specific fragment of RhPILS1 (311 bp in
length), RhARF18 (346 bp in length), and RhHDA6 (235 bp
in length) were used to construct the vectors pTRV2-
RhPILS1, pTRV2-RhARF18, and pTRV2-RhHDA6, respectively.
pTRV1, pTRV2 and pTRV2-RhPILS1, pTRV2-RhARF18, and
pTRV2-RhHDA6 were transformed into Agrobacterium tume-
faciens strain GV3101. Agrobacterium tumefaciens strain
GV3101 carrying the constructed vector was grown at 28�C
in Luria–Bertani medium supplemented with 20 mM aceto-
syringone, 50 mg/L rifampicin and 50 mg/L kanamycin, and
the A. tumefaciens culture was shaken on a rocking platform
at 200 rpm for approximately 18 h. Agrobacterium tumefa-
ciens cells were harvested by centrifugation at 4�C and re-
suspended in the infiltration buffer (10 mM MgCl2, 200 mM
acetosyringone and 10 mM 2-(N-Morpholino)-ethanesul-
fonic acid, pH 5.6; final absorbance A600¼ 1.5). A mixture
of A. tumefaciens cultures containing pTRV1 and pTRV2-
RhPILS1/RhARF18/RhHDA6 in a ratio of 1:1 (v/v), or with
pTRV1 and pTRV2 (the negative control), was placed in the
dark at room temperature for 4 h before inoculation. Rose
plantlets were submerged in infiltration buffer containing
pTRV1 and pTRV2-RhPILS1/RhARF18/RhHDA6 (A600¼ 0.8)
and exposed to a vacuum of �25 kPa twice, each for 60 s.
The infiltrated plants were briefly washed with distilled wa-
ter and planted in pots for subsequent analysis. The pheno-
type of rose plants was recorded 50–55 d after infiltration.
The buds of rose plants were monitored and were cut at
various time points during floral organogenesis. The primers
used in VIGS are listed in Supplemental Table S6.

Quantification of endogenous auxins
About 50 mg of floral buds were harvested from rose plants
for measurement of auxin content. Phytohormones were
extracted from 50 mg of ground floral buds using cold
methanol containing internal standards. Measurement of
free IAA was carried out using a UPLC–MS/MS platform
consisted of an Acquity UPLC (Waters Corp.) and a Q-
Exactive (Thermo Scientific) mass spectrometer. Three bio-
logical replicates were performed for each sample.

Immuno-gold localization of IAA
The immuno-gold localization of endogenous IAA was per-
formed as described previously (Liu et al., 2018; Shen et al.,
2019). Excised floral buds were fixed in 2% (w/v) N-(3-
Dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride
(Sigma, St Louis, USA) by vacuum infiltration for 2 h and
then transferred into 4% (w/v) paraformaldehyde and 1%
(v/v) glutaraldehyde for 7 h at 4�C. The sections were incu-
bated with Anti-Rabbit IgG–Gold antibody (1:50; Sigma, St
Louis, USA) at 37�C for 1 h and stained with developing
solution.

Phylogenetic analyses
Phylogenetic analyses were performed as described previ-
ously (Elena et al., 2012). Only the conserved domains were
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used and all positions with <80% site coverage were elimi-
nated. The evolutionary history was inferred by using the
Maximum Likelihood method based on models which are
analyzed and recommended in MEGA software (version X).
The phylogenetic tree was constructed based on LG þ G
model for analysis of PIN and PILS amino acid sequences,
WAG þ G model for analysis of ARF amino acid sequences
and LG þ G model for analysis of HDA amino acid
sequences.

In situ hybridization
In situ hybridization was performed as described previously
(Ma et al., 2008, 2015). The floral buds were fixed in 4% (w/
v) paraformaldehyde by vacuum infiltration for 2 h and
then incubated overnight at 4�C. The paraffin sections were
processed and incubated with a DIG-labeled RNA probe
overnight at 50�C. The RhAG and RhARF18 probes were
417-bp and 346-bp linearized fragments, respectively, from
the unique region of the corresponding coding sequence.
The primers used in in situ hybridization are listed in
Supplemental Table S6.

RNA extraction and quantitative RT-PCR
Whole flower buds were harvested and frozen in liquid ni-
trogen. Total RNA was extracted by the hot borate method
as described previously (Ma et al., 2015). The cDNA tem-
plates for RT-qPCR were made with a HiScript II reverse
transcriptase kit (Vazyme, Nanjing, China). StepOne Real-
Time PCR System (Applied Biosystems, Carlsbad, USA) and
the KAPA SYBR FAST Universal RT-qPCR kit (Kapa
Biosystems, Boston, USA) were used in RT-qPCR reactions.
RhACT5 or RhUBI2 was used as an internal control. The pri-
mers used in RT-qPCR are listed in Supplemental Table S6.

Transactivation assays
For the transactivation assay in yeast, coding sequence
(CDS) of RhARF18, VP16, and RhARF18-VP16 were con-
structed into pGBKT7 and then transformed into yeast
strain AH109. pBD-VP16 was used as a positive control and
the empty vector pGBKT7 was used as a negative control.
The transformants were then spotted onto SD/-Trp, SD/-
Trp-His, SD/-Trp-Hisþ 3-amino-1,2,4-triazole and SD/-Trp-
HisþX-galþ 3-amino-1,2,4-triazole.

Transcription activity analysis of RhARF18 in N. benthami-
ana was performed as described previously (Han et al.,
2016). Briefly, the coding sequence of RhARF18 was inserted
into the constructed pBD vector driven by the 35S pro-
moter as an effector. The effector was introduced into
Agrobacterium GV3101 and then co-infiltrated into N. ben-
thamiana leaves with a double-reporter vector, which har-
bors a GAL4-LUC and an internal control REN driven by the
35S promoter. pBD-VP16 was used as a positive control and
the empty vector pBD-empty was used as a negative con-
trol. The primers used in transactivation assays are listed in
Supplemental Table S6.

Electrophoresis mobility shift assay
EMSA was performed as described previously (Pei et al.,
2013b). The RhARF18 CDS was fused in-frame to GST and
expressed in E. coli strain Rosetta. The fused protein was in-
duced by adding isopropylthio-b-galactoside (0.4 mM), and
the cells were incubated at 160 rpm for 12 h at 16�C. The
recombinant protein was purified using Glutathione
Sepharose 4B (GE Healthcare, Pittsburgh, USA) according to
the manufacturer’s instructions. EMSAs were performed us-
ing Chemiluminescent Nucleic Acid Detection Module Kit
(Thermo Fisher, Waltham, USA) according to the manufac-
turer’s instructions. The primers used in EMSA are listed in
Supplemental Table S6.

Y2H assays
A Y2H system was used to screen for RhARF18 interaction
proteins in a cDNA library from rose floral buds (mixed from
early stages 1–4). The coding region sequence of RhARF18
was constructed into pGBKT7 (BD) as bait. Alignment with
the NCBI database revealed 52 potential interaction proteins,
which are listed in Supplemental Table S3. The CDS of
RhHD2, RhHDA6, and RhHDA19 were constructed into
pGADT7 (AD) as prey vectors. pGBKT7-53 and pGADT7-T
were used as positive controls and pGBKT7-lam and
pGADT7-T were used as negative controls. The bait and the
prey vectors were co-transformed into yeast strain Y2H Gold.
The transformants were then spotted onto SD/-Trp-Leu, SD/-
Trp-Leu-His-Ade, SD/-Trp-Leu-His-AdeþAureobasidin A and
SD/-Trp-Leu-His-AdeþAureobasidin AþX-gal. The primers
used in Y2H assays are listed in Supplemental Table S6.

Dual LUC assay for protein–DNA interactions in N.
benthamiana leaves
The dual-LUC reporter assay was performed as described
previously (Gao et al., 2019). The CDS of each RhARF was
inserted into the pGreenII 0029 62-SK plasmid to construct
effectors, and the promoter of RhAG was inserted into
pGreenII 0800-LUC plasmid to construct the reporter.
Effector, reporter and pSoup were co-transfected into N.
benthamiana leaves (Hellens et al., 2000). For live LUC imag-
ing, 1 mM luciferin was sprayed onto leaves 3 d after infiltra-
tion, and the plants were kept in dark for 5 min to quench
the fluorescence. A low-light cooled CCD imaging apparatus
(CHEMIPROHT 1300B/LND, 16 bits; Roper Scientific) was
used to capture the LUC image at �110�C. LUC and REN
activity were measured by the dual-LKC reporter assay
reagents kit (Promega, Madison, USA) and a GloMax 20/20
luminometer (Promega) 3 d after infiltration. The primers
used in LUC assays are listed in Supplemental Table S6.

Bimolecular fluorescence complementation
For the BiFC assay, RhARF18 was fused with the N terminus
of YFP (nYFP) and RhHDA6 was fused with the C terminus
of YFP (cYFP). RhARF18-nYFP and RhHDA6-cYFP were co-
transfected into N. benthamiana leaves. The empty vectors
including nYFP or cYFP were used as negative controls. YFP
and mCherry fluorescence was observed by confocal
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microscopy (Olympus, FV3000, Japan) at 488 nm and 561
nm excitation, respectively. The primers used in BiFC are
listed in Supplemental Table S6.

Co-immunoprecipitation assays
For co-immunoprecipitation assays, 35S::RhHDA6-GFP was
co-infiltrated with 35S::ARF18-MYC into N. benthamiana
leaves, and co-infiltration of 35S::GFP and 35S::ARF18-MYC
was used as a negative control. Total proteins were
extracted from N. benthamiana leaves 3 d after infiltration
using extraction buffer [50 mM Tris–HCl, pH 7.5, 5 mM
EGTA, 10 mM Na3VO4, 10 mM NaF, 50 mM b-mercaptoe-
thanol, 10 mM DTT, 1 mM PMSF, 5% (v/v) glycerinum and
1% (v/v) protease inhibitor cocktail (Sigma, St Louis, USA)].
The supernatant with different protein combinations was in-
cubated with anti-MYC antibody (Sigma, St Louis, USA) and
then analyzed by western blotting using anti-MYC
(Abclonal, Wuhan, China) and anti-GFP (Abmart, Shanghai,
China) antibodies. The primers used for co-immunoprecipi-
tation assays are listed in Supplemental Table S6.

Chromatin immunoprecipitation assays
For chromatin immunoprecipitation (ChIP) assays, 1.2 g rose
floral buds were cross-linked in polyformaldehyde. The chro-
matin was sheared to an average length of 500 bp by sonica-
tion, and immunoprecipitated with anti-acetylated histone
H3K9/K14 (catalogue no. 06-599, Millipore, Billerica, USA;
Luo et al., 2012). The probes used for ChIP are listed in
Supplemental Table S4. The immunoprecipitated DNA frag-
ments were analyzed by RT-qPCR and the primers used in
ChIP assays are listed in Supplemental Table S6.

Statistical analyses
Statistical analysis was performed using GraphPad Prism
(Version 7.0, GraphPad Software Inc., USA: http://www.graph
pad.com/). All experimental data were tested with a two-
sided Student’s t test or one-way ANOVA with Tukey’s mul-
tiple comparisons test.

Accession numbers
Gene sequence data were deposited to National Center for
Biotechnology Information (https://www.ncbi.nlm.nih.gov/
geo/) with the following accession numbers: RhPILS1
(MT799174), RhARF18 (MT799175) and RhHDA6
(MT799176).

Supplemental data
The following supplemental materials are available in the
online version of this article.

Supplemental Figure S1. Characterization of predicted
auxin efflux carrier genes in rose.

Supplemental Figure S2. IAA distribution in floral buds
of control rose plants and RhPILS1-silenced plants.

Supplemental Figure S3. Transactivation of the RhAG
promoter by eight auxin response factors (RhARFs) in N.
benthamiana leaves.

Supplemental Figure S4. Phylogenetic analysis, sequence
alignment and subcellular localization of RhARF18.

Supplemental Figure S5. Characterization of RhHDA6.
Supplemental Figure S6. Expression of members of the

RPD3/HDA1 family in RhHDA6-silenced floral buds.
Supplemental Figure S7. Proposed model of auxin-

RhARF18/RhHDA6-RhAG in petal-stamen homeotic
transition.

Supplemental Table S1. Auxin efflux carrier gene families
from rose transcriptomic database.

Supplemental Table S2. Auxin response factors from rose
transcriptomic database.

Supplemental Table S3. Proteins putatively interacting
with RhARF18.

Supplemental Table S4. Probes used for ChIP.
Supplemental Table S5. RPD3/HDA1 gene family mem-

bers from rose transcriptomic database.
Supplemental Table S6. List of primers used.
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