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Abstract

Flowers are the core reproductive structures and key distinguishing features of angiosperms. Flower opening to expose
stamens and gynoecia is important in cases where pollinators much be attracted to promote cross-pollination, which can
enhance reproductive success and species preservation. The floral opening process is accompanied by the coordinated
movement of various floral organs, particularly petals. However, the mechanisms underlying petal movement and flower
opening are not well understood. Here, we integrated anatomical, physiological, and molecular approaches to determine
the petal movement regulatory network using rose (Rosa hybrida) as a model. We found that PETAL MOVEMENT-
RELATED PROTEINT (RhPMP1), a homeodomain transcription factor (TF) gene, is a direct target of ETHYLENE
INSENSITIVE3, a TF that functions downstream of ethylene signaling. RhPMP1 expression was upregulated by ethylene and
specifically activated endoreduplication of parenchyma cells on the adaxial side of the petal (ADSP) base by inducing the
expression of RhAPC3b, a gene encoding the core subunit of the Anaphase-Promoting Complex. Cell expansion of the
parenchyma on the ADSP base was subsequently enhanced, thus resulting in asymmetric growth of the petal base,
leading to the typical epinastic movement of petals and flower opening. These findings provide insights into the pathway
regulating petal movement and associated flower-opening mechanisms.
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Background: Flowers are unique structures in angiosperms that are used for reproduction. Proper flower opening is
crucial for attracting pollinators and is pivotal for successful pollination. In general, flower opening is driven by the
coordinated development and movements of floral organs, particularly petals. Time-lapse photography has shown
that the movement of rose petals follows a smooth and continuous path, with outward movements at the petal base
and a curvature towards the petal tops during opening. Many studies have shown that the gaseous phytohormone
ethylene accelerates petal movement and flower opening in roses (Rosa hybrida).
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Question: How does ethylene trigger the directional movement of petals?

Findings: Unexpectedly, we found that cell expansion-dependent growth of the adaxial side of the petal base, rather
than expansion of the petal lamina, drives petal movement in rose. Ethylene accelerates petal movement by
enhancing this asymmetric growth of the adaxial side of the petal base. PETAL MOVEMENT-RELATED PROTEIN1
(RhPMP1), a homeodomain transcription factor, is responsible for the asymmetric growth of the petal base during
flower opening. RhPMP1 directly binds to the promoter of ANAPHASE-PROMOTING COMPLEX 3b (RhAPC3b),
encoding a central player in cell endoreduplication. Both RhPMP1 and RhAPC3b are specifically induced by ethylene
in the adaxial side of the petal base. Knockdown of either RhPMP1 or RhAPC3b impaired the ethylene-induced
asymmetric growth of the petal base and petal movement.

Next steps: This work supports the notion that ethylene specifically activates a certain regulatory cascade (RhPMP1-
RhAPC3b) in the adaxial (but not abaxial) side of the petal bases of rose flowers. Considering the gaseous nature of
ethylene, an interesting question is whether, and how, cell identity determines this unique response in the petal base.

Cheng et al.
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Introduction

Flowers are unique structures in angiosperms that facilitate re-
production by providing a mechanism for the union of sperm
cells with eggs. The time of flower opening, when anthers and
pistils are visible, marks the onset of the period for attracting
pollinators and consequent pollination. Many reports describe
the mechanisms of flower initiation and organ differentiation,
but much less is known about flower opening,

Flower opening which promotes pollination, is driven by
the coordinated development and movements of floral
organs, particularly petals (Reid and Evans, 1986; van Doorn
and van Meeteren, 2003; Liang and Mahadevan, 2017;
Srikanth and Schmid, 2011). This process can involve
substantial growth and development. For example, from an
unopened bud (Stage 1) to a fully opened flower (Stage 5),
the fresh weight of rose (Rosa hybrida) petals increases ap-
proximately four-fold, and the petal area increases approxi-
mately six-fold (Ma et al, 2008; Yamada et al, 2009). Time-
lapse photography has shown that the movement of rose
petals follows a smooth and continuous path, with lateral
(outward) movements at the petal base and a curvature to-
ward the petal tops during opening.

Despite their sessile nature, plants are capable of moving
to achieve specific developmental purposes and/or in re-
sponse to environmental stimuli. More than a century ago,
Darwin noted that the stems of all seedlings examined
showed continuous circumnutation (Darwin and Darwin,
1880). He also described several typical movements in detail,
including the sleep movement of leaves in legumes and
phototropism and gravitropism of seedlings (Darwin and
Darwin, 1880). Due to the lack of muscle cells, plant move-
ment is usually driven by irreversible differential growth or
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by reversible changes in turgor pressure on different sides of
organs (Chen et al,, 2012; Forterre, 2013; Harmer and Brooks,
2018). Tropic movements, such as phototropism and gravi-
tropism, are achieved through irreversible differential growth,
which reorients organs to directional stimuli, such as light or
gravity (Kiss, 2000; Liscum et al, 2014; Su et al, 2017). By
contrast, plant movements that are induced by non-
directional factors, such as temperature, humidity, or touch,
are called nastic responses and are achieved through turgor-
driven reversible movements. The phenomenon of “sleep
movement of leaves” in legumes involves unfolding leaves or
leaflets in the daytime and folding them at night: this typical
nastic response is called nyctinasty (Chen et al., 2012).

Plant movement is controlled by multiple internal and ex-
ternal factors. One example is shoot phototropism, where
the unequal redistribution of auxin across organs drives the
movement (Liscum et al, 2014). In legumes, the nyctinastic
movement of leaves or leaflets reliess on a specialized
structure: the so-called motor organ, or pulvinus, located at
the base of the petiole of a single leaf, or the petiolules of
leaflets in a compound leaf. The formation of the pulvinus is
controlled by ELONGATED PETIOLUTET (ELP1), a LATERAL
ORGAN BOUNDARIES (LBD) transcription factor (TF) gene
(Chen et al,, 2012).

However, compared to shoot tropism and leaf nastic
movement, the mechanism of petal movement and flower
opening is not well understood, although the flower opening
process has been extensively described for various species. In
Ipomoea, daily movement of the corolla occurs due to
movements of the midrib, which are driven by differences in
cell expansion on both sides (Kaihara and Takimoto, 1981).
In tulip (Tulipa gesneriana) and crocus (Crocus sativus), the
opening and closure of tepals is sensitive to the ambient
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temperature. Giving that water uptake-driven growth is
faster on the inner vs. outer surfaces, an increase in temper-
ature results in the outward movement of tepals and flower
opening (Wood, 1953; Azad et al., 2004). In contrast to these
reversible movements, flower opening in Lilium and rose
(R. hybrida) is irreversible. In Lilium, flower opening is
achieved through differences in growth between the petal
margins and the midrib (Liang and Mahadevan, 2011).

To date, the regulatory mechanism of flower opening has
not been well characterized. In this study, we chose rose
(R. hybrida) as a model to investigate the regulatory net-
work of flower opening and petal movement. Unexpectedly,
we found that asymmetric growth of the petal base, rather
than expansion of the petal lamina, drives petal movement.
We show that the phytohormone ethylene accelerates petal
movement by enhancing asymmetric growth of the petal
base. The HD-Zip | subfamily TF, gene PETAL MOVEMENT-
RELATED PROTEINT (RhPMPT) acts as a direct target of
ETHYLENE INSENSITIVE3 (EIN3), the primary TF involved in
ethylene signaling (Chao et al, 1997; Merchante et al., 2013).
RhPMP1 induces the expression of ANAPHASE-PROMOTING
COMPLEX 3b (RhAPC3b), thereby increasing the endoredu-
plication level of parenchyma cells on the adaxial side of the
petal (ADSP) base, resulting in asymmetric growth of the
petal base. Therefore, petal movement in rose is driven by
the asymmetric growth of the petal base and is controlled
by an RhPMP1-RhAPC3b module in an ethylene-dependent
manner, shedding light on the underlying regulatory
mechanism of flower opening.

Results

Asymmetric growth of the petal base drives petal
movement during flower opening in rose

Flower opening involves developmental changes in tissues
adjacent to the flower and the coordinated movement of
floral organs, especially petals (van Doorn and van
Meeteren, 2003). A previous study suggested that rose
flower opening depends on coordinated petal growth
and movement (Reid and Evans, 1986). We observed
the increases in size and outward movement of petals in
different rose cultivars (Figure 1, A). In Lilium, petal unfold-
ing is driven by the differential growth of the margins of
petals and the midrib (Liang and Mahadevan, 2011). To de-
termine whether differential growth of rose petals drives
petal unfolding, we cut the top one-quarter, half, or three-
quarters of the petals and monitored the flower opening
process. Petal movement was not impaired in any of the cut
flowers (Figure 1, B), and this outward petal movement was
not disturbed when the flowers were cut vertically
(Supplemental Movie S1). These results indicate that petal
movement is independent of petal growth and may be con-
trolled by the bottom part of the petals.

In legumes, the pulvinus structure in the petiole base con-
trols leaf or leaflet movement by regulating the swelling and
shrinking of cells on opposite sides (extensor and flexor) of
the pulvinus (Chen et al, 2012; Cortizo and Laufs, 2012
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Song et al, 2014). We monitored the development of rose
petal bases using scanning electron microscopy and found
that the petal base exhibited asymmetric growth during
flower opening (Supplemental Figure S1). Next, we observed
the growth of petal bases in longitudinal sections (Figure 2,
A and B). The thickness of the petal base increased during
flower opening (from Stages 1-5), especially in approxi-
mately the first 0.05-040mm from the petal-receptacle
junction (Figure 2, A-C). Based on these anatomical
observations, we defined the upper part, namely the
parenchyma tissue between the adaxial epidermis and the
vascular bundles, as the ADSP, while the bottom part,
namely the parenchyma tissue between the abaxial
epidermis and the vascular bundles, as the abaxial side of
the petals (ABSPs) (Figure 2, B, top).

In unopened floral buds (Stage 1), the thickness of the
ADSP was similar to that of the ABSP (Figure 2, B, top panel;
D and E). When the flowers started to open (Stage 3,
partially opened flowers), the ADSP in the petal base exhib-
ited a slight bump with larger cells (Figure 2, B, middle
panel; D and E). Once the full opening was achieved (Stage
5), the ADSP formed an obvious bulge (Figure 2, B, bottom
panel; D and E). To determine if the increase in thickness
could be attributed to cell division or expansion, we mea-
sured the cell size and counted the cell numbers in petal
bases. The cell size in the ADSP was significantly larger than
in the ABSP in approximately the first 0.05-0.40 mm from
the petal-receptacle junction at Stage 5 (Figure 2, F). The
cell number of ADSP only slightly increased from Stages
1-3, which was limited to a narrow region closest to the
petal-receptacle junction (Figure 2, G). Similar results were
obtained when in vitro cultured plants were used
(Supplemental Figure S2). These results suggest that petal
movement in rose flowers is driven by the asymmetric
growth of the petal base, primarily due to an increase in pa-
renchyma cell size in the ADSP.

Ethylene accelerates flower opening by stimulating
asymmetric growth of the petal base

Next, we investigated how the asymmetric growth of the
petal base is regulated. Ethylene accelerates flower opening
in roses (Reid et al, 1989; Ma et al, 2006; Ma et al., 2008;
Xue et al., 2008), and ethylene production increases during
flower opening and peaks at the fully opened stage (Ma
et al, 2005; Pei et al, 2013). To determine whether the
ethylene-induced flower opening is also driven by asym-
metric growth of the petal base, we monitored the effects
of ethylene and 1-MCP, an inhibitor of ethylene percep-
tion, on phenotypic and anatomical changes in petals.
Consistent with previous reports, ethylene promoted
flower opening, whereas 1-MCP did not cause obvious
changes within 24 h of treatment (Supplemental Movie S2
and Figure 3, A). Analysis of cross-sections showed that
ethylene significantly increased the thickness of the ADSP
in the petal base, whereas 1-MCP slightly decreased it
(Supplemental Figure S3). However, 1-MCP significantly
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Figure 1 Growth of the petal lamina is not required for rose flower opening. A, Flower opening of rose double flowers (top, R. hybrida
cv. Samantha) and single rose flowers (bottom, R. hybrida cv. Dainty Bess). The flowers were cut vertically during different stages of opening.
B, Effects of the loss of the lamina on flower opening in R. hybrid cv. Samantha. Flowers were cut horizontally at the opened bud
stage. one-quarter, half, or three-quarters represent the amount of the lamina that was removed from the top. Ten flowers were used for each
treatment, and representative results are shown. Images of flowers were photographed separately at the scale indicated. Scale bar, 2 cm.

prolonged flower opening and weakened the outward
movement of petals compared with untreated mock-
control flowers (Supplemental Figure S4 and Supplemental
Movie S3).

Interestingly, ethylene triggered the outward movement of
the petals even when most of the petal lamina was cut off,
supporting the idea that ethylene-induced petal movement
is independent of petal lamina growth (Supplemental
Figure S5). In longitudinal sections after 24h of ethylene
treatment, a bulge in the ADSP appeared at the petal base,
phenocopying fully opened flowers (Figure 3, B). Ethylene
specifically increased the thickness of the ADSP and the size

of ADSP cells (Figure 3, C—E). There were fewer cells in
the ADSP of ethylene-treated petals than the controls
(Figure 3, F). Therefore, we propose that cell expansion is
the major reason for ethylene-induced asymmetric growth
of the petal base.

Silencing of RhPMP1 delays flower opening by
impairing the asymmetric growth of the petal base
To identify putative regulators of asymmetric petal base
growth, we performed RNA-seq analysis of ethylene-treated
and control rose petal bases to identify differentially
expressed genes (DEGs) in response to ethylene. A total of
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Figure 2 Flower opening is associated with asymmetric growth of the petal base. A and B, Flower phenotypes at different stages of opening
(A) and longitudinal sections of petal bases (B) of flowers at the corresponding stages. 1, 3, and 5 indicate unopened buds, partially opened
flowers, and fully opened flowers, respectively. Images of flowers were photographed separately at the scale indicated. Samples for anatomic analy-
sis were harvested from the outermost petals. ab, abaxial side; ad, adaxial side; v, vascular bundle. Scale bar, 2cm (A) and 100 um (B). C and D,
Thickness of petal bases (C) and ADSP (D) at Stages 1, 3, and 5. E and F, Ratio of thickness (ADSP/ABSP) (E) and cell size (ADSP/ABSP) (F) at
Stages 1, 3, and 5. G, Cell numbers of ADSP at Stages 1, 3, and 5. The data were measured at the indicated distances from the petal-receptacle joint
(0). S1, Stage 1; S3, Stage 3; S5, Stage 5. Closed symbols represent Stage 1, half-closed symbols represent Stage 3, and open symbols represent Stage
5. Values are mean +SEM from at least three flowers. Asterisks indicate statistically significant differences compared to Stage 1. Student’s t test,

P <005 P <001 P <0001 P < 0.0001.

877 (P value < 0.05) TF genes were found to be differen-
tially expressed (Figure 4, A and Supplemental Data Set S1).
We chose 13 highly ethylene-responsive TF genes for further
analysis. Quantitative reverse transcription polymerase chain
reaction (qRT-PCR) analysis confirmed that expression of
five genes (RWWRKY20, RhSBP6, RhHD-ZIP, RhMYB41, and
RhZIP41) was highly induced by ethylene and correlated
with the growth of the petal base during flower opening
(Figure 4, B and C).

Using virus-induced gene silencing (VIGS), we individually
silenced these five genes in rose plants and found that
silencing of RhHD-ZIP had a major effect on petal move-
ment: thus, we renamed this gene RhPMP1 (Supplemental

Figure S6, A and B). Silencing of RhPMP1 impaired ethylene-
promoted flower opening and significantly weakened
ethylene-induced cell expansion of ADSP in petal bases
(Supplemental Figure S6, C-G). RhPMP1 is predicted to en-
code a 216 amino acid protein that contains a homeobox
domain (HD) and a homeobox associated leucine zipper
(HALZ) motif in its N-terminus (Supplemental Figure S7, A).
Phylogenetic analysis indicated that RhPMP7 belongs to the
HD-ZIP | subfamily and shares high sequence similarity with
ATHB7 and ATHB12 from Arabidopsis thaliana (Figure 4, D).
We expressed RhPMP1 fused to green fluorescence protein
in Nicotiana benthamiana leaves and observed that the
RhPMP1-GFP fusion protein localized to the nucleus
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Figure 3 Ethylene accelerates flower opening by stimulating asymmetric growth of the petal base. A, Ethylene promotes flower opening.
The opening phenotypes of rose flowers exposed to air or 10 uL L™" ethylene for 24 h. Top (top) and side (bottom) views of flowers after air and
ethylene treatments are shown. Images of flowers were photographed separately at the scale indicated. Scale bar, 1cm. B, Longitudinal sections
of petal bases of flowers after air (top) or 10 uL L™" ethylene (bottom) treatment for 24 h. Scale bar, 100 um. C—F, thickness of flower petal bases
(C), thickness of ADSP (D), cell area (E), and cell number of ADSP (F). The data were measured at the indicated distances from the petal-recepta-
cle joint (0). Values are mean = SEM (n > 3). Student’s ¢ test, P < 0.05, P < 0.01," P < 0.001. v, vascular bundle.
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replicate. Different letters above the bars indicate significant differences according to Duncan’s multiple range test (P < 0.05). D, A phylogenetic tree
of RnPMP1 from rose and A. thaliana generated using MEGA version 6.0. Bootstrap values indicate the confidence of each branch. E, Subcellular local-
ization of heterologously expressed R\PMP1-GFP in N. benthamiana leaves. DAPI staining was used to indicate the nuclei. Scale bar, 50 um. The
experiments were repeated twice, and representative results are shown. F, RhPMP1 transactivation assay. Top, schematic representation of RhPMP1.
An HD and a HALZ motif were predicted by Conserved Domains Search (CD-Search, https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).
Bottom, transactivation assay of RhNPMP1 and its truncated versions in yeast. A series of RhNPMP1 truncation fragments were fused to the GAL4-BD in
pBD-GAL4 cam vector, as shown in the schematic representation. NTR, N-terminal residues, amino acids 1-26; HD-ZIP, amino acids 26 to 122; CTR,
C-terminal residues, amino acids 122-216. The transactivation activity was verified by the growth of yeast AH109 harboring full-length and truncated
fragments of RnPMP1 on SD/-Trp and SD/-Trp-His plates and was confirmed by a X-«-Gal staining assay.
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(Figure 4, E). A transactivation assay indicated that the
C-terminus of RhPMP1 has transcriptional activation activity
in yeast (Figure 4, F), suggesting that it functions as a tran-
scriptional activator.

To characterize the role of RhPMP1 in flower opening, we
generated RNA interference lines of RhPMP1 (RhPMP1-
RNAI) in rose by Agrobacterium-mediated transformation
(Supplemental Figure S8). We tested the effects of ethylene
on flower opening in RhPMPT1-RNAI lines #4 and #2. In
untreated plants, neither the flowers of wild-type (WT) nor
RhPMP1-RNAI plants opened. Treatment with ethylene for
24 h accelerated flower opening in WT plants, but did not
lead to full flower opening in RhPMP1-RNAi plants
(Figure 5, A and B and Supplemental Movie S4). Analysis of
both transverse (Figure 5, C) and longitudinal (Figure 5, F)
sections showed that knockdown of RhPMP1 impaired the
ethylene-promoted growth of ADSP in petal bases. In accor-
dance with this phenotype, measurement of the thickness
and cell size of petal bases supported the notion that
ethylene-induced asymmetric growth was impaired in
RhPMP1-RNAi flowers (Figure 5, D, E, and G).

In situ hybridization demonstrated that RhPMP1 tran-
scripts accumulated to a higher level in ADSP than in ABSP
(Figure 6, A and B), further supporting the role of RhPMP1
in ethylene-induced asymmetric growth of petal bases. We
also monitored the natural opening process of WT and
RhPMP1-RNAI flowers. Interestingly, knockdown of RhPMP1
significantly prolonged flower the opening process, just like
the effects of 1-MCP treatment on flower opening
(Supplemental Figures S4, S9). These findings suggest that
RhPMP1 at least partially mediates the effects of ethylene on
asymmetric petal base growth and participates in the con-
trol of flower opening,

RhPMP1 acts directly downstream from RhEIN3
Given that RhPMP1 expression is highly induced by ethylene,
we searched the promoter of RhPMP1 for possible ethylene-
responsive cis-elements using the PlantCare (https://sogo.dna.
affrcgojp) and PlantPAN version 2.0 (http://plantpan2.itps.
nckuedu.tw/) databases. We found two putative EIN3 binding
sites (EBS), “"GCATGCAT” and “ACATGTAT,” located at —489
bp to —497 bp and -1,383 bp to -1,391 bp, respectively, up-
stream from the start codon (ATG) (Supplemental Figure S7,
B). Since EIN3 is a TF that acts as the primary and master
regulator of the ethylene-signaling pathway (Chao et al, 1997;
Merchante et al, 2013), we isolated the homolog of EIN3
from rose (RhEIN3). Sequence alignment showed that the pu-
tative amino acid sequence of RhEIN3 shares high similarity
with known EIN3 proteins (Supplemental Figure S10, A);
Knockdown of RhEIN3 in rose callus impaired ethylene-
induced expression of RhERF003 and RhPR10, which are
typical ethylene-responsive genes (Supplemental Figure
$10, B), indicating that RhEIN3 plays an important role in
mediating ethylene signaling in rose.

To test whether RhEIN3 directly binds to the promoter of
RhPMP1, we performed a yeast one-hybrid (Y1H) assay,
confirming the binding of RhEIN3 to the distal EBS cis-
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element (Figure 7, A). An electrophoretic mobility shift
assay (EMSA) further confirmed the specific binding of
RhEIN3 to this EBS motif in vitro (Figure 7, B). To confirm
the binding of RhEIN3 to the RhPMP1 promoter in planta,
we conducted a chromatin immunoprecipitation (ChlP)-
PCR assay by transiently expressing pSuper:RhEIN3-FLAG in
leaf mesophyll protoplasts isolated from transgenic A. thali-
ana leaves harboring ProRhPMP1:GUS. The results revealed
a specific enrichment of RhEIN3 to the P5 region, which
contained the distal EBS cis-element, in the RhPMP1 pro-
moter (Figure 7, C).

We then tested the transactivation of the RhPMP1
promoter by RhEIN3 using the dual-LUC (firefly luciferase) re-
porter system. Co-transformation of N. benthamiana leaves
with the 35S:RhEIN3 effector and the ProRhPMPT:LUC re-
porter led to significantly increased luciferase activity com-
pared to the control (empty SK effector + ProRhPMPT:.LUC
reporter) (Figure 7, D). Live imaging revealed a strong lumi-
nescence signal in the region of N. benthamiana leaves that
was co-transformed with the 35S:RhEIN3 and ProRhPMPT:LUC
constructs (Figure 7, E). In addition, in situ hybridization
showed that RhEIN3 was preferentially expressed in the ADSP
of petal bases, similar to the expression pattern of RhPMP1
(Figure 6, C and D). These results indicate that RhEIN3 binds
to and activates the RhPMP1 promoter.

The RhPMP1-RhAPC3b module participates in petal
movement by controlling cell endoreduplication

To understand how RhPMP1 regulates asymmetric petal
base growth, we screened for possible target genes of
RhPMP1 by conducting a comparative RNA-seq analysis of
the petal bases from control and RhPMP1-silenced plants.
A total of 684 (P-value < 0.05 and fold-change >2) genes
were differentially expressed, including 201 upregulated and
483 downregulated genes (Supplemental Data Set S2). We
measured the expression of the candidate genes in
RhPMP1-RNAI plants by qRT-PCR. Six cell expansion-related
genes and one cell cycle-related gene were significantly
downregulated in RhPMP1-RNAi petal bases compared to
the WT (Figure 8, A). We then tested for binding of
RhPMP1 to the promoters of these seven genes using a
Y1H assay. Unexpectedly, RhPMP1 directly bound to the
promoter of the cell cycle-related gene RhAPC3b, but not
to cell-expansion genes, such as BETA-D-XYLOSIDASE
(RhBXL), PECTINESTERASE (RhPE), and AQUAPORIN
(RhPIP2;7) (Figure 8, B and Supplemental Figure S11, A).
The open-reading frame (ORF) of RhAPC3b is 2,292-bp long
and encodes a putative 763 amino acid residue protein.
Phylogenetic analysis using the protein sequences of APC
members from A. thaliana showed that RhAPC3b is most
closely related to AtAPC3b (Supplemental Figure S11, B).
Conserved domain analysis identified an ANAPHASE-
PROMOTING COMPLEX, CYCLOSOME, SUBUNIT 3 do-
main, and eight tetratricopeptide repeat domains, which
are consistent with the characteristics of APC proteins
(Heyman and De Veylder, 2012; Eloy et al, 2015;
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Figure 5 Knockdown of RhPMPT by RNA interference impairs ethylene-promoted flower opening. A, qRT-PCR analysis of RhRPMP1 expression in
response to ethylene in petal bases of WT and RhPMP1-RNA. lines. Flowers (opened buds) were exposed to air or 10 uL L™" ethylene for 24 h.
RhUBI2 was used as an internal control. The mean values=+SEM are shown for three biological replicates. Petal bases of at least six flowers (two
petal of outmost layer were used for each flower) were pooled together as one biological replicate. Student’s t-test, P < 0.05; P < 0.07;
“P < 0.0001. B, Knockdown of RhPMP1 inhibits the ethylene-induced full opening of flowers. Top (left) and side (right) view of flowers after air
and ethylene treatments. Flowers (opened bud stage) were exposed to air or 10 uL L™" ethylene for 24 h. Images of flowers were photographed
separately at the scale indicated. Scale bar, 2cm. The experiments were performed independently 3 times, and similar results were obtained. For
each experiment, at least 10 WT plants and 10 RhPMP1-RNAI plants were used (n = 10). The representative results from one experiment are
shown for morphology (B) and anatomical structure (C, F). C-E, Transverse sections (C), thickness of petal bases (D), and cell area of ADSP (E) of
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Figure 6 Expression patterns of RhEIN3, RhPMP1, and RhAPC3b in petal bases. In situ hybridization with an antisense probe of RhPMP1 (A),
RhEIN3 (C), and RhAPC3b (E), as well as a sense probe of RhPMP1 (B), RhEIN3 (D), and RhAPC3b (E). Images show transverse sections of petal

bases. Scale bar, 50 um. xy, xylem; ph, phloem.

Supplemental Figure S11, C, top). Fluorescence localization
demonstrated that RhAPC3b localizes to the nucleus
(Supplemental Figure S11, C, bottom), which is consistent
with the known role of APC proteins in regulating mitotic
and endoreduplication cycles in eukaryotes (Reed, 2003).

Analysis of the RhAPC3b promoter identified two putative
HD-ZIP | TF-binding sites, CAATCATTG (-281 to —290) and
TAATAATTC (-350 to -359) (Palena et al,, 2001; Ariel et al,
2007; Figure 8, B, top). An Y1H assay showed that RhPMP1
activates the promoter of RhAPC3b (Figure 8, B, bottom).

WT and RhPMP1-RNAI plants. Scale bar, 50 um. The thickness of petal bases was measured after air and ethylene treatments. Values are
mean £ SEM (n = 3). Student’s t test, P < 0.05; P < 0.01. F and G, Longitudinal sections (F) and thickness of ADSP in petal bases (G) of WT and
RhPMP1-RNAi lines. Scale bar, 50 um. The thickness of ADSP in petal bases was measured after air and ethylene treatments. Values are

mean £ SEM (n = 3). Student’s t-test, P < 0.05 P < 0.01.
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Figure 7 RhPMP1 acts directly downstream from RhEIN3. A, Y1H assay showing RhEIN3 binding to the RhPMP1 promoter. Both RhEIN3 + plLacZ
and pJG + the RhPMP1 promoter were used as negative controls. RhHB1 + the RhGA200x1 promoter was used as a positive control. Replicates 1
and 2, two technical replicates. B, EMSA of interactions between RhEIN3 and the RhPMP1 promoter. The probe was designed from a fragment of
the RhPMP1 promoter containing the distal EBS motif (-1382 to —1392bp). Purified GST-tagged RhEIN3 protein (3 ug) was incubated with 20 nM
of biotin-labeled probe. Non-labeled probe at 10-, 100-, and 500-fold was added for the competition test. C, ChIP-PCR assay showing RhEIN3 bind-
ing to the RhPMP1 promoter in planta. Top, schematic representation of the RhPMP1 promoter sequence. Green box, Rh\PMP1 ORF; Gray vertical
lines, the putative EBS motifs; Lines above, the fragments amplified in the ChIP-PCR analysis. P1: —=13 to -262 bp, P2: -471 to -715 bp, P4: =692 to
-897 bp, P4: -875 to -1,082 bp, P5: —=1304 to —1,471 bp, P6: —1,439 to —1,738 bp, relative to the RhPMP1 translation initiation codon (ATG).
Bottom, ChiP-enrichment of the indicated RhPMP1 promoter fragments (P1-P6). Three-week-old transgenic A. thaliana plants harboring
ProRhPMP1:GUS were used for isolation of leaf mesophyll protoplasts. The pSuper:RhEIN3-FLAG and pSuper:FLAG (negative control) plasmids were
separately transfected into the protoplasts. The experiment was performed independently 3 times, and representative results are shown. The mean
values = SEM are shown from four biological replicates. Each infected tube of protoplasts was considered to be one biological replicate. Student’s
t test, P < 0.01. D, Dual-luciferase activity assay showing transactivation of the RhPMP1 promoter by RhEIN3. Top, schematic representation of
the effector and reporter constructs. Bottom, the dual-luciferase activity assay. A 1,740 bp RhPMP1 promoter region (0 to —1,740) was used in
this assay. 35S:RhEIN3 and ProRhPMPT:LUC were co-infiltrated into N. benthamiana leaves. Three independent transfection experiments were
performed, and representative results are shown. Values are mean=£SEM. Student’s t-test, P < 0.05. E, Live imaging of N. benthamiana leaves
expressing RhEIN3 and ProRhPMP1:LUC. Leaves harboring the empty vector (SK) and the RhPMPT promoter were used as a negative control.
The color scale represents the signal density. H, high; L, low. The experiment was performed independently 3 times, and representative results
are shown.
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Figure 8 RhPMP1 directly regulates RhAPC3b expression. A, qRT-PCR of putative RhPMP1 downstream genes in petal bases of WT and RhPMP1-
RNAI plants. The expression of RhBXL, RhPE, RhRCI3, RhSPE2, RhSTP2, and RhPIP2;1 (plasma membrane intrinsic protein 2;1), and RhAPC3b was
tested. RhUBI2 was used as an internal control. The mean values +SEM are shown from four biological replicates. Petal bases of the outmost layer
petals of three flowers were pooled together as one biological replicate. Student’s t test, “P <001; P < 0001; ""P < 0.0001. B, YTH assay
showing RhPMP1 binding to the RhAPC3b promoter. Top, schematic representation of the RhAPC3b promoter sequence. Black vertical lines, the
putative HD-ZIP | TF target motifs. Both Rh\PMP1 + placZ and pJG + the RhAPC3b promoter were used as negative controls. RhHB1 + the
RhGA200x1 promoter was used as a positive control. Replicates 1 and 2, two technical replicates. C, EMSA of interactions between RhPMP1 and
the RhAPC3b promoter. The probe was designed from a fragment of the RhAPC3b promoter containing the RhPMP1 binding site (-272 to —300
bp). Purified GST-tagged RhPMP1 protein (3 ug) was incubated with 20 nM of biotin-labeled probe. Non-labeled probe (Cold-P) and Non-labeled
mutated probe (Cold-mP) at 10-, 50-, and 100-fold were added for the competition test. The experiment was performed independently 3 times,
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An EMSA demonstrated that mutation of the CAATCATTG
cis-element abolished the specific binding of RhNPMP1 to the
RhAPC3b promoter (Figure 8, C). ChIP-PCR analysis revealed
that RhPMP1 specifically bound to the P2 fragment of the
RhAPC3b promoter in planta (Figure 8, D), which contains
these two predicted cis-elements. A quantitative luciferase
activity assay and live imaging of N. benthamiana leaves co-
transformed with the 35S:RhPMP1 effector and the
ProRhAPC3b:LUC reporter confirmed the finding that
RhPMP1 activates the expression of ProRhAPC3b:LUC
(Figure 8, E and F). These results indicate that RhPMP1 is a
direct upstream transactivator of RhAPC3b. Interesingly, a
Y1H and an EMSA showed that RhEIN3 could directly bind
to the promoter of RhAPC3b and activate it as well
(Supplemental Figure S12, A and B).

Knockdown of RhAPC3b delays ethylene-induced
flower opening by affecting asymmetric petal base
growth

gqRT-PCR analysis indicated that the expression pattern of
RhAPC3b is similar to that of RhnPMP1: RhAPC3b expression
increased in the ADSP of the petal base as the flower
opened and was highly induced in the ADSP by ethylene
treatment (Supplemental Figure S12, C and D). In situ hy-
bridization demonstrated that the region of RhAPC3b ex-
pression overlapped with that of RhPMPT in the petal base
(Figure 6, E and F), suggesting that RhAPC3b might function
with RhPMP1.

To elucidate the role of RhAPC3b in petal movement, we
silenced RhAPC3b in rose using VIGS. Phenotypic and ana-
tomical analysis showed that silencing of RhAPC3b impaired
ethylene-promoted flower opening and asymmetric growth
of the ADSP in petal bases (Supplemental Figure S13). We
then created RhAPC3b-RNAi lines by Agrobacterium-
mediated transformation (Supplemental Figure S14). We ob-
served the effects of ethylene on petal movement and
flower opening of RhAPC3b-RNAI line #6 and #5 plants.
Ethylene treatment for 24h accelerated flower opening in
WT plants as before, but only slightly affected flower
opening in RhAPC3b-RNAI plants (Figure 9, A and B and
Supplemental Movie S5), an effect similar to that in
RhPMP1-RNAI plants (Figure 5, B). Analysis of both trans-
verse (Figure 9, C) and longitudinal (Figure 9, F) sections
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showed that ethylene-enhanced asymmetric petal base
growth was much weaker in RhAPC3b-RNAI plants than in
the WT, with substantially reduced thickness and cell size in
the ADSP of RhAPC3b-RNAI flowers (Figure 9, D, E, and G).

These findings suggest that the RhPMP1-RhAPC3b
regulatory module controls ethylene-induced flower opening
by regulating asymmetric petal base growth. Interestingly,
gRT-PCR showed that not all genes that were downregu-
lated in RhPMP1-RNAi plants were downregulated in
RhAPC3b-silenced plants (Supplemental Figure S12, D),
indicating that RhAPC3b might simply function in one
branch of the RhPMP1-regulated gene network. Similar to
the RhPMP1-RNAi lines, the RhAPC3b-RNAi lines also
showed a delayed natural flower opening process
(Supplemental Figure S15).

In A. thaliana, the APC3b mutant hobbit (hbt) exhibits de-
creased cell division and cell size and a reduced number of
cells with high ploidy levels due to a defect in endoredupli-
cation (Blilou et al, 2002; Serralbo et al, 2006). This raised
the question of whether the RhPMP1-RhAPC3b module also
controls cell size and asymmetric growth of the petal base
by regulating cell endoreduplication in petal bases. To
address this question, we first generated RhPMP1-overex-
pressing (ox) and RhAPC3b-ox A. thaliana lines. Both
RhPMP1-0x and RhAPC3b-ox lines exhibited larger leaves
than WT Columbia-0 (Col-0) plants (Supplemental Figures
S16, A, 17, A). We then measured nuclear DNA content in
the leaves of 10-day-old transgenic A. thaliana plants har-
boring RhPMP1 or RhAPC3b by flow cytometry and ob-
served a reduction in the proportion of 2C cells but
increases in 8C, 16C, and 32C cells in both RhPMP7-ox and
RhAPC3b-ox lines (Supplemental Figures S16, B, S17, B).
These results indicate that the RhPMPT1-RhAPC3b module
acts as a positive regulator of ploidy levels in the transgenic
A. thaliana. Flow cytometry analysis further showed that the
proportion of 4C cells increased in the petal base as the
flower opened and reached the maximum level at the fully
opened stage (Figure 10, A). In addition, ethylene treatment
significantly increased the proportion of 4C cells in the petal
base (Figure 10, B).

Taken together, our results reveal that ethylene induces
the expression of the RhPMP1-RhAPC3b module, thus
promoting the asymmetric growth of petal bases by

and representative results are shown. D, ChIP-PCR assay of the binding of RhPMP1 to the RhAPC3b promoter in planta. Top, schematic represen-
tation of the RhAPC3b promoter sequence. Green box, RhNAPC3b ORF; Gray vertical lines, the putative HD-ZIP | TF target motifs; Lines above, the
fragments amplified in the ChIP-PCR analysis. P1: =1 to =226 bp, P2: =127 to -345 bp, P3: -623 to -836 bp, P4: -815 to —1,007 bp, P5: —1,259 to -
1,475 bp, relative to ATG of RhAPC3b. Bottom, ChIP-enrichment of the indicated the RhRAPC3b promoter fragments (P1-P5). Three-week-old
transgenic A. thaliana plants harboring ProRhAPC3b:GUS were used as a source of leaf mesophyll protoplasts. pSuper:RhPMP1-FLAG and
pSuper:FLAG (negative control) plasmids were separately transfected into the protoplasts. The experiment was performed 3 times, and representa-
tive results are shown. The mean values+SEM from three biological replicates are shown. Each infected tube of protoplasts was considered to be
one biological replicate. Student’s t test, “P < 0.01. E, Dual-luciferase activity assay of R\PMP1 transactivation of the RhAPC3b promoter.
35S:RhPMP1 and ProRhAPC3b:LUC were co-infiltrated into N. benthamiana leaves. Top, schematic representation of the effector and reporter con-
structs. Bottom, the dual-luciferase activity assay. Three independent transfection experiments were performed. Values are mean + SEM. Student’s
t test, *P < 0.05. F, Live imaging of N. benthamiana leaves expressing RhNPMPT and ProRhAPC3b:LUC. The 1,744 bp RhAPC3b promoter (0 to -
1,744) was used. Leaves harboring the empty vector (SK) and the RhAPC3b promoter were used as a negative control. The color scale represents
the signal density. The experiment was performed independently 3 times, and representative results are shown.
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Figure 9 Knockdown of RhAPC3b by RNA interference impairs ethylene-promoted flower opening and asymmetric growth of petal base. A, gRT-PCR
analysis of RhRAPC3b in response to ethylene in petal bases of WT and RhAPC3b-RNAi lines. Flowers (opened buds) were exposed to air or 10 uL L™
ethylene for 24 h. RhUBI2 was used as an internal control. The mean values + SEM from three biological replicates are shown. Petal bases of at least six
flowers (two petal of outmost layer were used for each flower) were pooled together as one biological replicate. Student’s t-test, P <005 "P < 007;
P < 0.001. B, Knockdown of RhAPC3b inhibits ethylene-induced full flower opening. Top (left) and side (right) view of flowers after air and ethylene
treatments. Images of flowers were photographed separately at the scale indicated. Scale bar, 2 cm. The experiments were performed independently 3
times, and similar results were obtained. For each experiment, at least 10 WT plants and 10 RhAPC3b-RNAi plants were used (n = 10). The representa-
tive results from one experiment are shown for morphology (B) and anatomical structure (C, F). C—E, Transverse sections (C), thickness of petal bases
(D), and cell size of ADSP (E) of WT and RhAPC3b-RNAi lines. Scale bar, 50 um. The petal base thickness was measured after air and ethylene treatment.
Values are mean=£SEM (n = 3). Student’s t test, P < 005 P < 001; P < 0001. F and G, Longitudinal sections (F) and thickness of ADSP in petal
bases (G) of WT and RhAPC3b-RNA. lines. Scale bar, 50 um. The thickness of ADSP at the petal base was measured after air and ethylene treatments.
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Figure 10 Ploidy levels of ADSP cells at the petal base during flower opening and in response to ethylene. A, Flow cytometry histograms of
ADSP cells in the petal bases of flowers at Stages 1, 3, and 5. The relative ratio of cells at each ploidy level in the petal base ADSP at different stages
of flower opening. B, Flow cytometry histograms of ADSP cells at the petal base in control (air) and ethylene-treated flowers (Ethylene). Flowers
(opened buds) were exposed to air or 10 uL L™" ethylene for 24 h. (Pl was used to stain nuclei in chopped petal base tissues. The data are represen-
tative of three independent experiments.

enhancing the endoreduplication of ADSP cells, ultimately Discussion
resulting in  petal movement and flower opening

- Flowering can be divided into several major phases: the tran-
(Supplemental Figure S18).

sition from the shoot apical meristem to the floral meristem;
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the determination and formation of floral organs; and flower
opening leading to pollination (Lang 1952). The mecha-
nisms of flower opening have not been determined, espe-
cially at the genetic and molecular levels, although it is
known to be a complex process that is tightly regulated by
various internal and external cues (Reid and Evans, 1986;
van Doorn and van Meeteren, 2003; Liang and Mahadevan,
2011; Van Doorn and Kamdee, 2014).

In this current study, we identified a gene network that is
responsible for ethylene-induced petal movement and
flower opening using rose as a model. Ethylene triggers
asymmetric petal base growth, which drives irreversible petal
movement (Supplemental Figure S18). This ethylene-
induced process is dependent on a unique structure
resulting from the asymmetric growth of petal bases that
could be considered an epinastic movement (Kang, 1979).
This structure is, to some extent, similar to that of the mo-
tor organ/pulvinus, which is located at the bases of petioles
or petiolules in legumes such as pea (Pisum sativum), barrel
medic (Medicago truncatula), and Lotus japonicas (Darwin
and Darwin, 1880; Chen et al, 2012). In the motor organ/
pulvinus, changes in turgor pressure in cells at opposite sides
(extensors and flexors) of the pulvinus mediate nyctinastic
movement of leaves or leaflets (Cote, 1995, Moran et al,
1996; Moran, 2015). The LBD TF ELP1, which is conserved in
legumes, regulates the development of the pulvinus. In WT
M. truncatula, the pulvinus is a short cylindrical structure
with radial symmetry consisting of isodiametric and identical
cortical cells. In the loss-of-function mutant elp1-1, pulvinus
development is defect and the pulvinus-specific cells are
replaced by rachis- or petiole-like cells, resulting in the fail-
ure of leaflet folding in the dark (Chen et al, 2012). Unlike
the pulvinus in legumes, the asymmetric structure located
at the petal base of roses drives irreversible petal unfolding,
and the formation of this structure is associated with petal
movement.

The diffusion of ethylene is generally considered to be ran-
dom due to its gaseous nature. The unequal distribution of
ethylene has been reported only in some unique circum-
stances, such as in response to flooding. Under waterlogged
conditions, ethylene diffusion from submerged tissues is sub-
stantially reduced due to the diffusion barrier resulting from
the surrounding water. Consequently, the endogenous ethyl-
ene concentration significantly increases, which triggers both
hyponasty and non-differential linear petiole or internode
elongation in marsh dock (Rumex palustris) and A. thaliana
(Jackson, 1985; van Zanten et al, 2010; Polko et al, 2017;
Voesenek and Bailey-Serres, 2015). Ethylene is thought to
cause rapid acidification of the apoplast and upregulation of
genes encoding the cell wall loosening proteins expansins
(Vriezen et al, 2000; Vreeburg et al., 2005), which are favor-
able for rapid cell expansion. In addition, in A. thaliana, eth-
ylene accumulation stimulates the reorientation of cortical
microtubules from longitudinal to transverse at the abaxial
sides of petioles to direct longitudinal cell expansion, leading
to leaf hyponasty (Polko et al, 2012). Ethylene can also
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control the amplitude of hyponasty by attenuating cell pro-
liferation of the abaxial side of the petiole by downregulating
CYCA2;1, an A2-type cyclin gene (Polko et al, 2015).

Notably, exogenous ethylene is sufficient to mimic the
submerged-induced hyponasty response in R. palustris and
A. thaliana, suggesting that unique ethylene distribution pat-
terns are not required for this process (Millenaar et al, 2005;
Pierik et al,, 2006; Polko et al., 2012, 2015). This petiole hypo-
nasty response is similar to our observations of rose flower
petal movements, although the latter is an epinastic
movement. Here, we provided evidence that ethylene influ-
ences the epinastic movement of petals by activating
endoreduplication-induced cell expansion on the ADSP base
by upregulating the RhEIN3-RhPMP1-RhAPC3b module.
RhAPC3b is a rose homolog of A. thaliana APC3b/HOBBIT,
which encodes an indispensable subunit of the Anaphase-
Promoting Complex/Cyclosome (APC/C complex) and is
expressed during the S/G2-M phases of the cell cycle. The
APC/C complex consists of 17 subunits of three types: the
core subunits; the catalytic subunits; and the activator subu-
nits. APC3b/HOBBIT is a core subunit that physically inter-
acts with most other subunits (Heyman and De Veylder,
2012; Eloy et al, 2015). The APC3b/HOBBIT loss-of-function
mutant hbt exhibits reduced cell size and number and a de-
fect in endoreduplication, with fewer cells with high ploidy
levels (Serralbo et al., 2006; Pérez-Pérez et al.,, 2008).

In rose, RhAPC3b is upregulated by ethylene through the
RhEIN3-RhPMP1 module. Knockdown of RhAPC3b or
RhPMP1 attenuated cell expansion on the ADSPs and weak-
ened asymmetric petal base growth. RhPMP1-RNAi and
RhAPC3b-RNAI plants exhibited prolonged flower opening,
which mimics the effects of 1-MCP on flower opening, sug-
gesting that the RhPMP1-RhAPC3b module plays a central
role in ethylene-induced petal movement and flower open-
ing. Interestingly, 1-MCP treatment or knockdown of
RhPMP1/RhAPC3b significantly prolonged the opening pro-
cess but did not completely block flower opening, pointing
to the existence of an alternative, perhaps secondary path-
way that regulates flower opening.

Meanwhile, knockdown of RhPMP1 or RhAPC3b resulted
in smaller flowers compared to WT plants. Conversely,
overexpression of either RhAPC3b or RhPMPT significantly
increased the proportion of cells with high ploidy levels and
leaf size in transgenic A. thaliana. Further analyses will be
required to provide a more in depth understanding of
the mechanism by which the RhPMP1-RhAPC3b module
regulates organ size.

In addition, the ploidy levels of cells in the petal base
increased as the flowers opened and were elevated by ethyl-
ene treatment. Ethylene treatment stimulates cell endoredu-
plication in A. thaliana and cucumber (Cucumis sativus)
hypocotyls (Gendreau et al., 1999; Dan et al,, 2003). Here, we
demonstrated that ethylene regulates cell endoreduplication
and thus influences cell expansion in rose petal bases
through a transcriptional cascade involving RhEIN3-RhPMP1-
RhAPC3b. Intriguingly, we previously found that ethylene
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treatment inhibited cell expansion in the petal lamina (Ma
et al, 2005; Pei et al, 2013). Moreover, even in the petal
base, ethylene dramatically induced cell expansion by en-
hancing endoreduplication in the adaxial side but not in the
abaxial side. In situ hybridization also demonstrated that all
three genes, RhEIN3, RhPMP1, and RhAPC3b, displayed a
similar pattern of transcript distribution, namely, preferen-
tially accumulating in the ADSP region. These findings sug-
gest that ethylene specifically activates a certain regulatory
cascade in the ADSP but not the ABSP. Considering the gas-
eous nature of ethylene, it would be interesting to explore
whether, and how, cell identity determines this unique
response.

Materials and methods

Plant materials and growth conditions

Cut rose (R. hybrida cv. Samantha) flowers were harvested
from a local commercial greenhouse, immediately placed in
tap water, and delivered to the laboratory within 1h. The
stems were re-cut under water to a length of 25cm, and
uniform flowers without any defects were selected and kept
in deionized water until further processing. The stages of
cut flower opening were defined as previously described
(Ma et al, 2005). Floral organ samples were collected at dif-
ferent stages of opening, and petal samples were collected
from the same middle whorl of flowers.

Arabidopsis thaliana ecotype Col-0 seeds were surface
sterilized, sown on Murashige and Skoog (MS) medium, and
stratified at 4°C for 3days to promote germination. After
vernalization, the seeds were transferred to a growth cham-
ber for 7days. Seven-day-old seedlings were transplanted
into growth mixture (vermiculite/nutritive soil = 1:1) and
grown under the following conditions: 22 +2°C, 50% relative
humidity and 100-120 pmol m™2 s™" illumination with fluo-
rescent lamps (SINOL, SN-T5, 16 W) under a 16/8-h light/
dark cycle.

For ethylene or 1-MCP treatment, rose flowers (opening
Stage 2) were exposed to 10uL L' ethylene or 2pL L™
1-MCP in an airtight chamber for 24 h. For continuous treat-
ment, the flowers (opening Stage 2) were exposed to air or
2uL L' 1-MCP in an airtight chamber until the flowers
opened. The air and 1-MCP in the chambers were refreshed
every 24h to avoid possible side effects. NaOH solution
(1M) was present in the chamber to prevent CO, accumu-
lation (Ma et al., 2006).

Histological analysis

Paraffin sections of petal bases were prepared as previously
described (Cheng et al, 2013), with some modifications.
Petal bases containing part of the receptacle were collected,
fixed in FAA solution (formaldehyde:70% ethanol:acetic acid,
5:90:5 [v/v/v]) overnight at room temperature, and stored at
4°C until further use. Semi-thin sections were prepared as
previously described (Pinon et al, 2008), but with some
modifications. Petal bases were fixed in 2.5% glutaraldehyde,
dehydrated through an acetone series to 100% acetone, and
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embedded in Low Viscosity Embedding Kit (Spurr) resin
(EMS, PA, USA). The embedded tissue was sectioned (3 ptm
sections) using a Leica RM2265 (Leica Microsystems,
Wetzlar, Germany) rotary microtome, placed on microscopy
slides, and stained with 0.02% Toluidine Blue in 100 mM
Phosphate buffer (pH 7.2). The slides were observed under
an optical microscope (OLYMPUS BH-2, Tokyo, Japan) and
photographed with a digital camera (OLYMPUS DP72,
Japan). Cell counts and cell sizes were determined using
Image) and Photoshop software.

Rose transformation
For the RhPMP1 RNAI construct, two primer sets with dif-
ferent restriction enzyme sites were used to amplify a 351
bp fragment (483-834 bp). One set, with Asc | and Swa |
sites, was digested and inserted in sense orientation into the
pFGC1008 vector; the other, with Pac | and Bam HI sites,
was digested and inserted in antisense orientation into the
pFGC1008 vector. Similarly, a 284 bp fragment (793-1,077
bp) was used to generate the RhAPC3b RNAI construct.
Transgenic rose plants were generated as described previ-
ously with minor modifications (Liu et al, 2020). Briefly,
unexpanded leaves with three leaflets were used to induce
somatic embryogenesis in the dark in Somatic Embryo
Induction Medium (SIM, MS + 3.0mg L™' 24-D + 0.05mg
L™' KT + 60g L' glucose + 20g L~' mannitol + 25g L™
GEL). The RNAi construct was introduced into
Agrobacterium strain EHA105 and grown overnight. The
bacteria were collected by centrifugation and re-suspended
in infiltration solution (MS + 45g L™ glucose + 100 umol
L™" acetosyringone). The bacterial suspension was adjusted
with infiltration solution to an ODgy = 0.5 and incubated
for 2h at 28°C with shaking (200 rpm). The somatic em-
bryos were immersed in the bacterial suspension and incu-
bated for 40min at 28°C with shaking (180rpm). The
somatic embryos were briefly washed and dried on sterilized
paper towels to remove excess bacterium solution. The so-
matic embryos were incubated on Co-cultivation Medium
(CM, MS + 1.0mg L' 2, 4-D + 0.05mg L™' 6-benzylamino-
purine (6-BA) + 60g L' glucose + 25g L~ GEL + 100mg
L' casein hydrolysate + 100 umol L™ acetosyringone) at
22+1°C in the dark for 3days without selection. The so-
matic embryos were selected on Selective Germination
Medium (SGM, half MS + 1.0mg L™' 6-BA + 0.01mg L' a-
naphthalene acetic acid (NAA) + 0.5mg L™' gibberellic acid
(GAs) +300mg L' Cef+30mg L' Hygromycin
B+100mg L' Casein hydrolysate  +30g L'
Glucose + 25g L' GEL + 20g L™' Mannitol). The somatic
embryos were repeatedly transferred to a fresh SGM every
2 weeks. When resistant shoots appeared, they were trans-
ferred to Selective Rooting Medium (SRM, half MS + 1.0 mg
L' NAA +30mg L' Hygromycin B +30g L'
Sucrose + 7.5g L™' GEL) to induce root formation. Each sin-
gle shoot was considered to be an independent line. The
rooted plants were transferred to pots containing a 1:1 vol-
ume of peat moss and vermiculite and grown at 22+1°C
with RH 60% and 100-120 pmol m™ s™" illumination with
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fluorescent lamps (SINOL, SN-T5, 16 W) under a 16-h light/
8-h dark photoperiod. Positive transformants were screened
according to the presence of the selective gene (Hyg) and
the T-DNA insert. qRT-PCR was carried out to assess the ex-
pression of RhPMP1 or RhAPC3b in the transgenic lines.
Primer sequences are listed in Supplemental Data Set S3.

In situ hybridization

In situ hybridization was performed as described previously
(Ma et al, 2008; Ma et al., 2015). The petal bases were fixed
in freshly prepared, cold 4% (w/v) paraformaldehyde by vac-
uum infiltration for 25min (repeated once) and incubated
overnight at 4°C. The samples were dehydrated through a
graded ethanol series (50%-100%) and embedded in
Paraplast plus (Sigma, St. Louis, MO, USA). Antisense and
sense probes of RhEIN3, RhPMP1, and RhAPC3b were ampli-
fied from gene-specific regions and labeled using a digoxige-
nin (DIG)-RNA labeling kit (Roche, Basel, Switzerland).
Sections were processed and incubated with DIG-labeled
RNA probe overnight at 50°C. Anti-DIG conjugated to alka-
line phosphatase was used to detect DIG-labeled RNA.
Images were photographed under an optical microscope
(OLYMPUS BH-2, Japan). Primer sequences are listed in
Supplemental Data Set S3.

Y1H assay

The RhEIN3 ORF was cloned into the EcoR | and Sal | sites
of the pJG4-5 vector (Clontech Laboratories, Inc, Mountain
View, CA, USA), resulting in the GAD-RhEIN3 construct.
The RhPMP1 ORF was cloned into the EcoR | and Xho | sites
of the pJG4-5 vector, resulting in the GAD- RhPMP1 con-
struct. To generate a construct expressing the LacZ reporter
gene driven by the RhPMP1 or RhAPC3b promoter, a 36-bp
oligonucleotide (5'-AGATGTCCGCAAAGCACATGTATCGG
ACGAATTAGT-3') from the RhPMP1 promoter was synthe-
sized and the RhAPC3b fragment (-389 to —1 bp from the
RhAPC3b ATG start codon) was amplified from R. hybrid cv.
Samantha genomic DNA before being cloned into the
pLacZi2p vector. The fragments of the other gene pro-
moters RhBXL/RHL36571, RhPE/RHL35830, PEROXIDASE 3
(RhRCI3)/RHL03332, RhPIP2;1/GenBank No. EU572717,
SUGAR PHOSPHATE EXCHANGER 2 (RhSPE2)/RHL36450, and
SUGAR TRANSPORTER2 (RhSTP2)/RHL26676, were amplified
from R. hybrid cv. Samantha genomic DNA and cloned into
the placZi2p vector.

Y1H assays were performed as previously described (Lin
et al, 2007). Briefly, a plasmid expressing the GAD-RhPMP1
or GAD-EIN3 fusion was co-transformed with various LacZ
reporter gene constructs into yeast strain EGY48 as de-
scribed in the Yeast Protocols Handbook (Clontech
Laboratories, Inc.). Transformants were grown on synthetic
dextrose plates lacking uracil and tryptophan but containing
X-Gal to observe color development. RhHB1 + the
RhGA200x1 promoter was used as a positive control (Li
et al, 2014). The primers used are listed in Supplemental
Data Set S3.
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EMSA

The EMSA was performed as described previously (Pei et al.,
2013). For prokaryotic expression of RhEIN3, the ORF of
RhEIN3 was inserted into the Sma | and Sal | sites of the
pGEX-4T-2 vector to generate the pGEX-4T-RhEIN3 plasmid.
For prokaryotic expression of RhNPMP1, the ORF of RhPMP1
was inserted into the Eco Rl and Xho | sites of the pGEX-4T-
2 vector to generate the pGEX-4T-RhPMPT plasmid.
Recombinant GST-RhEIN3 and GST-RhPMP1 fusion proteins
were produced in Escherichia coli strain BL21, and protein
production was induced by adding isopropyl-B-p-thiogalac-
topyranoside and incubating at 28°C for 6 h. The E. coli cells
were lysed by sonication. The GST-RhEIN3 and GST-
RhPMP1 proteins were purified with Glutathione-Sepharose
4B beads (GE Healthcare, Chicago, IL, USA) according to the
manufacturer’s instructions. The ProRhPMP1 probe 5'-GT
CCGCAAAGCACATGTATCGGACGAATTAGTCAT-3'  and
the ProRhAPC3b probe 5'-CTAAGTCCGACAATCATTGC
TTAACTTT-3' were synthesized and labeled with biotin.
Unlabeled DNA of the same sequence was used as a com-
petitor. To prepare double-stranded DNA probes, the oligo-
nucleotides were dissolved in TE buffer (10mM Tris pH 8.0,
1mM EDTA) at a concentration of 1-5 OD/100 pLL mixed at
the same molar ratio, incubated 94°C for 5 min, cooled at
room temperature, and stored at —20°C. EMSA was per-
formed using a Light Shift Chemiluminescent EMSA kit
(Pierce, Rockford, IL, USA), according to the manufacturer’s
instructions. All primers used are listed in Supplemental
Data Set S3.

ChIP-PCR assay

For ChIP-PCR analysis, the RhPMP1 ORF containing Sal |
and Spe | restriction sites, and the RhEIN3 ORF containing
Sal 1 and Spe | sites, were separately inserted into the
pSuper:FLAG vector to generate pSuper:RhPMPI1-FLAG and
pSuper:RhEIN3-FLAG, respectively. ChIP assays were per-
formed using A. thaliana (Col-0) protoplasts isolated from
3-week-old leaves and transformed with the RhPMP1 or
RhAPC3b promoter as previously described (Pei et al., 2013).
The pSuper:RhPMP1-FLAG and pSuperRhEIN3-FLAG plas-
mids were transfected into protoplasts containing
ProRhAPC3b:GUS  and  ProRhPMPT:GUS,  respectively.
Following incubation at room temperature for 20 h, the pro-
toplasts were fixed using 1% (v/v) formaldehyde. The chro-
matin complexes from the fixed protoplasts were
fragmented by sonication and incubated with anti-FLAG®
M2 Magnetic Beads (M8823; Sigma) for 6 h. After washing,
the eluted samples were incubated at 65°C for 6 h to reverse
the cross-linking. The co-precipitated DNA was purified
and analyzed using qRT-PCR. Each ChIP assay was repeated
three times. The primers used for vector construction and
ChIP-gPCR are listed in Supplemental Data Set S3.

Flow cytometry

Flow cytometry was performed using a Moflo XDP analyzer
for Arabidopsis seedlings (Beckman Coulter, Brea, CA, USA)
or BD FACSCalibur (Becton Dickinson, USA) for rose petal
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bases. A. thaliana seedlings or rose petal bases were
chopped in 200uL LBO1 buffer (15mM  Tris, 2mM
Na,EDTA, 0.5 mM spermine tetrahydrochloride, 80 mM KCl,
20mM Nadl, 0.1% (v/v) Triton X-100, pH 7.5) with a single-
sided razor blade in a Petri dish (Dolezel et al, 2007). Filters
were prepared using a 1mL pipette tip and a 50 pm nylon
mesh. Six-hundred microliter ice-cold LBO1 buffer was added
to the Petri dish containing the chopped tissue, and the lig-
uid was transferred into a 5mlL polystyrene round-
bottomed tube (Corning Science, Mexico S.A. de CV.)
through the filter. The nuclei were collected by centrifuging
horizontally at 100 g for 5 min. The supernatant was carefully
removed and 300uL LBO1 buffer containing 50mg mL™"
propidium iodide (PI) and 50mg mL™' RNase A was added.
After 30 min, the nuclei were analyzed. DNA histograms
were drawn and the ploidy levels were calculated using
FlowJo software.

RNA-seq

Strand-specific RNA-seq libraries were constructed as previ-
ously described (Zhong et al, 2011), and three biological
replicates for each treatment were sequenced on an
lllumina HiSeq 2000 system using the single-end mode.
RNA-seq reads were first aligned to assembled rose
transcripts using Bowtie (Zhong et al, 2011), allowing one
mismatch. Following alignment, raw counts for each rose
transcript in each sample were derived and normalized
to reads per kilobase of exon model per million mapped
reads. Genes that were differentially expressed (fold change
=20 and adjusted P-value < 0.05) between RhPMP1-
silenced and TRV control samples were identified using the
DESeq package (Anders and Huber, 2010).

VIGS

For the VIGS assay, rose plants were propagated by
in vitro culturing. Rose shoots of at least 2 cm, including one
node, were cultured on propagation medium (MS medium
containing 1.0mg L' 6-BA, 0.05mg L™' NAA, and 1.0mg L™
GA; for 30days and transferred to rooting medium (half-
strength MS supplemented with 0.1mg L™' NAA) for 30 days.
The flower opening stages of in vitro cultured rose plants
were defined as previously described (Wu et al, 2017).

For RhPMP1 and RhAPC3b silencing, an RhPMP1-specific
(507 bp in length) and a RhAPC3b-specific (440 bp in
length) fragment was PCR-amplified to generate the pTRV2-
RhPMP1 and pTRV2-RhAPC3b construct, respectively.
Silencing of RhPMP1 and RhAPC3b in rose plants was con-
ducted as previously described (Wu et al, 2017; Zhang et al,,
2019). Briefly, whole plants were submerged in infiltration
buffer containing pTRV1 and pTRV2 or its derivatives
(OD600 = ~1.0) twice and subjected to vacuum infiltration
at —0.8kg/cm?, each for 60s. The plants were washed briefly
with distilled water and transplanted into a mixture of 1:1
(v/v) peat:vermiculite. The inoculated plants were grown in
a greenhouse at 21+2°C, a relative humidity of ~60%, and
100-120 pmol m™ s™" illumination with fluorescent lamps
(SINOL, SN-T5, 16 W) under a 16-h day/8-h night period
until observation. Three independent experiments were
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performed with 60-80 plants per experiment. Phenotypes
were checked starting at 35days after inoculation. The pri-
mers are listed in Supplemental Data Set S3.

Gene expression analysis

Total RNA was extracted from rose petals using the hot
borate method as previously described (Ma et al., 2006). For
reverse transcription-PCR, first-strand cDNA was synthesized
from 1pg of total RNA using Reverse Transcriptase M-MLV
(RNase H-) (Takara Biomedical Technology Co., Ltd. Shiga,
Japan).

RT-PCR was performed using 1L cDNA as template and
the Step One Plus real-time PCR system (Applied
Biosystems, Foster City, CA, USA) with TaKaRa SYBR Premix
Ex Taq Il (Takara Biomedical Technology Co., Ltd.). RhUBI2
and AtACTIN2 were used as internal controls for R. hybrida
and A. thaliana, respectively. The cycling parameters were
95°C for 305, 40 cycles of 95°C for 55, and 60°C for 30s.
The experiments were carried out on three or four indepen-
dent biological replicates of each sample. All primers used
are listed in Supplemental Data Set S3.

Cloning

A partial Rh\PMPT and RhAPC3b sequences were obtained
from a rose RNA-seq data set, and the full-length and pro-
moter sequences were obtained using rapid amplification of
cDNA ends (Clontech Laboratories, Inc.) and thermal asym-
metric interlaced PCR (Takara Biomedical Technology
[Beijing] Co., Ltd.) according to the manufacturer’s instruc-
tions. All PCR products were subcloned into the pGEM-T
easy vector (Promega Biotech Co. Ltd, Madison, WI, USA)
and transformed into Escherichia coli DH5a. cells prior to se-
quencing. All primers used are listed in Supplemental Data
Set S3.

Phylogenetic analysis

Amino acid alignment and phylogenetic analysis were per-
formed using ClustalW (https://www.genome.jp/tools-bin/
clustalw) and MEGA version 6.0 (Tamura et al, 2013),
respectively. The phylogenetic trees were computed using
the neighbor-joining algorithm with 10,000 bootstrap repli-
cates. FASTA files for phylogenetic and alignment analysis of
RhPMP1, RhAPC3b, and RhEIN3 are provided in
Supplemental Data Set S4.

Subcellular localization in N. benthamiana

The RhPMP1 ORF containing Xba | and Sal | restriction sites
were inserted into the Super1300 vector at the 5’ end of the
sequence encoding green fluorescent protein (GFP) to con-
struct the pSuperRhPMP1-GFP plasmid. The RhAPC3b ORF
containing Xba | and Pst | restriction sites were inserted into
the Super1300 vector at the 5’ end of the sequence encod-
ing GFP to generate the pSuperRhAPC3b-GFP plasmid.
Subcellular localization of RhPMP1-GFP and RhAPC3b-GFP
was analyzed as previously described (Zhang et al, 2019).
Agrobacterium cells (GV3101) expressing pSuperRhPMP1-
GFP  or pSuperRhAPC3b-GFP  were re-suspended in
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infiltration buffer (10mM MgCl,, 10mM MES-KOH, pH 5.6;
adding 200 uM acetosyringone immediately prior to use) to
an ODgq, of 0.8. The re-suspended Agrobacteria were infil-
trated into N. benthamiana leaves using 1 ml needleless sy-
ringes. The infiltrated leaves were collected 48h later.
Fluorescence signals were detected using a Nikon T1 confo-
cal laser-scanning microscope (Nikon, Tokyo, Japan). The ex-
citation wavelengths for GFP and DAPI were 488 and
408 nm, respectively, and the emission filter wavelengths
were 505-530nm for GFP and 420-480 nm for DAPI. All
primers used are listed in Supplemental Data Set S3.

Transcriptional activation analysis

A series of truncation fragments of the RhPMP1 coding se-
quence containing EcoR | and Sal | sites were fused to the
GAL4-BD in pBD-GAL4 cam vector and subsequently trans-
formed into AH109 yeast as described in the Yeast
Protocols Handbook (Clontech Laboratories, Inc.). Yeast cells
harboring full-length RhPMP1 or truncated fragments were
grown on synthetic dropout medium lacking tryptophan
(SD/-Trp) and tryptophan-histidine (SD/-Trp-His). The
transcription activity was confirmed using an X-o-Gal
staining assay. All primers used are listed in Supplemental
Data Set S3.

RNAI in rose callus

For the RhEIN3 RNAI construct, two primer sets with differ-
ent restriction enzyme sites were used to amplify a 391 bp
fragment (2,259-2,650 bp in 3'-UTR). One set, with Asc |
and Swa | sites, was digested and inserted in sense orienta-
tion into the pFGC1008 vector; the other, with Pac | and
Bam Hl sites, was digested and inserted in antisense orienta-
tion into the pFGC1008 vector.

The RNAI construct was introduced into Agrobacterium
strain EHA105 and grown overnight. The bacteria were
collected by centrifugation and re-suspended in infiltration
solution (MS +45g L' Glucose + 100 umol L™
Acetosyringone). The bacterial suspension was adjusted with
infiltration solution to an ODgy = 0.5 and incubated for 2 h
at 28°C with shaking (200 rpm). Rose calli were immersed in
the bacterial suspension and incubated for 40 min at 28°C
with shaking (180rpm). The calli were briefly washed and
dried on sterilized paper towels to remove excess bacterial
solution and incubated at 22+1°C in the dark for 3 days
without selection. The calli were selected on medium con-
taining 30 mg L™' Hygromycin B for 30 days.

For ACC treatment, the WT and transformed callus were
subjected to 50 UM ACC treatment for 24 h.

Arabidopsis transformation

The promoter (-1,860 to —1 bp from the start codon, ATG)
of RhPMP1 was cloned and inserted into the Sal | and Spe |
sites of pBI121 vector to generate the ProRhPMP1:GUS plas-
mid. The promoter (-1,774 to -1 bp from the start codon,
ATG) of RhAPC3b was cloned and inserted into the Sal |
and Nco | sites of the pCAMBI1391 vector to generate
ProRhAPC3b:GUS. To construct the pSuper:RhPMP1-GFP
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overexpression vector, the ORF of RhPMP1 was amplified us-
ing a pair of primers containing Xba | and Sal | restriction
sites. The PCR products were digested with the correspond-
ing restriction enzymes and inserted into the Super1300 vec-
tor at the 5 end of the sequence encoding GFP. To
construct the pSuper:RhAPC3b-GFP overexpression vector,
the ORF of RhAPC3b was amplified using a pair of primers
containing Xba | and Pst | restriction sites. The PCR products
were digested with the corresponding restriction enzymes
and inserted into the Super1300 vector at the 5'-end of the
sequence encoding GFP. ProRhPMP1:GUS, ProRhAPC3b:GUS,
pSuperRhPMP1-GFP, and pSuperRhAPC3b-GFP were intro-
duced into Agrobacterium tumefaciens strain GV3101 cells,
which were then used to transform A. thaliana using the flo-
ral dip method (Zhang et al, 2006). Independent transform-
ants were screened on MS basal medium containing
35mg L' hygromycin (for pCAMBI1391 and Super1300)
or 50mg L' Kanamycin (for pBI121). T2 (ProRhPMP1:GUS
and ProRhAPC3b:GUS) or T3  (pSuperRhPMP1-GFP
and pSuper:RhAPC3b-GFP) plants were used in this study. All
primers used are listed in Supplemental Data Set S3.

Statistical analysis

Statistical analysis was performed using Statistical Product
and Service Solutions software (IBM Co., Armonk, NY, USA)
and GraphPad Prism version 8.0 (GraphPad Software Inc, La
jolla, CA, USA: http://www.graphpad.com/). All experimental
data were tested with a Student’s t test, a Mann—Whitney
test, or a Duncan’s multiple range test. A summary of statis-
tical tests is presented in Supplemental Data Set S5.

Accession numbers

Sequence data from this article can be found in the
Arabidopsis Genome TAIR database or GenBank databases

under the following accession numbers: RhPMP1
(KP058663), RhUBI2 (JK618216), RhEIN3 (KC484653),
RhPIP2;1  (EU572717), RhAPC3b (MN626999), AtACT2

(NM_112764), SIHB1 (CAP16664.1), MtHB1 (XP_003627511),
GmHB  (ACU24436), NbHBT  (ADH04264),  PtHB
(XP_002302659),  VWHB  (XP_002262950),  ZmHB
(NP_001183573), AtHBT (AT3G01470), AtHB3 (AT5G15150),
AtHBS (AT5G65310), AtHBG (AT2G224300),
AtHB7(AT2G46680), AtHB12  (AT3G61890),  AtHBI3
(AT1G69780), AtHB16 (AT4G40060), AtHB20 (AT3G01220),

AtHB21 (AT2G18550), AtHB22 (AT2G36610), AtHB23
(AT1G26960), AtHB40 (AT4G36740), AtHB5T (AT5G03790),
AtHB52 (AT5G53980), AtHB53 (AT5GG66700), AtHBS4
(AT1G27045), AtHB2 (AT4G16780), AtHB4 (AT2G44910),
HAT1  (AT4G17460), HAT2  (AT5G47370), HAT3
(AT3G60390), HAT9 (AT2G22800), HAT14 (AT5G06710),
AtHB17  (AT2G01430), HAT22 (AT4G37790), AtHBS

(AT4G32880), AtHB9 (AT1G30490), AtHB14 (AT2G34710),
AtHB15 (AT1G52150), IFLT (AT5G60690), GL2 (AT1G79840),
AtML1  (AT4G21750), ANL2  (AT4G00730),  PDF2
(AT4G04890), HDG1 (AT3G61150), HDG2 (AT1G05230),
HDG3  (AT2G32370), HDG4 (AT4G17710),  HDGS
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(AT5G46880), HDG6 (AT4G25530), HDG7 (AT5G52170),
HDG8  (AT3G03260), HDG9 (AT5G17320), HDG10
(AT1G34650), HDG11 (AT1G73360), HDG12 (AT1G17920),
AtAPCT (AT5G05560), AtAPC2 (AT2G04660), AtAPC3a
(AT3G16320), AtAPC3b (AT2G20000), AtAPC4
(AT4G21530), AtAPC5 (AT1G06590), AtAPC6 (AT1G78770),
AtAPC7 (AT2G39090), AtAPC8 (AT3G48150), AtAPC10
(AT2G18290), AtAPCT1 (AT3G05870), AtAPC13
(AT1G73177), AtAPC15 (AT5G63135), Citrus sinensis EIN3-
like (XP_006470438.1), C. sativus EIN3 (NP_001295791.1),
Populus trichocarpa EIN3 (XP_002312841.3), Glycine max
EIN3  (XP_003543159.1), Gossypium hirsutum EIN3-like
(XP_016754801.1),  Gossypium  barbadense  EIN3-like
(KAB2018515.1), Fragaria vesca EIN3 (XP_004288382.1), and
A. thaliana EIN3 (AAC49749.1). RNA-seq data that support
the findings of this study have been deposited in NCBI
Bioproject database under accession number PRJNA588150
and in the Rose Transcriptome Database (http://bioinfo.bti.
cornell.edu/cgi-bin/rose_454/index.cgi).

Supplemental data

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

Supplemental Figure S1. Scanning electron microscopy
images of petals cut vertically from rose flowers at different
stages of opening,

Supplemental Figure S2. Flower opening is associated
with the asymmetric growth of petal bases from in vitro cul-
tured rose plants.

Supplemental Figure S3. Ethylene promotes the asym-
metric growth of petal bases in rose.

Supplemental Figure S4. 1-MCP prolongs petal move-
ment and flower opening in roses.

Supplemental Figure S5. Ethylene-accelerated outward
movement of petals is independent of petal lamina growth.

Supplemental Figure S6. Silencing of RhPMP1 impairs
ethylene-promoted flower opening and asymmetric growth
of ADSP in petal bases.

Supplemental Figure S7. Putative amino acid sequence
of RhPMP1 and cis-element analysis of the RhPMP1
promoter.

Supplemental Figure S8. Identification of RhPMP1-RNAI
lines.

Supplemental Figure S9. Knockdown of RhPMP1 by RNA
interference prolongs natural flower opening in roses.

Supplemental Figure S10. Putative amino acid sequence
of RhEIN3 and gRT-PCR analysis of expression of ethylene-
responsive gene RhERF003 and RhPR10 in response to ethyl-
ene in RhEIN3-RNAi callus.

Supplemental Figure S11. RhAPC3b is a direct target of
RhPMP1.

Supplemental Figure S12. RhEIN3 is a direct upstream
regulator of RhNAPC3b and expression patterns of RhAPC3b.

Supplemental Figure S13. Silencing of RhAPC3b impairs
ethylene-promoted flower opening and asymmetric growth
of ADSP in petal bases.
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Supplemental Figure S14. Identification of RhAPC3b-
RNA. lines.

Supplemental Figure S15. Knockdown of RhAPC3b by
RNA interference prolongs natural flower opening in roses.

Supplemental Figure S16. Overexpression of RhAPC3b
significantly increases leaf size and the proportion of cells
with high ploidy levels in A. thaliana.

Supplemental Figure S17. Overexpression of R\PMP1 sig-
nificantly increases leaf size and the proportion of cells with
high ploidy levels in A. thaliana.

Supplemental Figure S18. Model of ethylene-regulated
epinastic movement of rose petals.

Supplemental Movie S1. Time-lapse video showing the
opening of rose flowers.

Supplemental Movie S2. Ethylene promotes flower open-
ing in roses.

Supplemental Movie S3. 1-MCP prolongs flower opening
in roses.

Supplemental Movie S4. Knockdown of RhNPMP1 by RNA
interference prolongs flower opening during ethylene treat-
ment in roses.

Supplemental Movie S5. Knockdown of RhAPC3b by
RNA interference prolongs flower opening during ethylene
treatment in roses.

Supplemental Data Set SI1.
responsive TFs in petal bases.

Supplemental Data Set S2. List of DEGs in RhPMP1-
silenced rose plants.

Supplemental Data Set S3. List of primers used in this
study.

Supplemental Data Set S4. FASTA files for phylogenetic
and alignment analysis of Rh\PMP1, RhAPC3b, and RhEIN3.

Supplemental Data Set S5. Summary of statistical tests.

List of the ethylene-
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