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PeNAC67‑PeKAN2‑PeSCL23 and B‑class 
MADS‑box transcription factors synergistically 
regulate the specialization process from petal 
to lip in Phalaenopsis equestris
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Abstract 

The molecular basis of orchid flower development involves a specific regulatory program in which MADS-box 
transcription factors play a central role. The recent ‘perianth code’ model hypothesizes that two types of higher-order 
heterotetrameric complexes, namely SP complex and L complex, play pivotal roles in the orchid perianth organ for-
mation. Therefore, we explored their roles and searched for other components of the regulatory network.

Through the combined analysis for transposase-accessible chromatin with high-throughput sequencing and RNA 
sequencing of the lip-like petal and lip from Phalaenopsis equestris var.trilip, transcription factor-(TF) genes involved 
in lip development were revealed. PeNAC67 encoding a NAC-type TF and PeSCL23 encoding a GRAS-type TF were dif-
ferentially expressed between the lip-like petal and the lip. PeNAC67 interacted with and stabilized PeMADS3, which 
positively regulated the development of lip-like petal to lip. PeSCL23 and PeNAC67 competitively bound with PeKAN2 
and positively regulated the development of lip-like petal to petal by affecting the level of PeMADS3. PeKAN2 
as an important TF that interacts with PeMADS3 and PeMADS9 can promote lip development. These results extend 
the ‘perianth code’ model and shed light on the complex regulation of orchid flower development.
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Core
Through the analysis with ATAC-seq and RNA-seq, 
we found that PeSCL23 and PeNAC67 competitively 
bound with PeKAN2 and positively regulated the 
development of lip-like petal by affecting the level of 
PeMADS3. PeKAN2 as an important TF that interacts 
with PeMADS3 and PeMADS9 can promote lip develop-
ment in Phalaenopsis equestris.
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PeMADS3: XM_020715991.1, PeMADS9: XM_020737235.1, 
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Introduction
Orchid is one of the most diverse and geographically 
widespread families of angiosperms. Their evolution-
ary success may be attributed to various factors, includ-
ing epiphytism, exceptional adaptive capacity in different 
habitats, highly specialized pollination strategies, and 
diverse flower morphology (Aceto and Gaudio 2011; 
Cozzolino and Widmer 2005; Tremblay et al. 2005). The 
lip is a central organ in orchid pollination because of its 
strikingly distinct morphology and its direct opposition 
to the gynostemium. Its color patterns and structures are 
visual attractants, and it acts as a landing platform that 
guides pollinators towards the gynostemium (Lucibelli 
et  al. 2021). Due to the central role of the lip in orchid 
reproduction, the developmental origin of the lip is a sub-
ject of intense study (Rudall and Bateman 2002; Endress 
1994). Evolutionary and developmental biologists have 
shown great interest in exploring how orchid labella form 
their fascinating and complex structures.

The classic ‘ABC model’ has been proposed in the study 
of floral organ mutants of model plants Arabidopsis 
thaliana and Antirrhinum majus(Coen and Meyerowitz 
1991), which laid an important foundation for the subse-
quent molecular regulation of floral organ development 
(Cozzolino and Widmer 2005). The discovery of D-class 
genes (FLORAL BINDING PROTEIN 7 (FBP7), FBP11 
and SEEDSTICK (STK), SHATTERPROOF1 (SHP1) and 
SHP2) and the identification of E-class genes (SEPAL-
LATA​) in petunia and Arabidopsis further extended the 
flower development model to the ‘ABCDE’ model. All 
of these floral sepal and petal homeotic genes encoded 
highly conserved B-class MADS-box transcription fac-
tors except APETALA2 (AP2)(Theißen et  al. 2016). C, 
D, E-class genes in orchids were also found to play an 
important role in perianth organ development including, 
but not limited to column and tepals formation (Li et al. 
2022; Wang et al. 2020).

Except for ‘ABCDE model’ model (Tsai and Chen 
2006), ‘orchid code’ (Mondragon-Palomino and Theissen 
2008; Mondragon-Palomino and Theissen 2009), HOT 
model (Pan et al. 2011) and the ‘perianth (P) code’ model 
(Hsu et al. 2015) are widely recognized as the hypotheses 
to explain the identity characteristics of orchid perianth 
organs. According to the HOT model, the development of 
petal and lip are respectively controlled by the expression 
of clade-1 (PeMADS2-like genes) + clade-2 (PeMADS5-
like genes) + clade-3 (PeMADS3-like genes) and clade-1 

+ clade-2 + clade-3 + clade-4 (PeMADS2,5,3,4-like genes) 
(Mondragon-Palomino and Theissen 2008), which all 
the genes belong to B-class MADS-box genes. Conse-
quently, it is believed that the synergy among members of 
all B-class MADS-box genes is involved in the identifica-
tion of orchid perianth, the growth of inflorescence and 
development of flower buds. In this process, PI and AP3B 
evolutionary branches determine the formation of sepals. 
PI and the combination of AP3A1 and AP3B control 
the formation of lateral petals (Pan et  al. 2011). PI and 
AP3A2 evolutionary branch genes (and/or other MADS-
box genes, such as AGL6-like, SQUA-like or unknown 
genes) control lip formation. This model also suggests 
that PeMADS4 is a crucial gene for lip development in 
orchids (Pan et al. 2011).

The ‘P code’ model in Phalaenopsis emphasizes the 
partnership structure in the SP complex (OAP3–1-
OAGL6–1-OAGL6–1-OPI as MADS2-MADS10-
MADS10-MADS6 shown in Phalaenopsis) and the 
L complex (OAP3–2-OAGL6–2-OAGL6–2-OPI as 
MADS3-MADS9-MADS9-MADS6), which represents 
the two competitive complexes for forming sepals/pet-
als or lips. When the SP complex is dominant, sepals 
and petals are formed; when the L complex is dominant, 
lips are formed (Hsu et  al. 2015). In orchids, OAP3–1 
orthologs are the main components of SP complexes, and 
a partnership with OAGL6–1 orthologs is established 
to determine the formation of sepals. In contrast, the 
OAP3–2 ortholog is the main component of the L com-
plex, and a partnership with the OAGL6–2 ortholog is 
established to determine the formation of the lip. Further 
refinement of ‘P code’ indicates that two Orchidaceae 
B-class and AGL6-like genes may have evolved differ-
ent functions in regulating tepal formation by forming 
two other complexes, including SP’ complex (OAP3–2-
OAGL6–1-OAGL6–1-OP1) and the L’ complex (OAP3–
1-OAGL6–2-OAGL6–2-OPI) (Hsu et  al. 2021). Despite 
our limited comprehension of the intricate interactions 
between B-class MADS-box genes and various gene types 
in regulating the development of orchid lips, there is an 
imperative need for additional research to elucidate the 
specific roles of individual/class genes and enhance our 
comprehension of the gene regulatory network underly-
ing orchid floral organ development.

Assay for transposase accessible chromatin with high 
throughput sequencing (ATAC-seq) is an innovative 
technique for studying epigenetic inheritance (Buen-
rostro et  al. 2013). Closed chromatin would restrict the 
transcription factors to bind with promoters, resulting 
in gene silencing (Baylin and Schuebel 2007). ATAC-seq 
was also used to discover the regulatory mechanism in 
sweet osmanthus petals about their production of linalool 
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and β-ionone (Han et  al. 2022). In this study, we aimed 
to enrich and expand the ‘P code’ model by using ATAC-
seq assay (Buenrostro et al. 2015) to reveal differentially 
expressed genes between the Lip and the lip-like petal (Pl) 
and confirmed that the newly identified TFs PeNAC67 
and PeSCL23 were key regulators of the specialization 
process from petal to lip in orchids. Using molecular and 
genetic approaches, we found that PeNAC67 promotes 
the determination of lip identity, while PeSCL23 inhib-
its the lip formation. Based on RNA-seq, a key regula-
tor of lateral floral organs, PeKAN2 encoded gene, were 
identified the association gene to connect PeNAC67 or 
PeSCL23 with MADS3. Both PeNAC67 and PeSCL23 
can interact with PeKAN2; and PeNAC67 and PeKAN2 
interacted with PeMADS3 to promote lip development. 
PeSCL23 competitively combines with PeKAN2 dur-
ing this process. Taken together, these findings revealed 
the molecular mechanism by which PeSCL23-PeKAN2-
PeNAC67-PeMADS3 regulates lip development of orchid 
flowers and provided a possibility of non-MADS tran-
scription factors are involved in the regulation of peri-
anth organ formation in Phalaenopsis orchids.

Results
ATAC‑seq identified and predicted floral organ identity 
gene in P. equestris var.trilip
In the natural state, there is a mutant variety with P. 
equestris which was named as P. equestris var.trilip. P. 
equestris var.trilip are different in the structure of the 
petals with the original. Compared with P. equestris, P. 
equestris var.trilip’s second round of the two sides of the 
petals have a structure similar to the corpus callosum in 
the lip, and its overall shape is more similar to the lips(Li) 
which were regarded as lip-like petals(PL).

We combined ATAC-seq and RNA-seq analysis to 
identify genes related to lip development in P. equestris. 
For the ATAC-seq analysis, we used P. equestris var.tri-
lip samples with different flower phenotypes, including 
lip-like petals (PL) and lips (Li) (Fig. 1a and Fig. S2a). The 
distribution of peaks was found to be enriched within 
the 2-kb interval upstream and downstream of the tran-
scription start site (TSS) (Fig.  1c). After aligning reads 
to the reference genome of Orchid Database V5.0, we 
counted the length of the inserted fragments and found 
that most were within 200-bp (Fig. 1b). Annotation of the 
sequences from the accessible regions of the genomes in 
the different samples revealed that most corresponding 
to intergenic regions, with a moderate number corre-
sponding to introns and exons, and a few corresponding 
to promoters and 5′-untranslated regions (5′-UTRs) 
(Fig. 1d).

Next, sample repeatability heatmap of ATAC-seq data-
sets revealed the correlation between the two biological 

samples for P. equestris var.trilip in the ATAC-seq anal-
ysis (Fig. S1a). The lengths of differential peaks were in 
the range of 200–600 bp (Fig. S1b). A functional enrich-
ment analysis of differential peaks associated genes 
revealed that many genes were associated with intrinsic 
membrane and integral membrane activities, as well as 
metabolism (Fig. S1c, d). Further analysis of these genes 
related to lip development revealed key transcription fac-
tors using the iTAK plant transcription factors database 
(Fig. 1e). Among them, three major TF genes (PeSCL 23, 
PeNAC67 and PeMYB4) showed large differences in tran-
script levels between the Li and PL samples (Fig. 1f ).

To validate the results from the ATAC-seq analysis, we 
conducted q-PCR analysis to detect the transcript levels 
of the TF genes identified by ATAC-seq, and found that 
the differences in transcript levels between samples were 
consistent with those detected from the ATAC-seq data 
(Fig. S2b). PeMYB4 was later verified as flower color reg-
ulator (Wang et al. 2022). Therefore, we speculated that 
PeSCL23 and PeNAC67 may be involved in lip formation. 
In a phylogenetic analysis of the differentially expressed 
genes (DEGs), PeNAC67 and PeSCL23 were found to 
be clustered with Dendrobium catenatum and Aposta-
sia shenzhenica. Moreover, PeNAC67 and PeSCL23 have 
conserved domains in the NAC and GRAS families, as 
shown in Fig. S2.

Co‑expression of PeNAC67 and PeSCL23 with B‑class 
MADS‑box genes during flower development
We detected the transcript profiles of PeNAC67 and 
PeSCL23 at eight different stages of flower development 
(Fig.  2a). The transcript levels of PeNAC67 increased 
during flower development, with the transcript levels 
of PeNAC67 peaking at the S8 stage (Fig. 2d). However, 
the transcript levels of PeSCL23 decreased during flower 
development with higher transcript levels of PeSCL23 
during the S1-S5 stages (Fig. 2e). To explore the roles of 
PeNAC67 and PeSCL23 in lip formation, we measured 
their transcript levels in the petal and lip of P. equestris 
(Fig. 2b) and lip-like petal (PL), and lip of P. equestris var.
trilip (Fig.  2c). The highest transcript level of PeNAC67 
was in the lip, followed by the lip-like petal, and its low-
est transcript level was in the petal (Fig. 2f ). In contrast, 
PeSCL23 showed the opposite expression pattern, with 
the highest transcript levels in the petal and the lowest in 
the lip (Fig. 2g). Therefore, we speculated that lip forma-
tion may be positively regulated by PeNAC67, but nega-
tively regulated by PeSCL23.

In addition, we detected the expression levels of the 
L complex (PeMADS3/PeMADS9) and the SP complex 
(PeMADS2/PeMADS10) at eight different stages of 
flower development of P. equestris var.trilip, and found 
the expression pattern of L complex genes (Fig.  2i, j) 
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and SP complex genes were similar (Fig.  2h, k). How-
ever, the expression level of L complex genes in lip was 
higher than that of lip-like petals of S1-S8 flower devel-
opment stages, while the expression level of SP com-
plex genes in lip-like petals was higher than that of lip 
(Fig. 2h, k). These results demonstrated that L complex 
and SP complex genes expression were conserved in 
determining the identity of lip petal organs as previous 
study (Hsu et al. 2015).

PeNAC67 correlating with MADS3 affected petal 
specialization in P. equestris var.trilip
To explore the functions of PeNAC67 and PeSCL23 in lip 
development, we performed virus-induced gene silenc-
ing (VIGS) assays in P. equestris var.trilip. At 45 DPI, 

significant changes were observed in several floral phe-
notypes and morphological features. The PeNAC67-
silenced lines showed normal vegetative growth and 
flowering time, but the lip-like petal was restored to the 
normal petal phenotype in almost 20% of the injected 
lines (Fig. 3a). The gene-silencing efficiency was assessed 
by q-PCR, which confirmed a significant down-regu-
lation of PeNAC67 in the silenced line (Fig.  3b). In the 
PeSCL23-silenced line, the lip-like petal was mutated 
into the lip phenotype (Fig.  3c), and q-PCR analysis 
confirmed the significant down-regulation of PeSCL23 
(Fig.  3d). Previous studies have shown that B-class and 
AGL6 genes (PeMADS3 and PeMADS9 in Phalaenopsis) 
have a positive regulatory effect on the morphogenesis of 
orchid lips (Hsu et al. 2015, 2021). Therefore, we analyzed 

Fig. 1  ATAC-seq is used to identify key transcription factors in lip development of P. equestris var.trilip. a Diagram of P. equestris var.trilip flower 
with petal (PL) and lip (Li) phenotypes, and method of using ATAC-seq to identify accessible regions in the genome of both mutants. b Distribution 
of insert fragment size in PL and Li samples. c Distribution of peaks within the 2-kb interval upstream and downstream of the transcription start site 
(TSS). d Proportions of genome regions covered by fragments generated in ATAC-seq analysis in PL samples, Li samples, and Li vs. PL. e Significantly 
different regions between PL and Li samples, and transcription factor (TF) genes among differentially expressed genes (DEGs). f Differences 
in transcription of three TF genes between PL and Li samples
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the transcript levels of PeMADS3 and PeMADS9 in the 
silenced lines and found that they both were significantly 
down-regulated in the PeNAC67-silenced lines (Fig. 3b), 
but up-regulated in the PeSCL23-silenced lines (Fig. 3d). 
Therefore, we speculated that PeNAC67 and PeSCL23 
may positively and negatively regulate lip development, 
respectively, through PeMADS3 and PeMADS9.

To explore the potential regulatory mechanism of 
PeNAC67 and PeSCL23 in floral development in P. 
equestris, we performed yeast-one-hybrid assay to 
screen the likely downstream targets of PeNAC67 
and PeSCL23, and found that PeNAC67 and PeSCL23 
(data not shown) can not directly interacts with the 

promoter of PeMADS3, PeMADS4, PeMADS6A, 
PeMADS6B, PeMADS22 and PeMADS9 (Fig. S3). Then 
we performed two-hybrid assays to test the interac-
tions of PeNAC67 and PeSCL23 with PeMADS3, 9, 
only PeNAC67 was shown to interact directly with 
PeMADS3 (Fig.  3e). Next, the interaction between 
PeNAC67 and PeMADS3 were verified in N. bentha-
miana leaves through BiFC assay (Fig.  3g). To provide 
in  vivo evidence, a strong interaction signal between 
PeNAC67 and PeMADS3 were revealed in Co-IP analy-
sis (Fig. 3f ). We also wondered whether PeSCL23 inter-
acted with PeNAC67 or PeMADS3,9, but we did not 
detect any interactions among those proteins (Fig. 3h). 

Fig. 2  Expression of TF genes in P. equestris var.trilip and P. equestris flowers. a PL and Li from S3-S8 development flowers in the P. equestris var.
trilip. Scale bar = 1 cm. b and (c) Different flower organs of P. equestris and P. equestris var.trilip. Scale bar = 1 cm. d, (e) and (h-k) Relative transcript 
levels of PeNAC67 (d), PeSCL23 (e), PeMADS2 (h), PeMADS3 (i), PeMADS9 (j) and PeMADS10 (k) in different organs of P. equestris var.trilip at different 
developmental stages. f and (g) Relative transcript levels of PeNAC67 (f), PeSCL23 (g) in the petal and lip of P. equestris and relative transcript levels 
in the lip-like petal and lip of P. equestris var.trilip at S1-S8 development stage. The expression patterns of all genes were determined using three 
replicates and were normalized using PeActin4. OAP3–1: PeMADS2, OAP3–2: PeMADS3, OAGL6–2: PeMADS9, OAGL6–1: PeMAD10
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These results indicated that PeNAC67 cooperates with 
PeMADS3 to regulate specialization process from petal 
to lip in P. equestris.

PeKAN2 as the key factor in conjugate regulation 
between PeNAC67 and PeSCL23 during specialization 
process from petal to lip
To explore the mechanism by which PeSCL23 regulates 
petal morphogenesis, we performed RNA-seq analyses 
of the lip-like petal (PL) and lip (Li) in P. equestris var.
trilip as well as petal (Pe) in P. equestris (Fig. S4a-d). To 
identify the candidate genes coding protein interacting 
with PeSCL23 or PeNAC67, yeast two-hybrid analysis 
was performed. Among them, only PeKAN2 was able 
to interact with PeSCL23 and PeNAC67, separately 
(Fig.S4e-f ). Then PeKAN2 coding genes were chosen 

for later study. To study the subcellular localization 
of PeNAC67, PeSCL23 and PeKAN2, we fused their 
respective coding sequences with the green fluorescent 
protein (GFP) tag and introduced them into the leaves 
of N. benthamiana. The GFP signals of the PeNAC67-
GFP, PeSCL23-GFP, and PeKAN2-GFP fusion pro-
teins were in the nucleus of tobacco leaf epidermal 
cells (Fig.  4a), consistent with their putative functions 
as TFs in the nucleus. PeKAN2 was again confirmed 
to interact with both PeNAC67 and PeSCL23 by yeast 
two-hybrid assay. BD-PeKAN21–300 could format inter-
acting effector proteins with AD-PeNAC67 and AD-
PeSCL23 (Fig.  4b). This result was confirmed in BiFC 
experiments (Fig. 4c, d) and Co-IP analyses (Fig. 4e, f ). 
Thus, we speculated that the interaction of PeKAN2-
PeNAC67, and PeKAN2-PeSCL23 may play important 
roles in the specialization process from petal to lip.

Fig. 3  Phenotypes of PeNAC67 and PeSCL23 silencing lines and interaction between PeNAC67 with PeMADS3. a and (c) Mock and VIGS-treated 
lines with silenced expression of PeNAC67 (a) and PeSCL23 (c). The red arrows in (a) and (c) represent the part where the mutation occurs after VIGS 
treatment, and the blue arrows in (a) and (c) represent the corresponding part in the Mock. b and (d) Relative transcript levels of PeNAC67, PeMADS3 
and PeMADS9 in Mock and VIGS-treated lines (b) and relative transcript levels of PeSCL23, PeMADS3 and PeMADS9 in Mock and VIGS-treated lines (d), 
asterisk in (b) and (d) indicated significant differences compared with the control, with one asterisk indicating P < 0.05 and two asterisks indicating 
P < 0.01. e Yeast two hybrid assay between PeNAC67 and PeMADS3/PeMADS9. f Co-IP was used to detect the interaction between PeNAC67-Flag 
and PeMADS3-Myc proteins transiently expressed in tobacco leaves. g Bimolecular fluorescence complementation (BiFC) assay was introduced 
to detect the interaction between PeNAC67 and PeMADS3 in tobacco leaves with DAPI staining. h Yeast two hybrid assay of PeSCL23 with B-class 
MADS-box protein
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Transcript level of PeKAN2 was correlated with those 
of PeMADS3/PeMADS9 and together regulate specialization 
process from petal to lip
A high level of KAN2 expression was maintained dur-
ing the development and maintenance of the lip (S1-S6), 
but decreased after the structure of the lip was basically 
formed in P. equestris var.trilip (S7-S8) (Fig.  5a). The 
highest levels of PeKAN2 were observed in the lip (Li), 
followed by the lip-like petal (PL), and the lowest levels 
were observed in the petal (Pe) (Fig. 5b). To explore the 
function of PeKAN2 in lip development, we performed a 
VIGS assay in P. equestris var. trilip. At 45 DPI after infec-
tion, the lip-like petal (PL) was restored to the petal (Pe) 
phenotype in the PeKAN2-silenced line (Fig.  5c). Scan-
ning electron microscopy analyses of the petals of mock-
infected and VIGS plants revealed that the lip-like (PL) 
petal showed different petal type (Fig. 5d). The epidermal 
cells of P. equestris var.trilip flowers (left panel) exhib-
ited a flattened sepal/lip-like cell morphology of petal 
cells, whereas those of the PeKAN2-silenced line exhib-
ited conical cell morphology of petal cells (Fig. 5d). The 
results of q-PCR analyses revealed significant down-reg-
ulation of PeKAN2, PeMADS3/PeMADS9, and PeNAC67, 
but significant up-regulation of PeSCL23 in the PeKAN2-
silenced line (Fig. 5e, f ). To further explore the potential 
regulatory mechanism of PeKAN2 in lip development, we 
performed yeast two-hybrid assays to confirm the inter-
actions between PeKAN2 and PeMADS3/PeMADS9 

(Fig.  5g). This interaction between PeKAN2 and 
PeMADS3/PeMADS9 was further confirmed in BiFC 
analyses (Fig. 5h).

Interaction between PeKAN2 and PeMADS3 was enhanced 
by PeNAC67 but inhibited by PeSCL23
To determine the biological functions of the four TFs 
(PeNAC67, PeSCL23, PeMADS3 and PeKAN2) in the 
regulation of lip development, we co-expressed their 
encoding genes in different combinations and performed 
western blot analysis to detect the expression of their 
encoded proteins. In the presence of PeKAN2, the pro-
tein contents of PeNAC67 and PeMADS3 were signifi-
cantly increased, while in the presence of PeSCL23, the 
protein content of PeKAN2 was little changed but that 
of PeMADS3 was significantly decreased (Fig.  6a, b). In 
the P. equestris var.trilip, PeNAC67, and PeKAN2 double-
silenced lines, the lip-like petal was completely restored 
to a normal petal (Fig.  6c); and PeNAC67/PeKAN2 was 
significantly down-regulated, while PeSCL23, which 
encodes a negative regulator of the lip, was up-regulated 
(Fig. 6d). Next, q-PCR analyses were conducted on genes 
encoding B-class and AGL6 genes related to lip forma-
tion, revealing significant down-regulation of MADS3/
MADS4 and MADS9 (Fig.  6e). Interestingly, PeNAC67 
and PeKAN2 double-silenced lines caused the conver-
sion of the lip-like petal into a petal structure (Fig.  6f ). 
The epidermal cells of the control (mock) flowers petal 

Fig. 4  Analyses of interactions of PeNAC67 and PeSCL23 with PeKAN2. a Subcellular localization of PeNAC67-GFP, PeSCL23-GFP and PeKAN2-GFP 
proteins in Nicotiana benthamiana leaf epidermal cells with DAPI staining. Scale bars = 50 μm. b Yeast two hybrid assay of PeNAC67 and PeSCL23 
with PeKAN2(1–390). c and (d) BiFC assay was introduced to detect the interaction PeNAC67 and PeSCL23 with PeKAN2 in tobacco leaves. e and (f) 
Co-IP was used to detect the interaction between PeNAC67-Flag and PeSCL23-Myc with PeKAN2-HA proteins transiently expressed in tobacco 
leaves
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Fig. 5  PeKAN2 expression during flower development and analyses of the role of PeKAN2. a Relative transcript levels of PeKAN2 in different organs 
of P. equestris var.trilip at different developmental stages(from stages S1 to S8 development). b Relative transcript levels of PeKAN2 in the petal 
and lip of P. equestris and relative transcript levels in the lip-like petal and lip of P. equestris var.trilip at S8 stage. c The phenotypes of PeKAN2-silenced 
lines. The red arrow represents the part where the mutation occurs after VIGS treatment, and the blue arrow represents the corresponding part 
in the Mock. d The epidermal cells of wild-type control (Left) and those of PeKAN2-silenced (right) flowers. Bar = 50 μm. e Relative transcript 
levels of PeKAN2, PeNAC67 and PeSCL23 in Mock and VIGS-treated lines. f Relative transcript levels of PeMADS3, PeMADS4 and PeMADS9 in Mock 
and VIGS-treated lines. g Yeast two hybrid assay of PeMADS3/PeMADS9 with PeKAN2. h BiFC assay was introduced to detect the interaction 
PeMADS3/PeMADS9 with PeKAN2 in tobacco leaves. Values are means ± SDs (n = 3). Asterisks in e and f indicate significant differences compared 
with the control, with one asterisk indicating P < 0.05 and two asterisks indicating P < 0.01

Fig. 6  Biological function analysis of PeNAC67, PeKAN2 and PeSCL23 in Phalaenopsis. a The fusion constructs of PeNAC67-Flag, PeMADS3-Myc, 
PeKAN2-HA tags were transformed into P.Big chill in different combinations, and Myc/Flag/HA antibody was used for immunoprecipitation. b The 
fusion constructs of PeSCL23-HA, PeMADS3-Flag and PeKAN2-Myc tags were transformed into P.Big chill in different combinations, and Myc/Flag/
HA antibody was used for immunoprecipitation. c Representative phenotypic analysis for three independent PeNAC67 and PeKAN2 double silencing 
lines are presented. The red arrow represents the part where the mutation occurs after PeNAC67 and PeKAN2 VIGS treatment, and the blue arrow 
represents the corresponding part in the Mock. d and (e) Relative transcript levels of PeKAN2, PeNAC67 and PeSCL23 in Mock and VIGS-treated 
lines (d) and relative transcript levels of PeMADS3, PeMADS4 and PeMADS9 in Mock and VIGS-treated lines (e). f The epidermal cells of wild-type 
control and those of PeNAC67/PeKAN2 silenced flowers representative phenotypic analysis for three independent silencing lines was presented. 
Bar = 50 μm. g “Lip-like petal” mutant phenotype of P. equestris var.trilip. The red arrow represents the part where the mutation of “Lip-like petal”. 
h-j The expression of PeNAC67, PeKAN2 and PeSCL23 in “Lip-like petal” mutant phenotype of P. equestris var.trilip. (k) “Lip” mutant phenotype of P. 
equestris var.trilip. The red arrow represents the part where the mutation of “Lip petal”. l-n The expression of PeNAC67, PeKAN2 and PeSCL23 in lip 
mutant phenotype of P. equestris var.trilip. o-r In-situ localization of PeKAN2 (p), PeSCL23 (q) and PeNAC67 (r) transcripts in P. equestris flower buds. 
Longitudinal sections were hybridized with DIG-labeled antisense. o A negative control was performed by sense probe. co, column; pe, petal; se, 
sepal; li, lip. Bar = 50 μm

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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exhibited conical cell morphology; lip exhibited a flat-
tened cell morphology (Fig. 5d); lip-like petal (PL) exhib-
ited an intermediate state of the lip and petal, whereas 
those of the double-silenced lines caused partial or total 
petal cell morphology (Fig.  5d, Fig.  6f ). We also exam-
ined a mutant with true-lip petals (Fig.  6g) and found 
that PeNAC67 and PeKAN2 were significantly up-reg-
ulated, while PeSCL23 was significantly down-regu-
lated (Fig. 6h–j). Meanwhile, in several kinds of non-lip 
mutants (Fig.  6k), PeNAC67 and PeKAN2 were signifi-
cantly down-regulated and PeSCL23 was up-regulated 
(Fig.  6l–n). In  situ hybridization showed that PeKAN2 
was concentrated at the base of the flower primordium 
(Fig. 6p). In  situ results of PeSCL23 and PeNAC67 were 
consistent with PeKAN2 (Fig.  6p-r). This suggests that 
these genes with co-expressed feature may play an 
important role in the flower organ formation of P. eques-
tris. These findings provided further evidence that lip for-
mation is positively regulated by PeNAC67/PeKAN2 and 
negatively regulated by PeSCL23. Together, these results 
showed that PeNAC67/PeKAN2 promotes lip develop-
ment by interacting with PeMADS3 and that PeSCL23 
inhibits lip development in P. equestris var.trilip by com-
petitively interacting with PeMADS3.

Discussion
The first successful application of ATAC‑Seq to identify 
important genes in a horticultural flower
Identification of TF binding sites is a crucial step in 
understanding the function of TFs and regulatory net-
works in organisms. ATAC-seq is a simple protocol to 
detect open chromatin, a powerful tool to explore pro-
tein-DNA interactions (Chen et  al. 2021). The binding 
of TFs to cis-elements is often associated with accessible 
chromatin regions (Lu et  al. 2017). Therefore, identify-
ing these regions across the genome can enhance our 
understanding of the relationship between TF binding, 
chromatin status, and the regulation of gene expression. 
In previous studies, ATAC-seq has been utilized to ana-
lyze the differences in chromatin accessibility and the TF 
regulatory network between stem cells in the Arabidopsis 
shoot apical meristem and differentiated mesophytic cells 
(Bajic et al. 2018), and to reveal different types of acces-
sible chromatin associated with H3K27me3 and DNA 
methylation in A. thaliana (Zhang et  al., 2020). ATAC-
seq was used to explore root-specific chromatin acces-
sibility in Arabidopsis, and revealed that gene-distant 
sites are enriched with binding motifs of TFs essential 
for root development. This finding suggest that factors 
involved in defining organ identity may function via long-
range chromatin interactions (Tannenbaum et al. 2018). 
While ATAC-seq has been extensively used for the sys-
tematic identification of cis-regulatory regions in plant 

genomes, it has rarely been used for horticultural plants. 
In our study, we used ATAC-seq analyses to explore the 
role of a NAC-type TF (PeNAC67) and a GRAS-type 
TF (PeSCL23) in regulating lip development in P. eques-
tris flowers (Fig. 1). Our findings shed light on the tran-
scriptional regulation of lip development in orchids and 
demonstrate the potential of ATAC-seq to provide new 
information about gene regulation in horticultural plants.

New function of non‑MADS genes in flower organ 
development
Floral homeotic genes encoding MADS-box TFs play 
important roles in flower development. Such genes 
include AGAMOUS-LIKE6 (AGL6)-like MADS-box 
genes, which are crucial for lip development (Hsu et  al. 
2015). Recent studies have identified non-MADS-box 
genes that play roles in the development of reproduc-
tive organ development in Phalaenopsis orchids, includ-
ing two TEOSINTE-BRANCHED/CYCLOIDEA/PCF 
genes (PePCF10 and PeCIN8) and two DROOPING 
LEAF/CRABS CLAW genes (PeDL1 and PeDL2) (Lin 
et  al. 2016; Chen et  al. 2021). Here, we used bioinfor-
matics methods to identify three TFs (NAC67, SCL23, 
KAN2) that are involved in the process of petal speciali-
zation or lip morphogenesis (Fig. 3 and Fig. 5).

The GRAS gene family (named after the first three 
identified members, GAI, RGA, and SCR) encodes TFs 
involved in plant growth and development (Liu et  al. 
2019). REPRESSOR OF GA (RGA), GA INSENSITIVE 
(GAI), RGA-LIKE1 (RGL1), RGL2, and RGL3, are all 
DELLA proteins (Sun et al., 2004). The RGA TFs inhibit 
gibberellin signaling and induce vegetative growth and 
flowering initiation; and RGL1 and RGL2 also regu-
late flower development (Silverstone et  al. 1998; Grif-
fiths et al. 2006; Zentella et al. 2007). The SCARECROW 
(SCR) and SHORT-ROOT (SHR) TFs are involved in 
bundle sheath cell and leaf development (Lee et al. 2008). 
Our findings demonstrate the regulation of floral organ 
development by members of the GRAS gene family in 
Phalaenopsis orchids (Fig. 3; Fig. 6).

Previous studies have shown that NAC (NAM, 
ATAF1/2, CUC1/2) TFs participate in plant growth and 
development, biological and abiotic stress responses, and 
the regulation of flower development (Ernst et  al. 2004; 
Vroemen et al. 2003). Mutations in CUC1/2 cause defects 
in the separation of cotyledons (embryonic organs), 
sepals, and stamens (floral organs) (Aida et al., 1997), and 
mutations in FveCUC2a result in the growth of leaves 
with smooth margins (Zheng et  al., 2019). Arabidopsis 
lines overexpressing NAC092 have a significantly reduced 
number of pollen grains (Balazadeh et al. 2010). In rose, 
ethylene regulates RhNAC100, which encodes a NAC TF 
that inhibits the expansion of petal cells and significantly 
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reduces petal size (Pei et  al. 2013). In tomato, miR164-
regulated NAM genes play key roles in floral-boundary 
specification (Hendelman et al. 2013). CUC1 and CUC2 
are involved in the formation of the carpel margin in 
the developing meristem of Arabidopsis (Kamiuchi et al. 
2014). Our results demonstrate the role of PeNAC67 in 
the orchid petal specification process (Fig. 3; Fig. 6).

The development of lateral organs is an important part 
of morphogenesis in higher plants (Zhang et  al. 2019; 
Wang et al. 2021a, 2021b). The TFs that control the devel-
opment of lateral organs, such as YABBY and KANADI, 
control the formation of polarity in developing lateral 
organs of Arabidopsis (Du et  al. 2018). Loss of function 
of KANADI genes (including KAN1, KAN2, KAN3, and 
KAN4) led to differences in cell morphology, cell number, 
and other traits on the abaxial surface of lateral organs 
(Eshed et al. 2001). KAN1–3 are expressed specifically in 
the phloem in the vascular tissue during late leaf devel-
opment, and also on the dorsal side of floral organ pri-
mordia during reproductive development (Eshed et  al. 
2004). KAN acts as a transcriptional repressor during 
the formation of the dorsoventral region of plant leaves. 
It inhibits the expression of AS2 encoding the adaxial 
regulator ASYMMETRIC LEAVES2 (AS2) in adaxial cells 
to promote the establishment of the adaxial identity of 
lateral organs and the adaxial recognition of leaves and 
carpels (Kerstetter et  al. 2001; Eshed et  al. 2001; McA-
bee et al. 2006). The AS2 protein complex plays a central 
role in antagonistic interactions among polar specifica-
tion genes in Arabidopsis leaves. Interestingly, stamens, 
carpels, and possibly some highly specialized petals 
and leaves do not remain as lamellar structures during 
development, but undergo a dramatic change in adaxial 
to abaxial polarity (Fukushima and Hasebe 2014; Toriba 
et  al. 2010; Yao et  al. 2019). Moreover, ventral refine-
ment of complex petals is associated with changes in the 
expression domains of adaxial and/or distal genes, and 
the ventral refinement of petals and leaves is conserved 
(Fu et  al. 2022). Thus, members of the KANADI family 
may play an important role in the establishment of floral 
organ boundaries. We found that PeKAN2 could func-
tion to promote the the formation of lip (Fig.  5). And 
the function may be achieved by interacting with MADS 
genes (Fig. 5g).

PeKAN2 regulated lip development by serving as a bridge 
between PeNAC67 and PeSCL23
The development of flowers is crucial for the reproduc-
tion and continuation of angiosperms. In this study, we 
identified a NAC family TF PeNAC67 in P. equestris 
(Fig.  2) and showed that PeNAC67 promotes the for-
mation of the lip (Fig.  3a, 6c). MADS-box genes play 
key regulatory roles in the flower development of plants 

(Hsu et  al. 2015). q-PCR analysis of gene transcript 
profiles in the PeNAC67-slience strains revealed that 
MADS-box family genes controlling the formation of 
the lip were down-regulated, consistent with the phe-
notype (Figs. 3b, 6e). Another important finding of this 
study is that PeKAN2 positively regulates lip formation 
(Fig.  5) and interacts antagonistically with PeSCL23 
during lip formation in Phalaenopsis (Fig. 6). PeSCL23 
may inhibit PeKAN2 by interacting with PeMADS3, 
while PeNAC67 may enhance the activity of PeKAN2 
by interacting with PeMADS3 (Fig.  6a, b). We con-
clude that PeKAN2 and PeNAC67 are involved in the 
‘P-code’ model by directly interacting with PeMADS3 
and enhancing the regulatory actions of PeMADS3 and 
PeMADS9 in labial conversion. PeSCL23 indirectly 
impairs the functions of PeMADS3 and PeMADS9 by 
interacting with PeKAN2 (Fig. 7). In this way, PeKAN2 
functions as a bridge between PeNAC67 and PeSCL23 
to regulate lip development. This bridging function is 
worthy of further study. In addition, MADS-box genes 
play an important role in both the classical ‘ABCDE’ 
floral organ development model and the ‘P-code’ 
model of Orchidaceae (Theißen et  al. 2016; Hsu et  al. 
2015). Little is known about the regulation of MADS-
box genes by non-MADS gene families (Thomson and 
Wellmer 2019; Sharma et  al. 2017). The results of the 
present study confirm the interaction between PeKAN2 
and PeMADS3/PeMADS9(Fig. 5). Although the site of 
their interaction is still unclear, given the conservation 
of MADS-box family members (Gramzow and Theissen 
2010; Theißen et  al. 2016; Lai et  al. 2019), PeKAN2 is 
likely to interact with other MADS-box proteins. Our 
results showed that non-MADS-box genes are also 
involved in the regulation of floral organ development 
via MADS-box genes.

Using VIGS to silence PeKAN2 resulted in a petal-
to-lip conversion phenotype, in which petal epider-
mal cells were transformed from flattened to conical 
(Fig.  5d). KAN1 and KAN2 are involved in the estab-
lishment of polarity in most lateral organs, including 
leaf and floral organs such as sepals, petals, stamens, 
and carpels (Eshed et al. 2001; Zheng et al. 2018), and 
KANADI and TFs such as YABBY and ARF3/4 are 
involved in the dorsal-ventral formation of plant leaves 
by controlling the development of the distal plane and 
the axial plane (Kumaran et  al. 2002; Fukushima and 
Hasebe 2014). On the basis of our results, we suggest 
that PeKAN2 regulates the petal-to-lip conversion 
through the establishment of polarity during floral 
organ development (Fig.  5c, d). The lip of orchids is 
derived from petal specialization. Further elucidation 
of the PeKAN2 mechanism may reveal how orchids are 
evolutionarily different from other plants.
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Methods
Plant materials
The wild-type P. equestris and its peloric mutant P. 
equestris var.trilip (with distinct lateral petals have been 
transformed into lip-like petals) used in this study were 
purchased from Ruifeng Horticulture (Changhua, Tai-
wan). The lip-like petal and lip of the peloric mutant 
were used for ATAC-seq and virus-induced gene silenc-
ing (VIGS) experiment. Both P. equestris and its peloric 
mutant were used for RNA-seq analysis, gene isolation 
and cloning, spatial and temporal genes expression by 
using quantitative real-time PCR (q-PCR). Since a sin-
gle lip sample could not achieve the amount required 
for sequencing, the samples used for sequencing in each 
period were taken from those multiple flowers at the 
same stage. Meanwhile, we treated P. equestris var.trilip 
by 40 Gy 60Co γ-irradiation and achieved lip-like petal 
mutant (PL-M) and lip mutant (L-M) for q-PCR. Phal-
aenopsis. Big Chili(a commercial cultivar with big red 
flowers)were collected from Taida Horticultural Co. and 
used for western blot experiment. All plants were kept in 
the greenhouse at Shanghai Normal University (SHNU) 
with a controlled temperature of 27/22 °C (day/night). 
Nicotiana tabacum L. cv plants were grown in growth 
chamber maintained at 25/20 °C with a 12/12 light-dark 
photoperiod.

ATAC‑seq
DNA was extracted from lip (Li) and lip-like petal (PL) 
of P. equestris var.trilip (samples combined from S3 to S8 
developmental stages) (Fig. 1a). Every After detecting the 

quality of DNA extraction, equimolar amounts of DNA 
from different tissues were collected and mixed for high-
throughput sequencing. ATAC-seq on Illumina HiSe-
qTM 2000 with 150-bp paired-end reads. Quality control 
processing was performed using the fastqc software (ver-
sion 0.11.5) on the raw data. After quality control evalu-
ation, the raw data were filtered using Trimmomatic 
software (version 0.36) with default parameters, and the 
filtered data were again processed by the software fastqc 
(version 0.11.5) for quality control to ensure high-quality 
clean data.

The clean reads were aligned to P. equestris reference 
genome in Orchid Base V5.0 using Hista2 (version 2.0.1-
beta). Multi-mapped reads were removed by using sam-
bamba (version 0.7.1) and then PCR duplicated reads 
were removed using the default parameters of Picard 
(version 2.16.0). Peaks were identified using MACS2 (ver-
sion 2.1.2) with parameters “--nomodel-q0.05 --extsize 
200--shift -100-g 1.06e9 --keep-dup all-B --call-summit”. 
These peaks were annotated in R package ChIPseeker 
and 1500 bp upstream from the transcriptional start site 
(TSS) as putative promoter regions.

Based on the peaks detected above, we used the R 
package Diffbind to identify differential peaks from mul-
tiple experiments. After detecting all the differential 
peaks, the significantly differential peaks with |logFC| > 1 
& FDR < 0.05 threshold were identified. Then, the differ-
ential peaks were annotated using ChIPseeker and the 
nearest genes around these differential peaks were used 
to identify plant TFs, as well as gene ontology enrichment 
analysis. All the raw SRA had uploaded to the National 
Center for Biotechnology Information (NCBI) database: 

Fig. 7  Model of PeNAC67, PeSCL23, PeKAN2 cooperation with MADS box protein to regulate the lip development in P. equestris var.trilip. During 
the specialization process from petal to lip, PeSCL23 translation was inhibited, PeNAC67 interacted with PeKAN2, and enhanced the stability 
of PeMADS3; Meanwhile PeKAN2 also could correlating with PeMADS9. The development of the lip was promoted through enhancing PeMADS3 
activity. During the formation process of petals, PeSCL23 and PeNAC67 competitively interacted with PeKAN2, which brought about the decreasing 
of the PeMADS3 activity, and instead promoting petal formation
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ATAC-seq of P. equestris and P. equestris var. triple (SRA: 
SRP407906, BioProject: PRJNA899518).

RNA‑Seq
RNA was extracted from lip (Li) and lip-like petal (PL) 
of P. equestris var.trilip (sample combined from S3 to S8 
developmental stages) and from petal (Pe) of P. eques-
tris (sample combined from S3 to S8 developmental 
stages). The RNA-seq transcriptome libraries were pre-
pared using an Illumina TruSeq™ RNA Sample Prepara-
tion Kit (San Diego, CA, USA). RNA-Seq libraries were 
sequenced in a single lane on an Illumina NovaSeq 6000 
sequencer (Illumina, San Diego, CA, USA) for 2 × 150 bp 
paired-end reads. The high-quality clean reads (Table S2) 
were compared with the reference genome of P. equestris 
to obtain mapped reads for subsequent transcript assem-
bly and gene expression calculations. The data quality 
of the transcriptome was assessed (Table S3). Based on 
the selected reference genome sequence, mapped reads 
were assembled using StringTie or Cufflinks software and 
compared with the original genome annotation informa-
tion form Orchid Base V5.0(Table S4) to find original 
unannotated transcript regions and discover new tran-
scripts and genes in this species, thereby complement-
ing the original genome annotation information. We 
performed a Venn diagram analysis of the obtained data 
to identify 28 TFs commonly expressed in Pe, PL and Li 
samples (Fig. S3a), and then classified them into their 
different families (Fig. S3b). From these 28 differentially 
expressed TFs, we screened the KANADI2 (encoded by 
PeKAN2) for subsequent experimental analysis (Fig. S3c).

Sequence alignments and phylogenetic analysis
The sequences of NAC and SCL gene families from other 
plants were downloaded from the National Centre for 
Biotechnology Information (NCBI) (http://​www.​ncbi.​
nlm.​nih.​gov) for phylogenetic analysis. Multiple sequence 
alignments of NAC and SCL proteins sequences using 
ClustalW (http://​www.​clust​al.​or2ag/​clust​al2/), and phy-
logenetic analysis was performed using the Maximum 
Likelihood (ML) method with MEGA(v10)(https://​www.​
megas​oftwa​re.​net/) (Kumar et al., 2018). Bootstrap values 
were calculated with 1000 replicates. The protein acces-
sion numbers are listed in Supplementary Table S1.

RNA isolation and quantitative real‑time RT‑PCR (q‑PCR)
Total RNA was treated with DNase (NEB, Hertfordshire, 
UK) to remove remnant DNA. First-strand cDNA was 
synthesized using the Superscript III kit followed manu-
facture’s instruction (Invitrogen, CA, USA). The quanti-
tative real-time PCR was performed using SYBR GREEN 
PCR Master Mix (Applied Biosystems, Warrington, 

UK) on ABI 7500, Applied Biosystems System. The PCR 
was performed with the following reaction conditions: 
95 °C for 10 min, 40 cycles of 95 °C for 15 s and 60 °C for 
1 min. For real-time q-PCR, each gene was analyzed in 
biological triplicates. PeActin4 (PACT4, AY134752) of 
Phalaenopsis were recruited as an internal control (Cai 
et  al. 2015), and data analysis was performed using the 
Sequencing Detection System v1.2.3 (Applied Biosys-
tems). All the primers used in this study are listed in Sup-
plementary Table S1.

Subcellular localization
The open reading frames (ORFs) of PeNAC67, PeSCL23 
and PeKAN2 were cloned into pCAMBIA1300 vector 
to create 35S:PeNAC67-GFP, 35S:PeSCL23-GFP and 
35S:PeKAN2-GFP constructs using the pEASY®-Basic 
Seamless Cloning and Assembly Kit (Transgen Biotech, 
China). The procedure used for Nicotiana benthamiana 
subcellular localization was described in a previous study 
(Wang et al. 2022). The primers were listed in Table S1.

Virus‑induced gene silencing experiment(VIGS)
We followed the protocol described in (http://​www.​
bio-​proto​col.​org/​e1359) for the VIGS experiment in 
orchids. The AttB site is used for in  vitro recombina-
tion with the attP site in the VIGS vector pCymMV 
(kindly provided by Dr.HH Yeh, Agricultural Biotech-
nology Research Center, Academia Sinica.)to gener-
ate recombinant clones using Gateway BP Clonase II 
Enzyme Mix (Invitrogen). The pCymMV-PeNAC67, 
pCymMV-PeSCL23 and pCymMV-PeKAN2, as well as 
the empty vector pCymMV (as a control group), were 
transformed into Agrobacterium tumefaciens EHA105 
for further inoculation. For P. equestris var.trilip leaf 
infiltration, we injected the suspension into the leaves 
of 6–9 plants for each pCymMV-Gateway construct 
directly below where the inflorescence emerged. Then 
we analyzed 18–27 flowers samples at 45 DPI (days 
post inoculation). Experiments were repeated 3 times 
independently. The primers used are listed in Supple-
mentary Table S1.

Yeast two‑hybrid assay
The full-length coding sequences of PeNAC67, PeSCL23, 
PeKAN2 and B-class MADS-box genes were cloned and 
inserted into pGADT7 (bait) or pGBKT7 (prey) vec-
tors (Niu et  al., 2015) using the pEASY-Basic Seamless 
Cloning and Assembly Kit (Transgen Biotech, China). 
SD/−Leu-Trp was used as a common medium, whether 
SD/−Leu-Trp-His-Ade was used as a screening medium. 
The sequences of the primers used for amplification are 
shown in Supplemental Table S1.

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.clustal.or2ag/clustal2/
https://www.megasoftware.net/
https://www.megasoftware.net/
http://www.bio-protocol.org/e1359
http://www.bio-protocol.org/e1359
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Bimolecular fluorescence complementarity(BiFC)
experiment analysis
The full-length coding sequences of PeNAC67, PeSCL23, 
PeKAN2, PeMADS3, and PeMADS9 genes were fused to 
either the N−/C-terminus of yellow fluorescence protein 
(YFP, nYFP/cYFP). The empty vectors including nYFP or 
cYFP were used as negative controls. N. benthamiana 
leaves were collected 3 days post infection and stained 
with 150 μg/ml DAPI (Sigma, USA) and observed under 
Olympus FV3000 confocal scanning microscope. YFP 
and DAPI fluorescence were observed at excitation wave-
lengths of 505 nm and 340 nm, respectively. The primers 
used in the BiFC are listed in Supplemental Table S1.

In stiu hybridation
RNA in  situ hybridization was performed to investi-
gate the expression pattern of PeKAN2, PeSCL23, and 
PeNAC67 as described (Komminoth 1992). The lips from 
wild type plants at S1 were fixed in FAA (50% ethanol, 5% 
acetic acid and 3.7% formaldehyde). Paraffin embedded 
samples were sectioned with a sliding microtome (Leica, 
Germany), dewaxed, and then digested with Proteinase K 
(Roche, Switzerland). The dehydrated slides were hybrid-
ized with corresponding probes and incubated with anti-
digoxigenin-AP Fab fragments. After washing, the signals 
were detected with the DAB stock solution (Roche, Swit-
zerland). The probes labeled with digoxigenin were syn-
thesized by Shanghai Gefan Biotechnology Co. Ltd. and 
the sequence were listed. KAN2: 5′-CGT​AGA​AAG​GTG​
AGA​TCT​TGG​TGA​TGG​GAT​TCA​TTG​AGT​AAA​GGA-
3′, NAC67: 5′-CTG​TGA​AGA​GTT​TCA​GCA​AGT​CTA​
TAC​TCG​TGC​ATG​ATC​CAG​TTA-3′, SCL23: 5′-CTT​
CGA​GGA​GAT​CGG​AAT​CAG​GGC​CAA​TTC​CGG​TGA​
TTC​GAA​TTG-3′. Sense probe: 5′-UUG​UAC​UAC​ACA​
AAA​GUA​CUG-3′.

Co‑immunoprecipitation (Co‑IP) assay
PeNAC67 and PeMADS3 genes were cloned into PEG104 
vectors with a Flag tag, while PeSCL23, PeKAN2, and 
PeMADS3 genes were cloned into PEG104 vectors with 
a Myc tag, and PeSCL23 and PeKAN2 genes were cloned 
into PEG104 vectors with a HA tag, using Gateway™ LR 
Clonase™ II Enzyme mix (Invitrogen, USA) with prim-
ers listed in Supplementary Table S1. A. tumefaciens 
cells containing the various constructs were collected 
and suspended at OD600 = 1.0 as described above. Infil-
tration of the A.tumefaciens were performed into the 
leaves of 4-week-old N. benthamiana plants, harvested 
2 days post incubation, and snap-frozen and ground to 
powder. Proteins were extracted with extract buffer and 
then incubated at 4 °C for 4 h in the presence of mono-
clonal anti-Myc or anti-HA antibody-conjugated beads. 
Protein extracts were separated on 8% SDS-PAGE gels, 

and then transferred to polyvinylidene difluoride mem-
branes using transferring buffer. The membranes were 
then blocked with skimmed milk for 1 h at room tem-
perature. The target proteins were incubated with anti-
FLAG, anti-Myc or anti-HA (1:5000 MBLbio, China) at 
room temperature for 1 h, and sequentially incubated 
with secondary peroxidase-conjugated anti-mouse anti-
body (MBLbio, China) at room temperature for 1 h, and 
observed by ChemiScope series (Clinx Science instru-
ments Co., Ltd.).

Transient overexpression in P. Big chili and Western blot
For the transient assay in P. Big Chili petal, A. tumefaciens 
cells containing various constructs were collected and sus-
pended at OD600 = 1.0 as described above. Combination 
of A. tumefaciens with different tag genes were injected 
into different positions of the same petal with a 1 ml medi-
cal syringe. Four groups were injected into each petal and 
each treatment contained experimental triplicates. The 
infiltrated P. Big Chili petals were kept in the dark at 22 °C 
for 1 days, followed by growth at 18 °C under a 16 h/8 h 
light/dark cycle for 4 days. Five petal discs from each group 
were frozen in liquid nitrogen and ground to powder. The 
western blot was performed as mentioned in Co-IP.

Cryo‑scanning electron microscopy
The perianths were dissected, frozen using liquid nitro-
gen, and then transferred to the sample preparation 
chamber at − 197 °C. The samples were sublimated for 
2 min at − 95 °C and were observed under a cryo-scan-
ning electron microscope (Hitachi S4800) after gold 
coating.
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Additional file 2: Fig. S2. Sequence characteristics of PeNAC67 and 
PeSCL23. (a) Phenotypic analysis of P. equestris var.trilip. Se: sepal, PL: lip-like 
petal, Li: Lip. (b) Relative transcript levels of PeNAC67, PeSCL23 and PeMYB4 
in the lip-like petal and lip of P. equestris var.trilip at S8 development stage. 
(c) and (d) The deduced peptide sequence of PeNAC67. (c) Polypeptide 
alignment: The NAC domain contains ABCDE five subdomains and α-helix 
regions are indicated by green bars. (d) Phylogeny of PeNAC67. (e) and (f ) 
The deduced peptide sequence of PeSCL23. (e) Polypeptide alignment: 
GRAS domains are color-coded (f ) Phylogeny of PeSCL23 with others.

Additional file 3: Fig. S3. Yeast one hybrid verification for PeNAC67 bind-
ing the promoters of MADS genes.

Additional file 4: Fig. S4. Identification of TF-encoding genes expressed 
in orchid floral organs using RNA-seq. (a) (Upper panel) Flowers of P. 
equestris and P. equestris var.trilip showing different floral organs. (Lower 
panel) Venn diagram showing the numbers of differentially expressed 
genes (DEGs), with 28 TF-encoding genes identified from these common 
DEGs using Plant Transcription Factor Database. (b) The number of family 
members of 28 TF-encoding genes. (c) Summary of these 28 DEGs encod-
ing TFs. (d) The heatmap of differential gene expression. Expression values 
for each gene are normalized across all samples by Z-score normalization. 
(e) Yeast two hybrid for PeSCL with proteins encoding candidate genes 
from RNA seq. (f ) Yeast two hybrid for PeNAC67 with proteins encoding 
candidate genes from RNA seq.

Additional file 5: Table S1. Primer Sequences. Table S2. RNA-seq 
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Table S4. RNA-seq comparison data statistics.

Acknowledgments
This work was supported by We thank Dr.H.H Yeh (Agricultural Biotechnology 
Research Center, Academia Sinica.Taiwan) to provide the VIGS vector and con-
structs. We also thank Jennifer Smith, PhD, from Liwen Bianji (Edanz) (www.​
liwen​bianji.​cn/) for editing the English text of a draft of this manuscript.

Authors’ contributions
F.M. conceived the project and designed the study; Q.X., R.W., Q.Z. and R.G. 
performed the experiments; Y. J. and Q. Y. analysed ATAC –seq and RNA-seq; 
Q.X., R.W., Q.Z., Z.Y. and F.M. analysed the data and wrote the article; Y.W., G.H. 
and J.W. provided technical support and conceptual advice; Q. X., F.M. Q.Z.and 
Z.Y. revised the article. Z.Y. carried all experiments required and revised figures 
in revision.

Funding
This research was funded by National Key Research and Development 
Program (grant 2023YFD1000500; 2018YFD000400); Shanghai Engineering 
Research Center of Plant Germplasm Resources (grant number 17DZ2252700).

Availability of data and materials
The data that support the findings of this study are available from the 
corresponding author upon reasonable request. All raw and processed 
data files have been deposited to the National Center for Biotechnology 
Information (NCBI) Sequence Read Archive (SRA) under accession number 
of PRJNA899518: ATAC-seq of P. equestris var. trilip, and BioProject: Processed 
PRJNA899374: RNA-seq of P. equestris and P. equestris var.trilip.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors approve the manuscript and consent to the publication of the 
work.

Competing interests
The authors declare that they have no competing interests.

Received: 6 November 2023   Accepted: 26 December 2023

 References
Aceto S, Gaudio L. The MADS and the beauty: genes involved in the develop-

ment of orchid flowers. Current Genomics. 2011;12:342–56.
Bajic M, Maher KA, Deal RB. Identification of open chromatin regions in plant 

genomes using ATAC-Seq. Methods Mol Biol. 2018;1675:183–201.
Balazadeh S, Siddiqui H, Allu AD, et al. A gene regulatory network controlled 

by the NAC transcription factor ANAC092/AtNAC2/ORE1 during salt-
promoted senescence. Plant J. 2010;62(2):250–64.

Baylin SB, Schuebel KE. Genomic biology: the epigenomic era opens. Nature. 
2007;448(7153):548–9.

Bowman JL, Smyth DR, Meyerowitz EM. Genetic interactions among floral 
homeotic genes of Arabidopsis. Development. 1991;112:1–20.

Buenrostro JD, Giresi PG, Zaba LC, Chang HY, Greenleaf WJ. Transposition of 
native chromatin for fast and sensitive epigenomic profiling of open 
chromatin, DNA-binding proteins and nucleosome position. Nat Meth-
ods. 2013;10:1213–8.

Buenrostro JD, Wu B, Chang HY, Greenleaf WJ. ATAC-seq: a method for assaying 
chromatin accessibility genome-wide. Current Protocols in Molecular 
Biology. 2015;109:21.29 1-9.

Cai J, Liu X, Vanneste K, et al. The genome sequence of the orchid Phalaenopsis 
equestris. Nat Genet. 2015;47(3):304.

Chang YY, Kao NH, Li JY, Hsu WH, Liang YL, Wu JW, et al. Characterization of 
the possible roles for B class MADS box genes in regulation of perianth 
formation in orchid. Plant Physiol. 2010;152:837–53.

Chen Z, Zhang J, Liu J, et al. SCAN-ATAC-Sim: a scalable and efficient method 
for simulating single-cell ATAC-seq data from bulk-tissue experiments. 
Bioinformatics. 2021;37(12):1756–8.

Coen ES, Meyerowitz EM. The war of the whorls-genetic interactions control-
ling flower development. Nature. 1991;353:31–7.

Cozzolino S, Widmer A. Orchid diversity: an evolutionary consequence of 
deception. Trends Ecol Evol. 2005;20:487–494.x.

Du F, Guan C, Jiao Y. Molecular mechanisms of leaf morphogenesis. Mol Plant. 
2018;11(9):1117–34.

Endress PK. Diversity and evolutionary biology of tropical Flowers. Cambridge, 
UK: Cambridge University Press; 1994.

Ernst HA, Olsen AN, Larsen S, Lo LL. Structure of the conserved domain of 
ANAC, a member of the NAC family of transcription factors. EMBO Rep. 
2004;5(3):297–303.

Eshed Y, Baum SF, Perea JV, Bowman JL. Establishment of polarity in lateral 
organs of plants. Curr Biol. 2001;11:1251–60.

Eshed Y, Izhaki A, Baum SF, Floyd SK, Bowman JL. Asymmetric leaf develop-
ment and blade expansion in Arabidopsis are mediated by KANADI and 
YABBY activities. Development. 2004;131(12):2997–3006.

Fu X, Shan H, Yao X, Cheng J, Jiang Y, Yin X, et al. Petal development and elabo-
ration. J Exp Bot. 2022;73(11):3308–18.

Fukushima K, Hasebe M. Adaxial-abaxial polarity: the developmental basis of 
leaf shape diversity. Genesis. 2014;52:1–18.

Gramzow L, Theissen G. A hitchhiker’s guide to the MADS world of plants. 
Genome Biol. 2010;11(6):214.

Griffiths J, Murase K, Rieu I, et al. Genetic characterization and functional 
analysis of the GID1 gibberellin receptors in Arabidopsis. Plant Cell. 
2006;18:3399–414.

Han Y, Lu M, Yue S, et al. Comparative methylomics and chromatin accessibility 
analysis in Osmanthus fragrans uncovers regulation of genic transcription 
and mechanisms of key floral scent production. Horticulture Research. 
2022;9:uhac096.

Hendelman A, Stav R, Zemach H, et al. The tomato NAC transcription factor 
SlNAM2 is involved in flower-boundary morphogenesis. J Exp Bot. 
2013;64(18):5497–507.

Hsu HF, Hsu WH, Lee YI, et al. Model for perianth formation in orchids. Nature 
Plants. 2015;1(5):1–8.

Hsu H-F, Chen W-H, Shen Y-H, Hsu W-H, Mao W-T, Yang C-H. Multifunctional 
evolution of B and AGL6 MADS box genes in orchids. Nat Commun. 
2021;12:902.

http://www.liwenbianji.cn/
http://www.liwenbianji.cn/


Page 16 of 16Xu et al. Molecular Horticulture            (2024) 4:15 

Hu H, Dai M, Yao J, et al. Overexpressing a NAM, ATAF, and CUC (NAC) tran-
scription factor enhances drought resistance and salt tolerance in rice. 
Proc Natl Acad Sci U S A. 2006;103(35):12987–92.

Kamiuchi Y, Yamamoto K, Furutani M, et al. The CUC1 and CUC2 genes pro-
mote carpel margin meristem formation during Arabidopsis gynoecium 
development. Front Plant Sci. 2014;5(165):30.

Kerstetter R, Bollman K, Taylor R, et al. KANADI regulates organ polarity in 
Arabidopsis. Nature. 2001;411:706–9.

Komminoth P. Digoxigenin as an alternative probe labeling for ISH. Diagn Mol 
Pathol. 1992;1:142–50.

Kumaran MK, Bowman JL, Sundaresan V. YABBY polarity genes mediate 
the repression of KNOX homeobox genes in Arabidopsis. Plant Cell. 
2002;14(11):2761–70.

Lai X, Daher H, Galien A, Hugouvieux V, Zubieta C. Structural basis for plant 
MADS transcription factor oligomerization. Comput Struct Biotechnol J. 
2019;17:946–53.

Lee M-H, Kim B, Song S-K, Heo J-O, Yu N-I, Lee SA, et al. Large-scale analy-
sis of the GRAS gene family in Arabidopsis thaliana. Plant Mol Biol. 
2008;67:659–70.

Li Y, Zhang B, Yu H. Molecular genetic insights into orchid reproductive devel-
opment. J Exp Bot. 2022;73(7):1841–52.

Lin Y-F, Chen Y-Y, Hsiao Y-Y, Shen C-Y, Hsu J-L, Yeh C-M, et al. Genome-wide 
identification and characterization of TCP genes involved in ovule devel-
opment of Phalaenopsis equestris. J Exp Bot. 2016;67:5051–66.

Liu M, Huang LI, Ma Z, Sun W, Wu QI, Tang Z, et al. Genome-wide identifica-
tion, expression analysis and functional study of the GRAS gene family in 
Tartary buckwheat (Fagopyrum tataricum). BMC Plant Biol. 2019;19:1–17.

Lu Z, Hofmeister BT, Vollmers C, DuBois RM, Schmitz RJ. Combining ATAC-
seq with nuclei sorting for discovery of cis-regulatory regions in plant 
genomes. Nucleic Acids Res. 2017;45(6):e41.

Lucibelli F, Valoroso MC, Theißen G, Nolden S, Mondragon-Palomino M, Aceto 
S. Extending the toolkit for beauty: differential co-expression of DROOP-
ING LEAF-like and class B MADS-box genes during Phalaenopsis flower 
development. Int J Mol Sci. 2021;22(13):7025.

McAbee JM, Hill TA, Skinner DJ, Izhaki A, Hauser BA, Meister RJ, et al. ABERRANT 
TESTA SHAPE encodes a KANADI family member, linking polarity determi-
nation to separation and growth of Arabidopsis ovule integuments. Plant 
J. 2006;46(3):522–31.

Mondragon-Palomino M, Theissen G. MADS about the evolution of orchid 
flowers. Trends Plant Sci. 2008;13:51–9.

Mondragon-Palomino M, Theissen G. Why are orchid flowers so diverse? 
Reduction of evolutionary constraints by paralogues of class B floral 
homeotic genes. Ann Bot-Lond. 2009;104:583–94.

Mondragon-Palomino M, Theissen G. Conserved differential expression of par-
alogous DEFICIENS- and GLOBOSA-like MADS-box genes in the flowers of 
Orchidaceae: refining the ‘orchid code. Plant J. 2011;66:1008–19.

Pan ZJ, Cheng CC, Tsai WC, Chung MC, Chen WH, Hu JM, et al. The duplicated 
B-class MADS-box genes display dualistic characters in orchid floral organ 
identity and growth. Plant Cell Physiol. 2011;52:1515–31.

Pei H, Ma N, Tian J, et al. An NAC transcription factor controls ethylene-regu-
lated cell expansion in flower petals. Plant Physiol. 2013;163(2):775–91.

Rudall PJ, Bateman RM. Roles of synorganisation, zygomorphy and heterotopy 
in floral evolution: the gynostemium and labellum of orchids and other 
lilioid monocots. Biol Rev. 2002;77:403–41.

Sharma N, Ruelens P, D’hauw M, et al. A flowering locus C homolog is a 
vernalization-regulated repressor in Brachypodium and is cold regulated 
in wheat. Plant Physiol. 2017;173(2):1301–15.

Silverstone AL, Ciampaglio CN, Sun TP. The Arabidopsis RGA gene encodes a 
transcriptional regulator repressing the gibberellin signal transduction 
pathway. Plant Cell. 1998;10:155–69.

Su CL, Chen WC, Lee AY, Chen CY, Chang YC, Chao YT, et al. A modified ABCDE 
model of flowering in orchids based on gene expression profiling studies 
of the moth orchid Phalaenopsis aphrodite. PLoS One. 2013;8:e80462.

Tamura K, et al. MEGA11: molecular evolutionary genetics analysis version 11. 
Mol Biol Evol. 2021;38(7):3022–7.

Tannenbaum M, Sarusi-Portuguez A, Krispil R, et al. Regulatory chromatin 
landscape in Arabidopsis thaliana roots uncovered by coupling INTACT 
and ATAC-seq. Plant Methods. 2018;14:113.

Theißen G, Melzer R, Rümpler F. MADS-domain transcription factors and the 
floral quartet model of flower development: linking plant development 
and evolution. Development. 2016;143(18):3259–71.

Thomson B, Wellmer F. Molecular regulation of flower development. Curr Top 
Dev Biol. 2019;131:185–210.

To VT, Shi Q, Zhang Y, Shi J, Shen C, Zhang D, et al. Genome-wide analysis of 
the GRAS gene family in barley (Hordeum vulgare L.). Genes. 2020;11:553.

Toriba T, et al. Distinct regulation of adaxial-abaxial polarity in anther pattern-
ing in rice. Plant Cell. 2010;22:1452–62.

Tremblay RL, Ackerman JD, Zimmerman JK, Calvo RN. Variation in sexual 
reproduction in orchids and its evolutionary consequences: a spasmodic 
journey to diversification. Biol J Linn Soc. 2005;84:1–54.

Tsai W-C, Chen H-H. The orchid MADS-box genes controlling floral morpho-
genesis. TSW Development and Embryology. 2006;1:109–20.

Vroemen CW, Mordhorst AP, Albrecht C, Kwaaitaal MA, de Vries SC. The 
CUP-SHAPED COTYLEDON3 gene is required for boundary and shoot 
meristem formation in Arabidopsis. Plant Cell. 2003;15(7):1563–77.

Wang Y, Li Y, Yan X, et al. Characterization of C- and D-class MADS-box genes in 
orchids. Plant Physiol. 2020;184(3):1469–81.

Wang C, Zhao B, He L, et al. The WOX family transcriptional regulator SlLAM1 
controls compound leaf and floral organ development in Solanum 
lycopersicum. J Exp Bot. 2021a;72(5):1822–35.

Wang H, Kong F, Zhou C. From genes to networks: the genetic control of leaf 
development. J Integr Plant Biol. 2021b;63(7):1181–96.

Wang R, Mao C, Ming F. PeMYB4L interacts with PeMYC4 to regulate anthocya-
nin biosynthesis in Phalaenopsis orchid. Plant Sci. 2022;324:111423.

Yao X, et al. To making of elaborate petals in Nigella through developmental 
repatterning. New Phytol. 2019;223:385–96.

Zentella R, Zhang ZL, Park M, et al. Global analysis of DELLA direct targets in 
early gibberellin signaling in Arabidopsis. Plant Cell. 2007;19:3037–57.

Zhang Z, et al. NAC-type transcription factors regulate accumulation 
of starch and protein in maize seeds. Proc Natl Acad Sci U S A. 
2019;116(23):11223–8.

Zhao H, Zhang W, Zhang T, et al. Genome-wide MNase hypersensitivity assay 
unveils distinct classes of open chromatin associated with H3K27me3 
and DNA methylation in Arabidopsis thaliana. Genome Biol. 2020;21(1):24.

Zheng Y, Zhang K, Guo L, Liu X, Zhang Z. AUXIN RESPONSE FACTOR3 plays dis-
tinct role during early flower development. Plant Signal Behav. 2018;13:5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	PeNAC67-PeKAN2-PeSCL23 and B-class MADS-box transcription factors synergistically regulate the specialization process from petal to lip in Phalaenopsis equestris
	Abstract 
	Core
	Gene & Accession Numbers
	Introduction
	Results
	ATAC-seq identified and predicted floral organ identity gene in P. equestris var.trilip
	Co-expression of PeNAC67 and PeSCL23 with B-class MADS-box genes during flower development
	PeNAC67 correlating with MADS3 affected petal specialization in P. equestris var.trilip
	PeKAN2 as the key factor in conjugate regulation between PeNAC67 and PeSCL23 during specialization process from petal to lip
	Transcript level of PeKAN2 was correlated with those of PeMADS3PeMADS9 and together regulate specialization process from petal to lip
	Interaction between PeKAN2 and PeMADS3 was enhanced by PeNAC67 but inhibited by PeSCL23

	Discussion
	The first successful application of ATAC-Seq to identify important genes in a horticultural flower
	New function of non-MADS genes in flower organ development
	PeKAN2 regulated lip development by serving as a bridge between PeNAC67 and PeSCL23

	Methods
	Plant materials
	ATAC-seq
	RNA-Seq
	Sequence alignments and phylogenetic analysis
	RNA isolation and quantitative real-time RT-PCR (q-PCR)
	Subcellular localization
	Virus-induced gene silencing experiment(VIGS)
	Yeast two-hybrid assay
	Bimolecular fluorescence complementarity(BiFC)experiment analysis
	In stiu hybridation
	Co-immunoprecipitation (Co-IP) assay
	Transient overexpression in P. Big chili and Western blot
	Cryo-scanning electron microscopy

	Acknowledgments
	References


