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Abstract
Vanilla  planifolia,  a  highly  valued spice  in  the beverage,  food,  and cosmetics  industries,  is  faced with  a  significant  challenge.  Its  unique flower  structure

restricts natural pollination and impedes industrial progress. MADS-box transcription factors are essential in multiple biological processes, especially in the

formation  of  flower  organ  structures.  In  response,  we  launched  investigations  to  identify  the  MADS-box  gene  family  in V.  planifolia and  explored  their

functions in the development of the gynostemium and rostellum. Through genome-wide screening, 47 VpMADS genes were identified, with 22 members

classified into the MIKCC subgroup. Based on genomic data, we analyzed the locations, structures, and conserved motifs of the genes. All MIKCC-type genes

were  grouped  into  10  phylogenetic  clusters.  Gene  duplication  analysis  revealed  that  segmental  duplications  were  the  main  driver  of  MADS-box  gene

expansion in V.  planifolia.  Samples were collected and underwent RNA-seq to identify  differentially  expressed genes.  qRT-PCR was also used to validate

differentially expressed genes. Weighted gene co-expression network analysis (WGCNA), and Gene Ontology (GO) enrichment analysis were conducted to

study  co-expressed  genes  related  to  MADS-box  genes  in  the  gynostemium.  Overall,  this  study  provides  fundamental  insights  into  the  MADS-box  gene

family in V. planifolia, serving as a vital reference for future research on the development of the gynostemium and rostellum in this plant.
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Introduction

Vanilla planifolia Andrews, a perennial climbing vine belonging to
the  Orchidaceae  family,  is  native  to  the  tropical  rainforests  of
Mexico, Central America, the West Indies, and northern South Amer-
ica[1,2].  Widely  acclaimed  worldwide  as  'the  King  of  Natural  Food
Flavors', V. planifolia has been extensively utilized in the production
of high-end cigarettes, famous wines, and top-grade teas. It also serves as
a key raw material  in  the food,  beverage,  and cosmetics  industries.
Furthermore, V.  planifolia is  recognized  as  a  natural  herb  and  has
been  included  in  the  pharmacopeias  of  European  and  American
countries.  The  annual  global  consumption  of V.  planifolia exceeds
2,000 tons[3−5].  With the continuous improvement of people's living
standards,  the  demand  for V.  planifolia is  steadily  increasing.  The
presence  of  the  rostellum  structure  renders  it  challenging  for V.
planifolia to  be  pollinated  by  insects  when  it  is  outside  its  native
range[6],  and  its  unique  structure  has  become  a  major  impediment
to  the  industrial  development  of V.  planifolia.  Additionally,  the
rostellum,  a  characteristic  trait  of  orchids,  is  extremely  small  and
develops  synchronously  with  other  flower  organs,  thus  presenting
obstacles to experimental research and sequencing.

The  MADS-box  transcription  factors  (TFs)  gene  family,  so  named
because  of  its  possession  of  an  evolutionarily  conserved  MADS
domain,  has  been  widely  detected  across  a  diverse  spectrum  of
eukaryotes.  Generally,  the  MADS-box  gene  family  can  be  classified
into  two  lineages:  type  I  and  type  II.  Type  I  genes  are  primarily
involved  in  the  development  of  seeds,  embryos,  and  female
gametophytes[7].  Type  II  genes,  characterized  by  a  conserved  MIKC
structure, encode proteins. At the amino-terminus of these proteins
is the highly conserved DNA-binding MADS domain (M). The central

region  consists  of  a  less  conserved  I  domain  and  a  moderately
conserved  K  domain,  both  of  which  are  crucial  for  protein-protein
interactions and the formation of coiled-coil structures. The variable
carboxyl-terminal  (C)  region  is  thought  to  potentially  function  as  a
transactivation  domain[8,9].  Type  II  genes,  also  referred  to  as  MIKC
genes[10−12],  can  be  further  sub-divided  into  MIKCC and  MIKC*

subtypes. Notably, MIKCC genes are well-known for their roles in the
'ABCDE' model[13].

The classic 'ABC' model of floral organogenesis was first proposed
according to the genetic studies in Antirrhinum majus and Arabidop-
sis  thaliana[14] and was subsequently  defined as the 'ABCDE'  model
after  incorporation  of  class  D,  class  E,  and  MIKCC genes[15,16].  The
MADS-box gene family is believed to play a crucial regulatory role in
the  flower  development  and  act  synergistically  during  the  process
of primordial floral organogenesis:  the A + E class genes determine
the development of sepals; the class A + B + E genes determine the
development  of  petals;  the  class  B  +  C  +  E  genes  specify  stamens;
the C + E genes specify the carpels[17,18].  Studies have revealed that
MIKCC genes  play  a  role  in  each  category  of  the  ABCDE  model,
including AP1 (APETALA1) in A, AP3 (APETALA3) and PI (PISTILLATA)
in B, AG (AGAMOUS) in C, STK (SEEDSTICK) in D, and SEP1-4 (SEPAL-
LATA1-4) in E[19−21].

Studies  have  shown  that  the  MADS-box  gene  family  in  orchid
plants bears a high degree of similarity to that of A. thaliana.  More-
over,  homologous  genes  corresponding  to  their  respective  groups
can also be identified within orchids[22,23].  While the 'ABCDE' model
is  generally  conserved  across  species[24,25],  there  are  still  numerous
differences in the composition,  function,  and evolutionary relation-
ships  of  MADS-box  genes  among  various  species.  Additionally,
whether the development of some unusual flower structures of the
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Orchidaceae family are related to the MADS-box gene family merits
further investigation.

In this  study,  a genome-wide identification and functional  analy-
sis of the MADS-box gene family in V. planifolia was carried out.  All
the VpMADSs were identified using 'HMMER' and 'BLASTP',  and the
MIKCC genes  were  selected  for  subsequent  analysis.  Concurrently,
gene  characterizations,  chromosomal  locations,  gene  structures,
and  conserved  motifs  were  also  examined.  Phylogenetic  relation-
ships  were  investigated  in  comparison  with  AtMADSs  (MADS-box
proteins  from A.  thaliana)  and  OsMADSs  (MADS-box  proteins  from
Oryza  sativa)  through  the  NJ  method,  and  gene  duplications  were
also  explored.  Moreover,  the  expression  patterns  of  VpMADSs
during  the  process  of  flower  development  were  evaluated,  which
will  offer  valuable  insights  for  further  functional  studies  of  these
VpMADSs in V. planifolia. 

Materials and methods
 

Plant materials
The  vanilla  plants  for  this  experiment  were  planted  in  the

germplasm  nursery  of  the  Spice  and  Beverage  Research  Institute,
Chinese  Academy  of  Tropical  Agricultural  Sciences  (Wanning,
China).  Before  they  flowered,  flower  buds  were  divided  into  four
stages  according  to  size.  For  stage  1  (S1),  two  samples  were
collected, one was the whole flower, and the other flowers without
gynostemium.  For  stage  2  (S2),  in  addition  to  the  above  two
samples,  another  sample  of  gynostemium  was  added.  For  stage  3
(S3) and stage 4 (S4),  in addition to the above three samples, other
rostellum samples were added. For each stage, more than five buds
were  prepared  for  sample  collection.  Each  sample  was  collected
with  three  replicates,  placed  in  liquid  nitrogen,  frozen,  and  then
stored at −80 °C for RNA-sequencing (Majorbio, Shanghai, China). 

RNA isolation and quality assessment
Total  RNA  was  extracted  from  tissue  samples  using  TRIzol®

Reagent  (Thermo  Fisher  Scientific,  USA)  following  the
manufacturer's  instructions,  followed  by  genomic  DNA  removal
using  DNase  I  (Takara).  RNA  quality  and  integrity  were  evaluated
using  a  NanoDrop  ND-2000  spectrophotometer  (Thermo  Fisher
Scientific, USA), and an Agilent Bioanalyzer 5300 (Agilent Technolo-
gies,  USA),  respectively.  Samples  meeting  stringent  quality  criteria
(OD260/280 ratio: 1.8−2.2; OD260/230 ratio: ≥ 2.0; RNA integrity number
RIN ≥ 6.5) were selected for library construction. 

Library construction and RNA sequencing
Library preparation and sequencing were performed at Shanghai

Majorbio  Bio-pharm  Biotechnology  Co.,  Ltd.  (Shanghai,  China).
Stranded  mRNA  libraries  were  constructed  using  the  Illumina®
Stranded mRNA Prep, Ligation protocol with 1 μg of total RNA input.
Briefly, mRNA was isolated by polyA selection using oligo(dT) beads
and subsequently  fragmented.  Double-stranded cDNA was  synthe-
sized using random hexamer primers, followed by end-repair, phos-
phorylation,  and  adapter  ligation.  Size  selection  was  performed
using  magnetic  beads  to  isolate  cDNA  fragments  of  300−400  bp,
followed by 10−15 cycles of PCR amplification. Libraries were quan-
tified using Qubit 4.0 and sequenced on an Illumina NovaSeq 6000
platform with 2 × 150 bp paired-end reads. 

Data sources preparation
The genomic sequences of V. planifolia were obtained from NCBI

database (National Center for Biotechnology Information, www.ncbi.
nlm.nih.gov),  with GenBank assembly version of GCA_016413885.1.
The genomic data of A. thaliana were obtained from TAIR database
(accessed on 30 December 2022), and sequences of OsMADS for O.

sativa were downloaded from PlantTFDB database (http://planttfdb.
gao-lab.org/)[26]. 

Transcript analysis
Raw  sequencing  reads  were  processed  using  'fastp'[27] with

default  parameters  for  quality  control  and adapter  trimming.  High-
quality reads were aligned to the reference genome using HISAT2 in
orientation mode[28]. Transcript assembly was then performed using
StringTie through a reference-guided approach[28].  Transcript abun-
dance  was  quantified  using  RSEM[29] and  normalized  to  transcripts
per million reads (TPM). 

Identification and characterization of the V. planifolia
MADS-box gene family

Both 'HMMER' and 'BLASTP' were performed to accurately predict
MADS-box genes V.  planifolia[30,31].  For  the  'HMMER'  search,  the
profiles  of  the  SRF  (serum  response  factor)  domain  (PF00319)  and
the  MEF2  (myocyte  enhancer  factor-2)  domain  (PF09047)  were
retrieved  from  the  Pfam  database  (http://pfam.xfam.org/)[32].  The
well-characterized A.  thaliana protein  sequences  of  the  MADS-box
gene family were collected from PLantTFDB as queries for  'BLASTP'
search  (e-value  ≤ 1  ×  10 −10).  The  protein  structural  integrity  was
confirmed  using  an  online  program  called  SMART[33].  The  ExPASy
Proteomics  Server  toolkit  was  used  to  predict  physicochemical
properties, including protein lengths, molecular weights, isoelectric
points  (pI),  instability  index,  aliphatic  index,  and  grand  average  of
hydropathicity  (GRAVY)[34].  Subcellular  locations  were  predicted
using the WoLF PSORT tool (www.genscript.com/wolf-psort.html). 

Gene structures, conserved motif predictions, and
phylogenetic analysis

Gene structures including CDS, UTR, and intron were displayed by
GSDS  (v2.0)  (http://gsds.gao-lab.org/)  with  annotation  information
that  extracted  from  NCBI  (GCA_016413885.1)[35].  The  conserved
motifs  of  MADS  proteins  were  predicted  using  an  online  toolkit  of
MEME[36].  Multiple  sequence  alignment  of  MADS-box  protein
sequences  was  performed  using  MUSCLE  v3.8,  and  a  neighbor-
joining  tree  was  also  generated  using  MEGA  11  with  1,000  boot-
strap replicates[37,38].  IQTREE (v2.0)  was also adopted to reconstruct
the  maximum  likelihood  tree[39],  and  guarantee  a  more  reliable
phylogenetic relationship. 

Chromosomal localizations, and detection of gene
duplications

All  MADS-box  genes  were  mapped  to  chromosomes,  according
to their  annotations in the genome.  Both tandem duplications and
segmental  duplications  were  predicted  according  to  the  Plant
Genome  Duplication  Database[40].  The  all-against-all  'BLASTP'  com-
parison  (e-value  ≤ 1  ×  10 −10)  was  performed  to  give  similarities
among  all  genes.  MCScanX  was  used  to  detect  segment  duplica-
tions and results were manually confirmed[41].  Tandem duplications
were  accepted  as  those  genes  next  to  each  other,  or  separated  by
one unrelated gene. 

Estimation of synonymous (Ks), and nonsynonymous
(Ka) substitutions per site and their ratio (Ka/Ks)

All duplicated gene pairs were used to estimate Ka, Ks, and Ka/Ks.
Coding  sequences  from  duplicated  genes  were  aligned  using
'PRANK'[42]. The estimation of Ka, Ks, and Ka/Ks was developed using
the KaKs_Calculator (v3.0)[43], and the MA model was adopted. 

Expression profiles, WGCNA analysis, and GO
enrichment

The expression profiles  of MADS-box genes response to different
stages  (S1  to  S4)  were  analyzed.  Furthermore,  gene  co-expression
correlations were also displayed with R package WGCNA (Weighted
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Gene  Co-expression  Network  Analysis)[44].  All  the  genes  that  were
aligned  to  the V.  planifolia genome  through  RNA-seq  sequencing
were used as the primary gene set. Then genes with extremely low
expression were manually filtered out, and the expression data of all
remaining genes were used as input for WGCNA analysis.  Based on
the  WGCNA  software,  through  further  processing,  the  genes  were
clustered into different modules. The modules show the correlation
with different tissues and the degree of strength of the correlation.
GO  enrichment  analyses  were  performed  with  DAVID[45],  and  the
input  gene  set  from  each  WGCNA  module  that  contained VpMADS
genes. 

Real-time quantitative PCR (qRT-PCR) analysis
Whole vanilla flowers at four developmental stages (S1–S4) were

collected and dissected into different tissues according to the tran-
scriptome  sampling  method.  Samples  were  immediately  frozen  in
liquid nitrogen and stored at –80 °C. Total RNA was extracted using
the  Vazyme  VeZol-Pure  Total  RNA  Isolation  Kit  (Cat#  RC202-01).
Approximately 100 mg of powdered tissue was lysed in 1 mL Trizol
reagent  following  the  manufacturer's  protocol.  First-strand  cDNA
was  synthesized  using  the  Vazyme  HiScript  IV  1st  Strand  cDNA
Synthesis  Kit  (Cat#  R412-01)  with  the  reaction  components  as
follows: 1 μL of total RNA, 7 μL RNase-free water, and 2 μL 5 × gDNA
wiper Mix were incubated at 42 °C for 2 min; then 5 μL 4 × HiScript
IV RT SuperMix, 1 μL Oligo (dt)20VN, and 2 μL Random Primers were
added, followed by incubation at 37 °C for 15 min and 85 °C for 5 s.
qRT-PCR  was  performed  using  the  Vazyme  SupRealQ  Ultra  Hunter
SYBR  qPCR  Master  Mix  (Cat#  Q713-02)  on  an  ABI  QuantStudio  6
instrument.  The  20-μL  reaction  mixture  contained  1 μL  of  100-fold
diluted  cDNA,  10 μL  2  ×  Master  Mix,  1 μL  each  of  forward  and
reverse  primers,  and  7 μL  ddH2O.  Thermal  cycling  conditions  were
95 °C for 30 s, followed by 40 cycles of 95 °C for 3–10 s and 60 °C for
10–30  s,  with  a  melting  curve  analysis.  Relative  gene  expression
levels  were  calculated  using  the  comparative  CT  method,  and  bio-
logical  replicates  were  analyzed  for  mean  values  and  linear  regres-
sion.  Fourteen  flowering-related  genes  and  nine  MADS-box  genes
were  selected  for  validation.  Log2-transformed  values  of  transcrip-
tome counts and qRT-PCR expression levels were subjected to linear
regression  analysis,  with  R2 >  0.8  indicating  a  strong  correlation
between the two datasets. The primers were shown in Supplemen-
tary Table S1. 

Results
 

Identification and characterization analysis of the
MADS-box gene family in V. planifolia

Based on the results of 'HMMER' and 'BLASTP', a total of 47 MADS-
box  genes  were  identified.  The  chromosome  locations,  molecular
weights, number of amino acids, exon numbers, pI, instability index,
aliphatic  index,  GRAVY,  and  predicted  subcellular  locations  are  all
presented  in Table  1.  As  demonstrated  in Table  1,  the  lengths
of  these  MADS-box  proteins  ranged  from  53  aa  (KAG0449578.1)  to
397  aa  (KAG0468859.1).  The  molecular  weights  were  between
6.09  kDa  (KAG0449578.1),  and  43.42  kDa  (KAG0468859.1),  and
the  pIs  varied  from  3.95  (KAG0468269.1)  to  11.87  (KAG0500929.1),
respectively.  The  instability  indices  were  between  30.65  and  98.81
and  six  VpMADSs  (VpMADS4,  VpMADS5,  VpMADS14,  VpMADS15,
VpMADS16,  VpMADS17)  were  lower  than  40.  Nearly  all  VpMADSs
exhibited  negative  GRAVY  values,  except  for  VpMADS21,  suggest-
ing  that  the  majority  of  VpMADSs  were  hydrophilic,  while
VpMADS21  was  hydrophobic  (Table  1).  It  was  predicted  that  nine
MADS-box  proteins  might  be  expressed  in  the  chloroplast,  mito-
chondrion,  and cytoplasm. In contrast,  the other 38 members were

predicted  to  be  expressed  in  the  nucleus  (Table  1).  Additionally,
SMART results indicated that there were 22 genes belonging to the
MIKCC type, which were named VpMADS1 to VpMADS22. Since the
'ABCDE'  model  is  derived  from  MIKCC genes,  we  primarily  concen-
trated  on  the  MIKCC type  genes  in  this  study,  and  the  subsequent
analyses were also centered around this type. 

Gene structures and conserved motif analysis
In V.  planifolia,  three  MIKCC-type  VpMADS  genes  (VpMADS3,

VpMADS10,  and VpMADS11)  were  found  to  possess  3'UTRs  (Fig.  1).
All VpMADS genes  consisted  of  multiple  exons,  with VpMADS4
having  the  highest  number  of  13  exons  and VpMADS2 having  the
least number of five exons (Table 1, Fig. 1). The gene lengths ranged
from approximately 1 kb (VpMADS18) to 37 kb (VpMADS4). Through
phylogenetic  analysis,  it  was  observed  that  most  VpMADSs  with
similar  gene  structures  were  grouped  into  the  same  clusters,
suggesting that they might have comparable functions (Fig. 1).

Conserved  motif  analysis  was  carried  out  using  The  MEME  suite
(https://meme-suite.org/meme/),  and  the  results  are  presented  in
Fig. 2. Among the top 10 motifs, all VpMADSs encompassed motif 1,
within  which  the  MADS  conserved  domain  was  situated.  Nearly  all
VpMADSs  contained  motif  3,  except  VpMADS10.  Both  motif  2  and
motif  5  were present  in  20 MIKCC-type VpMADSs,  where VpMADS5
and  VpMADS10  lacked  motif  2,  and  VpMADS18  and  VpMADS22
lacked  motif  5  (Fig.  2).  Additionally,  VpMADSs  possessing  similar
conserved motifs might have comparable functions,  as exemplified
by VpMADS14, VpMADS15, VpMADS16, and VpMADS17 (Fig. 2). 

Multiple sequence alignment and phylogenetic
analysis

V.  planifolia represents  a  monocotyledonous  plant  species.  To
investigate  its  evolutionary  trajectory  and the  classification  pattern
of the MADS-box gene family, A. thaliana and O. sativa were selected
as  reference  species  to  reconstruct  the  phylogenetic  relationships,
as  depicted  in Fig.  3.  Overall,  VpMADSs,  OsMADSs,  and  AtMADSs
were  clustered  into  14  subgroups.  Specifically,  VpMADSs  shared
eight  common  groups,  namely  SEP-like,  RSB1-like,  AG-like,  SOC1-
like, SQUA-like, ANR1-like, SVP-like, and P1/AP3, with OsMADSs and
AtMADSs.  Notably,  two  groups,  FLC-like  and  AGL15/18,  were  not
present in both V. planifolia and O. sativa.  Additionally, two groups,
XAL1-like and TT16-like, consisted solely of OsMADSs and AtMADSs,
with no corresponding VpMADS homologous genes.  In  the case of
the  GOA-like  group,  there  was  only  one  VpMADS10  and  one  GOA,
and no OsMADSs were involved, as shown in Fig. 3. There was also a
particular  group,  designated  as  'unique',  which  encompassed  both
OsMADSs and VpMADSs but did not  include AtMADSs.  Among the
ten  groups  that  contained  VpMADSs,  the  P1/AP3  group  exhibited
the highest abundance of VpMADSs, while the GOA-like and SOC1-
like  groups  had  the  lowest  number  of  VpMADSs,  as  illustrated  in
Fig. 3. 

Chromosomal localizations and gene duplications
The  chromosomal  distributions  of  22  VpMADSs  are  presented  in

Fig.  4.  These  genes  are  distributed  unevenly  across  12  chromo-
somes and four scaffolds. Both CM028164.1 and CM028165.1 harbor
three  VpMADSs,  which  represent  the  highest  number  of  members.
Simultaneously,  there  are  two  VpMADSs  located  on  both
CM028169.1 and CM028173.1, while the remaining chromosomes or
scaffolds possess only one member each (Fig. 4). Gene duplications
within  the V.  planifolia genome  were  also  computed  and  docu-
mented  in Supplementary  Table  S2.  Through  MCScanX  searching
and  manual  screening,  48  pairs  of  duplications  were  identified
as  segment  duplications.  These  duplications  encompassed  35
VpMADSs,  and  some  duplicated  pairs  between  MIKCC and  other

MADS-box gene family in Vanilla planifolia
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Fig. 1    Gene structures of MIKCC-type VpMADS genes with exons, introns, and UTRs.

 

 
Fig. 2    Conserved motif analyisis of MIKCC-type VpMADSs.
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types  were  also  detected.  Segment  duplications  serve  as  the
primary driving force for the expansion of the MADS-box genes in V.
planifolia,  while  only  two  pairs  of  tandem  duplications  could  be

observed (Supplementary Table S2). Moreover, it was demonstrated
that  the Ka values were mainly  concentrated in the range of  0.5  to
0.8,  the Ks  values  were  mainly  clustered around 1.8  to  2.4,  and the

 

 
Fig. 3    The phylogenetic tree of MIKCC-type MADS-box proteins in V. planifolia, A. thaliana, and O. sativa. The red triangles referred to VpMADSs, green
circles referred to AtMADSs, and blue stars referred to OsMADSs. Two adjacent groups were alternately distinguished by bands of two colors.

 

 
Fig. 4    Gene distributions of MIKCC type VpMADSs in V. planifolia.
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Ka/Ks  values  were  predominantly  centered  around  0.2  to  0.5
(Supplementary Fig. S1). The aforementioned results suggested that
VpMADSs have been subject to negative selection during the evolu-
tionary process. 

RNA-sequencing and expression profiles of VpMADSs
during bud formation

In  this  study,  a  novel  sampling  approach  for  the  small  rostellum
was  adopted  to  conduct  RNA-seq  sequencing. Figure  5 illustrates
the  four  stages,  where  A  and  B  respectively  depict  the  overall  and
internal  differences  among  the  four  stages.  For  the  sake  of  conve-
nient representation, we use 'R' to denote the rostellum, 'G' to repre-
sent the gynostemium excluding the rostellum, and 'B'  to stand for
the  buds  with  both  the  rostellum  and  the  gynostemium  removed.
The composition of tissues in each sample is indicated by a combi-
nation of the corresponding letters. For example, a complete bud is
represented  as  'BGR'.  To  investigate  the  gene  expression  during
rostellum development, samples including the whole flower (BGR), a
whole  flower  without  the  gynostemium  (BG),  gynostemium  (GR),
and  gynostemium  without  the  rostellum  (G)  were  collected  for
subsequent  RNA-seq  sequencing.  In  phase  S1,  only  BG  and  BGR
were  gathered  and  compared.  During  the  S2  stage,  as  the  buds
grew slightly larger, G samples were incorporated. In the S3 and S4
stages,  with  the  further  development  of  the  flower,  G  and  GR
samples were added at both stages. Consequently, we were able to
acquire  differential  expression  genes  from  different  tissues  and
stages,  which  effectively  circumvented  the  challenge  of  obtaining
flower organ samples.

Based  on  the  RNA-seq  results,  15  genes  with  differential  expres-
sion  profiles  were  obtained,  as  depicted  in Fig.  6.  The  expression
levels  of VpMADS3, VpMADS4, VpMADS5, VpMADS11, VpMADS12,
VpMADS13, VpMADS14, VpMADS16, and VpMADS17 in BGR exhibited
a  significant  decrease  from  the  S1  to  S4  phase,  particularly  pro-
minent  in  the  S4  stage  (Fig.  6).  In  contrast,  the  expressions  of
VpMADS9,  and VpMADS21 displayed  an  opposite  tendency,  show-
ing an evident up-regulated expression profile  in the S4 stage.  The

expression profiles of most genes were comparable in both GR and
G,  yet  significantly  differed  from  that  in  BG  (VpMADS9, VpMADS11,
VpMADS14, VpMADS17).  In numerous instances,  there was no signi-
ficant  difference  in  expression  between  BG  and  BGR;  nevertheless,
certain  genes,  such  as VpMADS3, VpMADS11, VpMADS17,  and
VpMADS18 were  remarkably  differentially  expressed  in  specific
stages between BG and BGR (Fig. 6). 

WGCNA and GO enrichment analysis
It  is  widely  acknowledged  that  Weighted  Gene  Co-expression

Network  Analysis  (WGCNA)  can  group  genes  into  diverse  modules
in  accordance  with  their  co-expression  relationships.  On  the  basis
of  this,  11  modules  were  acquired  and  named  black,  brown,  red,
magenta,  yellow,  turquoise,  blue,  green,  pink,  purple,  and  gray
respectively (Fig. 7). In total, there were seven modules that encom-
passed  VpMADSs.  Specifically,  two  members  were  included  in  the
brown  module  (VpMADS1, VpMADS13),  three  in  the  yellow  module
(VpMADS7, VpMADS8, VpMADS9),  four  in  the  turquoise  module
(VpMADS5, VpMADS12, VpMADS14, VpMADS22),  four  in  the  blue
module  (VpMADS2, VpMADS3, VpMADS4, VpMADS20),  two  in  the
green  module  (VpMADS6, VpMADS18),  one  in  the  pink  module
(VpMADS15), and three in the purple module (VpMADS11, VpMADS16,
VpMADS17)  (Supplementary  Table  S3).  As  illustrated  in Fig.  7,  the
correlations  between  the  modules  and  traits  were  also  presented.
Among  the  seven  modules  containing  VpMADSs,  the  majority,
namely purple, pink, green, blue, yellow, and brown, demonstrated
a significantly positive correlation with GR or G tissues.

Gene  ontology  (GO)  analysis  was  performed  for  the  modules
(yellow, brown, grey, blue, green, purple, and turquoise) containing
VpMADSs. For each module, except for the purple and gray modules
in  which  fewer  than  20  GO  terms  were  enriched,  the  top  20  GO
terms  were  presented  (Fig.  8).  Seven  modules  were  enriched  with
GO  terms  related  to  cell  differentiation,  cell  division,  development,
growth,  auxin  response,  and  others.  These  terms  were  associated
with  the  growth  and  development  of  shoots,  meristems,  cells,  and
flowers (Fig. 8). 
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Fig. 5    Different periods and structures of V. planifolia flowers. (a) Whole flower in four stages S1 to S4 (from left to right); (b) flower internal structure S1
to S4 (from left to right); (c) rostellum S1 to S4 (from left to right); (d) magnified view of flower internal structure.
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qRT-PCR analysis
To  further  ensure  the  accuracy  of  the  results,  we  repeated  the

sample collection using the same sampling method and performed

real-time  quantitative  PCR  (qRT-PCR)  validation  on  nine  out  of  the

15  VpMADS  genes  screened  by  RNA-seq  and  conducted  a  correla-

tion  analysis  between  the  expression  results  of  RNA-seq  and
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Fig.  6    The  expression  profiles  of VpMADSs  from  RNA-seq  data.  The  X-axis  represented  tissues  including  R  (rostellum),  G  (gynostemiums  without
rostellums), and B (buds without gynostemium and rostellum). S1−S4 refer to the four stages displayed in Fig. 5. The Y-axis represented expression values
after being standardized.
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Fig. 7    The correlations between gene modules and tissues from WGCNA results. Each gene module was assigned a particular color. Greater than zero
was a positive correlation, and less than zero was a negative correlation. The values in the module represent the magnitude of the correlation, and the
values in parentheses denote the p-value.
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Fig.  8    The  GO  enrichment  analysis  of  seven  modules  containing  VpMADSs.  Yellow,  brown,  grey,  blue,  green,  purple,  and  turquoise  meant  different
modules in WGCNA analysis.
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qRT-PCR (Fig. 9; Supplementary Table S4). The results showed a high
positive correlation between the two methods for these nine genes,
with an R-value of 0.8075.

As  shown  in Fig.  10,  the  expression  intensity  of  the  two  genes
VpMADS4 and VpMADS5 are  significantly  higher  in  the  early  stages
S1  and  S2  than  in  stages  S3  and  S4,  and  they  tend  to  be  more

strongly expressed in buds outside the GR or G. Both genes exhibit a
significant decrease in expression intensity at stages S2 and S3, but
their  expression  values  increase  at  stage  S4,  particularly  notably  in
the  G  or  GR,  and  this  trend  is  highly  consistent  with  the  profile  of
RNA-seq. For VpMADS9, its expression intensity in GR and R at stage
S4  increases  significantly,  which  is  consistent  with  the  results  of
RNA-seq.  The  expression  intensity  of VpMADS9, VpMADS11,  and
VpMADS13 in G may be lower than that in GR, indicating a decrease
in their  expression intensity  after  removing R.  VpMADS15 is  mainly
expressed in GR and G at the S4 stage. The expression of VpMADS16
and VpMADS17 decreases significantly at the S4 stage. 

Discussion

V.  planifolia,  akin  to  the  vast  majority  of  orchid  plants,  exhibits  a
comparable  pollination  mechanism.  It  relies  on  fragrant  pollen  to
attract bees or butterflies. This explains why some introduced orchid
plants encounter challenges in natural pollination when local natu-
ral  pollination conditions  are  lacking[46,47].  As  a  result,  investigating
the genetic  formation mechanism of  the rostellum in orchid plants
to  resolve  pollination  issues  represents  a  significant  scientific  leap.
MADS-box genes are intricately linked to flower development. Their
diverse  combination  mechanisms  are  likely  the  key  determinant  in
the formation of different flower organs in plants. It has been docu-
mented  that  the  MADS-box  gene  family  participates  in  the  forma-
tion of  styles.  The rostellum develops on the gynostemium, and its
growth and development show a high level of temporal and spatial
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Fig.  9    Coefficient  analysis  of  fold  change  data  between  qPCR  and
RNA-seq.

 

 
Fig. 10    The expression profiles of qRT-PCR results.
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synchronization  with  the  gynostemium.  Hence,  we  postulate  that
VpMADSs might also play a pivotal role in the growth and develop-
ment of the rostellum in V. planifolia.

Phylogenetic  analysis  revealed  a  relatively  close  phylogenetic
relationship  among  VpMADSs  and  AtMADSs,  which  was  consistent
with previous studies on orchid plants[22,48,49].  Eight groups posses-
sed  homologous  genes  in V.  planifolia when  compared  with A.
thaliana (Fig. 3). Given that both V. planifolia and O. sativa are mono-
cotyledonous plants, they share certain characteristics of the MADS-
box  gene  family  typical  of  monocotyledonous  plants.  For  instance,
neither  of  them  contains  any  FLC-like  homologous  genes  (Fig.  3).
Additionally,  two  VpMADS  genes  and  three  OsMADS  genes  were
clustered  into  a  single  subgroup  (termed  the  'unique  group'),
suggesting that they might possess some unique functions distinct
from  those  of  other  monocotyledonous  plants  (Fig.  3).  Moreover,
not  every  monocotyledonous  plant  has  MADS-box  genes  in  each
subgroup. It was observed that VpMADS10 belongs to the GOA-like
group,  yet  there  are  no  homologous  genes  in O.  sativa.  Simulta-
neously, two OsMADSs (LOC_Os08g020701 and LOC_Os12g105201)
are  in  the  XAL1-like  group,  while  no  corresponding  genes  are
present in V. planifolia (Fig. 3).

MIKCC-type  genes,  being  key  genes,  actively  participate  in  plant
flower development and serve as major constituents of the 'ABCDE'
model.  In  this  study,  our  focus  was  on  the  MIKCC-type  MADS-box
genes  in V.  planifolia.  According  to  the  'ABCDE'  model,  MADS-box
genes are widely implicated in the formation of  flower organs.  The
functions  of  MADS-box  genes  in A.  thaliana have  been  elucidated,
whereas  numerous  unknown  functions  are  still  being  uncovered
in  other  monocotyledonous  plants.  Since  the  gynostemium  is
formed  through  the  metamorphosis  of  the  pistil  stigma,  it  might
also  be  involved  in  the  development  of  the  rostellum.  The  SQUA-
like  subgroup  encompasses  two  VpMADS  genes  (VpMADS11 and
VpMAMS12)  (Fig.  3).  One  of  them  (VpMADS11)  is  clustered  into  the
purple  module,  and  the  other  (VpMADS12)  is  clustered  into  the
turquoise module (Fig. 8). These two genes might play a crucial role
in the formation of the gynostemium in V. planifolia, as they not only
exhibit a significantly high expression in G or GR (Fig. 6) but also the
modules  in  which  they  are  located  are  highly  positively  correlated
with  G  or  GR  (Fig.  8).  Moreover,  many  GO  terms  related  to  flower
development are also enriched in both modules (Figs 8, 9). Additio-
nally,  it  has  been  reported  that  AG-like  genes  are  involved  in  the
regulation of gynoecium and ovule development[22,50]. This research
also  indicates  that  AG-like  genes  VpMADS6/7/8  are  significantly
highly  expressed  in  G  or  GR  tissues  (Fig.  6).  The  yellow  module,
which  contains VpMADS7 and VpMADS8,  enriches  several  types  of
GO  terms  including  auxin,  cell  differentiation,  and  developmental
growth  (Figs  8, 9).  Meanwhile,  the  results  of  WGCNA  analysis  also
suggest that the yellow module might be positively correlated with
the growth and development of GR in V. planifolia (Fig. 9).

This  study  also  introduced  a  novel  sampling  approach.  The  stra-
tegy  of  retention  and  exclusion  might  prove  to  be  an  effective
means  for  samples  that  are  challenging  to  collect.  The  limited
number of flowers and the diminutive size of rostellum in V. planifo-
lia pose  difficulties  in  obtaining  sufficient  samples  for  RNA-seq
sequencing,  particularly  during the early  flower bud stages.  Conse-
quently, we aimed to ascertain whether the expression of a specific
organ  was  modified  by  manipulating  the  gynoecium  to  either
remove or retain the rostellum and by manipulating the flower bud
to remove or retain certain parts. Through this, we could deduce the
role of a gene in a particular organ. It was evident from the expres-
sion  profiles  obtained  using  this  method  that  it  was  effective  to  a
certain degree. Since the BG tissue represents the remaining portion
of  BGR after  the removal  of  the gynoecium, the expression profiles

of some VpMADSs in BGR were notably higher than in BG, implying
that  these  genes  might  be  highly  expressed  in  the  gynoecium
(Fig.  6).  In  reality,  most  of  these  genes  under  such  circumstances
were precisely highly expressed in either G or GR tissues (VpMADS7/
8/11/17/22),  suggesting  that  these  genes  might  exhibit  G- or  GR-
specific expression (Fig. 6).

The expression profiles of qRT-PCR further validated the results of
RNA-seq, and overall, the expression trends of RNA-seq were similar
to  those  of  qRT-PCR.  VpMADS  genes  may  play  different  roles  at
different stages. For example, VpMADS5 may play a role in the deve-
lopment  of  G  or  GR at  the  S4  stage. VpMADS9 and VpMADS14 may
play key roles  in  the development of  R,  as  they are not  only highly
expressed in GR but also show a significant decrease in expression in
G  after  removing  R. VpMADS13, VpMADS16,  and VpMADS17 may
primarily function in G or GR from S1 to S3, with their roles decreas-
ing at the S4 stage. VpMADS9 and VpMADS11 may play key roles in R
development,  as  they  are  highly  expressed  in  GR  across  multiple
stages  and  show  a  significant  decrease  in  expression  in  G  after
removing R.

In general, the expression levels of VpMADSs exhibited a gradual
decline from S1 to S4 (Fig. 6). This phenomenon might be attributed
to  the  fact  that  the  MADS-box  is  a  crucial  gene  family  in  flower
development and plays a significant role in the formation of flower
organs[51,52].  Consequently,  the  expression  of  VpMADSs  diminishes
as  the  flowers  progress  towards  maturity.  Conversely,  certain
VpMADSs,  such as VpMADS9/10/21,  displayed an increasing expres-
sion at elevated levels during the S4 stage (Fig.  6).  Additionally,  we
hypothesized  that  the  regulatory  mechanism  of  VpMADSs  on  the
rostellum  and  gynoecium  might  not  be  different.  Moreover,  based
on  the  similar  expression  profiles  of  many  VpMADSs  in  G  and  GR
tissues, it can be inferred that the development of the rostellum and
gynoecium might occur concurrently (Fig. 6). 

Conclusions

In  this  research,  a  comprehensive  and  in-depth  analysis  of  the
MADS-box gene family  in V.  planifolia was  conducted.  This  encom-
passed  whole  genome-wide  identification,  gene  characterization,
gene structure dissection, conserved domain analysis, phylogenetic
relationship  reconstruction,  gene  duplication  determination,  and
gene  expression  evaluation.  A  total  of  47  VpMADS  genes  were
successfully identified, with 22 of them falling into the MIKCC types,
which could further be categorized into 10 subgroups. It was disco-
vered that the expression profiles of VpMADSs exhibited significant
disparities  between the gynostemium and the bud-without-gynos-
temium.  This  strongly  indicates  that  VpMADSs  are  likely  to  play  a
crucial  and  indispensable  role  in  the  development  of  the  gynos-
temium and the rostellum. Moreover, the strategies of retaining and
removing  certain  specific  tissues  could  prove  highly  beneficial  and
instrumental  in  the  functional  study  of  tissues  that  are  otherwise
difficult to analyze. All of the aforementioned findings not only offer
novel  and  valuable  insights  into  the  MADS-box  gene  family  in V.
planifolia but also propose potential functions of the VpMADS genes
in relation to rostellum development, thereby laying a solid founda-
tion for further research and understanding in this field. 
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