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Abstract
Background  The transition from flower to fruit, encompassing flower formation to fruit maturation, has been 
extensively studied in model plants such as Arabidopsis thaliana. However, the Orchidaceae family, including Vanilla 
planifolia, exhibits a unique phenomenon known as post-pollination syndrome (PPS), where pollination initiates 
ovule development but often leads to premature ovary drop. This phenomenon significantly impacts the yield and 
stability of V. planifolia crops. Understanding the molecular mechanisms underlying PPS is essential for improving crop 
production. This study explores transcriptomic and histological variations to identify key molecular and phenological 
changes in the ovary during the flower-to-fruit transition in V. planifolia.

Results  The flower-to-fruit transition in Vanilla planifolia involves dynamic changes in gene expression and 
phenotypic events, which can be categorized into four distinct stages: (1) Pre-pollination: Ovary differentiation is 
characterized by the enrichment of nitrogen metabolism and photoperiod-responsive pathways. The upregulation of 
VpVRN5-like and VpNAC14-like suggests their roles in photoperiod-induced flowering and ovarian tissue differentiation 
in response to nitrate availability. (2) Pollination: Key events include nucellar filament branching and the functional 
enrichment of pathways associated with growth and responses to light intensity. The upregulation of VpMBS1-like 
indicates its involvement in regulating and adapting to high light conditions. (3) Post-pollination: This stage is marked 
by embryo sac formation and pollen tube elongation, with enrichment in auxin response pathways. The upregulation 
of VpIAA6-like and VpRALF27-like suggests their roles in auxin signaling during ovule development. (4) Fertilization: 
Seed development is associated with the enrichment of abiotic stress response pathways and carbohydrate transport. 
The upregulation of VpAAE3-like, VpPR1-like, and VpSWET12-like suggests functions in stress responses and sucrose 
transport, potentially linked to fungal interactions or symbiosis.

Conclusions  This study characterizes the molecular and phenological changes occurring during the flower-to-fruit 
transition in V. planifolia by integrating transcriptomic analysis with anatomical data on post-pollination syndrome. 
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Background
The flower-to-fruit transition (FFT) is a pivotal process 
in angiosperm evolution, linking flower development 
to fruit formation [1]. In model plants like Arabidopsis 
thaliana (L.) Heynh (Brassicaceae) and Solanum lycoper-
sicum L. (Solanaceae), FFT is marked by two key events: 
(1) Pre-pollination, which establishes the final stage of 
flower development, and (2) Pollination-fertilization, 
which involves the transfer of pollen to the stigma, the 
growth of pollen tubes through the gynoecium, and ulti-
mately the union of gametes to form the embryo [1, 2]. 
While these events are well-understood in model organ-
isms, the dynamics of FFT can differ substantially in 
other species [3].

In the family Orchidaceae, for example, FFT is charac-
terized by a distinct variant known as the post-pollina-
tion syndrome (PPS). This syndrome involves significant 
structural and physiological changes in the perigonium 
and gynostemium-ovary, and it is marked by a delay 
between pollination and fertilization. Notably, the female 
gametophytes are absent or incipient before pollen con-
tact activates hormonal mechanisms that drive ovule 
development and pollen tube elongation [3]. In orchids 
like Vanilla planifolia Andrews (Orchidaceae), this 
extended FFT period makes the plant more susceptible to 
environmental stresses, which can disrupt the transition 
and lead to premature ovary drop, significantly affecting 
yield [3–5].

Despite the importance of PPS in orchid cultivation, 
particularly for ornamental purposes, most research 
has focused on post-harvest flower life and pigmenta-
tion changes, with little attention given to the molecular 
changes during the flower-to-fruit transition itself. This 
gap in knowledge presents an opportunity for a more 
integrative approach to studying FFT in orchids and 
other non-model plants [3].

One promising method to explore these complex pro-
cesses is through genome-wide transcriptomic analyses. 
Differential transcriptomics offers insights into the devel-
opmental stages of plants by examining gene expression 
patterns across tissues and experimental conditions [6]. 
This approach, often referred to as “molecular phenol-
ogy,” has been used extensively in model organisms to link 
gene expression profiles to developmental stages [7]. For 
example, in Solanum pimpinellifolium L. (Solanaceae), 
spatiotemporal variations in gene expression related to 
cell division, photosynthesis, and auxin transport were 

observed during FFT [8]. Similarly, in Pyrus bretschnei-
deri Rehd (Rosaceae), changes in mesocarp cell growth 
were linked to the up-regulation of genes related to car-
bohydrate metabolism and auxin transport during Polli-
nation stage [9].

Transcriptomic analysis not only uncovers gene expres-
sion dynamics but also reveals how environmental sig-
nals influence the FFT process [7, 10, 11]. This approach 
could be particularly valuable for studying non-model 
plants like V. planifolia, where little is known about the 
molecular mechanisms driving FFT, especially in relation 
to PPS [3, 4, 12]. While histological studies have provided 
some understanding of ovarian development in V. plani-
folia [13–15], the functional aspects, such as the role of 
auxin metabolism-related genes in fruit development, 
remain poorly understood [4].

This study aims to bridge this knowledge gap by inte-
grating transcriptomic and histological analyses to 
uncover the molecular phenology of FFT in V. planifo-
lia and other orchids with PPS. Our findings may offer 
a deeper understanding of FFT in plants with PPS and 
facilitate the identification of candidate genes for func-
tional validation of this process in V. planifolia.

Materials and methods
Biological material
The biological material was collected in the Totonaca-
pan region, in the municipality of San Rafael, Veracruz 
State, Mexico [16]. Plants were sampled from reproduc-
tive individuals older than five years, grown in crop fields 
under an intensive shade mesh system. Environmen-
tal conditions in these fields included a temperature of 
37  °C, relative humidity of 70%, light intensity of 92.59 
µmol/m²/s, and a photoperiod of 14 h of light and 10 h 
of darkness. Each sample was collected twice, with no 
visible signs of pathogens, from the middle region of the 
plant [17].

Flowers and ovaries were collected at four developmen-
tal stages of V. planifolia: (1) Pre-pollination (Pre-pol: 
floral bud before anthesis), (2) Pollination (Pol: flower in 
anthesis with pollen on the stigma), (3) Post-pollination 
(Post-pol: ovary 25 days after pollination), and (4) Fer-
tilization (Fer: ovary with fertilized ovules, 60 days after 
pollination) [4]. An herbarium specimen was depos-
ited in the ethnobotanical collection at the Herbario 
IZTA, Facultad de Estudios Superiores Iztacala, UNAM 
(Boucher number: 3559-IZTA).

Based on functional predictions, this approach provides valuable insights into the mechanisms governing this 
transition in plants exhibiting PPS and identifies candidate genes for future experimental validation in V. planifolia.

Clinical trial number  Not applicable.
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Anatomic analysis
The gynostemium was subdivided into apical, medial, 
and basal regions. Samples were taken from the medial 
region of the ovary. These samples were fixed in Form-
aldehyde Alcohol Acetic Acid (10%:50%:5% + 35% water 
solution, F.A.A.) for 24  h, then washed with water to 
remove the fixative solution. Prior to dehydration, the 
samples were softened with 10% ethylenediamine for 
24 h. Dehydration was carried out in a gradual series of 
tert-butyl alcohol solutions (30%, 50%, 60%, 75%, 80%, 
90%, 100%). Infiltration and embedding were performed 
using Paraplast (Sigma-Aldrich). Longitudinal sections 
of the gynostemium and transverse sections of the ovary 
were obtained at 5  μm thickness using a rotary micro-
tome [18]. The sections were stained with fast green and 
safranin. Finally, the samples were mounted using syn-
thetic resin. The resulting preparations were deposited in 
the collection of the Laboratorio de Apoyo a la Investig-
ación del Jardín Botánico, Instituto de Biología, Univer-
sidad Nacional Autónoma de México, and subsequently 
observed and analyzed using a photomicroscope (Carl 
Zeiss Axioskop) with bright field, phase contrast, and 
polarization modes. We analyzed the dermal, fundamen-
tal, and vascular tissues of the gynostemium and ovary/
fruit tissues. Images were captured using a digital camera 
(Rising View V x64.4.10.17214.2020).

RNA isolation
The collected tissue was immediately frozen in liquid 
nitrogen on-site and stored at -70  °C until further pro-
cessing. While still frozen, the gynostemium was dis-
sected and pulverized in liquid nitrogen to facilitate total 
RNA isolation using the Direct-zol RNA Miniprep Plus 
kit, following the manufacturers instructions (ZYMO 
RESEARCH). The integrity of the total RNA was assessed 
by 1% agarose gel electrophoresis, and the average total 
RNA concentration was 569 ng/µL, determined using the 
NanoDrop One (Thermo Fisher Scientific, Carlsbad, CA). 
Total RNA integrity and purity were further evaluated 
with a Bioanalyzer 2100 (Agilent Technologies, Santa 
Clara, CA), and RNA samples with RIN values > 6 were 
selected for subsequent cDNA synthesis, library con-
struction, and sequencing.

cDNA library synthesis and next-generation sequencing
cDNA libraries were constructed from total RNA using 
TruSeq v2 RNA Sample Preparation Kits (Illumina, Inc., 
San Diego, CA). A total of eight libraries, representing 
four developmental stages with two consistent biologi-
cal replicates (assessed by Pearson correlation and dis-
persion analysis), were generated, indexed, and pooled. 
Sequencing was performed at the Unidad Universitaria 
de Secuenciación Masiva y Bioinformática of the Instituto 
de Biotecnología, Universidad Nacional Autónoma de 

México (UUSMB IBT-UNAM) using the Illumina Next-
Seq 500 system, generating 76-bp paired-end reads.

De Novo assembly and functional annotation
We performed quality analysis of the raw data using 
FastQC version 0.11.9. The Phred quality score for each 
nucleotide was calculated, along with sequence length, 
GC content, duplicated sequences, and adaptors [19]. 
Based on this information, we trimmed and filtered the 
data using Trimmomatic version 0.39 to eliminate adap-
tors, with a maximum error rate of 2 bp every 30 bases 
and a minimum Phred score of 15. Sequences with a 
minimum length of 30 bp were retained [20]. To gener-
ate contigs, a de novo assembly of the V. planifolia tran-
scriptome was performed using Trinity version 2.4. We 
assessed assembly quality using metrics such as total 
genes, GC content, median contig length, average contig 
length, total assembled bases, and the ExN50 statistic, 
ultimately calculating the E95N50 value [21].

Subsequently, we performed an analysis using BUSCO 
v4 software to evaluate the integrity of conserved ortho-
logs, utilizing the Liliopsida odb10* database with pre-
defined parameters [22]. Amino acid sequences were 
identified by searching for open reading frames with 
TransDecoder software [23]. Transcript annotations were 
carried out using Trinotate software, employing three 
annotation strategies with their respective databases [24]: 
(1) Sequence homology search via BLASTp and BLASTx 
against the UniProt database [25]; (2) Protein domain 
identification using the Markov chain model and the 
PFAM domain database [26]; and (3) GO-term (Gene 
Ontology) assignment through the Pannzer annotation 
database [27] (pipelines available at ​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​A​
n​d​r​​e​a​​-​H​-​​M​/​V​​a​n​i​l​​l​a​​_​T​F​F​/​t​r​e​e​/​m​a​i​n).

Differential expression analysis
A pseudoalignment-based mapping of reads to the 
assembled transcriptome was performed using Salmon 
v0.8.0 and Trinity 2.4 to quantify transcript expres-
sion in TPM (transcripts per million) [28]. Differential 
expression analysis was conducted by comparing pairs of 
developmental stages (Post-pol vs. Fer, Pol vs. Fer, Pol vs. 
Post-pol, Pre-pol vs. Fer, Pre-pol vs. Post-pol, and Pre-pol 
vs. Pol) using the DESeq2 package in R 4.2.3 [29]. Signifi-
cance in differential expression was determined by a Log₂ 
fold change ≥ 2 and a p-value ≤ 0.00001 (pipelines avail-
able at ​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​A​n​d​r​​e​a​​-​H​-​​M​/​V​​a​n​i​l​​l​a​​_​T​F​F​/​t​r​e​
e​/​m​a​i​n).

Heatmap cluster analysis
To observe the global profile of differentially expressed 
genes (DEGs) during FFT, we used the normalized TPM 
(Log2) to perform a hierarchical cluster analysis heatmap 
using bidirectional clustering, generating a dendrogram 

https://github.com/Andrea-H-M/Vanilla_TFF/tree/main
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Fig. 1 (See legend on next page.)
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based on Euclidian distances, according to the Ward 
method in the SAS-JMP software. Additionally, we used a 
distance graph and the cubical clustering criteria to esti-
mate the number of groups through the Ward minimum 
variance method, evaluated through Monte Carlo meth-
ods using the SAS-JMP software [30].

In Silico identification of functional signatures
To identify functional signatures strongly associated with 
specific developmental stages, a paired t-test (Students 
t-test for dependent samples) was performed in R 4.2.3 
on the DEGs identified in this study. Genes with signifi-
cantly higher expression at a specific stage compared to 
others (p ≤ 0.00001) were selected for further analysis 
(pipelines available at ​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​A​n​d​r​​e​a​​-​H​-​​M​/​V​​
a​n​i​l​​l​a​​_​T​F​F​/​t​r​e​e​/​m​a​i​n) [29].

Functional enrichment analysis
Functional enrichment analysis was conducted on the 
identified DEGs and genes associated with functional sig-
natures at each developmental stage. To achieve this, we 
performed a BLASTx search against the TAIR 2.9.0 data-
base to identify orthologs in Arabidopsis thaliana. The 
resulting ortholog identifiers were then analyzed using 
the Planteome 1.1 platform for functional enrichment, 
employing Chi-square statistics and Gene Ontology (GO) 
categories to infer biological functions [31]. Data with 
p ≤ 0.05 were visualized as bubble plots in R 4.2.3 and fur-
ther analyzed using Revigo 1.8.1 to generate enrichment 
networks, which were visualized in Cytoscape 3.10.1 [32].

Results
The molecular phenology of the flower-to-fruit transition 
(TFF) in Vanilla planifolia was characterized by integrat-
ing key anatomical and transcriptional changes observed 
across four developmental stages. In plants with post-
pollination syndrome (PPS), the absence of distinct mac-
roscopic changes between stages highlights the need for 
an integrative developmental framework to better under-
stand this process [7].

Anatomical description of the Flower-to-Fruit transition in 
Vanilla planifolia
Significant anatomical changes were observed through-
out the development of V. planifolia, allowing the classifi-
cation of four distinct developmental stages:

Stage 1: Pre-Pollination
The ovary is tricarpellary and unilocular (Fig. 1A). Both 
the outer and inner epidermis are monostratified, with 
stomata present in the outer epidermis. The inner epider-
mis delineates the ground tissue and central cavity of the 
ovary, consisting of a single layer of round, isodiametric 
cells with thin walls. The ground tissue is composed of 
parenchyma cells of varying sizes, some of which con-
tain starch grains and raphides (Fig.  1C). The vascular 
tissue comprises five to six collateral vascular bundles 
per carpel, arranged in a circular pattern (Fig.  1A). At 
this stage, transmission tissue begins to develop in the 
inner epidermis, and placental ridges form, giving rise to 
placental projections composed of a central row of cells 
surrounded by an epidermal layer, which is visible in lon-
gitudinal sections (Fig. 1B).

Stage 2: pollination
Placental projections branch at this stage (Fig. 1E), with 
each branch containing a central row of cells surrounded 
by a single-layered epidermis. The distal cells of the cen-
tral row have dense, enlarged nuclei compared to the 
branch epidermal cells (Fig. 1E), corresponding to arche-
sporial cells or megaspore mother cells. Pollen grains are 
located outside the anther theca and on the stigma, with 
some observed germinating (Fig. 1F).

Stage 3: Post-Pollination
The funiculus curves, forming an anatropous ovule. The 
inner integument begins to develop in some projec-
tions, consisting of one or two cell layers, while the outer 
integument comprises two layers, classifying the ovule 
as bitegmic. Transmission tissue proliferation covers the 
inner epidermis within the central cavity (Fig. 1G), where 
pollen tubes are also present (Fig. 1H). In some sections, 
pollen tubes appear faint but can be distinguished within 
the transmission tissue (Fig. 1H). A fertilized embryonic 
sac containing the zygote and two endosperm nuclei is 
observed in longitudinal sections (Fig. 1I).

Stage 4: fertilization
At this stage, transmission tissue is reduced in the central 
cavity, where seeds and trichomes are abundant (Fig. 1J). 
The trichomes contain dense, globular structures. The 
inner integument surrounds the pro-embryo but remains 
separated from it. At the micropylar end, the suspensor 
is visible, while the reduced nucellus is observed at the 

(See figure on previous page.)
Fig. 1  Tissue-level flower-to-fruit transition in Vanilla planifolia. (A) Transverse section of the ovary, central cavity with nucellar filaments (arrow). (B) 
Histological section of bifurcated nucellar filaments (arrows). (C) Ground tissue with raphides (arrow) and starch grains (asterisks). (D) Transverse section 
of the ovary enlarged central cavity. (E) Nucellar filament with archesporial cell (arrow). (F) Pollen grain germination and emerging pollen tube (arrows). 
(G) Transverse section of the ovary, central cavity showing seed initiation wrapped in transmission tissue (arrows). (H) Pollen tubes (arrow) near ovules 
(star), visible at higher magnification. (I) Embryo sac (arrow). (J) Transverse section of the ovary, central cavity with seeds (arrow). (K) Embryo (star) with 
suspensor (arrow)
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chalazal end (Fig.  1K). Although nucellar reduction is 
not always uniform across sections, different stages can 
be inferred based on cellular organization and tissue 
differentiation.

A robust and well annotated transcriptome was generated
Eight libraries, representing four developmental stages, 
were sequenced with two consistent biological repli-
cates, and the data were assessed using dispersion analy-
sis and Pearson correlation (Fig. S1 and Table S1). This 
sequencing yielded a total of 147,343,104 reads (Table 1). 
After trimming and filtering, 66,009,079 paired reads 
and 332,927 unpaired reads were obtained (Table 1). The 
paired reads were used for de novo assembly, resulting in 
47,843 genes and 97,782 contigs, with an average contig 
length of 417 bp (Table 1). To assess assembly quality and 
replicate consistency, we calculated the ExN50 statistic 
and plotted the expressed percentage (Ex) against the 
ExN50 contig length. The assembly saturation point was 
reached at 95% of the total expression, with an ExN50 of 
1,555 bp and a total of 14,537 contigs (Table 1; Fig. 2A).

We mapped contigs against the Liliopsida odb10* data-
base, identifying 85% of the contigs as complete ortho-
logs, 8% as fragmented, and 7% as missing sequences 
(Fig.  2B). Additionally, we searched for open reading 
frames and performed functional annotation of the 
amino acid sequences using the UniProt (40,233 genes), 
PFAM (46,231 genes), and Pannzer (31,804 genes) 
databases for Gene Ontology (GO)-term assignments 
(Fig. 2C). We identified 30,753 genes associated with bio-
logical processes, 31,804 with molecular functions, and 
31,921 with cellular components (Fig. S2-S5). Most of the 
assembled genes were found to be conserved orthologs, 
as annotated by the selected databases.

Differential gene expression shows patterns of activity 
during development
A total of 1,090 differentially expressed genes (DEGs) 
were identified across six pairwise comparisons of the 
four developmental stages analyzed: (1) Pre-pol vs. Pol, 
(2) Pre-pol vs. Post-pol, (3) Pre-pol vs. Fer, (4) Pol vs. 
Post-pol, (5) Pol vs. Fer, and (6) Post-pol vs. Fer (Fig.  3, 
Fig. S6, Tables S2–S8). Differential expression analysis 
was performed using a threshold of Log₂ Fold Change ≥ 2, 
p-value ≤ 0.00001, with a false discovery rate (FDR) cor-
rection for multiple comparisons. The total of 1,090 
DEGs represents the unique number of differentially 
expressed genes, considering their presence across mul-
tiple comparisons but counted only once.

Expression profiles during the flower-to-fruit transition are 
associated with post-pollination syndrome
To assess expression patterns, hierarchical clustering and 
functional enrichment analyses were conducted, identi-
fying four major clusters of genes associated with specific 
functions in ovary development (Fig.  4, Fig. S7). These 
patterns reflect the differential regulation of key pro-
cesses at each stage, highlighting the activation of genes 
involved in biosynthesis, cellular organization, primary 
metabolism, and responses to biotic and abiotic stress.

To characterize expression patterns associated with the 
flower-to-fruit transition (FFT), we analyzed 1,090 dif-
ferentially expressed genes (DEGs) across developmental 
stage comparisons using hierarchical clustering and func-
tional enrichment analysis. The hierarchical clustering 
analysis and heatmap visualization revealed four distinct 
clusters, each enriched with gene ontology (GO) terms 
related to various biological processes (Fig. 4 and Fig. S7).

Cluster 1 (C1)  Genes involved in biosynthesis and mem-
brane-cell wall organization, including processes related 
to macromolecule metabolism, cell wall formation, 
wounding response, membrane organization, supramo-
lecular fiber organization, and phospholipid biosynthesis 
(Table S9).

Cluster 2 (C2)  Genes involved in stress responses and 
primary metabolism, such as hydric stress, fungal infec-
tion, and positive regulation of cellular and developmen-
tal processes (Table S10).

Cluster 3 (C3)  Genes associated with cellular structure 
and tissue function, including radiation response, tissue 
development, cytokinesis, and reproductive processes 
(Table S11).

Cluster 4 (C4)  Genes related to macronutrient metabo-
lism and morphogenesis, particularly growth and develop-
ment, lipid metabolism, nitrogen compound biosynthesis, 

Table 1  De Novo assembly of FFT in Vanilla planifolia
Sequencing and 
processing

Transcriptome as-
sembly statistics

Contig statistics

Total 
number 
of se-
quenced 
reads

147,343,104 Total genes 47,843 Median 
contig 
length 
(bp)

417

Paired 
reads

66,009,079 Total 
transcripts

97,782 Average 
contig 
length 
(bp)

838.94

Non-
paired 
reads

332,927 GC percent-
age (%)

43.91 Total as-
sembled 
bases

40,137,513

E95N50 (bp) 1,555
Contigs E95 14,537
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phosphate regulation, and carbohydrate responses (Table 
S12).

We also identified two distinct transcriptional profiles 
during FFT in V. planifolia: Profile 1 (P1): Upregulated 
patterns in clusters C1, C3, and most C2 genes dur-
ing the Pre-pollination and Pollination stages. Profile 2 
(P2): Upregulated patterns in clusters C4, C2, and some 
C1 genes during the Post-pollination stage. Additionally, 
an induction pattern was observed in clusters C4, C3, 
and some C1 genes during the Fertilization stage. These 
expression profiles reflect biological functions typical 
of post-pollination syndrome (PPS) and highlight genes 
induced at each developmental stage.

These expression profiles reflect biological functions 
characteristic of post-pollination syndrome (PPS) and 
highlight stage-specific gene induction. Overall, upregu-
lated DEGs were more prevalent than downregulated 
DEGs, suggesting differential recruitment of transcrip-
tional machinery at each stage. This pattern underscores 
the unique molecular signature of the flower-to-fruit 
transition in V. planifolia.

In Silico identification of functional signatures in the 
molecular phenology of the flower-to-fruit transition
To identify functional signatures most strongly associ-
ated with specific developmental stages, a paired t-test 
(Students t-test for dependent samples) was applied 

Fig. 2  Metrics of the assembly and functional annotation of the transcriptome. (A) Expression percentage vs. ExN50 contig length. (B) The integrity of 
conserved orthologs mapped to the Liliopsida odb10* database. (C) Contigs with functional annotation in databases UniProt, PFAM, and Pannzer
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to differentially expressed genes (DEGs). This analy-
sis identified genes with significantly higher expres-
sion (p ≤ 0.00001) at a specific stage compared to others, 
resulting in the identification of 30 genes for Pre-pol, 13 
for Pol, 41 for Post-pol, and 43 for Fer (Tables S13–S16). 
Functional enrichment analysis was then performed on 
these functional signatures.

Pre-pollination stage
The functional signature of Pre-pollination is charac-
terized by significant overall functional enrichment 
(p ≤ 0.05) in processes related to mRNA metabolism, reg-
ulation of nitrogenous compound metabolism, and car-
bohydrate biosynthesis (Fig. 5A).

To explore the relationships among enriched functional 
categories, a network analysis was conducted, revealing 
two global networks. Network 1 connects the GO term 
“short-day photoperiod response” with categories related 
to the development of carpels, meristems, and repro-
ductive shoots, as well as responses to biotic (viruses, 
other organisms) and abiotic (heat, vernalization, salin-
ity, and stress) stimuli (Fig.  5B). In contrast, Network 2 
is primarily associated with the regulation of defense 
responses to bacteria, floral development, viral processes, 
and gene expression via genomic imprinting. It also 
encompasses the regulation of nitrogenous compound 
metabolism, protein modification and organization, 

carbohydrate metabolic processes, and mRNA-related 
functions (Fig. 5C and Table S17).

Based on the major functional categories identified in 
the functional enrichment networks (Fig.  5), along with 
information from the Planteome, UniProt, and TAIR 
databases [25, 31, 33] and a review of functional studies 
in the literature, two genes were identified as Pre-pollina-
tion stage-specific functional signatures: (1) VpNAC14-
like (Vanilla planifolia NAC014-like), which is associated 
with nitrogen metabolism and abiotic stress tolerance 
[34, 35], and (2) VpVNR5-like (Vanilla planifolia VER-
NALIZATION 5-like), which plays a role in flowering 
induction under short-day conditions [36]. These genes 
showed significantly higher differential expression dur-
ing the Pre-pollination stage, as confirmed by heatmap 
analysis (Fig. 5D).

Pollination stage
The functional signature of Pollination stage is char-
acterized by significant overall functional enrichment 
(p ≤ 0.05) in processes related to growth, biosynthesis, 
and responses to acid stress (Fig. 6A and Table S18). To 
explore the relationships among enriched functional 
categories, a network analysis was performed, reveal-
ing two global networks. The first network is associated 
with biotic stress (defense against viruses and symbionts) 
and abiotic stress responses (light intensity, salt stress, 

Fig. 3  Differentially expressed genes (DEGs) between six pairwise comparisons of developmental stages. Up-regulated genes are shown in yellow, and 
down-regulated genes are shown in purple. Pre-pol: Pre-pollination stage, Pol: Pollination stage, Post-pol: Post-pollination stage and Fer: Fertilization stage
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oxidative stress, and temperature adaptation) (Fig.  6B). 
The second network involves the epigenetic regulation of 
gene expression and includes two key processes: (1) regu-
lation of development, biomolecule metabolism, cellular 
communication, and stress responses, and (2) regulation 
of cellular component biogenesis, protein-DNA complex 
organization, and morphogenesis, including embryonic 
and organ development (Fig. 6C).

Based on the major functional categories identified in 
the functional enrichment networks (Fig. 6) and informa-
tion from the Planteome, UniProt and TAIR databases 
[25, 31, 33], as well as a review of functional studies in the 
literature, VpMBS1-like (Vanilla planifolia METHYLENE 
BLUE SENSITIVITY 1-like), which is associated with 
plant protection against light stress [37], was identified 
as a Pollination stage-specific functional signature. This 
gene showed significantly higher differential expression 

Fig. 4  Hierarchical clustering analysis and functional enrichment of the 1,090 DEGs during FFT. (A) Functional enrichment of cluster 1 (C1). (B) Cluster 
2 (C2). (C) Cluster 3 (C3). (D) Cluster 4 (C4). The color intensity of the graphs represents the enrichment -Log10p-value. (E) Profile 1 (P1), Profile 2 (P2). 
Clustering analysis of DEGs during FFT. (F) Distance plot of the cluster number identified. Pre-pol: Pre-pollination stage, Pol: Pollination stage., Post-pol: 
Post-pollination stage and Fer: Fertilization stage
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Fig. 5  Functional signatures in Vanilla planifolia during the Pre-pollination stage. (A) Functional enrichment dispersion plot displaying the ten most 
enriched GO terms (p ≤ 0.05), with the vertical axis showing GO terms and the horizontal axis representing the Log10-transformed number of annotations. 
(B-C) Functional enrichment maps, where purple indicates low statistical significance and yellow denotes significant data. (D) Heatmap of differentially 
expressed genes (Log2 fold change ≥ 2, p ≤ 0.00001), highlighting upregulated genes (normalized TPM) in yellow
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Fig. 6  Functional signatures in Vanilla planifolia during the Pollination stage. (A) Scatter plot of functional enrichment, showing the top ten enriched GO 
terms (p-value ≤ 0.05). The vertical axis represents the GO terms, while the horizontal axis displays the Log10-transformed number of annotations. (B-C) 
Functional enrichment maps, where data with low statistical significance are shown in purple and statistically significant data in yellow. (D) Heatmap of 
differentially expressed genes (Log2 fold change ≥ 2, p-value ≤ 0.00001), highlighting upregulated genes (normalized TPM) in yellow
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Fig. 7 (See legend on next page.)
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during the pollination stage, as confirmed by heatmap 
analysis (Fig. 6D).

Post-pollination stage
The functional signature of Post-pollination stage is 
characterized by significant overall functional enrich-
ment (p ≤ 0.05) in processes related to lipid biosyn-
thesis, nucleic acid metabolism, and auxin responses 
(Fig. 7A, Table S19). To explore the relationships among 
the enriched functional categories, a network analy-
sis was performed, revealing a global network encom-
passing annotations related to nucleic acid metabolism, 
protein modification and phosphorylation, fatty acid 
biosynthesis, proteolysis, and nitrogenous organic com-
pound metabolism (Fig. 7B). This network also includes 
processes such as RNA signaling, regulation of biologi-
cal processes, cell-cell signaling, cell wall organization, 
chromosomal and cellular organization, and responses to 
auxins and cytokinins, linking it to post-embryonic mor-
phogenesis as well as gametophyte and pollen develop-
ment (Fig. 7B). Based on the major functional categories 
identified in the functional enrichment networks (Fig. 7), 
along with information from the Planteome, UniProt, 
TAIR databases [25, 31, 33] and a review of functional 
studies in the literature, two genes were identified as 
Post-pollination stage-specific functional signatures: (1) 
VpRALF27-like (Vanilla planifolia RALFL27-like) and 
(2) VpIAA6-like (Vanilla planifolia INDOLE-3-ACETIC 
ACID 6-like), both implicated in transcriptional regula-
tion and auxin response [38–40]. These genes showed 
significantly higher differential expression during the 
Post-pollination stage, as confirmed by heatmap analysis 
(Fig. 7D).

Fertilization stage
The functional signature of fertilization is characterized 
by significant overall functional enrichment (p ≤ 0.05) in 
processes related to the response to biotic stimuli and 
interspecies interactions (Fig.  8A). A network analysis 
was conducted to explore the relationships among the 
enriched functional categories, revealing two global net-
works. The first network is associated with formaldehyde 
catabolism and encompasses metabolic processes regu-
lating proteins, small molecules, organophosphates, and 
phosphate compounds. It also integrates responses to 
endogenous stimuli, including those triggered by vita-
min B1, jasmonic acid signaling, and lipid and fatty acid 
responses. Additionally, this network links to reactions to 

exogenous biotic stimuli (fungi and symbionts) and abi-
otic stresses (cold, salinity, nutrient availability, and nitro-
gen) (Fig. 8B). The second network, in contrast, is more 
focused on the biogenesis of oleic bodies in seeds and cell 
walls, plastid organization during megagametogenesis, 
seed sac development, germination, and seed longevity 
(Fig.  8C and Table S20). Based on the major functional 
categories identified in the networks (Fig.  8) and infor-
mation from databases like Planteome, UniProt and 
TAIR databases [25, 31, 33], as well as functional studies 
from the literature, three genes were identified as spe-
cific functional signatures of the Post-pollination stage: 
(1) VpAAE3-like (Vanilla planifolia ACYL-ACTIVAT-
ING ENZYME 3-like), (2) VpPR1-like (Vanilla planifolia 
PATHOGENESIS-RELATED GENE 1-like), associated 
with stress response, and (3) VpSWT12-like (Vanilla 
planifolia SWEET12-like), involved in sugar transport 
[41–44]. Heatmap analysis confirmed significantly higher 
differential expression of these genes during the fertiliza-
tion stage (Fig. 8D).

Discussion
The flower-to-fruit transition in Vanilla planifolia involves 
molecular phenological changes imperceptible at the 
macroscopic level
In model plants such as Arabidopsis thaliana, the FFT 
is characterized by functional modifications in genetic 
networks that regulate development, along with anatomi-
cal changes linked to pre-anthesis ovule differentiation, 
leading to fruit formation shortly after pollination [1]. In 
contrast, V. planifolia follows a distinct developmental 
pattern in which ovules do not differentiate before anthe-
sis. Instead, pollination triggers their initiation, culminat-
ing in fruit formation approximately 45 days later [3].

Despite this major developmental shift, anatomical 
changes remain imperceptible at the macroscopic level, 
hindering the visual assessment of early fruit devel-
opment [4]. However, transcriptomic analyses reveal 
dynamic gene expression shifts associated with ovule ini-
tiation and early fruit development, even in the absence 
of visible morphological modifications. This underscores 
the importance of a molecular phenology approach to 
characterize the FFT in V. planifolia, as it enables the 
identification of key genetic changes associated with spe-
cific developmental stages (Figs. 4, 5, 6, 7 and 8) and pro-
vides novel insights into the molecular regulation of this 
unique transition [7].

(See figure on previous page.)
Fig. 7  Functional signatures in Vanilla planifolia during the Post-pollination stage. (A) Dispersion plot of functional enrichment (the ten enriched GO 
terms with a p-value ≤ 0.05 are displayed, with the vertical axis representing the GO terms and the horizontal axis showing the Log10 of the number of 
annotations). (B) Functional enrichment map (data with low statistical significance are shown in purple, and data with significant statistical significance 
are shown in yellow). (C) Heatmap of differential expression (Log2 fold change ≥ 2 and p-value ≤ 0.00001) showing upregulated genes (normalized TPM) 
in yellow
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Fig. 8 (See legend on next page.)
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The molecular phenology of flower-to-fruit transition in 
Vanilla planifolia comprises four developmental stages
To characterize the molecular phenology of the flower-
to-fruit transition (FFT) in V. planifolia, we correlated 
anatomical observations with transcriptomic data, iden-
tifying four distinct developmental stages: Pre-pol, Pol, 
Post-pol, and Fer. Transcriptomic analysis revealed two 
primary gene expression profiles (P1 and P2), corre-
sponding to the early and late phases of the transition:

P1 (Pre-pol and Pol)  Enriched in genes involved in 
membrane and cell wall biosynthesis, as well as cellular 
and tissue organization (Fig. 4E).

P2 (Post-pol and Fer)  Characterized by the activation 
of genes associated with macronutrient metabolism and 
morphogenesis (Fig. 4E).
This molecular classification aligns with the post-polli-
nation syndrome observed in V. planifolia, wherein pol-
lination functions as a regulatory switch that activates 
distinct gene expression programs before and after pol-
lination [3]. Stage-specific functional signatures were 
identified at key developmental transitions (Figs.  5, 6, 7 
and 8), with significantly upregulated gene expression 
(p ≤ 0.00001) at distinct phases of the transition. These 
findings integrate transcriptomic and anatomical data, 
providing deeper insights into the molecular mecha-
nisms underlying post-pollination syndrome and the FFT 
process in V. planifolia.

Stage 1: Pre-pollination involves ovarian differentiation, 
nitrogen metabolism, stress and short-day response
During the Pre-pollination stage, the differentiation of 
the ovary inner wall takes place (Fig.  1B). At the tran-
scriptional level, enrichment networks integrate environ-
mental signals such as photoperiod, heat acclimatization, 
and nitrogen metabolism (Fig.  5). These networks are 
associated with specific gene signatures, including 
VpNAC14-like (linked to nitrogen metabolism and abi-
otic stress tolerance) and VpVRN5-like (a flowering 
inducer) (Fig. 5) [34, 35].

This aligns with findings in A. thaliana and Oryza 
sativa L. (Poaceae), where NAC genes have been impli-
cated in the response to nitrate deficiency [34, 35]. Fur-
thermore, this gene family has been suggested to play a 
role in the transition from the vegetative to the reproduc-
tive phase, as well as in the development of the ovary and 
fruit [45].

This aligns with findings in A. thaliana and Oryza 
sativa, where NAC genes are implicated in responses to 
nitrate deficiency and in regulating the transition from 
vegetative to reproductive phases, as well as ovary and 
fruit development [34, 35, 45]. In plants exhibiting SPP, 
floral development occurs without ovule differentia-
tion before pollination [3]. Thus, it is hypothesized that 
VpNAC14-like may act as a key regulator of ovary tis-
sue differentiation in response to nitrate availability in V. 
planifolia. However, functional validation is required.

In A. thaliana, AtVRN5 (Arabidopsis thaliana VER-
NALIZATION 5) promotes flowering via epigenetic 
repression of AtMAF1 (Arabidopsis thaliana MOTHER 
OF FT AND TFL1) and AtMAF5 (Arabidopsis thaliana 
MOTHER OF FT AND TFL5) under short-day conditions 
[36]. Although photoperiod is suggested to play a par-
tial role in V. planifolia flowering, other factors such as 
humidity and nutrient availability may also contribute in 
tropical climates [17, 46]. Given its function in A. thali-
ana, VpVRN5-like may similarly regulate photoperiod-
mediated flowering induction in V. planifolia, though 
further experiments are necessary to confirm this.

Stage 2: pollination involves the formation of the megaspore 
mother cell, the induction of growth genes, and the response 
to light intensity
At this stage, nucellar filament branching and megaspore 
mother cell formation occur, while placental proliferation 
remains minimal (Fig. 1E). These observations align with 
the low number of differentially expressed genes (DEGs) 
between Pre-pol and Pol (Fig. 3), which is characteristic 
of the Pre-pollination stage, where ovary development 
remains unchanged before pollination [3].

At the transcriptional level, enrichment analysis 
revealed networks integrating responses to exogenous 
biotic signals and abiotic factors, including light intensity, 
oxidative stress, and temperature acclimation (Fig.  6). 
Among these, a network associated with VpMBS1-like 
showed a functional signature linked to light intensity, 
photoreception and stress adaptation (Fig. D6) [37].

Notably, the AtMBS1 (Arabidopsis thaliana METHY-
LENE BLUE SENSITIVITY 1) gene in A. thaliana regu-
lates the response to O₂-induced oxidative stress through 
the β-cyclocitral pathway, facilitating adaptation to high 
irradiance [37]. In vanilla cultivation, it is well established 
that plants are exposed to high light intensities during 
spring, coinciding with the pollination period [17, 46]. 
Therefore, it is suggested that VpMBS1-like genes may 

(See figure on previous page.)
Fig. 8  Functional signatures in Vanilla planifolia during the Fertilization stage. (A) Dispersion plot of functional enrichment (The ten enriched GO terms 
with a p-value ≤ 0.05 are shown, with the vertical axis representing the GO terms and the horizontal axis displaying the Log10 of the number of annota-
tions). (B-C) Functional enrichment map (Data with low statistical significance are shown in purple, while data with high statistical significance are shown 
in yellow). (D) Heatmap of differential expression (Log2 fold change ≥ 2 and p-value ≤ 0.00001), highlighting up-regulated genes (normalized TPM) in 
yellow
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play a role in protecting the ovary from light-induced 
stress; however, experimental validation is required.

Stage 3: Post-pollination involves the formation of the 
embryonic sac, elongation of pollen tubes, and induction of 
genes associated with response to auxins
During Post-pollination stage, the embryonic sac forms, 
and pollen tubes elongate (Fig. 1I and H). Furthermore, 
transcriptomic enrichment analysis revealed associations 
between nucleic acid metabolism, post-translational pro-
cesses, and RNA signaling with cell-cell communication, 
auxin responses, and gametophyte and pollen develop-
ment (Fig. 7).

Stage-specific functional signatures include VpIAA6-
like and VpRALF27-like, associated with transcriptional 
regulation and auxin response [38–40]. This aligns with 
findings in Solanum lycopersicum and O. sativa, where 
Aux/IAA (Auxin/Indole-3-Acetic Acid) transcription 
factors regulate reproductive organ morphogenesis [38, 
39]. Similarly, VpRALF27-like has been linked to pollen 
tube elongation in Brassica rapa [40]. While its func-
tion in V. planifolia remains unvalidated, these find-
ings suggest that VpIAA6-like and VpRALF27-like may 
play similar roles in ovary development and pollen tube 
elongation.

Stage 4: fertilization is characterized by complete seed 
development, up-regulation of genes associated with abiotic 
interactions, and transport of sugars
The Fertilization stage is characterized by the formation 
of fully developed seeds (Fig. 1K). Enrichment networks 
integrate functional categories related to biotic responses 
(interactions with fungi and symbionts) and abiotic stress 
factors (cold, salinity, and nutrient availability) in connec-
tion with seed development (Fig. 8). These networks are 
associated with VpAAE3 (abiotic stress response), VpPR1 
(fungal response), and VpSWT12 (sugar transport) 
(Fig. 8) [41–44]. This finding aligns with previous reports 
in S. lycopersicum, where the SlAAE3 (Solanum lycoper-
sicum ACYL-ACTIVATING ENZYME 3) gene has been 
implicated in responses to aluminum stress [43]. There-
fore, it is suggested that VpAAE3-like may also play a role 
in metal stress responses in V. planifolia. Similarly, stud-
ies in Allium sativum L. (Amaryllidaceae) have proposed 
that AsPR1 (Allium sativum PATHOGENESIS-RELATED 
GENE 1) contributes to Fusarium infection responses 
[41]. Furthermore, SWT (SWEET) genes are known to 
mediate sugar translocation for seed filling and modulate 
defense responses against pathogens in A. thaliana and 
Zea mays L. (Poaceae), highlighting their role in symbio-
sis establishment with fungi [42, 44, 47]. In orchids such 
as V. planifolia, germination is tightly linked to symbi-
otic mycorrhizal interactions [48]. These findings sug-
gest that VpSWT12-like may contribute not only to seed 

filling but also to facilitating symbiotic relationships or 
fungal responses, potentially acting in coordination with 
VpPR1-like. Further studies are needed to elucidate these 
molecular mechanisms during the FFT in V. planifolia.

Conclusions
This study investigates the flower-to-fruit transition 
(FFT) in Vanilla planifolia, integrating anatomical data 
with transcriptomic profiles across four distinct stages of 
ovary development. This approach allowed us to identify 
functional signatures and explore the molecular phenol-
ogy associated with this critical developmental process. 
Our findings contribute to the understanding of the 
flower-to-fruit transition in plants exhibiting post-polli-
nation syndrome (PPS), with particular emphasis on V. 
planifolia.

While we identify several candidate genes associated 
with this transition, it is important to note that their 
functions have not been experimentally validated in this 
study. Thus, further functional validation is necessary 
to confirm their roles in the FFT process. Nevertheless, 
these candidate genes provide valuable insights into 
potential biomarkers for future studies focused on agri-
cultural improvement and plant breeding.

This work also highlights the value of investigating non-
model plants, such as V. planifolia, and species exhibiting 
PPS. These plants offer unique opportunities for explor-
ing plant reproductive biology and the molecular under-
pinnings of fruit development. Our study paves the way 
for future research aimed at elucidating the functional 
roles of these genes, with implications for crop enhance-
ment and the broader understanding of plant develop-
mental processes.
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