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Abstract 

Background  Papaya exhibits three sex types: female (XX), male (XY), and hermaphrodite (XYh), making it an unusual 
trioecious model for studying sex determination. A critical aspect of papaya sex determination is the pistil abortion 
in male flowers. However, the regulatory networks that control the development of pistils and stamens in papaya 
remain incompletely understood.

Results  In this study, we identified three organ-specific clusters involved in papaya pistils and stamens develop-
ment. We found that pistil development is primarily characterized by the significant expression of auxin-related genes, 
while the pistil abortion genes in males is mainly associated with cytokinin, gibberellin, and auxin pathways. Addition-
ally, we constructed expression regulatory networks for the development of female pistils, aborted pistils and stamens 
in male flowers, revealing key regulatory genes and signaling pathways involved in papaya organ development. 
Furthermore, we systematically identified 65 members of the MADS-box gene family and 10 ABCDE subfamily MADS-
box genes in papaya. By constructing a phylogenetic tree of the ABCDE subfamily, we uncovered gene contraction 
and expansion in papaya, providing an improved understanding of the developmental mechanisms and evolutionary 
history of papaya floral organs.

Conclusions  These findings provide a robust framework for identifying candidate sex-determining genes and con-
structing the sex determination regulatory network in papaya, providing insights and genomic resources for papaya 
breeding.

Keywords  Gene regulatory network, ABCDE module, Pistil and stamen development, Hormone signaling pathway, 
Evolution

Introduction
Flowers are specialized structures unique in flower-
ing plants that serve as reproductive organs. While 
most angiosperms develop hermaphroditic flowers with 
functional pistils and stamens, unisexual flowers are 
also widely distributed throughout the Plant Kingdom. 
Approximately 7% of the angiosperm genera, amount-
ing to 959 out of a total of 13,500 genera, have at least 
one dioecious species. Furthermore, approximately 6% 
of all angiosperm species, or 14,620 of 240,000, exhibit 
dioecious characteristics [1, 2]. Although less common 
compared to hermaphroditism, dioecy occurs in approxi-
mately 40% of angiosperm families [2, 3]. Research 
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suggests that angiosperms have undergone several inde-
pendent transitions from hermaphroditism to dioecy, the 
majority of which are relatively recent [2]. Thus, unisexu-
ality in plants likely originated from a hermaphroditic 
ancestor. The shift from hermaphroditism to dioecy in 
angiosperms is thought to occur via two primary evolu-
tionary routes: one involving a gynodioecious interme-
diate stage, characterized by the presence of female and 
hermaphrodite individuals, referred to as the gynodioecy 
route, and the other traversing a monoecious intermedi-
ate stage, where an individual possesses distinct female 
and male flowers, known as the monoecy route [4, 5]. 
Despite the diverse evolutionary forces and intermediates 
involved in the transition from hermaphroditism to uni-
sexuality, these evolutionary shifts resulted in the same 
outcome: functional unisexuality.

The Caricaceae family encompasses six genera and 35 
species, of which 32 are dioecious, two are trioecious, 
and one species is monoecious. The predominance of 
dioecious species suggests that dioecy is ancestral in 
Caricaceae, with trioecious and monoecious species 
evolving more recently [6]. Thus, an evolutionary shift 
from hermaphroditic to unisexual flowers occurred 
in the forebears of the Caricaceae family, while the 
appearance of trioecious species is probably an out-
come of human cultivation [7]. Carica papaya L., com-
monly known as papaya, is the only species of the genus 
Carica L. [8]. Papaya is a trioecious plant that exhibits 
three distinct sex forms: male (XY), female (XX), and 
hermaphrodite (XYh). Sex determination in papaya 
is controlled by an XY chromosomal system that is 
still in the early stages of evolution [9]. Male and her-
maphrodite papaya plants are regulated by two Y chro-
mosomes, Y and Yh, which diverged approximately 
4,000  years ago [7]. Y chromosome contains a region 
responsible for the development of male (Y) and her-
maphroditic (Yh) flower forms [10]. The region that 
governs male flower development is known as the male-
specific region (MSY) and is approximately 8 Mb long 
and constitutes only 10% of the Y chromosome. While 
the region that determines hermaphroditic flower 
development is known as the hermaphroditic-specific 
region (HSY) [11]. In papayas, females are XX, whereas 
males and hermaphrodites are heterozygous for X, with 
the XY and XYh genotypes, respectively. All combina-
tions of Y and/or Yh chromosomes are lethal, prevent-
ing the pairing and recombination of the YY, YYh, and 
YhYh chromosomes [12]. Consequently, no breeding 
system for papaya can simultaneously produce all three 
sex types, indicating that both Y chromosomes lack 
at least one gene critical for development [6]. In addi-
tion, the sex types of different papaya varieties vary, 
and the plants can be either dioecious (populations 

containing unisexual plants that produce either male 
or female flowers) or gynodioecious (populations con-
taining female or hermaphroditic plants). Typically, 
the development of distinct sexes in plants necessitates 
two mutations: the first leads to male infertility, and the 
second leads to female infertility [13, 14]. Intermedi-
ates to complete dioecy are found in many plants, such 
as in spinach, which predominantly consists of male 
and female individuals but also occasionally includes 
hermaphrodites [15], and strawberries, where males, 
females, hermaphrodites, and neuter individuals coex-
ist because of the incomplete linkage of the determin-
ing factors [16]. However, this was not the case for 
papaya, as the ancestors of the Caricaceae family were 
dioecious, and hermaphroditic plants emerged due to 
human domestication. Thus, gynodioecy in domesti-
cated papaya populations represents a regression from 
dioecy rather than a transitional phase in the evolution-
ary progression towards dioecy.

Papaya inflorescences arise from the leaf axils, with the 
type of inflorescence depending on the sex of the plant. 
Morphologically, female and male plants exhibited dis-
tinct inflorescences. Male plants have long, pendulous, 
multi-flowered inflorescences with slender male flowers 
that retain a rudimentary pistil at the center, a feature also 
observed in melons [17]. Female plants possess shorter 
inflorescences with fewer flowers, and are characterized 
by large functional pistils. Compared with male flowers, 
female flowers have larger bracts with a more rounded 
base and are devoid of stamens. The hermaphrodite 
plants exhibit short inflorescences with perfect flowers 
and have slender bracts compared to that in female flow-
ers. Sex reversal is a common phenomenon in natural 
settings. Environmental factors such as temperature can 
induce the transformation between hermaphroditic and 
male flowers in papaya. The pistil of hermaphroditic can 
undergo abortion, transforming the flowers into a male 
unisexual flower, thereby changing the plant from her-
maphroditic to andro-monoecious. This results in males 
and hermaphroditic flowers coexisting within the same 
individual. Conversely, in male plants, the pistil redevel-
opment within male flowers can convert them into her-
maphroditic flowers that are capable of bearing fruit. 
Additionally, hermaphroditic plants under stress caused 
by high temperatures, water scarcity, or nitrogen defi-
ciency may aggravate female sterility, potentially resulting 
in pistil abortion [18–20]. In contrast to hermaphroditic 
and male plants, female plants are highly stable; their 
blossoms remain unaffected by environmental variations 
and do not undergo sexual transformation. The frequent 
sex reversal observed in papaya suggests that the floral 
organ development in this species is governed by com-
plex mechanisms.
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The process of floral organ development in higher 
plants is dynamic and involves complex physiological 
and morphological changes characterized by the inter-
action and coordination between internal plant signals 
and external environmental factors. The genetic control 
of flower development has long intrigued plant devel-
opmental geneticists and remains one of the extensively 
studied areas in plant developmental molecular biology. 
Currently, a relatively straightforward model known as 
the ABCDE model has been established using model spe-
cies such as Arabidopsis thaliana, Antirrhinum majus 
(snapdragon), and Petunia hybrida to explain the regu-
latory mechanisms of floral organ development in her-
maphroditic flowers. The early ABC model [21] divided 
the flowers of dicotyledonous plants into four concentric 
whorls from outside to inside: sepals, petals, stamens, 
and carpels. This model posits that in dicotyledonous 
plants, the development of each floral organ whorl is 
regulated by three classes of homeotic genes, known 
as the A, B, and C genes which functions either indi-
vidually or in combination. In Arabidopsis, the A-class 
genes are APETALA1 (AP1) and AP2; the B-class genes 
include AP3 and PISTILLATA​ (PI); and the C-class gene 
is AGAMOUS (AG). The A-class genes solely determine 
the formation of the first whorls (sepals). The interaction 
between A- and B-class genes dictates the development 
of the second whorl (petals), whereas the joint action of 
B- and C-class genes specifies the third whorl (stamens). 
Additionally, C-class genes independently regulate the 
fourth whorl (carpel). The loss of A-class gene function 
transforms the first whorl (sepals) into carpels and the 
second whorl (petals) into stamens. The loss of B-class 
gene function transforms the second whorl (petals) into 
sepals and the third whorl (stamens) into carpels. The 
loss of C-class gene function transforms the third whorl 
(stamens) into petals and the fourth whorl (carpels) into 
sepals. Thus, the same class of genes regulates the devel-
opment of adjacent floral organ whorls, whereas A- and 
C-class genes mutually repress each other. [21–23].

With the advancement of research, additional floral 
homeotic genes have been identified, revealing phenom-
ena that the ABC model fails to explain. In 1995, research-
ers identified FBP7 and FBP11 during ovule development 
in Petunia [24]. FBP11 is specifically expressed in the 
ovule primordium, integuments, and funiculus, and is 
considered a master regulator of ovule development. 
These genes determining the characteristics of the pla-
centa and ovules, are classified as D-class genes and are 
responsible for ovule development. In 2000, researchers 
discovered that the AGAMOUS-like genes AGL2, AGL4, 
and AGL9 are involved in the specification of floral organ 
identity [25]. The single or double mutants of these genes 
did not exhibit obvious phenotypes, while only the triple 

mutants showed a clear phenotype, with all floral organs 
developing into sepals, resembling the BC double mutant 
phenotype. These three genes were later termed SEP1, 
SEP2, and SEP3 and were observed to participate in the 
specification of the inner three floral organ whorls. The 
discovery of the D-class and SEP genes enriched and 
refined the previously proposed ABC model, leading to 
its revision. The SEP genes were designated as E-class 
genes, and, together with the D-class genes, they led to 
the expansion of the ABC model into the ABCDE model. 
SEP4 was identified as being expressed in all four floral 
organ whorls. Additionally, in the sep-1, 2, 3, 4 quadruple 
mutants, all floral organs were transformed into leaf-like 
structures [26].

The establishment of an ABCDE floral development 
model represents a milestone in plant developmental 
molecular biology. In the classical ABCDE model, all 
genes except the A-class gene AP2 belong to the MADS-
box gene family, specifically the MIKC subfamily. This 
underscores the vital function of MADS-box genes, espe-
cially the MIKC type, in controlling floral organ growth. 
Plant genomes harbor an extensive array of MADS-box 
genes, greatly exceeding those implicated in the ABCDE 
floral development model [27, 28].

The term "MADS-box" is derived from the initials of 
several transcription factors that were initially iden-
tified, including MINICHROMOSOME MAINTE-
NANCE1 (MCM1) in Saccharomyces cerevisiae [29], 
AGAMOUS (AG) in Arabidopsis thaliana [30], DEFI-
CENS (DEF) in Antirrhinum majus [31], and serum 
response factor (SRF) in humans [32]. MADS-box 
genes control various aspects of plant growth and 
development, such as flowering time, specification of 
floral organ identity, maintenance of meristem activ-
ity, and fruit development and maturation [33, 34]. 
These genes are key regulators of floral organ identity 
and development [35] and widely distributed among 
seed plants [34, 36–41]. A defining characteristic of all 
MADS-box genes is a highly conserved DNA sequence 
of approximately 180 nucleotides known as the MADS-
box [42], which encodes a MADS protein domain 
(M-domain), typically 56–60 amino acids in length, 
involved in recognizing and binding to the CC-A rich-
ment-GG (CArG) motif of target genes [43]. Ancestral 
MADS-box genes are hypothesized to have duplicated 
before the most recent common ancestor (MRCA) of 
eukaryotes, evolving into two major branches: SRF-
like (Type I) and MEF2-like (Type II) MADS-box genes 
[44]. Type I genes can be further divided into M-alpha, 
M-beta, and M-gamma subfamilies, whereas Type II 
genes feature a distinct MIKC structure, consisting 
of MADS-box (M), intervening (I), keratin-like (K), 
and variable C-terminal (C) transcription activation 
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domains [45, 46]. In land plants, Type II transcription 
factors form two major subclades, MIKC* and MIKCC 
types [47]. However, recent studies have provided 
greater support for the monophyletic clade formed by 
MIKC* and M-type [48]. The emergence of MIKCC is 
closely linked to the successful evolution of flower-
ing plants [49]. Genes that exhibit similar functions or 
expression patterns are often closely related to, or clus-
tered within, the same MADS-box family. Furthermore, 
MADS-box proteins demonstrated the ability to form 
multimeric complexes, potentially providing a molecu-
lar basis for the interaction of different floral homeotic 
gene combinations [50]. Consequently, a floral quartet 
model was proposed [51], providing deeper insights 
into the regulatory mechanisms of floral organ devel-
opment. The floral quartet model is applicable beyond 
core eudicots, to monocots such as rice [51–55]. Thus, 
studying the MADS-box transcription factor gene fam-
ily is essential for understanding the development and 
evolution of floral organs in plants.

Arabidopsis contains 107 members of the MADS-box 
gene family, with 68 classified as Type I and 39 as Type 
II [36]. In Vitis vinifera L. (grape), 90 MADS-box genes 
have been identified, including 48 Type I and 42 Type 
II [56]. In Oryza sativa L. (rice), 75 MADS-box genes 
have been identified, 16 of which are classified as Type 
II [57]. In Pyrus communis (European pears) and Pyrus 
bretschneideri (Chinese pears), 73 and 74 MADS-box 
genes, respectively, have been identified, with M-type 
genes further subdivided into M-alpha, M-beta, and 
M-gamma subfamilies [58]. However, the MADS-box 
family has not been comprehensively studied in papaya 
[59–61], and the identification and evolution of homol-
ogous genes related to the ABCDE model of flower 
development have not yet been systematically explored. 
Moreover, the limitations of early genome sequencing 
and assembly technologies have resulted in notable 
inaccuracies in the previously published draft of the 
papaya genome [62] and its corresponding annotation 
files.

Therefore, utilizing the recently published papaya 
reference genome [63], this study aims to clarify the 
regulatory pathways involved in stamen and pistil 
development, while also identifying critical factors 
affecting the pistil formation. Notably, the sex determi-
nation in papaya is not governed by a single gene. As of 
now, the specific genes responsible for this process have 
not been identified, and the mechanism behind pis-
til abortion in hermaphroditic papaya flowers remains 
unclear. Developing a regulatory network for the early 
development of papaya stamens and pistils will offer 
essential insights into identifying the genes involved in 
papaya’s sex determination.

Results
Early stage pistil degeneration in male flowers
To investigate the dynamic gene expression during the 
development of reproductive organs in female and male 
papaya flowers, we collected 17 samples from the pistils 
of female flowers (FP), rudimentary pistils of male flow-
ers (MP), and stamens of male flowers (MS) across five 
developmental stages, as well as from the apical mer-
istems of female (FAM) and male plants (MAM). Each 
sample had three biological replicates and was subjected 
to RNA sequencing (RNA-seq). The morphological char-
acteristics of female flowers with a functional gynoecium 
and male flowers with rudimentary pistils and functional 
stamens were observed at five stages (Fig. 1a, Table S1). 
Morphological observations revealed that pistil degen-
eration occurs at a very early stage in male flowers, 
confirming the classification of male flowers as type I 
unisexual flowers.

To explore the relationships among the 17 samples, 
we calculated their correlation coefficients. Correla-
tion analysis of the RNA-seq datasets indicated a strong 
linear correlation between different floral organs dur-
ing the early stages of flower development. Notably, the 
third (M3S) and fourth (M4S) stages of stamen develop-
ment in male flowers generally showed lower correlations 
with other developmental stages (Fig. S1a). Conversely, 
a strong correlation was observed among the different 
stages of aborted pistil development in male flowers. 
Principal component analysis (PCA) of the RNA-seq 
datasets of the 17 samples (including three replicates for 
each sample) showed clear distinctions at different stages 
and a compact distribution of biological replicates (Fig. 
S1b-S1d). In the PCA of the MP, PC1 and PC2 explained 
39.84% and 18.37% of the variation, respectively (Fig. 
S1c). The proximity of sample distributions across differ-
ent groups reflected the similarity in gene expression pat-
terns between stages (Fig. S1c), which is consistent with 
previous correlation analyses. Thus, the early determina-
tion of aborted pistils in male flowers causes functional 
loss during development, resulting in the non-specific 
expression of related functional genes.

GO and KEGG enrichment analysis reveals the critical role 
of plant hormone signaling pathways in papaya floral 
organ development
To understand differential gene expression, we divided 
the transcriptome datasets of the 17 samples into three 
groups based on the floral organ type: functional pistils, 
rudimentary pistils, and stamens. Each group used the 
earliest stage (the first period) as a control for differen-
tial analysis (Fig. 1b and 1c, Supplementary Data 1). The 
number of differentially expressed genes (DEGs) in the 
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Fig. 1  Morphological characteristics of papaya floral organs and dynamic expression profiles at different developmental stages. (a) Morphological 
features of female and male papaya plants, and female pistils (FP), aborted pistils in male flowers (MP), and stamens in male flowers (MS) at five 
developmental stages. Flower lengths are 1.5–2.5 mm, 2.5–4.5 mm, 4.5–6 mm, 7–12 mm and 15–20 mm from Stage1 to Stage5, respectively. (b) 
Number of differentially expressed genes (DEGs) in apical meristem (AM) and stages 2–5 compared to stage 1 across female pistils (FP), aborted 
pistils in male flowers (MP), and stamens (MS), totaling 15 groups. (c) Venn diagram of DEGs across five DEG sets in female pistils, aborted pistils 
in male flowers, and stamens. FAM and MAM represent the apical meristems of female and male papaya plants, respectively. (d) Enrichment of plant 
hormone signal transduction pathways across 15 different combinations. For each group, the top 25 pathways with p-value < 0.05 were selected 
for statistical analysis
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pistils of female flowers increased to 346 (F2P vs. F1P), 
1,279 (F3P vs. F1P), 2,344 (F4P vs. F1P), 2,416 (F5P vs. 
F1P), and 1,518 (FAM vs. F1P). In the rudimentary pis-
tils of male flowers, the number of DEGs was 218 (M2P 
vs. M1P), 1,298 (M3P vs. M1P), 3,109 (M4P vs. M1P), 
3,817 (M5P vs. M1P), and 2,565 (MAM vs. M1P). The 
number of DEGs during different pistil stages of female 
flowers was similar to that of the rudimentary pistils of 
male flowers (Fig.  1b, Table  S2). The number of DEGs 
increased progressively during the development of pis-
tils in female flowers, rudimentary pistils in male flowers, 
and stamens in male flowers, indicating clear differences 
in gene expression patterns between the early and late 
stages of floral organ development, with only a few key 
genes being likely involved in regulating floral organ 
identity in the early stages. Notably, the number of DEGs 
increased dramatically during the middle to late stages 
of stamen development (M3S-M5S) (Fig.  1b, Table  S2), 
suggesting that stamen development in papaya may be 
subjected to more extensive gene regulation. Among the 
female pistils, aborted pistils in male flowers, and sta-
mens, there were 117, 38, and 127 DEGs, respectively, 
which were common to all five DEG groups (Fig. 1c). This 
indicates that these genes are differentially expressed 
throughout the developmental period and likely play 
crucial roles in the overall development of the pistils and 
stamens. The number of common DEGs (38) was lower 
in aborted pistils of male flowers than in the other two 
organs (117 and 127). Moreover, the DEGs between dif-
ferent developmental stages gradually increased, starting 
from the first stage, in the normal pistils of female flowers 
and abortive pistils of male flowers. However, the DGEs 
in MAM sharply decreased (MAM vs. M1S) compared to 
M5S vs. M1S (Fig. 1c). Additionally, in the three compari-
sons, only a small number of stage-specific DEGs were 
present in stage2 vs. stage1 comparisons (14 DEGs in F2P 
vs. F1P, 18 DEGs in M2P vs. M1P, and 7 DEGs in M2S vs. 
M1S) (Fig. 1c).

Furthermore, Gene Ontology (GO) enrichment analy-
sis of DEGs in the pistils of female flowers (FPs vs. F1P) 
revealed significant enrichment in the top 25 GO terms 
related to responses to biotic and abiotic stimuli and hor-
mone responses throughout pistil development (Fig. S2a-
S2e). Specifically, there were 46, 158, 236, 218 DEGs in 
the F2P vs. F1P, F3P vs. F1P, F4P vs. F1P and F5P vs. F1P 
groups enriched in the GO term "response to hormone.” 
The number of DEGs markedly increased during the F2P 
developmental stages, highlighting the critical regulatory 
role of hormones in early pistil development. In contrast, 
in the later stages (F4P vs. F1P and F5P vs. F1P), 188 and 
213 DEGs were significantly enriched in response to light 
stimulus, respectively (Fig. S2d-S2e). In the rudimen-
tary pistils of male flowers (MPs vs. M1P), DEGs showed 

significant enrichment in hormone responses, which 
gradually increased over time (Fig. S3a-S3e). Unlike the 
pistils of female flowers, DEGs during the early devel-
opment of rudimentary pistils in male flowers (M2P vs. 
M1P group) were significantly enriched in GO terms 
related to the transport of energy substances, includ-
ing sugars and amino acids, and the response to abscisic 
acid (Fig. S2b and S3b). From the M2P stage, GO terms 
related to light stimulation or photosystem (includ-
ing GO:0009416, GO:0019684, and GO:0042550) were 
significantly enriched (Fig. S3b-S3e). In the stamens of 
male flowers, DEGs during the early stages of develop-
ment (M2S vs. M1S and M3S vs. M1S) were significantly 
enriched in GO terms related to pollen tissue structure 
and shoot system development, including pollen wall 
assembly, pollen exine formation, and shoot system 
development (Fig. S4b-S4c). In addition, single-organism 
processes were significantly enriched throughout stamen 
development (Fig. S4a-S4e).

Additionally, we conducted Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment anal-
ysis on the aforementioned sets of DEGs (FPs vs. F1P, 
MPs vs. M1P, and MSs vs. M1S) and selected the top 30 
KEGG pathways from each group for further analysis. 
These results suggest that the role of the plant hormone 
signal transduction pathway varies among female pistils, 
aborted pistils in male flowers, and stamens (Fig.  1d). 
In female pistils, the plant hormone signal transduction 
pathway was significantly enriched throughout develop-
ment. As the developmental stages progressed, the num-
ber of DEGs in the pathway increased: 8 DEGs in F2P vs. 
F1P, 28 in F3P vs. F1P, 43 in F4P vs. F1P, and 39 in F5P 
vs. F1P, indicating its critical role in pistil development. 
The enrichment trend in the rudimentary pistils of male 
flowers was similar to that in the pistils of female flow-
ers. However, no enrichment was observed in the M2P 
vs. M1P group. In the stamens of male flowers, signifi-
cant enrichment was observed only in the first two com-
parisons (M2S vs. M1S, and M3S vs. M1S). Significant 
differences were observed in the enrichment of DEGs in 
plant hormone signal transduction pathways during the 
development of different floral organs, suggesting dif-
ferent roles of plant hormones during stamen and pistil 
development.

Next, we merged and removed redundancies from the 
DEGs enriched in plant hormone signal transduction 
pathways in female pistils, aborted pistils in male flow-
ers, and stamens, resulting in three sets of DEGs spe-
cific to each tissue. A Venn diagram was constructed 
using these three DEG sets, which identified 8, 24, and 
20 genes specific to female pistils, aborted pistils, and 
stamens, respectively (Fig. S1e). Based on the expres-
sion patterns and potential functions of homologous 
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genes, we identified three highly expressed genes in the 
female pistil-specific enriched gene set: one involved in 
cytokinin regulation and two in gibberellin regulation. 
In the aborted-pistil-specific gene set of male flowers, 
five auxin-related genes were identified, all of which 
showed lower expression levels in aborted pistils than 
in normal pistils. Additionally, five genes involved in 
cytokinin regulation were identified in the stamen-spe-
cific gene set, all of which showed higher expression in 
stamens. The differential enrichment of plant hormone 
signal transduction pathways across female flowers, 
aborted pistils, and male flowers, along with the spe-
cific enrichment of hormone-regulating genes, suggests 
that hormone pathways are potentially involved in the 
regulation of sex differentiation in papaya, with certain 
hormones potentially playing key roles in this process.

Identification of MADS‑box gene family and ABCDE 
subfamily members in papaya
MADS-box members are predominantly involved in 
floral organ development and play critical roles in flo-
ral organ formation. Using the MADS-box protein 
sequences of Arabidopsis thaliana and Vitis vinifera, we 
identified 65 MADS-box gene family members in papaya 
(Table S3). To further understand the evolutionary rela-
tionships among members of the MADS-box gene fam-
ily, we constructed a phylogenetic tree combining the 
MADS-box gene families of the three aforementioned 
species (Fig. 2a). In papaya, MIKCC subfamily members 
(29 genes) and M-type subfamily members (30 genes) 
were almost equally abundant, whereas in Arabidop-
sis, MIKCC subfamily members were fewer than in the 
M-type members.

The phylogenetic tree was distinctly separated into 
five evolutionary clades: M-alpha, M-beta, M-gamma, 

Fig. 2  Phylogenetic analysis of MADS-box transcription factor gene family members and identification of ABCDE homologs in papaya. (a) 
Phylogenetic tree constructed using Arabidopsis (103 members), grape (54 members), and 65 MADS-box members identified in this study, 
with 1000 bootstrap replicates, using the neighbor-joining (NJ) method. (b) Identification of ABCDE homologous genes in papaya using Arabidopsis 
ABCDE genes as references, and construction of a phylogenetic tree. (c) Schematic diagram of the ABCDE flower development model and heatmap 
of the expression patterns of the 10 identified ABCDE subfamily MADS-box genes in papaya. In addition to RNA-seq data from the apical meristems 
of female (FAM) and male plants (MAM), female pistils (FP), aborted pistils in male flowers (MP), and stamens (MS) used in this study, RNA-seq data 
from female (F_f ), male (M_f ), and hermaphroditic flowers (H_f ) were included to show the expression patterns of the ABCDE subfamily MADS-box 
genes. The TPM values were log₂-transformed before being used as input data for heatmap visualization
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MIKC*, and MIKCC (Fig.  2a, Table  S4). A recent study 
suggested that the monophyletic phylogeny that groups 
the previously defined Type II MIKC* subfamily with 
the Type I M-type subfamily is significantly more robust 
than the previously proposed hypotheses of monophyl-
etic MIKC* and MIKCC division [48]. Therefore, classify-
ing MIKC* members as part of the Type I group rather 
than Type II is recommended. In the present study, we 
classified 65 MADS-box members in papaya according 
to this revised model, assigning them to Type I (includ-
ing M-alpha, M-beta, M-gamma, and MIKC*) and Type 
II (containing only MIKCC). The gene structure, con-
served motifs, and domains of the MADS-box genes in 
papaya were analyzed to further understand the MADS-
box genes in papaya. MEME predicted 20 motifs, of 
which motifs 1 and 10 were widely distributed among 
the 65 MADS-box members, whereas motif 15 appeared 
to be specific to Type II members (Fig. S5b). Analysis of 
the conserved protein domains revealed that all Type II 
genes contained the MADS_MEF2_like domain, and the 
K-box domain was exclusively present in Type II genes 
(Fig. S5c). Gene structure analysis indicated clear differ-
ences between the M-type and MIKCC-type members. 
Most M-type members contain a single exon, whereas 
the MIKCC-type members typically exhibit longer gene 
structures with numerous introns (Fig. S5d).

MADS-box genes are widely involved in the morpho-
genesis and development of floral organs, particularly 
the Type II members. Following the establishment of the 
ABCDE flower development model, the MADS-box gene 
family is recognized as essential for floral organ develop-
ment. Moreover, in the ABCDE model of flower develop-
ment, all MADS-box genes belong to the Type II group. 
In our study, we identified 10 ABCDE homologous genes 
from 65 MADS-box gene family members in papaya, 
including CpAPETALA1 (CpAP1), CpFRUITFULL 
(CpFUL), CpAPETALA3.1 (CpAP3.1), APETALA3.2 
(CpAP3.2), CpPISTILLATA​ (CpPI), CpPLENA 
(CpPLE), CpSEEDSTICK (CpSTK), CpSEPALLATA1/2 
(CpSEP1/2), CpSEPALLATA3 (CpSEP3), and CpSEPAL-
LATA4 (CpSEP4) (Fig. 2b, Table S5).

To further investigate the transcript levels of ABCDE 
genes in papaya floral organs, we analyzed the expres-
sion patterns of these genes at different developmental 
stages in female pistils, abortive pistils in male flowers, 
and stamens (Fig. 2c, Table S6). The A-class gene CpAP1 
exhibited a broad expression pattern with high expres-
sion levels in female, male, and hermaphroditic flowers. 
Its expression is also elevated during the early stages of 
pistil development and in aborted pistils in male flowers 
and stamens. B-class genes, including CpAP3.1, CpAP3.2, 
and CpPI, were highly expressed in the stamens of male 
papaya flowers, with sharp upregulation during the later 

stages of stamen development (M4S and M5S). In addi-
tion, B-class genes were more highly expressed in male 
and hermaphroditic flowers than in female flowers. 
The expression patterns of the CD class genes CpSTK 
and CpPLE were notably different. CpPLE was broadly 
expressed throughout the development of female pis-
tils, rudimentary pistils in male flowers, and stamens, 
with gradually increasing expression levels. It was also 
expressed at higher levels in male and hermaphroditic 
flowers than in female flowers. In contrast, CpSTK was 
almost exclusively expressed in the female pistils, which 
is consistent with the results of recent studies [24, 64, 
65], with its expression levels sharply increasing during 
development. The E-class genes, CpSEP1/2, CpSEP3, and 
CpSEP4, were also broadly expressed throughout the 
development of female pistils, rudimentary pistils, and 
stamens of male flowers. Notably, CpSEP1/2 was highly 
expressed in the rudimentary stamens of male flowers, 
with gradual upregulation. However, SEP genes show dif-
ferential expression patterns between flowers of different 
sexes in papaya, with higher expression observed in male 
and hermaphroditic flowers, particularly pronounced for 
CpSEP1/2 and CpSEP3.

In summary, the expression patterns of the ABCDE 
genes in papaya strongly support the ABCDE model of 
floral development, providing substantial evidence for its 
applicability to angiosperms, especially core eudicots.

Evolutionary insights to ABCDE subfamily MADS‑box 
genes reveal gene contraction and expansion in papaya
To further understand the evolution of the ABCDE sub-
family of MADS-box genes, we selected the ABCDE 
subfamily of MADS-box genes and AGL6 from gymno-
sperms (Ginkgo biloba, Gnetum gnemon, Picea abies, and 
Cycas panzhihuaensis), basal angiosperms (Amborella 
trichopoda and Nymphaea colorata), monocots (Oryza 
sativa and Zea mays), and eudicots (Arabidopsis thali-
ana and Carica papaya) to construct a phylogenetic tree. 
The phylogenetic tree clearly clustered 100 ABCDE and 
AGL6 proteins from 10 seed plants into five subgroups: 
AP1/FUL (A-class genes, 17), AP3 and PI (B-class genes, 
20), AGAMOUS (CD- or C-class genes, 24), SEP (E-class 
genes, 24), and AGAMOUS-LIKE 6 (AGL6 genes, 15) 
(Fig. 3a, Table S5).

The A-class genes are involved in the development of 
sepals and petals. Our results indicate that A-class genes 
are specific to angiosperms, which is consistent with 
previous reports [49, 66, 67]. Additionally, in mono-
cots, A-class genes seem to have undergone duplication, 
resulting in more paralogous genes than in dicots (Fig. 3a 
and 3b, Table  S5). The emergence and subsequent spe-
cialization of A-class genes in angiosperms may have 
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substantially contributed to the diversity of floral organs 
in these plants.

B-class genes control the development of petals and 
stamens. In gymnosperms, this subfamily of genes has 
been identified in Ginkgo biloba (two B-class genes), 
Cycas panzhihuaensis, and Gnetum gnemon (one B-class 
gene), but not in Picea abies. In angiosperms, two 
B-class genes were identified in Nymphaea colorata, 
Zea mays, and Arabidopsis thaliana, three B-class genes 
were obtained in Oryza sativa and Carica papaya; and 
Amborella trichopoda had four B-class genes, indicating 
a clear gene duplication event (Fig. 3a and 3b, Table S5). 
In the present study, B-class genes were generally more 
abundant in angiosperms than in gymnosperms. Notably, 
in papaya, despite the relatively small number of genes, 
two paralogous genes, CpAP3.1 and CpAP3.2, were pre-
sent within the AP3 gene family. The greater abundance 
of B-class genes in flowering plants likely contributes to 
the formation of more complex floral organs, which is 
consistent with the conclusions of Shen et al. [49].

CD-class genes are involved in controlling stamen and 
pistil development. In the phylogenetic tree, the CD-
class genes formed a distinct clade with 96% bootstrap 

support, indicating high confidence in this branch 
(Fig. 3b). The number of CD-class genes is higher in angi-
osperms than gymnosperms, suggesting that the increase 
in CD-class genes may be closely related to the evolu-
tion of complex floral organs in angiosperms. Notably, 
in papaya, we identified only two CD-class genes, CpSTK 
and CpPLE, which distinctly differed from other angio-
sperms such as rice with four CD-class genes, maize with 
five, and Arabidopsis with four (Fig. 3a, Table S5). In the 
more primitive basal angiosperms Amborella and Nym-
phaea, two and three CD class genes were observed, 
respectively, with Nymphaea having two copies of the AG 
gene (Table S5).

E-class genes interact with ABCD genes [68] and 
are involved in the development of floral organs. Phy-
logenetic analysis suggests that E-class genes, similar 
to A-class genes, are specific to angiosperms. Further 
analysis revealed that SEP1 and SEP2 were more closely 
related to SEP4 than to SEP3, which is consistent with 
previous research [49, 69]. Additionally, in monocots, 
the LOFSEP subclass of E class genes (also known as the 
SEP1/2/4 clade) formed a distinct branch, separating E 
class genes into two clades, along with those from core 

Fig. 3  Evolutionary analysis of ABCDE and AGL6 genes in 10 seed plants. (a) Statistics of A, B, CD, E, and AGL6 class genes in gymnosperms (Cycas 
panzhihuaensis, Ginkgo biloba, Gnetum gnemon and Picea abies), basal angiosperms (Amborella trichopoda, and Nymphaea colorata), monocots 
(rice and maize), and dicots (Arabidopsis and papaya). (b) Phylogenetic tree of ABCDE and AGL6 genes in 10 seed plants. Best-fit model: JTT + F + R6, 
constructed with 1000 bootstrap replicates using the maximum likelihood (ML) method
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eudicots and basal angiosperms, with a bootstrap sup-
port of 95% (Fig. 3b). Phylogenetic analysis indicated that 
the LOFSEP subclass genes in monocots were more spe-
cialized than the E-class genes in the core eudicots and 
basal angiosperms (Fig. 3b). The emergence of these new 
organ forms provide protection to monocot flowers and 
represents an evolutionary advancement in floral organ 
development.

AGL6 is involved in floral development in angiosperms 
[38, 70] and cone formation in gymnosperms [71]. We 
identified AGL6 across all gymnosperm samples (Fig. 3a 
and 3b, Table S5). Additionally, multiple copies of AGL6 
were present in Ginkgo biloba, Gnetum gnemon, and 
Picea abies, highlighting the importance of AGL6 in the 
development of gymnosperm reproductive organs. The 
phylogenetic tree showed a clear separation between the 
AGL6 subfamilies in angiosperms and gymnosperms, 
with the angiosperm clade exhibiting longer branches, 
suggesting potential evolutionary diversification of the 
AGL6 gene in angiosperms (Fig. 3b).

In our phylogenetic analysis, the MADS-box genes 
of the ABCDE subfamily and AGL6 were clearly distin-
guished in both gymnosperms and angiosperms. In par-
ticular, as a core eudicot, the ABCDE and AGL6 genes 
showed the closest phylogenetic relationships with those 
of Arabidopsis, which is a core eudicot. This finding is 
consistent with the taxonomic classifications and has 
been validated using molecular evolutionary analyses [9, 
62]. Additionally, we observed that CD-class and E-class 
genes within the ABCDE subfamily, appeared to be lost 
in papaya, in contrast to other angiosperms, especially 
grasses (Poaceae) [38].

Clustering analysis of dynamic gene expression unveils 
flower organ‑specific clusters in papaya pistil and stamen 
development
To explore the dynamic expression changes in floral 
organs across different developmental stages, we per-
formed cluster analysis on the mRNA datasets. Clus-
ter analysis of DEGs from F5P vs. F1P, M5P vs. M1P, 
and M5S vs. M1S was conducted using the Gap Sta-
tistic method to determine optimal clusters (Fig. S6a-
S6c). We identified 12 clusters in the female pistils (Fig. 
S7, Table  S7), 19 clusters in male abortive pistils (Fig. 

S8, Table  S8) and 23 clusters in male stamens (Fig. S9, 
Table S9).

In female pistils, cluster 8 genes showed increased 
expression over time, whereas their expression remained 
low in male abortive pistils (Fig.  4a and 4b). Expression 
pattern and functional annotation analyses revealed that 
many genes involved in plant hormone signal transduc-
tion, especially auxin-related genes such as CpIAA32 
(INDOLE-3-ACETIC ACID INDUCIBLE 32), CpGH3.1, 
and CpEOD1 (ENHANCER1 OF DA1), were enriched in 
cluster 8 (Fig. 4d, Table S10). In contrast, cluster 16 genes 
in male abortive pistils exhibited the opposite expres-
sion patterns (Fig.  4d and 4e), indicating their potential 
role in the negative regulation of female reproductive 
function. Several genes involved in plant hormone regu-
lation were also identified in cluster 16. For instance, 
CpLOG5 (LONELY GUY 5) and CpCKX1 (CYTOKININ 
OXIDASE/DEHYDROGENASE 1) are directly involved 
in the synthesis and degradation pathways of cyto-
kinins, while CpGASA1 (GAST1 PROTEIN HOMOLOG 
1), CpSCL15 (SCARECROW-LIKE 15), and CpARF4 
(AUXIN RESPONSE FACTOR 4) participate in hor-
mone signaling pathways such as gibberellin and auxin. 
Additionally, many genes involved in oxidative stress 
response and sucrose transport were enriched in clus-
ter 16, including CpMT2A (METALLOTHIONEIN 2A), 
CpPER12 (Peroxidase 12), CpLETM2 (LEUCINE ZIP-
PER-EF-HAND-CONTAINING TRANSMEMBRANE 
PROTEIN 2), CpF3H (FLAVANONE 3-HYDROXYLASE), 
CpAPX1 (ASCORBATE PEROXIDASE 1), CpUGT84A1, 
and CpSTP8 (SUGAR TRANSPORT PROTEIN 8) (Fig. 4f, 
Table S10).

Moreover, cluster 8 genes in female pistils revealed sig-
nificant enrichment in carpel and organ morphogenesis 
(Fig. 4g), as well as in plant hormone signal transduction 
and diterpenoid biosynthesis pathways (Fig.  4h). This 
suggests their role in the occurrence and formation of 
female organs, or the execution of female-specific func-
tions. Conversely, in cluster 16, male abortive pistil genes 
were enriched in phloem development and amino acid 
transport (Fig.  4g) as well as in secondary metabolism 
and starch and sucrose metabolic pathways (Fig. 4h).

Similarly, cluster 20 genes were upregulated only dur-
ing the early stages of stamen development and peaked 

(See figure on next page.)
Fig. 4  Expression pattern and enrichment analysis of clusters with specific expression in female pistils and aborted pistils in male flowers. (a-b) 
Dynamic expression trends of DEGs in cluster 8 in female pistils. (c) Schematic of papaya female flower and expression patterns of genes specifically 
expressed in cluster 8. (d-e) Dynamic expression trends of DEGs in cluster 16 in aborted pistils in male flowers. (f) Schematic of papaya male 
flower and expression patterns of genes specifically expressed in cluster 16. The TPM values were row-normalized before being used as input data 
for heatmap visualization. (g) GO enrichment analysis for DEGs in cluster 8 in FP and in cluster 16 in MP. (h) KEGG pathway enrichment analysis 
for DEGs i in cluster 8 in FP and in cluster 16 in MP. Top 25 GO terms or KEGG pathways are shown



Page 11 of 23Xiang et al. BMC Plant Biology          (2025) 25:254 	

Fig. 4  (See legend on previous page.)
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in the middle stage (M3S) in the stamens of male flow-
ers (Fig. S10a). Moreover, many genes were involved 
in the formation of the pollen outer wall, glycosyl and 
lipid hydrolysis, and transport were found in cluster 20, 
including CpACOS5 (ACYL-COA SYNTHETASE 5), 
CpSWEET15, CpENGASE85B (ENDO-BETA-N-ACETY-
GLUCOSAMINIDASE 85B), CpGELP77 (GDSL-TYPE 
ESTERASE/LIPASE 77), CpLPTG10 (GLYCOSYLPHOS-
PHATIDYLINOSITOL-ANCHORED LIPID PROTEIN 
TRANSFER 10), and CpCYP704B1 (CYTOCHROME 
P450) (Fig. S10b, Table  S10). These genes are closely 
related to cell wall remodeling, which is crucial for floral 
organ morphogenesis. Additionally, most genes in Arabi-
dopsis are crucial for stamen and pollen development and 
are essential for maintaining male reproduction [72–74]. 
Enrichment analysis showed that the genes in cluster 20 
were significantly enriched in GO terms such as anther 
morphogenesis and response to external stimuli (Fig. 
S10c and S10d), suggesting their potential role in pro-
moting stamen morphogenesis and anther maturation.

Gene regulatory networks revealed the key roles 
of CD‑class and E‑class subfamily MADS‑box genes 
in papaya pistil development
To preliminarily analyze the regulatory network of pis-
til and stamen development in papaya, we constructed 
gene regulatory networks (GRNs) for floral organ devel-
opment. GRNs for female pistils (using DEGs of F5P 
versus F1P), male abortive pistils (using DEGs of M5P 
versus M1P), and male stamens (using DEGs of M5S 
versus M1S) were constructed using Mutual Rank (MR) 
analysis.

The GRN for female pistils contained 1,841 poten-
tial regulatory relationships, involving 1,063 genes 
(Table  S11). Analysis of the gene expression patterns 
within the network revealed a gradual increase in the 
expression levels of CpSTK and CpSUP (SUPERMAN) 
in the pistils of female flowers, whereas they were almost 
unexpressed in the abortive pistils and stamens of male 
flowers (Fig. S11a and Table  S12). This pistil-specific 
expression pattern suggests that CpSTK and CpSUP play 
important roles in pistil development and morphogen-
esis. In Arabidopsis, STK encodes a MADS-box tran-
scription factor that is expressed within ovules [64, 65]. 
STK is widely recognized as a D-class gene that specifies 
ovule identity [46, 75] and is essential for ovule specifica-
tion. Additionally, CpSTK and CpSUP both belonged to 
cluster 8 in the pistil of female flowers (Fig.  4a and 4c). 
Therefore, we extracted a subnetwork with CpSTK and 
CpSUP as core genes and constructed a pistil regulatory 
network (PRN) for pistil development (Fig. 5a). Analyz-
ing the gene expression patterns in the PRN revealed that 
CpIND (INDEHISCENT) and CpZFP11 show expression 

patterns similar to those of the core genes (Fig. S11a, 
Table S12). Both ZFP11 and SUP are members of the zinc 
finger protein family, and studies in Arabidopsis revealed 
that the ERF repressor domain is essential for ZFP11 to 
function as a transcriptional repressor, consistent with 
SUP [76]. IND is the closest paralog of the HEC gene 
in Arabidopsis. Although IND mainly functions in the 
development of the fruit dehiscence zone, ind mutants 
exhibit minor defects in stigma elongation [77, 78], sug-
gesting the role of CpZFP11 and CpIND in papaya pis-
til development and are regulated by core genes (CpSTK 
and CpSUP) within the network. Enrichment analysis of 
genes in the PRN highlighted significant enrichment in 
the biological process (BP) category, particularly in GO 
terms associated with flower organ formation, floral 
organ identity specification, and anatomical boundary 
formation (Fig. S11b, Table  S17). This further suggests 
that the genes in the subnetwork centered on CpSTK and 
CpSUP are closely related to the initiation and develop-
ment of floral organs and likely play important roles in 
pistil development.

In male abortive pistils, the GRN included 6,882 
potential regulatory relationships involving 2,609 
genes (Table  S13). Further analysis revealed that the 
expression of CpSEP1/2, an E-class gene, markedly 
increased during the development of abortive pistils in 
male flowers (Fig. S11c, Table  S14). Flowering plants 
require angiosperm-specific E-class genes to facili-
tate the interaction of B- and C-class genes, which is 
necessary for the specification of third-whorl floral 
organs (stamens). Similarly, the development of fourth 
whorl floral organs (carpels and ovules) in angiosperms 
requires E-class and C-class genes [79]. Furthermore, 
CpSEP1/2 belonged to cluster 16 of the abortive pistils 
in male flowers (Fig. 4d and 4f ). Therefore, we extracted 
a subnetwork using CpSEP1/2 as the core gene and 
constructed the abortive pistil regulatory network 
(APRN) (Fig. 5b). By analyzing the expression patterns 
of genes in the APRN, we found that CpARF4, CpA-
BIG1, CpTPR3, CpIAA16, and CpGASA1 had expres-
sion patterns similar to those of the core genes SEP1/2 
(Fig. S11c, Table  S14). Subsequently, we performed 
an enrichment analysis of the APRN genes. In the cell 
component (CC) category, these genes were signifi-
cantly enriched in GO terms such as cell–cell adher-
ens junction (GO:0005913), apical junction complex 
(GO:0043296), and adherens junction (GO:0005912) 
(Fig. S11d, Table  S18). This suggests that APRN plays 
a role in the regulation of cell polarity. In the biologi-
cal processes (BP) category, these genes were sig-
nificantly enriched in the single-organism processes 
(25/29, 86.21%, p < 0.05), responses to abscisic acid 
(8/29, 27.59%, p < 0.05), and photoinhibition GO terms 
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Fig. 5  Construction of regulatory networks for the development of female pistils (FP), aborted pistils in male flowers (MP), and stamens (MS). (a) 
Construction of a regulatory network for female pistil development (PRN) with CpSTK and CpSUP as core genes. (b) Construction of a regulatory 
network for aborted pistil development in male flowers (APRN) with CpSEP1/2 as core genes. (c) Construction of a regulatory network for stamen 
development (SRN) with CpTDF1 as the core gene. Genes in each network were classified based on significant GO term enrichment results. Genes 
within boxed regions in the network are enriched in the same GO term
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(Table  S18). “Single-organism process” refers to all 
physiological and developmental activities that occur 
within an individual organism that do not involve inter-
actions with other organisms. The majority of APRN 
genes were enriched in this GO term, suggesting that 
they may be closely related to pistil abortion. How-
ever, the specific biological functions of the GO terms 
remain unclear. Additionally, the significant enrich-
ment of genes responding to abscisic acid indicated 
that abscisic acid may be involved in pistil abortion.

In male stamens, GRN included 35,862 potential regu-
latory relationships involving 6,718 genes (Table S15). By 
analyzing gene expression levels, functional annotations, 
and previous clustering analysis results, we selected a 
subnetwork with CpTDF1 as the core gene to construct 
the stamen regulatory network (SRN) for male flower 
stamen development (Fig.  5c). In Arabidopsis, DEFEC-
TIVE IN MERISTEM DEVELOPMENT AND FUNC-
TION 1 (TDF1) primarily regulates the differentiation 
and function of tapetal cells [80]. In papaya stamens, 
CpTDF1 is expressed almost exclusively during the early 
stages of stamen development (M1S-M3S), peaking at 
the M3S stage, and then remaining almost completely 
unexpressed in the later stages. The specific expression 
pattern of CpTDF1 highlights its important role during 
the early stages of stamen development. Additionally, 
in the CpTDF1 subnetwork, many genes exhibit similar 
expression patterns, and their homologs in Arabidopsis 
have been reported to be involved in pollen formation 
and maturation. (Fig. S11e, Table  S16). For example, in 
Arabidopsis, the BHLH010 and BHLH091 transcrip-
tion factors jointly regulate anther development and are 
essential for pollen wall formation [81]. In the papaya 
SRN, CpBHLH010 and CpBHLH091 exhibit high expres-
sion levels exclusively during stamen development, peak-
ing at the M3S stage, indicating their involvement in 
stamen development and pollen wall formation. Within 
the SRN, CpAMS, a member of the bHLH family, is spe-
cifically expressed during stamen development. The 
AMS homolog in Arabidopsis is a key regulator of spo-
ropollenin biosynthesis, secretion, and pollen wall for-
mation, and plays a complex role in the early stages of 
pollen development [82]. Additionally, AMS is directly 
regulated by TDF1 and is essential for pollen develop-
ment [83]. CpMS188, another transcription factor from 
the MYB family, is upregulated during stamen develop-
ment. Its counterpart in Arabidopsis, MS188, regulates 
tapetum development and is vital for pollen exine synthe-
sis [84]. Furthermore, GO enrichment analysis of genes 
within the SRN showed notable enrichment in stamen 
and anther development, particularly in the anther wall 
tapetum, in the biological process (BP) category (Fig. 
S11f, Table S19). The expression profiles and enrichment 

findings for the genes in the SRN suggest their potential 
role in regulating the identity of male flower stamens and 
the early development of the anther tapetum.

To further validate the expression of the ABCDE sub-
family MADS-box and core genes in the papaya regula-
tory network, we conducted quantitative real-time PCR 
(qPCR). The quantitative expression data for these 12 
genes were generally consistent with the trends observed 
in the transcriptome analysis (Fig. 6). B-class genes exhib-
ited higher expression levels in the stamens of male flow-
ers, highlighting their crucial role in the development and 
maintenance of stamen identity in papaya. The pistil-spe-
cific expression pattern of the CD class gene CpSTK indi-
cates its crucial role in the normal development of papaya 
pistils. E-class genes showed broad expression in female 
pistils, aborted pistils, and stamens during development, 
consistent with their role in regulating the development 
of all floral organs as described in the ABCDE model. The 
specific high expression of CpSEP1/2 in aborted pistils 
suggests a possible functional specialization in papaya. 
Quantitative data for ABCDE gene expression reinforces 
the significance of the ABCDE model in understand-
ing papaya flower development. Similarly, the quanti-
tative expression of the core gene CpTDF1 within the 
SRN matched the transcriptomic findings. The targeted 
expression of CpTDF1 in stamens, along with the known 
function of its Arabidopsis counterpart, underscores the 
significance and evolutionary conservation of this gene 
during stamen development.

Discussion
Papaya is a trioecious species whose sex determination is 
governed by a recently evolved XY chromosomal system. 
Two Y chromosome variants (with only 0.4% nucleotide 
divergence) determine the development of male (Y) and 
hermaphrodite (Yh). The short divergence time along 
with high sequence similarity between the Y and Yh chro-
mosomes present an opportunity to identify candidate 
genes responsible for sex differentiation. These genes 
are strong candidates as female suppressors during the 
early stages of papaya chromosomal evolution [7]. Addi-
tionally, the presence of abortive pistils in male flowers 
highlights the crucial role of female suppressor genes in 
sexual differentiation. In the present study, normal pistils 
from female flowers, aborted pistils from male flowers, 
and stamens were used to construct potential develop-
mental regulatory networks for these organs in papaya to 
identify candidate sex-determining genes and construct a 
regulatory network for sex determination.

Discrepancies in the anatomical structures of male 
and female flowers and the expression profiles of floral 
organs across various stages suggest that the develop-
ment of male and female reproductive organs in papaya 
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may follow different regulatory mechanisms. This diver-
gence is particularly evident during the later stages of 
development, when functional specialization across dif-
ferent floral organ identities (pistils, aborted pistils, and 
stamens) becomes more pronounced (Fig. 1b, S1b). Plant 
hormones, particularly auxins, are vital for the growth 
of papaya pistils and stamens, and the degeneration of 
pistils might be associated with an excess of auxin lev-
els [85]. Our results showed that plant hormone signal-
ing pathways were significantly enriched during papaya 
pistil and stamen development (Fig.  1d). Several auxin 
response factors (ARFs), such as CpARF2, CpARF5, 
and CpARF11, as well as auxin pathway-related genes 
(CpIAA9, CpIAA11, CpIAA32, and CpGH3.1), exhibit 
high expression levels during pistil development but 
are downregulated in abortive pistils. This suggests that 
auxin positively regulates pistil development. Nota-
bly, CpARF5 and CpGH3.1 maintain consistently high 
expression throughout all developmental stages of pis-
tils in female flowers, whereas their expression is signifi-
cantly reduced in abortive pistils of male flowers across 

five stages (Fig. S1e, Table S10). The coordinated regula-
tion of these genes likely plays a crucial role in maintain-
ing auxin homeostasis in pistils. Additionally, CpARR9 is 
significantly upregulated during the late stages of pistil 
development but remains at low levels in abortive pistils. 
In contrast, CpLOG5 is highly expressed only in abortive 
pistils, suggesting a potential negative feedback regula-
tion of pistil development by cytokinin-related genes (Fig. 
S1e and Table S10). Cluster analysis of the dynamic gene 
expression patterns also revealed a significant enrich-
ment of hormone-related genes with tissue-specific 
expression patterns, further highlighting the importance 
of plant hormones in the development of papaya pistils 
and stamens (Fig. 4, Table S10).

MADS-box proteins are crucial for floral organ devel-
opment. In this study, 65 members of the MADS-box 
family were identified in papaya plants. According to 
the revised classification, the Type I subfamily contained 
slightly more genes (36 members) than the Type II sub-
family (29 members). However, Gramzow and Theis-
sen [60], identified 262 MADS-box family members 

Fig. 6  Expression patterns of 12 genes during the development of papaya female pistils (FP), aborted pistils in male flowers (MP), and stamens 
(MS). Relative quantification of 10 ABCDE subfamily MADS-box genes and CpAGL6 was calculated based on the expression level in the F1P 
sample, while CpTDF1 is relatively quantified using the M1S sample due to its specific expression in stamens. Using female pistils (FP), abortive 
pistils from male flowers (MP), stamens (MS) at five developmental stages, and leaf tissue to confirm the expression levels of 10 ABCDE subfamily 
MADS-box genes, CpAGL6, and CpTDF1 
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in papaya, with 229 belonging to the Type I subfamily, 
markedly more than the Type II subfamily. Addition-
ally, they suggested an expansion of Type I members in 
papaya, which is uncommon among most angiosperms, 
although the exact reason for this remains unclear. Our 
findings differ markedly from those of the previous stud-
ies, with discrepancies primarily attributable to the limi-
tations in the sequencing technology and assembly and 
annotation software available at the time of drafting of 
earlier genome assemblies, resulting in the low quality 
of the previous genome assembly and annotation [62]. 
In contrast, the present study used the recently pub-
lished papaya reference genome [63], which features sig-
nificantly improved completeness and annotation than 
earlier draft genomes, thus providing a solid foundation 
for our research. In this study, Type II subfamily mem-
bers in papaya generally had more exons and longer gene 
structures, which is consistent with previous findings 
[60]. Additionally, in female pistils, aborted male pis-
tils, and stamens, Type I subfamily members exhibited 
low or almost no expression, whereas Type II subfamily 
members generally exhibited higher and more specific 
expression levels (Table S20). This may be because Type 
I members are less essential to the plant genome or are 
active only under specific conditions [43]. Additionally, 
they suggested that Type I genes may exhibit transposon-
like activity, potentially derived from (retro)transposi-
tion. Thus, Type I genes in plants may represent a novel 
and unprecedented class of transposable elements lack-
ing established sequence markers [43], similar to certain 
transposons carrying MADS-box genes found in maize 
and its relatives [86].

Compared to Type I subfamily members, Type II 
members have been extensively studied and are known 
to govern the development of floral organs. The most 
well-known example is the ABCDE model of floral organ 
development established for core eudicots, which is also 
applicable to papaya. In the ABCDE model, almost all 
genes belonged to the MADS-box family, specifically 
from the Type II subfamily. In this study, we identified 
10 ABCDE homologous genes in papaya, which dif-
fers from the findings of Shen et  al. [49] who identified 
12 genes (one additional A-class gene, CpMADS20, and 
one additional E-class gene, CpMADS6, compared to our 
study) (Table S21). Upon further comparison and valida-
tion, we found that CpMADS20 and CpMADS6 corre-
spond to CpMADS43 (sunup01G0007110, which aligns 
with FUL) and CpMADS48 (sunup09G0003500, which 
aligns with SEP1/2) in our study, respectively. Although 
both genes belonged to the Type II subfamily, they were 
not identified as the best matches (Fig.  2b, Table  S5, 
Table S6, Table S21). Additionally, as a core eudicot, the 
ABCDE genes of papaya are most closely related to those 

of Arabidopsis, which is consistent with its evolutionary 
position [9]. However, the abundance of ABCDE genes 
in papaya differed from that in other angiosperms. For 
instance, the number of CD- and E-class genes in papaya 
was lower than that in other angiosperms (Fig.  2b and 
3b), suggesting the lack of duplication of CD- and E-class 
genes in the papaya lineage. This phenomenon is not 
uncommon in papaya; since it diverged from Arabidopsis 
approximately 72 million years ago, no genome duplica-
tion has occurred in the papaya lineage [62]. However, 
the presence of two paralogs of B-class gene AP3 in 
papaya highlights its crucial role for the development of 
papaya floral organs.

Through the identification and evolutionary analysis of 
ABCDE homologous genes in ten seed plants, we found 
that A- and E-class genes were present only in angio-
sperms. Some studies suggest that gymnosperms have 
genes similar to the A or E class genes of angiosperms 
[79, 87, 88]. Additionally, we hypothesized that the LOF-
SEP subfamily of E-class genes is highly evolved in mono-
cots. One example supporting this hypothesis is that in 
rice, OsMADS1, OsMADS5, and OsMADS34 collectively 
regulate floral meristem determinacy and specify spike-
let organs, which are typical inflorescence structures of 
Poaceae plants, by positively regulating other MADS-box 
floral homeotic genes [55]. This evolution appears to be 
consistent with the complex structure of floral organs 
in monocots. B and CD class genes, the earliest diverg-
ing genes in the ABCDE model, are widely present in 
both gymnosperms and angiosperms, indicating that the 
roles of B and CD class genes in floral organ development 
may be highly conserved. AGL6 genes closely related to 
E-class genes, are widely present in gymnosperms and 
play an important role in the development of their floral 
organs.

In conclusion, this study preliminarily constructed a 
regulatory network for the development of papaya floral 
organs, including female pistils, aborted pistils in male 
flowers, and stamens. The stamen development network 
in male flowers had the highest number of DEGs and the 
greatest potential for regulatory interactions compared 
to the networks governing female pistil development 
and the development of aborted pistils in male flowers. 
This suggests that the regulatory architecture underlying 
stamen development is more intricate, exhibiting more 
pronounced variations in regulatory circuits between 
the initial and late phases. Initially, we constructed a 
regulatory network for female pistil development, focus-
ing on the core genes, CpSTK and CpSUP. As a D-class 
gene, CpSTK is specifically expressed in female papaya 
pistils. In stk mutants, ovule development is abnormal, 
whereas double mutants of other D-class genes (SHP1/
SHP2) produce normal ovules [89]. This suggests that 
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STK is involved in determining pistil identity. In Arabi-
dopsis, the SHORT VEGETATIVE PHASE (SVP) gene 
acts upstream of STK and directly targets its regulation 
[65, 90, 91]. Studies by Lee et  al. [92] and Chae et  al. 
[93] suggested that SVP functions as a repressor of pistil 
development in papaya. Consequently, the male-specific 
CpSVP-Y (CpMADS64) allele in papaya may modu-
late CpSTK activity, thereby governing pistil formation. 
The expression patterns of CpSVP-Y and CpSTK also 
suggested a potential regulatory relationship (Fig.  2c, 
Table  S6, Table  S20). Another core gene, CpSUP, also 
exhibited pistil-specific expression patterns. In Arabi-
dopsis, SUPERMAN controls the specification and main-
tenance of the boundary separating the stamens in the 
third whorl from the carpels in the fourth whorl [94–96]. 
Previous studies have shown that SUP can inhibit the 
expression of B-class genes in the fourth whorl, acting 
as a boundary gene. The sup recessive mutation causes 
extra stamens to form within the normal third whorl sta-
mens, causing developmental defects in the carpels of the 
fourth whorl [94]. Subsequent studies discovered that 
SUP can function as active inhibitors of auxin biosynthe-
sis, and a lack of auxin biosynthesis leads to flowers with 
supernumerary stamens [96]. Therefore, CpSUP may be 
involved in regulating auxin homeostasis within the inner 
whorls of papaya floral organs, preventing auxin overac-
cumulation, and ensuring normal pistil development. 
In the network, we also identified two genes, CpZFP11 
and CpIND, with expression patterns resembling those 
of the core genes, suggesting their regulation by these 
core genes, particularly CpIND. Research on Arabidopsis 
identified that IND is crucial for the development of the 
stigma and the appropriate distribution of auxin, where 
the IND-SPT-NGA functional complex directs the mor-
phogenesis of the apical pistil and stigma development 
[97]. Additionally, a regulatory network for the develop-
ment of aborted pistils in male flowers was constructed, 
centered on the core gene CpSEP1/2. In Arabidopsis, 
sep1-sep2-sep3 triple mutants exhibit severe defects (all 
floral organs are converted to sepals), whereas sep1-sep2-
sep4 triple mutants are phenotypically normal [25, 26, 
69]. This suggests that SEP1/SEP2 genes are not crucial in 
determining floral organ identity. However, the reduced 
copy number of E-class genes in papaya compared to that 
in other angiosperms implies their distinct role in papaya 
floral organ development. Additionally, CpSEP1/2 genes 
maintained high expression levels in the aborted pistils 
of male papaya flowers compared to that in female pis-
tils and male stamens, with levels increasing over time. 
This expression pattern indicates that CpSEP1/2 may 
act as inhibitors of pistil development. Additionally, in 
Arabidopsis, many downstream target genes in the net-
work have been reported to be involved in the regulation 

of plant hormones, such as abscisic acid (ABIG1 [98], 
TPR3 [99]), auxin (ARF4 [100], IAA16 [101]), and gib-
berellin (GASA1 [102]). CpARF4 and CpIAA16 exhibit 
significantly higher expression levels in abortive pistils 
compared to normal pistils (Table S14), suggesting their 
potential role in pistil abortion. These findings highlight 
the complex regulatory mechanisms of auxin pathway-
related genes in papaya pistil development. Therefore, 
we consider that excessively high and stable expression 
of E-class genes may affect the development of the fourth 
whorl floral organs. Finally, we constructed a regula-
tory network for stamen development in male flow-
ers centered around the core gene CpTDF1. The core 
gene (TDF1) and its potential downstream target genes 
(BHLH010, BHLH091, CpAMS, MS188, and CYP704B1 
[74], ABCG9 [103], and ACOS5 [72] have all been 
reported to be involved in pollen and stamen develop-
ment in Arabidopsis. These genes also exhibited specific 
expression patterns during papaya stamen development, 
further supporting the credibility of our constructed reg-
ulatory network and providing a basis for further studies 
on the mechanisms of stamen development in papaya.

In brief, this study analyzed the dynamic changes in 
the development of papaya pistils and stamens, and pre-
liminarily constructed a gene regulatory network for 
the development of papaya floral organs (female pis-
tils, aborted pistils in male flowers, and stamens in male 
flowers). The network provides a benchmark for fur-
ther research into the mechanisms of sex determination 
in papaya, as well as the regulatory processes of flower 
organ development and pistil degeneration in papaya. 
We also hypothesized that the different developmental 
fates of pistils in male and female flowers may result from 
changes in the expression of key genes during the early 
stages, affecting the synthesis and transport of plant hor-
mones (primarily auxins), and ultimately leading to pistil 
abortion in male flowers (Fig.  7). Additionally, through 
the identification and phylogenetic analysis of MADS-
box members in papaya, we revised the number of 
MADS-box family members and characterized the gene 
structure and expression pattern differences between the 
Type I and Type II subfamily members, providing a theo-
retical basis for future research. Furthermore, we focused 
on the identification of ABCDE subfamily MADS-box 
genes in papaya and conducted a deep analysis of their 
evolutionary relationships in seed plants, thereby provid-
ing new insights into the expression patterns and evo-
lutionary relationships of the ABCDE model in papaya 
floral development.

Upon identifying the gene that inhibits pistil devel-
opment, we aim to tackle the issue of hermaphroditic 
papaya plants reverting to male under high temperatures 
or nutrient deficiencies, which results in fruit drop and 
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significantly reduced yield. By applying different hor-
mones to hermaphroditic papaya flowers, we seek to 
identify hormones capable of suppressing the gene that 
inhibits pistil development. This approach would enable 
us to artificially regulate the gene’s expression under 
high-temperature conditions, thereby mitigating the con-
version of hermaphroditic flowers to male. Furthermore, 
by knocking out the gene that inhibits pistil development 
in hermaphroditic papaya plants, we can achieve sex-sta-
ble hermaphroditic papaya plants.

This study not only enhances our understanding of the 
genetic mechanisms underlying sex differentiation and 
morphological variation in papaya but also provides a 
theoretical foundation for future research on the mecha-
nisms of sex determination and the role of floral organs 
in shaping sex-specific traits. Ultimately, this could con-
tribute to the development of hermaphroditic papaya 
cultivars with stable ovary, thereby reducing resource 
waste in papaya cultivation.

Materials and Methods
Plant materials
The papaya flower samples used in this study, including 
those from the ZH, AU9, and SunUp varieties, were col-
lected from the experimental greenhouse and cultiva-
tion base at the Center for Genomics and Biotechnology, 
Fujian Provincial Key Laboratory of Haixia Applied Plant 
Systems Biology, Fujian Agriculture and Forestry Univer-
sity, Fuzhou, China. For the ZH variety, pistils (FP) from 
female flowers, rudimentary pistils (MP), and stamens 
(MS) from male flowers were collected from the field and 
immediately dissected. Additionally, shoot apical meris-
tems from both female and male plants were collected, 
as obtaining flower apical meristems proved challenging. 
The samples were immediately frozen in liquid nitrogen 

and stored at −80 °C. Flowers with lengths ranging from 
1.5–2.5 mm and 2.5–4.5 mm, due to the small and deli-
cate nature of their pistils, rudimentary pistils, or sta-
mens, were dissected under a stereo microscope. For the 
AU9 variety, whole male flowers (M_f) and female flow-
ers (F_f ) were collected from the field, selecting those 
with a flower length of less than 6 mm, and then imme-
diately frozen in liquid nitrogen and stored at −80  °C. 
For the SunUp variety, whole hermaphroditic flowers 
(H_f) were collected under similar conditions, with flow-
ers smaller than 6 mm in length, and also frozen in liquid 
nitrogen and stored at −80 °C.

Generation of datasets for papaya floral organ 
development
To establish datasets of gene expression patterns during 
different stages of floral organ development in papaya, 
we collected functional pistils from female flowers (FP), 
rudimentary pistils (MP), and functional stamens from 
male flowers (MS) at five developmental stages. Addi-
tionally, apical meristems of male (MAM) and female 
(FAM) papaya plants were collected as references. In 
total, 17 samples representing various stages of flo-
ral organ development were obtained to construct the 
expression profile of papaya reproductive organs. Each 
sample had three biological replicates (see Table  S1 for 
sample information).

Correlation analysis of samples in papaya flower organ 
development datasets
To explore differences among the 17 samples, Pearson 
correlation was used to calculate the correlation coeffi-
cients between samples, and the R package corrplot (ver-
sion 0.92) was employed to create a correlation heatmap. 
To verify the sampling quality of the three biological 

Fig. 7  The gene sets regulating the development of female and male floral organs in papaya. The three gene sets include the pistil-promoting set, 
pistil-suppressing set, and stamen-promoting set, each associated with the regulation of pistil or stamen development. These sets contain potential 
transcription factors involved in the regulation of floral organ development, as well as genes involved in the synthesis or regulation of relevant 
hormones. Arrows following the genes indicate their upregulation in the corresponding tissues



Page 19 of 23Xiang et al. BMC Plant Biology          (2025) 25:254 	

replicates of each sample, principal component analysis 
(PCA) was performed to reduce the dimensionality of the 
gene expression matrix (transcripts per million, TPM).

Gene expression and differential expression analysis 
of floral organ development in papaya
The Fastp software (version 0.23.2, https://​github.​com/​
OpenG​ene/​fastp) was used for quality control and fil-
tering of raw mRNA sequencing data to obtain clean 
data with parameters: -z 4, -q 20, -u 30, -n 5, -w 8. Sub-
sequently, the HISAT2 software (version 2.1.0, https://​
daehw​ankim​lab.​github.​io/​hisat2/​downl​oad/) was used 
to map the clean data to the reference genome. The cus-
tom R script RunFeatureCounts was used to quantify the 
read counts per gene, and the quantitative results were 
standardized to TPM using default parameters. Differen-
tial gene expression between groups was analyzed using 
the Trinity software (version 2.11.0, https://​github.​com/​
trini​tyrna​seq/​trini​tyrna​seq/​wiki/​Insta​lling-​Trini​ty) and 
the DESeq2 package in R. Differentially expressed genes 
(DEGs) were identified based on log2FoldChange (|log-
2FoldChange|> 1) and p-value (< 0.05). Blastp software 
(version 2.13.0, https://​ftp.​ncbi.​nlm.​nih.​gov/​blast/​execu​
tables/​blast + /) was used to compare sequences with 
the TAIR11 database (https://​www.​arabi​dopsis.​org/) to 
determine the potential function of each gene. The online 
tool jvenn (https://​jvenn.​toulo​use.​inrae.​fr/​app/​examp​le.​
html) was used to create Venn diagrams. Then, The EGG-
NOG-MAPPER website (http://​eggnog-​mapper.​embl.​
de/) was used for the functional annotation of the whole 
genome protein sequences of papaya. The OmicShare 
platform (https://​www.​omics​hare.​com/​tools/) was used 
for enrichment analysis of the DEG sets, and the results 
were visualized. Heatmaps of gene expression levels were 
generated using the R package pheatmap (version 1.0.12, 
https://​cran.r-​proje​ct.​org/​web/​packa​ges/​pheat​map/​
index.​html). The TPM values were log₂-transformed 
before being used as input data for heatmap visualization.

Identification of the MADS‑box gene family in papaya
To identify members of the MADS-box family in Carica 
papaya, we used protein sequences from Arabidopsis 
thaliana and Vitis vinifera. The sequences for Arabidopsis 
were obtained from the TAIR database (http://​www.​arabi​
dopsis.​org/), while those for grape were sourced from the 
grape genome database (http://​www.​genos​cope.​cns.​fr). 
We employed the MADS-box HMM (Hidden Markov 
Model: PF00319), downloaded from the Pfam database, 
to perform an HMM search within the papaya genome. 
To ensure the accuracy of the predicted sequences, we 
verified the protein sequence domains using the NCBI 
Conserved Domain Search (CD-Search) (https://​www.​
ncbi.​nlm.​nih.​gov/​Struc​ture/​cdd/​wrpsb.​cgi). Next, we 

constructed a phylogenetic tree of the MADS-box gene 
family across different species using the neighbor-joining 
method of MEGA11 (https://​www.​megas​oftwa​re.​net/), 
with the following parameters: 1,000 bootstrap replicates, 
Poisson model, and partial deletion of gaps. We further 
enhanced the visualization of the phylogenetic tree using 
the iTOL website (https://​itol.​embl.​de/). Additionally, 
the Expasy website (https://​web.​expasy.​org/​compu​te_​
pi/) was used to predict the physicochemical properties 
of the papaya proteins. Finally, we performed motif pre-
diction using the MEME tool (https://​meme-​suite.​org/​
meme/) with the protein sequences. The gene structure 
and domains of the MADS-box gene family in papaya 
were visualized using TBtools-II software (https://​github.​
com/​CJ-​Chen/​TBtoo​ls-​II/​relea​ses) for comprehensive 
analysis. The gene structures of certain papaya MADS-
box family members were manually corrected using the 
IGV-GSAman software (https://​gitee.​com/​CJchen/​IGV-​
sRNA), based on next-generation transcriptome data 
(Supplementary Data2).

Homologous alignment and evolutionary analysis 
of ABCDE subfamily MADS‑box genes in papaya
To identify ABCDE genes in papaya, homologous com-
parisons with known ABCDE genes in Arabidopsis were 
performed. Alignment results were filtered based on 
criteria such as alignment length, mismatches, and gap 
numbers to obtain the best alignments. ABCDE genes 
in papaya were preliminarily determined based on the 
presence and integrity of conserved protein domains. A 
systematic phylogenetic analysis was performed using 
the neighbor-joining method, comparing the protein 
sequences of ABCDE genes in Arabidopsis and candidate 
genes in papaya.

To explore the evolution of ABCDE genes, we col-
lected protein sequences of ABCDE genes from gym-
nosperms, basal angiosperms, monocots, and eudicots. 
These sequences, along with identified ABCDE homologs 
in papaya, were used to construct a phylogenetic tree. 
Multiple sequence alignment of the protein sequences 
was performed using ClustalW (version 2.1, http://​www.​
clust​al.​org/​clust​al2/) with default parameters. The opti-
mal evolutionary model was determined using the Mod-
elFinder module of IQ-TREE (version 2.3.5, http://​www.​
iqtree.​org/), with parameters: -m MF -mtree -T AUTO. 
Subsequently, a phylogenetic tree was constructed using 
RAxML-NG (version 1.2.2, https://​github.​com/​amkoz​
lov/​raxml-​ng) with the following parameters: –all, –
model JTT + F + R6, –bs-trees 1000, –threads AUTO. 
Evolutionary history was inferred using the Maximum 
Likelihood (ML) method. Bootstrap tests with 1000 rep-
licates were conducted to show the percentage of repli-
cate trees in which associated taxa clustered together. 
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The final dataset included 100 protein sequences and 
1232 positions, with analyses conducted in RAxML-NG. 
Figtree software (version 1.4.4, https://​github.​com/​ramba​
ut/​figtr​ee/​relea​ses) was used to visualized the phyloge-
netic trees.

Clustering analysis of RNA datasets of different 
developmental stages of floral organs
To investigate dynamic changes in gene expression pro-
files during floral organ development, clustering analysis 
of DEGs expression datasets was performed. The optimal 
number of clusters was determined using the Gap Sta-
tistic Method, utilizing the kmeans function in R. The 
Mfuzz package in R was then used to cluster the gene 
expression dataset based on the fuzzy c-means algorithm, 
and the results were visualized.

Construction of gene regulatory networks for different 
floral organs
The custom R script cor.test.mk.R calculated the correla-
tion between genes using Pearson correlation. Significant 
correlations (coefficients > 0.9 and test values < 0.01) were 
retained. Another custom R script, PCC_rank.R, ranked 
Pearson correlations between genes, and the correlation 
network was filtered based on ranking. The upstream 
2000  bp sequences from the transcription start sites of 
the gene set were used to predict transcription factor 
binding site motifs using AME tools in the MEME Suite 
(https://​meme-​suite.​org/​meme/​tools/​ame). Transcrip-
tion factor families were predicted using the PlantTFDB 
website (https://​plant​tfdb.​gao-​lab.​org/​predi​ction.​php). 
A gene regulatory network was built using the custom 
R script get_reg_file.R, and Cytoscape (version 3.10.2, 
https://​cytos​cape.​org/) was used to visualize the network.

Isolation of total RNA and Quantitative real‑time PCR 
analysis
To extract total RNA from papaya pistils, abortive pis-
tils, and stamens, frozen tissues were ground in liquid 
nitrogen using a mortar and pestle. RNA extraction 
was performed using the RNeasy Plant Mini Kit (QIA-
GEN, Hilden, Germany) according to the manufactur-
er’s instructions. Approximately 1  μg of total RNA was 
used for reverse transcription. First-strand cDNA syn-
thesis was carried out using the HiScript® II 1st Strand 
cDNA Synthesis Kit (+ gDNA wiper) (Vazyme, Nanjing, 
China). Quantitative real-time PCR was performed with 
the TB Green® Premix Ex Taq™ II (Tli RNaseH Plus) kit 
(TaKaRa, Dalian, China), following the manufacturer’s 
protocol. Gene expression was normalized using the 2−
ΔΔCT method, with ACTIN2 as the internal reference for 
papaya. Expression levels of 10 ABCDE genes, CpAGL6, 
and CpTDF1, a stamen-specific expression gene, were 

measured. The experiment was conducted in triplicate. 
Primer sequences for quantitative expression analysis are 
listed in Table S22.
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