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Abstract 

Camellia oleifera is an important woody oil tree in China, in which the flowers and fruits appear during the same 
period. The endogenous hormone changes and transcription expression levels in different parts of the flower tissue 
(sepals, petals, stamens, and pistils), flower buds, leaves, and seeds of Changlin 23 high-yield (H), Changlin low-yield 
(L), and control (CK) C. oleifera groups were studied. The abscisic acid (ABA) content in the petals and stamens in the L 
group was significantly higher than that in the H and CK groups, which may be related to flower and fruit drops. 
The high N6-isopentenyladenine (iP) and indole acetic acid (IAA) contents in the flower buds may be associated 
with a high yield. Comparative transcriptome analysis showed that the protein phosphatase 2C (PP2C), jasmonate-zim-
domain protein (JAZ), and WRKY-related differentially expressed genes (DEGs) may play an important role in determin-
ing leaf color. Gene set enrichment analysis (GSEA) comparison showed that jasmonic acid (JA) and cytokinin play 
an important role in determining the pistil of the H group. In this study, endogenous hormone and transcriptome 
analyses were carried out to identify the factors influencing the large yield difference in C. oleifera in the same year, 
which provides a theoretical basis for C. oleifera in the future.
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Introduction
Camellia oleifera (Fam.: Theaceae; Gen.: Camellia) is one 
of the most important woody oil species in China. Unsat-
urated fatty acids and oleic acid are the main compounds 
in C. oleifera seeds, and the contents of squalene, tea 
polyphenols, tocopherols, and phytosterols are high [1], 
conferring this plant important economic and medicinal 

values. Currently, research on C. oleifera mainly focuses 
on the primary economic traits of its fruit, oil quality, and 
the expression of genes related to oil transformation and 
accumulation during different periods. C. oleifera has 
the characteristic of “holding the child and bearing the 
child,” that is, when the fruit is ripe in autumn, it flowers. 
The development of fruits and flowers at the same time 
causes a high nutritional demand, resulting in a large 
difference in yield between different individual plants 
of the same variety. Significant yield variations between 
different years and individual trees have been observed. 
The yield of C. oleifera is a critical factor constraining 
the development of the industry. The factors affecting 
yield include climatic conditions, varietal characteristics, 
the number of floral buds, tree nutrition, and manage-
ment practices. Among these factors, having fewer floral 

†Yayan Zhu and Da Huo have contributed equally to this work and should be 
considered as co-first authors.

*Correspondence:
Jie Xu
404715698@qq.com
1 Guizhou Academy of Forestry, Guiyang, Guizhou 550005, China
2 Institute for Forest Resources and Environment of Guizhou, Guizhou 
University, Guiyang 550025, China

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-024-10795-0&domain=pdf


Page 2 of 12Zhu et al. BMC Genomics          (2024) 25:887 

buds directly causes the alternate bearing phenomenon 
in C. oleifera. Research on the correlations between the 
growth of C. oleifera flowers, fruits, and spring shoots 
has revealed that the numbers of floral buds and spring 
shoots in the same year are positively correlated, but the 
former is negatively correlated with the fruit yield and 
fruit-setting rate of that year; trees with a high fruit yield 
often have significantly fewer floral buds, while those 
with more floral buds tend to have a relatively lower fruit-
setting rate [2]. An increase in fruit production inhibits 
floral bud differentiation, leading to the alternate bear-
ing phenomenon [3]. Research on the optimal leaf-to-
fruit ratio for five-year-old ’Huaxin’ C. oleifera has shown 
that different leaf-to-fruit ratios significantly affect the 
growth, fruit quality, and photosynthetic physiology of 
the plants, while leaf color varies noticeably under dif-
ferent leaf-to-fruit ratios [4]. Changlin 23 is an improved 
variety approved by the State Forestry Administration. 
During this preliminary test, the yield and phenotype 
of different individual strains of the same variety were 
inconsistent. In the high-yield group (H group, Changlin 
23), the average canopy area yield was 2.28 kg/m2, which 
is higher than that (1.2 kg/m2) stipulated in the national 
standard for code of practice on breeding techniques of 
C. oleifera, the flowers in the canopy area covered less 
than 20/m2, and the leaves were obviously yellow–green. 
The average yield of 7 a Changlin 23 plant exceeded 3 kg, 
which was 30.34% ~ 194.87% greater than that of the con-
trol [5]. Intraspecific hybridization, i.e., Changlin No. 
4 × Changlin 23, resulted in a higher single-fruit weight, 
an improved seed rate of fresh fruit, a better kernel rate 
of dry seeds, and higher contents of oil in the kernels 
and oleic acid in the oil [6]. Comprehensive assessment 
indicated that Changlin 55, 153, and 23 were the most 
excellent cultivated varieties [7]. The average yield of the 
low-yield group (group L) was only 0.1567 kg/m2. How-
ever, the number of flowers in the crown area covered 
more than 2500/m2, and the leaves were emerald green. 
Changlin 40 is a stable variety and had the same yield 
as the control group (CK group). The leaves of this vari-
ety are bright green, and the average crown area yield is 
1.827 kg/m2. The flowers in the crown area are reported 
to cover more than 2000/m2, making it a high-yielding 
and good pollinator variety [8].

Plant growth depends on synergistic interactions 
between internal and external signals, and the yield 
potential of crops is a manifestation of how these com-
plex factors interact, particularly at critical stages of 
development [9]. RNA-seq has been used to analyze 
the differentially expressed genes (DEGs) between 
high- and low-oleic-acid varieties, and the coordinated 
regulation of multiple genes between the upstream syn-
thesis and downstream utilization of oleic acid ensures 

the accumulation of oleic acid in C. oleifera with a high 
content of oleic acid [10]. More gibberellins and ster-
oids accumulated in the field-cultivated Panax ginseng 
root, which might be responsible for its quick vegeta-
tive growth [11]. Auxin, brassinosteroid, jasmonic acid 
hormone signaling and cellulose, sucrose, and starch 
synthase metabolic DEGs were mapped on known seed 
cotton yield quantitative trait loci (QTLs) [12]. A compar-
ative transcriptome analysis of the flower buds and fruits 
of high-yield and low-yield varieties of C. oleifera has 
shown that some DEGs involved in fatty acid biosynthe-
sis, FabB, FabF, FabZ, and AccD, are highly expressed in 
flower buds and are considered to be related to the high 
oil yield of fruits [13]. However, it is difficult to determine 
whether the genes are consistently overexpressed by eval-
uating only the differences in buds and fruits. To explain 
the genetic mechanism of yield differences between dif-
ferent varieties, three varieties (high-yield Changlin 23; 
low yield variety, and Changlin 40 with an average con-
sistent yield, labeled CK; and different parts, including 
the flower bud, leaf, petal, sepal, stamen, pistil, and seed) 
were subjected to liquid chromatography–mass spec-
trometry (LC–MS) to determine the endogenous hor-
mone content. Transcriptome sequencing was performed 
using Illumina. The purpose of this study was to explore 
the reasons for the young age of C. oleifera and to provide 
a molecular basis for the clonal breeding and high and 
stable yield of C. oleifera.

Results
Analysis of the endogenous hormone content in different 
parts of different C. oleifera varieties
In C. oleifera, the gibberellic acid (GA3) contents in the 
leaves and petals of the high- and low-yielding groups 
H and L were similar, while the GA3 contents in the 
flower buds, sepals, and seeds of the high-yielding 
group were significantly lower than those of the low-
yielding group. The GA3 content in the stamens of the 
high-yielding group was significantly higher than that 
of the low-yielding group (Fig.  1a). The abscisic acid 
(ABA) contents in the pistils of the high-yield, low-
yield, and control groups were relatively consistent, and 
the ABA content in the petals and stamens of group L 
was significantly higher than those of groups H and CK 
(Fig. 1b). The salicylic acid (SA) contents in the sepals 
and seeds in the three plants were relatively consistent 
(Fig. 1c), and the SA and MeSA contents in the pistils 
of group H were higher than those of groups L and CK 
(Fig. 1c,d). In the pistils, the jasmonic acid (JA) content 
in group H was significantly lower than those in groups 
L and CK (Fig.  1e). The trans-Zeatin-riboside (tZR) 
contents in the pistils of the three plants were relatively 
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consistent (Fig. 1f ). In the flower buds, the N6-isopen-
tenyladenine (iP) content in group H was significantly 
higher than those in groups L and CK (Fig.  1g). The 
1-Naphthaleneacetic acid (NAA) contents in the pistils 
and flower buds in groups H and L were significantly 
higher than that in group CK (Fig. 1h). The methyl jas-
monate (MeJA) contents in the pistils and flower buds 
of groups H and L were relatively consistent (Fig.  1i). 
The 3-Indolepropionic acid (IPA) content in the flower 
buds in group CK was higher than those in groups H 
and L (Fig.  1j). The 1-Aminocyclopropanecarboxylic 
acid (ACC) content of group L was significantly lower 
than those of groups H and CK (Fig. 1k). In the pistils, 
the indole acetic acid (IAA) contents of the three plants 
were relatively consistent, and the IAA content of the 
flower buds of group H was significantly higher than 
those of groups L and CK (Fig.  1l). Among the sam-
ples (Fig. 2a), the flower buds of groups L and CK were 
clustered together, while the flower buds of group H 
were clustered together with the CK and H seeds, indi-
cating that the flower bud parts of the high- and low-
yield groups had inconsistent hormone levels. Principal 
component analysis (PCA) showed that the distance 
between the samples of the same plant was small, and 
repeatability was good (Fig. 2b).

Transcriptome assembly, annotation, and DEG identification
A total of 146,594 unigenes with an average length of 
875 bp were obtained after Trinity assembly, and redun-
dancy was removed. After comparison with various 
databases, 92,410 unigenes (63.04%) matched with the 
non-redundant (NR) protein database, and 69,695 uni-
genes (47.54%) matched with the Gene Ontology (GO) 
database. A total of 30,471 genes (20.79%) were matched 
to the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) database. After clean data comparison and 
quantification, the PCA of the gene expression of all the 
samples was performed (Fig.  3a). The distance between 
the samples in the same group was small, and the samples 
of the same parts of different plants were close, indicating 
the good repeatability of the samples.

The DEGs were identified for the different plants based 
on the differential gene screening criteria (Fig. 3b). In the 
comparison of H_stame vs L_stame, 1,232 genes (61.97%) 
were downregulated, and 756 (38.03%) were upregulated. 
In the comparison of H_bud vs L_bud, 5,202 (50.62%) 
genes were downregulated, and 5,075 (49.38%) were 
upregulated. The Venn diagram analysis of the DEGs 
between different plants showed that there were 64, 315, 
606, 869, 1301, 667, and 390 DEGs in the leaves, seeds, 
flower buds, petals, sepals, stamens, and pistil parts of 
the different samples, respectively (Fig. 4).

Fig. 1  Endogenous hormone levels in different tissues of C. oleifera. a-l represented different hormones, CK represented Changlin 40, H represented 
Changlin 23, L represented a variety with consistent low yield. A one-way analysis of variance (ANOVA) was performed on different parts, 
and multiple comparisons were made using the least significant difference (LSD) method. Different letters represented significant differences 
(p < 0.05)
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Fig. 2  Hormone indicator clustering and principal component analysis (PCA) in C. oleifera a The cluster analysis. b The principal component 
analysis. Note, in a, the clustering method used was "hclust", and the number of clusters was set to 7. In b, different colors and shapes represented 
different combinations

Fig. 3  PCA analysis of gene expression in Camellia oleifera transcriptome samples and statistics of the number of DEGs a PCA analysis of sample 
gene expression; b Statistics of the number of DEGs; Note In a, different colors and shapes represented different groups. In b, the left side 
of the graph represented downward adjustment, and the right side of the graph represented upward adjustment
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Short time‑series Expression Miner (STEM) and Gene set 
enrichment analysis (GSEA)
STEM analysis was performed based on the DEGs 
between all the plants (Fig. 5), and 14 profiles of signifi-
cance (p < 0.05) were identified. The expression level of 
Profile 11 (0, 2, 1, 2, 3, 2, 1, 3, 5, 3, 3, 3, 2, 3, 5, 4, 2, 1, 

0) was relatively high in CK_pistil and CK_petal. KEGG 
analysis revealed enrichment in phenylalanine, tyrosine, 
and tryptophan biosynthesis (ko00400), flavonoid bio-
synthesis (ko00941), plant hormone signal transduction 
(ko04075), and other metabolic pathways. The expres-
sion level of Profile 10 (0, 1, 1, 1, 1, 1, 2, 3, 2, 2, 1, 1, 2, 

Fig. 4  Identification of shared and unique DEGs among different combinations of Camellia oleifera transcriptome samples. Note: In a-f, each 
subfigure was a venn subfigure

Fig. 5  DEGs STEM analysis of Camellia oleifera transcriptome samples. a A significant Profile 11 in the STEM analysis of the gene expression 
pattern; b A significant Profile 10 in the STEM analysis of the gene expression pattern. Note: The upper part of the subfigure showed the number 
and corresponding trend of the modules. Black line represented the trendline. Each line represented the relative expression trend of a gene
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0, 0, 2, 4, 6, 5, 6, 4) was relatively high in the leaves. The 
expression level in the pistils and seeds was relatively low 
(Fig.  4c). KEGG enrichment analysis was performed on 
the gene sets of Profile 10, and the GTP-binding proteins 
(ko04031), phagosomes (ko04145), lysosomes (ko04142), 
and carotenoid biosynthesis (ko00906) were enriched. 
GO enrichment analysis showed that the plastid inner 
membrane (GO:0009528), chloroplast inner membrane 
(GO:0009706), and other cellular component (CC) terms 
were enriched.

The GSEA of the GO terms and KEGG pathways was 
performed for the different plant parts. In CK_Stame 
vs CK_Pistil (Fig.  6a), pentose and glucuronate inter-
conversions and cutin, suberine, and wax biosynthesis 
were activated in CK_Stame. In the H_Pistil vs CK_Pis-
til comparison (Fig. 6b), the TCA cycle and lipopolysac-
charide biosynthesis were activated in H_Pistil. In the 

comparison H_Pistil vs L_Pistil (Fig. 6c), the plant MAPK 
signaling pathway, alpha-linolenic acid metabolism, and 
zeatin biosynthesis were activated in H_Pistil. In the H_
Stame vs L_Stame comparison (Fig. 6d), photosynthesis-
related pathways (photosynthesis and photosynthesis 
and photosynthesis-antenna proteins) were inhibited in 
H_Stame. We performed multi-group GSEA for pollen 
development and the response to the auxin categories. 
Compared with CK and L, the pollen development cate-
gories were inhibited in H pistil (NES < 1, p-value < 0.05).

Weighted correlation network analysis (WGCNA)
WGCNA showed that 17 co-expressed gene modules 
related to these traits could be classified (Fig.  7). The 
number of genes in the light yellow module was 117, 
which was similar among the groups. MeSA (r = 0.72, 
p = 2.1e − 11), tZR (r = 0.69, p = 3.8e − 10), NAA (r = 0.82, 

Fig. 6  GSEA analysis of different comparative transcriptional combinations in Camellia oleifera. a GSEA of KEGG pathway between CK_Stame vs 
CK_Pistil; b GSEA of KEGG pathway between H_Pistil vs CK_Pistil comparison; c GSEA of KEGG pathway between H_Pistil vs L_Pistil; d GSEA of KEGG 
pathway between H_Stame vs L_Stame
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p = 3.9e − 16), and MeJA (r = 0.73, p = 7.3e − 12) were 
significantly positively correlated. The genes in the light 
yellow module were highly expressed in the three pis-
til combinations (H, L, and CK) and H_bud (Figure S1). 
GO enrichment analysis showed that lipid transport 
(GO:0006869) and localization (GO:0010876) and P-type 
ion (GO:0015662) and P-type transmembrane trans-
porter activities (GO:0140358) were enriched. KEGG 
analysis indicated that glutathione metabolism (ko00480) 
was enriched. The number of genes in the dark turquoise 
module was 79, which was highly expressed in H_sta-
men and L_stamen and was related to stamen develop-
ment. GO enrichment analysis showed that microtubule 
cytoskeleton organization (GO:0000226), the structural 
constituent of the cytoskeleton (GO:0005200), and cyti-
dylyltransferase activity (GO:0070567) were enriched.

Discussion
Many factors affect the yield of C. oleifera, including self-
incompatibility [14]. When the pollen tube of C. oleif-
era grows to the base of the flower column, distortion 

and clustering occur, and the pollen tube cannot reach 
the embryo sac to complete double fertilization. Self-
incompatibility results in a relatively low ratio of C. 
oleifera fruits/seeds to flowers [15]. The declining age of 
C. oleifera and other factors, such as the management 
mode, also lead to a low yield [16]. Clonal propagation 
is an important means of shortening the breeding cycle, 
which is conducive to C. oleifera entering the fruiting 
stage in advance and accelerating the development of 
the industry. High and stable yield traits are the core of 
C. oleifera breeding [17]. The differences in metabolites 
between the high- and low-yield groups may be a meta-
bolic marker for the selection of excellent varieties of C. 
oleifera. Using GC–MS, the relative squalene content in 
the high-yield group was found to be 4.07%, while that in 
the low-yield group was 35.87% [18]. The flower amount 
can be used to determine the yield difference in C. oleif-
era at an early stage. The preliminary test of Changlin 23 
varieties showed that the high-yield group had a higher 
yield, fewer flowers, and yellow leaves. The low-yield 
group showed a lower yield and more flowers. Studies 

Fig. 7  Module-trait relationships from the WGCNA analysis. Note: The correlation coefficients and corresponding correlation coefficients 
and p-values between modules and different traits were displayed in each cell; the left panel showed the 17 modules with different colors (The 
genes in the gray modules were gene sets that cannot be divided into any modules), the colour scale on right showed module-trait correlation 
from − 1 (blue) to 1 (red)
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have shown that the artificial thinning of a large num-
ber of flowers can significantly reduce the fruit yield of 
C. oleifera and the ratios of palmitic, palmitoleic, linoleic, 
and linolenic acids to fatty acids [19]. The endogenous 
hormones of plants are closely related to the processes 
of flowering, fruiting, and seed development. In the bud 
differentiation stage, the levels of IAA and ZR in flow-
ering plants are significantly higher than those in the 
non-flowering plants of Glycyrrhiza uralensis [20]. In 
Lycium ruthenicum, the IAA, ABA, and GA3 contents 
in the buds and leaves increase significantly from the 
open stage to the senescent stage, while the ZR content 
decreases significantly. The increase in soluble sugar and 
sucrose in the buds and leaves is believed to enhance the 
energy base, and the higher the content, the more con-
ducive it is to flower bud differentiation [21]. Different 
flower tissues exhibit different hormonal changes dur-
ing flower development. Before flowering, the cytokinin 
and auxin levels increase in most cases in petals, while 
they decrease in the middle and late stages of aging [22]. 
When pollen tubes enter the embryo sac, high levels of 
GA3 can inhibit the growth of pollen tubes and release 
gametophytes, but high levels of ZR can promote the 
normal growth of pollen tubes in the stigma. High lev-
els of ABA can also promote the growth and fertiliza-
tion of pollen tubes [23]. The leaves, flower buds, sepals, 
petals, stamens, pistils, and seeds of Changlin 23 were 
collected from different tissues during the same period 
to determine their endogenous hormone content. The 
GA3 contents in the leaves and petals of the high- and 
low-yielding groups H and L were similar, while the GA3 
content in the flower buds, sepals, and seeds of the high-
yielding group was significantly lower than that of the 
low-yielding group. The GA3 content in the stamens of 
the high-yielding group was significantly higher than that 
of the low-yielding group (Fig.  1a). Priming the induc-
tion of flowers requires a high level of energy metabolism 
[24]. The comparison of endogenous hormone contents 
between two early-spring-flowering plants (Hylomecon 
japonica and Smilacina japonica) and two early-spring-
flowerless plants (Cimicifuga foetida and Veratrum 
nigrum) showed that the IAA content in the flowering 
plants in early spring was significantly lower than that in 
the non-flowering plants, while the GA3 and ABA con-
tents were higher. The contents of D-ribonium, L-valine, 
L-isoleucine, alanine, and other compounds involved in 
the key pathways of flowering plants in early spring were 
significantly reduced, indicating that flowering plants in 
early spring consume a lot of energy to regulate flower-
ing [25]. The high level of GA3 in the C. oleifera flower 
buds may be related to the number of blooms. A high 
ABA content is associated with falling flowers and fruits 
[26, 27]. The ABA contents in the pistils of the high-yield, 

low-yield, and control groups were relatively consistent, 
and the ABA content in the petals and stamens of group 
L was significantly higher than those of groups H and CK 
(Fig. 1b), which may be related to flower and fruit drops. 
The flower bud IP content of group H was significantly 
higher than those of groups L and CK (Fig. 1g), while the 
IAA contents of the three combined pistils were rela-
tively consistent. The IAA content of the flower buds of 
group H was significantly higher than those of groups L 
and CK (Fig. 1f ). This suggests that the high IP and IAA 
contents in the flower buds may be associated with a high 
yield. In conclusion, the high GA3 content during C. oleif-
era flower bud differentiation may be correlated with the 
number of blooms, and the high IP and IAA contents 
during flower bud differentiation may be correlated with 
a high yield. The ABA content in petals and stamens con-
tributes to flower shedding and is related to flower and 
fruit drops.

A transcriptome is used to identify the DEGs associ-
ated with the target trait among different varieties or 
traits. Based on the transcriptome assembly, 146,594 
genes with an average length of 875  bp were obtained 
after redundancy was removed. After the expression 
was quantified, all the samples were analyzed using 
PCA (Fig. 3a). The distance between the samples in the 
same group and the samples of the same parts of differ-
ent plants was small, indicating the good repeatability 
of the samples. Based on DEG screening (Fig. 3b), in the 
H_stame vs L_stame comparison, 1232 genes (61.97%) 
were downregulated, and 756 (38.03%) were upregulated. 
In the H_bud vs L_bud comparison, 5,202 (50.62%) genes 
were downregulated and 5,075 (49.38%) were upregu-
lated. The Venn diagram analysis of DEGs between dif-
ferent comparisons showed that there were 64, 315, 606, 
869, 1301, 667, and 390 DEGs in the leaves, seeds, buds, 
petals, sepals, stamens, and pistils of the different plants, 
respectively (Fig. 4). CYPs might play critical roles in the 
determination of leaf color in Gleditsia sinensis via iron 
ion and tetrapyrrole binding [28]. The sets and number 
of DEGs in the leaves of the different plants were the 
lowest. ABCG39 (ABC transporter G family member 
39-like), WRKY31, WRKY24, WARY70, JAZ (jasmonate-
zim-domain protein), PP2C (protein phosphatase 2C), 
and other gene sets were annotated. The transcriptome 
has been used to analyze the expression of genes related 
to leaf aging in autumn Ginkgo biloba, and the expres-
sion levels of most abscisic acid-, jasmonic acid-, and 
autophagy-related genes and the WRKY and NAC genes 
were increased [29]. Transcriptome and metabolome 
data on the autumn leaf transformation of Quercus den-
tata have shown that argoniin-3-O-glucoside, anthocya-
nin-3-o-arabinoside, and anthocyanin-3-o-glucoside are 
the main pigments involved in leaf color transformation, 



Page 9 of 12Zhu et al. BMC Genomics          (2024) 25:887 	

and the MYB-bHLH-WD40 (MBW) transcriptional acti-
vation complex is the core of anthocyanin biosynthesis 
regulation [30]. Abscisic acid-related genes PP2C, jas-
monate-zim-domain protein, and WRKY-related DEGs 
may play an important role in the leaf color of C. oleifera.

The genes TFL1, SUP, AP1, CRY2, CUC2, CKX1, TAA1 
and PIN1 are associated with reproductive phase transi-
tion in Jatropha curcas [31]. After the initiation of flower 
bud differentiation, nitrogenous compounds (such as 
alkaline amino acids and heterocyclic imino acids, espe-
cially arginine, Pro, Ala, and l-cysteine) and a higher 
content of soluble sugars favored morphological differ-
entiation [32]. The MADS-box gene family is involved 
in flower development. The ABCDE model of flower 
development indicates [33] that class A genes [AETALA1 
(AP1) and APETALA2 (AP2)] determine sepal character-
istics in the outer domain of the flower meristem. The B 
genes (APETALA3 (AP3) and PISTILLATA​ (PI)) combine 
with the A genes to regulate petals; the classes B and C 
genes [AGAMOUS (AG)] regulate the stamen, while the 
class C genes regulate the fourth pistil alone [34]. Time-
Ordered Gene Co-expression Network analysis revealed 
that MADS2 and MADS26 may play important roles in 
the development of female and male Trachycarpus for-
tune plants, respectively [35]. With the use of transcrip-
tome transcription factor annotation and screening, 50 
genes were annotated as members of the MADS-box 
gene family. Agamous-like MADS-box protein TM6 
(MADS6, TRINITY_DN4862_c1_g2) (Figure S2), belong-
ing to the AP3 class B genes, was highly expressed in the 
bud, petal, and stamen tissues [36]. These results sug-
gest that MADS6 may play a significant role in stamen 
development.

WGCNA can screen out the key regulatory genes by 
association between gene sets and phenotypic traits 
and has been used in several species. The key nodes 
of the transcriptomes of different colors of Chrysan-
themum × morifolium were screened using WGCNA, 
and CmMYB305, CmMYB29, CmRAD3, CmbZIP61, 
CmAGL24, and CmNAC1 may be related to the caro-
tene metabolic pathways and plasmid development [37]. 
Conducting the WGCNA of the transcriptome of C. 
oleifera for different light durations, eight key node hub 
genes, GI, AP2, WRKY65, SCR, SHR, PHR1, ERF106, 
and SCL3, were identified and considered to be related 
to photoperiod-sensitive genes [38]. The high expres-
sion level of GA20ox oxidase (gibberellin 20 oxidase), 
a key component of gibberellin biosynthesis, the low 
expression level of gibberellic acid insensitive (gibberellic 
acid insensitive), and the increased expression of 9-cis-
epoxycarotenoid dioxygenase (NCED) may contribute 
to the accumulation of oil in C. oleifera fruit [39]. The 
CoGA20ox1 transgene of C. oleifera results in important 

phenotypes, such as seed enlargement and early flower-
ing [40]. Transcriptome-based analysis revealed that the 
DEGs between pistillate and staminate flowers (SFs) in 
phase I (the differentiation of male and female primordia) 
(involved in ABA, auxin (AUX), CK, ethylene (ET), and 
GA biosynthesis and signaling) showed higher expres-
sion levels in males than in females in general, whereas 
the DEGs involved in the JA and SA pathways displayed 
opposite expression patterns [41]. In  vitro experiments 
further verified that MYC2-1 alone promotes the expres-
sion of FT, and JAZ1-3 and MYC2-1 play key roles in the 
differentiation of female flower buds of chestnut [42]. 
Floral bud differentiation is related to sex determination; 
the genes DELLA, MYC2 and CYCD3 might be related to 
the stamen abortion and female flower sex determination 
during the inflorescence bud stage of Jatropha nigrovien-
srugosus [43]. WGCNA showed that the number of genes 
in the light yellow module was 117, which was similar 
among the groups. MeSA (r = 0.72, p = 2.1e − 11), tZR 
(r = 0.69, p = 3.8e − 10), NAA (r = 0.82, p = 3.9e − 16), and 
MeJA (r = 0.73, p = 7.3e − 12) were significantly posi-
tively correlated. The genes in the light yellow module 
were highly expressed in the pistils (H, L, and CK) and 
H_bud. In the light yellow module, ARF6 (Auxin response 
factor 6, TRINITY_DN2955_c2_g2, and TRINITY_
DN2955_c2_g3), Calcium-transporting ATPase 5 (TRIN-
ITY_DN34809_c0_g1), Calcium-transporting ATPase 10 
(TRINITY_DN9394_c0_g1), and Calcium-transporting 
ATPase 1 (TRINITY_DN152457_c0_g1) were anno-
tated. GO enrichment analysis showed that lipid trans-
port (GO:0006869) and localization (GO:0010876) and 
the P-type ion (GO:0015662) and transmembrane trans-
porter activities (GO:0140358) were enriched. In H_Pistil 
vs L_Pistil (Fig. 6c), the plant MAPK signaling pathway, 
alpha-Linolenic acid metabolism, and zeatin biosynthesis 
were activated in H_Pistil. These results indicate that JA 
and cytokinin play important roles in the pistils of high-
yielding C. oleifera.

Conclusions
A low yield limits the development of the C. oleifera 
industry, and the yields of the different varieties are sig-
nificantly different. High-yield, low-yield, and control CK 
groups were selected as experimental objects to study 
the endogenous hormone changes and transcriptional 
expression levels of seven different tissues, such as the 
leaves, petals, and stamens. The ABA content in the pet-
als and stamens in the L group was significantly higher 
than those in the H and CK groups, which was related to 
flower and fruit drops. The higher IP and IAA contents in 
the buds may be associated with a high yield. Compara-
tive transcriptome analysis showed that the ABA-related 
genes PP2C and JAZ and the WRKY-related DEGs may 
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play important roles in leaf color. GSEA comparison 
showed that JA and cytokinin play important roles in the 
pistils of high-yielding C. oleifera.

Materials and methods
Materials
The materials were collected from Yuping County, Ton-
gren city, Guizhou Province, China, which is one of the 
main production areas of C. oleifera. Ten-year-old C. 
oleifera varieties with relatively stable and healthy growth 
were selected, and collection was completed between 9 
and 10 a.m. Different parts, including the flower buds, 
leaves, petals, sepals, stamens, pistils, and seeds, were 
collected (Figure S3), washed in distilled water, and 
quickly frozen in liquid nitrogen for at least half an hour. 
The samples were then stored in an ultra-low-tempera-
ture freezer at − 80 °C for future use.

Determination of endogenous hormones using LC–MS/MS
Samples weighing 50 − 100 mg were added to 1 mL 50% 
acetonitrile solution, ground at 4 °C for 6 min, ultrasoni-
cated at a low temperature for 30  min (5  °C, 40  kHz), 
left at 4  °C for 30 min, and centrifuged at 14,000 rcf for 
15 min at 4 °C. The supernatant was removed and puri-
fied using an HLB column. The perforated liquid and elu-
ent were collected and blown dry in a 2  mL centrifuge 
tube with nitrogen. Then, 50 μL of 30% acetonitrile aque-
ous solution was added and swirled to mix it in. The sam-
ples were ultrasonicated and centrifuged at 14,000 rcf for 
15 min at 4 °C, and 40 μL of the supernatant was collected 
in a sample vial. LC–ESI–MS/MS (UHPLC-Qtrap) was 
used to conduct the qualitative and quantitative detec-
tion of target substances in the samples. Chromatogra-
phy was performed on a Waters C18 (2.1 mm × 150 mm, 
1.7 μm) liquid chromatography column with an ExionLC 
AD system. The column temperature was 50 °C. The sam-
ple size was 10 μL. Mobile phase A consisted of 0.01% 
formic water, and mobile phase B comprised 0.01% for-
mic acetonitrile. The mass spectrum conditions were as 
follows: AB SCIEX QTRAP 6500 + with positive/nega-
tive mode detection; curtain gas (CUR), 35; collision gas 
(CAD), medium; ion spray voltage (IS), + 5500/ − 4500; 
temperature (TEM), 550; ion source gas 1 (GS1), 50; 
and ion source gas 2 (GS2), 50. With the use of AB Sciex 
quantitative software OS, the ion fragments were auto-
matically identified and integrated using the default 
parameters, and manual inspection was also performed. 
With the mass spectrum peak area of the analyte as the 
vertical coordinate and the concentration of the analyte 
as the horizontal coordinate, a linear regression standard 
curve was drawn, and the concentration was calculated 
according to the standard curve.

RNA extraction and library construction
The total RNA was extracted from all the samples using 
Trizol (Invitrogen, Waltham, MA, USA). After purifica-
tion, the integrity and concentration of the total RNA 
were determined. Nanodrop2000 was used to detect 
the concentration and purity of the RNA, agarose gel 
electrophoresis was used to detect the RNA integrity, 
and Agilent5300 was used to determine the RIN value. 
An Illumina TruseqTM RNA sample prep kit was used 
to construct the library. The 3’ end of eukaryotic mRNA 
had a poly tail structure. Magnetic beads with Oligo 
(dT) were used to pair the A–T bases with poly(A), 
and a fragmentation buffer was added to the mRNA at 
random, generating small fragments of about 300  bp. 
Single-stranded cDNA was synthesized using random 
primers, and then two strands were synthesized to form 
a stable double-stranded structure. End Repair Mix 
was added to complete the flat end, and an A base was 
added to the 3’ end to connect the Y-shaped joint. After 
adapter connection, the product was purified, and the 
fragments were sorted. The sorted product was ampli-
fied using PCR, and the final library was purified. The 
cDNA libraries were sequenced using the Illumina 
HiSeq high-throughput sequencing platform.

Transcriptome assembly, annotation, and analysis 
of differentially expressed genes
Fastp v0.20.1 software was used to control the qual-
ity of the original data [44]. The transcriptome assem-
blies were generated using Trinity software [45]. The 
assembled sequences were merged and clustered 
using CD-HIT to remove redundancy [46]. The uni-
genes of the redundant data were used as the dataset 
for subsequent analysis. The unigenes and NR (http://​
www.​ncbi.​nlm.​nih.​gov/), Gene Ontology (GO), Swis-
sProt, KEGG (http://​www.​genome.​jp/​kegg/), Clusters 
of Orthologous Groups of Proteins (COGs), and egg-
NOG databases were used for comparison and anno-
tation. Bowtie2 v2.4.3 was used for comparison, and 
RSEM v1.2.12 [47] was used for quantification based 
on TPM expressions. Principal component analysis 
(PCA) was performed based on the expression levels 
of all the samples. The DEGs were identified using the 
R package DEseq2 v1.40.1 [48], and the screening cri-
teria were set as |log2FC|> 1 and p-value ≤ 0.05. The R 
package clusterProfiler v4.8.1 was used to conduct the 
GO and KEGG enrichment analyses of the DEGs [49]. 
A short time-series Expression Miner (STEM) was used 
for gene expression trend analysis [50], and the number 
of modules was set to 50.

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.genome.jp/kegg/
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WGCNA analysis
The R package WGCNA v1.72.1 [51] was used 
for weighted gene co-expression network analy-
sis (WGCNA). The first 5000 genes were screened 
according to the median absolute deviation, and the 
parameters were set as follows: power = 10, minMod-
uleSize = 30, and MEDissThres = 0.25.

Quantitative real‑time PCR (qRT‑PCR) analysis
qRT-PCR analysis was performed to verify the expression 
of RNA-seq data. The total RNA (isolated from RNA-Seq 
samples) was used to synthesize the first-strand cDNA. 
The real-time CFX96 Touch Real-Time PCR System (Bio-
Rad, USA) was used to perform qRT-PCR analysis. Each 
50 μL reaction included 25 μL of 2X SYBR® Green PCR 
Master Mix, 1 μL of forward/reverse primer (10 μM), 2.0 
μL of cDNA template, and 21 μL of RNase-free water. 
The PCR conditions were as follows: preheating at 95 °C 
for 30 s, 40 cycles of heat denaturation at 95  °C for 5 s, 
and annealing at 60 °C for 34 s. The gene relative expres-
sion levels were calculated using the 2−ΔΔCT method [52]. 
Three independent biological replicates were created. 
The GAPDH gene was used as the reference (Table S1).
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