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ABSTRACT

The yield of castor is influenced by the type of inflorescence and the proportion of female flowers. However, there
are few studies on the genetic mechanism involved in the development and differentiation of castor inflores-
cences. In this study, we performed transcriptomic analyses of three different phenotypes of inflorescences at
the five-leaf stage. In comparison to the MI (complete pistil without willow leaves), 290 and 89 differentially
expressed genes (DEGs) were found in the SFI (complete pistil with willow leaves) and the BI (monoecious inflor-
escence), respectively. Among the DEGs, 104 and 88 were upregulated in the SFI and BI, respectively, compared
to the MI. In addition, 186 DEGs and 1 DEG were downregulated in the SFI and BI compared to the MI. More-
over, we conducted GO and KEGG enrichment analyses of the DEGs. In comparison to the MI, the SFI and BI
exhibited the enrichment of functional branches in DEGs, specifically in pollen wall assembly, pollen develop-
ment, and cellular component assembly involved in morphogenesis. In our study, RADL5 showed low expression
levels between SFI-vs.-MI types. In addition, we found that the expression of NAC in the SFI differed from that in
MI and BI, and some genes related to hormonal signaling changed their expression levels during inflorescence
differentiation. These results reveal the genetic mechanism of sex genotypes in castor, which will not only guide
researchers in the breeding of castor but also provide a reference for genetic research on other flowering plants.
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1 Introduction

Castor (Ricinus communis L.) has high economic value and is an important nonfood oil-seed crop used
as a biofuel and feedstock [1]. In addition, castor has also been identified as a medicine and fertilizer [2,3].
The global demand for castor has markedly increased, mainly due to the various properties of castor.
Furthermore, castor can also grow under various harsh environmental conditions, including those of
wastelands, degraded lands, and arid and semiarid lands [4,5]. To date, castor has been widely cultivated
in many countries, such as China, India, and Brazil [6]. However, the development of the castor industry
has been hindered by its low productivity. This bottleneck of low yield in castor is attributed to the
number and ratio of inflorescence differentiation [7,8]. Accordingly, there is a need to develop high-yield
castor cultivars by considering different inflorescence types. Unfortunately, studies on the genetic
mechanism of inflorescence development and differentiation in castor are scarce.

In general, castor inflorescence type can impact seed purity and yield [9,10]. There are three types of
castor inflorescence: MI, SFI, and BI (Fig. 1). MI inflorescences consist solely of pistils. SFI
inflorescences feature pistils with willow leaves growing on the inflorescence axis. The BI-type
inflorescence is hermaphroditic, with the pistil at the top and the stamen at the bottom of the
inflorescence axis. The published literature has indicated that the type of inflorescence affects castor yield
[9,11]. However, the formation mechanisms of different inflorescence types remain unclear. Our prior
research on flower bud differentiation in three inflorescence types of aLmAB2 castor bean revealed that
the 5–6 leaf stage is the transitional period from asexual to sexual reproduction in the inflorescence [12].
Hence, the five-leaf stage is considered an optimal stage for investigating the mechanism of sex
differentiation in castor. To dissect the differentiation mechanism of ricin inflorescence, we collected
samples at the five-leaf stage for MI, SFI, and BI, and conducted transcriptome experiments to study their
molecular mechanisms.

The high-throughput RNA-sequencing (RNA-Seq) method based on transcriptome data can detect
molecular changes in a wide range of plant species due to its high coverage and low cost [13]. Therefore,
transcriptome data have been effectively used in recent years to study plant growth and development. The
gene expression profile of RNA sequencing reveals the gene expression patterns of different tissues in

Figure 1: Images of three inflorescence types of Ricinus communis L. (a) Complete pistil without willow
leaves (MI). (b) Complete pistil with willow leaves (SFI). (c) Monoecious inflorescence (BI)
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castor [14,15]. Currently, RNA-Seq is an effective technique for analyzing the mechanisms of castor
development [16]. For example, differentially expressed genes, such as male-abundant or female-specific
genes, were identified in castor via RNA-Seq [17]. In addition, transcriptome changes were monitored by
RNA-Seq under low temperatures in a cold-tolerant castor variety (Tongbi 5) [18]. However, in castor,
the mechanism of inflorescence differentiation has not been extensively investigated. In the present study,
we aimed to understand the molecular mechanisms of sex differentiation in castor. At the five-leaf stage
of castor, we used RNA-Seq to analyze gene expression in the three different inflorescences. The results
reveal the genetic mechanism of the sex genotype of castor, providing not only guidance for breeding
castor but also a reference for genetic research on other flowering plants.

2 Materials and Methods

2.1 Plant Material
aLmAB2 castor (Ricinus communis L.) plants with a row spacing of 80 × 80 cm were grown in the field

of the Inner Mongolia Key Laboratory of Castor Breeding. Three castor genotypes were photographed
according to sex expression type before sample collection. The three types MI, SFI, and BI, were
harvested at the five-leaf stage. Three biological replicates were carried out for each inflorescence type.
Nine samples were frozen in liquid nitrogen and stored at −80°C for RNA sequencing.

2.2 RNA Extraction and cDNA Library Preparation
The total RNA of the inflorescences was extracted using a Plant RNA Kit (Beijing Zoman

Biotechnology, Co., Ltd., China). To degrade residual genomic DNA, DNase I (Qiagen, Manchester, UK)
was added to the RNA. We used a microplate reader to determine the concentration of RNA. cDNA was
synthesized from total RNA by using Takara cDNA kit (Code no. 6215A).

2.3 Raw Read Filtering, Assembly, Gene Annotation, and DEG Analysis
RNA-Seq library preparation and sequencing were performed by Baiqu Biotechnology Co., Ltd.,

Shanghai, China. All libraries were sequenced using the Sanger method on the Illumina 1.9 platform. The
raw sequencing data were converted into sequence data through base calling. To ensure data quality,
clean reads were filtered to obtain high-quality clean reads for subsequent analysis. The filtering
conditions were as follows: (1) removal of reads containing adapters; (2) removal of reads containing
>10% N; and (3) removal of low-quality reads (more than 50% of the entire read for bases with a quality
value of Q ≤ 20). In addition, we used the short-read matching tool Bowtie to match high-quality clean
reads to the ribosome database, removing the reads from the matched ribosomes and using the retained
data for transcriptome assembly and analysis. TopHat2 software was used to match reads to the NCBI
castor genome (ASM1957865v1), and Cufflinks software was used to assemble the data. Cuffmerge was
used to combine and filter the assembly results of multiple samples. |Log2FC (fold change) | ≥ 1 and
p value < 0.05 were used as the thresholds to screen DEGs.

2.4 Functional Annotation and Gene Ontology Analysis
Based on the castor genome database, the functional annotations of the differentially expressed genes

(with a fold change ≥2) were compared using the BLAST program (http://eggnog5.embl.de/#/app/
emapper). The enrichment analysis of GO terms and KEGG annotations was evaluated by Cluster
software (v8.0.27).

2.5 Real-Time Quantitative PCR Analysis
qPCR was performed in an ABI 7500 Fast real-time PCR system using SYBR Premix Ex Taq (Takara,

Beijing, China). mRNA was extracted from three samples of the different inflorescence types and reverse
transcribed to synthesize cDNA. Three biological replicates were performed for each inflorescence type.
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We used the following conditions for PCR: 95°C for 30 s, 40 cycles of 95°C for 5 s, and 60°C for 34 s. The
primers for the selected qPCR genes are shown in Table S1. 18S was used as an internal reference gene, and
the relative quantitative method (2−DDCT) was used to determine gene expression.

3 Results

3.1 Morphological Observation of Inflorescence Phenotypes
One generation of aLmAB2 castor with three female inflorescence types was used in this study. Among

the three castor inflorescences, MI had only female flowers without willow-shaped functional leaves, and SFI
developed only female flowers with willow-shaped functional leaves (Figs. 1a and 1b). Compared with the
MI and SFI types, BI had male and female flowers simultaneously (Fig. 1c).

3.2 Quality Verification of the Transcriptome Sequencing Data
To study the systematic regulatory mechanism of transcriptional responses in the three castor

inflorescence types at the five-leaf stage, RNA-Seq experiments were performed in this study. We filtered
out the adapters and low-quality reads. Through Illumina high-throughput sequencing, a total of
9 libraries were sequenced. RNA-Seq of 9 castor inflorescence samples yielded 4.4–6.6 million clean
reads. The clean reads were filtered to obtain more than 98.58% of the high-quality clean reads (Table 1).
In Table 1, 683–971 million clean reads were obtained, and more than 97% of the reads showed high-
quality values (≥Q20). The Q30 base distribution percentage ranged from 96.79% to 96.94%. The GC
content was above 43%. These data indicated that the quality of the transcriptome sequencing data was
relatively high and reliable for further analysis.

3.3 Differential Gene Expression Analysis
According to the transcriptome data obtained for the three inflorescence types, a total of 378 genes were

detected according to log2fold change > 1 and FDR < 0.05 (Table S2 and Fig. 2). A total of 290 and
89 differentially expressed genes (DEGs) were found in the SFI and BI, respectively, compared to the
MI. Among them, 104 and 88 DEGs were upregulated in the SFI and the BI, respectively, compared to
the MI. In addition, 186 DEGs and 1 DEG were downregulated in the SFI and BI groups compared to
the MI groups. The number of DEGs identified in the overlapping relationships among the three groups is
listed in the Venn diagram of the DEGs (Fig. 2).

Table 1: The quality statistics of the filtered reads

Sample Clean data (bp) Q20 (%) Q30 (%) GC (%)

SFI-1 7834861379 7752322090 (98.95%) 7583418113 (96.79%) 3448080233 (44.01%)

SFI-2 6834688505 6766587589 (99.00%) 6624706889 (96.93%) 2988443403 (43.72%)

SFI-3 7953699784 7873710219 (98.99%) 7708009285 (96.91%) 3494572349 (43.94%)

MI-1 7183662927 7111410642 (98.99%) 6961268016 (96.90%) 3150777811 (43.86%)

MI-2 9716294776 9618681888 (99.00%) 9417838773 (96.93%) 4201145905 (43.24%)

MI-3 6466062156 6402168521 (99.01%) 6268486375 (96.94%) 2824088069 (43.68%)

BI-1 8615494660 8529038802 (99.00%) 8349670692 (96.91%) 3744415353 (43.46%)

BI-2 9024858355 8933406945 (98.99%) 8741684726 (96.86%) 4025801231 (44.61%)

BI-3 7268571813 7193939293 (98.97%) 7038307689 (96.83%) 3256512675 (44.80%)
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3.4 GO and KEGG Enrichment Analyses of DEGs
To describe gene functions, the DEGs from the three groups (MI, SFI, and BI) were analyzed using GO

enrichment (Fig. 3 and Table S3).

Figure 2: The number of DEGs in the MI, SFI, and BI groups. (a) Venn diagram of all DEGs in the three
inflorescence types; (b and c) Venn diagram of upregulated and downregulated DEGs in the three
inflorescence types; (d) SFI-vs.-MI volcano map; (e) BI-vs.-MI volcano map

Figure 3: The number of enriched GO terms for the three inflorescence types at the five-leaf stage. (a) GO
analysis of DEGs in the SFI-vs.-MI group; (b) GO analysis of DEGs in the BI-vs.-MI group
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In the SFI-vs.-MI comparison group, the DEGs enriched in the “single-multicellular organism process”
pathway were the most abundant in the term “biological processes”. For molecular functions, transition metal
ion binding oxidoreductase activity was most enriched in DEGs. In the cell component category, the DEGs
were enriched in five branches, namely the cell wall, cell junction, cell periphery, and external encapsulating
structure (Table S3). In the BI-vs.-MI comparison group, the functional pathway most enriched in DEGs was
the aromatic compound biosynthetic process biological process category. In the molecular function category,
nucleic acid binding transcription factor activity was enriched in DEGs. In addition, the GO classification
showed that the DEGs associated with the cellular component category were mainly related to
membrane-bound organelles and intracellular membrane-bound organelles (Table S3). Compared to the
MI, the SFI and BI had the following functional branches enriched in DEGs: pollen wall assembly, pollen
development, and cellular component assembly involved in morphogenesis.

Based on the KEGG pathway data, the biological functions of the genes were determined. As shown in
Fig. 4a and Table S4, functions with a Q value ≤ 0.05 were considered significantly enriched. In the SFI-vs.-
MI group, some genes were significantly enriched in the biosynthesis of secondary metabolites (ko01110),
protein processing in the endoplasmic reticulum (ko04141), and phenylpropanoid biosynthesis (ko00940)
(Fig. 4b and Table S4). In the comparison of BI-vs.-MI, the greatest accumulation of DEGs was found in
pathways such as metabolic pathways (ko01100) and biosynthesis of secondary metabolites (ko01110).

3.5 RT-qPCR Analyses of DEGs
To validate the transcriptomic sequencing results, we selected eight differentially expressed genes for

qRT-PCR analysis. Among these eight differentially expressed genes, RADL5 (ncbi_8269992) is a
member of the MYB family, and ERF11 (ncbi_8288577), ERF92 (ncbi_8258360), ABAH1
(ncbi_8275341), and G2OX (ncbi_8264113) belonged are hormone response factors. NAC72
(ncbi_8263571), NAC56 (ncbi_8268675), and NAC29 (ncbi_8281834) are members of the NAC family
of transcription factors. The eight DEG expression trends were consistent with the transcriptome results,
confirming the reliability of our overall transcriptome data, as shown in Fig. 5. RADL5 (protein
RADIALIS-like 5), ERF11 (ethylene-responsive transcription factor 1), ERF92 (ethylene-responsive
transcription factor 1B), and G2OX (gibberellin 2-beta-dioxygenase) were expressed at high levels in the

Figure 4: KEGG pathway analysis of DEGs. (a) KEGG enrichment analysis of DEGs in the SFI-vs.-MI
group; (b) KEGG enrichment analysis of DEGs in the BI-vs.-MI group
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MI but at low levels in the SFI. In the SFI, ABAH1 (abscisic acid 8-hydroxylase 1) expression was high but
was low in the BI. The expression of NAC72, NAC56, and NAC29 decreased in the SFI. These genes may
play important roles in the differentiation of castor inflorescences.

4 Discussion

Generally, the transcriptome sequencing method has been widely applied to analyze the key mechanism
of growth and development of many plant species [13]. To date, transcriptome information on Ricinus
communis is limited [19]. In this study, we compared transcriptome data from three inflorescence types at
the five-leaf stage in castor. Here, 683–971 million clean reads were obtained, and more than 97% of the
reads showed high-quality values (Table 1). In addition, 21,886 unigenes were successfully and correctly
annotated in previous data and in the genome of R. communis (Table S5). Accordingly, these results also
suggested that the assembly of the transcriptome was reliable for the castor materials in this study.
Therefore, these data can be used to analyze the mechanism of inflorescence development in R.
communis. Moreover, the results also provide information for selecting key genes involved in
inflorescence sex determination in castor.

Many transcription factors (TFs) in plants play important roles in flower sex differentiation. For
example, the MADS-box family of TF genes governs the sex differentiation of male and female flowers
in unisexual plants [20], with 176 TFs showing differential expression between male and hermaphroditic
flowers [21]. Eight TFs have been found to regulate flavonoid biosynthesis by promoting the expression
of multiple structural genes during flower sex differentiation [22]. Analysis of the transcriptome data
revealed that PADL5 was expressed at higher levels in MI (Fig. 5 and Table S2). PADL5 is a member of
the PAD subfamily of the MYB transcription factor family. RAD plays an important role in the
development of flowers. The expression patterns and functions of RAD genes may vary among different
plant species. In Arabidopsis, the RAD gene is involved in the formation of dorsal-ventral asymmetry in
flowers [23,24]. The RAD gene may interact with the DIV gene and participate in the flower

Figure 5: RT-qPCR analysis of DEGs. MI: complete pistil without willow leaves, SFI: complete pistil with
willow leaves, BI: monoecious inflorescence. RADL5: protein RADIALIS-like, ERF11: ethylene-responsive
transcription factor 1, ERF92: ethylene-responsive transcription factor 1B, G2OX: gibberellin 2-beta-
dioxygenase, ABAH1: abscisic acid 8-hydroxylase 1. NAC72, NAC56, and NAC29 are NAC
transcription factors
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development process in primrose flowers [24]. In addition, we found that different levels of NAC (NAC72,
NAC56, NAC29) were expressed in the BI than in the MI (Fig. 5). Therefore, NAC has a regulatory function
in flower sex differentiation in castor. This result is consistent with the findings of other reports. For example,
NAC transcription factors are associated with pecan flower sex differentiation [25]. NAC plays a crucial role
in flower development in Zanthoxylum armatum var. [26]. Moreover, ethylene response factor (ERF) family
genes have been identified [27]. In our study, ERF11 and ERF92 exhibited different expression levels
between SFI and MI (Fig. 5 and Table S2). ERF11 and ERF92 are classified under the ERF subfamily of
ERF transcription factors. Analysis of the transcriptome data and the qRT-PCR data revealed that both
ERF11 and ERF92 were expressed at high levels in the BI and at low levels in the SFI. Some research
has indicated that some ERF family members can influence sex determination and female flower
development by binding to the GCC box to regulate downstream gene expression [28,29]. As one of the
largest transcription factor families, ERFs also participate directly or indirectly in multiple processes, such
as seed development and flower and fruit organ formation [30]. However, the specific regulation of
inflorescence differentiation by the transcription factors MYB, NAC, and ERF in castor needs to be
further investigated.

In this study, the expression levels of some genes related to hormone signaling changed during
inflorescence differentiation (Table S2). These results may help researchers identify key genes to clarify
the mechanisms of inflorescence differentiation in castor. Here, the expression levels of castor
inflorescence differentiation genes, such as ABAH1 and G2OX (gibberellin 2-beta-dioxygenase-like),
were significantly different expressed at the five-leaf stage, which indicated their key roles in
inflorescence differentiation in castor. qRT-PCR analysis revealed that ABAH1 was expressed at the
highest level in the SFI, while G2OX was expressed at the highest level in the MI. For example, the
expression levels of genes involved in ethylene signal transduction have been shown to positively
regulate flower development [31]. Moreover, the, IAA concentration and IAA/ABA ratio play an
important roles in flower sexual differentiation in castor beans [19]. Moreover, a high ABA content is
beneficial for floral induction and morphological differentiation of flower buds [32]. Notably, ABA levels
do not significantly change during flower bud differentiation [33]. A previous study showed that applying
the phytohormone gibberellin (GA), a critical hormone for anther development, also effectively promoted
lateral flower differentiation [34,35]. In addition, spraying GA3 was found to advance flowering [36].
These findings all indicated that the balance and crosstalk of multiple phytohormones might affect sex
differentiation in castor.

5 Conclusion

In this study, transcriptomic analysis was conducted on three castor inflorescences. A total of 290 and
89 DEGs were found in the SFI and BI, respectively, compared to the MI. Among the DEGs,
PADL5YB86 and hormone-related genes (ERF11, ERF92, ABAH1, and G2OX) were significantly
differentially expressed in the three inflorescences, which further affected the development of castor
inflorescences. However, the specific regulatory mechanism requires further study.
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