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Abstract
Background  The growth stages largely determine the crop yield, while little is known about their genetic 
mechanisms in castor. In this study, the QTL mapping and candidate gene mining of growth stages were conducted 
using populations F2 and BC1, combining with differential expression analysis and weighted gene co-expression 
network analysis (WGCNA). The traits studied included the emergence date (ED), the budding date of primary spike 
(PSBD), the flowering date of primary spike (PSFD), the maturation date of primary spike (PSMD), and the maturation 
date of primary branch spike (PBSMD).

Results  A total of 20 QTLs conferring four traits (ED, PSBD, PSFD and PBSMD) were identified in the F2 population, 
with a phenotypic variation explained (PVE) of single QTL ranged from 0.24 to 25.46%. Five QTLs underlying PSMD 
and PBSMD were identified in the BC1 population, with a PVE of single QTL ranged from 4.74 to 10.82%. To our 
surprise, almost all the identified QTLs were clustered within two marker intervals, the RCM1769-RCM1838 on linkage 
group 6 and RCM950-RCM917 on linkage group 3. Subsequently, 473 open reading frames (ORFs) were searched out 
within these two clusters and 110 differentially expressed genes (DEGs) were screened out from these ORFs by the 
comparative transcriptome clean data (a total of 140.86 G) at the budding date, the initial flowering date and the full 
flowering date between parental racemes. With these DEGs, five distinct gene co-expression modules were generated 
using WGCNA. Showing significant differential expression between parents, four candidate genes (LOC8261128, 
LOC8278994, LOC8281165 and LOC8259049) in module MEturquoise, were recognized and were annotated as RcSYN3, 
RcNTT, RcGG3 and RcSAUR76 respectively. This finding implies their potential role in regulating the growth stages of 
castor.

Conclusion  In this study, numerous QTLs conferring growth stages were detected and four candidate genes were 
mined, which need to be functionally validated. The results provided a new insight into the genetic structure of ED, 
PSBD, PSFD, PSMD and PBSMD, offered the candidate genes and molecular markers for their improvement as well in 
castor.
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Introduction
Castor plant (Ricinus communis L.) is an important 
industrial oil crop with seed oil content accounting for 46 
to 55%, which is widely grown in tropical, subtropical and 
temperate regions [1]. Ricinoleic acid, the most impor-
tant component of castor oil (more than 85%), is a special 
hydroxyl fatty acid, which makes castor oil widely used 
in aerospace, machinery manufacturing, textile, printing, 
dyeing, medicine and other fields [2, 3]. With the rapid 
development of economy, the demand for castor oil is 
increasing steadily worldwide [2]. Castor oil is extracted 
by pressing castor seed, which is a commercially impor-
tant source of castor oil [4, 5]. In the past decades, 
although some excellent achievements have been made, 
the genetic research and variety improvement of cas-
tor are still lagging behind on the whole [6], resulting in 
a lower planting benefit and a decreasing planting area 
year by year [7]. Therefore, breeding high-yielding variet-
ies is of great significance to the development of castor 
industry.

Flowering date (FD) and maturation date (MD) largely 
determine castor yield, their enough cumulative days 
ensure that castor individuals have vigorous growth 
potential and harvest more plump seeds (i.e., decreased 
shriveled seed rate), which in turn increases overall yield 
[8, 9]. They have a potential role in reducing the culti-
vation cost and enhancing adaptability, especially FD, 
which is the key stage for the transition from vegetative 
growth to reproductive growth in flowering plants. In 
addition, seed filling date is also an important factor in 
determining castor yield, and seed filling duration signifi-
cantly affects seed size and seed weight [10, 11]. Under-
standing the genetic structure of castor growth stages, 
with available functional gene resources, is conducive 
to the development of breeding strategy for purposeful 
cross-breeding; moreover, it is also available to accelerate 
the breeding of early-maturing and high-yielding castor 
varieties by means of technologies genome-modification, 
transgenic, molecular markers-assisted selection and 
multi-omics [6]. Through generation mean analysis, it 
was initially found that castor FD and MD were jointly 
controlled by major genes and polygenes, and conformed 
to the additive-dominant-epistatic inheritance model [9, 
12–14]. The additive effect was predominant in castor 
FD, whereas the additive and non-additive effects were 
equal in castor MD [9, 12–14]. Furthermore, 183 possible 
flowering-related genes were tentatively found [15–17]. 
Nonetheless, few available gene resources (i.e., genes 
RcNF-YB8, PLC2, PLC2M, PLC2N, PLC4, PLC4X2 and 
PLC6) can be applied in castor molecular breeding [16, 
17].

FD and heading date (HD) have been extensively stud-
ied in Arabidopsis and rice respectively, which are sus-
ceptible to the environment (including photoperiodic, 

temperature, hormonal, stress and nutrient availability) 
[18–20]. Firstly, the photoperiodic pathway is the most 
important induction factor, which mediates HD through 
pathways GIGANTEA-Heading date 1-Heading date 3a 
(GI-Hd1-Hd3a) and Grain number, plant height, and 
heading date 7-Early heading date 1-Hd3a/RICE FLOW-
ERING LOCUS T 1 (Ghd7-Ehd1-Hd3a/RFT1) in rice, the 
former corresponding to the GI-CONSTANS-FLOWER-
ING LOCUS T (GI-CO-FT) pathway that regulates FD in 
Arabidopsis thaliana [19]. In fact, many genes that have 
been recently identified regulate rice HD by promoting/
repressing the expression of the above pathway members, 
such as Early heading date 5 (Ehd5) [21], Small Auxin 
Up RNA 56 (SAUR56) [22], Flowering Locus T-like 12 
(FTL12) [23], Late Heading Date 3 (LHD3) [24]. Secondly, 
the temperature is an effective factor in predicting HD, 
e.g., Pseudo-Response Regulator 37 (PRR37) represses 
flowering when the mean ambient temperatures fall 
below a critical threshold, while reverts to a flowering 
promoter at higher temperatures [25]. Thirdly, plant hor-
mones, e.g., auxin [26], gibberellins [27], cytokinins [28], 
abscisic acid [29], brassinosteroids [30] and ethylene [31], 
have significant effects on plant flowering; Fourthly, abi-
otic stresses (including drought, salt and temperature) 
affect plant flowering mainly via the Ghd7-Ehd1-Hd3a/
RFT1 pathway [18]. Fifthly, nutrients also affect plant 
flowering, a moderate amounts of potassium and phos-
phorus promote flowering while a low or high nitrogen 
delays flowering [32, 33]. Additionally, numerous genes 
have also been mined in other crops and even revealed 
crop-specific flowering pathways, e.g., genes, TraesC-
S2A02G181200 [34], constans of Zea mays1 (conz1) [35], 
FANTASTIC FOUR gene family members (FAFs) [36] and 
Hd3a [37], control flowering in wheat, maize, tomato and 
perilla respectively; modules BnTFL1-BnGF14nu-BnFD 
[38] and FvemiR160-FveARF18A-FveAP1/FveFUL [39] 
regulate flowering in rapeseed and woodland strawberry 
respectively.

In this study, mapping QTLs conferring emergence 
date (ED), budding date of primary spike (PSBD), flow-
ering date of primary spike (PSFD), maturation date of 
primary spike (PSMD) and maturation date of primary 
branch spike (PBSMD) was performed in populations 
F2 and BC1 with methods composite interval mapping 
(CIM) and inclusive composite interval mapping (ICIM); 
And then, transcriptome sequencing on racemes of both 
parents at different stages was conducted for mining can-
didate genes within QTL clusters. It is expected to pro-
vide a reference for molecular marker-assisted selection 
and genetic function identification of growth stages in 
castor.
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Materials and methods
Materials
Populations F2 and BC1 were constructed in a short cycle, 
with low cost and simple operation; moreover, the for-
mer had a large phenotypic segregation range and abun-
dant genetic recombination, and the latter could be used 
to validate detected QTLs. Therefore, F2 and BC1 were 
selected as the mapping populations in this study. Two 
inbred lines, 9048 (P1, 25 individuals) and 16–201 (P2, 25 
individuals), and three populations derived from them, 
i.e., F1 (25 individuals), F2 (282 individuals) and BC1 (F1 
backcross with P2, 250 individuals), were used in this 
study. 9048, a pistillate line, was the female parent of Zibi 
5, a main cultivar in China, with an earlier ED and a later 
budding date, flowering date and maturation date (Fig. 
S1); In contrast, 16–201 was a monecious line with a later 
ED, but with an earlier budding date, flowering date and 
maturation date than 9048. So, the BC1 population was 
constructed using 16–201 backcrossed to F1, in the hope 
that we could screen a group of materials within this pop-
ulation that significantly early flowering and other traits 
not much different from 9048. All the populations were 
planted at the experimental base of Guangdong Ocean 
University, Mazhang, Zhanjiang, Guangdong, China in 
September, 2020. Besides, populations P1 (15 individuals) 
and P2 (15 individuals) were planted again in November, 
2023 for collecting transcriptome sequencing samples. 
The plant and row spacing was one meter. The cultivation 
management was same as high-yield field.

Phenotype investigation
The days from sowing to castor cotyledon spreading, 
budding of primary spike, bloom of 50% female flowers 
on primary spike, maturation of 50% capsules on primary 
spike, and maturation of 50% capsules on primary branch 
spike were recorded as ED, PSBD, PSFD, PSMD and 
PBSMD respectively. Statistical description and Student’s 
t test were run by software SPSS 25 and Excel 2021.

DNA extraction, genotyping and genetic map construction
Genomic DNA was extracted through a modified 
CTAB method, as suggested by Agyenim-Boateng et al. 
(2019) [40]. Five hundred sixty-six pairs of SSR (Simple 
sequence repeats) primers (Fig. S2), with clear and stable 
bands, were used in this study, which uniformly distrib-
uted on the whole castor genome and were selected from 
1750 pairs of SSR primers developed based on the castor 
scaffolds JCVI_RCG_1.1 (BioProject: PRJNA16585) by 
the castor research group of Guangdong Ocean Univer-
sity [41]. Polymorphic primer screening and population 
genotyping were carried out according to the procedures 
described by Huang et al. (2023) [42] and Yeboah et al. 
(2021) [43] respectively.

The genetic map of F2 population was constructed 
using QTLIcimapping v4.2 software, using population 
model 7 to process population genotyping data and the 
Kosambi function to calculate the genetic distance, set-
ting the LOD threshold value to eight. The genetic map of 
BC1 population was constructed similarly with the popu-
lation model 2, and the linkage groups were determined 
according to the genetic map of F2 population and the 
marker information.

QTL analysis
Under the condition of a better balance of false positives 
and false negatives and statistical significance, in order 
to detect more QTLs, single locus QTLs were mapped 
using the CIM method in WinQTLCart v2.5 software 
and the ICIM-ADD method in QTLIcimapping v4.2 
software, with a LOD value of two [44]; Meanwhile, epi-
static QTLs were identified using the ICIM-EPI method 
in QTLIcimapping v4.2 software with default parameters 
[45]. Confidence intervals for all QTLs were determined 
with 95% confidence. The QTLs with a phenotypic varia-
tion explained (PVE) more than 10% were defined as 
main-effect QTL. All detected QTLs were named accord-
ing to the format described by Huang et al. (2023) [42], 
i.e., started with “q”, followed by trait abbreviation, chro-
mosome serial number and QTL serial number on the 
chromosome; In addition, the capital “F” and “B” were 
prefixed the QTLs detected in populations F2 and BC1 
respectively.

RNA extraction and transcriptome sequencing
Racemes of 9048 and 16–201 were collected at the bud-
ding date (BD), the initial flowering date (IFD, 25% female 
flowers bloomed on the raceme) and the full flowering 
date (FFD, 75% female flowers bloomed on the raceme) 
respectively, with three biological replicates. Total RNA 
was extracted using RNAprep Pure Plant Plus Kit (Cat 
No. DP441, TIANGEN, Beijing, China) following the 
manufacturer’s protocol. In total, 18 RNA-seq libraries 
(two parents × three sampling stages × three biological 
replicates) were constructed and sequenced on the Illu-
mina sequencing platform by Metware Biotechnology 
Co., Ltd. (Wuhan, China). Raw reads with adapter or N 
content over 10% or the number of low-quality bases 
more than 50% were filtered; And then, sequencing 
error rate and GC content distribution were conducted 
to generate clean reads. The clean reads were aligned to 
a reference castor genome ASM1957865v1 (BioProject: 
PRJNA589181) [46] by the software HISAT v2.2.1 with 
default parameters.

Candidate gene prediction and expression analysis
Differentially expressed genes (DEGs) were screened in 
the two QTL clusters with |log2 Fold Change (FC)| ≥ 1 
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and false discovery rate (FDR) ≤ 0.05. Weighted gene co-
expression network analysis (WGCNA) was performed 
on the Metware Cloud platform ​(​​​h​t​t​p​s​:​/​/​c​l​o​u​d​.​m​e​t​w​a​r​
e​.​c​n​​​​​) using default parameters. Combining the genomic 
annotation information (including BlastP annotation and 
Swissprot annotation) and available literature descrip-
tion, candidate genes were expected to be found.

Relative expression levels of the selected candidate 
genes were assayed in racemes used for transcriptome 
sequencing. Except for the internal reference gene Glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) [43], all 
primers were designed by the online tool Primer-blast (​
h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​​/​t​o​​o​l​s​/​​p​r​​i​m​e​r​-​b​l​a​s​t​/) ​(​S​u​
p​p​l​e​m​e​n​t​a​r​y Table S1). cDNA was synthesized with one 
µg total RNA using the PrimeScript™ RT reagent kit (Cat 
No. RR047A, TAKARA, Japan). Quantitative real-time 
polymerase chain reaction (qRT-PCR) was carried out 
according to the procedures described by Yeboah et al. 
(2021) [43]. The internal reference gene was amplified in 
parallel with each candidate gene, repeated three times. 
The relative expression level of the candidate genes was 
calculated using the 2−ΔΔCt method [47], and shown as 
mean and standard deviation.

Results
Phenotype analysis
PSBD, PSFD, PSMD and PBSMD of 9048 were signifi-
cantly later than that of 16–201 (p < 0.01), mostly due to 
the fact that the primary stem and branch stem of 9048 
need to form more nodes than 16–201 to grow racemes 
(Table 1, Fig. S1). As a whole, these traits (i.e., ED, PSBD, 
PSFD, PSMD and PBSMD) showed a unidirectional 
transgressive inheritance. All traits displayed a multi-
peaked continuous distribution or left skewed continuous 
distribution in populations F2 and BC1 (Fig. 1), implying 
the existence of major genes controlling ED, PSBD, PSFD, 
PSMD and PBSMD in castor [48]. There were significant 
positive correlations between these five traits in these 
two segregating populations (p < 0.01) (Fig. 1).

Genetic map construction
The genetic maps of populations F2 and BC1 contained 
63 and 33 SSR markers, with an average marker inter-
val of 10.21 cM and 13.31 cM and a LOD value of eight 
and three, including ten and six linkage groups, covered 
643.36  cM and 439.25  cM of the genome respectively 
(Fig. S3).

QTL mapping with methods CIM and ICIM
A total of eight and four QTLs were detected by the CIM 
method in populations F2 and BC1 respectively (Fig.  2; 
Table 2). They were distributed on linkage group 3, 6 and 
9, with a PVE of single QTL ranged from 0.24 to 25.46%.
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In F2 population, two, one, two and three QTLs under-
lying ED, PSBD, PSFD and PBSMD were identified, with 
the PVE of single QTL ranged from 0.24 to 25.46%, 
1.85%, 2.22–4.34% and 1.75–6.36% respectively. No QTL 
conferring PSMD was detected. Numerous minor-effect 

QTLs and one main-effect QTL (FqED6.3) with a PVE of 
25.46% were found.

In BC1 population, two QTLs conferring PSMD were 
detected with the PVE of single QTL ranged from 7.71 
to10.82%; as well as two QTLs underlying PBSMD with 

Fig. 1  Frequency distribution and correlation analysis in populations F2 (a) and BC1 (b). For correlation analysis, reflecting the strength of the correlation 
by the size of the shaded area and are colored from red (coefficient = 1) to cyan (coefficient = -1); * and ** refer to significant and extremely significant 
correlation respectively
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the PVE of single QTL ranged from 4.56 to 4.74%. No 
QTL conferring ED, PSBD and PSFD was detected. Only 
one main-effect QTL (BqPSMD6.1) with a PVE of 10.82% 
was found.

A total of 12 and one QTLs were detected by the ICIM 
method in populations F2 and BC1 respectively (Fig.  2; 
Table  2). They were distributed on linkage group 3 and 
6, with a PVE of single QTL ranged from 3.25 to 7.81%. 
Many QTLs were simultaneously detected by the CIM 
and ICIM-ADD methods.

In F2 population, three, four, four and one QTLs under-
lying ED, PSBD, PSFD and PBSMD were identified, 
with the PVE of single QTL ranged from 4.06 to 4.28%, 
3.58–7.81%, 3.25–6.49% and 3.35% respectively. No QTL 
conferring PSMD was detected. Although no main-effect 
QTLs were found, most of the QTLs detected with PVE 
approached 4%, especially, four QTLs (with a total PVE 

of 20.08%) underlying PSBD and four QTLs (with a total 
PVE of 19.07%) conferring PSFD were found.

Only one QTL (BqPSMD3.1) conferring PSMD was 
identified in BC1 population, with a PVE of 7.18%.

QTL clusters
All the detected QTLs were distributed on linkage group 
3 and 6 except for FqPBSMD9.1, although there were 
other linkage group on the genetic map with higher 
density markers than these two linkage groups (Fig. 
S3). Notably, after mapping the above QTLs to the cas-
tor genome ASM1957865v1, they were found to be 
located within the marker interval RCM1769-RCM1838 
(10,477.5 kb) on chromosome 6 and the marker interval 
RCM950-RCM917 (936.8 kb) on chromosome 3, named 
as QTL-cluster1 and QTL-cluster2 respectively (Fig.  2). 
Summarily, these two QTL clusters consisted of 18 and 
six allelic QTLs with the PVE of single QTL ranged 

Fig. 2  Distribution map of QTLs conferring growth stages in castor. For physical mapping, the black lines are the CIM mapping results and the red lines 
are that in ICIM
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from 0.24 to 25.46% and 3.25–7.71%, shared by five and 
four traits, containing 349 and 124 open reading frames 
(ORFs) respectively (Fig. 2; Table 3), which revealed the 
existence of the gene pleiotropy or close linkage between 
genes controlling ED, PSBD, PSFD, PSMD and PBSMD, 
and the genetic foundation of significant correlation 
among these five traits in castor (Fig. 1).

Epistatic QTL analysis
In F2 population, a total of 34 pairs of epistasis QTLs 
were identified (Supplementary Table S2). Among them, 
25, one, three, four and one pairs of epistasis QTLs con-
ferring ED, PSBD, PSFD, PSMD and PBSMD, with a PVE 
of each pair of QTLs ranged from 0.71 to 6.98%, 8.88%, 
10.25–12.40%, 10.23–11.39% and 18.74% respectively. 

Table 2  QTLs detected in populations F2 and BC1

Pop Trait Method QTL LG Pos. Add. Dom. LOD PVE (%) CI MI
F2 ED CIM FqED6.1 6 10.01 -0.12 -2.13 38.41 0.24 8.5–11.1 RCM1769-RCM1843

FqED6.3 6 190.11 -0.72 0.43 3.62 25.46 176.9-191.5 RCM550-RCM1848
ICIM FqED6.1 6 2 -0.15 -0.46 2.39 4.06 0-10.5 RCM1769-RCM1843

FqED6.2 6 92 0.15 -0.50 2.44 4.28 89.5–98.5 RCM1768-RCM1784
FqED6.4 6 204 -0.05 0.53 2.86 4.16 199.5–204 RCM1848-RCM1846

PSBD CIM FqPSBD6.2 6 89.21 -2.85 -1.32 3.36 1.85 84.7-101.3 RCM1838-RCM1625
ICIM FqPSBD6.1 6 18 -2.86 2.59 2.29 3.97 8.5–41.5 RCM1769-RCM1843

FqPSBD6.2 6 90 -1.56 -3.85 5.52 4.72 89.5–95.5 RCM1768-RCM1784
FqPSBD6.3 6 202 -0.24 6.55 7.42 7.81 197.5–204 RCM1848-RCM1846
FqPSBD3.1 3 36 -1.35 4.05 3.25 3.58 33.5–41.5 RCM950-RCM933

PSFD CIM FqPSFD6.1 6 89.21 -3.16 -1.35 3.53 2.22 83.8–94.5 RCM1838-RCM1784
FqPSFD3.1 3 34.21 -1.33 3.28 2.10 4.34 25.9–40.5 RCM917-RCM933

ICIM FqPSFD6.2 6 17 -3.61 3.88 2.92 5.58 10.5–36.5 RCM1769-RCM1843
FqPSFD6.1 6 91 -1.35 -4.07 4.63 3.75 89.5–95.5 RCM1768-RCM1784
FqPSFD6.3 6 202 0.19 6.38 6.85 6.49 197.5–204 RCM1848-RCM1846
FqPSFD3.1 3 36 -1.60 4.28 3.20 3.25 33.5–40.5 RCM950-RCM933

PBSMD CIM FqPBSMD6.1 6 74.81 -1.95 -1.29 3.09 1.75 72.2–88.2 RCM1842-RCM1768
FqPBSMD6.3 6 202.01 -1.41 3.94 2.95 6.36 196.1–204 RCM1848-RCM1846
FqPBSMD9.1 9 59.11 -1.42 -0.46 2.15 2.14 49.9–68.8 RCM523-RCM42

ICIM FqPBSMD6.2 6 110 -1.30 -1.12 2.16 3.35 102.5-133.5 RCM1778-RCM398
BC1 PSMD CIM BqPSMD6.1 6 73.31 3.54 - 2.10 10.82 63.3–90 RCM1778-RCM551

BqPSMD3.1 3 29.31 2.23 - 4.24 7.71 19.5–41.3 RCM920-RCM922
ICIM BqPSMD3.1 3 29 2.10 - 3.67 7.18 21.5–40.5 RCM917-RCM931

PBSMD CIM BqPBSMD6.1 6 49.21 -3.61 - 2.26 4.56 47.8–55 RCM1772-RCM1625
BqPBSMD3.1 3 33.31 2.25 - 2.14 4.74 18.3–49.5 RCM920-RCM922

Pop, LG, Pos., Add., Dom., CI and MI are abbreviations for population, linkage group, position, additive effect, dominance effect, confidence interval, and marker 
interval respectively

The trait description is the same as in Table 1

Table 3  Information of QTL clusters
QTL cluster QTL-cluster1 QTL-cluster2
Population F2 / BC1 F2 / BC1

Position marker interval RCM1768-RCM1846 in chromosome 6 marker interval 
RCM950-RCM920 in 
chromosome 3

LOD 2.15–38.41 / 2.10–2.26 2.10–3.25 / 2.14–4.24
PVE (%) 0.24–25.46 / 4.56–10.82 3.25–4.34 / 4.74–7.71
Shared by ED, PSBD, PSFD, PBSMD / PSMD, PBSMD PSBD, PSFD / PSMD, 

PBSMD
Allelic QTL FqED6.1, FqED6.2, FqED6.3, FqED6.4, FqPSBD6.1, FqPSBD6.2, FqPSBD6.3, 

FqPSFD6.1, FqPSFD6.2, FqPSFD6.3, FqPBSMD6.1, FqPBSMD6.2, FqPBSMD6.3 / 
BqPSMD6.1, BqPBSMD6.1

FqPSBD3.1, 
FqPSFD3.1 / 
BqPSMD3.1, 
BqPBSMD3.1

Number of allelic QTL with a PVE over 4% 9 / 2 1 / 3
Main-effect QTL FqED6.3 / BqPSMD6.1 -
The trait description is the same as in Table 1
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And four QTLs (FqED6.1, FqED6.2, FqPSBD6.1 and 
FqPSFD6.2) possessed both epistatic and single-locus 
effects.

In BC1 population, a total of six pairs of epistasis QTLs 
were detected (Supplementary Table S3). Of which, two 
and four pairs of QTLs conferring ED and PSMD, with a 
PVE of each pair of QTLs ranged from 3.44 to 4.02% and 
3.32–3.54% respectively. And two QTLs (BqPSMD6.1 
and BqPSMD3.1) possessed both epistatic and single-
locus effects. No epistasis QTL underlying PSBD, PSFD 
and PBSMD was identified. With a percentage from 30.67 
to 100% (Table 4), the epistasis effect was the important 
genetic component of castor ED, PSBD, PSFD, PSMD 
and PBSMD.

Mining candidate genes combined with transcriptome 
analysis
In this study, 18 raceme RNA-seq libraries were con-
structed. After raw data filtering (i.e., filtering adaptor 
sequences and low base quality sequences), sequencing 
error rate checking (0.01%) and GC content distribution 
checking (the average GC content was 43.34%), a total 
of 140.86 G clean data were obtained by the Illumina 

sequencing, and the average Q20 and Q30 were 98.86% 
and 96.58% respectively (Supplementary Table S4). 
After the clean data were aligned to the castor genome 
ASM1957865v1, the total, mapped, unique-mapped and 
multi-mapped reads were shown (Supplementary Table 
S5).

Within QTL-cluster1 and QTL-cluster2, there were 
51, 40 and 80 DEGs associated with BD, IFD and FFD 
respectively (Fig. 3a). And a total of 110 different DEGs 
(including 24 common DEGs) were found (Fig. 3b).

WGCNA on the above 110 DEGs produced five distinct 
gene co-expression modules (Fig. 4a). Each module was 
consisted of five to 40 DEGs (Fig. 4b). Among them, the 
MEturquoise module was significantly correlated with 
all sampling stages (i.e., BD, IFD and FFD) with correla-
tion coefficients more than 0.95 (p < 0.01) (Fig. 4b), which 
implied the existence of genes controlling castor flower-
ing in this module. Furthermore, 40 DEGs in the MEtur-
quoise module were generally high-expressed in 9048, 
but low-expressed in 16–201 (Fig. 4c), suggesting that the 
target genes negatively regulated castor flowering.

Candidate gene prediction and their relative expression 
analysis
Combining the annotation information and the avail-
able literature descriptions, four candidate genes were 
screened from 40 DEGs in the MEturquoise module (Fig. 
S4, Supplementary Table S6). Among them, two genes 
(viz., LOC8261128 and LOC8278994) in QTL-cluster1 
were annotated as sister chromatid cohesion 1 pro-
tein 3 (RcSYN3) and zinc finger protein WIP2 (RcNTT) 
respectively, which were predicted to regulate the mei-
otic progression of male and female gametophytes [49–
51] and affect the expression of other flowering genesis 
factors [52, 53] respectively; the other two genes (viz., 

Table 4  Percentage of epistatic effect
Population Trait SE (%) EE (%) P (%)
F2 ED 12.50 69.49 84.76

PSBD 20.07 8.88 30.67
PSFD 19.07 34.88 64.66
PSMD - 43.59 100
PBSMD 3.35 18.74 84.84

BC1 ED - 7.46 100
PSMD 7.18 13.87 65.88

SE PVE of single locus effect, EE PVE of epistasis effect, P percentage of epistatic 
effect

The trait description is the same as in Table 1

Fig. 3  Differential gene expression analysis. (a) Up and down regulated DEGs in racemes of both parents at different stages within two QTL clusters; (b) 
Venn diagram of union DEGs in racemes of both parents within two QTL clusters
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LOC8281165 and LOC8259049) in QTL-cluster2 were 
annotated as guanine nucleotide-binding protein subunit 
gamma 3 (RcGG3) and auxin-responsive protein SAUR76 
(RcSAUR76) respectively, which were predicted to con-
trol growth stages [54, 55] and mediate plant growth [56] 
respectively.

A total of 11 DEGs (including the above candidate 
genes and randomly selected DEGs) were selected to 
conduct qRT-PCR for verifying the availability of the 
transcriptome data. The qRT-PCR results and RNA-
seq results of these 11 DEGs displayed a linear regres-
sion trend [i.e., log2FC (qRT-PCR) − 0.8497 = log2FC 
(RNA-seq), R2 = 0.8581], proving that the transcrip-
tome data were reliable (Fig.  5a). The four candidate 
genes, LOC8261128, LOC8278994, LOC8281165 and 
LOC8259049, were significantly differentially expressed 
(p < 0.01) between parents based on qRT-PCR (Fig. 5b-e) 

and generally high-expressed in 9048 (especially at FFD). 
The expression differences at BD, IFD and FFD ranged 
from 1.24 to 9.41, 1.64–5.31, 1.33–3.84 and 1.12–3.19 
times respectively.

Discussion
Genetic structure of growth stages in castor
Understanding the genetic basis of growth stages in cas-
tor will be beneficial for improving yields, reducing costs 
and breeding varieties adapted to various growing envi-
ronments and farming systems. In this study, one to four 
QTLs underlying each trait were detected in three link-
age groups (Fig.  2; Table  2, Fig. S3). The PVE of most 
QTLs was less than 5%, a few QTLs between 5% and 
10%, and only two QTLs (i.e., FqED6.3 and BqPSMD6.1) 
reached 25.46% and 10.82% respectively. Obviously, ED, 
PSBD, PSFD, PSMD and PBSMD were quantitative traits 

Fig. 4  WGCNA of the DEGs expression matrix. (a) Gene-based co-expression network analysis dendrogram; (b) The correlation heat map between five 
modules and three stages. Each row represents a module labeled with the same color as in (a), the number in each cell represents the correlation coef-
ficient and shows with color, the p-value of the corresponding module-trait is exhibited in parentheses; (c) The expression pattern diagram of DEGs in 
MEturquoise module. The upper part shows the clustering heatmap of DEGs, with high expression in red and low expression in green, and the lower part 
shows the expression patterns of DEGs in different assay samples
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jointly controlled by major genes and polygene, consis-
tent to the phenotypic genetic analysis results (Fig.  1; 
Tables  1 and 3). In the future, QTL analysis should be 
carried out in multi-populations and/or multi-environ-
ments using high-density genetic map for further vali-
dation of the above identified QTLs and detecting more 
novel QTLs; after all, QTL mapping was only performed 
in two segregating populations for one year in this study, 
and partial results were obtained with the aim of provid-
ing a reference for further research and breeding. Here, 
two advantages arose from the mapping results which 
may be applied in breeding, one is the molecular marker 
assisted selection of the two main effect QTLs (FqED6.3 
and BqPSMD6.1) to grasp the principal contradiction 
among numerous genes, another is the genetically related 
selection using the linkage between the QTLs conferring 
the same trait and different traits to realize early growth, 
rapid development and early maturing. As for the epi-
static effect, it was the important genetic component of 
ED, PSBD, PSFD, PSMD and PBSMD in castor, there is 
not yet a clear way to use it in breeding now (Table  4), 
mainly because of its complex interaction pattern and the 
serious interference from environmental factors, which 
makes it difficult to grasp precisely in breeding [57].

QTL clusters underlying growth stages in castor
In most cases, the detected QTLs cannot be simultane-
ously identified in multiple environments [42, 58], which 
raised concerns about the feasibility of studying them 
in depth. QTL cluster is favored for genetic manipula-
tion, it contains target genes (at least indicates that the 

allelic QTLs are reliable), because it consists of the allelic 
QTLs conferring multiple traits [42] or one trait in mul-
tiple environments [58] or the multiple traits in mul-
tiple environments [42]. Fortunately, two QTL clusters 
(i.e., QTL-cluster1 and QTL-cluster2) were found in this 
study (Fig. 2). QTL-cluster1, located in the marker inter-
val RCM1769-RCM1838 (10,477.5  kb), contained most 
of the detected QTLs, including 2 main-effect QTLs, in 
populations F2 and BC1 (Fig. 2; Table 3). It is worth focus-
ing on this region to carry out in-depth and detailed gene 
mining.

In order to reach certain goals such as flower syn-
chronization and simultaneous harvesting, it is some-
times not essential to significantly change FD and MD in 
local cultivars. Hence, the genes with minor effects are 
equally desirable targets for fine-tuning FD and MD in 
castor [34]. QTL-cluster2, located in the marker interval 
RCM950-RCM917 (936.8 kb) (Fig. 2; Table 3), was con-
sisted of six allelic QTLs underlying PSBD, PSFD, PSMD 
and PBSMD with each of contribution rate ranged from 
3.25 to 7.71% (Table 2), which functioned as either minor 
effect QTLs to modify the major gene or sub-major effect 
QTLs to participate in the forming of growth stages.

Strategy for mining candidate genes
With the decrease of sequencing cost, integrating QTL 
mapping with other omics analysis (especially transcrip-
tome analysis) has been widely used in candidate gene 
mining. WGCNA is one of the most popular methods to 
mine hub factors, which analyzes gene expression pat-
terns with transcriptomic data to construct core gene 

Fig. 5  Differential expression of candidate genes controlling growth stages in 9048 and 16–201. (a) Correlation between qRT-PCR and RNA-seq data; (b-
e) Relative expression levels of 4 predicted candidate genes. One-way ANOVA was performed, and ** indicates significance level at 0.01
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networks [59]. In this study, four candidate genes were 
screened out from two QTL clusters with this strategy, 
combined with annotation information and available 
literature descriptions. In the same way, the candidate 
genes regulating root development and fiber develop-
ment were mined from the corresponding QTL clusters 
in rapeseed [60, 61] and cotton [62] respectively, which 
proved the effectiveness of this strategy.

Candidate gene annotation
In this study, the four candidate genes, viz., LOC8261128, 
LOC8278994, LOC8281165 and LOC8259049, were 
annotated as RcSYN3, RcNTT, RcGG3 and RcSAUR76 
respectively (Supplementary Table S6). AtSYN3 is an 
essential gene concerning the development of male and 
female gametophytes in Arabidopsis, if knocked out, 
the meiotic progression will be repressed and the flow-
ering will be delayed in turn [49–51]. It is inferred that 
LOC8261128 (RcSYN3) delays the flowering of castor 
plant in the same way. NO TRANSMITTING TRACT 
(AtNTT) represses the expression of FRUITFULL (FUL) 
[52], which cooperates with APETALA1 (AP1) and 
CAULIFLOWER (CAL) to induce Arabidopsis flower-
ing [53]. Likewise, LOC8278994 (RcNTT) is inferred 
to delay FD of castor plant by repressing the expression 
of positive flowering regulators. The overexpression of 
Arabidopsis Guanine nucleotide-binding protein subunit 
gamma 3 (AtGG3) will shorten the vegetative growth 
and reproductive growth periods [54, 55], which implies 
that LOC8281165 (RcGG3) functions in controlling 
the growth stages in castor. In Arabidopsis, AtSAUR76 
controls leaf and root development and regulates plant 
growth by mediating cell number [56]. LOC8259049 
(RcSAUR76) is annotated as auxin-responsive protein 
SAUR76, homologous to AtSAUR76, and may function 
to regulate castor plant growth. Anyway, the significant 
differential expression between parents remains the 
important basis for the identification of candidate genes 
(Fig. 5b-e).

Conclusion
Dozens of QTLs and four candidate genes (i.e., 
LOC8261128, LOC8278994, LOC8281165 and 
LOC8259049) conferring castor ED, PSBD, PSFD, PSMD 
and PBSMD were identified in populations F2 and BC1. 
However, the real function of these candidate genes has 
not been determined. Therefore, in the future, it is nec-
essary to analyze whether these four genes affect cas-
tor FD through molecular biology technologies (such as 
gene overexpression and RNA interference), and explore 
their exact molecular mechanisms. It is conducive to 
the breeding of superior castor varieties with high yield 
and early maturity, and introduces them to high latitude 
regions.

Abbreviations
QTL	� Quantitative trait locus
CIM	� Composite interval mapping
ICIM	� Inclusive composite interval mapping
PVE	� Phenotypic variation explained
PCR	� Polymerase chain reaction
qRT-PCR	� Quantitative real-time polymerase chain reaction
ORFs	� Open reading frames
ED	� Emergence date
PSBD	� Budding date of primary spike
PSFD	� Flowering date of primary spike
PSMD	� Maturation date of primary spike
PBSMD	� Maturation date of primary branch spike
DAS	� Days after sowing
BD	� Budding date
IFD	� Initial flowering date
FFD	� Full flowering date
LG	� Linkage group
Add.	� Additive effect
Dom.	� Dominance effect
Pos.	� Position
CI	� Confidence interval
MI	� Marker interval

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​
g​​/​​1​0​​.​1​1​​​8​6​​/​s​1​2​​8​6​4​-​​0​2​5​-​1​​1​3​4​8​-​9.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Supplementary Material 4

Supplementary Material 5

Supplementary Material 6

Supplementary Material 7

Supplementary Material 8

Supplementary Material 9

Supplementary Material 10

Acknowledgements
We would like to express our sincere appreciation to all teachers, students, 
and instrument platform in our research group for their invaluable assistance.

Author contributions
GH, JL and XY designed the research program; GH and LZ performed most 
of the experiments; HL, XZ, CL and JZ performed part of the experiments; GH 
wrote the manuscript; GH, JL and XY revised the manuscript. All authors read 
and approved the final manuscript. All authors read and approved the final 
manuscript.

Funding
This study was supported by National natural science foundation of China, 
(31271759); Guangdong provincial science and technology projects 
(2013b060400024, 2014a020208116, and 2016a020208015) (China); Project 
of enhancing school with innovation of Guangdong Ocean University, 
GDOU2013050206 (China).

Data availability
The data that support the findings of this study are available from the 
corresponding author Xuegui Yin on reasonable request. Transcriptome 
sequencing data have been deposited in the Sequence Read Archive (SRA) 
under accession number PRJNA1105697.

https://doi.org/10.1186/s12864-025-11348-9
https://doi.org/10.1186/s12864-025-11348-9


Page 12 of 13Huang et al. BMC Genomics          (2025) 26:178 

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 5 November 2024 / Accepted: 11 February 2025

References
1.	 Ogunniyi DS. Castor oil: a vital industrial raw material. Bioresource Technol. 

2006;97(9):1086–91.
2.	 Carrino L, Visconti D, Fiorentino N, Fagnano M. Biofuel production with castor 

bean: a win-win strategy for marginal land. Agronomy. 2020;10(11):1690.
3.	 Osorio-González CS, Gómez-Falcon N, Sandoval-Salas F, Saini R, Ramírez AA. 

Production of biodiesel from castor oil: a review. Energies. 2020;13(10):2467.
4.	 Milani M. Castor Breeding. InTech. 2013:239–254.
5.	 Patel VR, Dumancas GG, Viswanath LCK, Maples R, Subong BJJ. Castor oil: 

Properties, uses, and optimization of processing parameters in commercial 
production. Lipid Insights. 2016;9(9):1–12.

6.	 Patel R, Menon J, Kumar S, Nóbrega MBM, Patel DA, Sakure AA, Vaja MB. 
Modern day breeding approaches for improvement of castor. Heliyon. 
2024;10(5):e27048.

7.	 Shi Z, Jiang Y, Chen F. A preliminary study on the current situation and future 
development of castor cultivation in Ghana. China Seed Ind. 2021;(4):10–3. 
(in Chinese).

8.	 Kumar PV, Ramakrishna YS, Rao BVR, Victor US, Srivastava NN, Subba Rao AVM. 
Influence of moisture, thermal and photoperiodic regimes on the productiv-
ity of castor beans (Ricinus communis L). Agr for Meteorol. 1997;88(1):279–89.

9.	 Anjani K. Extra-early maturing germplasm for utilization in castor improve-
ment. Ind Crop Prod. 2010;31(1):139–44.

10.	 Severino LS, Auld DL. A framework for the study of the growth and develop-
ment of castor plant. Ind Crop Prod. 2013;46:25–38.

11.	 Zhang Y, Mulpuri S, Liu A. Photosynthetic capacity of the capsule wall and its 
contribution to carbon fixation and seed yield in castor (Ricinus communis L). 
Acta Physiol Plant. 2016;38(10):1–12.

12.	 Mori KK, Patel J, Rani K, Mori VK, Kumar M, Ajay BC. Deciphering higher order 
non-allelic interactions for quantitative characters through twelve genera-
tion mean analysis in castor (Ricinus communis L). Genet Resour Crop Ev. 
2022;69(5):1759–85.

13.	 Sakhare SB, Pardeshi P, Udasi RN, Nagdeve MB. Genetic analysis of yield and 
its biometric traits in castor (Ricinus communis L). Electron J Plant Breed. 
2017;8(1):78–83.

14.	 Patel KP, Patel JA, Patel JR, Patel D. Studies on combining ability and gene 
action for seed yield and architectural traits in castor (Ricinus communis L). J 
Pure Appl. 2017;11(1):265–75.

15.	 Jiang L, Fan T, Wang L, Zhang L, Xu J. Divergence of flowering-related 
genes to control flowering in five Euphorbiaceae genomes. Front Plant Sci. 
2022;13:1015114.

16.	 Wen Y, Luo R, Li L, Liang X, Hu X, Li R, Wang Z, Huang F. Functional studies of 
castor (Ricinus communis L.) PLC family genes in Arabidopsis inflorescence 
development. Phyton. 2023;92(11):3091–112.

17.	 Neto VG, de Castro RD, Lima BLS, Vieira CJB, Rosário NL, Fernandez LG, Goud-
smit E, Ligterink W, Hilhorst HWM, Ribeiro PR. Modulation of NF-YB genes 
in Ricinus communis L. in response to different temperatures and develop-
mental stages and functional characterization of RcNF-YB8 as an important 
regulator of flowering time in Arabidopsis thaliana. Plant Physiol Bioch. 
2021;166:20–30.

18.	 Vicentini G, Biancucci M, Mineri L, Chirivì D, Giaume F, Miao Y, Kyozuka J, 
Brambilla V, Betti C, Fornara F. Environmental control of rice flowering time. 
Plant Commun. 2023;4(5):100610.

19.	 Zhu X, Dong Z, Zhu M, Hu W, Hu J, Chen M, Guan Y. The significance of 
florigen activation complex in controlling flowering in rice. Crit Rev Plant Sci. 
2023;42(5):300–23.

20.	 Bao S, Hua C, Shen L, Yu H. New insights into gibberellin signaling in regulat-
ing flowering in Arabidopsis. J Integr Plant Biol. 2020;62(1):118–31.

21.	 Zhang X, Feng Q, Miao J, Zhu J, Zhou C, Fan D, Lu Y, Tian Q, Wang Y, Zhan Q, et 
al. The WD40 domain-containing protein Ehd5 positively regulates flowering 
in rice (Oryza sativa). Plant Cell. 2023;35(11):4002–19.

22.	 Zhao Z, Chen T, Yue J, Pu N, Liu J, Luo L, Huang M, Guo T, Xiao W. Small Auxin 
Up RNA 56 (SAUR56) regulates heading date in rice. Mol Breed. 2023;43(8):62.

23.	 Zheng R, Meng X, Hu Q, Yang B, Cui G, Li Y, Zhang S, Zhang Y, Ma X, Song X, 
et al. OsFTL12, a member of FT-like family, modulates the heading date and 
plant architecture by florigen repression complex in rice. Plant Biotechnol J. 
2023;21(7):1343–60.

24.	 Qiao L, Linlin Q, Yangguang H, Jing L, Bo P, Yufeng Z, Dekai W. LHD3 encoding 
a J-domain protein controls heading date in rice. Rice Sci. 2023;30(5):437–48.

25.	 Guo T, Mu Q, Wang J, Vanous AE, Onogi A, Iwata H, Li X, Yu J. Dynamic effects 
of interacting genes underlying rice flowering-time phenotypic plasticity and 
global adaptation. Genome Res. 2020;30(5):673–83.

26.	 Xia K, Wang R, Ou X, Fang Z, Tian C, Duan J, Wang Y, Zhang M, Zhang B. OsTIR1 
and OsAFB2 downregulation via OsmiR393 overexpression leads to more til-
lers, early flowering and less tolerance to salt and drought in rice. PLoS ONE. 
2012;7(1):e30039.

27.	 Eriksson S, Böhlenius H, Moritz T, Nilsson O. GA₄ is the active gibberellin in the 
regulation of LEAFY transcription and Arabidopsis floral initiation. Plant Cell. 
2006;18(9):2172–81.

28.	 Cho LH, Yoon J, Tun W, Baek G, Peng X, Hong WJ, Mori IC, Hojo Y, Matsuura T, 
Kim SR, et al. Cytokinin increases vegetative growth period by suppressing 
florigen expression in rice and maize. Plant J. 2022;110(6):1619–35.

29.	 Miao C, Xiao L, Hua K, Zou C, Zhao Y, Bressan RA, Zhu J. Mutations in a sub-
family of abscisic acid receptor genes promote rice growth and productivity. 
Proc Natl Acad Sci. 2018;115(23):6058–63.

30.	 Ren Y, Tian X, Li S, Mei E, He M, Tang J, Xu M, Li X, Wang Z, Li C, et al. Oryza 
sativa mediator subunit OsMED25 interacts with OsBZR1 to regulate 
brassinosteroid signaling and plant architecture in rice. J Integr Plant Biol. 
2020;62(6):793–811.

31.	 Wuriyanghan H, Zhang B, Cao W, Ma B, Lei G, Liu Y, Wei W, Wu H, Chen L, 
Chen H, et al. Ethylene receptor ETR2 delays floral transition and affects starch 
accumulation in rice. Plant Cell. 2009;21(5):1473–94.

32.	 Zhang S, Zhang Y, Li K, Yan M, Zhang J, Yu M, Tang S, Wang L, Qu H, Luo L, et 
al. Nitrogen mediates flowering time and nitrogen use efficiency via floral 
regulators in rice. Curr Biol. 2021;31(4):671–83.

33.	 Ye T, Li Y, Zhang J, Hou W, Zhou W, Lu J, Xing Y, Li X. Nitrogen, phosphorus, 
and potassium fertilization affects the flowering time of rice (Oryza sativa L). 
Glob Ecol Conserv. 2019;20:e753.

34.	 Li Y, Xiong H, Guo H, Zhou C, Fu M, Xie Y, Zhao L, Gu J, Zhao S, Ding Y, et al. 
Fine mapping and genetic analysis identified a C2H2-type zinc finger as a 
candidate gene for heading date regulation in wheat. Theor Appl Genet. 
2023;136(6):140.

35.	 Wu L, Liang Y, Guo L, Zhu Y, Qin W, Wu W, Jia H, Tian F. A single nucleotide 
polymorphism in conz1 enhances maize adaptation to higher latitudes. Plant 
Biotechnol J. 2023;21(11):2163–5.

36.	 Shang L, Tao J, Song J, Wang Y, Zhang X, Ge P, Li F, Dong H, Gai W, Grier-
son D, et al. CRISPR/Cas9-mediated mutations of FANTASTIC FOUR gene 
family for creating early flowering mutants in tomato. Plant Biotechnol J. 
2024;22(3):774–84.

37.	 Yun HR, Chen C, Kim JH, Kim HE, Karthik S, Kim HJ, Chung Y, Baek HS, Sung 
S, Kim HU, et al. Genome-edited HEADING DATE 3a knockout enhances leaf 
production in Perilla frutescens. Front Plant Sci. 2023;14:1133518.

38.	 Wang J, Zhang C, Chen Y, Shao Y, Liao M, Hou Q, Zhang W, Zhu Y, Guo Y, Liu 
Z, et al. The BnTFL1–BnGF14nu–BnFD module regulates flower development 
and plant architecture in Brassica napus. Crop J. 2023;11(6):1696–710.

39.	 Luo H, Li T, Guan Y, Zhang Z, Zhang Z, Zhang Z, Li H. FvemiR160-FveARF18A‐
FveAP1/FveFUL module regulates flowering time in woodland strawberry. 
Plant J. 2024;117(4):1130–47.

40.	 Agyenim-Boateng KG, Lu J, Shi Y, Zhang D, Yin X. SRAP analysis of the genetic 
diversity of wild castor (Ricinus communis L.) in South China. PLoS ONE. 
2019;14(7):e219667.

41.	 Liu S, Yin X, Lu J, Liu C, Bi C, Zhu H, Shi Y, Zhang D, Wen D, Zheng J, et al. The 
first genetic linkage map of Ricinus communis L. based on genome-SSR mark-
ers. Ind Crop Prod. 2016;89:103–8.

42.	 Huang G, Yin X, Lu J, Zhang L, Lin D, Xie Y, Liu H, Liu C, Zuo J, Zhang X. 
Dynamic QTL mapping revealed primarily the genetic structure of photosyn-
thetic traits in castor (Ricinus communis L). Sci Rep. 2023;13(1):14071.



Page 13 of 13Huang et al. BMC Genomics          (2025) 26:178 

43.	 Yeboah A, Lu J, Ting Y, Karikari B, Gu S, Xie Y, Liu H, Yin X. Genome-wide 
association study identifies loci, beneficial alleles, and candidate genes 
for cadmium tolerance in castor (Ricinus communis L). Ind Crop Prod. 
2021;171:113842.

44.	 Sun Z, Li H, Zhang L, Wang J. Properties of the test statistic under null hypoth-
esis and the calculation of LOD threshold in quantitative trait loci (QTL) 
mapping. Acta Agron Sin. 2013;39(1):1–11. (in Chinese).

45.	 Yadav P, Saxena KB, Hingane A, Kumar CVS, Kandalkar VS, Varshney RK, Saxena 
RK. An Axiom Cajanus SNP array based high density genetic map and QTL 
mapping for high-selfing flower and seed quality traits in pigeonpea. BMC 
Genomics. 2019;20(1):235.

46.	 Lu J, Pan C, Fan W, Liu W, Zhao H, Li D, Wang S, Hu L, He B, Qian K, et al. A 
chromosome-level genome assembly of wild castor provides new insights 
into its adaptive evolution in tropical desert. Genomics Proteom Bioinf. 
2022;20(1):42–59.

47.	 Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2–∆∆CT method. Methods. 2001;25(4):402–8.

48.	 Gai J, Zhang Y, Wang J. Genetic system of quantitative traits in plants. Beijing: 
Science; 2003. pp. 72–88. (in Chinese).

49.	 Jiang L, Xia M, Strittmatter LI, Makaroff CA. Arabidopsis cohesin protein 
SYN3 localizes to the nucleolus and is essential for gametogenesis. Plant J. 
2007;50(6):1020–34.

50.	 Yuan L, Yang X, Ellis JL, Fisher NM, Makaroff CA. Arabidopsis SYN3 cohesin 
protein is important for early meiotic events. Plant J. 2012;71(1):147–60.

51.	 Yuan L, Yang X, Auman D, Makaroff CA. Expression of epitope-tagged SYN3 
cohesin proteins can disrupt meiosis in Arabidopsis. J Genet Genomics. 
2014;41(3):153–64.

52.	 Chung KSKU, Lee JHKU, Lee JSSN, Ahn JHKU. Fruit indehiscence caused by 
enhanced expression of NO TRANSMITTING TRACT in Arabidopsis thaliana. 
Mol Cells. 2013;35(6):519–25.

53.	 Ferrándiz C, Gu Q, Martienssen R, Yanofsky MF. Redundant regulation of 
meristem identity and plant architecture by FRUITFULL, APETALA1 and 
CAULIFLOWER. Dev. 2000;127(4):725–34.

54.	 Gookin TE, Assmann SM. Cantil: a previously unreported organ in wild-type 
Arabidopsis regulated by FT, ERECTA and heterotrimeric G proteins. Dev. 
2021;148(11):dev195545.

55.	 Roy Choudhury S, Riesselman AJ, Pandey S. Constitutive or seed-specific 
overexpression of Arabidopsis G‐protein γ subunit 3 (AGG3) results in 
increased seed and oil production and improved stress tolerance in Camelina 
sativa. Plant Biotechnol J. 2014;12(1):49–59.

56.	 Markakis MN, Boron AK, Loock BV, Saini K, Cirera S, Verbelen J, Vissenberg 
K. Characterization of a small Auxin-Up RNA (SAUR)-Like gene involved in 
Arabidopsis thaliana development. PLoS ONE. 2013;8(11):e82596.

57.	 Sofi PA. Implications of epistasis in maize breeding. Int J Plant Breed Genet. 
2000;1(1):1–11.

58.	 Agyenim-Boateng KG, Zhang S, Gu R, Zhang S, Qi J, Azam M, Ma C, Li Y, Feng 
Y, Liu Y, et al. Identification of quantitative trait loci and candidate genes for 
seed folate content in soybean. Theor Appl Genet. 2023;136(7):149.

59.	 Li P, Yang X, Wang H, Pan T, Wang Y, Xu Y, Xu C, Yang Z. Genetic control 
of root plasticity in response to salt stress in maize. Theor Appl Genet. 
2021;134(5):1475–92.

60.	 Li K, Wang J, Kuang L, Tian Z, Wang X, Dun X, Tu J, Wang H. Genome-wide 
association study and transcriptome analysis reveal key genes affecting root 
growth dynamics in rapeseed. Biotechnol Biofuels. 2021;14(1):1–178.

61.	 Ahmad N, Ibrahim S, Kuang L, Ze T, Wang X, Wang H, Dun X. Integrating 
genome-wide association study with transcriptomic data to predict candi-
date genes influencing Brassica napus root and biomass-related traits under 
low phosphorus conditions. Biotechnol Biofuels. 2023;16(1):1–149.

62.	 Liu R, Xiao X, Gong J, Li J, Yan H, Ge Q, et al. Genetic linkage analysis of stable 
QTLs in Gossypium hirsutum RIL population revealed function of GhCesA4 in 
fiber development. J Adv Res. 2023;65:33–46.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Integrating QTL mapping with transcriptome analysis mined candidate genes of growth stages in castor (﻿Ricinus communis﻿ L.)
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Materials
	﻿Phenotype investigation
	﻿DNA extraction, genotyping and genetic map construction
	﻿QTL analysis
	﻿RNA extraction and transcriptome sequencing
	﻿Candidate gene prediction and expression analysis

	﻿Results
	﻿Phenotype analysis
	﻿Genetic map construction
	﻿QTL mapping with methods CIM and ICIM
	﻿QTL clusters
	﻿Epistatic QTL analysis
	﻿Mining candidate genes combined with transcriptome analysis
	﻿Candidate gene prediction and their relative expression analysis

	﻿Discussion
	﻿Genetic structure of growth stages in castor
	﻿QTL clusters underlying growth stages in castor
	﻿Strategy for mining candidate genes
	﻿Candidate gene annotation

	﻿Conclusion
	﻿References


