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Abstract: Rapeseed (Brassica napus L.) is a globally important oilseed crop with various uses, including consumption
of its succulent stems as a seasonal vegetable, but its uniaxial branching habit limits the stem yield. Therefore, devel-
oping a multi-stem rapeseed variety has become increasingly crucial. In this study, a nature mutant of wild type from
germplasm resources with stable inheritance of the multi-stem trait (MS) was obtained and showed abnormal shoot
apical meristem (SAM) development and increased main stem number compared to WT. Histological and scanning
electron microscopy analyses revealed multiple SAMs in the MS mutant, while only a single SAM was found in WT.
Compared to WT, the mutant exhibited increased accumulation of cytokinins (CKs), transcriptome and RT-qPCR anal-
yses showed the expression of genes involved in CK biosynthesis and metabolism pathways were altered in MS mu-
tant. These findings provide insight into the mechanism of multiple main stems formation in Brassica napus L. and lay
a theoretical foundation for breeding multi-main stem rapeseed vegetable varieties.
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1. Introduction

Rapeseed (Brassica napus L.) is one of the world's most important oil crops, accounting for approximately 15% of
the world's vegetable oil production [1]. As the social economy develops, and consumers demand more diversified
products, rapeseed is becoming increasingly versatile, serving as a vegetable, flower, honey, fodder, and fertilizer [1, 2].
Although the crispy and succulent bolting stem of rapeseed is a seasonal vegetable commonly consumed in South
China, its stem yield is lower than that of other crops, such as Chinese flowering cabbage (Brassica campestris L. ssp.
chinensis var. utilis Tsen et Lee) and Chinese kale (Brassica alboglabra) due to its single main stem. Therefore, exploring or
creating new multi-main branched rapeseed varieties could effectively enhance vegetable yield.

Branches and stems formation in plants is facilitated by the differentiation of axillary meristems (AM) at leaf axils,
which elongate and differentiate into lateral branches [3, 4]. The AM initiates from the shoot apical meristem (SAM), a
group of pluripotent stem cells that generate leaf, axillary branch, flower primordia, and stem tissue [5, 6]. Thus, the
final number of branches or stems is determined by the number of SAMs. Phytohormones, including auxin, cytokinins,
and strigolactones, play an important role in activating, initiating and regulating plant branching [7, 8]. Among these,
cytokinins (CKs), a group of N6 adenines that include isopentenyladenine (IP), trans-zeatin (tZ), cis-zeatin (cZ), and
dihydrozeatin (DHZ), have been demonstrated to be positive regulators of branching and SAM development [9, 10].
Nishimura et al. (2004) used the Arabidopsis ahk2 ahk3 ahk4 triple CK receptor mutant revealed that the functional of
CK in the maintenance of SAM activity [11]. In Arabidopsis, the supershoot (sps) mutant forms multiple AMs in the leaf
axils due to increased CK levels, promoting branching formation from rosette and cauline leaves [12]. Moreover, The
loss of the negative feedback regulator of CK, type-A ARR homolog ABPH], results in an increase in SAM size in maize
[13].

The biosynthesis and catabolism of CK are dynamically balanced processes in plants. Cytokinin oxidase (CKX) can
be irreversibly cleave the active CKs to decrease cytokinin levels [14]. CKX family genes have been identified in many
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plant species, such as Arabidopsis thaliana [15], Nicotiana tabacum [16], Zea mays [17], Oryza sativa [18], Triticum aes-

tioum [19], and Glycine max [20]. In rapeseed (Brassica napus L.), 23 CKX genes were identified [21]. The CKX has been
found that role in SAM development and plant branching. Werner et al. (2003) found that the Arabidopsis CKX gene
family has seven members (AtCKX1 to AtCKX7), and CKX1 and CKX3 overexpression transgenic plants showed the
decreased activity of the SAM [15]. LONELY GUY (LOG) encodes a cytokinin riboside 5’ -monophosphate phosphori-
bohydrolase that works in the final step of bioactive CK synthesis, it was discovered through the analysis of rice (Oryza
sativa) mutant lonely guy (log) that are termination of the shoot meristems [22]. In Arabidopsis, nine LOG genes (AtLOG1
to AtLOGY) were predicted as homologs of rice LOG [23]. Tokunaga et al. (2011) used multiple Atlog mutant, and found
that the LOG genes were important for the maintenance of the SAM in Arabidopsis [24].

The multi-main stem (MMS) traits have been discovered in rice and wheat, which improve the growth potential
and seed number and are therefore important for yield improvement [25, 26]. Zhao et al. (2019) identified six candidate
genes (RPT2A, HLR, CRK, LRR-RLK, AGL79, and TCTP) involved in SAM differentiation and axillary bud formation by
QTL mapping and Gene-Fishing technique, which related to the formation of MMS phenotype in rapeseed [27]. How-
ever, the mechanism underlying MMS formation and the relationship between SAM and MMS formation remain un-
clear. In this study, we identified a rapeseed mutant with MMS from germplasm resources, and after six consecutive
generations of self-selection, we generated lines with stable inheritance of the multiple main branching trait. The mu-
tant, named Multiple Stem (MS) rapeseed, develops over six main stems from the base of the plant, with small branching
angles. Our results showed that the development of SAM in MS mutant was abnormal compared to WT. Moreover, we
found that the contents of CKs as well as the expression of CK pathway- related genes were altered in the SAM of MS
mutant, indicating the involvement of CK signaling in MMS formation in rapeseed. Thus, this study lays the foundation
for comprehending the role of CK in SAM development that is linked to the formation of main stems and provides
references for selection and breeding of rapeseed varieties with multi-main stems.

2. Methods and materials

2.1. Plant materials and growth conditions

Wild type and MS mutant seeds were sterilized in 75% ethanol for 15 minutes and then rinsed repeatedly in sterile
water. The seeds were germinated in an incubator at 25°C and sown in culture bottles once they germinated. The bottles
were placed in a light incubator with 14 hours of light, 10 hours of dark, a day temperature of 22°C, a night temperature
of 18°C, and a relative humidity of 60% at an intensity of 10,000 lux.

2.2. Tissue section

For paraffin sections, the SAM tissues of DAG20-old wild-type and MS mutant plants were cut using a scalpel and
then placed in formaldehyde-acetic acid-alcohol (FAA) stationary liquid for 24 hours. The tissues were subsequently
dehydrated with 50%, 70%, 85%, 95%, and 100% ethanol solutions for 40-60 minutes and then treated with xylene for
decolorization and transparency. After embedding in paraffin, slices were deparaffinized, rehydrated, and stained for
microscopic examination and photographed using the ECHO microscope (Revolve FL, San Diego, USA). Refer to [28,
29] for further details.

2.3. Scanning electron microscopy

The SAM samples of DAG20-old wild type and MS mutant plants were used for scanning electron microscopy
(SEM) analysis, which was performed by Wuhan Servicebio Technology CO., Ltd (Wuhan, China) with a Hitachi
SU8100 SEM.

2.4. Quantification of cytokinins

Cytokinins determination of the SAM of wild type and MS mutant at DAG20 was performed on an HPLC-MS/MS
(liquid chromatography-mass spectrometry) in Shanghai Applied Protein Technology Co., Ltd (Shanghai, China) fol-
lowing a previously described method [30]. The SAM from five individual replicated plants were pooled as one repli-
cate, n=3.
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2.5. RNA extraction, sequencing and analysis

The SAM of wild type and MS mutant plants at DAG15, 20, 25, 30, and 35 were collected, and samples from five
individual replicated plants were pooled as one replicate, n=3. Samples were stored at —80 °C until use. Total RNA
extraction and transcriptome sequencing were references as previously described. Briefly, total RNA was extracted us-
ing TRIZOL® Reagent (TRAN, Beijing, China) according to the manufacturer’s protocol and qualified using the
QubitTM4 Fluorometer microvolume spectrophotometer (Thermo Fisher Scientific, Singapore). The cDNA libraries
were sequenced on the Illumina HiSeq4000 sequencing platform by Lian Chuan Biotechnology Co., Ltd. (Hangzhou,
China). Quality reads control of the raw RNA-Seq data off the machine was performed with the fastQC application
v0.11.2 software. Low-quality reads and adapters were delete by the Trimmomatic (0.36.5) tool to acquisition the clean
high-quality reads data [31]. The obtained clean reads are mapping to the published reference genome.
(http://www.genoscope.cns.fr/brassicanapus/). StringTie (1.3.4) was employed to count the number of reads mapped
onto each gene, and quantification of the gene expression level in the number of fragments per kilobase of the transcript
sequence per million base pairs was sequenced (FPKM). Differential expression analysis performed using the DESeq2R
package (2.11.38).

Transcripts with p values < 0.05, |logz(fold change)! > 1 were considered as differentially expressed genes (DEGs).
Pearson correlation, Principal component analysis (PCA) and Venn diagram analysis and graphing was performed us-
ing the OmicShare tools (https://www.omicshare.com/tools). GO enrichment analysis was performed by AgriGO soft-
ware (http://systemsbiology.cau.edu.cn/agriGOv2/index.php). KEGG analysis was reference Kyoto encyclopedia of
genes and genomes (https://www.genome.jp/kegg/) database and used the KOBAS software to detect statistical enrich-
ment of DEGs in the KEGG pathway. TBtools was employed to construct the heatmaps of transcriptome [32].

2.6. Real-time quantitative PCR (RT-gPCR)

To verify the reliability of transcriptomic data, we randomly selected some genes selected for RT-qPCR validation
at different developmental stages to validate the RNA-seq data. performed in a 96-wells plate on an CFX96 Touch Real-
Time PCR system (Bio-RAD, USA). The thermal conditions were 95 °C for 30 s, followed by 39 cycles of 95 °C for 15 s,
60 °C for 30 s and 72 °C for 15 s. Then, the genes specific primers were designed based on multiple sequences alignment.
The relative expression level of the selected DEGs was calculated with the 2-24¢T method [33], and specific primer infor-
mation used in this study is listed in Table S5.

2.7. Statistical analysis

The data were analyzed and graphed using SPSS version 18.0.
3. Results

3.1. Phenotype investigation of MS mutant

In this study, we report the discovery of a natural mutant in the WT rapeseed background that exhibits a remark-
able phenotype. Homozygote of the mutant was obtained by self-crossing for six generations. Unlike the WT, which
develops a single main stem, the mutant produces more than two branches, typically six to seven (Figure 1A and 1B).
Importantly, the branches in the MS mutant were formed from the basal of plant. Additionally, the branching architec-
ture of the MS mutant is characterized by small branch angles and a compact structure (Figure 1C and 1D). Given its
distinctive phenotype, this mutant was named MS (multi-main stems) rapeseed. To ensure the stable inheritance of this
trait, we self-crossed the mutant for several generations to obtain homozygotes.
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Number of stems

Figure 1. Morphological features of the stem. (A) The phenotype of wild-type (WT) and multi-stems (MS) mutants after
germination 60 days. Bar =5 cm. (B) The number of the main stems of WT and MS mutant. Values are the mean (+SD), n =
10. (C) The phenotype of WT and (D) MS mutant after germination 120 days. Bar = 10 cm. The yellow lines indicated the
enlargement of the basal of stem in WT and MS mutant plants.

3.2. Abnormal development of the SAM in MS mutant

At the 20 days after germination (DAG), there are two axillary buds emerged in WT, while the MS mutant has
multiple axillary buds at the basal of the plant (Figure 2A and 2B). Thus, the number of main stems in MS mutant
significantly exceeds that of WT starting at DAG20. Shoot branching arises from the AM in the axils of leaves, which
are initiated by the SAM [4]. Given that the MS mutant exhibits an increase in main stems, it is possible that SAM
initiation is affected. To test this hypothesis, paraffin sectioning and scanning electron microscopy analysis of SAM from
WT and MS mutant at DAG20 were performed. The SAM of WT exhibited a regular protuberance (Figure 2D and 2F).
In contrast, the SAM in MS mutant exhibited an irregular shape and more than one SAM (Figure 2E and 2G). These
results indicating a higher activity of the SAM in MS mutant, which leads to the generation of multiple main stems.

3.3. CK levels are elevated in the SAM of the MS mutant

CKs positively regulate the development of SAM [9]. Specifically, we investigated the CK levels in the SAMs of
both WT and MS mutant at DAG20. HPLC-MS analysis revealed that the CKs content in the MS mutant was higher
than that in the WT, with the most significant difference observed in the levels of cis-zeatin riboside (czR) and trans-
zeatin riboside (tzR) (Figure 2H). Compared with the WT, the czR and tzR contents in MS mutant increased by 47% and
38%, respectively (Figure 2H). These findings suggest that the increased levels of CKs in the SAM of MS mutant may
contribute to an increase in the number of SAM, ultimately leading to increased branching.
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Figure 2. The development of the shoot apical meristem in WT and MS mutant. (A) Phenotypes of the wild-type (WT) and
multi-stem (MS) mutant after germination 20 days, bar =2 cm. (B) Close-up views of the WT and (C) MS mutant red panels
in (A), respectively. bar = 0.5 cm. (D) Paraffin section of the shoot apical meristem (SAM) of WT and (E) MS mutans after
germination 20 days, and x 100 magnification. n = 10. (F) Scanned images of the SAM in WT (voltage 5kV, magnification
2000 and cross section 17 mm) and (G) MS mutant after germination 20 days (voltage 15kV, magnification 2000 and cross
section 10.7 mm), bar = 20 um. n = 10. (H) The cytokinins content in the SAM of WT and MS mutants after germination 20
days. tZ: trans-zeatin, cZ: cis-zeatin, iPR: isopentenyladenine riboside, czR: cis-zeatin riboside, tzR: trans-zeatin riboside,
IP: isopentenyladenine. Values are the mean (+SD). Significant differences between WT and MS mutant were indicated.

(Two-tailed student’s; *P < 0.05, NS, not significant, n=3).

3.4. RNA-seq analysis of the SAM in MS mutant

In order to further elucidate the mechanism of development of SAM in MS mutant, transcriptomic analysis was
performed. We selected the SAM of WT and mutant at five developmental stages (DAG15, 20, 25, 30, and 35) for tran-
scriptome sequencing. Firstly, we analyzed the reliability of the RN A-seq data. By using the FPKM values of the average
of three replicates of each sample, we plotted a heatmap of the correlation between samples (Figure 3A), which showed
that the correlation coefficient between each sample was above 0.8, suggesting high data consistency. Additionally,
principal component analysis (PCA) of the samples showed that the replicates exhibit good consistency among different
samples, meeting the requirements for further data analysis (Figure 3B).

3.5. Differential transcriptional in different developmental stages in the SAM of MS mutant

The selection criteria for differential expressed genes (DEGs) were set as follows: p value < 0.05, and |logz(fold
change) | > 1. The transcriptome of the SAM of MS mutant was compared with that of the WT at five developmental
stages, and DEGs were identified. At DAG15, a total of 2685 DEGs were identified, including 1553 genes were down-
regulated, and 1132 genes were up-regulated. On the DAG20, a total of 4782 DEGs were identified, of which 3420 were
down-regulated and 1362 were up-regulated. On the DAG25, a total of 5224 DEGs were identified, with 3058 down-
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regulated genes and 2166 up-regulated genes. On the DAG30, a total of 3590 DEGs were identified, with 2261 down-
regulated genes and 1329 up-regulated genes. On the DAG35, a total of 5460 DEGs were identified, in which 2269 genes
were down-regulated and 3193 genes were up-regulated (Figure 3C, Table S1). In addition, Venn diagram analysis of
DEGs across these five developmental stages revealed that a total of 796 core genes were commonly regulated by both
WT and MS mutant (Figure 3D).
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Figure 3. Global transcript analysis of WT compared with MS mutant. The SAM of WT and MS mutant were collected at
15, 20, 25, 30, 35 days after germination (DAG). (A) Heatmap of Pearson correlation between samples according to gene
expression values. (B) Principal component analysis (PCA) of the 10 groups of transcriptome data. (C) The number of
different expression genes (DEGs) between MS mutant (M) and WT (S) at different DAG. (D) Venn diagrams indicating
the numbers of common and specific DEGs identified between MS mutant (M) and WT (S) at different DAG. ST: Time
after germination of single-stem plants (WT), MT: Time after germination of multi-stems (MS) mutants. Complete data
can be found in Table S1.

3.6. GO and KEGG analysis of all DEGs

To further elucidate the functions of DEGs between the MS mutant and WT, Gene Ontology (GO) enrichment
analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed. For DEGs identi-
fied at DAGI5, we observed 50 significantly enriched GO terms, with most DEGs being enriched in the molecular func-
tion “binding,” the cellular component “cell wall” and “apoplast,” and the biological process “translation” (Figure S1,
Table S2). Similarly, 48, 50, 50, and 49 significant GO terms were identified for DEGs at DAG20, 25, 30, and 35, respec-
tively. Most DEGs were involved in the molecular function “DAN-binding transcription factor activity” (DAG20 and
35), the biological process “response to chitin” (DAG20, 30, 35), “response to water deprivation” (DAG25), and the
cellular component “ubiquitin ligase complex” (DAG20), “apoplast” (DAG25, 30, 35) (Figure S2-S5, Table S2).
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Furthermore, we identified the top 10 KEGG pathways for DEGs at DAGI15, 20, 25, 30, and 35. The metabolism of
amino acids, such as “beta-Alanine metabolism,” “Valine, leucine and isoleucine degradation,” and “Alanine, aspartate
and glutamate metabolism,” was significantly enriched, suggesting their potential involvement in the development of
the MS mutant's SAM. Notably, the “Plant hormone signal transduction” was enriched from the DEGs at DAG20, 30,
and 35, indicating that the DEGs involved in this pathway also participate in the formation of multi-main stems in the
MS mutant (Figure 4, Table S3).
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Figure 4. KEGG enrichment analysis of DEGs between MS mutant and WT. Top 10 KEGG pathways of DEGs in MS mutant
compared with WT at (A) 15, (B) 20, (C) 25, (D) 30, (E) 35 days after germination. Complete data can be found in Table S3.

3.7. The expression of CK-related genes was affected in the SAM of MS mutant

Given the crucial role of CKs in regulating development of SAM and the significantly higher CKs level in the SAM
of MS mutant compared to WT (Figure 2C), we focused on the transcriptional levels of genes involved in CK synthesis
and metabolism pathways. LONELY GUY (LOG) activates the CK signaling by releasing the free bases from the nucle-
otide forms, while destruction of CK is carried out by cytokinin oxidase/dehydrogenase (CKX) (Figure 5A). The CK
signaling pathway is activated by LONELY GUY (LOG), which releases free bases from nucleotide forms, while cyto-
kinin oxidase/dehydrogenase (CKX) degrades CKs (Figure 5A). In this study, we detected 14 LOG (LOC106396898
(LOG1), LOC106352601 (LOG1), LOC106446715 (LOG1), LOC106356714 (LOG4), LOC106375311 (LOG5), LOC106453249
(LOG5), LOC106384114 (LOG7), LOC106440364 (LOGS), LOC106364020 (LOGS8)) and CKX (LOC106415860 (CKX6),
LOC106406332 (CKX6), LOC106384861 (CKX7), LOC106406751 (CKX7), LOC10636555 (CKX7)) genes with different ex-
pression in the MS mutant at different DAGs.
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During the DAG15, before the formation of multi-stem in the MS mutant, and there was no significant change in
the expression of the LOG and CKX genes in the MS mutant compared to the WT. However, during the 20 days when
the multi-stem of the MS mutant started to form, we found that the expression of the LOG8 was upregulated in the
mutant but not in the WT. Conversely, the transcript levels of CKX6 and CKX7 were downregulated in the MS mutant,
but upregulated in the WT. The same trends were observed for these genes as DAG25. However, at the DAG30 and 35,
the expression of LOG and CKX genes shown different patterns (Figure 5B, Table S4). Based on our previous research
findings of paraffin sectioning, CKs content, and KEGG enrichment analysis, it is suggested that the formation of the
multi-stem in the MS mutant mainly initiates on the DAG20.

Therefore, following DAG20, we selected LOG7 (LOC106384114), LOGS8 (LOC106440364) and CKX6
(LOC106415860), CKX7-1 (LOC106384861), CKX7-2 (LOC106406751), and CKX7-3 (LOC10636555) were selected for RT-
qPCR validation and further analysis. Both the transcriptome and RT-qPCR results showed that the expressions of LOGS
were up-regulated in MS mutant compared to WT, while there was no significant difference in the expression of LOG7.
In contrast, the expression of CKX6 and CKX7-1, CKX7-2, CKX7-3 was down-regulated in MS mutant relative to WT
(Figure 5C). Taken together, the dramatic down-regulation of the CKX genes and the up-regulation of LOGS8 in the MS
mutant could lead to a significant increase in the CK content, which would result in the abnormal formation of SAM
and shoot branching.
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Figure 5. The expression of genes involved in cytokinin signaling. (A) The gene networks involved in the cytokinin (CK)
signaling pathway. LOG positively regulates the CK synthesis, CKX negatively regulates the synthesis of CK. Adapted
from the study by [34]. (B) Heatmap of the LOG and CKX gene family in WT (S) and MS mutant (M) at 15, 20, 25, 30 and
35 days after germination (DAG). The colors correspond to the average of FPKM of three replicates, ranging from blue
(low expression) to red (high expression). Complete data can be found in Table S4. (C) RT-qPCR and the RNA-Seq indi-
cated that the relative expression (fold change) of LOG and CKX genes in mutant (M) relative to WT (S) at 20 days after
germination. ST: Time after germination of single-stem plants (WT), MT: Time after germination of multi-stems (MS)
mutants.

4. Discussion

Multiple main stem formation is a crucial determinant of stem architecture in rapeseed and plays an essential role
in improving vegetable yield. Despite its importance, the mechanism underlying the formation of multi-main stems in
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rapeseed remains largely unknown. In this study, we identified the MS mutant that exhibits 6-7 main stems (Figure 1).
We hypothesized that the increased main branching was caused by abnormal development of the SAM. Further inves-
tigation revealed that the MS mutant had a greater number of SAMs with an irregular shape and increased axillary
buds at the basal of the MS mutant than WT at DAG20 (Figure 2A to 2G). These results provide evidence that the
increased number of main stems in the MS mutant is a result of an increased number of SAMs.

As the development of SAM in the MS mutant was distinct from that of the WT by DAG20, we chose to perform
transcriptome analysis at different time points, including the early germination stage (DAG15), the day when SAM
development started to produce abnormalities (DAG20), and later time points (DAG25, 30, and 35), to gain a compre-
hensive understanding of the SAM development in the MS mutant compared to the WT. In the DAG15, there were a
total of 2685 DEGs, which was much lower than those observed on DAG20 (4782), DAG25 (5224), DAG30 (3590), and
DAGS35 (5460) (Figure 3C, Table S1). Therefore, it is reasonable to conclude that at least by DAG20, the development
and gene expression of SAM in the MS mutant begin to undergo significant changes compared to the WT, which ulti-
mately lead to the formation of multiple main stems in the DAG60 and DAG120 (Figure 1).

Furthermore, we found that the "Linoleic acid metabolism" and "alpha-Linoleic acid metabolism" pathways were
enriched in the MS mutant at DAG20, 25, 30, and 35 (Figure 4). These pathways are associated with jasmonic acid (JA)
synthesis, which may be related to the wounding caused by collecting the samples. Additionally, we observed that the
"plant hormone signal transduction" pathway were enriched at least three time points (DAG20, 30, 35) suggesting that
phytohormones also play a crucial role in the development of SAM in the MS mutant (Figure 4).

CK has been recognized as a critical regulator of SAM development in plants [35]. In this study, we observed that
the content of cis-zeatin riboside (czR) and trans-zeatin riboside (tzR) was higher in the SAM of the MS mutant than in
the WT (Figure 2H). We proposed that the altered CKs content in MS mutant at least partly affected the expression of
CK-related genes. Using transcriptome and RT-qPCR analysis, we show that the CK synthesis gene LOGS
(LOC106440364) was elevated in the MS mutant compared to the WT, while the CK degradation genes CKX6
(LOC106415860), CKX7-1 (LOC106384861), CKX7-2 (LOC106406751), and CKX7-3 (LOC10636555) were downregulated
in the MS mutant (Figure 5B and 5C). This suggest that the abnormal development of the SAM in the MS mutant caused
by the altered expression of CK-related genes, which leads to elevated levels of CK.

In addition to CK, shoot branching is also regulated by auxin and strigolactones (SLs) [36-40]. Previous studies
have shown that CK, auxin, and SL signals can interact with each other [7, 41, 42]. In this study, we found that at the
DAG20, the GO enrichment analysis revealed that 45 up-regulated and 12 down-regulated DEGs in the MS mutant was
involved in “auxin-activated signaling pathway”, and “response to auxin” was among the pathways enriched from the
2 up-regulated and 43 down-regulated DEGs in MS mutant (Figure S2, Table S2), indicating that the auxin pathway
might involve in the formation of multiple main stems in the MS mutant, and whether auxin and SL are involved in the
regulation of branching in the MS mutant by CK signaling needs further study. It is known that CK activates the
WUSCHEL (WUS) expression, which is a positive regulator of the size of meristem [43]. Therefore, it would be interest-
ing to investigate the mechanisms by which CK regulates the development of the SAM in the MS mutant.

Besides phytohormones, sugar also promoting cell division, and play a role in plant branching. Salam et al. (2017)
reported that the branching of potato (Solanum tuberosum) was induced by the application of exogenous sugar (sucrose,
fructose, glucose) [44]. Our KEGG analysis revealed that at the DAG20 and DAG25, when the SAM was abnormal in
MS mutant, the DEGs between the MS and WT were enriched in “Amino sugar and nucleotide sugar metabolism”, and
“starch and sucrose metabolism” pathways (Figure 4B and 4C, Table S3), suggesting that the sugar signaling may be
involved in the formation of multi-main stems in the MS mutant. Thus, shoot branching is a complex quantitative trait
that is under polygenic control and is regulated by phytohormones and external environmental factors, much research
on CK, SLs, auxin, as well as sugar is needed to fully understand the increased branching in the MS mutant.

The identification of a mutation site in a newly discovered natural mutant typically requires the use of various
tools and approaches. One of the most powerful tools in identifying loci or key genes associated with agronomic traits
is the genome-wide association study (GWAS) [45, 46]. In rapeseed, as with many other crop plants, most agronomic
traits are quantitatively inherited and controlled by quantitative trait loci (QTL) [47-50]. QTLs related to branch number
have been identified in rapeseed [51-54]. Based on GWAS, numerous loci related to branch number have been identified
on almost all rapeseed chromosomes, including A01, A03, A07, C04, C07, C09 [55-59]. In addition to GWAS, Li er al.
(2020) identified a major QTL related to branching (shoot branching 9, gSB.A09) on the chromosome A09 in Brassica rapa
L. ssp. Chinensis by integrating QTL mapping with BSA-seq (bulked segregant analysis) [60]. Given that 43 QTLs were
identified for MMS in rapeseed, and six candidate genes related to the formation of MMS were obtained from QTL
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mapping and Gene-Fishing technique [27], it is worthwhile to explore the major QTLs or candidate genes associated
with multi-main stems in the MS mutant using these methods in the future.

5. Conclusions

Our study sheds light on the mechanism underlying the formation of multiple main stems in rapeseed. Specifically,
we found that the abnormal development of the SAM in the MS mutant is closely linked to the increased number of
main stems. By combining the LC-MS and transcriptome analysis, we found that the expression of CK-related genes
was differently altered, which promoted the CK synthesis in the SAM, leading to the increased number of SAM in MS
mutant. These findings highlight the importance of CK in regulating SAM development during multi-main stem for-
mation in rapeseed. This study not only provide insights for breeding new rapeseed varieties with multiple main stems
but also provide valuable resources for future research on SAM development and shoot branching in rapeseed. How-
ever, the loci responsible for the multi-main stems phenotype in the MS mutant remain unknown, and further GWAS
and genetic fine mapping will be necessary to identify the major QTLs or candidate genes associated with multi-main
stems in the MS mutant.

Supplementary Materials: Supplementary materials can be found online. Figure S1: The GO enrichment analysis
of DEGs between MS mutant and WT at 15 days after germination (DAG). Figure 52: The GO enrichment analysis of
DEGs between MS mutant and WT at 20 days after germination (DAG). Figure S3: The GO enrichment analysis of DEGs
between MS mutant and WT at 25 days after germination (DAG). Figure S4: The GO enrichment analysis of DEGs
between MS mutant and WT at 30 days after germination (DAG). Figure S5: The GO enrichment analysis of DEGs
between MS mutant and WT at 35 days after germination (DAG). Table S1: The DEGs between MS mutant and WT at
different DAG; Table 52: GO analysis of DEGs between MS mutant and WT at different DAG; Table S3: KEGG analysis
of DEGs between MS mutant and WT at different DAG; Table S4: FPKM values of CK-related genes WT and MS mutant
at different DAG; Table S5: The primers used for RT-qPCR.
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