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Abstract

The genus Brassica contains a rich diversity of species and morphological types, including leaf, root, and oil crops, all of which
show substantial phenotypic variation. Both Chinese cabbage and cabbage are typical leaf-type crops with normal roots. We created
translocation lines based on interspecific crosses between Chinese cabbage and cabbage and identified qdh225, which exhibited a
swollen-root phenotype. The swollen root of qdh225 contained a large number of granular substances, and the formation of its irregular
morphological tissue was caused by a thickening of the phloem. Transcriptomic and metabolomic data suggested that differential
expression of genes encoding nine types of enzymes involved in starch and sucrose metabolism caused changes in starch synthesis
and degradation in the swollen root. These genes jointly regulated sucrose and starch levels, leading to significant enrichment of starch
and soluble proteins in the swollen root and a reduction in the content of soluble sugars such as p-glucose and trehalose 6-phosphate. A
significant increase in auxin (IAA) and abscisic acid (ABA) contents and a decrease in gibberellin (GA) content in the swollen root likely
promoted the differential expression of genes associated with hormone signal transduction, thereby regulating the development of the
swollen root. Taken together, our data suggest that accumulation of IAA and ABA and reduction in GA promote swollen root formation
by regulating hormone-mediated signaling, leading to a thickening of phloem, root enlargement, and substantial accumulation of starch

and soluble proteins. The latter provide materials, energy, and nutrient sources for the development of swollen roots.

Introduction

Storage organs such as tubers, taproots, and bulbs serve as
sources of nutrition for both plants and the food industry, and a
better understanding of the mechanisms that control vegetative
organ formation is essential for improving their production [1, 2].
The genus Brassica includes various species that can be used in
different ways: leaf vegetables such as Chinese cabbage (Brassica
rapa L. ssp. pekinensis) and cabbage (Brassica oleracea L. var. capitata),
oil crops such as Brassica napus L., and root vegetables such
as turnip (B. rapa L. ssp. rapifera) and root mustard (B. juncea
Coss. var. crispifolia). Chinese cabbage and cabbage are important
vegetable crops from the genus Brassica in the family Cruciferae.
Chinese cabbage is rich in germplasm resources that exhibit
various ecological types. Cabbage has a number of favorable
characteristics such as high yield, stress resistance, and bolting
resistance, as well as good storage and transport properties [3, 4].
Therefore, translocation lines can be generated by introgression
of favorable genes from cabbage into Chinese cabbage. These
lines possess characteristics of both species and can be used to
improve Chinese cabbage and broaden its genetic base. Because
of their usefulness, translocation lines have been developed for
wheat (Triticum aestivum L.) [5], beet (Beta vulgaris L.) [6], cucumber

(Cucumis sativus L.) [7], and tomato (Lycopersicon esculentum Mill.)
[8]. For example, diverse chromosomal rearrangements were
obtained in a wheat (Dasypyrum breviaristatum) substitution
line produced using y irradiation [9], and a wheat (Haynaldia
villosa) structural aberration library has also been created [10].
In addition to spontaneous translocation, translocation lines can
be obtained using radiation [11], induction of the Ph gene [12,
13], elimination of chromosomes from gametes [14], and tissue
culture approaches [15]. Brassica translocation lines are typically
generated by spontaneous translocation [16] and microspore
culture [17].

Plant growth and development are regulated by various exter-
nal environmental and internal signals, and endogenous signals
together with heredity determine plant morphology. Recent years
have seen significant progress in identification of genes that
control the development of swollen roots or stems. Genes related
to morphogenesis and energy metabolism, the cell cycle and
cell enlargement, plant hormones, transcriptional regulation, and
many other processes play an important part in the initiation
and swelling of roots and stems [18]. For example, overexpression
and silencing of the gibberellin (GA) degradation gene StGA20x1
in potato (Solanum tuberosum L.) promote and delay tuberization,
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respectively [19]. A substantial increase in the expression of ABR1,
which is involved in abscisic acid (ABA) signaling, was observed
during swollen stem development of mustard, suggesting that
ABA-mediated signal transduction is involved in the formation
of swollen stems [20]. The carotenoid cleavage dioxygenase 8 (CCD8)
gene is an important participant in strigolactone biosynthesis,
and silencing of CCD8 by RNAI in potato led to significantly more
principal and secondary branches but fewer stolons, and thus
affected stolon growth and development [21]. Plant hormones also
interact with one another to cooperatively regulate plant growth
and development. Sucrose synthase regulates sucrose level in
swollen roots and is a key enzyme controlling the activity of the
root sink in radish [22]. CycD3 (a D3-type cyclin) regulates cell
division and differentiation in fleshy roots of radish (Raphanus
sativus L.) [23]. BIEXP2 (an expansin) has been cloned from tuber
mustard (B. juncea Coss. var. tumida) and has a fundamental role
in growth and development of swollen stems [24]. The expression
of StABF1 (an ABA-response element binding factor) increased
during tuber development and under tuber-inducing conditions
[25]. Despite these findings, the development of swollen roots and
stems is a complex process that requires further study.

Chinese cabbage does not normally produce swollen stems or
roots. By contrast, other species in the Brassica genus, such as
turnip, swede (B. napus L. ssp. rapifera), root mustard, and kohlrabi
(B. oleracea L. var. gongylodes), typically show swollen roots or stems.
Among these species, kohlrabi shows swollen stems, and turnip,
swede, and root mustard show swollen roots. To date, no study of
swollen roots has been reported in Chinese cabbage.

In previous work [26], we created translocation lines based
on interspecific crosses between Chinese cabbage (A genome,
2n=4x=40) and cabbage (C genome, 2n=2x=18) and identified
a new material, qdh225 (2n=2x=20), that exhibited a swollen-
root phenotype. Here, we describe the morphology and cellular
structure of the swollen root of qdh225 and demonstrate that
it has higher starch and soluble protein contents than the nor-
mal roots of its parents. Levels of abscisic acid (ABA) and auxin
(IAA) were significantly higher in the gdh225 root, whereas the
level of GA was significantly lower; these hormonal changes
likely promoted swollen root development. Transcriptome and
metabolome data revealed that changes in genes related to starch
and sucrose metabolism, hormone signal transduction, and cell-
wall regulation were associated with formation of the swollen
root. These findings provide a basis for further study of storage
root development and its regulation in Chinese cabbage—cabbage
translocation lines and other Brassica germplasm.

Results

Morphological analysis of the Chinese
cabbage-cabbage translocation line qdh225

Under normal conditions, Chinese cabbage does not produce
swollen roots. Here, we identified a new swollen root phenotype
in the Chinese cabbage—cabbage translocation line qdh225. This
line showed normal aboveground growth at five developmental
stages (Supplementary Data Fig. S1) and had normal roots at
10 and 20 days after seed germination (Fig. 1A). At day 30, the
roots of qdh225 showed altered tissue morphology, and swelling
began to appear (Fig. 1A). At day 60, the swollen tissue in qdh225
became more obvious, distinguishing it from its two parents
(Fig. 1A). The main root weight of the three genotypes reached
a maximum at day 90, and that of qdh225 was significantly
higher than that of its two parents: ~5 times that of 85-1
and ~7 times that of 11-1 (Fig. 1B). Although the root:shoot

ratio of qdh225 was significantly greater than those of its
parents on day 90 (Supplementary Data Fig. S2), the aboveground
weight of qdh225 did not differ significantly from that of 85-1
(Supplementary Data Fig. S1B), indicating that root swelling did
not affect aboveground growth.

Root swelling was accompanied by phloem
thickening and the appearance of granular
substances
To analyze the cellular structure of the swollen qdh225 root, we
prepared paraffin sections of main roots from the three geno-
types. The main root with secondary phloem of qdh225 was
similar to that of 85-1 but thicker than that of 11-1 at days
10 and 20 (Fig.2). At day 10, the cortex of main roots in 11-1
had not completely exfoliated, and secondary phloem had not
yet formed (Fig. 2). At days 30, 60, and 90, the main root with
secondary phloem of qdh225 was significantly thicker than those
of its parents (Fig. 2). Therefore, the formation of swollen roots was
caused by the thickening of secondary phloem in the main root.
Scanning electron microscopy revealed a large number of
granular substances in the phloem of main roots in qdh225
and 85-1, and these substances were more densely distributed
in the swollen root of qdh225 than in the main root of 85-
1 at days 60 and 90 (Fig. 3A). By contrast, almost no granular
substances were observed in the xylem of both genotypes
(Fig. 3B). The xylem vessel cross-sectional area and the number
of vessels per unit area were significantly lower in the main
root of qdh225 than in those of the parents at these two stages
(Fig. 3B, Supplementary Data Fig. S3). At day 90, the root radius,
phloem thickness, and phloem:xylem ratio were significantly
larger in the swollen root of gdh225 than in the roots of its parents
(Supplementary Data Fig. S3). Thus, the expansion of the qdh225
root appears to be mainly due to continuous thickening of the
phloem, which promotes the formation of irregular morphological
tissue.

Increased accumulation of starch, ABA, and IAA
in swollen roots

Modified root organs in vegetable crops, including the tuber of
sweet potato (Ipomoea batatas Lam.), the fleshy taproot of radish,
the tuber of potato, and the swollen stem of mustard, all of
which store large amounts of sugars, starch, protein, and other
substances, generally serve as storage sites for energy and nutri-
tion [18]. To determine the composition of the swollen qdh225
root, histochemical staining with iodine-potassium iodide (I-KI)
solution was performed. At days 30, 60, and 90, more brown
granular substances were observed in the phloem of the qdh225
main root than that of the parents (Fig. 4A). This result suggested
that the qdh225 root accumulated larger amounts of starch and
protein than those of its parents (Fig. 4A). The contents of several
major storage compounds were directly measured at day 90, and
the soluble protein and starch contents in the main root were
significantly higher in qdh225 than that of the parents (Fig. 4B).
The difference in starch content among the three genotypes was
particularly striking: the starch content of qdh225 was ~3.5 times
that of 11-1 and ~2.6 times that of 85-1 (Fig. 4B). By contrast,
the soluble sugar content was significantly lower in qdh225 than
in its parents (Fig. 4B), and the cellulose content of gdh225 was
lower than that of 11-1 and similar to that of 85-1 (Fig. 4B).
The higher starch content in the swollen roots of qdh225 was
consistent with the greater accumulation of granular substances
observed by electron microscopy and revealed by histochemical
staining.
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Figure 1. Phenotypic characteristics and belowground biomass of
normal and swollen root materials at different developmental stages.
(A) Belowground phenotypic characteristics of normal and swollen root
materials at five developmental stages. The red boxes denote the
zoomed in regions (below), and the red arrowheads point to typical
morphological tissues in the swollen root. d, days after sowing. Scale
bars=1 cm. (B) Biomass of the main roots from normal and swollen root
materials at day 90. Different letters denote significantly different
means based on a two-way ANOVA with Tukey’s multiple comparison
test (P <0.01, n=3). Error bars depict standard deviations (£ SD).

Previous studies have revealed that plant hormones are the
basic regulators of swollen root development and regulate plant
growth and development in a coordinated manner. We therefore
measured levels of key endogenous hormones in the swollen
roots of qdh225 and the normal roots of its parents at day 90.
The contents of IAA and ABA were significantly higher in main
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roots of qdh225 than in those of the parents; in particular, the
ABA content of qdh225 was about twice that of the parents. By
contrast, contents of GA4 ; 7, brassinosteroid (BR), indole propionic
acid (IPA), dihydrozeatin (dhZR), GA143, and jasmonic acid (JA)
were significantly lower in qdh225 than in the parents (Fig. 5).
Studies have shown that reduced GA content in potato tubers
can induce tuber formation [27], and ABA-mediated signaling
is known to participate in the swollen stem formation of tuber
mustard [20]. In addition, ABA can increase the activity of starch
synthase in tubers, increasing starch synthesis and thus promot-
ing the accumulation of soluble carbohydrates [28]. Therefore,
the results of the present study suggest that an increase in [AA
and ABA content may promote the growth of root cells and the
accumulation of starch in the irregularly swollen root of qdh225.
At the same time, a decrease in GA (GA;;3 and GA4, ;) content
may inhibit root elongation and result in root expansion, which is
consistent with previous research reports.

Auxin-, ABA-, and GA-mediated signals may
influence initial root swelling

To investigate the molecular network that underlies swollen root
formation, we assembled transcriptomes of swollen qdh225 roots
and normal 85-1 roots at days 10, 20, and 30. We identified 5269,
11555, and 9071 differentially expressed genes (DEGs) between
qdh225 and 851 at days 10, 20, and 30, respectively (Fig. 6A):
2478, 6488, and 4303 were upregulated and 2791, 5067, and 4768
were downregulated (Fig. 6A). There were 2793 common DEGs
among the three periods (Fig. 6B). There were 5446 common DEGs
between days 20 and 30, 2653 of which were specific to the day
20 versus 30 comparison and were not differentially expressed
at day 10. We focused on these 2653 DEGs, as we reasoned that
they were likely to be related to initial expansion of the swollen
roots. Gene Ontology (GO) enrichment analysis (Fig. 6C) revealed
that these genes were highly and significantly enriched in the
biological process terms external encapsulating structure organi-
zation, cell wall organization or biogenesis, cell wall organization,
response to oxidative stress, and cell wall modification, the cellu-
lar component term cell wall, and the molecular function terms
heme binding, tetrapyrrole binding, and xyloglucan:xyloglucosyl
transferase activity (Fig. 6C). Thus, shared DEGs on days 20 and
30 were enriched in processes related to the cell wall, consistent
with a potential role in root expansion.

Genes with key roles in the various phases of swollen root
and stem formation are related to energy metabolism and the
hormone synthesis/signal transduction involved in biosynthesis,
accumulation, and degradation of sugars, starch, and storage
proteins [18]. The swollen root phenotype of qdh225 first appeared
at day 30, although the number of DEGs between qdh225 and 85-
1 roots was highest at day 20. Functional enrichment analysis
of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
in the shared DEGs at days 20 and 30 indicated that they were
significantly enriched in starch and sucrose metabolism and plant
hormone signal transduction (Fig. 6D). We speculated that day 20
might be the key stage at which signaling initiates root swelling,
and we focused on pathways enriched in DEGs related to starch
metabolism and hormone signaling at day 20 and on cluster anal-
ysis of shared DEGs associated with the cell wall. The production
of starch from sucrose is catalyzed by multiple enzymes, and
genes encoding six categories of such enzymes were differentially
expressed between qdh225 and 85-1 (Fig. 7A): three sucrose
phosphate synthase (SPS) genes, one suc-phosphate phosphatase
(SPP) gene, four sucrose synthase (SUS) genes, one ADP-glucose
pyrophosphorylase (AGPase) gene, one granule-bound starch synthase
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Figure 2. Paraffin sections of the main root from normal and swollen root materials at different developmental stages. Labels above the images denote
different Chinese cabbage genotypes (11-1, 85-1, and qdh225), and days after sowing are shown on the right (10, 20, 30, 60, and 90 d). E, endodermis;
C, cortex: VC, vascular cambium; Ph, secondary phloem; X, secondary xylem. The endodermis and vascular cambium are outlined in purple and red

lines. Scale bar =100 um.

(GBSSI) gene, and three 1,4-a-glucan branching enzyme (GBE1) genes.
These genes were consistently upregulated in qdh225, which
may have promoted the synthesis of starch in the swollen root
(Fig. 7A). Studies have shown that SUS may be the key enzyme
that regulates sucrose levels and controls the activity of the fleshy
root sink of radish [22]. Moreover, inhibition of sucrose synthase-
related gene expression can reduce starch accumulation in potato
tubers [29]. Genes encoding three categories of enzymes in the
starch degradation pathway were also differentially expressed
(Fig. 7B): three B-amylase (BAM) genes, one a-glucosidase gene,
and two 4-a-glucanotransferase (DPE) genes. Compared with 85-
1, qdh225 showed lower expression of BAM, «a-glucosidase, and
DPE. This downregulation would presumably reduce starch
degradation ability, increase starch content, and decrease soluble
sugar content, consistent with the metabolomics data (Fig. 7B).

We next analyzed expression of genes associated with
signal transduction of three plant hormones: auxin, GA, and
ABA (Fig. 8). AUXIN TRANSPORTER PROTEIN 1 (AUX1) positively
regulates lateral root development in Arabidopsis thaliana through
the auxin signal transduction pathway [30]. Small Auxin Up
RNA 72 (SAUR72) not only causes premature leaf senescence
but also promotes seedling hypocotyl and taproot elongation
[31]. AUX1 was upregulated in qdh225 compared with 85-1,
whereas some SAUR genes were downregulated, a trend that
may have inhibited elongation and growth but promoted the
lateral expansion of the main root and enhanced lateral root
development (Fig. 8).

Decreased GA contentin potato tubers can induce tuber forma-
tion [27], and overexpression of GIBBERELLIN INSENSITIVE DWARFI
(GID1) increases the sensitivity of plants to GA, causing them
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Figure 3. Transverse sections of the main roots of normal and swollen
root materials at three developmental stages observed by scanning
electron microscopy. (A) Transverse section of the phloem of the main
root. Granular substances are circled in red. d, days after sowing. Scale
bar=50 um. (B) Transverse section of the xylem of the main root. Vessel
areas are circled in yellow. d, days after sowing. Scale bar=50 um.

to exhibit excess-GA phenotypes [32, 33]. In Arabidopsis roots,
overexpression of a gene encoding DELLA protein in the endo-
dermis of mutant roots inhibited root elongation, resulting in
radial expansion [34]. GID1 was downregulated and DELLA was
upregulated in qdh225 compared with 85-1 (Fig. 8), consistent
with a potential for reduced GA sensitivity, inhibition of root
elongation and growth, and promotion of radial expansion, all of
which would presumably promote the formation of swollen roots.

ABA-response element binding factor (ABF) genes encode tran-
scription factors that participate in stress and ABA signaling.
In Arabidopsis, ABF4 regulates the expression of genes involved
in GA and ABA metabolism; it mediates ABA-GA signaling and
promotes the development of modified roots [35]. Root growth is
sensitive to ABA in habl-1, abil-2, abi2-2, and pp2ca-1 mutants of
the negative regulatory factor 2C-type protein phosphatase (PP2C)
[36]. In contrast to PP2C mutants, the root growth of SnRK2.2 and
SnRK2.3 mutants is not sensitive to ABA inhibition [37]. In the

Renetal. | 5

present study, PP2C, SnRK2 (SNF2-related protein kinase 2), and ABF
were all upregulated in qdh225 compared with 85-1 (Fig. 8). Root
growth of qdh225 may therefore be insensitive to ABA inhibition,
promoting root development and the formation of enlarged roots.

Studies have shown that cell wall loosening is necessary for
rapid cell enlargement and thus determines cell size [38]. By con-
trast, cell number is controlled by the cell cycle, which regulates
cell division [39]. Xyloglucan endotransglucosylase/hydrolase (XTH)
encodes an important regulatory factor in cell wall loosening [38].
At 20 days, most cell wall-related genes were downregulated in
85-1 relative to qdh225 (Fig. 6E), consistent with the beginning of
swollen root expansion at 30 days in qdh225. DEGs related to cell
wall regulation at day 20 may therefore be key factors involved
in initial root expansion. Initial root expansion may promote root
swelling by increasing the size of root cells in preparation for cell
division.

The development of swollen roots or stems in vegetables is an
intricate process that unfolds through the coordinated regulation
of many metabolic pathways and is influenced by numerous
environmental factors [18]. Results of the present study suggest
that swollen root formation reflects the combined effects of
changes in plant hormone signal transduction, starch and sucrose
metabolism, and cell wall-related gene expression. Transcriptome
data revealed upregulation of genes encoding starch synthesis
enzymes and downregulation of genes encoding starch degra-
dation enzymes such as g-amylase. These changes are likely to
have reduced starch degradation, promoted starch accumulation,
and reduced soluble sugar content in swollen roots. Upregulated
expression of genes related to auxin and ABA signaling is consis-
tent with changes in root cell division and transverse expansion.
Genes related to cell wall regulation are involved in loosening of
root cell walls and increasing cell volume. Most cell wall-related
DEGs were upregulated in qdh225 roots on day 20, which was the
initial stage preceding visible root swelling. These results reinforce
the idea that initial root expansion may promote root swelling by
increasing the size of root cells in preparation for cell division.

Starch and sucrose metabolism provides energy
and materials for the development of swollen
roots
We next identified metabolites that differed in abundance
between qdh225 swollen roots and 85-1 normal roots at day 90,
the date on which they showed the greatest phenotypic difference.
Principal component analysis (PCA) showed that the quality
control samples were closely clustered and the 85-1 and qdh225
samples were clearly separated along the principal component
axes. Thus, there appeared to be significant differences in
metabolites between 85-1 and qdh225 (Supplementary Data
Fig. S4A). Likewise, Pearson’s correlation coefficients were
higher between replicates of the same genotype than between
replicates of different genotypes (Supplementary Data Fig. S4B).
A total of 289 kinds of differentially abundant metabolites
were identified (Supplementary Data Fig. SSA): 30 amino acids
and their derivatives, 58 phenolic acids, 28 nucleotides and
their derivatives, one quinone, 22 alkaloids, 11 lignans and
coumarins, one tannin, 17 organic acids, one steroid, 30 lipids,
seven terpenoids, 36 flavonoids, and 47 additional compounds
(Supplementary Data Fig. S6). Compared with 85-1, qdh225
contained 179 metabolites that increased in abundance and 110
that decreased (Supplementary Data Fig. S5A).

KEGG enrichment analysis of DEGs and differentially abun-
dant metabolites revealed that both were enriched in the
starch and sucrose metabolism pathway There were two
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Figure 4. Microscopy observations of the main root and measurement of storage substances. (A) Microscopy observations of the main roots of normal
and swollen root materials after iodine-potassium iodide staining. The brown granular substances are starch and protein. d, days after sowing. Scale
bar=100 um. (B) Measurement of storage substances in main roots of normal and swollen root materials at day 90. From left to right, starch (g/100 g),
soluble protein (mg/g), soluble sugar (mg/g), and cellulose (g/100 g). Different letters denote significantly different means based on two-way ANOVA
with Tukey’s multiple comparison test (P <0.01, n=3). Error bars depict standard deviations (+SD).

differentially abundant metabolites in this pathway: D-glucose
[logs(fold change)=-2.0] and trehalose 6-phosphate [log,(fold
change)=-1.3] were significantly less abundant in qdh225
than in 85-1 (Supplementary Data Table S1). This result was
consistent with the lower soluble sugar content measured in

swollen roots of qdh225 (Figs 7 and 4B). Overall, the differ-
entially abundant metabolites were enriched in 73 metabolic
pathways and very significantly enriched in 9 pathways (P < 0.01)
(Supplementary Data Figs S5B and S7). These included
stilbenoid, diarylheptanoid, and gingerol biosynthesis; pyrim-
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Figure 5. Hormone contents in the main root of normal and swollen root materials measured at day 90. The blue, green, and yellow bars represent the
hormone contents of 11-1, 85-1, and qdh225, respectively. Different letters denote significantly different means based on two-way ANOVA with Tukey's
multiple comparison test (P <0.01, n=3). Error bars depict standard deviations (+SD).

idine metabolism; photosynthesis; porphyrin and chlorophyll
metabolism; phenylpropanoid biosynthesis; flavonoid biosyn-
thesis; caffeine metabolism; aminoacyl-tRNA biosynthesis; and
ABC transporters (Supplementary Data Figs S5B and S7).

Sequence alignment and gene expression
analysis of key DEGs related to root enlargement
and development

The coding sequences of several DEGs in key pathways were
obtained from qdh225 and the 85-1 parent by PCR amplifica-
tion and sequencing. In the plant hormone signal transduction
pathway, the sequences of AUX1 (BraA03g019900.3C) and ABF
(BraA06g003820.3C) contained various deletions and insertions in
qdh225 compared with 85-1 (Supplementary Data Fig. S8). Thus,
interspecific hybridization between Chinese cabbage and cabbage
appears to have produced new gene sequences through insertion
and deletion, which may have affected gene expression.

We also selected nine DEGs from the starch and sucrose
metabolism and plant hormone signal transduction pathways
and analyzed their transcript levels by gqRT-PCR to validate the
reliability of RNA-seq data (Fig. 9A). Linear regression analysis
showed that the overall correlation coefficient (R) of the 85-
1:qdh225 ratio measured by qRT-PCR versus RNA-seq was 0.85,
indicating a good correlation between the two techniques (Fig. 9B).
Compared with 85-1, the relative expression level of qdh225
showed a significantly higher expression trend in all eight genes
except GID1, such as SPP, SUS, GBSSI, GBE1, DPE, AUX1, SnRK2, and
ABF (Fig. 9A).

Discussion

Comparison of root histomorphology in swollen
roots and stems of vegetables

Here we describe the swollen root phenotype of the Chinese
cabbage-cabbage translocation line qdh225, which appears to
be caused by thickening of secondary phloem in the main
root. Cells of the swollen root exhibited increased irregularity
suggestive of disordered proliferation. A comparison of cellular
changes in the qdh225 root with those observed during hypocotyl
enlargement in turnip and stem swelling in tuber mustard
provides context for our findings. In turnip, the number and
volume of parenchyma cells in the secondary xylem were the key
factors that affected hypocotyl enlargement, and the increase
in cell number was caused by cell division. At the same time,
the xylem cells had a disordered and irregular appearance [40].
In tuber mustard, a portion of the stem undergoes irregular
expansion that appears to be associated with the cell cycle
of the outer myeloid cells, which have the ability to divide
vigorously and are the source of increased cell numbers during
stem swelling [24]. The cambium cells increased the number
of cell layers through tangential, radial, and non-directional
divisions, which led to irregularly swollen stems [41]. During plant
morphogenesis, programmed cell divisions create and spatially
position asymmetric daughter cells to generate various cell
layers, shaping tissues and organs by controlling multicellular
morphogenesis [39, 42]. The hypocotyl of turnip, the swollen
stem of tuber mustard, and the swollen roots of qdh225 thus
produce daughter cells that are asymmetric in cell division and
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spatial orientation, potentially giving rise to the phenomenon
of ‘disordered cell proliferation’. It is reasonable to think that
this phenomenon may be common to a variety of swollen plant

tissues.

Regulation of endogenous substances and plant
hormones in swollen roots and stems
Morphogenesis provides important materials, energy, and nutri-
tion for the development of swollen roots and stems, and
many genes are involved in this process [18]. Starch provides
materials and energy for the development of modified roots
[43]. In this study, we observed the tissue structures of swollen

roots and found that the irregular tissue morphology in
qdh225 was caused by a thickening of the phloem (Fig.?2).
Subsequent analysis of storage compounds showed that starch
and soluble protein levels were much higher in the swollen
roots of qdh225 than in the roots of its parents (Fig.4B).
Previous studies have shown that storage proteins exist in
various forms in different vegetative organs and species and
serve as rich sources of carbon, nitrogen, and sulfur [44,
45]. One example is the storage protein patatin from potato.
Expression of the patatin-encoding gene increases sharply during
development of the potato tuber; it is exclusively expressed in
tubers and is closely associated with tuber formation. Likewise,
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dioscorin is the main storage protein in Chinese yam (Dioscorea
opposita Thunb.), accounting for 80-85% of the total soluble
protein. In addition to its role in nutrient storage, dioscorin also
has trypsin inhibitor, carbonic anhydrase, monohydroascorbate
reductase, and dehydroascorbate reductase activities, which add
to the medicinal value of Chinese yam [46]. Storage proteins have
a key role in stabilizing nitrogen levels and ensuring normal plant
growth and development. Identification and characterization
of genes associated with storage proteins will further deepen
our understanding of the molecular mechanisms that underlie
swollen root and stem development.

The cell cycle, as a regulator of cell division, also plays a
pivotal role and determines cell numbers. It is controlled by cyclin
(CYCQ), cyclin-dependent protein kinases (CDKs), and the RB/E2F
transcription factors [39]. Cell size is determined by cell expan-
sion, which is regulated by expansin proteins (EXPs), xyloglucan
endoglycosyltransferase/hydrolases (XTHs), and other key pro-
teins [38], and it is closely related to the swelling of plant organs.
We speculate that the changes in starch and sucrose metabolism
and the differential expression of cell wall-related genes observed
in this study are associated with the formation of root storage
substances and regulate cell size, thereby enabling the formation
of swollen roots.

Plant hormones are the basic factors that regulate the devel-
opment of swollen roots and stems [47]. GA has been shown to
influence carbohydrate metabolism, sucrose utilization efficiency
and cell wall synthesis, and inhibit the swelling of abnormal
rhizomes [27]. Measurements of auxin in potato stolons revealed
that auxin content increased significantly in the base of swollen
tubers after tuber formation [48]. Cytokinins and cytokinin-like
substances have an important function in inducing cell divi-
sion during the formation of swollen roots or stems in potato,
radish, and turnip [49]. In this study, IAA and ABA contents were
significantly higher in swollen roots than in normal roots; in
particular, ABA content in qdh225 was more than twice that in
the parents (Fig. 5). These changes may have promoted swollen

root formation. By contrast, GAs+7, GA143, BR, IPA, dhZR, and
JA were all significantly lower in roots of qdh225 than of those
of its parents (Fig. 5). At the same time, DEGs in plant hormone
signal transduction pathways may also have affected swollen root
formation.

Regulatory pathways that affect root swelling in
various swollen root and stem crops

Advances in sequencing technology have been widely used for
quantitative trait locus (QTL) and gene mapping of plant traits.
Analysis of the radish genome revealed that numerous genes
involved in the metabolism of sucrose and other carbohydrates
participated in the development of swollen roots and stems
[50]. Transcriptome sequencing is also an important approach
for studying the formation and developmental mechanisms of
swollen roots and stems. For example, transcriptome analysis
of fleshy radish roots at 7 and 20 days revealed that starch
and sugar metabolism, phenylpropanoid synthesis, and plant
hormone regulation have important roles in fleshy root formation
and development [51]. Transcriptome sequencing was also
performed on rhizomes of lotus root (Nelumbo nucifera Gaertn.)
to analyze DEGs at different developmental stages. Genes related
to hormone metabolism and response, cellulose synthesis, energy
metabolism, substance synthesis and transport, and stress
response—as well as genes encoding swelling-related proteins
and transcription factors from the HLH, TCP, and MADS-box
families—were involved in the formation of rhizomes in lotus
root [52]. In our study, transcriptome sequencing of roots at
days 10, 20, and 30 revealed that the DEGs were also highly
enriched in starch and sucrose metabolism and plant hormone
signal transduction pathways, which are known to regulate root
swelling. Therefore, although the regulatory pathways that affect
root swelling in different modified root crops are not completely
identical, they are still similar, and their common aspects may be
the key to regulating root swelling in different swollen root and
stem crops.
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Molecular mechanisms underlying the
regulation of root swelling in qdh225

Among the Brassica species of the Brassicaceae family, turnip (AA)
shares the A genome with Chinese cabbage (AA) and has enlarged,
fleshy taproots with swollen root organs. Tuber mustard has the
AABB genome and displays enlarged, swollen stems. Research has
shown that traits related to the development of swollen stems and
roots are quantitative traits controlled by oligogenes or polygenes
[53-55]. Seven, five, and six QTLs for root thickness, root length,
and root weight, respectively, were identified in an F, population

derived from Chinese cabbage and turnip. These QTLs explained
8.4-27.4% of the phenotypic variation in the traits [56]. Likewise,
the swollen stem of tuber mustard is a quantitative trait con-
trolled by dominant genes with additive effects [57]. Sixty-five
QTLs related to yield components of its swollen stem were iden-
tified, many of which were clustered on several chromosomes,
and they showed an asymmetric distribution between the A and B
genomes. The group A chromosomes made a greater contribution
than the group B chromosomes to productivity, indicating that
the group A chromosomes may have played a more important
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part in mustard domestication [58]. These results underscore the
complex genetic basis of swollen root and stem development
in Brassicas with A and B genomes. To date, there have been
no reports on the mechanistic basis of stem and root swelling
controlled by interplay between the A and C genomes.

In the present study, we characterized a translocation line
based on interspecific hybridization between Chinese cabbage
(AA) and cabbage (CC) materials. Although Chinese cabbage and
cabbage both typically have non-swollen roots, addition of cab-
bage chromosome fragments to Chinese cabbage in the transloca-
tion line qdh225 produced the phenomenon of root swelling. This
phenotype was especially pronounced at day 90, when qdh225
and its two parents exhibited their maximum root weights: the
main root weight of qdh225 was ~5 times that of 85-1 and ~7
times that of 11-1 (Fig. 1B).

Thus, the key genes and molecular mechanisms that underlie
root swelling can be investigated from the perspective of genome
interactions between Chinese cabbage and cabbage, opening up a
new avenue for research on root swelling in Brassica.

Materials and methods
Plant materials, growth conditions, and sampling

We studied the swollen roots of the Chinese cabbage—cabbage
translocation line qdh225 (derived from a Chinese cabbage-
cabbage hybrid) and the normal roots of cabbage 11-1 and
Chinese cabbage 85-1. Construction of translocation line gdh225
and identification of the cabbage fragments in qdh225 using
molecular markers are show in Supplementary Data Fig. S9.
We identified D14 using 1147 specific InDel markers between
cabbage and Chinese cabbage. One-hundred and two InDel
markers yielded specific products in both cabbage and Chinese
cabbage, suggesting that they can be used to screen fragments
introgressed from cabbage in Chinese cabbage translocation
lines. We then screened qdh225 using the 102 markers, and
the results showed that 1 marker on chromosome C04, 10
markers on chromosome CO5, and 4 markers on chromosome C08
identified chromosomal fragments introgressed from cabbage
(Supplementary Data Fig. S9) [26].

All materials were provided by the Hebei Key Laboratory of
Vegetable Germplasm Innovation and Utilization, Hebei Agricul-
tural University. Seeds of the genotypes were first sown in 32-
hole trays and then grown in the greenhouse after 30 days with
routine management. Root samples of qdh225, 11-1, and 85-1
were obtained at 10, 20, 30, 60, and 90 days after sowing (three
biological replicates per genotype per date). Samples were washed
immediately with clean water and divided into two subsamples.
One subsample was quickly placed into liquid N, and stored at
—80°C for measurement of hormone contents and root storage
materials, transcriptome sequencing, and metabolome profiling.
The other was immediately placed into a fixative solution for
paraffin sectioning and scanning electron microscopy.

Paraffin section preparation and
iodine-potassium iodide staining

To prepare paraffin sections, fresh roots and leaves were sub-
merged in FAA fixative for at least 24 h. Specific tissues were
then dissected out with a scalpel and dehydrated in a gradient
alcohol series: 75% (4 hours), 85% (2 hours), 90% (2 hours), 95%
(1 hour), anhydrous ethanol (30 minutes, twice), ethanol-benzene
(5-10 minutes), xylene (5-10 minutes, twice), and 65°C melted
paraffin (1 hour, three times). The tissue was then embedded
using a JB-P5 embedding machine (Wuhan Junjie Electronics Co.)

and cooled on a —20°C table. When the wax had hardened, the
block was trimmed, cooled on the —20°C table, and sectioned to
4 pum thickness. The sections were floated in 40°C water, picked up
onto glass slides, heated in a 60°C oven until the wax had melted
and the water had dried, and stored at room temperature.

The paraffin sections were then stained with fast green and
safranin O. They were first rehydrated in two rounds of xylene, two
rounds of 100% alcohol, and one round of 75% alcohol (5 minutes
each) and rinsed with running water. For safranin O staining,
the sections were placed into 1% safranin O staining solution
(Wuhan Servicebio Technology Co.) for 15-30 seconds, followed
by rapid dehydration in three rounds of anhydrous ethanol. For
decolorization, slides were placed into 50, 70, and 80% alcohol
(3-8 seconds each). For fast green staining, sections were placed
into 0.5% fast green solution (Servicebio) for 6-20 seconds, fol-
lowed by three rounds of dehydration in anhydrous ethanol and
three rounds in xylene (5 minutes each). The sections were then
mounted using neutral balsam and photographed with a Nikon
Eclipse E100 microscope [59].

At the same time, we examined the chemical organization of
starch by [-KI staining of the roots. A circle was drawn around the
tissues with a Pap-Pen (Servicebio), an appropriate amount of I-KI
solution was dropped onto the slide, and the tissues were stained
for 10 minutes. The stain was then poured off, and the slide was
quickly washed, dried, and baked in an oven at 60°C for half a day.
The sections were placed in clear xylene for 3 minutes, then sealed
with neutral gum. To avoid discoloration, photographs were taken
immediately to document the experimental results.

Scanning electron microscopy

Tissues were fixed in a 3% glutaraldehyde solution for 24 hours
at 4°C and washed three times with 0.1 M PBS buffer (pH 7.2)
(15 minutes each time). Then they were dehydrated in a gradient
ethanol (or acetone) series of 30, 50, 70, 80, 90, and 100% (twice) for
30 minutes each time, followed by dehydration in pure tert butyl
alcohol once for 20 minutes. The tert butyl alcohol was changed
once, the sample was submerged to a depth of 3-4 mm, and the
tert butyl alcohol was solidified with liquid N or in a refrigerator.
The tert butyl alcohol was completely evaporated and the sam-
ples dried in a low-temperature vacuum dryer. Each sample was
placed on the sample table of the scanning electron microscope
with conductive tape and sputter coated with a conductive film.

The processed samples were observed under a Hitachi S-4800 N
cold field emission scanning electron microscope, and representa-
tive fields of view were selected for image acquisition as described
below [60]. TopView software was used to process the images and
measure aspects of root structure. All root structural measure-
ments were obtained from three replicate samples per genotype
and sampling date. For the cross-sectional area (um?) of phloem
parenchyma cells, three different regions were selected in each
sample, more than 30 cells evenly distributed in each region were
measured, and the average value was calculated. For the cross-
sectional area (um?) of xylem parenchyma cells, three different
regions were selected from the outside to the inside of the xylem,
and 30 cells per region were measured as above. For the cross-
sectional area (um?) of vessels, three regions were selected from
the outside to the inside of the xylem region, the cross-sectional
areas of more than 20 vessels evenly distributed in each region
were measured (fewer than 20 in some areas), and the average
value was calculated. For vessel numbers, the number of vessels
in the visual field (0.48 mm?) under the 200x mirror was counted.
When the sample was large, multiple visual fields were selected
from outside to inside, the number of vessels was counted in each,
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and the average value was calculated. The root radius (mm) and
the thickness of phloem and xylem (mm) were measured in three
different directions, and the average values were calculated.

Measurement of root storage compounds

Samples for measurement of soluble sugars, soluble protein, cel-
lulose, and starch were obtained from the main roots of the three
genotypes on day 90. Starch and soluble sugars were measured
by sulfuric acid anthrone colorimetry [61, 62], soluble proteins
with the Coomassie brilliant blue G-250 method [63], and cellulose
by the sulfuric acid and potassium dichromate oxidation method
[64].

Measurement of root hormone contents

Endogenous plant hormones are produced by plants in trace
amounts but have significant effects on their growth and devel-
opment. Enzyme-linked immunosorbent assays (ELISAs) [65, 66]
were used to measure endogenous hormone contents. Replicate
tissue samples (three biological and three technical replicates
per genotype) were obtained from the main roots of 11-1, 85-1,
and qdh225 on day 90 for measurement of nine plant hormones:
GAs47, GA1,3, zeatin (ZR), IAA, BR, IPA, dhZR, JA, and ABA.

RNA sequencing and data analysis

Total RNA was extracted from root samples of 85-1 and qdh225 at
10, 20, and 30 days (three biological replicates per genotype and
date) with the RNAprep Pure Plant Plus kit (Tiangen). RNA integrity
was confirmed using a Bioanalyzer 2100 instrument (Agilent), and
libraries were prepared with the NEBNext Ultra RNA Library Prep
Kit for Illumina (New England Biolabs). After clustering on the
cBot Cluster Generation System with the Illumina TruSeq PE Clus-
ter Kit, libraries were sequenced on the Illumina NovaSeq 6000
platform to obtain 150-bp paired-end reads (Novogene Biotech
Co., Ltd).

We obtained ~6.44 Gb of clean read data per sample (>40
million reads, 30x depth), with a Q30 percentage >90%. HISAT2
v2.0.5 was used to construct an index of the B. rapa V3.0 reference
genome and align clean reads to the genome. New transcripts
were assembled using StringTie; featureCounts (1.5.0-p3) was
used to count the reads that mapped to each gene and calculate
its expression as fragments per kilobase per million mapped
reads (FPKM). DEGs between the two materials on each date
were identified with DESeq2 (1.20.0) using [log2(fold change)|> 1
and false discovery rate (FDR)-adjusted P-value < 0.05. The clus-
terProfiler R package was used with default parameters to per-
form GO and KEGG enrichment analyses of DEGs and Venn dia-
grams were produced with Venny (http://bioinfogp.cnb.csic.es/
tools/venny/index.html).

Untargeted metabolomics analysis by
UPLC-MS/MS

Three replicate root samples of 85-1 and qdh225 were collected on
day 90 and lyophilized in a Scientz-100F vacuum freeze dryer. The
sample extracts were analyzed using a UPLC-ESI-MS/MS system
(UPLC, Shimadzu Nexera X2; MS, Applied Biosystems 4500 QTRAP)
with an Agilent SB-C18 column (1.8 um, 2.1 mm x 100 mm). The
mobile phase comprised solvent A (0.1% formic acid in pure water)
and solvent B (0.1% formic acid in acetonitrile), and the gradient
program was: 0 minutes, 95% A and 5% B; 0-9 minutes, linear
gradient to 5% A and 95% B; 9-10 minutes hold; 10-11.1 minutes
return to 95% A and 5% B; 11.1-14 minutes hold. Other parameters
included 0.35 ml per minute flow velocity, 40°C column oven
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temperature, and 4 pl injection volume. The effluent was alterna-
tively connected to an ESI-triple quadrupole-linear ion trap mass
spectrometer (QTRAP)-MS [67].

Linear ion trap (LIT) and triple quadrupole (QQQ) scans in
positive and negative ion mode were obtained with an AB4500
QTRAP UPLC/MS/MS instrument and ESI Turbo Ion-Spray inter-
face controlled with AB Sciex Analyst 1.6.3 software. The ESI
source parameters were: turbo spray ion source, 550°C source
temperature, 5500 V/—4500 V ion spray voltages, 50 psi gas I, 60 psi
gas II, 25 psi curtain gas, and high collision-activated dissociation.
Polypropylene glycol solutions of 100 (LIT mode) and 10 umol/L
(QQQ mode) were used for mass calibration and instrument tun-
ing. QQQ scans were obtained as MRM experiments with the N,
collision gas set to medium; collision energy and declustering
potential for individual MRM transitions were acquired with addi-
tional optimization. A set of specific transitions were monitored in
each time period on the basis of metabolites eluted in that period
[67].

Unsupervised PCA was performed on unit-variance-scaled
data using the prcomp R function. Differentially abundant
metabolites between the materials were identified using the
thresholds absolute log,(fold change) > 1 and VIP > 1. VIP values
were acquired from the output of OPLS-DA performed on log;-
transformed and mean-centered data with the MetaboAnalystR
R package, together with permutation plots and score plots.
A permutation test with 200 permutations was carried out to
prevent overfitting.

The KEGG compound database was used to functionally
annotate metabolites, and those that received annotations were
mapped to the KEGG pathway database. Pathway enrichment
results were used as input for MSEA (Metabolite Sets Enrichment
Analysis), and a hypergeometric test was used to test the
significance of their enrichment [67].

Sequence analysis and qRT-PCR verification of
key genes from RNA sequencing data

PCR amplification and sequencing were used to obtain the gene
coding sequences, and DNAMAN software was used for sequence
alignment. To verify the reliability of the RNA-seq data and con-
firm the expression patterns of key DEGs related to starch syn-
thesis and degradation and hormone signaling in roots, Primer
Premier 5 was used to design specific primers and perform gRT-
PCR on the Bio-Rad CFX96 system. The Spearman method was
used to determine the correlations between RNA-seq and gqRT-
PCR data.

Statistical analysis

Quantitative phenotypic data are presented as means + standard
deviation, and data were analyzed by two-way ANOVA with
Tukey’s multiple comparison test in SPSS software 21.0 (SPSS,
Inc., Chicago, USA) based on a significance threshold of P <0.01.
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