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Heading is a key agronomic trait of Chinese cabbage. A non-heading mutant with flat
growth of heading leaves (fg-1) was isolated from an EMS-induced mutant population of
the heading Chinese cabbage inbred line A03. In fg-1 mutant plants, the heading leaves
are flat similar to rosette leaves. The epidermal cells on the adaxial surface of these
leaves are significantly smaller, while those on the abaxial surface are much larger than
in A03 plants. The segregation of the heading phenotype in the F2 and BC1 population
suggests that the mutant trait is controlled by a pair of recessive alleles. Phytohormone
analysis at the early heading stage showed significant decreases in IAA, ABA, JA and
SA, with increases in methyl IAA and trans-Zeatin levels, suggesting they may coordinate
leaf adaxial-abaxial polarity, development and morphology in fg-1. RNA-sequencing
analysis at the early heading stage showed a decrease in expression levels of several
auxin transport (BrAUX1, BrLAXs, and BrPINs) and responsive genes. Transcript levels
of important ABA responsive genes, including BrABF3, were up-regulated in mid-leaf
sections suggesting that both auxin and ABA signaling pathways play important roles
in regulating leaf heading. In addition, a significant reduction in BrIAMT1 transcripts in
fg-1 might contribute to leaf epinastic growth. The expression profiles of 19 genes with
known roles in leaf polarity were significantly different in fg-1 leaves compared to wild
type, suggesting that these genes might also regulate leaf heading in Chinese cabbage.
In conclusion, leaf heading in Chinese cabbage is controlled through a complex network
of hormone signaling and abaxial-adaxial patterning pathways. These findings increase
our understanding of the molecular basis of head formation in Chinese cabbage.

Keywords: Brassica rapa, mutant, genetic analysis, epidermis cell, RNA-Seq, phytohormones

INTRODUCTION

Chinese cabbage (Brassica rapa ssp. pekinensis) is an important vegetable crop of the Brassica
genus containing several species that are of agricultural and horticultural importance. Breeding has
transformed the head morphology of this crop from a loose heading to semi-heading and finally
a heading type. As the edible organ, the head of Chinese cabbage is the basis for its economic
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value. Curling, crinkling and folding of leaves are typical
characteristics of heading in Chinese cabbage. The timing
and compactness of head formation are affected by the time
and degree of inward curling of the leaves. Leaf polarity and
phytohormones (especially auxin) are critical for leaf architecture
(Liu et al., 2011), but the exact mechanism of leaf folding in
Chinese cabbage is still unclear.

Leaf polarity is composed of centro-lateral axis, proximal-
distal axis and abaxial-adaxial polarity (Kim and Cho, 2006).
The imbalance of abaxial-adaxial polarity is important for
head formation (Mao et al., 2014). Many genes involved
in abaxial-adaxial polarity have been cloned in Arabidopsis,
providing useful insight for exploring head development in
Chinese cabbage. The HD-ZIPIII family genes PHABULOSA
(PHB), REVOLUTA (REV) (Otsuga et al., 2001), PHAVOLUTA
(PHV) (McConnell et al., 2001), and HOMEOBOX8 (HB8),
the transcription factors ASYMMETRICLEAVES 1 (AS1) and
ASYMMETRICLEAVES 2 (AS2), and ta-siRNAs contribute to
adaxial polarity. Auxin response factors (ARF3/ETT, ARF4), the
KANAD gene family (KAN1, KAN2, KAN3, YABBY gene family)
(Eshed et al., 2001; Kerstetter et al., 2001), and miRNA165/166
contribute to abaxial polarity (Palatnik et al., 2003; Hunter
et al., 2006; Kidner and Timmermans, 2010; Townsley and
Sinha, 2012). Although there is no heading in Arabidopsis,
many genes related to abaxial-adaxial polarity in Arabidopsis
also contribute to head formation in B. rapa (Liang et al., 2016).
The re-sequencing data of different B. rapa and B. oleracea
morphotypes were analyzed to detect signals of artificial selection
that have shaped the complex heading trait by comparing
genomic variation between heading and non-heading groups
(Cheng et al., 2016). Many selection signals, or selective sweeps,
including 15 loci that are under selection at syntenic positions
in heading Chinese cabbages and cabbages, were detected in
these two species. Several genes involved in the abaxial-adaxial
patterning and leaf curvature were selected, such as BrARF3.1,
BrARF4.1, BrKAN2.1, and BrKAN2.3 in B. rapa, and BoATHB15.2
(belonging to the HD-ZIPIIIs) and BoKAN2.2 in B. oleracea.
However, the inheritance of head formation is complicated and
the synergistic regulation of key genes in head development
is still unclear.

Studies have shown that the synthesis, transport and signaling
of phytohormones, especially auxin, play an important role
in head formation in Chinese cabbage. He et al. (2000)
reported that auxin participates in regulating head formation.
Combined with the genome analysis of the convergence of
B. rapa and B. oleracea (Cheng et al., 2016), gene enrichment
analysis identified gibberellic acid (GA) biosynthesis and auxin-
, cytokinin (CK)- and jasmonic acid (JA)-mediated signaling
pathways. These pathways are known to be involved in leaf
initiation and morphogenesis. Gao et al. (2017) found that
the polar transport and uneven distribution of auxin affects
head formation in Chinese cabbage. The auxin transport genes
BrLAX (LIKE AUXIN RESISTANT), BrPIN (PIN-FORMED)
and BrPGP (P-GLYCOPROTEIN) may also regulate the head
development (Gao et al., 2017). In our previous study, the
candidate genes BrGH3.12 and BrABF1 were identified using
a Chinese cabbage-cabbage monosomic alien addition line

AC4 by RNA-seq analysis (Gu et al., 2017). Although these
phytohormone-related genes have been associated with head
formation, how they communicate together to regulate this
process is largely unknown. In Arabidopsis, methyl IAA ester
(MeIAA) contributes to leaf curvature (Pérez-Pérez et al., 2010),
while there are limited reports about how MeIAA affects the head
morphology in B. rapa.

The reference genome of Chinese cabbage was successfully
completed in 2011 (Wang et al., 2011). As a result, it revealed
a whole genome triplication (WGT) event since diverging from
Arabidopsis that likely facilitated the generation of extensive
diversity in morphotypes (Wang et al., 2011; Cheng et al., 2014,
2016). The completion of this work has greatly promoted the
study of related traits in Chinese cabbage and laid the foundation
for accelerating the molecular breeding of Chinese cabbage
vegetables. The genome has greatly improved our abilities to
characterize mutants for gene discovery and functional research.
Ethyl methanesulfonate (EMS) is the most widely used reagent
for mutagenesis that provides a high mutation frequency and
relatively few chromosomal aberrations. EMS mutagenesis can
be used to improve specific traits and is widely used in crop
germplasm resource innovation. EMS has proven to be very
successful in uncovering key regulatory genes contributing to
a wide range of traits in Arabidopsis (Gabrielson et al., 2006;
Chiu et al., 2007). In B. napus and other Brassica crops, mutant
libraries in various cultivars have been constructed by EMS
mutagenesis in order to study a range of variant trait-related
genes (Stephenson et al., 2010; Wang N. et al., 2010). However,
in Chinese cabbage, EMS mutants are rarely used as a genetic
analysis for candidate genes.

A mutant library containing 4253 M1 lines and the resulting
M2 population was constructed by artificial EMS mutagenesis
of the Chinese cabbage inbred line A03 (Lu et al., 2016). One
flat growth non-heading mutant, fg-1, was obtained from the
EMS-induced mutagenesis population that has flat leaves prior
to the heading stage with a wrinkled leaf surface compared to
the wild type. Using the mutant fg-1 and its wild type A03, we
revealed the genetic structure of the mutant heading trait in
Chinese cabbage by creating segregating populations. Combining
the RNA-seq and phytohormone quantifications, the molecular
regulatory mechanism of head development was investigated by
assessing transcript level changes and characterizing leaf growth,
phytohormone levels and leaf epidermal cell morphology. In
addition, a possible regulatory model is proposed. The purpose of
this study was to identify new genes regulating head development
in Chinese cabbage and generating new genetic resources for
future Chinese cabbage crop improvement studies.

MATERIALS AND METHODS

Plant Materials
A mutant library of Chinese cabbage was developed by EMS
treatment of seeds from the inbred line A03 (Lu et al., 2016),
from which a non-heading mutant of the M5 generation with
flat growth of heading leaves (fg-1) was isolated. Wild type A03
has an outward-curling heading pattern on the top. The mutant
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fg-1 has flat leaves during growth before the heading stage and
trends to heading at the heading stage. The populations of F1, F2
and two BC1 (F1 × fg-1 and F1 × wild type) were developed
from the cross between A03 and fg-1, which were used as the
experimental materials for genetic analysis of the mutant trait.
The plants were grown in a plastic tunnel on the experimental
farm at Hebei Agricultural University in Baoding (115.47 E, 38.87
N), China, in 2016 and 2017.

In August 2017, 60 plants each of A03 and fg-1 of the M6
generation were grown in the same plastic tunnel at Hebei
Agricultural University. At the early heading stage (80 days after
sowing), the 16th leaf from the exterior of the developing head
was sampled at four positions: apical, middle, bottom of the
soft leaf and basal of the whole leaf, which were named a, b, c
and d, respectively (Supplementary Figure S1). Three biological
replicates were used for further analysis. All leaf samples were
flash frozen in liquid nitrogen and stored at −80◦C for RNA or
phytohormone analysis.

Inheritance of the Mutant Trait
The mutant fg-1, wild type A03, five F1 lines, 163 F2 lines, 14
F1 × fg-1 BC1 lines and 10 F1 × wild type BC1 lines were planted
in a plastic tunnel in July 2016. To confirm the results, 145 F2 lines
and their parents were planted again in a plastic tunnel in July
2017. The number of plants with flat growth and normal heading
were counted and a Chi square test was performed. The height
and expansion of plants were investigated for A03 and fg-1.

Morphological Characteristics of fg-1 at
Different Developmental Stages
During the late rosette (50 days after sowing), early heading
(80 days after sowing) and heading stages (90 days after sowing),
the angle was measured in different layers. During the late rosette
and heading stages, the leaf length, width and area of the 13th

and 19th leaf from the exterior was measured via ImageJ. At the
heading stage, the expansion degree (the maximum distance of
the outside leaves) and the plant height were measured for fg-1
and the wild type.

Analysis of Leaf Abaxial and Adaxial
Epidermal Cell Structure and Area
During the rosette (40 days after sowing) and heading stages,
2 mm × 2 mm from the top and the middle edge of leaves were
prepared for abaxial epidermal cell structure and area imaging
by scanning electron microscopy. Leaves were fixed in 2.5% amyl
glycol at room temperature for 24 h then rinsed completely with
0.1 M phosphate buffer and fixed with 1% osmium acid for 2 h.
The samples were dehydrated with an alcohol gradient (30, 50,
70, 80, 90, 95, and 100%) followed by an overnight treatment with
isoamyl acetate. Samples were dried using a LEICA EM CPD 030
critical point drying. An Eiko IB5 Ion Coater instrument was used
to spray gold after the sample was glued to the table. A Hitachi
SU-8010 scanning electron microscope was used to observe and
photograph the samples.

During the late heading stage (100 days after sowing), the
adaxial epidermis cell structure at the top and the middle edge

of the leaves were observed using the glue-marking method.
The glue was evenly coated on the leaves. After air-drying,
the cells were removed by tweezers and spread on the slide
for imaging. Cell structure was examined using the optical
microscope (Olympus CX41, Tokyo, Japan). The area of the cells
was measured using ImageJ software (Collins, 2007).

RNA Extraction, cDNA Library
Preparation and Sequencing for
RNA-Seq
Total RNA was isolated using an RNA extraction kit (TIANGEN,
China). RNA purity and concentration were assessed as
previously described (Zhao et al., 2014). The cDNA library was
prepared and sequenced as previously described (Zhao et al.,
2014; Gu et al., 2017).

RNA-Seq Data Analysis
Raw reads were filtered by removing adaptors, poly(N) and
low quality reads (Li et al., 2015). The reference genome and
gene model annotation files were downloaded from the B. rapa
database (1v1.5). Filtered reads were mapped to the genome using
HISAT2 v2.0.5 (Kim et al., 2015). HTSeq v0.6.0 (Anders, 2010)
was used to generate counts per gene. The FPKM values of each
gene were calculated based on the gene length and read counts.
Differential expression analysis of each set of two groups (three
biological replicates per group) was performed using the DESeq
R package (1.16.1.) (Anders and Huber, 2010, 2012; Wang L.
et al., 2010). The P-values were adjusted using the Benjamini and
Hochberg (1995). method Genes with a corrected P < 0.05 were
considered differentially expressed.

Validation of RNA-Seq by qRT-PCR
Quantitative real-time PCR (qRT-PCR) was carried out as
previously described (Zhao et al., 2014; Gu et al., 2017; Zhang
et al., 2017). To verify the RNA-seq data, we analyzed the
expression of ten genes by qRT-PCR. A Chinese cabbage
actin gene (Bra009081) was used as an internal reference. The
2−[Ct−Ct(actin)]

× 1000 method was used to calculate gene relative
expression levels between wild type and fg-1. Primers are listed
in Supplementary Table S1. Each experiment was repeated
three times.

Concentration Analysis of Different
Phytohormones in fg-1 and Wild Type
The b sections of (Supplementary Figure S1) the 16th leaf
from the exterior at the early heading stage were harvested,
weighed and immediately frozen in liquid nitrogen. Samples
(120 mg) were ground into a fine powder and extracted with
methanol/water (v/v = 8/2) at 4◦C. The concentrations of six
classes of phytohormones [auxin, abscisic acid (ABA), GA,
salicylic acid (SA), JA and CK], including 25 forms were analyzed
using a high-pressure liquid chromatography-electrospray
tandem mass spectrometry (LC-ESI-MS/MS) system as

1http://brassicadb.org/brad/index.php
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previously described (Wang et al., 2018). Three technical
replicates and three biological replicates were conducted.

RESULTS

Inheritance of Mutant Trait
Genetic analysis revealed that the phenotypic traits of all F1 plants
were similar to the wild type. In the F2 populations of years 2016
and 2017, the proportions of wild type and mutant plants were
3.17:1 and 3.68:1, respectively, conforming to the 3:1 ratio (Chi
square test: χ2 = 0.691 and 0.311). In the backcross population
F1 × fg-1, the proportion of wild type and mutant plants was
1.33:1, conforming to the 1:1 ratio (Chi square test: χ2 = 0.593),
and all plants in the backcross group F1 × wild type were similar
to wild type (Table 1). This phenotypic analysis suggests that the
flat growth trait is controlled by a pair of recessive alleles.

Morphological Characteristics of fg-1
During Leaf Development
During whole leaf development, all fg-1 expanded leaves show flat
growth with a reduced leaf angle to the ground (Supplementary
Table S2). All fg-1 leaves are visibly wrinkled and lacking
the outward-curling features seen in wild type. In the wild
type, the angles from rosette leaves to the ground are larger
(Supplementary Table S2). Additionally, the rosette leaves are
slightly wrinkled; the heading leaves are outward-curling at the
top edge. From the early heading stage, the newly expanded leaves
curl transversely and longitudinally to form the head (Figure 1).

During the late rosette and heading stages, the leaf length and
area in fg-1 are significantly smaller than that in wild type, while
there is no significant difference in leaf width (Supplementary
Table S3). The leaf shape in fg-1 tends to be obovate, but that in
wild type is close to rectangle.

At the heading stage, the expansion degree of the mutant
plants (the maximum distance between the outside leaves)
was similar to that of the wild type, while plant height was
significantly less (Supplementary Figure S2).

Leaf Abaxial and Adaxial Epidermal Cell
Structure and Area in fg-1
To further characterize the difference between the leaf
morphology of wild type and fg-1, abaxial epidermal cells

TABLE 1 | Segregation ratios of F1, F2 and two BC1F1s between fg-1 and wild
type.

Generation Total
plants

Wild type
plants

(heading)

Mutant plants
(non-heading)

Segregation
ratio

χ2 value

F1 5 5 0 5:0

F2 (2016) 163 124 39 3.17:1 0.691

F2 (2017) 145 114 31 3.68:1 0.311

F1 × fg-1 14 8 6 1.33:1 0.593

F1 × wild
type

10 10 0 10:0

of leaf sections were observed by scanning electron microscopy
at the rosette and heading stage (Figure 2). Adaxial epidermal
cells of leaf sections were also observed at the late heading stage
(Supplementary Figure S3). At both stages, more large and
slender cells in the abaxial epidermis were observed at the top
and central edge of fg-1 mutant leaves compared to wild type.
The abaxial epidermis cell areas of the top and the central leaf
edges in fg-1 were significantly greater than that in the wild type
at the rosette and heading stages (Table 2). At the rosette stage,
abaxial epidermis cell area of both the top and the central edge
of the leaf in fg-1 was 57.7 and 28.9% larger than that in the wild
type, respectively. At the heading stage, the abaxial epidermis
cell area of both the top and central edge was 35.8 and 39.1%
larger than that of the wild type, respectively (Table 2). At the
late heading stage, the adaxial epidermis cell area of both the top
and central edge was 26.1 and 41.1% lower than that of the wild
type, respectively (Table 3).

Identification of Differentially Expressed
Genes via RNA-seq Between fg-1 and
A03 Leaves
Following read processing and quality filtering, roughly 6.34 Gb
remained for each sample with over 85% of reads uniquely
mapped (Supplementary Table S4). We identified 7669 DEGs
in the top leaf section, with 3966 down-regulated and 3703
up-regulated; 5022 DEGs were found in the middle section,
with 2625 down-regulated and 2397 up-regulated; 3907 DEGs
were found in the base of the soft leaf section, with 1900
down-regulated and 2007 up-regulated; and 4823 DEGs were
found in the basal section, with 2090 down-regulated and
2733 up-regulated (Supplementary Table S5). To validate the
RNA-seq data, 10 representative DEGs were assessed by qRT-
PCR analysis. The results indicated that the expression of the

TABLE 2 | Area of leaf abaxial epidermal cells.

Type Rosette stage (µm2) Heading stage (µm2)

Leafy top Leafy central
edge

Leafy top Leafy central
edge

Wild
type

380.2 ± 40.3 b 423.0 ± 41.7 b 735.6 ± 114.8 b 768.7 ± 67.8 b

fg-1 899.3 ± 118.5 a 595.1 ± 50.4 a 1145.2 ± 109.0 a 1261.5 ± 125.1 a

Each value is the mean ± SE for 60 cells from three independent replicates.
Different letters indicate significant differences between treatments (P < 0.05)
according to Duncan’s multiple range test.

TABLE 3 | Area of leafy adaxial epidermal cells in the late heading stage.

Type Leafy top (µm2) Leafy central edge (µm2)

Wild type 3058.4 ± 237.8 a 3520.9 ± 352.3 a

fg-1 2425.7 ± 141.2 b 2496.2 ± 266.4 b

Each value is the mean ± SE for 60 cells from three biological replicates. Different
letters indicate significant differences between treatments (P < 0.05) according to
Duncan’s multiple range test.
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FIGURE 1 | Morphological characteristics of the wild type and fg-1 at different developmental stages. (A–E) represent fg-1 plants at seedling, rosette, late rosette,
early heading and heading stages, respectively. (F–J) represent wild type plants at seedling, rosette, late rosette, early heading, and heading stages, respectively.

FIGURE 2 | Scanning electron microscopy for abaxial epidermis cells of leaf sections at different developmental stages for the wild type and fg-1. (A,B) represent
abaxial epidermis cells of the top and central leaf edge at the rosette stage in wild type. (C,D) represent abaxial epidermis cells of the top and central leaf edge at the
heading stage in wild type. (E,F) represent abaxial epidermis cells of the top and central leaf edge at the rosette stage in fg-1. (G,H) represent abaxial epidermis cells
of the top and central leaf edge at the heading stage in fg-1. Slender cells are indicated by arrows. Length of black bars is 10 µm.

genes between the two methods were consistent (R2 = 0.8441)
(Supplementary Figure S4).

Pathway Analysis Involved in Head
Formation in Chinese Cabbage
Pathway definitions were derived from the KEGG (Kyoto
Encyclopedia of Genes and Genomes) database (Figure 3).
Among the main pathways of DEGs, plant hormone signal
transduction has a known role in regulating leaf development.
Except for genes BrLAX2, BrPIN1, and BrPIN6 in leaf section
d (Figure 4A, subcluster c), the expression levels of the
auxin influx and efflux carrier genes, three BrAUX1 genes,
four BrLAXs and six BrPINs were reduced (Figure 4A
and Supplementary Tables S5, S6). Additionally, the main
expression profiles of genes (including BrARF7, 19 BrAUX/IAAs,
six BrGH3 and 50 BrSAURs) involved in IAA signaling were
also down-regulated (Supplementary Figure S6A, subcluster
b and c; Supplementary Table S7), but the expression levels
of three syntenic genes of AtARF5 in leaf section d were

elevated in fg-1 (Supplementary Figure S6A, subcluster
a; Supplementary Table S7). The expression patterns of
30 genes (including 10 BrPYR/PYLs, nine BrPP2Cs, six
BrSnRK2s and five BrABFs) in abscisic acid (ABA) signaling
(Supplementary Figure S6B, subcluster b; Supplementary
Table S7), 19 genes (including three BrHK3 genes, three
AHPs, two BrB-ARRs and 11 BrA-ARRs) in CK signaling
(Supplementary Figure S7A), 16 genes (including three BrJAR1
syntenic genes, two BrCOI1 syntenic genes, 10 BrJAZs and
one BrMYC2) in JA signal transduction (Supplementary
Figure S7B) and 12 genes (nine BrTGAs and three BrNRRs)
in SA signal transduction (Supplementary Figure S7C)
were altered.

However, the expression levels of BrIAMT1 (Bra002919)
encoding the IAA carboxyl methyltransferase 1, known to
alter leaf curvature phenotypes through an auxin-regulated
developmental process (Qin et al., 2005), decreased in three
sections (a, b, c) of fg-1 leaves (Figure 4B, subcluster d;
Supplementary Figure S5). In addition, except for three BrT
in subcluster h and BrTCP22 (Bra008001) in subcluster d
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FIGURE 3 | The main KEGG pathways of DEGs in fg-1 compared with wild type. Different colors represent the pathway names. The number of genes involved in
each pathway is labeled in parentheses. Pathways in the rectangular boxes are involved in plant hormone signal transduction. (A–D) represent the main KEGG
pathways of DEGs in sections a–d of the fg-1 leaf compared with the wild type, respectively.

FIGURE 4 | Expression profile of the auxin influx and efflux carrier genes, IAMT1 and TCPs. The bar on the right side of the heat map represents relative expression
values where 2, 0, and –2 represent high, intermediate and low expression, respectively. Red indicates relatively high gene expression levels and deep blue indicates
relatively low gene expression levels. (A) The expression differences in auxin influx and efflux carrier genes in four leaf sections of the fg-1 mutant and wild type.
(B) The expression differences in BrIAMT1 and BrTCP genes in four leaf sections of the fg-1 mutant and wild type.
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FIGURE 5 | Concentrations of IAA, MeIAA, ABA, JA, SA and tZ in the fg-1 and wild type. An asterisk represents a significant difference (∗p < 0.05 and ∗∗p < 0.01).
(A–F) show the concentrations of IAA, MeJA, ABA, JA, SA and tZ in fg-1 and wild type, respectively.

(Figure 4B and Supplementary Figure S5), increased expression
levels of the remaining nine BrTCP genes that are known to
regulate leaf curvature were observed in the fg-1 a, b and c leaf
sections (Figure 4B and Supplementary Table S6). Additionally,
19 genes regulating leaf abaxial-adaxial patterning, including
BrKAN1, BrBOP2 (BrNPR5), six BrHD-ZIPIIIs (BrREV,
BrHB8.1, BrHB8.2, BrHB9, BrHB14.1, BrHB14.2), four BrYABs
(BrYAB1.1, BrYAB1.2, BrYAB2, BrYAB3) and seven BrKNOX
class II genes (BrKNAT1, BrKNAT2, BrKNAT3, BrKNAT4.1,
BrKNAT4.2, BrKNAT5, BrKNAT6), were differentially expressed
in several sections of fg-1 leaves (Supplementary Figure S8 and
Supplementary Table S9).

Phytohormone Quantification in fg-1 and
Wild Type
Concentrations of auxin, including IAA and MeIAA, ABA,
salicylic acid (SA), JA and CK, including trans-Zeatin (tZ), in
fg-1 were significantly different from wild type. Specifically, in fg-
1, levels of IAA, ABA, JA and SA were reduced 25.2, 51.3, 55.7,
and 28.7% compared with A03, respectively (Figures 5A,C–E).
However, levels of MeIAA and tZ were increased in fg-1 to 3.2
and 1.7 fold that of the wild type, respectively (Figures 5B,F). The
levels of other phytohormones such as GA showed no difference
between fg-1 and wild type.

DISCUSSION

To explore the heading mechanism in Chinese cabbage, a
comprehensive regulatory network was constructed based on the
above results (Figure 6).

Epidermal Cell Shape Variation Between
fg-1 and Wild Type
Leaf shape, such as curvature and wrinkling, is closely related to
cell structure (Liu et al., 2011). Leaves also have unique abaxial-
adaxial characteristics, including the distribution of hair and
stoma on the surface of the leaf and the type and arrangement
of the cells on the abaxial side of the leaf (Tsukaya, 2002). The
Arabidopsis hyl1 mutant lacks the long and narrow cells in the
abaxial epidermis, resulting in dramatically inward curling leaves
(Liu et al., 2011). Interestingly, similar to the inward curling
phenotype in Arabidopsis hyl1, leaves of wild-type Chinese
cabbage also curl inward and form a head due to the lack of
these long and narrow cell types in the abaxial epidermis. The
presence of elongated and narrow cells in the abaxial epidermis
leads to the non-heading flat growth of fg-1 leaves (Figure 2 and
Table 1). The single adaxial cell area in wild type is significantly
larger than in fg-1 (Table 3 and Supplementary Figure S3),
suggesting that cell shape and size play an important role in
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FIGURE 6 | Model of the regulatory network contributing to the fg-1 non-heading leaf phenotype. The black solid arrows denote the findings inferred from the
present study. Dark red arrows denote the results of previous studies.

maintaining leaf polarity and regulating heading in Chinese
cabbage (Figure 6).

The Role of Phytohormones in Leaf
Development
Phytohormones play essential roles in regulating leaf shape and
polarity (Gazzarrini and Mccourt, 2003; Santner and Estelle,
2009; Stamm and Kumar, 2010; Cheng et al., 2016). Four
phytohormones in particular (CK, auxin, GA and JA) have been
implicated in heading morphotypes of both Chinese cabbage
and cabbage (Cheng et al., 2016). Auxin directly influences cell
growth (Teale et al., 2006) but also contributes to axial polarity
and patterning of leaves (Barkoulas et al., 2007). IAA is the
predominant form of auxin in plants (Teale et al., 2006), while
MeIAA, a non-polar and more potent auxin based on hypocotyl
elongation assays, plays an important role in regulating auxin
homeostasis and plant development (Qin et al., 2005). In fg-1,
IAA homeostasis was altered compared to wild type with lower
levels of IAA and elevated levels of MeIAA (Figures 5A,B).
These differences might contribute to the disrupted axial polarity
(Figure 1) and cell enlargement observed in fg-1 leaves (Figure 2).
IAA transport and signaling play essential roles in controlling
plant growth and development (Teale et al., 2006). Consistent
with the reduced accumulation of IAA, the expression levels
of auxin influx and efflux carrier genes were reduced, similar
to the majority of auxin responsive genes (Figure 4A and
Supplementary Figure S6A), providing further support for the
importance of auxin in head formation.

Endogenous ABA is involved in plant responses to
environmental stresses in addition to fine-tuning plant
development through a regulatory circuit of primary

metabolism, cell growth and cell division (Fedoroff,
2002; Himmelbach et al., 2003). Cross-talk between ABA
and auxin signaling occurs via AXR2/IAA7 (Timpte
et al., 1994; Nagpal et al., 2000; Fedoroff, 2002). The
homeostasis of ABA is also disturbed in fg-1 (Figure 5C),
along with changes in ABA signaling (Supplementary
Figure S6B). The expression of two AtIAA7 syntenic genes
in subclusters b and c were significantly down-regulated
in fg-1 (Supplementary Figure S6A) suggesting that the
cross-talk between ABA and IAA signaling impacts leaf
heading (Figure 6).

CKs have profound roles in plant growth regulation, such
as release of lateral buds from apical dominance and delay of
senescence (Kasahara et al., 2004). As a form of CKs, tZ is active
and regulates plant development (Inoue et al., 2001; Yamada et al.,
2001). In this study, tZ accumulates (Figure 5F) in fg-1 suggesting
that higher concentrations of tZ might delay leaf senescence
via CK signaling resulting in the non-heading phenotype. At
the late heading stage of fg-1 plants, leaves begin heading, but
under suboptimal conditions (e.g., low temperature and short day
length), the leaves do not form a complete head (Figure 1).

SA has crucial roles in regulating physiological processes
via a complex SA signaling network (Vanacker et al., 2001;
Vicente and Plasencia, 2011). Altered SA levels disturb
normal growth phenotypes (e.g., plant stature, leaf morphology,
and cell size) (Greenberg et al., 2000; Song et al., 2004;
Brodersen et al., 2005). JA regulates plant stress response,
growth and development (e.g., leaf movement and senescence)
through a regulatory network that integrates other plant
hormones including SA, IAA and ABA (Nakamura et al.,
2006; Wasternack, 2007; Wasternack and Strnad, 2016). In fg-
1, the accumulation of both JA and SA was reduced, with

Frontiers in Plant Science | www.frontiersin.org 8 February 2019 | Volume 10 | Article 112

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-10-00112 February 9, 2019 Time: 17:6 # 9

Li et al. Non-heading Mutant in Chinese Cabbage

up-regulated expression patterns of several genes involved in JA
and SA signaling (Figures 5D,E and Supplementary Table S8).
The abnormal leaf growth and development seen in fg-1 could be
due to disrupted coordination of multiple hormone signals.

In leaf section b of fg-1, the expression patterns of four
BrPYR/PYLs, four BrPP2Cs, three BrSnRK2s and BrABF3
involved in ABA signaling were up-regulated, which was contrary
to the change of ABA content. This same trend of gene expression
patterns was observed in JA and SA signaling pathways in the
fg-1 leaf section b. One explanation for this discrepancy is that
these genes may be involved in multifunctional roles in other
signaling pathways important for leaf development (Wasternack
and Strnad, 2016).

Impacts of BrIAMT1 and BrTCPs on Leaf
Polarity in Chinese Cabbage
The role of IAMT1 in Arabidopsis leaf development was
implicated in an auxin-regulated developmental process (Qin
et al., 2005). Decreased expression levels of IAMT1 causes
dramatic epinastic leaf phenotypes (including smaller leaves and
dwarfism) in IAMT1-RNAi Arabidopsis plants (Qin et al., 2005).
Interestingly, the expression level of BrIAMT1 (Bra002919) was
also down-regulated in fg-1 (Figure 4A, subcluster d) with a
similar axial patterning of leaves and plant dwarfism as shown
in IAMT1-RNAi Arabidopsis plants.

A subset of TCP genes (e.g., TCP2, TCP3, TCP4, and TCP10)
have been shown to play important roles in regulating leaf
morphology (Nath et al., 2003; Palatnik et al., 2003; Mao et al.,
2014). Higher IAMT1 expression levels were correlated with
lower expression of the TCP genes in Arabidopsis iamt1-D
mutants that display dramatic hyponastic leaf phenotypes (Qin
et al., 2005). In contrast, decreased mRNA levels of BrIAMT1 and
increased expression of nine BrTCP genes (Figure 4B, subcluster
e, f and g) may contribute to the epinastic growth of leaves in fg-1
(Figure 6).

It has been reported that the enzyme IAMT1 converts
IAA to MeIAA in vitro (Qin et al., 2005; Zhao et al., 2008).
Nevertheless, MeIAA is hard to detect (Qin et al., 2005),
and it is unclear whether plants make MeIAA or whether
IAMT1 could catalyze IAA to MeIAA in vivo (Zimmerman
and Hitchcock, 1937; Yang et al., 2008). In this study, the
expression levels of IAMT1 were decreased in leaf sections
a, b and c of fg-1, while the concentration of MeIAA,
detected via the HPLC-ESI-MS/MS system, was elevated in fg-
1 (Figure 5). There are two possible explanations for these
results. First, the IAMT1 enzyme function may be distinct

between in vitro and in vivo conditions. Second, the gene
underlying the fg-1 mutant may disrupt the BrIAMT1 catalysis
in methylating IAA to MeIAA. The altered hormone levels
and expression patterns of hormone responsive genes suggests
a complex interplay of hormone signaling is necessary for
proper head formation. Deciphering this complex network
through additional genetic and genomic studies is needed
to inform future breeding efforts for head morphology in
Chinese cabbage.

AUTHOR CONTRIBUTIONS

JL and XZ performed the research and wrote the manuscript. DxF
and XS surveyed the morphological characteristics. ML, AG, and
SX analyzed the data of RNA-Seq. SL, SW, and YL performed
the genetic analysis. DlF, XL, and FW performed the morphology
analysis. XC and SF reviewed the manuscript. JZ, SS, and YW
designed the research and reviewed the manuscript. All authors
declare no competing financial interests.

FUNDING

The financial support for this work was provided by the
National Key R&D Program of China (2017YFD0101802 and
2016YFD0100204-17), the National Natural Science Foundation
of China (31672151 and 31801857), International Cooperation
project in the Science and Technology Support Program of
Hebei (17396315D), Hundred Innovative Talent Program of
Hebei (SLRC2017040), the Natural Science Foundation of Hebei
(C2016204170), the Science and Technology Support Program
of Hebei (16226304D-2), the Science and Technology Research
Project of Hebei Colleges and Universities (QN2017084).

ACKNOWLEDGMENTS

We thank Dr. Kathleen Greenham at Dartmouth College in
Hanover, NH, for critical reading of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2019.00112/
full#supplementary-material

REFERENCES
Anders, S. (2010). HTSeq: Analysing High-Throughput Sequencing Data with

Python. Available at: http://htseq.readthedocs.io/
Anders, S., and Huber, W. (2010). Differential expression analysis for

sequence count data. Genome Biol. 11:R106. doi:10.1186/gb-2010-11-
10-r106

Anders, S., and Huber, W. (2012). Differential Expression of RNA-Seq Data at the
Gene Level-the DESeq Package. Heidelberg: EMBL.

Barkoulas, M., Galinha, C., Grigg, S. P., and Tsiantis, M. (2007). From genes to
shape: regulatory interactions in leaf development. Curr. Opin. Plant Biol. 10,
660–666. doi: 10.1016/j.pbi.2007.07.012

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J. R. Stat. Soc. B. 57,
289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

Brodersen, P., Malinovsky, F. G., Hématy, K., Newman, M. A., and Mundy, J.
(2005). The role of salicylic acid in the induction of cell death in Arabidopsis
acd11. Plant Physiol. 138, 1037–1045. doi: 10.1104/pp.105.059303

Frontiers in Plant Science | www.frontiersin.org 9 February 2019 | Volume 10 | Article 112

https://www.frontiersin.org/articles/10.3389/fpls.2019.00112/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2019.00112/full#supplementary-material
http://htseq.readthedocs.io/
https://doi.org/10.1186/gb-2010-11-10-r106
https://doi.org/10.1186/gb-2010-11-10-r106
https://doi.org/10.1016/j.pbi.2007.07.012
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1104/pp.105.059303
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-10-00112 February 9, 2019 Time: 17:6 # 10

Li et al. Non-heading Mutant in Chinese Cabbage

Cheng, F., Sun, R. F., Hou, X. L., Zheng, H. K., Zhang, F. L., Zhang,
Y. Y., et al. (2016). Subgenome parallel selection is associated with
morphotype diversification and convergent crop domestication in Brassica
rapa and Brassica oleracea. Nat. Genet. 48, 1218–1224. doi: 10.1038/ng.
3634

Cheng, F., Wu, J., and Wang, X. (2014). Genome triplication drove the
diversification of Brassica plants. Hortic. Res. 1:14024. doi: 10.1038/hortres.
2014.24

Chiu, W. H., Chandler, J., and Cnops, G. (2007). Mutations in the TORNADO2
gene affect cellular decisions in the peripheral zone of the shoot apical meristem
of Arabidopsis thaliana. Plant Mol. Biol. 63, 731–744. doi: 10.1007/s11103-006-
9105-z

Collins, T. J. (2007). ImageJ for microscopy. Biotechniques 43, 25–30. doi: 10.1002/
mrd.22489

Eshed, Y., Baum, S. F., Perea, J. V., and Bowman, J. L. (2001). Establishment of
polarity in lateral organs of plants. Curr. Biol. 11, 1251–1260. doi: 10.1016/
S0960-9822(01)00392-X

Fedoroff, N. V. (2002). Cross-talk in abscisic acid signaling. Sci. STKE 2002:re10.
doi: 10.1126/stke.2002.140.re10

Gabrielson, K. M., Cancel, J. D., and Morua, L. F. (2006). Identification of dominant
mutations that confer increased aluminum tolerance through mutagenesis of
the Al-sensitive Arabidopsis mutant, als3-1. J. Exp. Bot. 57, 943–951. doi: 10.
1093/jxb/erj080

Gao, L. W., Lyu, S. W., Tang, J., Zhou, D. Y., Bonnema, G., Xiao, D., et al.
(2017). Genome-wide analysis of auxin transport genes identifies the hormone
responsive patterns associated with leafy head formation in Chinese cabbage.
Sci. Rep. 7:42229. doi: 10.1038/srep42229

Gazzarrini, S., and Mccourt, P. (2003). Cross-talk in plant hormone signalling: what
Arabidopsis mutants are telling us. Ann. Bot. 91, 605–612. doi: 10.1093/aob/
mcg064

Greenberg, J. T., Silverman, F. P., and Liang, H. (2000). Uncoupling salicylic acid-
dependent cell death and defense-related responses from disease resistance in
the Arabidopsis mutant acd5. Genetics 156, 341–350.

Gu, A., Meng, C., Chen, Y., Wei, L., Dong, H., Lu, Y., et al. (2017). Coupling Seq-
BSA and RNA-Seq analyses reveal the molecular pathway and genes associated
with leaf head pattern formation at top region in Chinese cabbage. Front. Genet.
8:176. doi: 10.3389/fgene.2017.00176

He, Y. K., Xue, W. X., Sun, Y. D., Yu, X. H., and Liu, P. L. (2000). Leafy
head formation of the progenies of transgenic plants of Chinese cabbage with
exogenous auxin genes. Cell Res. 10, 151–160. doi: 10.1038/sj.cr.7290044

Himmelbach, A., Yang, Y., and Grill, E. (2003). Relay and control of abscisic
acid signaling. Curr. Opin. Plant Biol. 6, 470–479. doi: 10.1016/S1369-5266(03)
00090-6

Hunter, C., Willmann, M. R., Wu, G., Yoshikawa, M., de la Luz Gutiérrez-Nava, M.,
and Poethig, S. R. (2006). Trans-acting siRNA-mediated repression of ETTIN
and ARF4 regulates heteroblasty in Arabidopsis. Development 133, 2973–2981.
doi: 10.1242/dev.02491

Inoue, T., Higuchi, M., Hashimoto, Y., Seki, M., Kobayashi, M., Kato, T., et al.
(2001). Identification of CRE1 as a cytokinin receptor from Arabidopsis. Nature
409, 1060–1063. doi: 10.1038/35059117

Kasahara, H., Takei, K., Ueda, N., Hishiyama, S., Yamaya, T., Kamiya, Y., et al.
(2004). Distinct isoprenoid origins of cis-and trans-zeatin biosyntheses in
Arabidopsis. J. Biol. Chem. 279, 14049–14054. doi: 10.1074/jbc.M314195200

Kerstetter, R. A., Bollman, K., Taylor, R. A., Bomblies, K., and Poethig, R. S.
(2001). KANADI regulates organ polarity in Arabidopsis. Nature 411, 706–709.
doi: 10.1038/35079629

Kidner, C. A., and Timmermans, M. C. (2010). Signaling sides: adaxial–abaxial
patterning in leaves. Curr. Top. Dev. Biol. 91, 141–168. doi: 10.1016/S0070-
2153(10)91005-3

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with
low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth.3317

Kim, G. T., and Cho, K. H. (2006). Recent advances in the genetic regulation of the
shape of simple leaves. Physiol. Plant. 126, 494–502. doi: 10.1111/j.1399-3054.
2006.00634.x

Li, X., Nair, A., Wang, S., and Wang, L. (2015). “Quality control of RNA-seq
experiments,” in RNA Bioinformatics, ed. E. Picardi (New York, NY: Humana
Press), 137–146. doi: 10.1007/978-1-4939-2291-8_8

Liang, J., Liu, B., Wu, J., Cheng, F., and Wang, X. (2016). Genetic variation and
divergence of genes involved in leaf adaxial-abaxial polarity establishment in
Brassica rapa. Front. Plant Sci. 7:94. doi: 10.3389/fpls.2016.00094

Liu, Z., Jia, L., Wang, H., and He, Y. (2011). HYL1 regulates the balance between
adaxial and abaxial identity for leaf flattening via miRNA-mediated pathways.
J. Exp. Bot. 62, 4367–4381. doi: 10.1093/jxb/err167

Lu, Y., Dai, S., Gu, A., Liu, M., Wang, Y., Luo, S., et al. (2016). Microspore
induced doubled haploids production from Ethyl Methanesulfonate
(EMS) soaked flower buds is an efficient strategy for mutagenesis
in Chinese cabbage. Front. Plant Sci. 7:1780. doi: 10.3389/fpls.2016.
01780

Mao, Y., Wu, F., Yu, X., Bai, J., Zhong, W., and He, Y. (2014). MicroRNA319a-
targeted Brassica rapa ssp. pekinensis TCP genes modulate head shape in
Chinese cabbage by differential cell division arrest in leaf regions. Plant Physiol.
164, 710–720. doi: 10.1104/pp.113.228007

McConnell, J. R., Emery, J., Eshed, Y., Bao, N., Bowan, J., and Barton, M. K. (2001).
Role of Phabulosa and Phavoluta in determining radial patterning in shoots.
Nature 411, 709–713. doi: 10.1038/35079635

Nagpal, P., Walker, L. M., Young, J. C., Sonawala, A., Timpte, C., Estelle, M., et al.
(2000). AXR2 encodes a member of the Aux/IAA protein family. Plant Physiol.
123, 563–574. doi: 10.1104/pp.123.2.563

Nakamura, Y., Miyatake, R., Matsubara, A., Kiyota, H., and Ueda, M.
(2006). Enantio-differential approach to identify the target cell for
glucosyl jasmonate-type leaf-closing factor, by using fluorescence-labeled
probe compounds. Tetrahedron 62, 8805–8813. doi: 10.1016/j.tet.2006.
06.092

Nath, U., Crawford, B. C., Carpenter, R., and Coen, E. (2003). Genetic
control of surface curvature. Science 299, 1404–1407. doi:10.1126/science.107
9354

Otsuga, D., DeGuzman, B., Prigge, M. J., Drews, G. N., and Clark, S. E. (2001).
REVOLUTA regulates meristem initiation at lateral positions. Plant J. 25,
223–236. doi: 10.1111/j.1365-313X.2001.00959.x

Palatnik, J. F., Allen, E., Wu, X., Schommer, C., Schwab, R., Carrington, J. C., et al.
(2003). Control of leaf morphogenesis by microRNAs. Nature 425, 257–263.
doi: 10.1038/nature01958

Pérez-Pérez, J. M., Candela, H., Robles, P., López-Torrejón, G., del Pozo,
J. C., and Micol, J. L. (2010). A role for Auxin Resistant3 in the
coordination of leaf growth. Plant Cell Physiol. 51, 1661–1673. doi: 10.1093/pcp/
pcq123

Qin, G., Gu, H., Zhao, Y., Ma, Z., Shi, G., Yang, Y., et al. (2005). An indole-3-acetic
acid carboxyl methyltransferase regulates Arabidopsis leaf development. Plant
Cell 17, 2693–2704. doi: 10.1105/tpc.105.034959

Santner, A., and Estelle, M. (2009). Recent advances and emerging trends in plant
hormone signalling. Nature 459, 1071–1078. doi: 10.1038/nature08122

Song, J. T., Lu, H., and Greenberg, J. T. (2004). Divergent roles in
Arabidopsis thaliana development and defense of two homologous genes,
aberrant growth and death2 and AGD2-Like Defense Response Protein1,
encoding novel aminotransferases. Plant Cell 16, 353–366. doi: 10.1105/tpc.01
9372

Stamm, P., and Kumar, P. P. (2010). The phytohormone signal network regulating
elongation growth during shade avoidance. J. Exp. Bot. 61, 2889–2903. doi:
10.1093/jxb/erq147

Stephenson, P., Baker, D., Girin, T., Perez, A., Amoah, S., King, G. J., et al. (2010).
A rich tilling resource for studying gene function in Brassica rapa. BMC Plant
Biol. 10:62. doi: 10.1186/1471-2229-10-62

Teale, W. D., Paponov, I. A., and Palme, K. (2006). Auxin in action: signalling,
transport and the control of plant growth and development. Nat. Rev. Mol. Cell
Bio. 7, 847–857. doi: 10.1038/nrm2020

Timpte, C., Wilson, A. K., and Estelle, M. (1994). The axr2-1 mutation of
Arabidopsis thaliana is a gain-of-function mutation that disrupts an early step
in auxin response. Genetics 138, 1239–1249.

Townsley, B. T., and Sinha, N. R. (2012). A new development: evolving concepts
in leaf ontogeny. Annu. Rev. Plant Biol. 63, 535–562. doi: 10.1146/annurev-
arplant-042811-105524

Tsukaya, H. (2002). Leaf morphogenesis: genetic regulations for length, width and
size of leaves. Tanpakushitsu Kakusan Koso. Protein, Nucleic acid, Enzyme 47,
1576–1580.

Frontiers in Plant Science | www.frontiersin.org 10 February 2019 | Volume 10 | Article 112

https://doi.org/10.1038/ng.3634
https://doi.org/10.1038/ng.3634
https://doi.org/10.1038/hortres.2014.24
https://doi.org/10.1038/hortres.2014.24
https://doi.org/10.1007/s11103-006-9105-z
https://doi.org/10.1007/s11103-006-9105-z
https://doi.org/10.1002/mrd.22489
https://doi.org/10.1002/mrd.22489
https://doi.org/10.1016/S0960-9822(01)00392-X
https://doi.org/10.1016/S0960-9822(01)00392-X
https://doi.org/10.1126/stke.2002.140.re10
https://doi.org/10.1093/jxb/erj080
https://doi.org/10.1093/jxb/erj080
https://doi.org/10.1038/srep42229
https://doi.org/10.1093/aob/mcg064
https://doi.org/10.1093/aob/mcg064
https://doi.org/10.3389/fgene.2017.00176
https://doi.org/10.1038/sj.cr.7290044
https://doi.org/10.1016/S1369-5266(03)00090-6
https://doi.org/10.1016/S1369-5266(03)00090-6
https://doi.org/10.1242/dev.02491
https://doi.org/10.1038/35059117
https://doi.org/10.1074/jbc.M314195200
https://doi.org/10.1038/35079629
https://doi.org/10.1016/S0070-2153(10)91005-3
https://doi.org/10.1016/S0070-2153(10)91005-3
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1111/j.1399-3054.2006.00634.x
https://doi.org/10.1111/j.1399-3054.2006.00634.x
https://doi.org/10.1007/978-1-4939-2291-8_8
https://doi.org/10.3389/fpls.2016.00094
https://doi.org/10.1093/jxb/err167
https://doi.org/10.3389/fpls.2016.01780
https://doi.org/10.3389/fpls.2016.01780
https://doi.org/10.1104/pp.113.228007
https://doi.org/10.1038/35079635
https://doi.org/10.1104/pp.123.2.563
https://doi.org/10.1016/j.tet.2006.06.092
https://doi.org/10.1016/j.tet.2006.06.092
https://doi.org/10.1126/science.1079354
https://doi.org/10.1126/science.1079354
https://doi.org/10.1111/j.1365-313X.2001.00959.x
https://doi.org/10.1038/nature01958
https://doi.org/10.1093/pcp/pcq123
https://doi.org/10.1093/pcp/pcq123
https://doi.org/10.1105/tpc.105.034959
https://doi.org/10.1038/nature08122
https://doi.org/10.1105/tpc.019372
https://doi.org/10.1105/tpc.019372
https://doi.org/10.1093/jxb/erq147
https://doi.org/10.1093/jxb/erq147
https://doi.org/10.1186/1471-2229-10-62
https://doi.org/10.1038/nrm2020
https://doi.org/10.1146/annurev-arplant-042811-105524
https://doi.org/10.1146/annurev-arplant-042811-105524
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-10-00112 February 9, 2019 Time: 17:6 # 11

Li et al. Non-heading Mutant in Chinese Cabbage

Vanacker, H., Lu, H., Rate, D. N., and Greenberg, J. T. (2001). A role for salicylic
acid and NPR1 in regulating cell growth in Arabidopsis. Plant J. 28, 209–216.
doi: 10.1046/j.1365-313X.2001.01158.x

Vicente, M. R., and Plasencia, J. (2011). Salicylic acid beyond defence: its role in
plant growth and development. J. Exp. Bot. 62, 3321–3338. doi: 10.1093/jxb/
err031

Wang, J., Lu, K., Nie, H., Zeng, Q., Wu, B., Qian, J., et al. (2018). Rice nitrate
transporter OsNPF7.2 positively regulates tiller number and grain yield. Rice
11:12. doi: 10.1186/s12284-018-0205-6

Wang, L., Feng, Z., Wang, X., and Zhang, X. (2010). DEGseq: an R package for
identifying differentially expressed genes from RNA-seq data. Bioinformatics 26,
136–148. doi: 10.1093/bioinformatics/btp612

Wang, N., Shi, L., Tian, F., Ning, H., Wu, X., Long, Y., et al. (2010). Assessment
of FAE1 polymorphisms in three Brassica species using ecotilling and their
association with differences in seed erucic acid contents. BMC Plant Biol.
10:137. doi: 10.1186/1471-2229-10-137

Wang, X., Wang, H., Wang, J., Sun, R., Wu, J., Liu, S., et al. (2011). The genome
of the mesopolyploid crop species Brassica rapa. Nature Genet. 43, 1035–1039.
doi: 10.1038/ng.919

Wasternack, C. (2007). Jasmonates: an update on biosynthesis, signal transduction
and action in plant stress response, growth and development. Ann. Bot. 100,
681–697. doi: 10.1093/aob/mcm079

Wasternack, C., and Strnad, M. (2016). Jasmonate signaling in plant stress
responses and development-active and inactive compounds. New Biotechnol.
33, 604–613. doi: 10.1016/j.nbt.2015.11.001

Yamada, H., Suzuki, T., Terada, K., Takei, K., Ishikawa, K., Miwa, K., et al.
(2001). The Arabidopsis AHK4 histidine kinase is a cytokinin-binding receptor
that transduces cytokinin signals across the membrane. Plant Cell Physiol. 42,
1017–1023. doi: 10.1093/pcp/pce127

Yang, Y., Xu, R., Ma, C. J., Vlot, A. C., Klessig, D. F., and Pichersky, E.
(2008). Inactive methyl indole-3-acetic acid ester can be hydrolyzed
and activated by several esterases belonging to the AtMES esterase

family of Arabidopsis. Plant Physiol. 147, 1034–1045. doi: 10.1104/pp.108.
118224

Zhang, X. M., Yu, H. J., Sun, C., Deng, J., Zhang, X., Liu, P., et al. (2017). Genome-
wide characterization and expression profiling of the NAC genes under abiotic
stresses in Cucumis sativus. Plant Physiol. Biochem. 113, 98–109. doi: 10.1016/j.
plaphy.2017.01.023

Zhao, N., Ferrer, J. L., Ross, J., Guan, J., Yang, Y., Pichersky, E., et al.
(2008). Structural, biochemical, and phylogenetic analyses suggest that
indole-3-acetic acid methyltransferase is an evolutionarily ancient member
of the sabath family. Plant Physiol. 146, 455–467. doi: 10.1104/pp.107.
110049

Zhao, W., Yang, X., Yu, H., Jiang, W., Sun, N., Liu, X., et al. (2014). RNA-
Seq-based transcriptome profiling of early nitrogen deficiency response
in cucumber seedlings provides new insight into the putative nitrogen
regulatory network. Plant Cell Physiol. 56, 455–467. doi: 10.1093/pcp/
pcu172

Zimmerman, P. W., and Hitchcock, A. E. (1937). Comparative effectiveness of
acids, esters, and salts as growth substances and methods of evaluating them.
Contrib. Boyce Thompson Inst. 8, 337–350.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Li, Zhang, Lu, Feng, Gu, Wang, Wu, Su, Chen, Li, Liu,
Fan, Feng, Luo, Xuan, Wang, Shen and Zhao. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Plant Science | www.frontiersin.org 11 February 2019 | Volume 10 | Article 112

https://doi.org/10.1046/j.1365-313X.2001.01158.x
https://doi.org/10.1093/jxb/err031
https://doi.org/10.1093/jxb/err031
https://doi.org/10.1186/s12284-018-0205-6
https://doi.org/10.1093/bioinformatics/btp612
https://doi.org/10.1186/1471-2229-10-137
https://doi.org/10.1038/ng.919
https://doi.org/10.1093/aob/mcm079
https://doi.org/10.1016/j.nbt.2015.11.001
https://doi.org/10.1093/pcp/pce127
https://doi.org/10.1104/pp.108.118224
https://doi.org/10.1104/pp.108.118224
https://doi.org/10.1016/j.plaphy.2017.01.023
https://doi.org/10.1016/j.plaphy.2017.01.023
https://doi.org/10.1104/pp.107.110049
https://doi.org/10.1104/pp.107.110049
https://doi.org/10.1093/pcp/pcu172
https://doi.org/10.1093/pcp/pcu172
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Characterization of Non-heading Mutation in Heading Chinese Cabbage (Brassica rapa L. ssp. pekinensis)
	Introduction
	Materials and Methods
	Plant Materials
	Inheritance of the Mutant Trait
	Morphological Characteristics of fg-1 at Different Developmental Stages
	Analysis of Leaf Abaxial and Adaxial Epidermal Cell Structure and Area
	RNA Extraction, cDNA Library Preparation and Sequencing for RNA-Seq
	RNA-Seq Data Analysis
	Validation of RNA-Seq by qRT-PCR
	Concentration Analysis of Different Phytohormones in fg-1 and Wild Type

	Results
	Inheritance of Mutant Trait
	Morphological Characteristics of fg-1 During Leaf Development
	Leaf Abaxial and Adaxial Epidermal Cell Structure and Area in fg-1
	Identification of Differentially Expressed Genes via RNA-seq Between fg-1 and A03 Leaves
	Pathway Analysis Involved in Head Formation in Chinese Cabbage
	Phytohormone Quantification in fg-1 and Wild Type

	Discussion
	Epidermal Cell Shape Variation Between fg-1 and Wild Type
	The Role of Phytohormones in Leaf Development
	Impacts of BrIAMT1 and BrTCPs on Leaf Polarity in Chinese Cabbage

	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


