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Chinese kale, a vegetable of the cruciferous family, is a papar crop in southern
China and Southeast Asia due to its high glucosinolate contg and nutritional qualities.
However, there is little research on the molecular geneticand genes involved in
glucosinolate metabolism and its regulation in Chinese kal In this study, we sequenced
and characterized the transcriptomes and expression proés of genes expressed in 11
tissues of Chinese kale. A total of 216 million 150-bp cleareads were generated using
RNA-sequencing technology. From the sequences, 98,180 ugienes were assembled
for the whole plant, and 49,582 98,423 unigenes were assembled for each tissue.
Blast analysis indicated that a total of 80,688 (82.18%) ugenes exhibited similarity to
known proteins. The functional annotation and classi catin tools used in this study
suggested that genes principally expressed in Chinese kalevere mostly involved in
fundamental processes, such as cellular and molecular furtions, the signal transduction,
and biosynthesis of secondary metabolites. The expressiotevels of all unigenes were
analyzed in various tissues of Chinese kale. A large numbef candidate genes involved in
glucosinolate metabolism and its regulation were identi d, and the expression patterns
of these genes were analyzed. We found that most of the genesvolved in glucosinolate
biosynthesis were highly expressed in the root, petiole, ahin senescent leaves. The
expression patterns of ten glucosinolate biosynthetic gess from RNA-seq were validated
by quantitative RT-PCR in different tissues. These resuligrovided an initial and global
overview of Chinese kale gene functions and expression awtties in different tissues.

Keywords: Chinese kale,
expression, multiple tissues
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INTRODUCTION

Chinese kaleRrassica oleracear. alboglabreBailey) is native Chinese brassica vegetable which is

widely distributed in Southern China and Southeast Asjga( et al., 201 Besides good avor,
the stem and leaves are high in anticarcinogenic compoundsaatioxidants, including vitamin
C, total phenolics, carotenoids, and glucosinolatas (et al., 2011a,b, 2012
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Glucosinolates are a group of secondary metabolitesxpression patternsin di erenttissues. Therefore, the itssand
containing nitrogen and sulfur, mainly found in the order ndings of this study provide an initial and global overview of
Capparales. They play important roles in plant defense an€hinese kale gene functions and expression activities irrelhe
in human nutrition (Fahey and Talalay, 1999; Halkier andtissues.

Gershenzon, 20061t has been clinically proven that some
glucosinolate-derived isothiocyanate and nitrile compdsin
display anticarcinogenic activityF@hey and Talalay, 1999; MATERIALS AND METHODS

Halkier and Gershenzon, 2006To date, the variations in lant Materials and Preparation

g:ucssmo_late Icor;te_nt dqnd p:o le were cl)tt_)served |\r/:/tmost %he seeds of Chinese kaR. (oleracear. alboglabra Bailey cv.
e brassica plants in di erent organs, cultivars, growthgsts, Zhonghua) were germinated in plastic pots. The seedlings were

and growing conditions Xu et al., 2010; Yuan et al., 2010; Sun . . .
cultured in the eld at 22-25C at South China Agricultural
et al., 2011a,b, 2012; Lee et al., 2013, 2014; Zhu et al;, 9

*Briversi | i
- v iversity (Guangzhou, China). After 3 weeks, the seedlings
Bhanda_rl et al.,. 20.15’ v e_t al., 201%he contents. and prole with 4 true leaves were transplanted into a greenhouse eld to
of glcosinolate in di erent tissues or organs of Chinese kedes

ous| od | 2011a.b. 201D di h avoid rainwater. Water, fertilizer, and pesticides were applie
pre_vlousydre?ore f}%";]etha-’ a’r’] Q gpeln Ny or|1 € as necessaryQ(an et al., 2015; Yin et al., 2015When
amino acids from whic they are s_ynt esized, glucosing a_te the plants were fully grown, samples for RNA extraction
divided into three major groups: aliphatic, indolyl, and aratic

| inol Iki d Gersh 20DEG v, th were harvested free of any insects and mechanical damage
glucosinolates Halkier an ershenzon, 20p6Generally, the (Supplementary Image 1 Qian et al., 2015; Yin et al., 2015

biosynthesis of glucosinolate occurs via three s<—:‘paratee|ahas,The chlorophyll content in leaves was about 156§g * fresh

the chain elongation of precursor ar_nino acids, t_he formatioquight and the in orescence was as high as the apical leaves
of the core structure, and modi cation of the side chain ofat this stage $un et al., 2011a,b; Qian et al., 2015: Yin et al.,

glu(;:osmola.tesselmdsrbytﬁt T)l 20)'::?‘ r;umbter Ofkke%' rfgulgt(;;s 2019. The plants were divided into 11 parts (further called
and genes nvoived in the biosynthelic network of giuco “tissues” in this article) as shown Bupplementary Image 1All

X]gtlp;%%e;t S'n tZe gemf[s\r?bgoi);mre rl:nO\évn G ruﬁb and samples were cleaned and washed with double distilled water.
el, ; Sgnderby et al., 2l1Brom that basis, the genes Pieces of tissues from more than 5 plants were pooled into

|n|voltved mhgllg:osm_olate metabol|stmlwggcz)éq?lctl ed l;" nt)ar|1 one sample. All tissue samples were frozen in liquid nitrogen
plants, such aBrassica rapgZang e a., cUbJ, vang . €t al., immediately after collection and stored ai80 C until further
201), Cabbage K. oleraceasp. Capitata,Liu et al., 201% analysis

Broccoli B. oleraceavar. italic, Gao et al., 2004 and radish
(Wang et al., 2003 High glucosinolate content is a main trait . . .
of Chinese kale cultivars; it mediates nutritional qualigda RNA Extraction, Library Construction, and
avor in the stem and leavesS(in et al., 2092 Previous studies RNA-Seq
mainly focused on determining variation in the composition o A total of 100mg of frozen samples of each tissue were
content of glucosinolate in di erent cultivars, organs, giag ground into ne powders in liquid nitrogen and total RNA
conditions, and growth stages of Chinese kafur{ et al., was extracted using TRIzol reagents (Invitrogen, USA), all
2011a,b, 2012; Qian et al., 2015, J0Kthough, there were according to the manufacturer's instructions. Each RNA sample
studies focused 0AOP2gene function analysis, and expressionwas subjected to DNase digestion (TaKaRa, Dalian, China) to
analysis of some glucosinolate biosynthetic gengsr( et al., remove any remaining DNA. The RNA content was quanti ed by
2015; Yinetal., 20)5there have been no comprehensive reportspectrophotometry (BioPhotometer plus, Eppendo , Germany)
of genes involved in glucosinolate metabolism and its rajph =~ and checked on 1.2% denaturing agarose gels. The RIN (RNA
in Chinese kale and no reports on these gene expression patteringegrity number) valuesX8.0) of these samples were assessed
in di erent tissues. using an Agilent 2100 Bioanalyzer (Agilent Technologiesf&a
To date, genome resources consisted of Brassica plants, sudlara, CA, USA). The construction of the libraries and the
asBrassica napu€Chalhoub et al., 20)4B. rapa(Zang et al., RNA-Seq were performed by the Biomarker Biotechnology
2009; Wang X. et al., 20),B. oleraceap. Capitatal(iu et al., Corporation (Beijing, China). All procedures for cDNA librar
2019, and Broccoli Gao et al., 2004 However, there were no construction were performed via the standard lllumina sample
publications on RNA-seq analysis of Chinese kale, and very fegreparation protocol. Sequencing of the puri ed libraries was
reports of RNA-seq for di erent tissues @rassicglants. Inthis  carried out on an lllumina HiSeq 4000 platform (lllumina,
study, we sequenced and characterized the transcriptomeés amc., USA), with one lane of 2 151 bp reads from
the expression pro les of genes expressed in 11 di erent tissudmth ends of the fragments (“paired ends”). In the present
of Chinese kale using high-throughput sequencing techriebbg study, the biological replications should have been made, but
(Nagalakshmi et al., 20L.0From the gene sequence readswe performed gqRT-PCR to verify and conrm the results
and expression data, we assembled comprehensive unigene stfRNA-seq. Although, RNA-seq results will be better with
for Chinese kale, functionally categorized themsilica and  biological replicates, it has been shown earlier that biokdgic
identi ed their expression levels and co-expression netwadrk replicates might be not necessary for digital gene expression
11 tissues. For the rsttime, we also identi ed the geneoimed  pro ling by high-throughput RNA sequencing\fang K. et al.,
in glucosinolate biosynthesis and regulation, and analyhed  2015.
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Quality Control and De novo Construction againstactin. To assess the relative gene expression,'a Zt
of Transcripts method was usedL{vak and Schmittgen, 20D.1Tissues used

Raw reads in fastq format were rst processed by Trimmomatidor RT-gPCR were the same batch of plants as used for
(Bolger et al., 20)4In this step, high quality reads were achievedRNA-seq.

by removing the reads containing an adapter, reads contginin

ploy-N and low quality reads from raw data. At the same time,

Q20, Q30, and GC contents were calculated. The Bwar{d RESULTS

Durbin, 2009 was employed to align all high quality reads againsRNA_SequenCing and De novo Assembly of

the silva databasé@(uesse et al., 20D After this, reads of rRNA . .
were removed and clean reads were obtained. Reads of eah tisg:hmese Kale Transcrlptome for the Whole

and the whole plant were thette noveassembled into gene sets Plant and Individual Tissues

separately using Trinity and CD-hitQrabherr et al., 2011; Fu The plants of Chinese kald( oleraceaar. alboglabraBailey

et al., 2012 Gene sets from each tissue were used for tissu€¥- Zhonghua) were sampled at the commercial stage when

transcriptome comparison. Genes that were constitutively lo the plants were tender and fully grown with in orescence as

expressing (FPKM 1 calculatedPavidson and Oshlack, 20).4 high as the apical leavesig et al., 201} Since di erent plant

in all tissue were ltered from the gene set of the whole plantParts, including those from the same organ, di er signi cantl

which served as the reference gene set in the following asalysi in glucosinlates, and other nutrient quantits(n et al., 2011a,
2019, plants were divided into 11 parts (hereafter named

Functional Annotation and Classi cation as tissuesSupplementary Image ) for transcriptome analysis:

All genes were aligned against public databases (Nt, Nr, co&enescentleaves (SL), mature leaves (ML), young leavese(afL)

Swissprot, KEGG) to obtain their putative function leveragin VEINS(LY), petioles (Pe), young bolting stem esh (YB), meidl

blasC with e<D 1le-5 and query coverageD 0.33. Based on bolting ster'n. esh.(MB), bolting stem skin (BS), ower buds

Nr annotation, a species list of all best hit (highest bit ssor (FB), combining sites (CS), and roots (Ro). The transcriptsme

in all alignments) was extracted for further analysis and th&f all tissues were subjected to sequencing and digital gene
Gl list was transformed into gene ontology using the home£XPression proling. High-quality 150-bp clean reads froméal7.
application TBtools (http://cj-chen.github.io/TBtoolsHammer ~ t© 21.5 million, with an average of 19.6 million, were obgin

was also applied to search a conservative domain collected iy each of the_ 11 tissuesS{pplementary Tabl_e 2 The_raw .
pfam database of all unigenes. data was submitted to NCBI-SRA database with the BioProject

accession number PRINA358667. Each of the transcriptomes
: : : contains 47.6248.96% GC contents, with an average GC content
Gene Expres_5|on Analysis and Detection of of 48.36%. The Q30 of the 11 samples were 998509%
C_o-Ex_presssmn Networ_k ] with an average of 95.77%, which indicated that the quality of
D|.erent|al expression analysis of two tissues was performeg, RNA-sequencing was adequate & novoassembly and
using the DESeqi{(nders and Huber, 20)0A correctedP-value gy nression analysis. A total of 216 million 150-bp clean reads
of 0.05 and abs [lag(Fold change)] of 1 were set as the thresholdqre obtained from the 11 tissueSupplementary Table
for signicantly dierential expression. All dierentially representing 65 Gb sequences that are equivalentlio2.5x of
e>.<pressing genes were clustered based on their FPKM valygs g glerace®.63-Gb genomel{u et al., 201} and a total
with the k-means method. Log2-tranformed the FPKM of ¢ 17 794 60121,522,897 clean reads were obtained for each
genes that were di erentially expressing in at least one pagwi group of tissues with an average of 19,655,227 clean reaiss. Th
comparison in 11 tissues as pexngfelder and Horvath (2008)  ¢oyerage of RNA sequencing was su cient for accurate gene
All parameters were set as de ned except “soft_po®edS,  oynression pro ling andde novoassembly. Because the entire
deep_spliD 3, min_module_siz® 30, ME_miss_thread 0.2."  ganome sequence of Chinese kale was unknown, all clean reads
L . were de novoassembled with the Trinity methodCGfabherr
Quantitative Real-Time PCR (qRT-PCR) et al., 201). From the clean reads, 49,5828,423 unigenes
Analysis were assembled for each tissue with an N50 of 91&L1 bp
A SYBR Primix Ex Taqg kit (Takara), in accordance withand an average length of 56270 bp and 98,180 unigenes
manufacturer instructions, was used to do quantitativd-teee  were assembled for the whole plant from the unigenes of all 11
RT-PCR. Gene-speci ¢ primer pairs were designed for speci tissues, with an N50 of 1240 bp and an average length of 820 bp
unigenes andctin (Supplementary Table 1. Ampli cation was  (Supplementary Table B These results indicated that the N50
carried out with the following cycling parameters: denatgri and average length of unigene from whole plants were much
for 3min at 95C, 40 cycles of denaturation at 95 for longer than those of any specic tissue. The 98,180 unigenes
15s, annealing for 20s at 88, and extension at 7Z for of entire plants obtained in the present study were used as a
30s. The molecular masses of the products were con rmetkference sequence to align and identify the sequencingsrea
using the electrophoresis method. The melting curves of th&his allowed for the mapping of 92.898.66% of the clean
products were also analyzed. To ensure reproducibility afltes reads that passed through our Iters and mapped to reference
guantitative PCR experiments were performed in triplicate forsequences, representing 32,509,572 and 40,510,710 redds fo
each sample, and the expression values obtained were northalizessues, respectivel$(pplementary Table
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Functional Annotation of the Unigene Sets the largest group is the cluster for “General functions
Derived from the Whole Plant prediction only” associated with basic physiological and
To understand the global expression patterns of the Chinelge kametabolic  functions, followed by “Signal transduction
transcriptome in a view of systems biology, functional amtion ~ Mechanism,”  “Post-translational  modi cation,  protein

of the assembled unigenes were submitted against publfgrnover, chaperones” “Translation, ribosomal structure
databases. The results showed that a total of 80,688 (82.1888f biogenesis,” and “Carbohydrate transport and metabolism.
unigenes were signi cantly similar to a sequence in at leasfery few unigenes were assigned to the “RNA processing
one of the public protein databases, including Nr (NCBI non-a&nd modi cation” and “Chromatin structure and dynamics”
redundant protein), GO (Gene Ontology), COGs (Clusters ofategoriesgupplementary Image h
Orthologous Groups), Swiss-Prot protein, and the KEGG (Kyoto KEGG annotated analysis were conducted for all tissues
Encyclopedia of Genes and Genom8spplementary Table 4 and KEGG pathway mapping assigned 18,526,362
that 78,900 (80.36%) unigenes were found to have signi castUmber assignments to 3708551K num involved in 138
similarity with protein sequences in the Nr database at gnetabolic pathways. Of those pathways, ko00966 (Glucosinolate
cuto of E 1e-05 and 58,063 (59.14%) unigenes werBiosynthesis) is likely to signi cantly contribute to glusioolate
Supplementary Image 2 Most of the genes were annotatedWith 169 (0.62%), 147 (0.54%), and 143 (0.53%), respectively
by more than one database. For example, 11,845 unigenes wagsigned to pathway ko0096@aple 1). YB contained the
annotated by swissprot and NR database, 10,037 unigenes $jallest number of unigenes, with 88 (0.38%) and 98 (0.41%)
swissprot, NR, and KEGG database, only 15375, 719, and 4% the total annotated genedJdble 1). These results indicated
genes were speci cally annotated by Nr, swissprot, and KEG¢hat glucosinolate biosynthesis genes in Chinese kale tnhigh
respectively, and no unigene was speci cally annotated by th@0st active in Pe, Ro, and BS tissues. The pathway ko00942
GO or COG database, which indicated that unigenes were mudiinthocyanin biosynthesis) is ostensibly involved in antheiyn
more easily annotated by NR and swissprot than other databas&iosynthesis, with the leaves (YL, ML, and SL) containingemor
The majority of the annotated sequences corresponded to tHef these genes than the roots and bolting stem (YB and MB). The
known nucleotide sequences of plant species, with 51.73,27.@athway ko00941 is likely to contribute signi cantly to amoid
and 5.79% matching wittB. napus B. oleraceaand B. rapa biosynthesis. CS, Ro, and SL tissues have more ko00941 genes
respectively$upplementary Image 2B The top three Blast hits annotated than in YL, ML, YB, and MB, which indicated that
were Brassicaspecies, suggesting that the transcript sequencedvonoid may be mainly synthesized in older tissues of Cbime
of Chinese kale obtained in the present study were correctl§a|e-
assembled and annotated.

A home-made application was used to obtain GO terms for . . .
all assembled unigenes from whole plants and a total of 30,2JéxpreSS|on Pro les of the Unigenes in
(30.83%) unigenes were assigned one or more GO terms. Different Tissues
the present study, all the GO terms were classi ed into 49he expressions patterns of the 98,180 unigenes in di erent
functional groups including biological processes (19 sulnigs), tissues were digitally measured and their expression
cellular components (17 sub-groups), and molecular fundionrelationships were characterized. The expression levels of
(13 sub-groupsSupplementary Image 8 with multiple terms  most unigenes varied by several fold among di erent tissues
assigned to the same unigenes. Within the biological prosessgupplementary Data Sheet)1 A total of 19,906 unigenes were
classi cation, the most abundant groups of transcript sequeen  shown to be specically expressed in one of the 11 tissues,
were metabolic (20,312) and cellular processes (17,798)ngm representing 20.28% of the 98,180 unigeriggure 1). Of the
the category of molecular function, the largest number 008,180 unigenes, 31,657 (32.24%) expressed in all 1l tissues
GO terms were related to binding (16,581) and catalytistudied, indicating that most of these genes in Chinese kale
activity (14,237). For the cellular components, the majorit were basically expressed in all of the tissiegure 1). A total
of assignments were mostly assigned to cell (11,978) amhd cef 46,617 unigenes were identied to be expressed in 2-10
part (11,790). These results suggested that the majority®f Gof the 11 tissues studied, together accounting for 47.48% of
classi cations involved in the annotated unigenes werdrigk the 98,180 unigenedrigure 1). Of the one tissue speci cally
responsibility for basic biological regulation and metaswl. expressing 19,906 unigenes, the numbers of unigenes varied

The COG database is built on coded proteins with completdy more than 37 times, from 406 in ML to 4498 in FB tissues
genomes as well as system evolution relationships of bacter{Supplementary Table » It was also observed that the number
algae, and eukaryote®(tkowski and Tiuryn, 200y Overall, of unigenes speci cally expressed in ower buds and roots was
18,728 (25.14%) unigenes were annotated by the COG databasech larger than that specically expressed in other tissues
(Supplementary Table 4 Supplementary Data Sheet)l A  studied Supplementary Table k The tissues Pe and BS shared
total of 30,112 functional annotations were produced in 25he largest number of genes (2264); Ro and CS had 873 genes in
COG categories. Most of these unigenes were annotatedmmon, while ML and YB shared only 17 speci cally expressed
by several COG functions. Among these COG categoriegenes.
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TABLE 1 | Statistics of pathway mapping of the unigene sets der ived from different tissues.

Sample name No. of Unigenes No. of Knum  KEGG pathways ko00966 (Glucosinolate ko00942 (Anthocyanin ko00941 (Flavonoid
having K num biosynthesis) biosynthesis) biosynthesis)
FB 26,288 4551 138 117 (0.45%) 43 (0.16%) 230 (0.78%)
YL 24,352 4349 138 100 (0.41%) 46 (0.19%) 163 (0.67%)
ML 18,516 3705 138 86 (0.46%) 31 (0.17%) 123 (0.66%)
SL 24,806 4541 138 120 (0.48%) 44 (0.18%) 196 (0.79%)
LV 25,430 4525 138 137 (0.54%) 46 (0.18%) 194 (0.76%)
Pe 27,285 4571 138 169 (0.62%) 45 (0.16%) 219 (0.80%)
YB 23,667 4307 138 98 (0.41%) 33 (0.14%) 153 (0.65%)
MB 22,993 4291 138 88 (0.38%) 26 (0.11%) 156 (0.68%)
BS 27081 4430 138 143 (0.53%) 40 (0.15%) 201 (0.74%)
cs 24,107 4393 138 108 (0.45%) 37 (0.15%) 200 (0.83%)
Ro 27,362 4774 138 147 (0.54%) 33 (0.12%) 231 (0.84%)

Relationships of unigene expression among tissues webslting stems (YB and MB) clustered together, which indicated
determined by calculating correlation coe cients of gene-c thatthe expression data obtained were accurate.
expression, using hierarchical clustering on pairwise datie@n
coe cients of unigene expression data from samplEgy(re 2. Co-Expression Network Analysis of

The relationships between samples were displayed by ”UmberS@higeneS in Different Tissues with WGCNA
nodes representing approximately unbiagedalues obtained by \ysconA (Langfelder and Horvath, 20))8a systems biology

multi-scale .bootstrap resampling. The 11 samples were diVideéjpproach, was used to analyze the relationships and networks
into two main groups: group I (YL, S.L' LV, ML, Pe, and BSS) angleqyeen di erent genes. In the present study, co-expression
group Il (FB, YB, MB, CS, and Ro fissues). Group | was furthefeqyorks were built on the basis of pairwise correlations among

divided into two groups: YL, SL, LV, and ML were clusteredin 0ngynes according to the trends of gene expression in all examin
clade, and Pe, BSS were clustered in another clade. As eXpecigyqes. Genes with high correlation coe cients that inglied

ML gnd S_L were highly similar. Howev_er, _YL _showed a closeé high degree of interconnections between the genes were
relationship with LV than ML and SL, indicating the biology ja ned as modules. As seen in the dendogram Figure 4A,

process in YL were di erent from ML and SL. As expected, YBy4 \nique modules were identi ed in the analysis, with each
and MB were highly similar. FB was the most unique tissue Module depicted by a branch of dierent color and each

Chinese kale. gene depicted by a leaf. Each module's gene expression pro le

. . . is represented by its eigengene, its most notable component.
CIUStenng of Unigenes by Expression The 34 resulting eigengenes each correlate with uniqueetiss

Level lllustrated Metabolic Pathways in types due to their tissue-speci ¢ expression pro I&gure 4B).

Different Tissues Notably, 5 co-expression modules are comprised of genes that ar
A set of genes with similar expression levels are often fanatly  highly expressed in a single tissue type, including MEturquoise
correlated. Novel candidate genes whose functions coereléth  in FB, MEhoneydewl in MB, MEpink in Ro, MEred in CS,
the development of di erent tissues were selected. All 98,180IEyellow in BS, and 4 co-expression modules are comprised
unigenes were clustered using the software MultiExperimendf genes that are highly expressed in2tissue typesr(>
Viewer. The K-means method and hierarchical clusteringenver0.8; Figure 4B). Therefore, each of these 9 modules identi es
employed. A total of 48 clusters were obtained from thea specic tissue or a cluster of genes in 2 similar tissues.
expression data of the 11 tissudsiglure 3A). Overall, there For example, 1383 genes involved in the MEturquoise module
were distinct gene expression peaks in dierent tissues. Farere highly specically accumulated in ower buds, which
example, ower bud tissues have the highest cluster numbtgr wi indicated that this group of genes might be responsible for
expression peaks. This tissue might have the most complex analver buds or anther development. A total of 1331 genes
special biology process; leaf veins and middle leaves haye omvolved in the MEdarkseagrean3 module were highly spedycal
one cluster with expression peak&dure 3A). A heat map was accumulated in young bolting stems and middle bolting stems,
created to illustrate the variations of gene expression ithea which indicated that these groups of genes might be respansibl
tissue Figure 3B). As expected, YL, ML, and SL were clusteredor bolting stems development. A total of 2968 genes involved
together with similar variations of gene expression, whi Y in MElightpink module were highly speci cally accumulated
and MB, CS and Ro were clustered together, respectively. Theseyoung, middle and senescent leaves, which indicated that
results corresponded to the results of unigene expressioa dathis group of genes might be involved in the aging process
(Figure 2) and to the rules of plant growth and development.in leaves Figure 4B). These results were consistent with the
For example all leaves (YL, ML, and SL) clustered together atmeans clustering analysis, in which all leaves (YL, ML,
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FIGURE 1 | Number and percentage of unigenes speci cally expr essed in 11 different tissues.

and SL) and bolting stems (YB and MB) clustered togethebreakdown in 11 tissues were selected. The expression

respectively. relationships and levels of these genes were examined usng th
. . . heatmap methodKigure 6). For the glucosinolate biosynthesis

Analysis of the Genes Likely Involved in genes, the expressions of the genes varied by multiple fold@mon

Glucosinolate Metabolism and Regulation di erent tissues. Interestingly, for the glucosinolate biothesis,

A total of 106 unigenes in our dataset were identied toa large number of genes, includinGYP83A1 MAM1/2/3,
be homologous with the 42 genes encoding glucosinolat@SL-OH CYP81F3/4and so forth, have very high expression
biosynthesis genes iA. thaliana Twenty-seven unigenes were level in the root. Many genes, includir@YP79B2/3IGMT1/2,
identied to be homologous with the 6 genes involved in CYP81F1/2/3FMOGS-OXpAA04-2 GSTF9/10Stg and so on,
glucosinolate biosynthetic Co-substrate pathwayAmbidopsis were highly expressed in SL, and a set of genes, incléd?idl/2
(Figure 5 and Supplementary Data Sheet)2 The genes related CYP83A1UGT74B/C1STh BCAT3/4 AOP2/3 GSTF9/11ST¢
to glucosinolate metabolism i. thalianahave 0 7 homologous FMOGS-OX1 GSH1 LeuC/D1 IPMDH1, CYP79F1 SUR1,
unigene in Chinese kale with an average ratio of about &nd so on, were highly expressed in Pe. However, only a few
copies of unigenes in Chinese kale for one in Arabidopsis. Faglucosinolate biosynthesis unigenes were highly expressed
example MAM1/2, STh,and IGMT2 each have 7 homologous other tissues, including leaves and bolting sterfgjre 6A),
unigenes in Chinese kale, while IPMDH3, CYP83B1, anavhich indicated that the glucosinolate biosynthesis occurs
GSTF10 have only one and LeuD2, FMOGS-OX2, FMOGSnore strongly in Ro, Pe, and SL than other tissues. Twenty-six
OX3, and FMOGS-OX4 have no homologous unigene in56.52% of the GS breakdown genes) unigenes were clustered
Chinese kale. Furthermore, 46 unigenes were identi ed to b& a big clade with expression peaks in root, suchNd%$1,
homologous to the 13 genes encoding myrosindsigure 5 PEN3 PYK1Q NSP1 NSP2 TGG1 TGG2 TGG4 TGG5,and
and Supplementary Data Sheet)2 The myrosinase genes M so on Figure 6D). Six unigenesMVP1, NSP2 and ESM1were
thaliana have 1 7 homologous unigene in Chinese kale withclustered together in another clade, with an expression peak in
an average of about 3 unigenes. In addition, the transcripBS Eigure 6D). Four unigenesTGG1 PYK10TGG2Z andPEN2
factor regulating glucosinolate biosynthesis was idesti were highly expressed in FB, which suggested that similarly
from the dataset of Chinese kale. A total of 32 unigeneto glucosinolate biosynthesis, the breakdown of glucostrola
were identied to have homology with 12 transcript factors might happen more frequently in the root than in other tissues.
from Arabidopsis, with an average of 2.6 unigenes for ond@he expression data of all the unigenes annotated by trgptscri
transcript factor. Notably, excepYB76 every transcript factor factors for gulcosinolate biosynthesis were also extraateldaa
has 1 4 unigenes annotated in Chinese kaleigure5 and heatmap was built. Unlike the genes involved in GS biosynthesis
Supplementary Data Sheet)2 and breakdown, the clustering of these unigenes was complex
The expression data of the 136 genes involved in glucosiolaand disordered. Most of the unigenes annotated by the same
biosynthesis and 46 unigenes involved in glucosinolatéranscript factors had similar expression patterns, sudié€2,
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FIGURE 2 | Hierarchical clustering on pairwise correlation coef cients of unigene expression data from Chinese kale samp les. Numbers in the cells

represented the spearman’s rank correlation coef cient. Senple identi ers: SL, senescent leaf; ML, mature leaf; YL, yang leaf; LV, leaf vein; Pe, petiole; YB, young
bolting stem esh; MB, middle bolting stem esh; BS, bolting stem skin; FB, ower budsl; CS, combining sites; Ro, Roots.

IQD1, MYB29 MYB51, and so forth Figure 6B). However, (SURJ), Unigene_45871SThH, Unigene_57901HMOGS-OX]},
some unigenes were annotated to the same transcript factoasnd Unigene_71928GMT2), were randomly singled out from
with di erent expression patterns, such 8YB34 MYB28,and the genes annotated by the glucosinolate biosynthetic genes
Dofl.1 Interestingly, there were 3 unigenes annotated/®C2, (Supplementary Data Sheet)2 As shown in Figure 6, the

3, and 4, respectively, with similar expression patterns, kvhicresults of gqRT-PCR were well in accordance with the expression
indicated that these 3 unigenes were the direct homologdus data obtained by RNA-Seq. The expression of all these 10 genes
MYC2 3,and4, and might play similar roles witMYC2, 3,and  in Chinese kale exhibited similar patterns among di erenstiss

4in Arabidopsis with the highest level of expression in Ro, Pe, or Big(re 7),

and this is because all of these genes might be involved in the
Validating the Gene Expression Patterns by same biological event of glucosinolate biosynthesis.
gRT-PCR

To further validate the expression patterns of the glucositol DISCUSSION

biosynthetic genes revealed by RNA sequencing, qRT-PCR was _ .

conducted to examine the expression levels of 10 genes in BUilding a Gene Data Resource and

tissues of Chinese kale. All these 10 genes, Unigene_ 739mnotation

(MAM1/2), Unigene_38232 IPMDH1), Unigene_55852 The Chinese kale was thought to belong Bo oleraceaand
(BCAT-9, Unigene_70138 QYP79F), Unigene_71114 the genomic sequence Bf oleraceap. Capitata were obtained
(CYP83A), Unigene_71455 QYP83B), Unigene_76549 recently (iu et al., 2011 However, the botanical characteristics
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A) Cluster analysis of differentially expressed genes with éhiK-means method; (B) Heat map
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FIGURE 3 | Clustering analysis of gene expression pro les. (
illustrating the expression pro les of the genes in each clusr.
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FIGURE 4 | Detection of co-expression network in whole plant of Chinese kale. (A) Hierarchical cluster tree showing co-expression modulesienti ed by
WGCNA analysis. Each leaf in the tree is one gene. The majoet branches constitute 34 modules labeled by different cols. (B) Module-tissue association. Each
row corresponds to a module. Each column corresponds to a spei c tissue. The color of each cell at the row-column intersetion indicates the correlation coef cient
between the module and the tissue type. A high degree of corfation between a speci c module and the tissue type is indicatd by dark red or dark green.
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FIGURE 5 | The unigenes likely involved in glucosinolates bi  osynthesis and its regulation.  The gure is adapted from Sgnderby et al. (2010) Yatusevich et al.
(2010), Schweizer et al. (2013)and Liu et al. (2014) The numbers in brackets following each gene name indicatehe number of unigenes annotated to that gene.

of Chinese kale are notably di erent, indicating di erences i was smaller than the 248,993 unigenes generated from 1 siss
gene expression patterns. Unprecedentedly, we have sequenoédinseng \(Vang K. et al., 20)5which indicated we had well-
the genes expressed in the Chinese kale plant, and a total agsembled the unigenes from each of the 11 tissues of Chinese
216 million clean reads were obtained from the 11 distinckale. The average unigene size (820 bp) was longer than those i
tissues, representing 65 Gb sequences. This is equivalent Ggmbopogon winterian§g14 bp;Devi et al., 2016and Pueraria
>102.5x of theB. olerace@®.63-Gb genomel(u et al., 2014 lobata (683) (Wang X. et al., 2005 which indicated that the
Supplementary Table 2 This coverage of RNA sequencing quality of the assembled results was high.

proved to be su cient for accurate gene expression pro lingand More than 80% of the unigenes were annotated by
de novoassembly in the previous studyveng K. et al., 2005 known proteins from Nr, swissprot, GO, and other databases
A total of 98,180 unigenes were obtained from the plants. ThéSupplementary Imageh and most of these genes were
number of transcripts exceeded the results (73,084 unigeies annotated byBrassicglants, which indicated the sequencing and
the Wang et al. (2013yadish Raphanus sativuk.) study and assemble results were reliable. The rate of annotated nesge
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FIGURE 6 | Heatmaps of genes likely involved in glucosinolate regulation and metabolism constructed based on their expres sions in 11 tissues. (A)
Genes likely involved in three main steps of glucosinolateidsynthesis; (B) Genes likely involved in GS biosynthetic Co-substrate pattays; (C) Transcription factors
likely involved in regulation glucosinolate biosynthesi¢D) Genes likely involved in GS breakdown.

in Chinese kale was lower than the range of the assemblédhe unigene without any hits to known proteins may represent
transcript sequences in radish (92.09%Jang et al., 200)3and  new genes or genes with assembly probleviar{g et al., 2013

C. winterianus(92.05%) Devi et al., 2016but higher than in  Genomic resources and tools are essential for many aspects of
other non-model species, such as 58% in sa ower owers$ ( advanced research of an organism. Nevertheless, to dde, on
et al., 201p, 58.01% in Chinese rHuang et al.,, 2002 and 30,759 ESTs for Chinese kak. @leraceaar. alboglabry have
56.51% in spinachY@an et al., 201} suggesting the relatively been uploaded to the NCBI database. This study provides not
conserved functions of the assembled unigenes in Chindse kaonly a comprehensive set of 98,180 unigenes for the entire
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FIGURE 7 | Expression analysis of glucosinolate biosynthes is-related genes determined by gPCR and RNA-seq. These 10 genes were random selected
from the genes annotated by the glucosinolate biosynthetigenes in Arabidopsis Supplementary Data Sheet 2 ). The blue and red bars were representing the
unigene expression patterns in 11 tissues by qPCR and RNA-sg respectively.
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Chinese kale plant, in addition to the unigene sets of 11 dirtre characterized $onderby et al., 20).0Based on the genes
tissues, but also the expression pro les of every gene of fi808 in Arabidopsis many homologous genes involved in GS
unigene sets in the 11 tissues. These results will signilgantmetabolism were identi ed inB. rapa(Wang H. et al., 2011),
enhance the gene database of Chinese kale currently deditab CabbageB. oleraceaar. capitatal.iu et al., 201} andR. sativus
GenBank and to the public, and will provide a comprehensivé\Wang et al., 2013 as a result of the sequencing technology

gene expression database. developed in recent years. The biosynthesis of glucosinolate
occurs via three independent stages: (i) chain elongation of
The Global Expression Patterns for All the precursor amino acids Met and Phe, (ii) formation of the core

glucosinolate structure, and (iii) secondary modi cat®of the

Unlgenes. in Different Tissues . amino acid side chainggnderby et al., 20).0In the present
Our study is the rst account of gene expression patterns

in various Chinese kale tissues sampled at the stage %ITUdy’ a total of 181 unigenes likely involved in glucosinelat

commercial harvest. The data indicated that despite thetidras metabpllsm were isolated from_ the Chmese_ kale sequenee dat
o . - . There is an average of three Chinese kale unigenes for omdigen
variability in the number of gene expressed in various tissue

(Supplementary Data Sheet)] there was also a remarkable Arabidopsis. Generally, multlple unigenes were gnnotatedhbyt
; . . : same gene and these unigenes may represent di erent fragments
consistency in the percentage of genes categorized into@ach X ; . .
; . .~ of a single transcript or di erent members of a gene family
term of the functional category regardless of the tissugiori

(Supplementary Images 34). These results were in agreement(Hyun .et al,, 2012; Wgng etal, 2)lBased on the F:onserved
with the previous study in Ginseng\(ang K. et al., 205which syntenic block analysis between the genomeBraksicglants

determined that appropriate and consistent assignment ofgenea nd A. thaliang the hypothesis of an ancestral karyotype was

to biological processes appear to be a key factor in supportinIo foposed and comparative physical mapping studies con rmed
the regular functioning of a celMfang K. et al., 2095As seen é’enome triplication irB. rapafrom Arabidopsig¢Park et al., 2005;

via gene tissue-speci ¢ expression analysis, more than 67% Sghranz etal., 20Dp&Vultiple copies of the glucosinolate genes of

. . . - . rapamay have resulted from genome triplication, and retained
the genes in Chinese kale are specic to one or more tissues

N Synteny with their orthologs irA. thaliang whereas most genes
(Supplementary Image 5 Supplementary Table 5 indicating . : .
. A 4 . that appeared to contain fewer than three copies of genes might
that di erent gene clusters in di erent tissues are responsibl

for di erent functional biology processes. This was equciallbe caused by gene loss following triplication (Wang H. et al.,
true in root and ower buds, which have the largest number.2011)' This hypothesis was further proved by the present study,

8 . - o . in which there was found to be an average of three glucosieolat
of tissue-speci ¢ genes. This nding likely indicates thaese . . ; . .
L : . metabolism related unigenes in Chinese kale for one ortipato
two organs have more specialized biological processes than ot

organs. As expected, a signi cant percentage of the genes (3 rabidopsisIn the present study, most of the genes involved in
gans. P ! 9 P ge ol gen S biosynthesis and breakdown in Chinese kale were idéntica
of the total) were expressed consistently in di erent tissues

" . . n ArabidopsisB. rapa,and Cabbage.(u et al., 201}, and some

These genes are considered to be house-keeping genes, and thFucosinoIgte genez (MYB76 Fl\%giGS-OX1 FM)dE)GS-OXS and

number was fewer than in Ginseng studies (nearly 60% of th ' ' !
T1G62570.1, IPMI LSU1, IPMI SSU2, IPMI SSU3) had no

g(_anes,Wang K. el _al., 2075 Genes of the Chmes_,e kale Ce”Shomologous unigene found in Chinese kale RNA-seq data. These
with correlated actions de facto form co-expression netwprk .
genes were also not present in the genome sequenBe rapa

which can be further categorized into even more specic . .
interaction clusters using functionality criteridrigures 2 6). (Wang H. et al., 2011) and Cabbagey(et al,, 201} which

. . . indicated that some genes might be lost during the evolutibn o
AIthough, the functions of th_ese_unlgene_s are still “”"'?0.“"* brassica plants fromArabidopsisAlthough, the number of genes
clustering resullts may provide mforma'Flon u;eful for idma in one gene family was di erent iB. rapg Cabbage, and Chinese
of genes contributing to the same trait or biological process, - o Supplementary Data Sheet)2 our results \;vere <till in
The clustering of di erent tissues by global gene expressita d

S . o ; ccordance with the results froB. rapa(Wang H. et al., 2011)
indicated that all 11 tissues were divided into 2 groups an(Znol Cabbagel(u et al., 201}t Interestingly, we found that ve

that leaves (YL, ML, and SL) or bolting stems (YB and MB)Chinese kale unigenes (Unigene_84752, Unigene_72126,
were clustered together. These results were conformed lnpth Unigene_41670 Unigene 73847, _and  Unigene 69648)

calculation of correlation coe cients and the WGCNA analgsi . . . . -
. . . annotated by Arabidopsis glucosinolate biosynthesis genes,
(Figures 3 7), which suggested that the results of gene expressiofl : . i
were reliable and correct. Interestingly, the gene expyassi AO4 were pfes.e”t IrB8. rapabut not in CabbageL_(|u et aI.,_
) ’ 2019, which indicated that there may be a dierence in

mo.dellln '.:B was largely d.' ere’.“ from the mod'el in other tissye eglucosinolate biosynthesis between di erent Brassica plartte
which indicated that the biological processes in FB were compl . . .

o pathway of glucosinolate biosynthesis was very well-conderve
and specialized. : - . NN L

in the Brassicaceae family but also distinct in certBirassica

: ) species because of the di erence in the secondary modi cation
AnaIyS|_s of the Genes _I nvolved in of the amino acid side chairB@nderby et al., 20).0
Glucosinolate Metabolism The genes regulating glucosinolate metabolism were for the
In recent years, the main pathway of glucosinolate biosysithe rst time characterized by the present study in expression
has been extensively studied An thaliang and many critical and expression correlations in di erent tissues of Chineske ka
genes have been successfully identied and functionallilthough, further studies will be needed to con rm the fuimbs
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of these genes, the genes identi ed from the gene sequenaasderlying glucosinolate biosynthesis. The characteristic
will provide candidates for isolation of the genes involved i sequences studied by us will also serve as a gene resource
glucosinolate metabolism. The present study has shown th&r breeding programs of Chinese kale and other related
most of the glucosinolate biosynthesis genes, sucbYd233A1 plants.
MAM1/2, and GSL-OH and the breakdown genes, such as
PKY10TGG1/2/4/5NSP1/2PEN3and so forth Figures 6A,Q,
had high expression level in the root. These results were iﬁ‘UTHOR CONTRIBUTIONS
agreement with earlier ndings that roots of Chinese kale
contained markedly higher concentrations of glucosineat
especially gluconasturtiin and glucoerucin, than otheramg
(Sun et al., 201)aThese results indicated that biosynthesis an
breakdown processes happen more intensively in root than i
other tissues of Chinese kale. However, we did not see alyotab
higher expression level of the transcription factors invdine
glucosinolate biosynthesis in the rodtigure 6B). We therefore  ACKNOWLEDGMENTS
suggested that the transcription factors might regulate @&
metabolism genes at a relatively low level. This work was supported by the National Natural
Generally, one Arabidopsis glucosinolate gene had Science Foundation of China (31401874), Science and
multiple (3 or more) homologous genes in Chinese kalelechnology Planning Project of Guangdong Province, China
(Supplementary Data Sheet 2nd Figure 5), and most of the (2015A020209117), key project of Guangdong Science and
homologous genes had a similar expression model and wefeechnology Section (2013B051000069, 2014B020202005),
clustered in one cladeMAM1/2, GSL-OH IGMT2, GGP1 Foundation of the Department of Education of Guangdong
CYP81F2 CYP79B3,and so forth indicated that multiple (2014KQNCX035, 2014KTSCX026), and the key project
homologous genes might play similar roles in Chinese kalaf Science Technology and Innovation Commission
However, there were also many homologous genes with varyif@01508030021).
gene expression models, suchivisM3, AAO4, andSTh similar
results were also found iB. junceaMeenu et al., 20)5and B.
rapa(Zhang et al., 20Q)5Particularly, for the transcript factors,
most of the homologous genes had di erent expression mode
(Figure 5B), which indicated that di erent homologous genes
of transcript factors might play di erent roles in Chinese kale
Analysis of the genes using the expression data had also led
ndings of the functional diversi cation and action patterof
di erent members of a gene family. Because of the duplicatelupplementary Table 2 | Details of the reads used for  de novo
nature of genes ifBrassicaplants, their expression was varied ranscriptome assembly.
and complicated relative to those iArabidopsis and more  Supplementary Table 3 | Statistics of unigene assemblies of wh  ole plant
experimentation is needed to ascertain expression models @&fd 11 tissues.

these glucosinolate metabolism genes in Chinese kale 4@l ot Supplementary Table 4 | Summary statistics of functional annota  tion for
Brassicaplants. Chinese kale unigenes in public databases.

CC and BC contributed to designing the experiments. CC, SW,

GC, and HC performed the experiments, collected, and analyzed
Jhe data. CC, JL, and SW contributed to data interpretation and

Hreparation of the manuscript. All authors read and approved the

nal manuscript.

SUPPLEMENTARY MATERIAL

|'?he Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10389/fpls.2017.
Q8092/fuII#supplementary-material

Supplementary Table 1 | Primers used for gRT-PCR analysis.

Supplementary Table 5 | The numbers of genes speci cally expre ssed in
one or two of the 11 tissues studied.

CONCLUSIONS Supplementary Data Sheet 1 | Expressions level of partial uni  genes in
different tissues. The gene expression level is presented in FPKM (fragments pe

For the rsttime, this study has sequenced all the transergod  kilobase of exon per million fragments mapped).

comprehensively characterized the Chinese kale transonigto o o )

The study analyzed expression patterns in 11 di erent tissue%upplementary Data Sheet 2 | Identi cation of genes likely in volved in

4 L. R i glucosinolates metabolism and regulation in Chinese kale.

that provided a general insight into the global view of the

Chinese kale transcriptome. Most notably, the unigeneSupplementary Image 1 | Different tissues used in RNA-seq analy  sis. FB,

involved in glucosinolate metabolism were extracted andwer buds; YL, young leaf; ML, mature leaf; SL, senescent lea LV, leaf vein; Pe,

their expression patterns in dierent tissues were analyzedn_etiole; YB, young bolting stem esh; MB, middle bolting stemesh; BS, bolting

L . stem skin; CS, combining site; Ro, roots.

The latter indicated that the roots, petiole and senescent

leaves of the Chinese kale might be the main tiSSU&Sipplementary Image 2 | Summary statistics of functional annotat ion for

where biosynthesis of glucosinolate takes place. Althougkhinese kale unigenes in public databases. (A) ~ Statistics of unigenes

the molecular functions of the glucosinolate metabo"smannotated by different database;(B) Distribution of unigenes matched to

genes still remain largely unknown, the transcriptome and'/o™moo9y in different species.

expression dataset analy5|3 pr0V|d8d valuable |nf0rmat|0§hpplementary Image 3 | Categorization of gene ontology annot ation at

that can help to understand the molecular mechanismsevel 2 of all the unigenes obtained from the whole plant (11ti  ssues).

Frontiers in Plant Science | www.frontiersin.org 14 February 2017 | Volume 8 | Article 92



Wau et al.

Transcriptome Analysis of Chinese Kale

Supplementary Image 4 | Enrichment of unigene GO terms in differen t
tissues. The number of unigene GO terms categorized into each functiwal
subcategory is present in the percentage of GO terms for thasubcategory out of
the total GO terms that the unigenes assigned to each tissuezfaxis). The
enrichments of the unigenes categorized into each subcategy of different
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