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HIGHLIGHT

» De novo transcriptome pro ling of ve tissues reveals candidate gaes putatively
involved in rhizome development ifM. lutarioriparius

Miscanthus lutarioripariuss a promising lignocellulosic feedstock for second-genetion
bioethanol production. However, the genomic resource for His species is relatively
limited thus hampers our understanding of the molecular metanisms underlying
many important biological processes. In this study, we pedrmed the rst de novo
transcriptome analysis of ve tissues (leaf, stem, root, kral bud and rhizome bud)
of M. lutarioriparius with an emphasis to identify putative genes involved in rhime
development. Approximately 66 gigabase (GB) paired-end e&n reads were obtained
and assembled into 169,064 unigenes with an average lengthfor59 bp. Among these
unigenes, 103,899 (61.5%) were annotated in seven public ptein databases. Differential
gene expression pro ling analysis revealed that 4,609, 388, 1,679, 1,218, and 1,077
genes were predominantly expressed in root, leaf, stem, latal bud, and rhizome bud,
respectively. Their expression patterns were further clased into 12 distinct clusters.
Pathway enrichment analysis revealed that genes predomimdly expressed in rhizome
bud were mainly involved in primary metabolism and hormoneignaling and transduction
pathways. Noteworthy, 19 transcription factors (TFs) and@ hormone signaling pathway-
related genes were identi ed to be predominantly expressedn rhizome bud compared
with the other tissues, suggesting putative roles in rhizomformation and development.
In addition, a predictive regulatory network was construad between four TFs and
six auxin and abscisic acid (ABA) -related genes. Furtherme, the expression of 24
rhizome-speci c genes was further validated by quantitatie real-time RT-PCR (qRT-PCR)
analysis. Taken together, this study provide a global porit of gene expression across
ve different tissues and reveal preliminary insights intdizome growth and development.
The data presented will contribute to our understanding ofite molecular mechanisms
underlying rhizome development irM. lutarioripariusand remarkably enrich the genomic
resources of Miscanthus.
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INTRODUCTION species includingOryza longistaminata(Hu et al., 201),
Sorghum Sorghum halepensad Sorghum propinquujn(Jang
Currently, global climate change and depleting fossil fuekt al., 2006; Zhang et al., 2()l4eed Phragmites australis
reserves have spurred increased concerns in the pursuit pfie et al., 201 bamboo Phyllostachys praedog/Vang et al.,
alternative renewable energy resources such as biofelsn( 2010, lotus (Nelumbo nucifeta (Cheng et al., 2013; Yang
et al., 2008 Miscanthusis a temperate perennial C4 grasset al., 201} Cangzhu Atractylodes lanca(Huang et al.,
that be'OngS to the Andropogoneae tribe, which consists @OlayGinger Zingibero Cina|e) and turmeric Curcumak)ng)i
many economically important crops including maize, sorghum(koo et al., 201Betc. In addition, transcriptome pro ling of
and sugarcaneMiscanthushas been regarded as a promisinggenes related to the rejuvenation of spring rhizomesvin
bioenergy crop for Iignocellulosic biofuel production durits giganteuand the rhizome_speci C genes iN. sacchari orus
superior characteristics such as high biomass yield, peaénnihas also been carried ouBérling et al., 2013; Kim et al.,
growth habitus, low water and fertilizer requirement, ao 2014. For instance, several TFs belonging to YABBY, TCP
stress tolerance and broad adaptation to marginal land etgnd homeobox families were identied to be speci cally
(Lewandowski et al., 2000; Parveen et al., 2013; Robson et gkpressed in rhizome tips @ryza longistaminatasuggesting
2013; Lee and Kuan, 2015; Xing et al., J0The Miscanthus  putative roles in rhizome developmentH( et al., 201).
genus contains more than 14 SpeCies, most of which Orlglna‘ﬁpHBl a h0m0|og of Homeodomain-leucine Z|pper (HD_Z|P)
from southern and eastern AsiaH@dkinson et al, 2002  transcription factor (TF), was implicated to be responsible fo
Among these specielliscanthus lutarioripariushat is endemic  procambial development and rhizome bud formation in bamboo
to central China, is characterized by overvvhelmingly hrghE(P praeco)((Wang et a|., ZOJ)OThe rhizome morphogenesis of
biomass yield and outstanding restoration capability of giaal  |otus (N. nuciferd was revealed to be mediated by photoperiod
land compared withM. sacchari orusandM. sinensigLiu etal.,  as well as light spectra/asuda et al., 2007Twenty-two genes
2012; Yan et al., 2012; Mi et al., 2D1Thus, M. lutarioriparius  associated with pathways in photoperiod, starch metabolism
is currently the most widely cultivated species for biomasgnd hormone signaling were preferentially expressed in lotus
production in bioenergy and biore nery in ChinaMi et al.,  rhizome, indicating possible roles in rhizome developmeéfat{g
2019. et al., 2015 These genes provided excellent candidates for
In particular, one of the most striking characteristicsMf  further functional characterization to unravel their rslein
lutarioriparius beyond its high productivity, is its conspicuous rhizome di erentiation, growth and development.
rhizome Compared to otthIiscanthUSpecies. Rhizome Cutting A|though M. |utari0riparius has been considered as an
is the primary means of propagation fdvl. lutarioriparius  jmportant feedstock resource for biofuel and biore nery,
because of its self-incompatibility. Rhizomes are modiedhe genetic resources especially transcriptome data are
subterranean stems, which have both apical and lateral teer®  currently very limited, which signi cantly restricts theegetic
capable of generating adventitious shoots and rootssfiida  improvement of this species for desirable traits. Previqusly
et al., 201p Rhizomes play important roles in the persistenceranscriptome pro ling has only been reported for genes redate
of many perennial grass species, serving as the primary réservgy water-use e ciency and high photosynthesis e ciency
for energy storage and propagation orgdei(nstedt and Bouton, for M. lutarioriparius (Fan et al., 2015; Xing et al., 2016
1985; Li and Beuselinck, 1996; Glover et al., 20T0 some Rhizomnousness is one of the most distinctive charactesisti
extent, rhizomatous growth is a desirable attribute in theof M. |utarioriparius compared to the otheMiscanthusspecies.
establishment and perSiStence to various abiotic stresses thizome Cutting is the primary means of propagation for
plants cultivated in adverse growth conditions (e.g., meayi M. lutarioriparius in biofuel production. Elucidating the
land) (Sacks et al., 2006; Su et al., 2008; Zhou et al.)201fholecular mechanisms underlying rhizome initiation and
However, because of the advantages of vigorous propagatiafevelopment is of fundamental importance, because it will not
rhizomatous growth is also adopted by some of the most noxiougnly contribute to our better understanding of this importan
weeds to grow vigorously and rapidly by strong rhizomes, Whic piological process, but also serves as theoretical basisysat r
renders them to invade a wide range of regions and has raiseghd e cient propagation of this species through rhizome
increasing ecological concerns worldwid{erson etal., 1995  cutting. However, the transcriptome pro ling of genes invety
Despite of the important roles of rhizome in plant growth jn rhizome development has not been addressed thus far in
and development, the genetic and molecular mechanismg. |utarioriparius
underlying rhizome initiation and growth remain largely |n this study, we performed deep transcriptome sequencing
unknown. Rhizome development is a very complicated procesgsing an lllumina HiSeq 2500 platform to characterize
which is synergistically regulated by both intrinsic cuesla gene expression in rhizomes and other four dierent
environmental stimuli. Recently, with the advent of next-tissues ofM. lutarioriparius To the best of our knowledge,
generation sequencing (NGS) technology, high-throughpufRN this is the rst report on the transcriptome proling of
sequencing (RNA-seq) has become a powerful and cost-e ciengandidate genes related to rhizome development Nh
means to discover putative functional genes involved inmd&e |utarioriparius These ndings could contribute to our better
biological processes, especially for plant species without iderstanding of the molecular mechanisms underlying
reference genome. RNA-seq has also been employed to identifyizome initiation and development inM. lutarioriparius
genes related to rhizome development in various rhizomatougy addition, the data generated also present as valuable
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resources for further functional genomics researcMiscanthus change 2.0 and False Discovery Rate (FDR).05. The tissue-

species. enriched genes were de ned as FPKM value is larger than 10 and
the fold change of relative expression is higher than 3.0 coetha
MATERIALS AND METHODS to other tissues. Venn graph was drawn using an online tool

(http://bioinformatics.psb.ugent.be/webtools/Venn/).
Plant Materials
M. lutarioriparius was propagated asexually via rhizomes fronHeatmap Plotting of DEGs
one plant collected from Changsha, Hu'nan province, ChinaHeatmap was generated with Z-score normalized FPKM
Plants were grown in a growth chamber under 16h light/values of the DEGs using the online OmicShare tools
8h darkness photoperiod at 26. Leaves (fully expanded, (www.omicshare.com/tools). The K-means clustering was
upper apex), roots, stems (2nd top internode), rhizome budsonducted based on Pearson correlation of gene expression
( 3 cm) and shoot lateral buds (4th basal internode) wergro les.
separately collected from 1-year-old potted plants. Eacludiss
has two replicates from six individual plants. All samples weré3O and KEGG Enrichment Analysis
immediately frozen in liquid nitrogen and stored ai80 C unti  The GO enrichment analysis of DEGs was implemented

use. by the GOseq R packages based on Wallenius non-central
) hypergeometric distribution Young et al., 2000 The KEGG
RNA lIsolation pathway enrichment analysis of DEGs was performed using

Total RNA was isolated using Trizol reagent (Invitrogen)KOBAS software\{/u et al., 2005 Both analysis was tested at
according to the manufacturer's instructions. The extesct a signi cance cuto of FDR 0.05.

RNA was treated with DNase | (Promega) to remove the

contaminated DNA. The quality of RNA was initially evaluatedldenti cation of Transcription Factors (TFs)

by electrophoresis in 1.5% agar gel, then quanti ed using thdhe TF families were identied by BLASTX against known
NanoDrop2000 spectrophotometer (ThermoFisher Scienti c)plant TFsidenti ed in PINTFDB database (http://plIntfdb. bimi-

and Agilent 2100 Bioanalyzer (Agilent Technologies). Onlyotsdam.de/v3.0) with E-value threshold.0 °.

samples with the RNA integrity number (RIN) values higher than ]

8.0 were subjected to further analysis. Two biological rejgica Regulatory Network Construction

were used for RNA extraction and further transcriptomeTFs and hormone signaling genes preferentially expressed in

sequencing. rhizome buds were selected for the generation of regulatory
network. The Pearson coe cient was calculated between amy t
RNA Sequencing and De novo Assembly genes based on their FPKM values from ve di erent tissues.

Ten cDNA libraries (two for each tissue) were constructamhfr A threshold of coe cient higher than 0.85 was adopted to
puri ed mRNA using a NEBNext Ultra RNA Library Prep Kit discriminate signi cant co-expression between gene paire T
following the manufacturer's protocols. The cDNA librarieere  network was displayed using Cytoscape softwatesfe et al.,
sequenced using the Illlumina Hiseq 2500 platform by Novogeng005.

Company (Beijing, China). Raw reads obtained after sequgnci o )

were ltered by removing adapter containing reads, empty ad Quantitative Real-Time RT-PCR (qRT-PCR)

and low quality reads@ < 20). The remaining clean reads Analysis

werede novaassembled into non-redundant unigenes using theTwenty four unigenes were selected for the expression

Trinity program (Grabherr et al., 201 veri cation by qRT-PCR analysis. All reactions were catroait
. . . in 96-well plates in the LightCycler 480 detection system (Rdc
Functional Annotation of Unigenes using the SYBR Premix Ex Taq Il (TaKaRa) kit. Ampli cation

Assembled unigenes were annotated using BLAST alignmepfocedure is 95C for 30s, followed by 40 cycles of @5
against public databases, including the NCBI non-redundanfor 5s, 60C for 155s, and 7& for 10s. The expression was
protein database (NR), NCBI non-redundant nucleotide das#a normalized using reference ge® TIN11and determined by
(Nt), Swiss-Prot, Protein Family (Pfam), Gene Ontology (GO the 2-deltadelta Ct methodL{vak and Schmittgen, 20D1All

eukaryotic Orthologous Groups (KOG) database, the Kyotgeactions were performed with three replicates. All primergiuse
Encyclopedia of Genes and Genomes (KEGG), and KEG&re shown irTable S1

Ortholog database (KO) with E-value threshold of 20

Analysis of Differential Expression Genes RESULTS
(DEGS) Sequencing and De novo Assembly

The expression level of each unigene was normalized ankb gain a comprehensive overview ofl. lutarioriparius
calculated as the value of fragments per kilobase of exon peanscriptome, 10 cDNA libraries from leaf, stem, root, tate
million fragments mapped (FPKM) using the edgeR packagbud and rhizome bud were constructed and sequenced using
(Robinson et al., 2010; Trapnell et al., 201The di erentially  Illumina HiSeq 2500 platform. After Itering out adaptor
expressed genes (DEGs) were determined by the criterioridf fosequences, ambiguous and low-quality reads5 gigabase (GB)
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clean reads were acquired for each sample. The total cleds rea  KEGG pathway analysis was performed to identify the

summed to 66 GB for all sample$able S2. Using the Trinity  biochemical pathways iM. lutarioriparius Based on sequence

program, all clean reads wede novoassembled into 308,155 homology, a total of 34,668 (20.5%) unigenes were matched

transcripts with an average length of 1,080 bp and an N5 the KEGG database and assigned to 32 pathways, covering

length of 1,843 bp. These transcripts were further assembtedi ve major KEGG categories Fgure 4). The three most

169,064 unigenes. The size of the unigenes ranged from 201r&presented pathways were “translation,” “signal transdua¢t

17,395 bp, with amean length of 759 bp and an N50 value of 1,33&d “carbohydrate metabolism,” followed by “carbohydrate

bp. Among these unigenes, 35,599 (21.1%) were longer thab 1,d@etabolism” and “overview,” whereas “signaling molecaled

bp, and 100,775 (59.6%) were shorter than 50CHgute SJ. interaction” and “sensory system” pathways represented the
smallest categories.

Functional Annotation and Classi cation

To perform annotation of the assembled unigenes, BLAST Bear:@ene Expression Pro ling

was carried out against seven public protein/nucleotideluzdas To gain a global view of gene expression pattern across di erent
W't,h an E-value threshold of 10. In totgl, 103,899 (61.5%) tissues, a heatmap was plotted using the Z-score normalized
unigenes were SUCC?SSfu”y annotated In a_t least one OétheﬁPKM valueslftigure 5A). All biological replicates were clustered
seven databases,whl_lé38:5% unigenes remain unmapped. Thetogether with almost identical expression pro les, indicefi
detailed gene annotation info was p.rov@edTabIe.SS. . the reliability of sample collection and analytical procedure
Accordlng to the E-value distribution of signi cant hits addition, the overall expression of rhizome buds and latbuals
against the NR database, 57.5% of the matched SeoluenCEEdSho%mples correlated well compared to the correlation between th

signi cant_homology Wit_h E-values less than 1.08 whil_e other samples, which suggest that these two tissues are much
42.5% of the mapped hit showed moderate homology with E-

X closely relatedRigure S2.
5
values between 1.02% and 1.0E® (Figure 1A). In terms of To further investigate gene expression proles across

similarity distribution, 63.1% of the matched sequenced ba di erent tissues, K-means clustering was carried out to cfgssi

s?m?lar?ty high_er than 80%, while 26.9% of the hits showgd i erentially expressed genes-iure 5B). Totally, 12 clusters
similarity ranging from 18 to 80%igure 1B). Further analysis with distinctive expression patterns were identi ed. The mos

of homologieg among di erent .pIant species reve_aled that th‘:Slbundant group is cluster 12 comprised of 2,222 genes, whose
annotated unigenes had the highest homology with Sequenc%?(pression was highest in lateral bud, stem and rhizome bud.
from S°f9_h“”_‘ ?'OCOIOEQQ'S%)' foIIowedhb)Zea mays(15.4%) The second largest group is cluster 10, which contained 1,889
ap(:] Sﬁtar;]g r']ta Ic (r?'l/o) FlgE]ure 1Qf' T ehtop two spefc:lesll genes, whose expression is much lower in root. In contrast, th
with the highest hits match are from the Poa_ce_ae faMyeollection of genes in cluster 7 and 9 mostly showed reltive
|nd|cat|_ng that _the assembly an_d annotation\f lutarioriparius higher expression in root. The collection of genes in cluster 1
transcriptome is proper and reliable. 2, and 3 was predominantly expressed in leaf. Cluster 11 genes

To g?'g |ns.|ght |ntoGtge {uncltlongl categorlzanon OJ E)he %hibited higher expression in both lateral bud and rhizoroe b
assempied Unigenes, classi cation was periormed Dasq{ese g erent gene expression pro les indicate that eachuéiss
on the NR annotation. A total of 69,973 unigenes could b‘?/vas associated with speci ¢ gene clusters

assigned to GO terms, which were classi ed into 49 functiona
groups under three principle categories, i.e., Biological ggec . . . .
Molecular function and Cellular componentsigure 2. Under  11SSue-Enriched and Differential
the Biological process category, “cellular process,” “nwtimb Expressed Genes (DEGS)
process,” and “single-organism process” were predominantli{nowledge of genes that are specically or preferentially
represented. Within the Cellular components category, ;cellexpressed in tissues can provide insights into the specialized
“cell part” and “organelle” were the most highly representedievelopmental processes in these tissues. From this perspectiv
categories. For the Molecular function category, the mosive sought to investigate the Dierentially Expressed Genes
abundant of genes were associated with “binding” and “gtital (DEGS) in each tissue examined. All unigenes that have FPKM
activity.” values higher than 10 and the fold change of relative expmessi

To evaluate the e ectiveness of the annotation and théiigher than 3.0 compared to other tissues were deemed ag+issu
completeness of the transcriptome library, all the assembleehriched genes. Totally, 4,609, 3,188, 1,679, 1,077, 248 1,
unigenes were subjected to search against the Eukaryotienes were identi ed to be specically expressed in root,, leaf
Orthologous Groups (KOG) database. Based on sequens&em, rhizome bud and lateral bud, respectivélig(re 6A).
homology, unigenes were assigned into 26 KOG categories In order to identify genes speci cally involved in the process
(Figure 3). Clusters “general function predicted only” of rhizome initiation and development, we further focused on
and “posttranslational modi cation, protein turnover and the identi cation of DEGs in rhizome bud. As shown in the
chaperones” represented two of the largest ones, followed enn diagram of the distribution of DEGs in di erent tissues
“translation, ribosomal structure and biogenesis” andgfsil compared to rhizome budHigures 6B,Q, root shared the largest
transduction mechanisms.” In contrast, the clusters ofll“ce number of dierential expressed genes compared to rhizome
mobility” and “unnamed proteins” represented the smallestud with 42,443 genes up-regulated and 13,979 genes down-
categories. regulated, respectively. In contrast, lateral bud sharedmtelest
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FIGURE 1 | Distribution of unigenes annotated to the NCBINR p  rotein database. (A) E-value distribution of top BLAST hits against the NR datatse for each
unigene. (B) Similarity distribution of top BLAST hits for each unigenéC) Species distribution of top BLAST hits for matched unigene aquences.
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FIGURE 2 | Histogram presentation of GO classi cation. Bars represent the numbers of unigenes matched to each GO ten of three categories: Biological
process (red), Cellular component (blue), and Molecularriation (green).

number of DEGs compared to rhizome bud, with 6,838 up-GO and KEGG Enrichment Analysis

regulated and 9,658 down-regulated genes, respectivelgtdh t To gain insights into the functional categorization and reieolic
1,004 common genes were up-regulated whereas 3,062 gepathways involved in rhizome development, DEGs in rhizome
were down-regulated in the other four tissues compared tdoud were subjected to enrichment analysis based on GO and
rhizome bud. These DGEs in rhizome buds may have importaniKkEGG pathways. Signi cantly enriched GO terms were found
functional implications in rhizome development. between rhizome bud and the other four tissues. Comparisons of
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FIGURE 3 | Histogram presentation of KOG classi cation. Unigenes with signi cant matches in the KOG database were clssi ed into 26 categories.

these enriched GO terms in rhizome bud compared to leaf,dhter development, we mapped the DGEs to hormone signaling and
bud, stem and root revealed that the numbers and types of G@ansduction pathways and analyzed their expression in dinére
terms varied substantiallyF{gure S3. For example, “response tissues [igure 8. A total of 175 genes were identi ed to be
to stimulus” and “DNA binding” were signi cantly enrichechi  associated with the biosynthesis, metabolism and signaling of
rhizome bud compared to leaf, whereas “carbohydrate mei@boleight hormones, including abscisic acid (ABA), auxin (I1AA),
process” and “catalytic activity” were signi cantly enrethin  ethylene (ETH), brassinosteroid (BR), jasmonic acid (JA),
a comparison between rhizome bud and stem. Neverthelessytokinin (CTK), gibberellin acid (GA), and salicylic aci8A).
several commonly enriched GO terms in rhizome bud comparedhe genes associated with IAA biosynthesis and metabolism
to the other tissues, such as “cell,” “cell part,” “intragkell part” represented as the largest group with 43 members, followed
in Biological process category, “cellular process” and “bwia by ABA signaling-related genes with 40 members. In contrast
process” in Cellular components category, and “binding,” andhe genes associated with GA signaling was the smallest
“catalytic activity” in Molecular functions category. group with only ve members. All these hormone signaling
We further mapped the DEGs in rhizome bud to the and transduction-related genes exhibited di erential exgzien
KEGG database and analyzed the enrichment of metabolacross the di erent tissues examined. Noteworthy, a subisEéo
pathways. The top 20 enriched pathways in rhizome budenes showed preferential expression in rhizome bud, suggest
compared to the other tissues were listedFigure 7. Among  a putative role of hormones signaling in the regulation ofzdrne
these pathways, a large number of genes were involved in tiggowth and development. Among these genes, seven genes were
pathways related to “phenylpropanoid biosynthesis,” “starmth a associated with IAA biosynthesis and metabolism, followed by
sucrose metabolism,” and “amino sugar and nucleotide sugaix genes related to ABA, and two genes were involved in BR
metabolism.” Remarkably, a number of genes were enriched signaling Figure 10AandTable S4.
“plant hormone signal transduction” pathways in rhizome bud, . . L .
suggesting that hormones may play crucial roles in the reuia  Identi cation of Transcription Factors in
of rhizome bud development. Rhizome Development
Accumulating evidence indicate that transcription fact¢r$s)
. . lay critical roles in various plant development processes. To
Id_entl Fatlon of Hormone . . Ero)\//ide insights into the regulgtory networlfunderlsing rbime
Signaling-Related Genes in Rhizome development, we examined the expression of TFs in di erent
Development tissues especially their dynamic expression in rhizome bud.
Hormones have been implicated to paly crucial roles in divers&otally, 690 TFs belonging to 44 di erent families were found
aspects of plant development processes. To gain insights iato tto be di erentially expressed in the tissues examinEwj(re 9).
functional roles of hormones duriniyl. lutarioripariusrhizome The TFs displayed distinct expression patterns across the ve
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FIGURE 4 | Classi cation of unigenes in KEGG pathways. The metabolism pathways are assigned into ve categories(A) Cellular processes.(B) Environmental
information processing.(C) Genetic information processing(D) Metabolism, and (E) Organismal systems.

tissues. A majority of TFs showed relatively broad expressiathe results of gRT-PCR exhibited almost identical expressio
patterns in all the tissues, while some exhibited distirectissue- patterns as compared to the transcriptome pro ling results.
speci c patterns. Noticeably, 19 TFs were preferentially exgges In addition, good agreement between qRT-PCR and RNA-seq
in rhizome bud, implying that they might play important roles in results was also supported by a signi cant positive correlation
the regulation of rhizome bud initiation and growtfrigure 10B  between them as revealed by Pearson correlation anal’siB (
and Table S3. These rhizome-speci ¢ TFs belong to di erent 0.9219P < 0.05) Figure S9. These results veri ed the accuracy
families with the largest members from NUCLEAR FACTORand reliability of the RNA-Seq analysis.

Y (NF-Y) family. Furthermore, we constructed a putative

regulation network based on gene co-expression patterns f

the TFs and hormone signaling-related genes preferentiali?/sISCUSSION

expressed in rhizome bud. The model indicated that four NF»g 4 promising lignocellulosic bioenergy plant, one of the

YB TFs may putatively regulate the expression of six hormong nerior characteristics o. lutarioriparius is its vigorous
signaling genes related to ABA and IAAigure 100. rhizome as compared with the other Miscanthus species (e.g.,
. . . M. sacchari orusand M. sinensis Rhizomatousness is an ideal
Validation of the Expression of DEGs by trait for M. lutarioriparius to rapidly set up canopy and exert
gRT-PCR superior stress tolerances especially when cultivated in malrgi
To validate the reliability of the expression pro ling obtad land. In addition, theM. lutarioripariusrhizome also serves as
by RNA-seq, 24 genes with di erential expression in rhizomehe primary propagation organ as well as the main storage organ
bud were selected for quantitative real-time RT-PCR (R for reservoirs of nutrients in fall season. Thus, undersiag
analysis. The genes chosen for gRT-PCR analysis included dRthe biological processes involved in rhizome development
TFs and 12 hormone signaling-related genes. For all thesesge and growth is of fundamental importance. In this study, we
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FIGURE 5 | Hierarchical clustering of differentially expres ~ sed genes and pro le plots of clusters. (A) Hierarchical clustering of differentially expressed gese
across ve different tissues based on Z-score normalized FPK values. Blue color represents lower expressed genes, wkilred color represents higher expressed
genes. (B) Expression pro le plots of 12 signi cant clusters. L, leaf; S,stem; R, root; LB, lateral bud; RB, rhizome bud.
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FIGURE 6 | Comparative analysis of tissue-enriched and differ  entially expressed genes. (A) Pie chart showing the distribution of tissue-enriched gengin
each tissue. (B) Venn diagram showing the up-regulated genes in tissues comgred to rhizome bud. (C) Venn diagram showing the down-regulated genes in tissues
compared to rhizome bud. L, leaf; S, stem; R, root; LB, laterbbud; RB, rhizome bud.

provided the rst de novotranscriptome data from ve tissues of several herbal plants such as Cangzhulénced, Ginger .
of M. lutarioriparius with the main objective to identify genes o cinale), and turmeric C. longdwere associated with pathways
putatively involved in rhizome bud development. in secondary metabolism&(o et al., 2013; Huang et al., 2016
By transcriptome proling analysis, 3,062 genes werdhis is not unexpected considering the fact that rhizomes are
identi ed to be preferentially expressed M. lutarioriparius  the main storage organs for abundant amounts of secondary
rhizome bud Figure 60). KEGG enrichment analysis revealedmetabolisms in these rhizomatous herbal plants.
that a large number of genes were involved in the pathways Although substantial progresses have been gained in our
related to “phenylpropanoid biosynthesis,” “starch and ssero understanding of biological processes in rhizome development
metabolism,” “amino sugar and nucleotide sugar metabglismthe molecular mechanisms underlying rhizome development
and “hormone signaling and transduction’Figure 7). These still remain largely unknown. However, as rhizome and tille
pathways are principally involved in cell wall biosynthesisare originally derived from the axillary meristems from the
cell proliferation, nutrient accumulation, primary metaligh lowermost part of the shoot, it can be assumed that genes
and hormone signaling. The enrichment of these pathwaysontrolling tiller development should also play a role in rhize
in rhizome is consistent with the physiological roles M.  development and growth. This assumption is supported by
lutarioriparius rhizome in asexual propagation and serves athe comparative transcriptome analysis of lateral bud and
the storage organ of carbohydrate metabolisms in fall seasorhizome bud in this study. Among the ve dierent tissues
Transcriptome analysis has already been carried out in abveranalyzed, lateral bud and rhizome bud shared the highesiativer
rhizomatous species (e.g., reed, lotus, bamboo and sorghumyrrelation coe cient in expressionKigure 5 and Figure S3.
including two Miscanthus speciedVi( gigantuesand M.  Correspondingly, these two tissues also shared the leaste&umb
sacchari oru} to identify candidate genes involved in rhizome of DGEs compared to the comparisons among the other tissues
development{ang et al., 2006; Wang et al., 2010; He et al., 201(Eigures 6B,J. These results suggested that a certain percent
Barling et al., 2013; Cheng et al., 2013; Kim et al., 20141¢Zhaof genes might play largely overlapped roles in governing the
etal., 2014; Yang et al., 2)1A large number of highly expressed morphogenesis and development of rhizome bud and lateral
genes in rhizomes have been reported to be predominantlgud in M. lutarioriparius However, their de nitive roles awaits
associated with “primary metabolism,” and “hormone signgli further functional characterization by transgenic stiglie
and stress response” etda(g et al., 2006; Wang et al., 2010; TFs play important roles in various plant developmental
He et al., 2012; Cheng et al., 2013; Yang et al.,)2Bldwever, processes. In the last two decades, studies especially in model
we did not nd signi cant enrichment of pathways involved in speciesArabidopsisand rice have revealed that a substantial
response to stresseshh lutarioripariusrhizome in the current numbers of TFs play crucial role in the regulation of tiller
study. This may be partly attributed to the situation that thle  initiation and plant architecture. For example[EOSINTE
lutarioriparius plants we used for this study were maintainedBRANCHED 1(TB1) encoding a TCP domain transcription
in optimized growth conditions and irrigated regularly. Siar  factor was originally identi ed as a negative player in regjoiz
results were also reported foM.  giganteudranscriptome, axillary bud outgrowth in maize Qoebley et al., 1997 The
in which genes involved in “hormone signaling” pathwayshomologs of TB1 were also identi ed in other plant species
were signi cantly enriched in spring rhizomes, whereas geneincluding Arabidopsis (Aguilar-Martinez et al., 2007 rice
associated with “amino acid metabolism and seed maturation(Takeda et al., 2003 and sorghum Kebrom et al., 2006
pathways were much higher represented in fall rhizonesl{ng REVOLUTA(REV), a member of HD-ZIP Il TF gene family,
et al., 2018 Moreover, the highly expressed genes in rhizomes required for the initiation of axillary meristem iArabidopsis
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FIGURE 7 | Bar plots showing KEGG pathway enrichment of genes p  referentially expressed in rhizome bud.  Top 20 KEGG pathways with the most
signi cant enrichment for each tissue compared to rhizome bd are shown as bar plots. L, leaf; S, stem; R, root; LB, laterabud; RB, rhizome bud.

(Talbertetal., 1995; Otsuga et al., 200ATERAL SUPPRESSORour analysis. We further analyzed the TFs that were specycall
(LAS encoding a GRAS family transcription factor speci cally expressed in lateral bud. The results showed that several TFs
regulates the initiation of axillary meristem ArabidopsigGreb  homologous torB1, REV,and LASwere preferentially expressed

et al.,, 2008 MONOCULM1 (MOC1J), an ortholog ofLASin inlateral bud Figure 9. These results indicated that the rhizome
rice, is a key player involved in axillary bud initiation and development oM. lutarioripariusis substantially di erent from
tiller outgrowth (Li et al., 200R Although a substantial set of that of tiller development.

genes involved in tiller development have been charactérize In addition, accumulating evidence indicate that hormones
and the underlying molecular mechanisms largely elucidiaite a ect diverse aspects of plant development processes, especially
still remains to be answered to what degree does the molecula the determination of tiller outgrowth and the formationfo
mechanism controlling tiller development relevant to thatstorage organs. For example, exogenous application of GA can
of rhizome growth. Interestingly, our transcriptome prolin  signi cantly promote rhizome elongation in two rhizomatous
revealed that a subset of TFs belonging to NF-YB, MYB andrass species/@ and Huang, 2016In addition, genes associated
GRAS families were predominantly expressed in rhizome budith GA signaling pathways are enriched in rhizomes in
(Figure 10B. However, no homologs to these above mentionedeveral transcriptome analysisly et al., 2011; Cheng et al.,
TFs except for one GRAS family member were discovered in013. CTK plays important roles in the regulation of axillary
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FIGURE 8 | Expression pro le of hormone signaling-related ge nes across ve different tissues.  The expression of genes involved in hormone signaling and
transduction-related pathways was Z-score normalized andhierarchically clustered in heatmap. A color scale is showat the top. Blue color indicates lower
expression, while red color indicates higher expression.,lleaf; S, stem; R, root; LB, lateral bud; RB, rhizome bud.
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FIGURE 9 | The differential expression of TFs across ve tissu es. The differential expression of TFs were depicted in heatmalpased on Z-score normalized
FPKM values. Blue color indicates lower expressed genes, vile red color indicates higher expressed genes. L, leaf; Stem; R, root; LB, lateral bud; RB, rhizome bud.

bud initiation and outgrowth Choi and Hwang, 2007 and  Furthermore, these hormone signaling genes were predicted
exogenous application of CTK can stimulate rhizome formatiorto constitute a complicated regulation network with four NF-
in tall fescue Festuca arundinacgé\Via and Huang, 20061AA  YB TFs identied in this study Figure 10Q. These genes
and CTK are implicated to act antagonistically in the regolat identi ed provided excellent candidates for further furmtial
of axillary buds growth. Apically derived auxin inhibits the characterization toward unraveling the molecular meckars
lateral bud outgrowth, whereas CTK relieves the inhibition underlying rhizome development iMiscanthuspecies.

It is the homeostatic balance of their levels that deterrtésa

the initiation and outgrowth of axillary budsShimizu-Sato  cONCLUSIONS

et al., 200R In this study, 16 genes associated with ABA,

IAA, BR, and GA signaling and transduction were preferentiall |n this study, ade novoassembly of transcriptome data from
expressed in rhizome bud, implicating the putative roles ofye tissues of M. lutarioriparius was performed with the
these hormones in rhizome developmenthh lutarioriparius  main objective to provide preliminary insights into rhizome
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FIGURE 10 | Pro ling and regulatory network of TFs and hormone signaling genes highly expressed in rhizome bud. (A) Expression pro le of 16 hormone
signaling-related genes highly expressed in rhizome budB) Hierarchical clustering of 19 TFs highly expressed in rhiate bud. (C) Predictive regulatory network
among TFs and hormone signaling-related genes highly expssed in rhizome bud. The model was constructed based on gene @-expression and visualized by
Cytoscape. TFs are in orange color and hormone signaling gexs are in green color. L, leaf; S, stem; R, root; LB, lateral ki) RB, rhizome bud.

development. The comparative transcriptome analysis revealélde National Natural Science Foundation of China (U1432126)
di erential and tissue-enriched genes, which were enrichedhe Science and Technology Major Project of Shandong
in KEGG pathways associated with primary metabolism an@20152DJS03001), the Youth Innovation Promotion Assoaimati
hormone signaling. Noteworthy, 19 TFs and 16 hormoneof CAS (2014187), the Taishan Scholar Program of Shandong
signaling and transduction-related genes were identieml t (to GZ), and the Youth Talent Plan of Chinese Academy of
be preferentially expressed in rhizome bud, highlightingAgricultural Sciences (to YK).

the involvement of TFs and hormones in the regulation

of rhizome development. Taken together, the transcriptomeSUPPLEMENTARY MATERIAL

dataset presented here identi ed a subset of candidate genes

putatively associated with rhizome formation and growth inThe Supplementary Material for this article can be found
M. lutarioriparius thus laid a foundation for further functional online at: http://journal.frontiersin.org/article/10389/fpls.2017.
genomics studies on rhizome development Miscanthus 00492/full#supplementary-material
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