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Stage-specific and weighted gene co-expression network analyses of yam

( Dioscorea alata L.) tuber growth

YIN Jian-mei,

ZHANG Qian, JIANG Lu, ZHANG Pei-tong

(Institute of Industrial Crops, Jiangsu Academy of Agricultural Sciences, Nanjing 210014, China)

Abstract: Chinese yam is a crop with hamology of medicine and food, and tuber is its main product organ. The develop-
ment mechanism of tubers plays an important guiding role in the breeding related to the improvement of yield and quality of yam.
Based on transcriptome sequencing of tubers at different growth stages (T,-T,), after de novo assembly, 42 042 unigenes were
obtained and annotated using seven databases. After identification, it was found that a large number of genes were involved in the
process of tuber formation, including hormone synthesis-related genes, signal transduction-related genes, and so on. The results
of stage specificity analysis showed that the initial stage of tuber formation was a critical period. The results based on the weighted
gene co-expression network analysis (WGCNA) showed that the expression of hormone-related genes was very active in the early
and late stages of tuber growth. Abscisic acid (ABA) and jasmonic acid (JA) were important hormones for the growth and devel-
opment of yam tubers. The results lay a foundation for further study on the molecular mechanism of tuber enlargement of yam.
Key words: yam;

transcriptome sequencing; stage-specific gene; weighted gene co-expression network analysis
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FER IR IR/ 2% ( Weighted gene co-expression network
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1.1 REH A

ISEE RN K 55 11 2 ( Dioscorea alata 1.) , 51 H
DU KT E JE T E R P bR AR = 5, T 2018 4F
4 F 26 HFE T8 LM BB G sh k)2 5
Ho, 410 H 24 HllGHk, $25T 9 A 4 H (35
132 d) FHIRIE K, 4300 FHEE RS 11 d(9 H 14
H).21d(9 H24 H) 31d(10 H4 H) 41d(10 A
14 H) 51 d(10 A 24 H) B FHe=k, AU 3 #RIE
G IR ARG RAF T =70 CUKAE
1.2 RNA 70 cDNA XERHI&

K H TRIzol ¥ (Invitrogen, USA ) #E47 & RNA )
PR, FH 1% B REWHEE IS L UK RNA J& A5 [ S 05
4t ] Nano JGJEHH(IMPLEN, USA ) K63l RNA it 4fi i
(0D » I Qubit ® RNA X7 & ( Life Technolo-
gies, USA) I & RNA BY¥SE, ] RNA Nano 6000 i)
% (Agilent Technologies, USA) 74l RNA F5E4

B 1.5 pg RNA, F poly-T SR YEEE 4L mR-
NA, FIFHBEAL S ARS8 F1 M-MuLV ¥ %% 5% i
(RNase H) & 855 1 5% cDNA, /] DNA 5 & [ 1 1
RNase H & 505 2 5% ¢cDNA, TruSeq PE Cluster Kit
v3 cBot HS(Illumia) 7E c¢Bot KA W R 4t XK 5|
S FE I TSRS, 7E Hlumina Hiseq & XSO
ST ARA3 /N K 125 bp/150 bp BN reads
1.3 MFHIERENER

X0 e A5 D b B i iR A T 0, R BREESk (R
I FE 9> 10% , Qphred {H <20 BYBHIEE>50% ) .
1.4 HERINEEFR

K H Grabherr! ' %} clean reads #E47#f 42 , s

unigene, fifi & #F 17 £ K ECHE 2 (42 #§ NRLNT,
PFAM KOG , Swiss-Prot\KEGG , GO ) TJ & Y 7 B¢,
[A] By 35 F 30r iz 7R 2 A 5 22 %0 ( Spearman correlation
coefficient, SCC) #1753 43 #T ( Principal compo-
nent analysis, PCA)
1.5 BEEREENITENERERKIFE
KB Rk KA B 73" %t readcount ( read
B0 HEATRE A T R DU PP 1 B T S 91 B
(fragments ) 5% H ( FPKM) 18 1A T .

total exon fragments

FPKM =

mapped reads X exon length
1 total exon fragments 3% 78 B AN F B
B, mapped reads 3¢ 7R 5E L read KL (H JT) 5 exon
length TN EF K (KB) ,
L P {<0.05 H. llog, FoldChange | >1 >y BI{H i 1%
22 HRIRFEIH ( Differentially expressed genes,DEGs)

Ej

Max
SS(i,j)=1-

I <k<6,k#j

1.6 MEfFRERNIGERLRIEWZHEE

i1 B AR SEE (Stage specific, SS) Bk fifi
WEA343>0. 5 1Y unigene MEA BT BORE R BEA X LA
A5 FRA>0.5 1k PR EAT IAS L PR 3 5K 1 45
Hr (WGCNA)
1.7 ERRHEEE PCR WIE

K] PrimeSeript ® [ 5% 5% i) £ ( TaKaRa, K
%) G cDNA | AR % S 2H 3R 8 5 10 22 7, BE ML B
% 8 PNEEA {#i F Primer 5.0 ( Premier Blosoft Inter-
national , USA) & 1514, & ¥ DaActin 1E NS5t
AT RT-qPCR, W AEFF:95 °C 30 min;95 C 5
5,58 °C 305,72 °C 30 5,45 MEFF, L& it SO
A R 2 RS DR e e 2 il IR IR 2K
RT-qRCR W 7E Light Cycle 480 7% 5 f# PCR &
& 58 (Roche, Hii+) AT Akdls 272 2 Bk
SRR R
2 SRS
21 MEFEHESHSER TR

KW Fe i S A B AL IR S S RS SORE S A
50 266 7581 clean reads, 3k 5 186 793 1 tran-
scripts Fl142 042 4~ unigenes, A [F] FPKM [X [H] [}

unigene FCE UK 1 s, 0] DUE W FEA RIS, K
FRAr Y FPKM {BH 0~0.10.0.31~3. 57,
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Fig.1 Gene expressional levels in different periods
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Fig.2 Gene annotation in GO database

HA 10 154 /> unigenes {FFEF] 130 4~ KEGG il
B AT R RS 5L 5 BAL B FREE AR EAL
A FE AL IR 4 5 28, P G A 3 R v A
FF BRI ACEE T (B 3) .

F I aE R B, 6 DA RS0 T,
B3] T, ~ T BP0, T, Bl 300 AR At 5 B 300 %) 4 DG P 3¢
I, T, ~ T I A R SR A s BB A K R (T, I 48
FE I (T, ~ T ) FATER R 2257 (BT 4)

22 RELZBEHBERFAARZEBRNMESRE
5By

M S IR IER K B, AR 2 [B] 1) DEGs
o442~ 6 7744, b 5 T RTEIAR LG, T, B EEAY
DEGs £t £ 2, 13 7901 L iRZEH |2 9844 T i 5k
(F 1), ARS8 222 Hr Bed Ik N Bl
599 ~3 6211 (E1 5) ., GO 43#fr & 3L, T, i A K
ZHCER 5E H R AL S PR RR 1L 40 i R B i



BRGNS : 1N TR T B BUIE D L3R 08 I 45 A 22 I [ B e S Ak 20 33

R AR KRG s MR NEEAK,
REE R | 441 | e
w2719
wmsmf [ 193
MmN | ]220
R AR ]232
2t |413 .
e i FrE
RETLACI | 469
KA & AR 840
HAbA A 1303
AR
R 1070
| ]298
ghbeg 152 LS B AR
i ST
frewme ]293
iz 6t PR S b
AL | 429 | AHR%
0 llO IJS
FF d L (%)
S AR 3 P RR B A DL IR 80
B3 REZEEE KEGC HIBE i RER
Fig.3 Gene annotation in KEGG database
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Table 1 Numbers of differentially expressed genes in different developmental stages

SR EEF LR (1)
LB

T, T, T, T, T, T,
T, - 3 063+2 356 3994+3 170 2 874+2 098 3790+2 984 2 016+1 058
T, 2 356+3 063 - 997+1 067 427+468 727+791 1 129+808
Ty 3 170+3 994 1 067+997 - 940844 490+373 1 668+1 854
T, 2 098+2 874 468+427 844+940 - 171+271 664-+362
Ty 2 984+3 790 791+727 373+490 271+171 - 1289+1 234
Ts 1 058+2 016 808-+1 129 1.854+1 668 362+664 1234+1 289 -
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Fig.5 Number of specific expressed genes in different periods
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Table 2 Key genes related to abscisic acid and jasmonic acid synthesis

LI D PN ET Logfold dange P SRR

Cluster-5213.13546 T,5T, -1.9322 1.341 1x1073 KR 8 (ABAS) F 1L Al
Cluster—5213.14981 T,5T, -6.1719 2.580 0x1077 ABAS Ak
Cluster-5213.17159 T, - - ABA Z{k PYL
Cluster-5213.20371 T,5T, 1.795 9 3.296 8x1072 ABA /& PYL
Cluster-5213.10357 T, - - ABA & TCIRE AR
Cluster-5213.7062 TS5 T 3.340 3 6.010 0107 9- - PR A S A B l\?ﬂﬂua—im
Cluster-5213.15137 T,5T -1.5312 3.002 9x1072 12-48-AE ) — I R0 5
Cluster-5213.14982 T,5T -2.517 4 3.110 3x107* SRANR (JA) FHEEA WG
Cluster-5213.15182 TS5 T 1.846 6 7.611 0x1073 W IRE Y& b

T, T, Ty T, Ts Tg VLI 13,
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Fig.6 Whole genome co-expression network analysis of yam tubers at different stages
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2.6 RT-qPCR IGiE
Ph Actin N2 36 H, BEBLIE L 8 A~ K 17
RT-qPCR, e ek i, SIHF I 036 3, S 3%

%3 RT-gPCR ERE3|#FFI
Table 3 Primer sequence of gene for RT-qPCR

FE R A F Em 59 159
NCED 5'-CCAAACATGAGCGGCAACAG-3’ 5'-GTCGGCAGTCTTAGGCAACG-3'
CYP707A 5'-TCTCCGAAGCCCAACACCTA-3’ 5'-GTGCGAAAGGACCGAACTGA-3’
GIDIC 5'-CCGAAGACACTCAAACATCCC-3' 5"-AACTGCCGCCGTGAAAGAATA-3’
OPR 5'-ATCGTTGATGCCGTCTTTGAG-3’ 5'-GCGGAGATACCCGAGATAGTG-3'
A0S 5'-CGCAGGGCTTCATACACGA-3' 5" TGGCTGATCCGAAGTTGCA-3’
LOG 5'-TGACAAGGCTGTTGATGAGGG-3' 5'-CGTCGTGTCTAGGCACGTATT-3'
GBSS 5'-CCTCATCGGCTTTCAACCCTAA-3’ 5" TCTGGAATGCTCTTGGCTCACA-3'
S8 5"-GAGGGAACAGCGAGACGAAA-3' 5'-CAGACACTCACCGCATCAGC-3’
Actin 5'-AGGCTGGATTTGCTGGTGAT-3' 5"-AATGCCATGCTCGATAGGGT-3'
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Fig.8 RT-qPCR validation of differentially expressed genes
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FE T, ~ T ik i W EREAN, 7E 32508 plad 72
H R ABA BYER 1A — BTG B, & R4
A SEKRERIRFIE Z B, F ABA RS A S IE
YR BN A 25 ZE R F G ] ABA i
FREuf R RAE R FHEA K BA R Fiem

W IREA A BE(AOS) 2 JA & R Y
LANRE SRR, o] UL SR I 1A B, 12- %81
YW RA IR (OPR) /2 JA & B GG, A0S
DRIt B 2 TR T 38 i 4% S rp JA B FEARHF
5EH1,A0S ,OPR fEREAE B — Hm Rk, UHAE T,
U AR L 25 HEE A R B AR L JA AR
FICIARRT A58, S HE i JA S

GRS T L5 T TR 7E T, B 3 A o S A
Yo | 2RI 5N T ERFO36 like | EURZ A0 B
LRI TR R RO 3858 . ERF F S R F RS
HEMEY R, ARG SRS AR AT R
e HE R E A 3 A >0 eI A S 1 2
YEE RN MMM R G5 i #E . 78 T A
(ke S M RS B B A 2 AN Sk T (WRKYTL,
WRKY79) % % 5 [H, 76 7K R5 A8 W0k 2 40 1 v,
WRKY71 # 35 i ABA 5 599 GA 4l o-TE # if
amy32B FIZREE 21755 5% 0SB T GAMYB BlhfR] %
iKY S WRKY79 76 B oK it B ek S R AR A 2,
IR T AR B T A DG TR L AH DG BE PR iy 2=
R ENTEEE L B S, RS R 1 Rk
FEER,

4 45 .

B FENS L 25 S A B i o A A B, AE 1L 2y
PeZEIE 3, JUHZ T, I o P =28 0 B 1 2
W, BBt RN H i 2, AR DEGs 5 40 4=
NN ESUL Il TP Y &V A= VEL N €PN
IRFFITEER , ABA FI JA JEHRZE A KL T Y H B
R, WA RS Z A TR 7 IR S AT
FELH S, ST AL e 45 4 A T S 45 SR 0T AK
WE— 2 W LT 2 B ZE R R 14 50 B B8 5 i

S E Lk

(1] FARE AP EELZGRLE [ M]. Jbat: s EA R, 2013 2-
4.

[2] OSELEBE H O, OKPORIE E O. Evaluation of water yam ( Di-
oscorea alata L.) genotypes for yield and yield components in
Abakaliki agro-ecological zone of Nigeria [ J ]. Agro-Science,
2008, 7(3): 179-185.

[3] LE BH, CHENG C, BUI A Q, et al. Global analysis of gene ac-
tivity during Arabidopsis seed development and identification of
seed specific transcription factors[ J]. Proceedings of the National
Academy of Sciences of the United States of America, 2010, 107
(18) : 8063-8070.

4] BELMONTE M F, KIRKBRIDE R C, STONE S L, et al. Compre-



38

AN N A o

2022 4F 4 38 % 1M

(5]

[13]

[14]

[16]

[17]

[18]

[19]

hensive developmental profiles of gene activity in regions and sub-
regions of the Arabidopsis seed[ J]. Proceedings of the National A-
cademy of Sciences of the United States of America, 2013, 110
(5): E435-E444.

ZHOU T, LUO X J, YU C N, et al. Transcriptome analyses pro-
vide insights into the expression pattern and sequence similarity of
several taxol biosynthesis-related genes in three Taxus species[]J].
BMC Plant Biology, 2019, 19(1) : 33-42.

SUN Q, ZHOU G F, CAI Y F, et al. Transcriptome analysis of
stem development in the tumourous stem mustard Brassica juncea
var. tumida Tsen et Lee by RNA sequencing[ J]. BMC Plant Biol-
ogy, 2012, 12 53.

ROUMELIOTIS E, VISSER R G F, BACHEM C W B. A crosstalk
of auxin and GA during tuber development[ J]. Plant Signaling &
Behavior, 2012, 7(10) : 1360-1363.

SARKER D, PANDEY S K, SHARMA S. Cytokinins antagonize
the jasmonates action on the regulation of potato ( Solanum tuberos-
um) tuber formation in vitro[ J]. Plant Cell, Tissue and Organ
Culture, 2006, 87(3) : 285-295.

OBV BRI S RPN X 2B R E )
BFEAHT[)]. YA A4, 2020,56 (12) :2736-2744.
GRABHERR M G, HAAS B J, YASSOUR M, et al. Full-length
transcriptome assembly from RNA-Seq data without a reference ge-
nome[ J]. Nature Biotechnology, 2011, 29, 644-652.
TRAPNELL C, ROBERTS A, GOFF L, et al. Differential gene
and transcript expression analysis of RNA-seq experiments with To-
pHat and Cufflinks[ J]. Nature Protocols, 2012, 7(3) ; 562-578.
ZHAN J P, THAKARE D, MA C, et al. RNA sequencing of la-
ser-capture microdissected compartments of the maize kernel iden-
tifies regulatory modules associated with endosperm cell differentia-
tion[ J]. The Plant Cell, 2015, 27(3) : 513-531.
LANGFELDER P, HORVATH S. WGCNA: an R package for
weighted correlation network analysis [ J ]. BMC Bioinformatics,
2008, 9(1): 559.

LIVAK K J, SCHMITTGEN T D. Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2722 method
[J]. Methods, 2001, 25(4) . 402-408.

KLOOSTERMAN B, VORST O, HALL R D, et al. Tuber on a
chip: differential gene expression during potato tuber development
[J]. Plant Biotechnology Journal, 2005, 3(5) : 505-519.
PAWSON T, SCOTT J D. Signaling through scaffold, anchoring,
and adaptor proteins [ J ]. Science, 1997, 278 (5346) . 2075-
2080.

SHU K, LIU X D, XIE Q, et al. Two faces of one seed: hormonal
regulation of dormancy and germination [ J ]. Molecular Plant,
2016, 9(1) . 34-45.

SUN T P. The molecular mechanism and evolution of the review
GAGID1-DELLA signaling module in plants[ J]. Current Biology,
2011, 21, 338-345.

TYLER L, THOMAS S G, HU J H, et al. DELLA proteins and

gibberellin regulated seed germination and floral development in

[20

—

[21]

[22]

[24]

[25]

[26]

[27]

[28]

[32]

Arabidopsis[ ]]. Plant Physiology, 2004, 135. 1008-1019.

PENG J, RICHARDS D E, HARTLEY N M, et al. * Green Revo-
lution’ genes encode mutant gibberellin response modu lators[ J].
Nature, 1999, 400: 256-261.

FU X D, RICHARDS D E, AIT-AIT T, et al. Gibberellin-media-
ted proteasome-dependent degradation of the barley DELLA protein
SLN1 repressor[ J]. Plant Cell, 2002, 14(12) : 3191-3200.
IKEDA A, UEGUCHI-TANAKA M, SONODA Y, et al. Slender
rice, a constitutive gibberellin response mutant, is caused by a
null mutation of the SLRI gene, an ortholog of the height-regula-
ting gene GAL/RGA/RHT/D8[ J]. Plant Cell, 2001, 13 999-
1010.

TUCHI S, KOBAYASHI M, TAJI T, et al. Regulation of drought
tolerance by gene manipulation of 9-cis-epoxycarotenoid dioxygen-
ase, a key enzyme in abscisic acid biosynthesis in Arabidopsis[ ] ].
Plant Journal for Cell & Molecular Biology, 2010, 27(4) . 325-
333.

SCHWARZ N, ARMBRUSTER U, LVEN T, et al. Tissue-specific
accumula tion and regulation of zeaxanthin epoxidase in Arabidopsi
reflect the multiple functions of the enzyme in plastids[ J]. Plant
Cell Physiology, 2015, 56(2) : 346-357.

KROCHKO J E, ABRAMS G D, LOEWEN M K, et al. (+)-Ab-
scisic acid 8 -hydroxylase is a cytochrome P450 monooxygenase
[J]. Plant Physiol, 1998, 118(3) : 849-860.

WANGZ Q, XU Y J, CHENTT, et al. Abscisic acid and the key
enzymes and genes in sucrose-to-starch conversion in rice spikelets
in response to soil drying during grain filling[ J]. Planta, 2015,
241(5) : 1091-1107.

PAN Z Q, CAMARA B, GARDNER H W, et al. Aspirin inhibi-
tion and acetylation of the plant cytochrome P450, allene oxide
synthase,, resembles that of animal prostaglandin endoperoxide H
synthase [ J ]. The Journal of Biological Chemistry, 1998, 273
(17) . 18139-18145.

CAO F Y, DEFALCO T A, MOEDER W, et al. Arabidopsis ETH-
YLENE RESPONSE FACTOR 8 ( ERF8) has dual functions in
ABA signaling and immunity [ J]. BMC Plant Biol, 2018, 18
(1): 211

LIU K, LI' Y H, CHEN X N, et al. ERF72 interacts with ARF6
and BZR1 to regulate hypocotyl elongation in Arabidopsis[ J]. Jour-
nal of Experimental Botany, 2018, 69 (16) . 3933-3947.

JINY, PAN WY, ZHENG X F, et al. OsERF101, an ERF fami-
ly transcription factor, regulates drought stress response in repro-
ductive tissues [ J]. Plant Molecular Biology, 2018, 98 (1/2) .
51-65.

XIE Z, ZHANG Z 1., ZOU X L, et al. Interactions of two abscisic-
acid induced WRKY genes in repressing gibberellin signaling in a-
leurone cells[ J]. The Plant Journal, 2006, 46(2) ; 231-242.
FUJY, LIU Q, WANG C, et al. Zmwrky79 positively regulates
maize phytoalexin biosynthetic gene expression and is involved in
stress response [ J ]. Journal of Experimental Botany, 2018, 69
(3): 497-510.

(ALt tx $8)





