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Abstract

In order to understand the molecular mechanism of Populus tomentosa on adaptation to oxidative
stress at gene level, the transcriptome analysis of Populus tomentosa leaves under oxidative stress
was carried out. GO genes and GO enrichment analysis of KEGG Pathway were analyzed Differen-
tially expressed genes showed that there were 3495 total expressed genes between stressed and
untamed Populus tomentosa groups, including 1683 up-regulated genes and 1812 down-regulated
genes. By comparing the function of GO and KEGG between Populus tomentosa group and un-
treated Populus tomentosa group, it was found that the photosystem PSI and PSII related proteins
in photosynthesis were significantly down-regulated in the plants after oxidative stress. And pho-
tosynthetic membrane, thylakoid membrane structure of the basement membrane accumulation
and membrane recombinant protein were significantly downregulated (P < 0.05). Explaining the
oxidative stress conditions, chloroplast is the main active oxygen generating site. The massive ac-
cumulation of ROS causes oxidative damage to chloroplasts and cells, leading to the decline of
photosynthesis-related functions and the damage of the photosynthetic membrane system.
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HE

AT TREERKF LSS TENEAME RS THE, A6 TTERMME T8 e TR
HMFHM, ¥HEEERERNEFRMGOIIREKKEGG PathwayIEHESHT, HERREEFR/H,
FiE 5 R BE R A AL F S RIEE E #3495, H LIRERAN 1683, THEFANSCN1812.
T ENE S R IMEE AR A A goTh BENKEGG A ITR H, SMhaEitEsks, SXEEM+S
KRR, RRANHREOHRERETHE. SO0, REAREW SRR ERAEEAMRERY
BEVET (P <0.05). BEBIEANBAMT, HEREREMHEH EZ LRI, ROSKKERRMEH 5
h R g4 ) s, SBOLAERMKRIIR TR, AESBERERE®RS.
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1. 51§

TV F LR B, BN A 2 BB LE A 3 S P AU SR, 3 1 28 (ROS) A A P AR 5 82 R Bl
Yo AHEY)EZ IR AT, R 2 e A AR B ORE E M [L] . IR EE R T LN E
Sy TR B A R 20k [2] . AR I AR R I R B R M s S S B s, AR AL, T
IR R AR KRR 2 25 m[3] . 2 R SCkHROE T, 121 ROS XHEMAE KK E & HE. MY
LRRIR . AR AR AR 2 P ARV TR AR . T FE AR AT IE AR KA FE b, A A0 B - SRR 1
KPR L6 R G 1(PSHAIE R S (PSS b2t ROS A 32 E AL [4]

N T Biik ROS X4 A i E, MYA B CRIPE RS, SRR PUEN RGN R hiE L
ARG BHEPUA R G i EAE BR R 2R a4 B H oS S AR (GPX) . AL B AL (SOD) . it
ARG (CAT) SR AE Ak 43 AR A = A AV PR S, B IR A« AEBRIE DL ik R G B @ N ik
HPUIR MR (AsA) . BIEHIK(GSH) H #& B VE N RS 5 B 5 WK T o4 4 7= A= 1) 3 1 4[5«

TEMYERKIFEF, JERBERAE T, MEEH EREASKIR LS O, & ARl G4 Bl i M 4
FEAR I R B A0 R AR B VE T A R DA BB B R GriE BRI, I 2 AR U Rk
KA AR E 6], FECEEER T, HAIRARGZRHUG[6], (R EH A K52 230 ]
FIOT: . ARBFUEL R B EE bR A E AL B AT S (e S i, A T AR B AR A
FHOGIE 2% 2 1 DA R SRR B 45 M A G B T s, DU S8 A 30 S5 IR AR AR 06 51 FH R (L S50 A 5

2. MMEHE
2.1, SEHAARL
WP R LR bR SRS AT . R KR PR 25°C, R IEHE 16 h.
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2.2. SEEGALIE

U N BIAN 1 H B A B A B RE R, BRSPS A, BB KT
FIREEKE T, KM A AR 100 umol/LMV(FJE L )i R A EE 5 h, KR ANHER BT AT A
FVE A8 251 AL B VB A2 AL T i VR UG R S5 A7 T80 C UK AR e b AT i S 2L 7, K oA b 3
MEF AR E M 4o wt, S AERE A T AR BT AR LB A &R we-1.

2.3. EWHE

2.3.1. RNA-Seq iR : #ARE, llumina JFFFIEHELE

W MV IR By 5 AR A ER R, AR 3E 7 1977 ZE (Invitrogen) {f F TRIzol 375145 255 RNA, i
FH Bt e A I L PRS0 RNA () 58 #81% , F Agilent 2100 Bioanalyzer #:3ll mRNA 3 i , F§ Dynabeads mRNA
Purification Kit 47 mRNA B4 B4k, 855 v BUE) mRNA S5 4 i cDNA. {E A Hlumina &4
ZH 43 Hr X (HiSeqTM2000; Illumina, San Diego, CA, USA)XFE i iE AT 5 - K5 3545 1) Raw Reads 4 31745
Prit g€, EH Clean Reads %4, KA K reads 2125 50AF trinity (i R MCLAHEE, 13 3 A REZE K11
F¥%1, By Unigene, 18 SOAPaligner/SOAP2 Kt HLI¥] Unigene 3 41) ()% s 2H 5 6 B A% 55 DN 20 4803 Pe LE
XF[7]e £ F RPKM(RE B /7 1S4 5 B — AN ) v 5 R 3R A /K1 [8]

232 ERFEEANEES S

BT AR A B4, ] DEGseq R # 4 £1.(1.12.0) [9]%F MV Kb B 55 4 kb B g B A= R i - 22 [ (1)
ZE 53Ky 4 Benjamini 1 Hochberg(1995) /52 % P . IKIEJS P {<0.005, |log2Ratio|>1{EH
BEZERIIBE.

2.33. ZREHE GO IhaE, KEGG EESH

ff F GOseq R # Aot 22 e Rk B R % 7y 7 IhRE . A4 A2 L A 4% GO Thiie & 40 #[10].
RIEJE I P {E<0.05 HJ GO DREHOA AL 7 7 R IK B A vh i o i 2

FIH KEGG il %} 22 7 3 I8 HE R AT A B B e B A, SR Fisher B2 40 115 2 R R IA B R 1 E
#£F7, classic Fisher <0.01 1 ik B{E[11] .

3. BZREHh
3.1. Reads 5&E EFHALLx1EF RS (FR 1)

EEL HISAT B4 i v 5 1 e e 1 3R AT 2 RV 2H 5@ A 404 o AN [R) AL HE A i wit 7531 43657504 reads,
wt-1 155 44090468 reads, &id 5EAMERA LS, 2HIH%t F 30486927 1 27708170 /) reads.

32. ZREHR GO BE&EN

14 Gene Ontology % # = LA S B S 4% 35 [R] 20 VR R 5008 o bt wit-1 5 wt % LG 2H 3R 75 110 S5l 3 1 22 SR B T
IHREHEAT & 48 KER T . i s wi-1 5 wt 5t R4, B3 RIE0h 3495, Horb E i3 AN SN 1683,
TFREEEAN O 1812(14 1), &3 2 R RIAM BB E Ry Thag R B R E K& 383 NMEVIETIRE, B
RSy T IhRE EPad fE . difud /() 3 Bl GO 42Kk, 435 156, 211 F1 16 FiAE¥Thfe. BEER
FOLM T SRR R ThReE R BB I 380 NMEMFIhRE, RIS FIIRE. AR diid
(1) 3 Fl GO 732K, 737N 78, 246 1 78 Fi A M ThRE .

GO Uifigh i 2= S 3L REEAT i 19 i, AW FE7E 1% RNA RS AR, Feskilfs, Ko R
TR S ThRE R AR AP /e B8 e LN, {45 CIGR1, DRELID, ERF19, AP2 Z:Jti[K], H CIGR1

B}
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Table 1. Reads and reference genome alignment list

%% 1. Reads 5&Z EFALLIHER—ITER

Sample_name

Total reads

Total mapped

Multiple mapped

Uniquely mapped

Reads map to “+”

Reads map to “-”

Non-splice reads

wt

43657504

30486927 (69.83%)

791368 (1.81%)

29695559 (68.02%)

14808943 (33.92%)

14886616 (34.1%)

16757193 (38.38%)

wt_ 1

44090468

27708170 (62.84%)

796130 (1.81%)

26912040 (61.04%)

13429257 (30.46%)

13482783 (30.58%)

16265478 (36.89%)

Splice reads 12938366 (29.64%) 10646562 (24.15%)
wt 1 vs wt

300 . ..

200 - . coL
T e e DEGs ( 3495 )
3 LT St T - up: 1683
o . . A
° - L A - down: 1812
| . e ot ot

100 - Ui e

-4 -1 1

4

log,(fold change)

Figure 1. Difference gene volcano map. Significantly differentially expressed genes were expressed in red (up-regulated)
and green (down-regulated), with no significant difference in genes expressed in blue dots; abscissa representing gene ex-
pression fold changes in different samples; and ordinate representing genes Statistical significance of differences in expres-
sion change

1 ERERXLE. AEEFNERFTEANERRI G Q(LR)MRERA(TR)RT, TEEMERTRIENEER
BeRRT; BERKREREFEHATRIEAFHEN; AR REEREETUERNGITFEEMN
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(RSB AR B B W EAE FH[12], DREBLD H_F i & M T s 7 5 80 1 2 3% R 4 o S 1
W, MR ER IR A A RIFE M [13]. TE0r T IR LR 45 & # K R s 1, DNA S5& 5 TR h# A7
R EME AR, 4% SCL14, WRKY6, WRK33 253k K] F i Z A W8 b SO i 5K 7 Bl 1
FH[14], T4 S A RO T4t R R 34 (P 2)
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Figure 2. Enrichment of the histogram, the vertical axis is the enriched GO term and the horizontal axis is the number of
differential genes in the term

2.GO EFRMRE, NLIRAZER GO term, HEALFRAIZ term PEFEE M
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JeE A EHIOLRE AR IR . BB IS — RPN R NG I G LR R E B S s,
HAEPCRGETHOCEARESY LHC E5 0GR THENEEAS SN, TEZ 5 e ToLE
M 3R 5L [15]. HPDCRS 1| 1) Psb HaE A2 BAT G BT 7K BRMEA A R
HERERATEW[16]. ATPcl FrACRM MBI E 515 52 50K & W BOM Gl B2 T8 B 72 o o e
BB R [17]. go IRt 2R BN AT et il 5AEY Al Ot SR DIt B4k
KL, T, RSB AR AR R E M T M AR, XL 45 PRK. Lhca. Lhch. cp24.
ACSF. ATPcl, CHL27. CP24. CP26. geranylgeranylreductase family protein. Lhca. Lhcal. Lhca2. Lhca3.
Lhcad. Lhcbl. Lhcb2. Lhcb3. Lheb4. LIL3. phytochrome A. PsaG. PsaK. Psb27. Psbp. PsbQ. PshS.
PSW. PsbY. PsbX 25 [F1(I4 2). WIHTEGULINAE ., fEYaEmT, AIXREE S AWIERE S
ML, BRI S SR 7 M ER R

TEJGRGE NPSI T, JeEM SR EA, B B ST SR 6 Il TN 28 FE AR I R ) HEAR
s s A R B SR I [18]. go ThREH 0 72 AR R BEAT 0 A 15 Y, S 4 7) - Je& IR R B Thge
BFCERE, SRS (PSI), SRS WPSH), MExRBEMNEE, FUAKEMAE, Mok EEd, BHER
HEYEDNRE P A B TR, XU K HE: ACSF. ATPcl. CHL27. CP24. CP26.
cytochrome b6f. geranylgeranylreductase family protein. Lhca. Lhcal. Lhca2. Lhca3. Lhca4. Lhcbl. Lhch2.
Lhcb3. Lhch4. LIL3. PetE. phytochrome A. PsaD. PsaG. PsaK. Psb27. Psbp. PsbhQ. PsbS. PsbW.
PsbY. PsbX S H (Kl 2). UHIERMIE)E, M mERIBIR, S6E1EMA R EMESALE
JBE b DA S R BRI BRI R S A, BSOS B B DL R BRI E I R B A I T A
R o

REEYDCRS | R—MEZEAGREEY, Ll AR E A S A (Lhcal-Lhcad) A LHCI
Z PSR a, R b, HEHE, KW, MAHE MRIVEGHK[19]. go DhReH 2 AN AT 7
Prigt, 507 oRe-ragER, BREGMHRIIIEET, WO, ST, SERE, alE, KRR
I, KRG N, RIS T RE P AR AR X B M T S N, XS BRI 45: ACSF. ATPcl.
CHL27. CP24. CP26. cytochrome b6f. geranylgeranylreductase family protein. Lhca. Lhcal. Lhca2. Lhca3.
Lhcad. Lhcbl. Lhch2. Lhch3. Lhch4. LIL3. PetE. phytochrome A. PsaD. PsaG. PsaK. Psb27. Psbp.
PsbQ. PsbS. PsbW. PsbY. Psb &5 (] 2), WHIEAMINENS, AL RS | NEHGRESWF
I TR EAM R EORNER, FEEMEER. ORAEGHCNEASMEI 7 TR R .

WX go DIReM A e, WA S, o TIIReMZ R, EEERmt T, HEREAY
S PUEARHIAAAE R B LR, S E A E A SR ThRERE Rl AR B35 1 T, U B id AL e
Ja, WEARP AR, M EAOE R 2 B, SEE A S E B AT RER AL .

3.3. ZREHA KEGG 9%

FELEMIPR A, A FISE R AR B RAT (B2 Dhfe, I Pathway 25 1k 4R REMA i 22 3 RIS SE A
Z 5 B ARG S8 S@e. W oHE N Pathway [1ACHHE B L &2V LD 32 22
=AY A EAE R, ARSI BN L, AR A SR B (18] 3). T 2 T
SN T B E AR E S AR P, JC SRR - REERNE T, JeaEREHEH A, b
WA -2 SR AR % (P 4)

SEAREBEEAE T, I AR ELAT RSB SR I PR AS S R R R0k B, TREZ T ROS R
A3 1 BB TR0 SRR T SRS A [20] . 3R 1 B P95 ) HR B I T a % ERAD_C 132 30 i
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(Saccharomyces cerevisiae) (Mammals)

Figure 3. Protein processing in endoplasmic reticulum, Red represents the up-regulated gene

E 3. EAREARMBPHIMI, TefKREFEER

Doal0 [ i, wIReRAMMNIMALE T, EH AN, FEERAD_C 72 R IEHHE Doall A5 Jf F#
fife e R A B Y AR T [21] (] 3)s

EHEIERS, RS I(PSHAE RS N(PSH) &M@ Ye R E AR FTEREMI L, kit e
REMIAERL, PEMK ROS TEMSRAH AR R, ORI EYGEAE FH[22],  FEAE G SRANIE B OG AR Ak 5 THI
EEEEMEM. E8A1ERH - REEMAEKF, LHC GBI RELEA)F, BEME T RER MK Lhcal.
Lhca2. Lhca3. Lhcad. Lhcbl. Lhcb2. Lhcb3. Lhcb4. Lheb5. Lheb6 (141 4(b) Ui BHEE L E G, &
YER %245, magfk PSIN  LHC @ 2R, M RS 1 EEMDEERE A B S (LHCH)ZS 55K
HEASEAEIL T TR .

TESGREAL R, YRS N(PSN)H ) psb 548 R YT A BT K I RAR AR A
A EZEE A EY[23]. 1 PsbW & FXf TR EARMEERL Xt PSH-LHCI 8 52574 1 1 R A AR i 1
FEATIHEE FH [24], type-ATP 44k F1Fo-ATP & RfF(CFLF0) 3R Eh ATP & BT ATP /K A IS N
JCHRAEWIE AT T, ATPase S A0 75 AT DL AN 2844555 T HL0, IR 52 14 [25] « 1 LDH3 X T 14
HE A R AR K TR [26]. fE G & /R RGBS PSI A, B35 M T I & R f9.45% PsaD. PsaE . PsaF .
PsaG. PsaK. PsalL. PSIl &, Z3 M FiHZEE K AHE PsbO. Psbp. PsbQ. PsbW. PsbY. Psb27. F-type ATP
o, BEME N RER RS gamma. delta (K] 4(a)). BEIITESELINE S, ROS FEM SRR R RBEER T
H1ER, $3 7 PsaG. psbW. CFlFo SFJEMH1 N, MIMFE T HF1hik, REMEE A ERZ R
M o

X Pathway 35 VB SR BRI 04, EAGIRE %M T, HUE(E S IALRI R RIA I, AHOC PR
T NN R E GRS B, TOGEIERARMEAUKL S A, REAEG CEOFES REN
T, USRI IRA S, AR A BRIS, DE A SRR 45 R B AL .

4. g
A 0 SR E R S R N 3 AL L R A AR BB R, X e E M R A
B . AT R 2 77— R ARG [27]. R Rt B CRIBUE LB R SR FELIE ROS Xt
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Figure 4. Significant enrichment of the KEGG pathway metabolic pathway map (a) for photosynthesis,

(b) for Photosynthesis-antenna protein
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= LT (4]0 AT BT A B B A M A B R AR A I AT S AR IE IS, 38 I X L3 S A kAT
orir, I go ThEEAM KEGG 577 AT HLXS, KINEFAEMEABEMOCEEIMCERER . Mgk
JRESMIAREAAH BE N T RAGES . %k, il go THEEA KEGG 7 Hrfs i £ AL Wit Jim B vk
WHPDEETERHF RS |, SRS N RN H O A LHCI(MNERE 7 Rt R L) I A R & F . 6
IR, SEPEARRELE Y, A OGS AR S FE AR (¥ A ) HE AR MR BE A DG iR 3 B35 Rl 3] T ROS
MR AT BE S BOCEIE RS2 AAMRESE I chl27 N, FEF ARG Eh A3 BUESE, chl27 1
RAL BT IEH AR AR PSI SN s, T HIAR SR M- Sx K & & R FERBEE IR, L&
PERE(G[28]. SAALMEE K Lhebl N, Uil TAHSCBIIE E A i, SBOCEIREN . KEMBLH
WL T SH, XAECHREN Lhebl X128 B 5 25 14 1) R 1 LA S R SRR IR e #5224
CABAESE[29]. )5, MO ROS AUHAISZ I M AR 1 £ ZHAL[30], AH 7T K ILE
LM A (R AR R SO S R E A L 506G, KRBT R E A &
FNET U AERZBVEACHETS, AR U A O B AT DA DR 32 B SE AL 8 (IEE 2 —, D9t
JEHAEARAKEA) BRI 18 7 % 38 35 3 B A S AR A -

5. &g

BAMERE 2N AR P AR A e e, P REAEEEOIFS AN R L
B, EIRE AR R S A e A BB i [26], SEOCEIER TR, StE ARG RZ BB, i
Wi 4 i A 1 A PR A A

E&WE

JEEAAE R A T AE A THRI 100 75 rp s s R AR 55 2 T 55 < B3 B (supported by “the
Fundamental Research Funds for the Central Universities”) JC2015-01.
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