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LR R L E EPCRA TR ERMASE R MITHIZFIIEIE

A2, HRE, mWAC, B AW, FELS
LT A B, ) 0410005 B IS % b 5 RS 2 B 25 T B 507, b5 100193

WE S5O E #PCR(QRT-PCR)E AR A i REME . SR VERT SR ek, B 2 N T3 RIE M o1 . 7855090 ib
PR, Uk AR AR I B TRE by 2 5 DR A 23 A7 S 3 48 AR 0GR . LU B AW (Populus trichocarpa) it AN [R] 41 2R LA
JEEIE R A BT A RL, AT 5 BPCRITVE 4T T TUA8. TUB6. ubiquitinn GAPDH. actin. 18S rRNARIEF1a
TAEFRIERN W F L. BilgeNorm. NormFinderfliBestKeeper 3MEF K454 704, KPlactin, ubiquitin, EF1af
18S rRNAMASE MR AT, 7T HAEE RGN RE R N S K T TUBGTEAN A A b A8 e Mt 72, GAPDHERE M E T
M AP R e M 2s, RIEAREEE NN SEE . BRMNACERERIESH, #—PRIET BRER ., %5 KA
qRT-PCRIF LT B R F R R TR A S R FE R AR SEH, RN ERNACER K Ise A — 2 & Lo

XEIWW NACHEPR, BRY, LN ERPCR, AZEER, Fliha

TbetH, BRE, RWN, EFEW, FELR (2013). S 5O6E BPCRII N B A A 5L R ) I A AE. KA 27
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¥ 4l 4 41 B (Salicaceae) ¥ J& (Populus) 1 4
W TRAR SRR, BAAKEIE. SN,
I7 oy RN 5y Jo I B AR R, M E L)
GVAEW . BB AT LR 5 KR B
M FRM . NIEM AT A5 LAk, b
A REUR I RE, BB AR — Mol £E i) A= P ¥ e
PEHRIE & %2 . BRM(Populus trichocarpa) &
R E R . B AR A AR,
4k JUl 79 IT (Arabidopsis thaliana) 1 /K 7 (Oryza sa-
tiva)Z ) [F 28 SRED A S ML k) . R EBR
W R D e (R %R 3

5 TP ARG W00 DR 6 3k 7K - 1) 75 24 DN B
%1||(DNA microarray). NorthernEliZE(northern blot).
J5 A7 2 38 (in situ hybridization, ISH) Al 52 I & &
PCR(quantitative real-time polymerase chain, gRT-
PCR)%% . Ht, qRT-PCRZ & # /3 iTmMRNAK A i
WH] L Eethid B i Ik, B e R A
PE, O8N T T SRR E L
LK 2 Wi 2 45 438 (Bustin, 2002, Bustin et al., 2005;
Nolan et al., 2006). h IF2&XEE4f A 752 5T RNA

ek H W3 2013-01-09; #:52 H #: 2013-05-10

(14 J0 2t R 56 B DL S AR CONA i A . 514
MARF R . IR 2 BRI R 08 3% 45 2R ™ 4%
(Bustin, 2000; VanGuilder et al., 2008). A G
(1) A 25 2k KPR 25 45 S0 5 SRR AR R 22 . — AN B
) 1A 2k IR 2 42 A AT ARSI 36 3 50 R 45 A 8 e AR
Kik. WSEEREH MM IEARRE ANy, 254968
M IEA T RE, H 50T 1) B AREE AT A AL IR R
iL7KF(Thellin et al., 1999; Schmittgen and Zakra-
jsek, 2000; Suzuki et al., 2000; Warrington et al.,
2000; Dheda et al., 2004; Udvardi et al., 2008; %iff
&, 2012). Hur, WHMWEZRENARZ, Wh
s 1k 1% fIit %0 [ (glyceraldehyde-3-phosphate, GAP-
DH). W3l A (actin). ¥z % (ubiquitin, UBQ). #Z %
454 Wi (ubiquitin conjugating enzyme, UBC). 18S
¥ B 44 RNA(18S rRNA) . 25S ¥ ¥ /& RNA(25S
rRNA). %% 5% 4 {1 [X] 7 (elongation factor 1 alpha,
EF1a). 744 & [ (tubulin beta, TUB)HMIHH P 4E K X 1
(translation elongation factor, TEF)%5 (¥ 4 fith & [X]
(Bustin, 2002; Kim et al., 2003). Aif, £ H X
DT ) e 3 7K1 2 BE R ) R 6 B BRI S 3 2% R 1 AN T
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M A Fr A [F (Thellin et al., 1999; Dheda et al.,
2004). BAEEA RKIL—AEEVER P A5
DKL 2238 73 M (K0 N 25 56 [N IR A 53 D (Thellin et all.,
1999; Schmittgen and Zakrajsek, 2000; Suzuki et
al., 2000; Warrington et al., 2000). /%1, Mehdi
Khanlou#l1Van Bockstaele(2012)#fF 57 &, 4L =
(Trifolium pratense)ft]UBC2FIUBQ10/& M- K ik f
FOE HI2A 6 K FE N, UBC2RIYLS87EZE R RIS L
FUE, EIF-4aflUBC2(EM T RILRLE, 1 GAPDHAN
SANDTES AN AL P RS E M BAR. koh, ACT.
ubiquitin, 18S rRNA. EF1a. TUBHITUAZ: N H]
TR AL M, EAE R G0 8 U 1 AT R
#k(Regier and Frey, 2010; Xu et al., 2011; Pettengill
et al., 2012). 4 T NqRT-PCRE HER T, &
e oy i e R A R AR e Ph R .

M, ARWFFRG T T T 6 K (TUAS,
TUBSG. ubiquitin. GAPDH.. actin. 18S rRNAFIEF1a)
1E8N B R Z LA KB E N 4B . =25, m
thi#is . b, actin, ubiquitin A EF1atg 1% 1173
BT SR A T i B K 2 35 (Pettengill et al,
2012). 3k 5 Z:geNorm (Vandesompele et al.,
2002). NormFinder (Andersen et al., 2004)F1Best-
Keeper (Pfaffl et al., 2004)3/™ Gt it 225 A4 VPl v iE
BB F IR ARE M Wi ] IR E FIE R oMy
TR NACH IR 1) 2k B dl, 456 50 Uk 3R A 1 PP Ak
SRR INARE T, B2 K Mactin. ubiquitin. EF1a
HM18S rRNAMIFEE PERLLS, T HIME B AR R R IL
W N 2 K]

1 MR57%

1.1 KB

A sz By FH B B ¥ (Populus  trichocarpa Torr. &
Gray) A R4 2R AR o ] B 22 R 2 e 25 H AR )
WO N AR = — AR BN, FEE N AR 4128
IR B A L ZE AR K2 A B SA—80 B R 4 ks

-

FH o

1.2 FWRAF SR

1.2.1 &7
RNAF R FK A 28 50 2 7 I R PL. sk

ik 77 & SuperScript 1Il Reverse Transcriptaselly [ 3¢
[ Invitrogen/y 7] . DNAJH AL . DNA Marker & 5L I}
E HPCRIAF &I B &S BV TREAF . 51 hE
TAEY TR R A BRA A b5 A ) &

122 &8
¢ 6 58 TAX 2% i CFX-96 5K I ¢ ) 52 5t PCRX (BIO-
RAD).

1.3 Hk
1.3.1 HHRNARYEEI S 41k
M—EA B R AR Ll B FECEE2. 3(Le2-3)F
S5(Le5) AN Hr 523717 ] (St2-3) K S5 4—6711 [ 1F 4
1 B AR B (Xy4-6) Rl K¢ 5 (Ph4-6) 41 21 . £512-25
58] 1F 234k 1 A 5355 (Xy 12-25) F 1 5z ## (Ph12-25)
ML) L AIR(RY), WECE T AR, S HRNA
A A ) B A U R U RNA L R4 8
RNAJTIDNARGALHE, LBREERIAIDNAG S, 2 )5, T
Nanodrop#% & 73 #1352 i RNARIR B FI 4 . 1
FH1.2% 1) B3¢ I 458 10 Fh ARG IS RN 58 B 4
WA K2 H H AR — 300 B b 4185 1 T2
(1-2 cm), 2 HTEE 470, 1. 40 pmol-L™'ZnSO,11
WPME: I 57820 K . IEEAR . 250 i, BT
ZHRAE . RNATREUH AP B S i 7510855 (2012)
Bk 77 1%

1.3.2 cDNAF1EKE R
cDNABE [ & pli 4% % SuperScript 1l (Invitrogen)id 7
GV PESRAAT . FEHI20 pLi AR R BRNA
1.5 ug, 1 pLEEHLE1#(100 umol-L™"), 1 uL dNTP mix
(10 mmol-L™"), HDEPC/K4ML 420 pL. 65 °CHi#ks
e, WHRAEUK E253 8, SRJ5 T4 000 x g0
10fb. Jin A4 pL 5xFirst stand Buffer, 1 uL DTT (100
mmol-L™"), 1 pyL RRI, 1 uL Super script lll, T
4000 x g0 150 . )i, 50°C I 4558l 21k x
IR HI70°CnF 553 Bl HBE 4045 5 I AN—20°CUKAH
R

1.3.3 BEREFEREFEFSIPLT
THEZFREN IR EEA. BMEEA. 25,
Hh BRI SN UshE A, 18SE P ARNARI#



TIBRAHAE: SN E B PCR 2304 B R M A 25 2 DR ) i 8 A IE

SKIEAH P 7 g S K], RITUA8. TUBG6. ubiquitin.
GAPDH. actin. 18S rRNAFIEFT1a(#1). HArHEH
NACT 75145 B 3 [N 41 Bl /o (relase2.0, http://
www.phytozome.net/poplar) & . 51497 i J v
IDTdna (http://www.idtdna.com/scitools/applications/
primerquest/results.aspx) & if, 3 & &E W ~: ¥
4K JE 80-200 4N L X, 51T 41K 17-254 Bk
3, GCH :45%-55%, Forwards| ¥ 5Reverses|¥)
ITMIE A BEAH 22 KK

1.3.4 PCRRFI&M4

K HI R B TR PR A A 1ISYBRY Premix Ex
Taq ™I 52 I 5 i PCRA 71 & 34T 52 B 20 Hr o 181
Bio-Radi Cycler Q33 i S PCRX 6L . FEA™
FLIZ 20 Lk R Inke: 4 pLAHcDNA, 0.8 L For-
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ward 5% (10 pmol-L™"), 0.8 uL Reverse | ¥ (10
umol-L™"), 10 uL SYBR® Premix Ex Tag™ I, 4.4 pL
WK BAFEMESEIW. § IR NFET A 95°C
A PE30F; 95°CAPESFP, 60°CiEk18F), 72°CHE
HA5FD, 3OMFIR. RASEM ML AE S . SR E
P R FHAR S 52 3540 M7

1.3.5 S EBERWNITE

S IU8ANFE il Y CDNABAR,, TR & 5 MK KRR B 64
&, BB ERRRES R, MRS 43 41, 1/5. 1/25,
1/625. 1/3125811/156251% . “EAN N4 NEE .
W5 AR I 38 i PCRAY A 417 1 1F 8 8 £ CFX Mana-
ger™ SoftwarefS . H i F 73 CTAE L kv ih <&,
13 B RER ML NEAT X RBR? . ¥ A RE=57""1,
ALY BORE.

F1 BERILFHNACHIREF I ARR B35, JIMFH. 519008 K R
Table 1 The name, accession number, primer sequence, primer location and amplification efficiency of seven housekeeping

and four NAC genes

Gene name Accession number Primer sequence (5-3’) PL ™ AL AE R?
(°C)  (bp) (%)
actin EF418792.1 (F)TCATCGGAATGGAAGCTGCTGGTA  954-978 795 117  102.98 0.998 1
(R)TAGTGGAACCACCACTGAGCACAA 1 046-1070
ubiquitin FJ438462.1 (F) AAGATCCAGGACAAGGAGGGCATT  365-389 86.0 178 103.92 0.9992
(R)TCTTGCCAGTGAGGGTCTTCACAA  518-542
EF1a GQ253565.1 (F)ATTGACAGGCGGTCTGGTAAGGAA  70-94 835 137 100.57 0.998 2
(R)AAACGACCAAGTGGAGGATACGCT  182-206
18S rRNA AY652861.1 (F)TTAACGAGGATCCATTGGAGGGCA  503-527 825 118 102.16 0.999 3
(R)ACCCAACCCAAAGTCCAACTACGA  596-620
TUA8 XM_002325386 (F)ATACAGCCTGATGGAACGATGCCT  179-183 815 110 99.48 0.999 4
(R) ATAGCTCTCGGCACATGCTTTCCT  264-288
TUB6 XM_002323509 (F) TCTGACCTCACGTGGTTCACAACA  826-850 82.8 97 104.22 1
(R)IGTCTGCTGCGCACATCATGTTCTT  898-922
GAPDH FN396887.1 (F)TAGGCTGTTGGAAAGGTTCTGCCA  299-323 825 117 99.88 0.998 3
(R) TGCCTTCTTCTCAAGCCTGACAGT  391-415
PNACO041 POPTR_0005s101 (F)TCAACAAGTGTGAGCCGTGGGATA  164-188 83.5 190 98.59 0.9980
00.1 (R)TTTCTCATGCCAACAAGAGTGCCC  329-353
PNACO042 POPTR_0007s084 (F)TACGTAAGGGAACCCTTGTTGGCA  323-347 825 183 103.16 0.9989
20.1/POPTR_0007 (R) GTTTGGCCACAACTTCTCTGGTGT  481-505
s08430.1
PNAC154 POPTR_0015s021 (F)AAGCCACAGGGAAAGACAAGGAGA 296-320 815 198 102.32 0.9987
70.1 (R)ACACCCTGCAGATCACCCATTCAT  469-493
PNAC155 POPTR_0012s016 (F)AGCTCGGCTGGAAAGAAGACCTAT  502-526 78.5 88 101.56 0.998 3
10.1 (RIATGGTGGCAGACCATAAGGGCTAA  565-589

PL: 314)¢-CDSIFFI LIMALE; TM: W MEEIE; AL § K S, AE: 980K, R%: i /AL
PL: Primer location in coding sequence; TM: Melting temperature; AL: Amplification length; AE: Amplification efficiency; R* Co-
efficient of determination
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1.3.6 HNSEAESIYEREELEE
#qRT-PCR [ N 7= ) E A7 35 Mg B (2% ) e i FEL vk, 43
My KR . MUk SO U R B SRR e I 1 4

1.3.7 HBEEBE SR

1 HgeNorm. NormfiderfiBestKeeper3/ M #1453 Hr
F RN B R8N H A DL B e B i 4 85 B
ML 2L MR AR e rE e E . o geNorm Al
Normfiderfs ¥ 75 206 CTE AL QI 5, 77 v kAT
S3HT o HEAR S 3 h Q=ES MIe MRl g R IR (14 2K
Ko, MY WYKL 100% 0, ElH BN A2, ct
sample Jy iZ & R AE AL [ CTIE, ot min it
RIAE T 440 e /MEICTAE ). BestKeeper®k f4:1] LA
BN F AL I CTIEREAT 407

2 HREHE
21 ERFRNABSEEHL

PR R IR A8 2L FARNA, DNAT 1L
Ak PR 5 FH 1.2% B REH s P RS I, A IR P Uk 4 Y
T, B RIS, H.28S rRNATT L 18S rRNAH
5%, ULPIRNAM EHEME R 4F, WA F(E1), FH
Nanodrop £ #ll RNA 1) i B2 Fnali g, 45 5 3% B A260/
280 M1A260/23017£2.0-2.12 [7], i B RNA () 4l &
B, fEA G SRS I BR o I Trizola S HUCEE b i
B RGA R 25, HERNA, 2R 5 4%
PEELUE o BARERAEITVES WA TR (2012) T ik

2.2 ¥EWMEMYEESESR

R C AR K5 P41, it TME1E78.5-86°C
Z I 5140 o LA o B A B (R CDNA K 55
B, HATQRT-PCRY 3, MR HIEIRAET G K
FEDRARE M2k o 45 R BOR S F FEER e R R
=0.990, 5IWHIY B A 195.0%—105.0% 2 I7],
BIfF 6 qRT-PCRU Y M % [ 23K (R 1), PCR™#)
25 2% S5 IR B o Jie v R, 5 SRR BH A H 1 4y
KANGERME—3, AR e &N, DR
Fi ey 8 (B12). 2Bt th4k, KISE X
FEDRIHS U= AR e — (i A e, % R SRR ol ) D 8
SVEUF, AR (R0 FR AL TN AR 5 (B3). ik 4
R TR T R e R A, qRT-PCRJZ VI

Le Le St Xy Xy Ph Ph Rt
5 2-32-34-612-254-612-25

28S rRNA —
18S rRNA

585 rRNA —

B 5 RNAR LR I ] i

FHA.2% 1) 250 I W0 5 i PR TR AGL I — 41 A B R R i B
%2, 3(Le2-3)FE5(Lebs) M B2-3711[H(St2-3). #4-6
1 18] 1E 234 R A 52 38 (Xy4-6) F1 ) 2 #55 (Ph4-6) 41 28 . 5512-25
1] TE 23 B A B0 (Xy 12-25) 1471 5z 5 (Ph12-25) 20 2L L} %)
FR(RE) 2 1) B RNA.

Figure 1 Agarose gel analysis of total RNA extracted from
various tissues of Populus trichocarpa

Total RNA extracted from various tissues, including the 2nd,
3rd (Le2-3)and 5th (Leb5) leaves, stem internodes from the
leaf plastochron index (LPI) 2-3 (St2-3), developing xylem
(Xy4-6) and phloem (Ph4-6) tissues from LPI 4—6, developing
xylem (Xy12-25) and phloem (Ph12-25) tissues from LP| 12—
25 and young roots (Rt), was separated on a 1.2% agarose
gel.

TP, GERMER TS

23 BERERBACTESH

CTH S5HEMH M FIE R b, MICTM A, ik
HN, 2 IRER . QRT-PCRIM 45 LW, 74NE HK LA
CTEAE10-33 211, H18S rRNAMICTH &AL,
1E10-142 [i); TUASHNITUBGIICTAL i s, E25-33
2 [8); actin. ubiquitinF1EF1aft)CT{E | £E21-292 |A]
(Kl4), BiI&FFIEF P RIERAR, 702N
Ko

24 BREEAREMSH

B A1HBestkeeper. geNorm#INormFinder3/™ 1
TN o8 B DR RS e PR AT e 22 20 Bt o IX 3N AT
KA T qRT-PCRJG 4 2 ICTLIAT 40 HT . Hbest-
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M 12 3 4 5 67 8 9 10 1TM

200 bp —
100 bp =—

E2 qRT-PCRY =it 51t

FH 2% 3¢ 1 W8 5% e v Uk 43 AT 7 T 5K AR TR R4S NACE [R] 1)
gRT-PCRYy " #7“4). M: 100 bp DNA ladder marker; 1:
PNAC154; 2: PNAC155; 3: PNAC042; 4. PNACO041; 5: actin;
6: ubiquitin; 7: EF1a; 8: 18S rRNA; 9: GAPDH; 10: TUAS; 11:
TUB6

Figure 2 The specificity of qRT-PCR ampilification
gRT-PCR products of seven housekeeping and four NAC
genes were analyzed on a 2% agarose gel. M: 100 bp DNA
ladder marker; 1: PNAC154; 2: PNAC155; 3: PNAC042; 4:
PNACO041; 5: actin; 6: ubiquitin; 7: EF1a; 8: 18S rRNA; 9:
GAPDH; 10: TUAS; 11: TUB6

KeeperF2 /3 1] DL EL#:5%6F CTAE REAT 23 #7; 1igeNorm
FINormFinder 1 ) 75 2K CTAE % e il AT X 2604
FREEAT 30T 6

2.4.1 geNorm%#f

geNorm V3.5 - 1 31X A5 & FREMAE Al o i
FRUE A KA . MIEBER, SEPR o fs e MR, K&
Z Nk . DAIM=1.524 FFR, HA /N0 A4 BN
FHXTEE A FEE » geNorm BT 45 KW, 76 FK L
IMIES/NT1.5, BTG SR A8 E « 727
MNEZFEER T, actinflubiquitinfIMAE A%, B0
IR E PR LT, TUBGIMIMIE e i, Aee Mt 2 irik
BRIEN 2N, HRAANE FEE R FIMAE N AT
CATZ I TAE F AL A M A B AR A
actin=ubiquitin>18S rRNA>EF1a>GAPDH>TUAS8>
TUBG (/5).

2.4.2 BestKeeper##f
BestKeeper#2 )7 4k 4 F 2 5 A [ CT{H F EXCEL %k

PEVTSARE N 22 SD o SDAEME/N, FE A RS Ph R &7
#SD>1, WK ZIEHRATEE . T4 (K2 ER,
TUA8. TUBG6FIGAPDHIYISDfE K+1, Ha# /M T
1o F AR E PR s B HE Ak 2k EF 1a>ubiquitin>
18S rRNA>actin>GAPDH>TUA8>TUB6.

2.4.3 NormFinder%#7

NormFinder % ¥ ] EXCEL % 1 1 55 55 A 1 B 5 1l
M. MEBRAR, WHZIEDR RS e . S0 HRST AN E R
FERMIME. WR3FIR, actinffIMIERAR, Hi'E 2
JIT 16 X DR R Tk de e 11, TUBGIMIMAE #5: 1, i
B AR PR 2 o TG SRBE DR R Pk N v 2
RHEF K K A . actin>18S  rRNA>ubiquitin>TUA8>
GAPDH>EF1a>TUB6.

25 HMETEREEMREMESH

fif [fiBestKeeper. geNormFINormFinder 34 {4
BEMbE R BRAR R 22 PR 7ANE RN
R tEH T AT # 0 M (F4) . geNorm B 1440 HT 45 R
WoR, EF1afi118S rRNATFIMIE AR, Bl EATmE
JE PR, GAPDHIYIM L i i, AaE R 22 TVE R
5 R 42 TR T 1 N s B HE P K I . EF1a=18S
rRNA>ubiquitin>actin>TUA8>TUB6>GAPDH . Best-
Keeperik 53 ¥ 45 B WoR, ubiquitinff) SDIE A, F&
JENER L, GAPDHI)SDE K T-1, FaE i 2, 74
F F R A E PEHEF b ubiquitin>18S rRNA>actin
>EF1a>TUA8>TUB6> GAPDH. NormFinder# -4y
Mrei R BoR, EF1affIMIE AR, 0SS e ML i
FesE Mk EF1a> actin>18S rRNA>TUAS>ubi-
quitin>TUBG6>GAPDH .  £5-& 3/ 5 181 43 #r 45 %
Wi, ubiquitin. EF1a. 18S rRNARactin{fif2 5 Y4,
GAPDHI i P e 2%

26 FERERREMEIE

N THAF FIRE R, WA RIM A KA BE HqRT-
PCR 3 AT 45 A 22 I INF 11 P 2 55 DRGS0 45 2 (1) 5 1
AR QRT-PCRZL 34T 744 % T /N RNA(mIR-
164 )1 H D) 58 K 501 1 & A NA CHE 5 IR 5K ik
[Af26iL(Lu et al., 2008). 43I LL7TANE K EE A N
LD B4 NACT I DA IR AR ik &, R
actin. ubiquitin. EF1af118S rRNAJ N2 4 KI5 7
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Figure 3 Melting curves produced from qRT-PCR products of seven housekeeping and four NAC target genes

FAL P RILEIAIEAR—E; 1TLLGAPDH. TUA8  52.3(Le2-3)F1555(Le5) M i LA K il =25 (St2-3) 1)
FITUB6 K N 2 K I 1) Ik U 5 1y LA BAS LIk B EARN, £FH S HL A I A — 5,
[, HrhPNACO0417E 55541 Jr(Le5), PNAC0427E PNAC154F1PNAC1557E 5 5(Le5) N A If R I &
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---m---718SrRNA ---e--- TUA8 —¥—TUB6
—+— GAFPDH

B4 HEHREFKCTH

K BoRTANE K ILIR 18S rRNA. actin. ubiquitine GAPDH.
TUA8. TUB6FIEFTafE1 AR H L FEE2,
3(Le2-3)FI45(Le5) M. 452-314[ii)(St2-3) & #4615 il i
IR A I (Xy4-6) A1) Bz 3 (Ph4-6) 2141 . 5512—2574 i) 1E 4
10 AR I (Xy 12-25) R ) B2 #58 (Ph12-25) 21 2R LL & AR (Rt)
FKIEMQRT-PCR B4 3

Figure 4 The CT value of housekeeping genes

It shows the results from gRT-PCR analysis of seven
housekeeping genes, including 78S rRNA, actin, ubiquitin,
GAPDH, TUAS8, TUB6 and EF1a, in one-year-old Populus
trichocarpa tissues, including the 2nd, 3rd (Le2-3) and 5th
(Le5) leaves, stem internodes from the leaf plastochron index
(LPI) 2-3 (St2-3), developing xylem (Xy4-6) and phloem
(Ph4-6) tissues from LPI 4-6, developing xylem (Xy12-25)
and phloem (Ph12-25) tissues from LPI 12-25 and young
roots (Rt)

AFI(E6). FARESR UL, 7EHQRT-PCRAHTHE A&
ISR I N S B DR o] R S U R A TF E AR
FER AR R T, Bt n] UL N SRR R B
A, BAVEILAT M HIPNACO41FIPNAC 15455 [
MR RIS S AR, e A AR RIL, Ui
AR R R . PNAC04245 554—6715 7] 1F
LA T (Xy4-6) K IA A m, 7652, 3(Le2-3)F

262 B PCR 0T B N S 2 R I ANRHIE 513

0.8 -

0.4 -

0.2 -

O L I
TUB6 TUA8  GAPDH

EF1a 18SrRNA actin/
ubiquitin

BE5 geNormFefy /M7 AN ZAE A IR 1 B s R PEAR Hm

Figure 5 The average expression stability value (M) of
seven housekeeping genes calculated by geNorm

H5(Leb) AN Fr =k 2, IR RAK; PNAC-
155/E 8 i i, £ 55 46711 [1] (Ph4-6) J 55 12-25 15
[} (Ph12-25) 1E /- (L8 i i L A ks ik 2, e
PRI o IX 5 S S5 HU%E (2010) 9T 45 SR I A —
B, W R HE— PTG DR 1) D) R B9 Al

2.7 itig

ITAEK, QRT-PCREZAFEAE HARF S ko . R &
AP G R T S R T R R R A
WF5¥(Udvardi et al., 2008). W qRT-PCR¥ A/ #t
FERERIAR, WSIERMIEFMREZ, kAR
MW SR, AR ARSI, Bk, 15
SrNT HARIE DRI RIA Z 8/, IR LN B IR T
fiiik . AW RGN T ol 5 H(TUAS). B
R H(TUBG6). 12 % (ubiquitin). T i 1 i 19 I S s
(GAPDH). W\sh#& A (actin). 18SHZHE1ARNA(18S
rRNA)FI 5 38 K T (EF1a) TN B R W84 B
R LT LB P B R ARG AR 25, nprp
ik . 4geNorm. NormFinderfliBestKeeper 3/
W T W R R R E T iR PR AL (Vandesom-
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#2 HiBestKeeperfi oW FAEH MR IEF M

Table 2 Expression stability of housekeeping genes analyzed by BestKeeper

EF1a ubiquitin 18s rRNA actin GAPDH TUA8 TUB6
Geo mean [CP]  23.558 23.7878937 121394 25.690 950 78 26.062 62 29.795 88 27.591 72
Ar mean [CP] 23.580 83 23.807 0833 12.18042 25.712 916 67 26.113 33 29.835 42 27.669 58
Min [CP] 21.753 33 22.316666 7 10.79 24.41 23.113 33 27.343 33 25.736 67
Max [CP] 25.08 251933333 13.546 67 27.66 28.32 32.263 33 32.723 33
SD [+ CP] 0.823 125 0.832 187 5 0.855 313 0.8753125 1.294 167 1.357 083 1.633 646
Stability rank 1 2 3 4 5 6 7

CP: CT{; Geo mean: JUL{F¥{E; Ar mean: 53414, SD: brvfi 2
CP: CT value; Geo mean: Geometric mean; Ar mean: Arithmetic mean; SD: Standard deviation

%3 JINormFinderfi {173 b A 5k DA i) 4 i B v pele et al., 2002; Andersen et al., 2004; Pfaffl et al.,

Table 3 Expression stability of housekeeping genes ana- - . PSRN
4 Qf%%%ﬁ Jﬂslj\j;igj; S B ﬁTH
lyzed by NormFinder 200 ), Zh 13X 26 Py 22 2 B’Jﬁ}; T H% NMAf, X

Gene name M Stability rank FfAS — SR W] e BT o SEHLAR AR I ZE 0 27 SV A
actin 0.226 753 77 1 [A)iE e I(Hu et al., 2010). IXFhEL /M # (Citrus
18s rRNA 0.409 391 14 2 reticulata) A S L E A ) A 25 3 D RO 9t 8 L L
ubiquitin 0.429 235 82 3 (Hong et al., 2008; Wan et al., 2010; Huis et al.,
TUA8 0.432 697 45 4

GAPDH 0.485 544 35 5 2010; Mafra et al., 2012).

EF1a 0.501 105 54 6 ZEA KT, actin. ubiquitin i EF1a ) ka5 PR
TUB6 1.131 130 31 ’ U o actinjd 21 Mo i 4800 E 2y, LTI Az 4

4 fHlgeNorm. BestKeeperfINormFindergiil =it/ M & N I 3 ik e ok
Table 4 Expression stability of housekeeping genes analyzed by geNorm, BestKeeper, and NormFinder

Gene name geNorm BestKeeper NormFinder
M value Stability rank SD[+CP] Stability rank M value Stability rank

ubiquitin 0.445 006 3 0.170 123 1 0.377 571 5
18s rRNA 0.380 386 1 0.325 679 2 0.282 673 3
actin 0.483 390 4 0.366 996 3 0.263 997 2
EF1a 0.380 386 2 0.383 374 4 0.131 832 1
TUAS8 0.536 548 5 0.542 798 5 0.367 552 4
TUBG6 0.590 513 6 0.696 626 6 0.380 906 6
GAPDH 0.814 547 7 1.188 313 7 0.907 506 7

E6 LIAFME FKIEEF N NS EER 1 H AR IR NACI ik

sy slLhactin. ubiquitin, EF1a. 18S rRNA. GAPDH. TUASHI TUB6 ) NS 3K /3 HTPNAC041. PNAC042, PNAC154F1PNAC155
VUANNACK EH N AE 1A B R B L 1R FIIEE2. 3(Le2-3)FIEE5(LeS) M Fry 5 2—375 R (St2-3) A& 55 4—674 [a] I /3 Ak A5
TR (Xy4-6)F1H 2 8 (Ph4-6)4148 . 2512-251 ] IE S AL I A T (Xy 12-25) 170 Jz 8 (Ph12-25) 1 23 LA K AR (R I« GhAAAR
NACIERFRIE N4 . fELeSH RILE H1.

Figure 6 The expression of NAC genes analyzed using various housekeeping genes as references

Relative expression of four NAC genes, including PNAC041, PNAC042, PNAC154 and PNAC155, in one-year-old Populus
trichocarpa tissues, including the 2nd, 3rd (Le2-3) and 5th (Le5) leaves, stem internodes from the leaf plastochron index (LPI)
2-3 (St2-3), developing xylem (Xy4-6) and phloem (Ph4-6) tissues from LPI 4—6, developing xylem (Xy12-25) and phloem
(Ph12-25) tissues from LPI 12—-25 and young roots (Rt), was analyzed using the gqRT-PCR method. Housekeeping genes, in-
cluding actin, ubiquitin, EF1a, 18S rRNA, GAPDH, TUA8 and TUB6, were used as references. Fold changes of NAC gene ex-
pression are shown. The level of each gene in Le5 was arbitrarily set to 1.
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b

Mo b 45 ik, ZRT-PCRWN 2 55 P I 5 A 3k £ H, 252 E8NA Ry E R, aFESHEE #
(Santella and Chun, 2011). Ubiquitin/&)/ ZZ 47761 Bl T MR 2R e o 55 52 ) R g 2o DR
Rz i EEE 2K, A B AR, e & (Zhou et al., 2007). 7ET-FPia T4
AW N ST R R A SN A Y & X (i L IX 3N (1 R IA IR 5 T (Pettengill et al.,

(Hochstrasser, 2000). EF1aje— 5 () £ I fE 2012). It4h, ACT7. EF1afIUBQ{EREH (Firmiana
40 - actin 80 actin 15 - actin
30 4 60 10
20 40
10 20 $1
0 0 0
20 - ubiquitin 60 - ubiquitin 150 - ubiguitin 25 - ubiquitin
15 20 -
40 - 100 - 15
10 - 10
20 50 4 i
5 5
0 04 04 04
25 - EFfa 150 EFfa 200 - EFta 30 - EFfa
20 -
15 - 100 150 1 20 -
10 100 -
i 50 10 4
5 4 50 4
04 0 04 04
15 - 18S rRNA 80 - 18S rRNA 100 7  18SrRNA 20 - 18S rRNA
80 -
10 60 - ol 15
;| 40 40 | 10
20 A 20 1 51
0 0 0 0
15 - GAPDH 40 - GAPDH 80 - GAPDH 20 - GAPDH
10 - 30 A 60 15 -
20 4 40 - 10 4
51 10 20 - 5
0 0 0 04
6 TUA8 15 - TUA8 40 - TUA8 8 TUA8
4 10 30 1 6
20 - 4
2 51 10 2
0 0 0 0
1.5 TUB6 1.5 TUB6 10 - TUB6 2.0 TUB6
1.0 1.0
05 0.5
0 0
WMo W o s WMo Wwow = WMo Ww o = WMo W o s
R R R LR R LR ERE R R R R
SogdEd Sz Ed oz Ed SogdEd
= L == L == L = L
= o = o = o = o

PNACO041 PNACO42 PNAC154 PNAC155



516 HiY:4R  48(5) 2013

simplex) M -1 AN 6] & & B Be b (1) 2k LA 2 (Han
et al., 2012); B-actinfE 5t (Camellia sinensis)/~[F]
an B (RIS AR E (PN 5, 2010); actinfil
ubiquitini& 12 (Salvia miltiorrhiza) & 5E P 5 i 12
NEFRFEF(Yang et al., 2010); ACT11HIEF1afE i
1t.(Nelumbo nucifera) ' % 15 %5 4 £ 5E (Luo et al.,
2010); ACT7 &% (Brassica campestris)itfify
Fa g & K H N (Chen et al., 2010); 1£% I (Cic-
horium endivia)f 75 fiti(Lycopersicon esculentum)it
T EMRA L FACTE A2 € (Levdal and Lillo, 2009;
Maroufi et al., 2010; Xu et al., 2011); £ H 3 &
(Lolium perenne)f17i % (Vitis vinifera) % 4 () A [A]
REMBL. # R (Cucumis sativus) Iz ) 2 AN 271
F EF1afx 4 %2 (Reid et al., 2006; Martin, 2008;
Basa et al., 2009; Boava et al., 2010). &Rt
—L i actin. ubiquitinFlEF1a— & F 3L B)E &
VE AL R R IEE SR I N S 2R . S35k, IAHE
R RFE, 185 rRNATICTIEHAK, RikFER A,
EX IR A e . LL18S rRNAH N S 1K 77
FINACIEIR [ 3IE, RILBARFRIL 540 H e
WS LR 25 R — 2. BrunnerfSE7e X i A 2 i 3k
L IA A7 (Xu et al., 2011), 75 H AL &5
o U] 18S rRNAFFEE S AE MMM N S H .
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Selection and Validation of Reference Genes for Quantitative
RT-PCR Analysis of Gene Expression in Populus trichocarpa
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Abstract Quantitative RT-PCR (qRT-PCR) has been widely used in gene expression analysis because of its sensitivity,
specificity, and reproducibility. Application of suitable reference genes to normalize gRT-PCR data is critical in analyzing
PCR results. We analyzed the expression patterns of 7 housekeeping genes, including TUA8, TUB6, ubiquitin, GAPDH,
actin, 18S rRNA and EF1a, in various tissues of greenhouse-grown Populus trichocarpa and Zn-treated in vitro plantlets.
The stability of housekeeping gene expression was analyzed with use of 3 software packages, including geNorm, Norm-
Finder, and BestKeeper. The genes actin, ubiquitin, EF1a and 18S rRNA were suitable reference genes for efficient
normalization of gRT-PCR data, whereas TUB6 and GAPDH were not suitable for analysis of greenhouse-grown plants
and Zn-treated plantlets, respectively. These findings were confirmed by comparative profiling of 4 P. trichocarpa NAC
genes. This study provides useful information for reference gene selection in qRT-PCR analysis of gene expression in P.
trichocarpa. It is also helpful to elucidate the function of P. trichocarpa NAC genes.
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