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Research paper

Characterization of Transgenic Eucalyptus camaldulensis
Carrying the Populus tremuloides coniferyl aldehyde
S-hydroxylase gene

Yi-Chiann Chen”  Jia-Bin Tsai” Zenn-Zong Chen”  Jeng-Der Chung'”
[ Summary ]

The lignin quantity and monomeric composition play important roles in wood and pulp pro-
duction. In this study, the gene encoding coniferyl aldehyde 5-hydroxylase gene (CAI/d5H) from
Populus tremuloides was transferred in a sense orientation into Eucalyptus camaldulensis by
Agrobacterium-mediated transformation to assess the change in pulping properties in transgenic
E. camaldulensis trees. Seven transgenic lines (H201~7) were obtained, and transformation was
verified by a genomic polymerase chain reaction (PCR) and Southern hybridization. Lignin con-
tents of transgenic lines H201~4 and H206~7 did not significantly differ compared to the control
line, but that of H205 (32.4%) was significantly greater than the control (30.0%). The total lignin
content was determined as the sum of acid-insoluble (AIL) and acid-soluble lignin (ASL) contents.
ASL contents significantly increased in the transgenic lines H204~6 (5.7~6.8%), compared to the
control line (4.1%) (p < 0.01). Lignin in E. camaldulensis is polymerized from the syringyl (S) and
guaiacyl (G) monolignols with an S/G ratio of = 3. The S/G ratios of H204, H205, and H206 were
7.5, 7.6 and 7.3, respectively, and contents of the S monolignol were significantly higher than that
of the control line. Cellulose/lignin ratios were 2.0~2.2 in the transgenic lines compared to 2.3 in
the control. After Kraft pulping, results of pulp yields of H204 and H206 with 17.0% active alkali
demonstrated yield increases of up to 0.8~1.6%.

Key words: Eucalyptus camaldulensis, coniferyl aldehyde 5-hydroxylase gene, lignin monomer, sy-
ringyl and guaiacyl monolignols, pulp yield.
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G A RS o (5 | E R al. 2002, Chen et al. 2006) » FE[X[#5E (Ho et al.

(Kan et al. 1990, Chen et al. 1995) ~ F-#iZ5H
(Yang et al. 1996, Chen and Yang 2002) - f(#8
PUE B AH % 55 %2 (Chang and Yang 1995, Tsay
and Chen 1995, Chen et al. 1995, 1996, Yang et
al. 1996, Chang et al. 2000) ~ Z[K3E%H (Ho et
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L B AR R B % i B AR B AR
HE - Eh 3 A R Y R O S AR A AR R R £
o MERESEAHRERRIEE AR - — s
REFR =TGR HER0.2% » BLAHBO0.5%  FH%
- i BRI B 22 AR 2K -

LYET IR H R - B R MEE 2K
R et T — AT R R - FEEOR
BREEGHERCHE MR RKERZS
REE - AHENBHRSERS - HFEEEA
B R E A s HE R - R R I
g LR AR AR - G 4R A R R TR
PG 18 28 AR AR T L B B 9 B R A B - B
o MR AN AREA XS (L-phenylalanine
ammonialyase, PAL) ~ 4-F 5 A H: S I
(cinnamate 4-hydroxylase, C4H) ~ 4-75 5 [i5#
g A2 (4-coumarate: coenzyme A ligase,
4CL)SMMYEREEE R A O-H BL RS i (caffeoyl-
coenzyme A O-methyltransferase, CCoAOMT)
EAREREGHER - B EEEEY 28R
BHREE RIS (Sewalt et al. 1997, Hu et
al. 1999, Meyermans et al. 2000, Li et al. 2003,
Poke et al. 2005) » Hop DIf#5E |7 25 2 (antisense)
JCLER R EARAER S BURKE - KaE
Jantisense aspen 4CLIFERZ 77kE » HFGEES
MARZ SRR CRATIEEEREELI%
(BUREERBERER]) - HitE—4 » FFITKIER
¥y B B ARE E A% (developing xylem tissues)
3BT H Euc4 CLIFER|(Chen et al. 2006, GenBank
accession no., DQ147001) » W35 H EE K F4
BIEAR » HEMAR SRR IRE2ES DL
% (BIRGERFRER)

RE AR A AR R 53 1 e J38 A
#%(Li et al. 2003, Chiang 2006) » HREICAIdSH
BERHENAMEENZECRERTH - H
AR E BRI  MEMESRKERE
TCRE Y A RS R AL BB 45 » Osakabe
et al. (1999)F kA HIfEES-B{LEE (coniferyl
aldehyde 5-hydroxylase, CAIdSH) » #E{LFAH
fi% (coniferyl aldehyde) 4B 5 Sl iz B HIFSHEAL
(-OH) » JE RS- FEEEMR IR (S-hydroxyconiferyl
aldehyde) » FFAES-FEELIRAIEE O - LIRS g
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(5-hydroxyconiferaldehyde O-methyltransferase,
AldOMTHE(LIE B IF T B (sinapyl aldehyde) »
BRAEER@E (cinnamyl alcohol
dehydrogenase, CAD) (L IF T8 b ¥ T2
(sinapyl alcohol) » FFFIEAEYGRE THFER
BZ BT (syringyl monolignol, S) (Li et al.
2001, Wang et al. 2012) »

PP IR S - AL IR (CALdSH) ~ FI
CADfEAL - BERBN I ERFH CAldSHILH AR
TERE RIS 6FIS0RS » BMRIRCAIdSHIER K Ky
SAEREYE R ITHIBIRE BRI et al.
2002, 2003) - KIELFRETCAIdSH » K& g AR
BHRIS/GEHER « RMMRBENAE - RERED
LB E R B TR R RE - R BRAE R
flE 12 e #R A AL B S HE T S8 1 - KRB R
LA ERASAE 2 BB TR B R ARAY
AREFE - K - B4 B ARE R i p
RA W L JHAE i B 2 B R R AR E 3 S
WE » EREERBGES &AL ER
HECAREREE - WAL IR REEER
HARBREHSAEREBAIAEARERZHEIT
% (guaiacyl monolignol, G)FT &ML » HS/
GILERE R2~2.5 » HS/GHHE KRB THAIA
BREOHEHERRIER(Chang and Sarkanen
1973, Chiang and Funaoka 1990) o K1 &5
B BRI SE R IR TTS/GHEERI — (i
B P DR BRoARE RN £% (Chang
and Sarkanen 1973, Huntley et al. 2003, Li et
al. 2003) » IEEFSZHRFIGINS/G EL3R W] LRI A
RNEXRGBH—HAEYRMIHE » REAR
AR 4R B SE B KR AR - MESRE il sense
CAld 5 HES PRI 4 A7 Rt vy A e A 1 T
@SS - 1 H A E N INS/GH R EHE M
DAR CAld5 Hh )& 3R ¥ S B G K 3% B TT HE Y Bl
FEL[K](Huntley et al. 2003, Li et al. 2003, Poke
et al. 2005) » {HIZ 35 LA FEARTE TERG SE ML AU IR
2R e T -t R A S A A S A B B Y RS
E% ° Huntley et al. (2003)HF525 231518 (Populus
tremula x Populus alba)i&HE » CAld5HEEKE
JEFER o W DUEHFE UGS EAECE - HR
B SR ARE R LY A BOR S i M R A -
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WS G B (Populus tremuloides) & sense
CAldSHENIEE 8 RRMIVEER - T
IR R R R - DURCEE A RS MR
1 W B sense PrCALdS HESR T F i
ARG it SRR R P i R i 2 -

M ¥ 75 R

— e R R

G R Y 2 R 08 SR ML ST L i R
¥ié(Eucalyptus camadulensis)FEJF %5l BE L -
BB AR LOSTAERET - THE A IR R 2R 6 R TR I
7 REHE - HhiRdEno. 48RS AE » no.
AR AEM A R ER28.7 m* » BUHLH%
FERET SV T B B B AR B R (Yang et
al. 1996a, b) -

T BEIRIFR G G SR B R R R AT
AGREET O AT e - HT-DNAE
F14) ks [K] 582 53 72 D 88 {1 T g R o1 i f 3 201
Fig. 1f17 » (i FHEEERS(P. tremuloides)iEHEMY
AKREHE—M (xylem-specific) FB I 4CL 1 FE X
Fi @l (promoter) » DUIEZE /7 1A (sense) 7K B &)
PtCAIdSHAEEIR » W SR AR v DUR & B9 8 81 S
JfE (polymerase chain reaction, PCR) fISanger
SE PP 2R e R A SR IERE M - AW R R A
neomycin phosphotransferase 11 (NPT IHFE[X] -
A Fkanamycin e 742 & g - HIE IS
SR R E % fLik (electrophoresis) K
H e % A BRAEE (Agrobacterium tumefaciens)
CIB5425rh » DUEFTRAVEERS - Hh2
FMersereau et al. (1990)A 7 1k B 0f A2 A2
CIBS42K9 B3 (Al (competent cell) » SR %140
uL B AR B2 ng i SR 0 A A 2 vkok
R AR mm EFRE S ALAERE - fEH
BZEFLEBTX ECM 630, BTX, San Diego, CA,
USA) K 68 25 12 1F T M S B AR R 1R (2.5
kV/high voltage, 129 ohm[H$13% E)HEIT S FE -
[ HESE AR BT E R TR AL mL SOC ¥ g5
#ZE(M£20 mM glucose, 20 g L™ tryptone, 5 g
L yeast extract, 10 mM NaCl, 2.5 mM MgCl,,

Bk 5 1 < — M Y NIREEAS C Ald S HEE IR AR & R S A

10 mM MgSO,, pH7.0) » ¥ EHR28°C, 100
rpmEEE 1 h BE200 pLEKG D BMN&H
50 mg L™ kanamycinfJLBE #5525 5£(10 g L
tryptone, 5 g L yeast extract, 5 g L' NaCl, 15 g
L agar, pH 7.0) I » [A28°C B2 858 rhiliss 52
Koo BRIUEAE B — &% DAPCRIEREH AR INEF]
A BIERL » 8 EP4CLIP:PICAIdS H
AEAICIBSA2 BAR B AR 72 -80°C Hhfii HI -

DL Rk 2 no. 485F R 2 AT
FEAEAR R MRL » fKIFChen et al, 200145 HY f7
AT AR R R - YHEE F oK/ 1Ng0.5 X 0.5
em?® > IR G IEZE X PrCalds HERE
HEEKR » FEEKRNES mg L' kanamycin
sulfate » 325538 - ZE R O SRR IR 2 ik
R » 2 #1500 mg L' carbenicillinBd
500 mg L' cefotaximelf$ E2AE A bR - BERHH
R AN 240 mg L' kanamycin sulfatef[&
e 5 2 AL R SR A A - SR B R AR KR
Chang et al. (2000) /7L EF A - FHEE
F1.5 emliy » 1% 5 2 MR RS A0 A R IR0 v
AK(Chang and Yang 1995, Chang et al. 2000)
FRBAEREHEAR - BERER L
£ BHARRIR2: 2 5 E L -

S EBAWEMKE (multiplex
polymerase chain reaction; Multiplex
PCR)EH g 7 [C AR BLiE 43 #7 (Southern blot
hybridization)

FEHRME (no. 48 R KB A K
MRERYZE B DLAitchitt et al. (1993)7 3
RN F (genomic) DNA » ZEHAY
DNABAKRFER-20C M - DI &S
Y E(NanoDrop2000, ThermoFisher
Scientific, Waltham, Massachusetts USA)3H[E
DNAJEFE K IR - 3 DLO.8 % 3 i bl iR [ 78 vk 7
HTDNAGE (I ABI 272058 {5 B E 8 S HE 1
(Applied Biosystems,Waltham, Massachusetts
USA)ETT % B R G E - tell kS &
EHiAPICAIASHI; NPT IIF:A - Multiplex PCR
MY S RERBR AT « FERERERE F525 nLHY S EVS
With » 4750 ngkEAADNA » 400 uM dNTPs »
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A.
HindIll  Xhol  BamHIHind III EcoRI EcoRI
RB |_- NPTI ) NosT PtacL1P PtCAIdSH L8
ATG TAA

Primer: Hind III Hind 11T

For NPT II gene amplification For PtCAIld5H gene amplification

NPTII-1: S GAACAAGATGGATTGCACGCY CAId5H-F: § CGGGATCCATGGATTCTCTTGTCCAATC3
NPTII-2: 5 GAAGAACTCGTCAAGAAGGC?Y CAId5H-R: CCGCTCGAG TTAGAGAGGACAGAGCAC?®

B.
BamHI (1) HindIIl (32) __.
. HindIII (424)
ol (14194) HindITI (634)
HindIII (13721) EeoRI (1245
PidCLP PtCald5H coRI (1245)
ZNosT vost \ EcoRI (1995)
LB
y
NptlI ~
.
.NOSP
RB Pt4CLP::PtCAId5H

14781 bp

Fig. 1A. The T-DNA region of the binary vector used for eucalyptus transformation. RB

and LB, border sequences of T-DNA; NosP, nopaline synthase promoter; NPTII, neomycin
phosphotransferase II gene; NosT, nopaline synthase terminator; Pt4CL1P, xylem-specific
promoter from the aspen Pt4CL1 gene; PtCAId5H, coniferyl aldehyde 5-hydroxylase cDNA from
aspen; Hindlll, Xhol, BamHI, and EcoRlI, restriction enzyme sites. ATG, start codon of PtCAId5SH
c¢DNA; TAA, stop codon of PtCAIld5H cDNA. B. Vector map of the Pt4CLP::PtCAIld5H plasmid.

2 mM MgCl, » 2.5 U Tag B & (Prime Tag DNA WEEIT o 5l TR YAIFig. 1FR » 58—
polymerase, Genetbio, Daejeon , Korea) » [A]lF FIFHRE R 0.25 uM » 7E 8] — K o3
f# FANPTII-1/NPTII-2L ; CAld5H-F/CAId5H-R SEFTNPTIILL K PtCAldS HE R P B3 e o 2
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JFEWRE R Ry - 95°C Sor8 - BEREHLL947C 30
s+ 60°C 30 s 72°C 1.5 minf{EERHESTISIAIE
B RRINT2CE105 8 - PCRICESE TR
EY LI B NEREGEE - 21 X TAE (40 mM
Tris, 20 mM acetate, and 1| mM EDTA, pH 8.0)
RE R P T IR T -

TR/ 7 KRB L TR 43 - B — 1Y)
BEAHL10 ug genomic DNA » DIXholEEHE iR
3TCHEITI6/NRFRIREY) - FRY)SERR » L10.8%
S 5B 0.5 X TBE (40 mM Tris-Cl, 45
mM boric acid, 1 mM EDTA, pH 8.0)%% flii i
HRHEATFE VK > B o FEVKSE R - A EHIAL
{8747 (capillary transfer) (Southern, 1975)10
10X SSC (1.5 M NacCl, 0.15 M sodium citrate,
pH 7.0)#% @ DNA Fr BR g E E[nylon i E
(Amersham Hybond N, GE Healthcare Bio-
Sciences, Piscataway, NJ, USA) » fEE[152 B Y
nylonf AUV Stratalinker 1800 (Stratagene, La
Jolla, California, USA)[&E EBEZEE R 4°C 1
A o FJFPCREREEFI800 bpiydigoxigenin
(DIG)HRE W H —PEFREH - 50 nL PCRIZ
JEVE W DL B3 Pt4CLP: :PtCAldS H'E #4
(plasmid) By 45 > IA2 mM MgCl, » 2.5 U Taq
2251 (Prime Tag DNA polymerase, Genetbio,
Daejeon, Korea) Dl Jx B — 5| FCAIdSH-F2
(5>-GAGATGAGGTGGACTCAATGC3”)
S CAld5H-R3 (5°-CAGGATCTTCCCATGA
ATTC3°)#%0.25 uM » A5 uL PCR DiG
labeling Mix (Roche Applied Science, Penzberg,
Upper Bavaria, Germany)HUf&—f%AydTPs -
I ER R Ry + 95°C 5538 » BREEELI94°C
30 s> 60°C 30 s 72°C 1 minfyfEERHEFT3S
fE7EER + & MNT2°CIEL057 8 « (1 &K
IFHIDIG-labeled DNAEE$F » jR42°CHh{#EH
DIG easy hyb (Roche Applied Science)itE{7T%
B IE - K ESER nylonfii I Wash T buffer
(2XSSC, 0.1% sodium dodecylsulfate (SDS))
RERHPFE2R » FR10 min » FER LR
68°C i fE #4fyWash 11 buffer (0.5x SSC, 0.1%
SDS)fA68°CARBRTIEVE2X » HX15 min o 4
GRS AH A 2% MceCabe et al. (1997)LLk
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DIG Application Manual for filter hybridization.
(Roche Diagnostics, Mannheim, Germany, 2000)
HY 753558 F CDP-star 2 ffi fE R XOE Fr Ot 2 E T T
ANERAT ] -

V9~ AE RELEAE SR AT

BEAIURE 5 St IR AR B - 7 8 U] ol (B
Hg o BRYIBORHIF - KBRS0 LR AR -
FRA R REBLAL B2 B8 A B I HE » IUBR 2 ARHI
DUBERY B BE R AKD - % EAFLH 40~60 meshfiiid
Bifiage - 5% HH A KESRHZ24~48/ N RFAE - A7
RE OISR -

(—)BEAZLHL

RIACNS 4713753 » WA 2 RHEZAKR
5w B A B IR (G | H AR B OB R R
e B0 2%(Soxhlet extractor)§ifi A200 ml
REREGR(H R LB O R2 © DRCEAE
JEC A P AE N 25 BB AS S 1%+ BRI
BRI BAZEHLS 6/ NRF » (EVS IR s s b I -
AKIORBYHT IR » S FERSE K% » KA 2
VEEITE R o KO H IR ZETORE
105+ 3°CHIRLRE I BN E -

(CAREZREE
ANEFREERE T A R v B vl A
HEABERET O - WERERABERE R -

LA AARNE R E =’

RIACNS 14097771k » HUEE AR AL HUAI A
KB ER2 ¢ » BA125 mI= M3 - A
T2% W15 mIE 20 CHYZKIB T » RERFREFEGE
BEVRGBAL  KEA4/NEE > BI560 ml
ARG BALZ B AEYEA1000 mIfy =i
o REENR(121°C)mBEZAE 305 g% 0 DU G,
TR AR IR - IO E U8 o IR E Ry AN SR ]
VEHHIE A i BRBRK SRR VIR K
Bt R IE B B 105 £3CHEAE B E - IR
AAREREGER « (B ZBGZE/ AR 26
H)*100* (1-BEEHHTI Y %) -
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2B ER TR

RIECNS 12108757% » Y bl &4 B 7K fig
BIAE FHBIBEBE WL E B (Biowave
S2100 » WPA, Cambridge, UK)#£205 nmHAy i &
HIFEHOEE > WL %R ETZE '
FERSETE EE0.7 » L3 90 I8 bt s 52 LR T 15 1R
FEEENR0.270. 72/ - BEAIRIEIEARER L
IREE (BB MBS S0 /110 -

(E)RE ML TT T

LIY& B Rt (6770 Freezer/Mill, SPEX
SamplePrep, Metuchen, New Jersev, USA)Eth
BB » RGN (Soxhlet extraction)EE -
T B JFE-2E(1:2, vIv) 6 h, 95% L% 4 h» fxfk
DIZRER/KBERE2 h o BRELHA SR T H2 124 hig o
FEEUAI100 pg » ABAR R SRAHIE T B AR ER 04T -
HZUf#EFE(Py 2010D, Frontier Lab, Fukushima,
Japan) » I EEE F450°C - RAHE ITE HHE
(6890N/5973 MSD, Agilent Technologies, Santa
Claria, California, USA) » SR B BIHTR H B
B53981 mL > 3T E R DB-5MS (30 mX0.25
mm (i.d.), 0.25-um film, Agilent Technologies) » {3
B IHREE230°C » 433t b K 50:1 » R LA g 434
5°C » $£50°C EFA-FI280°C » FHR280°CHERFS 578
(Yokoi et al. 1999, Ho and Su 2001) - GCEHLMS]
HYinterfaceii 3% E280°C » #t 7L E BE (electron
energy) 70 eV » Dlm/z 80~650,Z i34 T ull scan °
SIMTHISE LATHE SRR A (2 R T A ATk
wh » Fig. 2R ARWFFEHI IR AR C48 » REHR
Hlifsyringyl (S)Hguaiacyl (G)# 7 ELEY) -
FRLARS R SRS T o5 FERAH B - 13- 21S/G -
BRALEE AT~ - KEZF B fEguaiacyl (G) 7
E{LEYIRIREHE R, > 4351k :G1:Guaiacol (Kanto
Chemical), G2:4-methyl-Guaiacol (Tokyo Chemical
Industry), G3: 4-vinyl-Guaiacol ( Aldrich), G4:
4-allyl-Guaiacol (Eugenol) (Kanto Chemical), G5:
Vanillin (Kanto Chemical), G6: trans-Isoeugenol
(Kanto Chemical), G7: trans-Coniferyl alcohol
(Acros Organics) » R'E & B fEsyringyl (S) 7{&
L EHIEESRE R, » 5331 Fs:S1:Syringol (Acros
Organics), S2: 4-methyl-Syringol ( Aldrich), S3:
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4-vinyl-Syringol (Apin Chemicals), S4: 4-allyl-
Syringol (Apin Chemicals), S5: Syringaldehyde
(Tokyo Chemical Industry), S6: trans-4-propenyl-
Syringol (Apin Chemicals), S7:trans-Sinapyl alcohol
(Apin Chemicals).

(T9) B AfE R A

HRIRCNS 6948773 » Gl 7 i P% oo A IR EH
® o BURSER R R ARG B2 ¢ B
A250 ml=HEEH - AKFINALS0 mIZREEAK »
0.2 mIFJKIERRER 1 gHynn EMEEh - E70~80°C
M7k R - B —/ DRHK P ITA0.2 mIfy ik
BERREL L gy G BREN - SLINENIA~6/NF - X
& S R AN I 2 2 1R DA S S S 1T~ I
JERFRIRE A - R B S Kk i A £ 10°C
T UL G PE M I8 - FEAIS00 mlfyZ8 g7k
PR VIR E N 105 £ 3 CHARMENE - 2
WHERZER + (EBHER ZIBE/RAR IR
H)*100*(1-FE Al P %) -

(TREAE R E 5347

XA {5 FHFranklin’s method 1T » LA
BEALE  UKERER © ZREK= 154 IRBEA R
HEAT IR MR S0 B A R R TR DA 7K 1T
A58 PERS A 2BUEH A 0 BUR 2R
#B R b DAFISRAL(Congo red) ik » A%
T 2SR E - B EI2004R - D
HPERERLEBHERE -

Fi o~ BUREEREE AT

AR Fk B DURR e B B4 322 (K ra ft pulping) »
RIFEF A EMA R RS L2 A5 E R
METTIR IR L B A - B R D4R
Lt (liquor/wood ratio) » 3 P JCHR 1 & B 5
Fs17.0% » WHACEEEE R25% » ZHERE R
160°C » LAfg 534 1.88°C M#L » IN#ER90 47 i iz
Tl bl - ZIR ST - Tk IR R 1L 2 L A
B DUE Kot L BRI - F TR
JRALS0ME H iz ik &p - 3K BAHERE
#% o BUVEFSERHE105°C AR AR 2 & 7kER »
FHAEE 2 R - RE{E(Kappa number):Z
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JE  HKIRCNS 547073 HE »

fi& R
v LIRS IR B AR ) o Btk
AR AR E R E PR RE T

I PCAld 5 HEERIE 7> W 4 B IR 8 AR B BT
FE 0 PR E TR R R S AR VO - By TR
FBPtCALdS HAE K] 2 75 A F A R Rt 1 i3 28 25
B+ R R Y 1T A RS B - ST EOR Fih
total DNA » D% 8 3 & e 5 S ESEE A T Al -
{3 FI 2 — 5 [ FNPTII-1/NPTII-2 2, CAld5SH-F/
CAIdSH-R§} ¥ B HE#H (no. 48, negative control)
T R A H201~H207 38 Fmultiplex PCR
RS SR » P T R AT 8 (positive
control) B nl &4 AT & TEEA K /NI Pt CAldS H
(1544 bp) LUK NPTII (785 bp) K Fr B » FEEIIR
AR AR A AH S E DN A Fr B i 4 Hi 2R (Fig.
3A)  SBEHE R EINEPICALdS HER DU R fifi
ERLRINP T E T B R -

Abundance

800000
700000
600000
500000
400000
300000
200000

100000

Bk 5 1 < — M Y NIREEAS C Ald S HEE IR AR & R S A

5 B TR R T R A R (H201~207) 1Y
i L DRI P 0 A AR A IR B8 Fr ZE KA DN A RS 7
AR AT G RAOFig. 3B - G SR BN 7l 5
PtCAIdSHER % » %@ Y] 43 BN B2 DIG-
labeled DNAFEEFHEAT HEA K E#2 75 H 15 2181

HANSFRERSR TS - A1 —flE B R e
— MARAGR T BRI HE BB BE R (RU 15 kb, B R B

TRHEI BRI » e AE SRAE — 2 38 B AT SR
PtCAldS HE K I8 A ARk e g AL K o
TSRS R > H204~6 = {8 bt R BT AR ) FY) 4
ARG BLIL A 4 {8 5 5E iR (H201~3 » H207)
4l ARSI A (Fig. 3B)

s WIHPrCAIdS HEERI R 2 KRB £ E &
[iZZN _Ifeﬁﬁiﬁé%_he*’jéi*’%
Fob THEETE PrCAld 5 HE: K b T %
B R (485 I AM A Z I ARE RS &
M7 - fHTable 1ESRATE] > H205KRE %
EE32.4£0.5%8E = B A B 5
%o H205 2 /MBI 5% - RE RS R
29.340.1~30.9£0.6% » BL¥IEMH(30.240.5%)
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Fig. 2. Determination of syringyl (S)/guaiacyl (G) ratio of lignin monomers in the control
line (48C) by Py-GC-MS. G1, guaiacol; G2, 4-methyl-guaiacol; G3, 4-vinyl-guaiacol;

G4, 4-allyl-guaiacol (eugenol); G5, vanillin; G6, trans-isoeugenol; G7, trans-coniferyl
alcohol; S1, syringol; S2, 4-methyl-syringol; S3, 4-vinyl-syringol; S4, 4-allyl-syringol; S5,
syringaldehyde; S6, trans-4-propenyl-syringol; S7, trans-sinapyl alcohol.
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Fig. 3. Analysis of transgene integration using PCR amplification and a Southern blot
analysis. (A) Integration of the PtCAId5H and NPTII genes into the host plant genome was
confirmed by a PCR. Estimated sizes of the PtCAId5H and NPTII gene fragments were
1544 and 785 bp, respectively. Lanes 1 and 12, DNA ladder (Fermantas GeneRulerTM DNA
ladder mix, Thermo Fisher Scientific); lane 2, a non-transgenic plant (48, negative control);
lanes 3~9, transgenic plants carrying transgenes (H201, H202, H203, H204, H205, H206,
and H207); lane 10, Pt4CL1P::PtCAIld5H plasmid (positive control); lane 11, blank (reaction
without a DNA template). (B) Southern analysis of 7 transgenic eucalyptus plants. Lanes

1 and 10, DIG-labeled DNA ladder (DNA molecular weight marker III, Roche Applied
Science); lane 2, a non-transgenic plant (48 C, negative control); lanes 3~9: transgenic
eucalyptus plants H201, H202, H203, H204, H205, H206, and H207.

M AEEEAR - DHRENAKERSE RN B RHAZAS 2 (Fig. 4A) -

Fs100% - LLag 7 ARk iR - A Ry AE SRR DU 53 R AN v] v B R YA AR E
H205BESR B4 = B I B E At % - (HAR 2B THEESR T BATBAERS R
R EIRAHAIT.3% » HAEHE AR AR E RS B Ry H20582H202 » (e AT RE RS &
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Table 1. Chemical compositions in stem wood of control and transgenic Eucalyptus camaldulensis

plants
48C  H201  H202  H203  H204 H205 H206 H207
Lignin content (%) 302" 29.8° 308" 305" 30.9° 32.4° 30.5° 29.3°
0.5) (0.2 (0.5) (0.6) (0.6) (0.5) (0.7) 0.1)
Acid-insoluble lignin (%) ~ 26.0° 253%™ 263" 257" 24.6" 26.7° 23.7° 24.7¢
1) (02) (0.5) 0.7) (0.3) (0.1 (0.5) (0.1)
Acid-soluble lignin (%) 4.1° 4.5 4.5 4.8 6.4a° 5.7 6.8" 4.6°
06) (0.2 (0.2) (0.2) 0.3) (0.4) (0.6) 0.2)
Syringyl (S) content (%) 751 732" 742° 75.2° 88.1° 87.9° 87.9° 73.0°
1.1) (0.9 (2.0) (0.9) (1.6) (2.3) (1.2) 0.3)
Guaiacyl (G) content (%)  24.9°  26.8° 25.8° 24.8° 11.9° 12.1° 12.1° 27.0°
1y 0.9 (2.0) (0.9) (1.6) (2:3) 1.2) 0.3)
Lignin S/G ratio 3.0° 2.7° 2.9 3.0° 7.5 7.5 7.3 2.7
02) (0.1 (0.3) 0.2) (1.1) (1.6) (0.8) (0.1)
Cellulose content (%) 67.9"° 665"  65.8° 66.5° 68.8" 65.9" 66.0° 65.7°
1.5 0.7 (0.9) (0.3) (0.6) (0.8) (1.0) (0.3)
Cellulose length (mm) 0.92 0.88 0.87 0.93 0.99 ND 0.95 ND
0.12)  (0.07)  (0.1)  (0.09)  (0.08) (0.08)
Cellulose/lignin ratio 23 2.2 2.1 2.2 2.2 2.0 2.2 2.2
Kraft pulp yield (%) 48.7 48.4 485 48.7 495 ND 49.1 46.9
09 (1.2 1.9) (0.1) 0.9) (2.9) -
Kappa number 243 24.1 25.6 24.6 18.0 ND 21.0 36.4
1.9  (0.1) (1.4) (1.8) (0.5) (2.4) -

Values are the mean and SE in parentheses of two to three assays of different samples from each line. ND, not de-

termined. Non-transgenic plant (48C), transgenic Eucalyptus plants (H201~7). Lignin, cellulose, syringyl, guaiacyl,

and Kraft pulp yield contents are percentages of dry wood weight. The lignin S/G ratio is the syringyl content di-

vided by the guaiacyl content. The cellulose/lignin ratio is the cellulose content divided by the lignin content.

43R Es26.7+0.18126.3+0.5% » S SN E
W (26.0 = 1.1%) B2 H Al 5 % - B AIEARE
LEBRILE BH206 « H2048 H207 » BEA
TAARNE LS ES I E23.720.524.6+0.3
Hi124.74+0.1% (Table 1) - (][I A KRB Z & &
A& AlEH206 ~ H20482H205 » B[ IS A
FZERR6.8+£0.6 6.4+0.3815.7+0.4%
(Table 1) o

DU BB A TR B IR T AR E R 2 &
HHESHRE100% - AIEZBR T H2028H207
ANAAERE R G EEPE RS - H A
SR HLBIRFAA LR - #8H2.7~8.9% 19 I > 1F
PRATIARE RS RAVEL 7 - H201~THEE R[S R
B RABLE IR - HHH206 ~ H204E82H205

LR 65.9 « 56.181399% (Fig. 4B) » Hrh
H206E1H204 5 {8 it 7 L IR A A ELd > TR
A ARE REFE RN E R > mEErsARER
HIBEEE = N S IR - TTH205 HI 78 Be A 1] 37 Bl i
AR E R AR =N E R -

=~ W PiCAldS HIS KR 2 RE F BT

5.2 #4t

Poow o TE R R L R BLE RO R M
syringyl (S)Hlguaiacyl(G) Ml AH=R
HEE S RENAZR > Table 1H/R » BIHR
H204~H206 S ARBEZHEBEEH 54
A 88.1+1.6, 87.9+2.38187.9+1.2% »
B S A M R (73.0£0.3~75.240.9%)
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HLBEA(75.1+1.1%) s GREZHES R
HAaHAIBESKE B2 H 75 MK
H204~H20643FB11.9+1.6, 12.1+2.38
12.1£1.2% » S35 KR H Al R B E AN
24.840.9~27.0+£0.3% - fHFig. 4A A ER
H201~382H2071S/G L3 Bl R AH AR E - i
H204~619S/G L3 813 LB IR S 492565
(Fig. 4A) > $HHBHMS/GHEE3.0+0.2 5 1fj
H204~61S/GLLRHIS BIB7.5+1.1 » 7.5+ 1.6
B17.3+0.8 (Table 1) o

VU ~ §E5E Pt Cald S HEE R MG & 2 i e SR LS

L J(d

FHTE PtCAld S HFEE RIFR M AR 1 2 4 e 32
HREHEHG RS ZR  HIREN 28
FEER67.911.5% - jfiEHAH201~H207
()2 i A 2 & B HI1E65.720.3~68.840.6%
fil(Table 1) - EMEAE R HIRMHAYES
W HEE R R0.9240.12 mm » fiH201~H207(4
W HESEI R REHIZE0.87+£0.1~0.994£0.08 mm
I BRI PrCAld S HEE R TR MK Y 8
R BN R A U (Table 1) o #BifE R EARE R
& & IEM 2.3 » H2058 BHIE 24 »
H201~H207HI7E2.1~2.5:2 [¥(Table 1)  {E4#5%
FHIEAE F548.7£0.9% - W P1CAldS HEE R R
H201~H203f915 48R {F48.4£1.2~48.7£0.1%
M BRI A 22 R - {AH20451H206 8
B - 4 49.5+0.98049.1+2.9% » [
FHYREE B R - 53 51k18.0£0.58
21.04+2.4 (Table 1) -

= &

— ~ BB PtCALdS HEE KA Sk

Chen et al. (2001)fH FHEBE (4.
tumefaciens) CIB542G BEHY C4H 1 KI5 5]
HAZA8CHL R » I R KA F35.8% » AN
FekHChen et al. (2001)AH[FEIRY 535 » A
[ A RAR B CIBS542 5 PrCAld 5 HE: K JE FI AH
[F 7R 48 C il R » FITIEAS WY B TE LR AR -
17 32 76 R Ry T 5 RIS [l i 5 B S B L R o
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Li et al. (2003)UHE R HY Y R 0 T Pr4 CLER
PtCAld5 HEEK BB (Populus tremuloides) » B8
T EL 3 KKITES0~60% .2 [+ AT FEIR A% L
TREFRAG LA -

AR TR KTy Wi et B (R 2
%2 /7i%Girijashankar (2011) » HfAEGEEE K2 DL
BB T AR A Gt - IRy A A S [
IR A o R o AT SRR G B D o e 5 L A B A
AR - ST PrCAld S HES R TR FEH
PRH201~H207 L 7R E5E 5% » 80 R 2 PR A
FFEFEL - WIS R RN - By B ik
o BRI A ) i AT RE » Girijashankar (2011)38
oo ket ok KT B ol T B A 6 M S TR AR 0 - o
TE R R R P A R A R RO B B - R A
IR R AR A T P AL AR -

T~ W8T PtCAldS HFES R A4 B B 2 844 b
HIEIEZR 2 PrCAld S HEE R 2 I AR B 3%
& 2 Table IEURARE ZHYHEERR TH2058 %
WA FEEEER > HMTRARERS
BB A A EE R R - H205 KRB #
BR32. 4% M E RN E T 3% o Ry EETE
e X PrCAIdS HE R A IR E RN & &
Li et al. (2003t 77 Bt 2 BURHEI O AS 5 - HEH]
CAld5 HEE 23R 2 MM (conifer aldehyde)
B NE RS ESRERNE & -
RERT R EEA I ARER » B
AVARE Z B ERT2% MBI ARE £
BB (Yasuda et al. 2001) » AWFFEEEA]
EARBE S BRI 4.1~6.8%2 8 (Table 1) - K
BRERNGETEOREHBHMEETS  H2
H204~6%3 Ml 532 - HEEVAREREE SR
BIRH - BRI 3%65.9% » [RHLETEIE
PrCAIdSHERHERR B BRIARER SR - H
HNARKBRNEAE R T U - SKEHRS
BMLIAM » HEETARERERER » £
TR B R I A IS v I R R R B A
KRy SANERE T2 %M EEHIER T KL EY)
AN EHMEA TSN EYE  EEEER
IERAFETT - SRR A ARERHSKE
%2 A HERA{R(Yasuda et al. 2001) -
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Fig. 4. Level of lignin reduction and lignin syringyl (S)/guaiacyl (G) ratio increase in stem
wood of transgenic lines (H201~7) compared to the control line (48C).

THINEFE X PrCAldS HERIBE TN T B VAR B
o MR ATEEARBE RESAKE R M R BLE
FHfR(Novaes et al. 2009, 2010) » AHFSEEE/RS
REZHEITMMEEASTL - H204~H20657 7 Ky

88.1+1.6, 87.9+2.30187.9+1.2% » =R E
At R B BB A Y 73.0~75.2% » K] GIS ATV 1k
REFBN - S K Ry 1F 28 5 CAld s HEL[RI3E
RSB R ELITAR U o RE AR A RERR
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IAMARERGRCAIdSHIE S » S A E R IR
BH 0 CAldSHELHAD RTS8 6 F5065 - &t
KRNCAldSHIE R R SR E R HITR AV &K
FTTEIIREEEE (L et al. 2000, 2003) « {ERELER}
MR+ SKERIEXEAREHHER - thFRRAHE
(LRI EAZ Z W58 B« TEAREY by g
CAIld5S HEERE SR E HAE R A ANE HHERS -
IR I T MM R R AR 38 B B G HEHI S 52
ARSI TP T RE 2 R AR AR M BE S Y 3 S R
(Li et al. 2003) » Tsai et al. (2020)F]FJCRISPR
B A KR8 (Populus tremula X alba) 4CL1%E
 AEREURSARE R BT NRE - (HERHA
Yy R AR » 35 B CAld5 HIE SR AU 2 R
(downregulation)Z SAHIA]

P B R B SR A BT R R B Sy SELGOR
BREMN - BN CAIdS HE R AR B RESK
BRERAK - KEESAERERRI - A
FeH204~655 3 5% - HSAKERHE S Bl
ERERGHE - BN % 5#17.3% (Table 1) -
AWFFEEURH204~6 %5 3 8 5 R HGARE R H 8
EREH RN - APH2040GARERE
A B LB RHRE T52.2% » RIBL3{E SR Z
S/GLLRAET.3~7.5 (Fig. 4A) o fER ZHE RSl
o SRAZIS/GEER A KIFE2~2.5 (Yokoi et al.
1999) » MERL(E. globulus) Rk B #S/G L
E o e Al6.4 (del Rio et al. 2005) »
ARWFFEH204~6 %53 ([ 5 R 0 0 % 3% 2. 565 (Fig.
4A) - HEERERE o KA e EEIE
PtCAIdSHEER » g8 AR O AR E R T
BRI A EEIARERNE & - Novaes
et al. (2009, 2010) » TEER A X K BHHER AR I
SERFELRIAS R  SKERBEMABERIELZ
ffl 2 1EAHREA - Huntley et al. (2003)HfFZE45H (P
tremula X P. alba)FERFEERET CAldS HEL KW
& BIREISKEREITWN - HEAKERS
=AML -

WA E 2% 2 CAld S HEE R 6 8 FR b i R
H204~6% 3 (8 5L R EYS/GHERTETLL | » 5
SN A R B IR (85 2.7~3 (Table 1) »
Negishi et al. (201178 Ry CAld5 HERIF 2 S K52
BERG(E. globulus) I RE R © KIS/G ratio
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WA - BECAldS HIE SRS IR BE B AHR - A
W& FHqPCRAMTH204~611 CAld 5 HFEE KR53 &=
B = A HAD AE ST 5 R 1~2£5 © Rencoret et al.
(2007) R AL FE TR - SKERBEICILGARER
HILRAE G > M CAldSHIEZIHE B ANE
FHECHY B EPGE KT - Negishi et al. (201178 %y
CAldSHEEKIFREZ S T RNERMR - BT
EARIIIS AR » MRS R EH204 B2 H206,2 15
BB B I R (Table 1) - HEEEANLL -

TERE AR - ATdOMT B3 B9 T 7 3 6
S/ GELREAR - SRT + [R)IRf 5 00 T 4 ey
(coniferaldehyde) 1 H I H 5- FEAL AT 7
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