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Comparison of RNA Interference-mediated Gene Silencing and T-DNA
Integration Techniques for Gene Function Analysis in Chinese Cabbage
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Abstract. To compare RNA interference-mediated gene silencing technique and T-DNA integration for gene
function analysis in Chinese cabbage, BrSAMS-knockout (KO) line and BrSAMS-knockdown (KD) line were
used. The KO line had lost the function of a Brassica rapa S-adenosylmethionine synthetase (BrSAMS) gene
by T-DNA insertion and the KD line had shown down-regulated BrSAMS genes’ expression by dsRNA cleavage.
From microarray results of the KO and KD lines, genes linked to SAMS such as sterol, sucrose, homogalacturonan
biosynthesis and glutaredoxin-related protein, serine/threonine protein kinase, and gibberellin-responsive protein
showed distinct differences in their expression levels. Even though one BrSAMS gene in the KO line was
broken by T-DNA insertion, gene expression pattern of that line did not show remarkable differences compared
to wild type control. However, the KD line obtained by RNAi technique showed prominent difference in
its gene expression. Besides, change of polyamine and ethylene synthesis genes directly associated with BrSAMS
was displayed much more in the KD line. In the microarray analysis of the KO line, BrSAMS function could
not be clearly defined because of BrSAMS redundancy due to the genome triplication events in Brassicaceae.
In conclusion, we supposed that gene knock-down method by RNAI silencing is more effective than knock-out
method by T-DNA insertion for gene function analysis of polyploidy crops such as Chinese cabbage.
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HAA o G2 Qg AleFo] wEcH(Travella et al., 2006). F
#H, RNA interference(RNAi) W& 28 G-z} A=A
2 Ho|&= double-stranded RNA(dsRNA)S A|3E QtO 2 &=
AsHAl ==tl, o] dsRNAZ} B3 34 RNAS Ials
AJSEAIZITE ol&e, dsSRNAE 3 34k} 7]50] A

et et A A4 LT A7IAEE 7= AY B
SRS HAE AL & ek olFA WAH BE
Ao waloAE 1 $ARe 75 o 4 A Bt
(Baulcombe, 2004; Elbashir et al., 2001; Lawrence and
Pikaard, 2003; Miki et al., 2005).
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+ S-adenosylmethionine(SAM)-> S-adenosyl-L-methione,
AdoMet, SAMe, SAM-¢ 59| o]&22 t}ofsl AESHA-
Al A iAol $a3t 43S sk 2o® dHA Sih
SAMZ H1HDNA, RNA), T, 2, o, o] A A
AH=9] transmethylation ¥H-5-of] W& 7](-CH3)E A5l <
TH(Chiang et al., 1996; Espartero et al., 1994; Lim et al.,
2002; Sanchez-Aguayo et al., 2004). & S°], o7&l
A B3 AT, Furede] BA5 AL SAME ol &
2]1d 9] o) o) WA E th(Peleman et al., 1989). SAM
2 SAM decarboxylase®] ]3] decarboxylated SAMS. &2
H3lE] =1, o] decarboxylated SAM-2 Z2]o}HI(spermidine,
spermine) 2] $}/do|| propylamine group& AlEdl= AT
31TH(Tassoni et al., 2008). E3+ Al &4 o 4] SAMLS t}okst
Aefsta] gt 2B A Hhgo] Wojghe S2m0
ogdlel A AAl= 28517 &= SFrk(Sdnchez-Aguayo
et al., 2004; Tabor and Tabor, 1984; Yang and Hoffman,
1984).

2 A= T-DNA 4FSloll ol SAMS 7347} knock
outs] FAHIAFKO)T SAMSY] UREo] AuA<l
dsRNAE 0] 83l RNAi 7|9 o] 28] SAMS family 322}
£9] W3S knock-downgt A EA F(KD)S o] &3},
w32} 22 W23 (polyploids)ol 41 2] A7} 7] 5540
2lo] T-DNA insertion 7|3} RNAi 7|¥HE v Wl A} 4=
Wasict.
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cultivar Seoul)E 2 A Zlo| 0] &35}o], T-DNAS] AFQlo =
Brassica rapa S-adenosylmethionine synthetase(BrSAMS)
8-A A7} knock-out®! BrSAMS-knockout(KO) A&} RNAi
71 HE &85 BrSAMS S-A A7} knock-down® BrSAMS-
knockdown(KD) AlE-& &35ttt KO A% hygromycin
A3 A AkeE T-DNA 419 1A1E ghelshr] 913t ampi-
cillin A3 §HAE 7} &= T-DNA tagging& pRCV2
vectorS o|-8-3}o] AJALESITHLee et al., 2004). $+H KD
A %2 post-transcriptional gene silencing(PTGS)S E3t U]
A SAMS FRAA] WS AAsE7] 9l SAMS W 520bp
9] +H-E sense2} antisense H3FO 72 AFQIA]7] RNAiI-&
pJISAMS vectorE ©]-&35}o] A THKim et al., 2012).
Agrobacterium& ©|-&3t vj3 FAAZ HHLS Lee et al

(2004)9] W2 o3ttt oA BEHE T Ao +

AL 25 £ 1T, 70% 5=, 24X7F 3 16417 S 200uE
o) we mAHE AN AT Bl
2l-& #5393 phenold} chloroform

22319 tH(Yu et al., 2010).

k

Polymerase Chain Reaction(PCR) &4

KO A3} KD A5e] §448 o352 2lsiy] 99
A] HPT(hygromycin phosphotransferase)l primer(5'-AGCC
TGACCTATTGCATCTCC-3")¢} HPT2 primer(5-GGTTG
TTACAGGACTGCCTGT-3)E Al&35le] PCR HAALS A
A8HATE PCR HF-S genomic DNA 1uL(100ng), HPTI
T} HPT2 primer(10pmol) Z+Z}F 1uL, 2.5mM dNTPs 2uL,
Taq polymerase(Sunits-uL'l) 0.5uL, 10x buffer 2uL, 183’
WA 2a4g Grhstel 23 wsole] 2007t HES
39t PCR 272 94Col| A} 557113 predenaturation
3 & 94 C oA 30%7} denaturation, S8 C oAl 30%7+
annealing, 72°Coj|A] 187} extension T3-S 403] HHE S
1, mpAjate g 72°C o)Al 5871/13] final extension 3}
ZZ% PCRAHES 1x TBE bufferg AME-519] 1% agarose
gel Ao A] 100V, 30870 H7]9E610] ethidium bromide
(EBn)&2 @Ast &, UV illuminatorg o]-&35}o] ¥H-gAHES
sholatgict.
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Southern Hybridization £

PCRZ 2ol @254 2] genomic DNA 30ugL 7|
AL HindlllE Z71ske] 37Co A 18417t 5-9F ¥E-g-4]
71 & 0.5x TAE bufferg AM&35}o] 1% agarose gel Ao
A 30V, 1547 A7) 925190} o] geld 0.25N HCIR
depurination A]Zl 3 Aot G247} A2 % gDNAE 04N
NaOH= 18A]7F *2]3}o] Hybond-N+ nylon membrane(GE
Healthcare, Buckinghamshire, UK) 2 2 27t} [32P]-dCTP
2 labeling®l 960bp(hygromycin)2] probe® 1847t &2t
S A3H0.5M NaHPO4, 1mM EDTA, 1% BSA, 7% SDS,
65C) ¥k2= nylon membrane2 2x SSC, 0.1% SDS<}
0.1x SSC, 0.1% SDS& 7}z 65 Cof| A 1587+ A &35kt
71 % nylon membrane2 -80C o] 4] 48A]7F E0F X-ray &
ol l=EAA AYE T-DNAY -5 Zlsgich

c
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RNA £&

2 Ao AHEE RNAE F+ AT vis g4
tzto] oA F&3FUTE 2ol 6-71 =S w, 4
AFsto] HA| o] def sApES o] g3ke] a5k

o} E2fE 9lo] B2 RNA extraction buffer?} acidic
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phenol2 A 2|t & Y425ty Y& & #2E 5
4 dAA ol 600uL2] phenol/chloroforme A 7}slal thA|
22 PAIEE e &, 8M LiCl& A 2|ate] 20 CofA 1At
Zol Hh-2-A|Zth 1 & ammonium acetate?} ethanol® 3
25 RNA pellet2 DEPC7} *]2]% RNase-free waterS ©]

goto] =gich

Microarray &

Microarray 5-4]-2 Brassica rapa 300k microarray ver.
2.0(Nimblegen, Madison, WI, http://www.nimblegen.com)
= o]&sko] 333t cDNA o] AL Yu
et al.(2012)0] AAlE B} FASHA st ATh. HA]
13ug DNAE 19.5uL¢] 2x hybridization buffer(Nimblegen,
Madison, W&} 2313t ¥ S/ 718l 2% 724
£ 39uL®E 3Gk SAsHIE-L 42°CollA] 16417F 53t
MAUI chamber(BioMicro, Salt Lake City, UT)E ©]-&3}
o] Z8¥sl4ct 1 &, FS solution I, 1T ¥ MI(Nimblegen,
Madison, WIZ o|4-3to] A|2a & AzAZ. S4H 2
2 Genepix 4000 B(Axon Instruments)2 A]19-& &-<2l5}
¢ 21, Nimblescan(Nimblegen, Madison, WI)2 E3f] %]

okt

Chip Data 24

2] X1d A7) Loess Normalization 4ol ©J8] 4
T3Hnomalization)3} % 12 (Yang et al., 2002), log, &=
BT 5% o]3He] 942 712 probability(p) 23}
false discovery rate(FDR)Z}e] 8 SAREL 3 7%
EXE 3| Arabidopsis database(http://www.arabidopsis.
org)S o-&skth o] F AlF®=7F H & FDR 32 ]85
225 30 §AXELS TAIR(http://www.arabidopsis.org)
9] gene ontology annotationg ©|-&3}] 3714 7|% HF
(biological process, cellular component, and molecular func-
tion)Z U} o] BEASFATE ESE 0] 52 multi-experiment
viewer(MeV) program U] hierarchical clustering &4 %S
o]-&sto] t2H(CON) thn] FAMA A= Ed
el AlZetst i

B SHHO|H| =2 X |MXL UWH UM 2M
SAMS §-7R}7} knock-out® Al E(BrSAMS-knockout, KO
A%)T} knock-down¥ AlE(BrSAMS-knockdown, KDA| %)

2 A7 Y8f 22 pRCV2 vector?} pJISAMS vector 2
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FAASSHAAL, 7 AT ol8H F ATY T AltsE>
Z¥7+9] vectoro]] 9J3l =¢%E T-DNA UjH 2] hygromycin
A4 GAAr] PORT 97142 2AL E3) Ausign
(Fig. 1A). AdrE PAALA S hygromycin A3 #-4
Z}E 0]-8-3}9] Southern hybridization £42- 3t A1} g 7jf
O] T-DNAZ} AFIE o] S35 ST 4= QU%UthFig. 1B).
2Pl F AEY A vl 2 23, KO AlsS tix
AET vt 4FEEE Bl v, KD AFY A=
z7)0le AEEEL HRloy derdos A 2
T5 iz ARt =9 AFEEE HtkFig. 10).

A KO PCMNC1 2 345678 91011121314
KD PCMNC1 2 345678 910111213 14

B M PC NC A B

C

CON KO KD
©r e e

Fig. 1. PCR and Southern hybridization analyses for T-DNA
insertion and phenotype characterization from knock-out and
knock-down lines. (A) PCR analysis of transgenic Chinese
cabbage plants with pRCV2 and pJJSAMS vector. KO,
BrSAMS-knockout line; KD, BrSAMS-knockdown line; PC,
hygromycin resistance gene; M, 1Kb size marker; NC, wild
type; lane 1-14, transgenic plant of Ts-progeny. (B) Southern
hybridization. M, A Hindlll size marker; PC, pRCV2 plasmid
DNA; NC, wild type; A, knock-out line; B, knock-down line.
(C) Phenotypic characterization of the KO and KD lines.
CON, wild type; KO, BrSAMS-knockout line; KD, BrSAMS-
knockdown line.




S
S
L
>
i3
el
>
HN

2. quantitative real-time PCR
SAAO] actin GFAAe] 4A
A Z S g9131$ Tl Quantitative
real-time PCRQ] Z3}, KO AE2 AL SAMS § 737\}7}
knock-out=] o] HjZ= W] SAMSQ] ¥rdo] iR AEHTh U
S U
0]8L H]E plasmid rescue £410] 23 pRCV2 vector?]
T-DNA7} SAMS®] exon F-¥of AFQJElo] 1 7]%-S AMAISH
Aoz golggl ot T2 SAMS family -FHASo0] W
sho] AMAE 7|52 o] Ar HASE Ao F Holt) AA
2 i) 1071 FAA| 5 1, 4, 5, 9 FAA| o 2+ 1744
23 34 QaA ol 37h9) SaMS $ART EAskE A
62 3ol & ¢ th(Multinational Brassica Genome Project,
http://www.brassica.info) (Fig. 2A). 3+H dsRNAE A5}
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Fig. 2. Predictive sites of SAMS in B. rapa genome (A) and
BrSAMS expression level of the KO and KD lines compared
with wild type using quantitative real-time PCR (B). CON,
non-transgenic line; KO, BrSAcMS-knockout line; KD, BrSAMS
-knockdown line.

o] SAMS mRNA Q] W& A AX] KDAEQ] SAMS =&

220 IR AEo| vlg oF 2v Ax ZhAsE AoR e
tHFig. 2B). ©]+= dicero] &)} A% small interfering RNAs

(SIRNAS)Z 13} 7702 BrSAMS % th9 A=Y &
do] Ashd Anz HOIEP o] ATE Higo R AW T
AT FAHTHEL 2 Ao HEERE S85)7] ¢
¢k microarray =4 €] XHEE AREE Sl om, AL At
& skt

e

KO St KD AS0A 2]
KO #§3 KD A5-2] microarray 4] Oﬂf‘i =z As
(CON) efv] St g el RSS2 0 45
< log o2 W3St 3, p value?} FDR valueE #8519
AFstgithTable 1). oA AME F8 FHAES MeV
3l = Asa vlaste] WE Fof uket 2
N9 cluster®2 L5315, KO A3 KD A%9 cluster
U §4RE %, E3] sterol, homogalacturonan, glucosinolate,
spermidine, A (sucrose)?] AT B A A shg
9 Aol 9 9jele uf$ GASH CHFig. 3). Table 2
oA Hi= vt} ol sterol AJEA T -FHRHAT5G24150
2} AT3G02580)9] el 7rA+= EY sterol(stigmasterol,
brassicasterol, campesterol, crinosterol)] Z1-A]2] cycloartenol
of W o] AA|E SAMSOl| o3 1 FAiHE<l SAMO =R E
SR vE7)S BHUA 2E AN woch Az 4
to] ma: 249l ABROA UAAHO] A4S sterolo]
3 2R E R =g, SAMS.J e A2 ols) dEl=
sterol /\gg‘/ﬂ«] U AL A Ei/\«] g/ﬂ jui] ;\ﬂitﬁ or]/H
of A4 =9l AgS Furel 3 th(Schrick et al., 2004). E3+
A (sucrose) *“J AolAe dolu S e 59
o7 Q35 259 AR U 3o sucrose—phosphate
synthase(ATSGllllO) ST 712 AFo] Q= Havf
Q] tH(Castleden et al., 2004; Causse et al., 1995). £ o]
A Aol H7|71HA1 2] KO Aot CON Hij Sk}
KD AlF vj59] =8 A5E5T= KD A%2 SAMS #-34k
=9 W& #3}= sucrose-phosphate synthase(AT5G11110)
Aol 3uf Hke At Aifg of 4= (Table 2), o
+= Castleden et al.(2004)2} Causse et al.(1995)o| 4] Ei1%

QR QA W YA BA
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Table 1. Genes showing over 2-fold expression level in the BrSAMS-knockout (KO) and BrSAMS-knockdown (KD) compared with

a non-transgenic (CON) lines (p value < 0.05).

Sample set No. of up-regulated genes No. of down-regulated genes No. of total genes
KO/CON 1,073 (425)* 858 (263) 1,931 (688)
KD/CON 1,649 (715) 1,195 (428) 2,844 (1,143)

“FDR < 0.05, the false discovery rate (FDR) values were calculated by 100 simulations.
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Fig. 3. Hierarchical clustering displays with microarray data
of SAMS-knockout (KO) and SAMS-knockdown (KD) lines.
The similar expression change in two distinct clusters was
observed.

AFLAe} U314} $HH homogalacturonan(*E+ pectic
polysaccharide homogalacturonan) A28 A4 of
Ae 324, steroli} Zo] SAMO R RE HE7|E
Algiotop gt R R SAMS A2 UE oAl
homogalacturonan AJgHAlof % FHAHAT5G154702}
AT3G02350)2] 2+ #3515 G493t (Goubet and Mohnen,
1999). HAH O KO A5} KD A5 fAA4ES ojz
A vt Ayf AR HE HS Holal glon, A
2 o2 KD AFe] 41250l KO Algiet 2] Aol
7t a7 ehde g 4 slol

gtH, FDR < 0.059] &3t= =2 fAxE0] A Y A=
54 114 4l Z8)(biological process), Al|E T4 2 A (cellular
component), S-AFAYE3H 7] 5(molecular function) 0]
A zkzt olw @igtol 43 Q=AE SFolry] 3 TARS
gene ontology annotationg ©|-g&-35}o] EA35}thFig. 4). 1
Ak, £ AN wae WEt 45 ekt $475
2 M 1A Q40 U8 A (plasma membrane), EAYE

H 7159 7IUAl 24 Mg Addstaie = Aol Al

ol

5
o A ARl glo] e SARE WA g HolEe ¢
% qlgleh A AU AIA BY R Fol KO

Table 2. List of genes linked to BrSAMS from the microarray data.

Pathway Gene name (locus tag) Tran.sgemc Expressnop Ievgl n-,
line comparison with wild type
Sterol biosynthesis Squalene monooxygenase 1 (AT5G24150) KO -4.232
KD* -5.246
Sterol 1 (AT3G02580) KO -1.323
KD -2.513
Homogalacturonan Galacturonosyltransferase 14 (AT5G15470) KO -1.358
biosynthesis KD -2.719
Galacturonosyltransferase 9 (AT3G02350) KO -1.248
KD -1.306
Photorespiration Hydroxypyruvate reductase (AT1G68010) KO -3.039
KD -0.453
Sucrose biosynthesis Sucrose-phosphate synthase 1 (AT5G11110) KO -1.767
KD -2.912
Ethylene biosynthesis from  2-oxoglutarate-dependent dioxygenase (AT2G25450) KO -0.547
methionine KD -1.795
Spermidine biosynthesis Spermidine synthase 3 (AT5G53120) KO -0.857
KD -2.679
Photosynthesis Oxygen evolving enhancer 3 (PsbQ) family protein KO -0.193
(AT3G01440) KD -1.004
Glucosinolate biosynthesis Sulfotransferase family protein (AT1G74100) KO -0.468
KD -1.5625

“Log. scale.
YKO, BrSAMS-knockout line.
*KD, BrSAMS-knockdown line.
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A&l M ] SAMS family F02-=2] 7]5 2443 KD AE
o A&} dsRNA]| ofgh 44l SAMS mRNAs2| & oA
e Aoz Helth

A Electron transport or energy pathwaysg 0Oko
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C Structural molecule activity g OKo
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Other binding g %
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Fig. 4. Functional categorization of BrSAMS-knockout line and
BrSAMS-knockdown line by gene ontology (GO). (A) Bio-
logical process category. (B) Cellular component category.
(C) Molecular process category. KO, BrSAMS-knockout line;
KD, BrSAMS-knockdown line.

T—DNA Insertion 7|81} RNAI 7|HHQ| H|®

329 Als 27+ 9F 530MbE FAE 1L ¢l th(Johnston
et al., 2005). &FA AGFSE v U SAMS FAR7)F 77] 24
+ AAY, 33} A= Al triplication .2 F AT 7]
o Wolt §AAE] B EATLE S 75 AT
of 9lo] Tl 4] £Hel T-DNA ARgJvko.2 okt
L2429 715S SEHY 7]+ oY H(Travella et al., 2006).
A2 KO A2 Mate fA%e] 4= KD AgHt} 4
3L, 18 Hake] = 9A] KD AlFE A%l KO
AFolMEY KD AFoA Tdo] 24 Hatd g #
ZAH 4, glutaredoxin-related protein(AT3G54900), serine/
threonine protein kinase(AT3G57710), gibberellin-responsive
protein(AT1G22690), plastid-specific 50S ribosomal protein
(AT5G17870) 5152 RNAIE ©]&3t 54 A} knock-down
HH o] T-DNA tagE 0|83 knock-out ¥t} G4} 7]
ATl o agAde Ho £, o= & dedE 7t
A= family A4S B4kl Qe Aol H5 535t
¥ thBernstein et al., 2001; Hamilton and Baulcombe, 1999;
Liu et al., 2003; McGinnis et al., 2005; Travella et al., 2006).
RNAi 7] tigt 2 A4-52 WAL} 88-100%
FEE 7= A7I-ES gene silencingS fERithL
B 13} tH(Holzberg et al., 2002; Ingelbrecht et al., 1999;
Jones et al., 1998; Scacheri et al., 2004; Schweizer et al.,
2000; Xu et al., 2001).

Table 194 p < 0.055 #-&3fo] Ade F8 S
T SAMSC = F5E = 4719 f4A7F KO Al§Ht KD
AgolA B 2A A8kt o] F 1719 F-H A Brapa_
ESTC014786, AT2G36880)7} CONI} H|w3s}o] KO A%
oA frdstA EFo] Fastol(log, < 0), o] AR
T-DNAZ} A= E= & o U{tKTable 3). 2 KD 7|
Zol| A+ Brapa ESTC0147865 3235t 471 74AL9] W4
o] B HAskg=dl(log: < 0), o= SAMS §-ARES]
Eo]&l 2l conserved domain(S-AdoMet synt M superfamily)
£ vlgo g MEE RNAI vector?] SAMS fragment= 5-E|

olr o
o M

Table 3. Expression levels of BrSAMS genes of the BrSAMS-knockout (KO) and BrSAMS-knockdown (KD) lines compared with

a non-transgenic (CON) lines from the microarray analysis.

Chip sequence ID

Brapa_ESTC000125
Brapa_ESTC005834
Brapa_ESTC014786
Brapa_ESTC024623

KBrB048I07F (0.0)
KBrH052018R (0.0)

KBrHO97LO6F (e-134)
KBrH093KO06R (e-100)

Brassica rapa BAC end sequence (E-value) KO KD
0.311% -1.076
0.268 -1.068
-1.076 -1.574
0.243 -1.118

“Expression level in comparison with wild type (logz scale).
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718 dsRNA°| &J3 As4= E‘ﬂh a5 Wl SAMS 4 A=, spermidine 94 oM 107H] & FAA7}

AE0] wdo] AAlE Ao r AHETh 47)9] FAAE0] KO #A-5HEtt KD A-5olA Wdo] 1 sk, o] F
Zy7} 3£35+E B. rapa BAC end sequenceS2 H| w3t A} 5709 AR U2 AERET W2 dET(log < 002 R
oF 85% o|AF Ux|at= Ao g Uehgron, o]#dt ¢7]A] ALk og= &g I OTOH% 617§ e iz 2
o] Lo BN O R Zizte] SAMS GAAS WA B o KDABO|H o 24T, o] % 287e] §HAE
© 51t primer A|2to] ofels] 54 SAMS $A40] UH AL o Lotcklog: < 0). 47| spermidine T B
Fs T elshs A E7Fsskolt SAMSo| 9 S AR J ofEH o o 28719 RSl AAlE
3 AYArEl= SAME 2o l(spermidine, spermine)y} ©f SAMS 7AAet BEo] =7k gelskr] flsl, T-DNA7F
kil @*39] ?Liﬂ °f‘1 stRz, & dAtolx zdH AAE Aer FEE= SAMS FAAH*ESTC014786)2F

 sA] AR WAst LA} 9] A5 Hrs WA E PlantArrayNet-Brassica 300k program

%%E}(Roeder et al., 2009; Sanchez-Aguayo et al., 2004). (http://www.ggbio.com)& o|-8&35}0] Z+z} B3} thFig. 5).

0.113

ESTC004969 Spermidine synthase 1

0.341
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Fig. 5. Graphical presentation of gene expression with deleted SAMS (asterisk) and significant genes in BrSAMS-knockdown line.
Close genes in terms of correlation coefficient (r) value make a cluster in the tree. Total genes were coexpressed at r value
= 0.9 and depth = 1. (A) Relational tree with BrSAMS and genes related to spermidine synthesis pathway. (B) Relational tree
with BrSAMS and genes related to ethylene synthesis pathway.
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