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Abstract Chloroplast genetic engineering of higher plants
offers several unique advantages compared with nuclear
genome transformation, such as high levels of transgene
expression, a lack of position effect due to site-specific
transgene integration by homologous recombination, multigene
engineering in a single transformation event and reducing
risks of gene flow via pollen due to maternal inheritance. We
established a reproducible chloroplast transformation system
of potato using a tobacco specific plastid transformation
vector, pCtVG (trnl-Prim-aadA-mgfp-TpsbA-trnA). Stable
transgene integration into chloroplast genomes and the
homoplasmic state of the transgenome were confirmed by
PCR and Southern blot analyses. Northern, immunoblot
analysis, and GFP fluorescence imaging revealed high
expression and accumulation of GFP in the plastids of potato
leaves. This system would provide new opportunities for
genetic improvement and mass production of value added
foreign proteins in this crop.
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2 (Svab et al. 1990)% o]= F2 A ZHE2l 7R} (Sidorov
et al. 1999), Eu}E (Ruf et al. 2001), F (Dufourmantel et
al. 2004), A}3 (Lelivelt et al. 2005), B (Kumar et al.
2004a), cauliflower (Nugent et al. 2006), 9¥Hfj= (Liu et al.
2007), 7}A] (Singh et al. 2010), sugar beet (De Marchis et al.
2009)9} 22 edible 2, =3} (Kumar et al. 2004b), 53|
(Hou et al. 2003)9} 2+ AFY-& ZH&, wjTbo] &ob=
Arabidopsis (Sikdar et al. 1998), Lesquerella fendleri (Skarjinskaia
et al. 2003) L | E1] o} (Zubko et al. 2004), ZZ2] (Okumura
et al. 2006) 5 et AEolA GEA FHAS AlAH
o) SH T A2 Tl WAL Siat vho] ool
24 ASA) FAAeo] o] T Tk (Wang et al. 2009)
B 28l A, o] AgA A YA A
28l0] Shgleo] 917 hon ol heteroplasmicit
4 FAH AEAE 22 8 Aot (Lee et al. 2006).
FHATIAE HUE A 2T ThE HEO AL e g
2438 &8 (Sidorov et al. 1999; Zubko et al. 2004; Nguyen
et al. 2005; De Marchis et al. 2009)1} =¢] A7} £33
H HE MAA Al copy”t homoplasmicdh & A A SHA| &
ALt oj#go] 9Jom (Khan and Maliga. 1999), ¥ =4
0| 99| mhAlo|u} ], xA7] ol B35} chromoplast,
leucoplast, amyloplast 53} Z-& MAA A= (A9
Hrg o] 3] W (Sidorov et al. 1999) A HS 7FA] 1L
ATt

Qeq YUABe) GHS 12 75 U4 A=
R PEER R P P PR I
EA oA e FAA HE S YR Y
= Qlt}t (De Cosa et al. 2001). A5 A= (homologous
recombination) WAl 0 2 G2 A Ao ol §AL E
dE7] ol 3 FEAL Al FF Uee A A

o
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(position effect)L} & A2} & (gene silencing)o] $lo] £
# A2 & o] go]slrt (De Cosa et al. 2001; Daniell
et al. 2002; Lee et al. 2003). £, == AHAAEZ G
o Al 27|#o & tha o Y RAAE LHE FH=
HEA Aol FA HAAZ = Ut (Bock 2001; Jeong
et al. 2004). Tj&-o] hFZE L FAES] MaA| = 2A &
L 3}7] "l Eo] (Daniell 2002) 32 E3t 9= S-AA}
7t AR A o TR £+ olF THeAe SR
Ate 4= Qlo] A xS A ol e} (Daniell 2002, 2007).
2 AFANAE AFAESY A5A FEAS T
0143} aL (Chung et al. 2006; Min et al. 2010) F=4 &=
Ag A3E 485kl ok ©ul e} Nicotiana benthamiana
(Jeong et al. 2004; Davarpanah et al. 2009)of| 4| GFP Tyl 2]
2 24514 © 1, human serum albumin (HSA) % human (3
-site. APP cleaving enzyme (BACE)S HHjo] =37 x=
5%t} (Ko et al. 2006; Youm et al. 2010). FES, o] 2} A&
AzeE WAste M FEAAS HEH (Lin et al
2006)5 7Hdskod, Synechocystis W A= -l FEAE &
AR T oe £-8 RS gl 2 A dEA 0l
A FEAeA o EA EAS Aol

AR FEA FETE

2ol AgH QEA YEAD WEE Prmaadd-
mgfp-TpsbA7} il FEA O] trnl-trnd Apolo] o]+
CtVG (Jeong et al. 2007) W€ & A&} T} (Fig. 1A). &
7] AR o 2 7| wjoFE vk 3 ~ 4527 2] TR} (Solanum
tuberosum L. cv. Desiree) %2 bombardment 35 7 A3
A7F A7V A G2 A A FEH]R] [MS (1962) salts + B3
vitt 3% suc + 2 mg/L 2,4-D + 1 mg/L Zeatin + 0.6% Phytoagar,
pH 5.7]°] ¢! 5™ (abaxial)o] $]= FFabA M4 wl kst
&t} Biolistic particle delivery system (PDS 1000/He; Bio-
Rad, Hercules, CA, USA)Z Al&3lo] &4 JAAES
35kt ulg] &4 % gold particle (0.6 um)ol| CtVG
DNA (1 ug/shot), 2.5 M CaCl,, 100 mM spermidine2 X}
2 H7bsto] ZEEE & 1,100 psi, 28 inHg €42 2 6 cm
Eolol A HMAe] wiekE 7HAb ol bombarding BTt
Bombardment & HE | t]4 &S 25C, oF5l oA 24 uj
G % F3mmx 3 mm 272 Fep ¢ SHo] A9

= AYA AdE]R(MS salts + BS vit + 3% suc + 2
mg/L 2,4-D + 1 mg/L Zeatin + 300 mg/L spectinomycin +
0.6% Phytoagar, pH 5.7)°] *|AF3Fo] ©F 40 pmol-m™-sec”
cool-white %3, 16417 #57] 2o 4] worataiet.
g UNd 3 o dEAE AL SA A (MS salts + BS
vitt 3% suc + 3 mg/L Zeatin + 2 mg/L TIAA + 1 mg/L GA;
+ 300 mg/L spectinomycin + 0.6% Phytoagar, pH 5.7)2 %A
3% 71702 Aujer st FAE el homoplasmy
levelS o] a4} 2~ 33] Atuj s ot A=A
28 el an AEA ARSI A (MS including vit +
3% suc + 2 mg/L Zeatin + 0.01 mg/L NAA + 0.1 mg/L GA;
+ 300 mg/L spectinomycin + 0.6% Phytoagar, pH 5.7)0]| A 2]
EXA 2 AESE A7 &, 92 v %] (MS including vit + 3%
suc + 300 mg/L spectinomycin + 0.6% Phytoagar, pH 5.7)¢]
A BEE el H2H AEde «ddds A
A 2AoA 2~370Y St ASA & skl
HEA ST GFP EH

A=A AU A=A 9 GFP 32 w3ty 915t
A2 o] 1395 HAW F enzyme solution (1~ 1.5% Cellulase
R10, 0.2 ~0.4% Macerozyme R10, 0.4 M Mannitol, 20 mM
MES, pH 5.7, 0.1% BSA)o|] 21 SFAFE| o] A 3~4A]7F X
2% 5 9 do)Ae S DAL Eak ABA 22
o4 GFP & HEe §Jsl =3}H A=A E MultiDoc-It
Digital Imaging System (UVP, CA, USA)Z o|&3}o] T3+
shqie.

HEA F2He

ohH| o] REA = 3 2 =AM

HEA FHASA Y A =9, T #4s o]

PCR, Southern, northern blot &412 435}t EF &3}
o]
ol

8235} genomic DNAS £&35}% T} PCR 4.2 o &
249 gal FI (5-CCGTAGGTGCGATGATTTACTTC-3'),
trnd RA (5'-AGAGTCTTTCAGTGGCACGTTTC-3') primerE
o]-gst] ®9] AR GEA genomeo]| &Y= =4
£ QAU L, aadd, gfp A} o] primere AR-§-5}o]
rolstath. 5 ug?] genomic DNAE Bglll Agtas = B
3| 5}o] Southern EA4-& 4383} 11, trnd Fl1 (5-TGCGAT
TACGGGTTGGATGT-3"), trnd R1 (5-GTTCTTGACAGCCCAT
CTTT-3") primerE 7}A 1L CtVGE £ S 2 PCRE 47
3 & 2F 150 bp 719 trnd-specific DNA fragment@} aadA
PCR A= 717} probe 2 A}-2-3}o] Random Primed DNA
Labeling kit (Roche Diagnostics, Mannheim, Germany)E ©|
23}0] [a-"P]dCTPE labelingd}o] AH23}ch RNeasy
Plant Mini Kit (Qiagen)< ©]-&3}9] total RNAS E2|3F &
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gfp G2 A2] PCR AHES probe= 083101 5 ug total RNA

£ northern 24135} t}. Southern L northern B4 o] AFEE
hybridization ©]%-9] T}A-2 Min et al. (2009)2] W1} &
Astol st

Immunoblot &4

g FUARA Y Q, B W Y snHo R
50 mM Tris-HCI (pH 7.5), 1 mM EDTA, 8§ mM MgCl,, 1 mM
phenylmethylsulphonylfluoride (PMSF), 1x COMPLETE protease
inhibitor mix (Roche Diagnostics GmbH, Mannheim, Germany)
7} 2715 buffers 0]-8&35}9] total soluble proteing F<3}
St 10 pg S-S 12% SDS-polyacrylamide gelsofl A 4

7]9%%=-3}o] PVDF membrane®] A o]8}1 1 anti-GFP monoclonal
antlbody (JL-8; Clontech)2} ECL-Plus Western blotting Detection
system (GE Healthcare)2- ©]-8-3}¢] GFP T} 212 detection

ahoit.

(A)
CtV6

>
ol

c

CVG WE S o) gsto] At 4B FUATA S
3}t (Fig. 1B). Bombardment® 712} ¢ | =
OF 6~ 820 bleached® & HAHAZEE A9
=
i3
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27} A= it} (Fig. 1Ba, b). Homoplasmic level-S-
ko] A2 SA A oA 2~33] A thul &
4] (Fig. 1Bo)3t & Al&A Q&3 v = &AF
ul o 4~ 6 o] AelamiE 4B Apsige
W (Fig. 1Bd) A 8kel A1BAL o] 4 HAH O
2 Wesh fuH9lt (Fig. 1Be). W AEAL 2ok3)
R A SAIA 2342 BN T 1AL ot
St (Fig. 1Bf). =4 A 34 A A
AEA= wild typedt FARE 2AFS Hon B
A FAE HAFo 279 S vws] 2 uf wild type
o gAZon 52 Yool 7S FHFAAT CVG
HE=A %Xebﬂ?}xﬂvl Bee dlAez 9 11 g

!
gl

i_\:
x2

mlo

|o
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Fig. 1 Introduction of the GFP gene into the potato plastome. (A) Construction of the chloroplast transformation vector. The #n/ and
trnA genes were used as flanking sequences for homologous recombination. Prrn, promoter region of 16S rRNA gene; aadA,
aminoglycoside 3’ adenylyltransferase gene for spectinomycin resistance; rbs, ribosome binding site; mGFP4, modified GFP4 gene;
psbAT, terminator region of psbA gene. PCR primers are marked as FI and RA with short lines and Bg/II restriction sites are indicated
with the expected size. (B) Production of transplastomic potato plants. a-b: primary selection of chloroplast transformed callus after
incubation for 8 weeks, the leaf explants are bleached due to effective inhibition of plastid protein synthesis by spectinomycin; c:
proliferation of transgenic calluses on 300 mg/L spectinomycin medium; d-e: plants regeneration from spectinomycin resistant calluses;
f: tuber production from Wt and CtVG transgenic plant. (C) PCR analysis of transplastomic plants
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N7 FAstlct (Fig. 1Bf). HEAM T GFP LA

A A7F iAol A S A=A SE AR
EolojRE Rty fste] Zb Al EA EHE genomic FEA FEASE A ]% Ao =dE g FHAAY
DNAE FEdto] A=A HE Eol| A3l tml2} trnd primer, HES wast] Ysto] QoA AP EAE 2ol 3
EARHA ol Al aadd W gfp primerE ©]-8-3}o] PCR Fadn|Fsto| A GFPe] Hd S &gt A3, wild typed]
42 sttt 1 Ax), AR Oﬂiiﬂ F A A A AP AA o A= GFP H&H-ES A & 5 gl oy CtVG
NA = aadd H gfp FAAT EUENSES & 5 AAe FAHSA N = dFEAY e AEAANA FIE
o (Fig. 1Ca, b), W] E0]A Q] primer2] trn[—trnA% A& GFP &S HojF it} (Fig. 2A). ESH A E4%F0] ofd
sto] PCR 3ot 3lS A AAY G54 A= Ul Al ZA| AA| 2ol A GFP HE S TS Aotk
homologous recombinatione £3}o] §AHR7F AldHLS & 7o oFAFS W9t} (Fig. 2B).
T 0191‘:} (Fig. 1Cc).

B Ao A= Prm-aadA-mgfp-TpsbA7} Bel| & trnl-trnd HEAM AT REA = ¥ A FA

F ] Afolofl Eo9l= CtVG HEE o] &3to] HEA §
AAeE 3t At F 9571 plateZF-o A spectinomycin -~ PCRE 84} =¢fo] Sl A A5 W22 aadd 2t

of AGHL ehht 18749 54 A4S Justgo

w1 7ked AEARE £3kE 1B37A A 25 PCR
positive §H-5-= Hof oF 13.7%9] FAH a8 BT}
(Table 1).

frnd probe= ©]-8-3}¢] Southern blot H44S Y3}t
aadAE probe 2 o] &3S 4-F- wild typeof A= A3 W
=7b AZEA PR FAHSANAE o 65 kb
W=7} HEE QAT (Fig. 3A). T3, trmd probes AHE-3F3

Table 1 Results of chloroplast transformation experiments using the CtVG plasmid DNA in potato

Experiment No. of plates No. of Spec’ green No. of Spec’ No. PCR positive Transformation
bombarded callus shoots shoots efficiency” (%)
1 29 2 2 2 6.9
2 28 12 11 11 393
3 20 1 0 0 0
4 18 3 0 0 0
*No. of PCR" shoots x No. of plates bombarded™ x 100
Wild type CtvG

White light

UV light

UV with FITC filter

Fig. 2 GFP expression in chloroplasts and whole plants from non-transgenic and transplastomic potato plants. A, Expression of GFP
was monitored by a fluorescence microscopy. (A) bright field; (B) merged GFP and chlorophyll autofluorescence under the UV light;
(C) chlorophyll autofluorescence image; (D) GFP under the UV light; B, GFP expression under Multidoc-It Digital Imaging System
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S 7§ wild typeo A= 4.5 kbol| Al DNA W=7} 7 E o]
H ubd, AE5A FAASA AN = aadd 2 gfp +AAE
A} plastid genome®] #rnI®t trnd Arolo T A5

Bl = di=F 6.5 kb WHE7F A& 5 Q) (Fig. 3B). o| & 2
e 2 FUATA AL wild ypeo] el
45kb 3719 MEVF HEHA G2o2H o5 A=A
A 4BAE AR ASA Asel BE $A47
homoplasic “ﬂ]i =SS & 4 gl s, 7]

s H™TI

W 47 e sHEste] e WAL oAl ] A Al
ﬂJOMEgﬁv AR AL ST OBR ol= gh £
AA7E MRS okl Aol &S & o AT (Fe]
[T A A)).

SAR AQlo] Feld FAAZ AEH A =Y &
Lol HrES YolR7] 93te] gfp probes ]o°P°4

northern blot 418 433t A3}, wild typeo A= ghp &
AZ7F s WA A FAA GEA FAASHA o A
oF 1.7 kb =719} major transcripts 7} = 733t gfp WA=

el = AU (Fig. 4A). 2L 9fofl Hof= oF 44 kb
719} minor ¥l =+= endogenous 16S rRNA ZZ L E o] 9]

[ mlm rlr

CiVe CtVGe
Wt12 345 Wt12 3 45

+45kb

A B

Fig. 3 Southern blot analysis of CtVG transplastomic potato
plants. Total genomic DNA (5 pg) was digested with Bg/Il, and
hybridized with aad4 (A) and trnd (B) probes, respectively.
TrnA probe gives 4.5 kb of wild type gene and 6.5 kb of
transgene

(A)

wt 1 2 3 4 5

7k

3} read-through transcription2 £3}9] gfp -+ Aol hybridizing
g et Aom 255 oy dAde 954 4
34| 9] northern 4 A] &3] R 1%t} (Davarpanah
et al. 2009; Youm et al. 2010; De Machis et al. 2009).

o, Tl oA B3E FAAY HAS gelst
A} immunoblot A4S 53t Ayt FJAATA S Ao
A oF 27 kDa®] GFP7} 7617wl glo me 7]y
4379 A9 o} o5 WEEH T e Hag &
ik (Fig. 4B). o]+ leucoplast 2 amyloplast@}= &
AEZA| o A9 transcriptiond} translationo] X ¢ Eyts)
7] Wizl A2 27 & amyloplast Et} oA 9] gfp =
Zo]| oF 1008} &=Stcth= A} (Sidorov et al. 1999; Davarpanah
et al. 2009)9} 1] }9lc}.

BB 12 X59] 16S rRNA, tral, trnd 9 23S tRNAS
Z 35l ribosomal RNA operon 9]+ highly conserved
g0l 97] tgol gujel 22 AR o] Lot 2ol
Agat 5 AW A o imlmd S A G B
o AR AW BRS ¥ 4+ AL Aol A,
dAyel %A Aws 3L AT AR fanking
sequences & ERHSHE A= 9E S Aueto] 2ol o)
=7 FAn] olgtoan UM £ g U 370
Ao §AA W 271 ®SH7| = 3T (Valkov et al.
2011).

2 AFoMe A AR FEA FAAS s
dF3£ 3 Sidorov et al. (1999), Nguyen et al. (2005), Valkov
Q011 7| 2A 02 58t At Yehyglc 2 A3

o4 AHEE A=A WAAT WE CVGE CV2 (Guda
et al. 2000)E HE S Zlo|L} transgene©] dicistronic & 2 Q¥
dd 5 s Fon FF F ) ol FHAE F
Aol Eistant @l ol @ WHT 4 9L Aoltt
ESH transgeneS 7TARO] 1% A z=2 trnl8} trnd AFo]of
Eqleto] 2l $AAE wANLORN A2A A
@ 71 olg b4l B8 Wth ¥ ATolA Sy
7 A=A AT A2UL olgato] §4 FUAE
sUsez 594 AL AMsAG Db B

L

Leaf Root Micro tuber

PC Wt CiV6 Wt CtV6 Wt CiVe

< 27KDa

Fig. 4 GFP expression and accumulation in potato plastid. (A) Northern blot analysis of gfp transcript accumulation in transplastomic
plants. The 5 pg of total RNA was separated on 1.2% formaldehyde gel and hybridized with gfp probe. Lower panel was EtBr-stained
RNA gel. (B) Immunoblot analysis of GFP production from leaf, root, and micro tuber in transplastomic potato
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2 7FA T}, =& transgene Bt
ol 9J3t site-specific transgene®] Ar¢] O =2

el i

2 gARe] £90] Psala nA fues
2 99 BaA 4 Ak Hof specificdt
pCtVG (trnl-Prrn-aadA-mgfp-TpsbA-trnd) WEE ©]83}¢]
AHel A A=A BB AL Adaiok
A Q2 Alsoz g 5A42) 421} homoplasmic
level-> PCR¥} Southern blot 4 © &2 3}+018}% T}, Northern
T} immunoblot £ 2 GFP fluorescence imaging< &5}¢]
HEA FEASA Y QLo A GFP f--A7F ZshA W,

H =

ZAHS & 5 Qolrh B AToA Y 4H F=7
FAAL A" o] gsto] 78 FAAE Edde=
W A YA QMY RRA ] S dS o
WAsH 7 Hoh B RO AW S~ e A
ol k.
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