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Current status on plant molecular farming via chloroplast transformation
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Abstract  Chloroplast transformation in higher plants offers
many attractive advantages over nuclear transformation,
including a high-level accumulation of foreign proteins,
multi-gene expression in single transformation event via
transgene stacking in operons and no position effect due to
site-specific integration of transgenes by homologous re-
combination. Most importantly, chloroplast transgenic plants
are eco-friendly because their transgenes are maternally in-
heritance in most crop plants. However, chloroplast trans-
formation system has limited success in crops alike nuclear
transformation. In the past two decades, great progress has
been made to overcome the limitations of chloroplast
transformation, thus expending chloroplast bioreactor to
several important crops including soybean, carrot, lettuce,
and oilseed. Therefore, it has become possible that chloro-
plast transformation of crops can be used not only for the
improvement of agronomic traits, but also for the production
of vaccines and high valuable therapeutic proteins in
pharmaceutical industry.
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(polyploidy)®f| 7]21gtct (Verma and Daniell 2007). &
A=A oll= of 100 7hu) o] FHAE 7HA Bz, duba o
2 12 7h) §A%42 s 8 g ve), o
QAR W 222 27|40z YA & ek (De
Cosa et al. 2001). 3t T X}A 59 MAA = EHT—‘:# 27
47 (Hagemann 2004) S}UE & 2 A 5} Z}' 2 ZAAY
WA AT & = BARE B9 dAganel A
A oF LR 1 o]F 7}“* EJX—L‘ZE Apekst
4 Qo] 34 25k o]t} (Daniell 2002, 2007). A% A=
3} (homologous recombination) W41 02 FE A A=l
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A7k £YE] o) 8 FAAHA A% Bets
YA x &3} (position effect) (Daniell et al. 2002), AR} A&
(gene silencing) (Lee et al. 2003; De Cosa et al. 2001)0] §lo]
Qe F- A} o] golsit) o] PEA = UMA| 2
$o 27 Bolug o] UG HAE oE Felz
FEA Almel A ddo] 7hsstet

SA (chloroplast), & #]74ol| #Hofsti= A (amyloplast),
FI2 o] =] MAE YEMY = M A (chromoplast) L,
AAE SHFohA]l o8> WARA] (leucoplast) 5O &2 G5
o ofu] e Ak, AHbAE A4 0] Rk A W g,
Al (Verma and Daniell 2007) 59 7|5& 7}t o]yt
847 4] FAZe] Aolo] 24 (endosymbiosis)]
A3z QAN o] 23l BT AR S22 olafH)
I glod, AAINES] genetic system¥t AlEmS 7FA AL QL
o §ARAEE) 984 AlES 9P T 120150 kb
712 110-1207] 8} FAAE 7HAH FSAE shito] @
Ae 10009749 FFA7E EAste] AsAlxT o=
1,000-10,000 7}3] ©] A= 7o) ZAI3kc} (Bendich 1987).
1988, =591 Chlamydomonas reinhardtii®] FEAH &
A%} o1 (Boynton et al. 1988)5 AJZto &2 G & o] &
o EAEY AEA FEMS A2~ o] 2 (Svab et al.
1990)% o]=f| o) 7)ol (Sikdar et al. 1998), ZFA} (Sidorov et
al. 1999), ¥ (Khan and Maliga 1999), E0}E (Ruf et al.
2001), HE1 o} (Zubko et al. 2004), 3£Z2] (Okumura et al.
2006), %FHH= (Liu et al. 2007), 7H4] (Singh et al. 2010) S}
2E ot AEolA dE5A FEAAge] Hiwglo
T A5 FAALY] mdlAEQl Hufo] Lol FAA
o7 29 A5 F o A W S (Dufourmantel et
al. 2004; Hou et al. 2003; Kumar et al. 2004; Ruhlman et al.
2007) Soll A AZF TuE LS g whol el =
A QA B eo] Pra) o §H3L 9Tt (Wang et al.

S

2009).
AREL BEARY] GRA FAAS A 24
3} A (Chung et al. 2006) GEA] AT ATZ 5

slod Lo}t GFP W A2 Nicotiana tabacumI} Nicotiana
benthamiana (Jeong et al. 2004; Davarpanah et al. 2009),
human serum albumin (HSA) & human [3-site APP cleaving
enzyme (BACE)& ErHfofl A Hd, A4k st (Ko et al.
2006; Youm et al. 2010). 3}, o] 2} A5 2SS 4
Aotz M FAAE WE (Liu et al. 2006005 712
stof, A EAl+t { A= el FEAH B &

A 59 old £4 FARES
] EX

2
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el
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E g dro] YA DNAS $H7 L of
of A4 AEAUE =dA7I= d5A AL
H (biolistic = biological + ballistic)©] 1988 Chlamydomonas
reinhardfiio| A X222 A3 (Boynton et al. 1988)3 o] =
o PUAD BRI HHT A O o3 A 15
A g9 AEA FAMS| HHAOZ AR EIL Q)
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9] flanking sequenceS Z 3}
apgi. @R old $AR7E e

trnV-3'rps12, trnl-trnd, trnfM-trnG AN|7}A] 5917} F2 0]
2o, gty A rANA ALE trul-trnd 59 (Daniell
ctal. 1998)7} A2 TAS Akl ATo] TV B
o] o]g¥7 It

HEA AwS +ES 7H 2 EAstER FAASAE
7] el AdntA FAze] Aol A ow 5
a3ttt 27] GEA FEAG | AHSH AUnAZRE &
A 2gE enfpo] dlof WAS Foste S point mutation
o] Q1= 16S trRNA (rrnl6)E AF&stF oy Ak vix7f
o Q- o oy (Svab et al. 1990)2 A with WHH, qadd
(aminoglycoside 3‘-adenyltransferase) -5 2}of] 2|3t A~ g
enpolAl A A AHEshe AE5A FEAS A
nA & 7P aeA e Aagom dEA Qtt (Svab
and Maliga 1993). 7L 9Jof A 7htuatol4l AHd
ALl nptll 7} (Carrer et al. 1993), 452121 betaine
aldehydeE H] =4 =29 glycine betaine & 2 HTA|AHF
£ A49l BADH (betaine aldehyde dehydrogenase) -3-7%1A}
(Daniell et al. 2001b)7} AF&E o, STABA AA &4
Z}9} gfp (green fluorescent protein) G AE FA|of AR
SF7| = 3l Th (Maliga 2004; Jeong et al. 2004).

QEAIM fA% FHrES AL DA @
AL Z2HE, 5UTR (untranslated region) =74 HF &
(Gruissem and Tonkyn 1993), Ejujd|o] g7} £&t% 3° =4
F&] (Maliga 2004)©] ™, ribosomal binding site (RBS)7} 3&
e SUTR B3 E3k 924 A48 W) a3
Qo)) (Eibl et al. 1999). 119bd thal 2l o] =2 95
Ae ZAEe 2227t adE e, 954 Asle

=
=
=
R
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RNA Q9 & () Z2REHE HFA|Z] Prmm Z2HEHE
7H de] ARt 5-UTRI}; 3’-UTR F- Q2= psbA/
TpsbA7} 98] AFEE 1 Qlt} (Fernandez-San Millan et al.
2003; Watson et al. 2004; Kittiwongwattana et al. 2007).

SHN S st HEX M XS

22, ¥ A, WA, WA, phytoremediation Z A
£ SARUT 2L 504 WA 1 SRS 3
EX Aol =AU} (3 1, Verma et al. 2008). 1995
w2l QE A of Bacillus thuringiensis(Bt) S24 42} CrylAc
5 EQlstel % S84 e 1% 234

(McBride et al. 1995) A|7] |2}, LH2 Fe) o Cry2Aa2 4
A5 Tl GEA Alsol =y FAAA 9 T i
AFE T 84 DA 46.1%71A] =24 (De Cosa et al.
2001) = lom, o] thulAe JEA Yol T 27
A& FAsHATE o] Bt =4 chl o] MR H gl A&
U HHll, 53} HELY f-5oA Wl At 100%= 7Y
3t A2 95 YERATH (De Cosa et al. 2001). E35t, 3+
HEfo] & MSI-99E Tl AEA o A A Heddt

==20] 2L

Pseudomonas syringae pv. tabaci®} 3 5] H730] Aspergillus

flavus, Fusarium moniliforme, Verticillium dahliaeol] T3} 88-
96% A3l aitE YelWth (DeGray et al. 2001). o] o =
AEH A 2 A HHHE EGTEA 42 TPS] =
o G A=A FEAL AEA= AP DA o H5)
15250 EYdzAE 45190l e H FAAEA
A e AR A3, 2913 22 g A (pleiotmopic
3} Qlo] BAH AET AZYAS RolFT} (Lee
et al. 2003). 3+, BADH (betaine aldehyde dehydrogenase)
ARk wQE g QA AT ABAE A4S
UEFH AL (Kumar et al. 2004), 7L 9] glyposate A=A # 3+
A} (Daniell et al. 1998; lamtham and Day 2000), &< WA
(Ruiz et al. 2003), A|323 24 &% (Ruiz and Daniell 2005)
< o= g A5A FAAIAT A= = St

J
o

NEANA AR NG §& SR YL B
oJHE At AA, ABALYE FE EL 4R

=4 A, =2 9 AEA A=
A3t 7)ol olv] B E o] U diT A

Table 1 Engineering of agronomic traits via the plastid genome (Verma et al. 2008)

Agromomic Gene Site of Promoter/ References
trait Integration 5'/3' UTRs
Insect .
. crylA(c) trnVirps12/7 Prrn/rbcLirps16 Mcbride et al. 1995
resistance
Prrn/ggagg
2Aa2 L/accD . K I 1
cry2Aa rbeL/acce (native)/psbA ota et al. 1999
cry2Aa2 Prra/native
trnl/trnA D t al. 2001
operon rnl/trn S UTR/psbA eCosa et a
Prrn/native
crylAalQ rpsT/indhB 5" UTR/psbA Hou et al. 2003
crylAb trnVirps12/7 Prrn/T7 genelO/rbcL Dufourmantel et al. 2005
cry9Aal tralltrnA g,’ ”[’j/;;“U“erecL Chakrabarti et al. 2006
Herbicide aroA rbcLlaceD .
resistance (petunia) trnl/trnA Prrn/ggagg/psbA Daniell ct al. 1998
bar rbeL/accD Prrn/rbcLipsbA lamtham and Day 2000
Disease .
resistance msi-99 tral/trnA Prrn/ggagg/psbA DeGray et al. 2001
Drought ips1 (yeast) trnlltrnA Prrn/egagg/psbA Lee et al. 2003
resistance ips1 (y rnl/trn rrn/ggageg/ps .
Phytoremediation merA/merB trnl/trnA Prra/ggagg/psbA Ruiz et al. 2003
Salt tolerance badh trnl/trnA Prrn/ggagg/rps16 Kumar et al. 2004
toplasmi .
Cytoplasmic phad tral/trnA Prrn/psbA/psbA Ruiz et al. 2005

male sterility
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Table 2 Biopharmaceutical proteins produced in chloroplasts

- - . o N
B10pl}armaceut1cal Gene Site of . Promoter 5'/3" Regulatory % TSP. References
proteins Integration elements expression
Elastin-derived polymer EG121 trnl/trnA Prrn T7genel0/TpsbA ND Guda et al. 2000
Human Somatotropin ~ AST trnV/rps12/7 Prm® T7genel0? 7.0%" Staub et al. 2000
PpsbA°  psbA"/Trps16 1.0%"
Antimicrobial peptide =~ MSI-99v trnl/trnA Prrn ggagg/TpsbA 21.5%-43% DeGray et al. 2001
Insulin-like IGF-1n trnl/trnA Prrm PpsbA/TpsbA 33% Daniell et al. 2005
growth factor IGF-1s
Interferon-a 5 INFa 5 trnl/trnA Prm PpsbA/TpsbA ND Daniell et al. 2004
Interferon-a 2b INF-d2b trnl/trnA Prrn PpsbA/TpsbA 18.8% Arlen et al. 2007
Human serum albumin /sa tral/trnA Prm® ggagg’ 0.02%" Fernandez-San
PpsbA®  psbA"/TpsbA 11.1%° Millan et al. 2003
Interferon-y IFN-y rbcL/accD  PpsbA PpsbA/TpsbA 6% Leelavathi and
Reddy 2003
Monoclonal antibodies Guy's 13 trnl/trnA Prrm ggagg/TpsbA ND Daniell et al. 2004
Human CTB-Pins tral/trnA Prrn™ PpsbA/TpsbA® 16%" Ruhlman et al. 2007
proinsulin (Pins-Proinsulin) T7genel 0%/ Trpsl6 2.5%"
Table 3 Vaccine antigens produced in chloroplasts
. 1/ V)
Vaccine antigens Gene .Slte Of. Promoter 373" Regulatory & TSP. References
integration elements expression
Cholera toxin CxB trnl/trnA Prrn ggagg/TpsbA 4% Daniell et al. 2001a
Tetanus toxin TetC (bacterial  trnV/rps12/7 Prm T7 gene 10° 25%" Tregoining et al. 2003
and synthetic) athb/TrbcL 10%°
Canine Parvovirus (CPV) CTB-2L21/ trnl/trnA Prrn PpsbA/TpsbA 31.1%, Molina et al.
GFP-2121 22.6% 2004, 2005
Anthrax protective antigen Pag trnl/trnA Prrn PpsbA/TpsbA 14.2% Koya et al. 2005;
Watson et al. 2004
Amebiasis LecA trnl/trnA Prrn PpsbA/TpsbA 6.3% Chebolu and Daniell
2007
Plague F1-V trnl/trnA Prrn PpsbA/TpsbA 14.8% Arlen et al. 2008
Rotavirus VP6 rbcL/aceD  Prm PpsbA/TpsbA 3% Birch-Machin et al.
2004
Hepatitis C NS3 trnl/trnA Prrn PpsbA/TpsbA 2% Daniell et al. 2005
wol AtA oz drh A, ATE WACE oSt K melo] Msdteh Eak AFAEY WA
Aeg SuAe AL ARAE A4 ol Ba 44 £9o® SR glon, 8 FAAA ekt
Lol A2olM Bt gl eFo] Zhsstth AL AEel & IEE o f4A A=l itk AEAWel M=
A 9] AAF 3 =21 (posttranslational modification) T}7 0] ESE ThulE subunite] AESE H3  (folding), disulfide
sEMEey AL A QL A Yt F4& A bridge P4 0] 7He3lH, chaperono] EA3}7] wiEol T
e 2} GRS HAS G S QOB A2H ol YA HHA BT Y (assembly)o] 7H55hek Daniell
HheHo| I Qo 98 o7 Tl o] AARS 9|5k Wi o et al. 2004). University Central Florida®] ¢l+= Tty w4
2 2505 vk ABOA A3 ANY 9EA B ATHo|A A BEeA A2E 48 Tud D wa
A2Ee o FAATe v3) ofe 4AS AUtk 48 A ATE SWAT gon 94 T $L, WA
Ae +%e 7HE 7 ER o] 7hsstal, B4 & G54 Al AR gl & 2, 39 YeEr ok
e SRR & sk o, oF Ho gAHAo R
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Human Somatotropin

8ol A=l &S 7H4 disulfide-bond 7 Ef
©] human somatotropin B &3, WA H A S X 5o
o] &&= T AR o] AT FHAE Tl GEA| A=l
EUE 23 £ 4 Sl 7% 7 SAsig,
ol 3 P ol vl 3008 =A HAH Aotk A=
Aol HP?‘ﬂ% somatotropmi dlsulﬁde S AR B2
g oA hSTL} YUt 7|52 3} t} (Staub et al. 2000).

Antimicrobial peptide

Anti-microbial peptides (AMPs)= F& A4 117 ®o]7]
Aoz WAy LAY A nELS SAsH=T
&g v Aotk ofZ g7} clawed frog®] ] of A
8| B = magainin YA, FHA A &, FAA| T Lo
T Qof o] &t} (DeGray et al. 2001). Magainin &%= 7|
ol MSI-99E |l GEA Aol HAA RS o, AA 5
L4 Tzl o] 21.5%71A] =9 O w, Wt Pseudomonas
syringae pv. tabaci® 3FFO FFo| Aspergillus flavus,
Fusarium moniliforme, Verticillium dahliae®l] T3} 2F 88-96%
A3l &I} (DeGray et al. 2001), gram-negative B}E]| ] o}
Pseudomonas aeruginosa®l| A= 96% WL+ A+
A &7 ATk (Chebolu and Daniell 2009).

Human Serum Albumin

A AL 02 712 da] 0]+ human serum albumin
(HSA)2 dH f & Tl 29 60%of Esl dHo 2R
B £330} =t} HSAE= Hofel njillE Alagoz R
B AAbEL ol 48O o g 4 oi AT
A7) Qrokeh. AEAL] 5 pebd H9) o] ofe] 2
4w, o] 297 ZE ha $A4E gl A5 A
SN F ASAE 047 B ALl 7 A3l
= gt oA =84 IHMAY 11.1% =7}
I =3l o, o] 3 Aol Blsf 5000 w2
& oF2 UEMH A o]t} (Fernandez-San Millan et al. 2003).

7% 4
]

rel XN Hn
mﬂ'. ;:9.

Human insulin-like growth factor

5 o E 249 Aol Tojsi AR ol A
2 AW =2 Aog 43 A human insulin-like growth
factor(IGF-1)= A& o 2 A== A 711 9] disulfide bond
£ 7} 9F 7.65 kDa 27]19] single-chain Z2|HElo| =&
7o A A A=t} (Torrado and Carrascosa 2003). G&4] =2
= FAgsto] IGF-1& EHl AEA Alsol =UsH3
o u AA] e T 3% B WE SES
o1}t (Daniell et al. 2005).

Human Interferon Alpha

od dFY ArAR AHEEE AA AEHE (IFNa
)2 FF| 271 vl Ao 7
2l A, Al 2S4S A5 @1‘%%%
anE 7HXIh f‘ﬂZH A1 IFNa 2b THa A
25E A4 = 7l AARE S AZY 3 P
HHo s ‘?:I?‘ﬂ*lii% W= o 22 AEe
(Elderbaum et al. 1992), §EA] Alxol] =YY% IFNa 2b=
5 284 Bude 18eme] 2 WES wolFar
(Arlen et al. 2007)

Human Interferon Gamma
IFN-y2 H A A" 9] F5 cytokine &2 Hlo| 2| A E A
£ WISk, MEZEAL oAstel, §U4 weeloht

ol Bt B 24 g 2US Ak B A7
Apgo] 8 Ei AR o] FN-vE Esheie] o 92

B9 A3 0001% 9= LASHAAT F2A2] Aol
6%0]4 %22 o] native human IFN-y2A =82 &
AJo] 9l IFN-yE AYAFSIRI T (Leelavathi and Reddy 2003).

Cholera toxin

WAl A9l B H QI Vibrio cholerae®] Cholera toxin B
subunit (CTB)7} Elf GEA| Aol =AU = A=H, 715“
oligomer2 A & 84 ©WA9 41%71A =A%
(Daniell et al. 2001a), CTB-2L21 §gctuiaA =2 Thulj ¢ Xﬂ
of TAAZE e 311%9 w2 I ¢Ee HoFdl
o} (Molina et al. 2004, 2005). o] CTB G-77}9] uhal jo]
+= 9E o ribosome-binding site (GGAGG)UP 7 AL 4.1%,
psbA A AL2] 5¢ UTRS 7HA A% 31.1%S vrehich

Tetanus toxin

TetCl THAFE WA 02 AL 7153} 47 kDa 7] 9]
H 54 Eeolt dHOE TetCE HAsk= 44
E @l FEA A TAAZ A3k, F o 10-25% =2
TetC @A AHAikstglon JAMS A4 &=
= FollA A=ste] HAgE Ad AFHE d5sh=H
A 23+t (Tregoning et al. 2003).

Canine Parvovirus

Canine parvovirus (CPV)= 7§ @ 7|Tof &ot= &
24 AT A1dL Jo7ich W= CPVe| td}
sto] JE B 55k 2021 $H4 HElo] =& cholera toxin B
(CTB)Y GFP2}9] fusion protein FE| = ] G=A|of dr
AAFE o, T 84 SHAY 226%-31L1%E
9 $~FS BTt (Molina et al. 2004, 2005).



280

J Plant Biotechnol (2010) 37:275-282

Anthrax protective antigen

A A ARE Yl o] &EHAL e A WAL
Bacillus anthracis®] WM O 2HE S EHlg, 2&2E
Ul o= protective antigen (PA) o] ¢]ol = F2-8& LEMY
£ 247k EgEch veby oy de ol 44 glo] 7]
P obdsle g WA AAS s mTbEQ
Al2do] Fasit gull AEA Alsoll pagA FHA
TYsto] PAE IEAI S W AEA Q] F 2ol A
Qg Qold F 584 Talae] 142% ol 4
(Watson et al. 2004; Koya et al. 2005).

i

O

e % gl M T

o
32
o

Plague vaccine antigen

g% A drg| 2ot Yersinia pestisv= <5 (plague)
ol Y o2 o] W9 fusion protein FI-VE
ol FEA RS W, AT 4 FF T 8
4 ehu o] 148%9] B¢ S UERYTh (Arden et al.
2008).
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