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Abstract To ascertain the effect of over-expressed maize
calreticulin in tomato plant on tobamovirus movement in
addition to validating potentiality of the gene (ZmCRT) as a
means for the virus-resistance resource, four ZmCRT-expressing
homozygous lines were generated from the Ty plants as using
an Agrobacterium-mediated transformation, nucleic acid
analyses, and a conventional breeding method. Of them, a
line was subjected to the bioassay for tolerances to tobacco
mosaic virus-Ul (TMV-U1) and tomato mosaic virus (ToMV)
followed by RT-PCR and a chlorophyll fluorescence quenching
analyses. Both transgenic plants transcribing ZmCRT and
wild-type plants showed no symptom by 20 days after viruses
inoculation, however the photosystem II quantum yield
parameter measured from the upper leaves of ToMV-inoculated
plants revealed that ZmCRT transgenic plants have higher
photosynthetic ability than wild-type ones at that time, which
indirectly implies that over-expressed ZmCRT product acts
as a barrier to the cell-to-cell and/or systemic movement of
ToMV. Moreover, ZmCRT transgenic plants showed remark-
ably longer shoot length than wild-type ones in 40 days after
TMV-U1 or ToMV inoculation each, which might be resulted
from higher photosynthetic ability during the phase not yet
showing any external symptoms. Collectively, over-expressed
ZmCRT protein in tomato plants is able to interrupt the
systemic movement of infected TMV-U1 and ToMV even
though not perfect.
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Calreticulins (CRTs)2 FE9] A|2A7]|T B ofyzt A&
9] A3 (endoplasmic reticulum: ER), ¥& & A=A} (plasm-
odesmata: PD) % ZX|A| oA WAL 37§ CaZd T
FY= HGgh CaAGeh A9l shifoltt (Baluska et al.
1999; Persson et al. 2001, 2003; Shaterian et al. 2005). E3F
CRTE:= A U] Ca®" A5 AT} SHAFA (Persson et al. 2003),
molecular chaperone & 2 A] calnexin®} F %3+ Thal A folding
(Hebert et al. 1996; Miernyk 1999; Saito et al. 1999), 4 & A
u}3 (Shaterian et al. 2005) 2 %= Ca" AEH 20| Ot
WA el (Wyatt et al. 2002; Akesson et al. 2005) 5 c}oFat
712 A A o2 Holsh= Aow A qrt ©
&9y Tobacco mosaic virus (TMV)2] movement protein (MP)
o 7)%2| PDAA CRTS} 445 4-gaick Zio] 20
SEHAEY, TuRS He CRT Hitd A A o A
+ TMV MP7} PDE ©]538t=t] Walj5 o} vfojajA
O] A7t o]% (cell-to-cell movement)o] A f = m o] gt
XS Turnip vein clearing virusQ} 72 thE tobamovirus
9] 74 f-oll e I Th= Zolt} (Chen et al. 2005). H}ol
29 A ZZF o]5ol 2 AdE TStz MP (Citovsky
et al. 1992; Ding et al. 1992; Chen et al. 2000)7} T}3ta
CRTZ <13) PD| AT 2 91544 23024 lo|e]
298] A|ZZF o] o] o YA 27| AH HpolH 29
A g2l AdEAY E7FssHA 2 Aol Al (Laporte
et al. 2003) A= Ho]H A 9] A7 2] 0]% (systemic movement)



568 J Plant Biotechnol (2010) 37:567-573
o WolE W Aolehs 22o| Aetch AAR Chen  KE U iy
5 (2005) CRT E’_}HE&] Nlcotmna benthamiana®] A H 9|
TMVE ol ZAES 289 o= AFdoA TMVY] coat  =PIE FREAIS tobamovirus =2+
protein (CP)& A=< —’F gllthal B asteioh

CRT THa+& AZ7 o)A EF= tobamovirus®] o] % EntELE= o]k Texas A&M T8t Vegetable and Fruit
AR T AFH AWATE YA ZW A f-gs)  Improvement Centere] § KT HEAT TIX'S £ 2
A g % otk AAA TR B0 (Solamm  OF AHESHATR HHo)EAE TMV-ULE ToMVE 7h91E
lycopersicum 1.)©] 72 1360] £ 0] nfo]g Aof 7k o] Ye12ES oS A o2 HE B vhol N,
o 1 % §Fo| E3| Aztal u]d|= of7|3H= tobamovirus tabacum cv. Turkish Samsun¥} cv. Samsunof| A 242} A5
ol (Brunt et al. 1997). B9 A Zojo} EAslA Hda T AFTUE Ak
o7 293 BEulEoJA X CRT Idd o] tobamovirus2)
AZ7F B A7 2 o] Ao avfzolatd 27K SStA0|E, Agrobacterium @5 3 ZmCRT @&Tet

vpolef s AFH 5L 93 FAAB 22 B

9l Hio|HA S| Sz £ I dHTt g Eo] CRT 24429] calreticuling codingdl= G714 Y (ZmCRT: Gen-
= T 39 §83% ol E £ S Aolth Bank accession #AF190454)0] pUC119 (Vieira and Messing
H QL9 HA 2 EntEofA tobamovirusol gt A3 1987: GenBank accession #U07650)5 backbone .2 1= pE1775
A PEL Yot Bx FAXEA CRTY &8 M54 binary vector (Lee et al. 2007)°]| cloning™] $1+=*6l, ©| vector
AZd= Aolth o] 2 Yol 43 (Zea mays)o| A 54 (pE1775-ZmCRT: supplied by Dr. Sunghun Park at Kansas State
% CRT (ZmCRNHE EulEo] FAAZT O RN ZmCRT  Univ.)o| A ZmCRT+= 37§ <] octopine synthase transcriptional
Uy A EA S dEsta A3 T tobamoviruso]] &8 activating element@} 17} ] mannopine synthase 2’ activating
TMV &} Tomato mosaic virus (ToMV)E Q&3 E3lo] 1 & promoter element”} 1421 02 A% superpromoter o]
QAR A VeI AL BAsls shE vroly A o3 2 wdo] 2AHH ) (Fig. 1A; Lee et al. 2007). pE1775-
AZE AEA 9 LA a&E A5t ZmCRTE freeze-thaw method (Holsters et al. 1978)E &3
A
Bgl1l Eco Rl Bam HI Xbal Sacl Sacl Bg/ Bam HI Bgl/ll
|Aocs Aocs | Aocs | Amas Pmas ZmCRT I ags-ter '—l Pnosl hpﬂ!l tAg7 "’J'
LB > S RB
pMSP-1 ZmCRT probe (1.4-kb)
B =23 R 5% 13113
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Fig. 1 Nucleic acid analyses of ZmCRT transgenic tomato plants and leaf morphologies of regenerated plants with different ploidy.
(A) T-DNA map. Aocs: octopine synthase transcriptional activating element, Amas Pmas: mannopine synthase 2’ transcriptional
activating and promoter elements, ZmCRT: Zea mays calreticulin gene, ags-ter: polyA addition signal from the agropine synthase
gene, Prnos: nopaline synthase promoter, /iptll: hygromycin phosphotransferase gene, tAg7: polyA addition signal for T-DNA gene.
(B and C) PCR and Southern blot analyses of Ty plants, respectively. Lanes FCRTO1 to FCRT20 represent each regenerated trans-
genic plant. (D) morphological comparison of leaves in regenerated plants with different ploidy levels
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A. tumefaciens LBA4404 w50 =QA3H L o]E EutE
‘FTX 9] shufj &= A HLS o] &3 & A A3 (Park et al. 2003,
2005)0] ©]-&-s} %At

ZmCRT S| FZ& QI3 SHALNAMHTHE (polymerase
chain reaction: PCR)2 forward®} reverse primer (Table 1) Z}
Z}o] Z&5k 200 uMo| H =%, ¢gDNAE DNeasy Plant Mini
kit (Qiagen GmBH, Hilden German)& ©]-&3to] SAEX 2
HE &5 FE$5E 0.8 ngul7} E =5 Z+Z} PerfectShot
Ex Tag Kit (Takara Bio Inc., Shiga, Japan)o]] % 7}s}o] =34
sheich tlol AFel Skl Aol T-DNA copy:
A7%& $lsko] Southern 43} #42 sk =dl 4
EA| ¢DNAS] AHS Agta A Xba 1 &g, plasmid 25
E] probe A2+ QA= A|Sta A Xba 17} Sac 12 &
sl o Aoty genomic DNA (gDNA)2] F_'E],, 3% ¢DNA

9] membrane A 0] W probe2}?] 43l 52 Chung 5 (2010)
o] WS whetc}
st AN e vl Wol7t Hal g

102

A ohet BEGAR BHo| 7]91E SAe) P
2535HA & 4 At} (Dan et al. 2003). AA|Z 2 Ao
A di %“%Xﬂ—J AF ol wild-typed} 313 2ol 5
ety =, oI5 w4 To WAl S LA £4
& ZEoA ALAI7]7] §13t B4 o= DNA FFEA
£ 7|4Hto 2 St= HjA B4 7] (PAIL Partec, Miinster, Ger-
many)E 2-835to] Han 5 (2004)9] RS whef 1 24
& s

A, TMVE HET 42

Al A ZmCRTS} AL} B}
oY A 27 oFAS BAE7] Ete] ToMV-CP SAAS
Ao 2 HEA T4 reverse transcriptional polymerase chain
reaction (semi-quantitative RT-PCR) £4]-& 483} ¢c}. v}
olHA HFE T 4097 o AY LS = EE RNeasy Plant
Mini Kit (Qiagen)E ©]83}0] & RNAS %3} 5 DNA &
gL A A3}7] Y31o] DNase 1 (Invitrogen, Carlsbad, USA) S

2 23] A5tk o]ojA B354 A (NanoDrop 2000: Thermo
Fisher Scientific Inc., Waltham, USA)= RNAE A%3st & z+
ANE7FEY &7 HEs 34kl en 572 ZF RNA
Al 2 E template =, random hexamerE- primer2 3713} Super-
Script III First-Strand Synthesis System (Invitrogen)< ©|-8-3}¢]
cDNAE 3145131 aL, S E ZF ¢DNA 2 uL<} primer 23}
(Table 1) H7}5to] PCRL: 4=33H0 2 4] ZmCRT, ToMV-CP
9 actin -3 A} (ACT: GenBank accession #AB199316, BT013707)
g 717 ZEaps

ogt

AfeE sEYM 54

PCR HEA oA ZmCRT ©Ho| ZZx] 11 Southern &4 3}
w4 ol Al T-DNAS 1 copy A 43 v =242 S5 ©f

i A = 3‘2”0151 To NEAE tﬂ’% 2

T, A&

242 5 2

Jlﬂ

HIO[2A HE
TMV-UlZ} ToMV H2]F7} ZA1= N. tabacum cv. Turkish
Samsun} cv. Samsun®] & A F 5ol wlajAlEo] Wi
20 mM sodium phosphate/bisphosphate &+ (pH 7.0)& A
Jhet % vpgjete] HEYOR AL TAY o}
Ee TEe T 20U 2 2u] AHAAN A He] Al
A9l S| carborundum EHE T XS & Hlo|H A
s5as £ Ao R AAE A7 A B

% hyA 2Rt

ZmCRT FAAZA L} wild-type A= 2] ToMV 3 Ff
J A&S vlust] 9Jste] ToMV HE 204 &

Table 1 Genes and primer sets for PCR and RT-PCR analyses applied in the current study

Sequences of primer set Expected Reference

Target DNA Purpose (forward and reverse) an(lsrzlzlg)o n (GenBank accession)

. 5’-TGAGTTCAGCAACAAGGATA-3’
ZmCRT Transgene detection 5 CTCATCCTCTAGGTCATCATCCTCAT.-3’ 910 bp #AF190454
ZmCRT . . 5’-AAATGGAAGGCACCTATGATTGACAACC-3’
¢DNA Transcript detection 5, 1 ATCCTCTAGGTCATCATCCTCAT-3' 291 bp FAFI90454
ToMV-CP ToMV 5’-ATGTCTTACTCAATCACTTCTCCA-3’ 21 b #DQB73692 &
cDNA detection 5’-TGTACAGTCCAGTACCTCTTACTA-3’ P DQ661035
tomato internal control for 5’-AGGCAGGATTTGCTGGTGAT-3’ 398 b #AB199316 &
ACT cDNA  RT-PCR analysis 5’-ACCAGTGGTACGACCGCTAG-3’ P BT013707
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WinControl software (version2.08; Heinz Walz GmbH, Effeltrich,
Germany)7} G-& 5+ pulse amplitude modulation fluorometer
(Mini-PAM: Heinz Walz GmbH)E &-8-3}o] 33} pulse
SOl A SFAN (photosystem II: PSII) -2l &4 (Chl-F)& &7
ShiTh 2 AR RIS AR whe ofdl ¢hd WA o]
Dark Leaf Clip (DLC-8: Heinz Walz GmbH)S 212} 1145}
o] 308 oA oA A]7l 3 measuring light intensity 2,
actinic light intensity 5, pulse 74 40%9] 27 S 2 quenching
& sqsa 248 P 2o dhass 9E
3} & non-photochemical quenching (NPQ; Bilger and Bjoérkman
1990)2} PSII quantum yield (dbesn; Genty et al. 1989)E At<
3ttt NPQE (Fm-Fm')/Fm’Al 2 2, dpsy= (Fm’-Ft)/Fm’
Aoz :rLo].Od o Uf] Fm& ¢Fz & Q /\]’EHOHH-/] _,JEH Chl-F,
Fm’& A G5 el A 2 Chl-F, Fti= B245H
‘FEfel Aol 23F pulse £AF 21 Chl-F g2 o w] R}
ToMV7} AZ2% ZmCRT A AZ T, At A=A, ToMV
A2 wild-type @ vlo]H A u]HZE wild-type ZF S7|A =
FE dojzl w4 ghe %%a Tohof A2t wja
Biiles

Zn Y %

ZmCRT ¥AF3 ENIE 21} SHFHEHE 84
BulE YEAE FIX 9 shuj% AL o] &3t ZmCRT

FAAZS paste] & 207049 Ty A &3} AEAE F
536t PCR #4& s, == WA oA ZmCRT
FAA &H (910 bp)o] FHE QAT (Fig. 1B). o] A2 £
Ao A B3t EulE FAAS A (Park et al. 2003,
2005)7F FAAE FTX o % s aatdolats AL
Uebd Axtekar & 4= gtk T-DNAY 49l A =h¢lst
i copy =5 ZAA5t7] {5t 174 (‘FCRIS)E A <%t
197§ A4S = Southern T3} £4& AHASH =
o] & 3704 (‘FCRT02’, ‘FCRT06’, ‘FCRT17°)Tko] 1 copy
T-DNA7} AFQ1 593 L 2] A #H] = 2~10 copy] T-DNA
7F A E AR SlE et (Fig 10). FAXS 271 A
tjoll Al T-DNAZ} 2 copy ol &Y 745 &2 2474
T S BN JEY] FH2E 7| of st ST 7
S-of wetA = = AR T ZAA 7 dAE e
QATH (Stam et al. 1997). whebA] Theket HHHE Sof |
copy T-DNA A& &E =AY copysoll FahA =
o] ALY WS S =T 4= 9l HYH (Mlynarova et al.
1995; De Buck et al. 2007)0] Eul&E & 2 A 3}of A& of
oF & Ao AR ET ES B AfoA] 83 FEA
Sk A AR ofy et tfFE2] EntE A M Sto| A= v
d HolAE 23 AA 2ol A 9] anlE WS of7)

Hl

o 4 ol ARAE Agolol ABAE st
t} (Bulk et al. 1990; Fras and Maluszynska 2003). o]+ A&
shel molE WAABA Y A Ha vy Bajo] B
a5tk A ongittal & 4= Sl AAZ 2 A
o A AfE3te dF FAAIA = v HALA 4u4d 2 o]
e el Aoz BAET oS WA W)
FA= ‘?'30*«1 TEWJ E‘iﬁ}i Ao WMotE puts)
£ EdlZ | copy T-DNA
7} *“?451 ‘FCRTO06’ To ﬁjézﬂh 4uf A = ke o] Ak
AN A A5l ‘FCRT02’Q} ‘FCRTI7S tjAo &2 9]
3 kRS ANl T AT 42 S 4 st
Aol 7 42 Ao o3 PR B4 g A} =
o 25 wd A B (positive:negative=3:1)E S} L (data
not shown), ZmCRT T+H Q] ZZ o] 3tol= 7} Atk T, A
23 570 ofs) thA] Q1% kRS Axleke] % 107)
of T, Heke S4el%rh 7+ T, Akl AA) tha PeR

. i

249 thA] AA|Bko] ZnCRT SAA7E B S5 4
7N A &2l (data not shown)d}$ o™ 1 & ‘FCRT02’
T A=A ERE S A4S o2 A9 HE=E A
gaback

Tobamovirus7t HEE ZmCRT AN Q| HHY

ZnCRT FAHE DAN T EA4E 5Esko] £efo] 2u)
S AT A (4% 5 2020 TMV-UITH ToMV &

gFE Z7F JE3 208 T (T T 40%9) HAS
o Ay F A &} wild-type RO A Fotom AW
o4 Qe Ao wEEA ekt oy Hiol g & HF 40
d 3 (FF F0Y)N= F= /?l?"; = THOR EntE
+ 2 RO A FETt

HAo] HEE QT (Flg. 2A, 2B). ToMV H&
Az RT-PCR A& mato]= WA
H]—o]g—]/\_,] A}l
At (Fig. 20), 12 B A3 A

A7V ZmCRTE U}@}OHE S5t wild-type} H] 3L
of mako|z WA e] Aol Ahol7t golch. ol et
I}= Chen 5 (2005)¢] tobamovirus &= 3 28U 7FA] AF
o4 k)2 CPE WA 4 glrk wiLe} Aol
ehi Aoz 1 gelo] AEWN Aolal vole A
o Wely Aoleln welels] ofgirh. AAE Aeeiet
W Aol A oo 9 AA] Hole A HE)
7] ujEol wpolel o u4 o] golde v
Chen & (2005) HfolH A5 AR HEFo =M vf
olel el it el B ol e Aolets 22
o] 7b=atct 2 2 o Fol Al TMV-UlT}F ToMVE A
%3 ZnCRT FAABANA ehts 940l £
& ZnCRT YAABA 9| 240] vhol2| 28 AFAA o

O:

SR ojFo| i 2

it

Lm&mﬁgﬂm{n

]. o

=



J Plant Biotechnol (2010) 37:567-573

571

*
=
I
~
[:4
(e}

£

ZmCRT 02*
ZmCRT 04*
ZmCRT 05*
ZmCRT 10*
Wild-type 7*
Wild-type 8
Wild-type 9

ZmCRT
291-bp
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Fig. 2 Viral symptoms and RT-PCR analysis in 60-day-old
(40 days after virus inoculation) ZmCRT homozygous tomato
plants. (A and B) TMV-U1- and ToMV-infected plants, respect-
ively. Arrows in the upper pictures indicate typical mosaic
symptoms and horizontal lines in the lower pictures reflect a
distinction in plant length between wild-type and ZmCRT transgenic
plants. (C) Transcripts detection of ZmCRT and ToMV-CP genes in
ToMV-inoculated and ToMV-not inoculated plants. Lanes ZmCRT01
to ZmCRT12 represent each homozygous transgenic plant at T,
generation and asterisks indicate ToMV-inoculated individuals.
The cDNA from tomato actin gene (ACT) transcript was used
as a internal control

© wild-type®t Bl ste] B 5 42208 At Holnt
(Fig. 2A, 2B) drolgl 2 & AR o)Al wild-type I’HH]

ZmCRT FAAZA| 7} 7] 2L 717 | Yole 7urg
calreticulin DHﬂPé‘O] tobamovirus2] A% o] =2 29 *l
7] fEoZ AtRHL

HEAHY (ChI-F) quenching zAlE Set HOIHAES ¥
Ade o detd &8 45

Hrolgl A e} FeAd A&t BA, 53] Hpolga
Aol w2 Chl-F ¥sto] B3t =53 vhgt Hairp Qlek
(Wolf and Millatiner 2000; Pérez-Bueno et al. 2006; Christov et
al. 2007; Pineda et al. 2008). Pineda 5 (2008)2 LA o]
2 Pepper mild mottle virus (PMMoV) 27} straing N. ben-
thamiana©| Z}Z} &35k 4~6°‘ Sof 2313 pulseE A}
sto] dojzl Chl-F wi7H 4> 5 NPQS} desu7t FH 4 4
EH?_ A EA| 7F H}o]-LL]/\ AAEE gy o].‘—[}" EJ,}XJ
o2k sheitt. A Hhef 2ol & Ao A] TMV-UI

e
e
o
~
5

~8-ToMV-not inoculated wild-type

"
n
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Fig. 3 Kinetics of two fluorescence parameters in the 40-day-
old (20 days after TOMV inoculation) tomato plants subjected
to chlorophyll fluorescence quenching analysis. (A) photosystem
II quantum yield (dbpsn). (B) non-photochemical quenching
(NPQ). Each plant was adapted under the dark for more than
30 min before the analysis, and saturation pulse was irradiated
at intervals of 40 sec

I} ToMVE HZ£3H 20
2 vpol | A m g F wild-type R+
of A& thA S & Chl-F quenchin g
N NPQ2}F dpsi s AFETSH & A4S
SH A|79 FAA A quantum yield?l Fv/Fm (Kitajima and
Butler, 1975; Fv=Fm-Fy; Fo: dark or initial fluorescence)Zt-<
vlol A u]HE wild-type 0.81£0.01 (mean+S.E.), ToMV 3
2 wild-type 0.78£0.01 & ToMV HZE ZmCRT & &S|
0.80£0.01 2 =4 x|o] vlo]H A v E wild-typeo] A4
o2 7V wskort 7 Helzt BAH Aol AHH A
T L 231 pulset A& E = HAS Aol A
drsugtoll A 2|7k 53513 2ol & Ueiiglet S es
vlo] g A u)HF wild-typeo] 0.24, ToMV % wild-type ©]
0.15, 121 ToMV AZE ZmCRT @R AZH 7} 0.185 Al
= 5]o] (Fig. 3A) viol & Z¢lo] EufE A&EA 9] PSII
quantum yieldo] 3k w]2l B ut ofe} ZmCRT 2 o]
FHOEY ToMV o5 E+= HHS Y & U= A=
e[ SlTh ghH, NPQ= Al7te] Zahghol whet o] F
wild-type, ToMV A% ZmCRT A AEA], ToMV FHF wild-
type - 02 =& AL Hol|v|= SFEA T A A 2o)
= AR A &Sk (Fig. 3B). o] 3k Z¥}= tobamovirus
A = FHA Al7lof] Holg A HAANEE desn E=
NPQ7} thHe 4= Qlth= R 1 (Pérez-Bueno et al. 2006;
Pineda et al. 2008)2} LB A 2)3}= Aot QoFsH ZmCRT
IS 2 tobamovirus9] AP olEe AEHA71AL, THebA
Aled 9 H}o]g]/\ o] A|dH oz o3| Arg ol kA

o] o
H =u—
B P47k AolE AoR 22E 4 Uk %, ol F

& ZmCRT & A A 2A 9} wild-type
= wo] pAE A o

4g Zastol o
]—I ]_o:h;]. ol—x4

=

g

=]
RN
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Eo2 YAWE] 7hedt Al (wholE & HE 40Y &

o =S ZmCRT §AABA 2} wild-typert AAF Aol
(Fig. 24, 2B)2] €191 Ago] 7H5aic},
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