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Identification of disease resistance to soft rot in transgenic potato plants
that overexpress the soybean calmodulin-4 gene (GmCaM-4)
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Abstract  Calmodulin (CaM) mediates cellular Ca®* signals
in the defense responses of plants. We previously reported
that GmCaM-4 and 5 are involved in salicylic acid-
independent activation of disease resistance responses in
soybean (Glycine max). Here, we generated a GmCaM-4
c¢DNA construct under the control of the cauliflower mosaic
virus (CaMV) 35S promoter and transformed this construct
into potato (Solanum tuberosum L.). The constitutive
over-expression of GmCaM-4 in potato induced high-level
expression of pathogenesis-related (PR) genes, such as
PR-2, PR-3, PR-5, phenylalanine ammonia-lyase (PAL),
and proteinase inhibitorll (pinll). In addition, the transgenic
potato plants exhibited enhanced resistance against a
bacterial pathogen, Erwinia carotovora ssp. Carotovora
(ECC), that causes soft rot disease and showed spontaneous
lesion phenotypes on their leaves. These results strongly
suggest that a CaM protein in soybean, GmCaM-4, plays an

H. C. Park (IX)

ZEMENY HELIITEE J[SMEfOIA HorEjol el
(Team of Vulnerable Ecological Research, Division of Climate and
Ecology, Bureau of Conservation & Assessment Research, National
Institute of Ecology, Seocheon 33657, Korea)

e-mail: hcpark@nie.re.kr

H. J. Chun - M. C. Kim - W. S. Chung (>4
HATHSD 3t SRMeNIS ASEAMES U SHKIAN

SITA
(Division of Applied Life Science (BK21 Plus Program), Plant
Molecular Biology and Biotechnology Research Center, Gyeongsang
National University, Jinju 52828, Republic of Korea)

e-mail: chungws@gnu.ac.kr

S. W. Lee

Atafely S Tstn MBIIsiThst 53t stoiRtalst

(Department of Agronomy & Medicinal Plant Resources, Gyeongnam
National University of Science & Technology, Jinju 52725, Korea)

important role in the response of potato plants to pathogen
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=53 9o m 198)7]0]4 204 7]¢] oF 1009 Fk 7] -]
W22 =03~0.6CHE st o, ke S ofl A
= A 1004 F91 7]-20] 9F 1.4°C Ab<45] % th(Korea Metero-
logical Admistration 2008). 0] = A| 32| H47|-& AF45E9] 2
o] o] 2= g=2] ot} o] of Zhe- FAbof| o5t £, A4,

Shaf, Bk 22 7)o M w AR Y A & "HZ o
A BHE o] A7 Lo AU 9P S 2 vk Aol
3 WSl o A wEA & Entofy 2t o] 55 AHrE

A stel A AL 2 5152 24k A1 Aol o|ok
A, ool oo AR A 0] P S 915 B 915k ok
M 20} 50R] o) 28 chopat A W ARE S WAL FE
sto] HFA 02 B % A2 5 537 EAEA
Aolek AEn 2, Aol F A 4814 A8 5
& §77b0) R0t T8-S Bo AR Srhot 2L 5l
o710 2144 9 el chopy skt A el
Ng HEI T o T 4 §ly] ol chopd H U
02 5E FAWA HY Ju /184S Fokol 20| 1

ZA o7 Ho] 7]2S ZHE 3514 E th(Jackson and Tayler
1996). S-A A o= AEA| o Hdto] FAsHA =HH 1 A
O N7} AA| A o= A A Eh o] AE 2RIAA
A| 3 A8 (HR; hypersensitive response)©| 2} 52 t}(Goodman
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etal. 1994), o A5 2 ko] ol 4y YT gk
Fofoll FH Y AYEE st AL S AFA(SAR;
system acquired resistance)2 L} EFU A ¥ ThRyals et al. 1996).
o] A& W etol 3 UskS wf 7] % " A% (basal defense)
= 25 ok 2|F4 0 & phytoalexind} 22+t &2
2 AJAFSHA Y W A 8A] Tl (PR proteins; pathogenesis-related
proteins)e 2] 5k0] W Uato] thgt AFgHS & 55HA |
ok E3H A EA 7 ol AR AT A
AZo) 877} 145317 WAL 148k s AL

A7 255 ek, o]of 2L wrgo) 27A) A A&
(Ca*") A1 3.7} Tod 5} = thDixon et al. 1994).

il ae AlEA ol B et MY #xt okt 4
A, AL WS D ST 22 A ST dhgo A &= o]
A 7 A = A-g-sho] Rkt Al 2 S A A E F55H H
CHBush 1995). Tt 2H4 of tf-3-5tof A2 AW 249 &
=7} 31 &= (amplitude), ¥1 %= (frequency), 7| 7H(duration), 3712
H 32 (spatial distribution)o]] wha} W& 7L 0] Al 5 A A A
7} A& gtch(McAinsh and Hetherington 1998; McAinsh and
Pittman 2009). 0] 9} Z-& thoFa} ZH4 Al 5= A E U O] ZHs
AlA 2 2h-g-5hm Zr A 591 (EF-hand motif) & 74| 2L Q1
24 AT B o4 A4S MEER g5
o}, Bl A 2o off 7| Ao of| A oF 2507 A = 9] L A
5 7Hx e A o] A 7F Bl E th(Day et al. 2002). A&
ol 4] A 25 AT R AL 2A APIA HRE s 4
olow AMA =R 7} 2 oo 2 Bz = 7k n &2 (calmodulun;
CaM)o| ™ &= 2 HAY ol A 2 K a1 o] 3] th(Snedden and
Fromm 2001; Yang and Poovaiah 2003). FH#& 2 calcium-
dependent protein kinase (CDPK) ThHe 2l 2 24 catalytic kinase
domain®} ZH<5 AsH H Q& & 7}A| 2 QI tH(Cheng et al.
2002). A HA] 152 SOS3 family©] ¥ calcineurin B-like protein
(CBL)%. 2 &= <& A th(Luan et al. 2002; Zhu 2002). §] &} Z-&
BHANE T2 9D BLT40| WSS Folo o ead
RS R EC EE R P L
A2 of ol sz B4 T o] 755 2L fistol 2
#A 35 AG5HA = th(Kim et al. 2009).

BREAL 90 A7 B4 B T Sl A A1 2
AGE| w7 R TZo|ch HEZH O Z 1487] 9] ofu] At
% A% 5 9(EF-hand motif) 2 -4 & o] Qlt}.
Brol B ETlo] AR HY FA el Walt G2

Aot A ST 428 AT T4 9
7+ 27| = th(Hoeflich and Tkura 2002; Snedden and

7 g g4 AL gt Z&al Ak
Y 2 (target protein) 2] &S 25}
Aol #ojstA ot 53], A=A, *1]555"73
o, o] Tl A ohul A
AR IARSE, QIAIA thA, 12) i AR A} 22 ot

% ool Bofsts Aow HiHn

D4

_l

(Bouché et al. 2005; Snedden and Fromm 2001; Yang and Poovaiah
2003). ZfrsEol A= e AREYO] B E i QAT
Ao BRI AnEd LA FA R
9] 227} B 11 ¥ th(Snedden and Fromm 2001; Reddy 2001).
of 71 ol Al 30707 d= ZREY A7 o, 7
A, el 2] T o B4 thaket 3 el isoform) o)
AR EYo] 2A S H 9 th(Lee et al. 1995; Takezawa et al.
1995; Poovaiah et al. 1996; Yang et al. 1996; The Arabidopsis
Genome Initiative 2000).

Eo] A= GmCaM-13E GmCaM-59] 57]¢] ZrEd
o] EAstm ofm| At fFAH I} 7] F ol A o Ao = A A
Aol 2Fe2 Us 4 ok ofu|iAlS vjws| EW,
GmCaM-19]| A GmCaM-3 = 59 Z R E U7} 96% 3 =2
YA S H o F1 GmCaM-42F GmCaM-5= GmCaM-13} H]
WA 78%2] S-S ofH| e At F A& Kol OB M A5
THA] AL g ZE 57 ol A ErHl & NtCaM 133} 97| shit
O =gdH 150 2 BFE 11 Q) th(Leeetal. 1995; Yamakawa
et al. 2001). 3, 99 F & A o) E 5= GmCaM-11}
GmCaM-49] 52| Thull 2] 247 O] Zpo] 5 K ¢l rh(Cho et al.
1998; Chung et al. 2000; Kondo et al. 1999; Lee et al. 2000).
Phosphodiesterase, 4] % Ca**-ATPase, 4] & Glu decarboxylase
712] 21 CaM-dependent protein kinase [1} -2 - 2] Thal 2 &
GmCaM-11} GmCaM-40]| O] 3 A fFAFSE /2] a4 2
< 2 &t} Calcineurin, myosin light chain kinase, red blood cell
Ca*"-ATPase, 12| 3 2] NAD kinase &} 7F-2 22 thul 2l o
2 A GmCaM-1 ghill 2l of| Q)3 A & A TA]-S K 9 © 1, nitric-
oxide synthase @] 73 9= GmCaM-4 T+l 2 of] o] At & 4
e Btk ojof e At R thE Al F71 9
ZH gl o] ofn| At FAMY Bk ofU gt a2 SH
A zpolg R e A7) A Ed 75 i<
ARstar ok EulEAlE, thFollAl ofw]ieql A Do ot
o)A S H o]= GmCaM-42} GmCaM-5= Al EA W of| A ¢
9] A of w2 A 23 & o] salicylic acid (SA) H] 9] & & <]
A2 B off ol sklar, MYB2 HARRIALS] 24 & &
gho] 1LY Ao T ol ghe off 7| 3 ) A A A=A
£ o]-8-3} o] 2215} th(Heo et al. 1999; Park et al. 2004a; Yoo
et al. 2005).

o) 9] GmCaM-4= A| 32 Al &A1} o 4| A 25HA ol
B QLA 317 A E ) Ao 4046}% T 2 TRt
7158 s Aot 1B R, A AEY A HH-3 =

GmCaM-42] A Az 4 5 9] (promoter) @] 715 X 712k A7}
HuE St 59], et Lo ¥k of= MA A R
©](-1207 to -1128 bp; -858 to -728 bp)ol| A§3}= 7Hz}F ZF-HD
2} GT-1 like A2 A Q1 A}-5 2101 519 th(Park et al. 2004b; 2007;
2009; 2010). 0] 9} -2 thokst A 3HE ubel O 2 GmCaM-42
Aol g-gst7] flste], At FAMS A=A 9 FE5H
A W 5dH 54 A+ Y5 th(Sohn et al. 2012).
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Vector XN[& 3 ZIXt &M=t

YR HE 52 H GmCalis DNAS 73 0.2 A4}
11, Table 10 A] 3 A] 8 primers & ©]-&-s}of 7HA} & A A
vector A| 2 913} ¢] Polymerase Chain Reaction (PCR)S

A
QJ%
N5
T

5}t PCR AHE-2 pGEM-T Easy vector (Promega, Madison,
WLUSA)E AHg-3he] 22 F 9714 @& £4sgth 1
2] 1, Xho 13} Xba 19] At & AR Auhala AHEaAE bar
S AAE 7}A 2L Q)= Binary vector, pBinl9 (Bevan, 1984)2]
cauliflower mosaic virus (CaMV 35S) promoter2} Nos terminator
Abolof Ardstaitt. 1 &, pBinl9-GmCaM-45 A|2}stal
Agrobacterium tumefaciens (LBA4404)E ©]-&-3F 742} & A A
22 Y3 A Th(Visser et al. 1989). H£4 0 2 &2 A 35
GAAZAE FEe7 Slot0] 25 4] 9& 5 mmx
S5mme S AHXZ O 2 WE & pBinl9-GmCaM-47}
& 2 M 2% Agrobacterium tumefaciens (LBA4404)S 7 A A
A A F A A=A & 7551 Phosphinothricin (PPT)
= pBinl 9-GmCaM-45- 3L 3F5}= A 23} vectorS 7FA| 2L Q=
FAAG A A AH L o2 AMEE o, AATHE A
£ R3] §J5te] Adulx|o] 0.5 mgL'e] A% % Phos-
phinothricin (PPT)-& AH&-3}o] 12} 419 8112, 2.5 mgL™' ¢] PPT
£ AHESHe] 2 F A o' Q&3 =5kl GmCaM-47}
P AASE 7H4= 30 g L9 sucrose@} 0.1 mg L' 2] GA S
3}4-5}= MS (Murashige and Skoog 1962)H}| X] of| & A3 %5} a1

B A2 Aol A GmCaM-42F v A 3}/d of] Tof 8=

AR 0] uHel = & B A5}7] 915ke] Chun et al. (2011)2] HJ
o whet RNA blot 4=3 5} 9Tt GmCaM-47} & 2 % gkl
ZFA}of| A total RNAE TRIzol A] 2F(Invitrogen, Carlsbad, CA,
USA)& AH8-8tof Eefskqlch. & 2] total RNAS] 20 ng&
1.5% formaldehyde/agarose gelof| 4] 7] %952 3}al nylon

Table 1 Gene-specific primer sequences used for RT-PCR in this study

Primer names

Primer sequences (5 —37)

GmCaM-4(F)

GmCaM-4(R)

PAL (Phenylalanine ammonia-lyase)(F)
PAL (Phenylalanine ammonia-lyase)(R)
PR-2 ( [>1,3-glucanase; gluB1)(F)
PR-2 ([31,3-glucanase; gluBI1)(R)

PR-3 (Chitinase; chiB3)(F)

PR-3 (Chitinase, chiB3)(R)

acidic PR-5 (Thaumatin-like protein)(F)
acidic PR-5 (Thaumatin-like protein)(R)
basic PR-5 (Osmotin-like protein)(F)
basic PR-5 (Osmotin-like protein)(R)
pinll (Proteinase inhibitorll)(F)

pinll (Proteinase inhibitorll)(R)

TGCATTACTGTGGAAGAACTTG
CATCACCGTCCAAATCTGC
CTGCTGAGGCTGTGGACATG
AGAGCAACTCTTGCACTCTCC
CAACTTGCCATCACATTCCG
TCGATAGGTCCAGGCTTTCTC
CCAGGTAATTGCCAGAGCCA
GGTGATGACATCGTGGCAAG
TCAGTAGGACCACATGACCCTG
GTCACTCATGCTGCCACTTTTG
GCTGCCACTATCGAGGTACG
TCTTCATCACTTGCAGGCATC
CATGTTGATGCGAAGGCTTG
CCTTGGGCTCATCACTCTCTC
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membrane (NEN, Boston, MA, USA)S 2171 4 25 gel§ ol &=
11 membrane®]] RNAE o] = A Z t}. UV cross-linkerS 43 5}
o] o]F% RNAE 1Astal 22t9] fAxEs $lsto
Table 19} Zefo|wF 7}A]3L @ o] X PCR AHE &5 ©]-8-5t
o] a-[*P]dATPL] W} AFA -9 Y A 2 F 2] H probeE 0.5mM
Na,HPO4 pH 7.2, 1 mM EDTA, 1% BSA, 7% SDSZ +A %
hybridization buffer o] 4] 65°C 2 Z o]l 4] 18A] 7k &-9F A 3}
AlZ] %, 2 x SSC (1 x SSC+= 0.15 M NaCl, 0.015 M sodium
citrate), 1% SDS ] washing bufferE 65°Co)| A 1557 2 |t
3}l A& 8}z, 0.1 x SSC, 1% SDS €] washing buffer= 65°C
of A 10427} 21 gHESLof A28} th. Al 2 H membrane-2
X-ray L5 7HA| Eof| X-ray B 53} 7| | 0] -80°Cof| 4] 24 4]
75k Bapo] ES A4S

ZhEg MEAME 2 8 MY 24

2024 A EAE 242 91510] GmCadt47 B QA
ZFAEQ] 918 AF-8-31 o] autofluorescence A AFS 43y 6} % T
(Dietrich et al. 1994; Park et al. 2004a). MS v} X | A] 2 ~ 4 5
oF Aot & A A 3k A & 9] 9-& alcoholic lactophenol (95%
ethanol:lactophenol, 2:1)0f] 24 5-9F 2291 &, 70% of &t-=-1} 2
w2 A2 AlFstel FR2LS AASHAT 0%
glycerin© 2 &2}o| = ¢]of & & ultraviolet epifluorescence
microscopeS AF8-5}+0] autofluorescence S 21 A th. GmCalt4
7H ARG GAbo| A B A AFE flsto] s -A T
et A AT A AT E O FAL Ao A 4223t 1A
o\ A B8] 3t Erwinia carotovora subsp. Carotovora (Ecc) 15+
£ AFE-3} 9 tH(Chunet al. 2011). ©] 752+ LB 1} X| o] A4 28°C
O 2710l A 24X 7F FF o FE QAL FFF=AE o]-8-5F
of Aol A 5 x10° CFUMIS] 5= 9] ] & At At
§-5t0] GmCaM-47} @ A2 A=A o A 25}t

o
A

o s
Zm W ¥

L2 GmCaM-4 REALE O|8¢eh AAL I A=A HE

=2 |o W&

f
Mol RN

ot ofr

o ZE &7, GmCaM-4 Tl 2 o] t}oFst 7]
ZF 1 11 %] Q) th(Gifford et al. 2013). 1 2 I}E v}
2B BAATH 2718 A% A 2
71 2 2 3 A o|th(Rao et al. 2014). Q. 5F 4]
zpol| W AA L F7HA717] Y5to] GmCaM-4 AR S
Xho 13} Xba 12] A|3ta AL 0|83} CaMV 35S promoterS
7}A] 2L Q)= binary vector?l pBinl9 vectorol] = ¢ 5} th(Fig.
1A). o|2 A F=5 pBinl9-GmCaM-4 constructs A 25} 1L
Agrobacterium tumefaciens©]| =) 5] =] of| A A ufj 7} Wo]
=29t FEH o oFst AFEZ(Solanum tubersoum L. cv.

°f

A

©
o R o2 rlo

ot op

-

Dejima)of 3 &Agksto] 121704] 9] AEA4 & 2H8 3
I3t vector (Control) 7} & 2 A 8k Zhx}e} v] w ol GmCaM-4
TR G =5 A LA A2 3 A& A o A] total
RNAE £2]3}31 GmCaM-4 - A}E probe 2 A8-5}¢ northern
blotg =351t B A ASHE 12171 4] &) A} S0l A 2] &
Aoz A& s, T LR S RNA A7 Y5 &
ol vl aste] 783k T79 7H A & A €] &k 47 A ol A| GmCal-4
AR e o] & &A1 §l itk T3k, 202} T21 7 A of A
GmCaM-4 72L& A &7} 7MY o B S th(Fig. 1B).
1 A= 59 GmCaM-4 AR 7F CaMV 358 promoter o]
O sl A A kol AHE-3E FHAFe A F o] A E 1 S-S
Hof 3= Aol

GmCaM-4 FEADH SATEE AX0IM & MY 23 7
IS =S

GmCaM-4 5427} A& & g & off 71 e ol A B A%
doll olsh= PR FAAE S U o] F7he & H skt
(Heo et al. 1999; Park et al. 2004a). = &1 GLo| A] L=t 712} &
A A=A ol Al PR AR I & sk Tk GmCal-4
B2} vhd o] 2 E| a1 9l = 47) (T20, T21, T56, T80)2] 7+
A FAA A A o A Z2] 3 RNAE ©]-8-319] northern
blot-S 4~3Y 3} $ th(Fig. 2). AF-&% probe= Table 12| primer&
Arg-sto] &1 ¥ ZF2} 9] Phenylalanine ammonia-lyase (PAL),
[-1,3-glucanase (PR-2), Chitinase (PR-3), Thaumatic-like protein
(acidic PR-5), Osmotin-like protein (basic PR-5), "L 11 Proteinase

Xhol Xbal
LB RB
>-.| — |
358>( BAR 358 GmCal-4 cDNA
(0.452 Kb)
°
b= Transformants
<}
O T20 T21 T56 T78 T79 T80
cmcans MD

Fig. 1 Identification of GmCaM-4 expression in transgenic potato
plants. (A) Schematic representation of a binary vector that contains
the GmCaM-4 used for transformation. LB, left T-DNA border
sequence; RB, right T-DNA border sequence; 35S, CaMV 35S
promoter; Bar, bialaphos resistance gene. (B) Expression pattern
of GmCaM-4 mRNA in northern blot analysis. Transgenic potato
plants transformed with pBini9-GmCaM-4 (OX lines) and vector
control (Control) were analyzed for GmCaM-4 expression. Equal
loading of RNA (20 £8) in each lane was confirmed by pre-
staining the gel with ethidium bromide as a loading control (lower;
rRNA). RNA blots were probed with **P-labeled GmCaM-4 cDNA
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Transformants
T20 T21 T56 T80

PAL v (D 690 o o

Control

GmCall-4

PR-2 L

PR3 ©/ R W S5

- GDEses -

acidic PR5

basic PRs e (DD 9%

pinll — -

Fig. 2 Constitutive expression of defense-related genes in
GmCaM-4 transgenic potato plants. Total RNA was isolated from
a control transgenic plant harboring an empty vector (Control)
and four representative independent transgenic plants expressing
the GmCaM-4 gene. The endogenous levels of defense-related
genes in transgenic potato plants were analyzed with northern
blot analysis. rRNA was used as a loading control

inhibitorll (pinll) ] A A& AH-8-3F St} o 22l vector
7h AR ZAfol A PR G S] H L w] wafol, 4
Ne) MAISANA GmCaM-42] & go] =2 1203} T219]

AEA A PR AAEE] o] Eohek. T B2, 47
O 4 GmCaM4 5 A7}e] T © = Qleko] PR 114 5:2)
o] 37 Mkl 23S AARSAL ¥ AU Bl
AAE 9] A Lo] 2 FA (1200 T21)) 244 §
B ASAZ Agotol EAY WY A AP 40

At

o mz{r
ob e :(0

GmCaM-4 SXX7t

2

elE AR MEARE 2 8 My

=

23H
o ggamE 7
10| A} UV-excitable
124 AZA e
AMeE 2+
of wtel PR
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o] A autofluorescence materials 9] =42 ZEHE o]&st
ﬁﬂ“&“qmg%Jlﬂﬁ%ﬁﬁLﬂﬂ%éﬁéi
of &Jsto] HR¥} fAleh AP Ve 0 24, W A/
o] 85 ofn|gic}. & ATE Bofo] Aojxl T A
Eulgt o 2 WA Al+t2l, Erwinia carotovora subsp. Carotovora
(Ec)® A%kl oA AT E o) PR
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Fig. 3 Cell death phenotype and enhanced soft rot resistance in
GmCaM-4 transgenic potato lines. (A) Spontaneous micro-HR
formation in GmCaM-4 transgenic potato plants. Leaf tissues
of transgenic potato plants expressing vector control (Control)
and GmCaM-4 (T20 and T21) were illuminated with white light
(Visible) and ultra-violet light (UV) to detect autofluorescent
materials. (B) Identification of disease resistance against Erwinia
carotovora in GmCaM-4 transgenic potato plants. Potato plants
transformed with pBinl9-GmCaM-4 (T20 and T21) or vector
control (Control) were inoculated with Erwinia carotovora (5 x
10® cfu per ml). The photograph of disease symptoms was taken
after the incubation

of| A =gt ¥ 74 e = R E el sto] tf 233 GmCaM-4 3
AR A B o A 2|3ko] ¥ A4S B3 ATt Erwinia
carotovora subsp. Carotovora (Ecc)= 250 2L Qo
A1 2] 95 BI85 kel 33
st vhg, o, A FolA o HYdoE B
t}. Fig. 3Boj| A & Zro] tf &+0] -Er'%tﬂ of &Jsff aLARRE RE

H, T203} T21 7| A= F-5 ol X1 &
Mz ol BdEE Hdr o
2ol WE 5 GmCaM-4 G AA= E}%ﬁf& PR %%jx}
= sl HFH o Ydd o R R
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