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Abstract

The development of molecular markers for resistance characterization can help plant
breeders to succeed in breeding program. This study aims to identify genes that are linked to
canker resistance characteristic of resistance limes. Canker disease causes dramatic damage
to citrus crops all over the world, including Thailand. In this study, the Nucleotide binding
site (NBS) Leucine-rich repeat (LRR) genes of Phichit Lime (M33) and Nam Hom lime
(Male parent) were screened using PCR amplification in combination with restriction
enzymes digestion compared with Pan Lime (Female parent). The resistant evaluation of
Phichit lime and its parents was performed by inoculation with Xanthomonas axonopodis
pv. citri (XAC) on young leaves. The hypersensitive response phenotype on M33 and Nam
Hom (resistant lime) confirmed that the marker Pt9/4lul, Pt14/Bfal and 16R1-19/Trull
were closely linked with the citrus canker resistance genes. Moreover, these markers were
also presented in other resistance limes tested including Puang Lime and Giant Lime.
Therefore, these marker genes are useful for early selection of canker resistance phenotype
in lime breeding program or to confirm canker resistance lime before planting in the

plantation.
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4. MIaHandIENNIUBIUNTUT
¥

Wluseunzundszina 2 asy wvadlelulaswumar nnduldersada CTAB

extraction buffer (2% CTAB, 1.4 M NaCl, 20 mM EDTA, 100 mM Tris-Cl pH 8.0) #ivu13%
b4 [
el 65°C W 30 Wid 15was 720 pt Mt Ty wagtinhgungil 65°C W 30
3
i e phenol: chloroform: isoamylalcohol (25:24:1) 15110t 1 whusalsuiaianua Laznay
LA y : g
waoaliny 5-10 Wi anduh lumdesdieannusa 16,000 x g UM 10 WIN ga
vounaladmvunaonlavaoalny uazsi@y 3M sodium acetate Usura 1/10 M1vesdTus
o’/‘ { (=] = ] ~ o’;’ o o
BaNUA 1Az isoamyl aleohol MuFBUUTII 1 hweslSuastanua ndunasa lu wazihld
Y A A d - 3 ¥ A ' A o
TumIgananuiEa 16,000 x g W1d 10 WA NUUMEITazA1e8n0 ITIToUAAZNBUALULD
v y ad y a 3 A o
Aunasn 319AOUBAIY 70% ethanol USHI9L 300 pl NN UAZAWAZNOUAIDUDAITAITAZAY
~ 3 { A
TE buffer (10 mM Tris-Cl a2 1 mM EDTA; pH 8.0) 1Swas 50 pl uazinn13ngamgi -20°C
=y a { [ o

PSmauazganmuesdidueiadaldirlinadeudas 1% agarose gel electrophorosis 1Ay

nanodrop-spectrophotometer

5. m3vunsesmnaluEanayWdeds PCR-RFLP

A ueonzunsnzaeRuggniA i LAIS e ety NBS-LRR §1u2u 12
Bu (n39fi 1) #2035 PR FerlfRTersantulFings 25 ul szneulide 1X reaction buffer
(Promega GoTaq) 2.0 mM MgCl, 0.2 mM dNTPs Bl T aq polymerase (Promega) ANy
1.25U 1oz primers ANAMSUNIEAIZAUTY NBS-LRR @519 1) anududu 02 pM
MniRNRE e 100-150 ng wevfAsnmel&eamai o4ec Tufunou pre-denature Y1 5
W% 149U 1 50U UAT denature 94°C U 1 W annealing ﬁ 47-67°C G?Tuﬁmusiax@: primers
ueaal¥ @15799 1) W1 1 11 extension fl 72°C WU 30 T $1049u 35 T UAE Funen last
extension # 72°C W 5 177 Mnvfutina PCR uAazURAT0IMINTNTOUAI 1% agarose gel
electrophoresis Hazdasgneldueas UV nnvfuthee PCR ueaznFetsun 1 pl i

ﬂﬁﬁ?mﬁmﬁu‘lmﬁﬁﬂmww EcoR1 Trull Bfal Hinfl Alul ED) Taql (Fermentas Ltd.) 314
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UfRseveausazidnlanl (13199 2) w16 Falue ninfuiwannmsdadaesdu laludas

BIAWATINABUAIY 2% agarose gel electrophoresis ua:dammaiéﬁmq uv

o s a do o ~
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11Wa PCR 1AM IANSIMIUYATUAIUNIL PO Prl4 Uag 16R1-19 YOINLUTMAALEY

@

Wugur Taaudh Promega pGEM T ® -Easy Vector (Promega) uaxdqdwx%ﬁjwaﬁ' E. coli 718

e
HRa

atﬂg ol

k4 ¥ ] E4
WS DHS0 @038 clectroporation InWwiuieiignaeBunnidssuuemsiaiden (LB

S

] ¥ 1
medium + 20 pg/ml ampicillin + 0.5 mM IPTG + 80 pg/ml X-gal) evhimsfaRondenilyaty

q

o P o w A 1 o w A AW Y 1 = o ~ ~ o Y
UIFNANATUR Llﬁzﬂ']ﬁ']@llﬂuﬁ@‘lﬂ a’]ﬂﬂﬂumqﬂﬁmﬂgﬂéﬂ81-!Q’ﬂu']uuﬂﬁﬂﬂlwﬂUﬂﬂﬂ']um@ﬂga

Y
911 GenBank (NCBI) d10T150n5% BLAST (blast.ncbinlm.nih.gov) ﬁwﬁuﬁumﬁmﬁugﬂﬂmw
@ I o o =) R u’/’ o o w =
waswalddluddunseezii Tude 1151051 DNA-protein translator 91nHUINAIAUNTADEN-
TuusariuylSeudouanumilon (Protein alignment) tazdangulsay (Phylogenetic tree)

Youaziy azudazNwde T151nsy ClustalX 2.0.11 11ag TreeView X
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H 4 do o . § o aas
m1aii 2 Foyaveuduluifaduniz (Restriction enzyme) uazgavgidnldlumsinl§fseves

' I o
tpazou la]

eulaida  dumsda QeI naN Y3Hndmihe

Uy Ugnsen
EcoR1 GiAATTC 37°C Overnight Fermentas Ltd.
Trull TiTAA 65°C Overnight Fermentas Ltd.
FspBI (Bfal) clTaG 37°C Overnight Fermentas Ltd.
Hinfl GlANTC 37°C Overnight Fermentas Ltd.

Alul AGlCT 37°C Overnight Sib Enzyme Ltd.

Tagql TJ, CGA 65°C Overnight Sib Enzyme Litd.
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1. maenieuasEnuarmsalsaunane duuzinmamou
L«T':ammaiimmqmaﬁumungmwﬂaaﬂmﬂuwauu“luuwnuﬂu yzivimen  uag
wzuIRIRs Fawerms Kep 185w 19 leTaan doustas o Tumminnidsiuuens NB o
ToTwmafldnuas InTatlyu ua nau TdmAesdon uaziivounudn wadaadunsuay edes
Iéndeunndiizilituunnion (odshape) GUAR 1) ndeuild  Sdenndestusienuves
OEPP/EPPO  (2005) 'ﬁa%mﬂﬁﬂymxmaﬁ’mgm%mwmvﬁa Xanthomonas spp. 010 ly@agn
nageuietudumeiuidremaiin PCR Tﬂﬂ“h’f’@:'lwsmafﬁuwwﬁm‘f?a X. axonopodis pv. citri
(Coletta-Filho 2006) LazmMIHIaIALLAUUEY 16S rRNA WS 12 ToTasan (L‘T?E)Mﬂ
Tandaaynyanssiuan 10 lolyan uazdmianvas 2 loToan) Sude x axonopodis pv. citri

(Uil 9)

N

] 3 N
s 1 dnvazTaTaflveulo X axonopodis pv. citri UHBWNT NB M990y 24 92109 (A) Loy

a ¢ y_ v ¢
NTTRATUNTUALVOUYAA LLﬁﬂQﬂTWﬂTﬂiﬁﬂﬂ@ﬂ@ﬁﬂiiﬁu B)
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2. mynaaeudnvazmsfalsavesmeiiuguzinInagey
g an o @ a an A o
ugHudlu Moy waziias gnageudnyazdnyazmaiialia lasitgnieuuluid
¥ [l 9 3
urauaz liliuma T udoNgnBuduenewus (X axonopodis pv. cir) W 12 ToTaan wlgnidfe
b4 4 ¥ E4
vulungurmageuns 3 mesiug wududeneasuianuammsadimelussuaiseuene
o 9 1 ' o A d‘ ~ S W d'
Wl usuaasnmguussve Tsadafufo uwaifiaunluvznaduldnvasguusanaiiga
oszl to A o .ﬁ' A~ d” Y o c{o ¥
Tagierasomaved sadwuadun 10 ndemsignidie 5199 3) Wedwhaeluiiumadoums
A%J ' 1o @ A a g @ 7t A ~
Ugniemnnh liviuwa dnvazerimslsnifadiudnyazueslsaununesiguissio Tunayu
14 v 14
° . ' o_o . a o
ad1evesii (spongy or corky-like lesions) UAZR11 (water-soaked margin) USIIMITBULNAITI WA
. o A { o 3’ @ g v A g
1891129319 (chlorotic halo) MntuHaszEuAewTudihmandimsigade 21 Tu dal
dnvazomsvoslsauaunesinuia 1 luiynszgadufivounsdolsa Taumwizdumeiug ¢
. £ :
aurantiiflolia (Christ.) Swingle N30 Key lime (Schubert and Sun, 2003) gauzunutiululszmelne
o 4 [l v do ' T W o o oy Aan
I8sanquoglumeiuiawnariguiu dwmfuomsvoslsauulungunivey wazuzuInsns
¥ A 9 ' 1% d” a ds}
wud uazlinnuguusadesndwzuiudy TaenueimsvesIsauulundemsignide 14 Yu e
Y o 1 Ao ' Y = 3 o I 9 e d
ueraemadihaammz ludwhiuwanewlgndgomiiy  uwalvimadniuauiautedinag
Tnd wosugasmsgnawlusay  Ms9fl 3) dnvuzsenanduispuifannvuaums
s dy 1 d’ =1 £y
flaaiumsgnaveuione Isahw ludadiuniu
3 14
Tagna lUAadumusziina Inaflostumuesnamadigraveadenslsn  Tasend
o '8 a
ﬂﬁzmummﬂfuﬂmafgamﬂﬂizﬂammﬁ;auw?é N30 Pathogen-Associated Molecular
Patterns (PAMPs) 19\ flagellin %39 lipopolysaccharides (LPS) Tz lnszdunszuiums Basal
1 o | g o W Y o
defense response  WIUMIIATI909 Tuana NI UAITUUUNTNTAE  (extracellular  receptors)
o 3 Y oa YAy o s v 2 A o o 4 4 5 &
nszuIumInInaenszguliisahemingedldmniu - edvaiuimsdignsmusaude

o

. . . ] ] 4 1 @
(Chisholm et al. 2006; Reina-Pinto and Yephremov 2009) 0814 15Aa1y (Fone Isanwuaeenug
1 o [ 1 4
U X, axonopodis pv. ciri ansaiaeeldsuusuasiaginn esmnadallshu
. & 1 1 o [ U LY
Avirulence factors (Avr) deiygenue luannsavns Tushudendnld Hegiuliseaunning
A @ A A 9 as Y o =) tﬂy ~ .
mmmjTﬂimumﬂmmmﬂumzmum'wmmawwmmmaummia Xanthamonas spp. (Ishihara et
al., 2003; Giirlebeck et al., 2006) TunanduduRisdmmuing lnasad T sAudnan uaznszdu
a 4 g ¥ g v o { A
TWHafanszuaums HR ieanmIgratuveadondiesingi  wuRersufinuluuzunisns
b 3 1
uazrimow Tdsauafiaiidmuunifertoady nucleotide binding side-leucine rich repeat (NBS-LRR)

& Ay . A ° ' &
mgﬂmuauiﬂﬂﬂumumu (resistance genes H38 R genes) N15VAVITEHING Avr DY R genes 1u
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3
AN, uﬁuﬂmu gene-for-gene model (Hammond-Kosack and Jones 1997; Desveaux 2006) AatY

Y an

s g = A AAd Y w oo v
NZUMYIRTUAUTNING tazuzUivey deomeziiduiineidesdudnvasmsdiumulsaune-
s 9 9 = Y ~ d?l . . e
nes Tagnszdulifanszuiums HR wiennfitgaidfe X. axonopodis pv. citri vty fes1eamlu
kY

o

14 ¥ 3
ramanaaesdiedu  AniudehmsinymimSeanne Tuanatiddnsaemsdumulsaune-

W

o Aan a 1 @ @ < @ o =)
o luuzumgnweniugidasdromaila PCR Fausumsdndaeduluidasimznaesia Tas
Y

I = o @ a1 g’ 1
L‘]JSEJ?UW]EJUﬂ‘]JEJ&’uTNHUVI'mﬁ"IEJW‘H‘IZW’E) (UEUNMUINDN) Lazu (JJ%‘HTJLL‘]BJH)

{ [y o @ g §
m3wn 3 dnpgmsdihmeluuzunmeiugsenue uazdumulsaununesdrode X axono-

2
podis pv. citri naanUgnide 14 T

WonniToy X, qeongpodis py. ciérd (VINTREMRBDITT)

o RO AT
AUWHRODH 0 :

“ﬁ{l!,f:ﬁﬁ i W ORI uoz Qo
- Gigprmilu)
- HEER)
. ) G o , - Basal defense und hypersensitive
dnnansdnanulsa L defense

response (HR)

Ao Ivellin

o mae ]
YLD IFAT T

; 4 . ‘i

o L Ahuirzinaid v (dead eed
SAERERUnnaiAg. ,
: : Lo respunse)

) 1 dv Y s
3. sﬂsmﬁmaiwaqauwmsmum‘uisﬂummaﬂumungnwauwfnm
Y ae o g/ 1
NSNTJQﬂWﬁﬂJWHf‘W%ﬂi HASNSUITIYNUTND HEUMUIMON) Laziiy (1]311“’3!1‘]?"1&) aQn

1 A 1 d’lw Y o 9 ~ g ¥ vl/l P
mm‘mmiawmmeaQammanymzmmmuiimmammmﬂmﬂuﬂ PCR Tﬂﬂiﬂfﬂ WILHBIN
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Suwizinzestudufiad e TUsan NBS-LRR 1 Citrus 48 Poncirus (Deng et al, 2000) $149% 12 §

v Y o Y I~ o @ 1 =) ~ 1A A 9 ~ 9

fausumsdadiadu laddnezmzanyila  (9en 4)  wamsnaasswuNTURt Mg
° = A LY v Y o do o a Y g Aq ¥

NBS-LRR $1149% 3 By iflofamfumsdadieduladdasumzsianefiv ssuaaunvaiouehlv

v @ do o Aan ;J
arwduiusfudnyagmadmulsaluuzunganauiisns taguzuiimendo Tu P/l
v do W

Pi9/Bfal, P4/Bfal a2 16RI-19/Trull (31 5-7) TagBudenanldanuduiusfudnyaizms

1 9
ifin HR nda0nitlgnidie X. axonopodis pv. cizi i luuda 14 Ju

3.1 n3eenanalana Pro/dinl
- & o 7o d' A o
81 P19 NBS-LRR luyzunimadouna 3 g Huuia 450 bp (GUR 2 lane 2-4) iiioda
3
Fod el 4t wudh P NBS-LRR lunzunigneauiisng uazugundummiufiimeuaas
a o = = w
LouABueYWIA 320 uaz 130 bp (JUN 2 lane 6 oy 9) TuvarinzgunmeRUToOUUD (ufl)

UEADURAIS WD 114U 3 YUIAfAB 320 bp 130 bp LAz 250 bp (319 2 lane 5)

234756
o
——
o
-
O =
LOghp,.. o R e me o

;nlﬁ 2 uﬁmm’é‘awmfﬂmaqaﬂﬁ?ﬁﬂym:éfmmuhmmdma%’ P9 NBS-LRR luugu1gnnas
A3 uazenusiugwouazi (mum‘fmammmﬁu); M: 100 bp marker; Lane 1: negative
control; Lane 2-4; PCR product 4838 P19 Tungunutlu, shweu HazAInNg, NaNSAATHY
P9 18 Alul weanzan iy (lane 5), Nzuvew (lane 6), HTUIININT 910 VWIS
(lane 7), NLUIIAIAT 210 2. AYNTANS (lane 8), WTUIINIAT 910 9. U51TUYT (lane 9) LAy

LEHIAUMUAIRUTNAS (lane 10) HAZUEWIIRUEINY (ane 11)

q
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A A . . = o o
ieannuzuil Tas Tu Tauiuy diploid (2n) ABNIUAIUANANYMUENITWUENTINUDY

3
A @

o % Y g 1 =S Y Y A
flugdada duiunnnamsnaaswansiiiud  géafavewsuniuguiiudsznoylldstu

u 9

@ A A Aao 1 o o [ o = v A
Pt9 NBS-LRR Uuﬂﬁﬁaﬁu@ﬂu@]’]“ﬁuﬂﬂﬂ%'I!W’]g"llﬂﬂlﬂuul“lﬂl Alul 1rUaUNUEY Pr9 NBS-LRR Tu

i k4
Yz umuRses tazdmon TasldFuRBuoua 320 LAz 130 bp UA PO NBS-LRR 8

3

= A Ao Y o sy 1 A [y e o’; < Y - o 1
aaaﬂuwmxmmmmmmu‘lmw‘lummuﬂu ﬂ\‘luui}ﬂmmumaummﬂﬂmﬂwaﬂlmmun

o]

v dan 3’ A o ¥ SR v A T Y @ dan
TUNTUAUTWIAT LOSUIHDY (gﬂ‘ﬂ 3) mﬂwamﬂan%aauuygm%amxunmumuwuﬁ‘w%m

Be

J A w o o A A 1 Adte Y
HAaSUHIVION Nﬂuﬂ'ﬁ'ﬂﬂuﬁﬂBﬂlfb’ﬂ’]iﬂ1uﬂ1u15ﬂ11ﬂﬂlﬂ@5uﬂ‘ﬂ RRP19 ADUHUIAUNUMUNUIAAUD

v A

I ¢ A o ' g A At &
Bulmimifoufuuugdada  luvashvznuduiiumvgumsuaaeenuuy Rr,, 9
' {4 o Y o o g {
sznoudae Buey r,, Midumisdavoudu ledinifenduluuzundmmu uag Budes r,, il
o T oW g Ay 1 A 9/ v A a A dyd o
dumiadaveudiu laaif lmfounzundiunu defiefunelugin 3 wenaniitu rr,, dewulu

o 4 4 {
yguMdumMuasiuioudofio uzu1In uazuzu1gny (U7 2 lane 10 Lag 11)

i)y
.

7'1:"’“ 250 bp

450 b 450 by

‘ Alut-130 bp

N 70bp
Iptg

3

H o Y ] 7 o 4
213 amusasiumisiaveudulmifadumiz 4 vy &, uaz r,, Tusgunmeiuguiy

9 1

ke an A o A ey @ 3 Ass oy
UIMDN HATNIAT  WHOUSUNIUINDUNUYU Rrpy, QﬂWﬁJJﬂ‘]JMzu’]'ﬁu']‘ﬂ'ﬂu‘ﬂﬂﬂuﬂ”lu'l’nu

o An A

RR,, v |dganaueenugntas nisudmmu R,

9

o o

3
1 P9 NBS-LRR luuzuimageuns 3 @iefiug ambudmsisiardunadieds

Q Ll

sequencing [oBUSUNAN TNARDIVEUAT DI TIANA Pr9/4lul WUTNTHAUILAYBIEU P19 NBS-

=1

~A o 1 @ o g 4 HAq v ;Y o s/ 9 d”a}
LRR JJm&mmmmmwmmmu%u Alul ‘Vlclﬁwﬂﬁ@ﬂﬂﬁ'ﬂﬂﬂ‘ﬂWaﬂ']ﬁ‘vm'ﬁ@ﬂ"lﬂ\iﬂu UDNVINUYY
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¥

o 1 @ o 1 A Adq ys ad o & 1 H
9']Hlﬂu\?@]ﬂ‘ﬂuﬂ'HWTuﬂ@uﬂiﬂ%uﬂl@ummu’]ﬂﬁu Glf\ﬂllﬁ']l"liﬂllﬁﬂ\?Waﬂulﬂﬁﬂlu"\luﬁﬂu gel

electrophoresis 14 (9 190 5)

3.2 INTDANIEEN Pt14/Bfal
= A’f v A =) A o
91 P14 NBS-LRR Tuugurmagouns 3 Wug Hvuia 430 bp (U7 4 lane 2-4) tiioda
B
Froduled Bl wud1 P4 NBS-LRR Tunzungomaniites uazuzundmmuiugimen
[ { { @ '
LA UADUBUUIA 300 140 130 bp (JUT 4 lane 6 18 9) JuvazivzunmeRuioouus uilw)

q

LErRALe RSO §149U 3 VIIAfAD 430 bp 300 bp LAz 130 bp (317 4 lane 5)

M1 23 #8667
=
50pbp —

gﬂﬁ 4 mem%wmﬂmaQaﬂﬂ%ﬁﬂymzﬁmmuhmmqmafPt14 NBS-LRR Tusgunigamay
#ang uazaewugWouazu (uzunl{m@mmzuﬁu); M: 100 bp marker; Lane 1: negative
control; Lane 2-4: PCR product ¥0484 Pr14 Tuuzurudlu dew LazRans wamskaTy
Pt14 é8 Bfal veanzur iy (lane 5), yzinimen (lane 6), NTUINIAT 21N V.NINT
(lane 7), NLH1IAIAT 910 2. AYNTAINT (lane 8), UzUIINRIAT 910 2. U519UYT (lane 9) UDY

ygUIRIUMUAIBRUTHII (lane 10)
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v o ¥y a3 T A 1 v
Farfunnramanaasamasliifiui géadaveswzunsoueiuiudu Ysznou'ly
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Y A o A A Adao P v o o s P o A
a8 Pt14 NBS-LRR HUDGAaNUHN me’umu\‘m{ﬂmLWT%’,"UE)\‘lL't)u‘lG]m BfaI NMYUDUNY 8U Pti4

e

1t o 1

A o A = o/ A o
NBS-LRR 1%”3“1’3%’]%1’]11&1"1%@]5 UaguIveu s Pr9 NBS-LRR aﬂaaﬁaﬁm"lmmsmumﬂmm

£
J an o

=} o o & = ! o {
Bulwl B fuiudalfiauadumd liamaveswzundumuiuiiias uazimoy (U7 4

Q

@ A T o daa oy
lane 5-9) vnramsnaassdeduiduguldhmgunadmmuiugites waztiven ltualugy

T Qs

g 9 o A A T Ao Y I ¢ A [y
aﬂ‘ymzm'imumuismmqmasmm RR,,, ﬂmJﬂumummxmmmmmmu%umuauﬂuuuﬂﬂa

U

d P ey 4 Y ety Ao '
da Tuvazhuguruiiudiduniugumsueaaseeniuy R, $1lsenounigtuau R, Aldumu
Qs a d A S 9 Ay ~ = Y] o P
faveudulafmioudulunzunadumu  uazdudes r,, A lilidunsdnveudulain
A o/ 9 v A A A dyd 1 9 o o
mileufuuzundunussiofueluglf 4 wennniitu rRr,,, fawuluvesunaumuaieiug

dudefio uzu1IN (U7 5 lane 10)

"

il VUGN

Bfol i
i
| 130 by

430hp |

1 I 300up

lot14 Rperq Rpraa Rpesa

Bfo1 Bfal

I 1300p 7 130bp
4 =
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I~ 3000p b 200bp
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|
Roeta Rpua

Y

= o 1w 5 o o ~ q o o
s 5 nmusasdwmisdaveudulaidadume Bl undu Ry, U0y Py THUZUIEORU LT
Y

1
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Ed 1 ¥ ¥
dven wazdas dovzunimenditu R, gonaufuNzwInihmennTiudunu

o an J= g 9

vz IdgnranaefufATasNBUATIMY RR,,,,

q
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4 ]

8
B Pr14 NBS-LRR Tuugurimagoauiia 3 wui gminndmseddduwd uazesiiTu-
1pFA&I183T sequencing IoEUTURAMINARDIVDURTOIMN Y TUAAA Prl4/Bfal NUIS W UILAUDY
~ = 9 1 @ o ] 4 dq v 9 o Y Y
91 Pr14 NBS-LRR Ifumusdasumzvesdulad Bl fldnadoandosdunaminaassdieiu

(®135149 6)
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3.3 1A309NIEEY 16RI-19/Trull
v 3
HaNTSIRLS 14T 16R1-19 NBS-LRR luwzurmageui 3 siug wudwezuruty
g} o { { A
HaguEUIveNLEAa UABUBYIIA 450 bp (U 6 lanc 2 tag 3) TuvazNEHNGNHANATAS
< { 1 o A 3 o
LAREURBUEUA 450 LAz 420 bp (317 6 lane 4) SaufhezdiuTTmsluduaou PCR (WA
[ A a ad ] < A o a o 9 I ¢
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P9 Téavozii luedand e TUsAUAUNIY C grandis x P. trifoliate P9, Pt11 (Deng t al., 2000)
wag C triloliata RGA 24 (Shen ot al,, 2004) 11/58u Pt14 Tnuadeny C. grandis x P. trifoliate
Pt14 (Deng et al., 2000) itazTalsiu 16R1-19 Tdwuesi Tuedaadiefy C. grandis x P. trifoliate
16R1-19, 16R1-13 (Deng et al., 2000) waz TlsAufununn C. wriloliata FarlsznoudaeTis@n
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HENINARATINMSIATIZHEY Multiple alignment Wu311Usfiy Po, P4 1oz 16R1-19
NBS-LRR  91015nAandi| e Tdsaufiadosulinunaassduildmvesdivesi luedai
AR1UA1 Resistance protein Y09 Arabidopsis RPS2 (Bent et al., 1994; Mindrinos et al., 1994), RPP5
(Noél et al., 1999), tobacco N (Witham et al., 1994) i1a flax L6 (Lawrence et al., 1995) ﬁadauﬁﬂé’w

s
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—
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AN non-TIR (1949INN Tryptophan residues (W) UUAUMHUEATIBYD4 Kinase 2 motif (319 10
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1ae 12) F55wuln non-TIR-LRR class proteins 11 T11)5AUAUNIMUDY Arabidopsis RPS2 (Bent et
al,, 1994; Mindrinos et al, 1994) dm5uTdsAu Pt14 NBS-LRR luamumaneafiansa sy
Tis8u TIR group L‘fiﬂx‘liﬂﬂW‘U Aspartic acid residue (D) UHﬁ1LlﬁﬂGQﬂﬁ18%@ﬁ kinase 2 motif (g‘ﬂ‘ﬁ
11) Ge3fanulu TIR-LRR class proteins 1% 1151 tobacco N (Witham et al., 1994) 1@ flax L6
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3in5121 T3 Phylogenetic tree AUTUSAUAIUNIU Arabidopsis RPS2, RPPS, tobacco N LA

]
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16R1-19_Deng et al., 2000122947604
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16R1-19_R[Pan]

" 16R1-19_R[Nam Homj]
Non-TIR-NB8-LRR 16R1-19_r[Pan}

®
" 16R1-19_R[M33]
RGA12[C trifoliata]_g|53680918
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_ “f: Pt11_Deng et al.,20009122047740
PT9_Deng et al., 2000412294705
bJ a5 Pt9_R2[Nam Hom}
o s LAY PI9_R[Pan]
. P9_R1 and R2 [M33]
Tw 5] { P19_R4[Nam Hom]
et P{§_1[Pan)

RGA24[C.trifollata]gi53680942

@ Pt14_R[Pan]
___as_E PH14_R[M33]
L : — PT14_Deng et al., 2009122047652
L1t + P114_r[Pan]

Pt14_R[Nam Hom
T4 TIR-NBSLRR Pz iam Hom]

48 *
e
L8

51fi 8 Phylogenetic tree ¥oeT1ls@udumiu P, Pti4 oz 16R1-19 NBS-LRR A T sAud

Arabidopsis RPS2, RPP35, tobacco N 1 flax L6
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Abstract The specificity and sensitivity of serological and molecular tools for the detection of citrus canker pathogen
(Xanthomonas axonopodis pv. citri; Xac) were investigated and compared, Virulence Xac BP210 was used as antigen for antisera
production. The sensitivity of 1:2,000 diluted antisera were at 10° CFU/mL for live cell and 10° CFU/mL for dead cells. The
cross-reaction of the antisera was observed only with X. campestris pv. vesicatoria but not other Xanthomonas nor other unrelated
bacteria tested. Molecular tool was performed using specific primer to the rp/ gene on Xac. The PCR amplification indicated that, all
Xac isolates amplified a product of 581 bp which was not seen in other Xanthomonas sp. and unrelated bacteria tested. The
sensitivity of these specific primers was down to at least [ cell which was effective to detect the pathogen in both infected
symptomatic and asymptomatic lime tissues. The serological tool was able to detect the pathogen only on infected leaves of day 4
post inoculation when the symptoms were already detected by eye. The serological tool can be used to detect and quantify the present
of Xac to study the disease development on symptomatic tissues.

Keywords Serological tool; Citrus canker; Antiserum; Pathogen detection

Background

Citrus canker is one of the serious diseases in citrus
and some citrus relatives. This disease has been
caused by Xanthomonas axonopodis pv. citri (Xac)
bacteria or Xac pathotype A (Xac-A) which is the most
wide spread pathogen in Asia and other citrus growing
areas (Verniere et al., 1998). Most commercial citrus
including Mexican lime, grapefruits and commercial
lime in Thailand (Pan lime) are susceptible host for
Xac. This pathogen can infect leaves, twigs and fruits
through stomata and wounds (Graham et. al., 2004).
Moreover, this disease directly reduce fruit quality and
quantity of yield by defoliation, blemished fiuit,
premature fruit drop, die-back of twigs and general
debilitation of the tree (Das, 2003). Normally, the
pathogenic bacteria can survive from one crop season
to the next as latent infection in propagation organs or
epiphytic populations on plant surfaces. The
equipments for harvesting are also the cause of disease
spread (Graham et al., 2000). Therefore, the method

for their early detection is necessary. Currently, many
methods have been developed and are available in
laboratories. Polymerase chain reaction (PCR) method
is a high sensitive detection method (Cubero et al.,
2001) but, it requires laboratory equipments and
specialized training. In contrast, immunodiagnostic
test kit is an easy method to use at the site where
disease is suspected. It does not require neither special
equipment nor training to perform the detection. The
immunodiagnostic test is based on the ability of an
antibody to recognize and bind to a specific antigen, a
substance associated with the plant pathogen. This
method is known as enzyme-linked immunosorbent
assay (ELISA). In this study the specificity and
sensitivity of serological and molecular tools for the
detection of citrus canker pathogen (X. axonopodis pv.
citri) were investigated and compared.

1 Results and discussions
1.1 Bacteria isolation and pathogenicity test
Xanthomonas axonopodis pv. citri (Xac) was isolated
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from lesion lime leaves, Total of nineteen bacterial
isolates were isolated from three different regions in
Thailand; Banpaew, Samut Sakhon, Nakhon Ratchasima
and Phichit. All bacterial isolates were initially
selected on KCD semi-selective medium. The Gram
stain indicated that, all isolates were Gram-negative
rod bacteria (data not shown). The bacterial isolates
were also confirmed the strain by Xac specific primers
(Coletla-Filho, 2006). The PCR resuits indicated that,
12 (included 10 isolated from Samut Sakhon (BP102,
BP104, BP105, BP107, BP109, BP201, BP202,
BP203, BP205 and BP210) and 2 isolates from Phichit
(PJO1 and PJO3) contained the 581 bp Xac regulation

t 2 3 4 5 6 7 89 10 1112

] 000 bp
500 bp

of pathogenicity factors (7pf) gene fragments which
encoded pathogenicity effecter protein (Coletla-Filho,
2006). But this gene was not detected in samples from
Nakhon Ratchasima (K01, K02, SUT02 and SUT06)
and unrelated bacteria such as E. coli, Sinorhizobium
and Agrobacterium that were used as negative control
(Figure 1). These primers were also not able to
produce specific PCR product from X. axonopodis pv.
vesicatoria, X. campestris pv. campestris, X
axonopodis pv. phaseoli, X. axonopodis pv. glycine, X.
oryzae pv. oryzae template (Figure 2). Non-target
DNA bands were detected in isolated from Nakhon
Ratchasima and some from Phichit (Figure 1).

14 15 16 (7 18 19 20 21 22 23 24 25

1 000 bp
S00 bp

Figure 1 Specific amplification of Xac target (581 bp fragment) using XACO1 and XACO02 specific primers

Note: Lanes 1 and 25: 100 bp DNA ladder (NEB); Lanes 2~11: Bacterial isolated from Samut Sakhon (BP); Lanes 12~15: Nakhon
Ratchasima (SUT02, 06 and K01, 02); Lanes 16~20: Phichit (PI01-05); Lanes 21~23: Unrelated bacteria consist of E. coli,
Sinorhizobium and Agrobacterium, respectively; Lane 24: Water control

12_7377456789

1 000 bp
500 bp -

Figure 2 Specific amplification of Xac target by PCR. Lane 1
and 9: 100 bp marker (NEB); Lance 2: X. axonopodis pv. cifri
(BP210); Lane 3: X. axonopodis pv. vesicatoria; Lane 4: X.
axonopodis pv. phaseoli; Lane 5: X. campestris pv. campestris;
Lane 6: X. axonopodis pv. glycine; Lane 7: X. oryae pv. oryzae,
respectively; Lane 8: negative control.

The bacterial isolates were inoculated to both
susceptible (Pan) and resistance limes (Nam Hom and
M33) for pathogenicity test. Ten bacterial isolates
from Samut Sakhon and 2 isolates from Phichit could
infect both susceptible and resistance lime tested.

These 12 pathogenic bacteria should be Xanthomonas
species since the Xac specific genes product were
observed and they can infect limes. The lesion caused
by isolated BP104 and BP210 on both susceptible
(Pan) and resistance limes (Nam Hom and M33)
slowly turned brown after 3 week post-infection. The
BP104 and BP210 isolates seem to be virulence
pathogenic bacteria. These two virulence pathogenic
bacteria were identified by 16S rRNA gene
sequencing. The accession number HQ875739 and
HQ875740 were obtained. The 16S rRNA gene
sequences confirmed that both strains were X
axonopodis pv. citri (Xac). In this experiment, Xac
BP210 isolate was used as bacterial antigen for further
antibody production.

1.2 Serological studies
1.2.1 Determination of antiserum titer
Antisera were raised from dead cells of Xac BP210 in

two New Zealand white rabbits, The titer of Xac
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BP210 antisera were determined by indirect ELISA.
Serial dilutions of the antisera up to 1:16,000 were
reacted with dead and live cells of Xac BP210 at
10*~10° CFU/mL. The suspension of E.coli at
10° CFU/mL and pre-immune sera were used as
negative control. The results showed that, 1:4,000 or
lower dilutions of both antisera were able to detected
dead cells of Xac at 10° CFU/mL or more. Whereas,
1:2,000 diluted antiserum were reactive against live
cells of 10° CFU/mL and dead cells at 10° CFU/mL or
more. The highly concentrate antiserum (1:1,000

Table 1 ELISA for antiserum 1 and antiserum 2 titer test

dilution) strongly reacted against both live and dead
cells (10° CFU/mL) of Xac. However, antiserum 1
showed stronger reaction than antiserum 2 (Table 1).
These results indicated that, at least 1:2,000 dilution
of these antisera were able to detected dead cell of Xac
at 10° CFU/mL and live cells at 10° CFU/mL.
Nevertheless, dead cells of bacteria showed stronger
reaction with antisera than live cells. Since these
antisera were produced from injection with heat killed
cells which might have broken some cells.

Antiserum dilution  Cell status Xac (CFU/mL) Antiserum 1 Antiserum 2
Asos Reaction Ayos Reaction
108 0.25 + 0.20
Live 10° 0.20 + 0.18
1:1.000 10 0.01 = 0.12 -
’ 10° 0.74 + 0.69 +
Dead 10° 0.24 + 0.22 +
104 0.12 - 0.14 -
10 0.20 + 0.18 +
Live 10° 0.15 - 0.12 -
104 0.10 - 0.11 -
1:2,000 106 0.75 + 0.64 +
Dead 10° 0.21 + 0.18 +
10* 0.11 - 0.12 -
Live 106 0.16 - 0.12 -
10° 0.12 - 0.11 -
10* 0.09 - 0.11 -
1:4,000 Dead 10° 0.67 + 0.61 +
10° 0.19 + 0.16 -
10* 0.11 - 0.11 -
Live 10° 0.12 - 0.10 -
10° 0.1 - 0.10 -
104 0.09 - 0.10 -
1: 0
8,00 Dead 10° 0.53 + 0.51 +
10° 0.17 - 0.14 -
10 0.10 - 0.10 -
Live 108 0.10 - 0.09 -
10° 0.10 - 0.09 -
104 0.09 - 0.09 -
1:16,000 Dead 106 0.43 + 0.43 ¥
10° 0.16 - 0.13 -
10 0.11 - 0.09 -

Note: Different antisera dilutions were used to detect live and dead cells of different concentrations of Xac suspension; Pre-immune
serum reaction and E. coli at 10° CFU/mL was used as negative control; 100 pL of the cells were used in each well; 2 The positive
result (+) was indicated when A s was greater than twice of the negative controi; b The negative reaction (-) was indicated when Aggs

was lower than twice of the negative control
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1.2.2 Sensitivity of X. axonopodis pv. citri detection

Antiserum 1 and antiserum 2 at the dilution of 1:2,000
were tested for the sensitivity with live and dead cells
of BP210 at different concentrations (10*~10* CFU/mL).
The positive result is the number which is at least
double the reaction intensity of negative control
(10° CFU/mL of E. coli and pre-immune serum
reaction). The bacterial suspension of live cells at
10% CFU/mL and dead cells at 10° CFU/mL showed
positive reaction in ELISA (Table 2). Stronger
reaction can be observed with the increase of bacterial
densities in both antisera tested. Both antisera have the
sensitivity of detection at 10° CFU/mL for live cell

and 10° CFU/mL for dead cells. The sensitivity of
ELISA for X, axonopodis pv. citri (Jin et al. 2001),
Clavibacter michiganensis subsp. michiganensis (de
Leon et al., 2008), C. michiganensis subsp. Sepedoni-
cus and Erwinia amylovora (Kokoskova and Mraz,
2008) have also been reported to be at the level of
10°~10® CFU/mL. The detection efficiency of ELISA
is limited by the level of the pathogen population and
dependent upon the immunological properties of the
antiserum used. The antisera produced in this study
have the sensitivity as high as those produced in other
reports.

Table 2 Sensitivity of ELISA in detecting live and dead cells of Xac BP210

Antiserum Cell status Xac BP210 antigen (CFU/mL)
10° 10’ 10° 10° 10* 10° E. coli 10°
Antiserum 1 (1:2,000) Live 1.30 0.69 0.23 0.15 0.10 0.10 0.09
Dead 1.99 1.63 0.74 0.21 0.12 0.10 0.09
Antiserum 2 (1:2,000) Live 0.54 0.47 0.18 0.12 0.10 0.10 0.09
Dead 0.80 0.76 0.63 0.18 0.10 0.10 0.09

Note: The Ayps is shown; 100 pL of the cells were used in each well

1.2.3 Cross-reaction of antiserum to other Xantho-
Mmonas sp.

Antisera dilutions (1:1,000 and 1:2,000) were tested
for the cross-reactivity against live cells of other five
Xanthomonas sp. and E. coli at 10° CFU/mL. The
results in Table 3 showed that, dilution of 1:1,000
antisera strongly cross-react against X. axonopodis pv.

vesicatoria and weakly reacted against X. axonopodis
pv. phaseoli and X. campestris pv. campestris. While,
more diluted antisera (1:2,000) cross-reacted with
only X. axonopodis pv. vesicatoria but not with others
Xanthomonas (Table 3). These results suggested that,
antisera diluted to 1:2,000 are the suitable condition
for detection of lived target bacteria of at least

Table 3 Sensitivity of ELISA in detecting live and dead cells of Xac BP210

Bacterial strain tested
(10° CFU/mL)

Diluted antiserum

Antiserum 1

Antiserum 2

(1:1,000) (%)

(1:2,000) (%)

(1:1,000) (%) (1:2,000) (%)

X. axonopodis pv. citri (BP210)

(Positive control) 1007 100
X. axonopodis pv. vesicatoria 100 91
X. axonopodis pv. phaseoli 33 0
X. campestris pv. campestris 47 0
X. axonopodis pv. glycine 0 0
X. oryzae pv. oryzae 0 0
E. coli (Negative control) 0 0

100 100
80 85
39 0
27 0
0 0

0 )
0 0

Note: a: {[Asgs of each Xanthomonas species — Ayos of negative control] / [Aqos of positive control — Ayes negative control]} X 100
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10® CFU/mL or 10° cell/well. Although, these antisera
showed cross-reactivity with X. axonopodis pv.
vesicatoria but this bacterium does not infect citrus
plant. They only infect tomato and Capsicum
pathogen (Mirik and Aysan, 2009). Therefore, the
cross-reaction detection should not be of alarm. The
antigenic molecules from the normal cell surface
components are often including in polyclonal
antibodies (or antiserum). This mixing of antibodies
has multiple specificities and cross-reactivities with
unrelated bacteria species. This study attempt to
diluted multiple specific antibodies and retain
dominant antibodies which showed acceptable
specificity for a given pathogen.

Many studies reported that, the ELISA sensitivity 10°~
10° CFU/mL is sufficient for identification of bacteria
pathogens from symptomatic plants and colonies on
selective media (Jin et al., 2001; Alvarez, 2004; de
Leon et al., 2008; Kokoskova and Mraz, 2008).
However, boiling the bacteria samples could improve
the sensitivity of detection. Several previous reports
have mention that using extraction buffer containing
EDTA and lysozyme to removed cell surface
component could improve the sensitivity of ELISA
detection (Jones et al., 1997, Alvarez, 2004), However,
EDTA was not used in this study but the sensitivity of
detection was still high.

1.2.4 Detach leaf assay

Different concentrations of canker bacteria (107, 10°
and 10° CFU/mL) were inoculated to Pan lime leaves
using detach leaf assay. The pathogen on the infected
leaves was detected by ELISA method every 2 days
post inoculation. The results showed that, infected
leaves on the first day of inoculation (day zero)
showed negative reactions in ELISA test whether the
bacterial cells were killed by heat treatment or not
(Table 4). The inoculation of this experiment were 20 uL
of bacterial suspensions dropped on each area. Thus,
bacteria populations on the leaves were 10°, 10* and
10% cells on the inoculated leaves area. The sensitivity
of the ELISA (10° CFU/mL or 10" cells/well for dead
cells) should be sufficient for detection of dead cells.
However, protein or other polysaccharide molecules
from the leaf may interfered with the bacteria binding
to the plate therefore, low detection of target bacteria

were observed.

Infected leaves on day two showed positive reaction
when the leaves were inoculated with 10° cells.
Consequently, infected leaves 4 days post inoculation
showed positive reaction with all  bacteria
concentration (10°, 10* and 10° cells) whether the cells
were boiled or not. The boiled bacteria (dead cell)
from infected leaves showed higher reaction in ELISA
test than lived cells. These results were in accordance
with the results of antibody titer and sensitivity test
(Table 1 and Table 2). After day 4 post inoculation,
symptoms on the infected areas were observed as
slightly raised blister-like lesions. Thus, these results
indicated that, ELISA assay is a well-established
method for identification of bacterial pathogens from
symptomatic plants. However, enrichment techniques
can enhance ability of pathogen detection (Jin et al.,
2001) on natural samples but more time is needed for
the culturing period.

1.2.5 Molecular detection of Xac from canker lesions
Canker pathogen on symptom and non-symptom plant
materials (leaf and twig) in infected areas were
detected by PCR amplification using Xac specific
primers. The results showed that, the Xac specific
PCR products were detect in all samples of symptom
plant materials and some non-symptom plant
materials (Table 5).

These specific primers were also used to detect canker
pathogen on infected leaves from the detach leaf
experiment. The results showed that, canker pathogen
were detected by these specific primers on the first
day of inoculation while ELISA was unable (Table 4).
The amplification assay using specific primers have
been reported to detect at low pathogen population
(10%~10* CFU/mL) (Cubero et al., 2001, Cubero and
Graham, 2002, Coletla-Filho 2006, Park et al., 2006,
Golmohammadi et al., 2007, de Leon et al., 2008).
The sensitivity of PCR amplification of this study
showed very high sensitivity at 10* CFU/mL or 1 cell
in the PCR reaction (Figure 3). Moreover, this
methodology showed no cross-reactivity with other
Xanthonomas species (Figure 2). However, PCR
method required laboratory equipment, special
reagents and skill to perform.
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Table 4 ELISA detection of bacteria on infected leaf using detached leaf assay

Day after Initial bacteria Replication PCR detection (XAC
inoculation density (CFU) specific primers)
Living cell Dead cell
1 2 3 1 2 3
0 10° - - - - - - +
10* - - - - - - +
10° - - - - - - +
2 10° + + + + + + +
10* - - - - - - +
10° - - - - - - +
4 10° + + + + + + +
10! - + + + + + :
10° - + + + + + +
6 10° + + + + + + +
10* + + + + + + +
10° + + + + + + +
8 10° + + + + + + +
10 + + + + + + +
10° + + + + + + +
10 10° + + + + + + +
104 + + + + + + +
10° + + + + + + +
a: The positive result (+) was indicated when Aos was greater than twice of the negative control (-)
Table 5 Xac specific amplification of canker pathogen from symptom and non-symptom plant materials
Day after inoculation No. of plants in plant status PCR detection(%) *

Symptom Non-symptom Symptom Non-symptom
Plant materials 10 10 100% 40%
Leaf 6 6 100% 33%

Note: a: [number of sample that can be detect by Xac primers/total samples tested] X 100

2 Conclusion

The sensitivity and specificity of serological and
molecular tools have been investigated. The molecular
tool is more effective than serological tool due to the
high sensitivity (at least 1 cell) and specificity.
Therefore, molecular detection able to detect the
present of pathogen in infected leave even before the
appearance of symptom. However, serological test
from this study was not inferior to other reports and

sufficient for pathogen detection from symptomatic
tissue.

3 Materials and Methods

3.1 Isolation of Xanthonionas axonopodis pv. citri (Xac)
Infected lime leaves from three different regions in
Thailand; Samut Sakhon, Nakhon Ratchasima and
Phichit which are about 300~500 km apart were used
in this study. Different Xac isolates were isolated from

-23 -



Molecular Pathogens

MP2011, Vol.2, No.3  hitp://mp.sophiapublisher.com

5
#

1 000 bp
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Figure 3 Xac specific PCR amplification from a tenfold dilution
series of X, axonopodis pv. citri cultured cells,. M: 100 bp
marker (NEB); Lane 1: negative control; Lanes 2-7: 10° cells,
10* cells, 10° cells, 10% cells, 10! cells and 1 cell; lanes 8-9: <1
cell respectively.

infected lime leaves tissue by commonly used
methods (OEPP/EPPO, 2005). Briefly, the infected
leaves were washed with sterile water and surface
sterilize by soaked in 1% sodium hypochlorite for 3 min.
Then, the lesions were rinsed in sterile water several
times and excised with scalpel. Xac isolates were
initially selected by streaked the water-soak tissue
from the lesion margins on sterile semi-selective
media (KCD medium, nutrient agar (NA) supplemented
with Kasugamycin (16 pg/mL), Cephalexin (16 pg/mL)
and Daconil (Chlorothalonil) (12 pg/ml.) prior to
enrichment on NA media without antibiotics. The
bacteria were grown at 28°C for 24~48 h. The
bacterial colonies were collected for Gram staining
and further used for pathogenicity tests.

Other Xanthomonas strains include X. axonopodis pv.
vesicatoria, X campestris, X
axonopodis pv. phaseoli, X. axonopodis pv. glycine, X.
oryzae pv. Oryzae obtained from Chulabhorn
"Research Institute (CRI, Thailand) were used as
negative control in strain identification and cross-
reaction tests.

campestris  pv.

3.2 Specific primers identification and 16S rRNA
gene sequencing '

Single colony of Xac isolates and other Xanthomonas
strains were resuspened in 1 mL DI-water and boiled
for 10 min. Then, the suspensions were used as
template for PCR reaction, with specific XAC01 and
XACO02 primers for Xac identification (Coletta-Filho,
2006). The PCR reactions were performed with 50 uL
reaction mixture, confaining 1 ul of boiled cell
suspension, 1X reaction buffer (Promega GoTag),
1.5 mmol/L MgCl,, 0.2 mmol/L. dNTPs, 0.2 umol/L

primers (XACO01: 5°CGC CAT CCC CAC CAC CAC
CAC GAC’3, XAC02: 5’AAC CGC TCA ATG CCA
TCC ACT TCA’3), 1.25U Taq DNA polymerase
(Promega). Unrelated bacterial DNA included
Escherichia coli, Sinorrhizobium and Agrobacterium
were also subjected to PCR reaction as negative
control. PCR conditions were as followed; An initial
cycle of 94°C for 5 min followed by 35 cycles of
94°C for 45 s, 60°C for 45 s, and 72°C for 45 s, with
a final step of 72°C for 5 min. The PCR products
were observed under UV light after electrophoresis
through 1.0% (w/v) agarose gels and stained with
ethidium bromide.

The full length 16S rRNA gene of Xac isolates BP104
and BP210 were sequenced by Macrogen (Korea)
(http://dna.macrogen.com/eng/). The sequence results
were applied to BLAST program for gene comparison
with data in the GenBank (NCBI).

3.3 Pathogenicity test

3.3.1 Plant samples

M33 hybrid limes (highly resistant to canker) were
from Phichit horticulture research center, Samut
Sakorn and Prachinburi (Thailand), Nam Hom limes
(highly resistant to canker) were from Phichit
horticulture research center and Pan limes (susceptible
to canker) were from Samut Sakorn. These lime plants
were planted in the test field at Suranaree University
of Technology, Nakhon Ratchasima, Thailand.

3.3.2 Xac Inoculation on resistance and susceptible
limes

Half of the M33, Nam Hom and Pan limes leaves
were wounded with needles and celite, the other
halves were not wounded (healthy). 1 mL of the
bacterial isolate suspension (10> CFU/mL) was
sprayed on the Jeaves. The plants were then covered
with plastic bags overnight. In the morning, the bags
were removed and the plants were left in natural
condition for 2~3 weeks, The virulent canker disease
apparent on each leaf was evaluated.

3.4 Serological studies

3.4.1 Preparation of antigen

Antigen was prepared from the cells of Xac isolate
BP210. The bacterial cells were enriched on NB
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(nutrient broth) at 28°C for 48 h. The bacterial cells
were collected by low-speed centrifugation (4,200 xg)
and washed once in sterile 0.85% NaCl. The bacterial
suspension was adjusted spectrophotometrically to
Agoo 0.2 (about 10® CFU/mL) and heated to 85°C for
15 min. The killed cell suspension was used as antigen
for antiserum production.

3.4.2 Antiserum production

Antiserum against Xac (BP210) was prepared using
two New Zealand white female rabbits. 1 mL of
antigen mixed with Freund’s complete adjuvant (1:1
v/v) was immunized to each rabbit by subcutaneous
injection on the first day. Then, 1 mL of antigen
(mixed with Freund’s incomplete adjuvant (1:1 v/v))
was injected subcutaneously 7 day later. After that,
1 mL of bacterial antigen without adjuvant was
injected intravenous on day 14 and day 21. One week
after the last injection, the blood was drawn from the
central ear artery then kept in refrigerator overnight.
The antiserum was clarified by centrifugation at 3,000 xg
for 15 min at 4°Cand stored at ~80°C for future use.
This antiserum was used for indirect ELISA assay for
the antibody titer, the sensitivity and the cross reaction
of the antiserum. The pre-immune serum was bleed
before immunization to use as negative control in the
ELISA assay. Absorbance values of at least double of
the control were considered positive (OEPP/EPPO, 2005).

3.4.3 Indirect ELISA assay

The indirect enzyme-linked immunosorbent assay
(ELISA) was carried out as described by Alvarez et al.
(1991). The bacterial concentrations were adjusted
from 10°~10° CFU/mL in 0.05 mol/L carbonate
coating buffer (0.015 mol/LL Na,COjs, 0.035 mol/L
NaHCO3, 0.003 mol/L. NaN3; pH 9.6). Half volume of
each diluted bacterial suspension were treated at 85C
for 15 min to kill the cells and used as dead cells
antigen. 100 pL of each diluted bacterial suspensions
(both live and dead cells antigen) were coated in
microtiter plate well at 4°C overnight. The plate was
washed three times with phosphate buffer
saline+0.05% Tween20 (PBST) and 200 pL of 2%
skim milk were added and incubated for 1 h at 37°C.
Then, the plates were washed as mentioned earlier and
100 pL of diluted antiserum were added to the wells.
The ELISA plates were incubated at 37°C for 1 h then,

three times washing were performed. Goat anti-rabbit
gamma globulin conjugated to alkaline phosphatase
(whole molecule, enzymatic activity 1 mg/mL)
obtained from Sigma Chem. Co St Louis, Mo
(Production#F0382) was diluted to 1:10,000 and
100 puL was added in each well, followed by 1 hour
incubation at 37°C. The wells were repeatedly washed
and 100 pL of enzyme substrate (1 mg/mL p-
Nitrophenyl-phosphate  (PNPP) in 10 mmol/L
Diethanolamine; Thermo Scientific#34047) were
added in each well. The reaction were stopped by
adding equal volume of 0.75 mol/L NaOH and the
0.D. at 405 nm were measured after 15~30 min
incubation in the dark at room temperature. The live
and dead cells of E coli (10° CFU/mL) and
pre-immune serum were used as negative control.

3.4.4 Antibody titer and sensitivity tests

The antiserum was diluted to different dilution
(1:1,000, 1:2,000, 1:4,000, 1:8,000 and 1:1,600 v/v) in
conjugate buffer (2% polyvinyl pyrrolidone (PVP)}2%
ovul albumin in PBST) and tested with both live and
dead cells of bacterial antigen (10*~10* CFU/mL) by
indirect ELISA assay to test the titer of the antiserum.
For sensitivity testing, the 1:2,000 (v/v) diluted
antiserum was used to test both live and dead cells of
bacterial antigen (10°~10° CFU/mL Xac BP210) by
indirect ELISA assay as described above. All
experiments were done in duplicated and repeated at
least 3 different times.

3.4.5 Cross-reaction test

The antiserum was diluted to 1:2,000 (v/v) and used to
test the cross reactivity with other Xanthomonas
bacteria at the concentration of 10° CFU/mL by
indirect ELISA assay as described above. The percent
of cross-reaction was calculated by; {[A405 of each
Xanthomonas species-A405 of negative control] /
[A405 of positive control-A405 negative control]} x 100.

3.5 Detached leaf assay

3.5.1 Xac inoculation

Full expanded young leaves of lime were washed in
running tap water and surface sterilized in 1% sodium
hypochlorite for 1~4 min. The leaves were aseptically
rinsed thoroughly with sterile distilled water. Each
leaf was divided into 4 parts for treatment separation,
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included 10°, 10° and 107 CFU/mL infected parts and
one uninfected part. Each part of the leaf was
wounded by puncturing with a small needle, through
the lower surface (5 needle punctured wounds per
part). Each wounded leaf was placed on 1% water
agar in a Petri dish, with the back of the leaf up. 20 pL
of the different diluted bacterial suspension (10°~
107 CFU/mL Xac BP210) were dropped on each part
of the wounded leaf. The part of uninfected leaf, 20 pL
of sterile 0.85% NaCl was dropped to use as negative
control. The infected leaves were maintained in an
incubator at 28°C.

3.5.2 Serological detection of Xac in inoculated lime
tissues

The canker pathogen on each part of the infected leaf
was detected by ELISA method. The leaf was
aseptically cut and each part of the infected leaf was
ground in 150 pL coating buffer. 100 pL of leaf
extract was coated in one microtiter plate well and
incubated at 4°C overnight before detection with
1:2000 (v/v) diluted antiserum as mention above.

3.6 Molecular studies using specific primers

The sensitivity of PCR amplification was performed
with Xac isolate BP210 in tenfold dilution series
(10%~10' CFU/mL in 0.85% NaCl). 1 pL of each
dilution was used as template in the PCR reaction.
The detection of Xac in inoculated lime tissue was
also performed in Xac specific PCR amplification as
described above.

3.7 Canker detection from field samples

Symptom and non-symptom plant materials (leaf and
twig) from Pan, Nam Hom and M33 limes were taken
from the field and washed in 25 mL 0.85% NaCl and
shaked for 30 min. Then, the plant material was
removed, and the washing solution was boiled for 10 min.
1 uL of the boiled washing solution were used as
template for specific primers (XAC01 and XACO02)
amplification. The PCR condition was performed as
described above. The Xac BP210 isolate was used as
positive control. The detection results of inoculated
tissue were demonstrated as percentage (% detection),
calculated by; [number of sample that can be detect by
Xac primers/total samples tested] x 100.
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Citrus Canker (Xanthomonas axonopodis pv. citri) Resistance Gene

Analogous (16R1-19/Tru11) in Thai Hybrid Lime (M33)

Songwattana., P and Ketudat-Cairns., M
School of Biotechnology, Institute of Agricultural Technology,
Suranaree University of Technology, 111 University Ave,
Nakhon Ratchasima 30000, Thailand

' E-Mail: ketudat@sut.ac.th

Abstract

Citrus canker disease is a serious disease in citrus growing areas, including lime
plantation in Thailand. Hybrid lime, M33 (Pan lime x Nam Hom lime) was developed for canker
resistance. In this study, the citrus canker resistance (R) marker genes within M33 and its parents
were screened by utilizing the Nucleotide binding site (NBS) Leucine-rich repeat (LRR) genes
using PCR amplification in combination with restriction enzymes. The resistance evaluation of
hybrid lime and its parents were performed by inoculation with citrus canker (X. axonopodis pv.
citri) on young leaves. The hypersensitive response phenotype on hybrid lime and Nam Hom
(resistance lime) confirmed that the marker 16R1-19/Tru11 was closely linked with the citrus
canker resistance gene. Furthermore, this maker gene was also founded in other resistance lime
(Puang). The sequence analysis indicated that, the 16R1-19 gene contained 7ru1l cutting site.
The predicted 16R1-19 protein can be classified to non-TIR-NBS-LRR subfamily and belongs to
resistance gene from C. Trifoliata (RGC20 and RGC21), C. Grandis x Poncirus trifoliate (16R1-
19 and 16R1-13) and Arabidodsis (RPS2).

Keywords: citrus canker resistance gene analogous lime M33 X axonopodis pv. citri
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Resistance Gene Analogous (Pt14/Bfal) Linked to Citrus Canker
(Xanthomonas axonopodis pv. citri) Resistance in
Thai Hybrid Lime (M33)

Pongpan Songwattana and Mariena Ketudat-Cairns”

School of Biotechnology, Institute of Agricultural Technology,
Suranaree University of Technology
111 University Avenue, Nakhon Ratchasima 30000, Thailand

Abstract

Citrus canker disease is a serious disease in citrus growing areas, including lime plantation in
Thailand. Hybrid lime, M33 (Pan lime x Nam Hom lime) have been developed for canker
resistance. In this study, the citrus canker resistance (R) marker genes within M33 were screened
by utilizing the Nucleotide binding site (NBS) and Leucine-rich repeat (LRR) genes using PCR
amplification in combination with restriction enzyme compared with their parents. The resistance
evaluation of hybrid lime and their parents were performed by inoculation with citrus canker
(Xanthomonas axonopodis pv. citri) on young leaves. The hypersensitive response phenotype on
hybrid lime and Nam Hom (resistance lime) confirmed that the marker Pt/4/Bfal was closely
linked with the citrus canker resistance gene. Furthermore, this maker gene was also founded in
other resistance lime (Puang).

Keywords: citrus canker, resistance gene analogous, lime, M33, X. axonopodis pv. Citri

1. Introduction

Citrus canker (CC) is a serious disease in citrus plants and some citrus relatives, including lime
(Citrus aurantifolia Swingle) in Thailand. It is caused by X. axonopodis pv. citri bacteria which is
globally distributed. Moreover, this disease caused losses in yield and quality annually [1]. Thus,
eradication strategies of this disease were rapidly operated in infected areas by removed and
destroyed all residential trees, nursery plants and commercial citrus [2]. Most limes are
susceptible host for CC including Mexican lime, grapefiuits and commercial lime in Thailand (Pan
lime). However, some non commercial limes are resistant to this disease. Therefore, plant
breeding is an alternative way that can be used to improve commercial favorable crop species to
be disease resistance plant.

Resistance lime with commercially favor fruits has been successfully developed from
Phichit research center (Thailand) by conventional breeding. This new resistance lime, name
Phichit lime or M33 was crossed between canker susceptible Pan lime (female) and canker
resistant Namhom lime (male) [3]. The breeding method was difficult, time consuming and high
cost.

The development of molecular markers to identify the genes linked to the disease
resistance characteristics would be helpful for further development of more resistant lime. This
methodology can facilitate indirect selection of resistance plants and reduce the time required to

*Corresponding author: Tel: 66-44-224355 Fax: 66-44-224154
E-mail: ketudat@sut.ac.th, Ham0836@hotmail.com
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identify resistance breeding line or segregating lines in the future. Generally, the activation of
plant defense to pathogen aitacks is often conferred by resistance (R) protein that controlled by R
genes. These genes play important roles in improvement of crop species in the plant breeding
programs and lead to understand the plant-pathogen interactions. However, the inheritance of
citrus canker resistance trait is unclear, the biochemical mechanism and the number of gene loci
controlling this resistance have yet to be determined.

An approach under consideration is cloning R gene analogous (RCA4s), from the resistant
relative which includes cloning and screening diversity of RGAs, followed by functional tests of
co-segregating candidates in transgenic plant and their expression [4- 6]. Recently, many RGC
sequences have been served as molecular makers for genetic mapping and molecular cloning of
plant R genes for their tightly linkage or co-segregating with known disease resistant loci. The
resistance (R) gene have been isolated and classified in to several classes based on the structure of
their predicted protein products. The largest R gene class in plant genome is the NBS-LRR class.
It comprises of P-loop, kinase-2a, kinase-3a. and hydrophobic domain or GLPL motifs while LRR
domains play an important role in protein-protein interaction [7]. Currently, a larger number of
NBS-LRR genes have been cloned from different plant species using PCR base method with
degenerate primers designed from the conserved domains. Deng ef al. [8] have cloned and
classified several NBS-LRR classes of RGAs sequences from citrus plant.

In this study, 12 specific primer pairs of citrus NBS-LRR class RGAs [8] were used to
amplify the RGAs genes in combination with restriction enzyme to screen for canker resistance
marker in hybrid lime (M33) compare with their parents.

2. Materials and Methods

2.1 Bacterial isolation

Xanthomonas were isolated from infected lime leaves tissue by commonly used methods [9].
Lesions were excised with a scalpel, washed with sterile water and soaked for 3 min in 10%
sodium hypochlorite for surface sterilization. Then, rinsed in sterile water several times and
sectioned. The bacterial isolated were initially selected by streaked water-soak tissue from the
lesion margin on stetile semi-selective media (KCD medium, containing nutrient agar (NA)
supplemented with Kasugamycin (16 pg/ml), Cephalexin (16 pg/ml) and Daconil (12 pg/ml)
before enriched on NA medium.

2.2 Plant samples

M33 (highly resistance to canker) lime were from Phichit research center, Samut Sakhon and
Prachinburi (Thailand), Nam Hom (highly resistance to canker) was from Phichit research center
and Pan lime (susceptible to canker) was from Samut Sakhon. These lime trees were planted in
the test field at Suranaree University of Technology, Nakorn Ratchasima, Thailand.

2.3 Canker pathogen inoculation

The phenotype evaluation of the resistance and susceptible lime were performed by leaf
inoculation. Lime leaves of M33, Nam Hom and Pan limes were sprayed with isolated bacterial
suspension (10® CFU/ml) on leaves wounded with a needle and celite on half of the leaves. The
other halves of the leaves (healthy) were also sprayed with the bacteria. The plants were then
covered with plastic bag overnight. Then, leave in natural condition for 2-3 weeks. The virulent
and characteristics of canker disease apparent on each lime cultivar were evaluated.
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2.4 DNA isolation

Genomic DNA was isolated from young leaflets using the modified 2.0% (W/V) cetyltrimethyl
ammonium bromide (CTAB) protocol [10]. Breifly, 2 grams of grounded leaf wete added to 720
ul of warm (65°C) CTAB extraction buffer (2% (w/v) CTAB, 1.4M NaCl, 20 mM, EDTA, 100
mM Tris-Cl; pH 8.0) and incubated at 60°C for 30 min with occasional gentle swirling. Then, 1V
of phenol: chloroform: isoamylalcohol (25:24:1) was added to the samples and rocked gently to
mix for 5-10 min. The top aqueous layer was transferred to a new tube after centrifugation at
16,000 x g for 10 min, Then, genomic DNA was precipitated by added 1/10 V of 3M sodium
acetate followed by 1 V of cool isoamyl alcohol and mix gently. DNA pellet was collected after
centrifugation and washed with 300 pt of 70% ethanol. Then, DNA pellet was dried and
resuspended in 50 pl TE buffer (100 mM Tris-Cl and 1 mM EDTA; pH 8.0) and stored at -20°C.
The quality and concentration of DNA were checked by agarose gel electrophorosis and
nanodrop-spectrophotometer, respectively.

2.5 PCR amplification combination with restriction enzymes

Resistance gene analogous were screened by PCR amplification using 12 specific primers from
Deng et al. [8] within individual lime cultivars (Pan, Nam Hom and M33). The PCR
amplifications were performed in 25 pl reaction volume; containing 10 mM Tris-Cl pH8.3, 2.0
mM MgCl,, 0.2 mM dNTPs, 0.2 uM primers, 1.25U of Taq polymerase (Promega) and 100~150
ng genomic DNA. The initial denaturation was done at 94°C for 5 min, followed by 35 cycles of
1 min at 94°C, 1 min at 47 -67°C (depended on primers) and 30 min at 72°C. The final step was
performed at 72°C for 5 min for the last extension. Five ul of the PCR products were digested by
1U Bfal in 10 pl reaction volume and incubated at 37°C for overnight. The PCR products and
their digested products were separated on 2% agarose gels, visualized by staining with ethidium
bromide and UV illumination.

3. Results and Discussion

3.1 Response to X. axonopodis pv. citri inoculation

M33 and its parents (Pan and Nam Hom) were inoculated with citrus canker bacteria on leaves.
Blushed-like lesions surrounded by chlorotic halo with water-soaked were seen on Pan leaves both
wounded and without wounded (Fig 1a). Whereas, the lesions on M33 and Nam Hom infected
leaves were smaller and turned brown within 2 weeks post infection (Fig 1b) which is the
characteristic of hypersensitive response of resistance lime.

Figure 1. Canker lesion phenotype after infection with X, axonopodis pv. citri; normal canker
lesions on Pan leaves (a), and hypersensitive response on M33 (b) and Nam Hom (c) infected
leaves.
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3.2 Citrus canker resistance gene analogous discovery

The hybrid lime (M33) and it’s parents (Pan and Nam Hom) were screened using 12 NBS-LRR
genes specific primers in combination with restriction enzymes. The results indicated that, three
specific primers with different restriction enzyme combination were closely linked to canker
resistance gene within M33 and Nam Hom limes. One of this, Pt/14 NBS-LRR gene combination
with Bfal showed 2 bands links with the canker resistance of M33 and Nam Hom limes (Fig, 2
lane 6-9). The PCR products of Ptl4 amplification were 450 bp in all lime cultivars (Fig. 2 lane
2-4). After the PCR products were digested with Bfal, 2 smaller bands of 300 and 150 bp were
seen from DNA of M33 and Nam Hom limes (Fig. 2 lane 6-9) indicating that the Pt]4 bands were
completely digested with Bfal. These results correspond with the resistance phenotype
(hypersensitive respond) of M33 and Nam Hom limes after inoculation with Xanthomonas.
Whereas, the results of Ptl4 gene from Pan lime followed by Bfal digestion showed 3 bands of
450 bp, 300 bp and 150 bp (Fig. 2 lane 5). These results indicated that, the P¢t/4 amplicon from
Pan lime only one allele can be digested with Bfal and the other allele does not contain the Bfal
restriction site. Since citrus plant are diploid (2n), these results can assumed that, Rp,;, gene on the
chromosomes of M33 and Nam Hom genomes should be two dominant R gene (RRp,;,) that can be
completely digested by Bfal enzyme. Whereas, Rp,, gene on Pan lime chromosomes should be
one dominant R gene (Rp,;,) and one resessive 1 gene (r,,) that cannot be digested with Bfal (Fig.
3). This RRp,, gene was also founded on other resistance lime (Puang) (Fig. 2 lane 10) which
confirmed the result from M33 and Nam Hom that the Pt/4/Bfal genotype is linked to the
Xanthomonas resistant phenotype in lime.

104243, dam 8760 T8 9l
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Figure 2. Pt14/Bfal marker gene screened on M33 and their parents (Pan and Nam Hom); M: 100
bp marker; Lane 1: negative control; Lane 2-4: PCR product of Pt/4 from Pan, Nam Hom and
M33, Lane 5-10: Bfal digestion of Ptl4 from Pan (5), Nam Hom (6), M33 from Phichit (7), M33
from Samut Sakhon (8), M33 from Prachinburi (9) and Puang resistant lime (10).

Figure 3. Rp,, gene map on Pan, Nam Hom and M33 chromosomes; r bar refer to rp,;, gene
without Bfal restriction site, R bar refer to Rp,, gene with Bfal restriction site (black line). Rrpy,,
of Pan crossing with RRp,;,of Nam Hom, resulted in RRp,;,on M33 genome.
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4. Conclusions

The resistance phenotype evaluation confirmed that, the marker Pt/4/Bfal was closely linked to
the citrus canker resistance gene in M33 and Nam Hom lime. This R gene was founded as two
dominant genes on resistance lime (RRp,,). Whereas, Pan lime only single R gene (Rrpy4) were
found which give sensitive phenotype on lime. The RRp,;, genotype was also observed in Puang
lime which is another resistance lime.
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