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Comparison of Nucleotide Sequences of Canker-forming and
Non-canker-forming pthA Homologues in
Xanthomonas campestris pv. citvi

Hiroyuki KANAMORI* and Shinji TSUYUMU**

Abstract

Three DNA regions in Xanthomonas campestris pv. citri which were homologous to the avrBs3 gene
family commonly found in Xanthomonas spp. were cloned and their nucleotide sequences were deter-
mined. The sequences from 247 bp upstream of the translational start to 111 bp downstream from the
termination site of the open reading frames in these regions were identical except in the tandem repeats
of 102 bp in the middle of their coding regions. Thus, they contain the same leucine zipper, nuclear
localizing signals and inverted repeats as noted by De Feyter ef al.¥. Two of them enabled a nonpatho-
genic mutant missing one of these av»Bs3 homologous regions to form a canker, but the remaining one
did not even 30 days after inoculation. Comparison of the tandem repeats provided us more information

on its organization required for canker formation.

Key words :
nuclear localizing signal.

INTRODUCTION

According to the Gene-for-gene theory®, the specific
interaction between an avirulence gene of the pathogen
and a resistance gene of the resistant plant leads to the
hypersensitive reaction, a defense reaction. Staskawicz
et al*V first cloned an avirulence gene (avrA) from
Pseudomonas syringae pv. grycinea race 6. Since then,
many avr genes have been isolated from different plant
pathogenic bacteria. Many avirulence genes of different
Xanthomonas species have been reported to show a high
overall homology with each other (called the av»Bs3
gene family), and they share a unique structure possess-
ing 15 to 30 tandem repeats of 102 bp in the central parts
of these genes®*". The analysis of the mutants with a
partial deletion in these repeating units indicated that
this region has a crucial role in the induction of cultivar-
specific hypersensitive reaction in the incompatible
plants®,

A gene of X. ¢. pv. citri which shows high overall
homology to avrBs3 gene family has been reported to be
responsible for canker formation on the host plant.
When this gene was introduced into a weak pathogen of
citrus X. c¢. pv. citrumelo, the transformant developed a
canker. This canker-forming gene of X. c. pv. citri was
named pthA'>'®. Previously, we found three copies of
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avrBs3 family, pthA, citrus canker, Xanthomonas campestris pv. citri, inverted repeats,

pthA-homologues on two out of three plasmids in X. c.
pv. citri strain NA-1'®. To study the evolutionary and
pathological significance of possessing three similar
pthA-homologues, we have cloned these homologues and
compared their ability to form cankers.

MATERIALS AND METHODS

Bacterial strains, plasmids and media The
bacterial strains and plasmids are listed in Table 1.
Escherichia coli, DH5a, was the cloning host throughout
this study, was cultured in Luria-Bertani (LB) medium®
at 37°C. The strains of X. c. pv. citri were cultured in YP
medium (0.59% veast extract, 19 peptone, pH 6.8) at
27°C. For solid medium, 1.5% agar was added. The final
concentrations of the antibiotics incorporated into
media were 75 ug/ml for kanamycin (Km), 50 xzg/ml for
nalidixic acid (Nal) and 25 gg/ml for tetracycline (Tet)
to select resistant strains (Table 1).

Recombinant DNA techniques All DNA manip-
ulations of DNA, including isolation of total DNA, the
alkaline method for plasmid purification, DNA purifica-
tion by equilibrium centrifugation in CsCl-Ethidium
bromide gradient, alkaline phosphatase treatment, gel
electrophoresis, size fractionation in sucrose gradient
ultracentrifugation, ligation and restriction map con-
struction follwed as described by Maniatis et al.® and
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by Ausbel et al.?. In vitro A packaging and purification
of the bands from the agarose gel followed the methods
described by the manufacturers (Stratagene and Qiagen
Co.).

For Southern blot analysis, total bacterial DNA was
digested to completion with restriction endonucleases,
and the fragments were separated by electrophoresis on
agarose gel. DNA bands were transferred to a nylon
membrane (Micron Separations) and incubated in the
presence of the *?*P-labeled DNA oligomer (GGCAAGC-
AGGCGCTGGAGACGGTG), RU2, as the probe. The
sequence of RU2 was chosen from the conserved region
within the tandem repeats of avrBs3 gene family of
Xanthomonas spp.>*™?. Hybridization was performed
at 65°C for 12-18 hr in a rotary oven as described by
Maniatis et @l.®. The nylon membrane was wrapped in
Saran™ wrap, and autoradiography was done at room
temperature onto Hyperfilm-MP (Amersham) in the
cassette with an X-ray intensifying screen.

Construction of a genomic library Total DNA
from NA-1 strain of X. ¢. pv. citri was partially digested
with Seu3Al. Treated DNA was fractionated on a su-
crose gradient to obtain fragments larger than 25 kb.
After treatment with alkaline phosphatase and subse-
quent ligation to the BamHI site on the cosmid vector
pLAFR3'9, the DNA was packaged in wvitro with a
Gigapack Plus packaging kit (Stratagene). The pack-
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Fig. 2. Restriction maps of the regions containing ap/
genes. The sites for the insertion of Tn3-Spice
2 L-9 in APL3 are indicated with triangle flags. The
F- - direction of the insertions from 5’ to 3’ (over the
Fig. 1. Southern analysis of BamHI fragments of X. c. line) and reverse (under the line) are shown.
pv. citri wild type strain (L-9) and nonpatho- Positive (a) and negative (A) ice-nucleation
genic mutant (F-2) using RU2 as the probe. activity as a result of these insertions are also
The 3.3 kb band is missing in the F-2 mutant shown. B, BamHI; E, EcoRl; H, Hincll ; Hd,
(indicated by arrow). HindIIl ; P, Pstl.
Table 1. Bacterial strains and plasmids used in this study
Designation Relevant characteristic Reference of source
Xanthomonas campestris pv. citri
L9 Nal" This study
NA-1 wild type This study
F-2 Tnb inserted pathogenicity deficient mutant of L-9 Tsuyumu et al.'®
Escherichia coli
DH5« F-, endAl, hsdR17 (rk+ mk—), supE44, thi-1, vecAl, gyrA96, relAl, BRL Co.
$80dlacZ AMI5 A(lacZYA-argF)U169
Plasmids
pLAFR3 IncP, cos, 7ix, tet', cosmid vector Staskawicz et al.'V
pHSG298 pMB]1, lacZ, Km* Takara Co.
Spice-Tn3 inaZ, Ap*, Sp", Sm* Lindgren et al.®
pShee tnpA, pACYC replicon, Cm~ Lindgren ef al.®
pNK1 pLAFR3 clone of 17 kb DNA fragment containing @pl3 from NA-1 This study
pNK2 pLAFR3 clone of 27 kb DNA fragment containing ap/2 and apl3 from NA-1 This study
pNK6 pLAFR3 clone of 20 kb DNA fragment containing ap/2 from NA-1 This study
pNK17 pLAFR3 clone of 30 kb DNA fragment containing apll from NA-1 This study
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aged phage particles were used to infect E. coli DH5a.
The transformants were selected by their resistance to
Tet (25 xg/ml) and formation of white colonies on an
X-gal plate.

Presence of tandem repeats Subclone of 3.1 kb,

A

500~

100~

1 2 3

of fragments (bp).

3.3kb and the 3.9 kb RU2-homologous BamHI frag-
ments in the vector pHSG298 were used to check the
existence of tandem repeats commonly found in the
avrBs3 /pthA gene family of Xanthomonas spp. Because
all of the tested avrBs3 gene family contains single Ball

510~

102~

1 2 3

Fig. 3. Ladder formations after the partial digestion of three avrBs3-homologous regions with Ba/l. Electrophoretic (A)
and hybridization patterns using RU2 as the probe (B) are shown. Fragments of both ends are lambda- HindIII (L).
Second and next to the last lanes are 100 bp-ladder marker (M). Digestion with Ba/l was done either completely
(C) or partially (P). The tested regions were apll (1), apl2 (2) and apl3 (3). The numbers on the left show length
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Fig. 4. Comparison of characteristic regions in PTHA, APL1, APL2 and APL3. A difference was observed only in the
tandem repeating regions (dotted lines). Each single box in tandem repeating regions indicates one repeating unit
(34 amino acids). TLR (terminal long repeat), -35 and -10 region of ¢ 70-type promoter, SD (Shine-Dalgarno
sequence), ATG (translational starting site), tandem repeats region, L. zipper (leucine zipper), NLS (nuclear
localizing signal) and TGA (translational terminating site) are shown.
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sites in each repeat, these clones were partially digested
with Ball at 37°C for 1 hr. The fragments were separat-
ed on a 2% agarose gel followed by Southern analysis
using RU2 as the probe.

DNA sequencing A deletion series of the RU2-
homologous BamHI fragments and the subclones from
these fragments were used to determine the primary
structure of the DNA. The dideoxy sequencing method
of Sanger et al'® was performed with Sequitherm
Cycle-sequencing Kit (Epicenter Technology) using an
automatic DNA sequencer (LI-COR). Base image IR
software Ver. 2.10 (LI-COR) and GENETYX (Software

10 0 0 40 5%

Developing Co.) were used to analyze the sequences.
Homology and other searches were done via DDB]J
(DNA data base of Japan).

Electroporation X. c. pv. citvi cells were harvest-
ed when the absorbance at 600 nm reached 0.6. The cells
were then washed four times by centrifugation in steril-
ized distilled water and resuspended in 309 glycerol at
a cellular density of about 2Xx10° cfu/ml. Plasmid DNA
(3 ug) was added to a 40 ul suspension of the competent
cells. Electroporation was performed using an Electro
square porator (BTX, T820FE.) with 10 pulses of 99 usec
at 3 kV. The treated cells were added to fresh YP-medi-

60 0 8 ) 100

apl1 TCTGTTCGAC CAAGCGCCGC CGGTACACAG TCTCAACCTT GTAGAGCTTC CCGCGCGGGA GTTTATGGAT GGTTGTCCCG TCGACGGCGT AGCAGGAGAT
ap12 GACAACCAGC TCAACCTTGA ACCAAGCGTC TTCAGACATG GCAACGTACT CGCCGATCAT AGGAATGCCG CCGAACTCAC GCTCTTCGTT AAGCCAATCY
ap13 (GOCCAATTC CCAGATCCAC GCTGGCCGG6 CGCAAGAAGG TGATCGACCC GGARACGGGG GAACCCGTGT CAAMGCCGC GCTGGCCANG CGCARGAAMA

apll» Al ALUGA
TR(IS)

AMTITTT CACMCCTTC TGCCGATCCT CCATGCGGGT

apl11 CCGTGATCGC CTTCATGTCT GCGCCTCACC CTGGTCCTCG AGGGTTGCCA GGATCACCCG ARGTTGTGTA CTGCCATG(G GCCTCOGAAG CTATGTAGGA

10

apl1 ACCACAGACC GCTAGTCTGE AGGCGACCAT GTAAAGAGGT ATGCCTGATG GATCCCATTC GTTCGCGCAC ACCANGTCCT GCCCGCGAGC TTCTGCCCGG
] initial codon
apl1 ACCCCAACCC GATGGGGTTC AGCCGACTGC AGATCGTGGG GTGTCTCCGC CTGCCGGCGG CCCCCTGGAT GGCTTGCCCG CTCGGCGGAC GATGTCCCGG

apl1 ACCCGGCTGC CATCTCCCCC TECCCCCTCA CCTGCGTTCT CGGCGGGCAG CTTCAGTGAC CTGTTACGTC AGTFCGATCC GTCACTTTTT AATACATCGC

apl1 TTTTIGATTC ATTGCCTCCC TTCGGCGCTC ACCATACAGA GGCTGCCACA GGCGAGTGGG ATGAGGTGCA ATCGGGTCTG CGEGCAGCCG ACGCCCCCCC

apl1 ACCCACCATG (GCGTGGCTG TCACTGCCGC GCOGCCECLE COCGCCAAGC CGGCGCCGLG ACGACGTGLT GCGCAACCCT CCGACCCTTC GCCOGCCG(6

apl1 CAGGTGGATC TACGCACGCT CGGCTACAGC CAGCAGCAAC AGGAGAAGAT CAAACCGAAG GTTCGTTCGA CAGTGGCGCA GCACCACGAG GCACTGGTCG

apl1 GCCATGEGTY TACACACGCG CACATCGTTG CGCTCAGCCA ACACCCGGCA GCGTTAGGGA CCGTCGCTGT CAAGTATCAG GACATGATCG CAGCATTGCC

apl1 AGAGGCGACA CACGAAGCGA TCOTTGGCGT CGGCANACAG TGGTCCGGCG CACGCGCCCT GGAGGCCTTG CTCACGGTGE CGGGAGAGTT GAGAGGTCCA

ap!1 CCGTTACAGT TGGACACAGG CCAACTTCTC AAGATTGCAA AACGTGGCGG CGTGACCGCA GTGGAGGCAG TGCATGCATG GCGCAATECA CTGACGGGTG

apl1 (CCCCCTGAR @CCC(G GAGCAGGTGG TGGCCATCGC CAGCAATATT GGTGGCAAGC AGGCGCTGGA GACGGTGCAG CGGCTGTTGC CGGTGCTGTG

start of repeating region

apl1 CCAGGCCCAT GGCCTGACCC CGGAGCAGGT GGTGGCCATC GCCAG---CAATG GCGGCAAGCA GGCGCTGGAG ACGGTGCAGC GGCTGTTGCC GETGCTGTGC

apl3 (A

ap11 CAGGCCCATG GCCTGACCCC GGAGCAGGTG GTGGCCATCG CCAGCAATAT TGGTGGCANG CAGGCGCTGG AGACGGTGCA GCGGCTGTTG CCGGTGCTET

apl1 GCCAGGCCCA TGGCCTGACC CCGGAGCAGG TGGTGGCCAT CGCCAGCAAT ATTGGTGGCA AGCAGGCGCT GGAGACGGTG CAGCGGCTGT TGCCGETGCT

apl? (Co ¢

apl3 CCGh (

apl1 GTGCCAGGCC CATGGCCTGA CCCCGGCACA GGTGGTGGCC ATCGCCAGCA ATATTGGTGG CAAGCAGGCG CTGGAGACGG TGCAGCGECT GTTGCCGGTG
al? AG

al3 AG

pthA ATG T

apl1 (TGTGCCAGG CCCATGGCCT GACCCCGGAG CAGGTGGTGG CCATCGCCAG CCACGATGGC GGCAAGCAGG CGCTGGAGAC GGTGCAGCGG CTGTTGCCGG
pti (

apl1 TGCTGTGCCA GGCCCATGGC CTGACCCCGG AGCAGGTGGT GGCCATCGCC AGCCACGATG GCGGCAAGCA GGCGCTGGAG ACGGTGCAGC GGCTGTTGCC
al2 (

apl3 (

Fig. 5 (1)
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um and incubated at 27°C for more than 1 hr. Transfor-
mants were selected on YP-agar plates containing Tet
and Km at 27°C.
Inoculation tests
dai HAYATA were planted in a 15 cm diameter pot and
cultivated in a growth chamber for more than 14 days,
then in a greenhouse. A suspension of bacteria (ca. 1.0 X
108 cfu/ml) in sterile distilled water was infiltrated into

Peeled seeds of Citrus natsudai-

the intercellular spaces of the leaves of about 2-month-
old seedlings using a sterile syringe and needle (20 G). To
prevent the loss of transformed cosmids, 25 xg/ml Tet
was added to the bacterial suspension. The inoculated
leaves were wrapped with aluminum foil to prevent Tet
being degraded by light. After inoculation, plants were
incubated in growth chambers at 27°C, and the symp-
toms were checked periodically.

apl1 GETGCTGTGC CAGGCCCATG GCCTGACCCC GGAGCAGGTG GYGGCCATCG CCAGCAATGG CGGTGGCANG CAGGCGCTGG AGACGGTGCA GCGGCTGTTG

pthA ¢
wl? ¢
al3 (

apl1 CCGGTGCTGT GCCAGGCCCA TGGCCTGACC CCOGAGCAGG TOGTGGCCAT CGCCAGCCAC GATGGCGGCA AGCAGGCGCT GGAGACGGTG CAGCGGCTGT

apl1 TGCCGETGCT GTGCCAGGCC CATGGCCTGA CCCCGGAGCA GGTGGTGGCC ATCGCCAGCA ATGECGOTGG CAAGCAGGCG CTGGAGACGG TGCAGCGGCT

apl3

al3

(AT C

apl1 GTTGCCGETG CTGTGCCAGE CCCATGGCCT GACCCCGGAG CAGGTGGTGG CCATCGCCAG CAATGGCGGT GGCAAGCAGG CGCTGGAGAC GGTGCAGCGG

apl1 (TGTTGCCGE TECVGTGCCA GGCCCATGGC CTGACCCCGG AGCAGGTGGT GGCCATCGCC AGCAATGGCG GTGECAAGCA GGCGCTGGAG ACGGTGCAGC

aol3

AT

L1 GRCTETTGCC GGTGCTGTGC CAGGCCCATG GCCTGACCCT GGACCAGGTC GTGGCCATCG CCAGCARTIGE (GGTGGCAAG CAGGCGCTGE AGACGGTGCA

al3 ( 6 (CAT €

apl1 GCGGCTGTTG CCOGTGCTGT GCCAGGCCCA TGGCCTGACC CCGGAGCAGG TGGTGGCCAT CGCCAGCAAT AGCGGTGGCA AGCAGECGCT GEAGACGGTE

zg cc E (

apl1 CAGCGGCTGT TGCCGOTGCT GTGCCAGGCC CATGGCCTGA CCCCGGACCA GGTGGTGGCC ATCGCCAGCC ACGATGGTGG CAAGCAGGCG CTGGAGACGG

pthA T ( ATG

ol €6 ¢ TATE

ap11 TGCAGCGGCT GTTGCCGETG CTGTGCCAGE CCCATGGCCT GACCCCGGAG CAGGTGGTGG CCATCGCCAG CCACGATGGC GGCAAGCAGG CGCTGGAGAC
Tl2 e e

apl1 GOTGCAGCGG CTGTTGCCEE TGCTGTGCCA GGCCCATGGC CTGACCCCGE ACCAGGTGGT GGCCATCGCC TGCAGYGGCG GCGGCAAGCA GGCGCTGGAG

T T o

apl1 ACGGTGCAGC GOCYGTYGCC GGTGCTGYGC CAGGCCCATG ?CTGA((C( GGAGCAGGTE GTGGCCATCG CCAGCAATGG CGGCGGCAGE CCOGCGLTGE

T KeL2ts wits)

m_}#ARAGCMTGF TGCCCAGTTA TCICGCCCTG ATCCGGCOTT GGCCGCGTTG ACCAACGACC ACCTCGTCGC CTTGGCCTG CTCGGCGEAC GTCCTGCGCT

the end of repeating region

ap11 GGATGCAGTG AMMAGGGAT TGCCGCACGC GCCGRCCTTG ATCAAMAGAA CCARTCGCCG TATTCCCGAA CGCACATCCC ATCGCGTTGC CGACCACGCG

leucine zipper

apl1 CAAGTGGTTC GCGTGCTGGG TTTTTTCCAG TGCCACTCCC ACCCAGCGCA AGCATTYGAT GACGCCATGA CGCAGTTCGG GATGAGCAGG CACGGGTTGT

a1 TACAGCTCTT TCGCAGAGTG GGCGYCACCG AACTCGAAGC (CGCAGTGGA ACGCTCCCCC CAGCCTCGCA GCGTTGGGAC CGTATCCTCC AGGCATCAGG

NLS

ap11 GATGAAMGG GCCARACCGT CCCCTACTTC AACTCAMACG (CGGACCAGG CGTCTTTGCA TGCATTCGCC GATTCGCTGE AGCGTGACCT TGATGCGCCC

@11 AGCCCAACGC ACGAGGGAGA TCAGAGG(GG GCAAGCAGCC GTAMACGGTC CCGATCGGAT CGTGCTGTCA CCGOTCCCTC CGCACAGCAA TCGTTCGAGE

NS

@11 TECECECTCC (GAACAGCGC GATGCGCTGC ATTTGCCCCT CAGTTGGAGG GTAAMACGCC CGCGTACCAG TATCGGGGGC GGCCTCCCGE ATCCTGGTAC

NLS

apl1 GCCCACGGCT GCCACCTGE CAGCGTCCAG CACCOTGATG (GGGAACAAG ATGAGGACCC CTTCGCAGGG GCAGCGGATG ATTTCCCGGC ATTCAACGAA
Fig. 5 (2)



Ann. Phytopathol. Soc. Jpn. 64 (5). October, 1998 467

RESULTS

Isolation of cosmid clones containing RUZ2-

homologous regions

Restriction enzyme analysis of 30 randomly selected
clones from a pLAFRS3 library of X. ¢. pv. citri NA-1
DNA revealed insertion of random DNA fragments with
an average DNA insert size of 25 kb (data not shown).
Fifteen clones of 2100 transformants contained regions
that hybridized with the probe RU2.

Presence of tandem repeats in RUZ2-homologous

regions

Southern analysis of DNA from NA-1 strain showed
that three BamHI fragments (3.1 kb, 3.3 kb, 3.9 kb)
hybridized with RU2 (Fig. 1). The cosmid clone pNK2
contained BamHI fragments of 3.1 kb and 3.9 kb, and
another clone pNK17 contained a BamHI fragment of
3.3 kb. Restriction maps of the area covered with these
clones are shown in Fig. 2. The presence of a single Ball
cleavage site in the repeating units has been reported in
the Xanthomonas avrBs3 genes*”.

The presence of similar tandem repeats in each RU2
homolog was confirmed by observing of ladder forma-
tion of ca. 100 bp DNA fragments on agarose gel after
partial digestion with Ba/l and by Southern blot hybrid-
ization using RU2 as the probe (Fig. 3). Thus, all of the
3.3, 3.1 and 3.9 kb BamH1 fragments were considered to
contain the aqvrBs3/pthA gene family of Xanthomonas
spp. These fragments will be called APL (avr/pth-like)
1, APL2 and APL3, respectively (Figs. 1-3).

Table 2. Comparison of the deduced amino acid se-
quences downstream of the tandem repeats in
PthA, Apll, Apl2 and Apl3

No. var. blockl var. block?2

PthA Apll Apl2 Apl3 PthA Apll Apl2 Apl3
1 PE PE PE PE SNI SNI SNI SNI
2 PE PE PE PE SN- SN- SN- SHG
3 PE PE PE PE SNI SNI SNI SNI
4 PE PE PE PE SNI SNI SHD SHD
5 PA PA PE PE SNI SNI SNI SHD
6 PE PE PE PE SNG SHD SHD SHD
7 PD PE PD PD SHD SHD SHD SHD
8 PQ PE PQ PQ SNG SNG SNG SNG

9 PE PE PE PE SHD SHD SHD SHD
10 PE PE PE PE SNG SNG SNG SHD
11 PE PE PE PE SNG SNG SNG SN-
12 PE PE PE PA SNG SNG SNG SNI
13 LD LD LD PE SNG SNG SNG SHD
14 PE PE PE PE SNS SNS SNI SHD
15 PO PD PE PE SHD SHD SHD SNI
16 PE PE PE PE SHD SHD SNG SHD

17 PE PE PD CNG CNG SHD
18 PE PE PE SNG SNG SNG
19 PE SHG
20 PE SNG
21 PE SNI
22 PE SHG
23 PE CNG
24 PE SNG

a) No: position of repeat unit.

b) Variable blockl: 3rd and 4th amino acids in each re-
peating unit expressed with single letter.

c) Variable block2 : 11th, 12th and 13th amino acid.

ap11 GAGGAGCTCG CATGGTTGAT GGAGCTATTG CCTCAGTGAG GCTCAGTCGG TGACTACCTG AGCGTCGGCA GGGATTGGTG TAAGTAACCT TTACTGACAG

Terminal codon

apl1 (GAGTTAGCC CACTTTTGGC TGTTTTTTAC ACMATCCCT GCCTCCCCTC ACCTGGGCAC GCAGTCCCTC GGTGCGCATC AATCGATGCA CCGATGGCGA

LTR(IS)

al? G666 TTCGGGGAGC AATGGAACAG CGAAGTCAGT TAAGCCTTCA CCAGTGCCGE TCTGTACCTT CCATGCGGGC GTGECTCTCT

al3

apl1 CTGCAACGTC ACCAGATCGG TAGATCC
apl2 GAGARACAGT GGCGGTCATC CGCACCG
apl3 ATAMACCTT TCATTGCCAT AATGAGC

X6120(6 units)

TCTCGTCTCT GCGGGCTACG AGTAGCARTG GAACAGGGAA GTCAGTAGGC

CTGACCCCGG AGCAGGTGGT GGCCATCGCC AGCAATGGCG GTGGCAAGCA GGCGCTGGAG ACGGTGCAGC GGCTGITGCC GGTGCTGTGC CAGGCCCATG
GCCTEACCCC GGAGCAGETG GTGGCCATCG CCAGCCACGA TGGCGECAAG CAGGCGCTGE AGACGGTGCA GCGECTGTTG CCAOTGCTGT GCCAGGCCCA
TGGCCTGACC CCGGAGCAGG TGGTGGCCAT CGCCAGCAT GGCGGTGGCA AGCAGGCGCT GGAGACGETG CAGCGGCTGY TGCCAGTACT GTGCCAGRCC
CATGGCCTGA CCCCGGAGCA GGTGGTGECC ATCGCCAGCA ATATTGGTGE CAAGCAGGCG CTAGAGACGE TGCAGCGGCT GTTGCCGETG CTGTGCCAGE
CCCATGGCCT GACCCCGGAG CAGGTGGTGG CCATCGCCAG CCACGATGGC GGCAAGCAGE CGCTGGAGAC GGTGCAGCGE CTGTTGCCGG TGCTGTGCCA
GGCCCATGGC CTGACCCCGG AGCAGETGGT GGCCATCGCC TGCAATGGCG GTGGCAAGCA GCCGCTGGAG ACGETGCAGC GGCTETTECC GGTGCTGTGC

CAGGCCCATG 6C

Fig. 5 (3)

Fig. 5. Comparison of nucleotide sequences of apll, apl2, apl3 and pthA. The whole sequences around ap/l are shown,
whereas those of apl2, apl3 and pthA are shown only where a difference was observed in comparison to those in
apll. The number of the repeats in @pl2 was two units shorter than that of ap/1. The one in apl3 was 6 units longer
than in ap/l, and the sequence of these six repeats is shown in the last part of that figure (*). The TLR, -35 and
-10 region of o 70-type promoter, ATG, tandem repeats region, L. zipper, NLS and TGA are indicated.
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Complementation of nonpathogenic mutant

A mutant, F-2, which lost its pathogenicity to C.
natsudaidai, was found out to have also lost the 3.3 kb
avrBs3 homologous BamHI fragment (Fig. 1). An F-2
transformant with pNK17 (containing only APL1) was
reverted to show pathogenicity on C. nafsudaidai in 7
days as in the case of inoculation with the wild type. F-2
transformants with pNK6 (containing only APL2) and
with pNK2 (containing both APL2 and APL3) developed
the canker symptom but only after 14-26 days. On the
other hand, the F-2 transformant with pNK1 (containing

only APL3) never had a canker symptom even 30 days
after inoculation. Thus, APL1 complemented complete-
ly and APL2 only partially complemented the F-2
mutant, but APL3 did not (Plate I).

Nucleotide sequences of APL regions

The nucleotide sequences of APL1, APL2 and APL3
were determined in both directions using deletion series
and subclones from pNK2, pNK6, pNK1 and pNK17.
Major open reading frames containing 1163 nt (ap/I) in
APL1, 1095 nt (ep/2) in APL2 and 1367nt (apl3) in APL3
were found (Fig. 6). Long terminal repeats (LTR) which

pthA
apll
apl2
apl3

pthA
apll
apl2
apl3

pthA
apll
apl2
apl3

pthA
apll
apl2
apl3

pthA
apll
apl2
apl3

pthA
apll
apl2
apl3

pthA
apll
apl2
apl3

pthA
apll
apl2
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TCTGTTCGGCCAAGCGCCGCCGGTACACAGTCTCARCCTTGTAGAGCTTC
TCTGTTCGGCCAAGCGCCGCCGGTACACAGTCTCAACCTTGTAGAGCTTC
GACAACCAGCTCAACCTTGAACCAAGCGTCTTCAGACATGGCAACGTACT
CGGCCAATTCCCAGATCCACGCTGGCCGGGCGCAAGAAGGTGATCGACCC

CCGCGCGGGAGTTTATGGATGGTTGTCCCGTCGACGGGGTAGCAGGAGAT
CCGCGCGGGAGTTTATGGATGGTTGTCCCGTCGACGGGGTAGCAGGAGAT
CGCCGATCATAGGAATGCKGCCGAACTCACGCTCTTCGTTAAGCCAATCT
GGAAACGGGGGAACCCGTGTCAAAAGCCGCGCTGGCCAAGCGCAAGARAA

IGAGGGTCGGCAGGGATTGGTGTAAAAAACAGCCAAAAGTGAGCTAACTCG
IGAGGGTCGGCAGGGATTGGTGTAAAAAACAGCCAAAAGTGAGCTAACTCG
| GAGGGTCGGCAGGGATTGGTGTAAAARACAGCCAAAAGTGAGCTAACTCG
:GAGGGTCGGCAGGGATTGGTGTAAAAAACAGCCAAAAGTGAGCTAACTCG

CTGICAGCACAGAAATTTTTCACAACCTTCTGCCGATCCTCCATGCGGGT
CTGTCAGCACAGAAATTTTTCACAACCTTCTGCCGATCCTCCATGCGGGT
CTGTCAGCACAGAAATTTTTCACAACCTTCTGCCGATCCTCCATGCGGGT
CTGTCAGCACAGAAATTTTTCACAACCTTCTGCCGATCCTCCATGCGGGT

TTGCCTCAGTGAGGCTCAGTCGGTGACTACCTGAGCGTCGGCAGGGATTG
TTGCCTCAGTGAGGCTCAGTCGGTGACTACCTGAGCGTCGGCAGGGATTG
TTGCCTCAGTGAGGCTCAGTCGGTGACTACCTGAGCGTCGGCAGGGATTG
TTGCCTCAGTGAGGCTCAGTCGGTGACTACCTGAGCGTCGGCAGGGATTG

GTGTAAGTAACCTTTACTGACAGCGAGTTAGCCCACTTTTGGCTGTTTTT
GTGTAAGTAACCTTTACTGACAGCGAGTTAGCCCACTTTTGGCTGTTTTT
GTGTAAGTAACCTTTACTGACAGCGAGTTAGCCCACTTTGGGGTTCGGGG
GTGTAAGTAACCTTTACTGACAGCGAGTTAGCCCACTTTTGGCTGTTTTT

TACACAAATCCCTGCCTCCCCTC%CCTGGGCACGCAGTCCCTCGGTGCGC
TACACARATCCCTGCCTCCCCTCACCTGGGCACGCAGTCCCTCGGTGCGC
AGCAATGGAACAGGGAAGTCAGT&AAGCCTTCACCAGTGCCGGTCTGTAC

TACACAAATCCCTGCCTCCCCTCECTCGTCTCTGCGGGCTACGAGTAGCA
I

ATCAATCGATGCACCGATGGCGACTGCAACGTCACCAGATCGGTAGATCC
ATCAATCGATGCACCGATGGCGACTGCAACGTCACCAGATCGGTAGATCC
CTTCCATGCGGGCGTGGCTCTCTGAGAARCAGTGGCGGTCATCCGCACCG

ATGGAACAGGGAAGTCAGTAGGCATAAAACCTTTCATTGCCATAATGAGC

Fig. 6. Comparison of the sequences in upstream and downstream regions of pthA, apll, apl2 and apl3. The sequence of
the reported inverted repeats found in X. c. pv. citri is shown by a single underline. The region homologous to
the 5" end of the reported ISXc5 of X. ¢. pv. citri is shown by double underlines. A bold broken line indicates the

border line of the inverted repeat.
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were first noted in both upstream and downstream
regions of pthA by De Feyter et al.? were also seen in
the 5" upstream and 3" downstream regions of apll, apl2
and apl3 (Figs. 4, 5 and 6), except the downstream region
of apll was interrupted with an insertion sequence
previously reported in X. ¢. pv. citri (ISXc5)'™® at the
27th nt from the 3" end of the LTR. The regions contain-
ing apll, apl2, apl3 and pthA were otherwise identical
except in the tandem repeats. Thus, they contained the
same promoter, SD sequences, leucine zipper (LZ),
nuclear localization signals (NLSs) and the down-
stream transcriptional terminators (Figs. 4 and 5). The
total number of repeats in both Apll and PthA was 17.5,
as opposed to 15.5 and 23.5 in Apl2 and Apl3, respective-
ly. The amino acid sequences deduced from the 102 bp
tandem repeats within apll, apl2, apl3 and pthA were
variable only at the 3rd, 4th, 12th and 13th amino acids
within each repeat, as pointed out by Yang et al'®. A
comparison of the amino acid sequences in each tandem
repeat is shown in Table 2. The amino acids in these
variable regions were identical to those of pthA except
in the third repeating unit those of apl2 and of apl3
were considerably different from those of pthA (Figs. 4-
6, Table 2).

DISCUSSION

Previously, we isolated 10 mutants deficient in patho-
genicity on C. Natsudaidai by mutagenesis with Tn5%.
However, many of them, including F-2, were later shown
to be missing the APL1 region (data not shown). Now,
these mutants are considered to have lost their patho-
genicity because of the missing the APL1 rather than
because of the Tn& insertion. If this is the case, apll is
mandatory for canker formation. Because we do not
have mutants deficient in either apl2 or apl3, the roles of
apl2 and apl3 are unclear. However, E. coli containing
pHIR11, the h»p cluster of Pseudomonas syringae pv.
syringae, together with apl/l could cause the canker
symptom on C. natsudaidaz, but those contained apl2 or
apl3 could not (to be published elsewhere). Considering
these data together with the delayed disease develop-
ment after inoculation with the transformant of F-2
mutant with @pl2 (Plate I), @pl2 may have only partial
canker-inducing ability but @pl3 may have no such
activity. Thus, the repeating units common to both pthA
and apll, and yet distinguishable from those of ap/2 and
of apl3 can be considered to be important for the canker
symptom.

The region other than the tandem repeat, including
LRR and NLS of PthA, Apll, Apl2 and Apl3 were
completely identical. It has been shown that NLS of
avrBs3 and pthA has, in fact, been shown to be respon-
sible for the translocation of their translational products
into plant nuclei*'”. Because NLS identical to those in
PthA were found in Apll, Apl2, Apl3, all of them may be
expected to be translocated into plant nuclei. However,
the possibility remains that alternation in the tandem

repeats may result in a failure in translocation.

Identical sequences extended 247 bp upstream from
their translational starts and 111 bp downstream from
the termination codons. Both ends of these regions were
identical and formed the inverted repeats as first noted
in pthA by De Feyter et al.¥. Many of the Tn5-induced
mutants deficient in the pathogenicity lost Apll might be
due to the presence of these inverted repeats. Similar
inverted repeats were found in avrBs3® and avrb6¥. The
presence of multiple copies of the avvBs3 gene family in
several pathovars of X. campestris and X. oryzae pv.
oryzae**™'? may be explained by such mechanism. Also,
such inverted repeats at the ends of this regions should
be functional for in the horizontal transfer of these gene
family on transmissible plasmids in various Xantho-
monas spp.

We do not know the significance of the ISXc5 inser-
tion after the 28th base of the downstream inverted
repeat of apll. This element was first observed in a
plasmid of X. c¢. pv. citri by Tu et al.'®. This element
may be considered to be mobile in X. c. pv. citri.
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SR - BEE © Xanthomonas campestris pv. citri \ZB
% avrBs3 Bin FAERMEEBE O EERTI O K B L b L
2 ERRE £ DR

HYFYDLOVIIFEHE B W T, Xanthomonas |&H O
avrBs3 BIET7 7 3V —HEOMEL D3 DOEEE 7 0
— =L, HERS R BE LTz, SRS IO 5 b 2 D3R
FHEMETOAHBBEZZDODH FVERZBI LIV EISE
BEEE DD, 1212l B>z, £, IO 3 DD avrBs3
HERERE S L UBRO pthd & OEWLIIREEERA O 102 bp
1AL E LR U D SICHEIE Uz, LTeS o T U F
VETOPWE SERICHEL SN REROER LEYICB
O aEHRSEsNI, £, FE3HEERE, BB oL
247bp 5, HIEARNYOTH 111bp £ TCITB L ATV, §
bbb, THS5HEEIE De Feyter 51 k> THEENTW S
LZ (Leucine zipper), NLS (Nuclear Localization Signals),
WHERAERS] (LTR) 258U Tb > Twiz, Bk 3 48k
DEREINE, I SEESMENTEZ CBEWRTH S
BRI LT,

Symptoms on Citrus natsudaidai after inoculation with wild type and the transformants of F-2 with each APLs.

The symptoms appeared 5 days, 7 days and 21 days after inoculation with wild type, transformants of
pNK17(aplI)(C) and of pNK6(apl2)(B), respectively. No symptoms appeared even 30 days after inoculation with
the transformants of pNK1(apl3)(A). Photographs were taken when symptoms appeared. (A) and (B), top : wild
type (L-9); middle and bottom: right-mutant (F-2), left-transformant. (C) top: wild type (L-9); middle and

bottom : right-transformant, left-mutant (F-2).
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