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ABSTRACT : Many gram-negative bacteria use the type 111 secretion system (13SS) 1o inject virulence proteins Ceffectors)
directly into host cells. These elfectors play a central role in pathogen interactions. and their molecular structures are highly
variable. Previous rescarchers have used particular motifs common to all effectors in order to identily a full suite of candidate el-
fectors of T3SS in the genome ol Psexdononas syringae. tere. we present a program called EFFECTORSEARCH that syn-
thesizes and extends previous work by allowing users to identily candidate effectors based on any combination of the following

five criteria: protein length. proximity 1o the hrp promoter. n-terminal region. similarity to known elfectors. and dissimilarity

to housekeeping

genes. We dem

restrict attention to the candidates with the highest conflidence in their assignment.
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Introduction

In bacterial species of Shigella. Salmonella. Esche-
richia coli« Burkholderia« Yersinia« Chlamvdia.
and Pseudomonas. cffectors are translocated from
pathogen to host cells through a needle-like struc-
ture named type 111 secretion system (T3SS) V.
which are essential for the virulence of these gram-

Effectors enhance pathogenici-
[54

negative bacteria
ty in hosts that do not recognize them . but in
hosts that do. they elicit a resistance response. the
hypersensitive response CHR) . that inhibits patho-
gen growth With the rapid increase in availa
bility of sequenced bacterial genomes. there is tre
mendous opportunity to apply computational meth-
ods to study function and evolution T3S8S effector.
providing that effective tools for their identifica-
tion.

Previous efforts 10 identify candidate effectors
of T3SS through computational methods have fo-

cused on single motifs common among known cf-

fectors * %7 . Recent work ' has identified 93 can
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didate effectors in the genome of the DC3000 strain
of Pseudomonas svringuae by scarching for identi-
fied open reading frames in the region of 250 bp
downstream of the hypersensitive response and
pathogenicity C(hrp) promoter. Other work used
the N-terminal region of proteins to identify 57
candidate effectors """'"* _ Interestingly. there is
little overlap between candidates identified by u-
sing these 2 methods. although in cach case empir-
ical test confirmed that the method could effective-
ly identify new ceffectors. Recently. two novel
computational approaches were developed 1o detect
cffectors in all bacteria pathogens by analyzing the
amino acid composition. GG+ C content and N-ter-
minal region of the protein sequence!™ "

In this study. we combine and extend the
methods above by developing a new computational
tool that is able to identify T3SS effectors quickly !
and effectively. Five criteria are combined in a sin-
gle framework. and the user is able 1o weigh each
criterion to enhance selectivity of the set of candi-
date cffectors. With. EFFECTORSEARCH pro-
gram. we could reproduce previous results. search
broadly for candidates. and refine sets of candi-

dates to identify true effectors of T3S8S in pathogen

bacterial genome. i. c¢. those with empirical valida-
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tion of their function.

Methods

EFFECTORSEARCH is a software package
written with PERL scripts that can be run in a
Linux/Unix system (Figure 1). The five criteria
used to identify effectors in a target genome se-
quence are listed below.

Criterion 1: Protein length. The default mini-
mum length of candidate effectors is set at 100 ami-

[112.15-16]) o ve
[e

no acids because previous reports
shown that more than 96 % of proven T3SS effec-
tors contain more than 100 codons.

Criterion 2: Proximity to hrp promoter. The
default setting selects candidates if the promoter
and protein are located on the same contig and
within 5kb of each other. and if the hrp promoter
has a hidden Markov model score greater than 10. 0
(see Supplemental Material) 177,

Criterion 3:

N-terminal region. The default
setting requires candidates with the N-terminal re-
gion matching all 3 characters in the consensus pat-
tern for effectors ( see Supplemental Materi-
a])\ 4.11.18-19 X

Criterion 4: Similarity to known effectors. Se-
quence of each candidate was blasted by using
blastp against functionally confirmed effectors
from DC3000, B728a, 1448A and other 10 species
with a T3SS system to determine if the candidate
was a member of an established Effector family. If
=>50% . a candidate sequence could be aligned (e<<
107) with one known effector sequence. then the
candidate was considered to meet the criterion. All
functionally confirmed effectors and genomes we
used are listed in blast  data file of EFFEC-
TORSEARCH
Table 1.

Criterion 5;

package and in Supplemental
Filtering out candidate house-
keeping genes. Housekeeping genes, in contrast to
effectors. are likely to be shared and conserved by
more than one species We used blastp to filter
out candidate housekeeping genes which have hom-
ologues in 6 related Pseudomonas species (Supple-
mental Table 1) """, As for the previous criterion,
the e-value cutoff was set to 107 and the identity
was set to be = 50. All genes used in this criterion
are listed in the blast _data file of the EFFEC-
TORSEARCH package.

To run EFFECTORSEARCH . the user must

Shortgun Reads ) o IR
! 454 or Soles q gand A &
Contigs
Using Glimmer to Annotation S5
dict ORFs fgnned
; in Hidden Markov

Using IGS to

 annotate ORFs Yl

Length of protens)
>100 codons

Fig. 1  Workflow for the process of sequencing, annotation
and searching for candidate effectors. Major process-
ing modules are grouped and highlighted by color. The
nodes representing primary inputs, outputs, process-
ing steps, and intermediate datasets are denoted with
pentagons, ellipses, squares, and diamonds, respec-

tively.

define the criteria and their relative weights. as
well as the two additional parameters that describe
the target genome sequence. The first of these ad-
ditional parameters. termed "Genome". should be
stated "yes" if a fully sequenced genome is being
provided and "no" otherwise. The second parame-
Codon Table". In EFFEC-
TORSEARCH, there are 24 tables of genetic codes

by which genes are translated into proteins; the

ter is termed

first 23 of these were downloaded from NCBI and
the last one is a user-defined table. The user is a-
ble to select which table will be used to define the
genetic code. The parameter Score (Score = 2

(weight ¥ number) ) represents the sum of the



530 o AN

3t B F W

2012.28(6)

weighted criteria that must be met for a gene to be
selected as a candidate. The output of EFFEC-
TORSEARCH is an excel file listing detailed infor-
mation for each candidate, including the start and

end sites and which criteria were met.

Results

Using the genome of P. syringae DC3000, we
confirmed that EFFECTORSEARCH could relia-
bly reproduce published results. By setting Criteria
to "2" and Weight to "1", only the hrp promoter
(Criterion 2) was used to identify effectors in P.
syringae DC3000. Our selected effectors contained
the 93 candidates previously identified "', Similar-
ly, with Criteria = "3" the output included all 56
candidates identified by Schechter et al. (2006), as
well as additional new candidates, which were i-
dentified because we used the fully sequenced
DC3000 genome.

To test the selectivity and sensitivity of EF-
FECTORSEARCH. we used our program to
search through the genomes of three strains of P.
syringae (DC3000, B728a and 1448A; sequences
were all downloaded from NCBI) while considering
all five criteria weighted equally. Thus, Criteria =
"12345" and Weight ="11111".

The highest degree of selectivity is achieved
when Score was set to "5", meaning that all five
criteria should be met for a protein to be selected.
Setting Score = 5, we identified 18 candidates in
the genome of P. syringae DC3000. As expected,
a larger pool of candidates was identified when se-
lectivity was reduced (Score = 4 identifies 46 can-
didates, Score = 3 identifies 229 effectors). To
confirm that higher values for Score have greater
opportunity to identify true candidates, we calcu-
lated the fraction of candidates for which empirical
validation of T3SS-dependent secretion or translo-

[4.12.18-19, 22-26

cation had been published For Score
=5, 94.4% (17 / 18) effectors had been experi-
mentally validated, for Score = 4, 82. 6% had
been experimentally validated and for Score = 3,
only 20. 1% had been previously validated (Figure
2a). Of course, many effectors were not tested for
their secretion or translocation, and thus the per-
centage of true candidates will be underestimated.

Similar results were also found for two other
strains of P. syringae (Figure 2b). When Score

= 5, there were 11 candidates identified in B728a

and 13 candidates in 1448A and most of these were
previously shown to be true candidates (81. 8% in
B728a and 76. 9% in 1448A) 127281,

All effectors selected when setting Score = 4
were listed in Supplemental Table 2; this table
provides a rich resource for future experimental re-
search.

As shown for DC3000, longer lists of candi-
dates were found when conditions were relaxed.
When Score = 4, there were 46, 21 and 33 candi-
dates identified in DC3000, B728a and 1448A, re-
spectively (Table 1&.28.3). While Score= 3, the
numbers increased to 229, 140 and 177 (Figure 2
and Figure 3). The sets of candidates identified
with Score = 3 included more than 90% of candi-

t.10-12.16 . and

dates found in most previous papers
74. 5% of effectors identified by Ferreira et al.
(2006) (Figure 3). Only two functionally con-
firmed effectors (PSPTO _4590&.PSPPH _5225)
were not identified by EFFECTORSEARCH when
setting Score = 3. Comparing with other two compu-
tational approaches (SIEVE and EffectiveT3) 1,
EFFECTORSEARCH with Score=3 had the high-
est selectivity (Table 1&.2&.3) in three strains of
P. syringae.

Discussion

The T3SS is one of important secretion sys-
tems necessary for the virulence of gram-negative
pathogens; however the prediction of T3SS effec-
tors is complex. Given the substantial effort nee-
ded to confirm the function of putative effectors, a
computational tool that helps to prioritize empirical
efforts could be quite useful. EFFECTORSEARCH
works as such a computational tool to identify ef-
fectors with higher or lower selectivity based on
user-define parameters. The verification on results |
of EFFECTORSEARCH has been proven in P.
syringae and it is with higher selectivity than other
previous programs. It then provides lists of candidates
and information about which criteria effectors meet

to facilitate empirical validation.
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Tab. 1 Effectors identified in DC3000 of P. syringae by several ways
E——— e g . @ Computational Approach EFFECTORSEARCH
SIEVE EffectiveT3 Score=5 Score=4  Score=3
Num’ 93 56 89 39 51 124 236 18 16 229
F 93 = 10 13 30 12 31 3 17 38 70
S )6 = o 53 34 14 40 36 18 39 54
l 59 — = = 35 17 10 35 18 10 65
G 35 = - = = 35 26 26 14 28 34
C 51 = — = = — 32 32 17 36 19
SIEVE 124 = = = = = = 17 16 3R 16
EffectiveT3 236 = = = = = = = 16 30 47
Proven effectors® 48 38 16 18 30 11 35 31 17 36 16
Selectivity”  79.2% 95.8%  100.0%  62.5% 85. 4% 72.9% 64.6% 35.4% 75.0% 95. 8%

1: Shared Effectors represent number of effectors which were identified by both two ways.

2—6: F represents effectors found by Ferreira ezal. (2006); S. Schechter ezal. (2006); L., Lindeberg ezal. (2006); G, Guttman ez al.

(2002); C, Collmer et al. (2002).

7: Num is the total number of effectors found by each approach.

§8: Proven effectors represent effectors with empirical validation of T3SS-dependent secretion or translocation.

9. Selectivity in this table is the percentage of proven effectors.

Tab. 2 Effectors identified in B728a of P. syringae by several ways
N . " Computational Approach EFFECTORSEARCH
SIEVE EffectiveT3 Score=5 Score=4 Score=3
Num 2 90 229 11 21 140
Iy 2t = 18 17 10 1.9 24
SIEVE 90 = — 37 10 16 22
EffectiveT3 229 = == = 7 15 25
Proven Effectors 18 18 14 185 9 18 18
Selectivity 100. 0% 77.8% 83.3% 50.0% 100. 0% 100.0%
Tab.3 Effectors identified in 1448A of P. syringae by several ways
T ; . Computational Approach EFFECTORSEARCH
SIEVE EffectiveT3  Score=5 Score=1 Score=3
Num 36 36 62 230 13 33 177
I 36 - 30 32 21 12 26 32
M 36 = = 27 20 12 25 33
SIEVE 62 = = o= 28 13 27 31
EffectiveT3 230 - = = = 10 21 28
Proven Effectors 23 23 22 20 15 10 18 22
Selectivity 100. 0% 95.7% 87.0% 65.2% 13.5% 78.3% 95.7%

Supplemental Material

Supplemental Text

More detailed information about criteria the
software used is provided below.

Criterion 2: Proximity to hrp promoter. The
hypersensitive response and pathogenicity ( Hrp)

promoter box. which is responsive to the Hrpl

factor and facilitates the injection of effectors into
plant cells, is characterized by a functional and
conserved region upstream of candidate effectors
(Fouts, et al. ,» 2002). To search for Hrp promot-
ers in the target genomes. we first built a calibra-

ted hidden Markov model ( HMM )

whole-genome nucleotide monomer-based statisti-

based on a

cal background model and a combined. aligned lev-
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el 2 training set (Eddy., 1998; Ferreira, et al.,
2006).

computing single nucleotide frequencies using the

The background model was created by

program compseq from the EMBOSS suite (Rice.
et al. , 2000). The default parameters for building
this HMM model were ——num 50000 --mean 500 --
sd 100.

through the whole target genome to identify candi-

Resulting HMM matches were scanned

date hrp promoters with scores greater than 10, 0.
Two Perl scripts. promoter_find. pl and promot-
er. pl. in EFFECTORSEARCH were used to list
all candidate promoters and their downstream ef-
fectors.

Criterion 3: N-terminal region As a result of
multiple studies ( Greenberg and Vinatzer. 2003;
Guttman, et al. » 2002; Lindeberg, et al. , 2005;

Supplemental Tab. 1.

Petnicki-Ocwieja. et al. , 2002), it is known that
there is a consensus T3SS targeting pattern in the
N-terminal region of effectors. This consensus pat-
tern has the following characters: (1) >=10%
Ser content in the NH2-terminal 50 amino acid re
gion; (2) Ile. lLeu. Val or Pro in the third or
fourth position; (3) no Asp or Glu residues in the
first 12 amino acids. By searching through all pre-
dicted ORF sequences of the whole target genome
for this consensus pattern, we were able to identify
candidate effectors. The default setting of EFFEC-
TORSEARCH requires sequences identified as can-
didates to have the N-terminal regions matching all

these three characters

Supplemental Tables

List of source species for genes used in EFFECTORSEARCH

Species used - . Number
o Kingdom Host TTSS . Reference
in Criteria 4 of Effector
Pseudomonas syringae pv. . . .
. Bacteria Plant & 60 (Lindeberg. et al. » 2005)
tomato str. DC3000
Pseudomonas syringae pv. .
. ~ Bacteria Plant + 28
syringae B728a
Pseudomonas syringae  pv. . .
) Bacteria Plant + 36
phaseolicola 1448 A
Shigella sp. Bacteria Human == 11 (Ogawa. et al. . 2008)
) . Animal .
Pseudomonas aeruginosa Bacteria + 1 (Engel and Balachandran, 2009)
and Human
Bordetella bronchise ptica Bacteria Mammals + | (Panina., et al. , 2005)
o ) Human .
Yersinia spp. Bacteria e & 6 (Bliska, 2000)
and mammals
= . (Ohl and Miller, 2001; Schlumberg-
Salmonella sp. Bacteria Human == 6
er and Hardt, 2006)
Enterotoxigenic ) (Clarke, et al., 2003; Iguchi, et
. ) Bacteria Human oy 19
Escherichia coli al. . 2009)
Ralstonia solanacearum Bacteria Plant £ 74 (Poueymiro and Genin, 2009)
Xanthomonas sp. Bacteria Plant + 27 (Kay and Bonas, 2009)
Erwinia amylovora Bacteria Plant = 5 (Boureau. et al. , 2006)
Pantoea agglomerans Bacteria Plant and animal I 6 (Barash and Manulis-Sasson. 2007) |
Species used S Refseq
R @ e Kindom Host I'I'SS ) Reference
in Criteria 5 from NCBI
Pseudomonas putida Bacteria NA NC 002947 (Nelson, et al. , 2003)
) . Animal a § . .
Pseudomonas aeruginosa Bacteria + NC 011770 (Winstanley, et al. , 2009)
nd human
) ) NC 007492NC
Pseudomonas fluorescens Bacteria human = (Paulsen, et al. , 2005)
004129
Pseudomonas mendocina Bacteria human + NC 009439 NA
Pseudomonas stutzeri Bacteria human - NC 009434 (Yan, et al. , 2008)
pathogenic

Pseudomonas entomo phila Bacteria

for insects

NC 008027 (Vodovar, et al. , 2006)
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Supplemental Tab. 2. Candidate effectors identified by EFFECTORSEARCH when Score = 4

Locus Strain Num Locus Strain Num

PSPTO_A0012 DC3000 5 Psyr_1193 B728a 5
PSPTO_4776 DC3000 5 Psyr 1188 B728a 5
PSPTQO_4727 DC3000 5 Psyr 1183 B728a 5
PSPTO_4724 DC3000 5 Psyr_4919 B728a 5
PSPTO 4722 DC3000 5 Psyr_4269 B728a 5
PSPTO_4718 DC3000 5 Psyr_1889 B728a 5
PSPTO_4001 DC3000 5 Psyr 1192 B728a 5
PSPTO_1568 DC3000 5 Psyr_4659 B728a 1
PSPT(O_1382 DC3000 5 Psyr 3839 B728a 1
PSPTO_1377 DC3000 5 Psyr_1218 B728a 1
PSPTO._1373 DC3000 5 Psyr_1186 B728a !
PSPTO 1372 DC3000 5 Psyr 0779 B728a |
PSPTO_0901 DC3000 b Psyr_1224 B728a 1
PSPTO_0883 DC3000 5 Psyr 1219 B728a 1
PSPTO_0877 DC3000 5 Psyr 1189 B728a !
PSPTO 0876 DC3000 5 Psyr 0778 B728a |
PSPTO 0588 DC3000 5 Psyr 0738 B728a I
PSPTO_0044 DC3000 5 PSPPH._1264 1448 A 5
PSPTO_A0019 DC3000 4 PSPPH_1295 1448A 5
PSPTO_A0018 DC3000 | PSPPH_1296 1448A 5
PSPT(_5628 DC3000 ! PSPPH _1443 1448 A 5
PSPTO_5354 DC3000 1 PSPPH_4366 1448 A 5
PSPTO 4732 DC3000 4 PSPPH_A0010 1448A 5
PSPTO_4726 DC3000 | PSPPH_A0012 1448A 5
PSPTO_4720 DC3000 4 PSPPH 1272 1448A 5
PSPTO_4703 DC3000 4 PSPPH_0171 1448 A 5
PSPTO_4691 DC3000 4 PSPPH_4326 1448 A 5
PSPTO_4597 DC3000 | PSPPH 4736 1448 A 5
PSPT(O_4594 DC3000 | PSPPH _0767 1448 A )
PSPTQ 4331 DC3000 1 PSPPH_A0120 1448A 5
PSPTQO_4250 DC3000 1 PSPPH_1263 1448A 1
PSPTO_4101 DC3000 | PSPPH_1266 1448A |
PSPTO_3087 DC3000 1 PSPPH _1268 1448A 1
PSPTO_1106 DC3000 4 PSPPH 1273 1448 A 1
PSPT(O_1405 DC3000 4 PSPPH_1424 1448 A !
BSPTO. 1375 DC3000 | PSPPH_1269 1448A 1
PSPTO_1370 DC3000 1 PSPPH_1274 1448A |
PSPTO _0905 DC3000 | PSPPH_2198 1448A 1
PSPTO 0904 DC3000 4 PSPPH 2351 1448 A |
PSPTO 0838 DC3000 4 PSPPH_3028 1448 A |
PSPTO _0589 DC3000 | PSPPH_3498 1448A 1
PSPTO_0502 DC3000 | PSPPH_4540 1448A !
PSPTO_0501 DC3000 1 PSPPH_0784 1448A 1
PSPTO 0174 DC3000 1 PSPPH_A0009 1448 A |
PSPTO_0473 DC3000 | PSPPH_A0031 1448 A 1
PSPTO 0061 DC3000 | PSPPH_A0075 1448 A 1
Psyr 1184 B728a 5 PSPPH_A0087 1448 A 4
Psyr_4326 B728a 8 PSPPH_A0110 1448A |
Psyr_3813 B728a 5 PSPPH_A0127 1448A |
Psyr_ 1220 B728a 5 PSPPH_A0129 1448A 4

Note: Num is the number of criteria that were met for each candidate effector.
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Fig. 2 Higher values of Score identified most functionally
confirmed effectors as candidates but fewer total can-
didates, whereas lower values of Score identified more
total candidates but fewer functionally confirmed ef-
fectors.

(A) The number of candidates identified in P. sy-
ringae DC3000 strain by EFFECTORSEARCH for
a given value of the Score parameter, (B) The pro-
identified by EFFEC
TORSEARCH are in fact functionally confirmed ef-

fectors for each of three strains of P. syringae for a

portion of candidates

given value of Score.

References

[1]Buell CR. Joardar V. Lindeberg M. et al. . The complete ge-
nome sequence of the Arabidopsis and tomato pathogen Pseudo-

Proc Natl Acad Sci U S

10181-10186. DOI. 10. 1073

monas syringae pv. tomato DC3000 []J].
A. 2003, 100 ( 18 ):
pnas. 1731982100

[2]Galan JE,Wolf-Watz H. Protein delivery into eukaryotic cells by
type 111 secretion machines [J]. Nature. 2006, 444(7119) ; 567-
573. DOI:10. 1038/nature05272

[3]Studholme D. Ibanez SG. Maclean D. et al. A draflt genome se-
quence and functional screen reveals the repertoire of type I11 se-
creted proteins of Pseudomonas syringae pathovar tabaci 11528
[J7. BMC Genomics, 2009, 10; 395. DOI:10. 1186/1471-2164
10-395

[4]Petnicki-Ocwieja T. Schneider D], Tam VC. et al. Genomewide
identification of proteins secreted by the Hrp type 111 protein se-

tomato DC3000

[J]. Proc Natl Acad Sci U S A, 2002, 99(11).: 7652-7657.

DOI: 10.1073/pnas. 112183899

[5]Ellis JG. Dodds PN. Lawrence GJ. The role of secreted proteins

cretion system of Pseudomonas syringae pv.

in diseases of plants caused by rust. powdery mildew and smut

Fig.3 EFFECTORSEARCH found almost all effectors iden-
tified by previous researchers using other methods and
also found previously unidentified candidate effectors.
(A) Effectors identified in DC3000. (B) Effectors i-
dentified in B728a. ( C) Effectors identified

in 1448A.

Notes: Circles with different colors represent the

number of effectors identified by using a particular

method: the more effectors identified. the larger the
circle. The overlap between circles represents the
number of effectors identified by more than one
method. Blue circles represent effectors found by

Ferreira et al. (2006); Red circles. Schechter et al,

(2006 ), Pink circles. Lindeberg et al. (2006);

Green circles. Guttman et al. (2002); Yellow cir-

cles. Collmer et al. (2002); Brown circles, Vencato

et al. (2006). Sky-blue. Grey. and Black circles re-
present effectors found by EFFECTORSEARCH

with Score = 3. 1 and 5 respectively.

fungi [J]. Curr Opin Microbiol, 2007, 10(4); 326-331. |

[6 7 Mudgett MB. New insights to the function of phytopathogenic
bacterial type 111 effectors in plants [J]. Annu Rev Plant Biol,
2005, 56 509-531. DOI: 10. 1146/annurev. arplant. 56.
032604. 144218

[7]Greenberg JT. Programmed cell death in plant-pathogen interac-
tions [ ] ]. Annu Rev Plant Physiol Plant Mol Biol, 1997, 48;
525-545. DOI: 10. 1146/annurev. arplant. 48. 1. 525

[81Jehl MA. Arnold R. Rattei T. Effective-a database of predicted

secreted bacterial proteins [J]. Nucl Acids Res, 2011, 39(suppl
1): D591-D595. DOI: 10. 1093/nar/gkql154

[9]McDermott JE. Corrigan A, Peterson E. et al. Computation
prediction of type I and 1V secreted effectors in gram-negative
bacteria [J]. Infect Immun, 2011, 79(1): 23-32. DOI. 10,
1128/1AL 00537-10

[10]Ferreira AO. Myers CR, Gordon JS. et al. Whole-genome ex
pression profiling defines the Hrpl. regulon of Pseudomonass
ringae pv. tomato DC3000. allows de novo reconstruction of t
Hrp cis clement, and identifies novel coregulated genes []]
Mol Plant Microbe Interact, 2006, 19(11): 1167-1179. DOL
10. 1094/MPMI -19-1167

[11] Guttman DS, Vinatzer BA. Sarkar SF. et al. A functio



6 1 ZHANG Wen.et al: EFFECTORSEARCH : Software for identifying effectors of T3SS in bacterial species

(2]
w
o

screen for the type 111 (Hrp) secretome of the plant pathogen
Pseudomonas syringae [J]. Science, 2002, 295(5560); 1722-
1726. DOI: 10. 1126/science. 295. 5560. 1722

[12]Schechter LM, Vencato M, Jordan KL et al. Multiple approa-
ches to a complete inventory of Pseudomonas syringae pv. to-
mato DC3000 type 111 secretion system effector proteins [ J].
Mol Plant Microbe Interact, 2006, 19(11). 1180-1192. DOI.
10. 1094 / MPMI -19-1180

[13]Arnold R. Brandmaier S. Kleine F. et al. Sequence-based pre-
diction of type 111 secreted proteins [J]. PLoS Pathog. 2009, 5
(4): e1000376. DOI: 10. 1371 /journal. ppat. 1000376

[14]Samudrala R. Heffron F, McDermott JE. Accurate prediction
of secreted substrates and identification of a conserved putative
secretion signal for type 1II secretion systems [ J]. PLoS
Pathog, 2009, 5 (4); ¢l000375. DOI: 10. 1371/journal.
ppat. 1000375

[15]Collmer A. Lindeberg M. Petnicki-Ocwieja T, et al. Genomic
mining type Il secretion system effectors in Pseudomonas sy-
ringae yields new picks for all TTSS prospectors [J]. Trends
Microbiol. 2002, 10(10): 462-469. DOI:10. 1016/S0966-842X
(02)02451-4

[16]Lindeberg M. Cartinhour S. Myers CR. et al. Closing the cir-
cle on the discovery of genes encoding Hrp regulon members and
type 111 secretion system effectors in the genomes of three model
Pseudomonas syringae strains [ ]]. Mol Plant Microbe Interact,
2006, 19¢(11): 1151-1158. DOI. 10. 1094/MPMI -19-1151

[17]Fouts DE, Abramovitch RB, Alfano JR . et al. Genomewide i-
dentification of Pseudomonas syringae pv. tomato DC3000 pro-
moters controlled by the Hrpl. alternative sigma factor [ ] ].
Proc Natl Acad Sci U S A, 2002, 99(4) . 2275-2280. DOI: 10.
1073/pnas. 032514099

[18]Lindeberg M, Stavrinides ], Chang JH. et al. Proposed guide-
lines for a unified nomenclature and phylogenetic analysis of
type 111 Hop effector proteins in the plant pathogen Pseudo-
monas syringae [ ] ]. Mol Plant Microbe Interact, 2005, 18(4):
275-282. DOI: 10.1094/MPMI -18-0275

[19]Greenberg JT. Vinatzer BA. Identifying type 111 effectors of
plant pathogens and analyzing their interaction with plant cells
[J7]. Curr Opin Microbiol, 2003. 6(1): 20-28. DOI: 10. 1016
S1369-5274(02)00004-8

[20]Hacker J. Carniel E. Ecological fitness. genomic islands and

bacterial pathogenicity - A Darwinian view of the evolution of
microbes [ ] ]. Embo Rep. 2001, 2(5): 376-381. DOI. 10.
1093/embo-reports/kve097

[21]Altschul SF. Gish W, Miller W, et al. Basic local alignment
search tool [J]. J Mol Biol. 1990, 215(3): 403-410. DOI. 10.
1006/jmbi. 1990. 9999 pmid:2231712

[227]Zwiesler-Vollick J, Plovanich-Jones AE. Nomura K. et al. 1-
dentification of novel hrp-regulated genes through functional ge-
nomic analysis of the Pseudomonas syringae pv. tomato DC3000
genome [ J]. Mol Microbiol, 2002, 45(5): 1207-1218. DOI.
10. 1046/j. 1365-2958. 2002. 02964. x

[23]Chang JH. Urbach JM, Law TF, et al. A high-throughput,
near-saturating screen for type III effector genes from Pseudo-
monas syringae [ ]]. Proc Natl Acad Sci U S A, 2005, 102(7);
2549-2554. DOI: 10. 1073/pnas. 0409660102

[24] Vinatzer BA, Jelenska J. Greenberg JT. Bioinformatics ¢or-
rectly identifies many type 111 secretion substrates in the plant
pathogen Pseudomonas syringae and the biocontrol isolate P.
fluorescens SBW25 []J]. Mol Plant Microbe Interact, 2005, 18
(8): 877-888. DOI: 10.1094/MPMI -18-0877

[25]Badel JL., Shimizu R, Oh HS, et al. A Pseudomonas syringae
pv. tomato avrE1/hopM1 mutant is severely reduced in growth
and lesion formation in tomato f_l_] Mol Plant Microbe Inter-
act, 2006, 19(2): 99-111. DOI: 10.1094/MPMI -19-0099

[26]Preston G, Huang HC, He SY. et al. The HrpZ proteins of
Pseudomonas syringae pvs. syringae. glycinea and tomato are
encoded by an operon containing Yersinia ysc homologs and elic-
it the hypersensitive response in tomato but not soybean [ ] ].
Mol Plant Microbe Interact, 1995, 8(5). 717-32. DOI. 10.
1094/ MPMI-8-0717

[27]Vencato M, Tian F, Alfano JR. et al. Bioinformatics-enabled i-
dentification of the Hrpl. regulon and type 111 secretion system
effector proteins of Pseudomonas syringae pv. phaseolicola
1448A []J]. Mol Plant Microbe Interact, 2006, 19(11): 1193-
1206. DOI: 10.1094/MPMI -19-1193

[28]Deng WIL., Rehm AH. Charkowski AO. et al. Pseudomonas
syringae exchangeable effector loci: sequence diversity in repre-
sentative pathovars and virulence function in P. syringae pv.
syringae B728a [J]. J Bacteriol. 2003, 185(8). 2592-2602.
DOI: 10.1128/]B. 185. 8. 2592-2602. 2003

Received:2012-05-10; Revision accepted:2012-05-30

EFFECTORSEARCH
i BT R R 2L e = 7R 2 Tt 2 B8 2802 11 1)

ik %£'.Joy Bergelson®

B EREEATERMRAFEZA

HBABRKNHFMHRT ERATNARAPTHEEH S THH . AW A 20 R

G(T3SHAEH PR EEN —F, TISSAHHA“BHERE . MEFANARRAET UK E oS 2 Em P, HF K
AR TISSAREAETEAXR Y EEHMYWEIHBEFE T EXCHRB T AT LFELE, AXNFT —FRF N 4L
Wz B FH A LEEFFECTORSEARCH) . T H TAMA M A FE AP HM TISSHER . FHEAAXFHFENFTHAET F
& 2§ ¥ (Pseudomonas syringae) 3 F 4 & T3SS EFH oy 4 £ .

X $17 : Effectorsearch; & J& W 3 F 41 ; T3SS; fil M
FES%ES:R XEKFRIZAS A

X E4HS:.1002—2694(2012)06 — 0528 — 08



