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ABSTRACT

Orientia tsutsugamushi, causative agent of scrub typhus, is an obligate
intracellular bacterium. O. tsutsugamushi usually infects vascular
endothelial cells, macrophages, polymorphonuclear leukocytes (PMN), and
lymphocytes in patients or experimental animals. O. tsutsugamushi escapes
from the phagosome into the cytoplasm, and then freely replicates in the
host cytoplasm. Type IV secretion systems are ancestrally related to the
bacterial conjugal system and are thought to function to deliver effector
molecules produced by parasitic or symbiotic bacteria into eukaryotic
target cells. Genomic sequence data indicate that 11 genes (virB3, B4, B6,
B8, B9, B10, B11, and virD4) encoding products that are similar to
components of the bacterial type IV secretion system (T4SS) are located
on separate loci of the Orientia genome. Five genes (virB8, B9, B10, B11,
and virD4) were polycistronically transcribed. Several vir genes (virB4,
virB10 and virD4) for T4SS were expressed in O. tsutsugamushi during
host infection in cell culture (L929 fibroblast and J774A.1 macrophage)
and murine host (C3H/HeN). Transcripts for virB4 and virB10 gene were
temporally expressed. In contrast, tsI gene for 56—kDa outer membrane
protein was constitutively expressed during infection. Temporal regulation
of bacterial vir gene expression may be associated with host type

interferon response.

Key word : Orientia tsutsugamushi, type IV secretion system,

virB/D genes, temporal regulation, host cytokine response
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INTRODUCTION

1. Orientia tsutsugamushi

Orientia tsutsugamushi, an obligate intracellular bacterium, is the
causative agent of scrub typhus (tsutsugamushi disease). This bacterium
is transmitted by the bite of the larval stage of certain trombiculid mites of
chiggers. The disease in characterized by fever, rash, eschar, pneumonitis,
meningitis, and disseminated intravascular coagulation, often leading to
multiple organ failure (Chi et al, 1997; Watt et al, 1994). O.
tsutsugamushi  usually infects endothelial cells, macrophages,
polymorphonuclear leukocytes (PMN), and lymphocytes in patients or in
experimental animals (Murata et al.,, 1985; Ng et al., 1985; Rikihisa et al.,
1979; S. et al., 1996; D. S. Walsh et a/, 2001; Moron et al., 2001).

After attachment to the host cell plasma membrane, O. tsutsugamushi
induces its own uptake through a process called induced phagocytosis in
case of nonprofessional phagocyte (Rikihisa et al, 1979; Urakami et al.,
1983; Urakami et al., 1984). Subsequently, O. tsutsugamushi escapes from
the phagosome into the cytoplasm where the bacterium can replicate
(Rikihisa et al, 1979; Kawamura et al, 1995). O. tsutsugamushi moves
along the microtubules to the microtubules organizing center, replicating in
the perinuclear region (Kim et al, 2001). The virulence factors related to
the phagosomal membrane lysis have not been identified. As O.
tsutsugamushi multiple in the cytoplasm of host cells, some organisms move
to the cell surface, acquire a host—membrane coat derived from the host
cell's plasma membrane, and bud from the cell surface. Membrane—enclosed

bacterium appeared to be phagocytozed by other cells.



2. Type Secretion System

Pathogenic bacteria employ many devices to subvert the defenses of
host cells. Among these, some secrete virulence factors to the host cell
environment, more craftily, directly into the interior of the host cell. A
pathogenic bacterium is evolved specialized multi—component secretion
systems for this task. Recently, type secretion systems (T4SS) have
been shown to be specifically required for virulence in many human
pathogens including Bartonella henselae (cat—scratch disease),
Helicobacter pylori (gastric ulcers) (Covacci et al. 1997), Legionella
pneumophila (Legionnaire’s disease) (Vogel et al. 1998), Ehrlichia
chaffeensis, Anaplasma phagocytophila (Norio et al. 2002), Wolbachia
spp.(Shinji et al. 2000), and Rickettsia prowazekii (epidemic typhus)
(Andersson et al. 1998). The T4SS is ancestrally related to the bacterial
conjugal system and is. thought to deliver effector macromolecules
produced by parasitic or symbiotic bacteria into eukaryotic target cells.

T4SS are promiscuous macromolecular transporters of Gram-—
negative bacteria that mediate intercellular transfer of various substrates
between bacteria or bacteria and eukaryotic cells (Winans et al. 1996;
Censini et al. 1996; Vogel et al. 1998). Each of these systems exports
distinct protein or protein—DNA substrates to affect a myriad of changes in
host cell physiology during infection. This subgroup of T4SS is exemplified
by the Agrobacterium tumefaciens (Christie et al. 1997) VirB system
involved in delivering the oncogenic T—DNA into plant cells, the
Helicobacter pylori Cag system mediating transfer of the CagA protein into
infected gastric epithelial cells (Tanaka et al. 2003), and the Bordetella
pertussis Ptl system mediating export of the multicomponent pertussis

toxin. In contrast to the pathogens described above, L. pneumophila is



facultative intracellular pathogens, the infection cycles of which depend on
type secretion after internalization into the host cell. During infection, L.
pneumophila uses this transfer system to inject effector proteins into the
phagosome, to control biogenesis of the replicative vacuole and to
modulate the activity of host factors involved in vesicle traffic (Conover et
al. 2003; Nagal et al. 2001; Eric et al. 2003).

The T4SS have been classified into two groups. One group consists
of genes orthologs to the virB and virD genes of A. tumefaciens. The T4SS
in most bacteria, including L. pneumophila Ivh, belong to this group.
Another group contains the dot—icm genes of L. pneumophila and collb
genes of Shigella flexneri. The Lvh system of L. pneumophila functions as
a DNA conjugation system, while the dot—icm system is required for the
bacterial virulence. In former group, VirB/D T4SS of the A. tumefaciens,
the subcellular locations and topologies of the VirB mating pore formation
(Mpf) proteins have been predicted (Lavigne et al, 2006). For this, the
VirB proteins can be divided into three classes (Eric et al, 2003). First,
the putative channel components include the inner—membrane proteins
VirB6, VirB8 and VirB10 (Judd et al, 2005; Kumar et al, 2000), and the
outer—membrane proteins VirB3, VirB7, VirB9(Suleyman et al, 2003).
Second, energetic components include two ATPases, VirB4 and VirB11,
probably provide energy to drive substrate transfer. Finally, the pilus
component, VirB2, assembles as the T—pilus in association with VirB5 and
the VirB7 lipoprotein (Jones et al, 1996). The VirD4 protein act as
coupling protein (CP), recruits DNA substrates to the T4SS machine, then,
through the VirB10 contact, the CP coordinates passage of the substrates
through the Mpf protein channel (Cascales, et al/, 2005; Liosa et al/, 2003;

Peter, 2004.). With the increasing availability of complete bacterial genome



sequences, the number of putative T4SS family members is expanding
rapidly, suggesting that macromolecular transfer by these systems is a

wide—spread phenomenon in nature.

3. Type IV Secretion System in Orientia tsutsugamushi

The virulence factors related to the phagosomal membrane lysis have
not been identified. In addition, | don't know whether O. tsutsugamushi
control host factors for its survival. If the O. tsutsugamushi change host cell
physiology during infection or regulate host signal just like L. pneumophila,
perhaps O. tsutsugamushi use T4SS to transfer effector molecules into host
cytoplasm.

The genome sequences of O. tsutsugamushi are almost identified, that
allow studying of T4SS for O. tsutsugamushi. In the present study, |
characterized 15 vir genes (1 virB3, 2 virB4, 5 virB6, 2 virB8, 2 virB9, 1
virB10, 1 virB11, and 1 virD4) in O. tsutsugamushi and compared those
with the vir genes of other bacteria. In addition, transcriptional analysis of
these genes was performed in cell culture and experimentally infected mice.
This is the first report of the type secretion system in the O.

tsutsugamushi.



MATERIALS AND METHODS

1. Orientiae

The prototype strain, O. tsutsugamushi Boryong was propagated in
monolayers of L—929 cells. L929 cells proliferate in Dulbecco’'s modified
Eagle’s medium (DMEM; Gibco BRL, NY, USA) containing 10% heat—
inactivated fetal bovine serum (FBS; Gibco BRL, NY, USA), and antibiotic—
antimycotic. The cells were infected by orientiae inoculum, and infected
cells were incubated for 2 hr in a humidified 5% CO, atmosphere at 37
When more than 90% of the cells were infected, as determined by an
indirect immunofluorescent—antibody technique (Chang et a/., 1990), cells
were collected, centrifuged at 9,940 x g for 20 min. Pellet was diluted
with media, then homogenized with a glass Dounce homogenizer (Wheaton
Inc., NJ, USA), and centrifuged at 500 x g for 5 min. The supernatant
was recovered and stored in liquid nitrogen until use. The infectivity titer
of the inoculums was determined with modification that five—fold serially
diluted oriential sample were inoculated onto L929 cell layers on 24—well
tissue culture plates. After 3 days of incubation at 34 , the cells were
collected, fixed, and indirect immunofluorescent antibody assay was
performed. The ratio of infected cells to the counted number of cells was
determined microscopically, and infected—cell counting units (ICU) of the
oriential sample were calculated as follows (Tamura et al, 1981):
ICU=(total number of cells used in infection) x (percentage of infected
cells) x (dilution rate of the orientiae suspension)/100. A total of 2 x 10’

to 1.2 x 10° ICU/mI of O. tsutsugamushi was used.



2. Mice

Female C3H/HeN mice that are susceptible to O. tsutsugamushi,
purchased from SLC Inc. (Japan) were kept in the animal facility located in
the Cheju National University College of medicine. Utmost precautions
were taken so the mice remained free from infection from environmental
pathogens. Animal procedures were performed according to the guidelines
of the Laboratory Animal Care Committee of Cheju National University
College of Medicine. All mice used were 7 to 10 weeks old. The O.
tsutsugamushi inoculums (5% 10° ICU /mouse) were injected into the
peritoneal cavity of C3H/HeN mice. After 11 days, when bacterium
replication is maximum, the O. tsutsugamushi—infected mice were
sacrificed by cervical dislocation. The mouse was pined to the cutting
board, skin was cut to expose the entire peritoneal cavity. With the bevel
side of the needle up, the needle was inserted along the mid—line and
injected PBS into the peritoneal cavity. And then, the PBS was aspirated
into the syringe slowly. The collected cell solution was centrifuged at

6,000 x g,4 ,for 10 min. The pellets were stored at —70  until use.

3. Indirect immunofluorescent—antibody (IFA) staining

Slide was fixed with acetone. The slide was incubated with diluted
primary antibody (human), and then incubated for 30 min at 37°C. Slide was
washed 3 times in 1 x< PBS for 5min by shaking. After the slide was dried, it
was stained with FITC-labeled antibody to human IgG, and incubated in the
dark at 37°C for 30 min. The slide was washed 3 times with PBS for 5 min
by shaking. The dried slide was incubated in Evans Blue (Sigma, MO, USA)
for 1 min, and then washed two times in PBS for 1min by shaking. Finally,

the slide was mounted each cover slip using Mounting Media (90% glycerol,



10% PBS).

4. Synchronous infection

J774A.1 cells were seeded onto 6—well plates. For synchronous
infections, J774A.1 cells that infected with O. tsutsugamushi (50 ICU/cell)
were centrifuged at 500 x g for 5 min immediately. The cells were
incubated for 2 hr, then media were exchanged. Cells and culture
supernatant were recovered at 0, 1, 3, 6, 12, 24, and 48 hr after infection
of O. tsutsugamushi. The medium was stored at —70  after centrifugation.
For removal of any bacterial inoculum, cells were subjected to PBS
washing, and collected into centrifuge tubes. Tubes were centrifuged at
400 x g for 3 min. The pellet was frozen in liquid nitrogen, then stored at
—70 until use. The same volume of O. tsutsugamushi inoculums was

centrifuged at 6,000 x g for 3 min, and then pellet was frozen as above.

5. Asynchronous infection

J774A.1 cells were seeded onto 6—well plates. The cells were
infected with O. tsutsugamushi by shaking. Infected cells were harvested
at 0, 1, 3, 6, 12, 24, and 48 hr after infection with O. tsutsugamushi. Tubes
were centrifuged at 400 x g for 3 min. The pellet was frozen in liquid

nitrogen, then stored at —70  until use for RNA preparation.

6. Reverse transcription (RT)—PCR

Total RNA was prepared from O. tsutsugamushi—infected cells by
using SV Total RNA Isolation System (Promega, WI, USA). After RQ1
DNase (Promega, WI, USA) treatment, RNA was reverse transcribed using

Reverse Transcription System (Promega, WI, USA) with random primers



(for bacterial RNA) or Oligo dT primers (for eukaryotic RNA) at 42  for
50 min. The cDNA were subjected to PCR amplification in a 25 reaction
mixture (60 mM KCI, 10 mM Tris—HCI, 0.1% Triton X—100, 1.9 mM MgCl,,
200 y M dNTP mixture, 1 y M of each primer, and 0.625 U of 7ag DNA
polymerase). The sequences of the primers and amplicon sizes are shown
in Table 1 & 2. PCR conditions were 35 to 40 cycles consisting of 1 min of
denaturation at 95 , 1 min of annealing at each temperature (Table 1 & 2),
and 1 min of extension at 72 . The PCR products (10 samples) were
electrophoresed in a 1.5% agarose gel containing 0.5 of ethidium
bromide per ml. A 100—bp DNA ladder (Promega, WI, USA) was used as
molecular size markers. The band intensities shown in autoradiography
were digitized by scanning the images and analyzed using Gel Doc 2000
Gel Documentation System and Quantity One software (Bio—Rad, CA,

USA).

7. Sequence analysis

A database search was carried out with the BLAST program (http://
www.ncbi.nlm.nih.gov/BLASTY/), (Altschul et al. 1997). Multiple alignments
were done using the CLUSTAL V method in the DNASTAR program
(DNASTAR, WI, USA). Phylogenetic analysis was performed with the
DNASTAR program (DNASTAR, WI, USA). GenBank accession numbers
of published Vir protein sequences used for the phylogenetic analysis are
as follows: R. prowazekii, AJ235269; R. conorii, AE006914; R. felis,
CPO00053; R. typhi, AE017197; Wolbachia sp. wMel, AE017196; E.
chaffeensis, CP000236; An. phagocytophila, CP000235; L. pneumophila,
CR628337; Bo. pertussis, BX470249; H. pylori; AEO000511; Ag.
tumefaciens, AEO08688; Ba. henselae, BX897699.


http://www.ncbi.nlm.nih.gov/BLAST/

Table 1. The sequence of primers for bacterial RNA and the expected size of the
RT-PCR products.

Amplicon . Annealin
Target . P Primer sequence 9
size(bp) Temp.
. F GCTCTAGACATTAGATATGGCGACCAGT
virB4 501 50
R GCTCTAGATGATAAAAATCTCTGCACCTC
) F GCTCTAGAGAAAGTTGAACAGCAAAAGC
virB8 419
R GCTCTAGAGCGTTAGCGCAATATTTTAT
VirB8 556 F GCTCTAGAGCGTTAGCGCAATATTTTAT
—VirB9 R GCTCTAGAACTTGATTGAAATCCAGCAT
) F GCTCTAGAAGTATTGCATGCTGGATTTC
virB9 284
R GCTCTAGACTTTATTGCACGCTTTCTTT
VirB9 510 F GCTCTAGATAGAAGTAGGGCGTGAACAT
—VirB10 R GCTCTAGACTTTTGGCAGTTTATTGGAC
VirB10 457 F GCTCTAGAAGTCCAATAAACTGCCAAAA
(€] R GCTCTAGAATCATCATTCTGCCATAAGC
virB10 S8 F GCTCTAGAATATTTATTGGGAAGGGGAA
@ R GCTCTAGAGTCTCAATTTCCATGCATTT
VirB10 567 F GCTCTAGATAGCGTTACAGCAACAGATG
—VvirB11 R GCTCTAGACGGTTAATCATCACCTCATT
virBi11 485 F GCTCTAGAAATGAGGTGATGATTAACCG
@ R GCTCTAGATGCGGAACTTCTAATAAAGC
virB11 492 F GCTCTAGAAGCATGCAATAAAGTCCAAA
&) R GCTCTAGAATCTAATTCCACGATCACCA
virB11 390 F GCTCTAGATGGTGATCGTGGAATTAGAT
—VirD4 R GCTCTAGATGGTTGCCAACTCTTAATTT
VirD4 427 F GCTCTAGAAAATTAAGAGTTGGCAACCA
(€] R GCTCTAGAAGGTTAGCAATTTTCTGCAC
virD4 513 F GCTCTAGAAGGTAAAGGGGTAGGTTTTG
@ R GCTCTAGATCAAGCCCAGAATTCATAGT
VirD4 540 F GCTCTAGAAAACATTTGGTGAAGTGGTC
3 R GCTCTAGATGAATTCATTCCTGCTTCTT
virD4 501 F GCTCTAGAAATGGAACAATTTAAAACCG
(C)) R GCTCTAGACTTATTTTTGATTATTATCTACGTT
F CTCCAGAGGAGAAGTTATTAAGAG
rpoB 247
R AGCTCCTTTACCCTAACAATAGTA
F CCAGGATTTAGAGCAGAG
tsi1 519 42
R CGCTAGGTTTATTAGCAT




Table 2. The sequence of primers for eukaryotic RNA and the expected size of the
RT-PCR products.

Amplicon Annealing
Target . sequences
size(bp) temperature

F GGTCTCCACCACTGCCCTTGC

MIP—-1a 357 55
R GGTGGCAGGAATGTTCGGCTC
F AGTTTGCCTTGACCCTGAAGCC

MIP-2 536
R CCATGAAAGCCATCCGACTGCA
F  TCTCTTCCTCCACCACCATGCAG

MCP-1 582
R GGAAAATGGATCCACACCTTGC
F ~CCTCACCATCATCCTCACTGCA

RANTES 215
R TCTTCTCTGGGTTGGCACACAC
F CCTATCCTGCCCACGTGTTGAG

IP-10 436
R  GGCGTCGCACCTCCACATAGCT
F GCGACGTGGAACTGGCAGAAG

TNF-a 340
R TCCATGCCGTTGGCCAGGAGG

IFN—p 296 F  GCACTGGGTGGAATGAGACTATTG
R  TTCTGAGGCATCAACTGACAGGTC

. F TGGAATCCTGTGGGATCCATGAAAC
B —actin 349 R

TAAAACGCAGCTCAGTAACAGTCCG

-10-



RESULT

1. Gene organization of virB and virD clusters in genome of O.
tsutsugamushi

O. tsutsugamushi has 15 vir genes for a Type secretion system
(Figure 1). Of 15 vir ORFs, eleven are arranged into two separate loci. One
contains virB3, virB4, virB6, and virB6—like coding sequences (CDSs)
forming a 15 kb gene cluster (OTBSv289 383-387). The other contains
virB8, virB9, virB10, virB11, and virD4 that form part of a 5.4 kb cluster
(0TBSv289 570-573). The gene organizations of the wirB and virD
clusters of O. tsutsugamushi were similar to the corresponding clusters of
the T4SS in other Gram-—negative bacteria. Through the genome
sequences of O. tsutsugamushi, the T4SS genome sequences were
searched to encoding products that are similar to components of other
bacterial T4SS (Appendix 1). In addition to the two major vir clusters, a
paralog of virB4 (OTBSv289 1278), virB8 (OTBSv289 812) and virB9

(OTBSv289 811) are also present in the Orientia genome.

2. Protein encoded by virB and virD genes of O. tsutsugamushi

Comparison with the database available for Gram—negative bacteria
showed that the VirB and VirD orthologous proteins of O. tsutsugamushi
had highest amino acid identities with those of Rickettsia spp.(Table 3).
Between O. tsutsugamushi and Rickettsia spp., three orthologs of VirB4,
Vir B11, and VirD4 are more conserved (66.3 to 72.4%) than the
remaining orthologs. To analyze the relationship between VirB and VirD

orthologs from O. tsutsugamushi and several other bacteria, | constructed

-11-



O. tsutsugamushi

OTBSv289 _ 382 N.D* 383 384 385 386 387 388 1278 1280
bbbl -
R. conorii
RC0136 RC0137 RC0140 RCO0141 RCO0142 RC0143 RC0145 RC0147 RCO0151 RC1217 RC1218
RC0138 RC0144 RCO0146 RC0148-50 RC0152

A 2 2 T

R-prowazekil = " sl o) - ) ) ) )

RP0O99 RP100 RP102 N.D? RP103 RP104 RP105 RP107 RP109 RP111 RP784 RP785
RP106 RP108 RP110 RP112

T T R AR

R. typhi
RT0038 RT0037 RT0034 RT0033 = RT0032  RTO031 RT0029 RT0027 RTO0025
RT0035 RT0030 RT0028 RT0026  RT0024
i $ i ¢ ¢ ¢ i methyltranferase
Wolbachia
wMel WD0862 WD0860 WDO0858 WD0857 WD0856 WD0854 WD0852

WD0859 WD0855  WDO0853

Figure 1. Genomic organization of gene clusters for a Type Secretion System
in O. tsutsugamushi. Vir orthologs of selected gram-negative bacteria were
compared with those of O. tsutsugamushi. (A) virB3, -B4 and -B6 cluster. N.D1, not
determined in the genome sequencing database (Genotech). The virB3 gene of O.
tsutsugamushi was found between OTBSv289 382 and OTBSv289 383 from the
genome sequence; N.D2, The virB3 gene of R. prowazekii was found between RP102

and RP103 from the genome sequence; H.P*, hypothetical protein.

-12-



‘ dnaA‘ ‘ virB8 H virBQH virBlO‘ ‘ virB11 ‘ [ vipa |
DNA polymerase

O. tsutsugamushi

OTBSv289 568 569 570 N.D"° 571 572 573 810 811 812

H.P"

Y \ Y A\
VirB9 paral. || virB8 paral. gppA

R. conorii
RCO0384 RCO0385 RC0387 RC0388 RC0389 RC0390 RC0391 RC0392
A A A A A A A A A
Y Y A\ \ v v Y Y Y
R. prowazekii -- -
RP286 RP287 RP289 RP290 RP291 RP292 RP293 RP294
A A A A A A A A A
A\ \2 A\ Y Y Y Y Y Y
R. typhi ; >
RT0277 RT0278 RT0280 RT0281 RT0282 RT0283 RT0284 RT0285
A A A A A
A\ A\ A\ A\ Y

Wolbachia [, () ) BT mmm—_
wMel

‘ virB8 paral. ‘ DNA polymerase ‘

WD0001 WDO0003 WD0004 WDO0006  WD0007 WDO0008 wD0817 WD0819
WD0005

Figure 1 continued. (B) virB8, -B9, -B10, -B11 and —D4 cluster. N.D*, not determined
virB9 gene of O. tsutsugamushi was found between OTBSv289 570 and
OTBSv289 571 from the genome sequence; H.P*, hypothetical protein.

-13-



Table 3. Identities of amino acid (aa) sequences of O. tsutsugamushi vir gene products to those of other bacteria
% aa identity (gene, aa no.)

protein O.tsutsugamushi R. conorii R. prowazekii R. typhi R. felis Emhﬁ_“\ww_:_m An. phagocytophila E. chaffeensis
VirB3 100 47.4 46.3 47.4 47.4 38.8 40.2 40.2
(N.D%, 102) (RC0140, 95) (N.D%, 95) (RT0034,98) | (RF0087, 95) (WD0859, 98) (APH_0372, 97) (ECH_0494, 97)
VirBa 100 66.3 66.5 66.4 66.7 58.6 56.7 58
(OTBSv289_383, 805) | (RC0141, 805) | (RP103, 805) | (RT0033, 805) | (RF0088, 805) | (WD0858, 801) (APH_0373, 801) (ECH_0495, 800)
20.6 18.4 20.1 20.1 18.3 22.8 18.7 20.2
(OTBSV289_1278,817) | (RC1217, 805) | (RP784,810) | (RTO771,810) | (RF1250,810) | (WD1173, 788) (APH_1129, 777) (ECH_1041, 791)
VirB6 100 29.9 29.8 29.6 30.6 12.1 12.1 12
(OTBSV289 384, 815) | (RC0142, 993) | (RP104, 1124) | (RT0032, 1135) | (RF0089, 1138) | (WD0857, 851) (APH_0374,846) | (ECH_0496, 826)
VirB6 like 100 28.3 27.4 27.3 16.7 14.1 13.7 12
(OTBSV289 385, 1290) | (RC0143, 661) | (RP105, 672) | (RT0031, 674) | (RF0090, 672) | (WD0856, 795) (APH_0375,928) | (ECH_0497, 922)
VirB6 like 100 27.4 285 27.8 11.3 15.6 14.2 14.5
(OTBSV289 386, 1091) | (RC0144, 966) | (RP106, 971) | (RT0030, 971) | (RF0091, 977) | (WD0855,992) | (APH_0376,1477) | (ECH_0498, 1468)
VirB6 like 100 17.5 17.5 17.1 11.2 10.6 11.6 11.6
(OTBSV289 387, 855) | (RC0145, 891) | (RP107,888) | (RT0029, 886) | (RF0092, 890) | (WD0854, 1242) | (APH_0377,2360) | (ECH 0499, 2768
VirB6 like 100 33.2 36.7 37.3 11.0 13.3
(OTBSV289 779, 738) | (RC0146, 1153) | (RP108, 1155) | (RT0028, 1154) | (RF0093, 1155) | (WD0853, 210)
VirBs 100 42.0 40.7 40.3 42.0 30.1 28.3 27.4
(OTBSV289_570, 226) | (RC0387, 243) | (RP289, 202) | (RT0280, 243) | (RF0465, 243) | (WD0004, 226) (APH_1406, 238) | (ECH_0044, 237)
13.3 13.7 13.7 13.7 15.0 13.2 13.3
(OTBSV289 812, 233) | (RC0385, 232) | (RP287, 247) | (RT0278,232) | (RF0463,232) | (WD0817, 220) (ECH_0579, 229)
VirB9 100 55.9 56.6 56.6 56.6 28.3 27.6 31
(N.D? , 145) (RC0388, 157) | (RP290, 157) | (RT0281, 158) | (RF0466, 158) | (WDO0005, 264) (APH_1405, 281) | (ECH_0043, 273)
29.0 331 317 331 331 29.7 31
(OTBSV289 811, 253) | (RC0384, 250) | (RP286, 250) | (RT0277,250) | (RF0462, 250) (APH_0081,271) | (ECH_0219, 270)
VirB10 100 29.9 28.0 28.8 29.7 21.0 17.7 18.3
(OTBSV289 571, 509) | (RC0389, 482) | (RP291,483) | (RT0282,483) | (RF0467,481) | (WD0006, 486) (APH_1404, 434) | (ECH_0042, 447)
VirB11 100 69.3 67.2 67.5 68.4 63.8 60.5 66.6
(OTBSV289 572, 329) | (RC0390, 334) | (RP292, 334) | (RT0283,334) | (RF0468,334) | (WD0007, 330) (APH_1403.332) | (ECH_0041, 332)
VirD4 100 72.4 72.3 72.4 71.7 63.6 62.9 63.7
(OTBSV289 573,593) | (RC0391,591) | (RP293,591) | (RT0284,591) | (RF0469,591) | (WD0008, 648) (APH_1402,740) | (ECH_0040, 714)

N.D* not determined. The VirB3 gene of O. tsutsugamushi was found between OTBSv289 382 and OTBSv289 383 from the genome sequence. N.D? . The VirB9 locus
of O. tsutsugamushi was found between OTBSv289_570 and OTBSv289_571 from the genome sequence. N.D3 ‘ The VirB3 locus of R. prowazekii was found between

RP102 and RP103 (113551..113835) from the genome sequence.
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phylogenetic trees based on the deduced amino acid sequences. The
alignments were generated by the CLUSTAL V method in the MegAlign
program (DNASTAR)(Appendix 2). These phylogenetic tree shown that
proteins for T4SS of O. tsutsugamushi are similar with those of Rickettsia

spp. than Anaplasmaceae.

3. Transcription of genes in the virB and virD cluster of O. tsutsugamushi

I utilize RT—PCR to analyze the expression of the clustered virB and
virD genes in O. tsutsugamushi cultivated in J774A.1 cells (Figure 2).
Without reverse transcriptase, no amplicon was detected in RT—PCR
analysis indicating the absence of contamination of genomic DNA in the
RNA preparation. As shown in Figure 2B, transcript of virB8, —B9, —B10,
—B11, and virD4 within one of the virB—D4 cluster was detected,
indicating the polycistronic transcription of these genes. As a result, |

guess transcriptional promoters are located upstream of the virB8 gene.

4. Transcriptional analysis of the virB and virD4 gene in vitro and in vivo

I examined by RT—PCR whether O. tsutsugamushi expresses the virB gene
in L929 fibroblast, J774A.1 macrophage cell lines and experimentally
infected mice (Figure 3 & 4). Transcripts of O. tsutsugamushi virB4,
virB10, virD4 and rpoB were detected in infected L929 fibroblast and
J774A.1 macrophage cell lines (Figure 3). Without reverse transcriptase,
no amplicon was detected in RT—PCR analysis using any of the primer
pairs, indicating the absence of contamination of genomic DNA in the RNA
preparation. Inability to detect these products when using RNA from
uninfected cells indicates that orientia—derived RNA served as the

template for these products. To examine oriential multiplication, IFA stain
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virB8 virB9 virB10 virB11 virD4

O. tsutsugamushi

%
OTBSv289 _ 570 N.D" 571 572 573
1 3 5 7 9 11 13
2 4 6 8 10 12 14
1 2 3 4 5 6 7
B.
RT - + - + - + - + - + - + - +
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e

RT  _  + - Y A ST S e g TS PN

Figure 2. RT-PCR analysis of virB8 - virD4 cluster. (A) Diagrams of virB8 — virD4
clusters and RT-PCR products. (B) RT-PCR analysis was performed using RNA
isolated from O. tsutsugamushi infected J774A.1. RT+, with reverse transcriptase; RT-,

without reverse transcriptase; M, 100bp size marker.
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virB4 virB10 virD4

o.T - - + + - - + + - - + +
RT + + + + +
M
J774A1 - - —
L929 — — — —

Figure 3. Transcriptional analysis of the virB and virD4 genes in vitro.

RT-PCR analysis was performed using RNA isolated from O. tsutsugamushi infected
J7T74A.1 & L1929 cells. Reactions were carried out using primers specific for virB4,
virB10 or virD4. O.T-, RNA isolated from uninfected cells; O.T+, RNA isolated from
infected cells; RT-, without reverse transcriptase; RT+, with reverse transcriptase; M,

100bp marker.
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rpoB virB4 virB10
RT - + - + - +
M
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Figure 4. Transcriptional analysis of the virB and virD4 gene in vivo. (A) Indirect
immunofluorescent staining of peritoneal macrophages recovered from C3H/HeN
mice after injection with O. tsutsugamushi strain Boryong. (B) RT-PCR analysis of
virB/-D transcript in peritoneal macrophages recovered from C3H/HeN mice that
infected with O. tsutsugamushi. Reactions were carried out using primers specific for
virB4, virB10 or rpoB. RT-, without reverse transcriptase; RT+, with reverse
transcriptase; M, 100bp size marker; rpoB, O. tsutsugamushi RNA polymerase beta

subunit gene.
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was performed with peritoneal macrophage that isolated from infected mice.
The result of IFA shown that almost all of the cells were was infected with
orientiae. Transcripts of O. tsutsugamushi virB4, virB10 and rpoB were
detected on days 11 after injection of O. tsutsugamushi in experimentally
infected mouse (Figure 4). Consequently, mRNAs for T4SS genes of O.
tsutsugamushi are expressed during infection process in mice. Without

reverse transcriptase, no amplicon was detected in RT—PCR analysis.

5. Transcriptional analysis of virB and virD4 genes during infection process
It is possible that a T4SS of O. tsutsugamushi plays an important role in
virulence and intracellular growth in host cytosol. If this is in the case,
transcription of vir genes in O. tsutsugamushi may be expressed differently
during infection process. To investigate temporal regulation of the vir genes
during infection process, total RNA was prepared from J774.A.1 cells at
specific times after synchronous infection by O. tsutsugamushi. The
bacterial inoculums had amount of vir RNA. The virB4 RNA level was
decreased by 1 hr, after 1 hr it began to increase till 24 hr. The virB4 RNA
level was decreased at 48 hr. The virB10 & virD4 RNA level were similar
to virB4 until 24 hr, but these genes continue to rise till 48 hr (Figure 5).
On the other hand, level of ts1 RNA for 56 kDa outer membrane protein
gene was not changed. The expression of host cytokine mRNA was
analyzed too (Figure 6). Peak expression of IP-10, MIP-2, and MCP-1
was observed between 1 and 3 hr after infection. And peak expression of
RANTES, IFN-B , MIP-1a and TNF—a was observed between 6 and 12
hr after infection. Infected cells express little IFN—B and RANTES
between 1 and 3 hr, on the other hand, other chemokine already expressed

between 1 and 3 hr.
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Figure 6. RT-PCR Analysis of virB and -D4 genes during infection process.

(A) RT-PCR analysis was performed using RNA isolated 0, 1, 3, 6, 12, 24 and 48hr
after infection of macrophage J774A.1 cells by O. tsutsugamushi strain Boryong, and
isolated from same amount of bacterial inoculums. The levels of rpoB transcripts
were also determined to normalize the transcripts of vir genes. (B) The band
densities were determined, and MRNA expression level for vir genes was

normalized with respect to the intensities of the bands of rpoB. rpoB, RNA
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polymerase beta subunit; ts1, 56-kDa outer membrane protein gene.
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Figure 7. Determination of chemokine and cytokine mRNA induction

macrophage J774A.1
tsutsugamushi-stimulated chemokine and cytokine mRNA levels induced by the
infection of O. tsutsugamushi, analyzed by RT-PCR at each time point. M, 100bp size

marker. (B) Normalized expression level of each chemokine and cytokine mRNA

infected with O. tsutsugamushi.

determined with respect to the intensities of the bands of 3 -actin.
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DISCUSSION

In the present study, the genes for a T4SS in O. tsutsugamushi were
characterized, and their transcriptional analysis was performed. Unlike the
single locus of virB and virD genes in extracellular or facultative
intracellular bacteria, the virB and virD genes of O. tsutsugamushi were
found in two separate loci like in Rickettsia spp. (Figure 1). Gene clusters
for a type IV secretion system (T4SS) in Orientia are located on separate
contiguous 65 kb and 23 kb regions of the chromosome. This may allow for
an independent transcriptional control of separate loci. As shown in Table 3,
there have been 15 virgenes (1 virB3, 2 virB4, 5 virB6, 2 virB8, 2 virB9, 1
virB10, 1 virB11, and 1 virD4) identified in O. tsutsugamushi. According to
this analysis, the pilus components composed of VirB2, VirB5, and VirB7,
do not exist in T4SS of O. tsutsugamushi. Table 3 shows that O.
tsutsugamushi had higher identities with Rickettsia spp. of obligate
intracellular bacterial species,. Between O. tsutsugamushi and Rickettsia
spp., three orthologs of VirB4, —B11, and —D4 are more conserved (66.3 to
72.4%) than the remaining orthologs. Among the VirB and VirD orthologs,
the VirB6 proteins of O. tsutsugamushi, Rickettsia spp, and Wolbachia were
significantly larger than those of A. tumefaciens, Bartonella henselae, and L.
pneumophila (295 to 346 amino acids), and retained the VirB6—honologous
region. Because the VirB6 protein is involved in assembling the conjugal
pore at the inner membrane and may interact with the effector molecules to
be delivered, the diversity of VirB6 proteins suggest that a type of effector

molecules is different from those of other bacteria (Ohashi et a/., 2002).
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In O. tsutsugamushi, virB8, virB9, virB10, virB11l,and virD4 were
polycistronically transcribed (Figure 2). A remarkable result is that these
genes were transcribed not only in cell cultures but also in the peritoneal
macrophage of experimentally infected mice (Figures 3 & 4). Therefore,
The T4SS is expected to have a significant role in tsutsugamushi disease.

The expression of virB/D was temporal regulated during infection
process (Figure 4). On the other hand, RNA expression of tsZ for 56—kDa
outer membrane protein genes was not changed. Transcripts for vir genes
were regulated differently during infection process. In view of the results
so far achieved, | guess the time of secrete antigen (effector molecules) by
T4SS may be determined by infection process, too. Similarly, the host
cytokine response was analyzed. Figure 6 show that gene expression of
IFN—-B and RANTES occurs lately than other cytokines. Time of peak
expression coincides with those of vir genes. These results support
hypothesis that temporal regulation of vir gene expression may be
associated with host IFN— and RANTES responses.

O. tsutsugamushi is the causative agent of scrub typhus. These
agents enter host cell, and replicate in cytosol similarly other intracellular
bacterium. O. tsutsugamushi induce chemokine and cytokine production,
significantly contribute to inflammation observed in tsutsugamushi disease
(Koh et al., 2004). Some bacteria can survival in the host cell using the
T4SS to change host environment. It is supposed the T4SS of O.
tsutsugamushi have evolved in intracellular bacteria to modulate eukaryotic
cells for their intracellular survival. Temporal regulation in vir gene
expression for T4SS of O. tsutsugamushi is associated with type IFN

induction. Further study is required for explanation of the roles of the T4SS
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in intracellular survival of O. tsutsugamushi and identification of effector

molecules.
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APPENDICES

Appendix 1. Open Reading Frame (ORF) of vir gene. The VirB/D protein
sequences for a T4SS in O. tsutsugamushi are shown. The list of genetic
information are shown as follow: gene number, name, locus in chromosome,

and reading frame.

0TBSv289  (virB3) 510798..511103 [1]
MLGKLEADPLFLGLTRPPMIFGVSLPYALLNIMLSTMYLTVASNFYVVPVSLVVHGVGYLLC
FKEPRFME I YLMRAQKFNKCPNRLYYGANSYG I YLNNE I F

0TBSv289 383 (virB4) 511096..513513 [1]
MKFFKTKVAREYYSKREVHVAKF I PYAYHWNKST I I TKKNEL 1KV 1K 1 SGFAFETADDQDLD
IRKRLRNLLFKGMASGSLNLYFH I IRRRKQLASAMDEGD I DPTAGRAKDFVTYVDNEWKKKY
SDFQSFVNDIY I TILYKPDVEGGE I LKYFYNKLLQKSDKNAWMQSMNEMYANLDEMVSRVVT
TFSDYDAQILKVKNEPNGVFCE ILEFLAT IVNCGSSMPVLLPRGS IDSY IPTHRLFFGDRS |
EARGAGQRRYAG IVS IQEYGPKTSAGVLDSFLQLPFEL I 1 SQSFQFSSRTAA INKMQLQQNR
MIQTEDKAVSQIAE I SQALDMATSGE I GFGEHHLTVLC 1 ADSLKALENALS IASVE I ANTGM
QPVREKVNLEAAYWAQLPGN I EYAVRKSV INTLNLAGFASMHNYLPGKAKGNHWGDSVTVLD
TSSGTPFYFNFHVRDVGHTLL I GPTGAGKTVLMNFLCAQAQKFYPRTFFFDKDRGAE I FIRA
LDGKYTV INPFQQCNFNPLQLPDTNENRNFLVEW IKTLVTSNGES I SADDMHY I TLAVEGNY
KLNPSDRYLSN IVAFLG I GGPDTLAGR I AIWHGTGAKAG I FDN IHDNMDLQSGRVFGFEMGE
LLKDPVSLAPVLLYLFHRINLSLDGSPTMIVLDEAWAL I DNPVFAPK I KDWLKVLRKLNTFV
IFATQSVEDASKSS I SDTLIQQTATQIFLPNLKATD 1 YRTAFMLSEREFS I IKSTDPGSRYF
L1KQG I1GSVVAKLNLAGMNN I IGVLSGRVETV I LLDQLRSEYGDDSRKWLPKFYKHLETAK

0TBSv289 384 (virB6) 513513..515960 [3]

MQWLYQLAK IV ILISVFALQIEAIKAIPAIDMINMGD I IPDEVKDVADD IKDGVKKVVDTLS
N1TCETRGVNNLLFKDEFSHTCTPAPFFSLATSSILGVGTYLPMVLKLNMTNAELFGEQFPG
GQCLKKNRADPADPR I SFALCNNVKLMVAAATAIGGTVVNAAVA I ASGDNVWEAVAKAWH 1K
AQDIFEVYKDKEVGYSHHFVD INLAGSPY I PYK 1VRDKDK I CVAAWTLLGGYLNVGCKY I SE
PCSSS1YSNFLNNSSSVSD 1 SKPVCHTGNGNKESKEL SDKNRLVECGNMSGCYADAVENSKT
LLPITGP1VKCFVQMARK I LGESTVCKLNAKGDEV I TNASDVNM I SKFSRHMRRAVAAFMCL
Y 1 IFWGYNILLSPNE I SRKDVINTVLKIVLVTYFS1G1STGDDKKL INGVQSWGMELLRGDV
MAKVAAWVMTKSSNEEGKKVSGLCNFQPSDYDSSKHGADARQLLALWDS IDCRLTHYLG INA
IKDYVRQK I QAVKGSGGDPLGNS I PPYYYLLVPALWSGNMTLLGLVLFYPLLV IS IAAYMVN
AY IVCI IGILILGLLAPIFVPMVLFEYTKSYFHSWLKLV I1SFVLQPMVV IVFMMMMFHVYEY
GFYTDCAYDYRLVKDSSGNVSRMRKMFF INVNDKNLYDGDADQK I ARCKKSLGWMLNNPLFA
VINTAKTVAKDV I SVDNVGSEDASENHQFSDTVEVDQGLFFKTTRS I FQLVKDL IMALLVAC
LTLYL 1 YHLSDSLSQFVSSLVSG INLSGMTVNPKQMHDTLGVLAKKGGGKASSAMKGGGDGG
QSMRSGSLK

0TBSv289_385 (virB6 likel) 515982..519854 [3]
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MIKHLLYNFRIVINNHSILKAFKEATYSILLLVIALPSMAYAEKNCCVRQNNKKRCCTYDQR
FCYAYVQSKCIQKEELRYQNPDVLQEKVKLLESSAKQAWNNAQDHRFSSNLEKFNAVTNASA
QTREI1 ISLSEQLKKALVNEGKARQAAFTESSKTGKDK INRKMSEDFQQL I EERKAALKLAQE
SGDKASSQYK 1 1 KASARDLVVVAGMDFWNALLLYKKIDEELDSKVRNGADKKS I L TAKKKVL
YEI1EKVLKAFVEGRDMYNKFVAWV IGYSDVTEEKENKATEFLLQNLSYSTVRRSASFETTLK
AVIEVYKNGDF INELKLQNESVKTDIAKIEHS 1QVAEDEMKRKQEEEEAKKLLEFQNKVKKA
KEEVDAAKDKFKEKQTQAREAHDQASASGDLEDKIEALNKKKKEYEAAKKYKEALDKAIDIG
NNNPDLVRERDSLGND IDNLSQS I1DQMTDDVNRDKE 1 YKQQFEEDKNSSVSANCDFSQYRSI
SPESSVFTLASFVYQNINFKCGNVCNTADKGFNLCLKVKKSDLCRDCIPIY 1GPQSEFKSIS
ELFDTSGVKKGRRDP ILVTENAVKN IGFKVEHTDKISCLKIKTSYGDIPIVCKNISADIDLI
PQARSNNRICSLSTTKSRVPFNFSGRAIGCLKEALDKMFYADS I THDQVSSASILKPLSSFQ
RGMTVTVKAALMLY I  FFGIKMIFVERFFSLERLVTGVLQILIVMYFSVGLGPMTNKDGKIS
YNNGMQDHFLPFLSSVTSELAHMVFSSVGSDSAVGGTKLCYFDPNKDYTPDARYYALWDAID
CRIGYYLGFRLLHNYTVDRSKPSLGGKLVGSSIGTSANDD I TKHLSNIKDDHALKKDDTFLV
FPTLWGLLLSGEI I FFLVMLLFVITFLTLFWRFMAVFITSLVNLYVMCY ISP IFIPMVLFEK
TKSMFNNWLHLTLSFALQPAIVAAFIALFVTLMDSITYKTCQFARYDYQQGNKILSTFELRY
PDRY IQDHSLFDDAYNSDAAK1CESAGYRLVEYFNGKNWHQR I FLFFKAFVVYPEPDFLPTM
IVVLLFCGIFYYFFQEAHRFAAVITSGITAVNMELPSLRIPSFRNKSTRTKGGKDDKEEESS
DKFSSRGG IDKTATDKISSRSN IESSAQDKISTGLKSNG 1SGIEHGLKKDHDAIRAAKKFDI
SNNDEV IGADKFCTSGNKQTDKLSSEN IKPRDTSVVSAEDKFSTSFKLKDHKD 1VQSE I DKK
LESNVSDKISNNQTIETRKSN IESDALSKKIDANDLNE IKKGSDDKKNI

OTBSv289 386 (virB6 like2) 519908..523183 [2]

MQSK I IKFAT 1AVC IAVVSF I LMLFGALRSGDDCWYRYNADGQDLDV IRLTQNVRASGQYDS
LRLGG I VDPSKPCGLWIKSDFYVSVHEENGQLKPVN IDFL1DGTVSLCQAYLPKNALTCKLK
YNDGKECN 1SD INKFFNGEKSDC 1 EDCEDNTDDSGNL 1P 1PR1LDPGDGLPV I LKANVGEWR
NLAQVSAGDE I EVK I GRNQNFSHGGVENTE 1 GYAYSRPEFDWFNDTSLDWQKGTNDTFG I 1K
RTKQVRADCQEGKKNYSPLCGRYSPWGEGDNY I KQCDECKGCTCEDCGMKPKCPGSKPVCPA
PECEMAGSHGWFSKHFAVFNSELGKDKCFYTGTVKD I FGGKDCPEKYLLDCKRAVLADGLPE
EYRDDGTRTVPATLTEQDRND IKSLGR I ACSNRLDEQLVKNRQKVYSWRSATYATDLKYRFS
SVQDKDS I LGNKCKSDFPSGKDLATGCYG I TKVNQDL I 1'YKDQ1SETLFSGPRYLQYMIRPD
INIESMKNSVGGYVLYLKQNSCVRKSGVAFDDSKFHGRGK I LYA1VPAGVDVNKLKSHELDV
YTTGSLDVKVEDLVGKAK 1SSSQSGY 1WFK I LNDEKDYKASVGEYK I TMST IVPRGKF 1 SKV
LNP I IRTFENK I ANASKTMFKN I TCYQQNDKSRCTNFFNY IRAMLTLY IMGCGFAFMLGAVN
FTAKELVIRIVKV1 1VSGLINEGTFNFFNAYLYDL IMNFSKQLMVNVSGYEYDQN I GTFLFL
DELMSK I FFNKTFYVQLLSLLSMGLMGVVYY I TFVPIIL I ISLLKT IMVYLVSTTAVALL
VGLAPLFLSFMLFNRTWYLFDNWVRMLFRYL IEPV ILMAG I TILTQLFIVYLDFVLGYSVCW
KCAIVFKLPK I DALGGVLGSYGGQELFC INWFGPWGYDNRADNN I GLAMNY I TALV I IAYCM
YSY IDFSSLMVD I LTAGGAGG I APSVGHVAPQVWDTAVQWTEKAVMKVAS | GKKGSFAVRKG
1GKG I SHAKSKYSSSQTEKSKDKDNVVNRRTNLENKSLNDKRGSA I RGKNSNVENVKPNQNT
YLRVNNQE I DLNSPKPSHNESSVRRHDLNKKNFENND

OTBSv289 387 (virB6 like3) 523167..525743 [3]

LRIMTKILKILITKNKSLMTYY INILILLSY IFVSTS1QASNELLQAGEQLPTSNSLQWMDK
YPNDNNTGCTNVSPTWLSVADVKWID I QANSNNNW I DSG IMTKAGKS I SVE I PK 1 SQNFRKL
QKRYLVLHRVDPRFPV IGKTF I IELGTNNKP I SRLHNFENGKLLNYQNENSSNFQNGSTNFT
NAINLQKKFFNGADTK 1 SVKAGD I IDIAL I SSVDFFNKLQLKGGTEKSGFTGELYPRWDDYK
YYKPYGIYTVSLKSNVGVVDNALLVTGQTSDKKALSKLLVGVKS 1DS I SSFEKCNLNNLSKS
QSCIMQSG I GME I KLDQEVLKSKFDKFLVGYNVGNANSSAFLDKP I EGMYH 1 VAKSDGDLSF
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STPLFNNNVKYRTNGLQDVEYSSILSSCSTLNEFEQKYLNSILSSKQEI1QGIVVDKTLVGR
YLMY ITIDRHNIVSDEYDGDIEY I ISNTTPNLSTKGTTLPRNG INIVTPESAKLWFRFVKTN
NEQFNLKVTVPPDSEGK IKVAGFFYDNIY 1P 1KQKVEKFSKLFYFGLAKNAALKKVFSILAI
LYITLYGIYFLLGVVKVTAYDLLIRCSKIIVIAALFNESSQY IFYDTLFPMFDGGINSLISY
AVKTTASDVDNPFKFFDLVVSRY IDVNFLKTILIETVNIHNGLTILGILTLWSIMRFITIMV
KVCMELLMSMIATAILVGLAPMFIIFILFDRTAEIFKRWLTALLLNTLMPVIMEITFILTINE
LMLVAVEAAFPEIRICWGTLFDIELNLDLSAIGLPTAFSIPLMAVPFYNVVFVGGNLFNAMD
LGNSFAGSLAGVFLLYNLVLLAGTLVGSQVFTKGINRKGMSYVKS IMMQLLS

0TBSv289 570 (virB8) 764100..764780 [3]
MFFWKNKKKVEQQKQNKPA 1KSWFNDHYETVLVQRNIAVLLSFICHILIFIAVVAVMK ISLA
RNFEPFV 1Q1EEKTGATRVVNPVG I EVLNTEKALAQYF IKLY I SARETYNPVDFE IKARQTI
KLLSNNNVYWSYLNF INRKENDPRL I YGQRETTTLKVRSWSELPDRRF VR IATHES I SGKV
FNK 1VVVQYQYVPMELSPEEFD INPVGFQI IGYRIDDDYS

0TBSV289_ (virB9) 764764..765198 [2]

MM IVRIFLILNLLFSSVVYSSYFEEEFPTTADDRIKTY 1 YNPSEVYLLVLHAGFQSSIEFA
KNEE IRS I FFGDNYAWEVTYPLPNRIF IKSLEKNVRTNMT I ITNKRTYEFD I VSKELEVGRE
HDLVYL IRFYYPQKKACNKEK

0TBSv289_571 (virB1l0) 765201..766730 [3]
MONINNDSNQDPQGQYDHSEDSKVVGPEVHNEFSKVASSAKRSVLLTIVIVVISIVILYFVI
SSIFIDESHKEESIAVPVPVDVIKPNIELSGDIVIPELPTIPTLITPELPEIKVPDQAKLNN
LNNDNSSKDEVVQSNKLPKESKL IKPPVLPLTEQGEYNNAKQDAKIPSLDLSAQTKDRAARL
QEKRTSTNIVLINKSPPSPTREEMEQ IRNFTDAGELRYLLGRGTV IDAVI I1SAVNSDFIGEI
VAMVSKDVYSQEGKTVL I1PRGSKIFGYPSVLDNAAYGRMMITWSEVQIAGSQYKLNLSAPTI
DRLGKIGVTGKVNNKNLARIMHAVLVSAVN IGAAFTLDKVVALQQQMANTTSGLTGTL IKNA
MNINNDSVKSDSQKITEICGMSRSLITDKSSSVYTT INKKCMEIETS 1 1ANVDDKQKLSSLI
NTIINISNSTANNSNSNTQKATDTALNDVVNAITKKT IPSQEFNRT ITLNQGON IK1YVNKDY
LFPTKAVSGVKVL

0TBSv289_572 (virBll) 766730..767719 [2]
MKNNIALETYLTPFKLIFDEAGVNEVMINRPGEVWVEKKGSYRQELMKDLDFSHLAALARLI
AQSTEQVISEEKPLLSATLPNGYRVQVVFPPACEVGSIGIAIRKVSSLNMTLEDYNKTGAFD
YTAIDEVIDENDKILSEYL INKQFKNFLQHATKSKKNI 1 1SGGTSSCGKTTFTNSALLEVPHT
ERLITVEDAREISIPNHPNRLHLLASKGNQGRAKVTTQDL IEACLRLRPDRI I 1GELRGAEA
FSFLRAINTGHPGSISTLHADTTAMALEQLKLMVMQAGLGMPPDEIKNY INAVIDIVVQLKR
GDRGIRY I1SE1YFKKMRKK

OTBSv289_573 (virD4) OTBSv289 573 767719..769491 [1]

MNENAFLTK IRNLV 1K IMVHCIGV ILVVF I IKFFILLFTVKHQONL IDVLLTFNVSIVYQYLI
W1 INSWSL IDFSSYDYLKLKLVFSFIVPPVITIVLY IKNFEK IKSWQPYKLKEKVYGDARWG
DQDD I KRAGLRSKHGTLLGVDKGGYYVADGFQHALLFAPTGSGKGVGFV I PNLLFWEHSV IV
HD IKLENYEL TSGWRAQQGQNVYVWEPANPDG I THCYNP 1 DWVSSKPGQMVDDVQK IANL IM
PEKDFWNNEARSLFLGVVLYL I ADNTKAKTFGEVVRTMRSNDVVYNLAVVLDTMGAV I HPVA
YMN 1 AAFLQKADKERSGV I STMNSGLELWANPL I DAATASSDFN I LE IKRKKTT 1YVGLTPD
NINRLQKLMQVFYQQSTEFLSRK I PDVKEEPYGVMFLLDEFPTLGKMEQFKTGIAYFRGYRV
RLFL11QDTQQLKGTYEEAGMNSFLSNSTYR I TFAANNYETANL I SQLCGNKTVKQASHSQP
RFFDLNPATRTMN ISEVQRALLLPQEVILLPRDEQI I LIESFPP IRSKKVKYYEDKFFTTRL
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LPPSFVPTQTPYVPPDYNATADDSNNVDNNQK

0TBSv289 1278 (virB4) paralog 1685153..1687606 [2]
MGF IHKFLHSRQ 1 DAKQFDSNAQNF 1P I TCHYNDETLLTKNGEL 1Q1LQIKG INSEYTNKDL
LG IRAATRNAIKNH INNNNFAVW I HVVRRCDN I DDPTPYSQALPNF I HNVWSKKNYWQDKFV
STLY IS1VHHGCNLN IRNLDSFLNSLSFKTLDNFYDKF IASALKNLSMAINNT I TELQRYNP
CKLSTK1DNNKVYSDLLNFYKK I IQLNTGL I EVKDVDCAVQLATHKYSFGGDK I EV IHQQEK
KFASILGIKEYQD IKDELVSKCLHAPVEF IATE I FYFADQVKAINSYSQQSK I 1 SASRDSEL
ALFKG IDP 1VNSDNTLPQFCHQQ 1S IMIMADS I DLLESRVAY I SQRLVKQG I IHVRED INLA
QTFWSQLPGNFNY IRRVSYN I 1DNVAALAALHHYPVGMQHSRWGRSVT I FRTECGTPYFMNF
HDESAKGHTC I 1 GGAQSGRATVTNFLLSEASKYSPT ILYLTNRNNAQVF 1KG I EGTWYNGDL
PFNPLSYLESSDDLLELFK I I TGSYFNNLSDSE I ECLTELAIAVMDMPPESRSLIK 1 IKDFN
FKDYSAGASVKKR I KLF 1 SDDKCSK I FNQSSTLELQDNNVTAINLADYTDYQFNQSYTPQVG
EKPE I' YHNKLQTLHCLRSG I 1 FSL IKKFSLLDSSEPK I LVVDNMPDL IVEQVFMNL IKQITE
QLSENNG I 1LSVVQVNQNDQFYYSDFWKKWLKFENNTK I ILPTNIRNLP IAE ICNLSTSEAKK
FNT I SPNSRLFMVKQDNNYV I VELNLEGFPA IRKLLSAEEEDLNLFHK IMQK I GDDAPSAWL
SDVYDQFQNSE

0TBSv289 779 (virB6 like4) paralog 1040543..1042759 [2]

MILHNFSEFNTRNLN IMNQQNTLFLKFLVGI ILFCSVISYSIAECIDADDFGFP I TAISSRY
DTKQLTGQKDNQVAPW IDSKLLVNGKPLVVMVKHWNYHEYDND I SHLSAWSAWYGTNKNKHT
LASITKRFPECRFRNNKTFSDSYDDNDD I PVINPPCLFKHG IGLYAL I AKPGVDPNANVHSQ
SYGIPKKTINFHVGQNYLSSLNSTELDSGFLDTTPDGNIVKTGGYFHKYQDQEAEQYVGGRL
YFKILDRFYDDNNGQYK I I IKSGVGDEKDSPETFL INTVKEMLFGNKKNQNKNG I IQNLFIN
ILKNPSYKIVVNLTLILFIAFSGLAFLIGNINMTAHELVLRTVKILVISVLLNSDTAWKFFY
DYLFFIFVDGPQF I IKTINEATAIGPGSSSILGLMIAPHTLKKLFSILFVDWGGFIY1ICYL
ILLYYIFIISFKATVLYLNALILVGIGIIVGPVFLCFVLFQFTKPIFENWIKQLTIYALQPV
ILFAGIAFVGMFIRHEI' YASLGFRVCEVPFPPIANTLIKI ISGDSSKKQSLLNLWFPAQVLK
KTLLFSQKCANIPVPEDH I1VYRDQKPWQCSDG I SGNSKQL I TSTDPSNEKHCSAYECKANRY
VELPFLDPNINKDRYRIRNFFAGNFVQWDSLLLLAACVFLLSMFNDNAITALANY ISSGGDRS
SASEKSTTAIVSTVTPPSPTTFIPAAFSKIGQQRTKNSNSHSNSNSRSGINTGPKK

OTBSv289 812 (virB8) paralog 1095016..1094315 [2]
MLMDNSE IAVD I KNSKYFQDAYRWYKAKYLYPFLHRSVVF I ILALLLLLIVLS T INVYSLLP
VTQSLKY I I SVDEKFNAAAK I TPADQVLKNPLQS IVK I LAESYVVKRESYNYNQLASQFQY I
KNRSTRG I FRQFVNYMSLQNYQSPVLRYQKTAKRK 1K I LSSVFLNNDELAVYFHSCA I DDKG
NMVEDMKWKAN I I FETDQVNLNAASGS I FKFFVTDYK I TLLQNNNEK

0TBSv289 811 (virB8) paralog 1094325..1093564 [1]
MRNSNNQISFFIILLTI IMLPFRAMAIREPKPTAIDSRIRVMTYSPNDVFKFTGYYNYQGCI
ELDKGEE IVNLSMGDPNAWF 1QEFGNRIFIKP IKDDATTNMLL ITNKRTYFFELHAEEVQONI
NDSNM I FNVKFLYPDNEKSNSTNLVSLTSEVDLSHPENYNFYYTISGHQEIAP IKIFDDGDF
TY1YFRDKNVVMPTVY I VDDRKKESLVNFR I STKNPNLMIVEQVSLRLSLRLGKKVVYVFNE
ALLSK
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Appendix 2. Phylograms of VirB and VirD proteins in O. tsutsugamushi and
several other bacteria

R.prowazekii
R.typhi
R.conorii
R.felis
E.chaffeensis
An.phagocytopt
Wo.sp.wMel
O.tsutsugamushi
L.pneumophila..lvhB3
Bo.pertussis
Ba.henselae
Ag.tumefaciens..avhB3
Ag.tumefaciens..virB3

T T T 1

200 150 100 50 0

VirB3

241.2

R.prowazekii

R.typhi

R.conorii

R.felis

O.tsutsugamushi

E.chaffeensis

An.phagocytophila

Wo.sp.wMel

Ag.tumefaciens..avhB4
Ba.henselae
Ag.tumefaciens..virB4
Bo.pertussis
L.pneumophila..lvhB4
R.conorii (paral.)

R. felis (paral.)

R. prowazekii (paral.)
R. typhi (paral.)
OTBSv289_1278
E.chaffeensis (paral)
An.phagocytophila (para
Wo.sp.wMel (paral.)

VirB4

H.pylori

200 150 100 50 0

2325

R.prowazekii
R.typhi
R.conorii
R.felis
O.tsutsugamu
E.chaffeensis
An.phagocytophila
Wo.sp.wMel
Ag.tumefaciens..virB6
Ag.tumefaciens..avhB6
Ba.henselae
L.pneumophila..livhB6

T T T T T 1

300 250 200 150 100 50 0

VirB6

328.3

—-29-



Appendix 2. continued.
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Appendix 2. continued.
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Appendix 2. continued.

VirB11
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