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Anaplasma phagocytophilum, the etiologic agent of human granulocytic anaplasmosis, has a large paralog
cluster (approximate 90 members) that encodes the 44-kDa major outer membrane proteins (P44s). Gene
conversion at a single p44 expression locus leads to P44 antigenic variation. Homologs of genes for the
RecA-dependent RecF pathway, but not the RecBCD or RecE pathways, of recombination were detected in the
A. phagocytophilum genome. In the present study, we examined whether the RecF pathway is involved in p44
gene conversion. The recombination intermediate structure between a donor p44 and the p44 expression locus
of A. phagocytophilum was detected in an HL-60 cell culture by Southern blot analysis followed by sequencing
the band and in blood samples from infected SCID mice by PCR, followed by sequencing. The sequences were
consistent with the RecF pathway recombination: a half-crossover structure, consisting of the donor p44 locus
connected to the 3’ conserved region of the recipient p44 in the p44 expression locus in direct orientation. To
determine whether the p44 recombination intermediate structure can be generated in a RecF-active Escherichia
coli strain, we constructed a double-origin plasmid carrying the p44 expression locus and a donor p44 locus and
introduced the plasmid into various E. coli strains. The recombination intermediate was recovered in an E. coli
strain with active RecF recombination pathway but not in strains with deficient RecF pathway. Our results

support the view that the p44 gene conversion in A. phagocytophilum occurs through the RecF pathway.

Human granulocytic anaplasmosis (HGA; formerly human
granulocytic ehrlichiosis or HGE) is a significant, emerging tick-
borne infectious disease, first reported in 1994 (9). The disease
had been increasingly recognized in the United States and
Europe, and HGA was designated as a nationally notifiable dis-
ease for the United States in 1998 (14). HGA is a potentially fatal
systemic disease characterized by fever, headache, myalgia, an-
orexia, and chills and is frequently accompanied by leukopenia,
thrombocytopenia, anemia, and elevations in serum hepatic ami-
notransferases (2). The etiologic agent, isolated from HGA pa-
tients in 1995 (15), is an obligate intracellular rickettsial pathogen
that was recently reclassified with other related Ehrlichia spp. as
Anaplasma phagocytophilum (10).

The p44 multigene family of A. phagocytophilum encodes
immunodominant 44-kDa major outer membrane proteins,
P44s (4, 11, 25-27, 39, 42-44). P44 plays critical roles in infec-
tion. For example, anti-P44 antibodies can prevent 4. phago-
cytophilum infection in cell culture (39) and partially protect
mice from experimental infection with A. phagocytophilum
(20), and a recombinant P44 protein induces proinflammatory
cytokines in human leukocytes in vitro (21). The p44 gene
family has a central hypervariable region of approximately 280 bp.
This region is flanked by 50- to 500-bp sequences from each of 5
and 3’ conserved regions (see Fig. 1A). To date, 88 individual p44
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paralogs or orthologs had been identified by their signature
hypervariable nucleotide sequences. Many of p44s are considered
functional pseudogenes (silent storage copies) rather than non-
functional pseudogenes on the way to elimination since, despite
truncation of 5'- and/or 3'-terminal sequences, some express the
full-length p44 transcripts and P44 proteins (26, 42).

Several studies reported that diverse p44 paralogs are ex-
pressed in patients, in animal models of infection (mouse and
horse), and in ticks (4, 11, 25, 26, 40, 42, 44). This antigenic
variation system is expected to allow A. phagocytophilum to
avoid and escape host immune recognition and to allow adap-
tation to new environments, especially during tick transmission
of A. phagocytophilum (11, 33, 34, 44). A single polymorphic
p44 expression locus that consists of four tandem genes—r1,
omp-1X, omp-IN (corresponding to p44ESupl described by
Barbet et al. [4]), and p44E (any p44 species at the p44 expres-
sion locus, corresponding to msp2 described by Barbet et al.
[4])—was identified in several A. phagocytophilum strains (4,
26). Recently, the successful development of an isogenic clone
from A. phagocytophilum HZ strain allowed us to demonstrate
the nonreciprocal recombination (gene conversion) of paralo-
gous p44s at this p44 expression locus (27). Although expres-
sion locus is expected to be the primary locus for diverse p44
gene expression in A. phagocytophilum (4, 26), the molecular
mechanisms of p44 gene conversion, and thus antigenic varia-
tion, are largely unknown.

Several bacterial pathogens such as Borrelia burgdorferi and
Neisseria gonorrhoeae exhibit antigenic variation by gene conver-
sion (the nonreciprocal transfer of DNA sequences between ho-
mologous genes) within their hosts (5). Only a few studies, how-
ever, have described recombination mechanisms responsible for
antigenic switching in bacteria. RecA-dependent RecF-mediated
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recombination was suggested to mediate N. gonorrhoeae pilin
antigenic variation (32). Three RecA-dependent homologous re-
combination pathways, RecF, RecE, and RecBCD, have been
identified in Escherichia coli (22, 23). Several studies using E. coli
mutant strains and plasmids showed that RecF pathway recom-
bination is nonreciprocal without crossover, but RecBCD and
RecE pathway recombination can be reciprocal and associated
with crossover (36). We previously reported that A. phagocytophi-
lum lacks homologs of genes required for RecBCD or RecE
recombination pathways but has homologs of most of the genes
involved in RecF recombination (26, 27). The p44 recombination
is apparently nonreciprocal (i.e., gene conversion), in that the
donor p44 is copied at the p44 expression locus and previous
resident p44E vanishes after conversion (26, 27); this gene con-
version occurs without crossover, preserving the entire donor
region and noncoding regions flanking p44E; this gene conversion
is nonsegmental, in that the p44 hypervariable region is identical
between donor p44 and p44E (11, 26, 27), although Barbet et al.
proposed that p44 gene conversion is segmental (4). Our anal-
ysis using cloned A. phagocytophilum population is consis-
tent with our previous observation that both 5" and 3" conserved
regions of p44E flanking the hypervariable region contain nu-
cleotide sequence variations (11, 26, 27). This analysis is also in
agreement with our previous prediction that instead of using
the entire conserved regions for gene conversion, various
lengths (50 to 200 bp) of partial 5’ and 3’ conserved region
sequences at the border of the hypervariable region are used for
gene conversion in the p44 expression locus (27). Kobayashi (22)
proposed a novel successive two-half-crossover (no crossover)
model as the mechanism of RecF pathway gene conversion since
two types of half-crossover intermediates could be isolated as only
one product of possible crossover using a double-origin plasmid in
the E. coli RecF active strain (22, 38, 41). A similar mode of gene
conversion without crossover during yeast meiosis, called the syn-
thesis-dependent strand annealing model, can be also explained
by the successive two-half-crossover model (1). For obligatory
intracellular bacteria including A. phagocytophilum, there is
no useful genetic system and no naturally isolated mutant,
making the genetic analysis of p44 recombination mechanisms
impossible. In the present study, therefore, we first examined
whether the half-crossover intermediate structure is formed
between the donor p44 and recipient p44E in A. phagocytophi-
lum. Second, we constructed a double-origin plasmid carrying
a donor p44 locus and a recipient p44E locus with the antibiotic
selection markers to investigate whether the p44 half-crossover
occurs in the RecF pathway active E. coli strain. This study is
the first analysis of the recombination pathway and intermedi-
ate structure involved in the A. phagocytophilum p44 antigenic
variation.

MATERIALS AND METHODS

Southern blot analysis of A. phagocytophilum genomic DNA digested by Sacl
and sequencing of the 5.3-kb DNA fragment. The genomic DNA of A. phago-
cytophilum HZ was extracted from organisms purified from HL-60 culture by
Sephacryl S1000 chromatography (26). Total DNA (8 ug) was digested by re-
striction enzyme Sacl and loaded into each well of a 0.7% agarose gel. The
p44-18 (P1) probe was amplified by the primer pair p1263960 (5'-CGTGGAG
ATTTCTAATTCCGG-3") and p1263637 (5'-TTCAGGGGTGAGCTTCTTA
G-3"). The probe (P2) p44E upstream intergenic region was amplified by using
the primer pair p1289877 (5'-TGGACGAGAAGAATGGGATC-3') and
p1290352 (5'-TCTTCGTCTCCTCACTTCAG-3"). PCR for preparing Southern
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blot probes was performed in a 50-pl reaction mixture, containing 10 ng of
genomic DNA of A. phagocytophilum HZ, 10 pmol of each primer, a 0.2 mM
concentration of each deoxynucleoside triphosphate, 1.5 mM MgCl,, and 5 U of
Taq DNA polymerase. PCR was performed with 2 min of denaturation at 94°C,
followed by 35 cycles of 30 s of denaturation at 94°C, 30 s of annealing at 58°C,
and 1 min of extension at 72°C. The probes were labeled by PCR amplification
using a biotinylation kit according to the manufacturer’s instructions (Kirkegaard
& Perry Laboratories, Inc., Gaithersburg, MD). DNA transfer, hybridization,
and detection were carried out by using an AP Chemiluminescent Blotting Kit
(Kirkegaard & Perry).

The 5.3-kb region DNA fragments digested by Sacl were recovered from 0.7%
agarose gel by using QIAEX II gel extraction kit (QIAGEN, Valencia, CA). The
intermediate sequence was PCR amplified with extracted DNA as a template
with the primer pair p1266002 (5'-CAATCTTACCCCTAGTGAGCAGT-3")
and p1292839 (5'-TGTACAGCTTGTAGCCGGTAAT-3") and the primer pair
p1265827 (5'-TTACCTATTACAGTATCACCATGC-3") and p1292327 (5'-AA
CAAGATATGCATCCGCAAATC-3"). The first PCR product was 1:100 di-
luted, and 5 pl was used for the second PCR. The products of the second PCR
were sequenced. Sequence assembling, alignments, and analysis were performed by
using the SeqMan, MegAlign, and MapDraw programs (DNAStar, Inc., Madison, WI).

Analysis of A. phagocytophilum recombination intermediate structure in an
infected SCID mouse. Ten 4-week-old ICR SCID male mice (Taconic Farm, Inc.,
Germantown, NY) were each inoculated intraperitoneally with the cloned A.
phagocytophilum HZ strain (27). The blood sample of SCID mouse 9 was used
to investigate recombination based on the previous temporal p44E sequence
population analysis study (27). The nested PCR was performed with primers
specific to the upstream sequence of the donor p44-1/18 locus and the down-
stream sequence of the p44E and was performed with DNA isolated from
peripheral blood leukocytes from the SCID mouse. The primer pairs used were
primers p1265450 (5'-GCTATGGGAGATTACTATTC-3') and p1292839
and primers p1265376 (5'-CATTTTCTTTAAAAGGCAGAC-3') and
p1292327 (Fig. 1A).

PCR with Pfu DNA polymerase was performed in a 50-pl reaction mixture
containing 5 pl of the DNA product, 10 pmol of each primer, a 0.2 mM con-
centration of each deoxynucleoside triphosphate, and 5 U of Pfu Ultra High-
Fidelity DNA polymerase (Stratagene, La Jolla, CA). PCR was performed with
2 min of denaturation at 94°C, followed by 35 cycles of 20 s of denaturation at
94°C, 20 s of annealing at 58°C, and 5 min of extension at 70°C. PCR products
were purified from a gel and cloned into the pCR-Blunt vector (Invitrogen,
Carlsbad, CA). DNA clones were randomly selected from the transformants and
sequenced on an ABI 373XL Stretch DNA sequencer by using the ABI Prism
BigDye terminator cycle sequencing reaction kit (ABI, Foster City, CA).

To examine the possibility of PCR artifacts formed during amplification, p44-1/18
and p44E were cloned into the TA cloning vector pCRII (Invitrogen), and 20 ng of
plasmid mixture was spiked in genomic DNA from an uninfected SCID mouse and
used as the PCR template. The PCR was performed with the primer pairs p1265450-
p1292839 and p1265376-p1292327. The first PCR product was 1:100 diluted, and 5
wl was used for the second PCR. To investigate possibility of the reciprocal crossing
over between the upstream sequence of the p44E and the downstream sequence of
donor p44-1/18 locus, nested PCR was performed by using the same SCID mouse
DNA sample. For this reaction, the two forward primers were p1290155 (5'-CGT
TATTTGTTCTAGAGAAAG-3') and p1290226 (5'-ATTGGACTTTTGAGCT-
GTCTT-3'), and the reverse primers were p1263125 (5'-CACCACGCAGGAATA
TCGATCT-3') and p1263083 (5'-GCTTTTGCCACTAGAGACAGG-3') (Fig.
1A).

The p44-18 donor locus, p44-1/18, was PCR amplified by using the primer pair
p1265450 and p1263125 from the SCID mice DNA and sequenced. The PCR
conditions used were as described above.

Construction of a plasmid encoding p44E expression and p44 donor loci and
analysis of their recombination. Plasmid pEKD30, a double-origin (ColE1 and
p15A) plasmid of 9.3 kb in length (see Fig. 3Ai) was constructed by using the
plasmid pKEN33 (generously provided by Ichizo Kobayashi [38]) as the back-
bone. A recipient locus and a donor locus derived from A. phagocytophilum were
inserted into the plasmid pKEN33. The recipient locus consisted of the 213 bp
upstream of p44E (p44E IR in Fig. 3Ai), a kanamycin-resistant gene km, an E.
coli ribosome binding site (TAAGGAG), and p44-18E and its 446 bp down-
stream sequence (p44E DS in Fig. 3Ai). The km gene was PCR amplified from
plasmid pCR-XL-TOPO (Invitrogen). The 213-bp intergenic upstream se-
quence, p44-18E and its 466-bp downstream sequence were PCR amplified from
A. phagocytophilum genomic DNA. The intergenic region was amplified by the
primer pair p1291699 (5'-GGTCGACGGGCTAAGGGCTCCCCTTTT-3") and
p1292129 (5'-ATCTAGAGCAATAGACCCAGTAG-3") to have Xbal and Sall
sites at each end, respectively. The p44-18E and the downstream sequence was
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FIG. 1. Analysis of the p44 recombination intermediate in A. phagocytophilum. (A) Successive half-crossover model for p44-18 conversion to
the p44E and the experimental design. [i] The donor locus was expected to be a part of replicated chromosome; the p44-1/18 locus in a donor
chromosome (p44-1/18D) synapses with the 3’ conserved region of p44E in the recipient chromosome. [ii] A half crossover between p44E and
p44-1/18D generates one recombination duplex and two ends. The upstream of the synapsed region of p44E is presumably degraded to generate
a single-stranded tail at the 5’ conserved region by an exonuclease. [iii] The putative final products of the successive crossover are one duplex with
two double strands exchanged in the recipient p44 expression locus and two ends in the donor locus. The gray boxes are p44 conserved regions,



VoL. 74, 2006

amplified by primer pair p1290170 (5'-GGGCATGCATGCGACGTCAGAAA
GATGTGCGTAAGAGGTAA-3") and p1291698 (5'-CCTGCAGCCCTCTTT
AGATAAGCAAGCTTA-3") to have Aatll and PstI sites at each end, respec-
tively. km was amplified by using the primer pair pkmF (5'-GCTGCAGTAAG
GAGGTTTCGC ATGATTGAACAAGATG-3') and pkmR (5'-CGTCGACTC
AGAAGAACTCGTCAAGAAGG-3'), including a ribosomal binding site
sequence (5'-TAAGGAG-3') immediately upstream of the km gene and Sall
and Pstl site at each end, respectively. Restriction enzyme sites are underlined.
These three fragments were digested by restriction enzymes Aatll, Pstl, Sall, and
Xbal and were then ligated in direct orientation into pKEN33 that had been
digested by Xbal and AatlI to give a plasmid pKEN33-EKD.

As a donor p44 sequence, p44-30, which is a truncated p44, 897 bp in length (as
a Sall and Ndel fragment), was selected. In order to insert an E. coli recA
promoter (5'-CAAAACACTTGATA ,;CTGTATGAGCATACAGTATAAT T
GCTTCA-3") (28) into the p44-30 hypervariable region, two primer pairs were
designed to amplify the 5’ and 3’ fragments of p44-30 that were overlapped at the
RecA promoter sequence: p1416475 (5'-GGGTCGACGTCGAC GTATACCA
AAAGCCTATGCAATAA-3")-p1416768 (5'-TGAAGCAATTATACTGTATG
CTCATACAGTATCAAGTGTTTTGGTATTCCGTTACGCTTCCTCC-3")
and p1416771 (5'-CAAAACACTTGATACTGTATGAGCATACAGTATAAT
TGCTTCAGGCAGAGCCGGATGAAAACAC-3')-p1417466 (5'-GGCATAT
GCATATGAGAATTAAAGTAGAAAAGGGGAG-3'). Then, using these two
PCR fragments as a template, the p44-30 with the E. coli recA gene promoter in
the hypervariable region (p44-30PrecA) was PCR amplified by primers p1416475 and
p1417466. The PCR product was digested by restriction enzymes Sall and Ndel and
was ligated into pKEN33-EKD that had been digested by Sall and Ndel (this also
removed the original km gene in pKEN33) to give pEKD30. All inserted fragments
were sequenced and the plasmid pEKD30 was kept in a ArecA strain, INVaF’, with
minimal generation numbers.

Detection and analysis of recombination. The isogenic E. coli K-12 strains
JC7623 (recB21 recC22 sbcB15 sbcC201) (24, 29), JC8111 (recB21 recC22 sbcB15
sbcC201 recF143), and JC8679 (recB21 recC22 sbcA23) were from E. coli genetic
stock center (Yale University, New Haven, CT). JC12190 (recB21 recC22 sbcB15
sbcC201 recJ153) (17, 30) was obtained from Ichizo Kobayashi (University of
Tokyo, Tokyo, Japan). Competent cells were prepared as described previously
(35). Approximately 200 ng of the intact plasmid DNA was delivered into 10'°
bacterial cells at a field strength of 12.5 kV/cm for 5.2 to 5.5 ms. Even when
recombination generates two plasmids, they may be lost during growth in the
absence of selection; therefore, we only let the bacteria recover at 37°C, with
rotation at 220 rpm for 1 h after electroporation. The bacteria were then applied
to SOB plates containing different combinations of chloramphenicol (Cm),
kanamycin (Km), and amphotericin B (Am), each at 50 pg/ml, and colony numbers
on plates were determined to assess the recombination frequency. Km-resistant
colonies were randomly selected and analyzed by site-specific PCR. The sites for
binding of primers p1416475 and pkmR (sequence shown above) were located
upstream of the donor p44-30 and in the 3’ end of the km gene, respectively. The
binding sites for the other primer pair, p1290226-pkmR, were located upstream
of p44E and 3’ end of the km gene, respectively. The plasmid was extracted from
the Km-resistant colonies and digested by Xbal or by Xbal and Sall to confirm
the fragment sizes. The fragments were cloned and sequenced.

RESULTS

Analysis of the p44 half-crossover structure in A. phago-
cytophilum-infected HL-60 cells by Southern blot analysis fol-
lowed by sequencing. The majority (80 to 90%) of noncloned A.
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phagocytophilum HZ isolated after many passages in cell culture
(>100 passages, with each passage after 3 to 4 days of culture) has
p44-18 at its p44 expression locus (p44-18E) (39, 40, 44). Lower
percentages are sometimes observed due to presently undefined
reasons, but during subsequent passages the percentage eventu-
ally returns to the original 80 to 90% of p44-1SE in the popula-
tion. Therefore, we hypothesized that the recombination inter-
mediate structure linking the donor p44-18 sequence to the
recipient p44 expression locus is detected in A. phagocytophilum
in culture. The donor p44-1/18 locus consists of tandem p44-1
(1,242-bp full-length p44 gene) and p44-18 (762-bp pseudogene)
(Fig. 1A). We isolated genomic DNA from this high-passage A4.
phagocytophilum HZ to detect the recombination intermediate by
Southern blot analysis. For Southern blot analysis we chose re-
striction enzyme Sacl. As shown in our previous sequencing data
(26) and the map of Sacl restriction sites (Fig. 1Bi), there is no
Sacl site within the p44 expression locus and the donor p44-1/18
locus, and the p44 expression locus is expected to be in an ~4.0-kb
fragment and the p44-1/18 locus is expected be in an ~6.6-kb
fragment. The recombination intermediate structure is predicted
to be approximately 5.3 kb (Fig. 1Aii and Bi).

Probes for Southern blotting were designed as shown in Fig. 1A
and Bi. The P1 probe was designed to be specific to p44-18
hypervariable region, and the P2 probe was designed to be spe-
cific to a region upstream of p44E in the expression locus. By
using P1 probe, the ~6.6-kb band corresponding to the p44-1/18
locus, and the ~4.0-kb band corresponding p44-18E in the ex-
pression locus were detected (Fig. 1Bi). In addition, a new and
weak band of ~5.3 kb was consistently detected by using P1 probe
(Fig. 1Bi). An ~4.7-kb band hybridized with P1 probe. p44-18 was
not detected in this band region; however, the sequence which has
134/171 bp (78%) identity with P1 probe was detected in the Sacl
fragment of A. phagocytophilum genomic DNA of this size.

The P2 probe was expected to hybridize to the expression
locus 4.0-kb band. As shown Fig. 1Bi, the P2 probe hybridized
to the 4.0-kb and did not hybridize to the 5.3-kb band, sug-
gesting that if this band is the recombination intermediate, this
is a nonreciprocal event (Fig. 1Bi). The 5.3 kb-band region
which did not include 6.6- and 4.0-kb bands (therefore, there is
no chance of strand jumping between these two fragments) was
recovered from the agarose gel and used as a template for PCR
using the primer pairs p1266002-p1292839 and p1265827-
p1292327 (Fig. 1Aii). The PCR generated the 3.2-kb band (Fig.
1Bii). The sequencing result showed a half-crossover structure
between the p44-1/18 and the p44 expression loci as shown in
Fig. 1Aii and Fig. 2B. The GenBank accession number for the

and the large checkerboard, black, and wide downward diagonal are hypervariable regions of p44-1, p44-18, and the recipient p44E, respectively.
The arrows of boxes indicate transcriptional orientation. Horizontal arrows with numbers indicate primers used to isolate the intermediate
structure by PCR and primers used to demonstrate the absence of a reciprocal recombination product. Black short bars indicate the locations of
two probes (P1 and P2) used for Southern blot analysis in Fig. 1B. The “stairstep” symbol indicates the potential pair of the recombination sites.
(B) Southern blot analysis of the half-crossover intermediate structure of A. phagocytophilum cultured in HL-60 cells. [i] The probe positions and
Sacl digestion sites within the 35-kb region containing p44-1/18 and p44E are indicated. The numbers under the Sacl sites indicate the positions
of the cleavage sites in the genome. The genomic DNA was purified from A. phagocytophilum cultivated in HL-60 cells. Southern blot analysis of
genomic DNA digested with the restriction enzyme Sacl with two probes (P1 and P2) showed the ~6.6-kb band containing the donor p44-1/18 locus
and a 4-kb band containing the recipient p44E. An ~5.3-kb band contained duplicated p44-1/18. [ii] PCR was performed using the primer pairs
p1265450-p1292839 and p1265376-p1292327 (Fig. 1Aii) and the DNA isolated from the 5.3-kb region of the gel as a template. The numbers on
the left indicate the molecular sizes. A band of approximately 3.2 kb was amplified and sequenced GenBank accession no. DQ011270. “Neg.” refers

to a negative control with water as a template.



2056 LIN ET AL.

(A)
U

12.0-

5.0-
40-

3.0-

20-
1.65-

1.0-
0.85-

0.65 -
(kb)

Recombination Intermediate

2
8% 9”

Wﬁ' " ‘\66'

9

12.0 -

40-
3.0-

20-
1.65-

1.0-
0.85-
0.65-

(kb)

Plasmid Mixture
(iii]
AN®

el

¥
12.0 -

4.0-
3.0-

2.0-
1.65 -

1.0-
0.85 -

0.65 -
(kb)

Reciprocal Recombination

FIG. 2. Analysis of the p44 recombination intermediate in A.
phagocytophilum from an infected SCID mouse. (A) The half-cross-
over recombination intermediate was detected by PCR of peripheral
blood leukocytes from an A. phagocytophilum-infected SCID mouse.
[i] The ~2.9-kb band was amplified by the primer pairs p1265450-
p1292839 and p1265376-p1292327 (Fig. 1Aii) using Pfu DNA polymer-
ase. [ii] No PCR product was detected with the same primer pairs from
uninfected SCID mouse DNA spiked with plasmids containing p44-
1/18 and p44E as a template. [iii] No PCR product was detected in

INFECT. IMMUN.

intermediate sequence of the cell culture is DQ011270. South-
ern blot analyses were independently repeated by two investi-
gators more than four times using different batch of A. phago-
cytophilum cultures and probe preparations of different sizes,
as well as restriction enzymes purchased from different
sources. The results with the P1 and P2 probes were reproduc-
ible. These results suggest that p44E recombination occurs via
the RecF pathway successive half-crossover mechanism in the
cell culture system.

Analysis of p44 recombination intermediate structure from
A. phagocytophilum infecting a SCID mouse. To confirm that the
RecF-pathway recombination intermediate structure in A. phago-
cytophilum in infected animals, we analyzed peripheral blood leu-
kocytes from a A. phagocytophilum-infected severe combined im-
munodeficiency (SCID) mouse 50 days after inoculation with A.
phagocytophilum. This time point was used for analysis because
populations of p44-18E appeared to increase at this time point in
a previous study (27) and should provide a high probability of
detecting the recombination intermediate structure. However, we
could not obtain A. phagocytophilum DNA from infected SCID
mice that were sufficiently enriched for Southern blot analysis due
to the low infection rate of granulocytes and small amount of
blood specimens. Therefore, we developed a nested PCR method
as shown in Fig. 1A. The forward primers p1265450 and p1265376
are complementary to regions starting 136 and 60 bp upstream of
p44-1 of the p44-1/18 locus, respectively; the reverse primers
p1292839 and p1292327 are complementary to regions starting
619 and 107 bp from the 3’ end of the valS in the p44 expression
locus (Fig. 1A). Three elements of our PCR procedures were
designed to prevent artifactual, recombination-like events that
might occur during PCR. Pfu DNA polymerase was used for
PCR, since it has been demonstrated that Pfu DNA polymerase
does not have discernible recombination activity, in contrast to
Tag and Vent DNA polymerases, due to in part high proofread-
ing activity of Pfu DNA polymerase (37). We used prolonged
polymerase extension times (4 min) in each cycle, since an incom-
pletely extended segment of DNA and the partially amplified
sequence act as a primer during subsequent amplification. In
addition, rapid cooling between the denaturation step and the
annealing step (20 s) was used to discourage annealing of incom-
plete products over the more abundant primer.

peripheral blood leukocytes of infected mice with forward primers
located in the intergenic region of p44E and omp-IN and with reverse
primers located downstream of donor p44-1/18 locus (Fig. 1Ai). “Neg.”
refers to a negative control with water as a template. (B) The nucleo-
tide sequence of the half-crossover recombination duplex between
p44E and p44-1/18D. The second set of primers used for the nested
PCR are indicated by horizontal arrows and labeled with primer ID.
p44-1/18DE INT is the intermediate structure containing donor site
p44-1/18 and the recipient site p44E. The sequence is identical to that
expected for a half-crossover recombination intermediate as illustrated
in Fig. 1Aii. The light-shaded areas indicate sequence identity between
the crossover structure and the putative donor p44-1/18 locus, and the
dark shaded areas indicate identical sequence between the hybrid
structure and the recipient p44E, or among all three structures. The
boxed nucleotides are start codons for p44-1 and for p44-18. The stop
codons are underlined. Dashes indicate sequence gaps that helped to
determine the origins of conserved sequences in the recombination
intermediate.



VoL. 74, 2006

(B)

pAd-1/180
-18E
..;m«.mws wr
SHL
perkrs
PA4-TAS0E NT
4411180

pad 17180
pAd-16E
pAd-1ABDE INT

pa-1/180

-18E
PA4-1/180E INT

paa-1/180
pa-18E
PA4-1/180E NT
pa-1/180

-18E
p44-1/180E NT
p4-1/160
A TE
P44 1/180F NT
pia-1/180

-18E
m-mws L3

pad-11180
SE

paa-1150
£44-15E
pA4-1BDE NT
1000

s
m-mm wr

pad-1/180
-18E
{44 -1180E INT
p4-1/180
-18E
P44-1/180E NT
pa-1/180
pA4-18E
P44 -11ADE NT
pad-1/180
p4d-18E
p44-180E NT
paa-1/1e0
- mmf T
pAd-1/180

pAA-15E
44 -1180E INT

pid-1-18
i -18E
pA4-TABDE NT

£4d-1/160

pd-18E

Pp44-1/1B0E NT

p4-1180

£Ad-15E

4 1/00E INT

pA9-11500
-18E

- 1AE0E INT

RecF PATHWAY IN p44 GENE CONVERSION

pL265376

Tcr AT TTTCTTTAAAAGGEAGAGE TTECTIT -~ - TTEGAAATAGEETITTETTTAGGAAGES TAATHATATC TATEGETATAG - —— - TEATEE
TATGECATET CTAGGAT R GG GAGAGAGT GTAGTAGACT T CGLGETGLAGCACTTAAAAGTTAGGGGTATAACTGGTAGTGTIGATEGGGEETCGTAR
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ErO0OGAGT--OATGTCAGUECTCATOATGACOGETAGEECTTT---GOAGACTGETEGTOCOGGATATT TCTATAT TGETTTAGATIACAGTICCOAGEETT
GAODTGAOCTCOATGCCOTGAAGTATEGTICACGATACTIITTTCTAAGGGAAT CHOAOTCOGAAGCGGGGAGITCGETGATARGTACAGACCTGTGTA
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TA-GCAAGATAAGASATITTAGTATAAGEEAGAETAACGEAGAGACTARGGOAGTATATCOATACTIAAARGEATEGAAAGAGT S AAGCTAGAGTCAC
CACAGAAGATTITIGUACTGAGTGGITCITICEGETATCGITTCEGARATCTGEGETAT AGAGATAGAGGEGAAGTGAGCAGGAGTI TTCACCCTAGERECTGE
TA- CCRAGCATAAGAGAT T TTAG T AT ARG EEACAG TAAC G A AGAC T ARG CAGT AT AT CCATACT TAARCGOAT CEAAAGACTCTAAAGCTAGAGT CAC

- GATTEGETTTAAGCGACAARCATECTTGTACCTATECEARGECAGTETITER
EATIGEETTTAAGCACAACATGCTTCTAGCTATGCARGECAGTGTEAD
BIACEGTAT TOOTGETACCAGEE I TOAGCOTTAAGAT TR TTACGAGCGT I T CAAGACTAAOGGTAT TAGAGATAGTGOTAUTAAGEAAGATGARA--GET

AATGCACCTTUOTCTITAT-ACTGCTEAACS ATBCTACTCTUGGETTGCUUCTGGACGAGAAGAATOOGATCTATTCCIGICTTGUECTTGGACTCGET
B ACGE AT T TG TG CAGEE P T AG T T A G AT P GG T TAC A G ST I T ARG AC T ARG GO AT P ACAGATAGTCETAGTARAGEAAGATGAR--GOF

GATACAGTATATCT--ACTAGCTAAGGAG--TTAGCITATGATGITETTACTEGECAGACTGATARCOTTIG--CTGCTGUICTIGOCAARACCOTICCEET
GCTACEGATTACCITGGCGGEGLITGGGAGACTARGGGECCTTATGGARCGLGARGATAGG GITGARCTGCAAT T TACTAAGAATTTAACTATGITCGEGEA
AT ACACTATATCTI--ACTACCTAACCAC--TTAGCITATCATGY TETTACTGEECACACT QAT CTTE--CTOCTOCTOTTOCCARARACCTOCCGT

E AGTITTCCTAACGCOGTGR TCOrCTTACCCTACTATCCATCGOAAGGI TTETACTGOAMACGCATOCCERD
GAGGTUTATTACCGCGGATT TGGAGTGTTGCGGGGGAAGGTGCGCOTTTITTCGOTGGCTGCGUTTOAGGGETAT TGACACTCTGLT
AAGG-ACATCGT T - CAGT I T GC TAAG GGG TG GAGAT T CT TACCCTAG AT CGATGGGEARGE I TTGTAGT GOARAGEATGEGUCGET -~ --TGEAGDA

AACACGA- -~ ACGCGGAGAAARRAGTAC G C GG T TGAGCCI GO GAAC GG C G GAACAGACGEGAGCACG I CGOAGTGTAGTGGTITTHAGTAATGETAGTGEG
AACGTTAGCTACGIAGGUAATGCGTHCUGUGTACET AT TTOTTCTAGAGAR-AGATGTGCGTIARGAGGTAATACGOAGAA--GARATACCCTAGTG-G
AACACCA---ACCCOCGAGAARRARTACCC OO T TCACGE TEC DAAC GG GAACACACGECAGCCACE I CECAGTCTACTRCETTTGASTAATCEGTASTGEG

BAEGCTIECTCATARAT AT TIGAGTAAGBTI I TETA-AGTICTTA- - - -CAGEAGBTEETI TEAAGG-—- - - GARARACTGECCTACTEETIAGATCEAGTARCAR
CACCAACACATICCACTTTICACCTCTCTTCCCCACTCOTTCAATCCCCCACATATTCAACTICCATCARRACCTTCCCTCCACATCTIACACCCECTTA
GAGGCTGCTCATARAT AT T T GAGTAAGT TTGTIA-AGTICTIA--~--CGGGAGTGEITGAAGGE -~ -~ -GAAAA-CTGECCTACTGGETAGATCGAGTAACAR

CAGCAAT AGCAT TGTAGTTGGAGCACCTAATAGTAACGCARAC TG GEC CAAAGAT CTAGTAAAGGAACTAACACCAGAGGAGARAACCATAGT IGE
G CErFGAGIGLACEGGETGAAGTGAG - GAGACGAALUAAAAAGAAGGAATT TGGAGAAGT SGAAAAGTA--TGAGAAAAGGAAALATAATCTTAGGAAG
CACCAATACCAT T OTAGTTOCACCACCTAATACTAACGCAAACOCOATSOCCAAMAGAT CTAGOTAAAOCAACTARCACCADACCADARAACCATAGTTIOD

CeG - - I T ACTAGC T AAAARCT AT TG ARG G GGG T CAGET TR TAGARAT TAGGGCEGT Tr Cr TCTACT IO GTAAT GG CAATGCTTGTTATGATCT
CETAATGATGTCGATGGCTATAGTCATGGCTGEGAATGATGT —~CAGGGCICATGATGACGI - TAGCECTITEGAGACTGETGETIGCEEGATATTTICTA
CEE------GTTACTAGCTARAACTATICAAGEGEEETCAGET TETAGARAT TABEGECGETTICE TETACTTICTGTAATCEETCAATGEOTITETTATGATCT

O T AN A CC T T T C T TS r T I e R TAr g T I - O T TCE T I AN I CE AL I TCC AT eI e T rCArECCEATA T CACTCCT AN DT
TETTEGTTTGGATTACAGTCCAGCGTITTAGCAAGATAAGAGAT T TTAGTAT AAGGGAGAGTAACGGAGAGACTARGGCAGTATATCCATACTTAAAGGA
IO TAGT GAAGET TTAGETE T - - TG OO T TATG T I G- -~ - T GrTGa T I AGEIGETAACTICErACETGI T GTTGATGEGCATATCACTOCTARGET

TOCT AT AGGT TAAAGGCTOECT G-~ - AGF - - AT CAGCT T CTCCTOARAArCTCCECTITIGCUOGTGOATICTACCATCGI-GITOTGOOAGATE
TOUOAAAGAGTGTAAAGCTAOAUTCACACAAGITITGACTGGAACACACCTOAT-CCTCGOATIGUAITTAAGOACAACATOCOTTAGTAGCTATGGAAGOCA
IEOTTATAGETTAAAGGCTEGCTIE--—~AGrIT-—ATCAGCTOTOTCOCTIAARTOTCCEACTITIGCOEGETEUATTOTACCATCUTI-GTITATGEEAGATD

BuﬂT!!A!ﬂlrdnT—craccaqEEEETBrBC)ATE&!!E!TA!TLTTG&AAA —————— CAAGACCAAGGETATTAGAGATAGTGETAGTAAGEARGATS
ErCTICCCETACCETATTECTED ACCCTTCN OO T ICACATICCTTACCACGCCCTTCAACAECAACCETAT TACACATACTCCT ACTAACCAACATD
GUGT I TATEATGAT-CTECCEEAGCCTAT GCAATART TCTTATTATTGAAAR - - - - - - CARGACCAAGGGETAT TAGAGATAGTEGTAGTAAGGARGATG

AAECTOATACACTATATCTACTACCTARGGACT TAGC T TATCATET TETIACTIOCGCACACT GATAACCTTECCGCTGOTCTTGOCRAAACCICAGETA
AACCAUATACAGTATATCTACTIAGCTAACCACT TAGCI TATOAT T TATIACTIUUCCAGACT AT AACCTTGCCOCTOCTCTTEOCARAACCICAGREA
AADCTOATACAGTATATCTACTAGCTAAGGACGT TAGC TTATEATG T TETTACTUOGCAOACTGATAASCTTRACYGCTGCTCTTECIALAAACCTICMEGTA

AL ACAT e T T CAGT T TG e T AAG GO G TG GAGAT T T AAT T CC GG TAT T U T ARG AARGE TG TR TRAGACARAAGCGEAAGGARATSGTGATACTACGAACA
AUDACATCGTTCAGIITECTAAGECCOTEGAGAT T TCTAATTCCGETAT IO UTAAGAAGETGTGTEAGACAAAGCGOAAGGATEET GATACTACGAACA
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i T T e TGATACTAGCAATCCTCGCTACATCATI TETCOTGGTEGTAACARCCAAAAGACTTCSCACACACACACCGEES
GGETTTEGC hhﬂﬁhYaT BT TGGTECEEGTEATAGTAGCAATECTGGTACATCAT TETETGGTI GG TAAGAACCAAARGAGTITCEGACACAGAGACCGEES
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L TETTGAAATTAGGEGCEETTTCT TCTACTTICTGIGATGE T TAATSCTIIGTITATGATCTTCTI TAGTGAAGECTTAGET GTCET TCCTTATECTIE
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TCOOTCrITGUETOETAACTICATEUAECGETTIGT TG
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ETGCTRCATCACTCACGAAGCCAACTATGATTCAGECAT TTACAAATACAGAGCGGGTCTETACAGTICGCTTTACAATCT TACCTAACATGCAATAACA

TTCTATOTCATATATCOCCACAGACT TTATAAAGGTTATCTETACTTCAAAGEAAGCTAAA- ~CTETGTCAGATGCGEATGGTETCTAGAACATCACTC

CTAAGCTTGCTTATAGOTTAAAGOECTGOCTTOAGTTATCAGAACCTAAGAOATCOATA-TTCCTGCO-TGETEGGECTATOTCTAGARATG----TOAARC

CIGICTCTAGTGGCARARGUCATETITAGOC TATCGAGTAGTATTECTCTETAGACCACCTAACGIGTITICTGETITCTGTCEGEGCTITCCAGGTATTCIAGT

ATGUTGTACAAGTGTACATGGTCTATGACTTITGCCTIGAACCATTGCTGAAATCT TACACCACTGOTTCTCCATTATG TG GTTGAGGETGTTCTGCTTTT

TCCOCETCTATCCACTICTITIIGATAACGT CTTATAGAAT TCATGTACATAUTOTTGGOCAAAATGOTGTAGTARAGTATTCTTATCCAACAGGETEGAT

CTTAAMAAGGECCTATCACCATTECATATGCTCTTCTOTACGCCTGECCATGCACARGETACGACACTCCTATT - -~ ~-CECTCTCCATCTAGAAAGCTGT G

CTTCTCOTAACAGCTCTCTTACTCCOTOCTATAATGTGCICGCCTTGACTAUCCACETI TGECTECTOCCCACTATTAGCATACCTATTICCCGAC-AATATCA

AAGCCTGCATTAGTACCATIATTOTIGECGCTGTCICTAAGCTTTARTCCCCGOTAATTICTCCAATAACTCTTATGAGCTEE

pl292327

FIG. 2—Continued.
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FIG. 3. Analysis of a p44 recombination intermediate in E. coli using plasmid encoding p44 expression and donor loci. (A) Double-origin
plasmid pEKD30 and E. coli system design. [i] Plasmid pEKD30 carries the recipient site of the p44 expression locus p44E upstream region (p44E
IR)- p44-18E-km-p44E downstream sequence (p44E DS) and the donor site p44-30PrecA in a direct orientation. The donor p44-30PrecA has an
E. coli recA gene promoter in the hypervariable region (bent arrow). The plasmid carries two more antibiotic-resistant genes (cm and amp) and
two compatible replication origins (P15A and ColE). The restriction enzyme cleavage sites are shown. If p44-30PrecA recombines to p44-18E, km
is transcribed from the recA promoter, allowing isolation of the recombination intermediates in the presence of Km. [ii] Experimental design. If
nonreciprocal recombination occurs between p44-30PrecA and p44-18E, only one type of plasmid (5.7 kb) that carries km with upstream
p44-30PrecA is expected to be isolated in the presence of Km. If reciprocal recombination occurs between the donor and the recipient sequences,
two plasmids should be generated: one identical to the plasmid generated by the nonreciprocal recombination (5.7 kb) and another that carries
p44-18E and amp (3.6 kb). Thus, in nonreciprocal recombination, Km" E. coli strains are Am?®, while in reciprocal recombination Km" E. coli strains
are Am'. [iii] Sequence alignment of 5'- and 3’-end conserved regions of donor p44-30D and recipient p44-18E in the plasmid pEKD30. The
different nucleotides between p44-30D and p44-18E conserved regions are shaded in light gray. (B) Analysis of the Km" Am® plasmids isolated from
E. coli strain JC7623 with an active RecF pathway. [i] PCR amplification using the primer pair located upstream of p44-30PrecA and downstream
of km, respectively, showed a band of the expected size for the recombined p44-30PrecA-km structure in Km" Am® clones 11 and 19. The remaining
three Km" Am® clones had the original p44-18-km structure. [ii] The two PCR positive plasmids from clones 11 and 19 were analyzed by digestion
with Xbal to determine the size of the recombined plasmid. As predicted from the restriction sites shown in Fig. 3Ai, Xbal digestion generated
a single 5.7-kb band from the recombined p44-30-km plasmid. [iii] The sequence between the two Sall sites in clones 11 and 19, which confirmed
the recombination between p44-30PrecA and p44-18E.
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[il Clone ID
8 10 11 13 19

pdd-30-km

pd4-18E-km

[lll GGGTCGAC GTCGACGTAT ACCARARGCC TATGCAATAATTCTCATTAT TGAAR ARCAAGACCAAGGGTATTAG AGATAGTGGT AGTRAGGAAGATGARGCTGATACAGTATAT CTACTAG

Sall

CTAAGGAGTTAGCTTATGATGTTGTTAC TGGEGCAGACT GATAAACT TACCGCTGCTCT TGCCARGACC TCTGE GAAAGATATC GTT CAGT TTG CCAAT GCTCT TGGAATTGCTCATTCTAR

GATCGATGGGAAGGTTT GTAGT GGGAC TCATGCCGCGGE CTCCACGE GAGGA AGCGTAACGGAATAC CAAAACACTT GA TAC TGTAT GAGCA TACAG TATAA TTGCT TCAGG CAGAGC

CGEGATGAAAACACAAAGAC GEGCACAGTGCAGCAATCTAG CCAGT AGTGEGCAGAGTGGCAAATC CTTTAGTARGTTCGT TA GTAGAGCT

PrecA p44-30

CATACATAGCACCAATAC AAAGGATGGT ACACCGAATG GCAACGCCAACGCCG TAGCCARAGACCTAGTAAACCTTAATCGTGACGAAAARACCATAG TAGCAGGGTT ACTAGCTARARC

ACTGGCCCACGGGACE

TAT TGAAG GCGGT GAGGT TGTTGAAATT AGGGCAGTTT CT TCTACTTC TGTGATGGT T AATGC TTGTTATGAT CTTCT TAGTGARGGTTTAGGCGTTG TTCCTTATGC TTGCG TTGGT CT CG

GTGGEAACTTCGTGGECGTTG TTGAT GEGGCATATCACTCCTAAGCT TGCTT ATAGG TTAAAGGCTG GETTGAGT TATCAGC TATCT CCTGAAATCT CCGCT TTTGC GGG TGGATTC TAC CA
TCGTGTTGTGGGAGATGGTGTCTAT GATGATCTGC CGGCT CARCG TCT TG TAGAT GATAC TAGTCCGGCG GG TCGTACTAAGGAT ACTGC TATTGCTARC TTCTCCATGG CTTAT GTCG G TG

GGGAATTTGGTGT TAGGT TTGCT TTTTAAGCTTGCTTATCTARAGAGS GCTGCAGTAA GGAGGTTTCGCATGAT TGAA CARGA TGGAT TGCACGL TTCTCCGGCCGCT A GAGG

RBS Km

CTATT CGGCTATGACTGEGEC ACAACAGACAATCGGCTGCT CTGATGCOGE CETGT TCCGE CTGTCAGCGC A GCCCGGTTCTTTTTGTCAAGACOGACCTGTCCGGTGCCC TGAATGA

ACTGCAAGACGAGGCAGC GCGGCTATCGTEECT GECCACGACGGECGTTCCTTGCGCAGC TGTGCTCGACGTT GTCAC TGAAGCGEGAAGGGA CTGEC TEGCTA TT GGG CGAAG TEGCCGGGECA

GGATCTCCTG TCATCTCACCTTGCTCCTGC CGAGAAAGTATCCAT CATGGC TGATGCAAT GOCGGC GGCTG CATAC GCTTGATCCGGCTAC CTGCC CATTC GACCACC ARG CGARACATCGCAT

CGGECGAGCACGTACTC CGGTCTTGTC GATC GATCTGGACGAAGAGCATCAGGEECT CGCGCCAGCC GAACT GTTCGCCAGGCTCAAGGCGAGCATGCCCGACGGCGAGE

ATCTCGT CGTGACOCATGGCGATGCCTGCTTGCCGAA TATCA TGGTGGAARA TGGCC GCTTT TCT GGATTCATCGAC TGTGG OCGGC TGGGT GTGGC GGACC GCTAT CAGGACAT AGCGTTGGCTA

2 TTGECGEE

TGAC CGCTTCCTCG TG CTT TACGE TEGTCECCECT CCCGA TTCEC AGCECATCEE CTTC TAT CECCTTCT TGACGAGTTC TTCTGAGTCGACE
Sall

FIG. 3—Continued.

The PCR of DNA from peripheral blood leukocytes from the
infected mouse amplified a band of ~2.9 kb (Fig. 2Ai). The size
was smaller than the 3.2-kb band observed in the cell culture
specimen since the 5" primers used here anneal to a region fur-
ther downstream of the donor locus than those used to analyze
the cell culture samples (Fig. 1A). DNA sequencing (Fig. 2B)
revealed that the 2.9-kb band had a sequence expected for the
half-crossover structure consisting of the p44-1/18 sequence up-
stream and a p44E sequence downstream as illustrated in Fig.
1Aii and almost identical to the sequence DQ011270 detected in
cell culture. The next half-crossover event in the 5’ p44 conserved
region of p44-18 of the intermediate is expected to create the
structure illustrated in Fig. 1Aiii, which was previously demon-
strated by PCR and sequencing (27).

As a control to rule out the possibility of a PCR shuffling
between the p44 expression locus and donor p44-1/18, we per-
formed the same PCR using as a template a mixture of two p44
plasmid clones each carrying donor p44-1/18 and p44E se-

quences of the A. phagocytophilum HZ strain. Each of the
DNAs at 20 ng was spiked into genomic DNA from an unin-
fected SCID mouse. The concentration of each p44 in the
plasmid present in this PCR was estimated to be >4,000-fold
the concentration of total p44 genes present in the mouse
blood. No bands between 2 and 3 kb were amplified in this
PCR control (Fig. 2Aii). As another control, the nested PCR
was performed with forward primers complementary to the
intergenic region of p44E and omp-IN and reverse primers
that would anneal downstream of the p44-1/18 locus (Fig. 1A).
This PCR did not generate a band (Fig. 2Aiii). This result also
confirmed the absence of reciprocal recombination between
the recipient p44 expression locus and the donor p44-1/18 locus
(Fig. 1 and 2Aiii). To confirm absence of crossover at the
donor locus, we sequenced the p44-1/18 locus by using DNA
sample extracted from the blood of the same mouse. The
sequences of randomly selected 10 clones of the PCR product
were identical and did not show any sequence variation (data



2060 LIN ET AL.

not shown). These results support that the first half-crossover
structure in the successive half-crossover model in the RecF
pathway recombination is also present in A. phagocytophilum
in the SCID mouse (22).

Construction of a plasmid encoding p44E expression and
p44 donor loci and their recombination through the RecF
pathway. Kobayashi (22) could isolate half-crossover interme-
diates using a double-origin plasmid in the E. coli RecF active
strain (22, 38, 41). A stable plasmid expression system or gene
knockout system is not currently available for any obligate
intracellular bacteria. It may be, however, possible to demon-
strate the p44 recombination intermediate by constructing an
E. coli plasmid and by using E. coli mutants that are deficient
in one or more of the recombination pathways. Therefore, in
order to analyze the p44 recombination mechanism, we devel-
oped an E. coli plasmid system. We constructed the pEKD30
plasmid from the double-origin plasmid pKEN33 (38) by re-
placing the two original Km resistance genes (km) with the
recipient p44 expression locus sequence and a donor p44 se-
quence, respectively, in direct orientation (Fig. 3Ai). The dou-
ble-origin plasmid was used, since intraplasmid recombination
causes segregation of the plasmid into two plasmids and each
origin allows recovery of two plasmids (Fig. 3Aii) under per-
missive conditions. The recipient p44E consists of p44-18E
hypervariable region flanked by 5" and 3’ conserved sequences
(Fig. 3Aiii). A km gene was inserted downstream of p44E to
create an operon fusion with an E. coli ribosome-binding site
sequence (5'-TAAGGAG-3') upstream of the ATG start
codon of km gene. The p44E-km fragment contained a 213-bp
sequence upstream of p44-18E (p44E IR) and a 446 bp down-
stream sequence (p44E DS). The donor was derived from the
p44-30 pseudogene (897 bp). An E. coli recA promoter (5'-C
AAAACAC TTGATA ;5 CTGTATGAGCATACAG TATA
AT _,, TGCTTCA-3’) was inserted into the hypervariable re-
gion of the p44-30 (Fig. 3Ai) to create p44-30PrecA. When the
donor p44-30PrecA recombines to the p44-18E, km will be
expressed from the RecA promoter in the p44-30PrecA and
bacteria become resistant to Km; therefore, we could recover
the recombined clones in the presence of Km. Various E. coli
strains were cultured at 37°C for 1 h after introduction of the
plasmid. The bacteria were then applied to SOB plates con-
taining different combinations of Cm, Km, and Am. If recom-
bination is nonreciprocal, the cells become Am sensitive, since
nonreciprocal recombination causes loss of the Am resistance
gene (amp) due to breakage in p44E (Fig. 3Aii). However, if
recombination is reciprocal as catalyzed by the RecE pathway,
the E. coli clone remains Am resistant, since p44E receives
Pp44-30 and the segregated plasmid with amp is ligated and thus
survives (Fig. 3Aii).

In the RecBCD-deficient, RecF-active E. coli strain JC7623
(recB21 recC22 sbcB15 sbcC201), nonreciprocal recombination
occurred as the Km-resistant, Cm-resistant, and Am-sensitive
(Km" Cm" Am®) transformants were detected. The ratio of
Km'/Am" transformants was approximately 0.01 as determined
by colony counting in the presence of Km and Am, respec-
tively. DNA extracted from transformant clones were exam-
ined by two types of PCR: one specific for the expected prod-
uct of recombination, using primers located downstream of the
km gene and upstream of the donor p44-30 (Fig. 3A), and
another specific for the original p44-18-km locus using primers
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located downstream of the km gene and upstream of the donor
p44-18. Two transformants of five Km" clones examined had
plasmids with the recombined p44-30-km locus and had lost
the original p44-18-km locus (Fig. 3Bi). The isolated plasmids
from the two recombined Km" transformants were analyzed by
restriction enzyme digestion with Xbal (restriction sites in the
pEKD30 plasmid are shown in Fig. 3Ai). By using the restric-
tion enzyme Xbal, a linear plasmid of ~5.7 kb was detected in
the two Km" transformants (Fig. 3Bii) rather than the original
pEKD30 plasmid (9.3 kb). Sequencing of the amplicons (1,836
bp) obtained by using primers located upstream of the donor
p44-30 and in the 3’ end of the km gene, respectively, from the
two clones demonstrated that these were indeed the half-cross-
over structure expected from the intraplasmid recombination
(Fig. 3Biii). Thus, the p44 gene recombination can occur in the
nonreciprocal RecF pathway of E. coli.

recF and recJ are essential genes involved in RecF pathway
homologous recombination (22, 23). In the recF-deficient
strain JC8111 (recB21 recC22 sbcB15 sbcC201 recF143), no
transformants were recovered from the plate with Km. Using
this strain, the transformants on Am plate were 4 X 10* to 6 X
10*. In the recJ-deficient strain JC12190 (recB21 recC22 sbcB15
sbcC201 recJ153), no transformants were recovered from the
Km plate. The transformants in Am plate were 4 X 10° to 5 X
10°. These results confirmed that the p44 gene conversion in
the pEKD30 plasmid was RecF dependent and that recF and
recJ were essential for p44 gene conversion in E. coli.

A. phagocytophilum lacks genes in the RecE pathway (26, 27).
However, to test whether p44 recombination could occur through
the RecE pathway, we examined the recombination in the RecE-
active strain JC8679 (recB21recC22sbcA23). The ratio of Km'/
Am" transformants was less than 0.001, suggesting that RecE-
dependent recombination (crossover) can also occur, albeit at a
lower frequency than that observed through the RecF pathway.

DISCUSSION

The present experimental data generated using cell culture
and infected animal specimens and the E. coli plasmid con-
struct are consistent with our prediction based on the genome
sequence data analysis (26, 27) and the characteristics of p44
gene conversion (4, 11, 26, 27) that the p44 gene conversion in
A. phagocytophilum occurs through the RecF pathway. Isola-
tion of recombination intermediates has been extremely diffi-
cult and possible thus far in limited systems, such as the yeast
(16), E. coli (22, 41), and N. gonorrhoeae (18, 19). The recom-
bined half-crossover-like structure in A. phagocytophilum in
HL-60 cell culture and in the blood of an infected SCID mouse
was very similar to those previously described in RecF-depen-
dent intraplasmid recombination in an E. coli strain (22, 41).
The weak 5.3-kb band in Southern blot analysis suggests that
this structure is unstable or exists at very low frequency in A.
phagocytophilum in cell culture under the conditions of the
present study. Although a large amount of bacterial DNA can
be isolated, p44E recombination rates appear to be much lower
in cell culture than in animals (27). On the other hand, in
infected animals a very small amount of A. phagocytophilum
DNA is present in the overwhelming background of host cell
DNA. These facts make the Southern blot detection extremely
difficult. Further experiments and analysis would help find con-
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ditions or factors that enhance the p44 recombination rates to
facilitate the detection of recombination intermediates in
Southern blot analyses. The intermediate structure observed
by sequencing is probably not a PCR shuffling artifact between
a donor p44 and a recipient p44 expression locus DNA for
reasons. (i) The intermediate structure sequence was obtained
from the 5.3 kb-band region that did not include donor and
recipient sequences. (ii) The existence of this structure was
demonstrated by PCR with a high-fidelity Pfu DNA polymer-
ase with no discernible recombination activity (37). (iii) Ex-
tremely low concentrations of p44 DNAs in the total DNA
from infected blood specimens, since most of it is host cell
derived in our assay, prevents the PCR shuffling artifact. (iv)
Even when the PCR was performed with a high concentration
of two plasmids, one carrying p44E and another the p44 donor
sequence, a recombined sequence was not generated. (v) The
PCR detected only a single unidirectional half-crossover struc-
ture in which 3’ end of donor p44 recombined with the recip-
ient p44E but not the structure in which the 5’ end of p44E
recombined with the p44 donor. (vi) Similar recombination
intermediates using a double-origin plasmid carrying the p44
expression locus and a donor p44 locus were recovered in an E.
coli strain with an active RecF recombination pathway.

A stable gene knockout method has not been developed for
obligate intracellular organisms, but the E. coli system may
provide an alternative strategy for characterization of factors
involved in the p44 recombination in A. phagocytophilum. We
inserted a donor p44 and the recipient p44E in the double-
origin plasmid. Using this plasmid, pEKD30, we isolated the
half-crossover intermediate in E. coli strain JC7623 with an
active RecF-pathway (recBCsbcBC). The demonstrated fidelity
of the E. coli system for p44 recombination should encourage
the use of E. coli enzymes and mutant systems for the analysis
of antigenic variation in obligatory intracellular bacteria. Using
a BLAST search, genes involved in the RecF recombination
pathway were found in the A. phagocytophilum genome se-
quence database (26, 27). Rec] is a single-strand specific 5’ to
3’ exonuclease (23); the homolog in A. phagocytophilum may
digest the 5’ tail end of p44. RecFOR and RecA homologs
were also found that may help the 3’-tailed single strand invade
the donor p44 duplex. In addition, the A. phagocytophilum
genome contains the Holliday junction DNA helicase genes,
ruvA and ruvB, and the crossover junction endodeoxyribo-
nuclease gene, ruvC. RuvA and RuvB denature and renature
duplex DNA at the cruciform structure to promote its migra-
tion, while the RuvC protein acts to resolve the Holliday junc-
tion structure. Genes of the recBCD-dependent and recE-de-
pendent pathways were absent from our bacterium, although
homologs of AddAB have been found in Bacillus (8) and Rhi-
zobium etli (45). AddAB was detected in the genome of A.
phagocytophilum (APH0258 and APHO0849 with E-values of
6e-79 and 9e-07, respectively) by BLAST search using AddAB
of R. etli. This new class of enzymes have both helicase and
nuclease activity and function like the RecBCD enzyme (8). In
the future, we may be able to express these genes in our
pEKD30 and E. coli system and define their roles in p44 re-
combination.

Further experiments and analysis would help optimize the
present E. coli system for molecular analysis of p44 recombi-
nation. An experiment should be performed to determine how
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much noncoding sequence upstream and downstream of p44E
is required for recombination. Three of five Km" clones did not
have the recombined p44-30-km locus but retained the original
p44-18-km locus. These transformants were not investigated in
detail. It is possible that this background transformation may
be due to the insertion of the whole intergenic region between
omp-1N and p44E into the plasmid. This region contains the 4.
phagocytophilum promoter sequence upstream of p44E (26)
that may have been recognized by E. coli transcription and
translation system. Thus, the downstream km gene could have
been expressed without recombination. By removing or chang-
ing this promoter region, we may be able to reduce the Km"
background colonies. However, our speculation may not be
correct, since we did not obtain any Km" colonies when the
recF mutant strain JC8111 or the recJ mutant strain JC12190
was used. An experiment that compares the lengths and se-
quences of donor p44s for their efficiency of recombination will
be also informative. The functional pseudogene p44-30 used
for pEKD30 plasmid has approximately 200 bp of the 5'con-
served region and 410 bp of the 3’ conserved region, and thus
far all p44s found to recombine to p44E have at least 50 bp
from each of these regions (26, 27, 40). According to Fujitani
et al. (12), 50 bp is the minimum length required for the
efficient homologous recombination. By systematically modify-
ing the pEKD30 construct, we may be able to define the se-
quence that influences efficiency of p44 recombination.

In the bovine intraerythrocytic agent, Anaplasma marginale,
the major surface protein 2 (msp2) multigene family, homol-
ogous to the p44 gene family, also shows variation in gene
expression in a similar gene expression locus (3, 6, 7, 13).
Recently, Futse et al. proposed an “anchoring” model of seg-
mental gene conversion for annealing donor and recipient
msp2 sequences (13). however, a recombination intermediate
structure or a recombination mechanism has not been de-
scribed. The RecF pathway recombination may also involve
gene conversion of the msp2 pseudogene to the msp2 expres-
sion locus, because A. marginale also lacks the RecBCD and
RecE pathway genes (31) and because msp2s have 5" and 3’
conserved regions and a central hypervariable region similar to
the p44 locus suitable for homologous recombination.

In summary, the present study supports that the sequential
half-crossover model accounts for the gene conversion in the
p44 expression locus. The present study opened the possibility
of many mechanistic experiments to determine the molecu-
lar mechanisms of p44 recombination and thus P44 antigenic
variation.
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