1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mol Microbiol. Author manuscript; available in PMC 2017 September 26.

-, HHS Public Access
«

Published in final edited form as:
Mol Microbiol. 2006 June ; 60(6): 1329-1343. doi:10.1111/j.1365-2958.2006.05177.X.

Antigenic variation by Borrelia hermsii occurs through
recombination between extragenic repetitive elements on linear
plasmids

Qiyuan Dail, Blanca I. Restrepo?3, Stephen F. Porcella?, Sandra J. Raffel4, Tom G.
Schwan4, and Alan G. Barbourl:2*

1Departments of Microbiology & Molecular Genetics and Medicine, University of California Irvine,
Irvine, California

2Department of Microbiology, University of Texas Health Science Center at San Antonio, Texas

SUniversity of Texas Health Science Center at Houston, School of Public Health Brownsville
Regional Campus, Brownsville, Texas

4Laboratory of Zoonotic Pathogens, Rocky Mountain Laboratories, National Institute of Allergy
and Infectious Diseases, National Institutes of Health, Hamilton, Montana

Summary

The relapsing fever agent Borrelia hermsii undergoes multiphasic antigenic variation through gene
conversion of a unique expression site on a linear plasmid by an archived variable antigen gene. To
further characterize this mechanism we assessed the repertoire and organization of archived
variable antigen genes by sequencing ~85% of plasmids bearing these genes. Most archived genes
shared with the expressed gene a < 62 nucleotide (nt) region, the upstream homology sequence
(UHS), that surrounded the start codon. The 59 archived variable antigen genes were arrayed in
clusters with 13 repetitive, 214 nt long downstream homology sequence (DHS) elements
distributed among them. A fourteenth DHS element was downstream of the expression locus.
Informative nucleotide polymorphisms in UHS regions and DHS elements were applied to the
analysis of the expression site of relapse serotypes from 60 infected mice in a prospective study.
For most recombinations, the upstream cross-over occurred in the UHS’s second half, and the
downstream cross-over was in the DHS’s second half. Usually the closest archival DHS element
was used, but occasionally a more distant DHS was employed. The upstream extragenic crossover
site in B. hermsii contrasts with the downstream extragenic crossover site for antigenic variation in
African trypanosomes.
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Introduction

The spirochetal infection relapsing fever has a distinctive clinical course in untreated
patients and in experimental animals: up to 13 febrile episodes are separated by periods of
well-being. This arthropod-borne disease is caused by several Borrelia species, which are
grouped according to their geographic ranges: Old World (Palearctic or Afro-tropical)
species, such as B. auttonii, B. hispanica, and B. crocidurae, and New World (Nearctic or
Neotropic) species, such as B. hermsii, B. turicatae, and B. venezuelensis (Barbour, 2005).
With the exception of the louse-borne B. recurrentis, relapsing fever spirochetes are
transmitted by soft ticks, such as Ornithodoros hermsiin the case of B. hermsii. Natural
reservoirs for relapsing fever species include a variety of mammals and birds, but most
commonly are rodents (Dworkin et a/., 2002; Schwan and Piesman, 2002).

Being dependent on hematophagous arthropods for transmission between vertebrates,
relapsing fever agents prolong their residence in the blood by sequential evasion of the
host’s adaptive immune responses (Barbour ef a/., 2000). This evasion is accomplished by
true antigenic variation, that is, within a clonal population. One surface-exposed lipoprotein
is replaced by another of sufficient antigenic distance that current antibodies are ineffective
against cells expressing the second antigen (Barbour, 2002). During this relapse of disease,
the newly-emerged variants, each designated as a different “serotype”, proliferate in a
vertebrate host until the next wave of antibodies clears it in turn. Meanwhile, other serotypes
have spontaneously appeared in the population at an estimated frequency of 1074 to 1073,
and these constitute the predominant antigenic types for subsequent relapses. For the HS1
strain of B. hermsii 25 unique serotypes had been identified prior to the present study
(Barbour, 1985; Restrepo et al., 1992; Stoenner et al., 1982).

The serotype-specific lipoproteins of relapsing fever Borrelia species are of two types that
are not discernibly homologous: Variable Large Proteins (VIp) of about 36 kDa and Variable
Small Proteins (Vsp) of about 20 kDa (Hinnebusch et a/., 1998; Restrepo et al., 1992). Vsp
and VIp proteins are encoded by vsp or vip genes, which are numbered according to
serotype; for example, v/p7encodes VIp7, which confers serotype 7 identity (Burman et a/.,
1990; Carter et al., 1994; Restrepo et al., 1992). The vip genes are further categorized into
four sub-families, a.-vip, B-vip, y-vip, and &-vip, with less than 60% sequence identity
between them (Restrepo et al., 1992; Hinnebusch et a/., 1998). In species that have been
examined to date, the vspand v/p genes are located on linear plasmids of 28-32 kb (Kitten
and Barbour, 1990; Plasterk ef al., 1985). The vspand vip genes in the genome of a Borrelia
spirochete are transcriptionally silent with the exception of one locus: a duplicated vsp or
vip gene positioned immediately downstream of a o/%-type prokaryotic promoter and near
the telomere of a 28 kb linear plasmid (Barbour et a/., 1991; Kitten and Barbour, 1990).
When a particular vsp or vip gene at the expression site is replaced by another gene in what
appears to be a non-reciprocal recombination, it is lost but the original archived copy is
retained intact (Plasterk et al., 1985; Restrepo et al., 1992).

These features of antigenic variation by B. hAermsii are consistent with gene conversion.
Figure 1 schematically represents the substrates for this recombination. A previous study of
switches between serotypes 7 and 21, both of the a.- v/p sub-family, indicated possible
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boundaries for these recombinations (Barbour et a/., 1991; Kitten and Barbour, 1990). The
upstream crossover point appeared to be within a ~60 nucleotide (nt) region comprising the
interval between the start codon and the transcriptional start site and the coding sequence for
part of the lipoprotein’s signal peptide (Barbour et a/., 1991). This region was called the
“UHS” for upstream homology sequence. The downstream boundary for the recombination
in these switches appeared to be a 214 nt non-coding sequence downstream of the expressed
allele on one plasmid and the silent vjp7and vip21 genes on other plasmids and was called
the “DHS” for downstream homology sequence (Burman et a/., 1990; Kitten and Barbour,
1990). Sequences of the expression locus for 25 different vsp or vip genes provided further
circumstantial evidence on the DHS sequence’s role in the recombination (Restrepo et af.,
1992). The 3" untranslated region (3" UTR) between the end of the vsp or vip gene and the
DHS at the expression site was associated with the unique vsp or vip rather than expression
locus itself, thus pointing to the more distal DHS as the site of the downstream cross-over.

To examine the hypothesis that the UHS and DHS are the cross-over points for most gene
conversions at the expression site, we more fully characterized the repertoire of vspand vip
alleles, the organization of archived vspand vip genes, and locations of additional DHS
elements in B. hermsiiby large-scale sequencing of B. hermsir's plasmids in the genome.
We also carried out prospective studies of the first relapses of infections of mice infected
with one of two different serotypes representing different v/p sub-families. Our aim was to
examine relapse populations with lineages that were better defined than what was previously
available. In the course of the study, we discovered additional polymorphisms in the UHS
and DHS sequences that allowed fine mapping of the recombination points and established
the role of the extragenic DHS elements in antigenic variation during relapsing fever.

Organization of vsp and vip genes and DHS elements on B. hermsii plasmids

Ten large sequence fragments of plasmids, numbered I through X, each had at least one vsp,
vip, or DHS sequence. They ranged in length from 2,583 bp to 23,848 bp and in total
comprised 152,569 bp of nonredundant sequence, which was 34% of all the plasmid
sequences in fragments of at least 2.0 kb; 36 other sequence fragments, ranging in size from
2,054 to 47,233 bp, contained sequences that were homologous to B. burgdorferior B.
hermsii genes known to be on circular plasmids (Casjens et al., 2000; Simpson et al., 1990b;
Stevenson et al., 2000) or were in the 53 kb linear plasmid (Carter et al., 1994; Porcella et
al., 2005) or 180 kb linear plasmid (Zhong et al., 2006; Schwan ef a/., manuscript in
preparation). Physical maps of fragments | — X are shown in the Figure 2, and details on the
ORFs and other features of these sequence contigs are given in the Table S1 of
supplementary materials. Fragments I, I, and 111 were previously identified as partial
sequences of three linear plasmids, now named 1p28-1, Ip32-1, and Ip28-2, respectively
(Kitten and Barbour, 1990; Plasterk et a/., 1985). Pulsed field gel electrophoresis and
Southern blot analysis mapped fragments 1V and VII to linear plasmids of about 28 kb (data
not shown). Addition of fragments IV or VII to each other or to fragments I, Il, or 111 would
have produced a combined fragment of =31 kb in length, and, accordingly, fragments IV and
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V11 were provisionally designated as parts of plasmids 1p28-3 and 1p28-4, respectively
(Figure 2).

In the physical maps of fragments | — X the expressed vsp or vip gene on plasmid Ip28-1 by
convention is on the plus strand, and transcription is directed toward the right telomere
(Kitten and Barbour, 1990; Meier et al., 1985; Plasterk et al., 1985). This was also the
orientation for the silent v/p7and vip21 on plasmids Ip32-1 and 1p28-2, respectively
(Barbour et al., 1991, Kitten and Barbour, 1990), and, accordingly, the 7 fragments were
oriented so that the majority of archived vspand vip genes were on the plus strand. The 10
fragments contained 21 vspalleles and 38 vipalleles, including 7 a-vip genes, 8 B-vip
genes, 13 y-vip genes, and 10 §-v/p genes. The archived versions of the 25 previously
identified vspand vip genes were located in these sequence fragments, and the current study
identified 34 more.

To estimate the extent to which the 10 sequence fragments included the entire vspand vip
repertoire in the genome, we used another approach to identify vspand vip genes, namely
PCR amplification with vsp family- and vip subfamily-specific primers of B. hermsii HS1
genomic DNA (Hinnebusch et al., 1998). The PCR products were ligated into plasmid
vectors, and the inserts of individual transformant colonies were sequenced. There were 37
unique vspand vip genes among 296 clones whose inserts were sequenced. Of these, 34
(92%) were present in the 10 fragments. (The 3 additional genes were designated vip47,
vip51, and vip55.) From this sampling, we concluded that shotgun sequencing and sequence
assembly into fragments captured about 90% of the vspand vip repertoires in B. hermsii.
For another measure of the completeness of the sequencing, the overall total of 444,430 bp
of non-redundant plasmid sequence available for this study was compared to the estimated
550 kb of plasmid DNA in a genome of B. hermsii. one 180 kb, one 53 kb, approximately
five 28-32 kb, and one 18 kb linear plasmids, as well as five 32 kb circular plasmids
(Barbour et al., 2000; Ferdows et al., 1996; Kitten and Barbour, 1992; Stevenson et al.,
2000). By this criterion, we cumulatively determined 81% of the plasmid sequences in the
B. hermsii genome.

Besides the 59 ORFs identified as vspand v/p genes, we found 14 pseudogenes and 9 partial
fragments of vsp or vip genes among the large sequence fragments (Figure 2). The vspand
vip genes, pseudogenes, and fragments were grouped in arrays, usually but not always in the
same orientation. There were a total of 13 DHS elements, each 214 nt, within or adjacent to
a cluster of vspand/or vip genes. The DHS elements were < 117 bp downstream from the
stop codon for a vsp or vip gene. The fourteenth DHS element was near the telomere of the
expression plasmid Ip28-1 (Barbour et a/., 1991; Kitten and Barbour, 1990). Between the
clusters of vspand vip genes and their DHS elements were several ORFs that were
orthologous to plasmid genes of the Lyme disease agents B. burgdorferiand B. garinii
(Casjens et al., 2000; Glockner et al., 2004). These included ORFs similar to badrgenes
(Zuckert et al., 1999), mip genes, and members of B. burgdorferi paralogous families 32, 62,
88, 50, 49, 145, 113, 13, 96, 116, 161, and 101, in decreasing order of frequency. A few
ORFs were unique to B. sermsii among proteins in the GenBank database and labeled as
hypothetical proteins. There were degraded fragments of a transposase (#ra) sequence,
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similar to U85588 of B. burgdorferi, but not a full-length ORF with detectable homology to
a known transposase or recombinase in any of the plasmid sequences.

Mouse infections and relapses

For the prospective study we chose serotypes 7 and 17, because they represented two
different v/p sub-families, a and &. In the first set of experiments 19 mice were infected with
serotype 7, and 18 were infected with serotype 17. In the second set of experiments 11 mice
were infected with serotype 7, and 12 were infected with serotype 17. In both sets of
experiments relapses of spirochetes in the blood occurred between days 7-9 after initial
inoculation. DNA was extracted from the plasma and then subjected to PCR with a forward
primer for the promoter at the expression site and a reverse primer from the sequence
between the DHS element and plasmid’s right telomere (Figure 1). The resultant PCR
products ranged in size from 1.0 to 2.3 kb and were cloned and sequenced over their lengths.

Among the 60 infected mice, 83 relapse serotypes were identified. These comprised 16
different serotypes: 1-2, 4, 6-7, 13-14, 16-18, 24, 26-27, 42, 46, and 58. The last three had
not previously been observed. All the relapse serotypes were accounted for by the vspand
vip genes in fragments | through X. The distribution of different serotypes by gene family
among the relapse populations did not differ significantly (o> 0.05) by goodness-of-fit
between sets of experiments, and, accordingly, for subsequent analyses the two sets’ results
were combined. Analysis of the frequencies of different serotypes during relapses will be
reported elsewhere (Barbour ef a/., submitted for publication). For 70 of the 83 relapses,
there were available sequences for the UHS regions at both the expression site and the
archival site for the incoming vsp or vip gene (Table S2). For 68 relapses there were
available sequences for the DHS elements at both the expression site and archival locus
(Table S3).

Recombination within the UHS sequence

A UHS at its greatest length of 62 bp stretches from 7 nucleotides upstream of the
transcriptional start nucleotide C at position +1, through the ribosomal binding sequence
(positions +13-17) and start codon (positions +29-30), and then to the T at position +55, 26
nucleotides into the signal peptide coding region for the Vsp or Vlp lipoprotein (Figures 1
and 3). We aligned the UHS sequences at expression sites for serotypes 1-14, 16-19, and
21-27 with 28 UHS sequences of > 33 nt at the archival sites (Table S2). Four different UHS
sequences were found; the polymorphisms were at positions 22 and 23 (Figure 3). Two of
the polymorphisms, a T- or GA, were found at expression sites as well as archived site,
while the other two, a G- or TA, were noted only in archival sites. Most UHS regions had T-
at positions 22-23. All 28 UHS sequences contain the palindrome TGCA, and 23 of 28 have
the palindrome ACGT.

Another rationale for using serotype 7 and serotype 17 in the prospective study was the
difference between the two serotypes in their UHS sequences at the expression site: serotype
7 had a T- at positions +22—-23, whereas serotype 17 had a GA. Of the 40 relapse populations
following serotype 7 infections, 38 (95%) had the same expression site UHS genotype as
that of serotype 7, i.e. T-. Similarly, of the 30 relapse serotypes after serotype 17 infections,
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27 (90%) had the same expression site UHS type as that of serotype 17, i.e. GA. The
expression site UHS of the relapse serotypes was most often that of the infecting strain,
which suggested that the upsteam boundary for the recombination was usually 3" to the
UHS polymorphism site.

To confirm this, we examined 28 relapses from serotype 17 in which the presumptive donor
site for the recombination had an informative T- at the UHS’s polymorphic site instead of
the GA found at the expression site for serotype 17 (Tables S1 and S2). The findings for
these relapses are shown in Figure 3. In 26 out of these 28 cases the expression site UHS had
type GA instead of T-. If we limit the length of DNA available for recombination to 52 nt,
the average length for archival UHS regions (Table S2), then the proportion of the UHS
sequence distal to polymorphism site is 0.62. If the crossover point occurred randomly over
the length of the UHS, then one would expect that only 17, instead of the observed 26
relapses, would have a GA out of the 28 relapses examined (Figure 3). When we examined
each of the 28 relapses and used the length of the UHS at the archival site to specifically set
the expectation of a cross-over distal to the polymorpbhic site, the 1-tailed probability of the
observed or a more extreme outcome was <0.001. The results of this further analysis
confirmed that the crossover predominantly occurred to the 3" side of the polymorphism
site. The prior existence of the GA in the original serotype 17’s expression site, as well as
the 2 exceptions among the 28 relapses in this study, indicated that the recombination was
not invariably site-specific. The 62 and 61 nt long UHS sequences may differ in phenotype if
the increase from 11 to 12 nt in the spacing of the presumed ribosomal binding sequence and
start codon affects expression levels.

We examined 70 relapses for which we had sufficient sequence to fully examine their UHS
regions (Table S2). In only one (1.4%) of these relapses was the upstream cross-over point
for the recombination beyond the initial codons for the signal peptide and within the coding
sequence for a processed Vsp or VIp lipoprotein. In this case the relapse isolate from a
mouse originally infected with serotype 7 had an a-vip that was a chimeric gene of v/jp7for
252 bp atthe 5" end and v/p18for 825 bp at the 3" end (accession number DQ355027). In
the only other known example of intragenic recombination at the expression site, a chimeric
a-Vv/p gene was also found (Kitten et al., 1993). We have not yet observed at the expression
site a chimeric vspor vipthat derived its 5 end from the archival site and retained the
original vsp/Vvipat its 3" end.

Recombination within the 3° UTR

Another possible region for recombination was the 3" UTR, located between most vsol vip
genes and the DHS at the expression site and ranging in length from 41 to 117 nt (Figure 1)
(Kitten et al., 1990; Restrepo et al., 1992). If the 3" UTR at the expression site was largely
the same as that flanking the vsp or vip donor at the archival site, this would indicate that the
gene conversion extended beyond the end of the vsp or vip gene itself. To determine this, we
examined the 3" UTR sequences of the expression sites of the previously identified
serotypes and relapse isolates, as well as the 3" UTR’s of the archival sites (Table S4).

Figure 4 shows a phylogram of the 3" UTR sequences of the relapses (labeled “R”) of the
prospective study, the expressed genes (labeled “E”) from the original collection of 25
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serotypes (Barbour et al., 2000; Restrepo et al., 1992), and those archival genes (labeled
“A”) represented among the relapse populations. The different text colors represent the vsp,
a-vip, B-vip, y-vip, and &-vip families. Because of the differing lengths of the 3" UTR
sequences, the alignments were made from the 5” end and were limited to the first 43
nucleotides. The branch lengths correspond to nucleotide distance. In 59 (87%) of 68 cases,
the 3" UTRs of the expressed genes were identical or highly similar to those of the
corresponding vsp or vip gene at the archival site, as would be predicted for recombinations
extending downstream of the stop codon of the vsp or vip gene.

In 8 out of 68 cases the 3" UTR of the expressed gene in the relapse isolate was different
from the 3" UTR for the archived gene (Figure 4 and Table S4): 2 cases of serotype 24
(R24-7-17 and R24-17-12), 1 case of serotype 2 (R2-17-93), 1 case of serotype 13
(R13-17-89), 1 case of serotype 46 (R46-17-94), 2 cases of serotype 16 (R16-17-96 and
R16-17-107), and 1 case of serotype 27 (R27-17-109). In addition, there was a ninth relapse
(R4-17-115), in which the difference of the expression site 3° UTR from the archival site
was only apparent beyond the first 34 nt and, thus, not shown in Figure 4. In only 3 of these
9 cases was the 3" UTR of the newly expressed vsp or vipwholly or partially like that of the
original expression site: two serotype 16 relapses from serotype 17 (R16-17-96 and
R16-17-107) and one serotype 4 from serotype 17 (R4-17-115). The observed 65 relapses
with 3° UTR replacement at the expression was twice the expected 34 cases of replacement,
if a priorithere was an equal likelihood of retention or replacement (Chi square 37.7 1 d.f., p
< 0.00001).

Recombination within the DHS elements

We previously noted differences at a few positions between expression site DHS sequences
(Kitten and Barbour, 1990). In the present study we identified several additional
polymorphic positions, for a total 22, in the DHS at the expression site for 16 serotypes and
among the 13 DHS elements at the archival loci (Figure 5A). The 22 polymorphic positions
occurred over the length of the element, beginning at position 23, and were a mean of 8
nucleotides (range of 1-24) apart. Figure 5B is an alignment of a total 12 unique sequences
found among the 13 DHS elements at the archival sites; these were designated DHS,
through DHS,. The DHS also contains an inverted repeat from positions 47 to 77 with a
predicted 15 bp stem loop (AG = -18.0 kcal/mol). As in the UHS, there were both 6-base
(TTGCAA) and 4-base (AGCT) palindromes in the DHS sequences. The two AGCT
palindromes located in the putative stem loop structure were present in all DHS elements.

Serotypes 7 and 17 had DHS, and DHS; genotypes, respectively, at the expression site; these
sequences differed at 7 (32%) of the 22 polymorphic positions: 23, 59, 68, 93, 99, 107, and
129. We compared these sequences of the infecting serotype with those subsequently
observed in the relapse serotypes (Table S3). If the DHS sequences of the relapse serotypes
were the same as that of the infecting serotypes, then this would be evidence that the
downstream recombination boundary was either 5" to DHS or no more than 23 nucleotides
into the DHS. In fact, we found that among 29 relapse isolates after serotype 7 infections
(Table S3), none had the same DHS type as that of the infecting serotype (Chi square 29.0, 1
d.f., p<0.0001), and among 39 relapse isolates after serotype 17 infections (Table S3), 36
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(92%) had a different DHS genotype from that of the infecting serotype (Chi square 27.9, 1
d.f., p<0.0001).

We next studied the sources of genetic novelty of the expression site DHS elements among
the relapses in comparison to the DHS elements at the corresponding archival site. There
were 68 relapse isolates for this analysis; 29 relapses were from serotype 7 infection and 39
were from serotype 17 infection (Table S3). The expression site’s DHS of infecting
serotypes and relapse isolates, along with the donor DHS elements on the archival plasmids,
were aligned. In 3 of the 68 relapses, the presumptive donor DHS had the same sequence as
the DHS at the original expression site, and, thus, these were not informative for analysis.
Among the remaining 65 relapses, 43 had a DHS type that was identical in sequence to the
archival site donor, and 22 relapse expression sites had a DHS that was a chimera of the
archival site DHS donor at the 5” end and the infecting serotype’s expression site DHS at
the 3" end (Table S3). Since both the archival and expression site DHS sequences were
identical in some parts of the element, we could not map the crossover point to a single or
few nucleotides in most cases. We instead determined the inclusive ranges in which cross-
overs possibly occurred. Figure 6 summarizes this data as of the cumulative crossovers by
the position of the most proximal possible cross-over point. In 54 (83%) out of 65 relapses
the crossover was after position 129. If the crossover point occurred randomly over the
length of a DHS bounded by informative polymorphic sites, then one would expect that 33
relapses, instead of the observed 54 relapses, would have a crossover after position 129 for
the 65 relapses examined (Chi square 27.1, 1 d.f., 2-tailed p < 0.001). In no cases was there
evidence of a cross-over after position 211. All the relapse expression site DHS sequences
had a C at position 211 and A at position 213, like the infecting serotype. These included 11
cases in which the presumed donor had different nucleotides at positions 211 and 213. In 3
cases (R18-7-20, R18-7-23, and R1-17-3 of Table S3) the relapse isolate had an adenine at
position 195 that was not present in either the infecting serotype’s expression site or the
presumed DHS donor. Whether this was templated from a DHS element with the A instead
of a gap at position 195 or a base duplication during recombination or replication is not
known.

In 55 (85%) of the 65 informative relapses, the 5 end of the new expression site DHS was
most similar in sequence to the DHS that was closest downstream of the donor vsp or vip at
the archival locus. However, in 10 (15%) cases the new expression site DHS was instead
more similar to that of a more distantly placed DHS element at the archival site.

Origin of DHS elements

To investigate the origin of the DHS elements, we determined whether a similar sequence
was downstream of vsp genes in another relapsing fever agent, B. turicatae (AF129737,
AF129434, and AF130429), and examined the downstream flanking sequence for the vip
gene at its expression site on a 53 kb linear plasmid within B. hermsii (accession number
L24911). An alignment of these sequences with the DHS, element is shown in Figure 7 and
suggests that these sequences have a common lineage. The 3 sequences were identical at 43
(61%) out of 70 aligned positions. Moreover, each of the 3 sequences has a potential stem

Mol Microbiol. Author manuscript; available in PMC 2017 September 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dai etal. Page 9

loop structure of = 27 nucleotides in length and with direct repeats of AGCT in each of the
arms.

Discussion

In this prospective study of experimental relapsing fever we examined 83 relapse serotypes
from infected mice. We determined the sequences of each of the serotypes’ expression sites
from the UHS regions that surround the start of the vsp or vip gene and then through the
DHS elements in the subtelomeric region of a linear plasmid (Figure 1). These sequences
were compared to previously identified expression sites and to homologous sequences at the
archival sites for vspand vip genes. To achieve a more comprehensive comparison, we
determined the DNA sequence of 152,559 bp, an estimated ~85% of the linear plasmids that
bear archival vspand vip genes. For all the relapses in this study we located and
characterized the archival site for the vsp or vip gene that was duplicated for the expression
site. Rather than depending on a single serotype to initiate infection, we used one of two
serotypes, 7 or 17, which represented different v/p families. Except for the serotype-
specifying genes at the expression site, the populations were isogenic (Barbour et al., 1991;
Kitten and Barbour, 1990; Plasterk et al., 1985).

In previous studies of infections in mice the vspor vip gene at the expression site was almost
always replaced completely by a different vsp or vip gene in the relapse serotype (Kitten and
Barbour, 1990; Plasterk et al., 1985; Restrepo et al., 1992). In the present study there was
only one example of recombination within a vip or vspitself: a chimera of vijp7and vip18.
Consequently, for further defining the boundaries of recombination our attention was on the
UHS region, the 3° UTR downstream of vspor vip gene, and the DHS element. Archival
vsp and vip genes generally were located in arrays of at least two genes, and differed in the
lengths of their associated UHS sequences and in the distances to the nearest DHS element
downstream (Figure 2). We used sequence polymorphisms in the UHS regions and in the
DHS elements, as well as the linkages of 3" UTR sequences to their corresponding vsp and
vip genes, to map the cross-over points for recombinations resulting in the relapse serotypes.
Following the principle of parsimony, we assumed that a single recombination event with
two cross-over points accounted for the placement of a new vsp or vip next to the promoter
at the expression site, but, as discussed below, this assumption does not rule out subsequent
rearrangements at the expression site.

A schematic summary of the recombinations that occurred in 68 independent and
informative cases of relapse is shown in Figure 8. In 62 (91%) of the 68 cases the donor vsp
or vipwas adjacent to a DHS element, separated only by the 3" UTR, at its archival site. In
55 (81%) of these 62 cases, the adjacent 3" UTR and DHS at the expression site were those
linked to the vspor vipat its archival site (panel A). With one exception, a relapse with a
chimera of vip7and v/p18at the expression site, the replacement extended to within the
UHS. In 4 of the 62 cases, the 3" UTR sequence was the one linked to the vspor vipat the
archival site but a more distantly located DHS element was utilized for the recombination,
and in 3 of the 62 cases both the 3" UTR and the DHS were those located at a distance from
the donor vspor vipat its archival site (panel A). Panels B and C of Figure 8 show the
reactants for 6 recombinations in which the donor vsp or vip either was not close to a DHS
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at its archival site (panel B) or did not have a detectable DHS element downstream of it in
the sequenced fragment (panel C). When a DHS distant from the donor vsp or vipwas
involved in the switch, that DHS and the 3° UTR in front of it, even if linked to another vsp
and vip, could juxtapose at the expression site with the newly activated vsp or vip (panel B).
In some other cases, the expression site DHS was fully retained, and the expression site 3’
UTR was either fully retained or was a chimera with 3’ UTR linked to the donor vsp or vip
at the archival site (panel C).

These findings established the importance of the UHS region of the vsp or vip gene and the
non-coding extragenic DHS element for the recombination. In only 4% of the cases did the
antigen switch occur without the apparent involvement of a DHS element at the archival site.
In the minority of cases when the nearest DHS element was not employed, a more distant
one at the archival site was used. The polymorphisms in the UHS and DHS sequences
allowed for identification of the sources for recombinations at the expression site and for
mapping of the cross-over points for the majority of recombinations. For the UHS these
were most commonly within its second or 3" half, which encodes the start of the signal
peptide, and for the DHS this was usually between positions 129 and 211.

B. burgdorferialso manifests antigenic variation during infections, but the conversion of its
expression site by a silent locus is partial and the boundaries for the recombination are
entirely intragenic (Zhang and Norris, 1998). The antigenic variation of relapsing fever
Borrelia spp. instead most closely resembles that of African trypanosomes, such as
Trypanosoma brucei, in its biological and genetic features (Donelson, 1995; Barbour and
Restrepo, 2000; Borst, 2002). Both the prokaryotic B. hermsii and the eukaryotic 7. brucei
employ gene conversion for replacement of a full-length or near full-length variant gene at a
telomeric expression site, on a linear plasmids in B. hersmii and a chromosome in 7. brucei.
The variable antigen repertoires of both pathogens are extensive: 60-70 for B. hermsii, as
the present study establishes, and upwards of a thousand for 7. brucei (MVanhamme et al.,
2001). In both organisms there are repetitive sequences flanking or surrounding the 5 and
3’ ends of the expression site gene and some of the variant genes at archival sites, and these
are the boundaries for the recombination. In the African trypanosomes the upstream
recombination locus is a set of imperfect 70-bp repeats that are not transcribed and are 5” to
the variable antigen gene. The downstream recombination locus for trypanosomes is a
conserved sequence that comprises the end of coding region and the 3° UTR (Aline and
Stuart, 1989; Liu et al., 1983). Thus, both B. hermsiiand T. bruceihave an intragenic
recombination region on one flank of the variant gene and an extragenic one on the other
flank. The extragenic element is upstream of the variant gene in the trypanosome and
downstream in the bacterium.

Our current model for the mechanism of antigenic variation in B. hermsiiis as follows:
Recombination is initiated by a break in the DHS element at the telomeric expression site.
The telomeres of Borrelia linear plasmids are inherently recombinogenic (Chaconas, 2005),
and this tendency may be exacerbated by the inverted repeat within the DHS. There may
also be the action of an undefined recombinase or endonuclease at the inverted repeat or one
or other of the shorter 4-bp and 6-bp palindromes within the DHS. In any case, another DHS
element in the genome provides a template for the repair of the break, and the resultant
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heteroduplex extends over the length of archival donor, including the 3" UTR and vspor vip
itself, and branch migration terminates within the UHS region. This appears to be the most
common type of event. Occasionally, the recombination ends within the vsp or vip itself
when they are the same family, as was the case for the v/p7/18 chimera observed in the
present study. At other times, a more distal DHS element is used for the strand invasion and
repair, either because there is no DHS adjacent to the archival vsp or vip or because the most
proximal one has inexplicably been skipped. For the latter case, we predict that there is at
least one intermediate form of the expression plasmid, such as the one shown in Figure 9.
This would be a longer plasmid than what one usually encounters, and the expression site
promoter would no longer be telomeric. The greater separation of the expression site
promoter and vsp or vip from the telomere may also be deleterious, as indicated by a mutant
in which the expression site was silent when it was no longer near the telomere (Barbour et
al., 2000). This circumstance could provide a selection for cells in which deletions occurred
between the DHS elements, thus shortening the plasmid and bringing the promoter and
vsp/vip close to a sub-telomeric location again. A precedence in B. hermsiifor this proposed
mechanism is the documented deletion between short repeats in bringing about the
activation of the silent vsp26 gene in a population of serotype 7 cells (Restrepo et al., 1994).
Finally, as the examples in panel C of Figure 8 indicate, there are some infrequent cases in
which a DHS element at an archival site may not be involved. In such cases the DHS
element at the expression site is unchanged.

The DHS sequence is repeated several times in the genome, albeit with small differences in
sequence between the repeats, but the DHS does not have the features of a transposable
element. There is an inverted repeat, but it is in the middle of sequence and does not
constitute the ends. Highly similar sequences to B. hermsii’'s DHS elements were found
downstream of expressed and silent genes in another relapsing fever agent, B. turicatae. A
possible origin for the element is suggested by the similarity of both the B. hermsiiand B.
turicatae DHS sequences to the putative r0-independent terminator following the vip
(formerly vsp33) gene on another plasmid in B. hermsii (Carter et al., 1994) (Figure 7). The
Vvip gene and its promoter are homologous to the ospC genes of B. burgdorferi (Carter et al.,
1994). There is only one vip or ospC gene in the genome of B. hermsii or B. burgdorfery,
unlike the multiplicity of alleles of the vspand v/p genes. We postulate that in the relapsing
fever Borrelia spp. lineage there were duplications of the vip gene over time, resulting in the
large repertoire of variable antigen genes we now observe in B. hermsii and other relapsing
fever species (Rich et al., 2001). We further propose that one of these duplications
established an alternative expression site for these genes. While the vsp (as well as vip)
genes diversified, presumably under both immune and niche selections in their vertebrate
hosts (Barbour, 2002), DHS elements minimally differ from each other, thereby providing
for a set of substrates for future recombinations and rearrangements. The DHS elements may
serve a transcription terminator function in some serotypes but probably not all. Indeed, the
DHS element at the expression site in serotypes 7 and 21 seems not to function as the
primary terminator. There are sequences with the features of a terminator in the 3° UTR for
vip7and vip21 (Burman et al., 1990; Kitten and Barbour, 1990), and transcription appears to
stop before the DHS element is reached in these serotypes (Meier et a/., 1985). Thus, while
the DHS elements trace a lineage back to a transcriptional control sequence in Borrelia, they
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now may primarily be “hot-spots” for recombinations, upon which these pathogens depend
for persistence in the host.

Experimental Procedures

Strains and culture conditions

The origins of B. Aermsiiisolates HS1 and DAH were described by Stoenner et al. (Stoenner
et al., 1982) and Schwan et al. (Schwan et al., 1996), respectively. By the criterion of the
sequences of their vip, 16S rRNA, flaB, gyrB, and g/oQ genes (Porcella et al., 2005), as well
as other sequences (this study), HS1 and DAH are different isolates of the same strain
enzootic in the northwestern United States (Schwan et a/., 1996; Thompson et al., 1969).
Frozen stocks of serotypes 7 and 17 of isolate HS1 in mouse plasma were at least 98% pure
in serotype by immunoflourescence assay with serotype-specific antisera (Stoenner ef al.,
1982). For the present study serotypes 7 and 17 were cloned again by limiting dilution in
adult female CB17 scid mice (Charles River Laboratories), and the identities of the
serotypes was confirmed by sequencing of the expression site (Restrepo et a/., 1992). Cells
were counted in a Petroff-Hausser counting chamber by phase contrast microscopy. 5.
hermsii cells were cultivated in BSK Il medium at 34°C (Barbour, 1984). Escherichia coli
strains INVF” and Top10F~ (Invitrogen) were grown in Mueller-Hinton or Luria-Bertani
medium (Difco).

Mouse infections

In two sets of experiments, “1” and “2”, we identified and isolated the serotypes of the first
relapses in mice infected initially with either serotype 7 or 17. Groups of 4—-6 wk old female
BALB/c mice (Charles River Laboratories) were inoculated intraperitoneally on day 0 with
0.1 ml phosphate-buffered saline, pH 7.4 (PBS) with 5 mM MgCl, and 1-3 viable
spirochetes in set 1 and 0.3-0.6 spirochetes in set 2. The mice were monitored daily for the
presence and density of spirochetes by phase-contrast microscopy of a wet mount of tail vein
blood. Between 90-100% of mice in set 1 and 30-70% in set 2 experiments were infected.
A relapse was the reappearance of spirochetes in blood under microscopy (400X) after
absence = 1 day; relapses generally were first detected on days 7, 8, or 9. At that time mice
were terminally exsanguinated under anesthesia. Infected plasma was frozen at =76°C in
plasma with 10% DMSO (v/v).

DNA methods

Genomic DNA from B. hermsiiisolate HS1 was extracted using the DNeasy Tissue Kit
(Qiagen), and genomic DNA of B. hermsiiisolate DAH was extracted as previously
described (Simpson et al., 1990a). For plasmid-enriched DNA, spirochetes were harvested
by centrifugation from plasma and resuspended in 50 mM Tris, pH 8.0-50 mM EDTA-15%
[wiv] sucrose (TES) with 4 mg/ml of proteinase K. After incubation for 15 min at 37°C,
cells were lysed by adding a 1.25X volume of 1% sodium deoxycholate in TES and then
incubating at 65°C for 15 min. Thereafter, treatment with diethyl pyrocarbonate,
precipitation of the proteins with ammonium acetate, and then precipitation of nucleic acids
with isopropanol were carried out as described (Barbour, 1988). Plasmid DNA from E. coli
was extracted by the alkaline lysis method or with the High Pure Plasmid Isolation Kit
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(Roche). DNA was subjected to electrophoresis in a 1.0% agarose gel with a buffer of 90
mM Tris, pH8.3-90 mM boric acid-2mM EDTA (TBE); fragments were cut from the gel
and purified by Perfectprep Gel Cleanup Kit (Eppendorf). Isolated products were cloned into
the plasmid pCRII in £, coliINVaF’ or the plasmid pCR2.1 in E. coli Top10F’
(Invitrogen). Custom oligonucleotides for primers were synthesized on an Applied
Biosystems DNA synthesizer or obtained commercially.

Polymerase chain reactions

For all reactions the sample was subjected to an initial denaturation at 94°C for 5 min and a
final extension at 72°C for 7 min. For each of the intervening 30 to 40 cycles, the
denaturation step was 94°C for 1 min and extension was 72°C for 1 min, except as noted.
The preparation of samples and amplification were performed in separate rooms, and a
negative control was included with each set of reactions. The vsp or vip gene at the
expression site on the linear plasmid 1p28-1 was amplified as described (Restrepo and
Barbour, 1994). The forward and reverse primers (annealing conditions) were, respectively
5 -TAAACTTTGAAAGTTGAGGTATAATGC-3" and 5'-
TAGTACAAATCCCCTTGCCGCTTC-3” (60° C for 1 min), and for each cycle the
extension was 2 min. DNA was first treated with mung bean nuclease to facilitate
denaturation of the plasmid telomeres (Kitten and Barbour, 1990). For amplification of vsp
and the four vip sub-families (Hinnebusch et al., 1998), the following sets of forward and
reverse primers (and annealing temperatures) were used: vsp, 5-
'AAGTCTGAYGGAACAGTRC-3; and 5’-TTATTKTGAGAAGGTTTYTC-3" (43°C); a-
vip, 5 -AGTGCKGAGAATGCYTTT-3" and 5'-AWCATTCTTTACTGTCTTYT-3’
(39°C); B-vip, 5'-CAAGGATTYCAAGATATWT-3” and 5’-
ATAYCTTATTTACWGCACTT-3" (37°C); y-vip, 5-' AATAGACTTAGGTAATGATT-3’
and 5'-GCAATAGTTARTGTATCTARTG-3" (37°C); and 8-vip, 5'-
ATACTAAGAAAAGTGATATAGG-3" and 5'-CTTGTTTAACTKTAGCWAG-3" (37°C).
For amplification of probes for size standards, the pairs of forward and reverse primers (and
annealing conditions) were the following: 5'-AGCTAAGAGTAATGATGGCAAT-3" and

5 -ATTTATCACCTTTAGCCATTCT-3" (55°C for 1 min) for the expression site on the
Ip28-1 plasmid (accession number DQ218042); 5'-CAGATGGTCTTACTGCTGAAGC-3’
and 5"-CAGCAACAACCTTTTCCTTTAG-3" (55°C for 1 min) for vip (formerly vsp33:
L.24911) on a 53 kb linear plasmid (Carter et al., 1994); and 5’-
ACTTGCTGTTCAATCTGGTAATGG-3" and 5'-
GTTGATTTCATCTGTAAGTTGCTCAATTT-3" (60°C for 1 min) for flaB (X53940) on the
950 kb linear chromosome (Ferdows et al., 1996).

Pulsed-field gel electrophoresis and Southern blot analysis

10° B. hermsii cells were embedded in 80 pl 0.5% (w/v) low melting temperature agarose
(BioWhittaker Molecular Applications) and treated with 1 mg/ml proteinase K in 50 mM
Tris (pH8.0)-50mM EDTA-1% sodium dodecy! sulfate (SDS) at 50°C for 24 h (Ferdows et
al., 1996). Washed agarose blocks were loaded into wells of a 1% agarose gel, and pulsed-
field gel electrophoresis was performed with a CHEF Mapper apparatus (Bio-Rad) at 14°C
for 21 h in 0.5X TBE with the following settings: 6 V/cm with a pulsed-field angle of 120°,
initial switch of 1 second, and final switch of 6 second. The gels were stained with ethidium
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bromide, and Southern blot analysis was carried out as described (Zhong and Barbour,
2004). The probes were 100 nucleotides or longer, and hybridization was carried out at 60°C
in 0.12 M NayHPOy, pH 7.2-0.25 M NaCl-7% [w/v)] SDS; the final wash was with 0.15 M
NaCl-0.015 M sodium citrate-0.1% SDS at 60°C.

DNA sequencing and curation

For isolate HS1, primer-directed, dye-termination sequencing of PCR products or
recombinant plasmids was done manually as described (Barbour ef a/., 1996) or by capillary
electrophoresis on Applied Biosystems 373A or Beckman Coulter CEQ 3000 automated
DNA sequencers. Partial sequences of linear plasmids 1p28-1 (formerly called Ip7E), 1p32-1
(Ip7S), and 1p28-2 (Ip21S) were previously determined and had the following accession
numbers (with fragment number and range of positions corresponding to Figure 2 and Table
S1): DQ218042 (entire fragment 1), DQ166207 (positions 1-5485 of fragment I1), and
DQ172919 (1-10900 of fragment I11). Additional sequences were from a B. hermsii genomic
library in pUC18 (Putteet-Driver et al., 2004). Clones of interest were identified by colony
hybridization with radiolabeled PCR-amplified fragments for selected vsp or vip genes, the
plasmid inserts were sequenced, and the sequence assemblies were confirmed by PCR
across the inserts of different clones (Barbour et a/., 1996). The additional HS1 sequences
were assigned accession numbers AY 840995 (13086-22593 of fragment 1V), AY838879
(11124-22769 of fragment VI1) and DQ173930 (entire fragment X). Newly-identified vsp or
vip sequences of HS1 from PCR-based studies (see above) in this study were assigned the
following accession numbers: DQ423795 (vip47), DQ423796 (vip51), and DQ423797
(vip55), DQ423793 (vip42), DQ423792 (vip46), and DQ423794 (vsp58).

A genomic DNA library of B. hermsiiisolate DAH was constructed with DNA that had been
sheared by nebulization (http://www.genome.ou.edu/protocol_book/protocol_partll.html). In
brief, 25 ug of DNA were suspended in 500 ul 10 mM Tris, pH 8.0-1 mM EDTA and 25%
glycerol. The mixture was forced by nitrogen gas through a plastic nebulizer (No. 4101, IPI
Medical Products) to create DNA fragments between 2 and 3 kb. The sheared DNA was gel-
purified, concentrated, and treated with Klenow and T4 DNA polymerase, and ligated into
the vector pCR4BIlunt-TOPO (Invitrogen). Nucleotide sequence data from colony-PCR-
amplified clones were obtained with Big-Dye terminator chemistry and an ABI3700
automated capillary electrophoresis sequencer (Applied Biosystems) as described (Smoot et
al., 2002). Sequence data were stored with the FINCH data management system (Geospiza)
and assembled with SPS-PHRAP (Southwest Parallel Software). Sequence and physical
gaps were analyzed with CROSS_MATCH (http://www.phrap.org) and SEQUENCHER4.1
(Gene Codes). Primers were designed with CONSED (http://www.phrap.com/consed/) and
obtained from Sigma-Genosys (Sigma-Genosys) to initiate gap closures and re-sequence
regions of low quality. The nine fragments of DAH sequence used for the present study were
assigned the following GenBank accession numbers (with fragment number and range of
positions corresponding to Figure 2 and Table S1): CP000273 (683-12119 of fragment 1),
CP000274 (1-8913 of fragment 1), CP000275 (1563-16331 of fragment I11), CP000276
(1-21928 of fragment 1V), CP000277 (entire fragment V), CP000278 (entire fragment V1),
CP000279 (1-15901 of fragment VII), CP000280 (entire fragment VII1I), and CP000281
(entire fragment 1X).
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A total of 54,474 bp of nonredundant DNA sequence of plasmids were determined for
isolate HS1, and 429,868 bp were determined for isolate DAH. A sequence fragment was
identified as plasmid in origin if it had previously been shown to be a plasmid (Carter et a.,
1994; Kitten and Barbour, 1992), contained a vsp or vip gene (Carter et al., 1994; Ferdows
et al., 1996; Plasterk et al., 1985), or if it contained a sequence homologous to B. burgdoreri
genes known to be restricted to plasmids (Casjens ef a/., 2000; Fraser et al., 1997). Nine of
the fragments (139,478 bp) of DAH sequences and 6 fragments (54,474 bp) of HS1
sequence contained at least one vsp or vip sequence (see below). The sequences of isolates
HS1 and DAH coincided over 5 fragments of 4,778 to 11,433 nucleotides for a total 39,912
nucleotides, of which only 22 (0.06%) differed between the sequencing projects and isolates.

The sequences were the queries for BLASTN, BLASTX, and TBLASTX searches of a local
database of known vspand vip genes and DHS elements (http://spiro.mmg.uci.edu/blast)
and the GenBank database. An open reading frame (ORF) with homology to vspor vip
genes was assigned a new allele designation, e.g. vsp28or vip42, if the nucleotide sequence
was <90% identical to a previously numbered vsp or vip gene over its ORF length. A vsp- or
vip-like sequence missing more than 100 bp at its 5” end and/or with at least one nonsense
mutation or confirmed frame shift was called a pseudogene. If the pseudogene was >90%
identical in nucleotide sequence to a previously identified vsp or a vip gene, it was also
assigned a number. A vsp- or vip-like sequence less than 70% of its usual length was
designated a vsp or vip sub-family fragment but not assigned a unique allele name. Other
ORFs with E-values of <10~ by BLAST searches against bacterial sequences were named
according to presumptive function or according to B. burgdorferi genome nomenclature for
chromosomal genes or for plasmid-borne paralogous gene families (Casjens et al., 2000;
Fraser et al., 1997). Nucleotide sequences were aligned with Clustalx version 1.83 (http://
www.embl.de/~chenna/clustal/darwin). Phylograms by the neighbor-joining distance
criterion were produced with Phylo_Win software (http://pbil.univ-lyon1.fr/software/
phylowin.html) (Galtier et al., 1996).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic representation of expression and archival sites for vspand vip genes of Borrelia

hermsii. The drawing is not to scale. The locations of the UHS regions that surround the start
codon (ATG), the 3" untranslated region (UTR), and DHS elements are given. By the
numbering system, +1 is the transcriptional start position at the expression site. The UHS
regions at the archival sites varied in length to the extent that they were >90% identical to
the UHS at the expression site. The expression site is adjacent to a hair-pin telomere,

indicated by the loop. The small arrows give the location of PCR primers (see text) for

amplification of the expression site but not the silent site vsp or vip gene.
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Figure 2.
Physical maps of 10 (I — X) fragments of B. hermsiilinear plasmids that contain vsp genes

(red arrows), vip genes (blue arrows), and/or DHS elements (green arrows). Also shown are
the locations of other open reading frames (ORF), which are indicated by gene names (e.g.
femD and bah) or by Borrelia burgdorferi gene names (e.g. BBG30) or paralogous family
numbers (e.g. 50) (Casjens et al., 2000; Fraser et al., 1997). When an ORF had no
discernible homology with a protein in the GenBank database, it was designated a
hypothetical protein (HP). The arrowheads indicate either the direction of transcription in
the case of vspand vip genes and other ORFs or the orientation with respect to the
expression site for the DHS elements. The start and stop positions for each open reading
frame or sequence element are given in Table S1 of supplementary materials. The vspand
vip genes are further distinguished by the number of the serotype they specify (e.g. vsp6)
and, in the case of v/p genes, by appending their membership in vip sub-families a, B, v,
and 6. Pseudo genes are indicated by ¥#; and truncated or otherwise incomplete vspor vip
sequences were not assigned a serotype number. The 12 different genotypes of the near-
identical DHS elements are indicated by a letter (a — ) subscript (see Figure 5). Some
fragments were identified with linear plasmids of known sizes: 1p28-1, 1p28-2, 1p28-3,
Ip28-4, and 1p32-1. The expression site in this example of serotype 7 is adjacent the right
telomere of plasmid 1p28-1; the expression site promoter is indicated by the raised arrow.
Serotypes 7 and 21 are exceptional in having a silent vsp or vip downstream of the active vip
at the expression site (Kitten and Barbour, 1990); in other serotypes only a single vspor vip
gene is between the promoter and the sub-telomeric DHS (Restrepo et al., 1992).
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+1 10 RBS 20 Met 40 50 Count (%)
GCTAATGCATAAGTTAAAAGGAGGCACGT-AAAAAAATGAGAAAAAGAATAAGTGCAATAAT 22 (79)
GA 3 (11)
301 G—l 2 (7)
TA Obs 1 (3)
20+ | Exp
Chi sq. 12.1
Exp |
104 p < 0.001
Obs |
0 Ll 1
Recombination < position 24 Recombination 2 position 24
Figure 3.

UHS regions for 28 archival vspand vip genes of B. hermsii. Numbering of the positions is
according to the transcriptional start position (+1) at the expression site; also shown are the
start codon (Mei) and presumed ribosomal binding sequence (RBS). Differences between
the 4 sequence variants at positions +22 and 23 are shown; the counts of each variant are
indicated on the right. The identification of a given archival vsp or vipwith a UHS sequence
variant is given in Table S1 of supplementary materials. The 6-mer and 4-mer palindromes
in the UHS are highlighted by gray. Shown below the sequence are expected (Exp) and
observed (Obs) cross-over points with respect to position +24 for 28 relapses involving an
infection with serotype 17, which has a GA for the expression site UHS, and relapse to a
serotype whose archival vsp or vip has another UHS sequence variant (see text). The
goodness-of-fit analysis of observed and expected results with Chi square value and 2-tailed
pvalue for 1 degree of freedom is shown. The relapse isolates for this analysis are indicated
by italicized names in Table S2.
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Figure 4.

Neighbor-joining distance phylogram of aligned 3" UTR sequences of expressed and
archived vspand vip genes of B. hermsii. The sequences are given in Table S4. The
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sequences from expressed genes are distinguished between those serotypes (E) previously
characterized (Burman et al., 1990; Restrepo et al., 1992) and those of relapses (R) from the
current study. 3° UTR sequences for archival genes are designated by “A”; in cases without
an adjacent DHS element a maximum of 117 nucleotides was included in the alignment. The
first number in the sequence name after E, R, or A indicates the serotype and, for relapses,

the second number indicates the infecting serotype. Sequences with < 2 nucleotide

differences were grouped together; the numbers in each group of two or more are given in
parentheses. The text color indicates the vspor vip family: red, vsp; green, a-vip; purple, 8-
vip, and blue, &-vip. There were no instances of a y-v/p among the relapses. The black
numbers along the branches indicate the % support from 500 bootstraps, if greater than 60%.
The size marker (0.1) for the branch lengths represents nucleotide distance.
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Figure 5. DHS elements of B. hermsii
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A. The nucleotide sequence of DHS, with positions marked on the top and polymorphic
positions indicated by highlighting. A large inverted repeat element is indicated by arrows,

and 4-mer and 6-mer palindromes are boxed.

B. Alignment of nucleotides at 22 polymorphic positions for genotypes a through I.
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Percent cumulative cross-overs by polymorphic position (x-axis) of the DHS elements for 65
relapse isolates. The percent values are indicated at each level as well as on the y~axis. The
sequences are given in Table S3.
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21 > € 90
B. hermsii DHS GGGAAAAATAAAGTCAAAAAGGAATAGGAAGCTAGGAGCGTAATGCTCTTAGCTTCTAATGTTATTTAGG
B. turicatae DHS TGATAAAATAAAGTCTATA---AATAATAAGCTAGGAGTTTTCTTCTCTTAGCTTATTTTCCTTTTCTAT

> &

B. hermsii 3’ to vtp TGGAAAAATAAAGTCAATA---AATAGAAAGCTAAGAGCACTATGCTCTTAGCTTCTGATATTATTTAAG

3 &

Consensus tGgaAAAATAAAGTCaAtA---AATAgnAAGCTAGGAGenttaTgCTCTTAGCTTcTnaTntTaTTtaag

Figure 7.
Alignment of partial nucleotide sequences of DHS, of B. hermsii, DHS-like sequence in B.

turicatae, and 3" flanking region of vip (formerly vsp33) gene of B. hermsii. Accession
numbers are provided in the text. The consensus sequence is shown at the bottom. The
positions are numbered according to the B. hermsii DHS, element. Long inverted repeats are
indicated by arrows, and 4-mer palindromes are highlighted with gray.
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Figure8.
Schematic representations of recombination outcomes for 68 relapse isolates of B. hermsii.

The drawing is not to scale. The infecting serotype’s expressed vsp or vip is shown as brown
in panel A, B, and C; the direction of transcription is indicated by the arrow. The hair-pin
telomere of the expression plasmid is denoted by an ellipse. The archival vsp or vip gene
that is the donor for each recombination is shown as gray for each recombination. Other
vsp/vip genes, their accompanying 3 UTR sequences, and different DHS elements in the
figure as denoted by other colors. The 3 panels differ in the characteristics of the archival
site for the recombination. In panel A there is a DHS element adjacent to the 3" untranslated
region (UTR) for the donor archival gene and a more distant DHS downstream of another
vspor vipand its 3° UTR. In panel B the donor archival gene is at a distance from nearest
DHS. In panel C there was not a downstream DHS element on the sequence fragment. In
each panel the numbers next to the arrows with long arrowheads indicate the frequencies of
each type of recombination event.
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Figure9.
Proposed model of recombination events when a distal instead of the most proximal DHS is

used. See legend for Figure 8 for description of schematic features. The model shows a two-
step process in which the intervening sequence between two DHS elements in the
intermediate form is deleted, thus yielding a new expressed gene near the telomere.

Mol Microbiol. Author manuscript; available in PMC 2017 September 26.



	Summary
	Introduction
	Results
	Organization of vsp and vlp genes and DHS elements on B. hermsii plasmids
	Mouse infections and relapses
	Recombination within the UHS sequence
	Recombination within the 3′ UTR
	Recombination within the DHS elements
	Origin of DHS elements

	Discussion
	Experimental Procedures
	Strains and culture conditions
	Mouse infections
	DNA methods
	Polymerase chain reactions
	Pulsed-field gel electrophoresis and Southern blot analysis
	DNA sequencing and curation

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9

