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Abstract

The intracellular bacterium Ehrlichia ruminantium is the causative agent of heartwater
throughout sub-Saharan Africa, Madagascar, and some islands of the Caribbean. The
disease is tick-borne and causes substantial livestock losses, threatening food security and
productivity in both the commercial and small-scale farming sectors in endemic areas.
Immunization by infection and treatment is currently practised in South Africa, and it is
known that a variety of immunotypes of the organism occur in the field, and that cross-
protection between them varies widely from total to minimal. Future vaccines may
therefore need to incorporate components from different genotypes so it is essential to
have information on the extent of genetic variation among isolates. To obtain this
information we amplified and sequenced a panel of eight core function genes from 12
different cultured stocks originally isolated in different areas of Africa and the Caribbean.
Phylogenetic trees inferred from the sequences yielded different branching orders for
different genes, and the reason for this inconsistency appears to be that extensive
recombination takes place between different genotypes in the field. It is possible that
recombination occurs during the period when the organisms are extracellular within the
tick, immediately after feeding and before intracellular infection is established, although
detection of more than one genotype in DNA from single ticks is encountered

infrequently. The results of the analysis show that the phylogenetic variation is greatest
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among the isolates of southern African origin, suggesting that this is the region where the
parasite first evolved. It also appears likely that the Gardel genotype, isolated in the
Caribbean, originally came from west central Africa, not from west Africa as had long

been assumed.
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1. Introduction

The intracellular bacterium, Ehrlichia ruminantium, is the causative agent of heartwater
throughout sub-Saharan Africa, Madagascar, and some islands of the Caribbean. The
disease is transmitted by ticks of the genus Amblyomma and it causes substantial
livestock losses, threatening food security and productivity in both the commercial and
small-scale farming sectors (Provost and Bezuidenhout, 1987). There is no satisfactory
vaccine which provides widespread protection against field challenge, but an infection
and treatment immunization regime is currently practised in southern Africa. This utilises
sheep blood infected with live organisms of a strain of E. ruminantium (Ball3) which
causes a slow onset of disease symptoms, allowing timely treatment with tetracyclines to
be administered (Van der Merwe, 1987). Production and administration of this vaccine is
costly and demanding, and it confers only limited protection against some common
genotypes (Du Plessis et al., 1989). It has long been recognized that a variety of
immunotypes of E. ruminantium occur in the field, and that cross-protection between
them varies widely from total to minimal (Jongejan et al., 1991). There are also

genotypes in circulation which are phylogenetically classified as E. ruminantium but
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which apparently cause no disease (Allsopp et al., 2006). For these reasons future
vaccines will almost certainly have to incorporate components from several isolates, so it
is essential to gather information on the extent of genetic variation among isolates. The
initial objective of this work was, therefore, to develop a genetic database representative
of the genotypic variability in existence in the field for the characterization of present and
future isolates of E. ruminantium. An early attempt to obtain such information had
concentrated on the outer membrane protein map1 gene, but this was found to be highly
variable and it did not show any correlation with virulence, immunogenicity or
geographical origin (Allsopp et al., 2001). We decided therefore to examine core function
genes, which are shared between members of a species by horizontal gene transfer, and
have been proposed in the Core Genome Hypothesis as a means of defining bacterial
species (Lan and Reeves, 2001). We selected eight genes, some of which had already
been used for the characterisation of E. ruminantium (Allsopp et al., 1999) and other
Rickettsiales ([Ishikura et al., 2003] and [Lee et al., 2003]). We obtained the sequences of
these genes from 12 different cultured stocks of E. ruminantium isolated in different areas

of Africa and the Caribbean, and subjected the data to phylogenetic analysis.

2. Materials and methods

Twelve E. ruminantium stocks were chosen for inclusion in the study according to their
availability in culture at Onderstepoort and their range of geographical origins, the details
of which are shown in Table 1. Aliquots (2 ml) of E. ruminantium culture supernatants
were spun at 16,000 x g for 20 min at 4 °C to pellet elementary bodies. The supernatants
were discarded and the pellets were resuspended in 200 pl sterile phosphate buffered
saline (PBS) to remove any culture medium. After re-centrifugation under the same
conditions, pellets were resuspended in 200 pul PBS. DNA was extracted into a final
volume of 100 pl of elution buffer, using the GENTRA ‘Generation Capture Column’
system (Gentra Corp. Minnesota, USA). Eight core function genes were selected for
amplification; 16S rRNA, gltA, groEL, ftsZ, sodB, nuoB, rnc and ctaG. The two latter
genes overlap in the genomic region designated pCS20 (Waghela et al., 1991). Table 2
lists the genes, together with the sequences of the primers used to amplify them, and the

Erum identification numbers of their orthologs in the E. ruminantium (Welgevonden)
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complete genome sequence (Collins et al., 2005). The genes were amplified from E.
ruminantium DNA as described elsewhere (Van Heerden et al., 2004), except that the
annealing temperatures were optimised for each gene (Table 2). When single well-
defined amplicons were obtained they were directly sequenced using appropriately
diluted amplification primers. Where multiple bands were obtained, both the band
corresponding to the correct sized amplicon, as well as several of the bands of
unexpected size, were gel-purified using the Qiagen MinElute system (Qiagen, Hilden,
Germany). Gel purified amplicons were cloned into pPGEM-T vector (Promega, Madison,
USA) and recombinant plasmids were purified using the High Pure Plasmid Isolation kit
(Roche Diagnostics, Mannheim, Germany). To obtain a consensus sequence for the
cloned amplicons, and to reduce the possibility of polymorphisms due to PCR
misincorporation errors, at least four recombinants were sequenced for each gene. All
sequencing was done using BigDye chemistry (Applied Biosystems) on an ABI3100
sequencer and all kits were used as recommended by the manufacturers. For each gene
the lengths of reliable sequence available from all the stocks (shown in Table 4) were
aligned using CLUSTALW (Thompson et al., 1994) and subjected to maximum
likelihood phylogenetic analysis using PHYML (Guindon and Gascuel, 2003). A
concatenated alignment of the eight genes was also constructed and analysed separately,
and the corresponding E. canis ortholog sequences were obtained from GenBank and
included in the alignment to root the tree. Sequences determined as part of this study, if
not already in the public domain, were submitted to GenBank with the following

accession numbers:

16S | DQ647615-DQ647616
pCS20 | DQ655712-DQ655713
gltA | DQ513389-DQ513397
groEL | DQ647003-DQ647014
ftsZz | DQ646992-DQ647002
sodB | DQ647015-DQ647026
nuoB | DQ833442-DQ833453
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E. ruminantium stocks used in this study

Stock
Welgevonden
Mara87/7
Ball3
Blaauwkrans
Umbanein

Kiswani
Kimm?2

Kimm1
Senegal
Sankat

Pokoase

Gardel

Origin

Transvaal, South Africa
Transvaal, South Africa
Transvaal, South Africa
Eastern Cape, South Africa
Sudan

Kenya
Transvaal, South Africa

Transvaal, South Africa
Senegal

Ghana

Ghana

Guadeloupe, French West
Indies

Reference

Du Plessis (1985)

Du Plessis et al. (1989)

Haig (1952)

(Du Plessis, personal communication)
Jongejan et al. (1984)

Kocan et al. (1987)

Du Plessis and Kumm (1971); Zweygarth et
al. (2002)

Jongejan et al. (1988)
Bell-Sakyi et al. (1997)

Uilenberg et al. (1984)



Table 2.

openUP (September 2007)

E. ruminantium core-function genes and the primers used for their amplification

Target | Erum

gene number”
16S N/A

rnc 8070

ctaG 8080
PCS20 | 870: 8080
glitA 0750
groEL | 6420

ftsZ 8800

nuoB 3090

sodB 5270

{;e(lglg)t) Forward primer (5'-3’) Reverse primer (5'-3")

1458 CAGAGTTTGATCCTGGCTCAG AAGGAGGTGATCCAGCC

684 see pCS20 see pCS20

534 see pCS20 see pCS20

1218 CCCTATGATACAGAAGGTAACCTC H GATAAGGAGATAACGTTTGTTTG
GC G

1248 ATTGTATTAGGTAGAATTATG GGAAATACCTTCACTACTAC

1656 GTGGGCTGGTAATGAAGTG CACCTGGCACAACACCTTC

1269 CTTTATTACGTATTCAATAGT AAAGCCAATAAGACATTGG

519 AATGGGAGTAATTTTATATG TAAGTACTTTTTTTAAGTGG

633 AATTTGGAGGGATATATG GCATCTTAGGAAAATATTTA

°C

65

62

57

60
55
55
55

Primer
referenc
e

Weisburg
et al.
(1991)

Van
Heerden
et al.
(2004)

Collins et
al.
(2005).
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* Erum numbers identify orthologs in the E. ruminantium (Welgevonden) genome
sequence (Collins et al., 2005).

® T, refers to the annealing temperature used in the PCR amplifications, not the
calculated annealing temperatures of the individual primers.

¢ pCS20 designates a genomic region used for diagnostic purposes which includes two

overlapping genes.

3. Results

Sequences were obtained for all 8 genes for 11 stocks, but for the Kiimm2 stock only 7
genes were amplified, no amplicon could be obtained for gltA. All sequences from bands
of unexpected size were found to match mammalian chromosomal sequences in
GenBank. Differences between orthologous E. ruminantium sequences consisted of
single nucleotide polymorphisms (SNPs) spread throughout the sequenced regions. The
majority of the SNPs in the protein coding genes were neutral mutations, and in the case
of the 16S gene the majority occurred in the hypervariable V1 loop.

The sequences for the different stocks were analysed in the order in which they are given
in Table 3, starting with the Welgevonden stock, whose sequences were assigned the
‘Welg’ code. The next to be analysed, the Mara87/7 sequences, were all different from
their Welgevonden orthologs and were assigned the ‘M87° code. Subsequently the Ball3
sequences were examined, most of these were also new and were assigned a ‘B3’ code.
The exceptions were the pCS20 and sodB sequences, which were identical to their
Welgevonden orthologs, and the nuoB sequence, which was identical to that of Mara87/7,
and these three sequences were given appropriate codes. The analysis was completed in

this fashion to yield the mosaic pattern seen in Table 3.
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Table 3.
Identities of the sequences of eight core function genes from 12 different E. ruminantium
stocks
Stock Code Sequence identity of gene or genetic region

16S rncandctaG gltA | groEL ftsZ ' sodB nuoB

pCS20

Welgevonden Welg Welg | Welg Welg  Welg  Welg Welg Welg
Mara87/7 M87 «M87 | M&7 M87 |M87 | M87 MS87 M87
Ball3 B3 B3 Welg B3 B3 B3 Welg  M87
Blaauwkrans | Blk | Welg Blk Blk | Welg | Blk Blk | Blk
Umbanein Umb | M87 Umb Umb B3 Welg Welg Welg
Kiswani Kis | Kis | Kis Kis | Kis Kis Kis | Welg
Kiimm?2 Km2  Km2 Km2 NA Km2 ' Km2 M87  Km2
Kimml1 Kml | Kml  Kml Kml | Kml Kml | Kml | Kml
Senegal Sen | Kml  Kml Sen | Kml Sen | Sen | Sen
Sankat Sank  Kml  Kml Sank | Kml Sank | Sank | Sank
Pokoase Pok | Kml | Kml Kml  Pok Sen | Kml  Kml
Gardel Gar | Gar | Gar Gar | Gar Gar | Gar | Gar

The pCS20 genomic region contains two overlapping genes. For further explanation of
the mosaic see Section 3. NA, no amplicon.

The greatest number of distinct 16S and pCS20 genotypes is observed among the stocks
of south and east African origin, but for both these genes all the west African sequences
are identical to those of the southern African Kiimm1 stock. These genes are widely used
for characterisation of E. ruminantium field isolates.

The topologies of the unrooted phylogenetic trees inferred from individual gene
sequences (trees not shown) were very varied, but with one consistent feature; each tree

exhibited two major clades, one consisting of stocks of southern and eastern African
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origin (the S&E clade), the other consisting of west African stocks plus the southern
African Kiimm1 stock (the W clade). Nine stocks fell reproducibly into one of the major
clades, but 3 stocks were exceptions to this pattern; Kiswani from eastern Africa, Gardel
from the Caribbean, and Kiimm?2 from southern Africa. Kiswani fell into the S&E clade
in all trees except the SodB tree, where it did not fall into either of the major clades.
Gardel exhibited marked positional instability, sometimes falling in the S&E clade, and
sometimes in the W clade. Kiimm2 was even more positionally unstable, not falling into
either of the major clades in the 16S, pCS20, ftsZ and nuoB trees, while it fell in the W
clade in the groEL tree and in the S&E clade in the sodB tree. In addition, Kiimm?2
showed unusually long branches in the pCS20, ftsZ and nuoB trees. Pairwise sequence
identity calculations for all pairs of orthologs showed that Kiimm2 was the most
divergent of all the stocks for each gene (Table 4), and for the pCS20, ftsZ and nuoB
genes this divergence was markedly greater than that of any of the other sequence pairs,
which reflects the long branches seen in the corresponding trees. Because of this
divergence, and because we could not obtain a gltA sequence from Kiimm?2, we omitted
it from the concatenated phylogenetic analysis. In the concatenated tree of the remaining
11 stocks (Fig. 1) the consistent feature of the individual gene trees is very clearly
exhibited; the stocks are separated into two major clades dependent upon their
geographical origin, the S&E clade and the W clade, which anomalously includes the
southern African Kiimm1 stock. Kiswani fell into the S&E clade with low bootstrap
support, and Gardel fell into the S&E clade, but deeply branching and with low bootstrap
support.
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Table 4.
Selected characteristics of 132 pairwise sequence identities for seven core function genes

from 12 different E. ruminantium stocks

Characteristics . .
Gene or genetic region
of sequence
pairs
16S rnc and groEL ftsZ sodB nuoB
ctaG
pCS20
Length used (bp) | 1408 1218 1339 1272 605 519

Pa'lr V\./l'[h.IOWG.S'[ Km2:Kis | Km2:Km1 | Km2:Kis | Km2:Sank  Km2:Sen | Km2:Gar
pairwise identity
Value of lowest

R . 99.43% | 83.95% 98.18% | 84.30% 99.00% | 88.57%
pairwise identity

Mean of 110
pairwise
identities
omitting Kiimm?2

99.80% | 98.52% 99.14% | 98.61% 99.64% | 99.35%

The pCS20 genomic region contains two overlapping genes. For further explanation see

Section 3.
0.005
000 - Kumm1
gg | Pokoase
100} - Sankat
Senegal
—— Gardel
ol Blaauwkrans
Welgevonden
S Umbanein
78 ) _
wl Kiswani
—— Ball3

E. canis
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Fig. 1. Maximum likelihood tree, inferred using PHYML, of the concatenated sequences
of eight core function genes of 11 stocks of E. ruminantium, using the concatenated
sequences of their E. canis orthologs as the outgroup root. The scale bar indicates 1

nucleotide substitution per 200 bases.

4. Discussion

There were fewer individual sequences for each gene than there were stocks (Table 3),
suggesting that inter-genome recombination has occurred between different stocks, and
the mosaic of sequence identities shows that all stocks except Gardel appear to have
undergone recombination. Gardel, the only Caribbean stock, had unique sequences for
each of the eight genes. Of the southern and eastern African stocks, all except Kiimm1
show evidence of recombination between themselves, but none with the western African
stocks. The southern African Kiimm1 stock is anomalous in that it shares no orthologs
with any other southern or eastern African stock, but shows recombination with all the
west African stocks. The only other evidence of recombination among the western
African stocks is that Pokoase and Senegal share a ftsZ ortholog.

E. ruminantium has no plasmids, phages, insertion sequences, or genes for pilus assembly
(Collins et al., 2005) which mediate recombination in many bacteria. However, with the
exception of VirB7, the genes required for the assembly of a channel for bacterial
competence are present (Collins et al., 2005). This suggests that E. ruminantium may be
naturally transformable (Thomas and Nielsen, 2005), actively capable of DNA uptake
and homologous recombination by mechanisms which are currently not well understood.
The most likely time for recombination to occur seems to be within the tick after
ingestion of a blood meal from an animal carrying a mixture of E. ruminantium
genotypes and before establishment of the organism in gut epithelial cells. This occurs
about 15 days after the ticks have fed (Kocan and Bezuidenhout, 1987) and it is possible
that DNA from degraded E. ruminantium chromosomes is taken up by surviving
organisms during the extracellular period. Note that multiple E. ruminantium 16S
genotypes often occur in blood samples from animals in the field, although not in ticks

removed from the same animals (Allsopp et al., 2006). This may be due to infection



openUP (September 2007)

exclusion, which is known to occur with Anaplasma marginale in Dermacentor variabilis
ticks (de la Fuente et al., 2003).

The individual gene trees exhibited variable topologies, as a result of the inter-genome
recombination, and a consistent two-clade structure, which indicates a lack of
recombination between stocks in the different clades. Kiimm1 (southern Africa)
consistently grouped with the western African stocks and showed ample evidence of
recombination with them. Kiimm?2 had unique sequences for all genes except sodB, and
the pCS20, ftsZ and nuoB genes were unusually divergent from all their orthologs (Table
4). Since we could obtain no amplicon of the gltA gene that too is probably unusually
divergent, and we therefore omitted Kiimm?2 from the concatenated phylogenetic tree
(Fig. 1). This tree shows the clear separation of stocks into the S&E clade and the W
clade, the latter including Kiimm1 from southern Africa. The branch lengths show the
greater genetic variability of the genes in the S&E clade as compared to the W clade, an
effect also seen with the highly polymorphic map1 gene (Allsopp et al., 2001), suggesting
that E. ruminantium may have evolved in southern or eastern Africa and spread more
recently to western Africa. Kiimm1 is closely related to the western African Senegal
stock, and many of the Kiimm1/Senegal sequences are shared by all the stocks in the W
clade, suggesting that the west African E. ruminantium genotypes may be derived from
an ancestral strain similar to Senegal, the most deeply-branching member of the W clade,
which spread to western Africa. If this is the case then Kiimm1 has recently been
reintroduced into southern Africa, perhaps together with Kiimm?2, since both stocks were
obtained from a single field isolate (Zweygarth et al., 2002).

The clear separation between the S&E and W clades suggests that there may be some
restriction to gene flow between the two areas. The most important vectors of heartwater
in Africa are A. variegatum and A. hebraeum, of which the latter occurs only in southern
Africa (Bezuidenhout, 1987). A distribution map of A. variegatum shows the highest
population densities in two areas, one stretching up the eastern side of the continent, from
Mozambique to the Red Sea, and the other occupying the north western part of the
continent south of the Sahara ([Walker and Olwage, 1987] and [Walker et al., 2003]). A
region of lower population density separates these two areas and this could well be the

reason for the restricted gene flow between the stocks in the two clades.
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It has been estimated that the Gardel and Welgevonden stocks diverged from a common
ancestor 2—4 million years ago (Mya), based on patterns of nucleotide substitution
(Hughes and French, 2007), or 3.5 Mya, based on 16S gene differences (Ochman et al.,
1999). It is not surprising, then, that the core genes of Gardel are unique, and since they
have only been separated from their African orthologs for about 300 years (Maillard and
Maillard, 1998) this argues that the original Gardel stock taken to Guadeloupe was
different from western, eastern and southern genotypes. This fits with the phylogenetic
analysis, which places Gardel near the root of the tree and in neither of the main clades
(Fig. 1). In 1674 the Compagnie du Sénégal was given sole mandate to trade in slaves
and livestock between the Caribbean and Africa, from Cape Verde to the Cape of Good
Hope (Maillard and Maillard, 1998). It is therefore possible that the Gardel genotype did
not come from West Africa, as has long been assumed, but from western central Africa
(Angola, the Congo or Gabon). The situation could be clarified by studying isolates from
that region, but unfortunately none are currently available. Two isolates other than Gardel
have been made in the Lesser Antilles, on the islands of Marie Galante and Antigua
(Camus and Barré¢, 1987), and it would be very interesting to carry out some phylogenetic

studies on these stocks.

5. Conclusion

Our studies of core function genes show that extensive inter-genome recombination
occurs among E. ruminantium genotypes. The genetic variability of the stocks in southern
and eastern Africa is much greater than that among the western African isolates, which
suggests that the organism originated in the southern or eastern region of the continent. It
is possible that the common ancestor of the western African stocks became established in
the region after passing a genetic bottleneck constituted by a central African area with a
low density of vector ticks. One of the typically western genotypes, Kiimm1, appears to
have been recently reintroduced into the southern African region. The unique Gardel
stock belongs to neither the S&E clade nor the W clade, and may be descended from an
ancestral stock from west central Africa where gene exchange with southern, eastern, and
western genotypes may also be restricted by tick population dynamics. The core genes

examined were evenly distributed around the genome, suggesting that recombination
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events are genome-wide. There is a larger reservoir of genetic diversity among E.
ruminantium and related organisms than can be seen in the few well-characterized
heartwater-causing stocks, and those genes involved in antigenicity, infectivity, virulence,
and pathogenicity of the organism will be likely to be as susceptible to recombination as

the core genes. This has important implications for vaccine development.
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