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A B S T R A C T

Heartwater, caused by the intracellular bacterium Ehrlichia ruminantium, is a major tick-borne disease of

livestock in Africa also introduced in the Caribbean. The main problem encountered with the control of

this disease is the lack of efficient vaccine in the field. This is thought to be related to the high genetic

diversity of strains circulating in a same area. A set of eight circulating strains was isolated from a herd of

cows in a small locality in Burkina-Faso and analyzed along with two reference strains, i.e. ERGA and

ERWO, for which full-length genome was available. A MLST analysis was developed based on the genes

gltA, groEL, lepA, lipA, lipB, secY, sodB and sucA. Phylogeny analysis was conducted both on concatenated

MLST loci and on each individual locus. This showed differing phylogenies for each individual target

gene. Most of the recorded polymorphism was borne by three strains: 331, 469 and 623. The neutrality

hypothesis could not be rejected. Recombination and linkage disequilibrium were shown to have

occurred. A core of seven strains displayed little polymorphism and signs of most likely ancient

recombination events. The two reference strains, one from the Caribbean separated from west African

strains three centuries ago and another one isolated in South Africa, were very closely related to the core

strains whereas the three differing strains displayed recombination and most of the parcimony

informative sites. These data suggest that some strains are in genomic stasis, as expected for intracellular

parasites, while others emerge in the same area with DNA polymorphism. This work also shows that the

MLST scheme developed can discriminate between these two kinds of strains.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Cowdriosis or heartwater is a tick-borne disease transmitted by
Amblyomma ticks to domestic and wild ruminants. The bacterial
causative agent, Ehrlichia ruminantium, is endemic in Subsaharan
Africa, in Madagascar, and in some Caribbean islands from where it
represents a threat to the American mainland (Barré et al., 1987). In
endemic areas, heartwater represents a significant obstacle to
improvement of livestock production by the introduction of exotic
breeds. Several types of vaccines have been developed but they
displayed limited efficiency in the field (Collins et al., 2003a,b;
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Jongejan, 1991; Mahan et al., 2003; Martinez et al., 1994, 1996;
Zweygarth et al., 2005). This is thought to be due to a wide diversity
of E. ruminantium which was shown to impact cross-protection
features (Du Plessis et al., 1989; Adakal et al., 2004) and to their
simultaneous circulation in a same region. Several methods and
markers were developed to characterize genetic diversity. Out of
these, the map1 gene, encoding the Major surface protein MAP1
used in ELISA tests (Van Vliet et al., 1995), displays a high level of
sequence polymorphism between strains (Reddy et al., 1996;
Allsopp et al., 2001). However, although map1 can characterize
genetic diversity of strains in field-collected strains (Martinez
et al., 2004; Faburay et al., 2007; Raliniaina et al., in press), no
correlation could be found with cross-protection between strains.
Recombination has been reported in E. ruminantium (Hughes and
French, 2007; Allsopp and Allsopp, 2007) which could explain at
least part of the genetic diversity. E. ruminantium is also displaying
an active mechanism of genome size plasticity (Frutos et al., 2006,
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2007). On the other hand, E. ruminantium is an obligate
intracellular parasite which is expected to display genomic stasis
after adaptation to intracellular parasitism (Tamas et al., 2002).
The E. ruminantium genetic diversity is most likely rather complex
and there is thus a real need to develop accurate methods for
genotyping and characterizing strains as well as for monitoring the
structure and dynamics of E. ruminantium populations in the field.

We report here the development of a Multilocus Sequence
Typing (MLST) scheme for E. ruminantium to discriminate even
very closely related strains. We also report that strains which are
most likely in genomic stasis, but with ancient recombination
events, are co-circulating in the same area along with more
recently emerged strains bearing most of the nucleotidic poly-
morphism.

2. Materials and methods

2.1. Field collection of ticks

Amblyomma variegatum ticks were collected in three villages of
Bekuy (3.918W, 11.608N), Sara (3.838W, 11.718N) and Lamba
(4.058W, 11.668N). Vegetation in the area consists of bushy and
woody savannah and in few places, sparse forest. Visible ticks were
collected from animals and conserved in 70% ethanol for further
species identification. Flat A. variegatum ticks were also stored in
alcohol while engorged females were allowed to molt, in
controlled conditions (27–29 8C temperature and 85–90% relative
humidity) to the following stages which were used for DNA
extraction.

2.2. E. ruminantium detection in ticks

DNA was extracted from individual ticks using the Qiamp DNA
extraction kit according to the supplier (Qiagen). Detection of E.

ruminantium in ticks was conducted by targeting a fragment of
pCS20 gene using a semi-nested PCR as previously described
(Waghela et al., 1991; Mahan et al., 1992; Peter et al., 1995; Mahan
et al., 1998; Martinez et al., 2004). The semi-nested PCR was
slightly modified by the use of primers including universal
nucleotides (Molia et al., 2008). Universal primers AB1280

(ACTAGTAGAAATTGCACAATCYAT) and AB1300 (RCTDGCWGCTT-
TYTGTTCAGCTAK) were used as external primers whereas AB1280

and AB1290 (TGATAACTTGGWGCRRGDARTCCTT) were used as
internal primers (Molia et al., 2008). PCR reaction was carried out
in a 25 ml volume containing 1 ml of DNA, buffer (Qiagen) (MgCl2 at
1.5 mM final), 200 mM dATP, 200 mM dGTP 200 mM dCTP and
200 mM dTTP (Eurogentec), 0.4 mM each of the corresponding
forward and reverse primers, 1 U/ml Taq polymerase (Qiagen). The
first round of semi-nested PCR comprised an initial denaturation
step of 3 min at 94 8C followed by 35 amplification cycles of 50 s
denaturation at 94 8C, 50 s annealing at 50 8C and 50 s extension at
72 8C with a final extension step of 10 min at 72 8C. The same
program was applied to the second round of the semi-nested PCR
with an annealing temperature of 55 8C.

2.3. Target loci

Selection of MLST loci was based both on comparative genomic
analysis of E. ruminantium (Collins et al., 2005; Frutos et al., 2006)
and reports of orthologous genes used for MLST analysis on E.

ruminantium or other pathogens (Allsopp et al., 2003; Allsopp and
Allsopp, 2007; Harbottle et al., 2006; Inokuma et al., 2001;
McCombie et al., 2006; Ahmed et al., 2006). These genes: gltA,
groEL, lepA, lipA, lipB, secY, sodB and sucA are presented in
Supplementary Table 1. Three reference genes were added for
polymorphism analysis and evolutionary patterns based on their
previously reported substitution biases as shown by a Fisher exact
test (Frutos et al., 2006). map1 and clpB display a statistically
significant excess of synonymous substitutions whereas CDS8580
displays a statistically significant excess of nonsynonymous
substitutions (Supplementary Table 1). The distribution of the
target loci on the genome of E. ruminantium strain Gardel is shown
in Supplementary Fig. 1. Orthologous genes from the closely
related species Ehrlichia canis strains Jake (NC_007354), Ehrlichia

chaffeensis strain Arkansas (NC_007799) and from Anaplasma

marginale strain Ste Maries (NC_004842) were used for outgroup
rooting.

2.4. Primers and PCR reactions

Primers were designed using Primer 3 (Rozen and Skaletsky,
2000). To overcome the problem of potential low infection levels of
E. ruminantium in ticks, each MLST locus was amplified by nested
PCR using a double pair of primers (Supplementary Table 1). In
most cases, one of the external primers was used for the second
PCR in a semi-nested PCR (Supplementary Table 1). PCR
amplifications were performed in 50 ml reaction buffer (Qiagen)
(MgCl2 at 1.5 mM final) with 200 mM dATP, 200 mM dGTP
200 mM dCTP and 200 mM dTTP (Eurogentec), 0.4 mM each of
the corresponding forward and reverse primers, 1 U/ml Taq
polymerase (Qiagen). The first round PCR program consisted of
an initial denaturation step of 3 min at 94 8C followed by 15 cycles
of 50 s denaturation at 94 8C, 50 s annealing at the relevant
temperature according to each gene (Supplementary Table 1) and
50 s elongation at 72 8C followed by a final extension step of
10 min at 72 8C. 40 cycles were performed for the second round
under same conditions. The primer pairs of the second round of
each nested-PCR were used for sequencing of the corresponding
PCR products (sequenced by Cogenics, Meylan, France).

2.5. Sequence alignment, phylogenetic trees and statistics

Consensus sequences were obtained using Nucmer (Kurtz et al.,
2004) and Contig Aligner (http://nbc11.biologie.uni-kl.de/framed/
left/menu/auto/right/contig_aligner/) and Multiple sequence
alignments were conducted with ClustalX2.0.3 (Thompson et al.,
1997). Whenever relevant, gap regions were eliminated to perform
alignments for phylogenetic purpose. Verification of reading
frames was performed with Expasy Translate tool (http://
www.expasy.ch/tools/dna.html). Phylogenetic trees were con-
structed using FigTree 1.2.2 (http://tree.bio.ed.ac.uk/). Similarity
and difference matrices were constructed from ClustalX2 align-
ments using BioEdit 7.0.9.0 (Hall, 1999). DNA sequence poly-
morphism and all subsequent tests were investigated using several
functions from the DnaSP5.00.02 package (Librado and Rozas,
2009). Haplotypes (alleles) were calculated according to Nei
(1987). Nucleotide diversity, Pi (p), the average number of
nucleotide differences per site between two sequences was
calculated according to Nei (1987) and using the Jukes and Cantor
(1969) correction. Theta (Watterson’s mutation parameter) was
calculated from Eta (h) or from S (Watterson, 1975). Eta (h) is the
total number of mutations, and S is the number of segregating
(polymorphic) sites. Ka (the number of nonsynonymous substitu-
tions per nonsynonymous site), and Ks (the number of synon-
ymous substitutions per synonymous site) for any pair of
sequences were calculated according to Nei and Gojobori
(1986). Tajima’s D test (Tajima, 1989) was used for testing the
hypothesis that all mutations are selectively neutral (Kimura,
1983). The D test is based on the differences between the number
of segregating sites and the average number of nucleotide
differences. The confidence limit of D is assessed according to a
two-tailed test (Tajima, 1989). Other tests of neutrality are the
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statistical tests D* and F* proposed by Fu and Li (1993) for testing
the hypothesis that all mutations are selectively neutral. The D*
test statistic is based on the differences between hs, the number of
singletons (mutations appearing only once among the sequences),
and h, the total number of mutations (Fu and Li, 1993). The F* test
statistic is based on the differences between hs, the number of
singletons (mutations appearing only once), and k, the average
number of nucleotide differences between pairs of sequences (Fu
and Li, 1993). The statistical significance of the Fu and Li’s F* and D*
tests was also calculated using a two-tailed test. A last test of
neutrality was conducted using Fu’s Fs statistic (Fu, 1997). Fu’s Fs
test (Fu, 1997) is based on the haplotype (gene) frequency
distribution to determine the value of u (Ewens, 1972). ZnS
statistics (Kellly, 1997) is the average of R2 (Hill and Robertson,
1968) over all pairwise comparisons. It reflects excess of linkage
disequilibrium compared with that expected under neutrality.
Wall’s B statistic (Wall, 1999) is the proportion of congruent pairs
of adjacent segregating sites (with common phylogeny), whereas
Wall’s Q statistics (Wall, 1999) also considers the length of the
corresponding region. Significant pairwise associations were
assessed by x2, Fisher exact test and Bonferroni procedure.

3. Results

3.1. Identification of isolated strains

The confirmation of the isolated strains as E. ruminantium was
conducted using a three-way approach. First of all a pCS20 PC R test
specific for E. ruminantium (Waghela et al., 1991; Mahan et al.,
1992, 1998; Peter et al., 1995; Martinez et al., 2004) was conducted
and only positive samples were retained for MLST analysis. The
CDS 8580, a gene of unknown function which might in fact be a
pseudogene (Frutos et al., 2006) was used a secondary control. This
CDS is only found in E. ruminantium and is absent in the published
genomes of E. canis, E. chaffeensis and A. marginale. CDS 8580 was
present in all the strains analyzed here with a high degree of
conservancy. This confirmed that the strains analyzed here were
indeed E. ruminantium strains. Finally, the gltA gene in E.

ruminantium displayed two small deletions of three nucleotides
each when compared to gltA sequences from E. canis and E.

chaffeensis. These deletions were located at position 456–459 and
474–477 with respect to the gltA start codon in E. canis and E.

chaffeensis. All the strains analyzed here displayed these deletions.
Furthermore, the nucleotide sequence 50-GTGAGTTAGAGTGT-30

located between these two small deletions was 100% conserved
among all the strains studied here whereas it did not match the
corresponding region in E. canis and E. chaffeensis. This further
Table 1
Summary of STs for the E. ruminantium strains considered.

Strains MLST loci

gltA groEL lepA

Strain 2 1 1 1

Strain 331 3 4 4

Strain 469 3 5 4

Strain 623 1 2 2

Strain 629 1 3 1

Strain 630 1 3 1

Strain 668 1 3 3

Strain 1062 1 3 1

ERGA 1 1 3

ERWO 2 4 2

N Haplotypes 3 5 4

S 10 44 7

Polymorphism (%) 2.53 9.84 1.47

Size (bp) 395 447 475
confirmed that all the strains studied in this work were E.

ruminantium strains.

3.2. Identification of haplotypes (alleles) and sequence types (ST)

E. ruminantium strain 2 was selected as the reference strain for ST
determination. As a consequence strain 2 carried the haplotype
(allele) 1 for all the loci considered. STs and loci polymorphism are
presented in Table 1. Haplotypes sequences are shown in
supplementary material (Supplementary Table 2). Sequences were
deposited in GenBank and accession numbers are displayed in
Supplementary Table 2. The overall number of haplotypes identified
among the 10 strains analyzed were 3, 5, 4, 3, 8, 6, 3 and 7 for gltA,
groEL, lepA, lipA, lipB, secY, sodB and sucA, respectively (Table 1). This
variation in the number of alleles from one locus to another did not,
however, reflect the polymorphism in the target gene segment
amplified. Polymorphic sites or S (i.e. number of mutated sites per
locus) varied from 4 to 45 (Table 1). When weighting these data by
considering the size of the amplified fragment, the resulting
percentage of site polymorphism varied from 0.96% to 9.84%
(Table 1). However, 6 out of 8 loci displayed percentage of
polymorphism below 4% with only groEL displaying 9.84%
variability. There was no linear correlation between the number
of haplotypes and the number of polymorphic sites, or the
percentage of polymorphisms, indicating thus that a very few
number of strains carry most of the observed polymorphism on a
limited number of haplotypes. When considering both the sequence
identity matrix and the sequence difference matrix (Supplementary
Table 3), three strains appeared clearly more divergent: strains 331
and 469 on one hand and strain 623 on the other hand.

3.3. Phylogenetic analysis from concatenated sequences

When using midpoint rooting (Fig. 1a), the group comprising
strains 331 and 469 was separated from 1062 with a node
bootstrap value of 1000. Strain 1062 branches separately and
associates to a bootstrap value of 873. When considering the
closely related species E. chaffeensis (Fig. 1b), E. canis (Fig. 1c) and
the Rickettsiale A. marginale (Fig. 1d) as an outgroup, the topology
was slightly different with no first order significant bootstrap
values excepted for the strains 331 and 469 which consistently
branch separately with a bootstrap of 1000.

3.4. Phylogeny of individual MLST loci

To further clarify the role of the various haplotypes and loci in
the overall diversity displayed by the concatenated sequences, a
lipA lipB secY sodB sucA

1 1 1 1 1

3 6 6 3 5

3 6 6 3 5

2 2 2 2 2

1 7 5 1 1

1 7 1 1 6

1 3 3 1 3

1 8 5 2 7

1 4 1 1 2

1 5 4 1 4

3 8 6 3 7

6 13 25 4 16

1.76 3.63 4.26 0.96 3.99

341 358 587 415 401



Fig. 1. Neighbor-joining trees of the concatenated MLST loci sequences. (a) NJ tree drawn using a midpoint rooting; (b) NJ tree drawn using E. chaffeensis str. Arkansas

concatenated orthologous sequences as an outgroup; (c) NJ tree drawn using E. canis str. Jake concatenated orthologous sequences as an outgroup; (d) NJ tree drawn using A.

marginale str. St. Maries concatenated orthologous sequences as an outgroup. Boostrap values were calculated for nodes. E. chaffeensis strain Arkansas-genome accession

number: NC_007799; E. canis strain Jake-genome accession number: NC_007354; A. marginale strain Ste Maries-genome accession number: NC_004842.
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similar phylogenetic analysis was conducted on each locus
considered separately. For each locus, trees were constructed
with both midpoint rooting and outgroup rooting using the
relevant orthologous genes from E. chaffeensis, E. canis or A.

marginale as an outgroup. In contrast to distributions obtained
with concatenated sequences, identical results were obtained for
each locus with both midpoint and outgroup rooting. Therefore,
only midpoint rooting distribution was shown in Fig. 2. Tree
topologies were different to those observed for the concatenated
sequences. Furthermore, different topologies were observed for
each locus (Fig. 2) with the exception of gltA, lipA and sodB.
Although no common phylogenetic pathway could be inferred
from these individual locus alignments, some conserved features
were still present, the main one being the recurrent clustering of
strains 331 and 469 apart from all the other strains. The only
exception to this trend was the groEL locus for which strains 331
and 469 were separated within different clusters. Interestingly,
groEL displayed a trichotomy in which strains 331 and 469
occupied a different branch whereas the third corresponded to
strain 623, the third most diverging strain (Fig. 2). The latter also
branched separately in most of the single-locus trees, although to a
lower extent when compared to strains 331 and 469. To further
investigate this aspect, MLST loci were compared to three other
loci which have been previously shown through whole-genome
comparative genomic analysis to display a statistically significant
bias of synonymous/nonsynonymous substitutions (Frutos et al.,
2006). Two loci, the major antigenic protein gene map1 and the
chaperone gene clpB were characterized by a distorted excess of
synonymous substitutions (purifying selection) whereas a third
one, CDS8580, was characterized by a significant bias towards
nonsynonymous substitutions (positive selection). map1 and
CDS8580, displayed a highly structured clustering characterized
by high bootstrap values (Fig. 3). Interestingly, these two loci also
discriminated the 331/469 strains as a separate clade. clpB,
behaved in a similar way as the MLST loci although yielding a
different topology (Fig. 3).

3.5. DNA sequence polymorphism and selective pressure

To investigate this diversity in the topology of phylogenetic
trees, the different sequences were tested for polymorphism and
selective pressure. Comparative analysis of the DNA sequence
polymorphism parameters is presented in Supplementary Table 4.
Ka/Ks (dn/ds) ratio for the MLST loci was rather low with values
ranging from 0.034 to 0.139. The reference loci map1 and clpB

display Ka/Ks ratio of 0.146 and 0.048, respectively. CDS8580
displayed a very high Ka/Ks value of 1.491. Several neutrality tests,
i.e. Tajima’s D, Fu and Li’s F* and D* and Fu’s Fs, were also
conducted on the loci sequences (Table 2). The most important
feature with the Tajima’s D figures was that all tests, for all the loci
considered, had no statistical significance indicating thus that the
hypothesis of neutral evolution could not be rejected in any of the
cases. Fu and Li’s D* and F* neutrality tests were also applied.
Interestingly, the only two loci displaying negative F* and D* data
were again the chaperone groEL and clpB, but even more
interestingly, none of these tests was statistically significant,
indicating again, that the hypothesis of neutral evolution could not
be rejected. A third kind of neutrality test, was therefore applied,
Fu’s Fs which is based on haplotype frequency distribution for a
given value of u derived from the average number of pairwise
nucleotide differences. Fu’s Fs was negative in the presence of an
excess of rare alleles (excess of recent mutations – genetic



Fig. 2. Neighbor-joining trees of the individual MLST loci sequences: (a) gltA; (b) groEL; (c) lepA; (d) lipA; (e) lipB; (f) secY; (g) sodB; (h) sucA; (i) concatenated sequences

(identical to Fig. 1a). All trees are midpoint rooted. Midpoint and outgroup rooting using E. canis str. Jake, E. chaffeensis str. Arkansas or A. marginale str. St Maries orthologous

sequences yielded the exact same trees. Boostrap values were calculated for nodes.
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hitchhicking – population expansion). Data obtained from Fu’s Fs
test did not correlate with those from other tests (Table 2). These
discrepancies and lack of significance with all the neutrality tests
applied, added to the previous observation that the variability was
borne by few strains on few loci, led to the implementation of the
same neutrality tests while excluding in turn two sets of strains
(Table 2). The first set to be excluded was the reference strains
ERGA and ERWO. The second set of strains to be excluded was
Fig. 3. Neighbor-joining trees of the individual reference genes: (a) map1; (b) clpB; (c) CDS

Jake, E. chaffeensis str. Arkansas or A. marginale str. St Maries orthologous sequences y
strains 331, 469 and 623 which carried most of the genetic
variability (Supplemental Table 3, Fig. 2).

3.6. Assessment of the presence of recombination events

The various tests mentioned above are specifically susceptible
to recombination which could easily blur the whole figure.
Furthermore, this could also explain the contradictory tree
8580. All trees are midpoint rooted. Midpoint and outgroup rooting using E. canis str.

ielded the exact same trees. Boostrap values were calculated for nodes.



Table 2
Assessment of selective pressure on three subsets of E. ruminantium strains.

Full set (10 strains) D ERGA–ERWO (8 strains) D 331/469/623 (7 strains)

Tajima’s D F* D* Fu’s Fs Tajima’s D F* D* Fu’s Fs Tajima’s D F* D* Fu’s Fs

gltA �0.1691NS 0.8713NS 1.0846NS 3.493 0.5448NS 1.4025NS 1.48571* 5.660 �1.00623NS �1.10146NS �1.04881NS �0.095

groEL �1.4919NS �1.8088NS �1.9533NS 4.152 �1.39245NS �1.44979NS �1.60206NS 3.162 0.86284NS 1.47500NS 1.49166* 4.745

lepA 0.9377NS 1.4291NS 1.3821NS 1.567 �0.41500NS �0.07272NS 0.03986NS 0.583 1.04431NS 1.05865NS 0.95066NS 2.167

lipA �0.2792NS 0.5790NS 0.7749NS 1.955 0.15875NS 0.78299NS 0.87595NS 1.981 �0.38255NS �0.41257NS �0.36923NS 4.780

lipB 0.5327NS 0.9210NS 0.9121NS �1.917 0.67142NS 1.02698NS 1.00248NS �0.221 0.34514NS 0.21071NS 0.14917NS �2.200

secY 0.0637NS 0.6745NS 0.7753NS 1.836 0.58311NS 1.11204NS 1.12603NS 2.355 �0.33025NS �0.39280NS �0.37037NS �0.226

sodB 0.0224NS 1.0547NS 1.2391NS 1.194 0.48523NS 1.23248NS 1.31251NS 1.243 �1.00623NS �1.10146NS �1.04881NS �0.095

sucA 0.6637NS 0.6564NS 0.5558NS �0.132 0.86894NS 0.61328NS 0.45537NS 0.265 �1.09826NS �1.23869NS �1.13318NS �1.037

clpB �0.9635NS �1.1435NS �1.2372NS 0.765 �1.21921NS �1.27919NS �1.13595NS 0.702 �1.10893NS �1.16817NS �1.05316NS 0.812

map1 0.4800NS 1.3210NS 1.3988NS 6.052 0.18612NS 0.50172NS 0.52969NS 8.104 0.48009NS 1.32105NS 1.39881* 6.052

CDS8580 �0.0967NS 0.3926NS 0.4957NS 1.892 0.66954NS 1.45663NS 1.50216* 3.169 �1.01530NS �1.11759NS �1.01143NS 3.065

NS: statistically not significant.
* Statistically significant at P<0.05.
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topologies observed in Figs. 2 and 3. The putative presence of
recombination events was therefore analyzed on the same three
sets of strains: the full set (all 10 strains), after exclusion of ERGA
and ERWO (D ERGA–ERWO) and after exclusion of strains 331, 469
and 623 (D 331–469–623). These data are summarized in Table 3.
Putative recombination was assessed both by estimating the
minimum number of recombination, Rm, for each locus according
to the four gametes model (Hudson and Kaplan, 1985). The
presence of codons with multiple evolutionary pathways was also
detected. When analyzing the full set of sequences, which includes
the reference strains ERGA and ERWO as well as the strains 331,
469 and 623, some elements immediately appeared. At first,
several recombination events were detected among the MLST loci
as well as among the reference loci. The loci bearing the highest
number of recombination events were map1 and CDS8580
(Table 3). Considering the second set of strains, excluding ERGA
and ERWO, data were almost the same as with the whole set of loci
for the MLST targets, the only difference being a slight increase of u
(theta). A difference however appeared in the case of map1 and
CDS8580 with a decrease of Rm. As expected, the removal of strains
331/469/623 eliminated almost all polymorphism. Rm and MEP
were also affected but differently depending on the locus (Table 3).
In the case of groEL, Rm became null indicating that these strains
bore the detected recombination events. The maximum effect was
observed with lipA for which all polymorphism was eliminated.
sucA also displayed a decrease of Pa whereas S and h remained the
same, which was indicative of an excess of singletons and an
expansion of population. Some recombination events were
detected in this set indicating that if most of the detected
recombination events were associated with the three strains
removed, i.e. 331, 469 and 623, other events were associated with
the remaining strains. map1 was highly affected by recombination
and half of these detected events were present in the subset
comprising strains 331, 469 and 623.

3.7. Assessment of linkage disequilibrium

Linkage disequilibrium is the non-random association of two
sites and is therefore expected to be affected by recombination.
Table 4 presents the same subsets of strains as in Tables 2 and 3,
but with an assessment of linkage disequilibrium. Significant
associations are found but following a differing pattern depending
upon strains and loci (Table 4). When the whole set of strains is
considered, variation in congruence between loci seems to follow
the distribution of putative recombination (Table 3) the lowest
level of congruence being associated to the loci for which
recombination was detected. Congruence seems to increase for
groEL and lipA when strains 331, 469 and 623 are removed.
Congruence decreases for secY and lipB when these same three
strains are removed confirming that for these loci polymorphism is
on the remaining strain. Linkage disequilibrium seems to be more
evenly distributed for sucA and the three reference loci, i.e. clpB,
map1 and CDS8580 (Table 4).

4. Discussion

The data reported here on the development of a MLST scheme
for E. ruminantium is a step forward to precise genotyping of this
bacterium. This MLST scheme is capable of clearly discriminating
between even closely related strains, such as for instance strains
331 and 469. The use of MLST coupled with the results of cross-
protection assays will allow to define protective groups of strains
and to identify putative vaccinal strain. PCR-based method are
efficient for detecting E. ruminantium in hosts and ticks (Peter et al.,
1995) and to characterize isolates of E. ruminantium from related
species (Allsopp et al., 1997; Bekker et al., 2002; Vachiery et al.,
2008; Raliniaina et al., in press) but routine strain-specific
diagnosis is not yet achieved. This work is the first MLST scheme
developed on E. ruminantium although preliminary investigations
have been previously reported (Allsopp and Allsopp, 2007).

A critical point in developing this MLST approach was not only
to obtain accurate genotyping markers but also to address issues
such as genome plasticity, recombination and genetic background
of the circulating strains. These phenomena are clearly affecting
strains evolution and pathogenicity and must be addressed more in
depth. E. ruminantium has been reported to display a dynamic
mechanism of genome size plasticity (Frutos et al., 2006, 2007).
Similarly, recombination has been reported and is suspected to be
involved in genetic diversity (Hughes and French, 2007; Allsopp
and Allsopp, 2007; Bekker et al., 2005). However, recombination in
E. ruminantium has never been studied on a relevant set of strains.
Hughes and French (2007) have addressed it from a statistical and
evolutionary standpoint but only on the three published genomes
(Collins et al., 2005; Frutos et al., 2006). Allsopp and Allsopp (2007)
have reported massive intergenome recombination events in E.

ruminantium strains in the field, but solely based upon DNA
alignments and without statistics on DNA polymorphism and
evolutionary trends. This work was therefore designed to
specifically address both fine genotyping and DNA polymorphism
statistical analysis on a well defined sampling allowing for
identification of evolutionary trends.

The strain ERWO isolated from South Africa was reported to be
highly divergent from strain ERGA and from strains from Western
Africa (Allsopp and Allsopp, 2007). A lack of recombination
between Western and South-Eastern African strains was also
reported (Allsopp and Allsopp, 2007) and that ERGA was clearly
different and representative of ancestral line. The data reported
here are in contradiction with this conclusion. Strains closely



Table 3
Assessment of recombination events in three subsets of E. ruminantium strains.

Hp Full set (10 strains) D ERGA–ERWO (8 strains) D 331/469/623 (7 strains)

Pa S h u p Rm MEP Hp Pa S h u p Rm MEP Hp Pa S h u p Rm MEP

gltA 3 10 10 10 3.400 0.00861 0 0 2 9 9 9 3.857 0.00976 0 0 2 0 1 1 0.286 0.00072 0 0

groEL 5 8 44 47 11.533 0.02580 3 3 5 8 44 47 13.429 0.03004 3 3 2 7 7 7 11.533 0.00746 0 0

lepA 4 7 7 7 3.022 0.00636 0 0 4 4 7 7 2.464 0.00519 0 0 3 5 6 6 2.952 0.00622 0 0

lipA 3 5 6 6 1.978 0.00580 0 0 3 5 6 6 2.393 0.00702 0 0 1 0 0 0 0.00000 0.00000 0 0

lipB 8 11 13 13 5.133 0.01434 3 1 6 11 13 13 5.679 0.01586 3 1 6 4 7 7 3.048 0.00851 1 0

secY 6 20 25 25 8.956 0.01526 2 0 5 20 23 23 9.857 0.01679 2 0 4 2 5 5 1.905 0.00324 1 0

sodB 3 4 4 4 1.422 0.00343 0 0 3 4 4 4 1.714 0.00413 0 0 2 0 1 1 0.286 0.00069 0 0

sucA 7 12 16 16 6.467 0.01613 1 0 6 11 16 16 7.214 0.01799 1 0 6 3 16 16 5.238 0.01306 1 0

clpB 5 4 13 13 3.622 0.00583 1 0 4 2 9 9 2.607 0.00420 0 0 4 2 10 10 3.238 0.00521 0 0

map1 7 141 149 159 61.622 0.09524 21 3 5 109 147 156 62.214 0.09616 18 3 5 42 97 100 38.143 0.05895 10 5

CDS 8580 7 32 40 44 15.244 0.05863 7 1 5 30 31 31 13.464 0.05179 1 0 4 6 25 26 8.714 0.05863 3 0

HP: haplotypes; PA: parcimony informative sites; S: polymorphic sites; h: total number of mutations; u: Watterson’s mutation parameter; p: nucleotide diversity; Rm: minimal recombination events; MEP: codon with multiple

evolutionary pathway.

Table 4
Assessment of linkage disequilibrium in three subsets of E. ruminantium strains.

Full set (10 strains) D ERGA-ERWO (8 strains) D 331/469/623 (7 strains)

ZnS B Q PW (2 F ZnS B Q PW (2 F ZnS B Q PW (2 F

gltA 0.8056 0.7778 0.8000 45 36 36 1.0000 1.0000 1.0000 36 36 36 NA NA NA 0 0 0

groEL 0.7372 0.6750 0.6829 820 600 4 0.7461 0.6750 0.6829 820 567 1 1.0000 1.0000 1.0000 21 21 21

lepA 0.3899 0.1667 0.2857 21 4* 4 0.3988 0.1667 0.2857 21 4 3 0.5333 0.4000 0.5000 1 4 4

lipA 0.6759 0.6000 0.6667 15 10* 10 0.6825 0.6000 0.6667 15 10 10 NA NA NA 0 0 0

lipB 0.3061 0.0833 0.1538 78 25 12 0.3217 0.0833 0.1538 78 24 11 0.2343 0.3333 0.5714 21 4 1

secY 0.4666 0.3750 0.4400 300 155 88 0.5350 0.4091 0.4783 253 154 88 0.2786 0.2500 0.4000 10 1 0

sodB 0.5313 0.3333 0.5000 6 3* 3 0.5556 0.3333 0.5000 6 3* 3 NA NA NA 0 0 0

sucA 0.4276 0.2000 0.2500 120 56 36 0.4656 0.2000 0.2500 120 56 36 0.4656 0.2000 0.2500 120 46 0

clpB 0.2221 0.0833 0.1538 78 14 2 0.3001 0.1250 0.2222 36 6 1 0.3294 0.0000 0.0000 45 9 1

map1 0.3327 0.2391 0.2734 9591 2248 1862 0.3659 0.2628 0.2971 9453 3145 1576 0.3885 0.3763 0.4468 4371 1206 111

CDS 8580 0.3894 0.1429 0.1667 630 277 121 0.8252 0.7667 0.7742 465 352 351 0.4512 0.3478 0.4167 276 91 3

ZnS: ZnS statistic (Kellly, 1997). ZnS is the average of R2 (Hill and Robertson, 1968) over all pairwise comparisons. B: Wall’s B statistics (Wall, 1999); Q: Wall’s Q statistics (Wall, 1999); PW: number of pairwise comparisons; x2:

number of significant associations tested by chi-square test; F: number of significant associations tested by a fisher exact test.
* Significant associations confirmed by the Bonferroni procedure.
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related to both ERGA and ERWO are currently circulating in
Burkina-Faso which contradicts the previous statement that ERGA
is a unique genotype accidentally brought to the Caribbean
(Allsopp and Allsopp, 2007). It is also not possible to confirm that
the South-Eastern African continent is the centre of diversity of E.

ruminantium (Allsopp and Allsopp, 2007). The higher diversity
observed in this region when compared to Western Africa might
simply be due to a biased sampling.

Based on nucleotide substitution rates, ERGA and ERWO were
reported to have diverged from a common ancestor between 2 and
4 million years ago (Hughes and French, 2007). The rationale
behind this was a molecular clock associated to the Ka/Ks ratio and
the assumption that accumulation and fixation of mutations
through time is representative of the segregating polymorphisms
and genetic distances. However, the work described here brings
elements to modulate this conclusion.

Both ERGA and ERWO are not only closely related to strains
currently circulating in Burkina-Faso but remained unchanged,
especially in the case of ERGA, even through spatial and
temporal isolation. This is in accordance with the paradigm of
genomic stasis which characterizes obligate intracellular bac-
teria. Indeed, following initial genome size reduction and
massive loss of genes as part of the adaptation to the
intracellular lifestyle (Moran and Mira, 2001; Moran and Plague,
2004; Sallstrom and Andersson, 2005), the genome of cell
parasites remain highly stable over long periods of time (Tamas
et al., 2002; Klasson and Andersson, 2004). This seems to be the
case also with E. ruminantium. The differences observed between
ERGA and ERWO might not thus be due to regular accumulation
over time but rather a consequence of the divergence process.
Recombinations are most likely to have occurred at that time
and to have blurred the phylogeny as observed in this work.
Accumulation of mutations may also occur through pseudo-
genes decay. Pseudogenes content is very high in E. ruminantium

(Collins et al., 2005; Frutos et al., 2006, 2007) and active creation
(Collins et al., 2005) as well as decay (Frutos et al., 2007) have
been demonstrated. Straight molecular clock cannot be used in
the case of E. ruminantium and the reported dates of separation
should be reconsidered. Furthermore, the Ka/Ks ratio used for
establishing molecular clock and evolutionary trends is not a
reliable marker of evolution at the infraspecific level. Indeed, the
relationship between selection and Ka/Ks does not follow a
monotonic function and it is therefore impossible to infer
selection pressures, positive or negative, from Ka/Ks (Kryaz-
himskiy and Plotkin, 2008).

What is however clear from this work is that there is currently,
at least in the sampled part of Burkina-Faso, simultaneous
circulation of strains apparently in genomic stasis and others in
a diverging state which bears most the observed diversity.
Recombination is recorded in all groups and is a still active
mechanism and most likely an important factor in E. ruminantium

evolution. They have obviously accumulated mutations and
undergone recombination, but it is not possible to say what
triggered this active evolutionary state when compared to the
other strains in genomic stasis. This might be also considered along
with the previously reported active mechanism of genome size
plasticity, although nothing is known either about it (Frutos et al.,
2006, 2007). This work nevertheless suggests that the evolution of
E. ruminantium is complex with apparently contradictory phe-
nomena involved, i.e. genomic stasis and recombination, being
present in co-circulating strains. However, this work is based on a
limited number of strains and must be confirmed on a larger set of
strains in the same sampling area to draw more definitive
conclusions. Two further steps to consider will be to sample in
the same region over several years and to extend it to other
geographic regions.
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Mining the genetic diversity of Ehrlichia ruminantium using map genes family.
Vet. Parasitol.

Reddy, G., Sulsona, C.R., Harrison, R.H., Mahan, S.M., Burridge, M.J., Barbet, A.F.,
1996. Sequence heterogeneity of the major antigenic protein 1 genes from
Cowdria ruminantium isolates from different geographical areas. Clin. Diagn.
Lab. Immunol. 3, 417–422.

Rozen, S., Skaletsky, H.J., 2000. Primer3 on the WWW for general users and for
biologist programmers. In: Krawetz, S., Misener, S. (Eds.), Bioinformatics Meth-
ods and Protocols: Methods in Molecular Biology. Humana Press, Totowa, NJ,
pp. 365–386.

Sallstrom, B., Andersson, S.G., 2005. Genome reduction in the alpha-Proteobacteria.
Curr. Opin. Microbiol. 8, 579–585.

Tajima, F., 1989. Statistical method for testing the neutral mutation hypothesis by
DNA polymorphism. Genetics 123, 585–595.

Tamas, I., Klasson, L., Canback, B., Naslund, A.K., Eriksson, A.S., Wernegreen, J.J.,
Sandstrom, J.P., Moran, N.A., Andersson, S.G.E., 2002. 50 million years of
genomic stasis in endosymbiotic bacteria. Science 296, 2376–2379.

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., Higgins, D.G., 1997. The
ClustalX windows interface: flexible strategies for multiple sequence alignment
aided by quality analysis tools. Nucleic Acids Res. 25, 4876–4882.

Vachiery, N., Maganga, G., Lefrançois, T., Kandassamy, Y., Stachurski, F., Adakal, H.,
Ferraz, C., Morgat, A., Bensaid, A., Coissac, E., Boyer, F., Demaille, J., Viari, A.,
Martinez, D., Frutos, R., 2008. Differential strain-specific diagnosis of the heart-
water agent: Ehrlichia ruminantium. Infect. Genet. Evol. 2008 8, 459–466.

Van Vliet, A.H., van der Zeijst, B.A., Camus, E., Mahan, S.M., Martinez, D., Jongejan, F.,
1995. Use of a specific immunogenic region on the Cowdria ruminantium MAP1
protein in a serological assay. J. Clin. Microbiol. 33, 2405–2410.

Waghela, S.D., Rurangirwa, F.R., Mahan, S.M., Yunker, C.E., Crawford, T.B., Barbet,
A.F., Burridge, M.J., McGuire, T.C., 1991. A cloned DNA probe identifies Cowdria
ruminantium in Amblyomma variegatum ticks. J. Clin. Microbiol. 29, 2571–2577.

Wall, J.D., 1999. Recombination and the power of statistical tests of neutrality.
Genet. Res. 74, 65–69.

Watterson, G.A., 1975. On the number of segregating sites in genetical models
without recombination. Theor. Pop. Biol. 7, 256–276.

Zweygarth, E., Josemans, A.I., Van Strijp, M.F., Lopez-Rebollar, L., Van Kleef, M.,
Allsopp, B.A., 2005. An attenuated Ehrlichia ruminantium (Welgevonden stock)
vaccine protects small ruminants against virulent heartwater challenge. Vac-
cine 23, 1695–1702.


	MLST scheme of Ehrlichia ruminantium: Genomic stasis and recombination in strains from Burkina-Faso
	Introduction
	Materials and methods
	Field collection of ticks
	E. ruminantium detection in ticks
	Target loci
	Primers and PCR reactions
	Sequence alignment, phylogenetic trees and statistics

	Results
	Identification of isolated strains
	Identification of haplotypes (alleles) and sequence types (ST)
	Phylogenetic analysis from concatenated sequences
	Phylogeny of individual MLST loci
	DNA sequence polymorphism and selective pressure
	Assessment of the presence of recombination events
	Assessment of linkage disequilibrium

	Discussion
	Acknowledgements
	Supplementary data
	References


