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The rickettsia Anaplasma marginale is the most prevalent tick-borne
livestock pathogen worldwide and is a severe constraint to animal
health. A. marginale establishes lifelong persistence in infected ru-
minants and these animals serve as a reservoir for ticks to acquire and
transmit the pathogen. Within the mammalian host, A. marginale
generates antigenic variants by changing a surface coat composed of
numerous proteins. By sequencing and annotating the complete
1,197,687-bp genome of the St. Maries strain of A. marginale, we
show that this surface coat is dominated by two families containing
immunodominant proteins: the msp2 superfamily and the msp1
superfamily. Of the 949 annotated coding sequences, just 62 are
predicted to be outer membrane proteins, and of these, 49 belong to
one of these two superfamilies. The genome contains unusual func-
tional pseudogenes that belong to the msp2 superfamily and play an
integral role in surface coat antigenic variation, and are thus distinctly
different from pseudogenes described as byproducts of reductive
evolution in other Rickettsiales.

rickettsiales � bacterial artificial chromosome � St. Maries strain

Anaplasma marginale, transmitted by ixodid ticks, is the most
prevalent tick-borne pathogen of cattle with a world-wide

distribution. Acute disease manifests with anemia, weight loss,
and often, death. In animals that survive acute disease, A.
marginale establishes life-long persistent infection. Persistently
infected animals are clinically healthy but serve as reservoirs for
continued transmission of the organism; these reservoirs are
required because there is no transovarial transmission of the
pathogen by the tick vector. Despite its global impact on animal
health, there is currently no widely accepted vaccine for A.
marginale (for review, see refs. 1 and 2). Related pathogens in the
order Rickettsiales include those causing recently emergent tick
transmitted diseases such as human granulocytic anaplasmosis
(Anaplasma phagocytophilum) and human monocytic ehrlichio-
sis (Ehrlichia chaffeensis), as well as established diseases such as
African heartwater (Ehrlichia ruminantium) and Mediterranean
spotted fever (Rickettsia conorii) (see Fig. 4, which is published
as supporting information on the PNAS web site). Members of
this order are small, obligate intracellular bacteria (3) that
typically have small genomes, attributed to reductive evolution
following long term intracellular parasitism (4–6). Many obli-
gate intracellular bacteria are difficult to culture, and the need
to be grown in a host cell makes it difficult to obtain large
amounts of organism-specific DNA necessary for whole genome
sequencing (6, 7). The small genome size of A. marginale (1.2
Mb) allowed us to use a bacterial artificial chromosome (BAC)-
based strategy to obtain the genome sequence without substan-
tial purification of the organism from the host cell. We report
here the complete genome sequence of the St. Maries strain of
A. marginale, originally isolated from an animal with severe acute
anaplasmosis and shown to be efficiently transmitted by both
Dermacentor andersoni and Boophilus microplus (8, 9). The
completion of this sequence and the E. ruminantium sequence

(7) allows comparative genomics to identify conserved genes and
pathways associated with transmission.

Materials and Methods
The Organism. A blood stabilate of the St. Maries strain of A.
marginale was inoculated into splenectomized calf no. 836, shown
to be free of A. marginale by competitive ELISA (10). During peak
rickettsemia, �19% of the erythrocytes were infected. Erythrocytes
were isolated by using Histopaque (Sigma) and used in the con-
struction of a BAC library as described (11).

Sequencing. BACs were arrayed in duplicate on nylon membranes
and screened with a digoxigenin (DIG)-labeled (Roche Applied
Science) bovine total genomic DNA probe or with known A.
marginale genes of interest. Ten genes were used for initial screen-
ing including msp1�, msp1�, msp2, msp3, msp4, msp5, sodB, groEL,
16S, and opag2 under the following conditions: prehybridization in
DIG-Easy Hyb (Roche Applied Science) at 42°C for 12 h followed
by hybridization in fresh DIG-Easy Hyb with 10–50 ng�ml of
denatured probe. High stringency wash conditions were as follows:
two washes in 2� SSC, 0.1% SDS (wt�vol) at room temperature,
one wash in the same buffer at 65°C, and a final wash in 0.2� SSC,
0.1% SDS (wt�vol) at 65°C (1� SSC � 0.15 M sodium chloride�
0.015 M sodium citrate, pH 7). All washes lasted 15 min. BACs
containing genes of interest were selected and sequenced by using
the random shotgun method. Briefly, BAC DNA was sheared to 3
kb by using a Hydroshear (Gene Machines) and cloned into
pCRScript. Eight 96-well plates of subclones were sequenced per
100-kb BAC by using Big Dye chemistry (Applied Biosystems).
BACs were assembled by using PHRED and PHRAP (University of
Washington, Seattle; refs. 12–14) in conjunction with SEQUENCHER
(Genecodes). Sequence gaps were closed by primer walking on
subclones or BAC DNA. These initial BACs created nucleation
points for walking experiments where a BAC with the shortest
overlap was chosen for sequencing, and contigs of sequenced BACs
were assembled. Each BAC had an average of 7� coverage.
Physical gaps were closed by using long-distance PCR (Herculase;
Stratagene) on genomic DNA. The ordering of contigs was con-
firmed by Southern analysis of pulsed field-separated DNA di-
gested with PacI and PmeI (data not shown). The completed
sequence has been deposited in GenBank (accession no.
CP000030).

Annotation. ORFs likely to encode proteins, coding sequences
(CDSs), were predicted by GLIMMER2 (15) and ORPHEUS (16). All
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predicted proteins were searched against a nonredundant pro-
tein database (nr, National Center for Biotechnology Informa-
tion) (17). To identify sequencing errors, 300-bp extensions of
each ORF �300 bp were compared by BLASTX to a nr database
(17). ORFs with the same BLAST identity as that of the adjacent
sequence were inspected for frameshifts in the sequence and
errors corrected where appropriate; adjacent ORFs that did not
have a frameshift and had BLAST identity to different regions of
the same protein were considered to be authentic mutated genes
and were annotated as a ‘‘split domain’’ by using the convention
established for R. conorii (5). The start of each CDS was
inspected to define initiation codons by comparing the GLIM-
MER2 and ORPHEUS output and by using BLAST alignments and
RBSFINDER (The Institute for Genomic Research, Rockville,
MD). Putative signal peptides were identified with SIGNALP
(version 3; ref. 18). A hidden Markov model was used to
determine CDS membership in families and superfamilies by
using the Pfam protein families database (19). Guidelines for
annotating CDSs were as follows: (i) CDSs with BLAST scores
�100 (�e-20), consistent matches to homologous sequences in
the BLAST output, and sequence similarity throughout the trans-
lated product were assigned a gene name and symbol; (ii) CDSs
with scores of 50–100 (�e-5) were called conserved hypothetical
proteins, or conserved protein family members if a significant
PFAM score accompanied the BLAST result; (iii) CDSs identified
by GLIMMER2 with a BLAST score less than that indicated for
conserved hypotheticals were called hypothetical proteins. Each
identified CDS was assigned to a category of the Cluster of
Orthologous Groups (COG) database (20). Paralogous families
were determined by performing an all-versus-all search of the
predicted sequences. Repeats were identified by using REPUTER
(14, 21). Transfer RNAs were identified by using TRNASCAN-SE
(22). Base pair 1 was assigned arbitrarily based on GC nucleotide
skew (G � C�G � C) analysis (23). Identified CDSs were
assigned to pathways by using the KEGG database (24) and
ECOCYC (25).

Results and Discussion
Sequencing Strategy. A. marginale is an obligate intracellular
bacterium that invades and replicates in bovine erythrocytes.
The DNA of a single contaminating leukocyte in blood collected
from an infected animal is equivalent to �3,000 A. marginale
genomes; therefore, a small amount of contamination would
result in a large percentage of bovine DNA in the sequencing
project. Thus, we used a strategy to create a BAC library of
pathogen and host cell DNA, with only minimal purification of
the organism from the host cell, followed by selection for clones
that contained A. marginale genes. The resultant BAC library
contained �60% bovine clones, and these were removed from
further consideration. This high level of host cell DNA is
validation that a whole genome shotgun approach would have
been unsuitable for this organism. Four previously cloned and
sequenced A. marginale genes (msp2, msp1�, msp1�, and msp4)
were used to select clones for sequencing and to establish
nucleation points for walking experiments. As walking pro-
gressed, two of the BAC contigs collapsed into one; however, the
remaining BAC contigs reached endpoints where there were no
overlapping BACs. To fill the gaps, additional probes (groEL and
sodB) were used to identify BACs for sequencing. Once each
contig had no more overlapping BACs in the library, five gaps
remained. The gaps, ranging from 1.6 kb to 16 kb, were spanned
by long-distance PCR on genomic DNA and the resulting
amplicons were sequenced to yield the final finished sequence.
The final assembled sequence is composed of 14 complete BACs,
four partial BACs, and five gap-spanning PCR fragments. This
BAC-based strategy had the additional benefit of separating
large repeat units (of up to 4.2 kb) containing the msp2�3
pseudogenes into separate assembly projects.

General Features of the Genome. The completed circular genome of
the A. marginale St. Maries strain contains 1,197,687 bp and has a
G�C content of 49.8%, close to that previously determined by
spectral analysis (56 mol%) (26). This G�C content is unusual for
obligate intracellular organisms, as many have low G�C contents:
the G�C content of the other sequenced Rickettsiales averages 31%
(4–7). The origin of replication could not be discerned as the genes
(dnaA, gyrA, gyrB, rpmH, dnaN) that are often found clustered near
the origin were dispersed throughout the genome and none cor-
responded with a change in GC or octamer skew (23, 27). There-
fore, base pair 1 was set arbitrarily near a change in GC skew. The
genome has a high coding density (86%), typical of streamlined
intracellular bacteria that have a minimal coding content for
maintaining life in particular environmental niches. The A. margi-
nale genome encodes 949 predicted CDSs (Table 1) with a mean
size of 1,077 bp. This includes eight CDSs annotated as split domain
ORFs, which may be classical pseudogenes. The large mean size of
the CDSs is due in part to the presence of several very large CDSs
(5–10.5 kb) for which there are no homologs in other closely related
bacteria. The genome contains a single split operon of ribosomal
RNA genes that seems to be typical of the order Rickettsiales (14).
There are 37 tRNA genes representing all 20 amino acids (Fig. 1).

Pseudogenes. Analysis of complete genome sequences of Rickettsia
prowazekii, R. conorii, and Wolbachia pipientis wMel has indicated
that these obligate intracellular bacteria in the order Rickettsiales
have undergone reductive evolution toward highly streamlined
genomes containing many pseudogenes (4–6). Although A. mar-
ginale has a small genome typical of members of this order, it has
relatively few classical pseudogenes, defined as inactive copies of
functional genes. Only four genes (murC, aspS, mutL, and aatA)
were found with interrupted coding regions and, although these are
probably pseudogenes, these were annotated as split domains
because functionality remains to be determined. These four genes
have a different codon usage than the presumed functional CDSs,
but this may be biased because of the small number. Notably, A.
marginale has genes defined as functional pseudogenes: truncated
copies of genes that are only expressed as part of a functional
full-length protein after recombination into a unique expression site
(11, 28, 29). Similar functional pseudogenes are also present in A.
phagocytophilum (30), but have not yet been described for other
genera in the order Rickettsiales.

Membrane Proteins. SIGNALP (version 3; ref. 18) predicted 163 CDSs
to contain signal peptides, and all but three contained at least one
transmembrane-spanning domain predicted by TMPRED (http:��
ch.embnet.org�software�TMPRED�form.html). Further discrimi-
nation of protein location was not computationally possible because
PSORT (http:��psort.nibb.ac.jp�form.html) and PSORTB (http:��
psort.org�psortb�index) predicted only 43 and 13 outer membrane

Table 1. General features of the A. marginale genome

Genome size, bp 1,197,687
G � C, % 49
Protein coding, % 86
Protein coding genes 949

Functional assignment 567
Conserved family assignment 107
Conserved hypothetical 126
Hypothetical 151

Functional pseudogenes 14
Split domain ORFs 8
Gene density 0.79
Mean gene length 1,077
Ribosomal RNAs 3
Transfer RNAs 37
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proteins (OMPs) respectively, missing many of the known A.
marginale OMPs. By sequence identity to previously defined OMPs,
13 CDSs were assigned as OMPs. In addition to these 13 OMPs, we
describe two previously undefined superfamilies consisting of pre-
viously known OMPs and recently identified CDSs: the msp2
superfamily contains 56 members, including 16 pseudogenes, and
the msp1 superfamily contains nine members. This brings the total
number of predicted OMPs to 62 (not including pseudogenes),
consistent with the number expected for a genome of this size
(31, 32).

The msp2 Superfamily. MSP2, -3, and -4 reside in the outer mem-
brane with surface exposed domains (33), with MSP2 and -3 being
immunodominant proteins that are antigenically variable and serve
to evade the host immune response (29, 34–37). The msp2 super-
family (Fig. 2) is built around msp2, msp3, and msp4; the latter two
molecules reported to have a low level of sequence identity to msp2
(29, 38). Each of these protein sequences match to pfam01617, a
family of surface antigens. The genome contains one full-length
expression site gene for msp2, msp3, and msp4. In addition, there
are seven functional pseudogenes for msp2 and seven functional
pseudogenes for msp3. Four of the msp2 and msp3 functional
pseudogenes are closely linked in a tail to tail arrangement known
as the pseudogene complex (11). In addition to the functional
pseudogenes, there are two remnant sequences of msp3 in the
genome, one corresponding to the msp3-specific 5� end, and
another very short sequence corresponding to the conserved 5� end
of a pseudogene. Msp2 is transcribed as part of an operon of four
genes, the remaining three genes have been called operon associ-
ated genes (opags) 1–3 (39, 40), and have been included in the
family. Opags 2 and 3 are also members of pfam01617. The
members of the operon display an unusual pattern of differential
expression: opag1 does not seem to be translated, OpAG2 and

MSP2 are expressed by A. marginale in the bovine erythrocyte and
in the tick midgut and salivary gland, whereas OpAG3 is expressed
only in the erythrocyte (40). There are 15 previously unidentified
genes with sequence identity to the core members of the super-
family (msp2–4) that correspond to pfam01617, and these have
been designated OMP1–15. Twelve of these OMP genes are
arranged in three clusters representing four putative operons, with
the remaining three genes occurring singly (Fig. 2). The remaining
members of the superfamily correspond to small genes called orfX
(12 copies) and orfY (seven copies) (29). These genes have a signal
peptide with sequence identity to MSP3, but otherwise do not
correspond to members of pfam01617. They are included as
members of the superfamily because of their positional relationship
to msp2 and msp3: they are often found flanking an msp2 or an
msp3 pseudogene, and are part of the msp3 expression site. When
found in conjunction with a pseudogene orfX and -Y are on the
strand opposite the pseudogene; however, in the msp3 expression
site both are oriented in the same direction as msp3, and are
transcribed as part of the msp3 operon (29). Interestingly, orfX and
-Y are found in an �600-bp repeat (containing two repeat units)
that is found in conjunction with the msp2 and msp3 pseudogenes;
however, this structure is not absolute, because there are three
instances of the repeat that do not contain orfX or -Y (11). This
repeat has been hypothesized to function in the recombination of
the pseudogenes into the expression site (11).

The orthologs of msp2 in members of the genus Ehrlichia, E.
ruminantium, E. canis and E. chaffeensis (41–43) are arranged as
tandemly repeated full-length genes in one (E. ruminantium, E.
chaffeensis) or two (E. canis) loci containing 16–25 paralogs. There
is synteny between the arrangement of these ehrlichial genes and
part of the msp2 superfamily in the region of the msp2 operon in
both A. marginale and A. phagocytophilum (30, 44). Interestingly, the
mechanism for generating antigenic variation in these immuno-
dominant OMPs is very different between these two genera:
Erhlichial species use multiple genes from the tandem array of
OMPs, whereas A. marginale and A. phagocytophilum use a recom-
bination mechanism (41–43). One possible explanation for the
evolution of these different mechanisms may be mutL, an enzyme
involved in mismatch repair. In A. marginale, this gene contains a
variable stretch of G residues (9–13) sometimes resulting in a
frameshift, and thus an inactive molecule. Genomes with defective
mismatch repair have elevated rates of mutation and recombination
(45), which is a necessary event for the antigenic variation system
used by A. marginale and A. phagocytophilum.

The msp4 gene is known to be difficult to clone in E. coli (46),
an observation that may be clarified by the genome sequence.
Msp4 is f lanked by two msp3 pseudogenes: one 336 bp upstream
and the other 4,687 bp downstream from msp4. Additionally, the
recA gene is located between the two msp3 pseudogenes. The
close proximity of these repeat units coupled with an additional
recA likely makes this region of the genome unstable when
cloned in prokaryotic vectors.

The Msp1 Superfamily. MSP1 is a surface exposed heteromeric
complex consisting of MSP1a and MSP1b. Msp1� is a single copy
gene and exhibits strain differences caused by a variable number
and sequence of tandem repeats units of 86–89 bp in length (47).
These repeats have been designated by letters, and the St. Maries
strain msp1� contains three repeats with the designation JBB (47).
Interestingly, MSP1a has no canonical signal peptide, although it
has been demonstrated to be surface exposed (48). We have
identified three CDSs immediately downstream from msp1� with
structural similarity to the C-terminal half of MSP1a as shown by
transmembrane protein predictions (Fig. 3), and designate these as
MSP1a-like proteins (MLPs) 2–4. MLP2 and -4 have 30% and 37%
sequence identity, respectively, to the C-terminal end of MSP1a,
whereas MLP3 has no appreciable sequence identity to MSP1a.
Msp1� is encoded by a small multigene family of five genes with two

Fig. 1. Genome map of A. marginale. The inner-most circle depicts the GC
skew (G � C�G � C). The second and third circles show the position and
orientation of rRNA (orange arrows) and tRNA (purple arrows) genes. The
fourth and fifth circles show the positions of the predicted CDSs in the reverse
(red) and forward (green) orientations. The sixth circle shows the positions of
the BACs (full BACs in blue and pink; partial BACs in yellow) and gap-spanning
PCR fragments (green) that were sequenced. The seventh circle shows the
positions of the msp2 (blue) and msp1 (brown) superfamily genes.
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full-length and three partial genes (pg). The arrangement of the
genes in the St. Maries strain is similar to the arrangement in the
Florida strain (49); however, the gene sequences are not identical

between strains. Percent identities between the two strains for each
gene are as follows: msp1�-1, 95%; msp1�-2, 77%; msp1� pg1, 99%;
msp1� pg2, 28%; and msp1� pg3, 91%. The partial genes may be
functional pseudogenes that allow for antigenic variation of MSP1b,
but this has not yet been demonstrated.

The proteins in the msp2 and msp1 superfamilies represent a
significant proportion of the molecules expected on the surface
of the organism. MSP1, MSP2, and MSP3 are immunodominant
molecules to which most of the host immune response is targeted
(37, 38, 50–57). Persistence of A. marginale in the bovine host
allows ticks to acquire and subsequently transmit the pathogen,
which is a requirement because ticks do not maintain A. margi-
nale between generations. Persistent infection is maintained
through antigenic variation of MSP2 and MSP3, permitting the
organism to evade the host immune response. The genome
sequence has allowed elucidation of the combinatorial segmen-
tal gene conversion mechanism used by A. marginale to effect
this antigenic variation (28). Interestingly, although there are
seven functional pseudogenes for msp2, two of these are dupli-
cated in the St. Maries strain genome, thereby restricting the
number of possible combinatorial variants that can be made as
compared to the South Idaho strain, which has at least nine
different msp2 pseudogenes (11, 28). We have demonstrated that
there is simultaneous switching of msp2 and msp3 variants during
infection (36), and the ability of these two molecules to work in
concert may serve to amplify antigenic diversity of the surface
coat and increase the repertoire used to evade the host immune
response.

Fig. 2. msp2 superfamily schematic. (A) The distribution of many superfamily members in a 360-kb region of the genome that is comprised of four BAC
sequences (G11, F7, E6, and 16D3). The loci identified in A are shown in more detail in B–F. (B) The msp3 operon containing orfX, orfY, and msp3 (C). The locus
shown contains the msp2 operon, several OMPs and pseudogenes as well as orfX and a putative transcriptional regulator (TR) that is found in the syntenic region
in E. ruminantium, E. chaffensis, and A. phagocytophilum. (D) A putative operon of five OMP genes. (E) Another putative operon of OMP genes that is situated
near a msp2 pseudogene. The 95-kb region depicted in F illustrates the positional relationship of the msp2�3 pseudogenes with orfX�Y. OMP14 and msp4 also
occur in this region of the genome.

Fig. 3. Structural similarity of MSP1a and MLPs. TMPRED profiles of MSP1a and
the MLPs are shown. Only the C-terminal 300 aa of MSP1a were used for
analysis. Peaks �500 are transmembrane-spanning domains.
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Paralogous Gene Families. The largest repeat family, both in number
and in length, corresponds to the msp2 superfamily. The transcrip-
tion terminator rho is usually single copy, but has been duplicated
in the A. marginale genome and separated by 333 kb (Fig. 5, which
is published as supporting information on the PNAS web site). This
repeat appears to have occurred during an inversion event around
the origin of replication, as seen by comparison with Ehrlichia
ruminantium (7), and flanks the inverted element. There are three
tandemly occurring CDSs that have a low level of sequence identity
to orfX of the msp2 superfamily; however, they are not initiated with
the characteristic start sequence that defines the orfX paralogs
(MLLK). The recently described aaap gene (58) involved in actin
filament formation has two paralogs immediately upstream. Trans-
porter proteins account for four families including eight ATP-
binding cassette transport proteins, four major facilitator super-
family proteins, three virB6-like proteins, and two putative
symporter proteins. There are two small families of putative cell
surface proteins containing two or three members, and a family of
four exported protein genes. The remaining 12 families of paralo-
gous genes contain two to four members and range from different
enzymes containing shared domains to undefined products. There
are no insertion elements present in the genome.

Metabolism. Metabolic reconstruction shows that most of the
glycolytic enzymes are present, but neither glucokinase nor a
sugar transport system was detected, indicating that A. marginale
may primarily use gluconeogenesis. In addition, key enzymes for
the Entner–Doudoroff pathway were not found. Very few genes
for enzymes involved in amino acid biosynthesis were found: no
complete pathways were detected, and enzymes involved in the
terminal biosynthetic step were present for just eight amino
acids: serine, glycine, proline, tyrosine, cysteine, phenylalanine,
glutamine, and glutamate. Aerobic respiration is achieved
through the TCA cycle for which a complete set of enzymes is
present. Enzymes for the nonoxidative pentose phosphate path-
way are present, although transaldolase could not be definitively
identified. All enzymes necessary for fatty acid synthesis were
found. Complete pathways for de novo purine and pyrimidine
biosynthesis were detected.

Transporters. Only a single amino acid transporter (for proline)
could be unambiguously assigned. Another transporter was puta-
tively identified for alanine. Given that very few amino acids can be
synthesized in A. marginale, it is surprising to find so few transport-
ers for amino acids. However, there are numerous ATP-binding

cassette-type transporters with no assigned function, and perhaps
some of these may perform this role. Several transport systems were
present for cations, anions, and oligopeptides. Two multidrug
resistance pumps were identified. Transport systems for ribonucle-
otides and phosphate were present. The sec pathway for the
secretion of polypeptides is present, with a putatively assigned secE,
and missing the nonessential component secG. The tat transport
system does not appear to be intact, as only tatC was found. A type
IV secretion system was identified, arranged as previously reported
in A. phagocytophilum and E. chaffeensis (59), and also the same as
in E. ruminantium (7): with one operon containing sodB, virB3,
virB4, and virB6 and a second, distantly spaced operon containing
virB8, virB9, virB10, virB11, and virD4. Unlike A. phagocytophilum
and E. chaffeensis, there is no linkage of these operons with
antigenic OMP genes (59). In addition to the previously described
operons, the virB6 gene is followed by three virB6 paralogs, and
there is one additional copy each for virB8 and virB4 that occur
distantly in the genome and are unlinked to other type IV secretory
system genes.

Cell Wall Components. Several genes for lipopolysaccharide (LPS)
biosynthesis were absent. All of the genes for lipid A biosynthesis
were missing. A complete pathway for peptidoglycan synthesis was
not present: although all genes for diaminopimelate (DAP) syn-
thesis were found, only some of the genes for the synthesis of murein
sacculus were present (ddlB, glmU, mraY1, murA, -B, -D, -E, -F, and
-G, and slt). The murC gene was present but contains a frameshift
and therefore appears to be a pseudogene. The presence of the
genes for DAP synthesis was puzzling because these genes are
normally associated with lysine biosynthesis, but the gene (lysA) for
the final step in the lysine biosynthetic pathway was missing. The
lack of a traditional cell wall seems to be a common feature for the
family Anaplasmataceae (60), but not the order Rickettsiales because
members of the family Rickettsiaceae are capable of synthesizing
LPS and peptidoglycan (4, 5). Unlike other members of the family,
A. marginale does not seem to be particularly fragile, and may be
able to strengthen its cell wall in an alternative way. We have
demonstrated that many of the MSPs are covalently and nonco-
valently linked in homeric and heteromeric complexes on the cell
surface that may serve to strengthen the cell wall (33).

Conclusions and Perspectives
The BAC-based approach used to sequence A. marginale avoided
problems associated with host DNA contamination that occurs
when isolating infected cells directly from the mammalian host. The

Table 2. Orthologs common to tick-transmitted Rickettsiales

A. marginale locus
ID�gene name Annotated product

Homolog
E. ruminantium

Homolog
R. conorii PFAM match

AM102 Conserved family ER7510 RC0617 Pf00561
AM166 Conserved family ER6830 RC0443�cyaY Pf01491
AM220 Conserved family ER1470 RC1342 Pf00753
AM524�truB tRNA pseudouridine 55 synthase ER3520 RC0665 Pf01509
AM527 Conserved hypothetical ER3550 RC0692�bioC
AM560 Conserved family cell surface protein ER4050 RC0259 Pf00497
AM619�folE GTP cyclohydrolase I ER4000 RC0527
AM847 Conserved hypothetical ER5530 RC0355 Pf04039
AM848 Conserved family ER5540 RC0355
AM875 Conserved hypothetical ER5780 RC0191 Pf01613
AM916�cmk Cytidylate kinase ER6110�cmk RC0748�cmk
AM923 Conserved family ER6190�ATPase RC0282�n2B Pf03969
AM975 Conserved family pyrophosphokinase ER6520 RC0037

RC0038
Pf01288

AM1275 Conserved hypothetical ER8910 RC0013
AM1327�xseA Exodeoxyribonuclease large subunit ER0370 RC1026
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A. marginale, E. ruminantium (7), and W. pipientis (6) genomes are
compact and streamlined, indicating that genome structure for
organisms in the family Anaplasmataceae is similar to that of
organisms in the family Rickettsiaceae (4, 5). Although tick-
transmitted pathogens in these two families have similarities in their
infection biology, there is a large gap in current knowledge regard-
ing the microbial determinants of transmission. The completion of
sequences of multiple tick transmitted bacterial species in the
families Anaplasmataceae and Rickettsiaceae allows comparative
genomic approaches to detect genes and pathways unique to
tick-transmitted species. Importantly, comparative approaches are
unbiased to the location or function of a protein and will detect
surface proteins, regulators, and transporters that may be required
for replication in the tick as well as novel enzymes and proteins of
unknown function. To illustrate this approach, we compared three
tick transmitted genomes (A. marginale, E. ruminantium, and R.
conorii) with the non-tick-transmitted W. pipientis genome. Table 2
contains a list of orthologs that are shared between the tick-
transmitted genomes and not found in W. pipientis. The majority of
genes on the list had PFAM matches, but a gene name or function
could not be definitively assigned, providing candidates that may be
involved in transmission. The expected completion of whole ge-

nome sequences for additional species in these two families will
markedly increase the resolution of this type of comparative
approach.

Finally, as persistent infection in the mammalian host is required
for ticks to continuously acquire and transmit A. marginale, knowl-
edge of the complete composition of the antigenically variable
surface coat is directly applicable to both understanding immune
evasion and vaccine development. The genome sequence defini-
tively shows that the A. marginale surface is dominated by two
families of OMPs: the msp2 superfamily and the msp1 family, each
containing immunodominant members. These two families com-
prise more than half of the molecules predicted to be on the surface
of this organism and thus are a primary focus of ongoing studies.
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