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Fluoroquinolone susceptibility heterogeneity between various Ehrlichia species has been previously demon-
strated. In gram-negative bacteria, resistance to fluoroquinolones most often corresponds to specific amino
acid variations in a portion of the protein sequence of the A subunit of DNA gyrase (GyrA), referred to as the
quinolone resistance-determining region (QRDR). We suspected a similar mechanism to be responsible for
natural resistance in some Ehrlichia species. To verify this hypothesis, we sequenced the entire gyr4 gene of the
quinolone-susceptible species Ehrlichia sennetsu and designed specific primers to amplify and sequence the
QRDR of four other Ehrlichia species as well as the closely related species Cowdria ruminantium. We identified
in the fluoroquinolone-resistant species Ehrlichia chaffeensis and Ehrlichia canis a specific GyrA QRDR amino
acid sequence, also present in C. ruminantium (whose susceptibility to fluoroquinolones remains unknown).
These three species belong to a single phylogenetic cluster referred to as the E. canis genogroup. A different
GyrA QRDR pattern, shared by the Ehrlichia species representatives of the E. sennetsu and Ehrlichia phago-
cytophila genogroups, was identified. Three of the four species tested are known to be susceptible to fluoro-
quinolones. A serine residue in position 83 (Escherichia coli numbering) in the susceptible species is replaced
by an alanine residue in fluoroquinolone-resistant species. These results are consistent with the current
knowledge on fluoroquinolone resistance in other gram-negative bacteria. They are indicative of a natural

gyrase-mediated resistance to fluoroquinolones in the E. canis genogroup.

Phylogenetic studies based on 16S rRNA gene sequence
comparison have placed Ehrlichia species within the alpha
group of the Proteobacteria, together with the genera Cowdria,
Wolbachia, Neorickettsia, and Anaplasma (2, 14), and species
belonging to these different genera have been placed into one
of the four following phylogenetic groups (14). The Ehrlichia
sennetsu genogroup contains the prototypic species E. sennetsu
(the agent of human ehrlichiosis in the Far East and Southeast
Asia), Ehrlichia risticii (the agent of Potomac horse fever), and
the canine pathogen Neorickettsia helminthoeca. The Ehrlichia
canis genogroup includes the prototypic species E. canis (the
agent of canine monocytic ehrlichiosis), Ehrlichia chaffeensis
(the agent of human monocytic ehrlichiosis), Ehrlichia ewingii
(the agent of canine granulocytic ehrlichiosis), the murine
pathogen Ehrlichia muris, the agent of ehrlichiosis in Venezu-
ela, and the bovine pathogen Cowdria ruminantium. The Ehr-
lichia phagocytophila genogroup comprises the prototypic spe-
cies E. phagocytophila, a European pathogen of ruminants,
Ehrlichia equi (the agent of equine and canine granulocytic
ehrlichiosis), Ehrlichia platys (the canine thrombocytic patho-
gen), the agent of human granulocytic ehrlichiosis (HGE), and
species of the genus Anaplasma (which parasitizes bovine
erythrocytes). The fourth genogroup includes only Wolbachia
species (arthropod symbionts).

In vitro susceptibility to fluoroquinolones is dependent on
the Ehrlichia species, with E. sennetsu and E. phagocytophila

* Corresponding author. Mailing address: Unité des Rickettsies,
CNRS UPRES A 6020, Faculté de Médecine, Université de la Médi-
terranée, 27 Boulevard Jean Moulin, 13385 Marseille Cedex 05,
France. Phone: (33) 4 91 38 55 17. Fax: (33) 4 91 83 03 90. E-mail:
Didier.Raoult@medecine.univ-mrs.fr.

2098

(including the HGE agent) being more susceptible (4, 20, 23)
than E. chaffeensis and E. canis (5, 6). In gram-negative bac-
teria, acquired resistance to fluoroquinolones most often cor-
responds to mutations in the quinolone resistance-determining
region (QRDR) of gyr4, which encodes the A subunit of DNA
gyrase (22, 36, 37). Variations in the gyr4 QRDR sequence are
also found in species with natural resistance to these antibiotics
(37). We suspected that a similar mechanism is involved in
fluoroquinolone resistance in Ehrlichia species. Since the gyrA
sequence of Ehrlichia spp. was not available, we first deter-
mined the entire gyr4 sequence of the fluoroquinolone-suscep-
tible species E. sennetsu. Then, the sequences of the gyrd
QRDRs of four other Ehrlichia species and C. ruminantium
were determined to assess the presence of specific variations in
grA QRDR sequences which may potentially explain fluoro-
quinolone resistance.

MATERIALS AND METHODS

DNA preparation. Ehrlichia species used and their respective sources were as
follows: E. sennetsu Miyayama strain was obtained from G. A. Dasch (Naval
Medical Research Institute, Bethesda, Md.); E. canis Oklahoma strain and E.
chaffeensis Arkansas strain were from J. Dawson (Centers for Disease Control
and Prevention, Atlanta, Ga.); E. phagocytophila (a sheep strain) was from A.
Garcia Perez (SIMA, Derio, Spain); E. risticii HRC-IL was from the American
Type Culture Collection (Rockville, Md.); HGE agent Webster strain was from
J. S. Dumler (John Hopkins Hospital, Baltimore, Md.); and C. ruminantium was
from C. E. Yunker (Onderstepoort Veterinary Institute, Onderstepoort, South
Africa). Ehrlichia and Cowdria species were grown in culture systems, including
the DHS2 canine histiocytic cell line for E. sennetsu, E. chaffeensis, E. canis, and
E. risticii, the human promyelocytic leukemia cell line HL60 (ATCC CCL-240)
for E. phagocytophila and the HGE agent, and endothelial cells (ES5 strain) for C.
ruminantium (8). Infected cells were lysed by three freeze-thaw cycles (—80 and
37°C). Bacteria were purified on a sucrose gradient, using a previously described
procedure (9). DNA was extracted from bacterial preparations using the
QIAamp tissue kit (Qiagen GmbH, Hilden, Germany) according to the manu-
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TABLE 1. PCR assay conditions and primer sequences”

b Temp and duration of*:
Expt Primer’ | Sequence (5'—=3")
(amt [pmol]) Annealing Elongation
1 gyrAF (100) GA(T/C)GGN(C/T)TNAA(G/A)CCNGTNCA 48°C, 30 s 72°C, 90 s
gyrAR (100) GCCATNCCNACNGC(G/A/T)ATNCC
1I M13F (100) GTAAAACGACGGCCAGT 48°C, 30 s 72°C, 90 s
M13R (100) GGAAACAGCTATGACCATG
II1 GF24 (50) GACGGATTAAAACCTGTACA 50°C, 30 s 72°C, 90 s
GR22 (50) GGCACATTCGTTGCCAT
GR23 (50) TTAGTGGCCATACCAACTGC

“ All PCRs used 5 pl of 2 mM deoxynucleoside triphosphates, 2 wl of buffer A, 8 ul of buffer B, and 1 ul of elongase.

> F, forward; R, reverse.
¢ Each PCR included 40 cycles.

facturer’s instructions. These extracts were used as templates in different PCR
assays. The amount of purified DNA was determined by measuring the absor-
bancy at 260 nm.

PCR assay with consensus degenerate primers. The QRDR region of E. sen-
netsu was first amplified using consensus degenerate primers (here referred to as
GYRAF and GYRAR) reported in the literature (21, 34). These primers have
been previously determined by alignment of several gyr4 sequences from various
gram-positive and gram-negative bacterial species and correspond to positions 39
to 45 and 173 to 179 of the amino acid sequence of the E. coli gyrA product (21).
The PCR conditions are given in Table 1 (experiment I). All PCR assays used in
the present study started with a 3-min step at 95°C to allow separation of DNA
strands, and all PCR cycles started with a 30-s step at 95°C and ended with a
5-min elongation step at 72°C. Elongase enzyme mix (Life Technologies, Gaith-
ersburg, Md.) was used in all PCR assays. Amplified products were electropho-
resed in 1% agar gel containing 0.5 pg of ethidium bromide (Sigma, St. Louis,
Mo.) per ml and revealed the presence of four bands, including expected
~450-bp fragments. A piece of agar gel containing the 450-bp fragment was cut
out, and DNA fragments were extracted from the agar using the QIAquick gel
extraction kit (Qiagen, Courtaboeuf, France) and following the manufacturer’s
instructions. DNA fragments obtained after gel purification were cloned as
described below.

Cloning reaction. The purified 450-bp fragments of E. sennetsu obtained after
amplification with primers gyrAF and gyrAR were cloned into Escherichia coli
using the PCR-Script Amp cloning kit (Stratagene, Cambridge, United King-
dom), and following the manufacturer’s instructions. Briefly, gyrAF-gyrAR PCR
amplification products were cloned into the pPCR-Script Amp SK(+) cloning
vector. Ligation of the PCR amplification products with the vector was obtained
with T4 DNA ligase, and the ligation reaction mixture was used for transforma-
tion into Epicurian Coli XL1-Blue MRF’ Kan cells. After the transformation
reaction mixture had been plated onto IPTG (isopropyl-B-p-thiogalactopyrano-
side)- and X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside)-supple-
mented Luria-Bertani agar plates containing 50 pg of ampicillin per ml, white
colonies (i.e., Lac*, ampicillin-resistant colonies) were selected. Twenty of them
were subcultured overnight at 37°C in ampicillin-containing Luria-Bertani broth,
and bacterial growth from each culture was recovered by centrifugation (1,700 X
g, 10 min). Plasmids from transformed E. coli were extracted using the QIAgen
plasmid mini-kit (Qiagen, Courtaboeuf, France) following the manufacturer’s
recommendations. A DNA sequence was initially generated from each of the 20
clones using oligonucleotide primers (i.e., M13F and M13R) complementary to
flanking sequences in the cloning vector (Table 1, experiment IT). In half of them,
an expected ~650-bp fragment was revealed by electrophoresis. These fragments
were sequenced using the procedure described below.

Genome walker assay. The entire E. sennetsu gyrA sequence was determined
using the genome walker procedure (33) (Universal Genome Walker kit; Clon-
tech Laboratories, Palo Alto, Calif.), and following the manufacturer’s instruc-
tions. We first determined the sequence of the E. sennetsu gyrA DNA adjacent to
the DNA fragment amplified using GYRAF and GYRAR primers. Then, the
newly defined sequence portion of the E. sennetsu gyrA served to define new
primers allowing repeating the procedure until the entire gene sequence was
determined. The entire gyr4 sequence was then confirmed by further PCR-
sequencing assays, using specific forward and reverse primers defined from the
DNA sequence obtained using the genome walker procedure.

Sequencing procedure. The cycle sequencing reactions were performed using
the dRhodamine terminator cycle sequencing ready reaction kit with AmpliTaq

DNA polymerase, FS (Perkin Elmer Applied Biosystems, Warrington, United
Kingdom), according to the manufacturer’s instructions. The 5’ ends of the
amplified fragments obtained in the different PCR assays were sequenced after
precipitation and purification with 70% ethanol and 0.5 mM MgCl,. Cycle
sequencing reaction mixtures comprised 4 pl of ready reaction mix, 1 pl of
forward primer (at 10 pmol/pl) for direct DNA strand sequencing or 1 ul of
reverse primer (at 10 pmol/ul) for complementary DNA strand sequencing, and
2 ul (i.e., ~200ng) of template DNA, brought to 30 pl with deionized water.
Amplification was performed with 30 cycles of 95°C for 20 s, 50°C for 10 s, and
60°C for 4 min. Electrophoresis was performed with the ABI PRISM 310 genetic
analyzer (Perkin Elmer).

QRDR amplification and sequencing for other Ehrlichia species and C. rumi-
nantium. Primers allowing amplification of the QRDR region of the remaining
Ehrlichia species as well as for C. ruminantium were defined by alignment of the
newly determined E. sennetsu gyrA sequence with the known Rickettsia prowazekii
(39) and E. coli (41) gyrA sequences (GenBank accession numbers U02931 and
X06744, respectively). These primers were referred to as GF24 for the forward
primer and GR22 for the reverse primer for all species tested except for
E. chaffeensis and C. ruminantium, for which the GR23 reverse primer was used
(Table 1). PCR conditions were as described in Table 1 (experiment IIT).

Comparison of DNA and amino acid sequences. E. sennetsu gyrA sequence and
its putative protein counterpart were compared to known gyrA4 sequences depos-
ited in GenBank, using BLAST software (1). DNA and amino acid sequences of
the QRDRs of the six Ehrlichia species studied were aligned and compared using
the CLUSTAL multialignment package (19).

Structural analysis. The natural mutations in the gyr4 QRDR sequence were
analyzed in the context of the three-dimensional structure using the E. coli gyrA
structure (protein database accession number 1AB4) (26). The alignment of the
Ehrlichia species gyrA QRDR conserved sequences with that of E. coli were
performed using the FASTA program (29), and TURBO software (38) was used
to display the E. coli structure and localize the natural mutations at a structural
level.

In vitro susceptibility of E. risticii to fluoroquinolones. The susceptibility of
E. risticii to fluoroquinolones was determined using an in vitro cell system.
E. risticii was grown in DHS82 cell cultures, incubated in minimum essential
medium (Life Technologies, GIBCO BRL, Cergy Pontoise, France) supple-
mented with 12% fetal calf serum and 2 mM L-glutamine (Life Technologies,
GIBCO BRL). E. chaffeensis Arkansas was grown under the same conditions and
used as a fluoroquinolone-resistant control. Cell cultures were incubated at 37°C
in a 5% CO, atmosphere until 100% of cells were infected and cell lysis occurred
due to intracellular bacterial multiplication. This cell suspension was recovered,
centrifuged at 700 X g for 10 min to remove cell debris, and diluted 1:100 in fresh
supplemented minimal essential medium. This inoculum was used to infect
DHS2 confluent cell monolayers grown in 24-well plates (1 ml per well) (D.
Dutcher, Brumath, France). After a 1-h incubation of cultures at 37°C to allow
entry of bacteria within cells, antibiotics were added to obtain twofold serial final
concentrations ranging from 0.125 to 16 pg/ml. Ofloxacin and ciprofloxacin were
used as the tested fluoroquinolone compounds, whereas amoxicillin and doxy-
cycline were used as the negative and positive controls, respectively. Antibiotic-
free wells served as growth controls. The percent infected cells was monitored
every 3 days, using the Dif Quik technique (Biochemical Sciences, Paris, France)
as previously described, until nearly 100% of cells were infected in antibiotic-free
controls. At that time, the cell monolayer in each well was harvested by scraping,
and cell smears were prepared by cytocentrifugation (5 min at 1,000 rpm using a
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1 CTCTGTTAAACATTTCGGTGARAGCTATGTCATCTICGCARATACTTTAAAATGGAGTGACTATAATATCGGACGAATTTAACTTATCATTTCCCTCGGAG
101 TAGTGCGTATGTCGACCATAATACCGGTARATCTAGAGCAGGAACTGAAATCCTCTTACCTCTCTTACGCAATGAGCGTAATTATARACAGGGCCATTCC
M s T I I P V N L E Q E L K S $§ Y L 8 Y A M S V I I N RA I P 31
201 CGATGTACGAGACGGATTAARACCTGTACATAGGAGAATTCTGTATTCTATGAATGAGCTTTCTTTCTACTGGAACAAGCCTTATAGGAAGTCGGCTAGA
p vV R D GGL K PV ERURTIUL Y S MNUETILSF Y WNIEKPY R K S AR 64
301 GTGATTGGGGAGGTTATTGGTARATATCACCCGCATGGTGATAGTGCTATATATGATGCTCTGGTTCGTATGGCACAGAACTTTTCCCTACTCGTACCAT
v I 6 E v 1 G K Y HUPHGD s A I Y DALV RMAQ QNUF S L L V P L 28
401 TGATAGACGGTCAGGGAAACTTTGGTTCTATAGATGGTGATCCGGCTGCAGCGATGCGCTACACAGAAGTACGTCTGGAGTATATATCCAAGTTTCTACT
1 b G Q G N F GG 8 I b GD P A AAMUBRYTEV U RILUEYTI S K F L L 131
501 CGACGATCTGTATGARAACAGTGTGGACTTCCGTTCARACTATGACAACTCAGAAACGGAGCCTGTTGTTCTGCCGGCARAATTCCCAAATATCCTGGTC
D b L Y ENSVDF RS NYDNSETEU®PV V L PAIKUZ FPNI L V 164
601 AATGGAACAGCTGGGGTAGCAGTCGGAATGGCAACGAATGTGCCAACTCACAACCTATCCGAGGTAATAGAGGCGTGCAAGTTGTACTTAGAARACAATA
N G T A GV AV GMATNV P THN NILSEV I EACI KULYULENNDNN 198
701 ACGTAACAACCGACGAACTCCTAAAAGTCATAAAAGGTCCCGACTTCCCTACAGGTGGATTGATCATCGGCGAGGAAGGAATAAAGGCATCTTTTGAGAG
v TTDETLUL X VI K GGG?PDZF?PTGCGULITI GGEZ EGTII KA ASTFE S 231
801 CGGTAGAGGCTCCATTATCATACGGAGCAAGACACATTTCGAAGAAACTGAAGCGGGAAAAGCAATTATCGTTGATGAGCTCCCGTACCAGGTTAATAAR
G R G 85 I I I R 8 K T HVF EETEA AGI KA AI I VDETLUPY Q V N K 264
901 GCAAAGTTAATAGAAAACATAGCTCTTTTGGCTGAAGGAAAAGAGACTTGATTCGATCAGTGATCTGAGAGACGAGTCAAACAAGGAAGGGATACGTGTTG
A X L I §E NI A L L V K EKRUL D S I $§$ DL RDZES N X E G I R V V 298
1001 TAATAGAGTTAAAAAGAGGCGCCTCCTTTGAAGTGGTTCTGAACCAACTTTTCCAGATGACACAGCTTCAGACATCATACAGCACGAATATGGTGCTTTT
I 8 L K RGA S FEV VL VNOQTLU FQMTQIL QTS Y S$ TNMV L F 331
1101 TGACAACATGAGACCTACTCTGATGTCTTTCAGAGACATTTTGGCAGCCTTCATTGCTCATAGAAAAGAAGTAATCTCAAGACGAACAGAATTCAGACTC
D NM R P T L M S F R DI L AAUVFTIAHUZRI KU EWV I S RIRTETFRL 364
1201 GCCAAGGCTAGGGAARAAGCTAACGTTCTAGTCGCACTGTATGTAGCGATTCTCAACATTGATGAGGTTGTACATATTTTAAAATCCTCTGGAGATAACG
A K A R EKADNV L VAL YVATIILNTIDEVV HTIULI KS S G D N E 398
1301 AGGCTGCAATAAAAGCACTTTCTGCTAAARCACTGGGCTATAGACGAAGARACTTGAGCTACTTGTAGAAACTATCTCARACATTAAGCTCCTGAACAGGGA
A A I K A L $ A KHWATIUDUEUZ ETLZETZLIULUV ETTISNTIZ KZLUILNRE 431
1401 ATACAAGCTCAGTACTGCGCAATCTAAGGCAATCTTAGAGATGAAARATGCAACGTATAACCAATACCGARAAAGGACAATTGGTCGCTGAGATTCATGCT
Yy X L s T A @ $ KA I L EMZ KM QRTITNTEZ KGOQUL V A E I H A 464
1501 GAAATGGACATTGTCAAAGAATGTGCCTCAATACTGGGAAGTGAAGCTGTTTTGACAAATGTGATAGTGCGGGAACTARATGAAATAAAGGCARAGTACC
E M DI VvV K ECA S I L G S EAV L TNV I VRETLNUETII KA AIZ K Y P 498
1601 CACAAGCACGGAAGAGTATAATTTTAAAARATGTCAACGCCGTGTACGCAGAAGAGGATCTTATCGAGCGTGAGCAAGTCGTCGTTACAGCGACATATTC
Q A R K S I I L K NV N AV Y A EZETDTLTIEREOQVV V TAT Y S 531
1701 TGGGTATATAAAGCGTGTCCACATCTCAAATTACAGGGTTCAGAGAAGAGGAGGTAAGGGGCGTATCGCACAAARCATAARATCTGAGGATCAGTTGGCA
G Y I K RV HI S N Y RV QRIRGOGE K GRTIASQUNTIIZ KSEUDOQTL A 564
1801 CAGATTTTCGTTCTCAGTACGCATGATGAGATCCTCTTCTTTTCCAGTAGAGGTAAAGTCTATAAGTTAAAAGCGTACAAGTTGCCTATAGGTGARCCTC
Q I F VL $ T H D E I L FF $ S$ R G KV Y KL KAYI KILP I GE P Q 598
1901 AATCGCGCGGAAGAGCTTTGGTGAACATTTTTGATCTTGCTGATGATGAGTCTATTACGAGCATTCTTCCTTTGAAAAGCTCCGATGCTGAGAACTTAAT
S R GR AL VNTIVFDUL ADDESTITT 3 I L P L K S S D AENTLTI 631
2001 ATTCTTGACTGCTCAAGGAAAGGTCARACGCAATTCTATGAGTGACTTTGCCTATGTCCCAGCAAATGGARAGGTAGCTATAAGGCTCAACGATAACGAC
F L T A Q G KV K RNS M S D FAY V PANZGI KV ATIRTULNDNDND 664
2101 GCATTAATATCTGTCAAAACTGCTCAAAATGAAGACTGCGTTTTTATTTCCACCAGGGATGGAAAATGTATAAGGTTCTTGGTTGGGGATTTGAGAGTCC
A L I s V XK T AQNEDCV PF I 58 TRDGI KT CTIIRUPFULV GDULR VL 698
2201 TTAAGAGTAGAAGTTCTGAAGGTGTAAAAGCAATAACCCTAGGAAARAGATGATAACGCTATTTCCCTCTCAATACTGAATAAGCAGGTTCTTTCACCAGA
XK $S RS 8 E GGV K&aAITL GGKDDNATISTUL S I L NEKQV L 5 P E 731
2301 GGACARAGCTGAGTACATGAAAACTAAGTTCTTCGAGAGAATCCAAAATCCAGAAAATCATGAAGAACAGTTTGTTCTTACAGTTACCGAAAATGGTTAT
D K A E Y M KT K F F ERI QNP ENUHEZEZ QUF VL TV TUENG Y 764
2401 GGCAAAATCACGTCGAGTTATGAGTATAGGATAACAAACCGAGGAGGCGTTGGGATAATCAATATATCGACTTCCGAGCGCAACGGTAAGGTGGTCTCGA
G K I T $ $ Y EY R I T NIRGGV G I I NI s T S ERNG K V V 8 5 798
2501 GCTTCAAGGTGACACTTAGTAACCATATAATGCTTGTTACAAATAGAGGACAGGTCATAAGGATAGAAGCAAACAACATCCCGGTCCTTGGTCGTAACAL
F K Vv T L 8§88 NH I ML VTUXNRG UV I RIEH ANNTIU®PV L G RNT 831
2601 ACAAGGAGTACGTCTATTTTCCATCAGGGCTGAGGARAGGGTTGCTTCGGTGACAGAAGTAGAAGAGGTGGAAGATGATGACTCTGAAACAACTGAAAAT
¢ G VRL F S I RAREE RV A SV TEV EEV EDDD S E T T E N 864
2701 TGCCAAGACAATAATTAGGCTGAATCCTTACT
cC ¢ D N N * 869

FIG. 1. DNA and amino acid sequences of E. sennetsu gyrA. The putative —10 and —35 promoter regions, the putative ribosome binding sites,
the ATG start codon, the HPHGD conserved motif, and the active-site tyrosine residue (Y118) are underlined.

cytospin; Shandon, Eragny, France) and stained with Dif Quik. Slides were E. coli and R. prowazekii gyrA sequences (39, 41), was consid-
examined und-era_light microscope (Leica Mikroscopie, Wgtzlar, Ge‘rn?an.y) ata ered specific for the E. sennetsu gyrA gene and was fully se-
X 1,000 magnification. The MIC corresponded to the minimum antibiotic con- . . .
centration allowing complete inhibition of morula formation. quenced. This sequence showed 77.5 and 70% amino acid
identity, respectively, with E. coli GyrA and ParC QRDR se-
quences.
E. sennetsu gyrA gene. The entire E. sennetsu gyrA gene was
E. sennetsu QRDR region. PCR fragments amplified with ~ sequenced by using the genome walker procedure. Within the
GYRAF and GYRAR oligonucleotide primers were cloned, 2,732 bp of E. sennetsu DNA sequenced, a 2,610-bp open
and several representative clones were sequenced. Two distinct ~ reading frame (ORF), starting with an ATG at nucleotide 109
sequences (~450 bp) were found among the Clones’ which and extending to a StOp codon, TAG, at nucleotide 2716, with
shared ~70% identity at the nucleotide level. These specific ~ a GC content of 41.9% was identified (Fig. 1). The ATG codon
DNA sequences were used as a template to design specific was designated as the start codon based on best-fit alignment
primers needed for the genome walker procedure. However, with the E. coli and R. prowazekii gyrA sequences. However, a
after about 1,000 bp was sequenced, only the sequence having GTG codon preceding the ATG codon could also be consid-
the highest homology with other gyr4 sequences, including ered based on alignment with the R. prowazekii gyrA for which

RESULTS
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E. sennetsu AGGAGAATTCTGTATTCTATGAATGAGCTTTCTTTCTACTGGAACAAGCCTTATAGGAAG 291
E. risticii = = @ s e Crm=== A-——

E. chaffeensis ——A--G-——T——m T~-~-A--TC~GG~~-ATG-T-ATGGT~=~~~~ G----AA--A

E. canis ~~A==G— =T m e T--A--TCAGG~-ATG-T-AT-GT—-—-~~~ A-—-—--AA~--A

C. ruminantium --A-—-G---T-A--—~~~-~~-T-CA~-ATC-GG~~ATG-T-AC-GT~——==—————— AA--A

E. sennetsu TCGGCTAGAGTGATTGGGGAGGTTATTGGTARATATCACCCGCATGGTGATAGTGCTATA 351
E. risticii = = -——=-- Cm =G A= e e e e e e

E. chaffeensis G-RA--AC-T--TG----T~=-T--=~~ G——G---~—=-- T--T----CA---GCG~-A~-T

E. canis G-T--AC-T--TG-——~G--T=-A==G-=G-—======T=~T~=~~CA=-~~GCA=-~A~~T

C. ruminantium G-A--AC-T=~TG----T==T===—— Gmmmm—mm Tommmm e CG~-=GCA==-=~ T

E. sennetsu TATGATGCTCTGGTTCGTATGGCACAGAACTTTTCCCTACTCGTACCATTGATAGACGGT 411
E. risticii @@ -

E. chaffeensis =  ~=w-—- T-AT-A--AA-A-—---G-~=G-T-=-==TT-G--AT-G~~G~=A~-T--TA~-~

E. canis = eeeeo- T-AT-A--AA-G-=-—--T—-=GG-T~~=~~ TT-AT-AT------= G-TT--TA--

C. ruminantium ——==-==T=-T-A~=GA-A~—=~=~=G--AG-T--——— TT-GT-AT----——= A--T--TA--

E. sennetsu CAGGGAAACTTTGGTTCTATAGATGGTGATCCGGCTGCAGCGATGCGCTACACAGAAGTA 471
E. risticii = = —-memmmememe C——Cmm A mmm e m e e G

E. chaffeensis = —-—--- Te-Te——————— Ammmm e m e e TC~A-~TT=-T-~——— T T o m e CcT

E. canis —~A--T--T--——— A--To—mmm oo TC~A--TT-T-~-—-T—=T=--=-~A-CT

C. ruminantium =  -—--——~-- Tomm e A-—A-m e m e C-A--TT-T~=~-=-T--T~-===G-C~

E. sennetsu CGTCTGGAGTATATATCCAAGTTTCTACTCGACGATCTGTATGAAAACAGTGTGGACTTC 531
E. risticii = —--—- Arm e Cmmmmrm e T-Amm———m e Cmmmmm———

E. chaffeensis A-AT---C-A-GGC-G-AC-T---T--T-AA-T~-CA-AG~----G-T-C---A--T--T

E. canis A~AT-G-CAAGGGCGG-AC~-T---T--T-AA~T-~~A~AG-~---G-T-C---A--T~-T

C. ruminantium A-GT-A-CAAGAGC-G-AC~-C~~-T--T-AA-T-~~A-AG--—-~G-T-C-~-T--T---

E. sennetsu CGTTCAAACTATGACAACTCAGAAACGGAGCCTGTTGTTCTGCCGGCARAATTCCCARAT 591
E. risticii ~ =  —-mmm-mmmemem——- Tomm e A-mmm e To— A e

E. chaffeensis --GC-T--T-—-~-TG-GAAT--~GTA-——~~—-— A--AT-A--A-—-G--—=T~~T~——

E. canis ---C-T--T-~~~-TGARAAT---GTA~-A--A-~-G--AT-G~-T-—-G-G~-T~~T~-C

C. ruminantium ---C-T--T~~---TGGTAAT---T~T--A--A--A---==A-—A-—-G———~T~=T—-~~

E. sennetsu ATCCTGGTCAATGGAACAGCTGGGGTA 618
E. risticii = =  —oooomomoo——o——o———— Crmm== G

E. chaffeensis --A---——-T-----=G-T-G-—-T--T

E. canis --AT-A--G-~-=~=G-T~G-~-T--T

C. ruminantium -=-AT-A--T------ G-~=G—=~—---— T

FIG. 2. DNA sequence alignment of the QRDR of the six Ehrlichia species studied.

a GTG codon is used at the beginning of the gyr4 gene (39).
The OREF is preceded by putative —10 and —35 promoter
regions, separated by 20 bp (Fig. 1) and sharing a high degree
of identity with the E. coli promoter (34, 41). The —10 region
may correspond to the TATAAT DNA sequence, strictly con-
served with the E. coli consensus sequence (34, 41), while the
—35 region may correspond to the TCGCAA DNA sequence,
comparable to the TTGACA E. coli consensus sequence (34,
41). Similarity with the E. coli ribosome binding site (i.e.,
AGGAGGT) sequence has also been identified three nucleo-
tides upstream of the ATG codon (i.e., AGTAGTG). Trans-
lation of the ORF corresponded to a 869-amino-acid (aa)-long
protein and a calculated molecular weight (M,) of 97,365, com-
parable to the E. coli GyrA (i.e., 875 aa, M, of 96,957) (34, 41)
or the R. prowazekii GyrA (i.e., 905 aa, M, of 101,048) (39).
The BLAST program was used to compare the GyrA se-
quences of E. sennetsu and other species in order to determine
sequence similarities and the presence of conserved residues
(Fig. 2). The closest relative of the E. sennetsu GyrA sequence
corresponds to the R. prowazekii sequence (39), with 47%
identities at the nucleotide sequence level. The invariant ac-
tive-site tyrosine residue, responsible for linking the enzyme to

the cut DNA strands, was found at position 118, which corre-
sponds to Y122 in E. coli GyrA (22). Other conserved regions
included the HPHGD motif in the QRDR (37). As for other
GyrA protein sequences, the most divergent part of the se-
quence corresponds to the C-terminal region (22).

QRDR region for other Ehrlichia species and C. ruminan-
tium. Comparison of DNA sequences determined for the seven
species studied revealed 100% homology in the QRDR region
of E. sennetsu, E. phagocytophila, and the HGE agent, while
silent mutations were found in the nucleotide sequence of
E. risticii (Fig. 2), leading to a 100% amino acid identity in the
QRDR for all four species. In contrast, a different consensus
was found in QRDR sequences of E. chaffeensis, E. canis, and
C. ruminantium (Fig. 2 and 3). The most striking differences in
QRDR amino acid sequences between the different Ehrlichia
species tested were found at positions 77 and 79 (correspond-
ing to G81 and S83 in E. coli GyrA), with an alanine residue
being found in species belonging to the E. canis genogroup and
a glycine and a serine being found in the other species (Fig. 3).

The E. sennetsu and E. coli QRDRs share 75.6% identity in
a 41 aa overlap, which corresponds to a root mean square
deviation of 1.09 A in the positions of the main chain atoms
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E. sennetsu 42 RRILYSMNELSFYWNKPYRKSARVIGEVIGKYHPHGDSAIYDALVRMAQNFSLLVPLIDGQGNFG 106
E. chaffeensis = ------- YKSGYDYG---K-A---V-D-M------A-A----§------D----L--~-§-----
E. canis 00 me----- YKSGYDYG- - -K-A---V-D-M---~--A-A----§------D----L----8-----
C. ruminantium = ------- YKSGYDYS---K-A---V-D-M------A-A----8------D----L----§-----
E. coli GyrA ~-V-~A--V-GND---A-K----- V-D------------ V--TI----- P---RYM-V-------
E. coli ParC ---V-A-S--GLNASAKFK----TV-D-L----~-----C-E-M-L---P--YRY--V-----W-
R. prowazekii GyrA R--I---Y-AGNHAS---~---- IV-D-M--ovmmmmm o= = S------ D---RL--V----=--
E. sennetsu 107 SIDGDPAAA-MRYTEVRLEYISKFLLDDLYENSVDFRSNYDNSETEPVVLPAKFPNILVNGTAGV 170
E. chaffeensis = --—-—--- P-§------ A--AKAAH---N-ID-DT----P---EN-V------- E-------- AG--
E. canis = —----- P-§------ A--ARAAH---N-ID-DT----P---EN-V------- E-------- AG--
C. ruminantium = ~—----- P-S------ A--ARAAH---N-ID-DT----P---GN-S8------- E----v--- AG--
E. coli GyrA = ----- §------on- I--AK-AHE-MA--EKET---VD---GT-KI-D-M-T-I--L----S8S-I
E. coli ParC AP-DPKSF-A-----S--SKY-EL- -SE-GQGTA-WVP-F-GTLQ- -KM---RL----L---T-I
R. prowazekii GvrhA -M---A--------- S~MAKVAHK-VE-IDKGT-S-NI---G--E--8----M---L----8G-1

FIG. 3. Alignment of the putative amino acid sequences of the QRDR of the six Ehrlichia species studied, as well as E. coli GyrA and ParC

and R. prowazekii GyrA.

(10) and a ternary structure comparable to the E. coli GyrA
QRDR structure. Thus, we used the E. coli QRDR structure to
highlight the specific amino acid positions (serine 83 and gly-
cine 81 in E. coli numbering) (Fig. 4) and locate them at the
structural level.

In vitro susceptibility of E. risticii to fluoroquinolones. Our
model for Ehrlichia sp. antibiotic susceptibility testing allowed
easy determination of MICs. In antibiotic-free controls, the
percentage of infected cells, as determined by Dif Quik stain-
ing, increased progressively from 0% on the first day of exper-
iment to 15% after 6 days of incubation, 35% after 9 days, 65%
after 12 days, and near 100% after 15 days. At that time, almost
every cell was heavily infected, with several morulae visible by
Dif Quik staining. A similar result was found with amoxicillin
at concentrations up to 16 pg/ml (i.e., MIC > 16 pg/ml). In
contrast, complete inhibition of morula formation was ob-
tained with doxycycline, ofloxacin, and ciprofloxacin at concen-
trations as low as 0.125 pg/ml (i.e., MIC < 0.125 pg/ml). MICs
of ofloxacin and ciprofloxacin for E. chaffeensis Arkansas were
=16 pg/ml.

DISCUSSION

DNA gyrase and topoisomerase IV are type II DNA topo-
isomerases catalyzing DNA topological changes necessary for
DNA replication and transcription (13, 22). These two en-
zymes are natural targets of the fluoroquinolone antibiotics
(13). Usually, the primary targets of fluoroquinolones are
DNA gyrase in the gram-negative bacteria (e.g., E. coli and
Neisseria gonorrhoeae) and topoisomerase IV in gram-positive
bacteria (e.g., Streptococcus pneumoniae and Staphylococcus
aureus) (13, 28). Both enzymes are composed of two subunits
(in a tetrameric A,B, structure), respectively encoded by gyr4
and gyrB genes in the case of DNA gyrase and by parC and
parE genes in the case of topoisomerase IV (37). Acquired
resistance to fluoroquinolones in gram-negative bacteria most
often corresponds to mutations in the gyr4A DNA sequence
(37), especially in a specific 41-aa region within the N-terminal
portion of the GyrA protein corresponding to positions 67 to
106 of the E. coli GyrA protein sequence (22, 25, 37). This
region is near the putative active site (i.e., Tyr122 in E. coli)
and is supposed to be the interaction site between the A sub-
unit of DNA gyrase and quinolones (40). It is referred to as the
QRDR (40).

In the present study, we attempted to verify our hypothesis
that the QRDR of GyrA may explain intrinsic quinolone
resistance in some Ehrlichia species. We first determined the en-
tire DNA sequence of gyr4 of E. sennetsu, a fluoroquinolone-
susceptible species. A PCR approach using universal degen-
erate primers was used to amplify a first portion of the E.
sennetsu gyrA QRDR (22). These universal primers also am-
plify DNA from parC in about 40% of the organisms studied
(22). Thus, using these degenerate primers, we amplified two
different DNA sequences from E. sennetsu. A higher sequence
homology is usually found between two gyr4 genes from spe-
cies belonging to the same phylogenetic lineage (i.e., usually
near 50% identities between putative protein sequences) than
between gyr4 and parC genes from the same organism (22).
Thus, the E. sennetsu DNA sequence sharing the highest ho-
mology with the E. coli ggrA QRDR sequence was considered
to be the gyrA-specific gene. This sequence also displayed
lower homology to the E. coli parC QRDR than to the E. coli
grA QRDR. This sequence was then used to define specific
primers to determine the entire gyr4 sequence using the ge-
nome walker procedure. Not surprisingly, there is a high ho-
mology (i.e., 48% identity in a 900-residue overlap) between
E. sennetsu and R. prowazekii DNA gyrase (alpha subunit)
amino acid sequences, these genera being phylogenetically
closely related (31, 32).

Tetracyclines are highly active in vitro against the human
pathogens E. sennetsu, E. chaffeensis, and the HGE agent (4, 5,
23), and doxycycline is currently the first-line antibiotic for
treating ehrlichial diseases (3, 14, 15, 17, 35). However, these
antibiotics are relatively contraindicated in children less than 8
years old because of tooth discoloration and in pregnant
women because of bone toxicity to the fetus, and they may
induce gastric intolerance as a general side effect. Chloram-
phenicol has been shown to be inactive or poorly active against
E. sennetsu, E. chaffeensis, and the HGE agent in vitro (4, 5,
23), and failures in patients with monocytic ehrlichiosis or
human granulocytic ehrlichiosis treated with this drug have
been reported (14, 16, 24). Rifampin is active in vitro against
E. sennetsu and E. chaffeensis (4, 5), and it may represent an
alternative to tetracyclines. Its clinical usefulness has been
suggested for pregnant women with HGE (7). Fluoroquinolo-
nes have not been used extensively in ehrlichial diseases. In
vitro, E. sennetsu and E. phagocytophila (including the HGE
agent) are susceptible to fluoroquinolone compounds: the
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FIG. 4. Stereoview of a ribbon diagram of the E. coli DNA gyrase
A subunit (protein database accession code 1AB4). The blue arrows
represent beta strands, the red ribbons represent alpha helices, and
turns and loops are yellow. Residues involved in mutations associated
with resistance phenotype (S83, A84, and D87) and the tyrosine resi-
due (Y122) are marked on the picture. The figure was prepared using
TURBO-FRODO (25).

MIC of ciprofloxacin for E. sennetsu is =0.125 wg/ml (4), that
of ofloxacin for E. phagocytophila is =2 pg/ml (20), and those
of both compounds for the HGE agent are 2 pg/ml (23).
Nalidixic acid, a narrow-spectrum quinolone, was not active
against E. risticii (30), but we report here that for this species,
ofloxacin and ciprofloxacin MICs are <0.125 pg/ml. In con-
trast, E. chaffeensis and E. canis appear to be more resistant to
fluoroquinolones: MICs of ciprofloxacin for E. chaffeensis were
4 pg/ml (5) or even higher (i.e., >16 pg/ml) in the present
study, and E. canis was able to grow in the presence of 2 g of
pefloxacin per ml (6). The antibiotic susceptibilities of C. ru-
minantium remain undetermined.

In gram-negative bacteria, fluoroquinolone resistance most
often corresponds to the presence of specific amino acids at
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critical positions in the QRDR of GyrA, the A subunit of DNA
gyrase (22, 36, 37). These key residues correspond to positions
83, 84, and 87 (E. coli numbering) of GyrA (37). As for ac-
quired resistance to fluoroquinolones, mutations of S83 to A,
W, and L in ciprofloxacin-resistant E. coli have been reported
(11, 27, 41). Likewise, mutations of S83 (E. coli numbering) to
T and V in Klebsiella pneumoniae, Pseudomonas aeruginosa,
Rickettsia rickettsii, and Campylobacter jejuni increased by 1 log
unit the quinolone MIC at which 90% of strains are inhibited
(MIC,,) (21). High ciprofloxacin resistance (MIC,, ranging
from 1 to 8 wg/ml) has been found in Mycoplasma sp., Trepo-
nema sp., Borrelia sp., and Chlamydia sp. strains where S83
(E. coli numbering) is replaced by an amino acid other than S
or T (21). Similar observations have been made with bacterial
species bearing a natural resistance to fluoroquinolones (37).
Interestingly, compared to the sequence in the quinolone-sus-
ceptible species E. sennetsu, amino acid sequence variations in
the GyrA QRDR were found only in E. chaffeensis, E. canis,
and C. ruminantium, two of these three species being known to
be resistant to fluoroquinolones. The serine residue (corre-
sponding to S83 in E. coli GyrA) is found at position 79 in the
E. sennetsu GyrA QRDR as well as in all other fluoroquinolo-
ne-susceptible Ehrlichia species. This amino acid is replaced by
an alanine in E. chaffeensis, E. canis, and C. ruminantium.
Another substitution was observed in the QRDR of these
species, with an alanine residue replacing the more classical
glycine that is found in E. coli at position 81. This substitution
corresponds to position 77 in all Ehrlichia species studied.
Given the high level of conservation of the GyrA sequences we
produced with the E. coli one, we can predict the two struc-
tures to be very similar, especially in the QRDR. Thus, the
natural mutations observed in quinolone-resistant Ehrlichia
species all appear to be located at the dimer interface in the
DNA binding area of the GyrA structure. Altogether, our
results suggest a gyr4-mediated natural resistance in the fluo-
roquinolone-resistant species E. chaffeensis and E. canis. Be-
cause only one strain for each of these species has been studied
so far, determination of the gyr4 QRDR in further strains is
needed to confirm our hypothesis. To our knowledge, Myco-
bacterium is the only other genus for which heterogeneity in
fluoroquinolone susceptibility between various species has
been correlated with specific natural gyz4 sequences (18).

E. chaffeensis, E. canis, and C. ruminantium belong to the
same phylogenetic cluster, within the alpha group of the Pro-
teobacteria (Fig. 5). In previous work from our team, among
Rickettsia species, which also belong to the alpha group of the
Proteobacteria, rpoB (the gene encoding the beta subunit of
RNA polymerase)-mediated resistance to rifampin was found
in specific species, including R. massiliae, R. montanensis, R.
aeschlimannii, R. rhipicephali, and the tick isolate Bar 29 (12).
All these species belong to a specific phylogenetic cluster re-
ferred to as the R. massiliae subgroup within the Rickettsia
genus (12). Altogether, these results indicate that natural re-
sistance to antibiotics whose targets are proteins (e.g., DNA
gyrase and RNA polymerase for quinolones and rifamycins,
respectively) or RNA (e.g., 16S rRNA or 23S rRNA for mac-
rolides and chloramphenicol) encoded by highly conserved
genes potentially represents a useful phylogenetic criterion
that may help to better define phylogenetic clusters at a sub-
genus level.
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fluoroquinolones gyrA
_E Ehlrlichia risticii —» S GEVI GKYHPHG DSAIYDA LVRMAQ
\ SFagent
I-— Ehrlichia sermetsu —» S GEVI GKYHPHG DSAIYDA LVRMAQ
| Neorickettsia helminthoeca '
Wolbachia pipientis Ser 83 ,
E. coli
Anaplasna marginale
[ —— Ehdichia plays
HGE agent > S GEVI GKYHPHGDSAIYDA LVRMAQ
l Ehdichia equi
Ehrlichia phag ocytophila
Cowdria mmirantium ? GDVMGKYHPHA DAATYDS LVRMAQ
Ehdichia ewingii
| Ehrlichia canis — R GDVMGKYHPHA DARTYDS LVRMAQ
_[ Human monocytic
ehrfichiosis of Venezuela
Ehdichia muris
\—— Efrlichia chaffeensis — % R GDVMGKYHPHA DAATYDS LVRMAQ

FIG. 5. Phylogenetic tree based on 16S rRNA gene sequences, and correlation between quinolone susceptibility and gyr4 sequences in studied
Ehrlichia species. S, susceptible (MIC = 2 pg/ml); R, resistant (MIC > 2 pg/ml).

In conclusion, we have demonstrated that fluoroquinolone
resistance in E. chaffeensis and E. canis, species belonging to
the E. canis genogroup, is strongly correlated to the presence
of a specific ggr4 QRDR sequence and specifically to the
presence of an alanine residue at positions 81 and 83 (E. coli
numbering) at the dimer interface in the DNA binding area of
the GyrA structure. These results are likely indicative of a
natural gyrase-mediated resistance to fluoroquinolones in the
E. canis genogroup. They also potentially represent useful data
for ehrlichial phylogeny.
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