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ABSTRACT: Recombinant baculovinis techniques were used to express the 260 amino acid car-
boxyterminal portion of the :32 kilodalton (kDa) major antigenic protein (MAP 1) of Cowdria
runiinantium, the heartwater agent, as a fusion protein. The recombinant MAP 1 was fused to

an amimiotermmnal independently antigenic octapeptide sequence (FLAG#{174} peptide). Recombinant
MAP 1 was mused as an immunoblotting antigen to evaluate numerous reference antisera against
organisms of the tribe Ehrlichieae. Monoclonal and polyclonal C. ruminantium antibodies, mono-

clonal anti�FLAG#{174} ascites, and antisera to Ehrlichia canis and Ehrlichia chaffeensi.s reacted with

this antigen. Twelve of 79 sera collected 1980 to 1992 from southeastern U.S. white-tailed deer
(Odocoileus virginianu.s) were also unexpectedly immunoblot-positive to MAP 1. These 12 deer
sera had, as a group, significantly (P <0.01) greater anti-E. chaffeensis titers (previously deter-
mined) than the sera from MAP 1 imnirunoblot-negative deer living in the same areas. None of
the 262 sera from cattle living in the same areas were imi4mnunoblot-positive to MAP 1. All of an
additional 50 cervine sera from Michigan (USA), 72 bovine sera from northern U.S. cattle, and

72 sera from Puerto Rican cattle were also immunoblot-negative to MAP 1. Sera from African
sheep which were falsely seropositive to authentic MAP 1 were also iunmunoblot-positive to the
recombinant MAP 1. Unidentified Ehrlichia spp. capable of serologic crossreactivity with the
heartwater agent appear to be present in some southeastern U.S. white-tailed deer but not cattle.
These or related Ehrlichia spp. may also be found elsewhere in the world in non-cervine species.

Key words: Heartwater, serology. Ehrlichiae, white-tailed deer, cattle, Odocoileus virginianus,
Cowdria 5PP

INTRODUCTION

Cowdria ru ininaii tin in is the tick-borne

etiologic agent of heartwater, a severe rick-

ettsial disease of rumninants (Rikihisa,

1991). Species of Ainhlyomma ticks capa-

ble of transmitting heartwater are widely

distributed throughout mnany of the world’s

temperate and tropical regions, including

southeastern and southcentral areas of the

United! States (\Valker, 1987). Cowdria

ruminantium has never been detected

within the United States and is presently

found only in subsaharan Africa and on

somne Caribbean islands (Perreau et a!.,

1980). This pathogen retains the potential

for extensive geographic spread, however,

via its introduction into additional Am-

blyomma spp. populations (Walker, 1987).

The current lack of a highly specific sero-

diagnostic test for heartwater hinders ef-

forts to contain geographically and then

eradicate the disease from affected wildlife

and livestock populations (Du Pleiss et al.,

1993).

Based on serologic and molecular ge-

netic analyses, C. ruminantium is related

to several mnembers of the Tribe Ehrli-

chieae, including Ehrlichia hovis, Ehrii-



TABLE 1. Origins of referemuce and field sera eval-

uated b� inlnlunol)lot and their reactivities with bac-

ulovirus-expressed recombinant major antigenic pro-

tein 1 (MAP 1)

1/1

1/1

3/3

4/4

3/:3

0/:3

0/1

0/1

0/10

1/8

2/2

0/1

0/2

0/12

12179

0/50

0/262

0/72
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cii ia or in Eli rue/i #{237}aequ i, Eli rliclm ia can is,

Elirlicliia cliaffeensis, and the WSU 86-

1044 agent (Dame et a!., 1992; Jongejan

et a!., 1993). A 32-kilodalton (kDa) C.

ru iiiin an tin in mnajor antigenic Protein

(MAP 1) has been used as an antigen for

heartwater serodiagnosis audi provokes

perkips the strongest and most enduring
serologic response to C. ruininantinin in-

fection (Jongejan et al., 1991; Rossouw et

al., 1990). At least some of the serologic

cross-reactivity bet�veen C. ni minan tin in

and other Ehrlichieae, however, results

from conserved epitopes of MAP 1 (Jon-

gejan et al., 1993). These shared epitopes

underlie much of the hearhvater serodi-

agnostic specificity problem in ruminant

livestock populations (Mahan et al., 1993).

\Ve report here the expression of a recomn-

binant MAP 1 fusion protein and an anal-

ysis of its serodiagnostic specificity with re-

sPect to the cattle amid! white-tailed dicer

populations of the southeastern U.S., the

region comisidiered most vulnerable to the

entrance of’ C. rnininantiuin from the Ca-

ribbean region into continental North

America (Walker, 1987).

MATERIALS AND METHODS

Referemice antisera (Table 1) were obtained

to the following organisms: C. ru minantiu in

(Crystal Springs isolate, caprine origin; polyva-

lent Cardel, Kiummn, Kwanyanga, and Mali iso-

lates, caprine origin), Anaplasina marginale

(bovine amid cervine origin), E. cani.s and Ehr-

lie/na platys (canine origin), E. chaffeen.si.s (ca-
nine, humiian, and cervine origin), Ehrlic/uia ri.s-
ticii (equimie origin), and the \VSU86-1044

agent (caprine and bovine origin). Monoclonal
anti-MAP I antibody 4F10B4 (raised against

\Velgevonden isolate of C. niininantiuin) (Jon-

gejan et al., 1991) and monoclonal anti_FLAG#{174}

fusion peptide antibody (Knappik and Pluck-

thun, 1994) were also used, as were three heart-
water false-positive ovine sera from Zimbabwe

(Mahan et al., 199:3). The false-positive sera

were so (!efimued because they had reacted by
western blot with native MAP 1 but originated

from amiimiials which had been reared in known

heartwater-free regions (Mahan et al., 1993).
Blood samuples from these animals were also in-

capal)le of seroconverting sentinel animals

upon inoculation, and were negative for hear-

twater by nucleic acid prole methods as well

Sc’ra

positive!
Senumuu types and sources sera tested

Anti-MAP 1 4F10-B4 nuonoclonal an-

tibodva,
Anti_FLAG#{174} peptile momuoclomsal anti-

1)O(lvb

Heartlvater comivalescent sera. ovine,

Zimbabwe�

Heartwater convalescent sera, caprine,

United Statesd

Heartwater false-positive sera, ovine,

Zimbabwe�

I Ieartsvater negative sera, ovine. Zim-

bal)\vec

Rh rlichia eqn I seruni, equine”

Elirlichia platys serum, camuine’

Ehrliclzia nsticii sera, equine1

Ehrlichia chaffeensis sera, camiine. hu-

man, cervineg

Ehrlichia canis sera, camne”1’

Ehrlichia emvingu senmnu, c.amuiuueli

WSU 86-1044 sera caprine, bovimse’

Anaplasma inargznale scm bovine, icr-

vineJ,1

Field origimi sera, cervine, southeastern

United Statesk

Field origin sera, cervine, Michigamu’

Field origin sera, bovine, United

States1

Field origin sera, bovimue, Puerto Rico1

Field origin sera, bovine, northern

United States1 0/72
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(Mahan, et al., 1993). Sera were collected from
79 white-tailed (leer (Odocoileu.s’ virginianu.s’)

killed between 1986 and 1993 in a broadly dis-

persed pattern across the soimtheastern states
(25#{176}55’ to 35#{176}57’N, 80#{176}07’to 98#{176}29’W) of Flor-

ida, Louisiana, Alabama, Georgia, Tennessee,

and South Carolina (USA), (Keel et al., 1995;
Lockhart et al., 1996). Thirteen of these deer
were seropositive to A. marginale (Keel et al.,
1995), and :35 of the others were seropositive

to E. c/zaffeen.s’is by indirect immunoflumores-

cence (Lockhart et al., 1996). Sera were also
obtained from 50 Michigan (USA) deer col-

lected during the period 1980 to 1992 (41#{176}43’

to 45#{176}51‘N, 82#{176}25’to 86#{176}38’\V). Two hundred
sixty-two sera were collected at slaughter from

cattle in the samne southern states, together
with an additional 72 bovine sera from Puerto

Rico (17#{176}55’ to 18#{176}31‘N, 65#{176}40’ to 67#{176}16’W),

72 bovimie sera from the Texas gulf coast (25#{176}54’
to 30#{176}57’N, 93#{176}55’ to 99#{176}30’W), and 72 bovine

sera from the Pacific northwestern (43#{176}00’to
49#{176}00’N, 111#{176}20’to 124#{176}12’W), north central
(43#{176}00’to 49#{176}00’N, 88#{176}00’to 103#{176}41‘W), and

Rocky Motmntain regions (41#{176}00’ to 43#{176}00’N,

104#{176}59’to 1 14#{176}31‘W) of the United States. The
latter three regions were areas, unlike the oth-

ers, in which heartwater-competent species of
Aniblyomma spp. ticks have not been found.
Sera were collected during 1992 and 1993 from
both beef and dairy cattle, and were obtained
on different dates and from different locations

to muiaximize dispersion of sample origins.

The baculovirus (BV)-insect cell protein ex-

pression system was used to express recombi-

nant MAP 1. This eukaryotic protein expression

system has an advantage in the production of
serodiagnostically useful antigens relative to the
simpler comummon Escherichia coli expression
systems I)ecaiise it performs a wider range of
post-translational protein processing functions

than the latter systems (O’Reilly et al., 1994).
The BV-insect cell host expression system also
avoids the contamination of recomiibinant pro-
tein products with normal E. coli proteins. An-
tibodies to those proteins are abundant in the
sera of all normual mamuimiials amid often interfere
with serologic tests involving recombinant an-
tigens (O’Reilly et al., 1994).

A segment of Crystal Springs isolate C. rum-
inantium DNA was amplified using the poly-
merase chain reaction (PCR) (Mahan et al.,

1994). This portion was located between nude-

otides 556 and 1336 of the published MAP 1

gene sequence (Van Vliet et al., 1994). This
DNA fragment encodes a 260 amino acid open
reading frame amid excludes the putative signal

sequence. The amplified fragment was ligated
into the Eco RI site of the fusion protein ex-
pression plasmid pFLAG#{174} (Eastmiian Kodak

Co., New Haven, Connecticut, USA) described
by Knappik and Pluckthun ( 1994). The recom-
binant gene thus encoded a vector-contributed

aminoterminal octapeptide tag (FLAG#{174} pep-
tide) fised in the correct reading framiie to the
sequence of the predicted mature MAP 1 poly-

peptide. A second rotund of PCR was conduct-
ed to amplify the FLAG#{174}-MAP 1 sequence
such that it was preceded by an initiation codon
and an 18-nucleotide 5’ sequence containing a
Not I restriction site. The resulting 823 base-
pair (bp) fragment encoded a 271 amino acid
polypeptide with a predicted molecular weight

of 29.3 kDa. This fragment was ligated into the

Not I site of pVL 1392, a haculovirus polyhed-
rin gene replacement plasmid (O’Reilly et al.,

1994), to yield pBAC-MAP 1. The latter was
cotransfected with baculoviral DNA into Spo-

doptera frngiperda (SF-9) insect cells (Invitro-
gen, Inc., San Diego, California USA) as de-
scribed by Kitts et al. (1990). A plaque-purified
recombinant baculovirus (MAP 1-BV) was ver-

ified by PCR to contain the recombinant MAP
1 gene. The MAP 1-BV-infected SF-9 cell

monolayers were evaluated by immunoperoxi-

dase assay (Katz et al., 1995) to confirm recom-

binant MAP 1 protein expression. Immuno-
blots of infected cell extracts (Sambrook et aI.,
1989), reference heartwater polyclonal and
monoclonal antibodies, were used to confirm

the heartwater-related identity of the recom-
binant FLAG#{174} peptide-MAP 1 fusion protein
(Fig. 1).

Sera were diluted 1:35 (v/v) with 50mM Tns-
buffered saline, pH 7.5, (Sigma Chemnical Co.,
St. Louis, Missouri, USA) prior to immunoblot

analysis. Immunoblot antigen was a 0.1% Tri-
ton X-100 (Biorad, Inc., Hercules, California,
USA) extract of SF-9 cell cultures infected 72

hr previously with MAP 1-By at a multiplicity
of infection (MOI) of 1. The method of extract
preparation and subsequent denaturing poly-
acrylamide gel electrophoresis (SDS-PAGE),
semi-dry electrophoretic transfer, and immu-
noblotting were performed as described by
Katz et al. (1995), using 14% polyacrylamide
gels (Novex, Inc., San Diego, California) and
0.2 p.m nitrocelhulose membranes (Schleicher

and Schuell, Inc., Keene, New Hampshire,
USA). Bound anti-MAP 1 or anti-FLAG#{174} an-

tibodies were detected musing a protein C-
horseradish peroxidase conjugate (Zymed, Inc.,

San Francisco, California) and 4-chlorona-
phthol substrate (Kirkegaard and Perry, Inc.,

Gaithersburg, Maryland, USA).
Association of positive immunoblot results

with the species of origin of the sera was ana-
lyzed using the chi-squuare test, considering P

< 0.01 as the criterion for significance (Sue-

decor and Cochran, 1967). Evaluation of mdi-
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Fi ;t � Iii: 1 . l�umuel A: I nummulmnol)lot analysis of C. ni;nitzantiuin niajor antigenic 1)rotein ( MAP I ) fusion proteimu

expression in SF-9 cell cultures. Lanes 1 to 5: Cells grown in serum-free medium. Lane 1: Uninfected SF-9

cell luomumogemuate. LaneS 2 and :3: Cell culture fluids taken 48 and 96 hr. respectivek after infection with re(’om-

humuamut NIAP I bacuilovmnms. Lanes 4 and 5: Cell pellets from same cultures used in Lanes 2 amid 3 respectively.

1 ,amues 6 to 9: ( ells grown iii muue(Inumul comutainimig 5% (v/v) fetal lx)vmne serum. Lanes 6 an(l 7: Culture fluids and

tell 1�’lk’t, respec’tivel�� 72 hr after imufectioui with recombinant MAP 1 baculovimus. Lanes 8 ami�l 9: Culture fluids

aml(h cell pellet. reSl)ectivek 72 hr after infection with nonrecombimiant wild type I)aculovlrus as an additional

miegati\e control 6r specific i(IeiutitV of recoml)inant proteumu. Lane 10: Molecular size standards in kilodaltons

(kl)a). Blot is pr(ul)e(h with a 1: 1(X) dilution of convalescent sheep heartwater reference amitiseruim. Arrows in

Pamuels A amu(h B are uise(h to demuote major 27 kl)a amid 33 kI)a forms of recombimiant. Panel B: Imiumnummioblot

amualvsis of recombinant MAP I musing reference anti field-origin sera. Lane nunibers refer to the different scm

used as listed below. l.amues 1 amid 16: Identical 4F10-B4 monoclonal antib(xlv direc’te(l against the 260 amimlo

ac’i(l NIAP 1-specific portion of the rec’oml)inant protein. Lanes 2 and 15: Idemutical anti-FLA(� 1)ePti(le

clomual ammtibodv (hirecte(l against the vector-encoded octa1)eptide tag fused to the aminoternuinal end of the

re(’omuil)imiamut protein. Lanes 1. 2. 15 and 16 prosile confirmation of the antigenic i(lentity of the rec’Ouuul)inam)t

MAP 1 fimsiomi proteimu mused in the immuunoblot. The�’ are placed as pairs on each end of’ the blot to serve a_s

1ositiomm�t1 references. The� also monitor the uiniformit of vertical electrophoretic migratiomi of antigen across
the wnhthu of the gel which was mused in preparimig this immunoblot. Lane 3: Normal sheep serum. Lanes 4 and

5: iwo different R. (‘01115 referemuce antisera. Lane 6: African sheep senim with false-positive reaction. Lanes 7,

8, 9 ami(h 11: Sera I romn fknir southea.stemn U.S. white-tailed (leer considered falsely positive to rec’ombimuamut MAP

I. I..auu(’ 10: Nornual white-tailed (leer serum. Lanes 12 and 13: Bovine and cem’vine sera, respectively, reactive

to residual SF-9 cell culture proteins. Lane 14: 1 luman E. chaffeensz.u antiserum.

rec’t imuumuuuimuoflumorescence (IFA) anti-E. (‘haf-

feen si_s geomnetrmc’ muieamu titer (CMT) differ-

emices h)etWeen NI AP 1 imiuniuimioblot-positive

ali(l imuimuuuumioblot-miegative groups of deer was

comidmmcted uisimig Stuidemut’s f-test at a P < 0.01
level of’ sigmuific’amice (Smiedecor and Cochrami,

1967).

RESULTS

Based on immimiiunoblot analysis, SF-9

cells infected with MAP I -By expressed

proteins were specifically i mu mnuinoreactive

with anti-MAP 1 and anti-FLAG#{174} antil)od-

ies. Two dominant (27 kDa and 33 kDa)

protein species were observed (Fig. IA).

This pattern was evident 36 hr after virus-

cell culture imioculation, was stable there-

after for at least another 60 hr, and was

unaffected by the presence or absence of

fetal bovine serumn in the cell culture mue-

dia (Fig. 1A).
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Cowdria ru ininantiuni reference posi-

tive and negative sera reacted as expected;

(Fig. TB, Table 1). The ovine false-positive

sera fromn Zimbabwe were also positive us-

ing the recombinant MAP 1 antigen (Fig.

TB, Table 1). All other reference antisera

were negative to the recomubinant antigen

by immunoblot except for both E. canis

antisera (canine origin) and one of eight E.

chaffeensis antisera (human origin, IFA ti-

ter >25,000) (Table 1). However, 12 of the

79 southeastern U.S. deer sera were im-

mnunoblot-positive to recombinant MAP 1.

The anti-E. chaffeenis geometric mean

IFA titer (GMT) of these 12 cervine sera

was 360, whereas the GMT of the other

67 southeastern deer sera was 100; this

difference was significant (Student’s t-test,

P < 0.01). None of the 12 MAP 1 im-

munoblot-positive cervine sera had been

found previously reactive to A. marginale.

None of the sera from Michigan deer or

the 406 bovine sera was positive by im-

munoblot to the recombinant MAP 1 an-

tigen, although some reacted to SF-9 cell

proteins of clearly different molecular

weights (Fig. TB, Lanes 12 and 13). The

species association of MAP 1-positive im-

mimunoblot results with southeastern deer

sera but miot southeastern cattle sera was

statistically significant (chi-square test; P <

0.01).

DISCUSSION

Cowdria ruininantium MAP 1 was ex-

pressed as a recombinant fusion protein in

baculovinis-infected SF-9 insect cells and

identified using monoclonal and polyclonal

heartwater reference antibodies and a

monoclonal anti-FLAG#{174} peptide antibody.

Two major recoml)inant protein species

were observed. This was evidence that the

baculovirus-insect cell system translated

and post-translationally modified the re-

combinant protein mnolecule to different

degrees of completion or along multiple

metabolic pathways. Similar multiple ex-

pression products of a single gene have

been observed in other baculovirus ex-

pression systems (Nene et a!., 1995). The

metabolic pathways for this phenomenon

are not well defined (O’Reilly et a!., 1994).

Cowdria ruminantium infection elicits a

strong, prolonged serologic response to

native MAP 1 (Mahan et a!., 1993). The

MAP 1 is the serologically dominant anti-

gen common to all isolates of C. rurninan-

tiuin, and this increases its potential diag-

nostic value (Jongejan and Thielmans,

1989). However, native MAP 1 possesses

determinants shared with the homologous

proteins of closely related Ehrlichieae

(Jongejan et al., 1993). These epitopes are

probably among those responsible for the

false positive heartwater responses ob-

served in epizootiologic investigations of

Caribbean and African livestock believed

to be heartwater-free (Jongejan et al.,

1991; Mahan et a!., 1993; Du Pleiss et a!.,

1994). Not surprisingly then, the recom-

binant MAP 1 antigen was reactive by im-

munoblot with an extremely high-titered

(1:25,000) E. chaffeensis antiserum, with

both E. canis antisera and with Zimbab-

wean sheep sera believed to be falsely im-

munoreactive to native MAP 1. The lack

of recombinant MAP 1 reactivity with ref-

erence WSU 86-1044 hyperimmune sera

was somewhat unexpected because these

sera crossreact strongly with native whole

C. ruminantium antigen (Dilbeck et a!.,

1990). Perhaps further recombinant sub-

unit expression of MAP 1 gene fragments

might yield a protein expressing only hear-

twater-specific serodiagnostic epitopes.

In contrast to earlier studies of African

and Caribbean livestock (Du Pleiss et al.,

1993; Mahan et a!., 1993), we observed no

false positive reactions between MAP 1

and antibodies in any of the 406 American

and Puerto Rican cattle sera. Most of these

cattle originated from the southeastern

and gulf coastal United States, areas where

C. ruminantium could become established

in the resident Amblyornma spp. tick vec-

tor populations. Thus, the unknown

logically crossreactive Ehrlichieae present

in some African and Caribbean livestock

may be absent in U.S. cattle located in the

southeastern states and Puerto Rico. If so,
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\Ve thank Drs. K. Kocan, Oklahoma State

University; C. Brown, Foreign Animal Disease

the recombinant MAP 1 fusion protein re-

ported here may be diagnostica!!y useful

for heartwater surveillance within the U.S.

cattle population. Unexpectedly, 12 of the

sera fromu (leer located in the saine south-

eastern areas reacted strongly with the re-

combinant MAP 1 by immunoblot. The

anti-E. chaffeensis IFA titers of all the

southeastern deer sera had been deter-

mined previously (Lockhart et a!., 1996).

\Ve found that the anti-E. chaffeensis

GMT of the 12 MAP 1 imnmunoblot-posi-

tive deer sera was significantly higher than

the anti-E. chaffeenis GMT of the other 67

deer sera which were ml munob!ot-nega-

tive to MAP 1. Additional sampling of

northern white-tailed deer popu!ations

would help determine if the absence of

MAP I reactivity in Michigan (leer sera

was peculiar to that group of aniina!s or

was perhaps related to the regiona! ab-

sence of tick species capable of transmit-

ting E. chaffeensis to white-tailed deer,

such as Amblyomma ainericanuin. Exper-

imeiital!y, E. chaffeensis infects white-

tailed deer (Dawson et a!., 1994a), and

perhaps this or a closely re!ated organism
(Dawson et al., 1994b) was responsible for

the observed MAP 1 cross-reactivity.

Whether the significant serologic differ-

ences seen between southeastern U.S. cat-

tle amid deer in this study result from a

species barrier to infection or to microgeo-
graphic, ecological, or management differ-

ences bet\veen the species remains a sub-

ject for further study. Future development

of heartwater serodiagnostic too!s for the

United States shouki take into account

� differences in the Ehrlichieae
found there compared with those found in

Af’rica and the Caribbean. There may also

be species barriers between cattle and

(leer or other wildlife species within the

United States with respect to infections

�vith as-yet-unidentified Ehrlichieae anti-

genica!ly related to C. ruininantium.
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