Comparison of iatrogenic transmission
of Anaplasma marginale in Holstein steers via
needle and needle-free injection techniques
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Objective—To compare iatrogenic transmission of Anaplasma marginale during sham vac-
cination between needle and needle-free injection techniques.

Animals—26 Holstein steers confirmed negative for anaplasmosis by use of a competitive
ELISA (cELISA) and an A marginale-specific reverse transcription (RT)-PCR assay.

Procedures-—An isolate of A marginale was propagated to a circulating parasitemia of 2.0%
in a splenectomized steer. Sham vaccination was performed in the left cervical muscles of
the splenectomized parasitemic steer with a hypodermic needle fitted to a multiple-dose
syringe. The same needle and syringe were used to sham vaccinate a naive steer. This
2-step procedure was repeated until 10 naive steers {group ND) were injected. Similarly,
sham vaccination of the right cervical muscles of the splenectomized parasitemic steer and
another group of 10 natve steers {group NF) was performed by use of a needle-free injection
system. Five control steers were not injected. Disease status was evaluated twice weekly for
61 days by use of light microscopy, a cELISA, and an A marginale-specific RT-PCR assay.

Results—latrogenic transmission was detected in 6 of 10 steers in group ND. Disease
status did not change in the NF or control steers. Sensitivity of light microscopy, cELISA,
and RT-PCR assay was 100% on days 41, 41, and 20 after sham vaccination, respectively;
however, only cELISA and RT-PCR assay sustained a sensitivity of 100% thereafter.

Conclusions and Clinical Relevance—Needle-free injection was superior to needle in-
jection for the control of iatrogenic transmission of A marginale. (Am J Vet Res 2010;71:

1178-1188}

Anaplasmosis, caused by Anaplasma marginale, is
one of the most prevalent tick-transmitted rickett-
sial diseases of cattle throughout the world.'** The OIE
categorizes anaplasmosis as a reportable disease as a re-
sult of socioeconomic impact and international trade
restrictions.* lowever, the importance of anaplasmosis
is frequently underestimated, compared with that of
other diseases, because of seasonal outbreaks and dis-
ease slability in endemic areas.” Clinical signs in acute-
ly infected adult cattle include, but are not limited to,
anemia, fever, icterus, and lethargy, and acute infection
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ABBREVIATIONS
16S rRNA 16S subunit of rRNA
cELISA Competitive ELISA
Cl Confidence interval
Ct Cycle threshold
Ccv Coefficient of variation
OIE World Organisation for Animal Health
PPE Percentage of parasitized erythrocytes
RT Reverse transcription

may result in death.® Moreover, abortion, high mortal-
ity rates, reduced milk production, extensive treatment
costs, and weight loss are key economic considerations
of this disease. In 2003, it was estimated that the cost
of anaplasmosis to the US cattle industry was > $300
million/y.’

Historically, vaccination has been used to modulate
disease severity. In some countries, naive cattle are in-
oculated 1V with bovine blood infected with Anaplasma
centrale to reduce morbidity attributable to subsequent
infection with A marginale.’ However, this strategy is not
used or recommended in the United States because of the
potential for the transfer of other blood-borne pathogens
and production of erythrocytic isoantibodies.” A killed
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Anaplasma vaccine was previously available for use in cat-
tle in the United States; however, it currently is available
for use only in special circamstances.®

Cattle that develop anaplasmosis after natural in-
fection and vaccination with live Anaplasma spp remain
lifelong carriers despite treatment with tetracycline.>-12
Carrier cattle are responsible for horizontal, iatrogenic,
and vertical transmission of anaplasmosis to naive cattle
by providing a reservoir of infective blood for biologi-
cal,’*!* mechanical,'***> and in utero infection.'*-"?

Appropriately timed application of insecticides is
recommended for reducing biological transmission by
hematophagous arthropods.*** Because of the lack of
success with treatment strategies, vaccine availability,
and problematic vector control, control strategies for
anaplasmosis should primarily concentrate on estab-
lished methods of disease prevention.

Anaplasmosis can be transmitted during routine
animal husbandry practices.”** Strategies to prevent
transmission of anaplasmosis associated with vaccina-
tion have been considered impractical or uneconomi-
cal or are potentially deleterious to the success of the
vaccination procedure.”** In a survey* of biosecurity
protocols in veterinary practices, it was indicated that
most (38/55 [69%]) veterinarians in bovine-only prac-
tices did not routinely change hypodermic needles after
injection of each cow (ie, used the same needle for the
injection of multiple cows).

Needle-free injection involves the use of a pneu-
matic-powered system to deliver vaccines, and needle-
free injection techniques are efficacious for the delivery
of vaccines to cattle.”>* However, it was suggested in
1 study?*® that there was the potential for the transfer of
blood products during the use of needle-free injectors
for the administration of injections to consecutive ani-
mals. The purposes of the study reported here were to
compare iatrogenic transmission of A marginale during
simulated vaccination between needle-free and conven-
tional needle injection techniques and to evaluate the
diagnostic efficacy of light microscopy, a ¢cELISA, and
an A marginale-specific RT-PCR assay.

Materials and Methods

Animals—-Twenty-six healthy preconditioned Hol-
stein steers were purchased from the Kansas State Uni-
versity Dairy Teaching and Research Center in Manhat-
tan, Kan. Steers were (mean + SD) 172.2 + 27.5 days
old at the time of the study. All steers were screened for
antibodies against A marginale by use of a commercial-
ly available ¢cELISA**3®* and for the detection of 16S
IRNA of A marginale by use of an A marginale-specific
RT-PCR assay’ Negative disease status was assessed
through interpretation of results of the cELISA and
RT-PCR assay in series.”” The study was approved by
the Kansas State University Institutional Animal Care
and Use and Institutional Biosafety Committees.

Randomization, housing, and husbandry—Steers
were assigned to 1 of 3 treatment groups: needle in-
jection (group ND [n = 10 steers]), needle-free injec-
tion (group NF [10]), and a noninjected control group
(5). Briefly, steers were ranked in descending order on
the basis of body weight, assigned a random number

by a random-number generator,® and sorted by random
number in descending order. Steers with the 5 largest
random numbers were included in the noninjected con-
trol group, and the remaining 20 steers were assigned
to the ND and NF groups on an alternating basis. Steers
were individually housed in a biolevel 2 safety facility.
An insecticide? was applied to each steer, in accordance
with the manufacturer’s recommendation, at the time
of entry into the biolevel 2 facility. A total mixed ration
was fed at 2.5% of body weight (on an as-fed basis); the
ration for each day was divided into 2 equal portions
and fed twice daily. Monensin (80 g of monensin/909 kg
of the total mixed ration) was the only antimicrobial
included in the ration. Water was available ad libitum.
When it was necessary to restrain a steer for any pro-
cedure, a rope halter was used. Steers did not receive
antimicrobials that would potentially interfere with
transmission of anaplasmosis for the 30 days before the
study or during the study period. Furthermore, proce-
dures that were not included in the experimental de-
sign were not performed during the study period.

Splenectomy protocol and procedure—One steer
was splenectomized and used to propagate an isolate
of A marginale. A hand-assisted, laparoscopic procedure
was used for the splenectomy. Briefly, the steer was se-
dated by IM injection of xylazine hydrochloride (0.1
mg/kg), ketamine hydrochloride (0.1 mg/kg), and bu-
torphanol tartrate (0.05 mg/kg). The sedated steer was
restrained in right lateral recumbency. A 2% solution
of lidocaine hydrochloride was infused as a local anes-
thetic, and a 6-cm paracostal incision was made over
the anesthetized area. The incision was centered over
the costochondral arch and extended approximately 3
cm caudal to the 13th rib. The abdominal cavity was
entered, and the surgeon inserted a hand through this
incision and bluntly dissected the connective tissue be-
tween the spleen and rumen until the splenic hilus was
isolated. A 1.5-cm incision was made in the left flank,
and a laparoscopic stapler, which functioned as a ligat-
ing, dividing, and stapling device, was inserted into the
abdominal cavity. The surgeon used the hand that was
inside the abdominal cavity 10 guide the laparoscopic
stapler around the vascular pedicle, and 2 staples were
applied around the hilus. The spleen then was dissected
free from the rumen and removed from the abdomen.
All incisions were closed by use of a routine 3-layer
closure. Postoperative analgesia was provided via 1V
injection of flunixin meglumine (1 mg/kg). Penicillin
G procaine (10,000 U/kg, IM, q 24 h for 3 days) was
administered beginning on the day of surgery. Skin su-
tures were removed 14 days after surgery.

Inoculation and monitoring of splenectomized
steer—A blood sample that contained a tick-transmis-
sible Virginia isolate of A marginale was collected from
an infected cow by a researcher at another institution,’
placed in heparin anticoagulant, and shipped on ice to
our laboratory via overnight courier. This isolate was
fully characterized in 1978 and was originally obtained
by that researcher from the USDA Animal Parasitology
Institute in Beltsville, Md.*?

Five milliliters of the heparinized blood sample was
used to inoculate the splenectomized steer. The steer
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was inoculated IV on day 8 after splenectomy and was
then monitored daily for clinical signs of anaplasmosis,
including anorexia, lethargy, and fever. Blood samples
were collected daily and immediately used for determi-
nation of the PPE and PCV.

PPE determination—Blood films were made from
blood samples collected into evacuated tubes contain-
ing K,-EDTA. An automated unit' was used to stain
blood films with modified Wright stain.**** A Miller
reticle® (which has a large square with an addition-
al square inset that is one-tenth the size of the large
square) was used to determine the number of parasit-
ized erythrocytes.’® Only parasitized erythrocytes were
counted in the large square; however, all erythrocytes
(parasitized and nonparasitized) were counted in the
smaller square. The numbers of parasitized erythro-
cytes and nonparasitized erythrocytes were recorded. A
total of 1,000 erythrocytes were counted. The PPE was
reported as a percentage and was calculated by use of
the following equation, which was modified from an
equation’ used to measure the percentage of reticulo-
cytes for similar conditions:

PPE = (number of parasitized erythrocytes in the large square/
[number of erythrocytes in the smaller square X 9]) X 100

Measurement of PCV—The PCV was determined
by partially filling capillary tubes" with blood samples
that were collected into evacuated tubes containing
K,-EDTA. Tubes were centrifuged at 12,600 X g for 10
minutes.*® The PCV was determined by measuring' the
height of the RBC portion and comparing it with the
total height for the sample.

Experimental procedures—Transmission experi-
ments were initiated when the splenectomized steer
achieved a PPE of 2.0%. The steer was medicated by
IV injection of flunixin meglumine (1 mg/kg). Fifteen
minutes later, a halter was used to restrain the splenec-
tomized parasitized steer with its head extended and
tied to 1 side to provide access to the left side of its
neck. Ten naive steers (group ND) were each individu-
ally and serially restrained in a similar manner adjacent
to the splenectomized parasitized steer. A multiple-dose
syringe’ was primed with a 50-ml. aliquot acquired from
a 1-L bag of saline (0.9% NaCl) solution.* The syringe
was fitted with a single-use, 1.7 X 25-mm hypodermic
needle' and adjusted to deliver a 2-mL injection. A sham
vaccination with 2 mL of sterile saline solution was ad-
ministered IM into the cervical muscles on the left side
of the neck of the splenectomized parasitized steer. The
same needle and syringe were then used within 60 sec-
onds to administer a sham vaccination into the muscles
on the left side of the neck of a naive steer from group
ND. This 2-step procedure was repeated until all 10 na-
ive steers in group ND were sham vaccinated via needle
injection.

The head of the splenectomized parasitized steer
then was moved to the other side to provide access
to the right side of its neck. Ten naive steers (group
NF) were each individually and serially restrained in a
similar manner adjacent to the splenectomized steer. A
needle-free injection system™ was primed in accordance

with the manufacturers recommendations with solu-
tion from the same !-L bag of sterile saline solution.X
The pneumatic pressure was adjusted to 55,160 Pa for
IM delivery of 2 mL of saline solution to cattle weighing
< 227.3 kg. The tip of the needle-free injection appara-
tus was placed against the skin on the right side of the
neck of the splenectomized parasitized steer. The appa-
ratus was agitated in a circular motion to ensure there
was no hair between the apparatus tip and the skin.
Manual, downward pressure was used to engage and
ready the apparatus for injection. and the injection trig-
ger was depressed to release the saline solution. This
process was immediately repeated on the neck of a steer
in group NFE This multiple-stage procedure was repeat-
ed until all 10 naive steers in group NF were sham vac-
cinated by use of the needle-free injection system.

None of the injection sites in either group was
swabbed with disinfectant, and none of the needles or
the needle-free apparatus 1ip was changed or disinfect-
ed during either injection procedure. Different persons
performed all injections for the steers in groups ND and
NE Day of sham vaccination was designated as day 0.

Five control steers served as sentinel animals; fur-
thermore, these steers were not sham vaccinated via ei-
ther method (noninjected control group).

Steers were monitored daily for signs of illness for
61 days. Disease status was evaluated twice weekly (days
0,2,6,9, 13,16, 20, 23, 27, 30, 34, 37, 41, 44, 48, 51,
54, 57, and 61). On those days, 2 blood samples were
collected from each steer (a 3-mL sample into evacu-
ated tubes containing K,-EDTA and a 5-ml. sample into
evacuated tubes that contained no additive [ie, serum
tubes]). Samples in the serum tubes were centrifuged
at 5,000 X g for 5 minutes at 4°C, and serum was har-
vested and stored at —80°C until subsequent analysis.
Serum samples were evaluated by use of a cELISA.

cELISA—A commercial cELISA" was used to evalu-
ate serum samples; the ¢ELLISA was used in accordance
with the method described by the OIE* and recom-
mended by the manufacturer.” The optical density of
each well was measured by use of an ELISA plate reader
at a wavelength of 620 min. The percentage inhibition
ol each sample was calculated by use of the following
equation: percentage inhibition = 100 - {sample opti-
cal density X 100)/mean optical density of a negative
control sample. Samples with a percentage inhibition
< 30% were recorded as having negative results, where-
as samples with a percentage inhibition > 30% were re-
corded as having positive results.* P

RNA extraction and RI-PCR assay—FExtraction
of RNA from blood samples collected into evacuated
tubes containing K -EDTA was performed by use of a
commercially available product”; extraction was per-
formed in accordance with the manufacturer’s recom-
mendations. Briefly, plasma was separated by centrifug-
ing blood samples at 2,750 X g for 5 minutes at 4°C.
Plasma was removed with a single-use pipette. An ali-
quot (200 pL) of plasma-free blood was transferred to a
microcentrifuge tube. One milliliter of a monophase so-
lution” of guanidine thiocyanate and phenol was added
to lyse the RBCs. The microcentrifuge tubes were vigor-
ously vortexed and then allowed to sit undisturbed for
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10 minutes. Chloroform (200 puL) was added to each
tube, and tubes were vigorously vortexed for 15 sec-
onds. The solution was then allowed to sit undisturbed
for 10 minutes, after which it was centrifuged at 12,000
X g for 15 minutes at 4°C. The colorless upper aqueous
phase of the solution was transterred to a new tube;
500 UL of 2-propanol was added to each tube, and the
contents were vortexed briefly. The solution then was
allowed to sit undisturbed for 10 minutes, after which
it was centrifuged at 12,000 X g for 10 minutes at 4°C.
Supernatant was discarded, and each pellet was washed
with I mL of 75% ethanol; the samples were briefly vor-
texed, after which they were centrifuged at 12,000 X ¢
for 5 minutes at 4°C. Supernatant was discarded. and
the remaining RNA pellet in each tube was allowed to
air dry. Nuclease-free water (50 pL) was used to resus-
pend each RNA pellet. Samples were stored at -80°C
until analysis by use of an RT-PCR assay.

A real-time quantitative RT-PCR assay’ was used
for the identification of 16S rRNA of A marginale by
use ol previously designed™ forward and reverse
primers and a Tag polymerase probe designed as part
of the present siudy. The forward and reverse primer
sequences’  were 5 -CTCAGAACGAACGCTGG-3
and 3-CATTTCTAGTGGCTATCCC-3, respectively.
The A marginale probe sequence” was 5°-/56-TAM/
CGCAGCTTGCTGCGTGTATGGT/3BHQ _1/-37.
A commercially available, 23-pl. RT-PCR assay mixture?
that included 10 pmol of each of the forward and re-
verse primers, 5 pmol of cach deoxynucleotide triphos-
phate, 187.5 nmol of MgSO, 11.3 pmol of A marginale
probe, and 8 U of ribonuclease inhibitort was placed
in a tube, and 2 yL of template was added to achieve
a final volume of 25 ul.. Temperature cycles used lor
the RT-PCR assay were an initial complementary DNA
generation cycle at 48°C for 30 minutes. then 3 minutes
at 94°C, tollowed by 45 cycles of 94°C for 15 seconds,
50°C for 30 seconds, and 60°C for 60 seconds.

An in vitro transcript of A marginale plasmid DNA
was prepared for use in development of the RT-PCR as-
say. Plasmid DNA (3 pg) was digested with the restric-
tion enzyme Spel. The Spel-digested plasmid DNA was
used (0 generate recombinant transcripts witha T7 RNA
polymerase, as described in the instructions for the kit,
" Ten-fold serial dilutions (ranging from 1 billion to 1
molecule) of the in vitro transcript were analyzed in
triplicate to optimize the assay in a commercially avail-
able real-time quantitative PCR system.* Real-time for-
mation of the RT-PCR product was monitored by mea-
suring the emitted fluorescence in the extension phase
of the PCR cycles within the real-time PCR system. A
reaction was assessed as positive for the template when
it detected 7 fluorescent units for the emission channel
of the fluorescent probe. The PCR cycle at which fluo-
rescence was evident, which is dependent on the con-
centration of the template in the reaction, was regarded
as the Ct value.

Linear regression was used to quantify the number
of 165 rRNA template molecules in each 23-puL reaction
on the basis of the corresponding Ct value by use of the
equation y = —3.4324x + 40.38, where y is the reported
Ct value and x is the number of template molecules.
The R* for the regression equation was 0.9973. Efficien-

cy of the RT-PCR assay was calculated to be 95.6%.%°%
Samples from a cow known to be a carrier of A margi-
nale and a naive cow were extracted and analyzed si-
multaneously to monitor assay performance and qual-
ity of the rRNA extraction technique.

Statistical analysis—Data were entered into a
software package® for subsequent calculations and ma-
nipulation. Geometric mean and CV were calculated
for data acquired from recorded diagnostic test results.
Diagnostic test results were also converted to a bina-
ry format (0 = negative and 1 = positive). Sensitivity
and specificity with 95% Cls were calculated for light
microscopy, cELISA, and RT-PCR assay for each sample
(n = 25) at each time point.

Agreement between diagnostic results for each
twice-weekly sample was assessed by calculating a x
statistic.™ Results were compared by use of a software
program’ in a 2 X 2 contingency table to calculate K via
the following equations:

P = ({{a + b)/nle{{a+ ¢}m]) + ({{c + d}/n}*[{b +d}/
n]) and ¥ = ([{a + d}/n] — EP)e(1 — EP)

where EP is the expected proportion of equal outcomes
according 10 chance; a is the number of true-positive
results, b is the number of false-positive results, n is
the total number of samples, ¢ is the number of false-
negative results, d is the number of true-negative results,
(la+d]/n) - EP is the observed proportion of equal out-
comes beyond chance, and 1 - EP is the maximal pro-
portion of agreement not attributable to chance. The
K statistic measures the agreement between Lests on a
scale from 0 1o 1. with K between 0 and < 0.4 indicat-
ing poor agreement, K between 0.4 and < 0.75 indicat-
ing good agreement, and x > 0.75 indicating excellent
agreement. When « could not be determined because
of a lack of concordant results in 2 2 of the 2 X 2 cells,
an overall proportion of agreement was calculated by
dividing the sum ol concordant test results by the num-
ber of samples tested.

The association between disease outcome and re-
sults for the 3 diagnostic testing regimens was analyzed
by use of generalized linear mixed models" and gen-
cralized estimating equations.” Mcthods were used to
account for the lack of independence among repeated
observations for the same animal over time. A semi-
parametric survival analysis* was performed to take
into account the time point at which each respective di-
agnostic test first detected A marginale. A Kaplan-Meier
survival analysis® (nonparametric) was performed on
the raw data to depict the amount of time elapsed after
sham vaccination before a positive outcome for each of
the 3 testing regimens. Values of P < 0.05 were used to
determine significant differences.

Results

Prior to enrollment in the study, all steers were
confirmed to have negative results for anaplasmosis
when tested by use of the cELISA and an A marginale—
specific RT-PCR assay. No adverse reaction attributable
to surgery was detected in the splenectomized steer.
The splenectomized steer was inoculated with 5 mL of
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a heparinized blood sample that had a PPE ol 8.1% and
PCV of 30%; however, an TRNA molecule count was
not determined for the inoculum because of the hepa-
rin in that blood sample.

Time elapsed from inoculation of the splenecto-
mized steer until the development of a PPE equal to 2%
was 34 days. The PPIE, PCV, and number of 165 rRNA
molecules were 2%, 23%, and 8.9 X 10 molecules,
respectively, at that time. No adverse reactions were
observed as a result of the injection methods used. In
addition, the authors are not aware of any indications
to suggest the use of flunixin meglumine would predis-
pose cattle to clotting disorders, and no such compli-
cations were detected after administration ol flunixin
meglumine to the splenectomized parasitized steer.
The splenectomized parasitized steer was euthanatized
45 days after inoculation because of anorexia, lethargy,
and pyrexia; however, none of the other steers were re-
moved from the study.

At the end of the study, 6 of 10 steers in the ND
group had positive results for the anaplasmosis patho-
gen, A marginale, as determined on the basis ol results
of the cELISA, light microscopy, and R1-PCR assay. This
represented the first, second, fourth, sixth, seventh,
and tenth steers that were sham vaccinated via needle
injection. All steers in the NF and control groups had
negative results for anaplasmosis throughout the study.
Thus, the number of steers infected with A marginale
differed significantly between the ND group and the NF
and control groups.

The mean + SD predicted model-adjusted proba-
bilities of becoming infected, comparing the ND group
with the NF and control groups, were 0.60 1+ 0.16 and
0.65 = 0.18, respectively. Because all cattle in the NF
and control groups had negative results for A marginale,
the model-adjusted probability of a positive test result
for A marginale was zero for each of those groups. A
steer in the ND group was significantly more likely to
become infected with A marginale (odds ratio, 44.6;
95% CI, 19.5 to 101.8) than was a steer in the NF or
control groups.

In 25-pl reactions with template from the 10-fold
serial dilutions, the standard curve of the RT-PCR assay
ranged from 100 to 1 billion molecules (Figure 1). The
RT-PCR assay identified 120 molecules of 16S rRNA
(Table 1) in 1 steer as early as 9 days after sham vac-
cination (Figure 2). Sensitivity of the RT-PCR assay was
consistent in identifying steers infected with A margi-
nale in successive samples. The peak sensitivity (100%)
for the RT-PCR assay was at day 20, and it was sustained
through the end of the study. The peak number of 16S
rRNA molecules recovered from 250 ul of plasma-free
blood was 1.6 X 10* molecules at day 41. There were no
positive results for the NF and control groups by use of
the RT-PCR assay.

The cELISA yielded positive results for 1 steerat 13
days after sham vaccination (Figure 2); however, sensi-
tivity of the cELISA was inconsistent for the 4 succes-
sive samples from that steer. No infected steer was iden-
tified by use of the cELISA at day 16. A steer identified
as infected with A marginale at day 20 was not the same
steer identified as infected at day 13. The ¢ELISA did
not have consistent sensitivity until day 34. Peak sensi-

Ct value
L8]
o

1 2 3 4 5 6 7 8 9
Log,, number of molecules

o N > o
S © ©o o
c & & o

Fluorescence (units)

10 15 20 25 30 35 40 45
PCR cycle

Figure 1—Sensitivity and linearity with RNA concentrations for
an RT-PCR assay (A} and fluorescent emission from serial dilution
templates (B}. Serial 10-fold dilutions of an in vitro transcript made
from Anaplasma marginale plasmid DNA were used. The mean
Ct values from 3 separate experiments were plotted against the
log-s number of rRNA molecules {log, 2 and logi, 9 correspond to
100 and 1 billion molecules of 16S rRNA, respectively). The equa-
tion of the line is y = ~3.4324x + 40.38 (R = 0.9973).

tivity (100%) for the cELISA was at day 41, and it was
sustained through the remainder of the study. This co-
incided with the peak number of 16S rRNA molecules
identified by use of the RT-PCR assay and a decreasing
PCV (Table 1).

The PPE determination (use of light microscopy to
examine stained blood films) detected 1 infected steer
as early as 16 days after sham vaccination; however, this
steer did not consistently have positive results until day
34. Interestingly. the day of peak sensitivity for light
microscopy {(day 41) coincided with the day of peak
sensitivity for the cELISA, the peak in 165 rRNA mole-
cules identified with the RT-PCR assay, and the decrease
in PCV (Table 1). Furthermore, although they differed
significantly, the odds of a positive test result for A mar-
ginale by use of light microscopy were only 0.5 times
as likely as the odds for a positive test result by use of
the cELISA.

Variability of the performance of each diagnos-
tic method and agreement among diagnostic meth-
ods during the peracute, acute, and chronic stages of
infection were compared (Table 2). Sensitivity was
inadequate among all methods during the peracute
phase after sham vaccination. However, use of the
RT-PCR assay, cELISA, and light microscopy identi-
fied an infected steer on days 9, 13, and 16 after sham
vaccination, respectively. Peak sensitivity for the
RT-PCR assay, cELISA, and light microscopy was on
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Table 1—Geometric mean and geometric CV for each diagnostic test result and the PCV derived from the analysis of samples obtained
from 6 steers in group ND that became infected with a Virginia isolate of Anaplasma marginale after sham vaccination administered by
IM injection with a needle.

Light microscopy* cELISAtLS RT-PCR|| PCV

No. of No. of No. of No. of

nonzero nonzero nonzero nonzero

Day Mean CV valuest Mean cv values Mean cv valuest Mean CV valuest
0 0 — 0 12.87 259 6 0 — 0 3429 54 6
2 0 — 0 15.04 309 6 0 — 0 35.36 9.7 6
6 0 — 0 339 1224 6 0 — 0 31.78 6.1 6
9 0 — 0 10.30 75.6 6 1.2 X 102 — 1 31.94 6.8 6
13 0 — 0 13.31 770 6 1.8 X10° 8.9 4 31.30 53 6
16 0.10 — 1 14.96 36.5 6 1.9x10° 135 5 30.11 6.8 6
20 0 — 0 21.29 708 6 42X10° 17.0 6 32.14 456 6
23 0 — 0 40.18 535 6 48 X10° 18.0 6 29.98 42 6
27 0 — 0 27.10 2434 6 5.7 X108 21.8 6 30.63 5.3 6
30 0.10 — 1 44 .84 94.2 6 33X 204 6 30.41 8.6 6
34 0.42 1191 3 45.31 170.2 6 8.7 X107 10.1 6 30.44 6.8 6
37 0.75 96.3 3 61.43 731 6 14X 108 2.7 6 28.41 8.6 6
41 0.55 68.0 6 69.34 43.2 6 1.6 X108 18 6 25.92 148 6
4 0.24 2199 5 86.51 18.9 6 1.4 X108 1.2 6 25.60 8.0 6
48 014 52.1 2 88.55 10.7 6 1.0 X 108 48 6 27.06 99 6
5 0.10 — 1 19.57 84 6 8.4 X107 109 6 27.37 109 6
54 0.10 — 1 79.57 1.3 6 50 X 10/ 155 6 28.53 10.9 6
57 0 — 0 82.59 9.7 6 29 X107 156 6 29.03 0.7 6
61 0 — 0 84.65 121 6 1.9x10 174 6 30.26 73 6

Ali values reported represent percentages, except for the RT-PCR assay in which the geometric mean represents the number of 16S rRNA
molecules recovered from 250 pL of plasma-free blood.

*Values reported represent the PPE. fIndicates the total number of nonzero values included in the calculation of the geometric mean and
geometric CV. $Values reported represent the percentage inhibition. 8Data were divided by 100 prior to calculating the geometric mean and
geometric CV; however, the geometric mean was multiplied by 100 before it was reported. N Values reported represent the number of 16S rRNA
molecules recovered from 250 L of plasma-free blood.

Day = Day after sham vaccination (day of sham vaccination was designated as day 0). — = Not applicable; the 95% Cl was not calculated
because of a lack of concordant results in = 2 cells in the 2 X 2 contingency table.

days 20, 41, and 41, respectively. Diagnostic sensitiv-
ity was sustained throughout the remainder of the
study for the cELISA and RT-PCR assay; however,
sensitivity of light microscopy decreased to 0% by
day 57. The RT-PCR assay was the only diagnos-
tic method that maintained a specificity of 100%
throughout the study. Poor specificity for the ¢FLISA
was caused by 8 false-positive results for steers in
the control and NF groups on days 2 (n = 1 false-
positive result), 13 (2), 16 (1), 23 (3), and 30 (1).
The percentage inhibition recorded for each of these
false-positive results was between 30% and 40%. The
odds that an A marginale—infected steer would have a
positive result for the RT-PCR assay was 1.34 times as
likely as the odds for a positive result for the cELISA;
these odds did not differ significantly (P = 0.07).
Agreement between results of the c¢FLISA and
RT-PCR assay as well as among results of all 3 diagnos-
tic methods was determined. However, a proportion of
concordance (0.76) was calculated on days 0, 2, and 6
after sham vaccination because of a lack of concordant
results in 2 2 cells in the 2 X 2 contingency table. Sen-
sitivity and specificity for each of these test days were
0% and 100%, respectively. The k was calculated for the
remainder of results for days 9 through 61. There was
perfect agreement on day 41 when comparisons were
made for 2 and 3 tests; however, excellent agreement
was only sustained through the remainder of the study
when results were compared for the RT-PCR assay and
cELISA. At day 61, agreement between results for the
cLCLISA and RT-PCR assay as well as among results for
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Figure 2—Sensitivity for the RT-PCR assay (white squares),
cELISA {white diamonds), and light microscopy (white triangles)
for detection of anaplasmosis in samples obtained from 6 steers
that became infected with a Virginia isolate of A marginale after
sham vaccination administered by IM injection with a needle.
Day of sham vaccination was designated as day 0.

all 3 tests was 1.00 (95% CI, 0.72 1o 1.28) and 0.75
(95% CI, 0.53 to 0.97), respectively.

Imprecision of diagnostic test results reported for the
6 steers infected with A marginale in the ND group was
calculated as the CV of the geometric mean (Table 1).
The geometric CV for the RT-PCR assay at peak sensitiv-
ity (20 days after sham vaccination) was 17%. However,
this estimate did not exceed 22% throughout the study
at any time point after infected steers were detected. The
geometric CV for light microscopy, the cELISA, and the
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Table 2—Sensitivity (Se) and specificity (Sp) for each of 3 diagnostic methods used to detect anaplasmosis in samples obtained from

steers during a 61-day period after sham vaccination.

Light microscopy cELISA RT-PCR assay Agreement
Day* Se (%) Sp (%) Se (%) Sp (%) Se (%) Sp (%) 2tests ()t All 3tests {x)}*
9 0 100 0 100 16.7 100 0.12 0.08
) {(—) —) (—) (0-46.5) {100-100) (0-0.25) {0-0.17)
13 0 00 16.7 89.5 66.7 100 0.43 031
—} =) {0-46.9) {75.7-100} {28.9-100} (100-100) (0.16-0.69) (0.11-0.50}
16 16.7 100 0 94.7 833 100 047 04
(0—46 5) {100-100) {—) (84.7-100) (53.5-100) (100-100) (0.22-0.73) (0.20-0.59)
20 100 16.7 100 100 100 0.68 0.49
(;) (—) {0--46.5) (100-100) {100-100) {100-100} (0.42-0.94) {0.30-0.69)
23 0 94.7 83.3 84.2 100 100 0.79 0.57
(—) {84.7-100) (53.5-100) {67.8-100) (100-100) (100-100) (0.52-1.1) (0.35-0.80)
27 0 U7 66.7 100 100 100 0.88 0.62
(—) (84.7-100) {28.9-100) (100-100) (100-100) {100-100) (0.61-1.16) (0.40-0.84)
30 16.7 94.7 66.7 94.7 100 100 0.83 0.64
{046.5) (84.7-100} (28.9-100) {84.7-100) (100-100) {100-100) (0.55-1.11) {0.42-0.86)
34 50 947 833 100 100 100 0.94 0.81
(10.0-90.0) (84.7-100) (53.5-100) (100-100) {(100-100} (100--100) (0.67-1.22) {0.58-1.03)
37 50 94.7 83.3 100 100 100 094 0.81
{10.0-90.0) (84.7-100) (53.5-100) (100-100) (100-100) (100-100) (0. 67 1.22) (0.58-1.03)
4 100 100 100 100 100 100 1.00 1.00
{100-100} {100-100) (100-100) {100-100) (100--100) {100-100) {0.72-1.28) {0. 77 1.23)
44 83.3 100 100 100 100 100 1.00 0.96
(53.5-100) (100-100) {100-100) {100-100) {100-100) (100-100) {0.72-1.28) (0.74-1.19
48 333 100 100 100 100 100 1.00 0.84
(0-71.1) (100-100) (100-100) {100-100) {100-100} (100-100) {0.72-1.28) (0.62-1.07)
5 50 100 100 100 100 100 1.00 0.88
{10.0~90) (100-100) (100-100) (100-100) (100--100) (100 100) (0.72-1.28) (0.66-1.11)
54 333 100 100 100 100 1.00 0.84
{0-71.1) {100-100) (100-100) {100-100) (100-100) (100—100) (0. 72 1.28) {0. 62 1 07)
57 0 100 100 100 100 1.00
(—) {(—) {100-100) (100-100) {100-100) (100—100) (0.72-1.28) (0. 53—0 97)
61 0 100 100 100 100 100 1.00 0.75
(—) (—) {(100-100} (100-100) {100-100) (100-100) (0.72-1.28) (0.53-0.97)

Values in parentheses are 95% Cl.

*Values for days 0, 2, and 6 were omitted because of a lack of concordant results in = 2 cells in the 2 X 2 contingency table. For each of these
days, the calculated proportion of concordance was 0.76 (Se = 0% and Sp = 100%). tRepresents agreement between results for the cELISA and
RT-PCR assay. $Represents agreement between results for light microscopy, cELISA, and RT-PCR assay.

See Table 1 for remainder of key.

RT-PCR assay at day 41, which corresponded to the day
with the highest agreement among the 3 tests, was 68%,
43.2%, and 1.8%, respectively. The lowest estimates were
at days 48, 51, and 44 for light microscopy, the ¢ELISA,
and the RT-PCR assay, respectively.

Results for the semiparametric survival analysis
were expressed as hazard ratios. Hazard ratios were in-
terpreted similarly as odds ratios, were assumed pro-
portional over time, and were representative of the el-
fect of a unit change in the predictor on the {requency
of the outcome.* The hazard ratio for cattle with a posi-
tive test result for A marginale in the ND group by use
of RT-PCR assay, compared with that for a positive test
result by use of the cELISA and light microscopy, was
1.15 and 1.58, respectively. Similarly, the hazard ratio
for cattle with a positive test result for A marginale in
the ND group by use of the cELISA, compared with that
for a positive test result by use of the RT-PCR assay and
light microscopy, was 0.74 and 1.86, respectively. Con-
versely, light microscopy was the least likely to yield
positive results during the study period; the hazard ra-
tio for cattle with a positive test result for A marginale
by use of light microscopy, compared with that for a
positive test result by use of the RT-PCR assay and the
cELISA, was 0.74 and 0.81, respectively.

Kaplan-Meier survival analysis was performed on
raw data to compare the 3 diagnostic regimens (Figure
3). At day 0, the risk of infection for all steers exposed
was 1. However, this risk decreased over time as A mar-
ginale—infected steers were identified.

Additionally, the semiparametric survival analysis
was used to test for significant diflerences in the in-
jection sequence among steers within the ND group.

Once the needle was contaminated by injection of the

splenectomized parasitized steer, the steers that subse-
quently had a positive test result for A marginale were
the first, second, fourth, sixth, seventh, and tenth ani-
mals in the ND group. The hazard ratio for the sequence
of injection (0.96) indicated that the risk of becoming
infected with A marginale (as determined on the basis
of a positive test result) was the same for all steers in
the ND group. Therefore, the sequence of injection was
not significantly associated with a positive test result
for A marginale.

To further validate results for the diagnostic meth-
ods, the 15 naive steers from the NF and control groups
were each inoculated IV with 5 mL of blood obtained
from 1 of the 6 ND steers iatrogenically infected with
the Virginia isolate of A marginale. All 15 steers became
infected with A marginale as a result of 1V inoculation,
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Figure 3—Kaplan-Meier survival estimate derived from the re-
sults for the RT-PCR assay (black line), cELISA {dashed line), and
light microscopy (gray line} for detection of anaplasmosis in sam-
ples obtained from 6 steers that became infected with a Virginia
isolate of A marginale after sham vaccination administered by IM
injection with a needle. Day of sham vaccination was designated
as day O

as determined by interpretation of results of the cELISA,
light microscopy, and RT-PCR assay in series. The 4 re-
maining steers in group NI were not challenge exposed
because they were enrolled in a subsequent study.

Discussion
]

Anaplasmosis poses many problems to the cattle
industry because of complications with disease con-
trol. eradication, and treatment. When cattle of un-
known disease status are being vaccinated, it is highly
recommended to use hygienic techniques. Although
repetitive use of needles to inject cattle is not recom-
mended, this practice still is in use. It may be argued
that a cattle population with a stable prevalence of
endemic disease may be advantageous as it results
in minimizing clinical disease in adult cattle. How-
ever, this approach does not permit commingling of
cattle of unknown disease status. Another disadvan-
tage would be the transmission of other blood-borne
pathogens of cattle. If the prevalence of anaplasmosis
were allowed to increase, culling practices may be
amplified and trade restrictions intensified between
endemic and nonendemic countries because of the
current use of unreliable diagnostic methods.

The study reported here was designed to evaluate
the use of a needle-free injection system for the control
of anaplasmosis transmission among cattle during vac-
cination. Needle-free injection has been validated as a
tool for use in controlling horizontal transmission of
A marginale. Additionally, a novel RT-PCR assay was
developed and evaluated for use in detecting A margi-
nale in bovine blood samples. This data set is clinically
relevant because of the potential spread of A marginale
to naive cattle during the performance of routine ani-
mal husbandry practices as well as for identifying de-
ficiencies in the sensitivity and specificity of currently
available diagnostic methods. To our knowledge, this is
the first report in which the use of needle-free injection
techniques for the control of iatrogenic transmission
of anaplasmosis as well as the performance of first-,
second-, and third-generation diagnostic methods at se-

quential time points after a single exposure of cattle to
A marginale have been evaluated.

Transmission of anaplasmosis from a known carrier
to susceptible cattle via needles has been reported.” In
that report, only 1 of 5 cattle became infected. Further-
more. the authors of that report described visual de-
tection of blood contamination on the needle between
injections. In the study reported here, 6 of 10 steers be-
came infected. Blood contamination on the needle was
visible only prior to injection of the last steer in the ND
group. Otherwise, the needle appeared to be safe (ie,
o blood contamination) for injecting multiple cattle.
Because of the random pattern of transmission and lack
of significance associated with the injection sequence,
the repetitive use of a needle among cattle of unknown
disease status should be regarded as unacceptable. Fur-
thermore, the fact that 6 of 10 steers exposed to an
A marginale-contaminated needle became infected after
an IM injection leads to the hypothesis that this route of
infection may be extremely common in current produc-
tion systems.

Transmission of blood components during needle-
free injection techniques has been reported.”® This ap-
parently was negligible for the transmission of anaplas-
mosis for the conditions of this study reported here.
Sham-vaccination of the splenectomized parasitzed
steer prior to sham vaccination of each steer in the
NF group robustly challenged the potential for iatro-
genic transmission of a Virginia isolate of A marginale
via needle-free injection. However, transmission via
needle-free injection techniques is not known for situ-
ations in which anaplasmosis carrier cattle may have a
PPE > 2%. Similar or worse conditions are reasonably
unlikely to be encountered in field settings. However, it
may be necessary to account for the temporal associa-
tion of previous vaccinations, disease prevalence, and
timing of vaccination in regard to the seasonal distribu-
tion of clinically affected catile when considering the
use of needle-free injection techniques. Furthermore,
it should be mentioned that disease resistance among
breeds has not been verified.*'

The use of needle-free injection techniques in pro-
duction settings will aid in the reduction of biohazard
waste, alleviate operator injury resulting from acciden-
tal needle punctures, and eliminate the possibility of
needle contamination attributable to vaccination in
consumable meat products while enabling producers to
maintain rates for processing of cattle that are neces-
sary for minimizing handling and stress in the animals.
Even though use of needle-free injection techniques
is superior to use of needles for preventing iatrogenic
transmission of A marginale, it is recommended that
care be used to avoid unwarranted inoculation of cat-
tle that might result from improper removal of previ-
ously used vaccine products from the injection system
because of poor cleaning techniques.”” Further studies
are necessary to fully evaluate the use of needle-free in-
jection techniques for the control of other blood-borne
diseases of cattle.

At the end of the study reported here, the preva-
lence of anaplasmosis was 24% (6/25 steers). It may be
argued that the evaluation of sensitivity and specificity
among the diagnostic methods included in this study
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should be interpreted with caution because of the small
study population and low number of infected steers;
however, the accurate and precise diagnosis of ana-
plasmosis has historically been problematic because of
diagnostic methods that lack adequate sensitivity and
specificity.”¥#-* Therefore, it is important to describe
the inequality of these diagnostic methods.

First-generation diagnostic methods rely on the
growth or visual identification of the organism of in-
terest. These methods have limited sensitivity and lack
adequate specificity to differentiate between morpho-
logically similar pathogens, normal intracellular struc-
tures, and stain artifacts. During the present study, light
microscopy was proven to be unreliable because of
false-negative results. This was attributable to the low
number of circulating rickettsial organisms encoun-
tered. Even though all steers infected with A margi-
nale were accurately classified at some time during the
study, light microscopy had a diagnostic sensitivity of
100% only at day 41.

Second-generation methods, which rely on the
identification of cell components, metabolic products,
and detection ol antigenic components, are currently
the most commonly used techniques [or disease clas-
sification in clinical medicine and research. One dis-
advantage of these methods is the potential for cross-
reactivity among coexisting diseases. Because of
similarity among MSP5 surface proteins, cross-reactivi-
ty among A marginale, A centrale, and Anaplasma phago-
cytophilum for the cELISA has been reported.”*" The
¢ELISA has had better and more sustainable sensitivity.
compared with that of light microscopy. However, the
¢ELISA did not have a sensitivity of 100% until day 41
for the ND group. A disadvantage for this technique is
the cutoff value used to classify disease status. A cutoff
value of 2 30% inhibition was used in the present study
to classify a steer as infected with anaplasmosis. This value
led to multiple false-positive results for the NF and control
groups. However, the sensitivity of this assay at the ear-
lier time points would have been compromised if a cutoff
value of 40% inhibition had been used.

Third-generation methods use nucleic acid-based
techniques for the classification of disease status. These
methods offer superior sensitivity and specificity over
first- and second-generation methods. This study is
not the first in which investigators used a nucleic acid—
based technique for the diagnosis of A marginale in bo-
vine blood samples.'**** > However, it is the first study
in which a real-time quantitative RT-PCR method was
used to identify 16S rRNA of A marginale in infected
cattle. The advantages of this assay are the enhanced
sensitivity for identifying rRNA targets that are pres-
ent in higher quantities than a single copy of DNA per
organism, the ability to quantify the genetic template,
and elimination of the neced for PAGE. In addition,
this assay could serve as a substitute for the inocula-
tion of splenectomized cattle with blood from cattle of
unknown disease status. The major disadvantage is the
cost of the reagents and equipment as well as the need
for equipment that may not be readily accessible.

The RT-PCR assay had a sensitivity of 100% by
day 20. This was a noticeable improvement over the
use of light microscopy and cELISA for diagnosis in the

prepatent period; however, false-negative assay results
were attributable to the inability of the RT-PCR assay
to detect disease in 250 pL of plasma-free blood ob-
tained prior to day 20. Because of the performance of
the diagnostic methods used during this study, the au-
thors recommend repeated collection of blood samples
from cattle of unknown disease status at 3- and 6-week
intervals when the RT-PCR assay and cELISA, respec-
tively, are used. However, light microscopy would not
be recommended for determining disease in cattle with
unknown disease status.

Anaplasmosis is a complex and challenging disease
for stakeholders in the cattle industry, foreign policy,
and research arenas. Because of the lack of substantial
success with treatment strategies and problems with
vaccine availability and vector control, anaplasmosis
control strategies should primarily concentrate on es-
tablished methods for disease prevention. This data set
is clinically relevant because of the potential spread of
A marginale to naive cattle during performance of routine
animal husbandry practices as well as the fact that it indi-
cates deficiencies in the sensitivity and specificity of cur-
rently available diagnostic methods. Our results identified
needle-free injection as a superior method for controlling
the iatrogenic transmission of anaplasmosis. Furthermore,
use of a novel A marginale-specific RT-PCR assay has the
potential to impact the future of disease classification pri-
or to local, interstate, or international movement of cattle
between endemic and nonendemic countries.
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