
ilable at ScienceDirect

Theriogenology 85 (2016) 781–791
Contents lists ava
Theriogenology

journal homepage: www.ther io journal .com
Review
A review of sexually transmitted bovine trichomoniasis and
campylobacteriosis affecting cattle reproductive health

Aubrey N. Michi a, Pedro H. Favetto b, John Kastelic a, Eduardo R. Cobo a,*

aDepartment of Production Animal Health, Faculty of Veterinary Medicine, University of Calgary, Calgary, Alberta, Canada
b Private Veterinarian (Dairy Veterinary Services), Escalon, California, USA
a r t i c l e i n f o

Article history:
Received 29 June 2015
Accepted 28 October 2015

Keywords:
Sexually transmitted disease
Tritrichomonas foetus
Campylobacter fetus venerealis
Cattle
Vaccine
* Corresponding author. Tel.: þ1 (587) 897 4499
6693.

E-mail address: ecobo@ucalgary.ca (E.R. Cobo).

0093-691X/$ – see front matter Crown Copyright �
http://dx.doi.org/10.1016/j.theriogenology.2015.10.03
a b s t r a c t

The objective is to discuss sexually transmitted diseases caused by Tritrichomonas foetus
(T foetus) and Campylobacter fetus (C fetus) subsp. venerealis, with a focus on prevalence,
pathogenesis, and diagnosis in cows and bulls. Diagnosis and control are problematic
because these diseases cause severe reproductive losses in cows, but in bulls are clinically
asymptomatic, which allows the disease to flourish, especially in the absence of legislated
control programs. We review research regarding prophylactic systemic immunization of
bulls and cowswith antigens of T foetus and C fetus venerealis and their efficacy in preventing
or clearing preexisting infections in the genital tract. Current diagnostic methods of C fetus
venerealis and T foetus (microbial culture and PCR) should be improved. Review of the latest
advances in bovine trichomoniasis and campylobacteriosis should promote knowledge and
provide an impetus to pursue further efforts to control bovine sexually transmitted diseases.

Crown Copyright � 2016 Published by Elsevier Inc. All rights reserved.
1. Introduction artificial insemination (AI) [4,5]. In bulls, T foetus and C fetus
The two bovine sexually transmitted diseases (STDs)
discussed in this review are Tritrichomonas foetus (T foetus)
and Campylobacter fetus (C fetus). Tritrichomonas foetus is an
extracellularflagellated protozoanparasite that inhabits the
prepuce of bulls and induces trichomoniasis. Campylobacter
fetus is a gram-negative, motile, spiral or S-shaped bacte-
rium (i.e., bovine vibriosis), which induces campylobacter-
iosis. There are two species of C fetus relevant in cattle
health: C fetus subsp. fetus and C fetus subsp. venerealis [1,2].
Campylobacter fetus venerealis, including the biotype inter-
medius, exclusively inhabits the genital tract of cattle and
causes campylobacteriosis [1–3]. Generally, C fetus fetus
inhabits the intestine but may migrate to the genital tract
via an ascending genital infection or venereal route. The
primary mode of transmission of T foetus and C fetus vene-
realis is coitus; however, they can survive in raw and pro-
cessed bull semen, which makes them transmissible via
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venerealis are usually clinically asymptomatic. However,
adverse effects of T foetus and C fetus venerealis in cows are
characterized bygenital infection, which can cause abortion
[5–7]. These STDs decrease productivity of cattle by
inducing reproductive losses, reduced conception rates
(from slightly subnormal to < 50%), reduced calf crops,
increased days to conception, extended calving seasons,
increased costs of replacement bulls, loss of genetic po-
tential due to culling, and lighter weaning weights. In this
regard, bovine trichomoniasis was reported to cause a
prolonged breeding season, 5% to 12% reduction in weight
gain during the sucking/growing period, 4% to 10% reduc-
tion in weaning weights, 4% to 10% reduction in monetary
returns per calf born, 14% to 50% reduction in annual calf
crop, and 5% to 35% reduction in financial returns per cow,
compared to those exposed to a fertile bull [8].

1.1. Prevalence

Bovine STDs have an uneven distribution worldwide,
with a high disease incidence in developing countries
where cattle are bred predominantly by natural service. In
Inc. All rights reserved.
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contrast, in developed countries, these STDs aremore likely
to be endemic in beef herds that rely on natural service [9].
Recent studies have reported bulls infected with T foetus in
herds from the following countries: United States of
America [10–12], Argentina [13], Spain [14–16], Australia
[17], and the Republic of Transkei [18]. Additionally, in the
past decades, bulls infected with C fetus venerealis have
been reported in the USA [19], Australia [17], Great Britain
[20], Colombia [21], Tanzania [22], Nigeria [23], Canada
[9,24], Argentina [25,26] and the Republic of Transkei [18].
There have been sporadic outbreaks of bovine abortions
induced by C fetus venerealis in developing nations in Africa,
Asia, and South America, as well as in developed countries
in Europe, Oceania, and North America [9].

Currently, there are no global governmental monitoring
programs to track the incidence and prevalence of bovine
STDs. This lack of monitoring and reporting, in combination
with inconsistent testing practices, has caused the world-
wide cattle industry to underestimate the adverse effects of
these STDs. For instance, several US states only require
trichomoniasis testing in bulls aged greater than 18months
being sold through a public sale yard. However, these are
only state regulations, not federal regulations. In general,
there are no regulations requiring testing for bulls sold by
private treaty or those resident in privately owned herds. In
many cases, the cattle industry has inadequate veterinary
oversight and a lack of laboratory facilities for routine
testing. Collectively, all of these factors increase the prev-
alence and transmission of bovine STDs. This review ad-
dresses the current status of knowledge for bovine STDs,
useful for research and clinical theriogenologists, and en-
courages new investigation by highlighting gaps and
knowledge deficiencies.

2. Tritrichomonas foetus in bulls

Tritrichomonas foetus persistently and asymptomatically
colonizes the epithelium of the prepuce, penis, and occa-
sionally the urethral orifice of bulls. In one study, T foetus
was cultured in smegma collected from the preputial and
penile epithelial surfaces in 24 bulls infected with T foetus
(15 naturally and 9 experimentally), whereas only four of
those 24 bulls had positive cultures collected from the
urethral orifice [27]. In another study, 24 bulls (2–6 years
old) were naturally infected with T foetus and remained
carriers until at least 4months before slaughter [28]. On the
basis of smegma culture, T foetus was detected (immuno-
histochemistry) on preputial epithelial surfaces (five of 24
bulls) and penile crypts (14 of 24 bulls) but not in the penile
or prostatic urethra, seminal vesicles, prostate, or epidid-
ymis [28]. Furthermore, immunohistochemistry detected
trichomonad antigens a few cell layers below the basement
membrane in the preputial and penile epithelial crypts of
24 T foetus–infected bulls [28]. The superficial location of T
foetus suggests that antigen-presenting cells could capture
T foetus antigens from genital surfaces, either by using their
dendritic projections or by direct contact with genital
epithelial and subepithelial cells. Therefore, it appears that
T foetus is restricted to mucosal surfaces and is incapable of
invading tissues. However, epithelial cells could react with
T foetus antigens in bulls and interact with stromal antigen-
presenting cells, as reported in uterine stromal cells in rats
[29].

Whether induced experimentally or naturally, T foetus
genital infections in bulls are clinically asymptomatic and
cause no gross pathologic changes [27]. The histologic
response in the prepuce and penis of bulls infected with T
foetus is limited to infiltration of intraepithelial lympho-
cytes, subepithelial lymphocytes, and plasma cells [27,28].
It is noteworthy that bulls with T foetus did not have more
inflammation than that present in unaffected bulls [30].
Persistence of T foetus was confirmed with consistent
isolation (culture of smegma samples) up to the time of
slaughter at 4 to 18 months after infection in nine experi-
mentally infected bulls (2–7 years old) and at 3 to
12 months after initial diagnosis in 15 naturally infected
bulls (3–7 years old) [27]. Most bulls (eight of nine, 3–
6 years old) challenged with various numbers of T foetus
(102–106 organisms) became chronically infected until
collection was terminated after 5 to 14 months [31]. In this
same study, all five bulls (2–7 years old) challenged with
2.5 � 106 T foetus were also infected until slaughter
(2 months later) [31]. Young bulls are either more resistant
to T foetus infection, or they are able to eliminate it more
efficiently. In this study, (16 of 18) young (1–2 years) bulls
were refractory to infection, whereas the remaining two
bulls were only temporary carriers (<4 months) [31]. Age-
related changes in the preputial and penile epithelia of
aged bulls (>5 years), including more mucosal folds and
deeper crypts, may provide a reduced oxygen tension niche
that increases susceptibility to infections with the anaer-
obic T foetus [31]. Infection of bulls with T foetus is
considered to have limited or no effect on male fertility
because T foetus does not inhabit the male urethra [27,28]
and its presence in semen is rare [27]. Notwithstanding,
when bovine sperm (1 �106 cells) were exposed to T foetus
(1�106 organisms) in vitro (30minutes to 6 hours at 37 �C),
they were damaged or killed [32]. However, in natural in-
fections, this cytotoxic effect of T fetus would be greatly
reduced because trichomonads are rarely detected in
semen [27], and mature bulls often ejaculate as many as
6 � 109 sperm per coitus. Genital antibody responses to T
foetus infection in bulls, even when detected, were inca-
pable of eliminating genital infection. Surface antigen–
specific IgG1, IgA, and IgM antibodies in the smegma of
bulls naturally infected with T foetus, measured by ELISA at
one time point, occurred concurrent with T foetus–positive
smegma cultures [28]. Thus, T foetus appears to be resistant
to the organism, or it does not induce pathogen-specific
inflammation in bulls because it primarily inhabits the
lower genital tract for prolonged intervals without causing
clinical symptoms.

3. C fetus venerealis in bulls

Campylobacter fetus venerealis persistently and asymp-
tomatically colonizes the epithelium of the prepuce and
penis of bulls. In one study, C fetus venerealiswas identified
by immunofluorescence on impression smears and
epithelial scrapings of the prepuce and penis in six of six
bulls (5.5–12 years old); although five were carriers
(smegma was culture positive), only one of those bulls had
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distal urethra colonization [33]. On the basis of immuno-
fluorescent studies conducted on tissue sections, C fetus
venerealis colonized preputial and penile epithelial surfaces
of the lumen and within crypts but neither in the deep
epithelium nor in the subepithelium [33].

Infection with C fetus venerealis in bulls was not asso-
ciated with any clinical symptoms, altered semen quality
[6,34], or gross genital abnormalities [35]. In two studies,
the subepitheliums of the prepuce and penis of six bulls
characterized by C fetus venerealis were constantly infil-
trated by lymphocytes and plasma cells, although this in-
flammatory response was not pathognomonic for C fetus
venerealis [33,35]. Numbers of total non–antigen-specific
plasma cells in the subepithelium of the prepuce were
similar between four bulls infected with C fetus venerealis
and 79 control bulls [30].

Genital infection with C fetus venerealis among mature
(aged >4 years) bulls appears to be persistent based on
consecutive C fetus venerealis–positive smegma cultures.
After intrapreputial challenge with C fetus venerealis
(4.8 � 109), four of four old (66–74 months) and three of
four middle-aged (41–49 months) bulls were infected until
slaughter, at nine to 10 and 16 to 18 weeks after challenge,
respectively, whereas the remaining young bulls were
infected for only 4 weeks [35]. Similarly, four of six bulls
(aged 5 years) intrapreputially challenged with C fetus
venerealis (three times with 2.5–4.5 � 108 organisms) were
infected for at least 4 months (termination of the experi-
ment) [36]. It is uncertain whether the genital infection
with C fetus venerealis is influenced by bull age. In one
study, the incidence of C fetus venerealis in semen was
higher in old bulls (aged >6 years; 65 of 139) than in
younger bulls (aged <6 years; four of 233) based on a
variable number of cultures per bull [37]. In another study,
preputial and penile mucosa were microscopically similar
between old and young bulls that were infectedwith C fetus
venerealis [35].

Antibody response to C fetus venerealis in bulls, even
when detectable, did not clear the infection. Genital
agglutinating antibodies specific to C fetus venerealis
coexisted with C fetus venerealis–positive cultures in
smegma of two naturally infected bulls [20]. However, in
other studies, specific C fetus venerealis agglutinins were
absent in smegma of six naturally infected bulls [33], and
concentrations of specific agglutinins were similar between
eight experimentally infected bulls (seven were carriers
based on smegma culture) and two uninfected bulls [35].
Likewise, no systemic immune response was detected by
tube agglutination tests (O somatic cell wall and superficial
K heat-labile antigens) in four bulls infected with C fetus
venerealis for at least 4 months after challenge [36].
Therefore, C fetus venerealis can inhabit the lower genital
tract of bulls for at least a few months and thrive in the
absence of an effective specific antibody response.

4. T foetus in cows

In contrast to bulls, infection with T foetus in cows
provokes genital inflammation, including cervicitis and
endometritis [38–43]. In pregnant cows, fetal death occurs
in the first trimester [39] or later [7]. In one experimental
study, genital inflammation and pregnancy loss occurred
after 7 weeks of infection [39]. Moreover, cows infected
with T foetus induced a detectable antigen-specific anti-
body response in the vagina. Intravaginal inoculation of
nonpregnant heifers with T foetus (7 � 106 organisms)
induced T foetus cell-specific IgG1 and IgA antibodies in
vaginal secretions at 7 to 9 weeks [44], with IgA persisting
for 24 weeks after infection or until genital clearance [45].
Similarly, lower intravaginal doses of T foetus (1 � 106 or-
ganisms) induced production of vaginal IgG1 and IgA an-
tibodies specific to TF1.17 antigens at 5 to 10 weeks
[38,41,42] and whole T foetus cell antigens at 5 to 8 weeks
[43,46]. Also, in contrast to bulls, genital infections in
heifers were limited to 13 to 28 weeks (after intravaginal
challenge with 7 � 106 T foetus ) [44], and many infected
heifers had cleared the infection by 6 to 10 weeks in studies
terminated 8 to 12 weeks after intravaginal challenge with
1 � 106 T fetus [38,40–43,46]. On the basis of this research,
immunity acquired by infection with T foetus in cows usu-
ally results in a brief genital infection, although it does not
consistently prevent reproductive failures.

This nonprotective genital antibody response to T foetus
might be due to parasite factors capable of affecting local
immunity by masking antigens or digesting proteins
involved in innate and/or acquired immunity. Virulent
factors of T foetus include secreted extracellular cysteine
proteinases [47], which in vitro, digest fibrinogen, fibro-
nectin, albumin, and lactoferrin [48], the third component
of complement (C3) [49], as well as IgG1 and IgG2
antibodies [48]. Because these cysteine proteinases pref-
erentially cleave IgG2a allotypes rather than IgG2b [50],
long-term T foetus infections provoking only low concen-
trations of local IgG2 antibodies may be due to host genetic
predominance of the susceptible IgG2a allotype. Otherwise,
T foetus nonspecifically binds bovine IgG2 and to a lesser
extent IgG1 isotypes [51]. This mechanism may shield the
parasite from antibody recognition of masked antigens in
the effector stage of the immune response.

5. C fetus venerealis in cows

Natural infection with C fetus venerealis in cows is
associated with reproductive failure, irregular estrus,
transient infertility, and in pregnant cows, embryonic or
fetal death [26,34,52–55]. Moreover, experimental intra-
uterine and cervicovaginal infection with C fetus venerealis
in cows provoked varying grades of genital inflammation,
including vaginitis, cervicitis, endometritis, and salpingitis
[56]. In contrast to bulls, genital infection with C fetus
venerealis in cows induces a detectable antibody response
in the lower genital tract (i.e., vagina). In one study, using
indirect fluorescence antibody assays, intravaginal inocu-
lation of nonpregnant heifers with C fetus venerealis
(1�104 organisms) induced antigen-specific transient IgM,
followed by persistent IgA and IgG antibody responses in
cervicovaginal secretions and an IgG1 response in uterine
secretions [57]. Likewise, higher intravaginal doses of C
fetus venerealis (2–4 � 106 organisms) in heifers induced
specific agglutinating and immobilizing antibodies in cer-
vicovaginal secretions [58]. Furthermore, a vaginal-specific
IgA antibody response was detected by ELISA after abortion
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in seven heifers naturally infected with C fetus venerealis
[54]. Genital infection with C fetus venerealis in female
cattle was limited to weeks or months in the uterus and
uterine tubes where there is a predominance of IgG anti-
bodies [52,56,57] but persisted longer, i.e., 6 to 18 months
(up to 24 months), in the vagina, where there was a pre-
dominance of IgA antibodies [52,57,58]. These carrier cows
could maintain the infection in vaginal mucus for longer
intervals, perhaps from one breeding season to another.
However, up to 5% of cows may be resistant to infection
after repeated exposure to carrier bulls or deposition of
large numbers of viable organisms into the reproductive
tract [59].

6. Diagnosis of bovine STDs

Trichomoniasis and campylobacteriosis are usually
diagnosed using cell culture and/or polymerase chain re-
action (PCR). Themost efficientmethod of sampling vaginal
and preputial secretions is insertion of an insemination/
infusion pipette inside the vaginal fornix or preputial cavity
and performing short strokes while concurrently aspirating
secretions [60]. The body cavity can be washed with PBS to
recover more organisms, although this can dilute the
sample. Alternatively, preputial secretions can be collected
by scraping with a metal brush, with no significant differ-
ences in culture sensitivity (Se) compared to using a pipette
[61].

6.1. Culture of T foetus

The most common diagnostic test for bovine tricho-
moniasis is culturing preputial smegma or vaginal secre-
tions in selected media, e.g., Diamond’s [62], Plastridge
[63], InPouch TF (Biomed Diagnostics, San Jose, CA, USA)
[64], or liver infusion broth [65]. Samples are incubated at
37 �C (98.6 �F) and examined 1, 3, 5, and 7 days after
sampling by placing a drop on a glass slide and examining it
at magnifications � 40 to � 100 using light microscopy.
Samples are considered positive when living trichomonads
with size, shape, and a wave like, rapid and irregular jerky
movement of the protozoan body compatible with T foetus
are observed [66]. Sensitivity (Se) of InPouch TF and
Diamond’s for detecting T foetus in bulls ranged from 88 to
98% [67] and 81 to 93% [62], respectively, with no signifi-
cant difference between these two methods [68,69].

6.2. Cell culture and PCR for diagnosis of bovine
trichomoniasis

Diagnosis of bovine T foetus by culture alone is limited
by Se, which ranged from 84% to 96% under experimental
conditions [62,70–72] but was often lower under field
conditions [73]. Cell culture lacks specificity (Sp) because
Tetratrichomonas spp. can be isolated from cultured pre-
putial smegma [66,74–76]. The United States AI industry
enforces a rigorous protocol of six once-a-week T foetus–
negative cultures for bulls aged over 365 days [77]; this
diagnostic regimen, with an Se of 86.7% and Sp of 97.5%
[60], is highly effective in controlling the disease. However,
a combination of culture and PCR performed on each
sample for three consecutive weeks (Se: 87.5%, Sp: 95.6%)
appeared to be very similar to six weekly cultures [60].
Furthermore, in that study, a single culture or PCR test was
equally successful at detecting T foetus (Se of 67.8% and
65.9%, respectively) with an Sp greater than 90% [60].
Similar performance of culture and PCR confirms in vitro
studies where PCR conducted on 5-day cultures of male
genital secretions had 92.9% agreement with the culture
[73]. Diagnostic testing employing both culture and PCR for
T foetus yields a higher Se and improved Sp; therefore, this
may be the most cost-effective and practical approach to
assess bulls before the breeding season.

6.3. New concerns in diagnosis of bovine trichomoniasis

Isolation of T foetus via culture from preputial secretions
of bulls can detect other species of trichomonads, resulting
in a false-positive diagnosis. Morphologically similar
trichomonads, observed under low microscopic magnifi-
cation, were isolated from cultured preputial secretions of
virgin bulls from widely dispersed geographical areas,
including the Western USA [78], Canada [75], and
Argentina [76]. These virgin bulls had not been used for
breeding; therefore, these nonsexually transmitted tricho-
monads were categorized as “non-T foetus trichomonads.”
Transmission and scanning electron microscopy identified
Tetratrichomonas spp. in non-T foetus trichomonads isolates
[76]. Fortunately, amplified sequences of the 5.8S ribosomal
RNA gene and flanking internal transcribed spacer regions
and restriction fragment length polymorphism tests, in lieu
of DNA sequencing, differentiated T foetus from Penta-
trichomonas hominis (P. hominis) and Tetratrichomonas spp.
recovered from the bovine preputial cavity [78,79].

Confronted with this new challenge, persistence and
pathogenicity of tetratrichomonads and P hominis were
investigated in bulls and cows. In these studies, tetra-
trichomonads were only detected intermittently in the fe-
male genital tract, and they produced no histologic lesions
[43,80]. Likewise, Tetratrichomonas spp. did not survive in
experimentally infected bulls [80] and were only detected
briefly in naturally infected bulls [75]. Trichomonads
including Tetratrichomonas spp. are commensal species in
the bovine intestinal tract [81–83]. Consequently, the
intermittent presence of Tetratrichomonas spp. in genital
secretions, albeit frequently isolated from feces, suggests a
fecal-genital route of infection, consistent with detection of
tetratrichomonads in the lower genital tract in bulls
following homosexual behavior [75,76,78,79]. Thus, “non-T
foetus trichomonads”, including Tetratrichomonas spp. from
the intestinal tract, could sporadically contaminate the
genital tract as a consequence of defecation and physical
contact among cows and bulls, cause transient infections of
genital tract, and consequently, false-positive trichomoni-
asis diagnoses [74,76,80].

6.4. Culture of C fetus venerealis

Isolating C fetus venerealis requires samples from pre-
putial or vaginal secretions, fetal stomach contents, lungs,
liver and placentomes (abortion investigations), to be
transported to the laboratory in transport enrichment



A.N. Michi et al. / Theriogenology 85 (2016) 781–791 785
medium at room temperature. In the laboratory, samples
are cultured in selective culture media such as 5% sheep
blood agar, Skirrow’s agar, [84], or Clark’s selective agar in
microaerophilic conditions containing (5%–7% oxygen, 5%–
15% carbon dioxide, and 65%–90% nitrogen) and incubated
at 37� 2 �C for 48 hours. Passive filtration of fresh preputial
scrapings onto blood agar yielded higher recovery rates of C
fetus venerealis than those obtainedwith direct plating [85].
Subspecies of Campylobacter are differentiated biochemi-
cally, on the basis of tolerance to 1% glycine and production
of hydrogen sulfide through utilization of cysteine. In that
regard, presumptive C fetus fetus colonies, but not C fetus
venerealis, will grow with 1% glycine or with NaCl and
cysteine [86].

Culturing C fetus venerealis is challenging as it is labor
intensive, time-consuming, and has a low Se. In addition,
some strains of C fetus venerealis are sensitive to polymyxin
B (commonly present in transport enrichmentmedium and
selective media). Furthermore, C fetus venerealis biovar
“intermedius” can tolerate higher concentrations of glycine,
and some commensal bacteria easily thrive in these culture
media. Finally, sensitivity of C fetus venerealis to excessive
temperature fluctuations provides a challenge when the
interval from sample collection to its arrival at the labora-
tory exceeds 24 hours [87].

6.5. PCR for C fetus venerealis

Diagnosing campylobacteriosis by PCR should not only
identify C fetus venerealis but also facilitate differentiation
between C fetus fetus and other trichomonads. Misidenti-
fication of C fetus venerealis as C fetus fetus results in the
spread of C fetus venerealis in cattle populations and sub-
sequent economic losses [88]. Although C fetus venerealis
has a high sequence identity (92%) with C fetus fetus, there
are unique identifiers. Differentiating characteristics
include a pathogenicity island (30-kb element) for encod-
ing genes phylogenetically related to the VirB–VirD4
operon for bacterial type IV secretion system and mobility
genes such as phage integrase and insertion sequence
transposase [89–92]. These genomic particularities of C
fetus venerealis have been useful for designing several PCR
primer sequences for identification and differentiation of C
fetus venerealis [84,88,93]. One of the most reliable PCR and
quantitative PCR tests includes one primer set (MG3F/
MG4R) that amplifies a 750 to 960 base pair fragment of the
C fetus carbon starvation protein gene, present in both C
fetus subspecies, and another primer set (VenSF/VenSR)
that amplifies a 142-bp fragment of the parA gene, exclu-
sive to C fetus venerealis [94]. In one study, an SYBR Green
quantitative PCR, based on a VenSF/VenSR primer set, was
also satisfactory for direct detection of C fetus venerealis in
preputial samples [84]. A multiplex PCR assay using a set of
primers to amplify a C fetus–specific 764-bp sequence and
another set of primers (nC1165g4F/nC1165g4R) to amplify a
233-bp sequence uniquely present in C fetus venerealis also
detected and differentiated between C fetus fetus and C fetus
venerealis in samples of abomasal contents of aborted
bovine fetuses, in the absence of a pre-enrichment step
[86]. Likewise, two real-time SYBR Green PCR assays for
detection and discrimination of C fetus fetus and C fetus
venerealis had high Se and Sp for C fetus (CampF4/R4; 100%
and 99.6%, respectively) and C fetus venerealis (CampF7/R7;
98.7% and 99.8%) on 1071 bacterial isolates [93]. However,
molecular analysis by amplified fragment length poly-
morphism and multilocus sequence typing are still rec-
ommended to identify C fetus subspecies isolates, as other
real-time PCR assay targeting gene nahE had 100% Se and
Sp for C fetus spp., although the subspecies venerealis
specific real-time PCR (ISCfe1) failed due to sequence
variation of the target insertion sequence [88]. Thus, diag-
nosis of campylobacteriosis still needs further investigation
to be routinely used for control and eradication, as culture
is impractical and PCR is not widely standardized. Hope-
fully, recent publication of the complete genome of C fetus
venerealis [95] will facilitate development of improved
molecular diagnostic tools (e.g., real-time PCR, PCR) for
identification of this organism.

7. Vaccination and management

Currently, there is no effective standardized or legal
treatment for T foetus–infected cattle. Although there has
been some success with nitroimidazole drugs, none are
currently licensed for use in cattle. Antibiotic treatments
for C fetus venerealis are impractical and have limited effi-
cacy. In the absence of effective treatment options, bovine
STDs are largely controlled by diagnostic testing, reporting,
and culling of infected animals. For instance, the control
program implemented by the California Department of
Food and Agriculture regulating the livestock industry
mandates that bulls infected with T foetus should be
permanently quarantined until slaughter, and herdmate
bulls should be quarantined pending one negative real-
time PCR test or three consecutive negative trichomoni-
asis culture tests. Reporting the incidence of T foetus and C
fetus venerealis is compulsory and must be declared to local
authorities. Veterinarians approved to conduct trichomo-
niasis sampling are required to report all positive test re-
sults to the CDFA within 2 days after the reading date. All
negative test results must be reported within 30 days.

Campylobacteriosis is categorized as a List B disease by
the International Office of Epizootics; this denotes a trans-
missible disease of socioeconomic and/or public health
importance within countries and is significant for interna-
tional trade of animals and animal products [96]. Therefore,
the AI industry demands rigorous testing to ensure
pathogen-free semen as bulls are the epidemiologic carrier
and major factor in the transmission of STDs. In the USA,
Certified Semen Services, Inc. (a subsidiary of the National
Association of Animal Breeders) requires a series of weekly
negative cultures of smegma from each bull with age-
dependent testing standards (one, three, or six tests for
bulls <6 months, 6 months–1 year, and >1 year, respec-
tively). Furthermore, the AI industry routinely adds antibi-
otics to semen extenders before cryopreservation, although
antimicrobial resistance occurs in some strains of C fetus
venerealis [97]. Overall, successful diagnosis and mitigation
of C fetus venerealis and T foetus are dependent on isolation
of infected animals and consistent reporting activity.

Systemic vaccinations against T foetus and C fetus vene-
realis in cattle have been associated with prevention and
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cure of genital infections by inducing detectable systemic
IgG antibodies, whichmay translocate to genital secretions.
Therefore, discussion of important studies investigating
vaccines against STDs in cows and bulls is included below.

7.1. Vaccines against T foetus

There have been several studies in which systemic im-
munization in bulls with antigens of T foetus [98,99] pre-
vented or cleared genital infections, on the basis of negative
smegma sample cultures. In one study, whole T foetus cell
antigens in a mineral oil adjuvant were systemically
administered three times (monthly intervals) to age-
susceptible bulls (>4 years) [98]. Afterward, bulls were
challengedwith T foetus bymating with infected cows or by
intrapreputial inoculation at 1 and 6 months after the third
vaccine dose. Bulls were considered free of infection after
five consecutive weekly negative smegma cultures;
conversely, theywere considered persistently infected after
nine consecutive T foetus–positive smegma cultures [98].
Whole T foetus cell antigens prevented or shortened in-
fections in 37 of 48 vaccinated bulls, whereas 18 of 38
control unvaccinated-challenged bulls either remained free
of infection or only had a short-duration infection [98].
Furthermore, therapeutic immunization with a whole T
foetus cell antigen cleared infections in 11 of 16 vaccinated
bulls, whereas only one of eight untreated bulls eliminated
the infection [98]. This whole T foetus cell vaccine was most
effective in bulls aged lesser than 5.5 years [98] because
younger bulls have shallower preputial crypts, which are
less likely to sustain these microaerophilic/anaerobic
microbes.

7.1.1. Efficacy of other types of T foetus antigens
Other types of T foetus antigens had some efficacy. In

one study, a membrane preparation (500 mg/dose) or pu-
rified membrane glycoprotein (160 mg/dose) antigens of T
foetus, both in a mineral oil adjuvant, were systemically
given three times at monthly intervals to bulls with pre-
existing genital T foetus infections [99]. In that study, three
of four bulls vaccinated with membrane antigens and three
of four bulls vaccinated with membrane glycoprotein
eliminated their infection 2 weeks after the second vaccine
dose, whereas the two remaining vaccinated bulls and
eight of eight infected unvaccinated control bulls were
infected for 2 months after the last dose [99]. The three
bulls vaccinated with T foetus membrane antigen that
cleared the infection and an additional three noninfected,
nonvaccinated control bulls were subsequently challenged
with T foetus. None of the vaccinated bulls became infected,
whereas two of three control bulls did [99]. In a more
recent study, systemic immunization of bulls with subcu-
taneous inoculation of 2 mL of a commercial vaccine con-
taining whole-cell killed T foetus in oil adjuvant prevented
trichomonad colonization of the preputial and penile mu-
cosa in four of four bulls vaccinated and subsequently
challenged with T foetus [100]. The vaccinated-challenged
bulls had systemic and preputial T foetus lip-
ophosphoglycan (LPG)/protein T foetus antigen–specific
IgG1 and IgG2 and slight preputial IgE and IgA antibody
responses that conferred resistance to trichomonad genital
colonization [100]. On the basis of these high and persistent
concentrations of serum IgG antibodies in vaccinated bulls,
in conjunction with additional genital IgG antibody re-
sponses after systemic vaccinations, it was inferred that
vaccine-induced systemic antibodies were important con-
tributors to the luminal IgG antibody response. The peak of
preputial IgE antibody in vaccinated bulls before challenge,
concurrent with the presence of IgG1 and IgG2 antibodies,
may promote translocation of serum IgG into smegma.
Immunoglobulin E antibodies would cross-link T foetus
antigens on mast cell receptors to activate and release
mediators thereby increasing endothelial and epithelial
permeability and facilitating systemic IgG antibody trans-
location from the bloodstream to the genital epithelium
into secretions, as proposed in infected heifers [40]. How-
ever, a significant genital-specific IgA antibody response
was detected before challenge in vaccinated bulls that
could promote resistance to trichomonad colonization
[100]. These vaccinated-challenged bulls also had increased
epithelial antigen-presenting cells (MHC IIþ and CD205þ),
CD3þ and CD8þT lymphocytes, and subepithelial B cells,
IgG1 and IgA-containing cells in the prepuce that may
induce local responses as a part of cell-mediated immune
response that prevents genital colonization [100].

Systemic vaccination of nonpregnant heifers with an
immunoaffinity-purified LPG/protein complex (TF1.17) an-
tigen of T foetus induces specific IgG1 and IgA antibodies in
vaginal and uterine secretions that coincide with clearance
of experimental genital infections, usually within lesser
than 7 weeks [38,41,42,46]. Genital clearance before
7 weeks in female cattle likely prevents reproductive fail-
ures because inflammation and pregnancy loss did not
occur until at least 7 weeks after infection [39]. Likewise,
systemic vaccination with whole-cell [101–107] or mem-
brane antigens [106] in cows mated with T foetus–infected
bulls (natural or experimentally infected) had a shortened
interval of genital infection and better calving rates
compared to unvaccinated cows. In female cattle, booster
vaccination with T foetus antigens in nasal [41] or vaginal
mucosae [42] similarly elicited genital immunity. In these
studies, virgin heifers were systemically vaccinated twice
with immune-purified TF1.17 antigen (100 mg), boosted
with formalized whole T foetus cells (108) given intranasally
(six heifers) [41] or intravaginally (nine heifers) [42] and 2
to 3 weeks later, intravaginally challenged with 106 T foetus
(all vaccines were in Quil A and given 3 weeks apart). In
that study, systemic priming with vaginal or nasal boosting
similarly shortened duration of infection and increased
antigen-specific vaginal IgA (3–10 weeks after challenge)
and uterine IgA and IgG1 antibodies (10 weeks after chal-
lenge) [41,42]. The same vaccination/challenge scheme
with the booster given systemically to six [41] or 10 [42]
heifers also induced shortened infection but that was
mainly attributed to vaginal and uterine IgG1 antibodies.
Other specific T foetus antigens, e.g., Tf190, also resulted in
fewer infected heifers after experimental inoculation and
elicited systemic IgG1 and IgG2 when injected subcutane-
ously and genital IgA when given intranasally [108]. On the
basis of these studies, trichomoniasis vaccination offers a
few advantages. However, further research evaluating
better antigens may be required, as recent meta-analysis of
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the efficacy of whole-cell killed T foetus vaccines in beef
cattle concluded that vaccination of heifers and bulls still
has limited success in mitigating infections and reducing
abortion risk [109].

7.2. Vaccines against C fetus venerealis

Systemic vaccination of bulls with C fetus venerealis
antigens has also conferred genital protection [36,110,111].
In one study, whole C fetus venerealis cell antigens (w40-
mg dry matter weight) in mineral oil adjuvant were sys-
temically administered to bulls (14–18 months) twice with
a 2-month interval and then annually [111]. These bulls
were intrapreputially challenged with C fetus venerealis
every 6 months (total of five times) and considered free of
infection after four consecutive weekly negative smegma
cultures [111]. In that study, all 16 vaccinated bulls were
free of infection, whereas for 17 control unvaccinated-
challenged bulls, 13 were infected for at least 3 months,
two were infected for lesser than 2 weeks, and only the
remaining twowere consistently free of infection [111]. The
ages at which bulls became infected ranged from 2 to
6 years [111]. Likewise, in another study, a dual vaccine
containing C fetus intermedius and C fetus venerealis anti-
gens (20 mg of each) was given to bulls (20–34 months)
using the same vaccination/challenge protocol [112]. In that
study, all five bulls challenged with C fetus intermedius and
all five bulls challenged with C fetus venerealis remained
free of infection, whereas nine of 10 challenged-
unvaccinated control bulls were infected for at least
5 weeks after challenge [112]. The ages at which bulls
became infected ranged from 3.5 to 5.5 years [112].

Therapeutic immunization against C fetus venerealis
infection in bulls also has some effectiveness. In one study,
a commercial whole C fetus venerealis cell antigen vaccine
(w40-mg dry matter weight) was systemically given twice
a month to infected bulls (aged 5 years) [36]. Infection
status was determined by smegma culture 8 weeks after
primary vaccination and by culture of genital secretions of a
virgin heifer after mating by the tested bull. In that study,
all six infected vaccinated bulls cleared their infection,
whereas all four infected and unvaccinated bulls remained
infected for 4 months, at which time they were vaccinated
and two subsequently cleared the infection [36]. In another
study, infection status was evaluated by smegma culture
and immunofluorescence tests; a vaccine containing whole
C fetus intestinalis cell antigens in incomplete Freund’s
adjuvant (concentration unreported) was systemically
given once to 288 bulls serving in a C fetus venerealis–
infected area; it was noteworthy that none of the bulls
subsequently acquired the infection [110]. Moreover, this
same vaccine (given twice) cleared infection by 42 days
after the second dose in all 41 bulls already infected with C
fetus venerealis and exposed to infected females and it
prevented reinfections in all eight bulls that previously
cleared infection by vaccination and were intrapreputially
challenged (2–8 times) with C fetus venerealis (unreported
doses) [110]. Unfortunately, the outcome is difficult to
assess, as results from control (unvaccinated) bulls were
not reported, antigenic similarity between the infecting C
fetus venerealis and the immunogen C fetus intestinalis was
undetermined and mating in an endemic area may not
have been a sufficient challenge. Regarding immunity
induced by C fetus venerealis antigens, systemic vaccination
with whole C fetus venerealis antigen, given twice (1-month
interval), induced higher titers of serum agglutinins to
heat-labile K antigens in 10 vaccinated bulls (agglutination
range: 500–1280, with peak at 6 weeks after the first vac-
cine dose) than those in two unvaccinated bulls (aggluti-
nation range: 60–80) [36]. Likewise, systemic vaccination
with whole C fetus venerealis cell antigen, given twice (2-
month interval and then annually), induced higher titers
of serum agglutinins in 12 of 17 vaccinated bulls (aggluti-
nation range: 40–40, 960, peaking 3 weeks after the second
vaccine dose) than in 17 unvaccinated control bulls
(agglutination range: usually lesser than 20, with a
maximum of 160) [111].

Systemic immunization of cows with a C fetus venerealis
bacterinwas associatedwith prevention of infection as well
as apparent cures. Systemic vaccination with C fetus vene-
realis and biotype intermedius (20-mg dry weight of each)
in mineral oil adjuvant vaccine protected cows against
genital experimental infection with either organism [113].
Heifers given a bacterin containing K antigenwere resistant
to experimental infectionwith C fetus fetus [114]. Moreover,
systemic immunization with killed C fetus cells in incom-
plete Freund’s adjuvant also cured the infection in six of
eight cows previously infected with C fetus venerealis [115].
These protective and curative effects of systemic vaccina-
tion have been largely associated with the induced anti-
body response, similar to that described in bulls. Systemic
vaccines with C fetus bacterins in oil adjuvants stimulated
high systemic concentrations of IgG1 and IgG2 and genital
IgG1 and IgG2 [58,116]. Despite these successes, there have
also been reports of vaccine failures. Two commercial
vaccines containing C fetus venerealis administered subcu-
taneously in female cattle did not protect them against
infection of C fetus venerealis when they were naturally
challenged by mating with an infected bull for 60 days
[117]. In spite of the vaccination, both vaccinated and
control groups had a high percentage of infected heifers
and both groups had poor reproductive performance.
Likewise, therapeutic vaccination failed in a 4-year-old bull
infected with C fetus venerealis because it remained infec-
ted after systemic immunization with two commercial
whole-cell vaccines, given twice and three times, respec-
tively [118]. However, after this bull was cured by antibiotic
treatment, it remained resistant to infection by intra-
preputial challenge [118].

7.2.1. Vaccine failures
Failures in vaccines against campylobacteriosis may be

attributed to two factors: antigenic differences between
regional and standard strains and/or insufficient content of
dry weight C fetus cells. Variation on the surface antigens of
C fetus venerealis may impede recognition by the immune
system and consequently induce a limited immune
response to infection. Isolates were created from C fetus
venerealis from the smegma of three of four relatively young
(41–49 months) and three of four older (66–74 months)
infected bulls with modified superficial antigens and rabbit
antiserum specific to whole heat-labile surface C fetus
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venerealis antigens which had decreased agglutination ti-
ters to individual antigens of subsequent isolates compared
to the infecting strain [35]. Superficial antigenic variation
was also apparent based on agglutination tests in C fetus
venerealis isolates from cervicovaginal mucus of two heifers
over several months of infection [119]. In this study, the
isolates, sampled throughout infection, reacted with rabbit
antiserum of various specificities, and the specificity of the
cervicovaginal agglutinating antibodies of the heifers varied
during infection [119].

As alternative mechanisms of evasion, C fetus venerealis
may bind bovine IgA-specific antibodies, thus escaping the
complement and phagocytosis-mediating properties of IgG
[120] and bacterial surface glycoproteins that, in the
absence of specific antibodies, inhibit ingestion by macro-
phages [121]. Hence, microbial antigenic variation and ca-
pacity for blocking inflammatory-immune effectors (e.g.,
complement, IgG, macrophages) may promote persistence
of C fetus venerealis and failure of vaccines containing only
international strains. In addition, many commercial vac-
cines only include C fetus venerealis but lack C fetus fetus and
C fetus venerealis biotype intermedius, although the latter
were associated with reproductive problems such as
infertility, reduced pregnancy rates, and abortion in cattle
[2,3,55,86,122]. Dry weight of the cells per dose may
determine the effectiveness of a vaccine, as experimental
vaccines induced strong protection against genital infection
only when they contained at least 40 mg of dry weight per
dose in oil adjuvant [113]. Apparently, the primary limita-
tion of vaccines against campylobacteriosis in cows and
bulls is the relative lack of ongoing research and testing of
current vaccines and development of novel products.

7.2.2. Dual vaccine effectiveness
There is little information regarding the effectiveness of

vaccines containing both C fetus venerealis and T foetus
antigens. One study evaluated systemic vaccination with
whole cells of C fetus venerealis and T foetus in cows mated
for 90 days with bulls infected with C fetus venerealis and T
foetus (from Days 0 to þ90), plus an additional vaginal
instillation of both pathogens at Day þ39 [107]. Vaccines
were administrated subcutaneously on Days �30 and þ11
and into the vaginal submucosa on Day �9 of the mating
period. Vaccinated cattle had elevated systemic and vaginal
IgG antibody responses, shorter durations of infections
with each pathogen, and improved pregnancy rate [107].
This vaccination strategy combining systemic subcutane-
ous and mucosal vaginal doses before and during the
breeding period could induce a prolonged immune
response, thereby covering the critical risk period in a 2- to
3-month breeding program, namely, commencing in the
later part of the breeding season and persisting until
1 month after it ends, when most pregnancy losses occur
[107].

7.3. Are IgG antibodies key to successful vaccines?

A protective role of serum IgG antibodies specific to T
foetus and C fetus venerealis has been reported, on the basis
of both in vitro and in vivo studies. Bovine whole T foetus
cell antigen-specific serum inhibited trichomonad
adherence to bovine vaginal epithelial cells and immobi-
lized and agglutinated T foetus [123]. Furthermore, in that
study, the relevance of IgG1was apparent, as whole T foetus
cell antigen-specific serum IgG1-enriched fractions, but not
IgG2, inhibited adherence of T foetus to bovine vaginal
epithelial cells [123]. In addition, bovine immune serum or
its IgG2 fraction, in combination with complement,
enhanced neutrophil-mediated destruction of T foetus
[124]. In contrast, bovine IgG, but not IgA, stimulated
polymorphonuclear-mediated destruction of C fetus vene-
realis [120]. Furthermore, bovine whole T foetus cell
antigen-specific serum enhanced bovine complement-
mediated destruction of T foetus [125,126]. This enhanced
complement-mediated T foetus killing in the presence of
antibodies is likely via the classic pathway because bovine
serum IgG1 and IgG2 immunoglobulins similarly fixed
bovine complement via the classical pathway [127] and
bovine serum IgG2 (IgG2b more than IgG2a) induced
complement-mediated lysis of antiguinea pig erythrocytes
via the same pathway [128]. However, complement alone
(i.e., in the absence of antibodies) could kill T foetus by the
alternative pathway [125,126]. Besides, low antibody con-
centrations may trigger complement-mediated T foetus by
the classic pathway and additionally enhance complement-
mediated T foetus by the alterative pathway.

A protective role of IgG and IgA antibodies was also
apparent in heifers vaccinatedwith TF1.17 antigen, inwhich
antigen-specific systemic IgG1 and vaginal and uterine IgG1
and IgA accelerated clearance of T foetus infection before
manifestations of lesions or reproductive failure
[38,41,42,46]. This vaccine-induced serum IgG1 antibody
against 50 to 70 kDa and 150 to 200 kDa shed surface LPG T
foetus antigens is similar to previously reported reactivity of
antibodies to TF1.17 and Tf190 LPG/protein adhesins
[129,130]. Antibodies specific to surface LPG/protein anti-
gens should protect against various strains because TF1.17
and Tf190 antigens are conserved among T foetus isolates
[131,132]. Thus, IgG antibody induced by vaccination by
preventing adherence, activating complement, and opso-
nizing pathogens for phagocytosis may define the outcome
of STDs in the genital tract of bulls and cows.

8. Conclusions

The bovine STDs, trichomoniasis, and campylobacter-
iosis remain endemic and prevalent mostly in beef cattle
causing mild to severe reproductive losses. To effectively
diagnose and treat affected cattle, a combination of serial
cultures and PCR testing is necessary to establish pathogen
identity. In the diagnosis of trichomoniasis or campylo-
bacteriosis, testing methods have not been streamlined to
encourage consistent use by the livestock industry. Owing
to the lack of efficient testing methods and worldwide
knowledge deficiency of bovine STDs, it is likely that STD
prevalence and economic impact is highly underestimated,
particularly in areas with limited financial and professional
resources. Currently, culling infected livestock is the most
cost-effective method of mitigating pathogen prevalence.
There have been promising vaccine developments, but few
are commercially available. Furthermore, deficiencies in
diagnostic methods and limited numbers of clinical trials
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evaluating vaccine efficacy continue to hamper efforts to
understand vaccine benefits. Although bovine STDs have
been identified for decades, they continue to be the pri-
mary reproductive diseases of cattle. To improve quality of
life for livestock while maintaining healthy economic
output, collective action between cattle producers, gov-
ernments, industry, and academia must be established to
create regulations for further investigation in diagnosis,
treatment, and prophylaxis of bovine STDs.
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