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Introduction

Tritrichomonas foetus is a sexually transmitted flagellate that causes economic loss in the cattle industry throughout the world. In the United States, there are no approved treatments for the parasite. Owing to its transmission strategy, T. foetus typically infects cattle of breeding age. However, in vivo studies of treatment, diagnostic strategies, and vaccination are severely hampered by the maintenance and cost of maintaining adult cattle in research settings. In this study, we investigated the utility of infecting pre-pubescent heifer calves with T. foetus.





Methods

Four independent cohorts of cross-bred prepubertal heifer calves were vaginally inoculated with T. foetus trophozoites previously derived from a naturally-infected bull. Infections were assessed by culture, PCR, DNA sequencing, histopathology, gross pathology, and lesion scoring. In addition, reproductive tract tissue was assessed for the presence of galectin-1, a putative receptor for T. foetus trophozoite adhesion.





Results

Our experiments revealed that despite being in anestrus, heifer calves were amenable to infection with trophozoites for as long as 42 days post-infection as determined by PCR and culture of the organism. Histopathology revealed inflammation throughout the reproductive tract of infected calves. Infection resulted in endometritis with lymphoplasmacytic infiltration and demonstrated that trophozoites could pass through the cervix even during anestrus in prepubescent heifers. In addition, immunohistochemistry of the vagina, cervix, and uterus demonstrated robust expression of galectin-1.





Conclusion

Our experiments demonstrated that prepubertal heifer calves are a suitable natural host model for bovine trichomonosis. This is a significant breakthrough in the field and also has potential for advancing the human trichomoniasis research agenda. 
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1 Introduction

Tritrichomonas foetus is a sexually transmitted protozoan parasite of cattle. Bulls typically serve as chronic asymptomatic carriers, while naïve heifers and cows are infected during breeding. Infection of female cattle results in inflammation throughout the reproductive tract, early embryonic death, and less commonly, abortions (BonDurant, 1997). Ultimately these lost pregnancies lead to a widespread calving interval when cows clear the infections and go on to conceive in subsequent estrus cycles (Ortega-Mora et al., 2022). The impact of bovine trichomonosis is primarily economic; widespread calving intervals result in non-uniform calf crops which are less valuable for cattle operations (Rae, 1989; Yao, 2021). The use of artificial insemination practically eliminates the risk of transmission and infection with T. foetus (Bernasconi et al., 2014). While artificial insemination is used almost exclusively among dairy operations, it is impractical for many beef cattle producers who rely on bulls for estrus detection and breeding of cows (Fernandez-Novo et al., 2020). There are no approved treatments for bovine trichomonosis in the US (Martin et al., 2020; Martin et al., 2023). A killed vaccine is available but fails to prevent infection (Baltzell et al., 2013). Control efforts rely on testing and culling infected animals while a patchwork of regulations prevents movement of infected cattle across state lines (Martin et al., 2021). In order to develop and approve efficacious treatments or vaccines for bovine trichomonosis, animal studies in research settings are required.

Research progress regarding T. foetus in the bovine host is hampered by the challenge of housing mature cattle in research settings. Experimental T. foetus infections in cows and heifers have previously relied on hormone synchronization to mimic natural infections, which occur during estrus when females are receptive to breeding by bulls. Cattle typically undergo puberty by 12 months of age (Rawlings et al., 2008; Day and Nogueira, 2013). By this age, cattle are too large to be safely contained in many research facilities. Although estrus and ovulation occur prior to infection under natural settings, it is not known if these hormonal influences are actually a requirement for colonization of the female bovine reproductive tract with T. foetus trophozoites. In this study, we challenge the dogma that infection requires reproductive tract changes associated with the hormonal influence of estrus such as high estrogen and low progesterone (Sugarman and Mummaw, 1988; Bondurant, 1999; Lehker and Sweeney, 1999; Rutkowski and Harmsen, 2007).

While adhesion to the host is essential for the parasite to obtain nutrients, the molecular ligands that T. foetus trophozoites use to attach to bovine host cells have remained elusive. Parasite lipophosphoglycan has been partially implicated in the process of parasite attachment, as 2 μg of purified LPG inhibits parasite binding to bovine vaginal epithelial cells by 40 – 50% (Singh et al., 1999). However, specific chemical residues responsible for binding have not been identified. In addition, sialic acid residues have been identified on the surface of T. foetus and were thought to play a role in adhesion (Babál and Russell, 1999). However, neuraminidase treatment of trophozoites did not impair adhesion to MDCK cells, reducing support for the hypothesis that T. foetus-host cell binding is mediated by sialic acid (Silva-Filho and de Souza, 1988). Cysteine proteases have also been implicated in the host cell adhesion process of trichomonads. It is hypothesized that cleavage of parasite associated adhesins or other factors by proteases early in infection is a necessary step to promote parasite adhesion to host cells (Arroyo and Alderete, 1989). Trichomonas vaginalis, a related parasite and the cause of trichomoniasis in humans, is known to bind galectin-1 on host cells, with adherence decreasing by 20% when binding is inhibited (Okumura et al., 2008). Galectin-1 is encoded in the bovine genome and known to be expressed in a variety of tissues including lung, intestines, and spleen, with expression profiles varying with host age (Ahmed et al., 1996; Kaltner et al., 2002). To our knowledge, the expression of galectin-1 in the mucosa of the reproductive tract of prepubescent animals has not been previously investigated. In this study we also investigated the presence of galectin-1 in the reproductive tract of pre-pubescent heifers to determine if this molecule may be involved in T. foetus host cell adhesion.

Although T. foetus is a significant reproductive disease, the research agenda aimed to address this pathogen is hampered by the fact that housing mature cattle in research settings is challenging and simply not possible for many facilities. A more manageable infection model utilizing younger cattle would create significant research opportunities. In this study, we test the hypothesis that prepubescent calves can serve as a suitable natural host model for bovine trichomonosis. We aimed to determine if this age group of heifers is amenable to colonization by T. foetus trophozoites, resolve which regions of the reproductive tract express galectin-1, and assess the microscopic lesions associated with infection.




2 Materials and methods



2.1 Parasites

Tritrichomonas foetus trophozoites were maintained in trypticase-yeast extract-maltose (TYM) medium supplemented with adult bovine serum (10%) and 100X penicillin-streptomycin (1%) (Martin et al., 2021). Cultures were maintained at 35°C and regularly subcultured to maintain cell concentrations of approximately 4x105 trophozoites/mL (Schaut et al., 2017). Cultures were maintained in sterile 15 mL centrifuge tubes filled completely with media and capped tightly to create an anaerobic environment. All experiments utilized IA-1 (field) strain parasite (Bader et al., 2016). Studies were conducted under all applicable local laws and approved by the Iowa State University Biosafety and IACUC committees under protocols 18–217 and 21-264.




2.2 Animals

Cross bred Holstein-Angus heifer calves (70 kg, 6–8 weeks of age) were purchased from commercial dairy operations in Iowa, USA. No twins or twin sibling calves were used in the study. Four independent experiments (A – D) were conducted, each at a different point in time. In experiments A and B, calves were group housed indoors in a controlled ambient environment. In experiments C and D, calves were group house in an outdoor environment. Experiment A included 3 heifer calves, experiments B and C included 6 heifer calves, and experiment D included 12 heifer calves. Experiment A utilized a minimal number of animals to form a basis for power analyses to determine the number of animals needed in subsequent studies. In subsequent experiments the proportion of animals infected and parasite counts were used to determine the number of animals required.




2.3 Experimental infections

An overview of the procedural timeline for each experiment is shown in Figure 1. Using a 15-gauge feeding needle attached to a syringe, heifers were infected with trophozoites (experiment A = 1x108, B = 4.3x107, C = 9.4x108, D = 2x108) in a total volume of 1.5–2 mL TYM delivered directly into the vaginal vault. Variation in the infectious dose was due to availability of parasite cultures at the time of each experiment. In experiment B calves with consecutive negative cultures were reinfected with 3.75x107 (calf B.D) or 3.1x108 (calves B.B and B.D) trophozoites. The rationale for reinfection was that it would not be worthwhile to sacrifice a negative animal for necropsy; such animals would not allow us to determine which parts of the reproductive tract were colonized.

[image: Timeline diagram displaying four experiments, labeled A to D. Each timeline shows days marked with symbols: blue arrows for inoculation, yellow stars for sample collection, and red triangles for necropsy. Experiment A runs from day 0 to 15, Experiment B from 0 to 45, Experiment C from 0 to 42, and Experiment D from 0 to 35.]
Figure 1 | Overview of timelines for experimental groups A-D. Experiment A (n=3) included a single inoculation on day 0. Calves were euthanized and necropsied on day 15 post inoculation. Experiment B (n=6) included initial inoculation of all calves on day 0 with calf B.D being reinoculated on day 25 and calves B.A and B.F being reinoculated on day 38. Calves were euthanized on days 35 (B.C and B.E), 42 (B.B and B.D), and 45 (B.A and B.F). Experiment C (n=6) included a single inoculation on day 0. Calves were euthanized and necropsied on day 42. Experiment D (n=12) included a single inoculation on day 0. Calves were euthanized on days 29 (D.A, D.G, and D.H) and 35 (remaining calves).

To assess infection status, calves were sampled by swabbing the vaginal vault with a TYM-soaked cotton tip applicator (15cm) inserted and retracted 4 times while simultaneously rotating the applicator. The cotton tip applicator was placed into a microcentrifuge tube containing 1.5 mL TYM culture medium supplemented with Modified Preston Campylobacter selective supplement (Oxoid LTD, Hampshire, England).




2.4 Parasite culture

Reproductive tract swabs were placed in TYM culture media, maintained at 35°C and observed microscopically every 24 hrs until motile T. foetus trophozoites were observed. Cultures were considered negative if no live organisms were observed within 7 days. Live organisms were identified morphologically. Figure 2 provides an example of a typical trophozoite as observed in this study. Viable organisms demonstrated forward motion. Positive cultures were verified as needed by PCR described below.
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Figure 2 | Wright-Giemsa stain of IA-1 Tritrichomonas foetus trophozoite recovered from growth media. Trophozoites were identified morphologically in culture samples. Trophozoites were approximately 10–25 µm in length with three anterior flagella (arrowheads), one posterior flagellum (asterisk), an undulating membrane (arrow), and an axostyle (orange arrow). (Magnification= 1000x, scale bar=10 μm).




2.5 PCR

Aliquots of all samples from experiment A vaginal swabs were submitted to the Iowa State University Veterinary Diagnostic Laboratory for PCR testing. In subsequent studies (B and D), culture positive samples were subjected to confirmatory PCR. DNA was extracted from 500 µL aliquots of culture media inoculated with sample swab using the QIAmp DNA Mini kit (Qiagen), in accordance with manufacturer instruction for cells in suspension. Conventional PCR using published primer pair TFR3/TFR4 was performed (Table 1) (Felleisen et al., 1998). Negative culture samples were used as a negative control in these reactions. PCR was carried out in a 20 μL volume with 2 μl DNA template, 0.5 µM forward and reverse primers, and 1x Platinum™ SuperFi™ II PCR Mastermix (Invitrogen). PCR conditions consisted of initial denaturation at 98°C for 30s, followed by 30 cycles consisting of 10s denaturation (98°C), 10s annealing (60°C), 1 min elongation (72°C); final elongation was carried out for 5 min (72°C). Agarose gel electrophoresis was performed to confirm amplification of bands of the expected size (~350 base pairs). Culture material from experiment C was utilized for transcriptomic analysis used in a separate study; PCR was not performed on samples from this experiment.


Table 1 | PCR primer sequences.
	Primer pair
	Sequences
	Reference



	TFR3/TFR4
	F: 5’-CGGGTCTTCCTATATGAGACAGAACC-3’
R: 5’- CCTGCCGTTGGATCAGTTTCGTTAA-3’
	Felleisen et al. (1998)


	S0295/S0296
	F: 5’-CGAAAGGTCACGGATACACA-3’
R: 5’-CCCCATGAGTTTCTCACGAT-3’
	Šlapeta et al. (2012)







In experiment A, DNA was also extracted from fresh vaginal, cervical, and uterine tissue samples collected at necropsy using the Qiagen DNeasy Blood and Tissue kit (Valencia, CA) according to manufacturer’s instructions for tissue samples. An approximately 700-bp fragment of T. foetus cysteine protease 2 (TfCP2) was amplified using the published primer pair S0295/S0296 (Table 1) (Šlapeta et al., 2012). PCR was carried out in a 25 μL volume with 2 μl DNA template, 1x PCR buffer (GoTaq Flexi buffer, Promega, Madison WI), 3 mM MgCl2, 0.2 mM dNTPs, 0.5 μM of each primer, and 2 U of Taq polymerase (GoTaq Flexi, Promega, Madison WI). PCR conditions were as follows: initial denaturation at 95°C for 5 min followed by 35 cycles of 15s denaturation (95°C), 15s annealing (55°C), and 30s elongation (72°C), with a final elongation step of 5 min at 72°C. Agarose gel electrophoresis was performed to visualize amplicons.




2.6 Histopathology

Samples of vaginal vault, cervix, and uterus were collected from calves at necropsy. Samples were fixed in 10% neutral buffered formalin (NBF), embedded in paraffin blocks, and processed through routine histologic methods (Chelladurai et al., 2021). Samples were H&E stained with Signature Series™ hematoxylin (Fisher Scientific) for five min and Richard-Allan Scientific™ eosin (Fisher Scientific) for one minute. Slides from group D were evaluated by an ACVP boarded pathologist (TAH). Group D was selected for histopathologic review because these animals were subject to fewer sampling instances, reducing the possibility of iatrogenic inflammation. Gram and Grocott’s methenamine silver (GMS) staining were performed on all tissues to rule out bacterial and fungal causes of inflammation.




2.7 Galectin-1 immunohistochemistry

Immunohistochemistry was performed to investigate the presence of galectin-1 on vaginal, cervical, and uterine tissue samples. Bovine trachea and lung, known to express galectin-1, were used as positive controls (Kaltner et al., 2002). For all IHC procedures, five-micrometer sections on positively charged slides were utilized. Antigen retrieval was performed using Decloaker (Biocare Medical, DV2004) in a decloaking chamber. Tissues were blocked with Peroxidase Blocking Reagent (Biocare Medical, IPB5000G20) for 5 min and Background Punisher (Biocare Medical, IP974G20) for 5 min. Galectin-1 Recombinant Monoclonal antibody, JM13-37 (Invitrogen, catalog number MA5-32779) was applied at a dilution of 1:400 in DaVinci Green (Biocare Medical, PD900H) with a 2-hour incubation. Rabbit-on-Canine HRP Polymer (Biocare Medical, RC542L) was used as a secondary with a 30-minute incubation. Signal was visualized using DAB Chromagen Kit (Biocare Medical, IPK5010) incubated on tissues for 5 min. Tissues were counterstained with a 1:10 dilution of CAT Hematoxylin (Biocare Medical, CATHE-M) for 5 min, dehydrated in a series of graded ethanol, and coverslipped.





3 Results



3.1 Infection persists in experimentally infected heifer calves for at least 42 days

Heifer calves remained infected for as long as 6 weeks (42 days), following a single inoculation (Figure 3). Since calves were sacrificed at this point, the total possible duration of infection in juvenile heifers is unknown. Results from the present series of experiments show that at least 60% of prepubescent heifer calves are culture positive at 4 weeks post inoculation, when experiments were carried out through this timepoint. Additionally, in the longer-term, single inoculation experiment (C), 5/6 calves were still culture positive at the 6-weeks post infection. Because samples were incubated for up to 7 days to determine infection status, enrichment time varied among samples, therefore, comparing the proportion of culture positive animals is more meaningful than the number of trophozoites recovered (Figure 3). The duration of experiments in this study varied. The rationale was that after we confirmed we could infect heifers with the parasite, we wished to verify specific parts of the reproductive tract that were colonized. As the duration of the infection became apparent, subsequent experiments were allowed to proceed for a longer timeframe. The rationale for not observing the time needed to clear the infection as is seen in naturally infected animals is that the location of parasites in the reproductive tract could not be determined if the host eliminated the infection.

[image: Four bar charts labeled Experiments A, B, C, and D show the proportion of positive calves over different days. Experiment A (n=3) shows decreasing proportions from days 0 to 15. Experiment B (n=6) indicates varied proportions with spikes at days 38, 40, and 42. Experiment C (n=6) shows peaks at days 3, 10, 14, and 21. Experiment D (n=12) has peaks at days 7, 14, 21, and drops at days 29 and 35. Each chart has day as the x-axis and proportion as the y-axis.]
Figure 3 | Calves remain culture positive for up to 42 days post-infection. Graphs demonstrate the proportion of calves in experiments A – D that were culture positive at each sampling timepoint. Group A included 3 calves. Groups B and C included 6 calves. Group D included 12 calves. Arrows indicate inoculation timepoints. Calves were not sampled on day 25 in experiment B, this timepoint is included in the graph as calf B.D was reinoculated on that day. Number of calves are given above the graph for each individual experiment; numbers above bars indicate the number of calves on days where less than the full experimental group was sampled.




3.2 Tritrichomonas foetus is present throughout reproductive tract following experimental infection

Vaginal, uterine, and cervical tissue samples collected from the calves in Experiment A were PCR positive for T. foetus using TfCP2 primers (Table 2). In experiment C, cultures collected from the lumen of the uterus of 3/6 calves at necropsy demonstrated live organisms, confirming that viable organisms are colonizing beyond the site of inoculation (vaginal vault), traveling through the cervix, and colonizing the body of the uterus. Uterine cultures were not collected in experiments B and D.


Table 2 | Tritrichomonas foetus present throughout the reproductive tract of calves following intravaginal inoculation.
	Calf ID
	Tissue
	PCR result



	A.A
	Vaginal vault
	Positive


	Cervix
	Positive


	Uterus
	Positive


	A.B
	Vaginal vault
	Positive


	Cervix
	Positive


	Uterus
	Positive


	A.C
	Vaginal vault
	Positive


	Cervix
	Positive


	Uterus
	Positive





PCR using TfCP2 primers was performed on vaginal, cervical, and uterine tissue samples collected at necropsy from calves in experiment A.






3.3 Inflammation in reproductive tracts of infected heifer calves

Tissues (vaginal vault, cervix, and uterus) from all calves in experiment D were evaluated for the following criteria: epithelial degeneration, epithelial proliferation, intraluminal exudate, inflammation severity, inflammation distribution, hemorrhage, and edema. A total histologic score (THS) was determined based on the sum of individual criteria scores for each tissue (Table 3). Representative lesions are shown in Figure 4. Moderate histopathologic changes were observed in the vaginal sections of 5/6 (83.3%) of calves. These changes were characterized by scant to small amounts of fibrinosuppurative intraluminal exudate, moderate epithelial attenuation to focal ulceration, lymphoplasmacytic to suppurative vaginitis, and moderate scattered submucosal lymphoplasmacytic nodules and perivascular cuffs. The remaining calf (D.B) had similar but less severe histopathologic lesions in the vagina. Mild histopathologic changes were present in the cervical sections of 4/6 (66.7%) calves. These changes were characterized by mild epithelial attenuation, mild lymphoplasmacytic cervicitis, and scattered lymphoplasmacytic nodules. The remaining calves had similar but more moderate inflammatory lesions. Mild histopathologic changes were present in the uterine sections of 4/6 (66.7%) calves. These changes were characterized by mild epithelial attenuation, mild superficial endometritis, and increased lymphoplasmacytic to lymphohistiocytic endometrial nodules. Of the remaining calves, one had moderate changes, and one had severe changes in the uterus that contained similar inflammatory infiltrates. All sections were negative for GMS staining, indicating the absence of fungal organisms. Two calves (D.A and D.F) had rare gram-positive cocci in luminal mucus of the uterus (D.A) and cervix (D.F). The presence and character of this bacteria was consistent with normal flora of the mucus layer.


Table 3 | All experimentally infected calves had at mild inflammation throughout the reproductive tract.
	Calf ID
	Tissue
	Total Histologic Score (THS)



	D.A
	uterus
	3 - Mild


	cervix
	3 - Mild


	vagina
	8 - Moderate


	D.B
	uterus
	3 - Mild


	cervix
	2 - Mild


	vagina
	3 - Mild


	D.C
	uterus
	9 - Moderate


	cervix
	5 - Mild


	vagina
	10 - Moderate


	D.D
	uterus
	5 - Mild


	cervix
	2 - Mild


	vagina
	9 - Moderate


	D.E
	uterus
	20 - Severe


	cervix
	9 - Moderate


	Vagina
	9 - Moderate


	D.F
	uterus
	4 - Mild


	cervix
	10 - Moderate


	vagina
	9 - Moderate





Total histologic scores were determined based on examining tissues for various criteria, both the numerical score and category (no pathologic change, mild, moderate, severe) is given for each animal included.



[image: Microscopic images show sections of the vagina, cervix, and uterus. Each section is labeled with arrows and asterisks highlighting specific areas of interest. Insets provide detailed views of tissue structure. D.C-THS values indicate density contrast for each section, with scores of ten for the vagina, five for the cervix, and nine for the uterus. Scale bars are present for size reference.]
Figure 4 | Inflammation is present throughout the reproductive tract of experimentally infected heifer calves (experiment C). All calves had at least mild inflammation in the vagina, cervix, and uterus at 42 days post inoculation. Total histologic scores (THS) were determined for each tissue sample. Representative images were selected to demonstrate the most common histologic changes in each tissue. Vaginal lesions included fibrinosuppurative intraluminal exudate (orange arrows), moderate epithelial attenuation to focal ulceration (black arrows), lymphoplasmacytic to suppurative vaginitis (asterisks), and moderate scattered submucosal lymphoplasmacytic nodules and perivascular cuffs (arrowheads). Cervical lesions included epithelial attenuation (black arrows), mild lymphoplasmacytic cervicitis (asterisks), and scattered lymphoplasmacytic nodules (arrowheads). Uterine lesions included epithelial attenuation (black arrows), mild superficial endometritis (asterisks), and increased lymphoplasmacytic to lymphohistiocytic endometrial nodules (arrowheads). Scale bars=500µm.




3.4 Putative T. foetus host cell receptor expressed by prepubescent heifer calves

Immunohistochemistry staining confirmed the presence of galectin-1, a putative host cell receptor for trichomonads throughout the epithelium and submucosa of the vagina, cervix, and uterus of prepubescent heifer calves (Figure 5). This is the first report of galectin-1 expression in these tissues in prepubescent heifers.

[image: Histological images labeled A to E showing varying structures and staining patterns of tissue sections. Panels A, B, and C display more distinct staining, indicating positive expression, with cellular and structural variations. Panels D and E show lighter staining, suggesting lesser or negative expression. Each image includes a scale bar for reference.]
Figure 5 | Galectin-1 is expressed throughout the reproductive tract of prepubescent calves. Immunohistochemistry using anti-galectin-1 antibody (JM13-37) with horseradish peroxidase secondary antibody demonstrates the presence of galectin-1 throughout the epithelium and submucosa of sections of vagina (A), cervix (B), and uterus (C) of calves. Peroxidase positivity is indicated by red staining. Preputial mucosa served as a positive control (D). Replacement of the primary antibody (JM13-37) with PBST served as a negative control (E). Scale bars=500μm. All images were captured at 100x magnification.





4 Discussion

Tritrichomonas foetus has a significant impact on the beef cattle industry since early embryonic death results in a prolonged calving interval (Mich et al., 2016). Prolonged calving intervals decrease calf crop uniformity that is desired by cow-calf producers in order to maximize their economic outcomes (Clark et al., 1983; Rae, 1989; Collantes-Fernández et al., 2014; Ortega-Mora et al., 2022). Additionally, the cost associated with replacing a carrier bull is significant (Mich et al., 2016; Yao, 2021). While heifers and cows typically do clear the infection, the impacts of a single trichomonosis outbreak are devastating for a cattle operation.

Currently, T. foetus is regulated at the state level, with some states opting for strict testing and movement restrictions and other states – typically those with smaller beef cattle populations – opting to forego regulations all together (Martin et al., 2021). This results in a patchwork of regulations and the opportunity for the parasite to be spread with the movement of infected animals. Inconsistent regulations, paired with the lack of an approved treatment, allow T. foetus to continue to impact the beef cattle industry in the United States. Continued efforts improving diagnostic and treatment options are needed to advance control efforts for bovine trichomonosis. The logistical, financial, and safety challenges associated with housing mature cattle in research settings has severely hampered the progress toward reducing the impact of bovine trichomonosis. The present study was designed with the ultimate goal of gaining a model for the study of T. foetus thereby enabling studies of potential treatments, vaccines, and improved diagnostic strategies.



4.1 Infection of prepubertal calves was unexpectedly effective and shared characteristics with natural infection

Following infection with trophozoites directly in the vaginal vault, a majority of calves were consistently culture positive four weeks post-inoculation. Importantly, viable organisms were also present in cultures from the uterine lumen which indicated successful growth and survival. Interestingly, our results show that even in a prepubescent animal, trophozoites are able to penetrate through the cervix, whereas sperm cells are unable to do so when a cow is in a period of anestrus (Nabors and Linford, 2015). Significantly, the susceptibility of heifers in our study demonstrated that hormonally driven changes in the female reproductive tract are not a prerequisite for infection. Experimental infection studies in mature heifers and cows typically involve hormone synchronization to ensure animals are in the same stage of the estrous cycle (Stockdale et al., 2007; Fuchs et al., 2017; Ortega-Mora et al., 2022). The use of prepubescent animals removes hormonal influence and the risk of failure of synchronization attempts as experimental variables. Taken together, the series of experiments presented herein demonstrate the ability of prepubescent heifer calves to maintain T. foetus infections for at least 6 weeks without the need for exogenous hormones or immunosuppressive treatments. Our study reveals the exciting potential of a natural host calf model to study the biology of the parasite.

Calves were not culture positive at all time points during the study. While in experimental context, parasite culture has the benefit of confirming the presence of viable organisms, one drawback to the testing method is reduced sensitivity compared to PCR. Infection rates in this study are consistent with those reported in post-pubertal heifer infection challenge studies. Anderson et al. reported that of 6 heifers challenged with T. foetus, 4 were culture positive at weekly intervals, with 2 failing to produce a positive culture result (BonDurant et al., 1993; Anderson et al., 1996). Additionally, previous studies have also noted that challenged heifers may go between culture negative and positive status from week to week, meaning that a single negative culture may not reflect the true infection status (BonDurant et al., 1993). This is broadly accepted and the reasoning for the standard requirement of three, consecutive weekly negative culture samples prior to permitting the movement of bulls across state lines where T. foetus movement regulations are in place (Schroeder et al., 2023).

This is the first evaluation of microscopic lesions caused by T. foetus in prepubescent heifers. Histopathologic evaluation revealed lesions and cellular infiltrates consistent with findings in previous studies in sexually mature cattle, including the presence of lymphoid nodules and lymphoplasmacytic infiltrates (Parsonson et al., 1976; Anderson et al., 1996). The most recent description of histopathologic changes associated with T. foetus infections in cattle was observed nearly 30 years ago (Anderson et al., 1996). Gram and GMS staining confirmed that inflammation was not the result of fungal or bacterial pathogens and therefore supported the hypothesis that the observed lesions and inflammation were due to T. foetus. Observing similar microscopic lesions in calves and sexually mature cattle further supports the utility of our infection model.

The presence of galectin-1 throughout the reproductive tract of prepubescent is a novel finding. This lectin is known to be involved in adhesion of the closely related human pathogen, Trichomonas vaginalis, to host cells via parasite lipophosphoglycan (LPG) (Okumura et al., 2008; Ryan et al., 2011). It is known that lipophosphoglycan moieties present on Tritrichomonas foetus are involved in the adhesion process, but the specific host cell receptors remain elusive (Singh et al., 1999). The present study demonstrated galectin-1 expression in the reproductive tract of 6-week-old heifer calves but did not determine if it was essential for parasite adhesion. A recent study also confirmed that galectin-1 was expressed in the penis and prepuce of prepubescent bull calves (Martin et al., 2025). Further investigation is needed to determine if galectin-1 is essential for adhesion T. foetus infection in cattle.

There was a degree of biological variation among our 4 experiments. For example, the proportion of culture positive calves 4 weeks post-inoculation in experiment D was lower than experiments B and C, with 60% (experiment D) and 83% (experiments B and C) culture positive calves at this timepoint. It is important to note that six out of twelve calves in experiment D experienced clinical signs unrelated to T. foetus and consistent with Mycoplasma infection (fever, nasal discharge, head tilt). These animals were treated with antibiotics (tulathromycin) and NSAIDS (meloxicam) and their symptoms subsequently resolved. Three of the six calves treated for Mycoplasma were T. foetus culture negative 4 weeks post-inoculation, accounting for 75% of the culture negative calves in experiment D. Five out of six calves without Mycoplasma were culture positive at 4-weeks post inoculation, consistent with the results of experimental groups B and C. We suspect that pyrexia, and not antibiotic treatment, led to reduced infection rates/durations in this experimental group since there is no evidence T. foetus is susceptible to tulathromycin and T. foetus has poor antimicrobial susceptibility (Sui et al., 2024). Prophylactic antibiotic treatment for pre-existing bacterial infections, prior to parasite inoculation, may be indicated to ensure optimal infection with T. foetus in future studies.




4.2 Limitations of this study

The primary constraints to interpretation of the present report are variations in methods across and within experimental groups. Many of the variations were due to unplanned events and are inherently related to the logistics of conducting studies in cattle in a research environment. Such studies are subject to sudden changes as well as long term planning efforts due to extended gestation periods, fluctuations in cash markets, availability of facilities, and unexpected concomitant disease. These factors tend to be more difficult to control in cattle compared to the level of control that is possible for environmental control in rodent studies. Herein, we have summarized a collection of experiments carried out across a period of several years. While some variables vary slightly across individual experiments, we aimed to present all experiments together in a single cohesive report rather than deliver our results in a patchwork of publications which could be more difficult to interpret.

Experiment A served as the pilot study for this project and was planned to be short-term in order to determine the feasibility of pursuing future experiments. Experiment B aimed to determine the ability of the calf model to maintain longer term infections to demonstrate the potential of the model for use in treatment and vaccine studies. In experiment B the decision to reinfect animals following multiple negative culture results was made in an effort to increase the number of animals that were culture positive at necropsy. Consistent with natural infection, culture and PCR results can lead to intermittent positives, and this was observed in some studies following a single inoculation (Supplementary Figure S1). While we were aware of this phenomenon, we elected to re-inoculate selected calves in experiment B. Our intention was to maximize the number of tissues from culture positive animals which could be utilized for downstream applications such as histology. Although this was not ideal, attempting to ensure all calves were positive at necropsy was necessary to decrease the overall number of animals used in our studies. Experiments C and D were more consistent in approach with regularly spaced sampling time points. The number of animals in experiment D (n=12) necessitated two separate days for necropsy and sample processing. Ideally, the endpoint of the experiment would have been the exact same for all animals.

It should be noted that we did not use the exact same number of trophozoites across all four experiments. The underlying rationale was that we used a vast excess of trophozoites and we used the maximum number of log-phase parasites available to us at the time cohorts of calves became available. When growing trophozoites we seeded culture medium with consistent numbers of trophozoites from the same passage of liquid nitrogen seed stocks, variation in cell revival and replication led to differences in the number of organisms available on planned inoculation days. Due to facility availability and scheduling, we elected to move forward with inoculation rather than attempt to grow additional trophozoites. We did, however, ensure that parasites were in log-phase of growth with vigorous motility prior to infection. The minimum number of T. foetus trophozoites under natural conditions is not known. However, insights regarding infectious dose could be further resolved using our model since it would be unlikely to determine the total number of organisms inhabiting the prepuce of a bull under natural conditions. In our case, for ethical reasons, we elected not to sacrifice additional animals for this purpose alone.

Housing for the calves in this study varied among the four experiments. Experimental groups A and B were housed indoors while groups C and D were house outdoors. Housing decisions were based in part on facility availability as well as a preference for outdoor housing after pilot studies demonstrated the tractability of this model under more controlled conditions. Tritrichomonas foetus is not known to survive outside the reproductive tract, so environmental contamination is highly unlikely to have influenced our results. Likewise, the cervix of prepubertual heifers is closed, providing a relatively sterile uterine environment. Histological examination of tissues did not reveal additional microbial infection that could have been introduced from the environment. Studies aiming to study the impact of environmental conditions, co-infections, and the vaginal microbiome could be made possible using our model.




4.3 Applications and future directions

In addition to the benefits of this model for advancing the study of T. foetus in the bovine host, this model may also be beneficial in the study of Trichomonas vaginalis, the cause of human trichomoniasis. Trichomoniasis is the most common non-viral sexually-transmitted infection globally (Van Der Pol, 2007). Currently, human trichomoniasis research relies on a T. foetus infected mouse model (Nieskens et al., 2024). The calf infection model would allow for inferences to be made in a natural host, rather than a rodent model. Natural host models can provide a more accurate representation of the disease and more physiologically relevant information than rodent models. Cattle are known to be good models for human reproductive system research including research regarding placental insufficiency and ovarian function (Pramod et al., 2025). In female T. vaginalis infections, inflammation of the reproductive tract is characterized by the presence of lymphocytes and macrophages, similar to the findings in this study and other T. foetus infection studies (Edwards et al., 2016). Histologically, the human and bovine uterus share the presence of simple columnar epithelium with ciliated and secretory cells dispersed throughout the epithelium (Gálfiová et al., 2022; Senn et al., 2024). The dominance of Lactobacilli spp. in the female reproductive tract is unique to humans and would present one disparate factor in the bovine model (Miller et al., 2016; Gupta et al., 2024). Comparative pathology studies are needed to evaluate the utility of a T. foetus calf model as a surrogate for human trichomoniasis and confirm advantages over the currently used mouse infection model.

Our studies also highlighted the need to optimize a method for quantitating severity of T. foetus infection. While we made efforts to collect samples in a similar manner, parasite culture in TYM led to trophozoite counts that varied significantly among positive animals (e.g., 1 vs 1,000,000 trophozoites/mL). Based on the methods employed in this study, it is unclear if the observed level of variation reflects biological differences among infected calves or is simply related to the limits of our sampling methods. Swab depth, duration, and number of rotations could all impact the quality of the sample and should be evaluated. Clinically, status of infection is simply characterized as positive or negative, and the importance of trophozoite numbers on disease severity or progression is not established. However, quantification of infection is important for assessing success of parasitological studies or interventions such as treatment and vaccination. Possible methods to achieve this could include cycle threshold (CT) values for qPCR, lesion scoring, or quantification of T. foetus antigen via ELISA. While some of these methods have been used to detect parasites from naturally infected animals, their use in quantification of disease is not well-established. Future studies in our model will aim to investigate infectious dose as well as quantification of parasite burden with lesion severity.

Our findings will also enable us to address new questions regarding characterization and optimization of a heifer calf model for bovine trichomonosis. Future studies should aim to evaluate the duration of infection, as the results of these studies did not extend beyond 6 weeks. With 83% of calves remaining culture positive at 6 weeks, it is unclear if heifer calves can maintain infections far beyond this timepoint. While the paradigm is that cows are only infected transiently, there are some reports of persistently infected cows (BonDurant, 2005). The present study utilized a single, high-dose inoculum. The optimal inoculation regimen and dose should be explored to aid in the optimization of this model. Our experiments relied on a single field strain (IA-1), of T. foetus. Ideally, infection challenges with other parasite strains should be performed and whereby infection dynamics of various strains could be compared. Lastly, these experiments utilized cross-bred dairy calves. It is possible that differences in breed susceptibility exist, and thus experimental infection of additional cattle breeds could be explored to aid in model optimization. While some optimization is needed, the success of our experiments underscores a new ability to answer research questions that were previously difficult to obtain.

In this study, we tested the hypothesis that heifer calves are a suitable natural host model for bovine trichomonosis and challenged the dogma that estrus and ovulation are required for infection of the bovine female reproductive tract with T.foetus. The results of our series of experiments supported our hypothesis and demonstrate significant promise of the heifer calf model. The ability of calves to reliably maintain infections for at least 6 weeks with viable organisms colonizing and replicating in the reproductive tract is a significant finding. Our natural host model fills a significant knowledge gap and allows for further understanding of the parasite-host relationship, as well as providing a straightforward method to assess novel treatments, vaccines, and diagnostic platforms.






Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The animal study was approved by Iowa State University Biosafety and IACUC committees under protocols 18-217 and 21-264. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

KAM: Data curation, Formal Analysis, Investigation, Methodology, Writing – original draft, Visualization. SR: Investigation, Writing – review & editing. JJ: Investigation, Writing – review & editing, Conceptualization. TH: Writing – review & editing, Formal Analysis. JS: Formal Analysis, Writing – review & editing. CB: Writing – review & editing, Conceptualization. DJ: Writing – review & editing, Investigation. KK: Investigation, Writing – review & editing. KM: Investigation, Writing – review & editing. EM: Investigation, Writing – review & editing. MO: Investigation, Writing – review & editing. MB: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Supervision, Writing – original draft.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This project was supported by funds and resources from the Iowa Healthy Livestock Advisory Council, United State Department of Agriculture NIFA grant, ISU CVM Ramsey Chair in Veterinary Medicine, and ISU CVM start-up funds provided to MTB. KAM was supported by USDA-VSGP 2017–04619 and a residency provided by the National Center for Veterinary Parasitology (NCVP).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2025.1628192/full#supplementary-material




References

	 Ahmed H., Fink N. E., Pohl J., Vasta G. R. (1996). Galectin-1 from bovine spleen: biochemical characterization, carbohydrate specificity and tissue-specific isoform profiles. J. Biochem. 120, 1007–1019. doi: 10.1093/oxfordjournals.jbchem.a021493, PMID: 8982870


	 Anderson M. L., BonDurant R. H., Corbeil R. R., Corbeil L. B. (1996). Immune and inflammatory responses to reproductive tract infection with Tritrichomonas foetus in immunized and control heifers. J. Parasitol. 82, 594–600. doi: 10.2307/3283783, PMID: 8691366


	 Arroyo R., Alderete J. F. (1989). Trichomonas vaginalis surface proteinase activity is necessary for parasite adherence to epithelial cells. Infect. Immun. 57, 2991–2997. doi: 10.1128/iai.57.10.2991-2997.1989, PMID: 2789190


	 Babál P., Russell L. C. (1999). Sialic acid-specific lectin-mediated adhesion of Tritrichomonas foetus and Tritrichomonas mobilensis. J. Parasitol. 85, 33–40. doi: 10.2307/3285696, PMID: 10207360


	 Bader C., Chelladurai J. J., Thompson K., Hall C., Carlson S. A., Brewer M. T. (2016). Evaluation of high-throughput assays for drug susceptibility testing of trophozoites. Vet. Parasitol. 223, 34–37. doi: 10.1016/j.vetpar.2016.04.006, PMID: 27198774


	 Baltzell P., Newton H., O’Connor A. M. (2013). A Critical Review and Meta-Analysis of the Efficacy of Whole-Cell Killed ritrichomonas foetus Vaccines in Beef Cattle. J. Vet. Internal Med. 27, 760–770. doi: 10.1111/jvim.12112, PMID: 23701212


	 Bernasconi C., Bodmer M., Doherr M. G., Janett F., Thomann A., Spycher C., et al. (2014). Tritrichomonas foetus: Prevalence study in naturally mating bulls in Switzerland. Vet Parasitol. 200, 289–294. doi: 10.1016/j.vetpar.2013.12.029, PMID: 24447668


	 BonDurant R. H. (1997). Pathogenesis, diagnosis, and management of trichomoniasis in cattle. Vet Clinics North America: Food Anim. Pract. 13, 345–361. doi: 10.1016/S0749-0720(15)30346-7, PMID: 9216054


	 Bondurant R. H. (1999). Inflammation in the bovine female reproductive tract. J. Anim. Sci. 77 Suppl 2, 101–110. doi: 10.2527/1999.77suppl_2101x, PMID: 15526785


	 BonDurant R. H. (2005). Venereal diseases of cattle: Natural history, diagnosis, and the role of vaccines in their control. Vet. Clin. N Am-Food A 21, 383–38+. doi: 10.1016/j.cvfa.2005.03.002, PMID: 15955436


	 BonDurant R. H., Corbeil R. R., Corbeil L. B. (1993). Immunization of virgin cows with surface antigen TF1.17 of Tritrichomonas foetus. Infect. Immun. 61, 1385–1394. doi: 10.1128/iai.61.4.1385-1394.1993, PMID: 8454340


	 Chelladurai J. R. J. J., Jones D. E., Brewer M. T. (2021). Characterization of a P-glycoprotein drug transporter from Toxocara canis with a novel pharmacological profile. Int. J. Parasitol. Drug 17, 191–203. doi: 10.1016/j.ijpddr.2021.10.002, PMID: 34753107


	 Clark B. L., Dufty J. H., Parsonson I. M. (1983). The effect of Tritrichomonas foetus infection on calving rates in beef cattle. Aust. Vet. J. 60, 71–74. doi: 10.1111/j.1751-0813.1983.tb05873.x, PMID: 6870709


	 Collantes-Fernández E., Mendoza-Ibarra J. A., Pedraza-Díaz S., Rojo-Montejo S., Navarro-Lozano V., Sánchez-Sánchez R., et al. (2014). Efficacy of a control program for bovine trichomonosis based on testing and culling infected bulls in beef cattle managed under mountain pastoral systems of Northern Spain. Vet. J. 200, 140–145. doi: 10.1016/j.tvjl.2014.02.003, PMID: 24680672


	 Day M. L., Nogueira G. P. (2013). Management of age at puberty in beef heifers to optimize efficiency of beef production. Anim. Front. 3, 6–11. doi: 10.2527/af.2013-0027


	 Edwards T., Burke P., Smalley H., Hobbs G. (2016). Trichomonas vaginalis: Clinical relevance, pathogenicity and diagnosis. Crit. Rev. Microbiol. 42, 406–417. doi: 10.3109/1040841X.2014.958050, PMID: 25383648


	 Felleisen R. S. J., Lambelet N., Bachmann P., Nicolet J., Muller N., Bruno G. (1998). Detection of Tritrichomonas foetus by PCR and DNA Enzyme Immunoassay Based on rRNA Gene Unit Sequences. J. Clin. Microbiol. 36, 513–519. doi: 10.1128/JCM.36.2.513-519.1998, PMID: 9466768


	 Fernandez-Novo A., Pérez-Garnelo S. S., Villagrá A., Pérez-Villalobos N., Astiz S. (2020). The effect of stress on reproduction and reproductive technologies in beef cattle-A review. Anim. (Basel) 10. doi: 10.3390/ani10112096, PMID: 33187308


	 Fuchs L. I., Fort M. C., Cano D., Bonetti C. M., Gimenez H. D., Vazquez P. M., et al. (2017). Clearance of Tritrichomonas foetus in experimentally infected heifers protected with vaccines based on killed-T. foetus with different adjuvants.(Report). Vaccine 35, 1341. doi: 10.1016/j.vaccine.2016.12.030, PMID: 28185741


	 Gálfiová P., Polák Š., Mikušová R., Juríková M., Klein M., Csöbönyeiová M., et al. (2022). Scanning electron microscopic study of the human uterine tube epithelial lining: surgical biopsy samples and epithelial cell culture. Physiol. Res. 71, S137–Ss44. doi: 10.33549/physiolres.935031, PMID: 36592449


	 Gupta D., Sarkar A., Pal Y., Suthar V., Chawade A., Kushwaha S. K. (2024). Bovine reproductive tract and microbiome dynamics: current knowledge, challenges, and its potential to enhance fertility in dairy cows. Front. Microb. 3. doi: 10.3389/frmbi.2024.1473076


	 Kaltner H., Seyrek K., Heck A., Sinowatz F., Gabius H. J. (2002). Galectin-1 and galectin-3 in fetal development of bovine respiratory and digestive tracts. Comparison of cell type-specific expression profiles and subcellular localization. Cell Tissue Res. 307, 35–46. doi: 10.1007/s004410100457, PMID: 11810312


	 Lehker M. W., Sweeney D. (1999). Trichomonad invasion of the mucous layer requires adhesins, mucinases, and motility. Sex Transm. Infect. 75, 231–238. doi: 10.1136/sti.75.4.231, PMID: 10615308


	 Martin K. A., Bayne J. E., Chinchilla-Vargas K., Reece S. L., Jesudoss Chelladurai J. R. J., Harm T. A., et al. (2025). Perineal urethrostomy enables susceptibility of bull calves as a natural host model for bovine trichomonosis. Microorganisms 13, 1070. doi: 10.3390/microorganisms13051070, PMID: 40431243


	 Martin K. A., Chelladurai J. R. J. J., Bader C., Carreiro E., Long K., Thompson K., et al. (2020). Repurposing the open access malaria box reveals compounds with activity against trophozoites. Int. J. Parasitol. Drug 13, 89–93. doi: 10.1016/j.ijpddr.2020.06.003, PMID: 32734889


	 Martin K., Henderson J., Brewer M. (2021). Bovine trichomonosis cases in the United States 2015-2019. Front. Vet. Sci. 8. doi: 10.3389/fvets.2021.692199, PMID: 34434984


	 Martin K. A., Kovach K., Moscoso E., Carreiro E., Chelladurai J. R. J. J., Brewer M. T. (2023). Assessment of efficacy for common surface disinfectants and antiseptics against trophozoites. Front. Vet. Sci. 10. doi: 10.3389/fvets.2023.1282274, PMID: 38026616


	 Michi i.A., Favetto P., Kastelic J., Cobo E. (2016). A review of sexually transmitted bovine trichomoniasis and campylobacteriosis affecting cattle reproductive health. Theriogenology 85, 781–791. doi: 10.1016/j.theriogenology.2015.10.037, PMID: 26679515


	 Miller E. A., Beasley D. E., Dunn R. R., Archie E. A. (2016). Lactobacilli dominance and vaginal pH: why is the human vaginal microbiome unique? Front. Microbiol. 7. doi: 10.3389/fmicb.2016.01936, PMID: 28008325


	 Nabors B., Linford R. (2015). Anatomy of the reproductive system of the cow. Bovine Reprod., 191–194.


	 Nieskens N. M., Miyamoto Y., Hurysz B. M., O’Donoghue A. J., Eckmann L. (2024). Vaginal Tritrichomonas foetus infection in mice as an in vivo model for drug development against Trichomonas vaginalis. PloS One 19, e0308672. doi: 10.1371/journal.pone.0308672, PMID: 39352907


	 Okumura C. Y., Baum L. G., Johnson P. J. (2008). Galectin-1 on cervical epithelial cells is a receptor for the sexually transmitted human parasite Trichomonas vaginalis. Cell Microbiol. 10, 2078–2090. doi: 10.1111/j.1462-5822.2008.01190.x, PMID: 18637021


	 Ortega-Mora L. M., Sánchez-Sánchez R., Rojo-Montejo S., Román-Trufero A., Montenegro-Gregorio D., Puentes-Colorado E., et al. (2022). A new inactivated Tritrichomonas foetus vaccine that improves genital clearance of the infection and calving intervals in cattle. Front. Vet Sci. 9, 1005556. doi: 10.3389/fvets.2022.1005556, PMID: 36277069


	 Parsonson I. M., Clark B. L., Dufty J. H. (1976). Early pathogenesis and pathology of Tritrichomonas foetus infection in virgin heifers. J. Comp. Pathol. 86, 59–66. doi: 10.1016/0021-9975(76)90028-1, PMID: 1254746


	 Pramod R. K., Yadav V., Vishnuraj M. R., Gupta M. K. (2025). Beyond rodents: The integral role of domestic animals in biomedical research. Res. Vet Sci. 193, 105803. doi: 10.1016/j.rvsc.2025.105803, PMID: 40663993


	 Rae D. O. (1989). Impact of trichomoniasis on the cow-calf producer’s profitability. J. Am. Vet Med. Assoc. 194, 771–775. doi: 10.2460/javma.1989.194.06.771, PMID: 2925496


	 Rawlings N., Evans A. C., Chandolia R. K., Bagu E. T. (2008). Sexual maturation in the bull. Reprod. Domest. Anim. 43 Suppl 2, 295–301. doi: 10.1111/j.1439-0531.2008.01177.x, PMID: 18638138


	 Rutkowski M. R., Harmsen A. G. (2007). Tritrichomonas foetus: Pathogenesis of acute infection in normal, estradiol-treated, and stressed mice. Exp. Parasitol. 115, 143–159. doi: 10.1016/j.exppara.2006.07.009, PMID: 17014850


	 Ryan C. M., Mehlert A., Richardson J. M., Ferguson M. A. J., Johnson P. J. (2011). Chemical structure of Trichomonas vaginalis surface lipoglycan: A ROLE FOR SHORT GALACTOSE (β1–4/3) N-ACETYLGLUCOSAMINE REPEATS IN HOST CELL INTERACTION*. J. Biol. Chem. 286, 40494–40508. doi: 10.1074/jbc.M111.280578, PMID: 21900246


	 Schaut R. G., Corbeil L. B., Blake C. N., Brewer M. T. (2017). Development of a bead-agglutination assay for rapid detection of. Vet. Parasitol. 243, 188–191. doi: 10.1016/j.vetpar.2017.06.025, PMID: 28807292


	 Schroeder M. E., Meza D., Shah R., Leyva-Baca I., Conrad R., Ferro P. J. (2023). Detection of Tritrichomonas foetus by RT-rtPCR in pooled bovine preputial washings. J. Vet. Diagn. Invest. 35, 178–181. doi: 10.1177/10406387221149407, PMID: 36625397


	 Senn L. K., Peterson K. D., Edwards J. L., Payton R. R., Mathew D. J. (2024). Oviduct and endometrial epithelium improve in vitro produced bovine embryo developmental kinetics. Reproduction 167. doi: 10.1530/rep-24-0008, PMID: 38451876


	 Silva-Filho F., de Souza W. (1988). The interaction of Trichomonas vaginalis and Tritrichomonas foetus with epithelial cells in vitro. Cell Struct. Funct. 13, 301–310. doi: 10.1247/csf.13.301, PMID: 3180257


	 Singh B. N., Lucas J. J., Beach D. H., Shin S. T., Gilbert R. O. (1999). Adhesion of tritrichomonas foetus to bovine vaginal epithelial cells. Infect. Immun. 67, 3847–3854. doi: 10.1128/IAI.67.8.3847-3854.1999, PMID: 10417148


	 Šlapeta J., Müller N., Stack C. M., Walker G., Lew-Tabor A., Tachezy J., et al. (2012). Comparative analysis of Tritrichomonas foetus (Riedmüller, 1928) cat genotype, T. foetus (Riedmüller, 1928) cattle genotype and Tritrichomonas suis (Davaine, 1875) at 10 DNA loci. Int. J. Parasitol. 42, 1143–1149. doi: 10.1016/j.ijpara.2012.10.004, PMID: 23123273


	 Stockdale H., Rodning S., Givens M., Carpenter D., Lenz S., Spencer J., et al. (2007). Experimental infection of cattle with a feline isolate of Tritrichomonas foetus. J. Parasitol. 93, 1429–1434. doi: 10.1645/ge-1305.1, PMID: 18314690


	 Sugarman B., Mummaw N. (1988). The effect of hormones on Trichomonas vaginalis. Microbiology 134, 1623–1628. doi: 10.1099/00221287-134-6-1623, PMID: 3265429


	 Sui Y., Song P., Chen G., Zuo S., Liu H., Guo J., et al. (2024). Gut microbiota and Tritrichomonas foetus infection: A study of prevalence and risk factors based on pet cats. Prev. Vet Med. 226, 106162. doi: 10.1016/j.prevetmed.2024.106162, PMID: 38518658


	 Van Der Pol B. (2007). Trichomonas vaginalis infection: the most prevalent nonviral sexually transmitted infection receives the least public health attention. Clin. Infect. Dis. 44, 23–25. doi: 10.1086/509934, PMID: 17143810


	 Yao C. (2021). Control and eradication of bovine trichomonosis in Wyoming, USA by testing and culling positive bulls. Vet. Res. 52, 129. doi: 10.1186/s13567-021-00996-w, PMID: 34620238







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Martin, Reece, Jesudoss Chelladurai, Harm, Smith, Blake, Jones, Kovach, McMahan, Moscoso, Ostrander and Brewer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-15-1628192-g004.jpg
Cervix






OEBPS/Images/fcimb-15-1628192-g002.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb.2025.1628192_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiclogy

Infection of prepubertal heifer calves as a
natural host model for Tritrichomonas foetus





OEBPS/Images/fcimb-15-1628192-g003.jpg
=3)

Experiment A (n

1.0

0
o
SaAle) aAlIsod
jo uonsodoid

0.0

14 15

1"

7

=6)

Experiment B (n

Day

1.0

n
o
saAjeD aAlIsOd
jo uonsodold

Day

=6)

Experiment C (n

1.0

n
o
saAjeD aAlIsod
Jo uoisodoud

0.0

42

35

28

21

14

10

Day

12)

Experiment D (n

1.0

n=6

n=6

wn
o
SaA|eD dAljISOd
jo uoyodold






OEBPS/Images/fcimb-15-1628192-g001.jpg
] Inoculation
¥+ Sample collected
¥ Necropsy

l v

Experiment A & & & & & # * * #
T rrrrrrrrrrrrrrr T

0123456738 9101112131415

012345678 9101112131415161718192021222324252627282930313233343536373839404142434445

l .

Experiment C Fﬁ—Frﬁ—rﬁ—fﬁ—ﬁ—Fﬁ—hﬁ—r}erﬁﬁ—r?—rrﬁ—rrf—rrh—ﬁ—T—

01234567 8 91011121314151617 18192021 22 23 24 2526 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42

\J v
l " u * LR *

Experiment D —+r-r-rr——r——r—r—r—mmrmrrrnrrrTTrTrrT T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35





OEBPS/Images/fcimb-15-1628192-g005.jpg





