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Bovine anaplasmosis, caused by Anaplasma marginale, is one of the most common tick-borne diseases of cattle and has a worldwide distribution. The high costs of bovine anaplasmosis are due to treatment, decreased production, and outbreaks resulting in high mortality. The impact of bovine anaplasmosis is greatest in tropical and subtropical regions where tick vectors are abundant year around. Prevention generally relies on the use of tetracyclines to prevent disease and acaricides to reduce tick burdens. Thus, additional methods to prevent disease while reducing the use of antibiotics are needed. Protection can be reliably achieved with immunization using outer membrane proteins, thus allowing for the possibility for development of a recombinant vaccine. However, prioritizing the selection and testing of antigens from the protective outer membrane extract remains a challenge. Because A. marginale is an obligate intracellular pathogen, surface proteins that mediate adhesion to host cells, primarily red blood cells (RBCs), are functionally relevant vaccine candidates. With some exceptions, the proteins that bind RBCs remain unknown. To address this gap, a phage display library expressing 66 A. marginale proteins was screened to identify adhesins for bovine RBCs. Of the screened proteins, 73% were eliminated due to poor binding to RBCs. Several potential adhesins were identified, including Msp1b and OmpA, which are known adhesions for bovine RBCs and tick cells, respectively. Additionally, Mlp3, Am779, Msp3, and Omp13 met the criteria as RBCs adhesins and may serve as high priority vaccine candidates for future testing.
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1 Introduction

Bovine anaplasmosis, caused by the obligate, intracellular bacterium Anaplasma marginale, is one of the most common tick-borne diseases of cattle worldwide. A. marginale infects red blood cells (RBCs), which are then removed by the spleen, resulting in anemia (1, 2). The significant economic burden of bovine anaplasmosis is due to death, weight loss, costs of treatment and tick prevention (3). This burden is more pronounced in tropical and subtropical regions due to the abundance of tick vectors year around (4). The available methods to control bovine anaplasmosis are currently insufficient (2, 5). In some regions, cattle are intentionally infected with A. centrale, which provides variable protection from bovine anaplasmosis, requires maintenance of a cold chain, and is expensive to produce (6). Additionally, acaricides can be used to control ticks. Though, in regions where ticks are abundant, repeated treatments are necessary, which is expensive. Finaly, long acting tetracyclines can be administered to cattle to prevent disease when the risk of tick transmission is high. This approach is discouraged due to global efforts to reduce antibiotic use. Thus, an affordable subunit vaccine to prevent bovine anaplasmosis would improve cattle health and productivity and thus advance efforts toward improving food security globally.

Protective immunity against bovine anaplasmosis can be achieved through vaccination with outer membrane proteins from A. marginale (7–10). However, the process of isolating outer membranes is laborious, difficult to standardize, and the preparation includes over 20 antigens (11). Thus, a major limitation in development of a subunit vaccine is rational antigen selection for immunization and challenge trials. Because A. marginale is an obligate intracellular pathogen, antibody directed against surface proteins that mediate adhesion to RBCs may serve as an important component of protective immunity achieved through vaccination (12).

Bacterial adhesins are outer membrane proteins that selectively bind specific proteins or glycoproteins on the host cell surface, thus define tissue tropism, and may in the case of intracellular pathogens, trigger pathogen entry (13–15). With a few exceptions, little is known about the molecules and mechanisms employed by A. marginale to enter bovine RBCs. Msp1a and Msp1b when expressed on the surface of E. coli, confer the ability of E. coli to adhere to bovine RBCs (16, 17). Additionally, OmpA is an adhesin for tick cells, including the natural tick vector, Dermacentor andersoni (18, 19). To ensure adequate functional redundancy, it is likely there are additional A. marginale surface proteins that serve as adhesins for bovine RBCs.

Thus, the goal of this work is to identify a broad array of A. marginale surface proteins that potentially mediate adhesion to bovine RBCs. Because we currently lack the ability to generate gene knockouts and culture A. marginale in bovine RBCs, we used bacteriophage (phage) display as a functional screen to test the adhesive capacity of 66 A. marginale proteins. We identified 11 adhesins, including Msp1b and OmpA. These findings help advance our understanding of the molecular interactions between A. marginale and bovine RBCs and will help prioritize vaccine candidates for efficacy testing.




2 Materials and methods



2.1 Ethics statement

This study was carried out in accordance with the Animal Welfare Act, Guide for the care and use of Agricultural Animals in Agricultural Research and Training, and the Public Health Service Policy on Humane Care and Use of Laboratory Animals. The protocol (ASAF #2019–37) involving the use of animals was approved by the University of Idaho Institutional Animal Care and Use Committee.




2.2 Generation of the phage display library

The phage display library was generated using T7 bacteriophages as previously described in Noh et al., 2024 (19). Because these phages can express up to 1200 aa on their capsid, the genes encoding the largest proteins (am072, am366, am387, am712, am811, am1051) were divided into 2 to four segments for cloning. Thus, the phage display library is composed of 74 genes or gene segments encoding 66 A. marginale proteins (19).

Briefly, the selected genes were PCR amplified from genomic DNA isolated from the Saint Maries strain of A. marginale using Green GoTaq MasterMix (Promega, Madison WI, USA) and the following parameters: denaturation 95°C for 2 min, then 35 cycles of 95°C for 30 sec, 58°C for 30 sec, 72°C for 3.5 min with a final extension of 72°C for 5 min.) (20). An EcoR1 and a HindIII restriction site were added to the 5’ and 3’ ends of all amplicons, respectively, to ensure directional cloning.

The T7Select10–3b vector (New England Biolabs, Ipswich MA, USA) was restriction digested, cleaned, concentrated, and ligated to the amplicons using T4 ligase and ligase buffer (New England Biolabs, Ipswich MA, USA). The recombinant DNA was then packaged in vitro using the T7Select Phage Display System according to the manufacturer’s instructions (Novagen Biotech, Great Neck NY, USA). Plaque assays were done to enumerate the phages in each input pool following the manual of the T7Select Phage Display System.




2.3 Selection for phages expressing A. marginale proteins that bind bovine RBCs

Biopanning, the enrichment for adherent phages, was accomplished through multiple rounds of selection using bovine RBCs or empty wells (Figure 1). The bovine RBCs were kindly provided by Massaro Ueti, at the United States Department of Agriculture-Agricultural Research Service, Animal Disease Research Unit in Pullman, WA. Following collection, RBCs were defibrinated with glass beads and centrifuged at 1,000 RCF for 20 min. The plasma and buffy coat were removed by aspiration and the RBCs were washed three times in Puck’s G Balanced Salt solution with an additional 20 mg/ml glucose, 100 μg/ml streptomycin, and 100 units/ml penicillin at a pH of 7.2. RBCs were then resuspended as a 50% solution using the medium described above and stored at 4°C until use (less than two weeks) (21).




Figure 1 | Diagram of biopanning and identification of potential adhesins. (1) The phages displaying A. marginale proteins (1), depicted as colored shapes, are added to bovine RBCs or empty tubes for binding (2). The RBCs and empty tubes are washed to remove unbound phages (3). The bound phages are recovered and replicated in E. coli (4). Recovered phages are then quantified and used in the next round of biopanning (5). Alternatively, plasmid DNA is isolated from the recovered phages and used as template in real time PCR to detect the A. marginale genes in the bound phages (6).



For each round of biopanning, 5x105 RBCs were added to a microfuge tube and 10 PFU of phage/erythrocyte were added to the tubes. The RBCs were incubated with gentle rotation at 38.5°C for 2 h. Following incubation, RBCs were pelleted and washed using Tris-buffered saline with 0.1% Tween 20 (MilliporeSigma Burlington, MA, USA) ten times. RBCs were resuspended in 1ml lysogeny (LB), added to 4 ml of log-phase BLT5403 E. coli, and incubated shaking until lysis of E. coli occurred, approximately 4 hr following inoculation.

Plastic binding of phages displaying foreign proteins and peptides, particularly those rich in tyrosine and tryptophan, is common and can lead to false positive selection of binding candidates (22, 23). Thus, to control for plastic binding, biopanning was done using empty microfuge tubes and equivalent numbers of phage as used with RBCs, described above.

The phages recovered from RBCs or empty tubes were enumerated using plaque assays, normalized and used in the next round of biopanning, as previously described (19). This experiment was done two independent times in triplicate.Three rounds of biopanning were done in experiment one and four rounds of biopanning were done in experiment two.




2.4 Real-time PCR to detect A. marginale genes in recovered phages

Following the final round of biopanning, plasmid DNA was extracted from clarified phage lysates using a phage DNA isolation kit (Norgen Biotek Corp, Thorold ON, Canada) according to the manufacturer’s instructions. Real-time PCR using Biorad iQ SYBR Green Supermix (Thermo Fisher Scientific, Waltham, MA, USA), a CFX96 Touch Real-Time PCR Detection System Thermocycler (Bio-Rad, Hercules, CA, USA) and A. marginale gene-specific primers were used to detect A. marginale genes in each output pool, using previously published primers and amplification conditions (19). If no template was detected after 40 rounds of PCR, the gene was considered absent and given a cycle threshold (Ct) of 40 for computational purposes.




2.5 Data analysis and criteria for designation of an A. marginale protein as a potential adhesin

Following PCR, the average Ct for each A. marginale gene in each replicate and the percentage of replicates from which a gene was detected were calculated using Excel.

To determine the criteria for a screened A. marginale gene expressed in the phage display library to be considered a potential adhesin, we calculated a frequency distribution of the percentage recovery using GraphPad Prism v.10.0.3 (Dotmatics, Boston, MA, USA) (Supplementary Figure S1). The screened proteins recovered from empty tubes in 100% of the replicates were considered high plastic binders and were excluded from this frequency distribution. A. marginale genes or gene segments in the 75th percentile for percentage recovery (≥ 33%) were selected as potential adhesins. Additionally, the percentage recovery from RBCs had to be twice that of the percentage recovery from the empty tubes to be considered as a potential adhesin.

For analysis and data visualization, the screened proteins were divided into functional categories including the Major Surface Protein 1 superfamily, the Major Surface Protein 2 superfamily, outer membrane proteins not in superfamilies, type 4 secretion system proteins (T4SS), proteins with conserved domains, and proteins of unknown function.





3 Results



3.1 Validation of phage display

There are several potential biases of phage display that can affect the outcome of biopanning, including the size of an expressed gene and abundance of a phage expressing a particular gene within the library. Thus, we first calculated the correlation between the size of each A. marginale gene and its percentage recovery in the output pool. The Pearson’s correlation coefficient (r) was - 0.44 and the R2 = 0.2, indicating 20% of the variance was shared between insert size and percent recovery (p < 0.0001) (Figure 2A). Next, we determined that the correlation between the quantity of each A. marginale gene in the inoculum and its percentage recovery was r = - 0.51 with a R2 of 0.26 (Figure 2B). Thus, there is a moderate negative correlation between the size and amount of each A. marginale gene in the input pool and the percentage recovery of that gene following biopanning. Finally, we determined that there is a strong negative correlation between the quantity of an A. marginale gene in the output pool and its percentage recovery (r = -0.88, R2 = 0.69) (Figure 2C). Thus, the percentage recovery was used to evaluate recovery of phages displaying A. marginale proteins following biopanning.




Figure 2 | Correlations between features of A. marginale genes in the phage display library and outcome of biopanning using bovine RBCs. (A) There is a moderate negative correlation between the size in base pairs (bp) of a gene and its percentage recovery (% recovery). (B) There is moderate negative correlation between the amount of a gene in the input pool (Ct) prior to biopanning and its percentage recovery from RBCs after biopanning. (C) There is a strong negative correlation between the amount of a gene in the output pool (Ct) and its percentage recovery following biopanning. r = Pearson’s Correlation Coefficient.






3.2 Results of biopanning

Importantly, 73% (48/66) of A. marginale genes encoding phage displayed proteins were eliminated due to poor binding to RBCs (Supplementary Tables S1–S6). Additionally, 11% (7/66) of the A. marginale genes were recovered from 100% of the empty tubes. Thus, because these phages bound plastic, their capacity to bind RBCs could not be assessed. Overall, 17% (11/66) of the A. marginale phage displayed proteins met the criteria for selection as a potential adhesin for RBCs (Supplementary Table S7).

Of the four proteins from the Msp1 superfamily tested, 50% met the criteria as potential adhesins, including Msp1b and Mlp3. Mlp2 bound plastic and Mlp4 was eliminated as a potential adhesin due to poor binding to RBCs (Figures 3, 4A). Thirty-six percent of proteins with predicted functions were deemed potential adhesins including Aaap1, Alp2, Am573, Am560, and SucC (Figures 3, 4B). Among the outer membrane proteins not in a superfamily, 22% met the criteria as potential adhesins including OmpA and Am779 (Figures 3, 4C). Of the Msp2 superfamily proteins, 10%, including Msp3 and Omp13, met the criteria as potential adhesins (Figures 3, 4D). Interestingly, no potential adhesins were identified among the T4SS proteins (Figure 4E) or the proteins with unknown function (Figure 4F), though 8% and 14% of proteins in these groups bound plastic, respectively (Figure 3).




Figure 3 | Outcome of biopanning summarized by functional protein groups. The screened proteins were grouped into the Msp1 superfamily (Msp1 SF), proteins with predicted functions or conserved domains (Other), outer membrane proteins not included in superfamilies (Omps), the Msp2 superfamily (Msp2 SF), type IV secretion system proteins (T4SS), and proteins with unknown function and lacking conserved domains (Unknown). Except for the Msp1a SF, the majority of proteins in each category were eliminated due to poor binding to RBCs (gray bars). Potential adhesins were identified in the Msp1 SF, Other category, Omps, and the Msp2 SF, but not the T4SS or proteins of unknown function. A smaller proportion of proteins in each category were recovered from empty tubes in 100% of replicates (yellow bars), and thus bound plastic.






Figure 4 | Results from biopanning for individual A. marginale proteins. Percentage recovery (% recovery) is the proportion of replicates from which the A. marginale gene was recovered following biopanning using RBCs (solid red bars) or empty tubes (striped bars). To meet the criteria as a potential adhesin (bold type) the percentage recovery from RBCs must be ≥ 33% (dotted line) and greater than twice the percentage recovery from empty tubes. Each graph represents a group of proteins including the (A) Msp1 superfamily, (B) proteins with predicted functions or conserved domains, (C) outer membrane proteins not included in superfamilies, (D) Msp2 superfamily, (E) T4SS proteins, and (F) proteins of unknown function and lacking conserved domains. Data represent two independent experiments.







4 Discussion

The 66 proteins in the phage display library include the majority of A. marginale outer membranes proteins (8, 24–27), nearly all A. marginale proteins bound by antibodies in serum from protectively immunized animals (11, 28, 29), and proteins of unknown function shown to be surface exposed through cross-linking and proteomics (8). Of these proteins, 11 bound bovine RBCs when expressed on the surface of T7 phages (Supplementary Tables S1-S7). Two of these proteins, Msp1b and OmpA, are known adhesins. Specifically, Msp1b is an adhesin for bovine RBCs and was more recently demonstrated to bind Dermacentor andersoni cells, derived from a natural vector of A. marginale (16, 17, 19). OmpA serves as an adhesin for endothelial cells, Ixodes scapularis cells, and D. andersoni cells (18, 30). Additionally, the majority (73%) of screened proteins were eliminated. Together these results demonstrate the utility of phage display to identify A. marginale adhesins for RBCs.

The Msp1 superfamily includes Msp1a, Msp1b, and three Msp1a-like proteins named Mlp2–4. Msp1a and Msp1b are covalently expressed on the surface of A. marginale and are both demonstrated adhesins for bovine RBCs (16, 17, 19, 31, 32). The N-terminal portion of Msp1a is composed of variable numbers of tandem repeats that form the host cell binding domain and are commonly used for genotyping (33, 34). The C-terminal portion of Msp1a and Mlp2-Mlp4 have four helical, transmembrane domains, suggesting these proteins may have a similar function despite low amino acid identity (16–34%) (24). Interestingly, Mlp3 met the criteria as a potential adhesin for RBCs in this study. Mlp2 bound plastic and thus could not be assessed. Mlp 4 was eliminated due to poor binding to RBCs. Thus, it is possible Mlp3 may function in concert with Msp1a and Msp1b to bind bovine RBCs. A role for Mlp2 in adhesion to RBCs cannot be determined without further studies.

The outer membrane proteins Am779, Msp3, and Omp13 met the criteria as RBC adhesins. Msp3 (Uniprot Q84H51) plays a prominent role in antigenic variation and is predicted to have an OMP-like beta barrel (35). Omp13 (Uniprot Q5P9G5) is invariant through time, but like Msp3, has an OMP-like beta barrel (36). Am779 (AOA643LT3_ANAMA) has a porin domain. Thus, all three of these proteins may serve as both transporters and adhesins for RBCs, though additional work is required to confirm these functions.

Am573, Am560, Aaap, Alp1, and succinate CoA-ligase (SucC), all have conserved domains or predicted functions and were identified as potential adhesins. It is likely these A. marginale proteins interact with host cell proteins that are not necessarily exposed on the surface of bovine RBCs. For example, Aaap and Alp1 form F-actin appendages in the cytoplasm of the RBC which are closely associated with the A. marginale containing vacuole (37–40). The A. marginale containing vacuole is likely derived from the RBC plasma membrane, thus accounting for the binding of the phage displayed Aaap and Alp1 to RBCs following biopanning. SucC plays a central role in the TCA cycle in the bacterial cytoplasm. While many cytoplasmic proteins moonlight as cell surface exposed adhesins in bacteria, moonlighting functions for SucC have not been identified (41). Finally, Am560 and Am573 have type II periplasmic binding protein domains, and thus likely shuttle substrates across the bacterial periplasm, though it is possible they have additional functions in A. marginale.

Biases in phage display may affect the outcome of biopanning. The moderate negative correlation between the size and amount of each A. marginale gene in the input pool of phages and the percentage recovery of that gene following biopanning indicates smaller and more abundant genes were more likely to be recovered following biopanning. For example, am573 was abundant in the input pool of phages and encodes the smallest protein identified as a potential adhesin, suggesting it may be a false positive. Thus, additional experiments are necessary to confirm the function of these potential adhesins.

Overall, this work supports the previous conclusion that Msp1b is an adhesin for RBCs and identified additional potential A. marginale adhesins for bovine RBCs, including OmpA, Mlp3, Omp13, Msp3, and Am779. Future work, including biopanning using RBCs from non-host species and pull-down assays will help provide additional evidence of the functional relevance of these proteins for adhesion and A. marginale entry into RBCs. The specific binding domains will serve as high priority vaccine candidates for future immunization and challenge studies. Ultimately, a cost-effective vaccine to prevent bovine anaplasmosis would improve cattle health and help improve global food security.
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Supplementary Figure 1 | Histogram of the number of A. marginale genes recovered following biopanning binned by percentage recovery from RBCs. The dotted line at 33% recovery is the seventy-fifth percentile for percentage recovery. This value was used as a cut-off for identification of potential adhesins. Phages displaying A. marginale genes recovered from 100% of empty wells were excluded from this analysis.
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