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Abstract

:

Infections with tick-borne pathogens belonging to Anaplasma/Ehrlichia in various vertebrate hosts are a persistent problem resulting in nonspecific clinical signs during early infection. Diagnosis of single and multi-infections with these pathogens, causing diseases in companion/agricultural animals and people, remains a challenge. Traditional methods of diagnosis, such as microscopy and serology, have low sensitivity and specificity. Polymerase chain reaction (PCR) assays are widely used to detect early-phase infections, since these have high sensitivity and specificity. We report the development and validation of an assay involving PCR followed by magnetic capture method using species-specific oligonucleotides to detect six Anaplasma/Ehrlichia species pathogens in canine, bovine, caprine, and ovine blood samples. Overall, the assay application to 455 samples detected 30.1% (137/455) positives for one or more out of six screened pathogens. Single-pathogen infections were observed in 94.9% (130/137) of the positive samples, while co-infections were detected in 5.1% (7/137). Anaplasma marginale infection in cattle had the highest detection rate (34.4%), followed by canines positive for Anaplasma platys (16.4%) and Ehrlichia canis (13.9%). The assay aided in documenting the first molecular evidence for A. marginale in cattle and small ruminants and Ehrlichia chaffeensis and Ehrlichia ewingii in dogs in the Caribbean island of Grenada.
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1. Introduction


For over three decades, Anaplasma and Ehrlichia species pathogens have been known to cause diseases in humans, while in pets and livestock these infections have been well-documented for many decades [1,2,3]. In the United States, human infections with Anaplasma and Ehrlichia species are identified as the second leading cause of tick-borne diseases after Lyme disease [4]. Clinical outcomes of ehrlichiosis and anaplasmosis vary from asymptomatic infections to severe, potentially fatal illness in animals and humans. Two or more tick-borne infections are also common in vertebrate hosts [5,6,7,8,9,10,11,12,13,14,15,16,17]. Multi-infections with tick-borne pathogens may enhance the disease severity and complicate the clinical presentation in a host [18,19,20]. Gaunt et al. [21] reported a greater pathophysiological response in dogs experimentally co-infected with Ehrlichia canis and Anaplasma platys, than when infected with either one of the pathogens. Multiple-pathogen infections can also persist for months to years and complicate a patient’s clinical presentation, substantially influencing the progression of the diseases, while also creating challenges for laboratory diagnosis [13,22,23].



Early detection of these infections, when antibiotic treatment is most effective, is often very challenging. This is because early signs and symptoms of these illnesses are nonspecific, making clinical diagnosis difficult [24]. Assays that can rapidly confirm and discriminate between tick-borne rickettsial pathogens are limited and not readily available at an affordable cost. The Indirect immunofluorescence antibody (IFA) assays performed on paired acute and convalescent sera are considered the gold-standard for serologic confirmation of rickettsial infections [25,26]. However, IFA assays are insensitive during the acute phase of rickettsial infection [24,27,28,29,30], because during the early infection stage pathogen-specific antibodies are yet to develop. For tick-borne rickettsial infections, seroconversion usually occurs within two to four weeks, at which time pathogen-specific antibodies can be detected. Therefore, the Centers for Disease Prevention and Control, USA, recommends performing an IgG IFA assay on acute and convalescent-phase samples (sampled two to four weeks apart) in tandem, a four-fold or greater increase in the antibody titer is evidence of seroconversion and reflects current infection [30]. For the detection of Anaplasma marginale in particular, the World Organization for Animal Health recommends performing microscopic examination of the freshly prepared blood smears as well as polymerase chain reaction (PCR) assays [31]. PCR assays are based on the principle of artificial amplification of species-specific DNA and are widely used for rapid, sensitive, and specific detection of Anaplasma/Ehrlichia species, in the whole blood specimens collected during the acute stages of illness. These molecular methods include both conventional and real-time quantitative PCR assays targeting mostly 16S rRNA or 16S rDNA [6,32,33,34,35,36,37]. Other PCR assays use primers targeting genes such as dsb [38], groEL [39,40], msp1a, and msp4 of A. marginale [41,42], major outer membrane protein genes of Ehrlichia species such as p28-p30/MAP1 [43,44], and citrate synthase gene gltA [45]. However, most of these assays only detect a limited number of Anaplasma/Ehrlichia species. Recently, new technologies have been developed for molecular diagnosis of tick-borne rickettsial infections and identifying the infecting agent. For example, Michelet et al., [46] utilized a microfluidics system to perform parallel real-time PCRs to test ticks for the presence of 25 bacterial and 12 parasitic species simultaneously.



In Grenada, one of the Windward Islands of the Caribbean, Anaplasma and Ehrlichia infections are highly prevalent in dogs, and are considered endemic in cattle infections with A. marginale as judged by serological analysis [47,48,49,50,51,52,53], and have recently been reported in small ruminants [54]. In dogs, these infections are primarily transmitted by the vector Rhipicephalus sanguineus (brown dog tick). Reports on PCR and serology-based assays have identified co-infections in dogs of Grenada to both E. canis and A. platys [48,49,50]. Molecular evidence of Anaplasma and Ehrlichia infections in ruminants in Grenada, however, is limited, and infections by multiple pathogens are also not well documented [47]. Moreover, Ehrlichia ewingii, Ehrlichia chaffeensis, and Ehrlichia ruminantium infections have not previously been reported from Grenada, although they have been documented from some of the islands of the Caribbean [47,48,49,50,54,55]. Grenada experiences both human and animal international movements throughout the year from the Americas, Africa, Asia, and Europe since it is an educational hub and a popular tourist destination. With the population influx, the possibility of the introduction of exotic ticks and tick-borne rickettsial pathogens in Grenada is high. The currently available assays in Grenada (point-of-care enzyme-linked immunosorbent assay and conventional PCR) only focus on E. canis and A. platys due to the endemic status of these two pathogens. Due to globalization and Grenada’s unique status as a tourist and educational destination, this is no longer sufficient for the detection and control of tick-borne rickettsial infection.



Therefore, in this study, we report the development and validation of a new multiplex PCR coupled with oligonucleotide probe based multi-analyte profiling (xMAP) bead assay for the simultaneous detection of six different Anaplasma/Ehrlichia species pathogens in animal-blood samples. The assay uses the basic principles of a 16S rRNA-based real-time quantitative PCR assay, as previously described [37], combined with the Luminex xMAP hybridization technology. This technology utilizes advanced “solution-phase kinetics” in combination with optics and digital signaling to allow a high degree of multiplexing (up to 50 analytes). Other benefits of xMAP technology are the reduced sample volume requirements and fast results. The assay involves in vitro amplification of a 100 bp 16S rDNA gene fragment targeting six different species of Anaplasma and Ehrlichia and is followed by the capture and detection of species-specific amplicons using pathogen-specific complementary oligonucleotide probes attached to magnetic beads. The xMAP hybridization assay offers a distinct advantage similar to several previously reported similar methods for detecting human and veterinary pathogens [56,57,58,59].




2. Results


2.1. Optimization of the xMAP Assay


To develop an xMAP assay with high analytical sensitivity and specificity, optimization was performed by varying primer-annealing temperatures, amplification cycles, and varying MgCl2 concentrations. For the xMAP hybridization step, we optimized the probe concentration, the amount of PCR product used, hybridization time and temperature, and the ‘washed’ versus ‘no-wash’ protocols. While we used our previously reported species-specific probes for five pathogens [37], the A. marginale-specific probe required designing a new probe and optimization. The newly designed probe gave higher median fluorescence intensity (MFI) value for the xMAP assay when tested with the positive control plasmid. The final optimized xMAP protocol for all experiments was as follows: PCR was conducted for 35 cycles with an annealing at 50 °C for 30 s, extension at 72 °C for 30 s, and 2.5 mM of MgCl2. For xMAP analyses, the no-wash protocol was used with 0.1 nmols each of the probes and 5 µL of the PCR product. The probe hybridization temperature and time to achieve an optimal balance between the sensitivity and specificity were 55 °C and 15 min, respectively, for the xMAP analysis.




2.2. Analytical Specificity


The MFI data from all the samples in each assay was corrected for background (F − F0, where F is the MFI value of a sample, and F0 is the average background MFI value of the no-template controls (NTCs)). The multiplex analysis performed with different dilutions of positive control plasmid DNAs revealed that each species was correctly detected by its respective probe-bead set without cross-reactions with any other probe-bead sets. No positive MFI signal above the cut-off value was observed for any probe-bead set for which the corresponding specific plasmid DNA was not present. The six-plex xMAP assay had the highest (100%) analytical specificity, as no hybridization signals were observed for DNA templates from known negative animals (MFI values of negative animal samples did not differ from no-template controls) (Table 1 and Table 2). A decrease in the MFI values was observed when two plasmid combinations were present in the hybridization mix as compared to the MFI of a single species. This MFI reduction was more evident in mixtures where differences in concentrations were above one order of magnitude. For example, when 10,000 copies of E. canis were present singly, an average MFI value of 2088.6 was recorded (Table 1) but, when mixed with 100 copies of E. chaffeensis, the MFI value for E. canis decreased to 1500.5 (Table 2). It was also observed that some two plasmid combinations, at nonequivalent concentrations at a ratio greater than 100-fold, would only result in a positive MFI for the plasmid DNA having the higher concentration. For example, a combination of 10,000 copies of E. chaffeensis and 100 copies of E. canis gave average MFI values of 2231.6 and 28.2, respectively, without the background correction (Table 2). However, when the MFI values were corrected for background (F − F0), an average MFI of 2212.1, (2231.6 − 19.5) was calculated for 10,000 copies E. chaffeensis while 100 copies of E. canis resulted in an average MFI of 7.9 (28.2 − 20.3), a value below the cut-off (21.8) for E. canis probe-bead set (Table 2).




2.3. The Limit of Detection and Analytical Sensitivity


The detection limit was 10 copies/µL for E. canis, E. chaffeensis, and A. platys and 100 copies/µL for A. marginale, E. ewingii, and E. ruminantium. For analytical sensitivity, the MFIs differed by at least two times the MFI signal between copy numbers 10, 100, 1000, and 10,000 for E. canis, E. chaffeensis, and A. platys species; however, for A. marginale, E. ewingii, and E. ruminantium the analytical sensitivity of the MFI signals was less and not able to distinguish between 10 and 100 copies of the template.




2.4. Repeatability


Assessment of intra-assay and inter-assay variability was determined by the percentage of coefficient of variation (%CV) of replicates run either within the plate (intra-assay) or between the plates (inter-assay). Each probe-bead set gave a different value for the intra-assay and inter-assay %CV. Therefore, the intra-assay %CV ranged between 2% to 9%, and the inter-assay %CV ranged between 4% to 19%. These values are within the acceptable range; according to Luminex [60], the values for intra-assay %CV and inter-assay %CV should be below 10 and 20, respectively.




2.5. Testing of the Field Samples


A total of 455 blood samples collected from the six parishes in Grenada were analyzed by performing PCR and xMAP assays (Table 3) (Figure 1). The geographic location with most positive samples was concentrated in the southern half of the island, in St. George and St. David’s parishes (Figure 1). Positive and negative controls were included as part of the analysis. Figure 2 represents the distribution of the MFIs for each detected bacterial species in the six-plex xMAP assay for all samples. Anaplasma marginale was primarily detected in cattle and small ruminant blood samples, whereas E. canis and A. platys were detected predominantly in dog blood samples. The highest MFI values detected among A. marginale and A. platys positives were 1290.3 and 2799.8, respectively. Similarly, the highest MFI values for E. canis, and E. chaffeensis positive samples were 3561.3, and 1422.8, respectively. In contrast, the lowest MFI values detected for positives were as follows: A. marginale, 131.8; A. platys, 40.2; E. canis, 38.7; and E. chaffeensis, 51.8. Sample from a dog reacted with the E. ewingii probe and had an MFI of 1515.8 (Figure 2). None of the samples were positive for E. ruminantium.



Of the 455 samples analyzed, 137 (30.1%) tested positive for one or more pathogens. Of all the positive samples, 130 (94.9%) tested positive for a single pathogen infection, and seven samples (5.1%) tested positive for infections with two different pathogens. Single-pathogen infections were the highest in cattle for A. marginale (11/32; 34.3%), followed by dogs for E. canis, A. platys, and E. chaffeensis (110/358; 30.7%). Unique findings included finding E. canis in one goat, and A. platys in the blood of five ruminants (three bovine and two small ruminants).



Co-infection was not detected in any cattle and small ruminant samples, whereas 1.9% (7/358) of the dog samples tested positive for co-infection with two rickettsial pathogens; E. canis and E. chaffeensis in two dogs, E. canis and A. platys in four dogs, and A. platys and E. ewingii in one dog (Table 4).




2.6. Confirmatory PCR Assays


In order to confirm and validate the results obtained from this newly developed xMAP assay, conventional PCR assays and direct sequencing were performed on the extracted genomic DNA for a subset of the field samples. The target gene for PCR assays and sequencing were msp1a for A. marginale and 16S rRNA for E. canis, E. chaffeensis, and E. ewingii. The sequences shown in Table 5 had at least 94% identity with the reference sequences. All these sequences have been deposited in the GenBank (Accession numbers; MW474807-15, MW486117, and MW486118). xMAP results for A. platys positives were not confirmed via the conventional PCR method.





3. Discussion


In this study, we described the development and application of an xMAP six-plex PCR and oligonucleotide bead-based assay having high analytical specificity and sensitivity. The three-step assay involves: 1) PCR amplification from a sample DNA targeting a 100 bp 16S rRNA gene segment common to the six rickettsial pathogens; 2) PCR product hybridization with species-specific probes captured on magnetic beads and 3) detection of the hybrids by xMAP suspension array technology on a 96-well plate format. This assay has a quick turnaround time (3.5 h) and tests for six different pathogen DNAs simultaneously, which can be expanded to detect DNA targets from many other hemoparasite infections in a diverse host species. In particular, MagPix analyzers have the capability to test up to 84 different samples in addition to 12 controls in a 96-well plate format. Therefore, the assay has a broader applicability than a conventional PCR assay.



Anaplasma and Ehrlichia genera-specific primer sets targeting the 16S rRNA gene fragment described previously by Sirigireddy and Ganta [37] enabled the amplification of all six selected rickettsial pathogen-specific DNAs in a single step. Within the amplicon includes variable region sequences specific for each species allowing the design of magnetic capture probes, which permitted the identification of pathogen-specific detections simultaneously on the xMAP platform. One major advantage of this assay is that it can test DNA samples from different sources as demonstrated in the present study through the application of canine, bovine, ovine, and caprine blood samples. To validate the performance characteristics of this six-plex assay, we performed experiments to define the analytical specificity and sensitivity, detection limit, and repeatability. We achieved a 100% analytical specificity for the assay after limiting the PCR cycles to 35 and optimizing the hybridization step at 55 °C. Any deviation from these two parameters resulted in either cross-reactions amongst the probe-bead sets or a decrease in the MFI signals. Although there was a decrease in the MFI signals when two different species-specific positive control plasmid DNAs were mixed at nonequivalent concentrations above 10-fold, this did not preclude the detection of the plasmids as positives. The decrease in MFI when the assay included two different DNA targets was attributed to increased competition between the amplicons during the PCR step rather than xMAP assay detection, as reported previously [61]. We observed that some two plasmid combinations, at nonequivalent concentrations at a ratio greater than 100-fold, would result in a positive MFI detection only for the pathogen DNA present at the higher concentration. This could be a potential limitation of the assay in situations where clinical samples are co-infected with two or more pathogens differing in bacteremia by greater than 100-fold. However, this issue is not likely to be clinically significant because the antibiotic treatment regime for all these pathogens is the same. The detection limit for each of the analytes was between 10 and 100 copies/µL, with good analytical sensitivity between log fold concentrations of copy numbers that were above the limit of detection. The high analytical specificity and sensitivity of this assay was not affected by spiking the samples with pathogen-negative DNA from dogs or cattle. The results from these experiments illustrate that the assay is both sensitive and specific for detecting the target species even when genomic DNA from the host species is present during PCR and xMAP analysis.



The application of the xMAP six-plex PCR assay to 455 field samples detected 30.1% (137/455) of positives, where amongst these positive samples we found 34.3% (11/32) cattle for A. marginale, 16.4% (59/358) dogs for A. platys, and 13.9% (50/358) dogs for E. canis. These results are consistent with prior published reports from other endemic regions for bovine anaplasmosis and canine rickettsial pathogens of the world, including the Caribbean region [62,63,64,65,66]. Co-infection with E. canis and A. platys in the Grenadian dog population was 1.1% (4/358) and this observation is also similar to previous reports from the Caribbean islands of St. Kitts and Republic of Haiti [67,68]. In 2006, the reported prevalence of Grenadian dogs based on conventional PCR for E. canis and A. platys was 24.7% and 19.2%, respectively, with 5.5% of dual infections [50]. While the previously published data is consistent with the data reported here, the current study had a lower prevalence in E. canis and A. platys, which may reflect natural fluctuations in the pathogen distribution rather than the sensitivity differences in the assays. Although statistical comparisons were not performed between the prior published data and the current data, the reported variations in results may be due to differences in sample selection sites. Landscape and climatic differences among the various parishes in Grenada may have contributed to some variation in prevalence of the pathogens as noted in the current study compared to the previous reports. However, a more extensive study of the island is necessary. Anaplasma marginale has been known to infect bovine species worldwide, particularly in tropical, subtropical, and temperate regions [69,70,71,72,73]. However, in the Caribbean region, molecular detection of A. marginale infections in bovine species (e.g., cattle and buffalo) have only been reported from Cuba and Puerto Rico [74,75,76]. The present study augments those previous findings, and it is the first report on the molecular detection of A. marginale in cattle and small ruminants from Grenada. Previously, only serological data had been reported demonstrating exposure to A. marginale in the livestock animals in Grenada [47,53] and the current data validates the existence of the predicted cattle infections with the pathogen.



The xMAP assay analysis performed on various field specimens also revealed novel data. For example, our study is the second in reporting the presence of E. canis in goat blood [54]. Additional investigations are warranted to define the significance of E. canis infections in goats in causing disease in this host. The xMAP analysis of samples from domestic ruminants also resulted in the identification of A. platys DNA in five samples tested from domestic ruminants (cattle, goats, and sheep). This is the first study to report A. platys in these animal species. Additional investigations are necessary to determine the significance of A. platys infection to the ruminant population health. This study is also the first to report co-infections in dogs with E. chaffeensis and E. canis and with E. ewingii and A. platys. The sample cohort of dogs investigated in this study included some dogs having a travel history from the USA where E. chaffeensis and E. ewingii infections are more widespread. Therefore, the presence of E. chaffeensis and E. ewingii in dogs residing in Grenada may represent dogs originating from the USA. Since Grenada is a popular tourist and education destination with frequent movement of both humans and pet animals from other countries, including the USA and Canada, the introduction of new bacterial infections and tick species by means of importation of animals to the island cannot be ruled out.




4. Materials and Methods


4.1. Collection of the Field Specimens


A total of 455 samples were collected between the years 2014 and 2018. These samples included whole blood collected from canines (n = 358), caprine and ovine (n = 65), and bovine (n = 32). (Table 3). The sample cohort for dogs was comprised of community-owned (mostly free roaming) dogs that were presented to the Small Animal Clinic (as part of diagnostic service) and to the Junior Surgery Laboratory (for blood sampling prior to spay and neuter surgeries) of the School of Veterinary Medicine (SVM) at St. George’s University (SGU). Cattle blood-samples were collected at farms in several parishes of Grenada (Figure 1) and from animals brought to the Large Animal Medicine and Surgery clinic of SVM, SGU. Small ruminants were sampled at various farms located in the parishes of Grenada (Figure 1). Bleeding and sample collections for all the animals were performed as per the approved Institutional Animal Care and Use Committee protocols of SGU. Blood samples were collected in EDTA-anticoagulant tubes and stored at 4 °C until processing, which typically occurred within 24 h. Table 3 represents the Grenada parish location of the blood samples collected from each animal species.




4.2. DNA Extraction


Genomic DNA (gDNA) from the blood samples was isolated from 100 µL of blood using the DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany) as per the manufacturer’s instruction. Yield and purity of DNAs were determined using a Nanodrop™ 2000 Spectrophotometer (Thermo Scientific, Waltham, Massachusetts, US) and then all DNAs were stored at −20 °C until subsequent analyses.




4.3. Optimization of the PCR and xMAP Hybridization Assay Conditions


To achieve a balance between the analytical sensitivity and specificity of the assay developed in the present study, PCR and xMAP assay conditions were optimized, as shown in Table 6. Previous reports that used the PCR-based xMAP technology have reported the use of PCR cycles from 35 [77,78] up to 45 [79,80] depending on the target-genes. In the present study, 16S rRNA gene fragment was used for the PCR protocol, and the cycling conditions were carefully optimized after testing 30, 35, and 40 cycles in combination with different primer annealing temperatures (50 °C and 52 °C) and MgCl2 concentrations (1.5 mM and 2.5 mM).



For the xMAP hybridization step, different concentrations of the probes (0.1 and 0.2 nmol/µL) were tested in combination with different hybridization temperatures (50, 52, 55 and 60 °C), and incubation times (10, 15, and 20 min). A washed versus a no-wash protocol was also tested [55]. The probe for A. marginale was redesigned since the original probe [37] performed sub-optimally with various test conditions.




4.4. DNA Amplification for xMAP Assay


PCRs were performed to amplify the Anaplasma/Ehrlichia common 100 bp fragment corresponding to the 16S rRNA gene segment, as described previously [37] using forward primer EHRANA-F (5′-CTCAGAACGAACGCTGG-3′) and reverse primer EHRANA-R2bio (5′/5Biosg/GCATTACTCACCCGTCTGC-3′) (Integrated DNA Technologies, Coralville, Iowa, US). The reverse primer was 5′-biotinylated to allow conjugation of streptavidin phycoerythrin (SAPE) for detection via xMAP assay by Luminex (Austin, Texas, US). All amplification reactions contained 12.5 µL of 2X Platinum Hot Start Master Mix (1.5 mM MgCl2, 200 µM of each dNTP, and 1 U of Taq Platinum Polymerase (Invitrogen, California, US), an additional 0.5 µL of 1mM MgCl2 to increase the concentration to 2.5 mM, 1.25 µL of each of primers at 0.5 µM, 1 µL of gDNA template (10–20 ng/µL), and 8.5 µL of nuclease-free water to make the final volume to 25 µL. For the positive controls, six recombinant plasmid DNAs containing inserts corresponding to a 100 bp 16S rRNA gene-segments of A. marginale, A. platys, E. canis, E. chaffeensis, E. ewingii, and E. ruminantium, as described previously [37], were diluted to the copy numbers 100, 500, 1000, and 10,000. These plasmid controls were used in the PCR assays to serve as serial dilution positive controls. Ten reactions were included at each assay to serve as NTCs where gDNA solution was replaced with nuclease-free water. PCR thermal cycler conditions consisted of an initial denaturation step of 4 min at 94 °C, followed by 35 cycles of denaturation for 30 s at 94 °C, annealing of 30 s at 50 °C and an extension of 30 s at 72 °C. Subsequently, a final extension step was set at 72 °C for 5 min and the samples were stored at 4 °C.




4.5. Oligonucleotide xMAP Assay


4.5.1. Oligonucleotide Probe Design


Species-specific oligonucleotide probes (size range between 21 and 32 bp) corresponding to the variable regions located within the amplicons were prepared as described previously [37]. Anaplasma marginale-specific probe was designed in the current study and listed in Table 7, as the previously designed probe was found to be suboptimal for the xMAP analysis. All probes were manufactured with the inclusion of a six-carbon amino linker attached to the 5′ end (Integrated DNA Technologies, Coralville, IA, USA).




4.5.2. Oligonucleotide Probe Coupling to xMAP Beads


Species-specific oligonucleotide probes were conjugated to six unique sets of fluorescent-dyed magnetic carboxylated MagPlex® Microspheres (beads) (Luminex, Austin, TX, USA) by a chemical reaction attaching the carboxy groups on the beads to the amine group of the 5′ end probe liners, as per the manufacturer’s protocol [60]. Six different bead-set stocks (represented as R20, R25, R34, R38, R43, R48, and R53) were then resuspended by being vortexed at 20 rpm for 1 to 2 min and sonicated for 1 min. Five million beads from each bead-set stock were coupled to amine-linked species-specific oligonucleotide probes protocol as per manufacturer’s protocol [60]. Coupling efficiency was evaluated by hybridization of the coupled beads with two-fold dilutions of femtomolar concentrations of biotinylated oligonucleotide sequences that were complementary to the probes coupled to the bead-sets. The degree of hybridization was evaluated as outlined below.




4.5.3. Direct Hybridization of Blood-Derived DNA Samples to Six Oligonucleotide Probe-Coupled xMAP Beads


For these experiments, a no-wash protocol was followed [60]. Five micro liters of biotinylated PCR products were mixed with 33 µL of the six species-specific oligonucleotide bead mixtures and the volumes were raised to 50 µL with the addition of Tris-ethylene-diamine-tetraacetic acid (TE) buffer. The probe-bead mixture was calculated to contain about 23 beads/µL in 1.5× tetramethyl ammonium chloride (TMAC) hybridization buffer (4.5 M TMAC, 0.15% Sarkosyl, 75 mM Tris HCl, 6 mM EDTA pH 8.0). Biotin-labeled PCR products made from six recombinant plasmids and 10 NTCs were used as positive and negative controls, respectively. The NTCs served to calculate background MFI for each xMAP assay. The hybridization reaction was performed in Bio-Rad Hard-shell 96-well thin wall PCR plates (Hercules, CA, USA) at 55 °C for 15 min in Eppendorf Mastercycler® pro (Hamburg, Germany). Twenty-five microliters of SAPE (New England Biolabs, Ipswich, MA, USA) in 1× TMAC buffer at a final concentration of 4 µg/µL was added to each reaction well and was incubated at 55 °C for a further 5 min. Each bead was analyzed by a red-light emitting diode (LED), which identified unique fluorescent dyes coating the bead region for each probe coupled bead-set and a green LED, which detects the SAPE signal of the hybridization between the amplified biotinylated-product and with complementary oligonucleotide probe(s). All analyses were performed on a MAGPIX® instrument (Luminex, Austin, TX, USA) using xPONENT version 4.2 software (Luminex Corporation, Austin, TX, USA). The analysis was performed at 55 °C with an average of ~750 beads present for each of the six bead regions representing 750 replicate measurements for each bead region. An internal wash-step for each sample was carried out during the analysis to ensure removal of unbound SAPE reporter in the supernatant from interfering with the imaging chamber before reading the microspheres. The MFI data from all the samples in each assay was corrected for background (F − F0, where F is the MFI value of a sample, and F0 is the average background MFI value of the NTCs). For each probe hybridization, positive and negative cut-off values were calculated as the arithmetic mean of MFI values for the NTCs replicates included in each assay plus three standard deviations (SD) from the mean.




4.5.4. Determination of the Analytical Specificity of the Luminex Assay


The analytical specificity of all probe-bead sets was tested against recombinant plasmids (i) to identify a single DNA species when all six probe-bead sets are present and (ii) to identify combinations of two different positive control plasmids when added to the six-oligo bead sets. Table 8 illustrates the experimental set-up for different plasmid combinations tested to determine the analytical specificity of the Luminex assay. Every analysis was performed with 5 µL of PCR amplicon containing positive control plasmid DNA as described in the above section. To simulate natural infection, plasmids were spiked with known negative genomic DNAs (3–5 ng/µL) recovered from dog and cattle blood. The spiked DNAs from known negatives were run separately as additional controls along with the NTCs.




4.5.5. Determination of Limit of Detection and Analytical Sensitivity


Detection limit is defined as the lowest concentration of an analyte detected as positive by an assay [81]. To determine the detection limit of the assay, serial dilutions of plasmid controls of each species were used in PCRs. Six 10-fold dilutions created 10,000 to 0 copies/µL of each plasmid control [82]. To determine the ability of the assay to detect differences between MFIs of plasmid copy numbers or analytical sensitivity, the MFI of the plasmid controls were compared between each dilution or copy number. To simulate co-infections, a combination of two different control plasmids was added into wells containing the six different oligonucleotide coupled beads. All the plasmids at different concentrations were spiked with known negative dog or cattle DNA for PCR and xMAP experiments so that each reaction well also contained gDNA from negative field samples.




4.5.6. Intra-Assay and Inter-Assay Variability


The intra-assay variability (repeatability or precision within a plate or run) was calculated by testing plasmid controls at concentrations of 100 and 10,000 copies/µL, in four replicates each, on a single plate. The inter-assay repeatability or precision between plates and runs was calculated by running the six plasmid controls at various dilutions (100, 500, 1000, and 10,000 copies/µL) in four different plates each run on four different days. The percent of coefficient of variation (%CV) for the intra-assay and inter-assay variability was determined by dividing the standard deviation of the replicates by the mean, then multiplied by 100.





4.6. Confirmation of the Results by PCR and Sequencing


Results for a subset of xMAP positive samples were confirmed using conventional PCR assays followed by sequencing. The primers targeted different genes or regions than those used for the xMAP assay (Table 9) to confirm the pathogen-DNA in the field samples. Amplicons were extracted and sent for direct sequencing to the sequencing facility of Molecular Cloning Laboratories (South San Francisco, CA, USA). The sequencing histograms were cleaned and compared to the sequence-database present in GenBank® using the Nucleotide Basic Local Alignment Search Tool of the National Center for Biotechnology Information.





5. Conclusions


In conclusion, this novel six-plex oligonucleotide PCR-based bead assay is highly specific, sensitive, and repeatable for the simultaneous detection of six Anaplasma/Ehrlichia species frequently observed in vertebrate hosts and tick vectors. The assay identified multi-infections in dogs with two Anaplasma/Ehrlichia species, which is consistent with prior reports in Grenada using conventional PCR. Thus, it may contribute to our understanding of the expansion of vertebrate hosts and vectors for these pathogens, their prevalence and geographic spread, and to assess possible zoonotic concerns.
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Figure 1. Map of Grenada showing six different parishes and the type of samples collected from each parish. 
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Figure 2. Scatter plot illustrating the distribution of corrected median fluorescent intensity values for the 455 samples obtained by the hybridization with different probes within the six-plex xMAP assay. PS: positive samples; NS: negative samples and NTC: No Template Controls (n = 92) from nine different assays and used to calculate the cut-offs. (A) A. marginale; (B) E. canis; (C) E. ewingii; (D) A. platys; (E) E. chaffeensis. ‘△’ blood from cattle; ‘◇’ blood from small ruminants; ‘✴’ blood from dogs. Whiskers in each plot represent the interquartile range (Median—middle line and lower and upper lines mean 25 and 75 percentiles of the distribution). 
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Table 1. Median fluorescence intensity (MFI) values of each probe-bead set shown by a single plasmid present in the hybridization mix.






Table 1. Median fluorescence intensity (MFI) values of each probe-bead set shown by a single plasmid present in the hybridization mix.





	
DNA Targets

	
MFI for Hybridization of Species-Specific Oligonucleotides to DNA Targets




	
A. marginale

	
E. canis

	
E. ewingii

	
A. platys

	
E. chaffeensis

	
E. ruminantium






	
NTCs c

	
23.5 ± 11.1 a

(>34.6)

	
24 ± 14.1 a

(>38.5)

	
23.1 ± 11.4 a

(>35)

	
24.6 ± 10.8 a

(>35.8)

	
23.1 ± 10.2 a

(>33.5)

	
25.5 ± 10.2 a

(>36)




	
A. marginale #

	
670.5b ± 118.6

	
21.6 ± 3.7

	
24 ± 2.6

	
22 ± 2.6

	
21.6 ± 4.6

	
24 ± 3.4




	
E. canis #

	
21.6 ± 1.1

	
2088.6b ± 92.5

	
21.6 ± 2

	
22 ± 2

	
22 ± 1

	
24 ± 1.7




	
E. ewingii #

	
18.3 ± 1.5

	
20.3 ± 0.5

	
1605.3b ± 147

	
20.6 ± 2.5

	
19.3 ± 1.1

	
21 ± 2




	
A. platys #

	
21 ± 2.6

	
22.8 ± 3.1

	
21.6 ± 1.1

	
1870.2b ± 270

	
21.3 b ± 3.2

	
24.6 ± 3




	
E. chaffeensis #

	
23.5 ± 2.3

	
25.3 ± 2

	
24 ± 1.7

	
23.6 ± 1.1

	
2715.8b ± 321.4

	
27 ± 1.7




	
E. ruminantium #

	
20.3 ± 1.5

	
22.3 ± 2.3

	
21.6 ± 1.5

	
21 ± 1.7

	
19.3 ± 2

	
828b ± 83.9








The MFI values shown in the table are the average MFI values of each sample run in three independent assays ± standard deviations (SD) (without background correction). a Cut-off values defined as mean ± 3SD of the no-template controls (NTCs) for each probe-bead set obtained with replicates of each sample run in three independent assays. Values in parenthesis indicates the cut off incorporating mean + 3SD. b In bold are the values considered as positive (based on mean ± 3SD). c No Template Controls (PCR grade water). # Plasmid present at 10,000 copies/µL.
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Table 2. MFI values of each probe-bead set shown by two plasmid combinations present in the hybridization mix.
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DNA Targets

	
MFI for Hybridization of Species-Specific Oligonucleotides to DNA Targets




	
A. marginale

	
E. canis

	
E. ewingii

	
A. platys

	
E. chaffeensis

	
E. ruminantium






	
NTC c

	
19.2 ± 4.5 a

(>23.7)

	
20.3 ± 1.5 a (>21.8)

	
20.3 ± 1.5 a

(>21.8)

	
21.1 ± 4.2 a

(>25.3)

	
19.5 ± 1.5 a

(>21)

	
22 ± 2.4 a

(>24.4)




	
Neg D d

	
17.8 ± 0.5

	
19 ± 0

	
18 ± 0.8

	
19.2 ± 0.5

	
18 ± 0.8

	
20.5 ± 1




	
Neg C e

	
19.5 ± 0.5

	
19.8 ± 0.9

	
19.2 ± 0.9

	
20 ± 0.8

	
19.2 ± 0.5

	
21.5 ± 2




	
EC-AP f

	
20 ± 0

	
1344.2b ± 16.2

	
20.5 ± 0.5

	
331.1b ± 7.3

	
20.8 ± 1.7

	
23.6 ± 1.3




	
AP-EC g

	
18.9 ± 0.2

	
36b ± 2.1

	
19.8 ± 1.2

	
1242.6b ± 39.3

	
20.2 ± 2.3

	
21.6 ± 1.7




	
EC-ECH h

	
21.2 ± 0.9

	
1500.5b ± 19.2

	
22.8b ± 1.8

	
22 ± 0.8

	
55b ± 0

	
24.5b ± 1.2




	
ECH-EC i

	
18.8 ± 1.7

	
28.2b ± 2.6

	
18.5 ± 2

	
18.9 ± 1.6

	
2231.6b ± 80.9

	
20.4 ± 1.7




	
AM-ECH j

	
1077.6b ± 26.8

	
20 ± 0.8

	
25.2b ± 0.9

	
19.8 ± 0.5

	
107.5b ± 2.6

	
21.8 ± 0.5




	
ECH-AM k

	
25.8b ± 1.7

	
26.2b ± 1.2

	
23.5b ± 0.5

	
24.9 ± 1

	
3997b ± 120.8

	
27b ± 2








The MFI values shown in the table are the average MFI values of each sample run in four replicates within the assays ± SD (without background correction). a Cut-off values defined as mean ± 3SD of the NTCs for each probe-bead set obtained with four-replicates of each sample run on the same plate. Values in parenthesis indicates the cut off incorporating mean + 3SD. b In bold are the values considered as positive (based on mean ± 3SD). c No Template Control (PCR grade water). d Spike-DNA sample from known negative dog. e Spike-DNA sample from known negative cattle. f Ehrlichia canis at 10,000 copies/µL mixed with A. platys 100 copies/µL and spiked with negative dog DNA. g Anaplasma platys at 10,000 copies/µL mixed with E. canis 100 copies/µL and spiked with negative dog DNA. h Ehrlichia canis at 10,000 copies/µL mixed E. chaffeensis 100 copies/µL and spiked with negative dog DNA. i Ehrlichia chaffeensis at 10,000 copies/µL mixed with E. canis 100 copies/µL and spiked with negative dog DNA. j Anaplasma marginale at 10,000 copies/µL mixed E. chaffeensis 100 copies/µL and spiked with negative cattle DNA. k Ehrlichia chaffeensis at 10,000 copies/µL mixed A. marginale 100 copies/µL and spiked with negative cattle DNA.
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Table 3. The number and parish location of the animals sampled.
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Species/# Sampled

	
# of Samples

	
Parish (# Sampled)

	
Year of Collection




	
SG

	
SA

	
SM

	
SP

	
SD

	
SJ

	
Uk






	
Canine/353

	
358 *

	
185

	
48

	
12

	
4

	
50

	
1

	
58

	
2014–2018




	
Caprine and Ovine/65

	
65

	
18

	
25

	
-

	
-

	
22

	
-

	
-

	
2017–2018




	
Bovine/32

	
32

	
25

	
7

	
-

	
-

	
-

	
-

	
-

	
2017




	
Total (%)

	
455



	
228

(50.1)

	
80

(17.6)

	
12

(2.6)

	
4

(0.8)

	
72

(15.8)

	
1

(0.2)

	
58

(12.7)

	








* Blood samples from five dogs were collected twice (one week apart). SG: Saint George parish; SA: Saint Andrew parish; SM: Saint Mark parish; SP: Saint Patrick parish; SD: Saint David parish; SJ: Saint John parish; Uk: Unknown (location not recorded).
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Table 4. Number and percentage of animals that tested positive for single or multiple bacterial species by the Luminex assay.
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Bacterial sp.

	
Canine

	
Bovine

	
Caprine and Ovine

	
Total




	
Animal sp.

	






	
Single speciesinfections

	
AM

	
-

	
11/32 (34.3)

	
3/65 (4.6)

	
14




	
EC

	
50/358 (13.9)

	
-

	
1/65 (1.5)

	
51




	
AP

	
59/358 (16.4)

	
3/32 (9.3)

	
2/65 (3)

	
64




	
ECH

	
1/358 (0.2)

	
-

	
-

	
1




	
Total

	
110/358 (30.7)

	
14/32 (43.7)

	
6/65 (9.2)

	
130




	
Co-infections

	
EC-ECH

	
2/358 (0.5)

	
-

	
-

	
2




	
EC-AP

	
4/358 (1.1)

	
-

	
-

	
4




	
EE-AP

	
1/358 (0.2)

	
-

	
-

	
1




	
Total

	
7/358 (1.9)

	
0/36 (0)

	
0/65 (0)

	
7




	

	
Grand Total

	
117/358 (32.6)

	
14/32 (43.7)

	
6/65 (9.2)

	
137








Unique findings are in bold. AM: A marginale; EC: E. canis; EE: E. ewingii; AP: A. platys; ECH: E. chaffeensis; and ER: E. ruminantium. Hyphenated abbreviations indicate co-infections of two different pathogens.
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Table 5. Homology between deposited sequences and reference sequences in GenBank.






Table 5. Homology between deposited sequences and reference sequences in GenBank.





	Species
	Target Gene
	# of Samples Tested
	# of Samples Sequenced
	Deposited

Sequence

GenBank #s
	Length (bp)
	Percentage of Identity (%)
	Reference

Sequence





	A. marginale
	msp1a
	8
	2
	MW486117

MW486118
	568

326
	94.00

94.00
	NC_012026

NC_012026



	E. canis
	16S rRNA
	6
	2
	MW474807

MW474808
	335

335
	99.40

99.40
	NR_118741

NR_118741



	E. chaffeensis
	16S rRNA
	10
	6
	MW474809

MW474810

MW474811

MW474812

MW474813

MW474814
	300

334

318

334

333

334
	100.00

100.00

100.00

100.00

100.00

100.00
	NR_074500

NR_074500

NR_074500

NR_074500

NR_074500

NR_074500



	E. ewingii
	16S rRNA
	6
	1
	MW474815
	308
	100.00
	NR_074500
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Table 6. xMAP assay optimization at different levels.






Table 6. xMAP assay optimization at different levels.





	

	
Optimization Conditions

	
Test Conditions






	
PCR optimization

	
Primer Annealing temperature (°C)

	
50, 52




	
MgCl2 concentration (mM)

	
1.5, 2.5




	
PCR cycle numbers

	
30, 35, 40




	
xMAP optimization

	
Hybridization Temperature (°C)

	
50, 52, 55, 60




	
Hybridization time (min.)

	
10, 15, 20




	
PCR product volume (µL)

	
5, 10




	
xMAP protocol

	
Washed, no-wash




	
Concentration of the probes (nmol/µL)

	
0.1, 0.2
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Table 7. Sequences of the oligonucleotide probes that were covalently linked to the carboxylated microspheres used in the development of xMAP assay for the detection of species identification of Ehrlichia/Anaplasma in animals.






Table 7. Sequences of the oligonucleotide probes that were covalently linked to the carboxylated microspheres used in the development of xMAP assay for the detection of species identification of Ehrlichia/Anaplasma in animals.





	Probes
	Bacterial Species
	Sequences (5′-3′)
	xMAP COOH-Microsphere Regions for Probe Binding
	Reference





	RG270Ecan
	E. canis
	TATAGCCTCTGGCTATAGGAAATTGTTAG
	R25
	[37]



	RG266Echaf
	E. chaffeensis
	CTTATAACCTTTTGGTTATAAATAATTGTTAG
	R43
	[37]



	RG268Eewin
	E. ewingii
	CTAAATAGTCTCTGATTTAGATAGTTGTTAG
	R34
	[37]



	RG260Erum
	E. ruminantium
	GTTATTTATAGCTTCGGCTAT
	R48
	[37]



	RG272Aplat
	A. platys
	CGGATTTTTGTCGTAGCTTGCTATGAT
	R38
	[37]



	RG262Amarg
	A. marginale
	CGTATACGCAGCTTGCTGCGT
	R20
	This study







R20, R25, R34, R38, R43, and R48 represent bead-set stocks with different spectral properties.
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Table 8. Combinations of plasmid DNA mixes analyzed to determine analytical specificity.






Table 8. Combinations of plasmid DNA mixes analyzed to determine analytical specificity.





	
Species

	

	
Mix




	
1 ✴

	
2 ✴

	
3 ✴

	
4 ✴

	
5 ✴

	
6 ✴

	
7 and 8 ★

	
9 and 10 ★

	
11 and 12 ★






	
E. canis

	
✓

	
✗

	
✗

	
✗

	
✗

	
✗

	
✓

	
✓

	
✗




	
E. chaffeensis

	
✗

	
✓

	
✗

	
✗

	
✗

	
✗

	
✗

	
✓

	
✓




	
E. ewingii

	
✗

	
✗

	
✓

	
✗

	
✗

	
✗

	
✗

	
✗

	
✗




	
E. ruminantium

	
✗

	
✗

	
✗

	
✓

	
✗

	
✗

	
✗

	
✗

	
✗




	
A. platys

	
✗

	
✗

	
✗

	
✗

	
✓

	
✗

	
✓

	
✗

	
✗




	
A. marginale

	
✗

	
✗

	
✗

	
✗

	
✗

	
✓

	
✗

	
✗

	
✓








✓ Shows the presence of the corresponding bacterial plasmid DNA in the mix. ✗ Indicates the absence of the corresponding bacterial plasmid DNA in the mix. ✴ Positive control plasmid mixtures 1 to 6 contain single bacterial species (indicated by ✓) at 10,000 copies/µL in each mixture. ★ Positive control plasmid mixtures 7 and 8, 9 and 10, and 11 and 12 contain two bacterial species (indicated by ✓) at 10,000 and 100 copies/µL.
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Table 9. Primers used for confirmatory PCR assays for various species.
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	Species
	Target Gene
	Primer Name
	Sequence (5′→3′)
	Amplicon Size (bp)
	Reference





	A. marginale
	msp1a
	MSP1aF1

MSP1aRN
	GCATTACAACGCAACGCTTGAG

CAGGAGCACCACCAAACATCATCACA
	1638
	This study



	A. platys
	16S rRNA
	EP2

EP3
	GAAGATAATGACGGTACCC

CGTTTTGTCTCTGTGTTG
	385
	[83]



	E. canis
	16S rRNA
	ECA

HE3
	CAATTATTTATAGCCTCTGGCTATAGG

TATAGGTACCGTCATTATCTTCCCTAT
	385
	[34]



	E. chaffeensis
	16S rRNA
	HE1

HE3
	CAATTGCTTATAACCTTTTGGTTATAAAT

TATAGGTACCGTCATTATCTTCCCTAT
	385
	[84]



	E. ewingii
	16S rRNA
	EE72

HE3
	CAATTCCTAAATAGTCTCTGACTATT

TATAGGTACCGTCATTATCTTCCCTAT
	385
	[85]
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