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Abstract 27	

Borrelia miyamotoi is an emerging tick-borne spirochete transmitted by Ixodid ticks. 28	

Current serologic assays for B. miyamotoi are impacted by genetic similarities to other 29	

Borrelia and limited understanding of optimal antigenic targets. In this study, we 30	

employed the TBD-Serochip, a peptide array platform, to identify new linear targets for 31	

serologic detection of B. miyamotoi. We examined a wide range of suspected B. 32	

miyamotoi antigens and identified 352 IgM and 91 IgG reactive peptides, with the 33	

majority mapping to variable membrane proteins. These included peptides within 34	

conserved fragments of variable membrane proteins that may have greater potential for 35	

differential diagnosis. We also identified reactive regions on FlaB, and demonstrate 36	

crossreactivity of B. burgdorferi C6 with a B. miyamotoi C6-like peptide. The panel of 37	

linear peptides identified in this study can be used to enhance serodiagnosis of B. 38	

miyamotoi. 39	

 40	
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Introduction 53	

Borrelia miyamotoi is a tick-borne relapsing fever spirochete found throughout temperate 54	

regions worldwide that is transmitted by hard ticks of the genus Ixodes (1-5). B. 55	

miyamotoi was discovered in 1995; however, the link to disease was first established in 56	

2011 when it was implicated in an outbreak of tick-borne illness in Russia (1, 6). B. 57	

miyamotoi is primarily transmitted by I. scapularis and I. pacificus in North America, and 58	

I. ricinus and I. persulcatus in Europe and Asia (6-9). These tick species also transmit 59	

Borreliae that cause Lyme borreliosis (10). Lyme borreliosis is the most common vector-60	

borne disease in the United States, where most infections are caused by Borrelia 61	

burgdorferi and transmitted by Ixodes scapularis. Despite sharing the same vectors, B. 62	

miyamotoi differs from B. burgdorferi in a number of ecological aspects, including the 63	

ability for transovarial transmission, quicker transmission during tick feeding, and lower 64	

infection rates in vector ticks. The prevalence of B. miyamotoi in nymphs is typically 1% 65	

to 5% versus 15% to 25% for B. burgdorferi (11-15). Nonetheless, B. miyamotoi and B. 66	

burgdorferi can occasionally infect the same tick, and concurrent human infections have 67	

been reported (5, 15, 16). 68	

 69	

Symptomatic infections with B. miyamotoi (Borrelia miyamotoi disease; BMD) usually 70	

present with fever and other non-specific symptoms including fatigue, headache, chills 71	

and nausea (17, 18). Bouts of relapsing fever may occur in untreated patients. In the 72	

United States, reports of BMD are rare with less than 200 cases identified between 2011 73	

and 2017 (3, 19, 20). This is considerably less than would be expected based on the 74	

high incidence of other tick-borne diseases and suggests a substantial underreporting of 75	

B. miyamotoi infections (21). A portion of infections may be asymptomatic while 76	

symptomatic infections may not be identified because of a similar presentation to certain 77	

other tick-borne illnesses and the lack of optimal diagnostic tests (22-24). Patients with 78	
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BMD may test positive on the C6 ELISA, a serologic assay used in the diagnosis of 79	

Lyme disease (20, 25, 26). Current methods of BMD diagnosis include PCR (in the 80	

acute stage), and a two-tiered antibody assay (ELISA and western blot) based on 81	

immunoreactivity to glycerophosphodiester phosphodiesterase (GlpQ), an enzyme 82	

present in B. miyamotoi but absent in Lyme Borrelia (17, 27). Because GlpQ homologs 83	

are present in other relapsing fever spirochetes and in other bacteria, its specificity for B. 84	

miyamotoi is limited (28-31). In addition, serologic assays based on reactivity to GlpQ 85	

are only reactive in 56% to 78% of sera from convalescent BMD patients and only 16% 86	

of sera from individuals with acute disease (3, 32). Thus, other targets are needed in 87	

order to develop more sensitive and specific serologic tests.  88	

An alternative approach for BMD serologic diagnosis is the development of assays that 89	

target outer surface antigens. Although this approach has been applied for diagnosis of 90	

Lyme borreliosis, relatively little is known about the utility of outer surface antigens in 91	

diagnosis of BMD. The primary challenge in assay development is the rapid antigenic 92	

variation that is a characteristic of relapsing fever spirochetes (33-36). Like all relapsing 93	

fever Borreliae, the genome of B. miyamotoi contains linear plasmids that encode 94	

multiple alleles of variable major proteins (Vmps) (36-38). Vmps consist of two types of 95	

lipoproteins that are dissimilar in sequence and length: the variable small proteins (Vsps) 96	

and variable large proteins (Vlps)(39). At any given time, only one Vmp is expressed by 97	

the spirochete when a single allele is copied into the Vmp expression site. Relapsing 98	

fever Borreliae alternate expression of these Vmps in order to evade the host immune 99	

response (31, 32, 38). The alleles are genetically heterogenous; thus, it is unlikely that 100	

host IgM raised against one Vmp will neutralize spirochetes expressing another Vmp. 101	

Despite high genetic diversity, Vmps share conserved regions that may also be a target 102	

of neutralizing antibodies.  Identifying these regions could be useful for diagnosis, 103	
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particularly early in disease (37, 39). In this study, we employed the Tick-borne disease 104	

Serochip (TBD-Serochip), a novel serologic peptide array platform, to examine the 105	

antibody response in human patients with BMD to a wide array of B. miyamotoi antigens. 106	

Our work identified linear epitopes that could be applied in the development of improved 107	

diagnostic tests	(40).    108	

 109	

Materials and Methods 110	

TBD-Serochip. The TBD-Serochip is a peptide array that consists of approximately 111	

170,000 12-mer linear peptides designed from the protein sequence of the primary 112	

antigens of Anaplasma phagocytophilum, B. burgdorferi, B. miyamotoi, Babesia microti, 113	

Rickettsia rickettsii, Ehrlichia chaffeensis, Powassan virus and Heartland virus (40). The 114	

12-mer peptides tile the sequence of each antigen with an 11 amino acid (aa) overlap to 115	

the preceding 12-mer peptide in a sliding window pattern. Antigens selected for inclusion 116	

on the TBD-Serochip were all previously reported to elicit an antibody response in 117	

humans.  For B. miyamotoi, the TBD-Serochip includes 12-mer peptides designed from 118	

a wide array of Vmp and non-Vmp antigens (Table 1). For each selected antigen, we 119	

downloaded every available homologous protein sequence from the NCBI protein 120	

database. Sequences were aligned and used to design 12-mer peptides, with redundant 121	

peptides excluded prior to synthesis. This approach resulted in the TBD-Serochip 122	

incorporating peptides to all genetic variants of every included antigen. 123	

Sera. We tested seven convalescent-phase sera from patients diagnosed with BMD. 124	

Five sera originated from New York Medical College, and 2 from Tufts University.  125	

Diagnosis of BMD was made during the acute disease phase, six by PCR, and one by a 126	

GlpQ-based serologic assay (Table 2). We contrasted these data with TBD-Serochip 127	

data obtained from sera from patients with Lyme disease (N=100), and healthy 128	
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individuals with no history of Lyme disease (N=16). All sera were tested at a 1:50 129	

dilution.  We used de-identified human sera from our previous work with the TBD-130	

Serochip, and additional samples acquired form the National Institutes of Health (40). 131	

These samples were obtained under clinical protocols (ClinicalTrials.gov 132	

Identifier NCT00028080 and NCT00001539) approved by the institutional review board 133	

of the National Institute of Allergy and Infectious Diseases, and all participants signed 134	

informed consent. Sample types ranged from early to late Lyme disease (confirmed by 135	

the two-tiered testing algorithm), All methods used for sample collection were performed 136	

in accordance with the proper guidelines and regulations. 137	

 138	

Epitope identification. Following antibody incubations, the arrays were scanned on 139	

NimbleGen MS 200 Microarray Scanner (Roche) to generate raw fluorescent intensity 140	

data sets that were then subjected to quantile normalization. IgM and IgG reactivity were 141	

examined separately. Based on the data obtained from healthy controls, we computed a 142	

cut-off threshold for each epitope that was defined by calculating the mean plus 3 143	

standard deviations of the signal intensity for the same epitope. We then filtered out any 144	

peptides with signal intensities below threshold in all experiments. To identify peptides 145	

that could be used to differentiate between BMD and healthy control sera, we used the 146	

non-parametric Wilcoxon rank sum test and identified peptides that yielded a statistically 147	

significant signal (q value ≤0.05 for both IgM and IgG, corrected for multiple testing using 148	

Benjamini-Hochberg Procedure). This identified the optimal sets of IgM and IgG 12-mer 149	

peptides that were reactive in sera with BMD, but not in healthy individuals. A portion of 150	

these 12-mer peptides were assembled into longer contigs that were then ranked by the 151	

average signal intensity.  152	

 153	
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Luciferase ImmunoPrecipitation System assay (LIPS).  We generated a Renilla 154	

luciferase-GlpQ construct for detection of anti-GlpQ IgG antibody. The complete GlpQ 155	

coding sequence was amplified by PCR from a B. miyamotoi-positive I. scapularis using 156	

primers 5’-GGATCCATGAAATTAAAATTACTAATGC-3’ and 5’-157	

GAGCTCTTATTTTTTTATGAAGTTCATT-3’. The PCR product was cloned into pREN2 158	

vector and the fusion proteins were generated in Cos-1 cells. Light units were measured 159	

in a Berthold LB 960 Centro microplate luminometer (Berthold Technologies) using a 160	

Renilla Luciferase Assay System kit (Promega) and MikroWin 2010 software. 161	

 162	

Results 163	

Of the 23,946 B. miyamotoi 12-mer peptides present on the TBD-Serochip, we identified 164	

1491 peptides that were significantly reactive with IgM antibodies present in the seven 165	

BMD sera tested. Through assembly of overlapping reactive 12-mer peptides, we 166	

identified 352 reactive epitopes made up of 2 or more consecutive reactive peptides. For 167	

IgG, we identified 429 peptides that were clustered into 91 putative epitopes. All IgM and 168	

IgG epitopes were then mapped to specific regions within B. miyamotoi proteins. The 169	

majority of the epitopes mapped to Vmps (Table 3). 170	

In addition to B. miyamotoi peptides, we examined the reactivity to peptides from other 171	

tick-borne agents. In 2 samples, we detected IgG reactivity to specific epitopes of B. 172	

burgdorferi that were identified in our previous work (40). Subsequent examination of 173	

clinical history of these 2 individuals revealed that both had previously been diagnosed 174	

with Lyme disease. 175	

 176	

Reactivity to Vsp peptides. The TBD-Serochip contains 12-mer peptides designed 177	

from the amino acid (aa) sequence of 13 full length and 4 partial Vsp paralogs (Table 1). 178	

B. miyamotoi Vsps are approximately 220 aa in length and consist of a conserved N-179	
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terminal fragment of approximately 85 aa, followed by highly variable regions (Figure 180	

1A). We identified IgM-reactive epitopes within both the conserved and variable 181	

fragments within every Vsp homolog. Although previous studies that were focused on 182	

Vsp1 suggested that it may be a major immunodominant antigen of B. miyamotoi, our 183	

data revealed Vsp4 to be more immunoreactive (Figure 1B and 1C). Among the 184	

immunodominant regions of Vsps included a region within the N-terminal fragment that 185	

was reactive with IgM in 5 out of 7 sera (sera 2 and 4 - 7). This 16 aa peptide, 186	

designated VS-C-1, spans aa 52 to 66 of Vsp1 (mapped to accession number 187	

AGS80212) and is conserved in the majority of sequenced B. miyamotoi Vsp paralogs 188	

(Figure 2).  189	

 190	

One Vsp paralog (accession number BAA11304) contains substantial aa variation within 191	

the central portion of the VS-C-1 sequence. The aa at positions 8-12 in this paralog 192	

deviates from AVEFA to SELME (Figure 2). Presumably, antibodies to VS-C-1 region 193	

would not react with peptides with this divergent amino acid sequence (designated VS-194	

C-2). Nonetheless, peptides corresponding to VS-C-2 (mapped to accession number 195	

BAA11304) were reactive with 4 of the 7 VS-C-1-reactive samples (sera 4-7), but did not 196	

react with sera from patient 2 (Figure 3). The presence of antibodies to both peptide 197	

variants indicates that these 4 patients were exposed to Vsp paralogs with both VS-C-1  198	

and VS-C-2 sequences.  199	

 200	

We identified other reactive regions on Vsps, including VS-C-3 located at the end of the 201	

conserved N-terminal portion that was highly reactive in sera from patient 7 (Figure 1B). 202	

We also identified epitopes that were mapped to the variable fragments of Vsps. 203	

However, these epitopes were less frequently reactive than VS-C-1 or VS-C-2 (Table 3). 204	

OspC, a highly immunogenic B. burgdorferi lipoprotein, is the closest homolog to Vsp. 205	

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 20, 2019. ; https://doi.org/10.1101/741009doi: bioRxiv preprint 

https://doi.org/10.1101/741009


	 9	

Both proteins have a high degree of homology within the N terminal region. We and 206	

others previously identified a reactive epitope within this region of OspC (39, 41, 42). 207	

The alignment of Vsp1 (AGS80212) with OspC (CAA59253) revealed that the VS-C-1 208	

and OspC epitopes do not overlap and map to non-homologous portions of these 209	

lipoproteins (Figure 4). 210	

 211	

Reactivity to Vlp peptides. Vlps of relapsing fever Borrelia are typically 330 aa to 350 212	

aa in length and are classified into α, β, δ, and γ sub-families (38). The N-terminal 70 aa 213	

to 120 aa fragments are conserved within each subfamily, whereas the remaining 214	

portions display a substantially greater heterogeneity in aa sequence. B. miyamotoi 215	

encodes multiple α, δ, and γ alleles and only a single putative β-like allele. To account for 216	

this genomic diversity, the TBD-Serochip includes peptides for 33 full length and 26 217	

partial α, δ, and γ homologs from multiple B. miyamotoi strains (Table 1).  218	

 219	

All 7 tested sera reacted with a wide range of peptides from Vlps. Although IgM reactivity 220	

was predominant, several Vlp regions were also reactive with IgG. Overall, the largest 221	

number of Vlp-reactive peptides mapped to δ Vlps. Figure 5 displays the location of all 222	

reactive peptides mapped to Vlp15/16 (accession number ALM31565), a Vlp homolog 223	

with the highest number of immunoreactive epitopes. A δ Vlp-specific region, located 224	

between aa 8-24 of Vlp15/16, reacted with all seven BMD sera (Figure 5). We 225	

designated this region Vlpδ-C-1 (Table 4). Six sera were IgM-positive to Vlpδ-C-1, 226	

including two (samples 1 and 3) that were also IgG-positive. One serum (sample 2) was 227	

reactive with only IgG. Six sera were reactive with another reactive region designated 228	

Vlpδ-C-2. Two sera were reactive with IgM and IgG, two with IgM, and two with IgG. Vlp-229	

C-2 was mapped to aa 51-66 of Vlp15/16, a fragment that is also partially conserved in 230	
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α, δ, and γ Vlps. γ Vlps peptides corresponding to this region (designated Vlpγ-C-2) were 231	

reactive with four sera (all IgG) (Figure 6, Table 3). α peptides (Vlpα-C2) were reactive 232	

with IgG from three sera (Table 3).  233	

 234	

Only one region within the variable fragment of δ Vlps was reactive with all seven sera. 235	

This region, mapped to aa 222-240 of Vlp 15/16, was designated VlpδV-1. In three sera, 236	

the reactive fragment extended approximately 25 aa downstream, and overlapped with a 237	

conserved region that is homologous to the C6 peptide of B. burgdorferi (Figure 7A). 238	

VlpδV-1 corresponds to a poorly conserved fragment in Vlps, even within paralogs of the 239	

same subfamily (Figure 7A). Nonetheless, all seven sera were reactive to a wide range 240	

of non-homologous peptides from different δ Vlp homologs that mapped to this region 241	

(Figure 7B). Although the corresponding peptides from Vlp α and Vlp γ have limited 242	

homology to VlpδV-1 peptides from Vlp δ, 4 sera also had reactivity to Vlp γ peptides and 243	

3 sera reacted with Vlp α  peptides from within this region. Our results indicate that the 244	

region corresponding to Vlp-V-1 in Vlps represents a major immunogenic region within 245	

B. miyamotoi Vlps, irrespective of sequence similarity.  246	

 247	

Crossreactivity of the C6 peptides. VlsE, the closest homolog to Vlp, is a major 248	

immunodominant B. burgdorferi lipoprotein and includes a 26 aa C6 epitope that is 249	

employed in a peptide ELISA for Lyme disease diagnosis. Recent studies have reported 250	

cross-reactivity in the Lyme disease C6 ELISA with sera from BMD patients	 (20, 26).  251	

The similarity between a C6-like region in B. miyamotoi and the C6 was cited as a 252	

potential cause. Comparison of B. burgdorferi C6 and corresponding homologous Vlp 253	

sequences indicate that some δ Vlp15/16 homologs share 20 out of 26 aa residues with 254	

the C6 epitope (Figure 7A). The homology is most pronounced at the C terminal portion, 255	
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with 14 out of 15 identical residues in both peptides. To more clearly delineate antibody 256	

responses to these two fragments, we compared the TBD-Serochip data to results 257	

obtained with a commercial C6 ELISA. Of the seven BMD sera tested, four samples (2, 258	

5, 6, and 7) were positive on the TBD-Serochip for reactivity to the B. miyamotoi C6-like 259	

peptides (Figure 8). The same 4 samples, along with sample 3, had reactivity to the B. 260	

burgdorferi C6 peptides and all were also positive on the C6 ELISA. Sera 1 and 4 were 261	

negative with both assays. Serum 3 was positive for B. burgdorferi with the C6 ELISA 262	

but did not react with B. miyamotoi peptides on the TBD-Serochip. This discrepancy was 263	

likely due to past exposure to B. burgdorferi. Samples 3 and 5 both contained IgG 264	

antibodies to the C6 peptides from a prior infection with B. burgdorferi. These antibodies 265	

were specific for B. burgdorferi peptides and did not crossreact with the corresponding 266	

peptides of B. miyamotoi (Figure 8). Serum 3 did not contain antibodies to the B. 267	

miyamotoi C6-like region; thus the positive result on the B. burgdorferi ELISA and TBD-268	

Serochip result was likely exclusively triggered by anti-B. burgdorferi antibodies. Serum 269	

5 had IgG antibodies to B. burgdorferi, and IgM antibodies to B. miyamotoi C6-like 270	

peptides. Sera 2, 6 and 7 had IgM or IgG antibodies to the B. miyamotoi C6-like 271	

peptides; they also reacted with the highly conserved C-terminal portion of the B. 272	

burgdorferi C6 and were the likely cause of the positive result on the C6 ELISA.  273	

 274	

In summary, only 4 of the 7 patients with a history of B. miyamotoi infection had 275	

antibodies to the B. miyamotoi C6-like peptide. This is in contrast to the C6 which is one 276	

of the most frequently reactive linear peptides in B. burgdorferi. However, when they are 277	

present, the antibodies to the B. miyamotoi C6-like peptide will likely crossreact on the 278	

C6 ELISA.    279	

 280	
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FlaB. FlaB was the most reactive non-Vmp antigen. IgM antibodies to FlaB were 281	

detected in six out of seven BMD sera tested. FlaB comprises the major component of 282	

the spirochete flagellum and is among the most immunogenic of all Borrelia antigens 283	

(43, 44). However, its utility in diagnosis is compromised by its high cross-reactivity (45). 284	

FlaB bands can be  recorded on both IgM and IgG Lyme disease western blots even in 285	

specimens from healthy individuals (46). FlaB is also highly conserved amongst Borrelia, 286	

with B. miyamotoi and B. burgdorferi FlaB sharing 90% aa identity. This further limits its 287	

utility for differential diagnosis. In tests of BMD or Lyme disease sera, we detected 288	

reactivity to a wide range of corresponding FlaB 12-mer peptides from both B. miyamotoi 289	

and B. burgdorferi (Figure 9 A and B). The same was true when we tested sera from 290	

patients with Lyme disease. We mapped the primary reactive portion of FlaB to a 45 aa 291	

fragment located between aa 192 and 236 of B. miyamotoi (accession number 292	

AHH05270) and its corresponding region in B. burgdorferi located between aa 190 and 293	

236 (accession number AAC66541) (Figure 9 C). We found this region to be among the 294	

most frequently reactive peptide fragments when testing sera from Lyme disease or 295	

BMD. Despite this high reactivity, the majority of 12-mer peptides within these fragments 296	

were occasionally cross-reactive with IgM antibodies present in sera from healthy 297	

individuals. Nonetheless, we identified a 14 aa fragment within this region that was 298	

reactive only with BMD and Lyme disease sera but not with control sera. This peptide, 299	

AQEGAQQEGVQAVP, was located within aa 210 and 223 of B. miyamotoi FlaB.  The 300	

corresponding 13 aa peptide in B. burgdorferi VQEGVQQEGAQQP was located within 301	

aa 211 and 223. Although these peptides cannot be used to discriminate between B. 302	

miyamotoi and B. burgdorferi, they may have utility for diagnosis of Borrelia infections.  303	

 304	

GlpQ. We did not identify a specific epitope for GlpQ. To determine whether this was 305	

due to the absence of anti-GlpQ antibodies, we established a LIPS assay using a full 306	
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length GlpQ as a target antigen. We tested 5 samples and IgG antibodies were present 307	

in 3 sera. Our combined TBD-Serochip and LIPS data suggests that these 3 samples 308	

contained anti-GlpQ antibodies to conformational but not linear epitopes. We propose 309	

that  detection of antibodies to conformational epitopes likely constitutes the primary 310	

means of GlpQ serologic detection. 311	

 312	

We did not identify unique epitopes on the remaining non-Vmp antigens. Although 313	

reactive peptides were detected, they were not consistently reactive among the samples 314	

tested.  315	

 316	

Additional specimens. We analyzed three additional sera from patients who had 317	

received a BMD diagnosis based on a positive index on a GlpQ ELISA from a 318	

commercial laboratory. Upon testing these specimens on the TBD-Serochip, we did not 319	

observe reactivity to any B. miyamotoi antigens. When we examined these by our LIPS 320	

assay, one sample had a very low positive reading and the remaining two were negative.  321	

 322	

Discussion 323	

Lack of standardized assays, coupled with limited understanding of optimal target 324	

antigens contribute to the challenge of serologic diagnosis of TBD (47-49). The 325	

identification of superior targets, particularly of immunodominant specific epitopes has 326	

the potential to improve serodiagnosis. Among the primary challenges of differential 327	

serologic diagnosis of BMD is the insufficient sensitivity of GlpQ and the antigenic 328	

similarities between B. miyamotoi and Lyme borreliosis Borrelia. Through accurate 329	

mapping of specific linear immunoreactive peptides, the TBD-Serochip provides an 330	

unparalleled opportunity for identification of agent-specific linear epitopes that could 331	

facilitate differential diagnosis. In this study we used the TBD-Serochip to identify 332	

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 20, 2019. ; https://doi.org/10.1101/741009doi: bioRxiv preprint 

https://doi.org/10.1101/741009


	 14	

peptides that can potentially serve as diagnostic targets for B. miyamotoi and 333	

differentiate between patients with Lyme disease and BMD.  334	

 335	

The most promising candidate diagnostic peptide targets were found on flagella and 336	

Vmps, both well-known antigens within relapsing fever Borreliae. Flagellar proteins are 337	

among the most immunogenic components in spirochetes, highlighted by their inclusion 338	

as diagnostic targets in western blot assays for Lyme disease. In previous work, we 339	

identified an immunoreactive 13 aa peptide within B. burgdorferi FlaB with high 340	

diagnostic utility. We subsequently found that this peptide, along with the C6 fragment, 341	

were the most frequently reactive B. burgdorferi linear peptides in patients with Lyme 342	

disease. In addition, we observed that both peptides are often reactive in patients where 343	

reactivity to other linear peptides was not detectable. The diagnostic utility of this FlaB 344	

fragment extends to B. miyamotoi, as the corresponding 14 aa peptide in B. miyamotoi 345	

was reactive of all samples tested. Although its utility for differential diagnosis is partially 346	

diminished by the inability to distinguish between Lyme disease and BMD sera, we 347	

found this peptide to be potentially highly useful for diagnosis of Borrelia infections, both 348	

in early disease (with IgM) or later disease and convalescence (with IgG).  349	

 350	

The majority of immunoreactive epitopes identified in our study were located on Vmps 351	

(32, 50, 51). Vmps have been shown to be key antigens for neutralization in Borrelia 352	

hermsii (50). Recent studies in mice have shown the potential of Vsps as a possible 353	

target for diagnostic serologic assays for BMD (32). In our study, the majority of reactive 354	

peptides were mapped to the variable portions of Vsps and Vlps, but we also identified 355	

reactive regions within the conserved protein fragments. Because of higher degree of aa 356	

conservation, these reactive peptides could have greater utility for BMD diagnosis.  357	

 358	
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Our work supports findings from previous studies that reported the C6 ELISA cannot 359	

effectively discriminate between antibodies to B. burgdorferi and B. miyamotoi (20, 26). 360	

We also demonstrate that the corresponding C6-like peptide in B. miyamotoi is the likely 361	

cause of crossreactive signals. Our findings also raise concerns about the specificity of 362	

GlpQ as a diagnostic antigen. Three sera that were positive on the GlpQ ELISA did not 363	

have reactivity with B. miyamotoi peptides in the TBD Serochip assay. We cannot 364	

explain the positive commercial ELISA results in the two samples that were negative on 365	

the TBD-Serochip and by LIPS. One ELISA-positive sample had a low positive result by 366	

LIPS but not the TBD-Serochip. We consider it very unlikely that this patient would have 367	

antibodies to B. miyamotoi GlpQ but not to any other immunodominant antigens. We 368	

conclude that the positive result may have been due to cross-reacting antibodies. 369	

Although GlpQ is not present in B. burgdorferi, this enzyme is present in a wide range of 370	

bacteria, and in some cases, shares substantial aa sequence similarity. For example, 371	

the Escherichia coli GlpQ shares 49% aa identity with B. miyamotoi GlpQ, and in one 39 372	

aa stretch, 34 aa are identical in the two proteins. Thus, it is plausible that in some 373	

instances, antibodies to GlpQ from other bacteria may react with B. miyamotoi GlpQ 374	

ELISA. We suspect that GlpQ specificity may need further examination. 375	

 376	

A limitation of our study is that we analyzed a limited number of specimens with 377	

confirmed BMD. This was due to the fact that BMD diagnosis is rare and results in a 378	

paucity of well-characterized BMD specimens. Also the timing of the convalescent serum 379	

samples post treatment might have impacted our findings. Nevertheless, we observed a 380	

similar pattern of reactivity from all samples and anticipate that we identified the major 381	

reactive B. miyamotoi peptides. Although at present the TBD-Serochip is not yet 382	

employed for patient serodiagnosis, these peptides can be ported to other serologic 383	

platforms that are typically used in clinical laboratories. We utilized a similar approach for 384	
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the development of a diagnostic assay for Zika virus	(52). We anticipate that the panel of 385	

peptides we identified in this work can build the foundation of future studies examining 386	

the utility of these epitopes for the specific diagnosis of BMD. 387	

 388	
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 416	

 417	

Figure Legends 418	

 419	

Figure 1. Identification of reactive epitopes within the conserved region of Vsps. 420	

Panel A displays the alignment of five B. miyamotoi Vsp homologs. Regions of homology 421	

are shown in black. The numbers on top of the alignment denote the relative aa position 422	

of each protein relative to Vsp1. The location of the consensus reactive epitope VS-C-1 423	

and its aa sequence are indicated. Panels B and C show IgM reactivity plots of Vsp1 424	

(accession number AGS80212) and Vsp4 (accession number ALU64345), respectively. 425	

Numbers 1 to 7 represent the BMD samples. Reactivity to control sera (from a healthy 426	

individual and various stages of Lyme disease) are shown on the right. The Y axis 427	

represents the location of 12-mer peptides positioned along the contiguous protein 428	

sequence of Vsp1 and Vsp4. Immunoreactivity with the 12-mer peptides is indicated in 429	

green, with darker color corresponding to increasing reactivity. The location of VS-C-1 430	

(samples 2, 4, 5, 6 and 7) and its corresponding 12-mer peptide sequences are 431	

indicated in the bracket on the left in panels B and C.  432	

 433	

Figure 2. Conservation of the VS-C-1 peptide in B. miyamotoi. Shown is the aa 434	

alignment of all Vsp sequences deposited in Genbank as of June 28, 2019.  Accession 435	
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numbers are indicated on the left. Location of the VS-C-1 peptide is shown in red. The 436	

numbers on top denote the aa position within Vsp1. 437	

 438	

Figure 3. Vsp diversity and reactivity to the Vsp-C-1 epitope. Each panel represents 439	

the reactivity of the seven tested sera (labeled 1-7) to the peptides from Vsp homologs 440	

present on the  TBD-Serochip. The variant Vsp 12-mer peptide sequences are shown on 441	

the left; accession numbers are indicated on the right. Amino acid differences to the 442	

consensus sequence (based on Vsp1) are displayed in red. Immunoreactivity to the 12-443	

mer peptides is indicated in green with increasing signal intensity displayed from light to 444	

dark.  445	

 446	

Figure 4. Locations of major immunogenic linear peptides in Vsp and OspC. The N 447	

terminal portions of Vsp1 and OspC were aligned to contrast the reactive portions of 448	

OspC (in blue) and Vsp (in red). 449	

 450	

Figure 5. Identification of reactive peptides within Vlp δ . Shown is the IgM and IgG 451	

reactivity map displaying reactive 12-mer peptides (in green) of Vlp 15/16 (accession 452	

number ALM31565). Numbers 1 through 7 represent the 7 BMD sera. Reactivity to 453	

control sera (healthy individual from a Lyme endemic area and a patient with Lyme 454	

disease at convalescence) are shown on the right. The numbers on the Y-axis represent 455	

the aa location of the 12-mer peptides positioned along the contiguous protein sequence 456	

of Vlp 15/16. Regions with immunoreactive 12-mer peptides are indicated in green with 457	

increasing signal intensity displayed from light to dark. The asterisks indicate major 458	

reactive epitopes; * Vlpδ-C-1,  ** Vlpδ-C-2, *** Vlpδ-V-1, **** C6-like. 459	

 460	
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Figure 6. Identification of reactive peptides within Vlp γ . Shown is the IgM and IgG 461	

reactivity map displaying reactive 12-mer peptides (in green) of Vlp5 (accession number 462	

AHH06031). Numbers 1 through 7 represent the 7 BMD sera. Reactivity to control sera 463	

(healthy individual from a Lyme endemic area and a patient with Lyme disease at 464	

convalescence) are shown on the right. The numbers on the Y-axis represent the aa 465	

location of the 12-mer peptides positioned along the contiguous protein sequence of Vlp 466	

5. Regions with immunoreactive 12-mer peptides are indicated in green with increasing 467	

signal intensity displayed from light to dark. The asterisks indicate major reactive 468	

epitopes; * Vlpγ-C-3,  ** Vlpγ-V-2, *** Vlpγ-V-1 469	

 470	

 471	

Figure 7. Sequence heterogeneity does not impact the reactivity to Vlpδ-V-1. Panel 472	

A - alignment of B. miyamotoi Vlp homologs with B. burgdorferi VlsE.  The position of  473	

Vlpδ-V-1 reactive region is indicated in red, and the B. burgdorferi C6 epitope in blue. 474	

Panel B - Signal intensity of the 12-mer peptides representing Vlpδ-V-1 sequence 475	

variants. * - maximum intensity. 476	

 477	

Figure 8. Immunoreactivity comparison of the B. burgdorferi C6 and the C6-like 478	

peptide of B. miyamotoi. Panel A displays the reactivity maps of the 12-mer peptides 479	

that constitute the 26 aa C6-like region of B. miyamotoi. Panel A shows the 480	

corresponding C6 12-mer peptides from B. burgdorferi. The individual 12-mer peptides 481	

are indicated on the Y axis. Regions with immunoreactive 12-mer peptides are displayed 482	

in green with increasing signal intensity displayed from light to dark. 483	

 484	
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Figure 9. Reactivity to FlaB. Reactivity plots from a convalescent-phase Lyme disease 485	

serum (panel A) and BMD serum (Panel B). The reactive regions (in green) are indicated 486	

on the contiguous protein sequence of B. burgdorferi (accession number AAB36994-left) 487	

and B. miyamotoi (accession number AAT99442-right). Panel C shows a close up of the 488	

primary reactive region, located between 190-220 on both antigens. Panel D displays an 489	

alignment of the primary reactive region, with the Borrelia specific epitope indicated in 490	

red.  491	

 492	

 493	

 494	
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Table 1. List of B. miyamotoi sequences used to design 12-mer peptides for the TBD-Serochip 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Vmp antigens Non-Vmp antigens 
Vsps  
13 complete: AGS80212, AHH0975, AHH0976, AHH05982, 
AHH06030, AJA67245, ALM21566, ALN43422, ALN43425, 
ALU64345, ALZ4557, WP_02444404, WP_044003917 
4 partial: AHH05655, WP_025444233, WP_025444484, 
WP_025444486 

GlpQ:  ACT35309, AHM02192, AIK22387, ALU84911, 
ALU84913, WP_0209954631, WP_025443886 
FhbA: AGS80215,  WP_025444356	
ipA:  WP_025444145,	WP_025444146 
P66: AAC09059, AAC09061, AAC09063, ACC09064, 
AAR17598, AAV52738, AAV52742, AAV52744, 
AHH04809, AHH04811, WP_002557191, WP_002658111, 
WP_002662685, WP_002665258, WP_020954965, 
WP_024705620, WP_031541601, WP_031557381	
OppA2: ACC46283, ACC34274, ADQ44805, AHH05084, 
WP_020954717, WP_020954718 
FlgG: AGT27718, WP_020954670, WP_020955136, 
WP_02443450,  WP_02443451, WP_043867901 
FlaB:  AAB37005, AAL99374, AAR00324, AAT99442,  
AGC773382, AMB26827, ACO38653, AHI10982, 
AIK22386, AML32120, ACP11868,  BAS29553, 
CAA49308, CAA49322, CAA49315, CAA49318, 
CAA34735, CAA4931, CAA53011, CAT00959, CAT00959, 
CAT00967, NP_212282, WP_002556748, WP_020954538, 
WP_020954528, 
FliL: WP_020954670 

Vlps 
33 complete: AGS80213, AHH05904, ALM13565, 
ALM31567-ALM31568, ALN43424, ALU64347-ALU64349, 
ALU64350-ALU64352, ALZ45558, AHH05899, 
AHH06031,WP_02444234-WP_025444237, WP_025444399-
WP_02444401, WP_02444405, WP_025444408, 
WP_025444446, WP_025444448, WP_025444450-
WP_025444452, WP_025444482-WP_04403984, 
WP_051480340 
26 partial: AGS80214, AHH05967, ALN43420, ALN43421, 
ALN43423, ALU64346, ALZ45552, AMW90882, AHH05648, 
AHH05649, AHH05654, AHH05892, AHH05998, AHHH05903, 
AHHH05905, AHH05966, AHH05968, AHH05969, AHH05976, 
AHH05977, AHH05979-AHH05981, AHH06035, 
WP_051480326, WP_051480341 
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Table 2. BMD samples tested on the TBD-Serochip 

 
 
 
 
 
 
 
 
 

     *previous diagnosis of Lyme disease 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Samples  BMD Diagnosis (acute stage) 
BMD-1 PCR 
BMD-2 PCR 
BMD-3* PCR 
BMD-4 PCR 
BMD-5* PCR 
BMD-6 PCR and GlpQ ELISA (IgM & IgG) 
BMD-7 GlpQ ELISA (IgM & IgG) 
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Table 3. Major immunoreactive linear regions of B. miyamotoi Vmps identified with the TBD-Serochip. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ANTIGEN EPITOPE 
DESIGNATION 

EPITOPE SEQUENCE COORDINATES ACCESSION NUMBER POSITIVE SERA  

Vsp1 VS-C-1 SKKIKDAVEFAANVKE 52-66 AGS80212 2, 4, 5, 6, 7 IgM 
Vsp VS-C-2 SKKIKDASELMESVKE 49-64 BAA11304 4, 5, 6, 7 IgM 
Vsp VS-C-3 IGKKIKNADELDTVAD 81-96 WP025444465 2, 3, 4, 5, 7 IgM 
Vsp2 VS-C-4 DGTLDTLNNKNGSLL 85-88 ALM31566 2, 5, 6, 7 IgM 
Vsp3 VS-V-1 ASKAFIDKVKGENASLG 115-131 ALN43425 2, 5, 6 IgM 
Vsp4 VS-V-2 TKLEVLEKTAEISNELNGK 104-122 ALU64345 2, 4, 5 IgM 
Vsp6S VS-V-3 ASKAFIDKVKGENASLG 128-144 ALZ45557 2, 5, 6 IgM 
Vsp VS-V-4 DKSSDLGKNDVKDTDAKSAILT 128-149 WP025444486 3, 4, 5 IgM 
Vlp δ  Vlpδ-C-1 GCNNGGGEDPQKFLTSI 8-24 ALM31565  1, 2, 3, 4, 5, 6, 7 IgM, IgG 
Vlp δ  Vlpδ-C-2 KAETKKEDIGKYFADIEKTMTL 51-60 ALM31565 2, 3, 4, 6, 7 IgM, IgG 
Vlp δ  Vlpδ-V-1 TDGIEKAKDAAEIAIAPAV 222-240 ALM31565 1, 2, 3, 4, 5, 6, 7 IgM, IgG 
Vlp γ Vlpγ-C-3 NSNTKKSDVGVYFKKV 47-62 AHH06031 1, 2, 5 IgM, IgG 
Vlp γ Vlpγ-V-2 LKEGKHDAGDDKKASDG 155-171 AHH06031 2, 4, 5, 7 IgM, IgG 
Vlp γ Vlpγ-V-1 VTGADILQAIVKDNGE 214-229 AHH06031 2, 4, 5, 6, 7 IgM, IgG 
Vlp α Vlpα-C2 KTTTKKNDVGVYFNSLG 72-77 AGS80213 2, 5, 7 IgM, IgG 
Vlp α Vlpα-V1 LKFAKGGSDAHLSNSAN 257-262 AGS80213 2, 5, 7 IgM, IgG 
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             Table 4. Reactivity of the C6 peptides in B. burgdorferi and B. miyamotoi 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

BMD 
samples 

Prior 
Lyme 
disease 

Reactivity 
TBD-Serochip  

  C6 ELISA 
 

B. miyamotoi 
C6-like  

B. burgdorferi 
C6  

Cross reactivity on 
the C6 ELISA 

1 - - - - - 
2 + + + + + 
3 - - + + - 
4 - - - - - 
5 + + + + - 
6 - + + + + 
7 - + + + + 

+ indicates reactivity to the 12-mer peptides within the C6 or C6-like region  
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