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European and Asian populations of Borrelia (B.) bavariensis, a causative agent of Lyme borreliosis, 
substantially differ in their infection dynamics. This is argued to be a byproduct of the unique 
demographic history of B. bavariensis in relation to colonizing Europe from a highly diverse, ancestral 
Asian population. Whether genetic factors related to human disease could be unique traits associated 
with the demographic history of the European population though remains largely unclear. European 
B. bavariensis possesses at least two anti-complement determinants, BGA66 and BGA71 encoding 
by genes of the PFam54 gene array. In Asian B. bavariensis populations, the composition of this gene 
array is highly diverse. To assess functional integrity of PFam54 orthologs, two Asian B. bavariensis 
isolates, NT24 and JHM1114, were investigated. Despite the substantial observed genetic diversity, 
the complement-inhibitory and cell-protective function of BGA66 and BGA71 orthologs are largely 
conserved among European and Asian populations. We also identified two novel PFam54 orthologs of 
Asian origin, BGA67b and BGA71b, both of which display anti-complement activity on the terminal 
pathway and confer serum resistance. Taken together, our findings highlight the importance of 
studying natural variation of proteins potentially involved in immune escape, pathogenesis, and host 
adaptation.
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Lyme borreliosis (LB) is the most common vector-borne disease in the northern hemisphere caused by 
spirochetes of the Borrelia (B.) burgdorferi sensu lato complex1,2, and maintained in complex transmission cycles 
between various tick vectors and reservoir hosts1. Almost all LB cases in North America are caused by the 
species B. burgdorferi sensu stricto, hereafter termed B. burgdorferi, while B. afzelii, B. garinii, B. spielmanii and 
B. bavariensis are causative agents of LB across Eurasia1–5.

LB is considered a multi-systemic disorder in which the skin, musculoskeletal or central nervous system 
can be affected. Improper treatment may progress to more prominent clinical manifestations including chronic 
skin lesions, persistent arthritis or severe neurological complications6,7. A general organotropism has frequently 
been discussed for some species5,8,9 but is not apparent for B. bavariensis. While European B. bavariensis isolates 
display a marked tropism for neurological tissues, Asian strains apparently do not5,10. Unlike other species, 
B. bavariensis displays a unique demographic history hypothesized to be in association with invading the 
European tick vector, Ixodes ricinus4,11,12. This vector switch led to a selective bottleneck resulting in an almost 
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clonal distribution of European B. bavariensis4,11,13. A hypothesized byproduct of this selective sweep, is the 
emergence of genetic variants related to this vector shift, which additionally increase the likelihood of isolates 
causing human LB4. Previous work on other Borrelia species (i.e., B burgdorferi, B. afzelii) have shown that little 
variation can greatly influence protein functionality for infecting the host14–18. As substantial genetic variation 
exists between Asian and European B. bavariensis populations12,13,19, we hypothesize that genetic variation could 
influence known mechanisms of human infection (e.g., interactions with the hosts immune system). Even so, no 
functional study exists to date testing this hypothesis.

To establish an infection, Borrelia must evade host immune responses including complement, an important 
pillar of human innate immunity. The complement system consists of three canonical pathways, the classical 
(CP), the lectin (LP), and the alternative pathway (AP)20. To control excessive complement activation, host 
cells are protected by either membrane-bound or fluid-phase regulators20 leading to the termination of the 
complement cascade at certain levels20. To evade complement, Borrelia possess a number of functionally diverse 
proteins which are encoded by genes distributed on various plasmids21–23. Members belonging to the paralogous 
protein family 54 (PFam54) are known to confer serum resistance by binding complement regulators (e.g., CspA 
binding complement regulator factor H (FH) and FH-like protein 1 (FHL-1)) or by interacting directly with 
complement proteins15,24–27. The PFam54 genes are predominantly arranged in a gene array located near the 
3´end of the linear plasmid (lp) 54 in almost all Borrelia genomes studied28–31 highlighting potential selective 
pressures for the maintenance of this gene family over time. This array is separated into five Clades (I, II, III, IV, 
V)29,31,32, with Clade IV containing the prototypic FH binding protein CspA as well as other proteins interacting 
with complement members. PFam54 orthologs belonging to all five Clades are present in B. bavariensis isolates 
but the biological function(s) of these proteins has not yet been fully assessed. Borrelia bavariensis isolates do not 
possess an ortholog mirroring the same complement-inhibitory function of CspA, but do contain two distinct 
PFam54 Clade IV molecules, BGA66 and BGA71, capable of binding complement proteins and inhibiting the 
terminal pathway (TP)25. Both proteins lack FH/FHL-1 binding activity but interact with C7, C8, and C9 to 
efficiently block TP activation and membrane attack complex formation. Apparently, the direct interaction with 
the late complement components strongly affects MAC assembly and thereby efficiently terminate TP activation. 
In contrast, serum-resistant B. bavariensis develop alternative strategies to successfully overcome complement-
mediated killing already known from serum-resistant B. burgdorferi, B. mayonii, B. afzelii, and B. spielmanii, 
respectively, all of which block complement activation by acquisition of the key complement regulators of the 
AP, FH and FHL-1. So far, no information is available on the complement inhibitory potential of other Clade IV 
paralogs of B. bavariensis PBi (e.g., BGA67, BGA68).

All functional analyses to date have been performed on the European type strain PBi and it is currently not 
known if these functions are conserved in Asian B. bavariensis isolates which display a high level of genetic 
variation in comparison to European B. bavariensis isolates12,13,19. This includes a recent study describing the 
PFam54 array architecture of various isolates, showing the absence of genes encoding BGA66 and BGA71 in 
certain Asian isolates (15–20% of sequenced isolates)32. As these genes are of importance to protect the European 
type strain PBi, it brings forward the question if their absence makes certain Asian isolates susceptible to human 
complement or if other genes unique to Asian isolates could have yet unknown complement-inhibitory function. 
The same study showed that Asian isolates contain three novel PFam54 orthologs, bga67b, bga68b, and bga71b32. 
Of which only bga71b is an ortholog of a B. bavariensis gene, representing a recent duplication of bga71 as 
found in PBi32. If this duplicated gene has similar functionality to BGA71 as observed in PBi, is currently not 
known. In phylogenetic reconstructions including all PFam54 genes (Clades I-V) from isolates of B. afzelli, B. 
bavariensis, and B. garinii, it was further shown that both bga67b and bga68b represent orthologs of B. garinii 
specific genes zqa68 and zqa70, respectively. Of these, only zqa68 has a known function; encoding a protein 
capable of specifically binding avian FH and protecting spirochetes from complement mediated-killing by avian 
serum, but not binding human FH15. It is still not clear how much genetic diversity is present among PFam54 
genes of the two distinct B. bavariensis populations, although higher diversity in Asian isolates, as observed on 
the whole genome level, is expected13,19. With other Borrelia studies convincingly showing major impacts of even 
minimal amounts of genetic variation on protein function14–18, we hypothesize that variation between Asian and 
European B. bavariensis isolates could also impact protein function in a population specific manner.

To determine this, we aimed to first assess genetic diversity across all PFam54 genes in available B. bavariensis 
genome sequences and then determine if the molecular mechanism of complement inhibition is only found 
in European B. bavariensis isolates or shared between the populations. For this we selected two Japanese B. 
bavariensis isolates (NT24, JHM1114) to test if PFam54 members with known function (BGA66, BGA71) in 
PBi retain similar functionality in Asian isolates and to further determine if novel Asian PFam54 orthologs 
display complement-inhibitory function not found in European B. bavariensis isolates. The two isolates were 
chosen to represent the variation within the Asian B. bavariensis population, with NT24 having all the same 
PFam54 orthologs as PBi (including bga66 and bga71) and containing the novel, Asian-specific ortholog 
bga68b32. JHM1114 lacks bga66 and contains all novel, Asian-specific PFam54 orthologs (bga67b, bga68b, 
bga71b)32 making it highly dissimilar to PBi and therefore having the potential to capture functional differences 
due to this. Both isolates further represent common, Asian-specific PFam54 architecture types and arise from 
low diversity clades containing multiple isolates in the reconstructed phylogenies suggesting their inclusion 
could be representative for these clades13,32. In sum, we aim to gain deeper insight into the role of the highly 
variable PFam54 protein family in immune evasion and determine if the biological functions are stable across 
demographically distinct B. bavariensis populations.
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Materials and methods
Bioinformatic analyses of PFam54 genes
The PFam54 gene arrays and full lp54 sequences for all B. bavariensis isolates included in this study were 
taken from a recently published dataset13,32. Full information on isolates used in this study can be found in 
Supplementary Table S1. Assembled lp54 sequences (https://data.mendeley.com/datasets/xy8wt4ty8f/1) were 
uploaded and annotated using the RAST annotation server33,34. Orthologous sequences were determined by 
using the CRBHits package as implemented in R v.3.5.235,36 as described in13. Briefly, all coding sequences for 
each lp54 were compared pairwise to all other lp54 sequences using the crb2rbh function. This information was 
fed into the integrated DAGchainer37 command to create links between orthologous genes. Orthologous groups 
were then determined using the “cluster_infomap” command as implemented from the igraph R-package38 on 
a matrix of gene names and DAGchainer links. FASTA files for all orthologous groups were generated and 
aligned using MUSCLE v3.8.42539,40. Genes found in at least 80% of the isolates (38/47 isolates) were kept and 
any genes showing overlap with the PFam54 gene array were removed for calculating lp54-specific background 
distributions. This led to 50 orthologous, lp54-located genes present in at least 80% of the B. bavariensis isolates, 
which were used to estimate background distributions for population genetic statistics. For all lp54-located 
genes and the PFam54 orthologs separately, nucleotide diversity (π)41 was estimated in the package pegas42, 
while ratios of synonymous to non-synonymous mutations (dN/dS) were estimated in the package seqinr43,44. All 
analyses were run in R v.3.5.235. Nucleotide diversity for all genes was calculated separately for each population 
(Asian, i.e., hypothesized to be vectored by I. persulcatus; European, i.e., vectored by I. ricinus4,45,46, while ratios 
of synonymous to non-synonymous mutations were estimated across all sequences of a given gene for both 
populations due to very low diversity in European isolates posing challenges to calculate European specific dN/
dS ratios. Additionally, as the demographic event occurred on the entire European B. bavariensis population, 
potential divergence is expected to have occurred between not within a single population. PFam54 ortholog 
values for π and dN/dS were considered significantly different to the background distributions if their estimated 
value was greater than µ ± 2 × SD based on all lp54 genes (excluding the PFam54) where µ is the mean value 
and SD is the standard deviation cross all values. This method was used (1) as diversity can be highly specific to 
genomic compartments so a lp54-specific distribution allows for comparison along the same plasmid and (2) 
was based on the principle that significance at a scale of p = 0.05 within Gaussian distributions containing 95% 
of observations within the interval µ ± 2σ making it more probable to be true instead of due to stochastic chance.

To visualize differences between the protein sequences encoded by genes present in B. bavariensis PBi, NT24, 
and JHM1114 (isolate choice described below), we first aligned the sequences using MUSCLE as implemented 
in AliView47. Differences in the sequences were visualized in ESPript 3.048 using the online server (ESPript - 
https://espript.ibcp.fr). Amino acid similarities were determined in ESPript 3.0 using the setting %Equivalent, 
which compares proposed physio-chemical properties, with a global score set to 0.7.

Bacterial strains and culture conditions
Low-passage (< 20) B. bavariensis isolate NT24 (tick isolate, Japan), B. bavariensis isolate JAASAAM1114 
(abbreviated to JHM1114 in this manuscript, tick isolate, Japan), and B. bavariensis PBi (human isolate, CSF, 
Germany) as well as the high-passaged (> 40) B. garinii strain G1 (human isolate, CSF, Germany) were cultured 
until mid-exponential phase (5 × 107 cells per ml) at 33 °C in Barbour-Stoenner-Kelly (BSK-H) medium 
(Bio&SELL GmbH, Feucht, Germany) supplemented with 7.4% rabbit serum (Sigma Aldrich, St. Louis, MO, 
USA). All gain-of-function Borrelia strains were cultured in BSK-H complete medium supplemented with 
100 µg/ml streptomycin. Escherichia coli strains producing proteins of Borrelia origin were grown at 37 °C in 
yeast tryptone broth supplemented with the appropriate antibiotics (ampicillin or streptomycin) as previously 
described in49.

Human sera, monoclonal and polyclonal antibodies, and human serum proteins
Nonimmune human serum (NHS) collected from at least 10 healthy volunteers was tested for the presence 
of anti-Borrelia IgM and IgG antibodies as previously described50. Only sera proven to be negative were used 
to form the serum pool. Complement activity of the pool was tested by a commercial functional complement 
assay (SVAR Life Science, Malmö, Sweden). Complement components C5-6, C7, C8, and C9 were purchased 
from Complement Technology (Tyler, TX, USA), vitronectin was from Merck (Darmstadt, Germany) and the 
neoepitope-specific anti-C5b-9 antibody were from Quidel (San Diego, CA, USA).

Generation of vectors and purification of His-tagged proteins
The generation of vectors producing amino-terminally hexahistidine (His6)-tagged proteins BGA66, BGA67, 
BGA68, and BGA71 from European B. bavariensis PBi, CspA (BBA68) and BBK32205 from B. burgdorferi B31, 
and CipA from Acinetobacter baumannii, respectively, are described elsewhere25,50–52.

To produce recombinant proteins, the BGA66-, BGA67-, BGA68-, BGA68b-, and BGA71-encoding genes 
from B. bavariensis NT24, and the BGA67b- and BGA71b-encoding genes from B. bavariensis JHM1114 
were amplified by PCR using primers listed in Supplementary Table S2. Following PCR amplification and 
digestion, the DNA fragments were cloned into the expression vector pQE-30 Xa (QIAGEN, Hilden, Germany). 
The resulting plasmids were then used to transform E. coli BL21 Star (DE3) cells (Thermo Fisher Scientific, 
Waltham, MA USA) and plasmids from selected clones were then sequenced to ensure that no mutations were 
incorporated during PCR and subsequent cloning procedure. The production and purification of recombinant 
proteins have been described previously53.

To generate different shuttle vectors, genomic DNA isolated from Asian B. bavariensis NT24 and JHM1114 
as well as European B. bavariensis PBi was used as template for PCR amplification with primers listed in 
Supplementary Table S2. DNA fragments encompassing the respective BGA encoding gene and the adjacent 
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non-coding regions of each gene were then amplified. Following digestion, the purified DNA fragments 
were subsequently cloned into the shuttle vector pKFSS154. Plasmids were prepared from presumptive E. coli 
clones with the Monarch Plasmid Kit (New England Biolabs, Frankfurt, Germany) and the inserted DNA was 
sequenced (Eurofins Genomics, Ebersberg, Germany) to ensure that no mutations were introduced during PCR 
amplification.

SDS-PAGE and Western blot analysis
His6-tagged proteins were purified by affinity chromatography from crude E. coli cell lysates, separated by 10% 
Tris/tricine SDS-PAGE, and transferred to nitrocellulose membranes as described previously53. Briefly, the 
nitrocellulose membranes were blocked with 5% nonfat dry milk in TBS containing 0.1% Tween 20 (TBS-T). 
After three wash steps with TBS-T, membranes were incubated with a mixture of anti-His antibodies (1:3,000) 
followed by horseradish peroxidase-conjugated anti-mouse immunoglobulins (1:1,000). Protein-antigen 
complexes were then detected by tetramethylbenzidine as substrate as described previously55. Images of the gels 
and nitrocellulose membranes were processed by using a GS-900 calibrated densitometer (Bio-Rad) and the 
ImageLab software version 6.1 (Bio-Rad).

Complement inactivation assays
To assess the inhibitory capacity of purified, His6-tagged proteins on the classical (CP) and alternative pathway 
(AP), an ELISA-based immunoassay was conducted as described recently56. In brief, for CP activation, microtiter 
plates were coated with human IgM (30 ng/ml) (Merck, Darmstadt, Germany) and for AP activation, plates were 
immobilized with LPS (100 ng/ml) (Hycult Biotech, Beutelsbach, Germany) at 4 °C overnight. Microtiter plates 
were washed three times with TBS containing 0.05% (v/v) Triton X-100 (TBS-T) and then blocked with PBS-T 
for 2 h at RT. In parallel, NHS (1% for the CP and 15% for the AP) was pre-incubated with purified His6-tagged 
proteins (4 µM each) for 15 min at RT before being added to the wells. The microtiter plates were then washed 
again three times with TBS-T. To detect the membrane attack complex, a monoclonal neoepitope-specific anti-
C5b-9 antibody (1:500) (QuidelOrtho, San Diego, CA, USA) was added. Following incubation for 1 h at RT, 
wells were washed thoroughly with TBS-T. After incubation with HRP-conjugated anti-mouse immunoglobulins 
(1:1000) for 1 h at RT, reactions were developed using TMB.

In order to examine the inhibitory potential of purified His6-tagged proteins on the terminal pathway, a 
hemolytic assay was conducted as previously described50. Initially, sheep erythrocytes (1.5 × 108 cells) were 
first sensitized by incubating the cells with the C5b-6 complex (1.5 µg/ml) for 10 min at RT. Reaction mixtures 
containing C7 (2 µg/ml), C8 (0.4 µg/ml), C9 (2 µg/ml), and the respective His6-tagged proteins (0.5, 1, and 
2 µM) in Mg-EGTA buffer were incubated for 5 min at RT. Increasing concentrations of purified His-tagged 
proteins were tested in parallel in this assay to overcome the short half-life of sheep erythrocytes and to generate 
comparable datasets. Control reaction mixtures containing BSA or without His6-tagged proteins were also 
assayed. The pre-incubated reaction mixtures were the added to the C5b-6 coated sheep erythrocytes and 
incubated for 30 min at 37 °C. After centrifugation of the erythrocytes, supernatants were then transferred to 
microtiter plates and hemolysis was determined by measuring the absorbance at 414 nm.

C9 polymerization assay
To assess the inhibitory capacity of borrelial proteins on C9 polymerization, reaction mixtures containing either 
C9 (3 µg) alone (control) or C9 and the BGA orthologs or control proteins (5–10 µg each) were incubated for 
40 min at 37 °C as previously described24,25. Fifty microliters of ZnCl2 were then added to the reactions to 
induce auto-polymerization of C9. As additional controls, all reactions were assayed without ZnCl2. Following 
incubation for 2 h at 37 °C, reaction mixtures were loaded on 7.5% Laemmli-SDS gels and C9 monomers and 
polymers were then visualized by silver staining.

Generation of serum-sensitive B. garinii strains ectopically producing BGA orthologs
To generate gain-of-function strains carrying shuttle vectors for producing of BGA orthologs, the high-passage 
and non-infectious Borrelia garinii strain G1 was selected as described previously25. Spirochetes grown at 
mid-exponential phase (5 × 107 to 1 × 108 cells/ml) in BSK-H medium were centrifuged and resuspended in 
electroporation buffer to prepare electrocompetent cells as previously described. In brief, electrocompetent 
B. garinii G1 cells (50 µl each) were electroporated at 12.5 kV/cm with 20 µg of the respective shuttle vector. 
Thereafter, spirochetes were immediatley transferred into 10 ml of antibiotic-free BSK-H medium and incubated 
for 18 h at 33 °C. For selection, each culture were diluted in 90 ml BSK-H medium containing streptomycin 
(25 µg/ml) and 200 µl aliquots were then seeded into 96-well cell culture plates (Corning Costar). Microtiter 
plates were sealed and incubated at 33 °C until a color change was detectable. Individual clones were collected 
and expanded in 1 ml of fresh BSK-H medium without antibiotic selection for 7 days, and then transferred into 
10 ml of fresh BSK-H medium containing streptomycin (50 µg/ml). Each clone selected was characterized by 
amplifying the BGA orthologous genes using primers M31 For and M31 Rev (Supplementary Table S1) as 
described57.

Serum bactericidal assay
A serum bactericidal assay was conducted to analyzed the susceptibility of spirochetes (WT and gain-of-function 
strains) to human complement as described previously49. In brief, Borrelia cells grown at mid-logarithmic 
phase were centrifuged for 10 min at RT and re-suspended in 500 µl fresh BSK-H medium. After counting, 1 
× 107 of highly viable spirochetes in 50 µl were treated with either 50 µl of NHS or 50 µl heat-inactivated NHS 
and incubated at 37 °C with gentle agitation. After 2, 4, and 6 h, the percentage of motile cells were assessed 
using dark field microscopy by counting nine microscopy fields for each time point per strain. Each test was 
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independently performed at least three times. It should be noted that motility does not necessarily equate to 
membrane integrity or long-term survival, and thus represents an indirect measure of bactericidal activity.

AlphaFold structure predictions
AlphaFold v2.058 was used to predict the 3D structure for Clade IV orthologs from B. bavariensis NT24, 
JHM1114 and European type strain PBi. Predictions were performed with default parameters as described on 
the AlphaFold GitHub repository, using an AMD Ryzen Threadripper 2990 WX 32-Core system with 128 GB 
RAM and four NVIDIA GeForce RTX 2080 GPUs. Databases were downloaded on March 25, 2024. For further 
analysis, the predicted structure with the highest confidence (based on pLDDT scores) was used.

Statistical analysis
The data collected in this study represent means from at least three independent experiments, and error 
bars indicate standard deviation (SD). To determine statistical significance, one-way ANOVA analysis with 
Bonferroni’s multiple comparison post-hoc test with a 95% confidence interval was conducted by using 
GraphPad Prism version 7. Results were deemed statistically significant for the following p values: n.s., not 
significant, *, P ≤ 0.05, **, P ≤ 0.01 ***, P ≤ 0.001, and ****, P ≤ 0.0001.

Results
Diversity of PFam54 gene family among Asian B. bavariensis isolates
Differences in evolutionary history, as observed for the European and Asian B. bavariensis populations12,13,19, 
can leave signatures of adaptation which can be quantified using population genetic statistics59. As the two 
populations of B. bavariensis appear to differ in neurotropism5,10, which could reflect a difference in human 
pathogenicity, we aimed to quantify genetic variation along genes belonging to the PFam54 encoding proteins 
(BGA66, BGA71) known to inhibit human complement and, therefore, promote human infection. This is 
based in previous work highlighting that even small amounts of variation at PFam54 and other loci can greatly 
influence protein function14–18. Additionally, we aimed to determine if variation at other PFam54 loci could be of 
functional relevance. Nucleotide diversity (π) provides a measure of variation across sequences allowing for easy 
quantification if diversity is present. Calculating ratios of synonymous and non-synonymous mutations (dN/dS) 
over all sequences allow us to determine if genes potentially differ in selective pressures suggesting divergence 
between the populations, and therefore, potential differences in population-specific protein function. This can 
then be used to inform protein structure prediction and determine if variation could impact protein function 
in later analyses.

No PFam54 genes were significantly higher or lower in terms of nucleotide diversity in either population 
(European lp54 π range, µ ± 2xSD = 0.000–0.001; Asian lp54 π range, µ ± 2xSD = 0.000–0.031), although Asian 
PFam54 orthologs always had higher nucleotide diversity (Fig. 1a, Supplementary Table 3). The majority 
of PFam54 orthologs displayed dN/dS ratios under 1.0 potentially signifying purifying selection (Fig. 1b, 
Supplementary Table 3). However, ratios where only significantly higher than the background ratios (dN/dS 
range, µ ± 2xSD = 0.000–1.583.000.583) in the case of bga66 and bga72, which could suggest potential positive 
selection (Fig. 1b, Supplementary Table 3). In previous branch-based analyses however, diversifying selection 
at these genes was not observed32. Taken together, these findings support our hypothesis that genetic diversity is 
present in Asian isolates at PFam54 loci, including at genes of known function (bga66, bga71) which could have 
impacts on protein function. We aimed to study this further in two, focal Asian B. bavariensis isolates, NT24 
and JHM1114. These isolates were chosen based on: (1) their unique PFam54 gene array architecture (Fig. 1c), 
and (2) their location within the overall B. bavariensis phylogeny (Fig. 1d), suggesting their inclusion could be 
representative for other Asian isolates.

For deciphering the complement-inhibitory function, we focused on Clade IV orthologs from NT24 
and JHM1114 (bga66-bga72, bga67b, bga68b, bga71b)13,32 as the orthologs of PBi (bga66-bga72) have been 
studied25,60. In addition to this, the crystal structure of BGA71PBi has already been determined60. This allows 
AlphaFold predicted structures of other Clade IV orthologs to be produced based on high structural similarity 
to BGA71 (RMSD value; 0.81–1.99 Å) (Fig. 2a-d), so as to test if variation could have functional relevance. 
All PFam54 proteins modeled here are entirely α-helical, composed of six α-helices (αA to αF) connected by 
short loop regions, except for the loop between αA and αB (Fig. 2a-d). According to SignalP-5.061, all Clade 
IV paralogs of B. bavariensis contains a signal sequence characteristic of lipoproteins. Following the signal 
sequence, a disordered loop region is present, which was not resolved in the crystal structure of BGA71PBi 
and was excluded from the AlphaFold predicted structures due to a very low confidence scores (pLDDT < 50) 
(Fig. 2b). Similar to the paralogs of PBi, the structural alignment of AlphaFold predicted structures showed 
high overall similarity among the Asian-specific Clade IV paralogs (RMSD value: 0.81–1.61 Å) (Fig. 2c-d). 
Sequence analyses of PFam54 Clade IV orthologs shared by the focal isolates showed amino acid substitutions in 
Asian isolates (JHM1114, NT24) when compared to PBi although the absolute number of substitutions differed 
between the respective orthologs (Supplementary Figures S1a-h).

In this analysis, we aimed to determine (1) if variation found in Asian isolates along proteins with known 
complement-inhibitory functions (BGA66, BGA71) is predicated to have functional impacts and (2) if variation 
along other Clade IV PFam54 orthologs in Asian isolates could suggest the presence of complement-inhibitory 
function. BGA71 orthologs of NT24 and JHM1114 displayed the highest number of amino acid substitutions 
in comparison to PBi (Supplementary Figure S1a). This included a conserved, nine amino acids long indel in 
BGA71PBi (residues 43–52) compared to NT24 and JHM1114, followed by a seven amino acid long variable 
region (Supplementary Figure S1a, b). Structural alignment of these BGA71 sequences revealed that the indel 
and variable region corresponds to a region suggested to have functional relevance in previous studies25, but 
is present in the unstructured loop region excluded from our predicted structures (Fig. 3a). Apart from these 
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differences, the overall structure of all three orthologs (BGA71PBi, BGA71NT24, BGA71JHM1114) remains highly 
conserved (RMSD value < 0.5 Å). Importantly, the surface-exposed cysteine at position 173 located on αD in 
BGA71PBi, previously found to be involved in cross-linking two protomers to form a dimer and speculated to 
have some functional relevance60, is conserved in all BGA71 orthologs (Fig. 3a and Supplementary Fig. 1a, b). 
Structural alignment of BGA66PBi and BGA66NT24 (absent in JHM1114), revealed that 8 of 19 substitutions are 
located in the unstructured N-terminal loop region, while, of those located within the structural domain (11 
substitutions), all are positioned on the solvent accessible protein surface (Fig. 3b and Supplementary Figure 
S1c). Taken together, this variation is present in relevant locations of the predicted structures suggesting that, 
hypothetically, impacts to protein functionality could be present.

For the other PFam54 orthologs shared between the populations, only structural analysis of BGA67 from PBi, 
NT24, and JHM1114 revealed that all 23 substitutions found in the structural domain are clustered relatively 
closely, primarily affecting αC (with 7 substitutions), along with the distal ends of αA and αE (Fig.  3c and 
Supplementary Figure S1d). With most residues being polar and facing the aqueous environment, this could 
suggest a potential role in protein functionality and therefore deviation from tested functions in European type 
strain PBi. This was not the case for residues in BGA68 and BGA72, although also being found predominantly in 
the structural domain (Fig. 3d-e). As for the novel Asian PFam54 orthologs (bga67b, bga68b, bga71b), variation is 
present among Asian isolates (Supplementary Fig. 3b, f, h) although what function the encoded proteins could 
have, is still not known. In the case of BGA71b, this protein shares many similarities to Asian BGA71 sequences 
suggesting that these two proteins could share similar functions. Both BGA67b and BGA68b, are orthologs of 
B. garinii proteins ZQA68 and ZQA70, respectively although substantial variation is present. Only ZQA68 has 
a known function, specifically binding avian FH, but as BGA67b contains a four amino acid long indel near 
the N-terminus and 26 amino acid substitutions it is likely that functionality here could differ (Supplementary 
Figure S1h). Indeed, structural analysis revealed that 22 substitutions were located in the structural domain 
and are clustered along αC and the loop region between αE and αF, but with a relatively conserved predicted 
structure (RMSD 0.69 Å) (Fig. 3f).

Fig. 1.  Overview of the Borrelia bavariensis isolates used in the current study and description of the genetic 
diversity of PFam54 Clade IV orthologs. Nucleotide diversity (π) (a) and ratios of non-synonymous and 
synonymous (dN/dS) (b) of all PFam54 members (plotted points) of B. bavariensis isolates from Europe 
(blue) and Asia (red). Point color refers to the PFam54 genes orthology groups (OG) supported in32. As 
bga71 and bga71b belong to the same OG (dark grey) they are labeled in both plots (a, b). These values were 
calculated from all available sequences of each PFam54 ortholog from the previously published genomic 
data for European (n = 19) and Asian (n = 28) isolates13,32, for individual values refer to Supplementary Table 
3. Background distributions were determined based on all lp54-located genes (see Material and Methods). 
Estimation of π(a) was done per population (i.e., Asia or Europe) whereas dN/dS(b) values were estimated 
for all samples across both populations. For this reason, dN/dS ratios could only be determined for genes 
present in both populations. (c) PFam54 architecture types of the focal isolates as described in32. Gene 
color corresponds to gene orthology between isolates and species as described previously32. The PFam54 
architecture type for NT24 (Bba_A11), JHM1114 (Bba_A4), and PBi (Bba_A9) as determined in32 are shown 
in parentheses next to the isolate name. (d) Phylogeny based on the lp54 plasmid sequence of B. bavariensis 
isolates as reported in32. The isolates chosen for functional validation in this study (NT24, JAASAAM1114, 
i.e., JHM1114, and PBi) are shown in bold. Nodes are colored by support probability with white representing a 
node probability of 1 and black referring to the lowest probability present in the tree of 0.57. The scale bar is in 
substitutions per base pair.
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In summary, analysis of genetic diversity and structural prediction of PFam54 orthologs derived from Asian 
isolates shows (1) substantial variation is present in proteins known to inhibit human complement (BGA66, 
BGA71) with proposed functional implications, (2) variation in genes with no known function in European 
type strain PBi that could have the potential to modify functionality in Asian isolates, and (3) variation in Asian-
specific PFam54 proteins (BGA67b, BGA68b, and BGA71b) that could suggest some, or all, of these proteins 
may have unique complement-inhibitory function. We set out to test this through functional validation as 
described in the sections below.

Tick-derived Japanese Borrelia bavariensis NT24 and JHM1114 resist complement-mediated 
killing in human serum
Although tick-derived NT24 and JHM111413,19 belong to a phylogenetic clade (Fig. 1d) containing isolates with 
known human pathogenicity10, which are hypothesized to be resistant to human complement as observed for 
PBi, no information is available, to the best of our knowledge, if the selected isolates are resistant to human 
complement. To initially determine the capability of Asian B. bavariensis isolates to resist complement, NT24 
and JHM1114 were incubated in the presence of 50% non-immune human serum (NHS) or heat-inactivated 
serum (hiNHS). The survival of spirochetes was then documented by counting motile cells after 0, 2, 4, and 6 
h by dark-field microscopy. As depicted in Fig. 4a, the majority of NT24 and JHM1114 spirochetes survived 
incubation for 6 h (73% and 63%, respectively) comparable with the type strain PBi while more than 90% of 
serum-sensitive B. garinii G1 spirochetes (control) were killed within 2 h. Growth of either Borrelia strain was 
unaffected when challenged with hiNHS (Fig. 4b). This finding indicates that NT24 and JHM1114 display a 
serum-resistant phenotype and overcome complement-mediated killing at comparable levels to those previously 
observed for European B. bavariensis strains including PBi used as a control for these analyses25,28.

Impact of Asian PFam54 recombinant proteins on complement activation
Having demonstrated that NT24 and JHM1114 overcome human complement, we aimed to elucidate the 
molecular mechanisms of complement inhibition in more detail. As previously described, BGA66PBi and 
BGA71PBi inhibit TP activation by interacting with late complement components including C9 and thereby 
terminate MAC assembly25. Thus, we sought to assess the inhibitory potential of the respective orthologs of 
NT24 (BGA66NT24, BGA71NT24) as well as other PFam54 Clade IV encoded orthologs from NT24 and JHM1114 
(BGA67NT24, BGA68NT24, BGA68bNT24, BGA67bJHM1114, BGA71bJHM1114) on complement activation and TP 
inhibition. Except BGA67NT24 and BGA68bNT24, all other orthologs could be produced in E. coli and purified 
by affinity chromatography. As a recombinant protein of BGA72 was not available from PBi for comparison, 
a recombinant protein of BGA72 from NT24 or JHM1114 could not be produced. Initially, we assess the 
complement inhibitory capacity on the AP and CP by employing ELISA-based assays25,56. LPS and IgM-coated 

Fig. 2.  Structural comparison of B. bavariensis PBi PFam54 Clade IV orthologs. (a) The crystal structure of B. 
bavariensis PBi orthologs BGA71PBi (gray; PDB ID 6FMH) superimposed with BGA66PBi (blue; RMSD 1.61 
Å), BGA67PBi (gold; RMSD 1.56 Å), BGA68PBi (orange; RMSD 1.31 Å), and BGA72PBi (brown; RMSD 1.99 
Å). (b) The crystal structure of BGA71PBi (gray; PDB ID 6FMH) superimposed with the full-length AlphaFold 
predicted structure of BGA71PBi, colored according to the predicted local distance difference test (pLDDT), 
also known as a confidence score, where white indicates high confidence and red indicates low confidence. 
(c) The AlphaFold predicted structure of B. bavariensis NT24 orthologs BGA66NT24 (blue) superimposed 
with BGA67NT24 (gold; RMSD 1.23 Å), BGA68NT24 (orange; RMSD 1.15 Å), BGA68bNT24 (green; RMSD 0.81 
Å), BGA71NT24 (gray; RMSD 1.52 Å), and BGA72NT24 (brown; RMSD 1.01 Å). (d) The AlphaFold predicted 
structure of B. bavariensis JHM1114 orthologs BGA67JHM1114 (gold) superimposed with BGA67bJHM1114 
(dark green; RMSD 1.58 Å), BGA68JHM1114 (orange; RMSD 1.31 Å), BGA68bJHM1114 (green; RMSD 1.25 Å), 
BGA71JHM1114 (gray; RMSD 1.44 Å), BGA71bJHM1114 (dark red; RMSD 1.41 Å), and BGA72JHM1114 (brown; 
RMSD 1.61 Å). All six α-helices have been indicated from αA to αF.
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microtiter plates were incubated with reaction mixtures containing NHS pre-incubated with 4 µM of purified 
proteins and the formation of the MAC was detected by a neoepitope-specific antibody. As shown in Fig. 5a-b, 
none of the orthologs analyzed impacted activation of the AP and CP except partially by BGA71bJHM1114 and 
fully by the control proteins CspAB31 and BBK32205. BSA did not inhibit complement activation. These findings 
indicate that almost all of the PFam54 orthologs originated from Asian B. bavariensis strains did not differ in 
their inhibitory activity on the AP and CP compared to BGA66PBi, BGA67PBi, BGA68PBi, and BGA71PBi (Fig. 
5a-b, Supplementary Fig. 2a-b)25.

Assuming that the orthologs might affect TP activation as shown for BGA66PBi and BGA71PBi
25, a hemolytic 

assay was conducted by using C5b-6 sensitized sheep erythrocytes. In parallel, reaction mixtures containing 
BGA66NT24, BGA71NT24, BGA68NT24, BGA67bJHM1114, and BGA71bJHM1114 as well as control proteins CspAB31, 
BGA66PBi, and BSA were incubated with C7, C8, and C9. After incubation of the erythrocytes with the pre-
incubated reaction mixtures, the release of hemoglobin was measured. Among the orthologs investigated, 
BGA66NT24, BGA67bJHM1114, and, in part, BGA71bJHM1114 protected sheep erythrocytes from complement-
mediated lysis in a dose dependent fashion (Fig. 5c). As expected, inhibition of MAC formation was also 

Fig. 3.  Structure comparison of PFam54 Clade IV orthologs of Japanese B. bavariensis NT24 and JHM1114 
with B. bavariensis PBi. (a) Superimposed crystal structure of BGA71PBi (blue; PDB ID 6FMH) with the 
predicted structures of BGA71NT24 (gold; RMSD 0.43 Å) and BGA71JHM1114 (orange; RMSD 0.42 Å). Residues 
1–58 in BGA71NT24 and BGA71JHM1114 are coloured according to the confidence score, where white would 
indicate high confidence while red shows low confidence (pLDDT < 50). Cys173 in BGA71PBi has been 
indicated. (b) Superimposed predicted structures of BGA66PBi (blue) with BGA66NT24 (gold; RMSD 0.60 
Å). (c) Superimposed predicted structures of BGA67PBi (orange) with BGA66NT24 (grey; RMSD 0.65 Å) and 
BGA67bJHM1114 (pink; RMSD 0.67 Å). (d) Superimposed predicted structures of BGA68PBi (green) with 
BGA68NT24 (yellow; RMSD 0.56 Å) and BGA68JHM1114 (brown; RMSD 0.88 Å). (e) Superimposed predicted 
structures of BGA72PBi (grey) with BGA72NT24 (green; RMSD 0.83 Å) and BGA72JHM1114 (cyan; RMSD 
0.63 Å). Residues affected by substitutions have been indicated for all three proteins as sticks and some of 
the residues in PBi that have been substituted in the other two strains have been indicated. (f) Structural 
comparison between BGA67bJHM1114 (lilac) and ZQA68 from B. garinii ZQ1 (green; RMSD 0.69 Å). Some of 
the residues in BGA67bJHM1114 have been indicted. All six α-helices have been indicated from αA to αF.
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observed for BGA66PBi, CspAB31, and vitronectin (Vn), the natural inhibitor of the MAC. In sum, BGA66NT24, 
BGA67bJHM1114, and potentially BGA71bJHM1114, but no other tested PFam54 protein, including BGA71NT24, 
inhibit activation of the TP.

Next, we determined if impairment of C9 polymerization directly correlates with TP inhibition as previously 
described in European B. bavariensis25. Naturally, monomeric C9 auto-polymerizes to high molecular weight 
homomers in the presence of divalent Zn2+. To determine how PFam54 orthologs impact the auto-catalytic 
process, purified proteins at a concentration of 5 µg and 10 µg, respectively, were allowed to interact with 
monomeric C9 molecules (Fig. 5d and e). Controls included BGA66PBi, CspAB31, and purified C9 incubated 
with or without Zn2+. Following initiation of C9 polymerization by adding 50 µM ZnCl2, monomeric and 
polymeric C9 were visualized by silver staining. BGA66NT24 and BGA71NT24 inhibited C9 polymerization at 
5 and/or 10 µg, respectively, while BGA68NT24, BGA67bJHM1114, and BGA71bJHM1114 did not. To demonstrate 
whether BGA66NT24 and BGA66PBi differ in their inhibitory capacity, a lower protein concentration of 2.5 
µg was applied. Only BGA66PBi inhibited C9 polymerization in the presence of 2.5 µg and, therefore, more 
efficiently impacted C9 auto-polymerization compared to BGA66NT24 (Fig. 5f). Structural comparison of these 
tested proteins revealed a high structural conservation (Fig. 6a). Comparison of proteins found to inhibit C9-
polymerization (BGA66NT24, BGA71NT24, BGA66PBi) uncovered conserved residues that could be involved 
in C9 polymerization inhibition clustered along αE (Fig. 6b) which were absent from proteins incapable of 
affecting C9-polymerization (BGA68NT24, BGA67bJHM1114, BGA71bJHM1114) (Fig. 6a). Comparative analyses 
implementing loss-of-function variants in which single or multiple residues in αE are replaced will reinforce the 
conclusion drawn from the structure predictions.

In sum, our findings indicate that BGA66 orthologs derived from Asian and European isolates inhibit human 
complement by blocking the formation of the MAC whereas BGA66PBi appears to inhibit the TP more efficiently. 
In contrast to BGA71PBi, BGA71NT24 only partially affects C9 polymerization at higher concentrations without 
affecting TP inhibition. The orthologs of JHM1114 differ in their mode of complement inhibition as both 
proteins more (BGA67bJHM1114) or less efficiently (BGA71bJHM1114) block TP activation but did not impact C9 
polymerization.

Ectopically producing PFam54 Clade IV orthologs of NT24 and JHM1114 confer serum 
resistance
Having demonstrated that PFam54 Clade IV orthologs BGA66NT24, BGA71NT24, BGA67bJHM1114, and 
BGA71bJHM1114 impacted complement in certain ways (Fig. 5), we next generated gain-of-function strains for 
examining the role of these particular proteins in facilitating complement resistance under more physiological 
conditions. Hence, the serum-sensitive B. garinii strain G1 was transformed with the respective shuttle vectors 
encoding for BGA66NT24, BGA71NT24, BGA67bJHM1114, BGA71bJHM1114, and BGA68bNT24, respectively. 
BGA68bNT24 was also included for these analyses due to the obstacle to produce recombinant protein in E. 
coli. Borrelia garinii G1 producing BGA66 or BGA71 from PBi were included as controls. Susceptibility of 
transformed B. garinii cells to human complement were then determined by incubating each strain with 50% 
NHS and 50% hiNHS for 2, 4, and 6 h. The majority of cells producing BGA66NT24, BGA67bJHM1114, BGA71NT24, 
or BGA71bJHM1114 survived after 6 h (Fig. 7), indicating that these proteins protect spirochetes from complement-
mediated killing. Similarly, BGA66PBi and BGA71PBi enables serum resistance of surrogate B. garinii G1 but not 
BGA67PBi and BGA68PBi originated from PBi (Supplementary Fig. 3). By contrast, gain-of-function strains G1/
pBGA68bNT24, G1/pBGA68bNT24, and G1/pKFSS1 (empty shuttle vector control) did not survive in NHS and 
the number of motile cells drastically declined to more than 90% after 2 h. As expected, treatment with hiNHS 

Fig. 4.  B. bavariensis NT24 and JHM1114 resist complement-mediated killing in human serum. The 
percentage of motile cells of B. bavariensis NT24, JHM1114, PBi, and B. garinii G1 grown in either 50% NHS 
(a) or 50% hiNHS (b) were determined by dark-field microscopy at 0, 2, 4, and 6 h. At least three independent 
biological replicates were assayed for NHS-treated spirochetes and two independent biological replicates were 
conducted for hiNHS-treated cells. Each test gave similar results. For clarity, only data from a representative 
experiment is shown. Error bars indicate standard deviation (SD). For all plots, abbreviations refer to: NHS, 
non-immune human serum, hiNHS, heat-inactivated NHS.
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instead of NHS did not affect spirochetes motility as 90–100% of the cells survived over the whole incubation 
period.

Taken together, the data collected from the serum bactericidal assays demonstrate that both, BGA66NT24 and 
BGA71NT24 promote complement protection of serum-sensitive spirochetes similar to the counterparts derived 
from B. bavariensis PBi. These analyses also identify two novel but functional related orthologs, BGA67bJHM1114 
and BGA71bJHM1114 exhibiting complement-inhibitory activity and facilitate serum resistance whereas 
BGA68NT24 and BGA68bNT24 lack complement-inhibitory properties as observed for BGA68PBi.

Discussion
 Borrelia bavariensis displays a unique demographic history having expanded into a novel location from an 
ancestral Asian population through a hypothesized invasion of the European tick vector, I. ricinus4,11,13. A 
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byproduct of this adaptive event is, European isolates exhibiting a marked tropism for neurological tissues 
which appears absent in Asian isolates5,10. Here, we aimed to determine if naturally occurring genetic variation 
affects the human complement inhibitory properties of PFam54 orthologs originated from Asian B. bavariensis 
isolates and if complement inhibition could be a trait unique to European isolates, potentially influencing the 
observed differences in infection phenotypes. Previous data convincingly showed that even little variation along 
functionally relevant proteins can substantially impact various Borrelia species (B. burgdorferi, B. afzelii) survival 
during various portions of the transmission cycle14–18. Here, the PFam54 orthologs of NT24 and JHM1114 
(BGA66NT24, BGA68NT24, BGA71NT24, BGA67bJHM1114, BGA68bNT24, BGA71bJHM1114) did display high genetic 
variation but with conservation of the overall protein fold. Likely due to this, biological function of the Asian 
orthologs remained similar compared to those derived from PBi25. This suggests that the complement-inhibitory 
function described for BGA66PBi and BGA71PBi is not a derived trait of European isolates and that complement 
inhibition alone is not sufficient to explain the differences observed in neurotropism of human infections 
between the B. bavariensis populations5,10.

Despite the observed variation within the PFam54 gene family between European and Asian isolates13,19,32, 
both Asian B. bavariensis isolates survived in complement-active NHS (Fig. 4). This supports that human 

Fig. 5.  Impact of PFam54 Clade IV orthologs of B. bavariensis NT24 and JHM1114 on complement activation 
and C9 polymerization. Assessment of the complement-inhibitory activity of PFam54 orthologs on the AP 
(a) and CP (b). NHS pre-incubated with increasing concentrations of His6-tagged borrelial proteins or BSA 
(control) were added to microtiter plates coated with either LPS (AP) or IgM (CP). To detect formation of the 
MAC, a neoepitope-specific, monoclonal anti-C5b-9 antibody (dilution 1:500) was used. All experiments were 
performed at least three times, with each individual test carried out in triplicate. Raw data were analyzed using 
one-way ANOVA with Bonferroni post-hoc test (confidence interval = 95%). ****, p ≤ 0.0001; ***, p < 0.001;, *, 
p < 0.05, n.s., no statistical significance. (c) Determination of the complement-inhibitory activity of PFam54 
orthologs on the TP. C5b-6-sensitized sheep erythrocytes were incubated with mixtures containing C7, C8, 
and C9 and the purified His6-tagged proteins or BSA. Absorbance values at 414 nm indicate hemolysis of 
erythrocytes. Data represent means of three independent experiments and error bars correspond to SD. 
Raw data were analyzed using one-way ANOVA with Bonferroni post-hoc test (confidence interval = 95%). 
****, p ≤ 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.05. NC, negative control; Vn, vitronectin. (d and e) Impact 
of PFam54 orthologs on C9 polymerization. His6-tagged proteins or BSA were incubated with C9 and 
polymerization of C9 was initiated by adding 50 µM ZnCl2. After separation of the reaction mixtures through 
7.5% SDS gels, monomeric and polymeric C9 were visualized by silver staining. (f) Impact of BGA66 orthologs 
on C9 polymerization. C9 was incubated with increasing concentrations of His6-tagged proteins. NC, negative 
control.

◂

Fig. 6.  Localization of the potential C9 interacting region within PFam54 Clade IV orthologs. (a) 
Superimposed predicted structure of BGA66PBi (blue) with BGA66NT24 (orange; RMSD 0.60 Å), BGA68NT24 
(green; RMSD 1.26 Å), BGA71NT24 (gray; RMSD 1.49 Å), BGA67bJHM1114 (brown; RMSD 1.52 Å), and 
BGA71bJHM1114 (pink; RMSD 1.46 Å). (b) Superimposed BGA66PBi (blue) with BGA66NT24 (orange; RMSD 
0.60 Å) and BGA71NT24 (gray; RMSD 1.49 Å) showing the conserved residues between the three members, 
but not with BGA68NT24, BGA67bJHM1114, and BGA71bJHM1114. The structure is showed in two different angles, 
rotated by 180 degrees. All six α-helices have been indicated from αA to αF.
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Fig. 7.  PFam54 Clade IV orthologs of Asian B. bavariensis facilitates serum resistance in a gain-of-function 
B. garinii strain. Survival of B. garinii G1 containing vectors encoding for BGA66NT24(a), BGA67bJHM1114(b), 
BGA68NT24(c), BGA68bNT24(d), BGA71NT24(e), BGA71bJHM1114(f), and G1 carrying the empty shuttle vector 
(g) in 50% NHS (filled circles) or in 50% hiNHS (open circles) was monitored by dark-field microscopy. 
Motile cells were counted at 0, 2, 4 and 6 h. At least three independent biological replicates were conducted 
for treatments with NHS and two independent treatments with hiNHS. Error bars indicate ± SD. For all plots, 
abbreviations refer to: NHS, non-immune human serum, hiNHS, heat-inactivated NHS.

 

Scientific Reports |         (2026) 16:9080 12| https://doi.org/10.1038/s41598-026-43598-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


complement resistance is not unique to the European B. bavariensis population but is a characteristic feature of the 
whole species. As these geographically separated populations display an identical serum resistant phenotype, it is 
tempting to speculate that other, yet, unknown factors determine the observed differences in bacterial infectivity 
and clinical manifestations5,10. As previously stated, it has been observed that Asian B. bavariensis isolates do 
not display the same level of neurotropism as observed in European isolates, and thus present less often in 
neuroborreliosis cases throughout Asia5,10. Recent findings however suggest that the number of neuroborreliosis 
cases in Japan are underestimated and could be higher than previously thought62. It remains unclear which 
Borrelia species could be the causative agent of these LB cases as other neurotropic species, such as B. garinii2, 
coexist with B. bavariensis in Asia. These two Borrelia species are sister taxa, with B. bavariensis being historically 
classified as a subtype of B. garinii associated with rodents before it was designated as a distinct species12,63. They 
both are capable of causing human LB, but with B. garinii showing a marked tropism for neurological tissues 
across its Eurasian range while only European B. bavariensis show this tropism as previously stated5,10,64. Recent 
analysis has also shown, that even though both these species share Asian origins, establishing into Europe was 
only adaptive in B. bavariensis13 suggesting that they could differ in their ancestral capacity for human infection. 
Further study is required to determine what species is responsible for these reported neuroborreliosis cases.

To understand how PFam54-encoded proteins promote immune evasion, we initially compared BGA66 
and BGA71, which show clear orthology between European and Asian isolates32. These proteins are suggested 
to possess similar complement-inhibitory properties in both B. bavariensis populations. BGA66NT24 and 
BGA66PBi did show high similarity in overall protein fold (RMSD 0.60 Å) suggesting a complement-inhibitory 
potential for BGA66NT24. Subsequent functional analyses confirmed the complement-inhibitory function of 
BGA66NT24, although with reduced efficiency in preventing C9 polymerization (5 µg for BGA66NT24 vs. <2.5 µg 
BGA66PBi) (Fig. 5f). Even so, BGA66NT24 conferred human serum resistance when ectopically produced (Fig. 
7) indicating an important role in complement evasion. As our sequence analysis suggested BGA66 could be 
under positive selection (Table 1) this difference in efficiency could result from the demographic history of the 
European population4,11,13,19, but it is important to note that branch-specific analyses did not find signatures 
of diversifying selection on this loci32. Like BGA71PBi, both Asian orthologs (BGA71NT24 and BGA71bJHM1114) 
conferred resistance to human serum when ectopically produced (Fig. 7). As shown, bga71b most likely 
has arisen through recent gene duplication of bga7132, suggesting that BGA71b and BGA71 could share 
similar functionality. Even so, functional differences were found between BGA71PBi and the Asian orthologs 
BGA71NT24 and BGA71bJHM1114, but also between the Asian orthologs. BGA71NT24 and BGA71bJHM1114 did not 
or only partially inhibited the TP (Fig. 5c and Supplementary Fig. 2c). By assaying these BGA71 orthologs, 
BGA71NT24 did display an inhibitory capacity on C9 polymerization at higher concentrations (10 µg = 7.5 
µM) in a similar way to BGA71PBi

25 but BGA71bJHM1114 did not (Fig. 5e). Regarding BGA71NT24, it seems that 
2.0 µM of purified protein used by default for the hemolytical assays are too low to achieve similar levels of 
inhibitory capacity on the TP compared to BGA71PBi. Also, it is tempting to speculate whether a lower C9 
binding affinity of BGA71NT24 might account for the requirement of higher protein concentrations for TP 
inhibition or if BGA71NT24 lacks additional binding activity to C7 and C8 as previously shown for BGA71PBi

25. 
Future studies are warranted to explore the molecular mechanism of how BGA71NT24 inhibit complement and 
protect Asian B. bavariensis from complement-mediated killing. By sequence comparison, a deletion of up to 
11 amino acids (41-ADPLNKKNQNF-52) has been identified at the N-terminus of BGA71NT24 and all BGA71/
BGA71b orthologs analysed so far from other Asian isolates (Supplementary Fig. 1a-b). Structure predictions 
of BGA71PBi, BGA71NT24 and BGA71JHM1114 revealed that this specific amino acid stretch is located within 
the unstructured N-terminal loop region (Fig. 3a) previously identified in BGA71PBi to play a potential role 
for TP inactivation25. Although no structural information of the N-terminal region could be gathered by the 
AlphaFold2 predictions, it seems plausible that additional parts of BGA71 are relevant to mediate complement 
evasion as both, BGA71NT24 and BGA71bJHM1114, conferred resistance to human immune serum (Fig. 7e and 
f) and as the predicted protein structure of these BGA71 orthologs is well conserved (RMSD ~ 0.40 Å) (Fig. 
3a). Overall, our findings suggest that the complement-inhibitory capacity of BGA66 and BGA71orthologs 
originating from Asian and European populations are comparable, but the underlying molecular mechanisms 
and efficiency of complement inhibition differs between the populations.

We further set out to determine if any other complement-inhibitory function was present in known or novel 
PFam54 Clade IV proteins present in B. bavariensis isolates NT24 and JHM1114. As already shown for the PBi25, 
none of the PFam54 Clade IV proteins produced from NT24 and JHM1114 bound human Factor H as shown 
for CspA from B. burgdorferi (Fig. 2 and Supplementary Fig. 4) suggesting that Asian B. bavariensis possess 
similar strategies for evading human complement like European B. bavariensis isolates25, also supported by the 
already discussed results. In our attempts to study additional PFam54 Clade IV orthologs, it is important to 
note that despite extensive efforts, we were unable to overproduce BGA67NT24 and BGA68bNT24 for functional 
analyses. By assaying the respective orthologs in B. bavariensis PBi, BGA67PBi was unable to protect serum-
sensitive spirochetes from complement-mediated killing by human serum and did not inhibit C9 polymerization 
(Supplementary Fig. 3b-d). Due to high structural similarity of BGA67 orthologs originating from the Asian 
isolates and PBi (Figs. 2 and 3, and Supplementary Fig. 1d) it could be proposed that the BGA67NT24 also 
would be unable to protect spirochetes from complement-mediated killing. Even so, BGA67NT24 did display 
a clustering of residues in structural predictions (Fig. 3c and Supplementary Fig. 1 d) which could highlight 
a difference in functionality. Regarding BGA68b, we were able to generate a gain-of-function strain but the 
ectopically produced protein did not confer serum resistance (Fig. 7d), suggesting that this particular ortholog 
does not play a role in complement evasion. Overall, we cannot completely exclude that, additional factors such 
as protein expression levels, surface localization, or cooperative interactions with other borrelial proteins may 
contribute to serum resistance.
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Our comparative analyses with purified BGA67bJHM1114 and BGA68NT24 revealed a strong difference in 
their properties to affect complement as BGA68NT24 displayed no inhibition, while BGA67bJHM1114 displayed 
the strongest inhibition of the TP among all tested proteins, but without affecting C9 polymerization (Fig. 5c 
and d). This finding suggests that BGA67bJHM1114 inhibits MAC assembly independently from C9 binding and 
is capable of conferring serum resistance (Fig. 7b). Therefore, some Asian isolates (~ 20%) possess an unique 
PFam54 ortholog, BGA67b32, absent in European B. bavariensis strains and, here, identified as an inhibitor of the 
TP. Previously, we showed that the BGA67b is an ortholog of ZQA68 of B. garinii known to specifically inhibit 
complement-mediated killing by binding avian FH in birds15,16. These studies clearly demonstrated specific roles 
of this ortholog in facilitating resistance to avian but not to human serum. In line with this, BGA67bJHM1114 
was unable to bind human FH as shown for ZQA68 (Supplementary Fig. 4). Despite structural similarities 
to BGA67bJHM1114 (RMSD 0.69 Å) (Fig. 3f), ZQA68 lacks inhibitory properties to human complement15,16 
suggesting that variation along BGA67b results in the unique ability observed here to confer complement 
resistance and inhibit the TP. Considering that most of the non-conserved residues between the two proteins are 
located at the distal end, it is likely that this region also serves as a binding site for a, yet unknown, interacting 
protein with BGA67bJHM1114 (Fig. 3f).

In summary, our data support the notion that functionality of PFam54 Clade IV B. bavariensis orthologs 
remains stable across both Asian and European populations even though substantial inter-population variation 
exists13,19,28,32. This is in contrast to other work which has shown that even minor genetic variation along genes 
(e.g., cspA, cspZ) in various Borrelia species (B. burgdorferi and B. afzelii) could have a major impact on vector-
to-host transmission, host-to pathogen-acquisition, pathogen dissemination or even host specialization and 
adaptation14–18. Whether such variations directly affect the ability of spirochetes to cause human LB remains a 
subject of ongoing debate. Taken together, our results demonstrated that Asian B. bavariensis isolates naturally 
resist complement-mediated killing potentially through conserved molecular mechanisms already described for 
the European isolates but also through novel interactions. Apart from the known mechanism facilitating serum 
resistance of B. bavariensis, e.g. targeting the TP by interacting with late complement components to prevent 
MAC assembly (BGA66 and BGA71 orthologs), inactivation of complement independently take place from 
acquisition of complement regulators or affecting the TP (BGA67bJHM1114) (Fig. 8). Whether BGA67bJHM1114 
directly interacts with other components of the TP (e.g. C6, C7 or C8) or by binding to precursor MAC complexes 
C5b-6, C5b-7 or C5b-8 is a matter of further investigations.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary 
Information files).

Fig. 8.  Proposed mechanism of complement inhibition mediated by BGA orthologs of Asian B. bavariensis 
NT24 and JHM1114. PFam54 architecture of B. bavariensis isolates PBi, JHM1114, and NT24 as described in 
Fig. 1c (a). Concept of the molecular mechanisms of complement interaction and inhibition mediated by BGA 
orthologs described in this study (b).
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