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Abstract: In the absence of information on Borrelia species causing Lyme borreliosis (LB) in Serbia,
we were interested in the pathogenic potential of local strains of Borrelia burgdorferi sensu lato
isolated from ticks. The susceptibility of B. burgdorferi sensu lato isolates to human complement was
tested in vitro. A total of 31 strains were analysed by serum susceptibility testing - 12 Borrelia afzelii,
12 Borrelia lusitaniae, three Borrelia bavariensis, two Borrelia garinii, and two Borrelia valaisiana. The
serum-resistant strains (B. afzelii, B. bavariensis and B. valaisiana) expressing OspA and OspB or OspA
and OspC proteins might be related to the different pathogenic potential of the specific Borrelia
strains and their ability to cause different clinical manifestations of LB in humans. Among the B.
lusitaniae strains from Serbia, two were significantly more motile than others (all p < 0.05) and
equally motile as human isolate (both p > 0.05), and since they express OspC, their pathogenic
potential remains unclear. For further studies, it is of particular interest to explore the mechanism
of resistance of B. valaisiana and to explain the fair motility of B. lusitaniae, a predominant Borrelia
species in Serbia, in the presence of human complement.

Keywords: Borrelia; human complement; resistance

1. Introduction

Lyme borreliosis (LB), a tick-borne infectious disease caused by spirochetes of the Borrelia
burgdorferi sensu lato (s.l.) complex, is the most widespread vector-borne disease in the temperate
climates of the Northern Hemisphere [1,2]. Currently, 21 described Borrelia species with considerable
variability in host and vector associations and geographical distribution are assigned to the B.
burgdorferi s.1. complex [3]. Only a subset of B. burgdoferi s.1. species are known to cause disease in
humans. In North America, LB is predominantly caused by the Borrelia burgdorferi sensu stricto (s.s.),
whereas in Europe the overall diversity of B. burgdorferi s.l. is higher and LB is caused by Borrelia
afzelii, Borrelia garinii, Borrelia bavariensis (formerly B. garinii OspA type 4), Borrelia spielmanii and,
more rarely, Borrelia burgdorferi s.s., while Borrelia valaisiana, Borrelia lusitaniae and Borrelia bissettii
have only been identified in isolated cases and are recognised as potential pathogens [1,2]. Infection
with different Borrelia species leads to different clinical manifestations, but the skin lesion - erythema
migrans is the most common [1,2]. In persistent infection, B. afzelii usually remains localised in the
skin, B. garinii and B. bavariensis are usually associated with nervous system disorders, while B.
burgdorferi s.s. is often associated with the development of arthritis [1,2].

The pathogenicity of specific Borrelia strains depends on their invasiveness, antigenic variability,
lymphocyte stimulation, and resistance to host complement [4], which is enabled by differential
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expression of outer surface proteins (Osp) and their variability. In vitro studies have shown that B.
afzelii, B. bavariensis, B. spielmanii and B. burgdorferi s.s. are resistant to complement-mediated killing,
B. bissettii is intermediate serum resistant, while B. garinii, B. valaisiana, and are highly susceptible to
complement-mediated killing (4). Differences in serum susceptibility have also been found between
strains within the B. valaisiana and B. garinii species [5-7].

While B. valaisina, B. afzelii, and B. garinii are the most prevalent species in ticks throughout
Europe [8], studies on the presence of B. burgdorferi s.l. in ticks from Serbia [9-11] indicated the
dominance of B. lusitaniae followed by B. afzelii, B. bavariensis, B. garinii, B. valaisiana and B. burgdorferi
s.s. The region of Serbia and the Balkan Peninsula is characterised by a high prevalence and diversity
of Borrelia species in Ixodes ricinus ticks [12], but the reported incidence of LB in Serbia between 2013
and 2019 was 6.83-13.32/100.00 inhabitants [13], which is much lower compared to regions with a
similar prevalence of Borrelia in ticks [14,15]. In Germany and Slovenia, for example, the annual
incidence rate in 2014 was 111/100,000 and 188.7/100,000, respectively [14]; in Lithuania, 99.9/100,000;
and in Finland, 61/100,000. In France, the annual incidence rate between 2009 and 2017 was
53/100,000; in the United Kingdom, 12.1/100,000; and in Italy, there were only 1.24 new cases per 1
million population between 2000 and 2015 [15]. The most common clinical manifestation of LB in
Serbia is erythema migrans, which occurs in 93.21% of cases, followed by neurological,
musculoskeletal, and cardiac manifestations in 2.80, 2.46, and 1.10% of cases, respectively [16].
However, apart from several studies on the presence and diversity of B. burgdorferi s.l. in ticks and
animal hosts [17,18], there are no data on the exact Borrelia species that cause LB in humans. Against
this background, we wanted to find out which Borrelia strains have the potential to cause LB by testing
the susceptibility of different local strains isolated from I. ricinus ticks to human complement in vitro.
As B. lusitaniage species predominate in both Serbia and Mediterranean countries and the pathogenic
potential is still unclear, we were interested in comparing the susceptibility of available B. lusitaniae
strains from Serbia, Spain, and Portugal to human complement and their pathogenic potential in vitro.

2. Materials and Methods

2.1. Borrelia Strains

The thirty-one B. burgdorferi s.l. strains were included in the study - 30 isolated from I. ricinus
ticks and one strain isolated from human skin. The twenty-seven Borrelia strains (12 B. afzelii, eight B.
lusitaniae, three B. bavariensis, two B. garinii, and two B. valaisiana) were isolated from 1. ricinus ticks
from different localities in Serbia and previously described by Caki¢ and colleagues [9]. Four external
B. lusitaniae strains (Heavy, Listu, PotiB2, and PoHL1) were provided from Spain and Portugal and
described previously [19]. All strains tested are listed in Table 1.

Table 1. A range and median percentage of motile spirochetes for each Borrelia burgdorferi sensu lato
strains in the presence of normal human serum (NHS) and heat-inactivated serum (HIS) after one (1h)
and three hours (3h) of incubation.

NHS (1h)  HIS (1h) p NHS (3h)  HIS (3h) p
Strain Region (host) Median Median Valu Median Median alu Susceptibilit
(range)? (range) (range) (range) y to NHS
e e
% % % %
Borrelia
valaisana

RS164_12b  Serbia (tick) 89 (85-91) 98 (98-98) >0.05 87 (77-89) 97 (96-97) >0.05 R®
RS224_10b  Serbia (tick) 75 (53-81) 97 (96-99) <0.05 60 (52-76) 97 (95-97) <0.05 S
median (range) 83 (53-91) 98 (96-99) 76.5 (52-89) 97 (95-97)
Borrelia afzelii

RS71_11a  Serbia (tick) 100 (100-100) 100 (100-100) >0.05 100 (100-100) 100 (100-100) >0.05

RS32_12b  Serbia (tick) 100 (100-100) 100 (100-100) >0.05 100 (100-100) 100 (100-100) >0.05
RS230_13c  Serbia (tick) 100 (100-100) 100 (100-100) >0.05 100 (100-100) 100 (100-100) >0.05
RS164_11a  Serbia (tick) 95(94-98) 98 (98-98) >0.05 93(90-93) 97(97-97) >0.05

A A" AR
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RS168_11g  Serbia (tick) 97 (97-98) 99 (98-99) >0.05 90 (88-94) 97 (94-97) >0.05 R
RS166_12a  Serbia (tick) 100 (100-100) 100 (100-100) >0.05 100 (100-100) 100 (100-100) >0.05 R
RS168_11c  Serbia (tick) 100 (100-100) 100 (100-100) >0.05 100 (100-100) 100 (100-100) >0.05 R
RS163_11i  Serbia (tick) 99 (98-100) 100 (99-100) >0.05 99 (97-100) 99 (98-100) >0.05 R
RS167_11f  Serbia (tick) 100 (99-100) 100 (100-100) >0.05 99 (98-100) 100 (99-100) >0.05 R
RS232_13b  Serbia (tick) 100 (99-100) 100 (100-100) >0.05 99 (98-100) 100 (99-100) >0.05 R
RS168_11a  Serbia (tick) 100 (98-100) 99 (100-100) >0.05 99 (98-100) 100 (99-100) >0.05 R
RS235_13cd  Serbia (tick) 100 (100-100) 100 (100-100) >0.05 100 (100-100) 100 (100-100) >0.05 R
median (range) 100 (94-100) 100 (98-100) 100 (90-100) 100 (94-100)
Borrelia garinii
RS164_11g Serbia (tick) ~ 2(0-3)  98(97-99) <0.05 2(0-2)  98(97-99) <0.05 S
RS226_10a  Serbia (tick) ~ 0(0-0) 100 (100-100) <0.05  0(0-0) 100 (100-100) <0.05 S
median (range) 0(0-3)  99.5(97-100) 0(0-2)  99.5(97-100)
Borrelia
bavariensis
RS220_10e  Serbia (tick) 100 (100-100) 100 (100-100) >0.05 100 (100-100) 100 (100-100) >0.05 R
RS160_13e  Serbia (tick) 100 (100-100) 100 (100-100) 0.05 99 (96-100) 99 (99-99) >0.05 R
RS163_11h  Serbia (tick) 100 (100-100) 100 (100-100) >0.05 99 (99-100) 100 (100-100) >0.05 R
median (range) 100 (100-100) 100 (100-100) 100 (96-100) 100 (99-100)
Borrelia
lusitaniae
RS77_12b  Serbia(tick)  1(0-2) 100 (100-100) <0.05  1(0-1) 99 (99-100) <0.05 s
RS226_10d  Serbia (tick) 20 (4-50) 100 (92-100) <0.05 20 (3-45) 93 (91-94) <0.05 s
RS167_11c  Serbia (tick) 19 (15-20) 100 (100-100) <0.05  1(0-1) 100 (100-100) <0.05 s
RS162_11b  Serbia (tick) 12 (3-14) 100 (100-100) <0.05  1(1-2) 100 (100-100) <0.05 S
RS221 10c  Serbia(tick) ~ 0(0-7) 100 (100-100) <0.05  0(0-0) 100 (100-100) <0.05 S
RS167_11b  Serbia (tick) ~ 0(0-0) 100 (100-100) <0.05  0(0-0) 100 (98-100) <0.05 S
RS76_12a  Serbia (tick) 29 (26-35) 100 (100-100) <0.05 15 (5-20) 100 (100-100) <0.05 S
RS222 10d  Serbia (tick)  0(0-0) 100 (100-100) <0.05 0 (0-0) 100 (100-100) <0.05 S
PoHL1 Portugal " 53 47.70) 100 (100-100) <0.05 32 (27-50) 100 (80-100) <0.05 S
(human)
Listu Spain (tick) 10 (5-18) 100 (99-100) <0.05  0(0-3) 99 (98-100) <0.05 S
Heavy Spain (tick)  2(0-5) 100 (100-100) <0.05 0 (0-1) 100 (100-100) <0.05 s
PotiB2 P‘ztritg(g)al 1(1-3) 100 (100-100) <0.05  0(0-1) 100 (100-100) <0.05 s
median (range) 4.5 (0-70) 100 (92-100) 1(0-50) 100 (91-100)

p-values under 0.05 are in bold. * Median percentage of viable, motile spirochetes and the range were
determined for each Borrelia strains in normal human serum (NHS) and heat-inactivated serum (HIS)
after one and three hours of incubations. For each strain experiment was repeated at least three times.
®R-Borrelia strains resistant to NHS after one and three hours of incubation: presence of viable, motile
spirochetes in NHS compared with HIS indicates resistance of Borrelia strains to NHS. ¢S- Borrelia
strains susceptible to NHS after one and three hours of incubation: loss of motility of spirochetes in
NHS compared with HIS indicates susceptibility of Borrelia strains to NHS.

2.2. Protein Analysis

Protein characterisation was performed for a total of 29 Borrelia strains - 27 Borrelia strains
isolated from I. ricinus ticks from Serbia [9] and two Borrelia strains isolated from I. ricinus ticks from
Spain [20,21]. Cultivation of the Borrelia strains, extraction of the Borrelia proteins and analysis of the
obtained proteins using SDS-PAGE were performed as previously described [22,23]. Briefly, proteins
were separated by SDS-PAGE with 12% gel, stained afterwards with Coomassie brilliant blue. At
least three electrophoreses were performed for each strain. The molecular masses of the proteins were
determined based on their position in the gel compared to the molecular mass standard.
Discrimination between strains with respect to the presence of Osps (Osp-positive, Osp-weakly
positive, or Osp-negative) was determined based on band intensity using the Gel Doc software
(BioRad, Germany) described previously [22]. Based on the results obtained, the Borrelia strains were
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classified into protein profile groups (hereafter referred to as PPGs) distinguished by the presence or
absence of OspA, OspB and OspC.

The protein profiles of two Borrelia strains from Portugal used in this study (one isolated from
the I. ricinus tick and one isolated from human skin) were described by Zeidner and colleagues (24)
and Collares-Pereira and colleagues [25].

2.3. Collection of Sera

Serum samples from eight volunteer blood donors were pooled for normal human serum (NHS),
filtered through 0.22 um syringe filters (Lab Logistics Group GmbH, Meckenheim, Germany),
immediately aliquoted and frozen at -80°C and thawed only once before use. Heat-inactivated serum
(HIS) was generated by incubating NHS at 56°C for 45 minutes and used as a complement control
[6,26]. Serum samples were tested for the presence of anti-B. burgdorferi s.l. IgM and IgG, and
antibodies were all negative using an ELISA assay (Euroimmun, Germany). To confirm the results,
the sera were tested with the anti-Borrelia EUROLINE Western blot test (Euroimmun, Germany) and
all samples were negative.

2.4. Ethical Statements

All healthy subjects gave written informed consent at the Institute of Blood Transfusion and
Haemobiology, Military Medical Academy, Belgrade, Republic of Serbia (Decision number 1130-8,
November 20, 2015) The study complied with the Declaration of Helsinki and was approved by the
Ethics Committee of the Military Medical Academy, Belgrade, Republic of Serbia.

2.5. Serum Susceptibility

Before performing the serum susceptibility test, all Borrelia strains (31 strains), previously stored
in biobanks, were recultured in Barbour-Stoenner-Kelly-H medium (BSK-H) (Sigma-Aldrich, St
Louis, MO, U.S.A.) at 33°C until they reached a concentration of 1-2 x 107 cells/ml (26). The number
of Borrelia cells/mL was determined by dark-field microscopy using the Neubauer counting chamber
(Brand Gmbh & Co. KG, Wertheim, Germany) as described before [26].

The serum susceptibility test was performed by counting the spirochetes under the dark-field
microscope after an incubation period of one and three hours, as previously described by
Wagemakers and colleagues [26]. Briefly, in a 96-well microtitre plate, 25 uL of each Borrelia culture
and 25 ul of NHS or HIS were mixed, and the plate was sealed and incubated at 33°C for one and
three hours. After incubation, 5 ul of the suspension from each well was examined under a dark-field
microscope. Samples were blinded and 100 Borrelia per well were counted as either motile or
immotile. The loss of motility of spirochetes in NHS wells compared with HIS was indicative of
complement-mediated killing and inactivation of spirochetes (susceptibility of Borrelia strains to
NHS), while the presence of viable, motile spirochetes in NHS compared with HIS was indicative of
resistance of spirochetes to human complement [26]. For each strain of Borrelia, the experiment was
repeated at least three times and then the median percentage of the number of viable and motile
spirochetes was determined. To obtain consistent results and minimise the possibility of errors, the
counting of motile and immotile spirochetes under the dark-field microscope was always performed
by the same experienced person.

2.6. Statistical Analysis

A Kruskal-Wallis test was performed to identify a difference in motility between Borrelia species
and between Borrelia strains within species observed in the serum susceptibility tests performed. The
significance of the difference between the motility of two strains and two species in NHS and in two
test conditions (NHS and HIS) for each Borrelia strain after one and three hours of incubation was
analysed using a Mann-Whitney test. All statistical tests were considered statistically significant at
the 0.05 probability level. Statistical analyses were performed using the program PASW Statistics 18
(IBM, Armonk, New York, USA). The graphs were created with Excel (Microrosft 365).

doi:10.20944/preprints202311.1925.v1
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3. Results

3.1. Protein Analysis

In this study, the protein profiles of 27 Borrelia strains isolated from I. ricinus ticks from Serbia
and two Borrelia strains isolated from I. ricinus ticks from Spain were determined (Table S1, Figure
S1, Figure S2, Figure S3, Figure 54, Figure S5). The molecular mass of OspA, OspB and OspC was
calculated using data obtained from repeated electrophoreses and aforementioned software. The
results were the same for all electrophoreses performed (Table S1). The protein profiles of two Borrelia
strains from Portugal (PotiB2 and PoHL1) have been described previously, but the molecular masses
have not been defined [24,25]. Some proteins were found weakly positive (Osp-weakly positive), but
the number of these strains was small. Only one isolate was weakly OspB-positive (RS 235_13cd)
(Table S1, Figure S1), while two isolates (RS 164_11g and RS 226_10d) were weakly OspC-positive
(Table S1, Figure S3, Figure S5).

The presence of specific Osp in relation to Borrelia strains is shown in Table 2 and Table 3. Among
the Osps, OspA-positive isolates were found most frequently (97%), followed by OspC-positive
(65%), while OspB-positive were found in almost half of the strains (55%) (Table 2).

The presence or absence of Osps in the tested strains resulted in five protein profile groups (PPGs
I-V). The results are shown in Table 3. All three proteins (OspA, OspB and OspC) were present in
14/31 (45%) strains, OspA and OspB were simultaneously present in 2/31 (7%), while OspA and OspC
were simultaneously present in 6/31 (19%) strains; only OspA was present in 8/31 (26%) strains, while
only OspB was present in 1/31 (3%) (Table 3).

Table 2. Frequency of presence of outer surface proteins (OspA, OspB, and OspC) in Borrelia
burgdorferi sensu lato strains.

Species OspA OspB OspC

B. afzelii 12 (100%) 12 (100%) 10 (83%)
B. garinii 2 (100%) 2 (100%)
B. bavariensis 3 (100%) 3 (100%) 3 (100%)
B. valaisiana 2 (100%) 1 (50%)
B. lusitaniae 11 (92) 2 (17%) 4 (33%)
All 30 (97%) 17 (55%) 20 (65%)

Table 3. Frequency of present outer surface proteins (OspaA, OspB, and OspC) and protein profile
group (I-V).

B.
P . B. . B. oarinii B. - B. lusitani
resent protein afzelii garinii o nsis valaisiana B. lusitaniae All No. 31

(Protein profile group) No. 12 No. 2 No. 3 No. 2 No. 12

10 (83%)
RS 71_11a
RS 32_12b
RS 164_11a
RS 168_11g
0 RS 168_11c

RS 163_11i
RS 167_11f
RS 232_13b
RS 168_11a
RS 235_13cd

3 (100%)
RS 220_10e 1 (8%)
RS 160_13e PoHL1
RS 163_11h

OspA, OspB, and OspC 14 (45%)

Osp A and OspB 2 (17%)
(In) RS 230_13c 2 (7%)
RS 166_12a
OspA and OspC 2 (100%) 1 (50%) 3 (25%) 6 (19%)
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(1) RS 164_11g RS164_12b RS77_12b
RS 226_10a RS 226_10d
RS576_12a

7 (59%)
RS 167_11c
RS 162_11b
RS 221_10c
RS 167_11b 8 (26%)
RS 222 _10d

Listu
Heavy

OspA 1 (50%)
) RS 224_10b

OspB

0 1 (8%) 1.(3%)

PotiB2

Borrelia strains resistant to normal human serum are in bold.

3.2. Serum Susceptibility

Serum susceptibility test was performed for 31 strains of Borrelia tested - 27 strains of Borrelia
from Serbia (12 B. afzelii, eight B. lusitaniae, three B. bavariensis, two B. garinii, and two B. valaisiana)
and four B. lusitaniae from Portugal and Spain. A range and median percentage of viable, motile
spirochetes in the presence of NHS and heat-inactivated serum (HIS) for each Borrelia strain after one
hour (1h) and three hours (3h) of incubation are presented in Table 1. The most motile Borrelia species
in the presence of NHS after three hours of incubation were B. bavariensis (median percentage of
viable motile spirochetes=100%, range=96-100%), B. afzelii (median=100%, range=90-100%) and B.
valaisiana (median=60%; range=52-89%), followed by B. lusitaniae (median=1%, range=0-50%) and B.
garinii (median=0%, range=0-2%) (Table 1).

Based on the comparison of median percentage of viable motile spirochetes in the presence of
NHS and HIS, all tested B. afzelii strains (12/12), B. bavariensis strains (3/3), and one of two B. valaisiana
strains (RS 164_12b) were resistant to NHS after one and three hours of incubation, while all tested
B. garinii strains (2/2) and B. lusitaniae strains (12/12) and another B. valaisiana strain (RS 224_10b)
were susceptible to NHS after one and three hours of incubation (Table 1, Figurel).

Differences in motility between strains within each species in the presence of NHS was also
observed after one and three hours of incubation (Table 1, Figure 1).

1 hour

ISR

,\\/ A}.,"?g,@v bm/ bﬁ/ 5. "’».‘;\"\"” &7 o QW o a/ hw &> Q’w LT / o ‘;\; o
& & BN L oS '06: N
€ e e e T T T e e

# motile spirochastes
NuBooNEoD
888823888

strains

B 3 hours

% motile spirochaetes
_
s , —
, —
—
=
—
————\
)
————
E——
—
——————)
—
e
N E—
| —
e
N —
| —
—

%
0
2
C‘
/
e
%
0
IG“O'
0
5
’%
%
5
)
%,
%
%,
%
%
%
%
2
%
19(7
%6
.
%,

)p\F
N
%
B
K
%
R
ﬁ
%
2%
lpd‘
B
!
lph!‘
‘b
4’.9
4b
4b
k)
'ﬁi‘
)
R
T
K
B
K
)


https://doi.org/10.20944/preprints202311.1925.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 November 2023 doi:10.20944/preprints202311.1925.v1

Figure 1. Serum susceptibiliy of 31 different Borrelin burgdorferi sensu lato strains - comparing
median of motile and viable spirochetes in normal human serum (NHS) versus heat-inactivated
serum (HIS) after one hour (A) and after three hours of incubation (B). For each Borrelia strain
motility between NHS and HIS was compared using a Mann-Whitney test: no significant difference
in the motility of each B. afzelii, B. bavariensis and B. valaisiana (RS 164_12b) between NHS and HIS
after one and three hours of incubation (all p > 0.05); significant difference in the motility of each B.
lusitaniae, B. garinii and B. valaisiana (RS 224_10b) strain between NHS and HIS after one and after
three hours of incubation (all p < 0.05). A Kruskal-Wallis test: significant difference in the motility
between Borrelia strains within single species in the presence of NHS after one and three hours of
incubation (both p < 0.05). The Mann-Whitney test (in the presence of NHS): significant difference in
the motility between B. afzelii (RS 164_11a and RS 168_11g) and other B. afzelii strains and between
two B. valaisiana strains (RS 164_12b and RS 224_10b) after one and three hours of incubation (all p
< 0.05); significant difference in the motility between B. lusiataniae (RS 226_10d, RS 167_11c, RS 162-
_11b and RS 76_12a, PoHL1, Listu) and other B. lusitaniae strains (all p < 0.05) after one hour of
incubation and significant difference in the motility between B. lusitaniae (RS 226_10d, RS 76_12a,
PoHL1) and other B. lusitaniae strains (all p < 0.05) after three hours of incubation; no significant
difference in the motility between tick isolate from Serbia (RS 226_10d ) and human isolate from
Portugal (PoHL1) (p > 0.05) and between tick isolate from Serbia (RS 76_12a) and human isolate from
Portugal (PoHL1) (p > 0.05) after three hours of incubation. In the presence of NHS, after one and
three hours of incubation, B. valaisiana (RS 224_10Db) significantly less motile (all p < 0.05) than each B.
afzelii, B. bavariensis, and another B. valaisiana strain (RS 164_12b) but significantly more motile (all p
<0.05) than all B. lusianiae and B. garinii strains. O B. afzelii in HIS; (| B. afzelii in NHS;

B. garinii in HIS; = B. garinii in NHS; B. bavariensis in HIS; ] B.
bavariensis in NHS; [ B. valaisiana in HIS; O B. valaisiana in NHS; B.
lusitaniae in HIS; ) B. lusitaniae in NHS.

3.3. Protein Profiles of Analyzed Strains and Susceptibility to Human Complement

Considering the protein profiles of the strains tested and the susceptibility to human
complement, resistance to NHS was found after one and three hours of incubation in 13 (10 B. afzelii
strains and three B. bavariensis strains) of 14 Borrelia strains assigned to PPG I (all tested proteins
present), two (both B. afzelii strains) of two Borrelia strains assigned to PPG II (OspC absent), and one
(one B. valaisiana strain) of six Borrelia strains assigned to PPG III (OspB absent) (Table 1, Table 3).
Five (two B. garinii strains and three B. lusitaniae strains) of six Borrelia strains assigned to PPG III
(OspB absent), eight (one B. valaisiana strain and seven B. lusitaniae strains) of eight Borrelia strains
assigned to PPG IV (OspB and OspC absent), one (B. lusitaniae strain) of one Borrelia strain assigned
to PPG V (OspA and OspC absent) and one (B. lusitaniae strain) of 14 Borrelia strains assigned to PPG
I (all tested proteins present) were susceptible to NHS after one and three hours of incubation (Table
1, Table 3).

Two of three B. lusitaniae strains (median percentage of motile RS226_10d strain=20%, range=3-
45%, and median percentage of motile RS 76_12a strain=15%, range=5-20%) from Serbia (PPG III)
were more motile than other B. lusitaniae (strains belong to PPGs III, IV and V) and equally motile
as the human isolate from Portugal (PPG I) (median percentage of motile PoHL1 strain=32%,
range=27-50%) after three hours of incubation in the presence of NHS (Table 1, Table 3, Figure 1B).
One B. valasiana strain (RS 164_12b) assigned to PPG III (OspB absent) (median percentage of motile
strain= 89%, range=85-91% after one hour of incubation and median percentage of motile strain=87%,
range=77-89% after three hours of incubation) was resistant to NHS, while another B. valasiana strain
(RS 224 _10b) assigned to PPG IV (OspB and OspC absent) (median percentage of motile strain=75%,
range=53-81% after one hour of incubation and median percentage of motile strain =60%, range=52-
76% after three hours of incubation) was susceptible to NHS (Table 1, Table 3, Figure 1).
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4. Discussion

The diversity of B. burgdorferi s.l. strains circulating in tick-mammal cycles in certain regions
exceed the diversity of strains that can cause LB in humans. The ability of specific Borrelia strains to
resist clearance by the host complement system is an important step for persistence in any host,
including humans.

In this study, we were able to demonstrate differences between the Borrelia strains examined in
terms of their susceptibility to NHS in vitro (Table 1, Figure 1). The method we chose to identify local
Borrelia strains with pathogenic potential was a serum susceptibility test based on the counting of
motile and non-motile spirochetes under the dark-field microscope after one- and three-hours of
incubation [26]. Counting of Borrelia by dark-field microscopy is a time-consuming and subjective
method, but still considered the gold standard for determining motile spirochetes [27]. The results of
this study showed that all B. afzelii, B. bavariensis, and one B. valaisiana strain tested were motile and
viable in the presence of NHS suggesting resistance to human complement, pathogenic potential, and
the ability to cause LB in humans. In contrast, all tested B. lusiataniae, two B. garinii, and one B.
valaisiana strain were partially or mostly immotile in the presence of NHS, suggesting susceptibility
to complement and non-pathogenic potential of these strains.

Although the serum susceptibility pattern of most Borrelia strains is consistent with
pathogenicity in humans, there are two exceptions [4] - B. garinii, which is known to frequently cause
LB and is usually associated with nervous system disorders and B. valaisina [1,2]. The underlying
molecular mechanisms of how B. garinii circumvent complement-mediated killing are largely
unknown [4] and since both B. garinii strains analyzed in our study were susceptible to human serum,
we are also unable to answer why the local Borrelia strains, which are among the proven human
pathogenic species, are serum-susceptible.

The pathogenic potential of B. valaisiana is still unclear [1,2]. There is evidence that B. valaisiana
(previously referred to as genomic groups VS116 and M19) may also cause LB, although only skin
biopsies or cerebrospinal fluid (CSF) samples from patients have been positive for B. valaisiana DNA
[28,29]. In vitro, B. valaisiana has been shown to be a serum-susceptible species [4], although Schwab
and colleagues [5] have shown that B. valaisiana strains differ in their susceptibility to human serum.
It appears that serum-resistant B. valaisiana strains have different molecular mechanisms for
inhibiting complement activation, independent of the recruitment of complement regulators or by
inactivation of central complement components. The exact molecular mechanism is still unclear. In
our study, one of two B. valaisiana strains examined was serum-resistant, suggesting that it can
potentially cause LB.

Another B. valaisiana strain tested was serum-susceptible but statistically significantly more
motile than all B. garinii and B. lusitaniae strains in the presence of NHS, indicating intermediate
serum resistance of this strain. In our study, the B. valaisiana strain is the second to show resistance
to human complement, having already been found in the study by Schwab and colleagues [5]. Further
studies are needed to identify the mechanism behind the complement resistance of B. valaisiana
strains circulating in the region.

Borrelia lusitaniae is also considered a potentially pathogenic species [1,2]. The isolation of B.
lusitaniae from chronic human skin lesions from Portugal [25] adds to the evidence that this species
may cause LB. In the present study, we demonstrated that all B. lusitaniae strains tested from Serbia,
Portugal, and Spain were serum-susceptible. However, two B. lusitaniae strains from Serbia (RS
226_10d and RS 76_12a) and the strain isolated from human skin (PoHL1) were statistically
significantly more motile (in the presence of NHS) than other B. lusitaniae strains and fairly motile.
The similarity of activity between the local Borrelia strains and the human isolate from Portugal in the
presence of NHS may suggest that some B. [usitaniae strains circulating in the region have the
potential to overcome complement and cause LB in humans.

The heterogeneity of Borrelia Osps has implications for the pathogenesis and therapy of infection
and is of great importance for serological testing and vaccine development [30]. OspA is a protein
common to Borrelia strains and has been interpreted as an adhesive molecule required for the
attachment of Borrelia to proteins, including proteins of the tick's intestinal cells [31]. OspB has also
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been interpreted as crucial for the adherence to the tick gut and survival of Borrelia within ticks, but
not crucial for Borrelia transmission [32,33], while the difference in the presence of OspB between
species may support findings on the function of OspB as an adhesive molecule that could anchor
Borrelia in the skin and thus prevent the spread of Borrelia [22]. In the present study, the expression
of the Osps studied ranged from absent to highly expressed and based on the expression patterns,
the strains were classified into five PPGs (I to V) (Table 3, Figure S1, Figure S2, Figure S3, Figure 54,
Figure S5). We observed a clear separation of strains with specific protein profiles with respect to
resistance to NHS. All serum-resistant strains were assigned to PPGs I and II, while serum-
susceptible strains were assigned to PPGs I1I, IV and V. The only exceptions to this rule are the serum-
susceptible human B. [usitaniae isolate (PoHL1), which belongs to PPG I and was quite motile after
three hours of incubation in the presence of NHS, and a serum-resistant B. valaisiana, which belongs
to PPG III (Table 1, Table 3, Figure 1).

All serum-resistant strains expressed all Osps or OspA and OspB, except for one B. valasiana
strain (RS 164_12b) that expressed OspA and OspC (Table 1, Table 3, Figure 1), indicating a possible
significant role of simultaneous expression of OspA and OspB or OspA and OspC for the pathogenic
potential of local Borrelia strains. On the other hand, strains that were serum-susceptible expressed
OspA and OspC, exclusively expressed OspA or exclusively expressed OspB (Table 1, Table 3, Figure
1).

In our study, the same methodology (all conditions were identical) was used to determine the
protein profile of local Borrelia isolates from ticks as in the study by Glinsek and colleagues [22]. The
authors determined the protein profile of B. afzelii and B. garinii isolated from human material (skin
and CSF) and found that B. afzelii and B. garinii strains expressing OspC were associated with both
skin and neurological manifestations of LB compared to strains expressing only OspA and OspB,
which were predominantly associated with skin manifestations and mostly determined to be B. afzelii.
In our study, a total of 65% (20/31) of the Borrelia strains tested expressed OspC (Table 2, Table 3), of
which 14 strains (10 B. afzelii, three B. bavariensis and one B. valaisiana) were resistant to human
complement (Table 1, Figure 1), indicating a substantial number of local Borrelia strains with potential
for dissemination and neurotropism. Despite the fact that the true identity of the Borrelia species
causing LB in humans in Serbia is unknown, as isolates from human materials are lacking at present,
it is expected that the same strains present in ticks, such as the isolates examined in the current work,
may also be transmitted to humans. Thus, our results based on expressed Osps and resistance to
human complement of isolates from ticks may be highly relevant to public health.

5. Conclusions

In conclusion, our results demonstrated that the heterogeneity regarding the presence or absence
of Osps of analyzed strains may correspond to different susceptibility to human complement. Since
that all serum-reisistant strains (B. afzelii, B. bavariensis and one B. valaisana) expressed OspA and
OspB or OspA and OspC, these combinations of proteins may have a role in identification of
pathogenic potential of Borrelia strains and ones that express these proteins have potential for
dissemination and neurotropism and ability to cause different clinical manifestations of LB in
humans. Further research needs to elucidate the mechanisms of resistance of B. valaisiana strains and
to explain observed fair motility of B. lusitaniae strains.

Supplementary Materials: Supplementary Materials contain one table and five figures: Table S1 Molecular mass
(kDa) of outer surface proteins (OspA, OspB, OspC) in Borrelia burgdorferi sensu lato strains from Serbia, Spain,
and Portugal; Figure S1 Protein profiles of seven out of 12 Borrelia afzelii isolates from Serbia. Lane MW -
molecular size marker (BioRad, Germany). The strains depicted herein belong to protein profile group I (OspA,
OspB and OspC are present in strains RS 32_12b, RS 168_11g, RS 168_11c, RS 232_13b, and RS 235_13cd), and
protein profile group II (OspA and OspB are present, OspC is missing in strains RS 230_13c and RS 166_12a);
Figure S2 Protein profiles of five out of 12 Borrelia afzelii isolates from Serbia. Lane MW - molecular size marker
(BioRad, Germany). The strains depicted herein belong to protein profile group I (OspA, OspB and OspC are
present in strains RS 71_11a, RS 164_11a, RS 163_11i, RS 167_11f, and RS 168_11a); Figure S3 Protein profiles
of two out of two Borrelia garinii (Bg) and three out of three Borrelia bavariensis (Bb) isolates from Serbia. Lane
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MW - molecular size marker (BioRad, Germany). The strains depicted herein belong to protein profile group I
(OspA, OspB and OspC are present in strains RS 220_10e, RS 160_13e, and RS 163_11h ) and protein profile
group III (OspA and OspC are present, OspB is missing in strains RS 164_11g and RS 226_10a); Figure S4 Protein
profiles of two out of eight Borrelia lusitaniae and two out of two Borrelia valaisiana isolates from Serbia. Lane MW
- molecular size marker (BioRad, Germany). The strains depicted herein belong to protein profile group III (OspA
and OspC are present, OspB is missing in strain RS 164_12b) and protein profile group IV (OspA is present,
OspB and OspC are missing in strains RS 224_10b, RS 221_10c, and RS 222_10d); Figure S5 Protein profiles of
six out of eight Borrelia lusitaniae isolates from Serbia. Lane MW - molecular size marker (BioRad, Germany). The
strains depicted herein belong to protein profile group group III (OspA and OspC are present, OspB is missing
in strains RS 77_12b, RS 226_10d, and RS 76_12a) and IV (OspA is present, OspB and OspC are missing in RS
167_11c, RS 162_11b, and RS 167_11b).
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