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Abstract

chete-tick infection cycle and in Borrelia-host tropism.

tropism

Complement has been considered as an important factor impacting the host—pathogen association of spirochetes
belonging to the Borrelia burgdorferi sensu lato complex, and may play a role in the spirochete’s ecology. Birds are
known to be important hosts for ticks and in the maintenance of borreliae. Recent field surveys and laboratory trans-
mission studies indicated that certain avian species act as reservoir hosts for different Borrelia species. Nevertheless,
our current understanding of the molecular mechanisms determining host tropism of Borrelia is still in its fledgling
stage. Concerning the role of complement in avian-host tropism, only a few bird species and Borrelia species have
been analysed so far. Here, we performed in vitro serum bactericidal assays with serum samples collected from four
bird species including the European robin Erithacus rubecula, the great tit Parus major, the Eurasian blackbird Turdus
merula, and the racing pigeon Columba livia, as well as four Borrelia species (B. afzelii, B. garinii, B. valaisiana, and B.
burgdorferi sensu stricto). From July to September 2019, juvenile wild birds were caught using mist nets in Portugal.
Racing pigeons were sampled in a loft in October 2019. Independent of the bird species analysed, all Borrelia species
displayed an intermediate serum-resistant or serum-resistant phenotype except for B. afzelii challenged with serum
from blackbirds. This genospecies was efficiently killed by avian complement, suggesting that blackbirds served as
dead-end hosts for B. afzelii. In summary, these findings suggest that complement contributes in the avian-spiro-
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Like other blood-borne pathogens, spirochetes belonging
to the Borrelia burgdorferi sensu lato (s.l.) complex circu-
late in nature in a complex vector-host transmission cycle
without causing symptoms in their reservoir hosts [1]. To
date, at least six Borrelia species have been unambigu-
ously associated with human Lyme disease or borreliosis
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including B. garinii, B. afzelii, B. burgdorferi sensu stricto
(s.s.), B. spielmanii, B. bavariensis, and B. mayonii [2].
Concerning the human pathogenic potential of B. lusi-
taniae and B. valaisiana, only a few cases have been
reported so far [2]. Apparently, Borrelia species devel-
oped certain means to survive for prolonged times in
their hosts in a “silent” or unrecognizable manner, like a
Trojan horse, possibly leading to a long-lasting infection
in their hosts that has a considerable impact on Borrelia
ecology. Complement evasion is considered to be one of
the driving factors determining the host reservoir com-
petence for Borrelia [2-4]. In contrast to non-reservoir
or dead-end hosts like humans and certain vertebrates
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(e.g., deer), reservoir hosts allow Borrelia to survive and
multiply in their tissues and, more importantly, are capa-
ble of transmitting spirochetes to feeding ticks, and thus
maintaining the bacteria in circulation [1].

Concerning avian species, reservoir competence
has been experimentally proven in several transmis-
sion studies [5—10] as well as in field studies in which
feeding larvae were collected from avian hosts [5, 11,
12]. Under the assumption that transovarial transmis-
sion of B. burgdorferi s.l. is very rare in ixodid ticks
[13], infections in fed larvae collected from birds cap-
tured in the field have been used as a proxy of reser-
voir host competence. In addition, serum susceptibility
may also provide information on potential vertebrate
reservoir hosts. Studies aiming at determining serum
susceptibility have been performed for several verte-
brates including avian, reptilian, rodent, and ruminant
hosts (reviewed in [2]). Interestingly, data gathered
from serum susceptibility studies with pheasants (Pha-
sianus colchicus), blackbird (Turdus merula), seabird
(unknown species), and quail (Coturnix sp.) indicated
that (i) B. valaisiana and B. garinii are mainly resistant
to avian complement, (ii) B. burgdorferi s.s. displayed
an intermediate serum resistance phenotype, and (iii)
B. afzelii, B. bavariensis, and B. lusitaniae were largely
susceptible to avian sera (reviewed in [2] and [3]). These
findings revealed a strong correlation between the abil-
ity of a particular Borrelia species to resist comple-
ment-mediated killing and its capability to infect and
survive in the host from where the serum originates.
Thus, rodent-associated genospecies are killed by avian
serum whereby avian-associated genospecies are highly
susceptible to rodent serum. Moreover, Passeriformes
and gallinaceous bird species appeared to be capable of
serving as reservoirs for B. garinii, B. valaisiana, and B.
burgdorferi s.s. (hereafter referred to as B. burgdorferi),
but not for B. afzelii, B. lusitaniae, B. japonica, and B.
bavariensis.

The specific infection pattern supports the notion that
complement is a driving factor for host tropism of Lyme
borreliae. To gain further insight into the complement-
host association pattern, we performed serum-bacte-
ricidal assays with avian sera collected from juveniles
of four bird species captured in Portugal: European
robin Erithacus rubecula (hereafter robin), great tit
Parus major, Eurasian blackbird Turdus merula (here-
after blackbird), and racing pigeon Columba livia and
four Borrelia species (B. afzelii, B. garinii, B. valaisiana,
and B. burgdorferi). Our pilot study also aimed to bet-
ter understand the findings on the reservoir competence
of avian species for Lyme borreliae [6, 7, 14], in particu-
lar for those Borrelia genospecies commonly found in
Europe.
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Wild robins (n=14), great tits (n=16), blackbirds
(n=11), and racing pigeons (n=9) were captured with
mist nets from July to September 2019 in Vale Soeiro
(40°19’ N, 8°24’ W), Portugal. We sampled blackbird,
great tit, and robin juvenile birds (hatched in the previ-
ous breeding season). The sampled birds were ringed and
carefully inspected for feeding ticks. Racing pigeons were
sampled from a loft in Antanhol (40°09’ N, 8°27' W),
Coimbra, Portugal. None of the birds were infested with
feeding ticks at the time of capture. In addition, cattle
and goat serum were included as controls.

Blood was collected from the brachial vein into tubes
containing clot activator (BD Microtainer tubes, Becton
Dickinson, Spain, catalogue number 365967). The blood
was immediately placed in a cool box until transport to
the laboratory where it was centrifuged for 10 min at
14,000x g and 4 °C within a maximum of 9 h from collec-
tion. The serum was transferred into a new vial and fro-
zen immediately at —80 °C until analyses.

Borrelia strains B. afzelii FEM1 (skin isolate, Germany),
B. garinii G1 (CSE, Germany), B. valaisiana VS116 (type
strain, tick isolate, Switzerland), B. burgdorferi B31
(ATCC® 35210, tick isolate, USA), and B. lusitaniae
PoHL (skin isolate, Portugal) were cultured until mid-
exponential phase (5 x 107 spirochetes per ml) at 33 °C in
modified Barbour-Stoenner-Kelly (BSK-H) medium (Bio
& Sell GmbH, Feucht, Germany).

The Borrelia strains used in this study have been
selected for the following reasons: (i) they represent the
most frequently isolated genospecies in ixodid ticks in
Europe [5, 7, 11, 15], and (ii) the susceptibility/resist-
ance pattern to human serum did not change in repeated
studies. For instance, B. afzelii FEM1 always displayed a
serum-resistant phenotype, B. garinii G1, B. valaisiana
VS116, and B. lusitaniae PoHL were strongly serum-
susceptible, and B. burgdorferi B31 could be categorized
as intermediate serum-resistant [2]. In addition, the
motility, viability, and morphology of each strain was
inspected by dark-field microscopy to be sure that only
highly viable spirochetes were used in the experiments.

For screening of anti-Borrelia IgG in the collected
bird samples, a highly sensitive ELISA was used (Anti-
Borrelia Plus VISE ELISA IgG, EUROIMMUN, Liibeck,
Germany) containing whole cell extracts of B. afzelii, B.
garinii, and B. burgdorferi as well as recombinant OspC
and VIsE. The protocol was performed according to the
manufacturer’s recommendation except that sera were
diluted 1:20 prior testing. Calibrators, standards, and
the serum samples were added to the wells, and micro-
titer plates were incubated for 30 min at room tempera-
ture. After washing, antigen—antibody complexes were
detected after an incubation of 30 min by using horse-
radish peroxidase (HRP)-conjugated goat anti-bird IgG
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antibody (abcam, Cambridge, UK) (dilution 1:50,000).
Afterwards, the ready-to-use substrate was added, and
the reactions were terminated after an incubation period
of 15 min. The absorbance was measured at 450 nm. The
final interpretation of the test results are as follows: val-
ues <0.8 were negative, values between >0.8<1.1 are
borderline, and values > 1.1 were considered positive.

Serum susceptibility of spirochetes to bird sera was
assessed as previously described with slight modifica-
tions [16]. Briefly, spirochetes grown at mid-logarithmic
phase were sedimented by centrifugation, resuspended in
500 pl BSK medium, and counted by dark-field micros-
copy. Reaction mixtures consisting of 20 pl of highly
viable spirochetes (4 x 107 cells per ml) and 20 pl of
avian serum were incubated at 38 °C with gentle agita-
tion (350 rpm). The percentage of viable spirochetes was
determined by dark-field microscopy after 0, 3, and 6 h.
Spirochetes in nine microscopy fields were counted for
each time point per strain and serum sample using Glass-
tic slides 10 (KOVA International Inc., CA, USA). Due
to the small amount of blood collected from the individ-
ual bird, each Borrelia species was tested against serum
samples of three different individuals of each bird spe-
cies (except blackbird, n=2). Of note, five out of seven
serum samples collected from blackbirds showed hae-
molysis which leads to an agglutination of spirochetes
immediately after adding to the reaction mixture (data
not shown). The respective serum resistance pattern was
defined according to the spirochetes’ motility and classi-
fied as follows: serum-resistant phenotype, 75-100% of
viable spirochetes; intermediate serum-resistant pheno-
type, 30-75% of viable spirochetes; serum-sensitive phe-
notype, 0-30% of viable spirochetes [17]. The percentages
of viable spirochetes were calculated by setting the num-
ber of motile bacteria at 0 h of incubation to 100%. Data
were visualized by using GraphPad Prism version 7.04.
Means are presented with standard deviation (SD).

To determine complement activity of the collected
serum samples, the reptile-associated genospecies B.
lusitaniae was employed. Due to the limited number of
bird sera, only a single serum sample from P. major was
analysed. As further controls, all Borrelia strains investi-
gated were also exposed to cattle and goat sera, and via-
ble spirochetes were counted after 3 and 6 h as described
above.

To further assess to role of complement as a factor
involved in avian-host association of Lyme borreliae, we
investigated blood samples from juvenile birds, includ-
ing two individual blackbirds, 12 great tits, 12 robins, and
six racing pigeons. In addition, all serum samples investi-
gated were screened for the presence of anti-Borrelia IgG
antibodies. None of the serum samples tested were anti-
Borrelia-positive except two serum samples collected
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from blackbirds, both of which were considered border-
line (0.83 and 0.99, respectively).

Serum susceptibility testing was conducted by count-
ing viable spirochetes by dark-field microscopy after an
incubation period of 0, 3, and 6 h, as previously described
[16]. As demonstrated in Fig. 1a, B. garinii G1, B. valaisi-
ana VS116, and B. burgdorferi B31 displayed a resistant
or an intermediate serum-resistant phenotype to all bird
species investigated (mean percentage of viable spiro-
chetes after 6 h of incubation: 75 £ 15%, range =42-97%).
The data show that B. afzelii FEM1 resists complement-
mediated killing when individual serum samples from
great tits and robins were employed (mean percentage
of motile spirochetes after 6 h of incubation with great
tit and robin sera: 84 413%). By contrast, when B. afzelii
FEM1 was exposed to serum samples of blackbirds, an
average of 66+7% spirochetes had been killed after 3 h
of incubation, and only 16 £9.6% of spirochetes survived
serum treatment after 6 h (Fig. 1b).

Of note, all four Borrelia species survived in the pres-
ence of serum collected from racing pigeons (85=+6.5%
of motile spirochetes after 6 h of incubation). The high-
est survival rates after 6 h of incubation was observed for
B. garinii G1 treated with blackbird serum (94+2.9%)
and B. afzelii FEM1 incubated with serum of the great tit
(93+£8.8%) (Fig. 1b). Employing dark-field microscopy,
only 6.5% of the cells of B. lusitaniae PoHL survived,
while 94% of the cells of B. burgdorferi B31 resist com-
plement-mediated killing after 6 h of incubation in the
presence of great tit serum (data not shown). This find-
ing indicates that avian complement was still active after
blood collection and long-term storage. Furthermore, all
Borrelia strains challenged with cattle and goat serum
were efficiently killed after 6 h of incubation (Fig. 2) as
previously described [18, 19].

Emphasizing the potential impact of complement as
an important factor determining host tropism of Lyme
borreliae, here we analysed the serum susceptibility of
the four main Borrelia genospecies in Europe to sera
collected from juvenile wild birds. For comparison, and
apart from blackbirds [3], we included great tits and rob-
ins, two wild ubiquitous bird species often infested with
ixodid ticks [11, 20], and the racing pigeon as potential
host for Lyme borreliae. The comparative analyses of
our pilot study largely reiterate prior findings that avian-
associated Borrelia species such as B. garinii and B. val-
aisiana resist complement-mediated killing to all serum
samples analysed [3, 4, 21]. B. burgdorferi has previously
been shown to resist complement-mediated killing by
avian serum collected from pheasants and quail, both
of which are utilized as model organisms for elucidat-
ing host association of Lyme borreliae [8, 21, 22, 23]. As
expected, growth of B. afzelii FEM1 was strongly affected
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Fig. 1 Serum susceptibility of Lyme borreliae exposed to bird serum samples. a Each genospecies and the respective avian species was

independently challenged with serum samples from three individual birds, except for the sera of Eurasian blackbirds (Turdus merula, n=2). b
Percentage of viable spirochetes after 6 h of incubation with avian sera. The data represents three independent experiments for each Borrelia
genospecies/bird species combination
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by blackbird serum as also demonstrated in previous
studies in which pheasants (Phasianus colchicus), black-
birds, and a seabird were examined [3]. In contrast to
previous findings, our data revealed for the first time that
B. afzelii appears to survive in the presence of serum of
robins, great tits, and racing pigeons, suggesting a spe-
cies-specific host association/tropism of certain Borrelia
species as discussed more recently for B. burgdorferi and
B. bavariensis [2, 24].

Although numerous field studies and transmission
experiments suggested that birds including great tits and
robins play a limited or even a negligible role in maintain-
ing B. afzelii in circulation [5, 6, 25], previous findings of

B. afzelii-infected larvae and nymphs that fed on birds
revealed that certain bird species, including great tits
[11, 26], robins [14], dunnocks, and song thrushes [6],
might serve as potential reservoir hosts or transmitters
for certain B. afzelii strains and variants, respectively
[14, 15]. B. afzelii-infected larvae could result from co-
feeding or incomplete blood meal on another infected
vertebrate host [15]. In addition, Heylen et al. [6] found
that pathogen-free larval Ixodes ricinus ticks co-feeding
with B. afzelii-infected I ricinus nymphal ticks on naive
blackbirds did not become infected with B. afzelii, but
a low percentage of infected larvae were detected when
this experiment was performed in naive great tits. These
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findings suggest that avian blood of naive great tits and
blackbirds was bactericidal to particular B. afzelii strains
or variants and, thus, provide additional evidence for a
strain-specific host association. It is tempting to specu-
late that the concept of a restricted genospecies-specific
host association of Lyme borreliae (i.e., division into
rodent-associated, avian-associated, and reptile-associ-
ated genospecies) has to be readjusted, in particular due
to recent observations revealing more diverse relation-
ships of Lyme borreliae with their hosts in nature as pre-
viously thought.

Concerning B. garinii and B. valaisiana, both geno-
species have predominately been identified in ticks col-
lected from ground-dwelling and migrating songbirds
such as tree pipits, blackbirds, great tits, robins, and song
thrushes, revealing a strong association of these Borrelia
genospecies with distinct avian hosts [15]. In line with
these findings, we showed that B. garinii and B. valaisi-
ana exhibited an intermediate serum-resistant or serum-
resistant phenotype to the sera of all four wild birds
tested in our study (Fig. 1).

In contrast to the United States where B. burgdorferi
is the main Borrelia species causing Lyme disease [27,
28, 30, 31], the competence of birds as reservoir hosts
has not fully been elucidated in Europe [29]. Here, we
showed that B. burgdorferi displayed either an interme-
diate serum-resistant (robin) or a serum-resistant (black-
bird, great tit, and racing pigeon) phenotype to avian
sera (Fig. 1). These findings are also in close agreement
to the data obtained from previous serum bactericidal
assays demonstrating that B. burgdorferi was partially
resistant to blackbird, pheasant, and seabird sera [3, 4]. In
summary, our data suggest that Borrelia-specific factors
along with the avian innate immune system contributes
to host speciation and competence as proposed recently
[2].

The racing pigeon is thought to have a negligible or
even a minor role in the B. burgdorferi s.l. transmission
cycle, as those birds are largely maintained in captivity.
Nevertheless, free-living pigeons are known to carry sev-
eral zoonotic pathogens [32] and, thus, may contribute
to the circulation of certain pathogens. Further investi-
gations aiming at elucidating the reservoir competence
of free-living pigeons will undoubtedly complement our
findings indicating that serum of pigeons did not exhibit
a borreliacidal effect on spirochetes; thus a potential role
of this bird species in B. burgdorferi s.]. transmission can-
not be completely discounted.

All serum samples analysed derived from birds that
were captured in the wild, except for the sera collected
from racing pigeons. Although none of the birds were
infested with ticks at the time of capturing, we cannot
completely rule out that they have had previous contact
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with Borrelia-infected ticks. However, those were juve-
nile birds, born in the previous spring, and the tick activ-
ity in this region is relatively low during warm and dry
summer months [20], reducing the probability of contact
of these birds with questing ticks. In addition, serological
tests confirmed that none of the sera investigated were
positive for anti-Borrelia 1gG antibodies except the two
samples collected from blackbirds showing a borderline
result. Of note, B. afzelii FEM1 also displayed a serum-
sensitive phenotype when an anti-Borrelia-negative
blackbird sample was used for the bactericidal assays
(data not shown). This finding suggested that B. afzelii
FEM1 was primarily killed by the activation of the alter-
native pathway, but not through an antibody-dependent
complement activation via the classical pathway. Also,
the data of the serum bactericidal assays presented herein
revealed a high consistency when different individual
sera were tested with a given Borrelia species, suggesting
that those birds were likely naive.

Although serum complement is a limiting factor
affecting Borrelia survival in the tick and directly after
transmission to the vertebrate host, the inferences on
vertebrate reservoir competence should take into con-
sideration additional factors such as the heterogeneity of
proteins interacting with the host immune system among
individual Borrelia strains as well as host-specific fac-
tors like the physiological state and age of the birds that
also may affect the host’s competence. Moreover, genetic
polymorphism among avian host populations cannot be
excluded because co-evolution between host and spiro-
chetes might also contribute to a strain-specific serum
susceptibility pattern. In summary, the data presented
herein not only confirm previous findings but add new
data on the complexity of a complement-driven host tro-
pism among Borrelia in nature.
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