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A B S T R A C T

By draining resources, microparasites can negatively affect the host fitness, which in turn can result in reduced
transmission when virulence leads to reductions in host population size. Therefore, for a microparasite to persist
in nature, the level of harm it can do to its host is expected to be limited. We tested this hypothesis for tick-borne
Borrelia burgdorferi sensu lato (s.l.) infections in the blackbird Turdus merula, one of the most important avian
reservoir hosts in Europe. Experimental and observational data were combined to examine the physiological
effects caused by B. burgdorferi s.l. infection in blackbirds. Pathogen-free blackbirds were exposed to B. burg-
dorferi s.l.-infected Ixodes ricinus and I. frontalis nymphs, and compared with a control group (exposed to naïve
laboratory-derived I. ricinus nymphs). Their physiological status was evaluated before and after infection with B.
burgdorferi s.l., through a set of immunological (erythrocyte sedimentation rate, haptoglobin, white blood cell
count and heterophil/lymphocyte ratio), oxidative stress (glutathione peroxidase activity, protein carbonyls and
nitric oxide) and general body condition variables (body condition, glucose and haematocrit). Infected males
showed higher levels of oxidative damage to proteins (increased levels of protein carbonyls), decreased glu-
tathione peroxidase activity and increased body mass. Infected females had higher levels of glutathione per-
oxidase activity after infection by B. burgdorferi s.l. than the control group. No significant effects of B. burgdorferi
s.l. infection were detected on erythrocyte sedimentation rate, haptoglobin, heterophil/lymphocyte ratio, nitric
oxide, glucose and haematocrit. The first experimental study on the effects of B. burgdorferi s.l. on its avian
reservoir hosts shows that these bacteria may inflict non-negligible physiological costs. We speculate that during
energetically demanding periods, these physiological costs may reduce host fitness and affect pathogen trans-
mission.

1. Introduction

Parasites can modulate the physiology, behaviour, and life-history
traits of their hosts. Parasites are costly to their hosts because they
consume their hosts’ metabolites and tissues, and redirect energy from
other vital functions and activities of the host to the host immune
system (Sheldon and Verhulst, 1996). Host immunocompetence and
ability to fight parasites, on the other hand, is dependent on available
resources and life-history decisions, but its relationship with fitness in
wild populations needs further study (Norris and Evans, 2000). Dif-
ferent stages of infection, in which parasites may colonize different

organs and tissues, may cause different immune reactions on the host,
increasing the complexity of the immunology of parasitic infections
(Cornet and Sorci, 2014). From an evolutionary, ecological and con-
servational point of view it is relevant to understand the pathogenicity
of a microparasite, and the physiological harm it may impose on its host
and the consequent impacts on the host population. The magnitude of
the impacts of a parasite on its host may depend on the degree of co-
evolution between them (Loye and Zuk, 1991), but also on environ-
mental factors such as stressors, multiple effects of different co-occur-
ring parasites (co-infections), phylogenetic group of the parasite and its
degree of specialization and mode of transmission, among others
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(Hawley and Altizer, 2011). For a microparasite to persist and be suc-
cessfully transmitted in nature, limitations are expected in the level of
harm it can inflict on its host, and the mode of transmission is one
important factor that affects virulence (i.e. extent of damage, pathology
and consequent fitness costs to the hosts). It was believed that vector-
borne parasites would be more virulent than directly transmitted
parasites, because mobile arthropod vectors can transmit the former
effectively among immobilized hosts, although there are other factors
in vector–borne transmission that also affect virulence (Ewald, 1993;
Ewald, 2004). In tick species that use an ambushing strategy to find
hosts, the tick-borne parasites depend on the host movement for effi-
cient transmission (Randolph, 1998). Other tick species remain on the
host between life stages (from larvae to nymphs; Hillyard, 1996). Thus,
tick-borne parasites that are less virulent may benefit from enhanced
host-to-tick transmission success.

Nevertheless, tick-borne parasites (e.g. tick-borne encephalitis virus,
Babesia spp., Borrelia burgdorferi sensu lato (s.l.) can have important
effects on their vertebrate hosts including cellular and humoral immune
responses (Chauvin et al., 2009; Mansfield et al., 2009; Norte et al.,
2013a; Heylen et al., 2015), oxidative stress (Esmaeilnejad et al., 2012)
and altered body mass (Heylen et al., 2015). B. burgdorferi s.l., a bac-
terial complex in which some members cause Lyme borreliosis, is a tick-
borne zoonotic parasite, comprising over 20 genospecies with different
host-specificities (Stanek and Reiter, 2011), whose main vector in
Europe is the tick Ixodes ricinus. Members of this bacterial complex
infect several vertebrate species of woodlands and gardens (Gern and
Humair, 2002; Piesman and Gern, 2004) but in some species of birds
(e.g. Turdus spp.), small and medium-sized mammals (e.g. Apodemus
spp., Sciurus spp.), and lizards (e.g. Psammodromus algirus), certain B.
burgdorferi s.l. genospecies (B. garinii and B. valaisiana in birds, B. afzelii
in mammals and B. lusitaniae in lizards) are able to establish a wide-
spread (systemic) infection (Gern et al., 1998; Margos et al., 2011).
These often abundant vertebrate species are significantly involved in
the maintenance and transmission of these particular Borrelia genos-
pecies in nature because they are highly infective to the vector ticks
they are often infested with – those are considered reservoir hosts (Gern
and Humair, 2002; Kurtenbach et al., 2002; Ashford, 2003; Mannelli
et al., 2012). At present, little is known about the consequences of in-
fection by B. burgdorferi s.l. in its avian reservoir hosts. It is expected
that avian-associated genospecies of this tick-borne microparasite in-
duce limited virulence in its avian reservoir hosts (Olsen, 2007), given
the negative consequences high virulence may have on its transmission
success and persistence in nature.

Recently, Heylen et al. (2015) reported that great tits (Parus major)
infected with B. burgdorferi s.l., through exposure to infected I. ricinus
collected in an enzootic area, increased their nitric oxide production
from immune cells and their body mass with increasing levels of B.
burgdorferi s.l. infection. This study showed that some immune com-
ponents are activated in response to B. burgdorferi s.l. infection, but
there was no uninfected control group in the study design. A previous
field study showed that one-year old B. burgdorferi s.l.-infected black-
birds (Turdus merula) had higher levels of circulating immunoglobulins
(Norte et al., 2013a). Infected blackbirds also had higher white blood
cell counts, and one infected-individual had an exceptionally high value
of blood glucose, which is indicative of hyperglycaemia in acute stress
situations. Studies on the white-footed mouse (Peromyscus leucopus), an
important reservoir host, found no effects of B. burgdorferi s.l. infection
apart from immunological responses (e.g. antibody production
(Schwanz et al., 2011). Despite these reported physiological impacts, no
fitness effects on its avian and rodent reservoir hosts have been found
(Moody et al., 1994; Hofmeister et al., 1999; Schwanz et al., 2011;
Chambert et al., 2012; Voordouw et al., 2015). Eco-immunological
studies are challenging, especially in field conditions, due to the com-
plex nature of the immune system, biotic and abiotic factors impacting
it, and cooperation among its different components in response to
parasitic infections. But the evaluation of immunological interactions

between vector-host-parasite is fundamental for the understanding of
the coevolution of this relationship and maintenance and spread of
parasites. The use of standardised physiological and immune-related
parameters, for which biological variation is well studied and which
can be related with host fitness, will help to overcome this lack of
knowledge. In this study we experimentally investigated for the first
time the effects of B. burgdorferi s.l. on the health status of a passerine
bird using a variety of physiological variables. We used the blackbird,
which is one of the most abundant and important avian reservoirs for B.
burgdorferi s.l. in Europe (Humair et al., 1998; Taragel'ová et al., 2008;
Norte et al., 2013b). We exposed juvenile pathogen-free blackbirds to I.
ricinus and I. frontalis nymphs, which had previously fed as larvae on B.
burgdorferi s.l.-infected wild blackbirds. Our study also contained a
control group, where juvenile pathogen-free blackbirds were exposed to
uninfected nymphs. The effects of B. burgdorferi s.l. infection were
evaluated using a set of physiological variables reflecting different but
interrelated biological systems and functions, often used in ecological
studies due to their utility in assessing wildlife health and fitness and
functional interactions among the components of life-history traits
(Albano, 2012; Costantini, 2008).

We tested whether B. burgdorferi s.l. infection reduced the health
status of blackbirds, through increased levels of inflammation in-
dicators (erythrocyte sedimentation rate, haptoglobin, white blood cell
counts and heterophil/lymphocyte ratio) and increased oxidative stress
compared to controls. Inflammatory responses can lead to an imbalance
in the oxidative status of the organism (Costantini, 2014), and, there-
fore, we measured metrics of oxidative stress and damage in the blood
(glutathione peroxidase activity, nitric oxide, protein carbonyls), which
we expect to increase in the infected group. Oxidative stress is a bio-
chemical mechanism that has been shown to modulate some life-history
traits, including reproduction and ageing (Finkel and Holbrook, 2000;
Costantini, 2014), therefore, it may indicate potential impacts of B.
burgdorferi s.l. infection at higher ecological processes involving this
reservoir host species (e.g. population dynamics). Finally, we measured
physiological variables related to the body and nutritional condition of
the birds – body condition, glucose and haematocrit. Due to potential
sex differences in endocrine-immune interactions, and consequent
susceptibility to infection and eventually parasite load, we evaluated if
the effects of B. burgdorferi s.l. infection differed between sexes (Zuk
and McKean, 1996; Klein, 2000; Oliver-Guimerá et al., 2017). There-
fore, we expect that by using such a panel of sensitive physiological and
clinical biochemistry assays we will be able to detect even subtle det-
rimental physiological effects of B. burgdorferi s.l. on its reservoir hosts,
which may be expected to be of higher magnitude for non-reservoirs
hosts. Furthermore, the assessment of host-parasite relationships and
the factors that promote and limit the amplification of B. burgdorferi s.l.
in its reservoir hosts are central to the understanding of the main-
tenance and emergence of the causative agents of Lyme borreliosis and
the impact of this zoonosis on wildlife, and may help to establish mi-
tigating actions to prevent increases in its incidence.

2. Materials and methods

2.1. Host-parasite system characterization

Blackbirds are ubiquitous birds occurring in forests and urban areas.
They are often infested by hard ticks of the genus Ixodes, especially
immature stages, present one of the highest tick infestation prevalence
and intensity among Passerines, and are important for tick population
maintenance (Norte et al., 2012). Both field and experimental studies,
including the use of xenodiagnosis, have proved their reservoir com-
petence for some B. burgdorferi s.l. genospecies (e.g. B. valaisiana, B.
garinii and B. turdi), revealing their importance in enzootic B. burgdorferi
s.l. cycles (Norte et al., 2013b, Humair et al., 1998).
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