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In blood parasites: a pilot
quantification of the bottleneck
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Introduction: Bottleneck events are crucial for the strength of genetic drift,
selection and speed of evolution. They are believed to play a particularly
prominent role for parasitic infrapopulations, inhabiting single host individuals,
which are often established by very few parasite individuals during transmission.
In vector-borne pathogens, the bottlenecking effects can even be serialized
through repeated filtering of parasitic stages at different tissues and organs of the
vector. Using gPCR we aimed to quantify the number of potentially transmittable
sporozoites of the hemosporidian blood parasite Haemoproteus columbae in
the specialized vector louse flies Pseudolynchia canariensis which transmit these
parasites between house pigeon hosts Columba livia.

Results: Based on qPCR measurements of organ-derived DNA of individual louse
flies, we estimate that the midgut of these vectors contains on average 20
parasites, the hindgut and other intestines ca. 50 parasites and the salivary glands
ca. 5 parasite cells. Nearly one third of all vector individuals appeared to lack
parasite DNA, despite having only infected hosts as blood meal sources. The
magnitude of parasite numbers in midgut and salivary glands tended to
correlate positively.

Discussion: Our results indicate, potential severe bottlenecking of parasite
populations during individual transmission events and a probable effect of
individual vector immunity on this variable. However, this may be partly
alleviated by the coloniality of house pigeons, the frequency of louse flies and
their daily feeding events in most populations, leading to repeated transmission
opportunities, decreased quasi-vertical transmission between parents and
offspring and probable panmixia of Haemoproteus columbae lineages. Many of
these mechanisms might not apply in other host-vector systems. We propose
several additional molecular and microscopical tools to improve the accuracy of
estimating parasite population sizes in vectors and call for more estimations in
different vector species to better understand the co-evolution between malaria-
like blood parasites and their avian and insect hosts.
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Introduction

Population genetics examines the diversity of populations, as well
as the demographic processes which contribute to it and lead to
distinct evolutionary trajectories (Hamilton, 2021). A decisive
mechanism shaping the genetic diversity of populations are
bottleneck and founder events, where only a subset of individuals
and the population-wide genetic diversity (re-) establishes a (new)
population (Templeton, 1980). An inherent instance of a founder
effect is the establishment of an infrapopulation, the population of
parasite individuals which inhabit a single host individual. Although
final infrapopulations of parasites can appear large, the founding
events are often performed by few germinating propagules, spores or
other infective stages (Huyse et al,, 2005). The size of the founder
population may therefore be a crucial variable determining the
genetic diversity of incoming parasites in a new host, which may
correspond to the final available and further transferrable population-
wide diversity (Criscione et al, 2005). Meanwhile, the genetic
diversity of parasites in single hosts can affect host health and the
activation of the immune response (Ferguson et al., 2003).
Consequently, the founding infrapopulation size can have fitness
effects and affect the speed and direction of host-parasite co-evolution
(Schmid-Hempel and Frank, 2007). In pathogenic bacteria, the
concept of minimum infective dose (number of individual
pathogens necessary to start an infection) has been intensively
studied theoretically and experimentally, but in most infectious
organisms and parasites, the mean inoculum dose occurring in
natural systems is harder to establish and has rarely been
quantified (Abel et al., 2015; Prentiss et al., 2022).

Vector-borne parasites can be particularly informative models
for the evolutionary effects of variable population dynamics,
bottlenecks and founder events (Weaver and Barrett, 2004). A
vector transmits parasites to a larger host where the parasite
population size often grows strongly (Schmid-Hempel, 2011).
However, a vector can be viewed as a serial filter, which causes
the parasite population and its genetic composition to change (Abel
etal, 2015). This is particularly true for parasites with a complex life
cycle whose population may have to pass several transitions
between stages, which migrate through or develop in different
tissues and organs within the vector, while facing its defences and
immunity (Criscione and Blouin, 2005; Vaughan, 2007). While
both clonal multiplication and sexual reproduction of parasites can
happen in vectors, they often appear to receive more parasite
individuals from a donor host than they pass on to a receptive
one. Sometimes even more substantial genetic bottlenecking effects
occur within the vector (Smith et al., 2014). Additionally, when
initial infection intensity is too high this can reduce vector survival,
thus adding one more limitation to the initial number of potentially
transmissible parasites (Elliot et al., 2003; Witsenburg et al., 2015;
Bukauskaite et al., 2016). Although these processes are commonly
understood, in most vector studies the trait reported about a vector
is binary - the vector species is competent and with individuals
having transmissible stages present, or the vector is not competent
(Beerntsen et al., 2000; Weiss and Aksoy, 2011). Actual
quantification of how many stages of different parasites pass
through different organs of a specific vector, and then are
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available to finally be transferred to a new host, have been done
rarely and for few model species. On the other hand, if done more
commonly, such quantifications should help to understand the
population-wide processes of some parasite clades and thus,
potentially their evolution e.g. to become more speciose, virulent
and/or specialized.

Haemosporidian blood parasites (Haemosporida, Apicomplexa)
are vector-borne pathogens, including the very species-rich genera of
Leucocytozoon, Haemoproteus and Plasmodium, which contains the
causative agents of avian and human malaria (Valkitnas, 2004). In
the intermediate vertebrate hosts, such as mammals, reptiles and
birds, the parasites reach greatest population sizes. There, they first
reach and multiply asexually in diverse organs. Stages released from
the organs infect the blood cells, where Plasmodium make additional
asexually-reproducing stages but Haemoproteus and Leucocytozoon
only have pre-gametic stages (Valkitinas, 2004). After a vector of a
dipteran family, specific to each hemosporidian genus, ingests a blood
meal, the haploid blood-infecting gametocytes, develop into micro-
and macrogametes (Iyer et al., 2007). These merge in the gut of the
vector, producing a diploid zygote, which morphs into an meiotic
ookinete, then penetrates the vector midgut wall to settle in its
epithelium and form an oocyst (Baton and Ranford-Cartwright,
2005). Within the oocyst a massive endomitosis takes place and
produces haploid sporozoites (sporogony) which burst the oocyst and
migrate to the salivary glands (Vaughan, 2007). At each of these steps,
apart from the sporogony, there is substantial mortality and
reduction of the parasite population. This reduces the diversity to
one or few oocysts (genetic individuals), dividing into several dozens
to several thousand sporozoite clones, which would be available for
transmission in the salivary glands of human-infective Anopheles
mosquitoes (Rosenberg et al., 1990; Vaughan, 2007). However,
comparable numbers from other taxa are very scarce. This can be
attributed to several factors. Quantifying each of the filtering steps for
a parasitic lineage in a vector demands the keeping of infected hosts
and a representative number of vector individuals (Valkitinas, 2004).
The vectors have to be held at normal conditions before dissections at
different time intervals to observe which and how many parasitic
stages have developed (Bernotiené et al., 2019; Chagas et al., 2019;
Ilgtnas et al., 2019). Some hemosporidian vectors are very difficult or
logistically impossible to keep under species-appropriate conditions
in captivity (Valkitunas, 2004). Some Anopheline and Culicine
mosquitoes transmitting Plasmodium have well-established keeping
conditions and this has reinforced their status as model systems (Rose
et al., 2023). Correct conditions have been also found for some
Culicoides biting midges, which transmit Parahaemoproteus (e.g.
Bukauskaite et al., 2019). Keeping Leucocytozoon-transmitting
ornithophilic simuliid blackflies in captivity is still a major obstacle
to research (Edman and Simmons, 1985; Crosskey, 1990). Finally,
analyzing Haemoproteus-transmitting hippoboscid flies, demands
also the keeping of their avian hosts in captivity, which is feasible
only for a small subset of bird species. However, even for these,
quantifications of the vector filtering effects remain to be explored. In
order to understand the serial bottleneck effects within vectors, the
organs and tissues of these have to be separated through dissection
and parasitic stages counted. The separation step remains challenging
for very small insects such as biting midges, but even in larger insects
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the quantification through counting is rarely performed as it requires
highly developed skills and potentially special staining for
quantitative imaging (Valkitnas, 2004). A more commonly
accessible alternative is the quantification of DNA parasitic copies
for the given organ through qPCR, assuming that this is
representative of viable stages in this organ (Bell and Ranford-
Cartwright, 2004; Medica and Sinnis, 2005).

In this study, we aim to quantify via qPCR the sporozoites
available for transmission in the salivary glands of Pseudolynchia
canariensis, the specialized hippoboscid fly species transmitting
Haemoproteus columbae among house pigeons Columba livia
(Cepeda et al,, 2019). Hippoboscids are one of the smallest groups
of hemosporidian vectors and only few species in the group are
known to transmit blood parasites (Santiago-Alarcon et al., 2012).
Hippoboscids transmit only members of the subgenus
Haemoproteus (Haemoproteus) which is a small, rather species-
poor branch of the hemosporidian phylogenety. The members of
this subgenus are specialized and infect only few bird species, albeit
sometimes with high prevalence and infection intensity (Valkitnas,
2004). Especially because of these peculiarities and differences to the
main vector groups and hemosporidian genera, hippoboscids and
their transmitted blood parasites are an interesting case where the
demographic effect of vector passage on the parasite populations
should be established and compared with the more diversified
hemosporidian branches. Additionally, house pigeons and their
vectors are outstandingly manageable in captivity, allowing detailed
research over each step of the parasitic development and making
them one of the few model systems in avian hemosporidian
research (Valkitnas, 2004; Cepeda et al., 2019).

Materials and methods

A population of infected house pigeons Columba livia hosts and
Pseudolynchia canariensis vectors was kept in isolation as a source
population. Using blood smears, the infection rates of available
hosts were determined. Three hosts with the highest infection
intensity were isolated and served as blood meal sources for the
test vector individuals. Vectors were collected from the main pigeon
colony, marked with a non-toxic color pen and transferred to the
three isolated hosts. Pseudolynchia are known to feed several times
per day, so we assumed that the transferred individual hippoboscids
fed on the newly available host individuals shortly after the transfer
(Coatney, 1931). After a prepatent period of 16 days post transfer,
allowing these vector individuals to digest the blood meals and
Haemoproteus parasites to develop in them, the vector individuals
were collected into vials. For negative control samples, pupae were
collected and allowed to hatch in vials (Waite et al., 2012). Animal
handling and sampling procedures were approved by the Animal
Ethics Committee at Bielefeld University and conducted with
permission from the federal state authority 81-02.04.2018.A258
accordance with German federal and state laws.

A blood smear was taken from the three blood meal supplying
hosts, fixed in 100% ethanol for 10 minutes and stained with Giemsa.
Infection intensity was determined by counting the number of
infected cells among 8000 erythrocytes per smear. A serial dilution
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of DNA from the most intensely infected sample was created as a
standard for the following quantitative PCR measurements.

Vectors were immobilized by transferring the vials into a freezer
for 5 minutes. Dissection took place under a stereomicroscope in
order to identify salivary glands, midgut and hindgut along with
further intestines. Each of these organs was extracted and
transferred into a separate vial with 0.5 ml DNA extraction buffer.

After digestion with proteinase K at 56°C for at least 24h, a
standard Chloroform-Isoamylalkohol-Protocol was used to extract
the DNA from the three different organ samples of each individual
hippoboscid fly. The DNA concentration was measured using a
Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). Sample concentrations between 5 and 100 ng/pl were
accepted as favorable and used directly for qPCR, as standardizing
to absolute total insect or vertebrate DNA concentration might have
diluted the parasite DNA below detection thresholds. Higher
concentrations were diluted to 20 ng/ul using water. Quantitative
real-time PCRs (qPCRs) were performed using triplicate
measurements for each sample. For parasitic template
amplification the primers 3524F (5'-AGG CAA AGA AAA TGA
CCG G-3') and 3655R (5'-ATG GCG AGA AGG GAA GTG TG-
3’) were used which target a 131-bp fragment in the parasite
mitochondrial genome (Huang et al., 2020). The standard sample
row created from the DNA of the most intensely infected pigeon
host, consisted of five DNA concentrations (25 ng/pl, 5 ng/ul, 1 ng/
ul, 0.2 ng/ul, 0.04 ng/pl). This standard row was included in each
measurement plate in triplicate to ensure the comparability between
plates. All qPCR assays were performed with a CFX Connect " real-
time qPCR instrument using EvaGreen DNA-binding dye (my-
Budget 5x EvaGreen QPCR-Mix II, Bio-Budget Technologies
GmbH). Each 10 pl PCR reaction consisted of 2 ul template DNA
(10-200 ng of DNA), 2 pl 5x EvaGreen, 1.25 pl of each primer (10
uM) and 3.5 pl water. After a 10 min initiation temperature of 95°C,
40 cycles were performed consisting of 10 sec at 95°C, 10 sec at 56°C
and 30 sec at 72°C. For a plate of 96 wells, 26 samples were run in
triplicate along with a 5-fold dilution series of the highly infected
sample with known DNA concentrations used as standard (25 uM,
5 uM, 1 uM, 0.2 uM, 0.04 uM). DNA concentrations in the
standard sample row consist of host and parasite DNA but
estimates of concentrations for each can be discerned by
multiplying with the ratio of the expected genome sizes of both
species (1.5 Gb and 0.02 Gb respectively) with the microscopically
counted infection rate. Amplification curves were inspected after
the runs to verify the cycle threshold (Ct) of each sample. Default
settings were used to calculate the plate-specific threshold cycle,
indicating amplification-caused fluorescence to exceed background
noise (Asghar et al., 2011). qPCR plates producing standard curves
that were outside the range of 100 + 15% qPCR efficiency were
discarded, because this is indicative of errors in qPCR estimates
(Asghar et al,, 2011). The estimated number of cells was adjusted to
the total volume of DNA extract.

To calculate the relative quantities (RQ) for each sample, the
formula, RQ = 2°“%, was used with a being the primer-specific slope
of the standard dilution row, ie. the log, of the 5-fold standard
concentrations against the Ct-values measured for these
concentrations. The formula is based on Livak and Schmittgen (2001)
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formula to calculate qPCR data. Further extrapolations were based on the
assumption that sporozoites contain the same abundance of
mitochondrial DNA as gametocytes and that each pigeon blood cell
contains 3 pg of DNA, corresponding approximately to twice the avian
host haploid genome size. Thus, the parasitic cell number for the
standard row was derived by microscopy and the Ct values
corresponding to the number of parasitic cells was calculated and was
further applied to the test samples where only Ct value was measured in
order to estimate the number of parasite DNA templates and cells
represented in 2 pl of DNA solution. All statistical analyses were done in
R version 4.1.3.

Results

Organs were extracted from 24 individual Pseudolynchia flies, in
two of these only salivary glands being successfully extracted. The
infection intensity of the most highly infected standard sample (and
potentially the donor host bird) was 0.89% of all erythrocytes
infected. Sanger sequencing revealed that the infecting
Haemoproteus columbae lineage was COLIV03.

The results of the qPCR showed amplification of parasitic DNA
in all three organ sample types, however not for all flies. The
estimated number of parasites in the midgut ranged between 0 and
1826.3 cells with arithmetic mean of 229 cells per individual and a
median of 20 parasite cells. The highest numbers were estimated for
the hindgut and intestines with 0 to 1484 parasitic cells and with
arithmetic mean cell count estimate of 252 and median of 49. Lastly,
the derived estimates for number of parasitic cells in the salivary
glands showed a range of 0 to 476 parasites, arithmetic mean of 40
and a median of 5.6 parasites per individual salivary glands
(Figure 1). For all three of the negative samples of non-exposed
flies the estimates for each organ were under the detection threshold
of 1 parasitic cell.

Thus, the highest number of parasitic cells was estimated in the
hindgut and intestine followed by the gut, and the lowest number was
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found in the salivary glands. There were no significant correlations
between raw estimates of parasite numbers in different organs of
individual flies (Figure 2). However, log-transformed estimates for
parasite numbers in organs of individual flies were significantly
positively correlated (for each salivary glands~midgut,
midgut~intestines and salivary glands~intestines two-way
correlations p<0.001). Restricting the dataset to Pseudolynchia
individuals with probable Haemoproteus infection (RQ>5), only a
trend of a correlation between the log-transformed parasite estimates
of the salivary glands and the midgut remained (linear model, est. =
0.554, se=0.271, p=0.058, t-value = 2.041).

Discussion

We estimated the number of Haemoproteus parasites in three
parts of hippoboscid vectors, which play an important role in the
life cycle of hemosporidian parasites on the way to being
transmitted to a new host. We found that the number of parasite
copies appeared to be highest in the hindgut and other intestines,
while finding lower numbers in the midgut and substantially lower
numbers in the salivary glands. Samples from one third of the
hippobiscid flies showed no clear amplification of parasite DNA,
despite the fly individuals having only infected hosts as a meal
source. Vector individuals, which had many parasites in the midgut
also had many in the salivary glands. The average number of
sporozoites, transferrable via bites to further hosts was estimated
to be between 5 and 20.

Classical fundamental studies have identified the midgut of
vectors as the main arena for development of ookinetes and oocysts
of hemosporidian parasites (Valkitnas, 2004; Hajkazemian et al.,
2021). Few additional studies suggest that development of oocysts is
possible also in posterior parts of the dipteran digestive tract, such
as the hindgut and the rectum, however without indications of
completion of this development or effects on the number of
produced sporozoites (Haraguchi et al., 2022). We find that the
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Histograms (log-transformed X-axis) of estimated numbers of parasitic Haemoproteus cells in different organs of hippoboscid vector flies
Pseudolynchia canariensis. Estimates were derived through gPCR with complete organ-specific DNA extracts of individual flies, after a prepatent
period of 16 days for the development and passage of parasites through the organs and reaching the salivary glands. (A) estimated number of cells in
salivary glands. (B) estimated number of cells in midgut (C) estimated number of cells in hindgut and residual intestines
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FIGURE 2

Estimated number of Haemoproteus cells in different organs of
dissected Pseudolynchia canariensis individuals. Extracted and
compared organs were salivary glands (green), midgut (yellow) and
hindgut including residual intestines (blue). Negative samples 1-3

were derived from Ps. canarianesis individuals without prior contact
to pigeon hosts.

sections of the hippoboscid digestive tract after the midgut appear
to contain more parasites than the midgut itself. In this respect,
failure of macrogametocytes to reach the ookinete stage is
substantial in PL falciparum in Anopheles mosquitoes (Vaughan
et al, 1992, 1994; Vaughan, 2007). Similarly high failure rates,
reaching more than 100-fold reductions in numbers at each stage,
affect ookinetes failing to penetrate the gut wall and to form oocysts
(Ghosh et al., 2000; Smith et al., 2014; Simdes et al., 2018). This may
indicate what proportions of the ingested gametocytes fail due to
inhibition by the vector digestion and immunity and thus, get
digested and excreted by the vector. A comparable estimate may be
achievable through qPCR measurements in vector excretions.
However, this should be compared with the number of
gametocytes entering the digestive tract through a blood meal and
corrected for the fraction of potentially developing free oocysts and
released sporozoites which may inflate the estimates (Pichon et al.,
2000; Haraguchi et al., 2023). Similarly, the number of parasites
retained in the midgut appears high in comparison with the
estimate of the number passed further for potential excretion. At
this stage, only 0.5% of the ingested Plfalciparum gametocytes
persist as oocysts in the midgut and the other 99.5% are likely
digested and excreted (Vaughan, 2007). Several factors may
contribute to this apparent discrepancy. Firstly, in our setup
individual flies were allowed to feed until shortly before
dissection. Thus, both in the midgut and in the hindgut, the
content was not restricted to oocysts or failed parasites but likely
also included a mix of subsequently ingested gametocytes, ookinetes
and failed stages resulting from them. Secondly, the endomitosis
performed in oocysts in the lamina of the gut wall may inflate the
impression of retained and successful ookinetes in comparison to
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the ones that have failed and are passed towards the rectum.
Microscopic analyses may prove more suitable for quantifying the
proportions of these stages. Alternatively, stage-specific expression
factors could be used for qPCR of organ-derived RNA. However,
developing such markers is still complicated, by the shortage of
genomic data and gene characterization for non-Plasmodium
hemosporidians (Bensch et al, 2016, Chakarov et al. in prep).
Thirdly, similarly to gametocytes, oocysts and sporozoites contain
mitochondria, but they might not be completely comparable since
the amount of mitogenome copies in these organelles can vary
between stages as it appears to vary between host environments
(Brandler and Chakarov, 2024). A future useful step would be to
compare mitogenome-based qPCR estimates, as performed in this
study, with qPCRs based on nuclear markers, measures of within-
lineage parasite genetic diversity in the DNA extracts and
microscopic counts of different stages, which would enable the
quantification of stage-specific differences in the copy numbers of
the used DNA template. For identification and quantification of
hemoparasites in avian hosts, a similar complementary
combination of microscopy and molecular methods is already
recommended (Valkitinas et al., 2014).

Interestingly, almost a third of all vector individuals did not
show measurable parasite DNA, despite only having infected blood
meal sources available and presumably having to feed often
(Coatney, 1931). This suggests that some vector individuals have
strong immunity, which in some cases may be sufficient to clear all
parasites not long after the digestion of a blood meal. While many
cellular and molecular resistance factors have been characterized in
insects and specifically in malaria vectors, the functionality of many
specific proteins and mechanisms should be verified in divergent
vector groups such as hippoboscid flies (Simoes et al., 2018).
Congruent with immunity playing a strong role in the filtering
effect, is the trend for vector individuals with many detectable
parasites in the midgut to also have many parasites in the salivary
glands. These insect individuals may have been particularly
immunocompromised, weakened or tolerant to parasite passage
(Rivero and Ferguson, 2003). We focused on the number of
transmissible stages in a vector at any point after initial feeding
and sufficient developmental time. However, exact quantification of
the filtering effects at every tissue and organ of the vector will
require a more sophisticated experiment with many more
replicates, restricted access to blood meals, and the ability to
distinguish parasites from different lineages or meal sources (e.g.
Himmel et al., 2019). It would be particularly interesting to develop
non-lethal methods for estimating parasite numbers at some
filtering steps and use these to study host-switching and sucking
behavior of vector individuals. Deducing the number and
proportion of parasites in vector excrements through molecular
methods may be one non-invasive method to achieve this.

The main aim of our study was to estimate the number of
sporozoites available in the salivary glands of vector individuals to
transmit to the next, possibly naive hosts. This number appears to be
less than 20 and thus most probably represent one or very few
individual oocysts. This constitutes close to the maximal possible
bottleneck for the genetic diversity of the parasite infrapopulation.
Similar numbers apply for human malaria vectors and still need to be
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quantified for various other hemosporidia-transmitting dipterans as
well as for other populations of our study system (Smith et al., 2014).
The minimum conditions for such measurements are a) being able to
sustain vectors alive for the developmental period after initial
engorgement on an infected host and b) being able to extract the
salivary glands without substantial contamination from the gut
(Bukauskaite et al,, 2019, 2019; Chagas et al,, 2019; Ilgunas et al,
2019). Our estimates were based on mitogenome copies typical for
gametocytes and thus, all cell number estimates are in effect expressed
in gametocyte mitogenome density equivalents, without knowledge
how well this corresponds to nuclear equivalents. The complementary
methods suggested above should help to verify the number of
sporozoites found in salivary glands. Such strong bottlenecks increase
the effects of genetic drift in the overall population and allow the
application of alternative evolutionary strategies by mutants without
competition. Such genetic bottlenecks may be a main mechanisms
leading to the impressive diversity of hemosporidian parasite lineages
and their variable infection and coexistence strategies (Bergstrom et al,,
1999; Alcala et al., 2017). Another mechanism with potentially
comparable evolutionary consequences may result from high ratios
of vertical-to-horizontal transmission, ie. quasi-vertical transmission
conducted by some vectors mainly between parents and offspring
because of locally restricted foraging and/or other foraging patterns of
vectors (Chakarov et al.,, 2015, 2020, 2021).

The low number of transmissible parasites per vector suggests
either very high efficiency of invasion during every bite (which does
not appear to be the case in human malaria (Beier et al., 1991)), or
many repeatable chances for transmission. Both of these life history
traits likely differ between lineages and between vector species and
their feeding styles, as well as between core and edge distribution
areas of hosts and vectors. The vector species used in our study,
Pseudolynchia canariensis, is a louse fly specialized on house pigeons.
As Pseudolynchia inhabit the skin under the feathers of birds, they are
most likely transmitted to pigeon nestlings by their parents and
potentially infect these with the parasites of the parents. Such a
mechanism has been suggested for solitary hosts and may be effective
but weaker in colonial pigeons (Chakarov et al., 2015). Despite having
preferences for specific host traits, such as for dark plumage
coloration, vector individuals specialized to colonial house pigeons
likely have the opportunity to switch often between individual hosts
within a colony and potentially transmit several times per day
(Jacquin et al, 2013). While house pigeons have now colonized
most of the global urbanized areas, their coloniality is an ancestral
trait, which was also common in the original colonies in rocks around
the Mediterranean. Additionally, among the hemosporidian vectors,
only in hippoboscid flies both females and males feed on blood which
can double the frequency of transmission (Waite et al., 2012). Under
these colonial circumstances Haemoproteus columbae and other
members of the subgenus Haemoproteus (Haemoproteus) may not
require high sporozoite numbers in individual salivary glands, nor a
high colonization efficiency after transmission and can still reach
near-panmixia within the mobile host population. Nevertheless, with
several described genetic lineages of H. columbae it would be very
interesting to quantify the effects of competition or mutual
enhancement between lineages in vertebrate and insect hosts
(Palinauskas et al., 2018; Nebel et al., 2020; Palinauskas et al.,
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2022). Indeed, using a mixture of lineages may offer a further
handle on tracing the development of effective population sizes of
parasites at every step of their development in the invertebrate and
vertebrate hosts, which can be a further development of the use of
blood parasites as biological markers (Valkitnas, 2004). Finer genetic
markers of deeper population structure within a hemosporidian
lineage will become available with advancing molecular methods
and should improve the resolution of these mechanisms even more
(Hellgren et al., 2015; Huang et al,, 2018, Chakarov et al. in prep).
These processes can be studied exceptionally well with the system
used here, both in controlled experiments in captivity and by
sampling of wild populations. The dynamics of these processes can
be expected to change when the vectors become rare, e.g. at the edge
of the distribution of the temperature-limited Pseudolynchia (Klei
and Degiusti, 1975). Given the overall sturdiness of hippoboscid flies,
they may be also relatively resistant (or tolerant) and not experience
substantial damage after ingesting blood with high Haemoproteus
infection intensity. This may constitute an additional difference to
vectors from other groups but should be specifically tested and could
co-determine the small number of sporozoites in the salivary glands
(Bukauskaiteé et al., 2016).

To our knowledge, this is the first attempt of quantification of
the bottleneck of avian hemosporidian parasites in hippoboscid
vectors, based on molecular methods. More such attempts would be
valuable, as this variable may be key to understand the differences
between hemosporidian species and lineages in terms of prevalence,
specialization and virulence, as well as other aspects of host-
pathogen co-evolution in general (Bergstrom et al., 1999;
Valkianas, 2004; Alcala et al., 2017; Santiago-Alarcon and Marzal,
2020). We therefore call for its exploration in the great diversity of
vector-transmitted parasites.
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