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Birds harbor a diverse group of haemosporidian parasites that reproduce and develop in the host
blood cells, muscle tissue, and various organs, which can cause negative effects on the survival and
reproduction of their avian hosts. Characterization of the diversity, distribution, host specificity,
prevalence patterns, and phylogenetic relationships of these parasites is critical to the study of avian
host—parasite ecology and evolution and for understanding and preventing epidemics in wild bird
populations. Here, we tested whether muscle and liver samples collected as part of standard
ornithological museum expeditions can be examined to study the diversity and distributions of
haemosporidians in the same way as blood collected from individual birds that are typically banded
and released. We used a standard molecular diagnostic screening method for mitochondrial DNA
(cytochrome b) of the parasites and found that blood, muscle, and liver collected from the same host
individual provide similar estimates of prevalence and diversity of haemosporidians from the genera
Parahaemoproteus and Leucocytozoon. Although we found higher prevalence for the genus
Plasmodium when we screened blood vs. liver and muscle samples, the estimates of the diversity
of Plasmodium from different tissue types are not affected at the community level. Given these
results, we conclude that for several reasons existing museum genetic resources collections are
valuable data sources for the study of haemosporidians. First, ornithological museum collections
around the world house tens of thousands of vouchered tissue samples collected from remote regions
of the world. Second, the host specimens are vouchered and thus host identification and phenotype
are permanently documented in databased archives with a diversity of associated ancillary data.
Thus, not only can identifications be confirmed but also a diversity of morphological measurements
and data can be measured and accessed for these host specimens in perpetuity.

Avian malaria parasites and related haemosporidians (Api-
complexa: Haemosporida) are protozoan parasites that infect
vertebrate blood cells and are transmitted by hematophagous
dipteran vectors (Valkitinas, 2005; Santiago-Alarcon et al., 2012).
Birds possess the highest diversity of haemosporidian parasites,
historically encompassing 3 genera: Haemoproteus (containing the
2 sub-genera Haemoproteus and Parahaemoproteus), Leucocyto-
zoon, and Plasmodium (Valkitunas, 2005). However, growing
evidence from phylogenetic analyses support Haemoproteus and
Parahaemoproteus as distinct genera (Martinsen et al., 2008;
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Borner et al., 2016; Galen et al., 2018a). The highly diverse genus
Parahaemoproteus primarily infects Passeriformes, whereas the
markedly less diverse Haemoproteus is restricted to only a few
groups of non-Passeriformes. Recent work on these parasites
from non-Passeriformes has shown that even this more restrictive
view of Haemoproteus includes a group of parasites that are non-
monophyletic with novel genus-level clades infecting cranes
(Bertram et al., 2017) and vultures (Yabsley et al., 2018). These
recent results clearly demonstrate that the diversity of avian
haemosporidians is far greater than we have historically



considered and their phylogeny is still largely unresolved
(Martinsen et al., 2008; Outlaw and Ricklefs, 2011; Perkins,
2014; Borner et al., 2016; Galen et al., 2018a, 2018b), in part due
to insufficient sampling from many host groups and across highly
diverse regions, such as the Neotropics.

In the past 2 decades, with the development of molecular
methods to detect and identify avian haemosporidian parasites
(Bensch et al., 2000; Fallon et al., 2003; Hellgren et al., 2004;
Waldenstrom et al., 2004; Bell et al., 2015), more than 3,000
unique genetic lineages have been recovered from all avian clades
and zoogeographical regions except for Antarctica (see MalAvi
database at http://mbio-serv2.mbioekol.lu.se/Malavi/, Bensch et
al., 2009). These discoveries not only revealed an astonishing
diversity of haemosporidian parasites but also have altered our
understanding of their host use and specialization. Avian malaria
parasites are a widely used model for understanding parasite—host
interactions (Lauron et al., 2015; Fecchio et al., 2017, 2018a,
2018b, 2019), including the costs of these parasites on endemic
host populations (Atkinson and Samuel, 2010), feather growth
(Marzal et al., 2013; Coon et al., 2016), lekking behavior (Bosholn
et al., 2016), ornamentation (Henschen et al., 2017), extra-pair
paternity (Podmokta et al., 2015), lifespan, and reproductive
output (Asghar et al., 2015). The growing interest in the ecology
and evolution of this diverse group of parasites has led researchers
to use avian tissues, other than blood, to assess the diversity of
mitochondrial DNA sequences of Haemoproteus, Leucocytozoon,
Parahaemoproteus, and Plasmodium (Galen and Witt, 2014;
Marroquin-Flores et al., 2017), with some authors analyzing
samples derived from both blood and muscle in the same study
(Drovetski et al., 2014; Fecchio et al., 2017, 2018a, 2018b, 2018c,
2019; Clark, 2018; Galen et al., 2018a, 2018b). This practice has
allowed researchers to increase sampling in macroecological
studies but could have implications for the interpretation of
results if the detectability of haemosporidians differs according to
tissue type.

Although haemosporidian parasites infect and develop within
bird tissues (including blood cells), the diversity, distribution, and
specialization of each genus differ substantially and cannot be
determined solely by microscopic examination of blood films.
Microscopic identification of avian haemosporidians requires
great expertise and few researchers possess the knowledge to
identify morphological species (Valkitinas et al., 2008a). To date,
few parasitologists have linked morphology (known species) to
genetic lineages (see Valkitinas et al., 2008a, 2008b; Matta et al.,
2014; Walther et al., 2016), preventing studies that rely on
microscopic examination from contributing broadly to our
understanding of the diversity and distribution of these parasites.
Furthermore, large-scale bird sampling is constrained since the
microscopic screening of blood slides is much more time
consuming than molecular screening (Bell et al., 2015).

To improve our understanding of haemosporidian diversity
and distributions, we sought to determine whether different avian
tissue samples (blood, muscle, and liver) collected from the same
host individual provide equal detection of haemosporidian
parasites using molecular techniques. At present, ornithological
museum collections around the world house large vouchered
genetic resource collections (Edwards et al., 2005) including a
variety of tissues (muscle, heart, liver, and blood) and might
provide valuable sources of data on the prevalence, distribution,
and diversity of haemosporidians infecting birds. However, a
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critical comparison among the results garnered from screening a
variety of tissues types from the same host individuals is needed to
determine whether these tissue types yield equally accurate
assessments of the diversity and distribution of haemosporidian
parasites. Therefore, we used a collection of blood, muscle, and
liver tissues collected during a recent joint expedition in Central
Mexico to assess whether parasite genera (Leucocytozoon, Para-
haemoproteus, and Plasmodium) are preferentially detected among
these 3 different tissue types. Finally, we determine whether
differential amplification of a cytochrome b (cyt b) gene fragment
from these different tissue types results in different measures of
parasite diversity at the community level.

MATERIALS AND METHODS
Avian tissue sampling

Our sampling included a total of 83 individuals of 23 bird
species collected with mist-nets in the Parque Ejidal San Nicolas
Totolapan, Ciudad de México, Mexico (19°14'45.74"'N,
99°15’5.47"W; 3,025 m above sea level) during the breeding
season (2015 July 8—13). Three tissue samples were collected from
each individual: blood samples were extracted from the brachial
vein and stored on FTA cards; muscle and liver samples were
taken during specimen preparation and stored in 95% ethanol
until DNA extraction. All birds and tissue samples were collected
under appropriate permits (see Acknowledgments) in Mexico,
and vouchers are available at Academy of Natural Sciences of
Drexel University and Museo de Zoologia Alfonso L. Herrera,
Facultad de Ciencias, Universidad Nacional Auténoma de
Meéxico. Voucher numbers and associated host specimen infor-
mation can be found in Suppl. Table S1.

Parasite detection and lineage delimitation

DNA was extracted from the 3 tissue types using the DNeasy
96 Blood and Tissue kit (Qiagen, Valencia, California). DNA
samples were screened for the presence of haemosporidian
parasites (Haemoproteus, Leucocytozoon, Parahaemoproteus, and
Plasmodium) using nested polymerase chain reaction (PCR) to
amplify a 477-bp fragment of the cyt b gene. Two separate nested
PCRs were used: one that screens for Haemoproteus, Para-
haemoproteus, and Plasmodium together using initial primers
H332F (Bell et al., 2015) and HaemNR2 (Waldenstrém et al.,
2004), and then the nested set of primers H350F (Bell et al., 2015)
and HaemR2 (Bensch et al., 2000), and another that screens for
Leucocytozoon by using initial primers HaemNFI and HaemNR3
(Hellgren et al., 2004) and then the nested set of primers L350F
and L890OR (Lutz et al., 2015). All nested PCRs were run using
OneTaq Quick-Load 2X Master Mix with standard buffer (New
England Biolabs, Ipswich, Massachusetts), with 1 positive and 1
negative control in each 96-well plate reaction. Specific details on
PCR setup, template concentrations used, and PCR cycling
conditions can be found in Bell et al. (2015).

Positive PCR products were purified using ExoSAP-IT
(Affymetrix, Santa Clara, California), sequenced using BigDye
Terminator v3.1 cycle sequencing kit (Applied Biosystems, Foster
City, California), and run on an ABI 3100 DNA sequencer
(Applied Biosystems). Purified PCR products were sequenced
using the primers FIFI and R2 (Ishtiaq et al., 2007) for
Haemoproteus, Parahaemoproteus, and Plasmodium amplifica-
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Table I. Number of samples of each tissue type that tested positive via PCR screening and sequencing for Plasmodium (Plas), Parahaemoproteus (Para),

Haemoproteus (Haem), or Leucocytozoon (Leuc).

No. PCR positive

No. identified by sequencing

Tissue type Plas|Para/ Haem Leuc Total Plas Para Leuc Total
Blood 32 16 48 12 8 8 28
Liver 22 17 39 0 8 16 24
Muscle 35 10 45 1 15 12 28

tions and the primers L545R and L825R (Lutz et al., 2015) were
used for Leucocytozoon amplifications. Contigs of forward and
reverse sequences were assembled and reconciled using Geneious
v.8.1.9 (http://www.geneious.com; Kearse et al., 2012).

Assembled sequences were aligned using BioEdit v7.2.0 (Hall,
1999) and collapsed to unique haplotypes using the FaBox
haplotype collapser and converter tool (Villesen, 2007). Sequence
identities were verified with a local BLAST against the MalAvi
database (Bensch et al., 2009) by using BioEdit v7.2.0 (Hall,
1999). New lineages were named after the host of origin following
the standard protocol of the MalAvi database (Bensch et al.,
2009). All sequences are deposited in MalAvi and GenBank.
MalAvi sequence codes and GenBank accession numbers can be
found in Table S2.

Statistical analyses

To assess whether parasite genera are preferentially detected
from different tissues (blood, muscle, and liver), we compared the
number of positive screens from each tissue type, based on
whether nested PCR amplified DNA, with a chi-square test of
independence. We examined Plasmodium and Parahaemoproteus
together as they are sequenced by the same nested primer set,
whereas Leucocytozoon was examined separately as it is amplified
by a different nested primer set. For all chi-square tests, we
obtained the P-value by simulation with 10,000 random samples.
We used chi-square tests of independence, for each parasite genus
separately (Plasmodium, Parahaemoproteus, and Leucocytozoon),
to determine whether the number of positive amplifications differs
across tissue types. We also used chi-square tests of independence
to determine whether the number of parasite lineages detected for
each genus are differentially amplified across tissues. To identify
whether lineages were differentially amplified, we compared the
number of amplified samples in each tissue type for each lineage
to a Poisson distribution. We did not use a Bonferroni correction
to avoid inflating our Type II error and incorrectly concluding
that haemosporidian lineages are amplified equally from all
assayed tissue types.

To determine whether differential amplification results in
different measures of parasite diversity, we compared the number
of lineages obtained for each haemosporidian genus from each
tissue type with chi-square tests of independence. Because the
number of lineages found might be influenced by the number of
amplified samples, we used rarefaction to measure the diversity of
the parasite assemblage for each haemosporidian genus from each
tissue type. All analyses were conducted in R v.3.3.2, and we used
the “rarefy” function in the vegan package (Oksanen et al., 2017)
to calculate rarefaction estimates. Post hoc power analyses were

conducted with the pwr package in R (Champely, 2017), which
follows the recommendations of Cohen (1988).

RESULTS

We screened blood, muscle, and liver samples for Haemopro-
teus/ Parahaemoproteus| Plasmodium and Leucocytozoon from 83
individuals. The number of samples that screened positive for
Haemoproteus| Parahaemoproteus| Plasmodium or for Leucocyto-
zoon did not differ across tissue types (Haemoproteus/Para-
haemoproteus| Plasmodium, x> = 4.86, P=0.09; Leucocytozoon, x>
=2.42, P=0.35; Table I). The number of samples for which we
successfully amplified and sequenced haemosporidian DNA also
did not vary with tissue type for Leucocytozoon (3> = 3.12, P =
0.23) or for Parahaemoproteus (x> =3.61, P =0.20). However, we
detected more positive Plasmodium amplifications from blood
samples than from liver or muscle samples (3 =21.59, p < 0.001;
Table I). The genus Haemoproteus was not identified in any tissue
sample.

Parahaemoproteus (x> = 19.89, P = 0.79; Table II) and
Leucocytozoon (x> = 7.74, P = 0.99; Table III) lineages did not
exhibit differential amplification across tissue types. We could not
assess differential amplification among Plasmodium lineages
because we found low numbers of amplified Plasmodium
infections among liver and muscle samples (0 and 1, respectively),
which did not permit a chi-square test. However, 1 Plasmodium
lineage, ALEDIAOI, exhibited differential amplification across
tissue types (x> =22.0, P < 0.001; Table IV).

Table II. Successful amplification and sequencing of Parahaemoproteus by
lineage from each of 3 tissue types.

Found in

Lineage name Blood Liver Muscle

PSAMINO1
SETAUD21
ATLPILO1
JUNPHAOI
JUNPHAO02
PTICINOI
POESCLO1
VIRHUTO03
ATLPILO02
HYLLEUO1
PIPMACOI1
VIRHUTO02
Total
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Table III. Successful amplification and sequencing of Leucocytozoon by
lineage from each of 3 tissue types.
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Table IV. Successful amplification and sequencing of Plasmodium by
lineage from each of 3 tissue types.

Found in Found in

Lineage name Blood Liver Muscle  Lineage name Blood Liver Muscle
CATOCCO1 4 3 3 REGSATO1 1 0 0
MYAOCCO1 1 2 1 ALEDIAOI 11 0 0
TURASSO1 1 2 2 VIRHUTO1 0 0 1
CNEORNOI 2 2 3 Total 12 0 1
TROAED25 0 1 1
JUNPHAO03 0 1 0
VIRHUTO04 0 1 0 muscle than in blood samples. The inconsistency in detectability
CATOCC02 0 ! ! presented in these 4 comparison studies (including the present
(T:éll;(/igg(?; 8 } (1) study) might be related to a variety of factors that ultimately
SPIPASO7 0 ) 0 would affect prevalence (the percentage of infected individuals in

Total 8 16 12 a host population). For example, Valkiunas (2005) documented

The number of amplified lineages of Plasmodium did not differ
with tissue type (x> =2.0, P=0.78), and neither did the number of
amplified lineages of Parahaemoproteus (x> =0.33, P=0.96) or of
Leucocytozoon (x> =3.36, P=0.20; Table V). Rarefaction showed
that the diversity of Plasmodium, Parahaemoproteus, and Leuco-
cytozoon assemblages did not differ across tissue types (Table V).
Power analyses indicated that we had sufficient power to detect
medium and large effect sizes, but our power to detect small
effects was not high (Table VI).

DISCUSSION

Among the 3 avian haemosporidian parasite genera studied
from this sample of Mexican bird specimens, only Plasmodium
exhibited differential detectability when screened from different
tissue types and was more prevalent in blood than in muscle and
liver tissues collected from the same host individuals. However,
this differential detectability did not affect estimates of parasite
diversity at the community level for Plasmodium. For Para-
haemoproteus and Leucocytozoon, both detectability and diversity
were similar across the 3 screened tissues types collected from the
same host individuals. Although there was a slight difference in
detectability, the parasite diversity index did not differ among
screened tissue types, which supports the potential of using tissue
types other than blood to assess diversity and distribution of an
assemblage of haemospordian parasites in a local bird commu-
nity.

Parasite detectability

Our results agree with those of Ramey et al. (2013), who
reported no difference between blood and wing muscle in
detection probability and prevalence of Leucocytozoon, Haemo-
proteus, and Plasmodium from northern pintail (Anas acuta).
However, our finding differs from Svensson-Coelho et al. (2016),
who reported low probability of Plasmodium detection from
blood in comparison with liver, heart, and pectoral muscle from
white-shouldered fire-eye (Pyriglena leucoptera). At the commu-
nity level, Harvey and Voelker (2017) identified more Haemopro-
teus infections from blood as compared to pectoral muscle. By
contrast, they identified more Plasmodium infections in pectoral

that a relapse of parasitemia in blood cells occurs during the host
breeding season, which could lead to higher prevalence in blood
tissue compared with muscle or liver tissue. This may explain why
we found Plasmodium in higher prevalence in blood compared
with muscle and liver during the breeding season in this Mexican
bird community. Haemosporidian infections apparently persist
within infected individuals (see Valkitinas, 2005), and perhaps
older individuals could have higher abundance of parasites in
muscle or liver tissue (chronic infection) acquired and accumu-
lated during their lifespan. In contrast, younger hosts may
experience an acute phase of infection with a higher abundance
of the parasite found in the bloodstream. These age-related effects
would have implications for studies aiming to detect the effect of
haemosporidian parasites at the individual level (e.g., survivor-
ship or fecundity, immune or behavioral response to a parasite)
since a few missing infections in a host population could
drastically affect the parameters used in the analyses. Ideally,
for that type of study, it would be advantageous to screen as many
tissue types as possible for parasites since during chronic
infections the parasites can also be present in a variety of tissues
other than muscle, liver, and blood (e.g., brain, lung, spleen, and
intestine; see Valkitinas, 2005). Furthermore, analysis of blood
films would confirm whether the parasite has reached the
gametocyte stage in the hosts and can be transmitted to vectors,
or whether it may only be an abortive infection.

Parasite diversity

Our results contrast with 2 previous studies of single host
species comparing diversity of Leucocytozoon (Ramey et al., 2013)
and Plasmodium (Svensson-Coelho et al., 2016) parasites recov-
ered from a variety of tissue types. The molecular detection of 11
haemosporidian cyt b lineages from blood samples compared to
only 6 haemosporidian cyt b lineages recovered from wing muscle
collected from the same host individuals (Ramey et al., 2013)
might suggest that using blood samples for investigations of
genetic diversity of Leucocytozoon is advantageous.

However, we show that both prevalence and estimates of
lineage diversity for Leucocytozoon are similar at the community
level regardless of the tissue type used (Tables I, III, V). Despite
similar estimates of lineage diversity for Leucocytozoon, our raw
data indicate a higher number of lineages in muscle compared to
blood. This highlights the importance of muscle tissue deposited
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Table V. Number of infections, number of lineages, and diversity of Plasmodium, Parahaemoproteus, and Leucocytozoon detected from each tissue type.
Diversity is measured with rarefaction and represented as mean estimated number of species = SE. Rarefy2 subsamples 2 infections from each
assemblage. The mean is equal to 1 plus the probability of interspecific encounter (Hurlbert, 1971). Rarefy8 rarefies parasite assemblages to 8 infections.
Rarefaction estimates of the Plasmodium assemblages detected in liver and muscle could not be calculated because the number of infections was too

small.

Tissue type

Parasite genus Blood Liver Muscle
Plasmodium

No. of infections 12 0 1

No. of lineages 2 0 1

Rarefy?2 1.17 = 0.37 NA* NA

Rarefy8 1.67 = 0.47 NA NA
Parahaemoproteus

No. of infections 8 8 15

No. of lineages 6 5 7

Rarefy2 1.89 = 0.31 1.79 = 0.41 1.82 = 0.38

Rarefy8 6.00 = 0.0 5.0 % 0.0 5.00 = 0.77
Leucocytozoon

No. of infections 8 16 12

No. of lineages 4 11 7

Rarefy?2 1.75 = 0.43 1.95 = 0.22 1.89 = 0.31

Rarefy8 4.0 = 0.0 6.70 = 0.81 5.54 + 0.77

* NA, not applicable.

in museums throughout the world to access parasite diversity to
reconstruct the phylogenetic relationships of this diverse group of
avian parasites. For Plasmodium, Svensson-Coelho et al. (2016)
recovered all lineages from 4 tissue types, but they argued that
screening only 1 tissue per individual bird might overlook
Plasmodium lineages and underestimate their diversity. Harvey
and Voelker et al. (2017) found higher genetic diversity among
Haemoproteus and Plasmodium from blood samples compared
with pectoral muscle. We have found 3 Plasmodium lineages of
which 1, lineage ALEDIAOI, was in high abundance and
exclusively recovered from blood samples. This abundant lineage
may drive the lack of significant difference for Plasmodium
diversity across different tissue types from this Mexican commu-
nity. However, we must be cautious about this conclusion,
because we did not find many infections in muscle and liver tissue
to confirm whether blood, muscle, and liver yield similar genetic
diversity for Plasmodium. One potential explanation is that the
individual birds from which the ALEDIAOI lineage was detected
are not suitable hosts for this particular lineage, and thus the
lincage was unable to infect host red blood cells (abortive
infection). Molecular studies on avian haemosporidian parasites
have shown several cases of spillover infections, yet we still do not
understand whether blood or other tissue is more likely to capture
these spillover events. Although blood might be more likely to
capture spillovers if “dead-end” sporozoites are readily detected
in the blood, other tissues and organs might be more likely to
retain haemosporidian cells from “abortive” infections. Without
visually inspecting blood films, it is impossible to determine
whether these birds contained disseminate infections with
parasites infecting red blood cells. Furthermore, a combined
methodology using traditional histological techniques in associ-
ation with the molecular diagnostic is essential to determine the
virulence of such pathogens in avian hosts (Valkitnas and

Iezhova, 2017). Nevertheless, the presence of Plasmodium should
be taken into consideration when assessing the local haemospo-
ridian diversity, because this lineage is present within the avian
community, even if the lineage is unable to reach the disseminate
infection stage in all hosts. The ability to infect host blood cells is
not a requisite to include an individual haemosporidian lineage in
a diversity index. Many studies conducted in the past decades lack
confirmation of sampled haemosporidian taxa reaching a
reproductive stage. Thus, during analysis of parasite community
diversity, haemosporidian parasites should not be considered
differently from other organisms by including only those lineages/
species that are able to infect a specific host species.

Large-scale sampling studies using molecular markers have
shown that both diversity and distributions of haemosporidian
parasites are determined by climate, geography, and host
relationships (e.g., Ellis et al., 2015; Clark et al., 2017; Fecchio
et al., 2017, 2018a, 2018b). The results of these 4 tissue

Table VI. Post hoc power analyses indicate that we can detect medium and
large effect sizes but that we have limited power to detect small effect sizes.
W is effect size, and values of 0.1, 0.3, and 0.5 indicate small, medium, and
large effect sizes, respectively (Cohen 1988). N is the total number of
observations, sig. level is the significance level (Type I error probability),
and power is the power of the test (1 — Type Il error probability). See
Champely (2017) for details.

w N Sig. level Power
0.1 249 0.05 0.272
0.3 249 0.05 0.993
0.5 249 0.05 1

0.1 249 0.1 0.389
0.3 249 0.1 0.997
0.5 249 0.1 1




comparison studies (Ramey et al., 2013; Svensson-Coelho et al.,
2016; Harvey and Voelker, 2017; this study), although all
relatively small in scale, demonstrate inconsistency in estimating
haemosporidian lineage diversity recovered from screening
different host tissue types. Therefore, we should take tissue type
into account and incorporate it into analyses of haemosporidian
diversity and distribution. Given the biology of parasite
reproduction and development within avian hosts, tissues could
be treated as different developmental habitats, which should be
considered in future studies aiming to measure haemosporidian
diversity, distribution, and phylogeny.

Conclusion and directions

Our sample size (83 individuals) resulted in a smaller number of
parasite detections compared with larger communities surveyed
extensively across multiple years (e.g., Fecchio et al., 2013;
Svensson-Coelho et al., 2013). However, post hoc analyses
indicated that we had sufficient power to detect medium and large
effect sizes (power > 0.99; see Cohen, 1988), but our power to
detect small effects was not high (power = 0.272). Therefore, we
must conservatively state that we currently do not have strong
evidence that parasite detectability differs across tissue types for all
3 haemosporidian genera infecting birds. This finding reinforces
the reliability of previous macroecological studies that assessed the
haemosporidian diversity by mixing tissues types (Drovetski et al.,
2014; Fecchio et al., 2017, 2018a, 2018b, 2019; Clark, 2018) and
suggests that future research can freely make comparisons between
studies using different avian tissue types. Some trends were
apparent, and a larger study incorporating sampling of birds
across years with associated blood films and a variety of tissue
samples would be beneficial to further explore the relationship
between tissue type and parasite detectability. Visual examination
of blood films would confidently confirm whether a bird harbored
a haemosporidian infection capable of reaching the gametocyte
stage, which is capable of transmission to dipteran vectors. Also,
slides are imperative in understanding the morphology and
taxonomy of this diverse group of parasites (Valkitinas, 2005).
Certainly, the ability to screen the tens of thousands of avian tissue
samples deposited in museum collections would boost the diversity
of genetic lineages recovered from hosts across megadiverse
tropical bird communities, such as those found in Amazonia and
the Andes, and perhaps resolve their phylogenetic relationships.
Accessing these remote places is logistically difficult, time
demanding, and financially expensive; thus, the ability to screen
material housed in museums worldwide would provide data from
regions unlikely to be sampled again. In addition to broadening
the availability of host tissues, haemosporidian researchers would
benefit by screening tissue samples collected with vouchered host
specimens because both the host genotype and phenotype are
documented and archived; thus, the recorded haemosporidian
parasite-host associations could be reassessed at any time.
Essentially, vouchered hosts which can be identified and studied
by specialists at any time provide the gold standard of host
association data for parasite studies, whereas this kind of
documentation is often lacking in studies that solely collect blood
and release the host individuals. Last, additional host metadata
associated with host voucher specimens can be used to assess the
effects of host condition on parasite prevalence and diversity.
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