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Abstract Acquiring genomic material from avian malaria
parasites for genome sequencing has proven problematic due
to the nucleation of avian erythrocytes, which produces a large
ratio of host to parasite DNA (∼1 million to 1 bp). We tested
the ability of laser capture microdissection microscopy to isolate parasite cells from individual avian erythrocytes for four
avian Plasmodium species, and subsequently applied whole
genome amplification and Illumina sequencing methods to
Plasmodium relictum (lineage pSGS1) to produce sequence
reads of the P. relictum genome. We assembled ∼335 kbp of
parasite DNA from this species, but were unable to completely avoid contamination by host DNA and other sources.
However, it is clear that laser capture microdissection holds
promise for the isolation of genomic material from haemosporidian parasites in intracellular life stages. In particular, laser
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capture microdissection may prove useful for isolating individual parasite species from co-infected hosts. Although not
explicitly tested in this study, laser capture microdissection
may also have important applications for isolation of rare
parasite lineages and museum specimens for which no fresh
material exists.
Keywords Avian malaria . Plasmodium genome . laser
capture microdissection microscopy

Introduction
Haemosporidian parasites (Apicomplexa: Haemosporida), including malaria-causing parasites in the genus Plasmodium,
are geographically ubiquitous and infect nearly all terrestrial
vertebrates (Garnham 1966; Telford 2009; Valkiūnas 2005).
They are obligate intracellular parasites that can infect many
different host cells of many different tissues throughout their
life cycle. Wild vertebrate hosts, such as lizards, birds, and
mammals may be infected with multiple species of haemosporidian parasites, and this can interfere with molecular analyses
of individual parasites. Furthermore, the intracellular nature of
haemosporidian parasites makes extracting their DNA without
capturing the DNA of their hosts a significant challenge.
Laser capture microdissection microscopy holds great
promise for the study of single haemosporidian cells, and
may have important applications for the study of coinfections by two or more parasites, as well as isolation of
parasite DNA for genomic analysis. Genome sequencing of
haemosporidian parasites has and will continue to aid the
characterization of gene content differences and variation
between parasite lineages, thereby providing important insights into the molecular adaptations underlying specific traits,
such as virulence factors and host immune evasion strategies.
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In addition to informing such comparative genomic studies,
the sequencing of haemosporidian genomes—and genomes
of avian malarial parasites in particular—will provide much
needed sequence data for the development of new phylogenetic markers, allowing greater insight into the evolutionary
history of this ancient and diverse group of apicomplexan
parasites. In particular, the development of nuclear markers is
expected to help resolve deeper phylogenetic relationships in
the malaria tree of life (Perkins 2014). The development of
molecular barcodes (mainly 16S and cytb) and increased sampling of wild animals have revealed phenomenal diversity
among haemosporidian parasites (Lutz et al. 2016; Prugnolle
et al. 2010; Schaer et al. 2013). The genetic diversity within the
genus Plasmodium is exceptionally high, especially among
parasite species that infect birds (Clark et al. 2014; Harrigan
et al. 2014; Ishtiaq et al. 2011; Lutz et al. 2015). Thus, a combination of improved taxonomic sampling and addition of
phylogenetically informative markers is expected to improve
the resolution of deep evolutionary relationships.
Avian Plasmodium parasites are of particular interest to
malaria systematists, due to their widespread distributions
among disparate hosts and geographic regions, as well as their
purported role as sister to all mammalian haemosporidians
(Lutz et al. 2016; Schaer et al. 2013). Birds and reptiles host
the majority of known Plasmodium spp. diversity in the haemosporidian tree of life (Garnham 1966; Valkiūnas 2005).
Researchers studying avian and reptilian malaria face several
challenges due to the nature of the haemopoeitic system in
these taxa, and optimization and standardization of molecular
methods in this area continue to prove daunting tasks (Freed
and Cann 2006). Unlike mammals, birds and reptiles have
nucleated red blood cells, and the ratio of host to parasite
genome size in the case of avian malaria is ∼1.2 Gbp:25 Mbp
(Serinus canaria:Plasmodium relictum). In addition to the discrepancy in genome size, parasitemia tends to be low in naturally infected birds and reptiles, further skewing the ratio of host
to parasite DNA (Freed and Cann 2006). Lastly, co-infections
by multiple haemosporidian species are common in these hosts
(Valkiūnas 2005) and can complicate studies of parasite DNA
extracted from whole blood. All of these factors have contributed to the paucity of genomic data from sauropsid haemosporidians, which has hindered most phylogenetic analyses to date.
This necessitates the development of novel methods for
obtaining genomic sequence data to conduct comparative
analyses.
With this goal in mind, we test the ability of laser capture
microdissection microscopy (LCMM) technology to isolate
parasite DNA by extracting individual parasites directly from
the nucleated cells of their hosts. We then pair LCMM and
whole genome amplification to obtain genomic DNA of sufficient quality from avian Plasmodium parasites for next generation sequencing methods. Using LCMM, we obtained
DNA from thin blood smears representing four subgenera of
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avian Plasmodium species: Plasmodium (Haemamoeba)
relictum, lineage pSGS1; Plasmodium (Haemamoeba)
cathemerium, SEIAUR01; Plasmodium (Giovannolaia)
homocircumflexum, pCOLL4; and Plasmodium (Novyella)
ashfordi, pGRW2. We successfully recovered a standard
478-bp Cytochrome b (cytb) barcoding fragment from all species following LCMM, and further sequenced genomic DNA
of P. relictum using an Illumina MiSeq. Although we were
unable to completely eliminate host contamination, our results
demonstrate the utility of thin blood smears as a genomic
resource for the study of malaria parasites and other haemosporidians, and support LCMM as a viable method for isolating individual malarial parasite cells for downstream sequencing. Importantly, our study accomplishes what was previously
thought not possible by producing sequence scaffolds derived
from laser-isolated material that are sufficient for the development of nuclear markers for comparative phylogenetic analyses. These results have important implications for the study of
other intracellular parasites, and hold promise for dealing
with the challenge of multi-parasite co-infections by
allowing researchers to target, isolate, amplify, and sequence individual parasite cells.

Methods
Obtaining of blood stage parasites
Blood stages of three haemosporidian parasite species—
Plasmodium (Haemamoeba) relictum (cytochrome b lineage
pSGS1), Plasmodium (Novyella) ashfordi (lineage pGRW2),
and Plasmodium (Giovannolaia) homocircumflexum (lineage
pCOLL4)—were originally isolated from wild birds (a common crossbill Loxia curvirostra, common cuckoo Cuculus
canorus, and red-backed shrike Lanius collurio, respectively).
Birds were sampled on the Curonian Spit in the Baltic Sea in
2010 and 2011. The original parasite isolates were multiplied
by blood passages and cryopreserved in liquid nitrogen for
long-term storage, as described by Palinauskas et al. (2015).
The original parasite isolates were multiplied by blood passages in the same bird species and cryopreserved in liquid
nitrogen for long-term storage, as described by (Palinauskas
et al. 2015). In total, strain SGS1 underwent four passages in
crossbills and domestic canaries Serinus canaria domestica,
pGRW2 underwent two passages in siskins Carduelis spinus,
and pCOLL4 underwent six passages in crossbills and siskins
after their original isolation before this study. Collection
methods for the blood stages of a fourth parasite, Plasmodium
(Haemamoeba) cathemerium (cytochrome b lineage
SEIAUR01), are detailed in (Carlson et al. 2016).
To obtain blood stages for laser microdissection, these
strains were further multiplied by inoculation of infected
blood mixture into pectoral muscles of intact domestic
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canaries, as described by Palinauskas et al. (2008). This work
was carried out in the Institute of Ecology, Nature Research
Centre, between February and March 2014. The birds were
commercially purchased and tested (prior to experimental exposure) for the presence of possible natural malarial infection
both by microscopic examination of blood films and PCRbased methods, as described by Palinauskas et al. (2015).
All birds were kept indoors in a vector-free room under
controlled conditions (55–60 % relative humidity, 20 ± 1 °C,
the natural light-dark photoperiod); they were fed standard
diets for seed-eating bird species. Ten uninfected canaries
were maintained in the same room, and used as negative
controls to prove the absence of malaria transmission in the
laboratory.
To follow the development of parasitemia, blood for microscopic and molecular examination was taken from all canaries every 2 or 3 days post inoculation (dpi) for approximately 1 month. A drop of blood was collected by puncturing
of the brachial vein to make two blood films for microscopic
investigation, and about 30–50 μl of blood was saved in
micro-tubes in non-lysis SET-buffer (0.05 M tris, 0.15 M
NaCl, 0.5 M EDTA, pH 8.0) for molecular analysis (PCR
and Sanger sequencing of cytb for verification of parasite
identity), which was performed according to Palinauskas
et al. (2015) and confirmed the presence of the lineage
pSGS1 in the experimentally exposed canaries. Blood films
were prepared, air-dried, fixed with absolute methanol, stained
with Giemsa, and examined microscopically, as described by
Valkiūnas (2005).
All control canaries remained uninfected. Two experimental birds developed parasitemia. Fourteen days post
infection (dpi), parasitemia of P. relictum reached 12.
5 % in one infected canary, and thin blood films were made
from this bird on ZEISS 0.17 PEN MembraneSlides objective slides for laser microdissection. The blood films were
fixed with 70 % ethanol, dried and stored in +4 °C until
further processing.
Experimental procedures for this study were approved by
the Ethical Commission of the Baltic Laboratory Animal
Science Association (Lithuania) and Lithuanian State Food
and Veterinary Office (Ref. no. 2012/01/04-0221),
Lithuania. Experimental procedures conducted in the USA
complied with IACUC permit 17601 UC Davis.
Laser capture microdissection microscopy
and purification of parasite DNA
All Plasmodium cells were isolated from unstained ZEISS
0.17 PEN MembraneSlides, using a ZEISS PALM
MicroBeam laser capture microdissection (LCMM) system. Infected cells were identified by displacement of avian red blood cell nuclei, which is a characteristic feature of
these parasite species’ development (Valkiūnas 2005), and
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Fig. 1 Microphotographs of avian erythrocytes (Serinus canaria
domestica) infected with Plasmodium relictum (black arrows and ROI
outline). Without the aid of a hematological stain (such as Giemsa),
parasites were distinguished by the displacement of the host cell’s
nucleus and/or the presence of hemozoin pigment granules, which are
caused by the digestion of the host cell’s hemoglobin

the presence of parasite-derived hemozoin pigment granules (Fig. 1). The region of interest (ROI), which included
the parasite cell and excluded the host nucleus, was manually selected using PALM RoboSoftware (ZEISS). For
laser microdissection of individual ROIs, the following
settings were used: the cut energy = 4550, LPC Delta =
20, focus = 7, Delta = −6.1 %, and cut iterations = 2 reps.
ROIs were extracted and catapulted by a single laser pulse
into adhesive cap 0.6-ml tubes, suspended above the
microscope stage.
For the study of P. relictum (pSGS1), we used LCMM to
isolate varying numbers of cells. In independent rounds of
LCMM, we isolated 1, 5, 10, 25, and 50 parasite cells, which
we then subjected to a Chelex (Bio-Rad, Hercules, CA, USA)
DNA extraction method, following the protocol described by
Palinauskas et al. (2010): we inverted each tube of isolated
cells and added 25 μl of freshly prepared Chelex suspension
solution (0.2 g Chelex, 1000 μl H2O, incubated at 56 °C for
1 h) and 0.7 μl of Proteinase K to the lid of each tube. While
remaining in this inverted position, tubes were incubated for
1 h in a 56 °C water bath and gently vortexed every 20 min.
After completing this incubation period, sample tubes were
further incubated in water at 100 °C for 12 min to inactivate
Proteinase K.
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Following successful LCMM isolation and DNA extraction from P. relictum (pSGS1) samples, the same LCMM
and extraction methods were applied to the three remaining
Plasmodium species—P. homocircumflexum (pCOLL4), P.
ashfordi (pGRW2), and P. cathemerium (pSEIAUR01). For
each of these additional three species, 30 parasite cells were
isolated via LCMM, and DNA from each parasite species
was extracted using the same Chelex protocol described
above.
Verification and whole genome amplification
of Plasmodium isolates
To verify the identity of each LCMM-isolated parasite, we
amplified 478 bp of cytb gene using a standard nested-PCR
protocol (Waldenstrom et al. 2004), with both positive and
negative PCR controls. PCR products were purified by enzymatic ExoSAP-IT (Affymetrix), and sequencing reactions
were run with ABI Prism DYE terminator cycle sequencing
ready reaction kits with AmpliTaq DNA Polymerase FS
(Perkin-Elmer). Each reaction was then run on an ABI 3730
Automated DNA sequencer (Applied Biosystems, Foster
City, CA, USA). Forward and reverse sequences were aligned
and manually edited using Geneious v.6.1.6 (Biomatters Ltd.,
Auckland, New Zealand).
To produce sufficient DNA quantity for downstream
preparation of a sequencing library, purified genomic
DNA from the 50-cell-count extraction of P. relictum was
amplified using a Qiagen REPLI-g mini kit, following the
manufacturer’s protocol. As with the original DNA extractions, whole genome amplified (WGA) product was also
subjected to PCR and Sanger sequencing to verify the
identity of the parasite. DNA was quantified following
WGA using a Qubit® dsDNA broad range assay kit and
Qubit® 2.0 fluorometer (Invitrogen, ThermoFisher
Scientific, Waltham, MA, USA).
Sequencing and assembly of P. relictum genomic DNA
An Illumina TruSeq DNA library prep kit (Illumina, San
Diego, CA, USA) was used to prepare a 2 × 250 bp pairedend library using the WGA sample of P. relictum. The
library was then sequenced on an Illumina MiSeq platform
at the Cornell University Institute of Biotechnology,
Genomics Core Facility. Paired-end sequence reads of
250 bp were generated from sequencing libraries with a
median insert of 750 bp. Raw reads were quality-trimmed
using Trimmomatic v0.33 (Bolger et al. 2014) by removing
5′ and 3′ nucleotides with <10 Phred score. The remaining
reads needed to be greater than 35 bp and unpaired reads
were removed. To assess the extent to which parasite sequences were obtained and host contamination eliminated,
the remaining paired-end reads were separately mapped to
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an annotated P. relictum genome sequence provided by the
Sanger Institute (GenBank BioProject PRJEB2579) and to
the canary host genome sequence (NCBI SRA accession
number ERS610854). Initial mapping of reads was done
with the Bowtie2 mapper (Langmead and Salzberg 2012)
using the default configuration. Because multiple chimeric
reads contained sequence from both of P. relictum and canary, and because sequences of other possible origin were
ignored by Bowtie2, we also used a less stringent mapping
method using BLASTN. For all reads used in BLASTN
searches, default parameter settings were used to identify
matches of each read to either the P. relictum genome, the
canary genome, or both genomes as combined subjects
(indicating chimeric reads), respectively. BLASTN results
were used to filter all fastq paired reads by a custom perl
script to produce datasets comprised of reads matching the
P. relictum genome, the canary genome, and all remaining
reads without a match to either. The fastq sequences from
each of these datasets were then used for individual de
novo assemblies with SPAdes v.3.1.1 (Nurk et al. 2013).
The resulting contig quality for these data was measured
with QUAST (Gurevich et al. 2013) (Table 1).
To examine the content of the P. relictum de novo assembly,
we closely inspected the two largest contigs of the P. relictum
assembly by BLAST searches against the reference genome
and using the annotation functions implemented in Geneious
v.8.1.8. To evaluate the origin of contigs assembled from reads
that did not have any positive BLASTN match, contigs were
BLASTX-searched against the NCBI non-redundant database
(max_target_seqs 5, word_size 5).

Table 1 QUAST
measure of assembly
quality of de novo
SPAdes assembly
derived from Illumina
reads with BLASTN hit
to the annotated genome
of P. relictum

# contigs (≥0 bp)
# contigs (≥1000 bp)
# contigs (≥5000 bp)
# contigs (≥10,000 bp)
# contigs (≥25,000 bp)
Total length (≥0 bp)
Total length (≥1000 bp)

388
65
7
2
0
335,639 bp
161,852 bp

Total length (≥5000 bp)
Total length (≥10,000 bp)
Total length (≥25,000 bp)
Largest contig
Total length
GC (%)
N50
N75
L50
L75
# Ns per 100 kbp

53,338 bp
22,089 bp
0
11,536 bp
261,271 bp
19.91 %
1,511
733
40
106
0
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Results
LCMM isolation and PCR amplification of Plasmodium
species
LCMM and Chelex extraction of all the four Plasmodium
species produced material that was sufficient for PCR amplification of 478-bp barcoding region of cytb, and Sanger sequencing confirmed the correct identity of each parasite extracted. This was true for all cell-counts (1, 5, 10, 25, and 50
cells) of P. relictum, as well as the 30-cell-count samples from
the three other species (P. ashfordi, P. cathemerium, and
P. homocircumflexum). Qubit quantitation of DNA following
WGA of the 50-cell-count P. relictum extraction indicated a
final quantity of 1274 ng of genomic DNA (18.2 ng/μl × 70 μl
of sample) for preparation of the sequencing library (Qubit
readings prior to WGA indicated a DNA concentration
of <0.01 ng/μl).
Genome sequencing and assembly of P. relictum Illumina
reads
Host (canary) contamination found in reads from Illumina
sequencing of the WGA 50-cell-count P. relictum DNA was
non-negligible, comprising ∼22.57 % of all reads, while only
0.07 % of reads matched P. relictum (based on BLASTN
searches against the canary and P. relictum genomes, respectively) (Table 2). Thus, avian host contamination was not
completely eliminated by the use of LCMM. Other contaminants were determined to consist primarily of bovine, bacterial, or fungal origin, and comprised the vast majority of
sequencing reads (77.38 %). All reads that were determined
to be of a non-Plasmodium origin were excluded from the
P. relictum de novo assembly.
Despite the low percentage of Illumina reads with
BLASTN matches to the P. relictum genome, we were able
to assemble these reads to produce 388 contigs (total length
335,639 bp). Contigs >1000 bp comprised ∼19 % of all assembled contigs (Table 1). BLASTX searches of all contigs
from this de novo assembly against the NCBI nr database
revealed that ∼60 % had significant hits to known
Plasmodium sequences. The remaining contigs were assembled of unidentified genomic regions that may have been introduced to the assembly by chimeric reads. Examination of
Table 2 Summary of Illumina
MiSeq reads derived from 50-cellcount LCMM isolate. Reads are
characterized according to results
from Bowtie mapping and
BLASTN searches

Total raw PE-reads
Quality-trimmed PE-reads

Bowtie mapping
BLASTN

the two largest contigs (>10,000 bp) revealed (1) a 11,536-bp
protein-coding sequence containing a Plasmodium ATP synthase gene as well as a conserved Plasmodium protein-coding
sequence of unknown function, and (2) what appears to be an
inverted head-to-tail repeat of sequence coding for N acetylglucosaminyl phosphatidylinositoldeacetylase with introns and a Plasmodium protein of unknown function (Fig. 2).

Discussion
The results presented in this study suggest that LCMM may
serve as a useful tool for isolating individual parasite cells for
downstream molecular analyses, albeit without eliminating
contamination from adjacent host nuclei. We were able to
amplify 478 bp of cytb from a single cell of P. relictum, as
well as from 5-, 10-, 25-, and 50-cell-count extractions for this
species, following Chelex extraction and PCR amplification
of LCMM-derived material. PCR amplification of 478 bp of
cytb was also successful for 30-cell DNA extractions from the
three other species, including P. ashfordi, P. cathemerium, and
P. homocircumflexum (for which single-cell DNA extraction
and amplification was not attempted). Although our method
was not tested on co-infected hosts, the fact that PCR amplification from a single isolated cell of P. relictum was successful suggests that LCMM could be applied in studies where
host individuals are co-infected by multiple haemosporidian
parasites to isolate and differentiate between two parasite
species.
Illumina sequencing results of WGA P. relictum (50-cellcount LCMM isolate) were assembled successfully and
produced 74 contigs >1000 bp (9 of which were >5000 bp,
and 2 of which were >10,000 bp). Inspection of these contigs
revealed many potentially useful targets for the design of phylogenetic primers, although we did not explicitly produce
primers or test the phylogenetic informativeness of these loci.
One of the major goals of this experiment was to eliminate
host contamination, and in this effort, we were unsuccessful. It
is likely that while targeting the intracellular Plasmodium parasites, portions of the host nucleus were also captured (see
Fig. 3). In addition to host contamination, a large portion of
sequencing reads were also attributable to other contaminants,
primarily of bovine and bacterial origin. It is unclear how

9,064,941 reads
8,496,876 reads
P. relictum
(% of trimmed reads)
1957 (0.02)
6295 (0.07)

Canary
(% of trimmed reads)
993,847 (11.7)
1,917,989 (22.57)

Other contaminant
(% of trimmed reads)
NA
6,574,823 (77.38)
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Fig. 2 a, b Gene content of two largest contigs from P. relictum de novo
assembly. Open reading frames with blast hits to P. relictum
(ERS610854) are indicated in magenta; other potential open reading
frames are shown in orange. Characteristic high AT versus GC content
is plotted below the annotation by green and blue lines, respectively.

Fig. 3 a–d Microphotographs of
avian erythrocytes (Serinus
canaria domestica) infected with
Plasmodium relictum: a–c
infected cell before laser capture
microdissection; d–f the film after
laser capture microdissection.
Black arrows—avian erythrocyte
nuclei; white arrows—P. relictum
blood stages. Scale bar = 10 μm

Parasitol Res (2016) 115:4503–4510

11,536 bp contig (NODE_1) containing ATP synthase coding gene (a)
and 10,553 bp contig (NODE_2) containing the N-acetylglucosaminyl
phosphatidylinositoldeacetylase gene with introns (b). The head-to-tale
inverted repeat of NODE_2 could be an artifact of chimerization during
whole genome amplification

Parasitol Res (2016) 115:4503–4510

these additional contaminants were introduced, but experiments in this study were carried out in a multi-user facility
in which such samples could possibly have been introduced
(e.g., a microbiology laboratory that frequently contains bovine and bacterial samples). Our results suggest that more
caution should be taken when working with LCMM-derived
samples to avoid such contamination, and that execution of
LCMM (and downstream methods, such as whole genome
amplification) should perhaps be carried out in a Bclean^ or
Bancient DNA^ laboratory setting. An additional anomaly in
our sequencing reads was the existence of apparent chimeric
sequences, including reads containing both parasite and host
sequence (based on BLASTN searches), as well as abnormal
parasite sequences that were assembled to form head-to-tail
inverted repeats (see Fig. 2). Again, it is unclear how such
sequences were produced, but these results may be attributable to the process of whole genome amplification.
In previous attempts to isolate P. relictum using laser
microdissection methods of single-parasite cells (Palinauskas
et al. 2010), the standard barcoding primers HAMENF/
HAEMNR and HAEMF/HAEMR2 failed to amplify a long
fragment of cytb (478 bp). However, a shorter fragment of cytb
(224 bp) was successfully amplified in the experiments of that
study. These results were attributed to the possible fragmentation of DNA during the laser isolation stage of the
experiment. In this study, we were able to successfully
amplify the full 478-bp barcoding fragment of cytb (regardless of number of cells from which the template was
derived), suggesting that at least mitochondrial genomic
integrity is maintained during the LCMM process. This
may be expected, as the laser does not directly target the
parasite cell, but rather, cuts around the periphery of the
parasite (Fig. 3). This also provides compelling evidence
for the utility of LCMM as a method for isolating cells, in
that clear progress has been made from the previous to the
current experiments (Palinauskas et al. 2010).
In this study, we relied on specialized glass slides, but it is
also possible to apply LCMM techniques to the standard glass
slides that are commonly used by biologists and medical technicians for blood smear analysis. Thicker slides require a different application of laser power and focus, and if relying on
ZEISS PALM Robo Software technology (Carl Zeiss
Microscopy, Jena, Germany), regions of interest (e.g., parasite
cells) must be targeted with individual laser pulses rather than
by selection of a path around the target region. This may limit
the current utility of LCMM methods when applied to blood
smears prepared on standard glass slides, but this remains to
be tested. Regardless, it is reasonable to expect that this potential limitation will be overcome with the refinement of laser
microdissection technology.
With respect to the application of LCMM to museum
specimens, another potential limitation of applying
LCMM to museum-curated blood films is the effect of
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Giemsa (or other) stains on DNA quality. Evidence from
a former LCMM-based study suggested that such stains
may interfere with DNA amplification (Palinauskas et al.
2010). However, the ability to obtain DNA from Giemsastained slides of sufficient quality for molecular analysis
has also been demonstrated (Ribeiro et al. 2005). Furthermore,
protocols exist for removing histological stains (Bancroft
1967; Stevens and Francis 1996), making it unlikely for stains
to be a truly limiting factor in molecular analyses of malaria
parasites from blood smears.
Overall, we show that laser capture microdissection microscopy is a useful resource for isolating individual
Plasmodium parasite cells from avian erythrocytes. This isolation method, paired with whole genome amplification from
multiple isolated cells, is sufficient for recovering large numbers of loci from the parasite’s nuclear genome, which may be
useful for molecular systematic studies of malaria parasites.
Limitations of this method, with respect to histological stains
and slide thickness, remain to be tested. Host (and other) contamination also may still present a challenge, as clearing the
host nucleus of avian red blood cells when isolating parasites
is very difficult, and limited by laser technology. Lastly, the
formation of chimeric sequences, which may have occurred
during the whole genome amplification process, is a nontrivial problem that could reduce the quality of assembled
reads if not bioinformatically filtered out prior to assembly.
Despite these challenges, it is clear that the ability of laser
capture methods to produce a number of loci from a small
number of cells holds promise for the development of new
phylogenetic markers, comparative genomics, and perhaps
even the investigation of museum specimens of rare or
novel blood parasites. This method may also prove valuable to the investigation of natural and experimental
systems in which multiple species of malaria parasites coinfect a single host.
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