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Abstract: Polymorphic microsatellite loci were characterised for two louse species, the anopluran Polyplax serrata Burmeister, 1839,
parasitising Eurasian field mice of the genus Apodemus Kaup, and the amblyceran Myrsidea nesomimi Palma et Price, 2010, found on
mocking birds endemic to the Galapagos Islands. Evolutionary histories of the two parasites show complex patterns influenced both
by their geographic distribution and through coevolution with their respective hosts, which renders them prospective evolutionary
models. In P, serrata, 16 polymorphic loci were characterised and screened across 72 individuals from four European populations that
belong to two sympatric mitochondrial lineages differing in their breadth of host-specificity. In M. nesomimi, 66 individuals from three
island populations and two host species were genotyped for 15 polymorphic loci. The observed heterozygosity varied from 0.05 to
0.9 in P. serrata and from 0.0 to 0.96 in M. nesomimi. Deviations from the Hardy-Weinberg equilibrium were frequently observed in
the populations of both parasites. Fst distances between tested populations correspond with previous phylogenetic data, suggesting the

microsatellite loci are an informative resource for ecological and evolutionary studies of the two parasites.
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Parasitic lice (Phthiraptera) represent long-standing
models for the study of host-parasite co-speciation. Many
species of sucking lice (Anoplura) and two chewing louse
suborders (Amblycera and Ischnocera) have been scruti-
nised with molecular methods to reveal complex evolu-
tionary histories. These range from strict co-speciation
to completely decoupled host-parasite phylogenies (e.g.
Johnson and Clayton 2004, Demastes et al. 2012, Mizuko-
shi et al. 2012) and offer a unique opportunity to study the
microevolutionary processes associated with the parasite’s
dependence on its host and geographic distribution.

Multilocus markers are a critical source of population
genetic data necessary to tease apart the different patterns
generated by these processes. With the exception of hu-
man louse (Leo et al. 2005, Ascunce et al. 2013), such data
are still scarce and little is known about the genetic back-
ground of louse populations. Recent microsatellite stud-
ies include work on Degeeriella regalis Giebel, 1866, an
ischnoceran louse parasitising Galapagos hawks (Koop et
al. 2014) and preliminary data on two additional chewing
louse species, Colpocephalum turbinatum Denny, 1842
and Geomydoecus ewingi Price et Emerson, 1971 (Peters
et al. 2009, Nessner et al. 2014). In the present study, we

extend this set by characterising polymorphic microsatel-
lite loci in two more louse species, the anopluran Polyplax
serrata Burmeister, 1839 and the amblyceran Myrsidea ne-
somimi Palma et Price, 2010. These lice have been the sub-
jects of recent co-evolutionary research (Stefka and Hypsa
2008, Stefka et al. 2011) and have the potential to serve
as a model for microevolutionary studies of host-parasite
interactions.

Polyplax serrata belongs to a cosmopolitan family
Polyplacidae parasitising rodents (Light et al. 2010). It is
found almost exclusively on the field mice genus Apode-
mus Kaup, and exceptionally on some other rodent taxa
such as Clethrionomys glareolus (Schreber) or Microtus
arvalis (Pallas) — Kristofik and Lysy (1992). Polyplax ser-
rata, together with its hosts, occurs in the whole of Eura-
sia and has a complex population-genetic pattern that is
partly influenced by geographical structure and partly by
the host. According to Stefka and Hypga (2008), P. serrata
is composed of three mitochondrial lineages, one parasi-
tising two host species, Apodemus agrarius (Pallas) and
A. uralensis (Pallas) (lineage C), and two sympatric line-
ages that differ in the extent of their host specificity: line-
age A lives on two host species, 4. flavicollis (Melchior)
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and A. sylvaticus (Linneaus), whereas lineage B possesses
high affinity to 4. flavicollis. Given that lice from the line-
ages A and B occur in sympatry throughout Europe and are
composed of clearly distinct lineages, they likely represent
cryptic species. However, the original reconstruction of
their evolutionary history was based on short fragments of
mitochondrial cox/ and nuclear EF-1a genes (Stefka and
Hypsa 2008). These provide reliable information on past
isolation events, but may not be informative enough to in-
dicate recent processes (e.g. post-glacial admixture of the
lineages or recent fluctuations in population sizes).

The second model species, Myrsidea nesomimi, para-
sitises all four species of mockingbirds allopatrically dis-
tributed on the Galapagos islands (Mimus parvulus Gould,
M. trifasciatus Gould, M. melanotis Gould and M. mac-
donaldi Ridgway). Studying mitochondrial DNA diversity
of mockingbird lice from 11 islands, Stefka et al. (2011)
found co-phylogeographic patterns shared by the louse and
most of its host populations. The study, however, also re-
vealed several incongruences. For example, despite a re-
cent common origin of the neighbouring populations of an
endangered Floreana mockingbird, surviving on the islets
of Champion and Gardner by Floreana (Hoeck et al. 2010),
their louse populations were not related. Instead, the M. ne-
somimi population from Champion showed a closer rela-
tionship to populations from Santa Fe in the central part of
the archipelago.

For both model species, multilocus loci such as micros-
atellites could provide additional data critical for tracking
recent migrations of these parasites and help to delineate
the shape of the population structure in the parasite and its
host. The present study focused on the development and
characterisation of multiplex panels of genetically inform-
ative, polymorphic microsatellite loci (STR — short tandem
repeats) in both species of lice. Such tools will help to ex-
tend our knowledge on the population genetics of parasites
and detect historically recent events in the evolution of
these two louse species.

MATERIALS AND METHODS

Two strategies were employed to obtain sequences of candidate
microsatellite loci from the two louse genomes. First, the proto-
col of Fleischer and Loew (1995) was followed to construct the
microsatellite-enriched libraries, clone them into E. coli plasmids
and sequence them using Sanger sequencing. Due to a relatively
low number of loci obtained in this way, a second strategy based
on Next Generation Sequencing (NGS) was employed. Pooled
extracts of louse DNA were used for constructing enriched librar-
ies and sequenced with NGS technology (454, Roche, Brandford,
USA) in a commercial laboratory (GenoScreen, Lille, France).

The protocol described by Fleischer and Loew (1995) was
adopted with minor modifications (available upon request). Two
oligonucleotides, comprising 13 CA and 13 AT repeats, were used
to produce GT and TA microsatellite-enriched libraries. Both oli-
gos were biotin-labelled at the 5'end and a three-carbon spacer
was added to the 3'end (manufactured by Generi-Biotech, Hra-
dec Kralové, Czech Republic) to prevent the oligos from acting
as a primer in the subsequent polymerase chain reaction (PCR)
steps of the subtraction (Koblizkova et al. 1998). Following this
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protocol, 120 and 68 microsatellite sequences were isolated for
P. serrata and M. nesomimi, respectively.

Sixty and 24 sequences (for P. serrata and M. nesomimi,
respectively), for which stable primer pairs could be designed,
were selected for PCR testing. Structure of the microsatellite
and surrounding regions were used as guidelines when select-
ing the candidates. The primers were constructed manually in
PrimerSelect (DNASTAR, Madison, USA). The testing sample
included populations representing two sympatric lineages, A and
B, delimited by Stefka and Hyp3a (2008) for P. serrata and five
Galapagos islands (Santa Cruz, Santa Fe, Espafiola, Champion
and San Cristobal) for M. nesomimi. One P. serrata individual per
population (French isolate from lineage A, Slovakian isolate from
eastern mitochondrial cluster of the lineage B and Czech isolate
from western cluster of the lineage B) were used to test success-
ful PCR amplification with the designed microsatellite primers.

The total volume of reaction was 10 pl, containing approxi-
mately 15 ng of template DNA, 5 ul of 2x QIAGEN Multiplex
PCR Master Mix (QIAGEN Multiplex PCR Kit, Qiagen, Hilden,
Germany), 2 ul 5x Q-Solution, and H,0. Forward primers were
labelled with 6-FAM fluorescent dye at the 5’end (Sigma Aldrich,
Praha, Czech Republic). The thermal profile for P. serrata was as
follows: 3 min at 94 °C followed by 29 cycles of 15 s at 94°C,
30 s at 58°C and 1 min at 72°C; the duration time of the final
extension was 15 min at 72 °C. For M. nesomimi, the annealing
temperature was set to 55 °C and three individuals per each of the
five islands were tested. Five microlitres of each PCR product
were checked on a 2% agarose gel along with a 100-bp marker.
PCR products of loci that showed satisfactory amplification were
diluted to 1 : 10 and 1 : 100 and analysed on the ABI 3100 ge-
netic analyser (Applied Biosystems, Life Technologies Czech
Republic s.r.o., Praha, Czech Republic). Using the PCR condi-
tions described above, five and four of the loci were found to be
polymorphic in at least one of the tested P. serrata and M. ne-
somimi populations, respectively (see Tables 1 and 2 for primer
description).

For NGS technology and selection of additional candidate
microsatellite loci, DNA pools were prepared from (a) a total of
15 individuals of P. serrata from A and B lineages, and (b) nine
individuals of M. nesomimi from the Santa Cruz population. The
genomic DNA was isolated using the QITAamp® DNA Micro Kit
(QIAGEN). The concentration and purity of genomic DNA was
verified spectrophotometrically by NanoDrop 3 (NanoDrop Tech-
nologies, Inc., Wilmington, Delaware, USA). Obtained DNA was
sent to GenoScreen for commercial NGS service GenoSat®. The
NGS service analysis resulted in 455 microsatellite loci candi-
dates in each species, containing di-, tri-, tetra-, penta-, and hexa-
nucleotide repeats of length varying between 90-320 bp. Ninety
loci containing various di- and trinucleotide repeat motifs were
selected for tests of successful PCR amplification on P. serrata
individuals from lineages A and B, as well as 34 loci in M. neso-
mimi on individuals from 5 islands. Conditions of PCR reactions
and visualisation of samples were the same as described above.

Out of 90 and 34 loci tested in PCR, 23 and 17 loci provided
PCR product of the expected size in individuals of P. serrata and
M. nesomimi, respectively. Louse extracts typically produce low
DNA yields allowing a limited number of PCRs, thus different
louse specimens were used to determine STR allele polymor-
phism for 454 obtained loci compared to the tests above. The
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candidate loci were tested using a fragment analysis with fluo-
rescently labelled primers for ten P. serrata individuals from one
German locality (lineage B) and ten individuals from one French
locality (lineage A). Out of these loci, 12 were excluded, either
due to failure to amplify PCR product in several individuals (po-
tential occurrence of null alleles), or because some loci were de-
tected to be monomorphic. In M. nesomimi, candidate loci were
tested using the same approach with ten individuals from the
Santa Cruz and Espafiola populations, respectively.

Finally, loci found to be polymorphic in at least one of the
screened populations were subjected to the tests of Hardy-Wein-
berg equilibrium (HWE) and Linkage Disequilibrium (LD) using
population sets of representative sizes. Eleven NGS obtained loci
polymorphic in P. serrata (2—11 alleles per locus), together with
five polymorphic loci gained from GT and TA libraries, were am-
plified in four multiplex PCR assays (the same conditions as for the
STR loci polymorphism above). Similarly in M. nesomimi, four
multiplex panels were created for 15 polymorphic loci (11 loci ob-
tained from the NGS screening and four loci from the GA and TA
libraries). Combinations of the markers used in the multiplexed as-
says are specified in Tables 1 and 2. For each panel, either different
dyes were used for loci that overlapped in size, or a single dye was
applied to PCR products of different sizes. PCR reactions were sent
to the commercial service (Macrogen Inc. Korea and Netherlands,
Seoul, Korea) for fragment analysis. The GeneMapper v.3.7 soft-
ware (Applied Biosystems) was used for genotyping. In P. serrata,
the 16 loci were tested for genotypic equilibrium and deviations
from Hardy-Weinberg proportions. Seventy-two individuals com-
ing from two localities from lineage A and two localities from line-
age B (17 individuals from French lineage A, 15 from Baiersbronn
German lineage A, 21 from Baiersbronn German lineage B and
19 from Torgau German lineage B) were analysed to evaluate per-
formance of the markers (Table 1). In M. nesomimi, 66 individuals
from three island populations (28 individuals from Santa Cruz, 15
from Santa Fe and 23 from Espaiola) were used (Table 2). Tests
for HWE and LD were performed online in the Genepop website
(http://genepop.curtin.edu.au/). Fst values between all population
pairs were calculated in Genalex 6.5 (Peakall and Smouse 2012),
using 9999 permutations to test the significance of the results.

All microsatellites were also tested with extracts of pure host
DNA to exclude possible cross-amplification with contaminant
host DNA from a bloodmeal or skin and other host tissues in the
louse gut.

RESULTS AND DISCUSSION

Levels of polymorphism detected in the tested popula-
tions (number of alleles, heterozygosity) and results of the
HWE tests are listed in Tables 1 and 2. In P, serrata, all
16 loci were found to be polymorphic in populations from
the lineage A (Germany Baiersbronn, France) with the
number of alleles ranging from two to seven. Populations
from lineage B (Germany Baiersbronn, Germany Torgau)
were monomorphic in two loci (PS-12, PS-53). Significant
deviations from HWE (P < 0.05) were observed in all four
populations: five loci deviated in Germany Baiersbronn
(lineage A) and six loci in Germany Baiersbronn (lineage
B), Germany Torgau (lineage B) and France (lineage A;
Table 1) populations. Overall, four loci were in HWE in all
test populations and only one locus (PS-42) deviated from
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HWE across the studied set (Table 1). We therefore suggest
that the PS-42 locus is excluded from further application.

All 16 loci were tested for LD, applying sequential Bon-
ferroni correction for multiple comparisons. The tests were
not significant for two populations, France lineage A and
Germany Torgau lineage B. Out of the 120 locus-pair com-
binations tested, seven showed significant deviation in the
Germany Baiersbronn lineage A (PS-GT72 and PS-53; PS-
42 and PS-41; PS-GT72 and PS-101; PS-53 and PS-101;
PS-42 and PS-12; PS-12 and PS-41; PS-GT72 and PS-42)
and six in the Baiersbronn lineage B (PS-GT43 and PS-16;
PS-GT43 and PS-101; PS-16 and PS-56; PS-101 and PS-
56; PS-GT43 and PS-56; PS-16 and PS-101). Positive LD
tests in the two populations may reflect a hidden genetic
structure caused by using up to seven louse individuals per
host individual (Koop et al. 2014). Louse populations in-
breed for multiple generations on a single host individual,
which may result in a sub-population with low diversity
and genetic loci inherited in linked blocks. In the popu-
lations from France and Germany (Torgau), a maximum
of two individuals per host were used, thus lessening this
kind of artifact. Whilst deviation from HWE due to a re-
duced number of heterozygotes is still present, the level
of LD in these populations is not significant. Fst pairwise
distances among the four populations correspond to the
mtDNA-based delimitation of the lineages: in all compari-
sons the within-lineage distances were lower (Fst = 0.206
and 0.230) than distances between the lineages, even for
the two sympatric Baiersbronn populations (Fst = 0.283 to
0.351). All Fst values were significant at P <0.001.

In M. nesomimi, all 15 loci were found polymorphic in
the Santa Cruz population and eight loci were polymorphic
across all three populations (Table 2). The levels of hetero-
zygosity were low in many loci and deviations from HWE
were frequent. Three loci (MNCT8, MNZ and MNZZ)
were in HWE across all populations and six to eight loci
were in HWE in different individual populations (Table 2).
Interestingly, only one locus (MNCH) deviated from HWE
in all populations. Such non-corresponding distribution of
polymorphism in the loci between populations indicates
a high degree of isolation between the three islands. We as-
sume that different loci were fixed for one allele or gained
mutations in the primer binding sites causing allelic drop-
out independently in the affected populations.

Five out of 105 locus-pair combinations calculated
across all M. nesomimi populations of showed moderate
deviation from LD (P = 0.05-0.01), but none of the tests
were significant after Bonferroni correction. Fst pairwise
distances between the populations correspond with the
geographic distribution of the host species. The distance
between Santa Cruz and Santa Fe populations sharing the
same host (Mimus parvulus) was lower (Fst = 0.179) than
distances between each of the two islands and the Espafio-
la population from Mimus macdonaldi (Fst = 0.393 and
0.214). All Fst values were significant at P < 0.001.

In conclusion, we characterised four multiplexed pan-
els of polymorphic microsatellite loci in each of the two
louse species and demonstrated their suitability for stud-
ies of population history. Low heterozygosity, observed in
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some loci-and-population combinations, points to possible
occurrence of null alleles. The impact of inner population
subdivision on HWE cannot be fully excluded; but we find
the null allele explanation more likely given the distribu-
tion of positive LD tests across populations. Samples in
each test population were isolated from the same host spe-
cies and, with the exception of the P. serrata Baiersbronn
populations showing positive LD tests, only one to two
lice per host individual were analysed to avoid inbred or
highly related individuals (see Koop et al. 2014). In each
species, different loci were usually out of HWE across test
populations indicating independent evolution of the popu-
lations for many generations. Fst distances between the test
populations reflected their respective evolutionary history
and/or host origin. Thus the microsatellite loci isolated
for P. serrata and M. nesomimi were shown to provide an
appropriate tool for investigation of population substruc-
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