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The current taxonomy on the haemococcidia establishes that the two genera of protozoan
parasites that integrate the family Lankesterellidae are Lankesterella and Schellackia. How-
ever, the phylogeny of these genera, as well as the other coccidia, remains unresolved. In
this sense, the use of type and described species is essential for the resolution of systematic
conflicts. In this study, we molecularly characterize the type species of the genus Schellackia,
that is, S. bolivari from Europe and also a described species of the same genus from Asia. At
the same time, we contribute with the molecular characterization of another species of the
genus Lankesterella. All this put together supports the polyphyly of the family Lankesterelli-
dae. Therefore, we propose the resurrection of the zoological family, Schellackiidae Grass�e
1953, to include species within the genus Schellackia.
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Introduction
In 1899, Labb�e described the genus Lankesterella in a frog
species. This is a genus of apicomplexan parasites that
occur primarily in amphibians around the world (Upton
2000), although there are some species within the genus
Lankesterella described in lizards from Europe (�Alvarez-
Calvo 1975; Chiriac & Steopoe 1977), and recent molecu-
lar studies have reported lankesterellids infecting birds
(Merino et al. 2006; Biedrzycka et al. 2013). This genus is
characterized by endogenous oocysts containing 32, or
more, naked sporozoites. Later on, in 1920, Reichenow
described the genus Schellackia in the blood cells of
Acanthodactylus vulgaris (=erythrurus) and Psammodromus
hispanicus, both of the family Lacertidae, in a population
from Madrid, Spain. After carrying out some cross-infec-
tion experiments among individuals of both species of
lizards, he concluded the conspecificity of the parasite

(Reichenow 1920). The main characteristic of the genus is
the formation of thin-walled oocysts in the lamina propia
each containing eight naked sporozoites (Upton 2000;
Telford 2008). In 1920, N€oller coined the name of the family
Lankesterellidae that include both genera, Lankesterella and
Schellackia. All species of this family are heteroxenous, but
sexual and asexual reproduction (i.e. merogony, gamogony
and sporogony) occur in the vertebrate host’s gut. The
oocysts are not expelled outside, and the sporozoites are
released in situ and pass through gut to the blood stream
where they penetrate into blood cells. Thereafter, the spor-
ozoites are ingested by haematophagous invertebrate hosts
(i.e. mites, dipterans or leeches) where they became dormant
stages (Upton 2000).
In 1926, Wenyon described the subfamilies Schellackinae

and Lankesterellinae within the family Lankesterellidae.
Some years after, Grass�e (1953) reclassify these two
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subfamilies as two independent families, Schellackiidae and
Lankesterellidae. However, Manwell (1977) discussed the
systematic level of these taxa recovering the organization
proposed by Wenyon (1926 in Manwell 1977). In spite of
these discrepancies in recent publications (Upton 2000;
Telford 2008), the genera Lankesterella and Schellackia
appear as part of the family Lankesterellidae.
The taxonomic relationship among coccidian parasites is

a controversial issue, including haemococcidia (Barta 2001;
Jirku et al. 2009; Ghimire 2010). Given the fact that is not
possible to identify the different genera among the haemo-
coccidia only from the blood stages (Atkinson et al. 2008),
it is necessary the use of molecular techniques to identify
these parasites from blood samples as a way to avoid killing
the lizard hosts. This is important because the species of
lizards are endangered and/or protected by the Spanish
national law (BOE 299; Ley 42/2007). The molecular char-
acterization of the type species of the genus Lankesterella,
L. minima Chaussat 1850, was published by Barta et al.
2001. After that, some other 18s rRNA gene sequences
from haemococcidian parasites infecting birds and amphibi-
ans have been published (Merino et al. 2006; Gericota et al.
2010; Biedrzycka et al. 2013). However, molecular data of
haemococcidian parasites in reptiles are scarcely reported
(Meg�ıa-Palma et al. 2013). In the later study, the molecular
characterization of Schellackia-like parasites indicated that
Lankesterellidae is not a monophyletic family. In this sense,
the genetic characterization of the type species of this
genus is essential to solve the molecular phylogeny of this
group. Therefore, in this study, we have engaged the
molecular characterization of (i) the type species of the
genus Schellackia, S. bolivari Reichenow 1920 isolated from
one of the type host species Acanthodactylus erythrurus and
(ii) the described species S. orientalis Telford 1993 isolated
from the Asian lizards of the genus Takydromus (Telford
1993). Additionally, we present data on a new haemococci-
dian species closely related with the genus Lankesterella
isolated in the same population of A. erythrurus where
S. bolivari was found.

Material and methods
Sampling methods
In 2012, we got 13 blood samples from a group of Takydro-
mus sexlineatus individuals from a pet store that were recently
imported from a farm in Indonesia. This is a host species for
Schellackia orientalis Telford 1993 (Telford 2008). In the case
of T. sexlineatus, we extracted the blood samples from the
postorbital sinus with a heparinized microcapillar (Drum-
mond capillary haematocrit 32 9 0.8mm) to avoid tail loss,
which is quite fragile in this lizard species. After the manipu-
lation, all the animals stopped bleeding quickly and behaved
normally. Two samples were obtained from each lizard:

blood smears were made from one drop of the sample, while
the remaining blood was preserved in Whatman FTA Classic
Cards (FTA� Classic Card, Cat. No. WB12 0205; GE
Healthcare Uk Limited, Buckinghamshire, UK). The FTA
cards were stored in plastic bags with silica gel for later DNA
extraction. All blood smears were immediately air-dried and
later, within the same day, fixed with absolute methanol
(Svahn 1975). All blood smears were stained with Giemsa
stain (1/10 v/v) for 45 min. Slides were examined for haemo-
parasites following Merino & Potti (1995).
During the field season of 2013, we captured 10 individual

lizards of Acanthodactylus erythrurus, in a bushy area in
Madrid (39°59040.362″, �3°37017.1804″). We chose the sam-
pling area, close to the city of Madrid, following the original
description of the type species, S. bolivari (Reichenow 1920).
Blood samples were taken from the ventral vein at the base of
the tail (Salkeld & Schwarzkopf 2005) by puncture, using a
syringe needle (BD Microlance 3; 23G: 0.6 9 25 mm) and
picking up the blood with a capillary tube (BRAND, micro-
haematocrit tubes, 75 9 1.1 mm, Na-heparinized). The skin
around the area of puncture was previously cleaned with eth-
anol 96%, to avoid potential faecal contamination. Blood
samples were preserved as described above for T. sexlineatus.
All the Acanthodactylus lizards were released after manipula-
tion in the original sampling site.

Molecular methods
We extracted genomic DNA from blood preserved on
FTA cards following the protocol described in Meg�ıa-
Palma et al. (2013). Thereafter, the DNA was purified
using the UltraClean GelSpin DNA Purification kit (MO
BIO LABORATORIES, INC., CA, USA). The PCR set-
tings and primers used to perform the molecular screening
to detect Schellackia are detailed in supporting information
online (Table S1) (see also Meg�ıa-Palma et al. 2013). All
amplicons were sequenced to discriminate the haplotypes.
The three DNA sequences (18S rRNA) obtained from

the lizards were aligned together with other 68 sequences
included in a previous study (Meg�ıa-Palma et al. 2013).
The alignment was performed using PROBCONS (http://
toolkit.tuebingen.mpg.de/probcons). Poorly aligned posi-
tions and divergent regions of the alignment were sup-
pressed using GBlocks program (Talavera & Castresana
2007) selecting the following options: ‘Minimum Number
of Sequences for a Conserved Position’ to 36, ‘Minimum
Number of Sequences for a Flank Position’ to 36, ‘Maxi-
mum Number of Contiguous Nonconserved Positions’ to
eight, ‘Minimum Length of a Block’ to 10 and ‘Allowed
Gap Positions’ to ‘With Half’. The final alignment con-
tained 1477 positions and 71 sequences. The substitution
model GTR+I+G was selected to perform the Bayesian
analysis. This analysis consisted of two runs of four chains
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each, with 10 000 000 generations per run and a burn-in
of 2 500 000 generations (150 000 trees for consensus
tree). The final standard deviation of the split frequencies
was 0.01 in both analyses. Convergence was checked using
the TRACER v1.5 software (Rambaut & Drummond 2007).
All of the model parameters were higher than 100.
To evaluate the relationships of S. bolivari to its sister

taxa in more detail, a file containing only 16 sequences was
analysed. The alignment and Bayesian analysis were per-
formed as commented above. The final alignment con-
tained 1563 positions. In this case, the phylogenetic
analysis consisted of two runs of four chains each, with just
1 000 000 generations per run and a burn-in of 250 000
generations (15 000 trees for consensus tree).
In addition, both alignments were analysed using the max-

imum-likelihood inference (PhyML program; Guindon et al.
2010). This analysis was performed with the two alignments.
The substitution models were those indicated above, the
subtree pruning and regrafting (SPR) and the nearest-neigh-
bour interchange (NNI) tree rearrangements were selected,
and a Bayesian-like transformation of aLRT (aBayes) was
used to obtain the clade support (Anisimova et al. 2011).

Microscopic methods
The intensity of infection in the blood smears was calcu-
lated counting the total number of cells infected per 10.000
erythrocytes (Stuart-Fox et al. 2009). To estimate differ-
ences in size between the sporozoites of S. bolivari and the
lankesterellid, several morphometric measurements were
taken from pictures obtained from the parasites found in
slides where the molecular methods had shown simple
infections. Pictures of parasites were taken with an adjust-
able camera for microscope (Olympus SC30) incorporated
to a microscope U-CMAD3 (Olympus, Japan). The length
and the width of the intracellular parasites, as well as the
length of the nucleus and the refractile bodies, were mea-
sured with the MB-RULER 5.0 free software (http://www.
markus-bader.de/MB-Ruler/).

Results
We observed sporozoites infecting erythrocytes in five of
the 10 (5/10) thin blood smears of Acanthodactylus erythrurus.
The mean intensity per 10 000 erythrocytes in the five posi-
tive smears was 27.8. The higher intensity was 115/10 000
erythrocytes, and the lower 1/10 000. The sequences
obtained from the five infected individuals revealed the
occurrence of three haplotypes named Ae-M, Ae-S and Ae-
Lk (GenBank accession numbers: Ae-M: KJ131415; Ae-S:
KJ131416 and Ae-Lk: KJ131417). Two of them differing in
just four bases (Ae-M and Ae-S, identity 99.7%) and the
third (Ae-Lk) presented a genetic identity of 96.3% and
96.1% with Ae-M and Ae-S haplotypes, respectively. On

the one hand, the phylogenetic analysis clustered the haplo-
types Ae-M and Ae-S together with Schellackia-like parasites,
indicating that they belong to S. bolivari (see Fig. 1). As can
be seen in the same figure, the genus Schellackia has not a
monophyletic origin due to the occurrence of Eimeria arnyi
and E. ranae in the same clade. The analysis restricted to 16
different sequences, to solve phylogenetically this group,
showed E. ranae as a sister group of the genus Schellackia.
However, E. arnyi shared a common ancestor with the
genus (Fig. 2). On the other hand, the haplotype Ae-Lk
groups with a strong support with the available sequences of
the genus Lankesterella (Fig. 1).
Before conducting the morphological description of the

parasites, the infected individuals were analysed using spe-
cific primers (see supporting information on-line), we
detected one individual exclusively parasitized by the haplo-
types Ae-M and Ae-S (i.e., S. bolivari), other two by haplo-
type Ae-Lk (i.e. lankesterellid) and other two presented a
mixed infection.
There were two clearly different parasite morphologies

in the blood smears where simple infections were con-
firmed by molecular methods. The parasitic stages corre-
sponding to Schellackia showed an elongated pyriform
shape. Commonly, a pointed end is present, where the sin-
gle refractile body of the sporozoite is located. It presents a
characteristic bluish stain. On the opposite side, the end is
rounded. The nucleus is diffuse, as in other species of
Schellackia previously described (Telford 2008) (see Fig. 3).
The presence of the sporozoite within the cytoplasm of the
erythrocyte does not seem to distort the cytoplasmatic wall
of the host cell. Furthermore, these sporozoites do not dis-
place the nucleus of the host cell as much as it happens in
some other infections by haemoparasites (e.g. Hepatozoon
spp.) (see Telford 2008). We deposited voucher blood
smears with simple infection of S. bolivari and Lankesterella
sp. in the invertebrate collection of the Museo Nacional de
Ciencias Naturales-CSIC in Madrid (Lankesterella sp.
MNCN 35.63; S. bolivari MNCN 35.62).
In the corresponding blood smears where the PCR had

revealed a simple infection by the lankesterellid, the mor-
phology of the sporozoites is further different from those
where a simple infection by Schellackia was found (see
Table 1). The common shape presented by these parasites
goes from somewhat triangular to elongate. The length is
always longer than the sporozoites of Schellackia sp.
[F(1,202) = 220.74; P < 0.00001]. The nucleus appears like
disperse granules of chromatin in the middle of two promi-
nent refractile bodies which stain pale blue as compared to
the chromatin. In 54.6% of the sporozoites (N = 119),
there are azurophilic granules throughout the cytoplasm of
the protozoa and along the surface of the refractile bodies
(see Fig. 4).
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In the case of Takydromus sexlineatus, we observed spor-
ozoites of Schellackia orientalis in three of the thirteen liz-
ards sampled. In one of the three individual lizards, the
infection occurred in both erythrocytes and leucocytes (see
Fig. 5). In the case of the erythrocytes, single infections
were always observed. While in the leucocytes, we
observed multiple infections until a number of six sporozo-
ites. A single refractile body is present, and the sporozoites,
infecting leucocytes, are surrounded by a parasitophorous
vacuole (Fig. 5E–O).

Discussion
The haemococcidians gather two genera of apicomplexan
protozoa whose sporozoite morphologies are indistinguish-
able (Atkinson et al. 2008). However, in the present study,
we found two different morphotypes of haemococcidians
infecting Acanthodactylus erythrurus from Spain. One of
them presented larger sporozoites and two obvious refrac-
tile bodies, while the other were shorter in length and the
unique refractile body was near to the apical part of the

sporozoite. When Reichenow (1920) described for the first
time Schellackia bolivari as the type species of the genus, he
highlighted the fact that the sporozoites showed two refrac-
tile bodies (see Reichenow 1920). However, the molecular
analysis of the samples from individuals parasitized with
a single infection exhibiting sporozoites with two clear
refractile bodies, as in the original description, revealed
that this morphotype corresponds to a new species closely
related to the genus Lankesterella. As it forms a highly
supported monophyletic clade together with Lankesterella
species, probably this morphotype corresponds with the
first Lankesterella species isolated from lizards. On the other
hand, the sporozoites with just one refractile body geneti-
cally correspond to the genus Schellackia, and therefore, the
morphological description of these sporozoites corresponds
to S. bolivari. We assigned two haplotypes, Ae-M and
Ae-S, differing only in 4 bases to S. bolivari. Other studies
have found Apicomplexa parasites yielding different 18S
rRNA products in the same host (Li et al. 1997), and the
same process has been suggested to explain the genetic

Fig. 1 Bayesian inference using the GTR+G+I substitution model. This analysis consisted of 2 runs of 4 chains each, with 1 00 00 000
generations per run and a burn-in of 25 00 000 generations (1 50 000 trees for consensus tree). All branches were maintained, but support
values <50% were suppressed. All support values are percentages. Where two numbers are shown in the branch, the first one indicates the
supporting value achieved by Bayesian inference and the second one by maximum-likelihood inferences (ML). The ML inference was
performed using PhyML program selecting the GTR+I+G substitution model. Bayesian-like transformation of aLRT (aBayes) was used to
obtain the clade support. The length of the alignment was 1477 bp. Asterisk in E. ranae and E. arnyi indicates the species which
misidentification might be probably due to the presence of haemococcidia in the sample (see Discussion).
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Fig. 2 Evolutionary relationships between Schellackia bolivari and its sister taxa. Bayesian inference using the GTR+G+I substitution model.
This analysis consisted of 2 runs of 4 chains each, with 10 00 000 generations per run and a burn-in of 2 50 000 generations (15 000 trees
for consensus tree). All branches were maintained, but support values <50% were suppressed. All support values are percentages. Where
two numbers are shown in the branch, the first one indicates the supporting value achieved by Bayesian inference and the second one by
maximum-likelihood inferences (ML). The ML inference was performed using PhyML program selecting the GTR+I+G substitution
model. Bayesian-like transformation of aLRT (aBayes) was used to obtain the clade support. The length of the alignment was 1563 bp.
Asterisk in E. ranae and E. arnyi indicates the species which misidentification might be probably due to the presence of haemococcidia in
the sample (see Discussion).

A B C

D E F

G H I

Fig. 3 Schellackia bolivari sporozoites infecting erythrocytes in Acanthodactylus erythrurus from Madrid. Black arrows in A, D and G indicate
the single refractile body in the anterior part of the sporozoite. All the pictures are shown at the same scale.
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variability found within some haemogregarines (Perkins &
Keller 2001; Starkey et al. 2013).
Taken together, the original description of S. bolivari

was probably performed from individuals with mixed infec-
tion insomuch as Reichenow (1920) reported the presence
of endogenous oocysts containing eight nuclei, stage that
defines the genus Schellackia (Upton 2000; Telford 2008).

Unfortunately, we cannot compare the size of the sporozo-
ites found in our blood samples (see Table 1) with those
found in the original description, as (i) Reichenow did not
report useful data on this sense and (ii) the holotype of the
original description seems to be lost. Only a general sporo-
zoite length size (5.2 lm) was provided (Reichenow 1920
in Telford 2008), but no standard deviation or number of

Table 1 Morphological data of the sporozoites (S) and refractile bodies (RB) of the haemococcidia detected in Acanthodactylus erythrurus.
See Telford (1993) for the original description of S. orientalis. No related data are reported in Reichenow (1920) for S. bolivari. Schellackia
bolivari and S. orientalis show only one refractile body per parasite, while the Lankesterella species shows two

Schellackia bolivari Lankesterella sp.
Schellackia orientalis in
erythrocytes Schellackia orientalis in leucocytes

N Mean SD Range N Mean SD Range N Mean SD Range N Mean SD Range

S width (lm) 105 3.05 0.84 1.45–5.58 129 3.14 0.67 1.78–4.92 7 2.55 0.63 1.88–3.5 32 3.58 0.52 2.7–4.77
S length (lm) 105 7.37 0.94 5.13–10.9 129 9.46 0.93 6.71–11.81 7 5.9 0.59 5.05–6.52 32 7.11 0.89 4.97–9.04
RB diameter (lm) * * * * 129 1.6 0.25 0.87–2.27 6 1.61 0.37 1.12–2.35 26 2.4 0.42 1.55–3.62

*The diffuse outline of the refractile bodies makes difficult to obtain accurate measures.

A B C

D E F

G H I

Fig. 4 Lankesterella sp. sporozoites infecting erythrocytes in A. erythrurus from Madrid. Black arrows in A and D indicate the two refractile
bodies to both sides of the nucleus of the sporozoite. In I, the black arrow indicates the nucleus. The three small black arrows in H
indicate the granules of chromatin that can be seen in several pictures (A, B, D, F, G, H and I). All the pictures are shown at the same
scale.
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measured sporozoites was given which prevents statistical
analysis.
In relation with the taxonomy of the genus Schellackia, at

the present time, there are nine described species distrib-
uted worldwide which exhibit a variable number of refrac-
tile bodies in the cytoplasm of the sporozoites. For
example, S. brygooi, S. orientalis, S. occidentalis and S. golvani
show one refractile body, while S. agamae and S. ptyodactyli
show two of them (Telford 2008). In the case of S. landaue
and S. calotesi, the number of refractile bodies goes up till
two (Telford 2008). Considering the number of refractile
bodies present in these species, and the case study pre-
sented in this work, it may be useful to accomplish the
molecular characterization of these species, to clarify the
taxonomy of the group. This molecular study on the cur-
rent known species within the lankesterellids would also

help to (i) clarify whether the original description of these
species would have been performed from individual hosts
parasitized by mixed infections or not and (ii) whether the
number of refractile bodies in the sporozoites within the
species of the family Lankesterellidae may be an useful trait
to diagnose the genera Schellackia and Lankesterella.
The phylogenetic analysis based on the 18s rRNA gene

sequences shows that S. bolivari and S. orientalis cluster
with other Schellackia-like parasites previously isolated from
lizards of the genera Lacerta and Podarcis. This group is
clearly separated from that containing the genus Lankeste-
rella, confirming the polyphyletic origin of the family
Lankesterellidae as suggested in a previous work (see
Meg�ıa-Palma et al. 2013). However, the monophyletic ori-
gin of the genus Schellackia is not supported either due to
the occurrence of Eimeria arnyi and E. ranae in the same

A B C

D E F

G H

Fig. 5 Schellackia orientalis sporozoites infecting both erythrocytes (A–C) and leucocytes (D–H) in Takydromus sexlineatus. In leucocytes,
commonly multiple infections can be seen (E–H). —A–F and —G–H are made at the same scale.
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clade (see Fig. 2). The presence of these two species of
Eimeria in this clade, grouped along with several gene
sequences of Schellackia, suggests the misidentification of
E. ranae and E. arnyi with species of the genus Schellackia.
This possibility could be due to contamination of the sam-
ples with haemococcidian protozoa, which accomplish their
life cycle in the intestinal tissues (Upton 2000). This could
be the case for E. ranae, which was obtained from ‘mashed
intestine of a tadpole’ (Jirku et al. 2009) and its SSU sDNA
was amplified using universal eukaryotic primers (Medlin
et al. 1988 in Jirku et al. 2009). Moreover, Schellackia has
been described parasitizing frogs before (i.e. Paperna &
Lainson 1995). The case of E. arnyi is surprising as its host
is the prairie ringneck snake (Upton & Oppert 1991), and
no Schellackia species is known to infect ophidians. How-
ever, some haematic coccidia are able to infect predator tis-
sues after prey swallowing (Tom�e et al. 2013), and this is a
characteristic present in lankesterellids life cycles (Klein
et al. 1988; Bristovetzky & Paperna 1990). Thus, the possi-
bility of snakes being infected by lankesterellids after con-
sumption of an infected prey exists. That being the truth,
the presence of small amounts of blood cells in faecal sam-
ples may lead to molecular misidentification of intestinal
parasites (Rodrigo Meg�ıa-Palma Javier Mart�ınez pers. obs.).
If sequences of E. ranae and E. arnyi were confirmed to
belong to the genus Schellackia, the monophyly of this
genus along with its independent origin from other lank-
esterellids would justify the resurrection of the family
Schellackiidae Grass�e 1953.
In conclusion, the data presented in this study have con-

firmed the polyphyletic origin of the family Lankesterelli-
dae. In addition, we morphologically described the haematic
stages (i.e. sporozoites) of S. bolivari, which allowed us to
compare them with the original description of the type
species. This comparison, together with the molecular
analyses of infections by parasites with different morpholog-
ies, shows that the blood stages described by Reichenow
(1920) belonged, in fact, to the genus Lankesterella. How-
ever, in the case that E. ranae and E. arnyi were confirmed
to be species within the genus Schellackia, we suggest a revi-
sion of the status of the family Lankesterellidae, with the
resurrection of the family Schellackiidae Grass�e 1953.

Acknowledgements
We want to thank to Prof. Juan Moreno (MNCN-CSIC)
and Christine Heimes for their help translating the German
version of Reichenow’s original work. Also, to the people in
El Ventorrillo field station, Camila, Neftali, Veronica and
Woeter for sampling the Acanthodactylus lizards, and the
people in the pet store for allowing us to sample the group
of Takydromus lizards used in this work. The Spanish Minis-
terio de Ciencia e Innovacion provided financial support for

our research (Project CGL2012-40026-C02-01 and 02 to S. M.
and J. M. and Grant Number BES-2010-038427 to R. M.).
All permissions for collecting specimens were obtained from the
corresponding authorities.

References
�Alvarez-Calvo, J. A. (1975). Nuevas especies de hemococcidios en
lac�ertidos espa~noles. Cuadernos de Ciencias Biol�ogicas, 4, 207–222.

Anisimova, M., Gil, M., Dufayard, J. F., Dessimoz, C. & Gascuel,
O. (2011). Survey of branch support methods demonstrates
accuracy, power, and robustness of fast likelihood-based approxi-
mation schemes. Systematic Biology, 60, 685–699.

Atkinson, C. T., Thomas, N. J. & Hunter, D. B. (2008). Parasitic
Diseases of Wild Birds (pp. 108 and 162). Ames, IA: A John Wiley
and Sons, Ltd., Publications. Chapters: 5 and 8.

Barta, J. R. (2001). Molecular approaches for inferring evolutionary
relationships among protistan parasites. Veterinary Parasitology,
101, 175–186.

Barta, J. R., Martin, D. S., Carreno, R. A., Siddall, M. E., Prof-
ous-Juchelka, H., Hozza, M., Powles, M. A. & Sundermann, C.
(2001). Molecular phylogeny of the other tissue coccidia: Lanke-
sterella and Caryospora. Journal of Parasitology, 87, 121–127.

Biedrzycka, A., Kloch, A., Migalska, M. & Bielanski, W. (2013).
Molecular characterization of putative Hepatozoon sp. from the
sedge warbler (Acrocephalus schoenobaenus). Parasitology, 140, 695–
698.

Bristovetzky, M. & Paperna, I. (1990). Life cycle and transmission
of Schellackia cf. agamae, a parasite of the starred lizard Agama
stellio. International Journal for Parasitology, 20, 883–892.

Chiriac, E. & Steopoe, I. (1977). Lankesterella baznosanui nov. sp.
Parasite endoglobulaire de Lacerta vivipara L. Revue Roumaine
de Biologie. Serie Biologie Animale, 222, 139–140.

Gericota, B., Garner, M. M., Barr, B., Nordhausen, R., Larsen, R.
S., Lowenstine, L. J. & Murphy, B. G. (2010). Morphologic,
immunohistochemical, and molecular characterization of a novel
Lankesterella protozoan in two White’s tree frogs (Litoria caeru-
lea). Journal of Zoo and Wildlife Medicine, 41, 242–248.

Ghimire, T. R. (2010). Redescription of Genera of Family Eimer-
iidae Minchin, 1903. International Journal of Life Sciences, 4, 26–
47.

Grass�e, G. (1953). Classe des Coccidiomorphes. In M. Caullery, E
Chatton, G. Deflandre, P.-P. Grass�e, A. Hollande, J. Le Calvez,
J. Pavillard, R. Poisson & G. Tr�egouboff (Eds) Trait�e de Zoologie.
Tome I, Fascicule II. Anatomie, Syst�ematique, Biologie. Protozoaires:
Rhizopodes, Actinipodes, Sporozoaires, Cnidosporidies (pp. 766–768).
Paris: Masson.

Guindon, S., Dufayard, J. F., Lefort, V., Anisimova, M., Hordijk,
W. & Gascuel, O. (2010). New algorithms and methods to esti-
mate maximum-likelihood phylogenies: assessing the perfor-
mance of PhyML 3.0. Systematic Biology, 59, 307–321.

Jirku, M., Jirku, M., Oborn�ık, M., Lukes, J. & Modr�y, D. (2009).
A Model for Taxonomic Work on Homoxenous Coccidia: Rede-
scription, Host Specificity, and Molecular Phylogeny of Eimeria
ranae Dobell, 1909, with a Review of Anuran-Host Eimeria
(Apicomplexa: Eimeriorina). Journal of Eukaryotic Microbiology,
56, 39–51.

Klein, T. A., Young, D. G., Greiner, E. C., Telford, S. R., Jr &
Butler, J. F. (1988). Development and experimental transmission

8 ª 2014 Royal Swedish Academy of Sciences

Polyphyletic origin of the family Lankesterellidae � R. Meg�ıa-Palma et al.



of Schellackia golvani and Schellackia occidentalis by ingestion of
infected blood-feeding arthropods. International Journal for
Parasitology, 18, 259–267.

Li, J., Guttell, R. R., Damberger, S. H., Wirtz, R. A., Kissinger, J.
C., Rogers, M. J., Sattabongkot, J. & McCutchan, T. F. (1997).
Regulation and trafficking of three distinct 18 S ribosomal
RNAs during development of the Malaria Parasite. Journal of
Molecular Biology, 269, 203–213.

Manwell, R. D. (1977). Parasitic Protozoa. In J. Kreir (Ed.) Grega-
rines, Haemogregarines, Coccidia, Plasmodia, and Haemoproteids,
Vol. II (pp. 24–27). New York: Academic Press, Inc. A Subsidi-
ary of Harcourt Brace Jovanovich, Publishers.

Medlin, L., Elwood, H. J., Stickel, S. & Sogin, M. L. (1988). The
characterization of enzymatically amplified eukaryotic 16S-like
rRNA-coding regions. Gene, 71, 491–499.

Meg�ıa-Palma, R., Mart�ınez, J. & Merino, S. (2013). Phylogenetic
analysis based on 18S rRNA gene sequences of Schellackia para-
sites (Apicomplexa: Lankesterellidae) reveals their close relation-
ship to the genus Eimeria. Parasitology, 140, 1149–1157.

Merino, S. & Potti, J. (1995). High prevalence of hematozoa in
nestlings of a passerine species, the Pied Flycatcher, Ficedula hyp-
oleuca. The Auk, 112, 1041–1043.

Merino, S., Mart�ınez, J., Mart�ınez-de la Puente, J., Criado-Forne-
lio, A., Tom�as, G., Morales, J., Lobato, E. & Garc�ıa-Fraile, S.
(2006). Molecular characterization of the 18S rRNA gene of an
avian Hepatozoon reveals that it is closely related to Lankesterella.
Journal of Parasitology, 92, 1330–1335.

Paperna, I. & Lainson, R. (1995). Schellackia (Apicomplexa: Eimer-
iidae) of the Brazilian Tree-Frog, Phrynohyas venulosa (Amphibia:
Anura) from Amazonian Brazil. Memorias do Instituto Oswaldo
Cruz, 90, 589–592.

Perkins, S. L. & Keller, A. K. (2001). Phylogeny of nuclear small
subunit rRNA genes of hemogregarines amplified with specific
primers. Journal of Parasitology, 87, 870–876.

Rambaut, A. & Drummond, A. J. (2007) Tracer: MCMC trace
analysis tool. Institute of Evolutionary Biology, University of
Edinburgh, Edinburgh.

Reichenow, E. (1920). Der Entwicklungsgang der H€amococcidien
Karyolysus und Schellackia nov. gen. Sitzungsberichte der Gesellschaft
Naturforschender Freunde zu Berlin, 10, 440–447.

Salkeld, D. J. & Schwarzkopf, L. (2005). Epizootiology of blood
parasites in an Australian lizard: a mark-recapture study of a

natural population. International Journal for Parasitology, 35,
11–18.

Starkey, L. A., Panciera, R. J., Paras, K., Allen, K. E., Reiskind, M.
H., Reichard, M. V., Johnson, E. M. & Little, S. E. (2013).
Genetic diversity of Hepatozoon spp. in coyotes from the
south-central United States. Journal of Parasitology, 99, 375–378.

Stuart-Fox, D., Godinho, R., de Bellocq, G. J., Irwin, N. R.,
Brito, J. C., Moussalli, A., Siroky, P., Hugall, A. F. & Baird,
S. J. E. (2009). Variation in phenotype, parasite load and male
competitive ability across a cryptic hybrid zone. PLoS ONE, 4,
e5677.

Svahn, K. (1975). Blood parasites of the genus Karyolysus (Coccidia,
Adeleidae) in Scandinavian lizards. Description of the life cycle.
Norwegian Journal of Zoology, 23, 277–295.

Talavera, G. & Castresana, J. (2007). Improvement of phyloge-
nies after removing divergent and ambiguously aligned blocks
from protein sequence alignments. Systematic Biology, 56, 564–
577.

Telford, S. M. (1993). A species of Schellackia (Apicomplexa: Lank-
esterellidae) parasitizing east and southeast Asian lizards. System-
atic Parasitology, 25, 109–117.

Telford, S. M. (2008). Hemoparasites of the Reptilia. Color Atlas and
Text (pp. 261–273). Gainesville, FL: CRC Press/Taylor & Francis
group.

Tom�e, B., Maia, J. P. M. C. & Harris, J. (2013). Molecular assess-
ment of Apicomplexan parasites in the Snake Psammophis from
North Africa: do multiple parasite lineages reflect the final verte-
brate host diet? Journal of Parasitology, 99, 883–887.

Upton, S. J. (2000). Suborder Eimeriorina L�eger, 1911. In J. J.
Lee, G. F. Leedale & P. Bradbury (Eds) The Illustrated Guide to
the Protozoa, Vol. 1, 2nd edn (pp. 318). Lawrence, Kansas: Allen
Press, Inc.

Upton, S. J. & Oppert, C. J. (1991). Description of the oocysts of
Eimeria arnyi n. sp. (Apicomplexa: Eimeriidae) from the eastern
ringneck snake Diadophis punctatus arnyi (Serpentes: Colubridae).
Systematic Parasitology, 20, 195–197.

Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Table S1. Pairs of primers used in the present study.

ª 2014 Royal Swedish Academy of Sciences 9

R. Meg�ıa-Palma et al. � Polyphyletic origin of the family Lankesterellidae


