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Abstract
The genus Plasmodium (Plasmodiidae) ranks among the most widespread intracellular protozoan parasites affecting a wide range
of mammals, birds, and reptiles. Little information is available about lizard malaria parasites in South America, and the patho-
logical features of the resulting parasitoses remain unknown or poorly understood. To partially fill in these gaps, we conducted
blood smear analysis, molecular detection, and phylogenetic and pathological investigations in lizards inhabiting an Atlantic
Forest fragment in Paraiba, Brazil. From 104 striped forest whiptails (Kentropyx calcarata) screened for the presence of
haemosporidian parasites, 67 (64.4%) were positive. Four of five Amazon lava lizards (Strobilurus torquatus) we collected from
this same area were also positive. A total of 27 forest whiptails were infected with a new genetic lineage of Plasmodium
kentropyxi and other Plasmodium lineages were also detected. Histopathological analysis in infected forest whiptails revealed
systemic intraerythrocytic Plasmodium stages, mainly gametocytes, in the liver, lung, and heart. Also, the liver of infected lizards
had mild to moderate levels of Kupffer cell and melanomacrophage hypertrophy/hyperplasia with sinusoid leukocytosis. Overall,
our findings suggest that an endemic Plasmodium species causes histological alterations that are not related to major pathological
processes in striped forest whiptails.
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Introduction

The genus Plasmodium (Family Plasmodiidae) forms a group
of widespread intracellular protozoan parasites affecting a
wide range of mammals, birds, and reptiles and uses dipteran
insects as vectors (Garnham 1966; Valkiūnas 2005).
Plasmodium falciparum, for instance, is one of the most lethal
parasites for humans (WHO 2018), and, likewise, some avian
Plasmodium species are associatedwith highmortality rates in
birds in the wild and under rehabilitation conditions (LaPointe
et al. 2012; Vanstreels et al. 2015). However, wild animals,
such as birds and reptiles, that survive these infections may or
may not show detectable deleterious effects when remaining
chronically infected (Valkiūnas 2005; Telford 2008). For ex-
ample, Plasmodium infection in reptiles can reduce host lon-
gevity and clutch size, can cause hematological changes and
reduce oxygen consumption by the host, and can reduce male
competitiveness for territory and for females (Schall 1990).

Lizard Plasmodium species seem to produce their
first developmental stages in parenchymal hepatic cells,
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such as hepatocytes (forming cryptozoites) and in mac-
rophages associated to hepatic sinuses (forming
metacryptozoites). These latter stages produce merozo-
ites that can infect reticuloendothelial cells and erythro-
cytes. Plasmodium mexicanum, for example, undergoes
exoerythrocytic division in endothelial cells, forming
phanerozoites in most organs, including heart, lungs,
liver, spleen, kidneys, brain, and connective tissues
throughout the host body (Thompson and Huff 1944;
Telford, Jr. 1989, 1996). The exoerythrocytic cycle of
avian Plasmodium, a parasite group closely related to
reptilian Plasmodium (Pacheco et al. 2018), in endothe-
lial cells is associated with lesions due to blood vessel
blockage in most tissues (Valkiūnas 2005) and with the
presence of inflammatory infiltration (Ilgūnas et al.
2016). To our knowledge, however, there is no infor-
mation about possible histopathological alterations relat-
ed to Plasmodium infections in lizards.

Prior fundamental studies that have described Plasmodium
species infecting Neotropical lizards based on morphological
features have revealed a potentially high diversity of parasites
in this region (Aragão and Neiva 1909; Walliker 1966;
Lainson and Shaw 1969; Ayala and Spain 1976). Globally,
there are more than 100 Plasmodium species described in
reptiles (Garnham 1966; Telford 2008). However, only 22
lizard Plasmodium species had been linked to molecular data
(Matta et al. 2018), making the association between classical
taxonomy andmolecular biology an urgent task in the study of
lizard malaria.

Many lizard Plasmodium species have broad geographical
ranges in the Neotropics as several morphologically identical
parasites have been detected across continental lands and
islands (Telford 2008). This raises the possibility that morpho-
logically similar parasites aggregate many independent evolu-
tionary unities (Falk et al. 2015). Therefore, combining mor-
phology andmolecular biology is essential to describe parasite
diversity and to putatively delimit species that may share mor-
phological similarities despite presenting marked differences
in their evolutionary history, distributions, and life cycles
(Perkins 2000; Outlaw and Ricklefs 2014; Palinauskas et al.
2015).

Although there is some evidence of fitness costs as-
sociated with Plasmodium infections in lizards (Schall
1990), the pathological features of this parasitism re-
main unknown or poorly understood. Here, we applied
morphological and molecular tools to evaluate the prev-
alence and diversity of Plasmodium parasites infecting
striped forest whiptail lizards (Kentropyx calcarata) cap-
tured in an Atlantic Forest fragment in Paraiba state,
Brazil. In addition, we conducted histopathological anal-
ysis in samples from these lizards to assess the exo-
erythrocytic cycle and tissue alterations associated with
Plasmodium infections.

Material and methods

Study site and biological information of Kentropyx
calcarata

This study was conducted in a private conservation unit
Gargaú (“Reserva Particular do Patrimônio Natural
Gargaú”—Fig. 1), situated in Santa Rita municipality,
Paraíba state, northeastern Brazil (7°00′44″S, 34°57′25″W).
Gargaú has an area of 1598 ha, with average elevation of
60 m, and is comprised by savannah patches surrounded by
the stational semidecidual phytophysiognomy of the Atlantic
rainforest. We concentrated our sampling efforts in the latter
type of environment. The region’s climate is classified as
tropical with dry summers—“As” category in Köppen’s clas-
sification (Alvares et al. 2013), with an annual average tem-
perature of 25.7 °C. The rainy season starts between January
and February, peaks in May–June (average monthly precipi-
tation of 250 mm), with the lowest precipitation levels in
October–November (average of 25 mm).

The striped forest whiptail lizard (Kentropyx calcarata;
Squamata: Teiidae), hereafter “forest whiptail,” is widely dis-
tributed in the eastern part of the Andes in the Amazonian
Venezuela, Guyana and Brazil (Gallagher et al. 1986). This
species also inhabits the transition between the Brazilian
Amazon and the “Cerrado” (a savannah-like ecosystem),
and areas in the Atlantic rain forest (Vitt et al. 1997). Forest
whiptails are medium-sized lizards, mature males and females
present an average snout–vent length of 60–80 mm, and their
diet consists mainly of spiders and orthopterans found within
leaf litter (Vitt 1991; Vitt et al. 1997; Franzini et al. 2019).

Sample collection

We captured lizards monthly between January and August
2017 using pitfall traps (n = 98) and active searches (see
Franzini et al. (2019) for details of field methods). The present
study is focused on forest whiptails (n = 104), but we also
analyzed samples from five Amazon lava lizards
(Strobilurus torquatus) captured in the pitfalls during our
study. Collected lizards were brought into the laboratory
where they were euthanized with 2% lidocaine with subse-
quent blood collection from the heart. Lizards were sexed by
direct examination of the gonads at necropsy. Blood samples
were used for blood film preparation and molecular detection
of Plasmodium parasites. This work was authorized by permit
SISBIO no. 54148-1, and all institutional guidelines for the
care and use of animals were followed.

Microscopic examination of blood films

We used a portion of the collected blood to prepare one or two
blood smears per animal: the smears were rapidly air dried and
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fixed with absolute methanol within 24 h of preparation. Fixed
blood smears were stained with 10% Giemsa solution (pH =
7.2) for 40 min within one month after preparation. An
Olympus CX31 light microscope equipped with an Olympus
Q-Color5 imaging system (Olympus, Tokyo, Japan) and Q-
Capture Pro7 imaging software (QImaging, Surrey, Canada)
were used to examine blood films and capture images from
samples considered to be of high-quality. A minimum of 100
microscopic fields under 1000× magnification were examined
for the detection and morphological characterization of hae-
mosporidian parasites.

Molecular and phylogenetic analyses

An aliquot of cardiac blood was pipetted onto filter paper and
stored at room temperature for a maximum of 10 days.
Subsequently, filter papers were stored in − 20 °C until
DNA extraction. Fragments of approximately 1 cm2 of the
filter paper were transferred to 1.5 mL microtubes for DNA
extraction using a conventional phenol–chloroform method
with isopropanol precipitation (Sambrook and Russell
2001). The genomic DNA pellet was resuspended in 50 μL
of ultrapure water and quantified using NanoDrop 2000
(Thermo Scientific, Waltham, USA). Between 50 and
100 ng of extracted DNA was used for screening a conven-
tional polymerase chain reaction (PCR) amplifying a 154-
nucleotide segment (excluding primers) of the ribosomal
RNA coding sequence within the mitochondrial DNA of
Plasmodium . We used pr imers 343F (5 ′ -GCTC
ACGCATCGCTTCT - 3 ′ ) a n d 4 96R ( 5 ′ -GACC
GGTCATTTTCTTTG-3′) designed by Fallon et al. (2003).

DNA from positive individuals was submitted to a nested
PCR targeting the amplification of a 478 base pairs (bp) region
in the cytochrome b locus (cytb). For the first reaction, we
used primers HaemNFI (5 ′-AGACATGAAATATT
ATGG I TAAG - 3 ′ ) a n d H a emNR3 ( 5 ′ - GAAA
TAAGATAAGAA ATACCATTC-3′) (Hellgren et al. 2004)
with 50–100 ng of genomic DNA. A 1 μL aliquot of this PCR
product was then used as a template for the second reaction
with the primers HaemF (5 ′-CTTATGGTGTCGAT
ATATGCATG-3′) and HaemR2 (5′-CGCTTATCTGGAGA
TTGTAATGGTT-3′) (Bensch et al. 2000). Samples that did
not amplify in this nested-PCR protocol were submitted to a
PCR described by Beadell et al. (2004), which amplifies a
533 bp fragment using primers 3760F (5 ′-GAGT
GGATGGTGTTTTA GAT-3′) and 4292Rw2 (5′-TGGA
ACAATATGTARAGGAGT-3′). This latter fragment entire-
ly covers the product generated by the nested PCR previously
mentioned, making results from both methods comparable.

Products from all positive PCRs amplifying the cytb locus
were purified with Polyethylene Glycol 8000 (Sambrook and
Russell 2001) and sequenced bi-directionally with dye-
terminator fluorescent labeling in an ABI Prism 3100 se-
quencer (Applied Biosystems, Foster City, USA). DNA se-
quences were aligned, checked for the presence of mixed in-
f e c t i o n s ( p r e s e n c e o f d o u b l e p e a k s i n t h e
eletrochromatograms), edited using ChromasPro 2.0.6
(Technelysium Pty Ltd., Helensvale, Australia), and com-
pared with data available in the public database GenBank.

We performed a Bayesian phylogenetic reconstruction to
compare parasite sequences found in this study with
Plasmodium species morphologically characterized from

Fig. 1 Map of Gargaú conservation unit (RPPN Gargaú), Santa Rita municipality, Paraíba state, Brazil
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reptiles, as well as other selected haemosporidian sequences
from the American continent. Phylogenetic inference was pro-
duced using MrBayes 3.2.7 (Ronquist et al. 2012) with
partitioning schemes and models of nucleotide evolution rec-
ommended by PartitionFinder 2 (Lanfear et al. 2017). We ran
two Markov chains simultaneously for 5 million generations
in total that were sampled every 100 generations. The first
12,500 trees (25%) were discarded as a burn-in step, and the
remaining trees were used to calculate the posterior probabil-
ities of each estimated node in the final consensus tree. The
analysis involved 69 genetic lineages, including 29 reptile
Plasmodium parasites based on 479 bp cytb gene sequences.
As suggested by Pacheco et al . (2018), we used
Leucocytozoon (Leucocytozoon) parasites as the outgroup to
root the phylogenetic tree.

Histopathological analysis

For histopathological analysis, fragments of the liver, heart,
and lungs were collected and fixed in 10% neutral buffered
formalin. These tissues were subsequently embedded in a par-
affin wax, and 5 μm thickness sections were stained with
hematoxylin and eosin (H&E) for microscopic analysis,
which was conducted under 200×, 400×, and 1000× magnifi-
cation. In addition, we analyzed the pancreas, gall bladder,
and small intestine fragments from some lizards.

Results

Molecular screening of haemosporidians

From 104 forest whiptails screened by PCR for the presence
of haemosporidian parasites, 67 (64.4%) were positive.
Infection rate varied from 30% in February to 93% in May,
but the broad variation in the number of samples precluded us
from assessing seasonal variations in prevalence. There was
no difference in prevalence between males (60%; n = 53) and
females (70%; n = 44; Fisher’s exact test, P = 0.393). Sex was
not determined in seven animals. Four out of the five sampled
(80%) Amazon lava lizards were positive for haemosporidian
infection.

Morphological identification of parasites

We obtained and analyzed high-quality blood smears
from 23 lizards for the presence of haemosporidians in
forest whiptails. From these, 14 were PCR-positive and
parasitemia ranged from undetected parasites in the
blood smears (in two lizards) to 3.9% of infected eryth-
rocytes (mean parasitemia = 0.8%). From nine PCR-
negative lizards analyzed, only one presented parasites
in the blood smear (parasitemia = 0.02%).

To describe these parasites morphologically, we analyzed
blood smears from six lizards presenting parasitemia above
0.1% and identical single cytb sequences (see sequencing re-
sults in the subsequent texts). These parasites have trophozo-
ites with an ameboid outline with thread-like outgrows and
small hemozoin granules (Fig. 2a). The trophozoites are locat-
ed at the polar region of the cells slightly touching the cell
nuclei (Fig. 2b). Immature meronts are also located in the
polar region of the erythrocyte (Fig. 2c). Mature meronts oc-
cupy almost all the cytoplasmatic space, markedly displacing
the host cell nuclei (Fig. 2d). Large meronts have 36–46 mer-
ozoites and a single clump of hemozoin pigment. Young ga-
metocytes are round to oval in outline and are usually seen in
polar positions in the erythrocytes (Fig. 2e, g). These stages
zdisplay black scattered pigment granules, but in some para-
sites, these pigments can be more or less clumped. Vacuoles
are usually absent in young gametocytes (Fig. 2e), but 10–
20% of these stages may display a small vacuole (< 1.5 μm
in diameter). Gametocytes grow along the nuclei of infected
erythrocytes, with mature stages filling most of the lateral and
both polar regions of parasitized cells (Fig. 2f). Mature game-
tocytes display a single large vacuole (> 1.5 μm in diameter),
but 25% of the microgametocytes have a second smaller vac-
uole (Fig. 2). Pigment granules tend to group around the vac-
uole in macrogametocytes and are always scattered in micro-
gametocytes. Mature gametocytes usually displace the cell
nuclei laterally. Macrogametocyte nuclei are central to sub-
central and are not as visible as in most of reptile and bird
macrogametocytes.

These morphological features are compatible with
Plasmodium kentropyxi described in Kentropyx calcarata
captured in the Brazilian Amazon (Lainson et al. 2001).
However, these authors found that meronts do not displace
erythrocyte nuclei and that microgametocytes occasionally
display up to three vacuoles. The parasite we described here
is also morphologically similar to the P. kentropyxi detected in
a Cnemidophorus gramivagus captured in Colombia (Matta
et al. 2018), with the slight difference that these authors did
not see small vacuoles in young gametocytes.

The only blood smear of high quality available from the
Amazon lava lizards presented a 0.03% parasitemia. This low
infection intensity precluded us from conducting a detailed
morphological characterization of this Plasmodium parasite.

Molecular characterization of haemosporidian
parasites

We obtained high-quality eletrochromatograms of the cytb
locus from parasites infecting 31 lizards, accounting for 29
forest whiptails and two Amazon lava lizards (S. torquatus).
Of those, 21 forest whiptails shared a single cytb haplotype
newly described here (GenBank acc. num. MN540144). A
detailed morphological analysis of five of these 21 infected
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forest whiptails, from which we had blood smears of high
quality with high parasitemia, confirmed the parasite as
P. kentropyxi (see morphological description in the previous
texts). We were able, therefore, to assign this new
Plasmodium lineage to P. kentropyxi (hereafter P. kentropyxi
BRA). This parasite shows 2% genetic divergence (9 bp) from
P. kentropyxi infecting a Cnemidophorus gramivagus cap-
tured in Colombia (Matta et al. 2018).

We detected six mixed infections in forest whiptails. In all
cases, P. kentropyxi BRA was detected, and we were able to
identify the second parasite lineage co-infecting the lizards by
visually phasing the eletrochromatograms (Matthews et al.
2016). Genetic distance among these non-P. kentropyxi

BRA infecting different hosts varied from 0% (the same line-
age was detected in two different forest whiptails) to 2.6%.
Pairwise genetic distance between P. kentropyxi BRA and co-
infecting parasites within the same host varied from 0.2%
(1 bp) to 1.7% (8 bp). One forest whiptail presented a single
infection by a parasite lineage with 1.5% genetic divergence
(7 bp) in relation to P. kentropyxi BRA. This same parasite
lineage was also detected in one of the co-infected individuals.
These six different parasite lineages formed a clade with
P. kentropyxi and Plasmodium carmelinoi detected in
Colombia (Matta et al. 2018) and with Plasmodium sp. detect-
ed in Ameiva ameiva in Northeastern Brazil (Harris et al.
2019) (Fig. 3).

Fig. 2 Blood stages of
Plasmodium kentropyxi from
striped forest whiptail lizards
(Kentropyx calcarata) captured in
the Atlantic Forest in Paraiba
state, Brazil. (a, b) Trophozoites;
(c, d) young and mature meronts,
respectively; (e, f) young and
mature macrogametocytes,
respectively; (g, h) young and
mature microgametocytes,
respectively. Scale bar = 10 μm

2635Parasitol Res (2020) 119:2631–2640



Fig. 3 Bayesian phylogenetic tree showing parasite lineages detected in
striped forest whiptail lizards (Kentropyx calcarata) and in Amazon lava
lizard (Strobilurus torquatus) in relation to other haemosporidian
parasites. The tree is drawn to scale, with branch lengths measured as
number of substitutions per site. Parasites detected in this study are in

bold and underlined. The analysis involved 69 genetic lineages, including
29 reptile Plasmodium parasites (in bold) based on 479 bp cyt b gene
sequences excluding gaps.We used Leucocytozoon (Leucocytozoon) spp.
as outgroup. Values above branches are posterior probabilities
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We detected two identical Plasmodium parasites infecting
two Amazon lava lizards sampled in January and in June 2017
(genetic lineage STRTOR01; GenBank acc. num.
MN540150). This lineage presented 5% (23 bp) genetic di-
vergence when compared to P. kentropyxi BRA and was also
detected in one forest whiptail sampled in April 2017. This
lineage is closely related (0.4% genetic divergence, Fig. 3) to
parasites infecting Tropidurus hispidus and Hemidactylus
mabouia in Northeastern Brazil (Harris et al. 2019).
STRTOR01 differs by 3% (15 bp) from Plasmodium
azurophilum infecting eyed anoles (Anolis oculatus) captured
in Dominica island (Perkins and Schall 2002; GenBank acc.
num. AY099055).

Histopathological analysis

The detailed histopathological findings of 76 forest
whiptails evaluated are recorded in Supp. Material S1.
Most PCR-positive lizards (56/57) had some degree of
intraerythrocytic Plasmodium (IEP), primarily gameto-
cytes with hemozoin pigments in the liver, lung, or
heart (Fig. 4). One lizard presented a presumed exo-
erythrocytic Plasmodium stage in a hepatocyte (inset in
Fig. 4b), compatible with a previous description by
Telford, Jr. (1989). Five out of the 19 lizards negative
in the screening PCR presented mild levels of IEP in
either liver, lung, or heart samples and were, therefore,
considered as parasitized. We did not find exoerythro-
cytic parasite stages in endothelial cells in the liver,
heart, or lungs from infected and uninfected lizards.

Liver sinusoid leukocytosis associated with Kupffer cell
and melanomacrophage center hypertrophy and hyperplasia
(KMMHH) was the most common histopathological alter-
ation in infected whiptails. This alteration was detected in 46
out of 60 parasitized lizards (76%; Fig. 4b). All cases of
KMMHH were associated with leukocytosis, primarily in-
volving granulocytes, varying frommild to moderate intensity
with multifocal distribution. Four out of these 60 positive
lizards (7%) did not present any histopathological alteration.
One out of 11 non-infected lizards (9%) had mild KMMHH,
while six out of 11 lizards (55%) in this negative group did not
present histopathological alterations. Therefore, infected for-
est whiptails had higher rates of KMMHH when compared to
the non-infected group (76% × 9%; Fisher’s exact test,
P < 0.001). Forest whiptails infected with P. kentropyxi
BRA, from which we have data on liver histopathology,
displayed KMMHH in 11 out of 18 (61%) cases; the remain-
ing seven lizards displayed leukocytosis. Microscopic find-
ings unrelated to Plasmodium included congestion in all or-
gans; interstitial pneumonia and pleuritis (6/67; 9%); myocar-
ditis (2/61; 3%); and two cases of multiorgan coccidiosis
(Supp. File S2).

Discussion

We report on the genetic diversity of Plasmodium parasites
infecting striped forest whiptail lizards (Kentropyx calcarata)
from a fragment of the Atlantic Rainforest in Brazil. Seven
different parasite lineages were detected in the studied

Fig. 4 Histopathology sections
from striped forest whiptails
(Kentropyx calcarata). (a)
Normal liver of striped forest
whiptail (Kentropyx calcarata),
40×. Inset: detail of main figure,
400×. (b) Liver of striped forest
whiptail infected by Plasmodium
kentropyxi. Note hyperplasia and
hypertrophy of Kupffer cells and
melanomacrophages (arrows) and
mildly distended sinusoids, 200×.
Inset: Exoerythrocytic
Plasmodium stage (arrow) in
trinucleate hepatocyte, 400×. (c,
d) Intraerythrocytic Plasmodium
gametocytes (arrows) with
hemozoin granules in the heart,
1000×. (e) Detail of
intraerythrocytic birefringent
granules of malaria pigment
(hemozoin) within a pulmonary
vein visualized under polarized
light, 1000×. Hematoxylin–eo-
sin–stained preparations
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population. Plasmodium kentropyxi BRAwas detected in sin-
gle infections in 21 out of 29 infected forest whiptails as well
as in six mixed infections, accounting for an overall frequency
of 93% in the samples we sequenced. This parasite is morpho-
logically identical to P. kentropyxi infecting Cnemidophorus
gramivagus in Colombia although they differ by 2% at the
cytb locus. Interestingly, 2% is the average genetic divergence
within morphological ly ident ical Haemoproteus
(Parahaemoproteus) parasites, a diverse and broadly distrib-
uted avian Haemosporida group (Outlaw and Ricklefs 2014).
Our results in association with the findings by Matta et al.
(2018) show that different genetic lineages of the same para-
site morphospecies can be detected in different Teiidae rep-
tiles captured in areas 4000 km apart.

We could not sequence several of the parasites detected
using a screening PCR even though we employed two differ-
ent primer sets targeting the parasite cytb gene. Low
parasitemia and poor quality of extracted DNA might have
accounted for this drawback. Another hypothesis to explain
these differences is that the primer sets we applied would not
have a satisfactory match for some parasites if they have mu-
tations in the primer annealing sites, especially closer to the 3′
end. Consequently, Plasmodium richness infecting forest
whiptails may be greater than the genetic lineages described
here.

We found that natural P. kentropyxi infection is associated
with KMMHH and hepatic leukocytosis in forest whiptails.
Melanomacrophages are pigmented phagocytes found primar-
ily in reptile, amphibian, and fish lymphoid tissues and can
aggregate into melanomacrophage centers (MMCs). There is
some debate about the functions of MMCs, yet they likely
participate in immune defense and non-immunological pro-
cesses, such as erythrophagocytosis (Wolke 1992; Steinel
and Bolnick 2017). Increase in erythrophagocytosis due to
Plasmodium infection, therefore, could explain the high rates
of hyperplasia and hypertrophy of melanomacrophages in pos-
itive lizards in this study. Melanomacrophages are also in-
volved in the developmental cycle of Apicomplexan parasites
in reptiles. Hepatozoon kisrae can undergo division by
forming cyst-type meronts inside melanomacrophages of
Agama stellio (Paperna et al. 2002), while Schellackia agamae
sporozoites (Paperna and Ostroska 1989) and Hemolivia
mariae gametocytes can accumulate in MMCs (Paperna and
Smallridge 2001). In this latter study, ultrastructure analysis
revealed gametocyte destruction inside these macrophages,
suggesting that MMCs participate in host response to combat
protozoan infections. The pathogenetic mechanisms underly-
ing KMMHH are unknown, but its association with IEPs in
our study suggests that melanomacrophages may present in-
creased phagocytic activities in Plasmodium-infected forest
whiptails.

Surprisingly, we found histological evidence of
Plasmodium exoerythrocytic stage development in only

one lizard. The uninucleate parasite we found infecting
a hepatocyte resembled the structure described by
Telford, Jr. (1989) (see Figs. 5–8 in this reference).
Telford stated that these stages are morphologically
and biologically similar to hypnozoites from simian
Plasmodium , raising the hypothesis that l izard
Plasmodium may also form pre-merozoite dormant
stages (Markus 2011). Parasite identity in this infected
forest whiptail was confirmed to be P. kentropyxi by
genetic sequencing, showing that this host–parasite sys-
tem can be further investigated to test whether lizard
malaria parasites form hypnozoites or other kind of dor-
mant stages in hepatocytes.

We did not detect phanerozoites in the tissues evaluat-
ed. This stage is associated with blood capillary blockage
and local inflammatory infiltration that can cause tissue
dysfunction in parasitized organs (Ilgūnas et al. 2016).
Thus, alterations due to exoerythrocytic merogony do
not seem to be related to P. kentropyxi in forest whiptails.
The main histopathological alterations we detected in pos-
itive lizards (KMMHH and leukocytosis) were deemed
mild to moderate in severity and extent and were unlikely
to be related to clinical disease, indicating that forest
whiptails may tolerate Plasmodium infection despite high
parasitemias in some cases. Indeed, we sampled lizards
actively foraging, suggesting they were not undergoing
major physiological stress due to the parasitism
(Bonneaud et al. 2017).

Liver, lungs, and heart did not appear to be major organs
for Plasmodium exoerythrocytic development in forest
whiptails despite high parasite prevalence and high
parasitemia in some individuals. This was unexpected because
liver, heart, and lungs, together with spleen, were the main
organs for exoerythrocytic development in four lizard species
experimentally infected with P. mexicanum (Thompson and
Huff 1944). Moreover, Telford, Jr. (1989) found Plasmodium
stages in endothelial cells from most organs in a Japanese
lizard species. This author also found that meronts in liver
and lungs had an average size of 15 μm× 10 μm with 30–
40 nuclei (up to 100–120 nuclei in the lungs), meaning that
these exoerythrocytic stages would had been detected in our
samples if forming such easily visible stages was a common
P. kentropyxi feature.

The present study focused on the analysis of liver,
lung, and heart tissues, so potential exoerythrocytic de-
velopmental stages in other organs, such as brain,
spleen, or skeletal muscle could not be confirmed or
discarded. Ilgunas et al. (2019) showed that brain dam-
age due to the exoerythrocytic development of
Plasmodium homocircumflexum is likely the main cause
of death in three out of four bird species experimentally
infected, demonstrating that this organ should be tested
in future studies evaluating pathological effects of
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haemosporidian in wild reptiles as well.https://doi.org/
10.1186/s12936-019-2810-2

In conclusion, we found that a common reptilian malaria
parasite does not cause major pathological processes in forest
whiptails sampled while actively foraging. This can be either
because P. kentropyxi is non-pathogenic to forest whiptails or
because lizards suffering significant physiological stress due
to infection are eliminated before being captured and sampled.
Our findings suggest that P. kentropyxi is associated with the
expansion of melanomacrophages centers in forest whiptails,
but the mechanisms leading to this alteration and its conse-
quences for the hosts are not readily evident. Future studies
focusing on lizard malaria should analyze all major host tis-
sues for the detection of Plasmodium exoerythrocytic stages.
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