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Abstract

Delimiting and describing Plasmodium species in reptiles remains a pressing problem in
Haemosporida taxonomy. The few morphological characters used can overlap, and the signifi-
cance of some life-history traits is not fully understood. Morphologically identical lizard
Plasmodium forms have been reported infecting different cell types (red and white blood
cells) in the same host and have been considered the same species. An example is
Plasmodium tropiduri tropiduri, a species known to infect erythrocytes, thrombocytes and
lymphocyte-like cells. Here, both forms of P. t. tropiduri were analysed using light micro-
scope-based morphological characteristics and phylogenetic inferences based on almost com-
plete mitochondrial genomes of parasites naturally infecting lizards in southeastern Brazil.
Although morphologically similar, two distinct phylogenetic lineages infecting erythrocytes
and non-erythrocytic cells were found. The lineage found in the erythrocytes forms a mono-
phyletic group with species from Colombia. However, the non-erythrocytic lineage shares a
recent common ancestor with Plasmodium leucocytica, which infects leucocytes in lizards
from the Caribbean islands. Here, Plasmodium ouropretensis n. sp. is described as a species
that infects thrombocytes and lymphocyte-like cells.

Introduction

Morphological characters in parasites are of limited value for evolutionary inferences, particu-
larly when species cannot be delimited (Poulin, 2011; Pacheco and Escalante, 2020). For
example, the description of malaria parasites (genus Plasmodium) mainly relied on morpho-
logical evaluation via light microscopy of the stages infecting blood cells. Recent studies using
genetic sequencing have revealed that morphologically similar parasites may have independent
evolutionary histories (Perkins, 2000; Palinauskas et al., 2015). As a result, the phylogenetic
relationships of some groups with scarcely available molecular data, such as lizard haemospor-
idians, are still a work in progress (Telford, 2009; Perkins et al., 2011).

Lizards are commonly infected with non-erythrocytic haemosporidians (Telford, 2009).
The family Garniidae was proposed by Lainson et al. (1971) to include erythrocytic parasites
that do not produce haemozoin pigment, genus Garnig; and to include those parasites that
undergo merogony and gametocytogenesis in non-erythrocytic blood cells, genus Fallisia.
Non-erythrocytic parasites also have been interpreted as a life cycle trait of Plasmodium para-
sites when asexual stages (trophozoites and merozoites) were found in lizards harbouring
erythrocytic Plasmodium infections (Telford, 2009). However, molecular data are required
to define whether these non-erythrocytic parasites form a distinct family or if they are simply
related Plasmodium species (Telford, 1973, 2009; Lainson et al., 1974; Perkins, 2000).

Molecular tools have proven essential in uncovering cryptic species and understanding the
diversity and phylogenetic relationships of lizard Plasmodium infecting erythrocytic and
non-erythrocytic blood cells (Perkins, 2000; Falk et al., 2011). Perkins (2000) used molecular
data and demonstrated that, despite the morphological similarity of erythrocytic and
non-erythrocytic forms, Plasmodium azurophilum was composed of two genetically divergent
lineages within Plasmodiidae. These parasites were divided into two species: P. azurophilum,
which infects erythrocytes, and another species later named Plasmodium leucocytica by
Telford (2009), which infects white blood cells.

Plasmodium tropiduri is a species complex with four recognized subspecies infecting lizards
from Mexico to southeastern Brazil (Telford, 1979, 2009). Plasmodium tropiduri tropiduri is a
widespread parasite in Brazil and Venezuela and infects at least five lizard species of four fam-
ilies (Telford, 2009; Picelli et al., 2020). This parasite produces trophozoites, meronts, and
gametocytes in thrombocytes. A comparison between erythrocytic and non-erythrocytic para-
sites found no significant differences in their ultrastructure (Scorza, 1971). Thus, a thrombo-
cytic cycle in the life history of P. t. tropiduri was suggested (Scorza, 1971; Telford, 2009).
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Non-erythrocytic parasites in co-occurrence with P. t. tropiduri
were identified as Fallisia modesta (Telford, 2009), which infects
thrombocytes and lymphocytes of T. hispidus from Para, Brazil
(Lainson et al., 1974; Telford, 2009). However, there are no quan-
titative morphological data associated with the molecular infor-
mation of these forms. Therefore, whether non-erythrocytic
forms are a part of the phenotypic plasticity of P. t. tropiduri or
a different parasite species altogether remains to be solved.
Here, erythrocytic and non-erythrocytic forms of P. t. tropiduri
were studied in samples collected in free-ranging Amazon Lava
Lizards (Tropidurus torquatus) from southeastern Brazil. Our
study included morphometric analyses and molecular phylogen-
etic inferences based on almost complete mitochondrial genomes
(5420 bp out of 5896 bp).

Materials and methods

Our study was conducted at Andorinhas Municipal Park in Ouro
Preto, Minas Gerais, Brazil (43°29'13.90"W, 20°33'1.22"S),
between December 2015 and January 2016. Amazon Lava lizards
were caught using a slip noose on the end of a fishing pole. Blood
samples were collected from the ventral caudal vein. Then, two
blood smears per lizard were prepared, and two drops of blood
were stored in filter paper for molecular analysis.

Blood smears were fixed with absolute methanol within 24 h of
preparation and stained within 1 week with 10% buffered Giemsa
solution (pH 7.2) for 60 min. An Olympus CX31 light micro-
scope equipped with an Olympus Q-Color5 imaging system
(Olympus, Tokyo, Japan) and Q-Capture Pro7 imaging software
(QImaging, Surrey, Canada) was used to examine blood films
and capture images. A minimum of 200 microscopic fields at
high magnification (1000x) were examined to detect erythrocytic
and non-erythrocytic forms of P. t. tropiduri. The two parasite
forms were compared based on merozoite number, length, and
width of meronts and gametocytes. Also, cell and nucleus sizes
(length x width) of infected and non-infected host cells were com-
pared for both parasite forms. Differences in morphology were
tested using the Wilcoxon rank-sum test for each set of measures.
Before all comparisons, homoscedasticity in their variances were
tested using Levene’s test. R’s stats and car packages were used for
these analyses, respectively (R Core Team, 2017, Gouy et al, 2010).

DNA from blood samples was extracted using a conventional
phenol—chloroform method with isopropanol precipitation
(Sambrook and Russell, 2001). Samples with the highest parasit-
aemia levels were submitted to mitochondrial genome amplifica-
tion. The mtDNA was amplified using TaKaRa LA Taq
Polymerase (TaKaRa Mirus Bio Inc.) following manufacturer
directions using oligos forward AE170-5-GAGGATTCTCTC
CACACTTCAATTCGTACTTC-3' and reverse AE171-5-CAG
GAAAATWATAGACCGAACCTTGGACTC-3'. A nested PCR
was performed using the internal oligos forward AE176-5'-TT
TCATCCTTAAATCTCGTAAC-3' and reverse AE136-5-GAC
CGAACCTTGGACTCTT-3' for samples that did not initially
amplify (Pacheco et al., 2018). Both outer and inner PCR were
performed in 50 uL using 8 uL of total genomic DNA. PCR con-
ditions were a partial denaturation at 94°C for 1 min and 30 cycles
with 30 s at 94°C, and 7 min at 67°C, followed by a final extension
of 10 min at 72°C. PCR products (50 L for each sample) were ran
in agarose gels (1%) and later, excised bands of approximately
6 kb were purified using a QIAquick® Gel extraction kit
(Qiagen, GmbH, Hilden, Germany). Finally, these products
were cloned using pGEM®-T Easy Vector systems (Promega,
Madison, USA) following the manufacturer’s directions. A min-
imum of three clones and both strands were sequenced per sam-
ple bi-directionally in an Applied Biosystems 3730 capillary
sequencer. In this study, inconsistencies between the clones
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were not found so, four mtDNA genomes (one for each positive
lizard sample) are reported and submitted to GenBank under
accession numbers MW491387—-MW491390.

Mitochondrial genome sequences from the following four
lizards were obtained: a lizard (voucher: UFMG141) with para-
sites infecting only erythrocytes; a lizard (voucher: UFMG123)
with parasites infecting only thrombocytes and lymphocyte-like
cells; a lizard (voucher: UFMG29) infected predominantly with
erythrocytic infection (17 erythrocytic parasites vs three thrombo-
cytic parasites in 200 high magnification fields); and a lizard (vou-
cher: UFMG37) infected with a predominant infection in
thrombocytes and lymphocyte-like cells (six erythrocytic parasites
vs 11 non-erythrocytic parasites in 200 high magnification fields).
Sequences were compared with the GenBank database using
BLAST (Altschul et al, 1990). The molecular data obtained
from samples with both parasites was linked to the dominant
morphospecies infection identified by microscopy using sample
141 (parasites infecting only erythrocytes) and sample 123 (para-
sites infecting only non-erythrocytic cells).

Two alignments were constructed using ClustalX v2.0.12 and
Muscle as implemented in SeaView v4.3.5 (Gouy et al, 2010)
with manual editing. The first alignment included 52 partial
cytb gene sequences (479bp) belonging to three genera
(Haemoproteus, Haemocystidium, and Plasmodium) available
from GenBank for some well-identified parasite species using
morphology plus the four new cytb (from the mtDNA genomes)
sequences obtained in this study. The 479bp cytb fragment
(Hellgren et al., 2004) was chosen as it is one of the most com-
monly used in studies involving lizard and bird Plasmodium spe-
cies to compare data with a larger dataset. The second alignment
(5420 bp excluding gaps) was constructed using 13 almost full
mitochondrial genomes (mtDNA) sequences belonging to
Haemoproteus and Plasmodium genera available from GenBank
plus the four new mtDNA sequences reported in this study.

Then, both alignments were used to infer the parasites’ phylo-
genetic relationships applying Bayesian methods implemented in
MrBayes v3.2.7a with the default priors (Ronquist et al, 2012). In
both phylogenetic trees, Haemoproteus species were used as an
outgroup. In the case of the mtDNA alignment, the phylogenetic
relationships were inferred using six partitions (Pacheco et al.,
2018). These partitions correspond to the three non-protein-
coding regions between the ORFs (fragmented SSU rRNA and
LSU rRNA) and the three protein-coding genes, keeping their
order in the mtDNA genome (nonprotein coding, cox3, nonpro-
tein coding, coxl, cytb, nonprotein coding). A general time-
reversible model was used with gamma-distributed substitution
rates and a proportion of invariant sites (GTR+ T +1) for the
first and each partition of the second alignments. This model
was the one with the lowest Bayesian Information Criterion
(BIC) scores for both alignments and each partition estimated
by MEGA v7.0.14 (Kumar et al., 2016). The Bayesian support
for the nodes was inferred by sampling every 1000 generations
from two independent chains lasting 10° Markov chain Monte
Carlo steps. Convergence between chains was assumed once
the average standard deviation of the posterior probability was
<0.01, and the value of the potential scale reduction factor
was between 1.00 and 1.02 (Ronquist ef al, 2012). Then, as a
‘burn-in’, 25% of the sample was discarded once convergence
was reached.

The average evolutionary divergence over all sequence pairs
was estimated using both alignments (mtDNA and partial cytb
gene) and the Kimura 2-parameter model (Kimura, 1980). The
analysis involved 10 nucleotide sequences, and all positions
were included (Ist+2nd +3rd). Positions containing gaps and
missing data were eliminated. These evolutionary analyses were
conducted using MEGA7 (Kumar et al., 2016), and the mtDNA
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genome final dataset had 5420 positions while the partial cytb
gene final dataset had 452 positions.

Results
Microscopic detection and morphological analysis

Plasmodium parasites were detected in 56 lizards (64%); 42 were
single infections of the erythrocytic form, six were single infec-
tions of non-erythrocytic parasites, and eight were mixed
infections.

Meront size, merozoite number, and gametocyte width did
not differ between parasites infecting erythrocytes and non-
erythrocytic cells (Table 1). However, parasites infecting erythro-
cytes were longer than parasites infecting non-erythrocytic cells
(Table 1). Erythrocytes infected by meronts were similar in size
(Lx W) to uninfected cells, whereas the nuclei of erythrocytes
infected with gametocytes were smaller when similarly compared
(P value=0.01, w=36). In contrast, meront-infected non-
erythrocytic cells were markedly bigger (P value <0.0005, w = 63)
and had a slightly bigger nucleus (P value = 0.09, w = 96) compared
to uninfected cells. As expected, haemozoin pigment was not
observed in parasites infecting non-erythrocytic cells.

Molecular and phylogenetic analyses

Almost complete mitochondrial genomes (5896—5498 bp) were
obtained from Plasmodium parasites infecting four lizards.
Table 2 (mtDNA) and Table 3 (partial cytb gene) show the average
pairwise divergence among lizard Plasmodium species over all
sequence pairs that have been well-identified using morphology.
Parasites from single erythrocytic infections and mixed infections
dominated by erythrocyte-infecting parasites had 0.1% genetic
divergence between them (Table 2). Likewise, parasites from single
non-erythrocytic infections differed 0.1% from the mixed-infection
sample dominated by parasites that infected thrombocytes and
lymphocyte-like cells (Table 2). Using mtDNA genomes, pairwise
comparisons between parasites infecting erythrocytes and
non-erythrocytic cells revealed an average genetic distance between
2.3 and 2.5% (Table 2). The average genetic distance using only the
cytb gene fragment was 2.7%.

Phylogenetic analyses using cytb gene (Fig. 1A) and mtDNA
genomes (Fig. 1B) showed that erythrocytic parasites shared
their most recent common ancestor with erythrocyte-infecting
Plasmodium species detected in Colombia (P. carmelinoiand P. ken-
tropyxi, Matta et al., 2018). The erythrocyte-infecting parasite did
not form a clade with the parasites infecting non-erythrocytes of
lizards from same population. The two cytb sequences of erythro-
cytic parasites had 100% similarity with Plasmodium sp. infecting
Tropidurus hispidus (TEC4576, TEC4983) and Hemidactylus
mabouia (TEC4774, Fig. 1A) in Brazil (Harris et al., 2019), and
had 99.6% similarity with parasites infecting Strobilurus torquatus
in Brazil (STRTOROI, Fig. 1A; Ferreira et al., 2020). These parasites
formed a monophyletic group with parasites infecting erythrocytes
in lizards from Colombia (Matta et al.,2018) and Brazil (Harris et al.,
2019, Ferreira et al., 2020). On the other hand, non-erythrocytic
parasites formed a well-supported clade with Plasmodium leucocy-
tica, a parasite that infects white blood cells of lizards in the
Caribbean islands (Fig. 1, Table 3; Telford, 2009).

Thus, the evidence presented here indicates two distinct
lineages infecting T. torquatus, one related to the erythrocytic
Plasmodium species distributed in South America (Fig. 2) and
another related to a non-erythrocytic species from the
Caribbean islands (Fig. 3). Therefore, we propose that the
non-erythrocytic parasites detected in T. torquatus should be
elevated to species level.
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Description of the parasite infecting non-erythrocytic
blood cells

Plasmodium ouropretensis n. sp. (Fig. 3)

Type Host: Tropidurus torquatus (Tropiduridae).

Type Locality: Parque das andorinhas, Ouro Preto, Minas Gerais,
Brazil (43°29'13.90”W, 20°33'1.22"S).

Type specimens: Hapantotype (UFMG37, UFMG123), intensities
are 11 and 4 infected cells in 200 fields at 1.000x%, respectively.
Collected by O. D. Hernandes-Cordoba (Ouro Preto municipality,
Brazil) were deposited in the Institute of Biological Sciences
(Universidade Federal de Minas Gerais, Belo Horizonte, Brazil).
DNA Sequences: MW491389 and MW491390.

Diagnosis: Plasmodium ouropretensis infects thrombocytes and
lymphocyte-like cells. Trophozoites are usually located at the
polar region of host-cells and have dark-stained nuclei with plen-
tiful cytoplasm (Fig. 3A, B). Mature trophozoites may display
cytoplasmatic outgrowths (Fig. 3B). Meronts have variable
forms, including oval (Fig. 3C), round (Fig. 3D), and slightly elon-
gated (Fig. 3E) shapes. Meronts produce an average of 14 mero-
zoites, ranging from 3 to 36. Mature meronts cause hypertrophy
to the host cell cytoplasm. Gametocytes are round to oval. The
cytoplasm and the nuclei of macrogametocytes are slightly darker
(Fig. 3F, G) when compared to microgametocytes (Fig. 3H, I).
The nuclei of macrogametocytes are smaller and better defined
than the nuclei of microgametocytes. Most parasite stages occupy
almost all cytoplasmic space of the host cell and are markedly
appressed to nuclei. Haemozoin pigment is absent in all parasite
stages.

Site of infection: Thrombocytes and lymphocyte-like cells.
Prevalence: P. ouropretensis parasitized 14 of 87 lizards (16.1%)
studied in Ouro Preto, Brazil.

Effects on host cells: P. ouropretensis meronts cause a slight host
cell nucleus hypertrophy and a marked host cell distortion and
hypertrophy.

Other Hosts: Tropidurus hispidus (Scorza, 1970; Telford, 2009).
Other Localities: Guanare, Venezuela (Scorza, 1971). Sdo Paulo
and Pard, Brazil (Lainson and Shaw, 1969; Rocha e Silva and
Rodrigues, 1974).

Etymology: P. ouropretensis name is derived from the name of the
municipality (Ouro Preto) where infected lizards were sampled.
Remarks: This species was placed within genus Plasmodium fol-
lowing the strong support of our genetic data and phylogenetic
hypotheses. Due to morphological similarity and close host and
geography association, P. ouropretensis parasites were reported
as thrombocytic stages of P. tropiduri. Scorza (1971) studied
and described the ultrastructure of these forms. Rocha e Silva
and Rodrigues (1974) found similar parasites in T. torquatus, stat-
ing that these parasites were similar to those studied by Scorza
(1971), except that haemozoin pigment was visualized in meronts.
Morphological characters of P. ouropretensis overlap with Fallisia
modesta (Lainson et al., 1974, Telford, 2009) described in T. his-
pidus. However, marked differences between F. modesta and P.
ouropretensis were also observed. F. modesta rarely infects throm-
bocytes and its meronts and gametocytes produce severe host cell
nucleus deformation. In contrast, P. ouropretensis causes a slight
host cell nucleus hypertrophy and infects mainly thrombocytes.

Discussion

The analyses presented here indicate that erythrocytic and
non-erythrocytic forms of P. t. tropiduri, as described by
Telford (1988, 2009), are two different lineages. Thus, the latter
group of parasites is proposed as a distinct species, Plasmodium
ouropretensis 1. sp.

Plasmodium t. tropiduri and P. ouropretensis are similar in
their morphology. One distinction is the reduced gametocyte



Table 1. Comparative table of characters of uninfected host cells, Fallisia modesta from Lainson et al. (1974), Plasmodium tropiduri tropiduri from this study and from Telford (2009), Plasmodium ouropretensis from this study and
thrombocytic parasites from Scorza (1971), and the host cells these parasites infect

Fallisia modesta from

Brazil

P. t. tropiduri from
Venezuela

P. tropiduri from

Venezuela

P. t. tropiduri

Wilcoxon test of P. t. tropiduri vs

P. ouropretensis P. ouropretensis from this study

w value - P value

Parasites Lainson et al. (1974) Telford (2009) Scorza (1971) This study (significance level of p < 0.05)
Host cell Lymphocytes and Erythrocytes Thrombocytes Erythrocytes Thrombocytes and
thrombocytes lymphocyte-like cell
Uninfected host cell n=10 n=10
Length 14.7-19 (16.54 +1.12) 6.13-12-6 (9.28 +2.04)
Width 8.7-11 (9.82+0.78) 43-9.34 (6.33+2)
Nucleus length 6.1-8.2 (7.5+0.64) 4.47-9.78 (7.19 + 1.65)
Nucleus width 4.1-5.1 (4.56-0.32) 43-9.1 (5.78 + 1.81)
Meronts n=64 n=10 n=15
Number of merozoites 12-24 (16) 4-24 (13.4+4.7) 10-26 10-25 (15.4 + 4.45) 3-36 (14.46 % 11) 91-0.3889
Length 5-9 (5.5) 3-12 (7.2+1.8) 4 5.6-10.6 (7.5+0.7) 6-10.5 (7.94 +1.29) 61-0.4611
Width 5-7.5 3-7 (5+1.1) 2 3.7-5.8 (4.9+£0.7) 33-7.3 (5.17+1.2) 66-0.6433
Length of infected host cell 15-20 (17 +1.22) 10-14.6 (12.2+1.6)
Width of infected host cell 8-11.2 (10.3+0.9) 7.6-12.6 (9.20+1.5)
Length of infected host cell nucleus 5.7-9 (7.66+1) 7.8-13 (9.04 +1.48)
Width of infected host cell nucleus 4.8-6.3 (5.23+0.54) 3.3-7.3 (5.86 £1.09)
Relative size to uninfected host cell 0.33-2.51 (1.40 +0.53) 0.8-1-32 (1+0.13) 0.3-3 (1.2+0.8)
nucleus
Relative size to infected host cell nucleus 0.51-1.17 (1.17 +0.56) 0.16-1.2 (0.92 +0.1) 0.43-1.46 (0.83 +0.36)
Effect on host cell Hypertrophy Hypertrophy None Hypertrophy
Gametocytes n=132 n=17 n=17
Length 6-8.5 (7.25) 5-14 (7.9 + 1.5) 7-10 6.4-10.3 (7.7+0.9) 3.2-7.1 (6.29+1.22) 95-0.02
Width 5.5-6 (5.5) 4-8 (5.6+1) 6-8 4.4-6.8 (5.07 +0.83) 1.98-6.08 (4.35+1.37) 72-0.4551

Length of infected host cell

15-19 (17.3+1.24)

9.6-12.4 (11.27 + 1.05)

Width of infected host cell

8.3-10.8 (9.4 £0.8)

4.6-9.9 (7.58 £1.73)

Length of infected host cell nucleus

3.5-5.1 (7.13£0.8)

5.5-8.7 (7.40-1.12)

Width of infected host cell nucleus

3.8-5.1 (4.1+0.45)

4.5-7 (5.63+0.85)

Relative size to uninfected host cell
nucleus

0.73-2.54 (1.58 +0.37)

0.8-1.7 (1.12£0.27)

0.33-1 (0.62 £0.23)

Relative size to infected host cell nucleus

0.70-2.92 (1.51+0.46)

0.61-1.63 (0.98+0.2)

0.25-1.04 (0.67 +0.27)
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None

Nucleuscompression

Hypertrophy

Indentednucleus

Effect on host cell

Micro

12-16 (14.1+1.67)

Pigment number

=40

0.43-0.82 (0.67 +0.09)

Pigment diameter

=10

Macro

13-22 (16.5+3.6)

Pigment number

=42

0.52-1.19 (0.71+0.13)

Pigment diameter

Measurements are in um and are presented as ranges followed by mean values and standard deviations. Relative size to host cells were calculated by multiplying L x W and dividing it by host cell L x I¥. Statistical test to compare measures of P. t. tropiduri and

P. ouropretensis are presented.
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length observed for P. ouropretensis compared to Plasmodium
t. tropiduri. Such a difference may relate to the host cell’s reduced
size since erythrocytes are longer than thrombocytes and
lymphocyte-like cells.

Scorza (1971) found similar ultrastructure between the two
forms of P. t. tropiduri. Scorza found thrombocytic forms eight
months after experimentally infecting lizards with erythrocytic
forms of P. t tropiduri. His findings suggested that
non-erythrocytic forms were always associated with erythrocytic
infections. Consequently, Scorza (1971) hypothesized that
P. t. tropiduri exhibits an intra-thrombocytic cycle, but sub-patent
infections can remain undetected (Perkins et al, 1998). The
apparent host cell switching observed by Scorza (1971) could be
the result of a previously submicroscopic parasitaemia of
thrombocyte-infecting parasites.

Our molecular data indicated that erythrocytic and
non-erythrocytic forms belong to two distinct lineages. This find-
ing supports the idea that phenotypic similarity hampers the dis-
tinction of lizard Plasmodium parasites (Perkins, 2000; Perkins
and Schall, 2002). Plasmodium ouropretensis and P. t. tropiduri
constitute different species based on three main observations
derived from our phylogenetic analyses. First, P. t. tropiduri, infect-
ing lizards in southeastern Brazil, is in a different subclade in rela-
tion to P. ouropretensis detected in the same lizard population.
Second, P. t. tropiduri is part of a monophyletic group with
erythrocyte-infecting Plasmodium species detected in Brazil and
in Colombia. Finally, P. ouropretensis shares a recent common
ancestor with P. leucocytica from the Caribbean islands. Both are
part of a well-supported clade of non-erythrocytic parasites within
the family Plasmodiidae. Thus, the parasites described here are sug-
gested as another species of non-erythrocytic Plasmodium.

So far, molecular information from two species of lizard hae-
mosporidians that infect white blood cells reinforces the idea that
the family Garniidae may not be phylogenetically valid because
they fall within the clade of lizard and avian Plasmodiidae. Telford
(1973) suggested Garniidae as synonymy of Plasmodiidae, and
called for a redefinition of lizard Plasmodium to include
non-erythrocytic parasites, and this is supported by our data
together with molecular information from Perkins (2000). How-
ever, more molecular data are necessary to evaluate evolutionary
relationships among Plasmodium, Garnia, and Fallisia species,
especially those from the Amazonia region, the type locality of
the family Garniidae.

The limited data available indicates that P. ouropretensis is
always found in sympatry with populations of P. t. tropiduri, par-
ticularly in the Venezuelan state of Guarico (Scorza, 1970), as well
as in two Brazilian states: Sao Paulo (Rocha e Silva and Rodrigues,
1974), and Minas Gerais states (this study). Both parasites infect
T. hispidus (Scorza, 1971) and T. torquatus (Rocha e Silva and
Rodrigues, 1974). Positive interactions or facilitation effect
(Dallas et al, 2019) may explain the co-occurrence pattern of
these parasites exploiting different host resources. This has been
observed in P. agame and P. giganteum (Schall and Bromwich,
1994), where the first parasite causes host immune alteration,
allowing the successful infection of the second. However,
Plasmodium t. tropiduri was also reported infecting T. hispidus,
T. itambere, and Hemidactylus mabouya (Harris et al., 2019),
and occurred in two other states in Venezuela (Telford, 1980)
and Brazil (Carini, 1941; Pessoa and Lopes, 1963; Harris et al.,
2019). Thus, P. ouropretensis may be less widespread than
P. t. tropiduri.

Similar to previous studies, non-erythrocytic parasites were
less prevalent than the erythrocytic forms (Rocha e Silva and
Rodrigues, 1974; Telford, 1980). The host cells required by P. our-
opretensis are less abundant than erythrocytes. Therefore, if the
abundance of host cells in circulating blood generated a barrier
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Table 2. Pairwise genetic distance using almost complete mtDNA genome among ten Reptilian Plasmodium species

Oscar Hernandes Cérdoba et al.

Pairwise genetic distance (Standard Error)

Reptilian Plasmodium Species 1 2 3 4 5 6 7 8 9 10

1 P. tropiduri tropiduri (erythrocytes - 29) 0.000 0.002 0.002 0.003 0.004 0.002 0.002 0.003 0.003
2 P. tropiduri tropiduri (erythrocytes - 141) 0.001 0.002 0.002 0.003 0.004 0.002 0.002 0.003 0.003
3 P. ouropretensis (thrombocytes - 37) 0.023 0.024 0.000 0.003 0.004 0.002 0.002 0.003 0.003
4 P. ouropretensis (thrombocytes - 123) 0.024 0.025 0.001 0.004 0.004 0.002 0.002 0.003 0.003
5) P. mexicanum (NC_009960) 0.076 0.077 0.075 0.075 0.002 0.004 0.003 0.004 0.003
6 P. chiricahuae (KY653779) 0.079 0.080 0.078 0.078 0.017 0.004 0.003 0.004 0.004
7 P. carmelinoi (KY653755) 0.029 0.029 0.032 0.032 0.078 0.081 0.002 0.004 0.003

P. kentropyxi (KY653753) 0.028 0.028 0.032 0.032 0.079 0.082 0.015 0.003 0.003
9 P. (Lacertamoeba) sp. (KY653796) 0.057 0.057 0.059 0.059 0.072 0.075 0.060 0.062 0.002
10 P. floridense (NC_009961) 0.057 0.057 0.057 0.057 0.073 0.075 0.060 0.060 0.016

Distances (and Standard Error) among parasites infecting Amazon Lava Lizards (Tropidurus torquatus) from our study are shown in bold. Genetic divergence was estimated in MEGA 7.0.18
using mitochondrial genome sequence alignment (5420 bp without gaps). Standard Error estimate(s) are shown above the diagonal. Sample GenBank accession numbers are: Sample ID 29:
MW491387, sample ID 141: MW491388, sample ID 37: MW491389, and sample ID 123: MW491390.

Table 3. Average divergence over all cytb gene sequence pairs among 19 Reptilian Plasmodium species

Reptilian Plasmodium Species

Pairwise genetic distance (s.t.)

P. carmelinoi (KY653755) vs P. kentropyxi (MN540144)

0.025 (0.007)

carmelinoi (KY653755) vs P. kentropyxi (KY653753)

0.026 (0.006)

fairchildi (KR477583) vs P. azurophilum (AY099055)

0.020 (0.007)

megalotrypa (EU834705) vs P. koreafense (EU834704)

0.052 (0.010)

megalotrypa (EU834705) vs P. minuoviride (EU834703)

0.035 (0.008)

koreafense (EU834704) vs P. minuoviride (EU834703)

0.027 (0.008)

chiricahuae (KY653779) vs P. mexicanum (NC_009960)

0.017 (0.006)

0.035 (0.008)

floridense (NC_009961) vs P. hispaniolae (KR477594)

0.048 (0.010)

agamae (AY099048) vs P. giganteum (AY099053

0.032 (0.008)

leucocytica (AY099058) vs P. azurophilum (AY099055)

0.026 (0.007)

leucocytica (AY099058) vs P. ouropretensis (MW491390)

0.022 (0.007)

leucocytica (AY099058) vs P. t. tropiduri (MW491388)

0.028 (0.007)

P.
P.
P.
P.
P.
P.
P. intabazwe (KX121607) vs P. zonuriae (KX121609)
P.
P.
P.
P.
P.
P.

ouropretensis (MW491390) vs P. t. tropiduri (MW491388)

0.027 (0.007)

Pairwise genetic distance (and standard error) among parasites infecting Amazon Lava Lizards (Tropidurus torquatus) in Brazil and P. ouropretensis (AY099058) are shown in bold. The genetic
divergences were estimated in MEGA 7.0.18 using cytb fragment sequences alignment (452 bp without gaps). Sample GenBank accession numbers are in parentheses.

against successful transmission of these parasites (Schall, 2002), it
may explain the low abundance of P. ouropretensis compared with
P. t. tropiduri. Parasites infecting non-erythrocytic host cell types
may exhibit differential infection traits and different pathologies
in their hosts compared with the erythrocytic species. For
example, P. t. tropiduri infection was associated with a higher pro-
portion of monocytes, along with a decreased proportion of
thrombocytes and an increased number of young erythrocytes
in free ranging T. torquatus in Ouro Preto (Hernandes-Cordoba
and Braga, 2019). Instead, P. ouropretensis infections were
found to be associated uniquely with an increase in the monocyte
proportion (Hernandes-Cordoba, unpublished data). More sam-
pling and molecular data are needed to assess these species’ dis-
tribution and ecology across South America.

In conclusion, our study reports for the first time the mtDNA
genomes of P. t. tropiduri and P. ouropretensis. The molecular

phylogenies, including the parasites infecting different cell
types, suggest that these two forms have different evolutionary
histories based on mitochondrial genes. However, the two forms
were found to share some morphological features and inhabit
the same host, reinforcing the notion that morphological mea-
surements may hinder species discovery and delimitation in
Plasmodium parasites infecting lizards.

The first molecular characterization of lizard Plasmodium spe-
cies infecting mainly thrombocytes was provided herein. This spe-
cies formed a monophyletic clade with a Plasmodium species that
infects the white blood cells of lizards from the Caribbean islands.
These two parasite species were detected in distinct host species
sampled more than 4000 km apart.

Interesting questions that emerge from studying non-
erythrocytic Plasmodium parasites include: When did this life trait
originate? Did thislife trait appear more than once in the evolutionary
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Fig. 1. Bayesian phylogenetic hypotheses of Plasmodium species infecting Amazon Lava Lizards (Tropidurus torquatus) in Brazil based on (A) partial sequences of
the cytb gene (452 bp without gaps) and (B) partial mtDNA genome sequences (5420 bp without gaps). The values above branches are posterior probabilities
(MrBayes v3.2.6). Parasites infecting erythrocytes (sample ID: 29 and 141) are shown in red (+), whereas those infecting thrombocytes and lymphocyte-like cells
(sample ID: 37 and 123) are in blue (*). Haemoproteus genus (outgroup) is indicated in light grey. Parasites described as morphospecies are in bold. Genbank acces-
sion numbers for other parasite sequences used in the analyses are provided in parentheses.

|l c G '
(! ‘

Fig. 2. Plasmodium tropiduri tropiduri in erythrocytes from Tropidurus torquatus from
Ouro Preto, Brazil. (A, B) trophozoites, (C—E) meronts, (F, G) macrogametocytes, H
and I: microgametocytes.

history of lizard parasites? Are there more non-erythrocytic species
encrypted by low sampling or morphological similarity with erythro-
cytic parasites? Answering such questions requires microscopy stud-
ies to discover the parasites infecting different cells and molecular
methods to discover and delimit species.

Data. All sequences used here are available at GenBank.
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