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Abstract

Symbionts, including parasites, are ubiquitous in all world ecosystems. Understanding the
diversity of symbiont species addresses diverse questions, from the origin of infectious diseases to
inferring processes shaping regional biotas. Here, we review the current approaches to studying
Haemosporida's species diversity and evolutionary history. Despite the solid knowledge of species
linked to diseases, such as the agents of human malaria, studies on haemosporidian phylogeny,
diversity, ecology, and evolution are still limited. The available data, however, indicate that
Haemosporida is an extraordinarily diverse and cosmopolitan clade of symbionts. Furthermore,
this clade seems to have originated with their vertebrate hosts, particularly birds, as part of complex

community levels processes that we are still characterizing.
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Haemosporida: A brief overview

Haemosporidian species (see Glossary) are a diverse clade of vector-borne protist symbionts
found in almost all terrestrial ecosystems [1,2,3]. All the species belonging to the order
Haemosporida (Phylum Apicomplexa) have heteroxenous life cycles (Figure 1) that occur in two
types of hosts, invertebrates from the order Diptera, and three classes of vertebrates: Reptilia,
Aves, and Mammalia [1-17].

Several haemosporidian families and genera have been proposed based on morphology and life
history traits (Table 1). There is agreement that the order includes three families: Plasmodiidae
Mesnil, 1903; Haemoproteidae Doflein, 1916; and Leucocytozoidae Fallis and Bennett, 1961. A
fourth, Garniidae Laison, Landau, and Shaw, 1971, has been proposed but is not widely accepted
(see Table 1, [13]). Each family may include several genera and subgenera (Table 1). Plasmodiidae
has been the best studied regarding some of its species' biology and diversity, particularly the
species belonging to the genus Plasmodium. Among those are the agents of humans (e.g.,
Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale, and Plasmodium malariae [2,16]
and avian malarias such as Plasmodium relictum [3]. Indeed, this avian parasite was instrumental
in implicating vectors in Plasmodium transmission [2].

Plasmodium species in nonhuman primates have been used as research models for understanding
parasites that commonly infect humans. Some species are part of zoonotic infections, such as
Plasmodium knowlesi, which is usually found in macaques in Southeast Asia [2,16]. In addition to
those species of interest in human health, around 600 haemosporidian species have been described,
mainly in Aves and Reptilia [3,7,18,19]. However, such a number is likely an underestimation.

Beyond being an academic problem, solid symbiont taxonomy allows for addressing

fundamental questions, from the emergence of infectious diseases to historical and anthropogenic
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processes shaping regional biotas. Putative symbiont species, particularly haemosporidian species,
are often studied as a proxy for "disease." Alternatively, a comprehensive view could acknowledge
that there is almost no terrestrial ecosystem without these symbionts [4-6,18,19]. Thus, given their
abundance and worldwide distribution, haemosporidian species are a component of biodiversity
whose function and importance need to be studied. We review our current understanding of these
symbionts' diversity, phylogenetic relationships, and origins. We also discuss the challenges of
incorporating these symbionts into biodiversity sciences while understanding the origin of

evolutionary lineages of parasites that could burden their host populations.

Haemosporidian species discovery and delimitation

Although multiple species concepts exist [20,21], species are ultimately delimited using traits.
The value of such taxa is that they are hypotheses to be tested using diverse biological data [21].
Haemosporidian species, when delimited, are expected to integrate information on how they
disperse, differentiate, and interact with their hosts across geographic, temporal, ecological, and
evolutionary contexts. Thus, species allow making inferences about processes within and between
organization levels, from organisms to ecosystems [21].

Modern taxonomy aims to reflect evolution requiring that each taxon corresponds to a
monophyletic group [20]. Species are delimited in classic haemosporidian taxonomy using their
morphological traits in blood stages as observed on Giemsa-stained blood films with a light
microscope [2-4,21]. Thus, the underlying assumption of any taxa defined using morphology is
that it reflects a clade [20,21]. However, scaling up morphology to study haemosporidian species

diversity and evolution has been challenging.
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Morphology reproducibility is affected by the expertise in the fixation and examination of blood
films [18,22]. It can change in different host species, as some traits depend on how the host cell
changes shape [18,22], and traits in their dipteran hosts are often out of reach because of a lack of
information on the vector. Parasitemias below the limit of detection by microscopy or
submicroscopic infections are common. Those submicroscopic infections hinder the identification
of known species using morphology [21,23-25], description of new ones that require a detailed
account of parasite blood stages [6,18,19], and documenting the frequency of species in host
populations [25]. Finally, assigning a blood stage's morphology to a taxon is sometimes difficult
due to infections with different species (co-infection). Such limitations have been documented in
several hosts, including humans [e.g., 25-31]. Thus, morphology has limitations in procuring
information about the species (e.g., prevalence and distribution), leading to inadequate data on
many taxa, sometimes limited to their original descriptions.

As an alternative, molecular data are widely used for detecting and identifying haemosporidian
lineages, inferring phylogenies, and studying diversity patterns [21,24,32-37]. It is worth
distinguishing species identification (DNA barcoding in the strict sense) from
discovery/delimitation [21,24,38]. The first involves molecular data linked to described taxa,
which is still pending in haemosporidians [18,19,21,39-41]. The second requires a distinct
monophyletic group or a character (e.g., a unique insertion); however, the standard remains
undefined [24,29,33,34,38]. A minimalist approach for studying diversity uses lineages from a
molecular locus, a haemosporidian mitochondrial cytochrome b gene (cytbh) fragment. Valuable
biodiversity studies use such lineages as a proxy for species. This approach has evidenced a
previously unknown species diversity as several thousands of cyzb lineages worldwide have been

found [e.g., 21,28,42-46].
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It could be argued that a consistently reported lineage is a discrete biological entity that can
integrate later other data, including morphological phenotypes and information about their hosts
and vectors as they become available. However, since morphological traits are required to describe
species [e.g., 47-50], many potential species discovered using only molecular data remain "dark
taxa" [51]. The controversy about using non-morphological data in haemosporidian taxonomy is
not new [2,3]. Early proponents considered such data crucial in discovering and delimiting species
as morphology could not provide consistent answers [1,2]. For example, finding gametocyte stages
is critical in classical taxonomy as it may imply a suitable host that sustains transmission. However,
gametocytes in a slide may not provide such evidence. E.g., P. knowlesi gametocytes are observed
in humans, but transmission among humans does not sustain transmission in natural settings. Also,
not observing gametocytes by microscopy does not exclude that the host participates in
transmission [23,25]. More importantly, the need for evidence that a host is competent for
transmission does not supersede that a DNA lineage exists regardless of traits we may ignore,
including its morphology and host range.

A consensus is emerging on an integrative approach, but, as expected, consistency between lines
of evidence 1s imperfect [18,19,21,48]. There are cryptic species or species with an apparent lack
of morphological differences (e.g., H. jenniae/H. iwa [52] and Plasmodium ovale [53]) and limited
molecular divergence from distinct morphospecies [34,52,54]. These inconsistencies may create
opportunities to understand processes such as phenotypic plasticity in morphology; however, a
parsimonious explanation in some cases is that morphology lacks the resolution to separate closely
related species due to the limited number of traits.

Although molecular data have advantages, there are technical problems. As in the case of

morphology, co-infections common in wildlife [35,55,56] may lead to chimeras when a PCR



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

amplicon is sequenced directly. Thus, examining the electropherograms, cloning, and deep
sequencing is required. Second, primers can selectively amplify, as evidenced by Leucocytozoon
species in birds that may not be detected by commonly used primers [48]. Thus, new data must be
generated to design primers that detect such taxa. Perhaps more critical is linking other sources of
information to molecular lineages, which are perceived as a temporary need rather than species.
The taxonomic load has been mitigated by recording detection-based occurrences databases like
MalAvi [46] by using specific sets of primers targeting a region of the parasite mitochondrial cytb
gene [33,35-37,44-46]. However, a standard for using molecular data to delimit species is still
needed [21,24,33], as the fragment of cytb gene has limited phylogenetic information to address

the systematic of Haemosporida [21,24,33-35].

It is important to highlight that molecular criteria to delimit species require understanding the
locus or loci genetic diversity, mutation rates, and the putative species population structure [34].
Studies indicate that the cytb and other mitochondrial genes, when the data has quality regarding
the number of base pairs [35], evolve at a mutation rate that allows species delimitation, at least
compared to morphological species [21,30-35]. However, knowledge of the putative species'
population structure lags [24]. A source of concern is that hybridization has led to incomplete
mitochondrial gene lineage sorting in other eukaryotes. However, it has not been detected in
Haemosporida [34] because their life cycles are prone to inbreeding. Notably, the strength of
purifying selection changes between haemosporidian clades; thus, interpreting differences may
not be the same in all groups [34]. Regardless of these considerations, the cyth gene has been an
extraordinary tool for unveiling the diversity of haemosporidian species [21].

Nowadays, putative haemosporidian species are first detected molecularly rather than

morphologically. A case study is Plasmodium species discovered in African apes. Such species
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with whole nuclear genomes available now were proposed on high-quality but limited
mitochondrial data (no cytb fragment) lacking morphological descriptions [e.g., 57,58]. Indeed,
many old reports may have considered them into a single morphospecies [2,16,29].

It could be argued that having molecular criteria to delimit species is essential in biodiversity
sciences. A fruitful discussion can focus on the steps to delimit species, regardless of whether those
were proposed using morphological traits or molecular data. Nevertheless, when using molecular
data is critical to agree on the data type (base pairs of a locus or loci), the ecological samplings
(reproducibility and detection in well-identified hosts across sites), and how to interpret that
information to consider a DNA lineage and its variants as part of a species [21,24,33,34]. Such
criteria can increase the contribution of biodiversity studies [21,28,33,37] to delimit putative
species where researchers can focus on aggregating other data types, including morphology and

host range.

Molecular taxonomic inferences, from species delimitation to phylogenies.

Single gene approaches.

The 18s rRNA has been the locus of choice for phylogenetic studies and species detection in
protists [e.g., 17]. It was used to diagnose [59] and study the origins of Plasmodium infecting
humans [60,61]. However, non-concerted evolution among paralogs in Plasmodium [62] and
across Haemosporida [63] has made its use in phylogenetic analyses and species delimitation
challenging. Other genes, such as the one encoding the circumsporozoite surface protein (CSP),
were used due to the interest in the protein itself [64,65]. Although gene-encoding antigens under
positive selection may fail to estimate the species trees, they can detect known species, particularly

if the variation of such locus is documented [66].
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As an alternative, the cytb was used for phylogenetic analysis adding a new locus for detecting
species in haemosporidians [67]. Some of the advantages of mitochondrial genes are: (1) The
mitochondrial genomes are conserved, allowing the design of primers [e.g., 34,35,42-45], (2) it
occurs in multiple copies per symbiont, making it sensitive for detection, (3) it is reproducible and
unambiguously digitalized facilitating the discovery of cryptic species [21,31,59,47,48,67], (4) it
separates species that have been identified using morphology [21,34], and (5) allows for
phylogenetic analyzes even when information about other traits is unavailable. A setback is that
although a cytb fragment has been incredibly useful in detecting variation [21,33,37], the limited
number of base pairs (few informative phylogenetic sites) does not always allow for robust
phylogenetic reconstructions or species delimitation [35]. Furthermore, using different cytb gene

regions hinders lineage comparison across some studies [44,45].

Multigene approaches

Two major approaches have been used. One target loci across mitochondrial (e.g., cytochrome
c oxidase subunit 1 gene: cox/ and cytb gene), apicoplast (e.g., c/pc gene), and nuclear genomes
(e.g., dhfr, asl, ef2)[68-78]. The other instead uses the complete (>5500 bp) or partial
mitochondrial genome, a single locus with multiple genes [14,15,21,30,34,79,80]. Thus far, both
provide consistent results, particularly if no outgroup is used to root the tree (Figure 2).
Nevertheless, the same taxa are not sampled in all phylogenies, so studies cannot be thoroughly
compared.

The mitochondrial genome is a single locus with the advantage (or disadvantage, depending
on its use) that it is not expected to recombine and is not saturated at the time scales under

consideration. Mitochondrial genes have comparable codon usages and AT content across taxa
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[14,34]; this is important because differences in AT content could lead to model misspecification
in phylogenetic analyses [76,77]. However, long-range PCR, cloning, or next-generation long-read
sequencing may be required to resolve mixed infections. Given their cost, these tools are not
widely available in the research community. Using multi-loci data does not solve the mixed
infections problems because lineages could be differentially amplified by a particular set of
primers targeting a locus. The possibility of chimeras worsens due to the lack of reference genomes
when using next-generation sequencing.

Although there are multiple phylogenetic studies, their comparison is not easy not only
because they usually include different taxa, as stated early, but also because the number of
informative sites reported is inaccurate. Adding a sequence with missing sites (e.g., Ns in some
regions of the sequences) eliminates such sites from the complete analysis. Thus, the taxa with
worse data drive the phylogenetic analysis as the alignment has missing data. If such sequences
are not critical, a solution is to exclude them from the study and keep more informative sites with
fewer sequences. Alternatively, missing data could be dealt with explicitly if such a level of
sophistication is required given the question [81]. Whatever the choices, a good practice is to report
the number of sites in the alignment shared by all species, excluding gaps and missing data, not
simply the alignment length as reported by the software. Irrespective of these cautionary notes, the
information obtained from multigene data, whether a single locus such as the mitochondrial
genome or multi-loci, is consistent and informative. Indeed significant advances have been made

in our understanding of haemosporidian evolution (Figure 2, Box 1).

Haemosporidian phylogeny and taxonomic implications
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Molecular phylogenies have been enriched by an expanded sampling, including novel putative
taxa (e.g., Plasmodium in lemurs [14,22], Haemoproteus catharti [82], Haemoproteus antigonis
[83], Haemoproteus pulcher [50]), and data for genera historically less studied (e.g., Nycteria,
Polychromophilus, Hemocystidium, Plasmodium in lemurs). Still, several phylogenetic
relationships are unsolved (Figure 2). However, there is extraordinary progress in our
understanding of Haemosporida evolution. In particular, molecular evidence shows that the
classical taxonomy does not comply with modern standards (Box 1). The genus Plasmodium is not
a monophyletic group [32,34,67,70,72,73], as was proposed by some classical taxonomists [2].
Although there is not enough evidence to establish the phylogenetic relationships of newly
proposed Haemoproteus species using morphology, such as H. catharti, H. antigonis and H.
pulcher, the molecular data indicate that the genus Haemoproteus is polyphyletic.

The phylogenetic relationships of genera Hepatocystis, Nycteria, and Polychromophilus with
others remain unsolved [15,34,73,74,76], requiring better taxa sampling. The relative position of
Hepatocystis may be affected by including the lemur Plasmodium species in some analyses (see
Figure 2 for comparison)[14,15,34]. Lemur Plasmodium species, thus far, are a diverse
understudied monophyletic group whose relationship with other primate malarias needs to be
elucidated [15].

Plasmodium species infecting Aves and the available evidence from Reptilia suggest that they
are a monophyletic group with several distinct clades (Figure 2)[34,76]. However, lizard
Haemosporida from outside the Americas are poorly represented in molecular studies. The clade
from Plasmodium found in ungulates is separated from other mammals Plasmodium species,
evidence that may indicate a host switch from mammals to birds [75]. Although the taxonomic

sampling is incomplete, it can be speculated that the well-documented symbiotic relationship
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between ungulates and birds [84] could have favored such an event. Haemocystidium, a genus
sometimes considered as Plasmodium, others as Haemoproteus, is now a distinct clade (see Figure
2). [6,85-88]. Indeed, some Haemoproteus have been reclassified as Haemocystidium by
incorporating molecular data. Molecular phylogenetic analyses also support the division of
Haemoproteus into two subgenera (Figure 2), H. (Haemoproteus) and H. (Parahaemoproteus)
[3,70]. These subgenera with similar morphologies in their vertebrate host show differences in
their vectors (hippoboscid vs. ceratopogonid flies) and vector stages (sporogonic development)
[3].

One consistent result is an association of groups of vectors at the family/subfamily level with
specific haemosporidian clades [3,34,70]. Leucocytozoon (Leucocytozoon) spp. is a monophyletic
group where species are transmitted by simuliid flies (Simuliidae). Haemoproteus (Haemoproteus)
spp. are transmitted by hippoboscid flies (Hippoboscidae) and H. (Parahaemoproteus) spp. by
biting midges (Ceratopogonidae) [3]. Interestingly, Leucocytozoon (Akiba) caulleryi that share a
common ancestor with H. (Parahaemoproteus) spp. is also transmitted by biting midges.
Mosquitoes (Culicidae) [3] transmit most Plasmodium species infecting lizards, birds, and
mammals. Some exceptions are P. (Paraplasmodium) mexicanum and P. (Paraplasmodium)
chiricahua that are transmitted by sand flies (Phlebotominae) [7], and the two species appear as
sister taxa in all phylogenies [e.g., 34,76]. Finally, the limited evidence of vectors for Plasmodium
in ungulates implicates Anopheles mosquitoes [75], like the other Plasmodium in mammals.
Regardless of these patterns, the link of vector families with haemosporidian clades deserves
additional exploration. For example, Haemoproteus DNA has been detected in different mosquito
genera (Anopheles, Aedes, Verrallina, Culex, Coquillettidia) [89]. However, it was not proven that

those Haemoproteus could complete the cycle in such vectors [90].
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Understanding the diversification of the Haemosporida and their character evolution (e.g.,
vectors or malaria pigment) requires a clear root for the Haemosporida phylogeny. Using Theleria
as an outgroup, it was proposed that the common ancestor of Haemoproteus and Leucocytozoon
diverged from the rest early on in the evolution of the order, a consistent proposal with a root
statistically estimated [76,91] (Figure 2b). Piroplasmida (Babesia or Theleria) and Haemosporida
were considered "close" [61], but they seem inappropriate to root the Haemosporida tree due to a
risk of long-branch attraction effect. The fact that Piroplasmida genomes have 4 chromosomes
and Haemosporida species such as Plasmodium have 14 gives an idea of the potential divergence.
Likewise, the mitochondrial genome of Haemosporida and the known Piroplasmida have different
organizations [34]. Statistical estimates of the root [34,91] have not been concordant, perhaps
because of the rate heterogeneity and differences in the taxa sampled. Regardless of the root, all
evidence nowadays points to a radiation of the Haemosporida with modern birds [15,34,88].

What seems a critical finding is that some morphological and life history traits that define
different taxa are convergent across clades (Table 1)[67]. However, whether to revise the
taxonomy 1is a controversial matter. Given the practical importance of the current taxonomy in
fields such as human and veterinary medicine, these taxonomic problems are unlikely to be solved

in the short term [76,77].

Molecular clock: Timing the radiation of haemosporidians

Timing the events leading to the radiation of Haemosporida allows testing inferences on how
these symbionts were part of processes driving the origins of biotas. Molecular dating initially
focused on the origin of human parasites, assuming a constant rate of evolution. The earliest

attempt used a universal rate for the 18S SSU rRNA concluding that Plasmodium, and by
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extension, all Haemosporida, was older than their vertebrate hosts [see 92], generating some
controversies in the field [93]. More recent studies on the mitochondrial genome assumed a strict
clock on the Plasmodium mitochondrial genome [79], even when the constant rate assumption was
rejected. The origin of the genus Plasmodium was estimated to be 22 - 41 Ma (million years ago)
using an ad hoc method. Other studies also assumed a constant rate [94] on a fragment of cytbh
gene finding younger times (e.g., the global diversity of the Haemosporida across terrestrial
vertebrates took place at 16.2 Ma).

The first study using nuclear genomic data estimated the origin of Plasmodium species to be
between 64 and 120 Ma [95], clearly older than those from mitochondrial genes. The method
estimated relative times against a reference distance between two species; the original study used
P. vivax and P. knowlesi. Although a constant rate for single-copy protein genes orthologs is
assumed, it is not a universal rate for all genes. However, the method assumes a single rate to
transform the relative times into absolute times [95].

Beyond assuming a constant rate in one way or another, the early studies described above are
not comparable in data and methods used to estimate rates and times [77]. Nowadays, there is an
agreement that using a constant rate in ad hoc methods is not a robust approach to molecular dating
[96]. Alternatively, several approaches allow for rate variation using bayesian methods. There are
reviews on such methods [96], so only a brief description is provided. Recently, molecular dating
in Haemosporida has been driven using mitochondrial genomes because there is a broad sampling
of taxa (Figure 3). The impact of two sets of assumptions has been explored using bayesian
methods. The first concern was how to model the rate variation among lineages. The two standard
models differ in assuming autocorrelation or no correlation in the rate variation among the

lineages. The second set of assumptions involves the informative calibration constraints for
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reliable timescales. Calibrations are derived from fossil data and biogeographic events from the
organisms included in the analysis. However, there are limited and controversial haemosporidians
reports in the fossil records that are difficult to use for molecular dating [11,12,97], so host data
have been used as calibrations [21]. Although not a typical secondary calibration, the calibrations
used in Haemosporida still require additional assumptions, such as biogeographic events on the
host and their fossils, assuming that such events affect the parasite (Figure 3). Thus, such
calibration constraints should be described so others can evaluate them [14,34]. Given the
assumptions, molecular time estimates make some scenarios more parsimonious than others. A
critical problem seems to be that all available calibrations are in Plasmodium from mammals
emphasizing the importance of seeking new calibrations [21], particularly within other genera in
Aves and Reptilia. Nevertheless, the calibrations that have been used are internally consistent, so
removing one calibration does not yield incongruent time estimates when the analyses are
compared [15,34,35]. The time priors used thus far provide an incomplete but plausible framework
for molecular clock studies.

A first study used two calibrations within primates, compared different scenarios, and the two
Bayesian methods that assume autocorrelation or no correlation (independent) on the rates of
mitochondrial genome lineages [14]. A first observation is that the estimates with the
autocorrelation model yielded slightly older times than the independent rate models. Some
credibility intervals overlapped with previous estimates from Hayakawa et al. [79]. This study
used the parasite's origin in lemurs to validate the time estimates from separate calibrations [14].
The proposed scenarios were investigated in a separate study in rodent malarias [98], producing
similar results. Significantly, those estimations were also rescued when new data were included

[15].
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Expanded studies on mitochondrial genomes, including data from avian species (genera
Leucocytozoon, Haemoproteus, and Plasmodium) and reptiles (Haemocystidium), still found that
different models of evolutionary rate variation across lineages, independent or autocorrelated,
affect time estimates, particularly in avian haemosporidian clades [34]. Although the credibility
intervals overlapped between the two models, using calibrations that may reduce the variance in
the time estimates is critical. Overall, the time estimates that are consistent across the mtDNA
genomes studies [14,15,34,88,98] with the best sampling in terms of taxa (Figure 3), indicate that:
(1) The african ape parasites that are part of the clade that includes Plasmodium falciparum, the
agent of the most aggressive form of human malaria, diverged early on from other primate
parasites, including all the other species infecting humans (particularly with the origin of
Catarrhini primates), and considering the evolutionary histories of their extant hosts, their origins
likely took place in Africa; (2) the origin of the lemur malaria parasites sampled so far are
consistent with a scenario where they originated when they were introdueced into Madagascar by
terrestrial vertebrates [14,15]; (3) several primate malaria parasites, including lemur Plasmodium
species, appear to be younger than the origin of their hosts as a clade, consistent with our current
understanding of frequent host-switches [30,76]; (4) the time estimates for the origin of
Haemosporida (age nodes = 77.8 and 79.9 Ma, Ref) overlapped with the calibration constrain
proposed for the time to the common ancestor of palacognathous birds (56.8-86.8 Ma [99],
https://fossilcalibrations.org accessed on January 2023) and with molecular estimates for the origin
of modern birds [e.g., 100]; and (5) all scenarios explored indicate that the significant
haemosporidian parasite genera, as described in the classical taxonomy, could diversified
concomitantly with the radiation of their vertebrate host orders after the Cretaceous—Paleogene

(K—Pg) boundary (66 Ma) [15,34,88].
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Although limited in the taxa sampled, times estimates using the combination of mtDNA plus
partial apicoplast genomes (~6kb) showed some differences with the molecular clock estimates
using solely mitochondrial data in the clade that includes P. falciparum. For example, when
considering the mtDNA alone [15,34,88], the time estimates for the origin of the P. falciparum
clade were 17.3-28.71 Ma, which coincides with the time of origin of the Hominidae that includes
Homo, Pan, Gorilla, and Pongo (11.6-33.9 Ma [99] https://fossilcalibrations.org last accessed on
January 2023). Then, when the apicoplast loci were included, the same clade was younger (7.1—
10.9 Ma)[15], coinciding with the extant Homininae (Homo, Pan, and Gorilla; credible interval
(CrI): 8.4 — 9.6 Ma; https://www.timetree.org/). An element that may explain the older mtDNA
time estimates is that rate differences in the primate Plasmodium clades may affect the P.
falciparum clade estimates [30,34]. Considering these factors, a scenario of a common ancestor
for the clade that includes P. falciparum that coincides with the origin of Homininae seems
plausible and could explain the extant host range of these parasites.

Nevertheless, the best way to move the field forward is to seek additional calibration
constraints, ideally within parasite genera such as Haemoproteus and Leucocytozoon, by
discovering clades linked to biogeographic or host-speciation events. Simply adding data from
extant species does not solve the problem. Species without calibration may increase the variance
in time estimates because of heterogeneity in their rates of evolution. Adding loci is beneficial if
they have congruent phylogenetic signals, are not saturated, have similar rate variation across
lineages (e.g., no gene under positive natural selection), and do not require different substitution

models (e.g., similar GC content).

Knowledge gaps and future directions.
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Studies on Haemosporida can benefit from a molecular standard to delimit species. Since the
cytb gene is widely used, a possibility is using the whole gene or a fragment of the mitochondria
that includes it; this allowed the discovery of the Plasmodium species in Apes. In addition to
phylogenetically informative locus or loci, such a standard should require minimal sampling to
detect the proposed species in well-identified hosts across studies. The proposed standard also
should address technical problems such as dealing with co-infections. These robust molecular
species can facilitate aggregating other information, such as morphology and life history traits,
when those become available, particularly addressing the problem of cryptic species.

Regarding the Haemosporida phylogeny, the taxonomic sampling needs to be improved; there
is limited or no molecular data in some taxa (reptilian Plasmodium, Saurocytozoon, Fallisia,
Garnia, Hepatocystis, Polychromophilus, Nycteria, and lemur Plasmodium). There are only a
handful of studies on hosts such as nonpasserine birds and reptiles. Finally, molecular clock studies

will benefit from additional calibration points outside of the genus Plasmodium.

Concluding Remarks

Putative species are first detected molecularly than using morphology. Although a pragmatic
system based on short cyth gene sequences has been incredibly informative in assessing
biodiversity patterns, it can fail short of delimiting species (see outstanding questions). Thus, a
rigorous but realistic molecular standard can move the field forward from a lineage-based approach
toward species inference. Such molecularly delimited species should integrate morphological and
vector data when available. The use of molecular data should consider sampling at different levels;
when a species is delimited, data across individuals and studies are needed. Discovering species

in understudied hosts (e.g., bats, reptiles and nonpasserine birds) and haemosporida taxa is also
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critical as they may change our understanding of the Haemosporida phylogeny. A molecular
Haemosporida phylogeny can update the classical taxonomy to contemporary standards. Although
far from perfect, molecular data provides hypotheses about symbionts' rate and mode of evolution.
Inferring time incorporates Haemosporida into the discussion on how these symbionts were part
of processes driving the origin of biotas. Still, calibrations are needed by searching for clades of
Haemosporida, like in Leucocytozoon and Hemoproteus, with some specificity to clades of hosts
with limited geographic distribution or biogeographic events that can provide time points in

molecular dating studies.
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Glossary

Bayesian methods: The Bayesian phylogenetic approach combines a tree's prior probability with
the data's likelihood to estimate a posterior probability of parameters such as tree topologies and
mutation rates. Parameters are not point estimates but rather part of a distribution. The approach
can also estimate the time of origin for clades in phylogenies, given calibration constraints as
priors.

Calibration constraints: Also called calibration points are evidence for the time of origin of a
given clade in a phylogenetic tree used to inform estimates for evolutionary rates. Calibrations are
independently provided from a fossil or a biogeographic event. Under a Bayesian framework,
calibrations involve a range and a prior distribution (e.g., uniform, exponential).

Chimeras: An artifact in terms of a DNA sequence or morphological entity that erroneously
contains information from at least two or more lineages/species present in a given sample.
Credibility interval: In Bayesian statistics, it is an interval within which an unobserved parameter
value falls with a particular probability (usually 95%), given the evidence provided by the observed

data.
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Cryptic species: Species that cannot be separated morphologically (e.g., the Leucocytozoon toddi
group).

DNA barcoding: A method of species identification that uses a genetic marker, usually a short
fragment of a locus, to identify a specimen as part of a species or lineage through the comparison
with lineages or species documented in a database (e.g., partial cytb gene (480bp) sequences using
the MalAvi database).

Phenotypic plasticity: Changes in behavior, morphology, and physiology by an organism in
response to environmental stimuli or inputs.

Fossil: The remains or impression of an organism preserved in petrified form or as a mold or cast
in a rock.

Host: An organism that serves as a habitat for a symbiont where it completes the totality or part
of its life cycle.

Long-branch attraction effect: Arises when the amount of molecular or morphological change
accumulated within a lineage is sufficient to cause that, by chance, it appears similar (thus closely
related) to another long-branched lineage. Thus, the apparent shared evolutionary history is an
artifact of lineages that have undergone a large amount of change rather than an indication that
they are related by descent. Such bias is more common when the overall divergence of some taxa
results in long branches within a phylogeny.

Lineage: A continuous line of descent (identical by descent) usually inferred from molecular data.
It can be a species or allele (e.g., Haemosporidian cytb gene lineages).

Molecular clock: A model for estimating the time to the common ancestor of two or more
lineages. It uses an estimate of the evolutionary rate of nucleic acids or proteins to translate the

taxa molecular divergence into absolute time.
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Monophyletic group: It is a group or clade of organisms that includes the most recent common
ancestor of the group and its entire descendent species.

Polyphyletic group: It is a species group that does not include the common ancestor of all group
members. As such, it does not reflect the group's evolutionary history.

Purifying selection (or negative selection) occurs when natural selection removes deleterious
alleles (lower reproductive success) that arise through random mutations.

Species: These are the basic units used in the taxonomic classification of biological diversity.
Taxon (pl. taxa): Organisms sharing traits that receive a formal taxonomic name. It is expected

to be a monophyletic group.

Text boxes
Box 1.

Haemosporidian phylogenetic hypotheses

Although several phylogenetic relationships are still unsolved, the most complete and recent

analyses [15,34,88] have shown:

(1) The three genera, Leucocytozoon, Haemoproteus, and Plasmodium, are not monophyletic
groups (Figure 2). Plasmodium is polyphyletic, part of a clade with the genera Hepatocystis,
Nycteria, and Polychromophilus. We cannot infer whether the common ancestor of such a
clade can be considered a Plasmodium.

(2) The positions of genera Hepatocystis, Nycteria, and Polychromophilus are unsolved
[15,34,73,74,88]. Differences regarding the relationship of Hepatocystis with other taxa may
be due to including lemur malarial parasites in some of the analyses [14,15,34]. Lemur
parasites seems to be a very diverse clade that shares a common ancestor with other primate

parasites from continental Africa. Genus Nycteria has been recovered as part of a mammalian
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clade comprising Plasmodium and Hepatocystis or sister to reptilian Plasmodium [34,88].
Genus Polychromophilus may share a common ancestor with Plasmodium species found in
ungulates [34,70,75,88] (Figure 2b). Increasing the taxa sampling may help to solve this

discrepancy.

(3) Haemocystidium species found in reptiles are a monophyletic group [85-88].

(4) Phylogenetic analyses support the two Haemoproteus subgenera, Haemoproteus and

)

(6)

Parahaemoproteus [3,70], as they are monophyletic groups (Figure 2). Lineages such as H.
catharti, H. antigonis, and H. pulcher have been described as Haemoproteus. However, their
phylogenetic relationships with the other haemosporidian must be elucidated as H. catharti
appears out of the Haemoproteus clade (Figure 2).

Leucocytozoon (Akiba) caulleryi is not part of the monophyletic group that includes other
Leucocytozoon species [34]. It shares a common ancestor with H. (Parahaemoproteus) and is
within a well-supported clade that includes Haemocystidium and Plasmodium species. As a
result, the mtDNA phylogeny indicates that the genus Leucocytozoon is also polyphyletic.
Unfortunately, there is no data for L. caulleryi on nuclear genes.

There are two hypotheses regarding the root of the Haemosporida phylogeny. One is estimated
by mitochondrial data when no outgroup is included [15]. This estimated root appears as a
common ancestor shared by Leucocytozoon (Leucozytozoon) sp. and all the other genera
(Figure 2A). The second uses nuclear data and a piroplasm as an outgroup [76]. It places the
root between a clade with most species of Haemoproteus as sister taxa to Leucocytozoon

(Leucocytozoon), separated from the other Haemosporida (Figure 2B).
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730 Tables

731 Table 1 Characteristics of the Haemosporida families, genera and subgenera.

Taxa Invertebrate Vertebrate Characteristics Refs.
hosts (vectors) hosts®
Family Leucocytozoidae Fallis and Bennett,
1961
Genus Leucocytozoon Berestneft, 1904
Domestic and  Merogony in blood: No
Subgenus Akiba Bennett, Garnham and Biting midges wild chicken With hemozoin pigment: No 3
Fallis, 1965 (Ceratopogonidae)  Gallus gallus ~ Gametocytes develop in erythrocytes: In some 31
(1sp.) species, gametocytes develop in erythrocytes,
. . leukocytes, and thrombocytes. In Akiba,
Subgenus Leucocytozoon Berestneff, 1904 Blgck t"hes Birds gametgcytes develop onlyyin erythrocytes
’ (Simuliidae) (>100 spp.)
Merogony in blood: No, only in tissues
Genus Saurocytozoon Lainson and Shaw, K Lizards With hemozoin pigment: No 45
19692 Unknown (2-? sp.) Gametocytes develop in erythrocytes: [4.5]
Lymphocytes and reticulocytes.
Family Haemoproteidae Doflein, 1916
Genus Haemoproteus Kruse, 1890
Subgenus Haemoproteus Kruse, 1890 ?ﬁ?ﬁ;ggg;&?dggs gic(l)sspp.) [3]
Subgenus Parahaemoproteus Bennett, Biting midges Birds
Garnham and Fallis, 1965 (Ceratopogonidae)  (>170 spp.)
Genus Haemocystidium Castellani and Merogony in blood: No
Willey 1904, emend. Telford, 1996 With hemozoin pigment: Yes
Subgenus Haemocystidium Castellani and Unknown ;iziﬁs and Gametocytes develop in erythrocytes: Yes [2.6-8]
Willey, 1904, emend. Telford, 1996 ’
(>14-? spp.)
Subgenus Simondia Garnham, 1966 (T"?:t?:rll?dgg)? (T>u Srt if)p.)
Bats,
Genus Hepatocystis Levaditi and Schoen, 1932 Biting midges' ) mor'lkeys, M@rogony in bloqd: No Fonly liver)
emend. Garnham, 1948 (Ce?atqpogomdae. squirrels, and ~ With hemozoin pigment: Yes [2]
Culicoides) ungulates Gametocytes develop in erythrocytes: Yes
(>25-7 spp.)
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Merogony in blood: No

Genus Nycteria Garnham and Heisch, 1953 Unknown ?j;i) spp.) With hemozoin pigment: Yes [2]
* SPP- Gametocytes develop in erythrocytes: Yes
. Merogony in blood: No
Genus Polychromophilus Dionisi, 1899 g\?t ftleisibii dae) ](?E)SS ) With hemozoin pigment: Yes [2]
Y * SPP- Gametocytes develop in erythrocytes: Yes
Family Garniidae Lainson, Landau and Shaw,
1974°
Genus Fallisia Lainson, Landau and Shaw, [9]
1974
Subgenus Fallisia Lainson, Landau and Unknown Lizards Merogony in blood: Yes
Shaw, 1974 SIO—? spp-) With hemozoin pigment: No
omestic : .
o Aedeomyia ! Gametocytes develop in erythrocytes:
Subgenus Plasmodioides Gabaldon, Ulloa squamipennis pigeon, Plasmodioides: Yes, and thrombocytes, [10]
and Zerpa, 1985 . Columba livia
(Culicidae)? lymphocytes, and/or monocytes
c Garnia Lai Land dsh (I'sp.) Fallisia: No
enus Garnia Lainson, Landau and Shaw, Lizards Garnia: Y
Unknown arnia: Yes 9
1971¢ (>10-? spp.) Progarnia: No, only in lymphocytes, i
C gl monocytes, and thrombocytes
Genus Progarnia Lainson, 1995 Unknown (lrcs)lc)o) thans [5]
Family Plasmodiidae Mesnil, 1903
Genus Plasmodium Marchiafava and Celli,
1885
Subgenus Plasmodium Marchiafava and Mosqgltoes Primates
Celli, 1885 (Culicidae: (>30-2 spp.)
’ Anophelinae) © 5P
Mosquitoes Apes
Subgenus Laverania Grassi and Feletti, 1890 (Cuhmdge: (>8-2 spp.) Merogony in blood: Yes
Anophelinae) : S ]
. With hemozoin pigment: Yes
Mosquitoes Non—prlrlnate Gametocytes in erythrocytes: Yes (and for some
Subgenus Vinckeia Garnham, 19644 (Culicidae: 211223;?) species reticulocytes)
Anophelinae) (>15-2 spp.)
Subgenus Haemamoeba Grassi and Feletti, Mosqqltoe.s Birds
1890 (Culicidae: (>12 -7 spp.)
Culicinae) * SPP-
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Mosquitoes

Subgenus Bennettinia Valkitnas, 1997 (Culicidae: Birds [2,3]
. (1sp.)
Culicinae)
Subgenus Giovannolaia Corradetti, Garnham ?éiigg;:-s Birds
. : 9
and Laird, 1963 Culicinac) (>16 -? spp.)
Mosquitoes Birds
Subgenus Huffia Garnham and Laird, 1963 (Culicidae: (>4-2 spp.)
Culicinae) * SPP-
Subgenus Novyella Corradetti, Garnham and Mos.ql}ltoe.s Birds
Laird, 1963 (Culicidac: (>22-2 spp.)
’ Culicinae) * SPP-
) Reptiles
Subgenus Carinamoeba Garnham, 1966 (>8-2 spp.)
. Snakes
Subgenus Ophidiella Garnham, 1966 Unknown 5 spp.?)
Mosquitoes Reptiles
Subgenus Sauramoeba Garnham, 1966 (Culicidae: (>15- spp.)
PSR .
Subgenus Asiamoeba Telford, 1988 Culicinae)? Reptiles [7]
(6 spp.)
Reptiles
Subgenus Lacertamoeba Telford, 1988 (>40 spp.) [7]
. Sandfly Reptiles
Subgenus Paraplasmodium Telford, 1988 (Phlebotominac) (3 spp.) [7]

Note: Other suggested genera with limited information.

Family Haemoproteidae Doflein, 1916

Genus Rayella (synonym of Hepatocystis?) Dasgupta, 1967: host are flying squirrel.

Genus Dionisia (synonym of Polychromophilus) Landau, Chabaud, Miltgen, Baccam, 1980: host are bats.

Genus Bioccala (synonym of Polychromophilus?) Landau, Baccam, Ratanaworabhan, Yenbutra, Boulard, Chabaud, 1984: host are bats.
Genus Biguetiella (synonym of Nycteria?) Landau, Baccam, Ratanaworabhan, Yenbutra, Boulard, Chabaud, 1984: host are Hipposideros larvatus.
Genus tPaleohaemoproteus Poinar and Telford, 2005 [11]: found in a female biting midge.

Genus Johnsprentia Landau, Chavatte and Beveridge, 2012: hosts are flying foxes.

Genus Sprattiella Landau, Chavatte, Karadjian, Chabaud, and Beveridge, 2012: hosts are flying foxes.

Family Plasmodiidae Mesnil, 1903

Genus Mesnilium Misra, Haldar and Chakravarty, 1972: host are fishes.

Genus Billbraya (synonym of Plasmodium?) Paperna and Landau, 1990: host are lizards.

Genus Plasmodium, Subgenus Papernaia (synonym of Novyella?) Landau, Chavatte, Peters, Chabaud, 2010: host are birds.

Genus fVetufebrus (synonym of Polychromophilus?) Poinar, 2011 [12]: host could be bats?
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3Telford [13] considered it a synonym of Plasmodiidae.
bTelford [13] considered it a synonym of Plasmodiidae.
“Telford [13] considered it a synonym of genus Plasmodium.

dSubgenus Vinckeia [2] was defined as "malaria parasites" found in mammals (including lemurs) below the simian level; however, molecular data suggested that lemur
parasites do not conform a monophyletic group with the other species of the subgenus Vinckeia [14,15].

“Minimum number of described morphospecies.

+Considered as an extinct genus of Haemosporida.

? It is uncertain the total existing species or there is not information available.
732
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Figure legends

Figure 1 General representation of Haemosporida life cycle. Vector (in blue) and vertebrate
(green) parasite stages are shown.

Figure 2 Most recent haemosporidian phylogenetic hypotheses. (a) Haemosporidian
phylogenetic hypotheses based on mitochondrial genomes (= 6kb, [15,34]) and (b) nuclear genes
[76]. Figures adapted from [15,76].

Figure 3 Timetree of the divergence of the major clade of Haemosporida. Divergence times
were estimated based on the mitochondrial genome using BEAST with the following calibration
constraints: (1) The minimum divergence of Macaca/Papio using fossils (6—-14.2 Ma), (2) a
maximum of 24.44 to a minimum of 34.0 Ma for the human/Macaca split, (3) a range of 2042
Ma for the origin of the lemur parasites, and (4) a range of 16-28.1 Ma proposed for the origin of
Bovinae-Antilopinae. Times are shown in My, and the 95% credibility intervals (Crl) for the major
clades are gray. Branch/box colors indicate the genus—vector host species relationship. Figures

adapted from [15]. Also see [14,15,34] for additional information.
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Outstanding questions

Can rigorous molecular standards for species delimitation facilitate our understanding of
haemosporidian diversity and evolution?

Does the biased taxonomic sampling affect our understanding of haemosporidian diversity?
Are genera without molecular data monophyletic groups?

Can the incongruence among phylogenetic studies be explained solely by taxa sampling?

Can calibrations be discovered outside the genus Plasmodium?
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757  Figure 1 General representation of Haemosporida life cycle. Vector (in blue) and vertebrate

758  (green) parasite stages are shown.
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761  Figure 2 Most recent haemosporidian phylogenetic hypotheses. (a) Haemosporidian
762 phylogenetic hypotheses based on mitochondrial genomes (= 6kb, [15,34]) and (b) nuclear genes
763 [76]. Figures adapted from [15,76].
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Figure 3 Timetree of the divergence of the major clade of Haemosporida. Divergence times
were estimated based on the mitochondrial genome using BEAST with the following calibration
constraints: (1) The minimum divergence of Macaca/Papio using fossils (6-14.2 Ma), (2) a
maximum of 24.44 to a minimum of 34.0 Ma for the human/Macaca split, (3) a range of 2042
Ma for the origin of the lemur parasites, and (4) a range of 16-28.1 Ma proposed for the origin of
Bovinae-Antilopinae. Times are shown in My, and the 95% credibility intervals (CrI) for the major
clades are gray. Branch/box colors indicate the genus—vector host species relationship. Figures
adapted from [15]. Also see [14,15,34] for additional information.
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