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Abstract: To date, only a few species of Hepatozoon Miller, 1908 have been described from amphibians and reptiles of South Africa,
including two species from anuran hosts, three from saurians, one from chelonians, and two from ophidians. Hepatozoon bitis (Fan-
tham, 1925) and Hepatozoon refringens (Sambon et Seligmann, 1907), parasitising Bitis arientans (Merrem) and Pseudoaspis cana
(Linnaeus), respectively, were described in the early 1900s and since then there have been no further species of Hepatozoon described
from snakes in South Africa. Blood smears, used in peripheral blood haemogregarine stage morphometrics, and whole blood used in
molecular characterisation of haemogregarines were collected from the caudal vein of six snakes of three species, namely Philothamnus
hoplogaster (Glnther), Philothamnus semivariegatus (Smith) and Philothamnus natalensis natalensis (Smith). For comparison, a com-
prehensive table summarising available information on species of Hepatozoon from African snakes is presented. Haemogregarines
found infecting the snakes from the present study were morphologically and molecularly different from any previously described from
Africa and are thus here described as Hepatozoon angeladaviesae sp. n. and Hepatozoon cecilhoarei sp. n. Both haemogregarine spe-
cies were observed to cause considerable dehaemoglobinisation of the host cell, in case of infection with H. angeladaviesae resulting
in a characteristic peripheral undulation of the host cell membrane and karyorrhexis. To the authors’ knowledge, these are the first hae-
mogregarines parasitising snakes of the genus Philothamnus Smith described using both morphological and molecular characteristics

in Africa.
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Haemogregarines of the genus Hepatozoon Miller,
1908 (Hepatozoidae) are intraerythrocytic or intraleuco-
cytic apicomplexan parasites that are frequently described
from amphibian and reptilian hosts (Smith 1996, Cook et
al. 2014a). However, as highlighted by Borges-Nojosa et
al. (2017), the diversity and systematics of these apicom-
plexans are still poorly understood. The genus Hepatozoon
is paraphyletic based on estimated relationships using 18S
rRNA gene sequences, the genus Karyolysus Labbé, 1894,
and in some analyses Hemolivia Petit, Landau, Baccam et
Lainson, 1990, as well, forming a lineage within Hepato-
zoon (see Barta et al. 2012, Haklova-Kocikova et al. 2014,
Kvicerova et al. 2014, Cook et al. 2016).

Recently, a new genus, Bartazoon Karadjian, Chavatte
et Landau, 2015, was erected as part of a taxonomic revi-
sion to try resolve the phylogeny and associated taxonomy
of these haemogregarines, the new genus including species
from reptiles that were previously included in Hepatozoon
(see Karadjian et al. 2015). However, the monophyly of

Bartazoon is not well supported and with all the molecular
evidence provided for by the use of a single gene it is at this
time premature to consider such taxonomic changes (Maia
et al. 2016, Borges-Nojosa et al. 2017). Thus, following
Borges-Nojosa et al.’s (2017) recommendation we will
conservatively persist in referring to species parasitising
reptiles as Hepatozoon.

To date, only a handful of species of Hepatozoon have
been described from amphibians and reptiles of South Af-
rica. From amphibians these include Hepatozoon theileri
(Laveran, 1905) infecting the common river frog Amietia
delalandii (Bocage) (Pyxicephalidae), Hepatozoon ixoxo
Netherlands, Cook et Smit, 2014 infecting typical toads
Sclerophrys pusilla (Hallowell), Sclerophrys garmani
(Meek) and Sclerophrys gutturalis (Power) (Bufonidae),
and recently Hepatozoon involucrum Netherlands, Cook et
Smit, 2017 infecting Hyperolius marmoratus Rapp, Hepa-
tozoon tenuis Netherlands, Cook et Smit, 2017 infecting
Afrixalus fornasinii (Bianconi), Hyperolius argus Peters
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and Hyp. marmoratus and Hepatozoon thori Netherlands,
Cook et Smit, 2017 infecting Hyp. marmoratus, Hyp. argus
and Hyperolius puncticulatus (Pfeffer). From reptiles these
include Hepatozoon langii Van As, Davies et Smit, 2013,
and Hepatozoon vacuolatus Van As, Davies et Smit, 2013,
from crag lizards Pseudocordylus langi Loveridge (Cordy-
lidae), Hepatozoon affluomaloti Van As, Davies et Smit,
2015 from crag lizards Pseudocordylus melanotus Smith,
and Pseudocordylus subviridis (Smith) (Cordylidae),
Hepatozoon varani (Laveran, 1905) from monitor lizards
Varanus niloticus (Linnaeus) (Varanidae), and Hepatozo-
on fitzsimonsi (Dias, 1953) from five species of terrestri-
al chelonians including Chersina angulata (Schweigger),
Kinixys lobatsiana Power, Kinixys natalensis Hewitt, Ki-
nixys zombensis Hewitt and Stigmochelys pardalis (Bell)
(Testudinidae) (see Laveran 1905, Dias 1953, Smith 1996,
Cook et al. 2009, 2014a, 2016, Van As et al. 2013, 2015,
Netherlands et al. 2014a,b, 2018).

Even though numerous species of Hepatozoon have
been described from snakes throughout Africa from vari-
ous families including Colubridae, Elapidae, Lamprophii-
dae, Natricidae, Pythonidae and Viperidae (Table 1), the
only species of Hepatozoon described to date from South
African snakes are Hepatozoon bitis (Fantham, 1925)
described from Bitis arietans (Merrem) (Viperidae) and
Hepatozoon refringens (Sambon and Seligmann, 1907)
from Pseudoaspis cana (Linnaeus) (Lamprophiidae)
(Sambon and Seligmann 1907, Fantham 1925).

Within the Colubridae, snakes of the genus Philotham-
nus Smith, frequently formed part of haemoparasite sur-
veys in Africa, these reporting infections of potentially
several species of haemogregarines. However, regardless
of the sometimes detailed descriptions of these Hepatozo-
on spp., none were ever named (Bouet 1909, Hoare 1920,
Schweitz 1931, Garnham and Duke 1953, Ball 1967, Hak-
lova et al. 2014).

As part of a larger project focusing on haemoparasites of
South African reptiles and amphibians, two different types
of Hepatozoon were found in the peripheral blood of three
species of Philothamnus. Thus, this paper presents the first
formal description of species of Hepatozoon parasitising
species of Philothamnus in South Africa based on both
morphological description and molecular characterisation.

MATERIALS AND METHODS

Snake collection and blood preparation

A total of six snakes were collected, including two Philotham-
nus hoplogaster (Glinther), two Philothamnus natalensis natalen-
sis (Smith) and two Philothamnus semivariegatus (Smith), in the
Ndumo Game Reserve, KwaZulu-Natal (32°18'49"E; 26°54'33"S)
(see fig. 1 in Netherlands et al. 2015) from 2014—2016 (Permit
no. OP 839/2014). Blood from the caudal vein was aspirated into
a sterile 1 ml insulin syringe. Thin blood smears were prepared,
air-dried, fixed for 10 min in absolute methanol and stained us-
ing a modified solution of Giemsa stain (Sigma-Aldrich, Stein-
heim, Germany) for 20 min following Cook et al. (2014a, 2016).
A small volume (< 0.5 ml) of blood from each specimen was also
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dropped into molecular grade 70% ethanol (Sigma-Aldrich) for
molecular analyses.

Blood screening

Smears were screened using a 100x oil immersion objective,
and micrographs and measurements of parasites were taken on
a calibrated Nikon Eclipse E800 compound microscope (Nikon,
Amsterdam, Netherlands) using the Nikon NIS-Elements micro-
scope imaging software program D3.2 (Nikon). All measurements
are in micrometres (um) unless otherwise indicated. Parasitaemia
was calculated per 100 erythrocytes, with ~10* erythrocytes ex-
amined per blood smear (Cook et al. 2014a, 2016).

DNA extraction, PCR and phylogenetic analysis of 18S rDNA

Whole blood from one P. hoplogaster, one P. semivariegatus
and one P. n. natalensis, representing microscopically-identified
infections of a single morphotype, along with whole blood from
one P. n. natalensis representing a microscopically-identified in-
fection of both morphotypes, were used for DNA extraction fol-
lowing the standard protocol method for human or animal tissue
and cultured cells as detailed in the NucleoSpin®Tissue Genomic
DNA Tissue Kit (Macherey-Nagel, Duren, Germany).

Molecular characterisation of parasites was performed via
PCR amplification, amplifying approximately the full 18S
rRNA gene in two fragments by using a combination of prim-
er sets. The first fragment, approximately 930 nt in length, was
amplified using primer set HAMF 5-GCCAGTAGTCAT-
ATGCTTGTC-3' (Criado-Fornelio et al. 2006) and HepR900
5'-CAAATCTAAGAATTTCACCTCTGAC-3'
al. 2004). The second fragment, approximately 1,400 nt in
length, was amplified using primer set HepF300 5'-GTTTCT-
GACCTATCAGCTTTCGACG-3' (Ujvari et al. 2004) and 2868
5'-TGATCCTTCTGCAGGTTCAC-3' (Medlin et al. 1988,
Mathew et al. 2000).

Conditions for PCR of both fragments were as follows: initial

(Ujvari et

denaturation at 95 °C for 3 min, followed by 35 cycles, entailing
a 95 °C denaturation for 30 s, annealing at 61 °C for 30 s with an
end extension at 72 °C for 2 min, and following the cycles a final
extension of 72 °C for 10 min (Netherlands et al. 2018).

All PCR reactions were performed with volumes of 25 pl, us-
ing 12.5 pl Thermo Scientific DreamTaq PCR master mix (2x)
(2% DreamTaq buffer, 0.4 mM of each dNTP, and 4 mM MgCl,),
1.25 pl of each primer (10 uM), and at least 25 ng of DNA. PCR
grade nuclease free water (Thermo Scientific, Vilnius, Lithuania)
was used to make up final reaction volume. Reactions were un-
dertaken in a Bio-Rad C1000 Touch™ Thermal Cycler PCR ma-
chine (Bio-Rad, Hemel Hempstead, UK). An agarose gel (1%)
stained with gel red was used to visualise resulting amplicons
under UV light.

Two PCR products from each sample were sent to a commer-
cial sequencing company (Inqaba Biotechnical Industries (Pty)
Ltd., Pretoria, South Africa) for purification and sequencing in
both directions. Quality of resultant sequences was assessed us-
ing Geneious Ver. 7.1 (http://www.geneious.com, Kearse et al.
2012) before consensus sequences were generated from both for-
ward and reverse sequence reads for both fragments. A consensus
sequence was then generated from both fragments, with an over-
lap of ~600 nt (with 100% identity). Sequences were identified
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Table 1. Haemogregarines of the genus Hepatozoon Miller, 1908 (Apicomplexa: Hepatozoidae) described from snakes from Africa.
Parasite species and authorities, snake host (family), localities (type and other), mature gamont and gamont nucleus description (meas-
urements in pm), and references are provided.

Description

5 References
(gamont; nucleus)

Parasite species and authority Snake host (family) Locality

Hepatozoon aegypti Bashtar, Boulos,  Spalerosophis diadema (Schlegel) (Col- Type: Egypt 19-21.5 x 1.7-2.8; - Bashtar et al. 1984, Morsy

et Mehlhorn, 1984 ubridae) etal. 2013
Hepatozoon algiri (Manceaux, 1908)  Platyceps sp. (Colubridae) Type: Algeria 19 x 4; - Manceaux 1908
Hepatozoon angeladaviesae sp. n. Philothamnus semivariegatus (Smith), — Type: South 14.1-17.3 x 4.8—6.5; Present study
Philothamnus hoplogaster (Ginther), Africa 3.6-5.7x3.7-5.8
Philothamnus natalensis natalensis
(Smith) (Colubridae)
Haemogregarina arabi Ramadan, 1974 Telescopus dhara (Forskal) (Colubridae) Type: Egypt 11-18 x 3-5.5 Mohammad et al. 1996
(likely Hepatozoon arabi)
Haemogregarina aswanensis Moham- Naja haje (Linnaeus) (Elapidae) Type: Egypt 12.5-17.5 x2.5-6;  Mohammad et al. 1996
mad, Ramdan, Mohammed et Fawzi, 3.7x2.6
1996 (likely Hepatozoon aswanensis)
Hepatozoon ayorgbor Sloboda, Kamler, Python regius (Shaw) (Pythonidae) Type: Ghana 11-13 x 2-3.5; Sloboda et al. 2007
Bulantova, Votypka et Modry, 2007 4-6.5x1.5-2
Hepatozoon bitis (Fantham, 1925) Bitis arietans Merrem (Viperidae) Type: South 12.5-14 x 34; - Fantham1925, Hoare
Africa 1932, Smith 1996, Slobo-
da et al. 2007
Hepatozoon boodoni (Phisalix, 1914)  Boaedon fuliginosus (Boie) (Lamprophii- Type: Sudan 14-15 x 2-3, Phisalix 1914, Smith
dae) 14-15x7;5 1996, Sloboda et al. 2007
Hepatozoon brendae (Sambon et Psammophis sibilans (Linnaeus) (Lam- Type: Tropical — 16-17 x 3—4; Sambon and Seligmann
Seligmann, 1907) prophiidae) Africa and Egypt 5-6 x 3—4 1907, Smith 1996, Slobo-
daetal. 2007
Hepatozoon cecilhoarei sp. n. Philothamnus natalensis natalensis’, Type: South 13.1-15.9 x 2.1-2.7; Present study', Hoare
Philothamnus hoplogaster', Philotham-  Africa! 42-58%x1.2-1.6 19202
nus sp.? (Colubridae) Other: Uganda’
Hepatozoon crotaphopeltis (Hoare, Crotaphopeltis hotamboeia (Laurenti)  Type: Uganda 20 x 2; - Hoare 1932, Smith 1996,
1932) (Colubridae) Sloboda et al. 2007
Hepatozoon dogieli (Hoare, 1920) Bitis gabonica Duméril, Bibron et Type: Uganda 14 x 6; - Hoare 1932, Smith 1996,
Duméril (Viperidae) Sloboda et al. 2007
Hepatozoon enswerae (Hoare, 1932)  Naja melanoleuca Hallowell (Elapidae) Type: Uganda 19 x 3, slender Hoare 1932, Smith 1996,

vermicular 15 x 3.8, Sloboda et al. 2007
bean-shaped; -

Hepatozoon garnhami (Mohammad,  Psammophis aegyptius Marx (Lam- Type: Egypt 15-20 x 1.5-2.5; Mohammad et al. 1996,
Ramdan, Mohammed et Fawzi, 1996) prophiidae) 5-9 x1.5-3 Abdel-Baki et al. 2014
Hepatozoon joannoni (Hagenmuller,  Macroprotodon cucullatus (Geof- Type: South 12-18 in length; - Sambon and Seligmann
1898) froy-St-Hilaire) (Colubridae) Europe or North 1907, Smith 1996
Africa
Hepatozoon malpoloni (Ramadan, Malpolon monspessulanus (Hermann) ~ Type: Egypt 12-25 x 3-5.5; - Mohammad et al. 1996,
1974) (Lamprophiidae) Smith 1996
Hepatozoon matruhensis Shazly, Psammophis schokari (Lamprophiidae) Type: Egypt 18-28 x 2.5-6; - Mohammad et al. 1996,
Ahmed, Bashtar et Fayed, 1994 Smith 1996
Hepatozoon mehlhorni Bashtar, Ab-  Echis carinatus (Schneider) (Viperidae) Type: Egypt 17.2 x5.4; Bashtar et al. 1991, Smith
del-Ghaffar et Shazly, 1991 6.3x54 1996, Morsy et al. 2013
Hepatozoon minchini (Garnham, 1950) Crotaphopeltis degeni (Boulenger) Type: Kenya 13-14 x 3—4; - Garnham 1950, Smith
(Colubridae) 1996, Sloboda et al. 2007
Hepatozoon musotae (Hoare, 1932) Boaedon sp. Duméril, Bibron et Duméril Type: Uganda 17 x 3.8-4.7, bean-  Hoare 1932, Smith 1996,
(Lamprophiidae) shaped 15.2 x 6.6, Sloboda et al. 2007
broad forms; -
Hepatozoon najae (Laveran, 1902) Naja naja (Linnaeus)', Naja nigricollis  Type: India! 14 x 3 (folded), Laveran 1902', Ball 1967,
Reinhardt**, Naja haje® (Elapidae) Other: Egypt’,  21-22 x 3 (when not Bashtar and Abdel-Ghaf-
Kenya?, Tanza- foldedl); - far 19872, Smith 1996,
nia* Telford 2009*
Hepatozoon refringens (Sambon et Pseudaspis cana (Linnaeus) (Lam- Type: South 10-12 x 5-6; - Sambon and Seligmann
Seligmann, 1907) prophiidae) Africa 1907, Smith 1996
Hepatozoon robertsonae (Sambon, Python regius, Python sebae (Gmelin) ~ Type: Gambia  12—16 in length; - Sambon and Seligmann
1909) (Pythonidae) 1907, Sloboda et al. 2007
Hepatozoon sebai (Laveran et Pettit,  Python sebae (Pythonidae) Type: Senegal 1113 x 2 (folded), Laveran and Pettit 1909,
1909) 17-18 x 2 (when not Smith 1996
folded); -
Hepatozoon seurati (Laveran et Pettit, Cerastes cerastes Linnaeus (Viperidae) Type: Algeria 12-16.5 x 2-3.5; Laveran and Pettit 1911,
1911) Other: Egypt 45x35 Smith 1996, Morsy et al.
2013
Haemogregarina vaughani Balfour, Rhamphiophis rubropunctatus (Fischer) Type: Sudan 15x4.5;- Balfour 1908
1908 (likely Hepatozoon vaughant) (Lamprophiidae)
Hepatozoon viperini (Billet, 1904) Natrix maura (Linnaeus) (Natricidae) Type: Algeria ~ None provided Billet 1904, Smith 1996,
Sambon and Seligmann
1907
Hepatozoon vubirizi (Hoare, 1932) Gonionotophis savorgnani (Mocquard) Type: Uganda  15-17 x 3.8-4.7; - Hoare 1932, Smith 1996,
(Lamprophiidae) Sloboda et al. 2007
Continued.
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Table 1. Continued.
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Parasite species and authority Snake host (family)

Description

. References
(gamont; nucleus)

Locality

Hepatozoon zambiensis (Peirce, 1984)  Dispholidus typus (Smith) (Colubridae)

Hepatozoon zamenis (Laveran, 1902)
(Colubridae)

Hepatozoon zumpti (Dias, 1952) Dendroaspis polylepis Giinther

(Elapidae)

Hemorrhois hippocrepis (Linnaeus)

Peirce 1984, Smith 1996,
Sloboda et al. 2007
Laveran 1902, Sambon
and Seligmann 1907,
Smith 1996

14.3-16.3 x 4.3-5.3; Dias 1952, Smith 1996
4.8-5.8 x3.8-4.5

Type: Zambia 14.9-17.8 x2.4-5.7;

4.4-8.4x2.2-4.1

Type: Algeria 18 x 4; -

Type: Mozam-
bique

using the Basic Local Alignment Search Tool (BLAST) (http://
blast.ncbi.nlm.nih.gov/), and deposited in the NCBI GenBank
database under the accession numbers: MG519501-MG519504.

For the phylogenetic analysis comparative sequences of spe-
cies of Hemolivia, Hepatozoon and Karyolysus, with Haemogre-
garina balli Paterson et Desser, 1976 (GenBank: HQ224959) as
outgroup, were downloaded from GenBank and aligned to the
sequences generated within this study. Sequences were aligned
using the MUSCLE alignment tool (Edgar 2004) implemented
in Geneious Ver. 7.1. The alignment consisted of 34 sequences
and was 945 nt long. To infer phylogenetic relationships of the
aligned dataset both Maximum Likelihood (ML) and Bayesian
Inference (BI) methods were used.

A model test was performed to determine the most suitable nu-
cleotide substitution model, according to the Akaike information
criterion using jModelTest 2.1.7 (Guindon and Gascuel 2003,
Darriba et al. 2012). The best model identified was the Gener-
al Time Reversible model with estimates of invariable sites and
a discrete Gamma distribution (GTR + I + I'). The ML analy-
sis was performed using RAXML Ver. 7.2.8 implemented from
within Geneious 7.1. The alphaparameter selected was the GTR
GAMMA I model, with support assessed using 500 rapid boot-
strap inferences. The BI analysis was implemented from within
Geneious 7.1 using MrBayes 3.2.2 (Huelsenbeck and Ronquist
2001).

The analysis was run twice over 10 million generations for the
Markov Chains Monte Carlo (MCMC) algorithm. The Markov
chain was sampled every 100 cycles, and the MCMC variant con-
tained 4 chains with a temperature of 0.2. The log-likelihood val-
ues of the sample point were plotted against the generation time
and the first 25% of the trees were discarded as ‘burn-in’ with no
‘burn-in’ samples being retained. Results were visualised in Trace
(implemented from within Geneious) to assess convergence and
the ‘burn-in’ period. As the topologies for both the ML and BI
trees were identical resulting trees were combined in a 50% ma-
jority consensus tree.

To compare sequences of isolates of Hepatozoon represent-
ing fragments of the ~860—1,725 nt region of the 18S rRNA
gene from other African snakes, an uncorrected pair-wise dis-
tances (p-distance) matrix was used. Comparative sequences
(KC800702, KC800703, KC866369, KC866368, KC866370,
KC800704, JQ746622) were downloaded from GenBank and
aligned to the sequences generated within this study. Sequences
were aligned using the MUSCLE alignment tool (Edgar 2004)
implemented in Geneious Ver. 7.1. and manually trimmed. The
alignment consisted of nine sequences and was 736 nt long when
imported into the MEGA?7 bioinformatics software program (Ku-
mar et al. 2016) in which the matrix was produced.
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Ethics statement. This study received the relevant ethical ap-
proval (North-West University ethics approval: NWU-00005-
14-S3, NWU-00372-16-A5).

RESULTS

General observations for peripheral blood
developmental stages of Hepatozoon species Fig. 1

All six individuals, two each, of Philothamnus hoplo-
gaster, P. semivariegatus and P. n. natalensis from Ndumo
Game Reserve, KwaZulu-Natal, were found to be para-
sitised by two morphologically dissimilar species of hae-
mogregarines (Fig. 1). The first species, Hepatozoon sp.
morphotype A, was found parasitising one P. hoplogaster
(parasitaemia 0.01%), both P. semivariegatus (parasitae-
mia 0.5% and 5%, respectively) and one P. n. natalensis
(parasitaemia 3%). This latter infection in P. n. natalen-
sis was a co-infection with the second haemogregarine
morphotype, Hepatozoon sp. morphotype B (parasitacmia
0.01%). Only Hepatozoon sp. morphotype B was found
parasitising the second specimen of P. hoplogaster (parasi-
taemia 0.2%) and the second P, n. natalensis (parasitacmia
1%). Intraerythrocytic mature gamonts were found to be
the only stages observed within the peripheral blood from
all snake specimens and caused notable host cell altera-
tions. The infection with Hepatozoon sp. morphotype A re-
sulted in a cytopathology characterised by an enlarged and
dehaemoglobinised host cells with a ‘wafer-thin’ undulat-
ing cell membrane, whilst the infection with Hepatozoon
sp. morphotype B was characterised by the parasitised host
cell’s elongation and narrowing.

No potential vectors, such as mosquitoes or ticks, were
found feeding on the snakes.

Molecular identification and phylogenetic analysis
Amplicons of between 1,540 nt and 1,713 nt of the
18S rRNA gene were obtained for both species of Hepa-
tozoon identified by microscopy. Hepatozoon sp. morpho-
type A was amplified from one P. hoplogaster (1,540 nt),
one P. semivariegatus (1,540 nt) and one P. n. natalensis
(1,540 nt) (the specimen representing a co-infection with
both morphotypes). All three amplicons were identical
from which a consensus sequence was made (1,540 nt).
Hepatozoon sp. morphotype B was amplified from one
P n. natalensis (1,713 nt) (the specimen representing an
infection with only morphotype B). Both the phylogenetic
analysis (Fig. 2) and the evolutionary divergence estimates
(Table 2) differentiate Hepatozoon sp. morphotype A and
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Fig. 1. Peripheral blood stages of two species of Hepatozoon Miller, 1908 parasitising species of Philothamnus Smith. Mature gamonts,
lying singly, within a parasitophorous vacuole, within mature erythrocytes of (A—C) Hepatozoon angeladaviesae sp. n. (NMB P 440)
parasitising Philothamnus semivariegatus (Smith), and (D—F) Hepatozoon cecilhoarei sp. n. (NMB P 441) parasitising Philothamnus
natalensis natalensis (Smith), both from Ndumo Game Reserve, KwaZulu-Natal. A-C — gamont straighter than curved, tapering to
a point at one pole (arrowhead), the other pole rounded, sometimes appearing folded (arrow), the parasitophorous vacuole appearing as
a halo-like sheath; D-F — gamont elongated and curved, parasitophorous vacuole evident, appearing noticeably larger than the gamont
with one pole curved into a hook (arrowhead). In both H. angeladaviesae sp. n. (A—C) and H. cecilhoarei sp. n. (D-F), the host cell
nucleus has been displaced and condensed, the gamont of H. angeladaviesae sp. n. causing karyolysis of the host cell nucleus (C). Both
haemogregarine species cause dehaemoglobinisation, H. angeladaviesae sp. n. characteristically causing the ‘wafer-thin’ undulation

of the host cell membrane (A—C).

Hepatozoon sp. morphotype B as separate species, which
are described below as Hepatozoon angeladaviesae sp. n.
and Hepatozoon cecilhoarei sp. n., respectively. Both spe-
cies of Hepatozoon are closely related, as can be seen in
the phylogenetic analysis and divergence estimates (99.5%
identical, p = 0.01, representing the ~860—1,725 nt region,
see Table 2; and 99.0% identical, p = 0.01, representing the
full 1,540 nt fragment). With high support (73, 0.89) both
species form a sister clade to Hepatozoon sipedon Smith,
Desser et Martin, 1994 from the snake Nerodia sipedon
sipedon (Linnaeus), this clade in turn clustering within
a larger monophyletic clade, sister to a clade containing
species of Hepatozoon from amphibians.

According to the evolutionary divergence estimates
concerning species of Hepatozoon from African snakes,
which could not be included in the phylogenetic analysis
as they represent fragments of the ~860—1,725 nt region
of the 18S rRNA, the present material is most closely re-
lated to an unnamed species (GenBank: KC800702) isolat-
ed from P. semivariegatus from Swaziland (96.3—96.6%
identity, p = 0.03—0.04), to an unnamed species (GenBank:
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KC800703) from Python natalensis Smith, from Swazi-
land (96.3—96.6% identity, p = 0.03) and an unnamed spe-
cies (GenBank: KC866368) from Dendroaspis polylepis
Giinther in Swaziland or Tanzania (96.3—96.6% identity,
p =0.03-0.04) (Haklova et al. 2014).

Description of peripheral blood stages of Hepatozoon
species
Hepatozoon angeladaviesae sp. n. Fig. 1A-C

ZooBank number for species:
urn:lsid:zoobank.org:act: CO4EDDB3-8E91-4AB7-8361-4B1FA25D87CF

Mature gamonts (n = 50): Lying singly within mature
erythrocytes, parasitophorous vacuole (PV) rarely evi-
dent, but appearing as thin ‘halo” when visible (Fig. 1A),
14.1-17.3 (16.0 = 0.7) long, 4.8—6.5 (5.8 £ 0.5) wide,
straighter than curved, one pole faintly pointed (arrow-
head) (Fig. 1A,C), opposite pole rounded, sometimes ap-
pearing folded (arrow) (Fig. 1C), cytoplasm staining blue.
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1001[ HQ224962 Hepatozoon clamatae ex Rana clamitans
-/0.58 HQ224954 Hepatozoon cf. catesbianae ex Rana catesbeiana
100 KP119772 Hepatozoon ixoxo ex Sclerophrys pusilla
KP119773 Hepatozoon theileri ex Ametia delalandii

73/0.89

KR069084 Hepatozoon fitzsimonsi ex Chersina angulata

61/0.51 — KCB96567 Hepatozoon sp. ex Psammophis sibilans

KC696569 Hepatozoon sp. ex Psammophis schokari
KF939627 Hepatozoon sp. ex Elaphe carinata
KC696568 Hepatozoon sp. ex Psammophis elegans
EF157822 Hepatozoon ayorgbor ex Python regius

55/0.78 |

.68
5 HQ292771 Hepatozoon sp. ex Mabuya wrightii

91/1

HQ734807 Hepatozoon sp. ex Timon tangitanus
JX631921 Hepatozoon sp. ex Podarcis bocagei

-10.64
KX880079 Hepatozoon musa ex Philodryas nattereri

AY461378 Hepatozoon canis ex Canis familiaris
KJ461942 Karyolysus lacazei ex Lacerta trilineata
KJ#461939 Karyolysus latus ex Podarcis muralis
KX011040 Karyolysus paradoxa ex Varanus albigularis
KF992699 Hemolivia mauritanica ex Testudo marginata
KR069083 Hemolivia parvula ex Kinixys zombensis
KF992714 Hemolivia sp. ex Rhinoclemmys pulcherrima manni

98/1

—— FJ719813 Hepatozoon sp. ex Dromiciops gliroides
HQ224959 Haemogregarina balli ex Chelydra serpentina

KM234646 Hepatozoon domerguei ex Madagascarophis colubrinus
AF297085 Hepatozoon sp. ex Boiga irregularis

94/0. ggl: AY628681 Hepatozoon felis ex Felis catus
ot KX757032 Hepatozoon silvestris ex Felis silvestris silvestris

EU041717 Hepatozoon ursi ex Ursus thibetanus japonicus

KP881349 Hemolivia stellata ex Amblyomma rotundatum ex Rhinella marina

1001 Hepatozoon cecilhoarei sp. n. ex Philothamnus natalensis natalensis g ppiiothamnus hoplogaster
[E— Hepatozoon angeladavi Sp. n. ex Philothamnus natalensis natalensis

JIN181157 Hepatozoon sipedon ex Nerodia sipedon sipedon

Philothamnus semivariegatus

EF222259 Hepatozoon sp. ex Sciurus vulgaris

HQ292773 Hepatozoon sp. ex Lycognathophis seychellensis

0.02

Fig. 2. Maximum Likelihood (ML) and Bayesian Inference (BI) analysis of Hepatozoon angeladaviesae sp. n. and Hepatozoon cecil-
hoarei sp. n. from Philothamnus spp. and their relationships with other haemogragarins, based on partial 18S rDNA sequences. Tree
topologies for both the ML and BI trees were identical; the nodal support values, bootstrap for ML and posterior probability for BI, are

represented as ML/BI on the ML tree.

Table 2. Evolutionary differences of species of Hepatozoon Miller, 1908 isolated from snakes of Africa not included in the phylogenet-
ic analysis presented in Fig. 2, representing the ~860—1,725 nt region and expressed as percent similarity (bottom left) and pair-wise

distance (p-distance) (top right).

Accession  Hepatozoon species Host species 1 2 3 4 5 6 7 8 9
number
1 MG519501— Hepatozoon angeladaviesae  Philothamnus hoplogaster (Giinther), 0.01 0.04 0.03 0.05 0.04 0.03 0.03 0.04
MG519503  sp. n. Philothamnus natalensis natalensis (Smith),
Philothamnus semivariegatus (Smith)
2 MG519504 Hepatozoon cecilhoarei sp. n.  Philothamnus natalensis natalensis 99.5 0.03 0.03 0.04 0.03 0.03 0.03 0.04
3 KC800702 Hepatozoon sp. Philothamnus semivariegatus 96.3 96.6 0.01 0.02 0.01 0.01 0.01 0.01
4 KC800703 Hepatozoon sp. Python natalensis Smith 96.3 96.6 99.2 0.02 0.01 0.00 0.00 0.00
5 KC866369 Hepatozoon sp. Dendroaspis jamesoni kaimosae Loveridge 95.1 954 97.7 974 0.02 0.02 0.02 0.03
6 KC866368 Hepatozoon sp. Dendroaspis polylepis Giinther 96.3 96.6 99.5 99.2 98.2 0.01 0.01 0.01
7 KC866370 Hepatozoon sp. Dendroaspis jamesoni jamesoni (Traill) 96.0 96.3 98.8 99.3 974 98.8 0.00 0.00
8 KC800704 Hepatozoon sp. Gonionotophis capensis capensis (Smith) 96.2 96.5 99.0 999 97.3 99.0 99.2 0.00
9 JQ746622  Hepatozoon garnhami Psammophis schokari (Forskal) 96.0 96.3 989 99.5 97.1 98.9 99.0 99.3
(Mohammad, Ramdan,
Mohammed et Fawzi, 1996)
Nucleus 3.6—5.7 (5.0 £ 0.5) long, 3.7-5.8 (4.7 £ 0.5) wide, Effects on host cell: Normal erythrocytes (n = 50)

staining dark purple-pink with compactly arranged chro-
matin, situated almost centrally with mid-nucleus to anteri-
or measuring 6.4—8.5 (7.4 + 0.5), mid-nucleus to posterior
6.5-9.4 (8.5 £0.6), square (Fig. 1B) to rounded (Fig. 1C).
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measure 14.3—19.4 (16.0 = 0.9) x 9.2-13.4 (11.7 £ 0.7),
compared to significantly elongated (P <0.01) parasitised
erythrocytes (n = 50) measure 19.6-31.3 (25.4 + 2.2) %
9.4-16.1 (12.2 £ 1.5). Normal erythrocyte nucleus meas-
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ures 5.5—8.1 (6.7 £0.6) x 2.7-4.5 (3.7 + 0.4), compared to
significantly elongated (P <0.01) and condensed (P <0.01)
parasitised host cell nucleus measuring 5.7—13 (10.3 + 1.2)
x 1.7-3.6 (2.7 £0.4). Host cell nucleus markedly displaced
and condensed, sometimes central and parallel to gamont
(Fig. 1B) or to one pole of gamont showing slight degree of
karyolysis, but no evidence of vacuolation, in some cases
karyorrhexis (Fig. 1C). Dehaemoglobinisation and hyper-
trophy of host cell evident, resulting in a ‘wafer-thin’ un-
dulating cell membrane.

Type host: Philothamnus semivariegatus (Smith) (Ophidia:
Colubridae).

Other hosts: Philothamnus hoplogaster (Giinther), Philo-
thamnus natalensis natalensis (Smith) (Ophidia: Colubridae).

Vector: Unknown.

Type locality: Ndumo Game Reserve (26°52'46"S;
32°15'25"E), KwaZulu-Natal, South Africa.

Type specimens: Hapantotype, deposited in the Protozo-
an collection of the National Museum, Bloemfontein, South
Africa, voucher specimen number: NMB P 440; sequences
uploaded onto GenBank, 18S sequence accession numbers:
MGS519501-MG519503.

Etymology: The species is named after Angela Josephine
Davies (1947-2013), to commemorate her contribution to the
knowledge of parasitic protozoa in vertebrates, as well as her
singular dedication to and enthusiasm in sharing this knowl-
edge with all those she mentored.

Remarks. During the early to mid 1900s, haemogre-
garines were reported parasitising Philothamnus spp. from
Equatorial to Saharan Africa. However, most of these re-
ports based solely on peripheral gamont stages that lacked
descriptive detail. Furthermore, none of these reports led
to a complete description in which the haemogregarines
were named. Accounts included a report from a P. semi-
variegatus as well as an unidentified Philothamnus sp. in
French West Africa, from an unidentified Philothamnus sp.
in Mabira, Uganda, from a Philothamnus irregularis Leach
in Stanleyville, Democratic Republic of the Congo and
Gambia and lastly from a P. irregularis in Nairobi, Ken-
ya (Bouet 1909, Hoare 1920, Schwetz 1931, Garnham and
Duke 1953, Ball 1967). Those providing enough detail for
a more thorough comparison included the reports of Hoare
(1920) and Ball (1967).

Hoare (1920) described a parasite that caused the de-
haemoglobinisation of the host cell, the length of which is
very similar to that of H. angeladaviesae sp. n. described
in the present study, but the width was described as con-
siderably narrower (mean width 2.3 pm) compared to the
present material (mean width 5.4 pm). The slender form
of the parasite and the slight karyolysis of the parasite on
the host cell nucleus described by Hoare (1920) led him to
suggest its assignment as a species of Karyolysus.

The haemogregarine gamont stages described by Ball
(1967) were found to be narrower (mean width 3.8 um)
than the gamonts of H. angeladaviesae and, in contrast,
were not described as causing any dehaemoglobinisation
of the host cell. The morphological dissimilarities between
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the gamont stages described by Hoare (1920), Ball (1967)
and those of H. angeladaviesae draw us to the conclusion
that they do not belong to the same species.

In comparison to described peripheral gamont stages of
species of Hepatozoon described from other South Afri-
can snakes, such as those H. bitis and H. refringens para-
sitising Bitis arietans (Viperidae) and Pseudoaspis cana
(Lamprophiidae), respectively, the gamonts of H. angela-
daviesae are much larger, both in length and width (Ta-
ble 1) with the characteristic dehaemoglobinisation of the
host cell, which is not evident in the other two Hepatozoon
spp. Furthermore, H. angeladaviesae does not conform in
size, morphology and effects on host cells of other formally
described Hepatozoon species of snakes from Africa (Ta-
ble 1).

Hepatozoon cecilhoarei sp. n. Fig. ID-F
ZooBank number for species:
urn:lsid:zoobank.org:act:91129F0E-3247-4169-BOF2-CS8AEDO6AF255

Mature gamonts (n = 18): Occurr singly, within larg-
er PV (Fig. 1D), within mature erythrocytes, 13.1-15.9
(14.9 £ 0.7) long, 2.1-2.7 (2.3 + 0.2) wide, gamont slight-
ly curved within curved PV. PV forming hook-like point
at one pole (arrowhead) (Fig. 1E,F), other pole rounded,
PV showing irregular pink granular deposits; gamont cyto-
plasm staining blue; nucleus with tightly arranged chroma-
tin, essentially central with mid-nucleus to anterior 5.1-8.0
(6.8 £ 0.7), mid-nucleus to posterior 7.4—10.5 (8.9 + 0.8),
rectangular, measuring 4.2—5.8 (5.1 £ 0.5) long, 1.2—1.6
(1.3 £0.1) wide, staining dark purple.

Effects on host cell: Normal erythrocytes (n = 18) meas-
ure 14.4-19.4 (16.1 £ 1.2) x 9.2—-12.8 (11.4 £+ 0.8), com-
pared to significantly elongated and narrowed (P <0.01)
parasitised host cells (n = 18) measuring 16.2-19.3
(17.4 £ 0.8) x 7.6-10.9 (8.8 = 0.9). Normal erythrocyte
nucleus measures 5.7-7.9 (6.9 £ 0.5) x 3.0-4.3 (3.8 £ 0.3),
compared to significantly elongated and condensed
(P <0.01) parasitised host cell nucleus measuring 8.8—-10.4
(9.6 £ 0.5) x 2.7-3.9 (3.1 + 0.3). Host cell nucleus dis-
placed to central and parallel region of gamont, host nu-
cleus condensed showing slight degree of karyolysis, but
with no vacuoles observed; evident dehaemoglobinisation
of host cell cytoplasm.

Type host: Philothamnus natalensis natalensis (Smith)
(Ophidia: Colubridae).

Other hosts: Philothamnus hoplogaster (Giinther) (Ophid-
ia: Colubridae).

Vector: Unknown.

Type locality: Ndumo Game Reserve (26°52'46"S;
32°15'25"E), KwaZulu-Natal, South Africa.

Other locality: Mabira (00°23'54"N; 33°00'59"E), Ugan-
da.

Type specimens: Hapantotype, deposited in the Protozo-
an collection of the National Museum, Bloemfontein, South
Africa, voucher specimen number: NMB P 441 sequences
uploaded onto GenBank, 18S sequence accession number:
MG519504.
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Etymology: The species is named after Cecil Arthur Hoare
(1892—-1984), an eminent parasitologist who did extensive re-
search on the protozoan parasites of African herpetofauna, and
whom it is believed by the authors to have first discovered, but
not named, this parasite.

Remarks. In comparison to the gamont stages of H. an-
geladaviesae sp. n. (average 16.0 pm x 5.8 pm), those of
H. cecilhoarei sp. n. are shorter (mean length 14.9 um) and
narrower (mean width 2.3 um). Furthermore, gamonts of
H. cecilhoarei do not cause the same enlargement that re-
sults in an ‘undulating’ effect on the host cell, nor do they
cause the same karyolysis that leads to the fragmentation
of the host cell nucleus. Similarly, as with the gamonts of
H. angeladaviesae, H. cecilhoarei does not conform in
size, morphology or effect on the host cell to other species
of Hepatozoon formally described and named, which para-
sitise other snake species in Africa.

Hepatozoon cecilhoarei, however, does closely resem-
ble to two haemogregarines described, but not named,
from other Philothamnus spp. in Africa. As mentioned
previously, Hoare (1920) reported a haecmogregarine from
an unidentified species of Philothamnus from Uganda.
This parasite was described to be 15.0-16.0 um x 2.3 um
in size, closely conforming to the length and width of
H. cecilhoarei. Hoare (1920) also described the gamonts of
the haemogregarine he discovered as elongate and slender,
with the ends or poles of the gamont slightly bent inwards,
but never bent over on the gamont itself. In addition, he
described the parasite gamont to usually attain the same
length as that of the host cell, or occasionally they could
be longer than that of the host cell. As such, in form, the
gamont of the haemogregarine described by Hoare (1920)
compares closely to that of H. cecilhoarei described in the
present study.

Considering the effects on the host cell when comparing
the description of Hoare (1920) to that of the present study,
both haemogregarine gamonts cause host cell alteration,
decreasing host cell size and causing dehaemoglobinisa-
tion, as well as the host nucleus to become hypertrophied
and elongated. In both the present study and that of Hoare
(1920), mature gamonts were the only stages identified.
Furthermore, the gamont lay parallel to the long axis of the
host cell adjacent to the host cell nucleus showing some
degree of karyolysis.

However, besides Hoare’s (1920) mentioning the slight
karyolysis of the host cell nucleus, which caused the chro-
matin to appear entangled in irregular accumulations and
strands, he also mentioned that vacuoles were sometimes
present. This was not evident in the present study, but it
may be a result of a less mature or developed infection.
Hoare (1920) also never observed an evident parasito-
phorous vacuole or irregular pink granules as was nota-
ble in a number of gamonts of H. cecilhoarei. Regardless,
the overall similarity of the haemogregarine described by
Hoare (1920) and that of the present study, suggest strong-
ly that they are the same.
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DISCUSSION

The genus Philothamnus falls within the family Colubri-
dae, including largely arboreal snakes, which often occupy
habitats near to water (Bates et al. 2014). As mentioned
previously, the only species of Hepatozoon described from
South African snakes to date include two from the fam-
ilies Viperidae and Lamprophiidae, respectively, the two
species of Hepatozoon described in this paper thus repre-
senting the first taxa of this genus reported from the family
Colubridae in South Africa (Sambon and Seligmann 1907,
Fantham 1925, Van As et al. 2013). Since the ecology of
snakes has formerly been demonstrated as important with
regards to their associated diversity of Hepatozoon spp.
(Smith et al. 1994, Telford et al. 2001, Telford 2009), it
is not surprising that the species infecting Philothamnus
spp. in this study are different (based on morphology) from
those occuring in snakes of the genera of Bitis Gray and
Pseudaspis Fitzinger.

Past studies have shown habitat and the resulting diet of
snakes important, particularly where more than one species
of intermediate host is involved (Smith et al. 1994, Tel-
ford et al. 2001, Telford 2009). Hepatozoon sipedon, for
example, is known to naturally infect the snake, Nerodia
sipedon sipedon, through the ingestion of an anuran, Rana
pipiens (Schreber) (Smith 1994, Netherlands et al. 2014a).
Furthermore, these non-ophidian intermediate host associ-
ations are becoming evident in the phylogenetic analyses
of species of Hepatozoon because species infecting snakes
with a diet comprising mostly anurans and those with a diet
comprising mostly saurians belong to separate lineages
(Haklova et al. 2014).

Tomé et al. (2013) demonstrated that diet appears to
be a key element for infection of snakes by species of
Hepatozoon. The authors found that the lineages infecting
saurophagous snakes of the genus Psammophis Fitzinger
clustered together with those from different types of liz-
ards that form a large portion of the diet of these snakes.
Both B. arietans and P. cana fulfill ecologically different
roles, being more terrestrial and feeding mostly on rodents,
compared to species of Philothamnus, which are arboreal,
preferring to occupy a habitat nearer to water, feeding on
lizards, frogs, fish and nestling birds (Bates et al. 2014).
Since all six specimens of Philothamnus examined in the
present study were found near temporary and permanent
pans with a large population of frogs that provide a readi-
ly available food source and potential source of infection,
and both H. angeladaviesae sp. n. and H. cecilhoarei sp. n.
were found to fall into a clade comprising snake and anu-
ran species of Hepatozoon (Fig. 2), it would be beneficial
to identify possible frog hosts, but also locate fresh speci-
mens of H. bitis and H. refringens so that they too may be
compared in phylogenetic analyses.

It is unfortunate that the species of Hepatozoon para-
sitising P. semivariegatus from Swaziland sequenced by
Haklova et al. (2014) could not be compared on a mor-
phological basis to H. angeladaviesae and H. cecilhoa-
rei. Furthermore, as the fragment used in the evolutionary
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divergence estimates represents a relatively conservative
section of the 18S rRNA gene, results may demonstrate
a closer relatedness than what is truly the case. However,
it does emphasise the need to provide descriptions based
on a combination of morphology and molecular data,
which has been highlighted by numerous authors, e.g.
Cook et al. (2016), Tomé et al. (2016) and Borges-Nojosa
et al. (2017). Moreover, it is anticipated that a multigene
approach will prove useful in resolving the diversity, phy-
logeny and taxonomy of the paraphyletic Hepatozoon, as
has been used in the analyses of the haemoproteids and
eimeriid coccidia (Pineda-Catalan et al. 2013, Ogedengbe
et al. 2015).
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