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Abstract
Based on morphology and morphometry of gametocytes in blood and molecular phylogenetic analysis, we described a new
species of hemoparasite from the genus Haemogregarina isolated from Lepidosiren paradoxa in the eastern Amazon region.
Haemogregarina daviesensis sp. nov. is characterized by monomorphic gametocytes of varying maturity stage and their dimen-
sions were 16 ± 0.12 μm (range 13–18) in length and 6 ± 0.97 μm (range 5–8) in width. The morphological and morphometric
data were not identical with other haemogregarine species from fish. All specimens of L. paradoxa analyzed were infected by
H. daviesensis sp. nov. and the parasitemia level was moderate (1–28/2000 blood erythrocytes). Two sequences were obtained
from L. paradoxa, and these constituted a monophyletic sister clade to the Haemogregarina species. In addition, H. daviesensis
sp. nov. detected here grouped with Haemogregarina sp. sequences isolated from chelonianMacrochelys temminckii, with 99%
bootstrap support. This study provides the first data on the molecular phylogeny of an intraerythrocytic haemogregarine of
freshwater fish and highlights the importance of obtaining additional information on aspects of the general biology of these
hemoparasites in fish populations, in order to achieve correct taxonomic classification.
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Introduction

Lepidosiren paradoxa Fitzinger, 1837 (lungfish) is a mono-
type of Lepidosirenidae, which is a family of Dipnoi fish with
distribution restricted to South America. In Brazil, its distri-
bution is only in the Amazon and Paraná River systems

(Machado et al. 2010; Nelson et al. 2016). This species is
primarily a carnivorous fish, feeding on arthropods and snails,
and it inhabits hypoxic shallow swamps and lakes. Lungfish
are obligate air-breathers, but during the dry season, they are
able to burrow into the mud, undergo physiological changes,
and decrease their metabolic rates, thereby inducing aestiva-
tion (Almeida-Val et al. 2010).

Haemogregarina lepidosirenis Jepps, 1927 was described
by Jepps (1927) in L. paradoxa in the Gran Chaco, in
Paraguay. Haemogregarinidae Léger, 1911 is a family of pro-
tozoa comprising three genera:Haemogregarina Danilewsky,
1885; Cyrillia Lainson, 1981; and Desseria Siddall, 1995.
The species in these genera are intraerythrocytic and have
heteroxenous life cycles (Siddall 1995). Currently, these gen-
era are regarded as differing in oocyst formation and sporozo-
ite numbers in invertebrate hosts (vectors) and vertebrate hosts
(fish and chelonians). The vectors for haemogregarines of fish
are usually isopods of the family Gnathiidae (Davies and Smit
2001) and leeches of the families Glossiphoniidae and
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Piscicolidae (Lainson 1981; Siddall and Desser 1993).
Transmission of these intracellular parasites occurs through
sporozoite inoculation during vector hematophagy (Davies
1995; Siddall 1995; Davies and Johnston 2000).

In Brazil, the only existing records of haemogregarines in
fish areDesseria mugili (Carini, 1932) Siddall, 1995, inMugil
liza Cuvier and Valenciennes, 1836; Haemogregarina
platessae Lebailly, 1905, in Paralichthys orbignyanus
Valenciennes, 1839; and Cyrilia lignieresi Lainson, 1981, in
Synbranchus marmoratus Bloch, 1795 (Siddall 1995; Davies
et al. 2008; Eiras et al. 2012); and Cyrilia sp. in cururu sting-
ray (Potamotrygon cf. histrix) and Potamotrygon wallacei,
from Mariuá Archipelago, Negro River, in the Brazilian
Amazon Basin (Magro et al. 2016; Oliveira et al. 2017).

These descriptions of intracellular parasites were made
using only the morphological aspects of the hemoparasites;
however, the morphological descriptions are improper and
uncertain because it is difficult to differentiate (Desser
1993). This is a potentially important gap in the knowledge
of these parasites, because there is reason to suspect that
haemogregarines could be highly diversified, especially
Haemogregarina spp. (Úngari et al. 2018). Although a recent-
ly study provided the first molecular data of Haemogregarina
bigemina from marine fish (Hayes and Smit 2019), no studies
using molecular tools to determine the species of
Haemogregarina in freshwater fish have been conducted
and reported. There is a need to use molecular markers to
delimit the species of haemogregarines and thus distinguish
the taxa and clarify the biodiversity of this group, so as to set
future taxonomic work on a firm footing.

Hence, the aim of the present study was to describe a new
species of Haemogregarina in L. paradoxa, from the eastern
Amazon region of Brazil, using the features of its morphology
and molecular biology.

Materials and methods

Authorization

This study was developed according to the principles adopted
by the Brazilian College of Animal Experimentation
(COBEA) and with the participation of the Embrapa Amapá
Animal Use Committee (#004-CEUA/CPAFAP) and ICMBio
(Chico Mendes Institute of Biodiversity; SISBIO number:
37846-1).

Site of collection, fish capture, and haemogregarine
survey procedures

In June and July 2016 and February 2017, four specimens of
L. paradoxa (three males and one female) were caught using
hooks and dip nets in the Igarapé Fortaleza basin, in the

municipality of Santana, state of Amapá, in the eastern
Amazon region of Brazil (0° 02′ 10.91″ S; 51° 09′ 39.42″
W). Blood samples of euthanized specimens by means of
medullary sectioning were taken by puncturing the ventral
pulmonary artery using insulin syringes containing 10%
EDTA. These samples were used to prepare blood smear
slides, which were air-dried, fixed using absolute methanol
for 3 min, and stained with 10%Giemsa for 30min. The blood
smear slides were examined under optical microscopy using a
calibrated ocular micrometer at × 1000 magnification under
oil immersion for morphological and morphometric character-
ization of the haemogregarines. The following measurements
were analyzed: (1) length and width of parasites; (2) dimen-
sions of infected and non-infected erythrocytes; and (3) di-
mensions of the nuclei of infected and non-infected erythro-
cytes. The parasitemia level was estimated based on examina-
tion of 2000 erythrocytes, in 20 replicates of 100 erythrocytes
per field examined, on one slide from each fish from which
blood samples were obtained (Godfrey Jr et al. 1987, 1990).

Molecular and phylogenetic analysis

Genomic DNA from two samples that had been found to be
positive for Haemogregarina sp. through blood smears was
isolated from 200 μL of blood, using the illustra blood
genomicPrep Mini Spin Kit (GE Healthcare), following the
manufacturer’s instructions.

DNA samples were screened for the presence of
Haemogregarina spp., using the primers HepF300 and
Hep900, which amplify 600 bp of the 18S rRNA gene
(Ujvari et al. 2004). The PCR conditions were 94 °C for
3 min, 35 cycles at 94 °C for 45 s, 56 °C for 1 min, 72 °C
for 1 min, and a final extension step at 72 °C for 7 min. For
additional sequencing and phylogenetic analysis, the two pos-
itive samples in the first PCR were also amplified using the
4558/2733 primer pair (Mathew et al. 2000), which target a
larger fragment (1120 bp) of the 18S rRNA gene. The PCR
conditions of the secondary PCR consisted of a pre-PCR step
at 94 °C for 3 min, followed by 40 cycles of 94 °C for 1 min,
55 °C for 2 min, an extension at 72 °C for 2 min, and a final
extension at 72 °C for 10 min. A negative control (distilled
water) and a positive control (Hepatozoon canisDNA isolated
from naturally infected dogs) were used in each reaction. The
PCR products were purified and sequenced using the
BigDye™ Terminator v.3.1 cycle sequencing ready reaction
kit (Applied Biosystems, Foster City, CA, USA) and the ABI
3500 genetic analyzer (Applied Biosystems, Foster City, CA,
USA).

The DNA sequences obtained in this study were edited
using the BioEdit software v7.2.5 (Hall 1999) and were com-
pared for similarity to the sequences available in GenBank®
using BLAST. Multiple alignment, for the two sequences ob-
tained here and 25 sequences retrieved from GenBank®, was
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performed using theMUSCLE algorithm and the GENEIOUS
v.7.1.3 software. Only the sequences with at least 1000 bp
were used for the multiple alignment. The best evolutionary
model for maximum likelihood analysis was identified using
the jModelTest v.2.1.10 software (Darriba et al. 2012). The
best-fitting model based on the Akaike information criterion
(AIC) was GTR + I + G. The maximum likelihood tree was
implemented in PhyML v.3.0 (Guindon et al. 2010). A boot-
strap with 1000 replicates was used to estimate the internal
nodes of the tree. An alignment with 1045 bp from
Haemogregarina daviesensis sp. nov. sequences obtained in
this study and seven Haemogregarina spp. sequences avail-
able on GenBank® were used to estimate the uncorrected
pairwise distance (p distance). This analysis was performed
on the MEGA6 software (Tamura et al. 2013).

Results

Prevalence and parasitemia level

Intraerythrocytic gametocytes of Haemogregarina sp. were
found in 100% of the L. paradoxa specimens examined. The
mean parasitemia level was 6 parasites/2000 blood erythro-
cytes (range 1–28).

Morphometric data of parasites

The sizes of the gametocytes ofHaemogregarina sp. were 16
± 0.12 μm (range 13–18) in length and 6 ± 0.97 μm (range 5–
8) in width. The sizes of the infected erythrocytes and non-
infected erythrocytes were 48 ± 0.54 μm (range 35–57) in
length and 36 ± 0.73 μm (range 23–47) in width; and 47 ±
0.35μm (range 35–49) in length and 42 ± 0.37μm (range 34–
49) in width, respectively. The sizes of the non-infected eryth-
rocyte nucleus and infected erythrocyte nucleus were 2.4 ±
0.24 μm (range 2–2.8) in length and 1.7 ± 0.4 μm (range
1.5–2.1) in width and 2.5 ± 0.41 μm (range 2–3.7) in length
and 1.4 ± 0.28 μm (range 1–2.1) in width, respectively.

Molecular and phylogenetic analysis

Two specimens of L. paradoxa that were positive for
Haemogregarina sp. in thin blood smears were also positive
according to PCR. The sequences isolated in this study were
deposited in GenBank® (MH503891 and MH503892). The
nucleotide divergence (p distance) among Haemogregarina
sp. detected here and Haemogregarina spp. around the world
ranged from 1.9 to 5.1% (Table 1). Based on the morpholog-
ical features and genetic divergence among Haemogregarina
sp. isolated in this study and other Haemogregarina species,
we considered Haemogregarina sp. to be a new species,
named Haemogregarina daviesensis sp. nov.

A phylogenetic tree (Fig. 2), inferred from a 1020 bp frag-
ment of the 18S rRNA gene from 27 sequences, showed that
H. daviesensis sp. nov. obtained in our study grouped with
Haemogregarina sp. sequences isolated from a turtle and
formed a unique clade that was strongly supported with 99%
bootstrapping. In addition, the H. daviesensis sp. nov. se-
quences obtained from L. paradoxa formed a sister clade with
otherHaemogregarina species and were positioned in distinct
clades from Hemolivia spp. and Hepatozoon spp.

Taxonomic summary

Phylum Apicomplexa Levine, 1970
Subphylum Conoidasida Levine, 1988
Class Coccidia Leuckart, 1879
Order Eucoccidiorida Léger and Duboscq, 1910
Suborder Adeleorina Léger, 1911
Family Haemogregarinidae Léger, 1911
Genus Haemogregarina Danilewsky, 1885
Haemogregarina daviesensis sp. nov
Type host Lepidosiren paradoxa Fitzinger, 1837

(Lepidosirenidae), piramboia, South American lungfish.
Type locality Free living environment: Igarapé Fortaleza

basin (0° 02′ 10.91″ S; 51° 09′ 39.42″ W), municipality of
Santana, Amapá, Brazil.

Type material Hapantotype, four blood smears from
Lepidosiren paradoxa at the Institute for Scientific and
Technological Research of the State of Amapá (IEPA),
Amapá, AP, Brazil (n° 155, 156, 157, 158).

Site of infection Blood erythrocytes.
Prevalence All 4 L. paradoxa (100%) analyzed were pos-

itive for haemogregarines.
Parasitemia The mean parasitemia level was 6 parasites/

2000 blood erythrocytes (range 1–28).
Etymology The species is named after Angela Josephine

Davies (1947–2013), to honor her contribution to the knowl-
edge of parasitic protozoa.

Vector Unknown.
Gene sequence The 18S ribosomal gene sequences were

deposited in GenBank under accession numbers MH503891
and MH503892.

Description

Gametocytes: All the stages observed were gametocytes, and
these were generally monomorphic. However, they differed in
width and length, thus indicating the presence of several
stages of maturity. Gametocytes stained with Giemsa were
found only in erythrocytes within a vacuole in cytoplasm.

The gametocytes of H. daviesensis sp. nov. were bean-
shaped and were present in three forms: single, paired (double
gametocyte), or more than two, inside the erythrocytes
(Fig. 1). They are enclosed in a capsule and usually broad or
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could be slender, and were never curved. The parasite cyto-
plasm was pale blue, with granules surrounding the host cell
extremities. In some cases, the gametocytes had a broad pole
and, opposite this, a bent tail. The gametocyte nucleus pre-
sented diffuse or strongly condensed chromatin strands.

Remarks

The gametocytes described here were monomorphic, with
several stages of maturity, and its nucleus presented diffuse
or strongly condensed chromatin strands. These differ from
gametocytes of C. lignieresi which were remarkably dimor-
phic, named microgametocyte and macrogametocyte
(Lainson 1981). Eiras et al. (1995) reported gametocytes of
D. mugili from Mugil platanus that presented two
morphotypes. The first morphotype (8.3–10.4 μm × 2.6–
3.1 μm) had compact nucleus with well-defined margins and
was curved in extremities, whereas the second (10.4–
18.3 μm× 2.1–3.6 μm) was longer than the first and had C
shape with extremities curved. Davies et al. (2008) described
H. platessae in Paralichthys orbignyanus, reporting elongate

and curved gametocytes (9.4 ± 0.9 μm× 3.1 ± 0.4 μm) with
large vacuoles in cytoplasm. The morphology and
morphometry recorded to species in abovementioned studies
disagree with the presented here. Jepps (1929) analyzed mor-
phological features of H. lepidosirenis from L. paradoxa and
reported sausage-shaped parasites, with cytoplasmatic inclu-
sions, produced through the process of schizogony. In this
study, schizonts were not observed and gametocytes did not
resemble those from H. lepidosirenis. It is important to high-
light that few data about morphology and morphometry has
been reported to fish haemogregarines.

Discussion

Based on morphology and morphometry of gamonts in blood
and molecular phylogenetic analysis, we described the
haemogregarine reported in this study as H. daviesensis sp.
nov. The scarcity of molecular data on fish isolates makes
genus identification difficult. Many haemogregarine species
have been inconsistently described or have been reported as

Fig. 1 Gametocytes stages of Haemogregarina daviesensis stained with Giemsa in the blood of Lepidosiren paradoxa

Table 1 Distance matrix among partial 18S rDNA sequences of Haemogregarina species. The upper matrix shows the number of nucleotide
difference, while the lower matrix shows the uncorrected pairwise distance (p distance) among the sequences

Sequences 1 2 3 4 5 6 7 8 9

1. Haemogregarina daviesensis sp. nov. (MH503891)* 0 20 21 53 50 50 48 47

2. Haemogregarina daviesensis sp. nov. (MH503892)* 0.000 20 21 53 50 50 48 47

3. Haemogregarina sp. (KX507248) 0.019 0.019 6 36 33 34 33 33

4. Haemogregarina sp. (KX507250) 0.020 0.020 0.006 38 35 35 37 35

5. Haemogregarina sp. (KF257925) 0.051 0.051 0.035 0.036 17 16 18 17

6. Haemogregarina balli (HQ224959) 0.048 0.048 0.032 0.034 0.016 7 9 4

7. Haemogregarina pellegrini (KM887509) 0.048 0.048 0.033 0.034 0.015 0.007 7 5

8. Haemogregarina sacaliae (KM887507) 0.046 0.046 0.032 0.035 0.017 0.009 0.007 7

9. Haemogregarina stepanowi (KF257926) 0.045 0.045 0.032 0.034 0.016 0.004 0.005 0.007

*Sequences isolated from the present study
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new records in hosts, because studies have been based only on
morphological characteristics (Desser 1993; Alhaboubi et al.
2017; Úngari et al. 2018). Consequently, many descriptions
made in the past are subject to new classifications and recom-
bination (Mathew et al. 2000). Therefore, it is important to
assemble data on morphology, life cycles, and genetics, so

as to avoid misconceptions regarding taxonomy conclusions
(Sloboda et al. 2007).

It is known that the genus Haemogregarina produces eight
sporozoites, while Cyrilia produces more than 18 sporozoites
in leeches (Siddall 1995). However, in the present study, we
were unable to determine the genus of the intraerythrocytic

Fig. 2 Maximum likelihood phylogenetic tree based on the partial
sequences (1020 bp) of the 18S rRNA gene of Haemogregarina
daviesensis from Lepidosiren paradoxa, obtained in this study, and se-
quences available in GenBank. The branch length scale represents 0.04

substitutions per site. Cryptosporidium serpentis, Adelina dimidiata, and
Adelina grylli were used as outgroup. The black dots are sequences iden-
tified in this study
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haemogregarines in L. paradoxa using only morphological
features because no invertebrate vector was found.
Moreover, no merozoite stages were found, which made it
impossible to compare the haemogregarines of this study with
H. lepidosirenis in L. paradoxa (Jepps 1929) and Cyrilia
lignieresi in Synbranchus marmoratus (Lainson 1981; Diniz
et al. 2002). This absence of intraerythrocytic merozoites
might suggest that these haemogregarines of L. paradoxa be-
long to the genus Desseria (Siddall 1995).

The gametocytes of H. daviesensis sp. nov. found in
L. paradoxa were compared with the same stages found in
other species: H. lepidosirenis, D. mugili, H. platessae, and
C. lignieresi. In general, the morphological features observed
in the gametocytes ofH. daviesensis sp. nov. differed from the
gametocytes found in the abovementioned species. The bean-
shaped capsule, vacuole in cytoplasm, straight shape, unde-
fined position of nuclei and presence of granules were differ-
ent from these species (Jepps 1929; Lainson 1981; Eiras et al.
1995; Davies et al. 2008). With respect to C. lignieresi,
Lainson (1981) reports gamonts (11.0 × 5.0 μm) that were
larger than D. mugili (10.4 × 3.1 μm) and H. platessae
(9.4 × 3.1 μm) (Lainson 1981; Eiras et al. 1995; Davies
et al. 2008). These morphometric measures do not resemble
the gametocytes of H. daviesensis from the present study.
However, the morphometry of the gametocytes (15 ×
3.2 μm) of Haemogregarina bertonii (Schouten 1941) was
similar with H. daviesensis sp. nov. In sum, H. daviesensis
presented morphological and morphometric differences with
other species.

The molecular characterization of Haemogregarina spe-
cies in the present study was based on analysis of the 18S
rRNA gene sequences. In the phylogenetic analysis,
H. daviesensis sp. nov. from L. paradoxa form a sister clade
with a Haemogregarina sp. from one specimen of snapping
turtle Macrochelys temminckii from Texas, USA (Alhaboubi
et al. 2017). Macrochelys temminckii is a piscivorous aquatic
chelonian that lives in swamps (Elsey 2006). This may sug-
gest a host switch from turtles to fish, i.e., a host switch from
turtle-infecting ancestral condition to fish-infecting condition.
Moreover, this may indicate that a definitive host is a putative
Glossiphoniidae leech (freshwater leech) in which sexual re-
production occurs. In other studies, lineages of hemosporidian
parasites (Apicomplexa) perform host switch in avian, bats,
primates, lizards, and turtles (Ricklefs et al. 2004; Duval et al.
2007; Úngari et al. 2018).

There are no sequences of Haemogregarina species in
freshwater fish deposited in GenBank. The unique sequences
of fish haemogregarine available in GenBank are from
Haemogregarina (sensu latu) bigemina in marine fish
(Hayes and Smit 2019). The scarcity of molecular and mor-
phological data on haemogregarine developmental stages
make difficult identification of Haemogregarina isolates in
fish of the Neotropical region. However, the morphological

and morphometric data were not identical to those observed
forH. lepidosirenis (Jepps 1929),D. mugili (Eiras et al. 1995),
H. platessae (Davies et al. 2008), and C. lignieresi (Lainson
1981).

To conclude, we describe a new species, H. daviesensis, in
L. paradoxa from Brazil. In addition, this study on the mor-
phological and molecular characterization in lungfish from the
Amazon region compared isolates with the available morpho-
logical data on haemogregarine developmental stages that had
previously been reported and provided the first data on the
molecular phylogeny of an intraerythrocytic haemogregarine
of freshwater fish in this Neotropical region. Lastly, our find-
ings regarding the genetic sequences of haemogregarines of
fish emphasize the importance of obtaining additional infor-
mation on aspects of the general biology of these
hemoparasites in fish populations, in order to achieve correct
taxonomic classification.
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