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Abstract
Gnathiid isopods are marine ectoparasites that feed on the blood of fishes that have been implicated as vectors of blood parasites,
with transmission possibly occurring through biting during their parasitic life-stages, or through ingestion by fishes. However,
evidence for their role as vectors is limited, reflecting the small number of research groups working on them. Here, we used a
molecular barcode approach to identify fish hosts and apicomplexan parasites in free-living gnathiids from the eastern Caribbean
Sea, with the goal of further evaluating their potential role as reservoirs and/or vectors for these parasites. Apicomplexa were only
identified in 8% of the Gnathia analyzed, and in four cases we could identify both Apicomplexa and fish host DNA. The results
further suggest that Gnathia spp. in this region may serve as reservoirs for Apicomplexa, but whether they are vectors for this
parasite remains uncertain.

Keywords DNAbarcoding . Pathogen reservoir . Pathogen vector . Caribbean Sea .Gnathia

Introduction

Parasites are represented in all phyla and comprise about half
of all living organisms globally (e.g., Holmstad et al. 2005).
Parasitism can influence hosts by inhibiting growth rate, alter-
ing normal behavior, and decreasing fitness/reproductive suc-
cess (Wood and Johnson 2015), consequently impacting pop-
ulation and community dynamics (Holmstad et al. 2005).
Therefore, understanding how parasites exploit their hosts

and characterizing parasite life cycles is essential for under-
standing population and community processes.

Assessing patterns of host-exploitation in ecological com-
munities is complicated by the myriad life history strategies
employed by parasitic organisms. For example, some para-
sites are host specialists remaining permanently associated
with an individual host, whereas others are host-generalists
exploiting multiple hosts during their life cycle. Some para-
sites live inside their host (endoparasites), whereas others re-
side on the outside (ectoparasites). Among the latter, some
spend most or all of their life attached to a host, while others
may associate only temporarily.

Understanding the magnitude of parasite biodiversity, life
history and ecological impacts is more difficult in marine eco-
systems compared with most other environments (Poulin et al.
2016). This is particularly so for highly diverse systems such
as coral reefs (e.g., Cook et al. 2015), and is due in large part to
the sheer diversity of potential hosts and thus their associated
parasites that must be sampled. Moreover, there is a paucity of
skilled taxonomists and ecologists working in these systems
able to identify and characterize the parasite community
(Poulin 2014).

DNA-based identification is a powerful tool that has been
incorporated into many current biomonitoring studies and has
resulted in the discovery of new taxa (reviewed in de Sousa
et al. 2019). Using DNA barcoding for species identification is
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currently accessible, reliable, and widely adopted,
supplementing and even replacing traditional morphology-
based species identification (e.g., de Sousa et al. 2019),
including for parasite species (e.g., Bakhoum et al. 2018). A
variety of molecular barcodes have been developed for
targeting different taxonomic groups, (e.g., de Sousa et al.
2019), with 18S rRNA often used to barcode Apicomplexan
parasites, including those from fish (e.g., Renoux et al. 2017).

Apicomplexan parasites are obligate parasites that infect a
variety of vertebrate species. Indeed, it is estimated that every
vertebrate species is host to at least one apicomplexan parasite
(Votýpka et al. 2017). Apicomplexans can have relatively mi-
nor impacts on their hosts or can cause severe damage or death
(e.g., Kristmundsson et al. 2015). Most blood-borne
apicomplexans require two hosts to complete their develop-
ment. Asexual development, which leads to the formation of
gamont stages in the peripheral blood, occurs in a vertebrate
(intermediate) host, and sexual development, initiated by the
uptake of gamont stages, occurs in a blood-feeding
(hematophagous) invertebrate (definitive) host. Transmission
of infective sporozoite stages from the infected invertebrate
host occurs either through inoculation, such as in the haemo-
sporidia (e.g., species of Plasmodium), piroplasms (e.g., spe-
cies of Babesia) and some haemogregarines (e.g., species of
Haemogregarina), or through ingestion of the infected inver-
tebrate, as in most haemogregarines (e.g., species of
Hepatozoon) . Haemococcidia, such as species of
Lankesterella and Schellackia, by comparison, complete de-
velopment in their vertebrate host, with invertebrates acting
only as paratenic or mechanical hosts when ingested by the
vertebrate (O’Donoghue 2017). The vast majority of work on
the phylum Apicomplexa has focused on Plasmodium and
other genera of socioeconomic importance in terrestrial sys-
tems. Much less is known about apicomplexan parasites in
marine fishes or in coral reef systems..

While little is known about apicomplexans or any other
blood parasites of coral reef fishes, even less is known about
their transmission (see Smit et al. 2006), with few attempts
made at identifying vectors and experimental transmission
(see Smit et al. 2006; Curtis et al. 2013). On land, hematoph-
agous (blood-feeding) arthropods are perhaps the best-known
and most thoroughly studied vectors of blood parasites. Their
ecological equivalent in the marine environment are gnathiid
isopods (Isopoda: Gnathiidae), which feed on the blood of a
single fish host during each of their three juvenile life history
stages (Smit and Davies 2004) and thus, also have the poten-
tial to transmit blood parasites between hosts. Like their ter-
restrial counterparts (e.g., mosquitoes and ticks), gnathiids
associate only temporarily with their hosts, spending most of
their life-history free-living on or near the substrate.

For a long time, leeches were assumed to be the main
vectors of apicomplexan blood parasites in fishes (e.g., Smit
et al. 2006). However, some investigators have proposed that

gnathiid larvae may also be vectors of these pathogens (e.g.,
Davies and Johnston 1976). This suggestionwas subsequently
supported by observations made in temperate gnathiids (e.g.,
Smit et al. 2003) and more recent studies on the Great Barrier
Reef (e.g., Curtis et al. 2013).

In a recent survey of hemoparasite biodiversity of reef-
associated fishes of the eastern Caribbean, Cook et al.
(2015) sampled 1298 individual fish from six eastern
Caribbean islands, representing 27 families, 57 genera, and
103 species. In all, members of 14 species from 8 families
were infected with 8 distinct types of blood parasites, 6 of
which were apicomplexan (Cook et al. 2015). The host fishes
included members of the families Pomacentridae,
Labrisomidae, Blenniidae, Scaridae, Carangidae, and
Pomacanthidae, however, the invertebrate vector for any of
these has yet to be identified.

Here, we applied a molecular barcoding strategy to free-
living individuals of Gnathia from the north-east Caribbean,
to identify both their recent fish hosts and Apicomplexa par-
asites. Using this methodology, we gain insight into the pos-
sible role of Gnathia as reservoirs and as potential vectors for
pathogens. To do so, we used the portions of the cytochrome
oxidase subunit I to identify Gnathia species and fish hosts,
and a portion of the 18S rRNA to identify apicomplexan blood
parasites.

Methods

Gnathiid isopods (n = 109) were collected as part of a broader
study on population genetics of a gnathiid species from four
sites in the north-east Caribbean Sea. These included shallow
(< 10 m) reefs in Lindquist Beach (18°20′20.5”N 64°51′
20.2”W), St. Thomas and Maho Bay (18°21′37.7”N 64°44′
43.7”W), St. John, US Virgin Islands, two deeper reefs (25-
150 m) off the south side of St. Thomas, US Virgin Islands
(18°12′11.7”N 64°57′50.6”W), and one site off Punta Cana,
Dominican Republic (18°32′24.9”N 68°20′49.9”W).We refer
to these reefs below as “Lindquist Beach”, “Maho Bay”,
“Meso”, “90 ft”, and “DR”, respectively.

Gnathiids were collected using light traps as described in
Artim and Sikkel (2016), which capture both fed and unfed
free-living gnathiids. Fed gnathiids are easily distinguished
from unfed gnathiids by their distended abdomen that is full
of host blood or body fluids. Traps were set in the late after-
noon and retrieved the following morning. Contents were then
sorted under a dissecting microscope, and gnathiids were
sorted between pranizae (fed, n = 57) and zuphea (unfed,
n = 52) individuals. Fed individuals were collected in Maho
Bay (n = 20), Lindquist Beach (n = 20), and Meso Reef (n =
17). Unfed individuals were collected in the DR (n = 28) and
90 ft. reef (n = 24).Whole specimens were placed individually
in eppendorfs and genomic DNA (gDNA) was extracted from
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entire specimens using the Invitrogen PureLink genomic
DNA mini extraction kit. Briefly, individuals were digested
using Proteinase K, and genomic DNA was purified using a
spin-column based centrifugation procedure, following the
manufacturer’s protocol (Invitrogen, Carlsbad, California).

The DNA of each specimen was used in three Polymerase
Chain Reaction protocols (PCR) described in Table 1. The
first PCR was performed to identify gnathiids to species; the
second PCR aimed at barcoding fish hosts by sequencing
gnathiid blood meals; and the final PCR targeted
Apicomplexa parasites using primers which are able to ampli-
fy taxa across the different groups (Eimeria, Goussia,
Haemohormidium-like, among others, Xavier et al. 2018).
PCR products were sent for sequencing to a commercial com-
pany. Sequences were manually checked and edited using
Codon Code Aligner V.8.0.1 (Codon Code Corporation,
Centerville, Massachusetts) and BLAST algorithm was used
to find the best sequence match in NCBI’s GenBank database.

Results and discussion

The initial PCR to identify gnathiids to species successfully
amplified all individuals andProteinBLASTresults revealed
Gnathia trimaculata as the closest match (maximum diver-
gence 23.89%) and the presence of three species (interspe-
cific divergence ranging from 24.0% to 27.1%). One of the
species wewere able tomorphologically identify asGnathia
marleyi, but for the other two species identification remains
unknown (Table 2). PCRs that aimed to identify fish hosts
yielded 102 amplicons, however, after sequencing, only 10
were identified as fish DNA (percent identity ranging

between 99 and 100%) (Table 2), with the remainder mostly
displaying lowquality or belonging to non-target organisms,
such as bacteria. The final PCR that aimed to screen blood
parasites yielded 25 amplicons, all from fed gnathiids. Of
these, 9were a≥ 97%match to anApicomplexa sp. reference
sequence on GenBank, all of which correspond to
Haemohormidium-like lineages previously found in fish
blood from the Caribbean region and detailed in Renoux
et al. (2017) and Sikkel et al. (2018) (Table 2). None of these
apicomplexans has yet to be described. In total, two individ-
uals collected from Lindquist Beach and seven individuals
fromMaho Bay tested positive for Apicomplexa. Fish hosts
were successfully identified for four of the samples positive-
ly tested for Apicomplexa: one individual from Lindquist
Beach matched to Lambrisomus sp., and three individuals
from Maho Bay had fish host DNA that matched
Lambrisomus sp., Holocentrus rufus and Ocyurus
chrysurus.

Approximately 8% of the gnathiid isopods screened
hosted Apicomplexa and these we identified only from
fed gnathiids, confirming that Gnathia can serve as po-
tential reservoirs for pathogens, but whether gnathiids
may be vectors for these pathogens still remains un-
known. In cases where both the apicomplexan and the fish
host could be identified from the Pranizae (fed) stages, in
two cases (Labrisomus spp.), the host was among the
species previously reported by Cook et al. (2015) to har-
bor apicomplexans in this region. However, in the other
two cases (Holocentrus rufus, and Ocyurus chrysurus),
the identified most recent host was not among those pre-
viously known to harbor apicomplexan blood parasites.
Among 170 Holocentrid species sampled by Cook et al.

Table 1 Primers and PCR protocols used in the present study

Gene Target
species

Primer pair, reference PCR protocol (Taq used) Amplicon
size

COI Gnathia sp. Forward: gmar5COIfor (GGGATTTTTAGAGAATGAGCA) Pagán
et al. 2020

Reverse: jgHCO2198 (TAIACYTCIGGRTGICCRAARAAYCA),
Geller et al. 2013

95 °C for 15 mins;
35 cycles of 94 °C for 45 s, 55 °C

for 45 s, 72 °C for 45 s;
72 °C for 10 mins
(QIAGEN master mix, Venlo,

Netherlands)

650 bp

COI Fish hosts Primer cocktail COI-3 (Ivanova et al. 2007) 95 °C for 15 mins;
35 cycles of 95 °C for 45 s, 54 °C

for 45 s, 72 °C for 90 s;
72 °C for 10 mins
(HOT FIREPol® DNA Polymerase,

Solis BioDyne, Estonia)

679 bp

18S
rRNA

Apicomplexa Forward: HepF300 (GTITCTGACCTATCAGCTTICGACG), Ujvari
et al., 2004

Reverse: Hep900 (CAAATCTAAGAATTICACCTCTGAC), Ujvari
et al., 2004

95 °C for 15 mins;
35 cycles of 95 °C for 45 s, 60 °C

for 45 s, 72 °C for 90 s;
72 °C for 10 mins
(HOT FIREPol® DNA Polymerase,

Solis BioDyne, Estonia)

600 bp
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(2015), including 108 H. rufus, no apicomplexan blood
parasites were found. Similarly, no apicomplexan blood
parasites were found among 181 Lutjanid species, includ-
ing 62 O. chrysurus. Given that only the most recent host
can be detected (Hendrick et al. 2019); it is possible that
the gnathiid was infected with the apicomplexan prior to
feeding on the host . Although we did not f ind
apicomplexans in unfed (z-stage) gnathiids, these were
all collected from sites in which local fish have not been
screened for the presence of apicomplexans.

In the Caribbean, blood-feeding Gnathia spp. are common-
ly found to infest over 40 different species of bony fishes,
including species of Labrisomidae, Blenneidae, and
Pomacentridae (e.g., Coile and Sikkel 2013, Hendrick et al.
2019). Species of pomacentridae Stegastes damselfish, as well
as Labrisomid and Blenneid blennies, eat gnathiids (M.

Nicholson and P. Sikkel unpublished data), and thus transmis-
sion of blood parasites can potentially occur either through
Gnathia bites or by trophic transmission through ingestion
of infectedGnathia. Initial efforts to identify vectors of eastern
Caribbean haematozoans focused on blennoid and damselfish
as hosts, and gnathiid isopods as potential vectors (Cook et al.
2015). While results for blennoids were largely consistent
with other studies, suggesting gnathiid isopods as vectors of
apicomplexans in coral reef fishes, Cook et al. (2015) did not
find similar evidence for the haemohormidium-like parasite in
Stegastes damselfishes.

Several previous studies have used molecular screening to
detect the presence of apicomplexan parasites in ticks parasit-
izing reptiles and mammals (e.g., Harris et al. 2013; Greay
et al. 2018; Hornok et al. 2017). While some just reported
prevalence data (e.g., Harris et al. 2013), others led to

Table 2 List of samples for which positive indentifications of
Apicomplexa and/or fish hosts were retrieved. The closest matches on
Genbank are depicetd. Genbank accession numbers for the sequences

produced in the present study are depicted in the following order:
Gnathia spp., Apicomplexa sp. and fish host

Locality Sample
code

Gnathiid
species

Apicomplexan sequences BLAST result
(Reference GenBank Accession)

Fish sequences BLAST result
(Reference GenBank Accession)

Gnathiid
status

Sequence accession
number

Lindquist Lindquist
1_17

Gnathia
sp1

– Gerres cinereus (KT005474) Fed MT317108,
-, MT308640

Lindquist Lindquist
3_17

Gnathia
sp1

Apicomplexa sp. (KY940307) Labrisomus sp. (JQ839805) Fed MT317109, MT296588,
MT308641

Lindquist Lindquist
15_17

Gnathia
sp1

Apicomplexa sp. (MH401640) – Fed MT317110, MT296587,
-

Maho
Bay

Maho
4–17

Gnathia
sp1

Apicomplexa sp. (MH401640) Labrisomus sp. (JQ840554) Fed MT317101, MT296593,
MT308645

Maho
Bay

Maho
5–17

Gnathia
sp1

– Haemulon flavolineatum
(JQ842143)

Fed MT317102,
-, MT308646

Maho
Bay

Maho
6–17

G. marleyi – Ctenogobius saepepallens
(AY077609)

Fed MT186562,
-, MT308647

Maho
Bay

Maho
7–17

Gnathia
sp1

Apicomplexa sp. (MH401640) – Fed MT317103, MT296594,
-

Maho
Bay

Maho
14–17

Gnathia
sp1

Apicomplexa sp. (MH401640) Holocentrus rufus (JQ840538) Fed MT317104, MT296589,
MT308642

Maho
Bay

Maho
15–17

G. marleyi Apicomplexa sp. (MH401640) Ocyurus chrysurus (MK297435) Fed MT186562,
MT296595,M-
T308643

Maho
Bay

Maho
16–17

G. marleyi Apicomplexa sp. (MH401640) – Fed MT186562, MT296590,
-

Maho
Bay

Maho
17–17

Gnathia
sp2

– Lutjanus synagris (JQ839827) Fed MT317105,
-, MT308644

Maho
Bay

Maho
18–17

G. marleyi Apicomplexa sp. (MH401640) – Fed MT186562, MT296591,
-

Maho
Bay

Maho
19–17

Gnathia
sp2

– Lutjanus synagris (KF461200) Fed MT317106,
-, MT308648

Maho
Bay

Maho
20–17

Gnathia
sp1

Apicomplexa sp. (MH401640) – Fed MT317107, MT296592,
-

Meso
Reef

Meso
15–17

Gnathia
sp2

– Gymnothorax moringa
(MF041684)

Fed MT317100,
-, MT308649
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unexpected findings, such as the discovery of new species of
Apicomplexa (Greay et al. 2018) or the inference on the con-
nectivity of host populations based on the genetic structure of
parasite populations (Hornok et al. 2017). Far more effort has
so far been placed on identifying important human pathogens,
such as Plasmodium species in Anopheles mosquitoes,
employing PCR –based approaches (e.g., Murillo et al.
2019) due to the high specificity and accuracy of such assays.
To the best of our knowledge, ours is the first study attempting
to identify potential pathogens of fishes by screening their
ectoparasites, with results showing that Gnathia may indeed
be reservoirs of fish-infecting apicomplexans. In order to un-
derstand the role of Gnathia as vectors for apicomplexan par-
asites, future studies should focus on zuphea (unfed) stages in
areas where fish are known to harbor apicomplexan blood
parasites and on further experimental studies.
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