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Abstract

Pathogens affecting Antarctic fishes remain mostly unknown and are largely limited to the description of macroparasites such
as leeches and endoparasitic worms. Fish, however, occupy a crucial role in the functioning of the Antarctic ecosystem and
deterioration of their health can alter the entire Antarctic food chain. In recent years, several studies have identified novel
viruses and unicellular parasites affecting the health of notothenioid fishes. Among those, the unicellular parasitic family
Xcellidae has received attention following the discovery of an unprecedented disease outbreak in a fjord on the Western Ant-
arctic Peninsula. This pathological situation was caused by a novel X-cell genus Notoxcellia. Soon thereafter, an additional
X-cell genus, Cryoxcellia, was described infecting the Bald Notothen Trematomus borchgrevinki in the Ross Sea. These
studies raised awareness and drew observers’ and researchers’ attention to pathologies in Antarctic fishes. Here, we report
that during a 2023 Ross Sea shelf survey, a specimen of the Scaly Notothen Trematomus loennbergii displaying skin lesions
reminiscent of Notoxcellia infection had been ingested by an Antarctic Toothfish Dissostichus mawsoni and was recovered
from its stomach. Molecular analyses confirmed the presence of Notoxcellia sp. X-cell parasites in the fish’s lesions. This new
case of X-cell disease suggests that Notoxcellia spp. may have a circumpolar distribution and stresses the need for monitoring
Antarctic fish health similar to surveillance protocols for Antarctic birds and marine mammals.
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Introduction

X-cells (Order Perkinsida, Family Xcellidae) are unicel-
lular parasitic alveolates known from several marine fish
species throughout the world (Freeman et al. 2011, 2017).
Recent genetic analyses of diverse fish pathologies led to the
description of novel X-cell genera and species (Karlsbakk
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et al. 2021; Desvignes et al. 2022; Evans et al. 2023). In Ant-
arctica, until recently, only Xcellia lamelliphila was known
to infect the gills of several fish species of the genus Trem-
atomus in the Ross Sea (Evans and Tupmongkol 2014). But
an unprecedented fish disease outbreak in Andvord Bay, a
fjord of the Western Antarctic Peninsula, led to the descrip-
tion of the new genus Notoxcellia that proliferated in the
dermis of two notothenioid species, the Crowned Notothen
Trematomus scotti and the Painted Notothen Nototheniops
larseni (see Desvignes et al. 2022). Infected fish displayed
skin xenomas of various degrees of severity that could be
located anywhere on the body, although most frequently
around the head and close to the anus (Desvignes et al.
2022). Soon after, Cryoxcellia, another new genus of Ant-
arctic X-cell parasites was described from the Bald Noto-
then Trematomus borchgrevinki in the Ross Sea (Evans et al.
2023). In contrast to Notoxcellia, the Cryoxcellia and Xcel-
lia lamelliphila parasites infected the gills of the host fish
(Evans and Tupmongkol 2014). Whether in the skin or in the
gills, X-cells are large unicellular parasites that proliferate
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extracellularly within the host tissues, usually forming
aggregates surrounded by thin layers of fish cells (Freeman
et al. 2017; Desvignes et al. 2022; Evans et al. 2023). Fur-
thermore, analyses showed that X-cell infections negatively
affect fish physiology and health (Davison 1998; Freeman
et al. 2017; Karlsbakk et al. 2021; Desvignes et al. 2022).

The recent description of two new genera of X-cell para-
sites in Antarctica revealed how little is known about patho-
gens in Antarctic fishes (Smeele et al. 2018; Caccavo et al.
2021), in stark contrast to our knowledge of Antarctic bird
and marine mammal pathogens (e.g., Smeele et al. 2018;
Vanstreels et al. 2020; Barbosa et al. 2021; Banyard et al.
2024). Although macroparasites, such as leeches and endo-
parasitic worms, have been fairly well documented in the
most common Antarctic fish host-species (e.g., Oguz et al.
2015; Klimpel et al. 2017; Parker et al. 2020; Faltynkova
et al. 2022; Utevsky et al. 2023; Rubtsova et al. 2024), to
date, only few viruses and unicellular parasites have been
described in Antarctic fishes (Evans and Tupmongkol 2014;
Buck et al. 2016; Van Doorslaer et al. 2018; Kraberger et al.
2022; Desvignes et al. 2022; Evans et al. 2023). As fish
pathologies are brought to attention, however, novel emerg-
ing or previously overlooked pathological observations are
now being recorded. In this context, a specimen of Scaly
Notothen Trematomus loennbergii that had been ingested by
an Antarctic toothfish Dissostichus mawsoni in the Ross Sea
was recovered from the predator’s stomach and displayed
skin lesions reminiscent of X-cell infections. Genetic analy-
ses confirmed the presence of Notoxcellia sp. parasites in
the skin sores.

Methods
Specimen collection and analysis

The specimen of Scaly Notothen Trematomus loennbergii
was recovered on February 5th, 2023 from the stomach of
an Antarctic Toothfish Dissostichus mawsoni captured in the
polynya of Terra Nova Bay, Ross Sea, Antarctica (CCAMLR
Subarea 88.1 M, 75°17'10.5"S 165°43'04.8"E) during the
2023 Ross Sea shelf survey (Fig. 1a, b) (Devine and Péron
2023). The T. loennbergii specimen was immediately fro-
zen and kept at — 20 °C until preserved in 85% Ethanol and
subsequently imaged, weighed, and measured. After thaw-
ing and ethanol fixation, a fragment of skin xenoma and
the fish’s gonads were fixed in Bouin’s fixative for 2 weeks,
thoroughly washed in 70% ethanol, embedded in paraffin
wax, sectioned at 3—5 mm, deparaffinized, and stained with
Hematoxylin and Eosin. To maximize the use of Antarc-
tic specimens for research, education, conservation, and
management following FAIR standards (Findable, Acces-
sible, Interoperable, and Reusable) (O’Brien et al. 2022),
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the infected 7. loennbergii specimen was deposited in the
Smithsonian Institution National Museum of Natural History
(NMNH) Division of Fishes along with a histological slide
of the specimen’s gonads (USNM 477322).

Genetic analysis

DNA was extracted from a fragment of visually healthy mus-
cle sampled from the fish tail and from a fragment of xenoma
from the right pectoral girdle of the fish using the Qiagen
DNeasy Blood and tissue kit (Hilden, Germany). PCR
amplifications of the X-cell rDNA region were done as pre-
viously described (Desvignes et al. 2022) using 1 ul of DNA
extract as input for each PCR reaction and using primers pro-
vided in Table 1. The final 5122 nucleotide-long sequence
of X-cell rDNA region contained part of the External Tran-
scribed Spacer (ETS), the full /8S rDNA, the Internal Tran-
scribed Spacer 1 (ITS1), the full 5.8S rDNA, the ITS2, and
part of the 285 rDNA. Amplification of the notothenioid
fish marker cytochrome c oxidase I, mitochondrial (mt-col)
was performed using primers as previously described (Des-
vignes et al. 2019). PCR products were Sanger sequenced
in both directions at GENEWIZ (Cambridge, MA, USA)
followed by BLAST searches in the NCBI nucleotide data-
base. A DNA extract from the xenoma was deposited in the
Smithsonian Institution National Museum of Natural His-
tory (NMNH) Department of Invertebrate Zoology (USNM
1752238) and all newly produced and extended rDNA region
sequences were deposited in NCBI GenBank (Accession
Numbers PQ722883-PQ722889).

To first place the 7. loennbergii parasite within the Xcel-
lidae family, all X-cell /85 rDNA sequences available in
GenBank were retrieved along with three representative
sequences from the sister genus Perkinsus.

To gain further resolution within the Nofoxcellia genus,
each existing Notoxcellia sequence (Desvignes et al. 2022)
was verified by Sanger sequencing and extended if neces-
sary using primers in Table 1. The /8S rDNA sequence from
Cryoxcellia borchgrevinki was used to root the tree.

Sequences in each sequence set were aligned with
MAFFT v.7.407 using the E-INS-i algorithm and otherwise
default parameters (Katoh et al. 2019). The resulting align-
ments were visually inspected for mis-alignment errors. The
18S sequence set was then trimmed to the size of the full
length 78S rDNA gene. The longer rDNA sequence set was
annotated for partitions using the homologous Perkinsus
atlanticus sequence (AF509333.1) as reference.

The optimal substitution models were searched using
ModelFinder and selected based on the Bayesian Informa-
tion Criterion (BIC) (Kalyaanamoorthy et al. 2017). The
phylogenetic trees were then reconstructed using IQ-TREE
and optimal models (TIM3 +F 4+ G4 for the /8S sequence
set; and K2P: ETS; TIM3 +F: 18S; JC: ITS1, 5.8S, and
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Fig.1 A Trematomus loennbergii with skin lesions. a Map of Ant-
arctica showing the location of capture of X-cell-infected fish. The
dashed black line represents the Antarctic Circle and the thick white
line represents the Polar Front. a’ Detailed map of the portion of the
Ross Sea where X-cell infected fish were captured. The collection
location for the specimen reported in the present work is labeled with

ITS2; F81 +F: 28S for the rDNA sequence set) followed
by 10,000 ultrafast bootstraps, SH-aLRT branch test with
10,000 replicates, and approximate Bayes test (Minh et al.
2020).

Phylogenetic tree displays were generated using FigTree
v1.4.4. All alignments, ModelFinder, and IQ-TREE results
are available in the United States Antarctic Program Data
Center (USAP-DC Project p0010221, https://doi.org/10.
15784/601915).

Results

The Scaly Notothen Trematomus loennbergii display-
ing skin lesions measured 19.5 cm standard length and
22.5 cm total length for a weight of 74.76 g after being
frozen, thawed, and preserved in 85% ethanol (Fig. 1c).
Amplification of the fish mt-col mitochondrial marker
and the absence of scales on the anterior part of the snout

a red star on the maps. The maps were made using the GIS Quant-
arctica package (Matsuoka et al. 2021). b Image of the T. loennbergii
specimen freshly recovered from the stomach of an Antarctic Tooth-
fish. ¢ Image of the T. loennbergii specimen after preservation in 85%
ethanol. Close-up views of the specimen: right view (d), left view (e),
dorsal view (f), and ventral view (g)

(Fig. 1b) confirmed the fish species field identification.
The low degree of digestion of the T. loennbergii specimen
suggested it had been recently ingested (Fig. 1b). Histo-
logical analyses of the gonads revealed it was a male (data
not shown but images available in the dedicated USAP-DC
Project p0010221, https://doi.org/10.15784/601916).

Skin lesions reminiscent of Notoxcellia xenomas were
observed on the anterior part of the body, from the snout
to just posterior to the pectoral fins. Lesions were present
on both sides of the head, the top of the head, and between
the pelvic fins (Fig. 1b—g). Approximatively, 75% of the
anterior portion of the specimen displayed signs of skin
lesions, while the posterior part of the body behind the
pectoral fins appeared visually unaffected. The gills and
pseudobranch also did not appear affected.

PCR amplification targeting the /8S rDNA of X-cells
(Desvignes et al. 2022) confirmed the presence of Notox-
cellia DNA within the skin lesions (Fig. 2a).
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Table 1 PCR primers for the amplification of Notoxcellia rDNA region
Primer pair Region amplified Forward primer Reverse primer Amplicon Annealing Primer reference(s)
length (bp) temp. (°C)
NotoX_ETS-5p F/R  ETS-18S GACGACTATGTT  AACGTCTGAAGC 970 65 This study
GCATGCGA TGATGGGT
18e_AlIX/NLR- 18S CTGGTTGATYCT  YCSTCCRAT 1020 55 (Hillis and Dixon
1300r_AllX GCCAGT CCTCA 1991; Freeman 2009;
Desvignes et al.
2022)
18_Int_F1/R1 18S CAGGCGCGTAAA CAGACAAATCGC 870 55 (Desvignes et al. 2022)
TTACCCAA TCCACCAA
18_Int_F2/R2 18S TCAGATACCGTC  AAAGGGCAGGGA 670 55 (Desvignes et al. 2022)
GTAGTCCT CGTAATCA
X-FIM_AIIX /18gMd 18S GYTCTTTCTTGA  ATCCTTCYGCWG 580 55 (Freeman et al. 2017,
TTYTATRRG GTTCACCTAC Desvignes et al.
2022)
NotoX_ITS-5S F/R 18S-ITS1-5.8S-ITS2- GATTGAATGACC  ACAGCCCTAACT 1250 65 This study
28S CGGTGAGC TCCACGAA
NotoX_28S-1 F/R 28S GYGAGGGAAAGG GCGGCTCTACTG 900 56 This study
TGAAAAGWACT TTGACTTG
NotoX_28S-2 F/R 28S TGTAACAACTCA  CCCGCGCTTGTT 930 56 This study
CCTGCCGA YGAATTTC
NotoX_28S-3 F/R 28S CTGGAACGAACA GACGTCGCTATG 760 56 This study
MRGRGAAC AACGCTTG

Using a combination of new primers designed based on
Notoxcellia coronata and N. picta sequences, the TDNA
region was successfully extended to a 5122 nucleotide-long
sequence containing part of the External Transcribed Spacer
(ETS), the complete /8S rDNA, Internal Transcribed Spacer
1 (ITS1), 5.85 rDNA, ITS2, and part of the 28S rDNA. The
same primers were used to elongate previously published
shorter Notoxcellia coronata sequences (Desvignes et al.
2022). Phylogenetic reconstruction using this partitioned,
extended rDNA region resolved the Noroxcellia parasite
infecting T. loennbergii as a genetically separate branch
from the two previously identified Notoxcellia species, N.
coronata, and N. picta (Fig. 2b) (Desvignes et al. 2022).
Over the 5122 nucleotide-long sequence, the Notoxcellia sp.
infecting 7. loennbergii was 99.2% identical to N. coronata
and 98.9% identical to N. picta, and N. coronata and N. picta
were 98.7% identical (Sequence identity matrix available
in the dedicated USAP-DC Project p0010221). Nucleotide
substitutions between sequences were found in each parti-
tion; however, substitutions were more frequent in the ETS
and the two ITS (sequence identity ranging from 90.9% to
95.5%) compared to the 188, 5.8S, and 28S (sequence iden-
tity ranging from 98.1% to 99.8%) (Individual sequence
identity matrices available in the dedicated USAP-DC Pro-
ject p0010221, https://doi.org/10.15784/601917).

The preservation of the T. loennbergii specimens by
freezing, thawing, and ethanol fixation did not permit
observing the morphology of the Notoxcellia sp. parasites,
thus precluding evidence to evaluate whether the infecting
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parasite merits the description of a novel Notoxcellia spe-
cies or sub-species. Nevertheless, histological analysis of
affected skin from the right pectoral fin girdle confirmed
that the Notoxcellia sp. parasite proliferated within the fish’s
dermis (data not shown but images available in the dedi-
cated USAP-DC Project p0010221, https://doi.org/10.15784/
601916), similar to what was observed for N. coronata and
N. picta (Desvignes et al. 2022).

Discussion

We report here the identification of a X-cell parasitic alveo-
late Notoxcellia sp. infecting the skin of the Antarctic Scaly
Notothen Trematomus loennbergii, a newly identified host
for this parasitic genus. To date, three of the five described
X-cell genera are known to infect Antarctic fishes: Xcellia
(see Evans and Tupmongkol 2014), Notoxcellia (see Desvi-
gnes et al. 2022), and Cryoxcellia (see Evans et al. 2023),
with Notoxcellia and Cryoxcellia so far known only from
the Southern Ocean. With Notoxcellia originally described
from the Western Antarctic Peninsula, the identification
of Notoxcellia sp. in the Ross Sea reported here suggests
that the genus may have an extensive or even circumpolar
distribution.

During the 2023 Ross Sea shelf survey, 334 Scaly Noto-
thens were captured as by-catch on longlines and 97 iden-
tifiable ingested Scaly Notothens were recovered from
toothfish stomachs (Devine and Péron 2023); however, only
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Fig.2 Phylogenetic analyses identified Notoxcellia sp. parasites in
Trematomus loennbergii. a Phylogenetic analysis of X-cell parasite
18S rDNA sequences. Three Perkinsus sequences were used to root
the tree. b Phylogenetic analysis of Notoxcellia parasites using partial
ETS, complete /8S rDNA, ITS1, 5.8S tDNA, ITS2, and partial 28S

one of these 431 Scaly Notothen specimens was identified
as displaying obvious skin infections, suggesting that the
prevalence of the parasites is low compared to what has been
reported for Xcellia and Notoxcellia coronata (Evans and
Tupmongkol 2014; Desvignes et al. 2022).

It is likely, however, that additional Notoxcellia species
or sub-species infect other notothenioid species, such as the
Grey Notothen Lepidonotothen squamifrons in which tumor-
like skin lesions have been reported that resemble Notoxcel-
lia infections (Bucke and Everson 1992). Biological material
from these infected Grey Notothens is, however, unavailable
to test this hypothesis.

Notoxcellia is the only X-cell genus known to affect
the skin of Antarctic fishes as Xcellia lamelliphila and
Cryoxcellia borchgrevinki proliferate in the gills of their
hosts (Evans and Tupmongkol 2014; Evans et al. 2023).
While the X-cell life cycle is unknown, both Xcellidae
rRNA and rDNA sequences were found in numerous open-
ocean meta-genomic analyses of water eDNA samples in

rDNA sequences. Cryoxcellia borchgrevinki 18S rDNA sequence was
used to root the tree. Values at nodes represent the SH-aLRT support
(%)/aBayes support / ultrafast bootstrap support (%). Scale bar indi-
cates the number of substitutions per site

oceans around the world, especially in the mesopelagic
zone (i.e., 200-1000 m deep), suggesting the presence
of living X-cells in the marine water column (Metz et al.
2023). Further, it is unknown how X-cells infect fish. Pre-
vious experiments have failed to infect fish by gavage or by
intracoelomic injection of xenoma homogenates (Freeman
et al. 2011). The frequent location of X-cell skin lesions
around the head and the anus of the Crowned Notothen T.
scotti, however, suggested that infection could be linked to
feeding (Desvignes et al. 2022) and that sediments might
be an X-cell reservoir (Freeman et al. 2011; Desvignes
et al. 2022). Recovering the current infected 7. loennber-
gii specimen from the stomach of an Antarctic Toothfish
Dissostichus mawsoni raises concerns about whether
toothfishes might become infected by X-cells while prey-
ing on T. loennbergii, one of its common prey items in
the Ross Sea (Lee et al. 2022; Devine and Péron 2023).
So far, however, no cases of X-cell-related pathologies
have been reported in toothfishes, but as awareness of fish
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pathologies increases, or as environmental shifts occur in
Antarctic waters, it is not excluded that more Antarctic
and non-Antarctic fish species will be found to be infected
by X-cells.

Because Antarctic fishes are keystones of the Antarctic
ecosystem, contributing to carbon cycling and constituting
major food sources to higher trophic animals, the recent
discovery of novel fish viruses and parasites underscores
the pressing need for Antarctic fish health to be actively
monitored on a regular and continuing basis as now occurs
for Antarctic birds and marine mammals.
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