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ARTICLE INFO ABSTRACT

Keywords: Apicomplexa (sensu stricto) are a diverse group of obligate parasites to a variety of animal species. Gregarines
API_CO}'flplexa have been the subject of particular interest due to their diversity, phylogenetically basal position, and more
Ascidiacea recently, their symbiotic relationships with their hosts. In the present study, four new species of marine
Eugregarinorida . . . L . L I

Evolution eugregarines infecting ascidian hosts (Lankesteria kaiteriteriensis sp. nov., L. dolabra sp. nov., L. savignyii sp. nov.,
Morphology and L. pollywoga sp. nov.) were described using a combination of morphological and molecular data. Phyloge-
Systematics netic analysis using small subunit rDNA sequences suggested that gregarines that parasitize ascidians and

polychaetes share a common origin as traditionally hypothesized by predecessors in the discipline. However,
Lankesteria and Lecudina species did not form clades as expected, but were instead intermixed amongst each other
and their respective type species in the phylogeny. These two major genera are therefore taxonomically prob-
lematic. We hypothesize that the continued addition of new species from polychaete and tunicate hosts as well as
the construction of multigene phylogenies that include type-material will further dissolve the currently accepted
distinction between Lankesteria and Lecudina. The species discovered and described in the current study add new
phylogenetic and taxonomic data to the knowledge of marine gregarine parasitism in ascidian hosts.

1. Introduction only a portion of the mostly undescribed total apicomplexan diversity,

estimated at over one million species (Adl et al., 2007, 2012, 2019).

Apicomplexa (sensu stricto; synonymous with Sporozoa Leuckart
1879) are a widespread group of unicellular eukaryotes that parasitize
animal hosts. There are over 6000 named apicomplexans classified in ~
350 genera and select constituent members such as Plasmodium, Toxo-
plasma, and Cryptosporidium have attracted special attention due to their
medical or veterinary impact. For example, there are still 219 million
cases of malaria per year (World Health Organization 2018) and 30% of
the global human population is chronically infected by Toxoplasma
(Schliiter et al., 2014). Focused research of these apicomplexans, whose
parasitism heavily impacts human life, has led to many advances in
apicomplexan biology (e.g., Abrahamsen et al., 2004; Kim and Weiss,
2004; Wilson et al., 1996). These well studied taxa, however, represent
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Marine gregarines are an understudied group that are of interest due
to their ubiquity, diversity, and early branching position in the api-
complexan phylogeny. They parasitize a wide range of taxonomically
and geographically distinct hosts and have retained key plesiomorphic
characters (e.g., monoxeny, conspicuous feeding stages, and parasitism
via myzocytosis) that are important for understanding apicomplexan
diversification (Leander, 2008; Rueckert et al., 2011; Sitnikova and
Shirokaya, 2013; Wakeman and Leander, 2013). The effects of gregarine
presence in invertebrate hosts are the subject of ongoing research; a
recent study has suggested that gregarines encompass the entire spec-
trum of symbiotic relationships including mutualism with their hosts
(Rueckert et al., 2019). Gregarine parasitism, however, has been
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associated with decreased fecundity (Zuk, 1987) as well as the
obstruction of digestive tracts (Mita et al., 2012) which is where most
gregarine infections occur. Ecologically, the characterization of micro-
bial pathogens in ascidians is important especially considering the
serious biosecurity threats posed by ascidians as prolific invaders of
marine ecosystems (Lambert, 2007; McKindsey et al., 2007; Zhan et al.,
2015). Unfortunately, the bulk of gregarine taxa remain wholly undis-
covered or represented only as environmental sequences. Thus, a major
task for gregarine biology is to further explore the uncharted diversity of
gregarines and to better understand key character traits within a mo-
lecular phylogenetic framework.

Gregarines are broadly divided into four major groups: Archi-
gregarinorida, Neogregarinorida, Eugregarinorida, and Cryptogregar-
inorida (Adl et al., 2019). This classification scheme is rooted in
morphology (e.g., cortical microtubules, attachment apparatuses, and
cell shape), life history, and molecular phylogenies built on small sub-
unit ribosomal DNA (SSU rDNA) data (Leander, 2006; Rueckert et al.,
2013; Schrével et al., 2016; Simdyanov et al., 2017; Wakeman and
Leander, 2012). The study of marine gregarines is especially concerned
with the conspicuous feeding stage of the gregarine life cycle, known as
the trophozoite, due to its more reliable or recognizable presence inside
a host in contrast to the other stages such as the oocysts which can be
challenging to recover once expelled into the environment.

Eugregarinorida Léger 1900 represent the majority of marine greg-
arine taxa, most of which are classified within the poorly resolved family
Lecudinidae Kamm 1922 (Levine, 1977). The two major genera in this
family are Lankesteria Mingazzini 1891 (abbreviated La. herein) and
Lecudina Mingazzini 1891 (abbreviated Le. herein). Lankesteria was a
poorly defined genus that encompassed taxonomically dissimilar species
including gregarines that infect ascidians, chaetognaths, turbellarians,
and insects (Levine, 1977). Following the movement of the insect
gregarines from Lankesteria and into Ascocystis by Grassé (1953),
Ormieres (1965) proposed Lankesteria be retained solely for the grega-
rines that parasitize urochordates. Lecudina Mingazzini 1891, on the
other hand, is a genus consisting of about 40 species that parasitize a
variety of polychaete hosts (Levine, 1976). Théodorides (1967) hy-
pothesized that Lankesteria and Lecudina share a common evolutionary
origin, but later diverged into two genera that infect distinct hosts (i.e.,
ascidians and polychaetes). There are indeed morphological similarities
between Lankesteria and Lecudina such as unsegmented intracellular
development, an elongated morphology that ends anteriorly at a
mucron, head-to-head syzygy (Levine, 1977), and overall lifecycle
(Desportes and Schrével, 2013). Early molecular phylogenetic studies
supported distinct Lankesteria and Lecudina lineages and revealed three
subclades comprised of (1) La. abbotti and La. sp.; (2) Le. tuzetae and an
environmental sequence; and (3) La. chelysomae and La. cystodytae
(Desportes and Schrével, 2013). Desportes and Schrével (2013) elabo-
rate that the above-mentioned subclades (1) and (3) not clustering
together to form a clade is a situation which requires additional mo-
lecular data to address. Other recent studies on Lankesteria and Lecudina
include species descriptions and phylogenetic analyses (e.g., Iritani
et al., 2017; Leander et al., 2003; Rueckert et al., 2015, 2013, 2010;
Simdyanov et al., 2017) as well a study on their pathogenic effects (e.g.,
Mita et al., 2012). The two genera are shown to form separate clades
based on all of these phylogenies.

In this study, we describe four new species of marine lecudinids that
infect solitary sea squirts (Ascidiacea Blainville 1824) from New Zea-
land. The addition of these four novel taxa corroborates Théodorides’s
hypothesis that gregarine parasites of tunicates and polychaetes share a
common origin (Théodorides, 1967). However, our data confound the
taxonomic boundary between the two genera and suggest that Lankes-
teria and Lecudina require emendation to reflect phylogeny. The new
species described in this study represent the first record of marine
gregarines that parasitize ascidians in New Zealand.
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2. Material and methods
2.1. Host collection and gregarine trophozoite isolation

Ascidians were collected from three locations around the South Is-
land of New Zealand between March 1st and March 14th of 2019. Pyura
sp. (Pyura species complex) was collected from the underside of boulders
exposed during low tide from Kaiteriteri Beach, Kaiteriteri, New Zealand
(41°02'07.7"S 173°01'21.4"E). Both Ciona savignyi (Pacific vase sea
squirt) and Molgula complanata (sea grape) were collected from fouled
ropes that hung submerged along the docks in Nelson Marina, Nelson,
New Zealand (41°15’37.1”S 173°16'53.0"E). Asterocarpa humilis (com-
pass sea squirt) was similarly collected from a fouled rope in Waikawa
Marina, Marlborough, New Zealand (41°16'02.8”S 174°02'18.4"E).

The ascidians were transported back to the laboratory and kept in
containers filled with seawater, separated by sampling locality. Each
ascidian was dissected within two days of collection. The procedure
involved removing the tunic and extracting the digestive tract from the
posterior end of the pharyngeal basket to the anus. The extracted
digestive tract, from the start of the intestine to the anus, was submerged
in seawater filtered at 0.45 pm and split down its length using fine
forceps to expose the contents of the gut. Gregarine trophozoites were
observed under an inverted light microscope and isolated individually
using hand-drawn glass pipettes. The trophozoites from each individual
host were then washed in seawater filtered at 0.45 pm to remove po-
tential contamination from host tissue and other exogenous eukaryote
DNA. Trophozoites were pooled together for subsequent use in light
microscopy or scanning electron microscopy; single-cell isolations were
prepared for DNA extraction and sequencing.

2.2. Light microscopy

The morphology of live trophozoites was observed with an Olympus
BX51 (Olympus, Tokyo, Japan) paired to an Olympus DP73 camera.
Light micrographs presented in the current manuscript are composites of
multiple high magnification photos taken along the length of the entire
cell subsequently stitched together using Panorama Stitcher Mini
version 1.10 (Olga Kacher, Boltnev Studio). Micrographs were then
refined with GIMP version 2.10.12 (GNU image manipulation program
version; The GIMP Team). The overall shape and size of the trophozoites
were used to inform species delimitation. Trophozoite shapes were
based on the nomenclature suggested by Clopton (2004).

2.3. Scanning electron microscopy

Trophozoites were pooled in porous baskets (50 pm), separately for
each individual host, and fixed with 2.5% glutaraldehyde for 30 mins on
ice. The fixative was washed out with chilled, filtered seawater. Fixation
continued with the addition of 1% OsO4 and the trophozoites were left
for 30 min on ice. The fixative was again removed with chilled, filtered
seawater. The trophozoites were then dehydrated in a graded series of
ethanol for three minutes at each of the following concentrations: 50%,
70%, 80%, 90%, and 100%. A Leica EM CPD300 (Leica Microsystems,
Wetzlar, Germany) was used for critical point drying. Each SEM stub was
sputter coated with gold for 180 s at 15 pA. Scanning electron micro-
graphs were taken on a Hitachi S3000N scanning electron microscope
and placed on a black background using GIMP version 2.10.

2.4. DNA extraction, amplification and sequencing

For each gregarine species, trophozoites were individually isolated,
washed three times with filtered and autoclaved seawater, and placed in
separate 0.2 ml PCR tubes. Genomic DNA was extracted from the single-
cell isolates using a QuickExtract FFPE RNA Extraction Kit (Epicentre,
Wisconsin, USA). The SSU rDNA sequences were initially amplified by a
polymerase chain reaction (PCR) using universal eukaryote primers PF1
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5’ — CGCTACCTGGTTGATCCTGCC - 3’ and SSUR4 5’ — GATCCTTCTG-
CAGGTTCACCTAC - 3’ (expected length: ~1800 bp; Leander et al.,
2003) and TaKaRa Ex Taq (Takara Bio Inc., Otsu, Japan). The thermal
cycler conditions used were as follows: initial denaturation at 94 °C for
1 min followed by 35 cycles of denaturation at 94 °C for 20 s, annealing
at 56 °C for 30 s, extension at 72 °C for 1:40 min, and a final extension at
72 °C for 7 min. The product from this initial amplification was diluted
1:100 in distilled water and used as template for nested PCRs using the
specific gregarine primer pairs developed for this study: T74F 5 —
GTCTCGCAGATTAAGCCATG - 3' paired with T1140R 5 - GAA-
TACGAATGCCCTCAACC - 3’ (expected length: ~900 bp) and T990F 5’ —
GAGTGAATCGGCGTGTTC - 3’ paired with T1791R 5 -
CTCCGCCTAACTCATGATAC - 3’ (expected length: ~900 bp). These
nested PCRs served to further ensure that the final sequences recovered
excluded contamination from exogenous eukaryotic DNA as well as to
split the SSU rDNA into lengths appropriate for Sanger sequencing. The
thermal cycler conditions used were as follows: initial denaturation at
94 °C for 1 min followed by 35 cycles of denaturation at 94 °C for 20 s,
annealing at 52 °C for 30 s, extension at 72 °C for 1:40 min, and a final
extension at 72 °C for 7 min. The products were purified with poly-
ethylene glycol (PEG), prepared for sequencing with a BigDye®
Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems, Waltham,
USA), and sequenced using the same internal primers used for the nested
PCRs. The SSU rDNA sequences for each single-cell isolation were
assembled on MEGA 7 (Kumar et al., 2016) by aligning the nested PCR
amplicons and were initially identified using Basic Local Alignment and
Search Tool (BLAST).

Identification of the hosts was based on morphology using a species
guide (Page et al., 2019) and the top BLAST hit for each host using
partial COI and SSU rDNA sequences amplified with Folmer primers
(Folmer et al., 1994) or PF1 — 18SRF 5’ - CCCGTGTTGAGTCAAATTAAG
- 3 (Mo et al., 2002) and SR4 5 — AGGGCAAGTCTGGTGCCAG — 3’
(Yamaguchi and Horiguchi, 2005) - SSUR4, respectively. The following
thermal cycler conditions were used: initial denaturation at 94 °C for 1
min followed by 35 cycles of denaturation at 94 °C for 20 s, annealing at
47 °Cor 50 °C for 30 s, extension at 72 °C for 0:40 s, and a final extension
at 72 °C for 7 min.

2.5. Molecular phylogenetic analyses

A 90-taxon alignment of SSU rDNA sequences was analyzed,
including three dinoflagellate sequences to form the outgroup and
representative sequences from the major apicomplexan groups. Each
gregarine species collected for this study was represented in the analysis
as two to three separate sequences. Clades which are known to be sit-
uated on long phylogenetic branches (e.g., crustacean gregarines and
Trichotokara) that had little relevance to the analysis of the ascidian
gregarines were excluded from for the sake of clarity. The SSU rDNA
sequences were aligned using MAFFT version 6 with the Q-INS-i option
(Katoh et al., 2002) for its ability to account for the secondary structure
of ribosomal subunits. Ambiguously aligned regions and gaps were cut
from the final alignment using Aliscore version 2.0 (Kiick et al., 2010;
Misof and Misof, 2009) and Alicut version 2.31. The resulting alignment
included 1440 unambiguously aligned nucleotides.

Maximum likelihood (ML) and Bayesian trees were constructed using
RAxML version 8.2.12 (Stamatakis, 2014) and Mr. Bayes version 3.2.6
(Ronquist et al., 2012) through the Cipres Science Gateway version 3.3
(Miller et al., 2010). The GTR + I + I' model was suggested by jMo-
delTest version 2.1.10 (Darriba et al., 2012; Guindon and Gascuel, 2003)
for phylogenetic analysis of the 90-taxon alignment (proportion of
invariable sites = 0.1970, gamma shape = 0.6960). RAXML was run with
default parameters, but with the GTRGAMMA + I parameter turned on.
The parameters specified for Mr. Bayes were as follows: lset nst = 6,
rates = invgamma, and Monte Carlo Markov Chains (MCMC) run for
10,000,000 generations (ngen = 10 000 000), 2 runs (nruns = 2), 4
chains (nchains = 4), temperature parameter at 0.2 (temp = 0.200),
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sample frequency of 100, prior burn-in of 25% of sampled trees, and a
stop rule of 0.01 to terminate the program when the split deviation fell
below 0.01.

3. Results
3.1. Lankesteria kaiteriteriensis sp. nov.

Cells were very narrowly to narrowly spatulate and arched to an
overall crescent whereby a narrow posterior gently curved and widened
markedly towards the middle of the cell, near the nucleus, and ended in
a stubbed, and conspicuous mucron (Fig. 1A, B). Trophozoites were a
dark, golden-brown near the periphery of the cell and at the posterior,
which then transitioned to a more colourless brown and grey near the
nucleus and ended at a mostly translucent mucron. The cells ranged
between 165.3 and 405.7 pm (X = 268.0 pm, n = 80) in length and 32.7
to 114.6 pm (X = 50.0 pm, n = 80) in width at the widest point of the
cell. An oval nucleus with a major axis between 38.5 and 71.7 pm (X =
56.3 pm, n = 20) and a minor axis between 35.7 and 66.0 pm (X = 49.6
pm, n = 20) was located in the anterior third of the cell. A distinct
nucleolus with a ring-like appearance, measuring 14.8 to 31.6 pm (X =
25.4 pm, n = 20) by 17.2 t0 29.7 pm (X = 23.7 pm, n = 80), was situated
in the posterior half of the nucleus. The cell surface was comprised of
epicytic folds arranged longitudinally at a density of 4 folds/pm
(Fig. 1C). The mucron was observed to curl slightly inwards towards the
center of the cell (Fig. 1D). Gliding motility was observed. Isolated from
Pyura sp. Molina, 1782.

3.2. Lankesteria dolabra sp. nov.

General shape of the trophozoites was very narrowly spatulate con-
sisting of a rod-like body and a tapering posterior which ended in a sharp
point (Fig. 2A, B). The posterior ends of the cell and the mucron were
translucent, but the rest of the cell was a light golden brown. The cells
ranged between 163.7 and 207.1 pm (X = 173.7 pm, n = 40) in length
and 22.7 to 43.5 pm (X = 32.6 pm, n = 40) in width at the widest point of
the cell. The nucleus was inconspicuous with a major axis between 14.4
and 21.9 pm (X = 18.3 pm, n = 10) and a minor axis between 6.0 pm to
16.4 pm (X = 12.8 pm, n = 10) and could only be discerned by its
marginally fainter colour compared to the rest of the cell. The cell sur-
face had longitudinal arrays of epicytic folds at a density of 3 folds/pm
(Fig. 2C). The mucron was triangular and formed an angled protrusion at
the anterior (Fig. 2D). Gliding motility was observed. Isolated from
Asterocarpa humilis Heller, 1878.

3.3. Lankesteria savignyii sp. nov.

Cells narrowly obpanduriform with tapering posterior and anterior
ends that flanked a fat center that bulged markedly in some individuals
(Fig. 3A, B). The general coloration was gray to light brown with a
translucent mucron. Trophozoite sizes ranged between 48.5 and 85.8
um (X = 68.7 pm, n = 40) in length and 14.9 to 35.0 pm (X = 23.5 pm, n
= 40) in width at the widest point of the cell. The nucleus was oval and
situated within the first third of the anterior of the cell with a major axis
between 8.0 and 12.1 pm (X = 9.4 pm, n = 20) and a minor axis between
6.1 and 10.4 ym (X = 8.2 pm, n = 20). The cell surface comprised of
epicytic folds arranged longitudinally at a density of 3 folds/pm
(Fig. 3C). Furthermore, these folds were spaced apart and appeared
superficial compared to the typical density and depth of epicytic folds
observed in other species. The mucron formed a protrusion that was
capped by a small bump (Fig. 3B, D). Gliding motility was observed.
Isolated from Ciona savignyi Herdman, 1882.
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3.4. Lankesteria pollywoga sp. nov.

Trophozoites narrowly obpyriform with a tapering, rod-like body
beginning with a spherical anterior like a tadpole or roughly the overall
shape of a medieval mace (Fig. 4A, B). Posterior end and mucron
translucent, but the remainder of the cell golden-brown. The cells
ranged between 96.6 and 155.1 pm (X = 118.4 um, n = 40) in length and
25.2t0 43.6 pm (X = 34.7 pm, n = 40) in width at the widest point of the
cell. A nearly circular nucleus that measured between 13.2 and 21.1 pm
(X = 18.4 um, n = 20) by 12.7 t0 19.4 pm (X = 16.1 pm, n = 20) was
located approximately one fifth of the total body length from the ante-
rior of the cell. The nucleolus, placed at the anterior end of the nucleus,
was also circular and measured between 4.2 and 11.9 pm (X = 7.3 pm, n
= 20) in diameter. The cell surface comprised of epicytic folds arranged
longitudinally at a density of 3—4 folds/pm (Fig. 4C). The mucron con-
sisted of a protrusion that bent ventrally which could be clearly seen
from a lateral view (Fig. 4D). Gliding motility was observed. Isolated
from Molgula complanata Alder & Hancock, 1870.

3.5. SSU rDNA sequences and phylogenetic analyses

The 90-taxon alignment of SSU rDNA sequences yielded the di-
noflagellates (98% Maximum likelihood bootstrap [MLB], 1.00 Bayesian
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Fig. 1. Light micrograph (LM) and scanning electron
micrographs (SEM) of Lankesteria kaiteriteriensis sp.
nov. showing trophozoite morphology. Mucron ori-
ented to the right. (A) LM of trophozoite taken in
differential interference contrast (DIC). Very narrowly
to narrowly spatulate cell bent in a crescent shape
with an oval nucleus (n) situated in the anterior third
of the body with a distinct nucleolus (nu). The mucron
is transparent and stubby. (B) SEM of the trophozoite
showing overall shape and morphology. (C) SEM of
epicytic folds forming a longitudinal array at a density
of 4 folds/pm (D) SEM of the anterior portion of the
cell including the mucron. Scale bars: A, B = 30 pm; C
=3 pm; D = 15 pm.

posterior probability [BPP]) and an ingroup of apicomplexans sorted
into broad groups situated on a poorly resolved backbone (Fig. 5). Both
maximum likelihood and Bayesian analyses recovered identical tree
topologies. The deepest apicomplexan nodes included the piroplasmid,
coccidian, rhytidocystid, cryptosporidian, and gregarine clades. The
terrestrial gregarines were recovered in two separate clades: terrestrial
gregarines I (94 MLB, 1.00 BPP) and terrestrial gregarines II (100 MLB,
1.00 BPP). The marine eugregarines (69 MLB, 0.99 BPP) formed a sister
clade to terrestrial gregarine Clade II and included the capitellid greg-
arines, urosporids, lecudininds, Difficilina, Veloxidium, paralecudinids.
Archigregarines were unresolved with Selenidium forming three separate
branches. The sipunculid gregarines formed a separate, early branching
clade.

The SSU rDNA sequences that were obtained for each of the novel
species included in this study formed distinct branches within the
lecudinids (Fig. 5). Lankesteria pollywoga sp. nov. clustered in an early
branching clade (100 MLB, 1.00 BPP) relative to Le. longissima, Le.
phyllochaetopterii, Le. tuzetae, and La. abbotti. Lankesteria savignyii sp.
nov. formed a sister lineage to La. ascidiae (100 MLB, 1.00 BPP), the type
species for Lankesteria, and these two species formed a clade with La.
cystodytae (90 MLB, 1.00 BPP). Lankesteria dolabra sp. nov. and La.
kaiteriteriensis sp. nov. were recovered as sister taxa to each other (94
MLB, 1.00 BPP), but the phylogenetic position of these two species in the
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context of the lecudinid topology is uncertain.

Lankesteria spp. and Lecudina spp. did not form two separate clades.
Instead, the overall topology of the lecudinids consisted of a highly
supported clade comprised of Lankesteria spp. and Lecudina spp. mixed
together (100 MLB, 1.00 BPP; Fig. 5, Key node 1). The type species for
Lecudina, Le. pellucida, was sister to Le. caspera (91 MLB, 1.00 BPP) and
was nested within a strongly supported clade of Lankesteria spp. (99
MLB, 1.00 BPP; Fig. 5, Key node 2). Similarly, La. ascidiae (Lankesteria
type species) did not form a clade that includes all other Lankesteria
species. Instead, La. abbotti, and La. pollywoga sp. nov. diverged early in
the topology in unresolved positions along with Le. tuzetae, Le. long-
issima, and Le. phyllochaetopteri.

4. Discussion

4.1. Systematic and taxonomic considerations for La. Kaiteriteriensis sp.
nov., La. Dolabra sp. nov., La. Savignyii sp. nov., La. Pollywoga sp. nov.

Lankesteria kaiteriteriensis sp. nov. and La. dolabra sp. nov. were
recovered as sister species based on the molecular phylogenetic data.
The two species are morphologically dissimilar with La. kaiteriteriensis
sp. nov. trophozoites possessing a narrowly spatulate shape that arches
to an overall crescent shape whereas La. dolabra sp. nov. trophozoites are
very narrowly spatulate and taper to a sharp point at both the posterior
and anterior ends. Their size ranges also do not overlap; La. kaiteriter-
iensis sp. nov. was 268 pm long and 27 pm wide on average compared to
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Fig. 2. Light micrograph (LM) and scanning electron
micrographs (SEM) of Lankesteria dolabra sp. nov.
showing trophozoite morphology. Mucron oriented to
the right. (A) LM of trophozoite taken in differential
interference contrast (DIC). Very narrowly spatulate
cell with inconspicuous nucleus (n) situated in the
anterior fifth of the body. (B) SEM of the trophozoite
showing overall shape and morphology. (C) SEM of
epicytic folds forming a longitudinal array at a density
of 3 folds/pm (D) SEM of the anterior portion of the
cell including the mucron which protrudes at an angle
from the body. Scale bars: A, B = 30 pm; C = 2 pm; D
=10 pm.

La. dolabra sp. nov. which measured 174 pm long and 33 pm wide.
Furthermore, each species was isolated from different hosts from sepa-
rate localities.

La. kaiteriteriensis sp. nov. shares general similarities in morphology
with La. montereyensis and La. synoici in terms of overall cell shape.
Unfortunately, there is no molecular identity currently available for
either of these two species. Lankesteria montereyensis is described as
being lanceolate to ovoid ranging between 55 pm long and 25 pm in size
(Levine, 1981). Lankesteria synoici, on the other hand, is described as
broadly lanceolate, ovoid, or piriform with a bulbous anterior and a
tapering posterior. The overall size of a mature La. synoici trophozoite is
reported as 81 pm long and 35 pm wide (Levine, 1981). Lankesteria
kaiteriteriensis sp. nov. is longer than either species measuring 268 pm
long on average. Moreover, La. kaiteriteriensis sp. nov. arches to a cres-
cent shape whereas the descriptions and line drawings for La. moneter-
eyensis and La. synoici do not depict such curvature. Finally, La.
kaiteriteriensis sp. nov. was isolated from Pyura sp. in New Zealand
whereas both La. monetereyensis and La. synoici were isolated from
colonial ascidians in California; Archidistoma molle and Synoicum par-
fustis respectively. Due to these differences, La. kaiteriteriensis sp. nov., is
distinct from La. monetereyensis and La. synoici.

Lankesteria dolabra sp. nov. is superficially similar to La. halocynthiae
in general appearance. Both species taper to a point at both the anterior
and posterior ends with the description for La. halocynthiae including a
flattened peapod shape measuring 227 pm long and 53 pm wide
(Rueckert et al., 2015). Beyond the similarity in shape, however, there
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are many distinguishing differences between La. dolabra sp. nov. and La.
halocynthiae. Lankesteria dolabra sp. nov. is smaller in average size
measuring 174 pm long and 33 pm wide and does not possess a distinct
halfmoon-shaped nucleus as in is the case for La. halocynthiae.
Furthermore, La. dolabra sp. nov. and La. halocynthiae are found in
different hosts from different localities, Asterocarpa humilis from New
Zealand and Halocynthia aurantium from Canada respectively, and are
genetically distinct in the molecular phylogeny.

Considering the differences between La. kaiteriteriensis sp. nov. and
La. dolabra sp. nov to each other and to other superficially similar spe-
cies, both species are taxonomically distinct. Molecular phylogenetics
also showed that the two new species cluster with their respective single
isolate sequences in the molecular phylogenies. Therefore, both La.
kaiteriteriensis sp. nov. and La. dolabra sp. nov. represent novel species
within Lankesteria.

Lankesteria savignyii sp. nov. and La. ascidiae were robustly supported
as sister species in both the 90 and 48-taxon phylogenies. Interestingly,
Ciona savignyi and C. intestinalis, the hosts for both gregarine taxa, are
also sister species (Stach and Turbeville, 2002; Turon and Lopez-Leg-
entil, 2004). A significant morphological difference between La.
savignyii sp. nov. and La. ascidiae is the general trophozoite shape: La.
savignyii sp. nov. is narrowly obpanduriform with a fat, bulging center
that tapers to a narrow anterior whereas La. ascidiae is either described,
hand-drawn, or photographed as a clavate cell with a round anterior
(Ciancio et al., 2001; Levine, 1981; Mita et al., 2012). Additionally, the
surface of La. ascidiae is described as having rows of knobs with few
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Fig. 3. Light micrograph (LM) and scanning electron
micrographs (SEM) of Lankesteria savignyii sp. nov.
showing trophozoite morphology. Mucron oriented to
the right. (A) LM of trophozoite taken in differential
interference contrast (DIC). Narrowly obpanduriform
cell with oval nucleus (n) situated in the anterior sixth
of the body. (B) SEM of the trophozoite showing
overall shape and morphology. (C) SEM of epicytic
folds forming a longitudinal array at a density of 3
folds/pm (D) SEM of the anterior portion of the cell
including the small mucron. Scale bars: A, B = 10 pm;
C=2pm; D =10 pm.

epicytic folds appearing mostly in the posterior of the trophozoite (Mita
et al., 2012); both of these characteristics are not consistent with the
morphology observed for La. savignyii sp. nov. The sizes of the two
species overlap: La. savignyii sp. nov. measured 69 pm long and 23 pm
wide on average compared to La. ascidiae which measures 50-99 pm
long, 20-30 pm wide (Levine, 1981) or 62 pum long, 19 pm wide (Mita
et al., 2012). Furthermore, both species were found in the intestine of
their respective hosts and were capable of gliding motility.

The molecular phylogenetic analysis, however, shows that the
separate La. savignyii sp. nov. isolates cluster with each other and
exclude the La. ascidiae sequence. There was also a 2.6% (p-distance)
divergence in SSU rDNA between La. savignyii sp. nov. and La. ascidiae. A
previous study on new Lankesteria species observed similar interspecific
divergence (2.1-3.1%; Rueckert and Leander, 2008). Additionally, La.
savignyii sp. nov. infects C. savignyi and has not been observed in previous
investigations of C. intestinalis by other authors. Therefore, these data
suggest that La. savignyii sp. nov. is distinct from La. ascidiae.

Lankesteria pollywoga sp. nov. was recovered in an early diverging
position within the lecudinids. Morphologically, La. pollywoga sp. nov.
shares general similarities with the line drawings of La. diaphanis and La.
pittendrighi (Levine, 1981); these species do not currently have molec-
ular identities and were thus not included in the molecular phylogenetic
analysis. The trophozoite stage of Lankesteria diaphanis is described as
being brownish overall with an elongated body ending in a mucron
which often bears a small knob at the anterior end. Although La. polly-
woga sp. nov. shares the overall shape and brownish colouration, La.
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diaphanis is smaller measuring 78 pm long by 17-30 pm wide compared
to La. pollywoga sp. nov. which measures 118 pm long by 35 pm on
average. Moreover, La. diaphanis is capable of metabolic movement,
which was not observed in La. pollywoga sp. nov. The hosts are also
different as La. diaphanis was isolated from the colonial ascidian Eudis-
toma diaphanes in California. Lankesteria pittendrighi trophozoites are
described as being brownish with a broadly lanceolate body or with an
anterior swelling starting near the anteriorly positioned nucleus (Levine,
1981). Lankesteria pittendrighi is, however, smaller than La. pollywoga sp.
nov., measuring 52-60 pm long by 23-31 pm. Additionally, the host is
different as Lankesteria pittendrighi was isolated from the solitary sea
squirt Ascidia ceratodes in California.

Lankesteria pollywoga sp. nov., therefore, is distinguishable from
previously described species in terms of size, host species, and the lack of
metabolic movement. Furthermore, although the position of the La.
pollywoga sp. nov. lineage is uncertain on the molecular phylogeny, there
is high support for La. pollywoga sp. nov. sequences clustering amongst
each other to the exclusion of other known sequences. These data,
therefore, strongly suggest that La. pollywoga sp. nov. is a new species of
Lankesteria.

4.2. Systematics and evolutionary history of Lankesteria and Lecudina

Early molecular phylogenetic studies supported the distinction be-
tween Lankesteria and Lecudina. In contrast, the molecular phylogenetic
analysis from the present study does not recover these genera as clades
and reveals a taxonomic problem whereby Lecudina species are scattered
and distributed within Lankesteria clades. Both genera are unified
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Fig. 4. Light micrograph (LM) and scanning electron
micrographs (SEM) of Lankesteria pollywoga sp. nov.
showing trophozoite morphology. Mucron oriented to
the right. (A) LM of trophozoite taken in differential
interference contrast (DIC). Narrowly obpyriform,
tadpole-shaped cell with nucleus (n) and nucleolus
(nu) situated in the anterior fifth of the body. (B) SEM
of the trophozoite showing overall shape and
morphology. (C) SEM of epicytic folds forming a
longitudinal array at a density of 3-4 folds/pm (D)
SEM of the anterior portion of the cell including an
inconspicuous mucron that bends ventrally and is
most observable from a lateral view. Scale bars: A, B
=20 pm; C =5 pm; D = 20 pm.

(Fig. 5, Key node 1) with Lecudina species scattered amongst Lankesteria
as follows: Le. longissima and Le. phyllochaetopteri as sister taxa in an
early diverging position within the lecudinids; Le. pellucida, the type
species of Lecudina, as sister to Le. caspera and nested within a highly
supported clade of Lankesteria species; Le. tuzetae as sister to La. abbotti.
The placement of Le. pellucida within a strongly supported clade of
Lankesteria species (Fig. 5, Key node 2) offers evidential support for the
problematic classification of Lecudina and Lankesteria as separate
genera. Previously published marine eugregarine phylogenies (e.g.,
Iritani et al., 2017; Rueckert et al., 2015; Rueckert and Leander, 2008;
Schrével et al., 2016) likely did not detect the problematic distribution
of Lecudina species simply because these studies employed datasets that
were comprehensive for a specific clade of concern, but molecular
datasets for Lankesteria and Lecudina were quite limited.

The nested placement of Le. pellucida within a clade of Lankesteria, as
seen in the present study, suggests that Lankesteria and Lecudina repre-
sent genera that do not reflect phylogeny. Many of the morphological
criteria used for taxonomy to diagnose Lankesteria and Lecudina are
qualitative and subjective. These characters for Lankesteria include a
mucron of variable complexity, present although not always apparent;
more or less spatulate trophozoites; head-to-head or scissors-like syzygy;
spherical gametocysts; anisogamy present; ellipsoidal oocysts, often
with a plug at each end; and parasitism of ascidians (Levine, 1977).
Other authors have also included a brownish coloration associated with
the accumulation of amylopectin granules in the cytoplasm, the infec-
tion occurring within the host intestine or stomach, and gliding motility
(Desportes and Schrével, 2013; Levine, 1981; Mita et al., 2012; Rueckert
et al., 2015; Rueckert and Leander, 2008) as important characters. In
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Fig. 5. Maximum likelihood phylogeny inferred from a 90 taxa dataset of SSU rDNA sequences with 1,440 unambiguously aligned sites using the GTR + I 4+ I' model

of substitution (proportion of invariable sites = 0.1970, gamma shape = 0.6960).

Numbers indicate bootstrap support (top value) and Bayesian posterior probability

(bottom value). Black dots on branches denote when both bootstrap support and Bayesian posterior probabilities were equal to or > 95 and 0.99 respectively.

Branches without support values had bootstrap support and Bayesian posterior

probabilities below 60 and 0.95 respectively. White star (key node 1) marks the

Lankesteria spp. and Lecudina spp. clade. The black star (key node 2) marks the clade comprised of the Lecudina type species nested within Lankesteria. Taxa in blue are
parasites of polychaete hosts whereas taxa in orange are parasites of ascidian hosts. The new species described in the current study are highlighted with gray boxes.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

contrast, the diagnostic criteria for Lecudina include a simple mucron
without hooks or exfoliations, trophozoites without myonemes, ovoid
oocysts which are thickened at one end, and parasitism of polychaetes
and other marine invertebrates (Levine, 1976). The mixed distribution

of Lankesteria and Lecudina species recovered in the present study sug-
gests that these morphological characters can perhaps be applied to
lecudinid parasites of ascidians or polychaetes respectively, but are not
phylogenetically informative.
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From an evolutionary standpoint, it can be inferred that the most
recent ancestor to the lecudinids was a parasite of polychaetes based on
how other gregarines that infect polychaetes (e.g., paralecudinids,
Pterospora, Selenidium) occupy deeper nodes. The switch to ascidian
parasitism was made at the base of the Lecudina clade (Fig. 5, Key node
1) although the precise topology remains unresolved. Morphological
resemblance between Lecudina parasites of polychaete hosts deep in the
phylogeny to those species nested within ascidian parasites is perhaps
due to convergence following a secondary switch to polychaete hosts.

The confounded distinction between Lankesteria and Lecudina should
be addressed for taxonomic clarity and for a better reflection of phy-
logeny. The construction of multi-gene phylogenies (e.g., SSU and LSU
rDNA) that include additional novel taxa and type species, in conjunc-
tion with a parasitological approach to further investigate host speci-
ficity, are critical to obtaining a deeper understanding of whether these
two genera are taxonomically sound.

4.3. Taxonomic summary

Phylum Apicomplexa Levine, 1970
Order Eugregarinorida Léger, 1900
Family Lecudinidae Kamm, 1922
Lankesteria Mingazzini 1891

4.3.1. Lankesteria kaiteriteriensis sp. nov.

Description Very narrowly to narrowly spatulate trophozoites bend
to an overall crescent shape and ranged between 165.3 and 405.7 pm (X
= 268.0 pm, n = 80) in length and 32.7 to 114.6 pm (X = 50.0 ym, n =
80) in width. Dark brown posterior gradually turns light gray near the
nucleus. Silver to translucent mucron is conspicuous and stubby. Oval
nucleus with a major axis 38.5 to 71.7 pm (X = 56.3 pm, n = 20) and a
minor axis between 35.7 and 66.0 pm (X = 49.6 pm, n = 20) situated in
the first anterior third of the cell body. Distinct nucleolus forms a ring
measuring 14.8 to 31.6 pm (X = 25.4 pm, n = 20) by 17.2 t0 29.7 pm (X
= 23.7 pm, n = 80). Longitudinal epicytic folds line the cell surface at 4
folds/pm. Gliding motility.

DNA sequence. SSU rDNA sequence (GenBank MW748138).

Type locality. Kaiteriteri Beach, Kaiteriteri, New Zealand
(41°02'07.7"S 173°01'21.4"E). Host commonly found on the un-
derside or cracks of large (~1 m diameter) rocks in the low intertidal
to subtidal zones.

Type habitat. Marine

Type host. Pyura sp. Molina, 1782 (Chordata, Tunicata, Ascidiacea,
Stolidobranchia, Pyuridae)

Location in host. Intestinal lumen

Iconotype. Fig. 1A

Hapantotype. Trophozoites on SEM stubs with a gold/palladium
alloy sputter coat have been stored in the algal and protist collection
in the Hokkaido University Museum (DI — 2).

LSID. ASAC1E44-8D15-40CB-929E-E4DES582BAC1C

Etymology. Species name refers to the type locality of Kaiteriteri,
New Zealand.

4.3.2. Lankesteria dolabra sp. nov.

Description. Very narrowly spatulate trophozoites consisting of rod-
like body and tapering posterior ending in a sharp point. Both posterior
end and mucron are transparent; cell body is light golden brown. Tro-
phozoites range between 163.7 and 207.1 pm (X = 173.7 pm, n = 40) in
length and 22.7 to 43.5 pm (X = 32.6 pm, n = 40) in width. Faint,
inconspicuous nucleus with a major axis between 14.4 and 21.9 pm (X =
18.3 pm, n = 10) and a minor axis between 6.0 pm to 16.4 pm (X = 12.8
pm, n = 10) situated in the first anterior fifth of trophozoite body.
Mucron is translucent, bent, and ends in point. Cell surface constituted
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by longitudinal epicytic folds at a 3 folds/pm density. Gliding motility.
DNA sequence. SSU rDNA sequence (GenBank MW748137).
Type locality. Waikawa Marina, Marlborough, New Zealand
(41°16'02.8"”S 174°02'18.4"E). Host commonly found on fouled ropes
submerged off the side of docks.

Type habitat. Marine

Type host. Asterocarpa humilis Heller, 1878 (Chordata, Tunicata,
Ascidiacea, Stolidobranchia, Styelidae)

Location in host. Intestinal lumen

Iconotype. Fig. 2A

Hapantotype. Trophozoites on SEM stubs with a gold/palladium
alloy sputter coat have been stored in the algal and protist collection
in the Hokkaido University Museum (DI - 3).

LSID. A989F5C9-4F99-4DAD-A07A-82CF4EDD1FOF

Etymology. Species name refers to the morphological resemblance
of the trophozoite to the head of a pickaxe or dolabra.

4.3.3. Lankesteria savignyii sp. nov.

Description. Trophozoites narrowly obpanduriform with a tapering
posterior and anterior. Body is fat and bulges markedly in some in-
dividuals. Gray to light brown with a translucent mucron. Trophozoites
range between 48.5 and 85.8 pm (X = 68.7 pm, n = 40) in length and
14.9 to 35.0 pm (X = 23.5 pm, n = 40) in width. Oval nucleus situated
within the first sixth of the cell from the anterior with a major axis be-
tween 8.0 and 12.1 pm (X = 9.4 pm, n = 20) and a minor axis between
6.1 and 10.4 pm (X = 8.2 pm, n = 20). Translucent mucron capped with
small bump. Cell surface comprised of superficial longitudinal epicytic
folds at a 3 folds/pm density. Gliding motility.

DNA sequence. SSU rDNA sequence (GenBank MW748136).

Type locality. Nelson Marina, Nelson, New Zealand (41°15'37.1"S
173°16'53.0”E) on fouled ropes hanging from the docks.

Type habitat. Marine

Type host. Ciona savignyi Herdman, 1882 (Chordata, Tunicata,
Ascidiacea, Phlebobranchia, Cionidae).

Location in host. Intestinal lumen

Iconotype. Fig. 3A

Hapantotype. Trophozoites on SEM stubs with a gold/palladium
alloy sputter coat have been stored in the algal and protist collection
in the Hokkaido University Museum (DI — 4).

LSID. 9A838F5F-0BA3-47C7-8D2E-E2ACEADF71D2

Etymology. Species name refers to the name of the host: Ciona
savignyi Herdman, 1822

4.3.4. Lankesteria pollywoga sp. nov.

Description. Narrowly obpyriform trophozoites with elongated,
rod-like body ending in a spherical anterior. Golden-brown overall with
translucent posterior and mucron. Trophozoites between 96.6 and
155.1 pm (X = 118.4 ym, n = 40) in length and 25.2 to 43.6 pm (X =
34.7 pm, n = 40) in width. Circular nucleus between 13.2 and 21.1 pm
(X =18.4pum, n=20) by 12.7 t0 19.4 pm (X = 16.1 pm, n = 20) located
one fifth of the total body length from anterior. Circular nucleolus
measures between 4.2 and 11.9 ym (X = 7.3 pm, n = 20) in diameter and
is situated at the anterior portion of nucleus. Translucent mucron bends
ventrally and is seen clearly from a lateral view. Cell surface comprised
of longitudinal epicytic folds at a 3—-4 folds/pm density. Gliding motility.

DNA sequence. SSU rDNA sequence (GenBank MW748135).

Type locality. Nelson Marina, Nelson, New Zealand (41°15'37.1"S
173°16’53.0"E) on fouled ropes hanging from the docks.

Type habitat. Marine

Type host. Molgula complanata Alder & Hancock, 1870

Location in host. Intestinal lumen

Iconotype. Fig. 4A
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Hapantotype. Trophozoites on SEM stubs with a gold/palladium
alloy sputter coat have been stored in the algal and protist collection
in the Hokkaido University Museum (DI - 5).

LSID. 578FEC9B-0963-45D8-8D7F-162A6A29FAD7

Etymology. Species name refers to the morphological resemblance
of the trophozoite to both a tadpole and a stage two Demogorgon (i.
e., pollywog in both cases) from the hit Netflix series Stranger Things
(Season 2, Episode 3).
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