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Ciliates occur in the blowholes of marine mammals, but our understanding of their biology is poor. Consequently, 
we investigated an infestation of ciliates in an unhealthy, captive beluga whale that was exhibiting accelerated 
breathing, leukocytosis and expulsion of unusually large amounts of viscous sputum. This sputum contained ~104 
ciliates mL-1 (when healthy, numbers were ten- to 100-fold lower). One known ciliate species, Planilamina ovata, 
is fully characterized, and a new species, Kyaroikeus paracetarius sp. nov., is here described. The new species 
is established based on its larger number of left kineties over its only congener. Sequences of small-subunit rDNA, 
large-subunit rDNA and ITS1-5.8S-ITS2 regions of these two taxa were used in phylogenetic analyses, inferring 
that Kyaroikeus and Planilamina have close affinity with the free-living family Dysteriidae, contradicting their 
morphology-based assignment to the family Kyaroikeidae. We suggest that Kyaroikeidae be relegated to subfamily 
status. Finally, by comparing parasitic species with free-living taxa, we suggest how these ciliates have adapted to 
their unique environment and how they may have initially invaded the host. We provide essential data and concepts 
for the continued evaluation of ciliate-parasites in whale blowholes.

ADDITIONAL KEYWORDS:  disease – Kyaroikeus paracetarius – morphology – multigene sequences – new 
species – parasitism – ultrastructure.

INTRODUCTION

The phylum Ciliophora is ubiquitous and diverse, 
with in the order of 10 000 species comprising 
free-living, commensal and parasitic forms (Lynn, 
2008; Song et al., 2009; Hu et al., 2019). Although 
a large number of ciliates are parasites of aquatic 
invertebrates and fishes, few seem to parasitize 
aquatic mammals. Of note in this regard are the 

blood-feeding prostomatean ciliate Haematophagus 
megapterae Woodcock & Lodge, 1921 that infects the 
baleen plates of humpback, fin and blue whales, and 
the litostomatean ciliates Balantidium Claparède 
& Lachmann, 1858, found in the large intestine 
and faeces of sea lions and fin whales (Hermosilla 
et al., 2015, 2016). Some uncharacterized ciliates are 
also associated with the skin, blowholes, air sacs, 
bronchiole, lungs, lymph node and faeces of dolphins 
and whales (Poynton et al., 2001; McFee & Lipscomb, 
2009; Lair et al., 2016).

All of the ciliates associated with marine mammals 
are thought to elicit low pathogenicity or at least act 
as opportunists, invading ulcerated areas, especially 
in cetaceans that are unhealthy (Choi et al., 2003; 
Gulland et al., 2018). Therefore, to appreciate the 

*Corresponding authors. E-mail: xiangruichen@126.com; 
xpfan@bio.ecnu.edu.cn
†Contributed equally to this work.
[Version of record, published online 3 September 2020; http://
zoobank.org/ urn:lsid:zoobank.org:pub:C1B0E492-7846- 
4103-87E0-A137D16A590D]

applyparastyle “fig//caption/p[1]” parastyle “FigCapt”

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/191/4/941/5900937 by guest on 25 April 2024

http://orcid.org/0000-0002-1822-7997
http://orcid.org/0000-0003-4737-4694
mailto:xiangruichen@126.com?subject=
mailto:xpfan@bio.ecnu.edu.cn?subject=
http://zoobank.org/
http://zoobank.org/


942 D. JIN ET AL.

© 2020 The Linnean Society of London, Zoological Journal of the Linnean Society, 2021, 191, 941–960

impact of ciliates on the health of cetaceans, there 
is a need to both report cases of such instances and, 
critically, identify the invasive taxa. To this end we 
report on the abundance, morphology, phylogenetic 
position and adaptive traits of one known and one new 
ciliate species, found at unprecedented abundances in 
the respiratory tract of a captive beluga whale that 
was suffering from respiratory problems.

MATERIAL AND METHODS

Sample collection

Samples were collected from a solitary ~10-year-old 
beluga whale [Delphinapterus leucas (Pallas, 1776)], 
kept in captivity for ~6 years in Ningbo Aquarium, 
China (Supporting Information, Fig. S1, picture of the 
white beluga). This intensely managed aquarium is a 
closed system, with all water recirculated (~18.0 °C, ~28 
PSU (practical salinity units), pH 7.8, total nitrogen 
0.05 mg L-1, nitrite 0.05 mg L-1) and periodically 
sterilized. The beluga whale was contained in a 2500 
m3 (about 400 m2, average water depth 5 m) enclosure. 
It was fed four times a day, mostly with wild-caught 
herring and capelin, with a total amount of about 
18 kg per day.

In May 2017, the beluga whale exhibited abnormal 
behaviour, frequently floating on the water or lying 
sideways, sometimes standing upright by the side of 
the pool and rubbing the wall with the outer margin 
of its blowhole. Its breathing frequency increased to 
four per minute (normally one to three per minute), 
and it often exhaled aggressively to expel mucus, 
which contained exfoliated epithelial tissue. Moreover, 
a blood test indicated leukocytosis (conducted by the 
veterinarian of the aquarium; Supporting Information, 
Data S1, blood test index of beluga whale), a clear 
sign of poor health (Norman et al., 2012). Expelled 
mucus (including epithelial tissue) was obtained 
using two methods: (1) when the amount of released 
mucus with epithelial tissue was large, the floating 
mucus was collected directly into a container; (2) when 
floating mucus was not available, nasal mucus was 
collected from the host directly; the beluga whale was 
encouraged to rest its head on the pool bank, and after 
~five exhalations, the veterinarian collected the mucus 
(Supporting Information, Fig. S1C; Ma et al., 2006).

The mucus with epithelial tissue was directly 
examined using a stereomicroscope; ciliates were 
collected using a micropipette and observed by 
compound microscopy. Abundance was determined by 
placing 50 μL of mucus, containing flocs of epithelial 
tissue, on a microscope slide and counting cells. About 
200 individuals were isolated and examined following 
the recommendations of Warren et al. (2017), as outlined 

below. The movement and feeding of the new species 
were recorded (Supporting Information, Video S1,  
filming of movement and feeding).

In December 2019, the beluga whale had fully 
recovered and was in a healthy state (i.e. no abnormal 
behaviour, blood tests indicated good health, no 
mucus was expelled in the water and there was little 
exfoliated epithelial tissue in the mucus; Supporting 
Information, Fig. S2). At this time, to assess for 
abundance of ciliates, the mucus was collected directly 
from the blowhole four times, one week apart.

optical microScopy and identification

Immediately after collecting mucus, the live morphology 
of the ciliates was studied using a compound microscope 
equipped with differential interference contrast. The 
ciliary pattern and nuclear apparatus were revealed 
by protargol staining (Wilbert, 1975), using protargol 
synthesized following the protocol of Pan et al. (2013). 
Morphometric measurements were conducted at a 
magnification of 1000×. Illustrations of the stained 
specimens were made with the aid of a camera lucida. 
Terminology followed Ma et al. (2006), Lynn (2008) 
and Chen et al. (2016).

Scanning and tranSmiSSion electron 
microScopy (Sem and tem)

SEM and TEM studies were only conducted on the 
new species of Kyaroikeus Sniezek, 1995, because 
preparations for Planilamina ovata Ma et al., 2006 
failed. The procedures of SEM mainly follow Ma 
et al. (2016). Cells were fixed in 2.5% glutaraldehyde 
and stored at 4 °C. Subsequently, cells were washed 
three times in 0.1 mol/L phosphate buffer (pH 7.0) 
to remove fixative. After alcohol dehydrations and 
critical point drying by CO2 (Leica EM CPD300), 
cells were coated with platinum in Leica EMACE600. 
Observations were made using a Hitachi S-4800 
scanning electron microscope with accelerating 
voltage of 3.0–5.0 kV.

TEM preparation also follows Ma et al. (2016): 
2.5% glutaraldehyde fixed cells were washed and 
post-fixed in 1% phosphate buffered OsO4 for 
1 h at 4 °C. After three washes in the cacodylate 
buffer, specimens were processed through alcohol 
dehydrations and acetone dehydrations. Then cells 
were embedded in Epon 12 and polymerized at 37 °C 
for 16 h, 45 °C for 24 h and 60 °C for 48 h. Thin 
sections were placed on copper grids using uranyl 
acetate and lead citrate for staining. These were 
observed under a Hitachi HT7700 transmission 
electron microscope with accelerating voltage of 
100 kV.
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dna extraction, pcr and multi-gene 
Sequencing

Clonal cultures could not be established. Instead, for 
each species, cells were collected, optically identified 
and single cells were isolated. These cells were washed 
four times in filtered habitat water (0.22 µm-pore 
size membrane, Millipore, USA), washed two times in 
ultra-pure water and then placed in 1.5-mL microfuge 
tubes with ~45 µL of buffer. For both species, this 
process was repeated on three dates (2 May, 2017; 4 
June, 2017; 1 January, 2018), providing sequence data 
for the equivalent of three clonal isolates per species. 
Genomic deoxyribo necleic acid (DNA) was extracted 
following the manufacturer’s instructions (Dneasy 
Blood and Tissue Kit, Qiagen, Hilden, Germany). 
The small-subunit (SSU) rDNA was amplified with 
the universal eukaryotic primers 18SF (5′-AAC CTG 
GTT GAT CCT GCC AGT-3′) and 18SR (5′-TGA TCC 
TTC TGC AGG TTC ACC TAC-3′) (Medlin et al., 
1988). A fragment of ~500 bp, containing the internal 
transcribed spacer regions 1 and 2 (ITS1 and ITS2) 
and 5.8S ribosomal gene, was amplified using primers 
5.8SF (5′-GTA GGT GAA CCT GCG GAA GGA TC-3′) 
and 5.8SR (5′-CTG ATA TGC TTA AGT TCA GCG 
G-3′) (Yi et al., 2009). The large-subunit (LSU) rDNA 
was amplified using the primers 28S-F3 (5′-TAC TGA 
TAT GCT TAA GTT CAG CGG-3′) and 28S-R2 (5′-AAC 
CTT GGA GAC CTG AT-3′) (Moreira et al., 2007).

Polymerase chain reaction (PCR) conditions were the 
same for the three DNA segments and were as follows: 
(1) initial denaturation for 30 s at 98 °C; (2) 35 cycles 
of 10 s denaturation at 98 °C, 20 s primer annealing 
at 56 °C and 100 s primer elongation at 72 °C; and (3) 
final primer elongation for 120 s at 72 °C. Q5 Hot Start 
High-Fidelity DNA Polymerase (NEB Co, Ltd, M0493, 
Beijing) was used to minimize the possibility of PCR 
amplification errors. Purifying of PCR products, 
cloning and sequencing were performed (Wang et al., 
2017).

phylogenetic analySeS

Six new sequences (SSU rDNA, ITS1-5.8S-ITS2 
region and LSU rDNA) of the new Kyaroikeus 
species and Planilamina ovata were sequenced 
and are provided here. Other sequences used in 
our phylogenetic analyses were obtained from 
NCBI GenBank database, including: (1) SSU rDNA 
sequences of 35 dysteriids, 41 chlamydodontids 
and six suctorians; (2) ITS1-5.8S-ITS2 region 
sequences of one dysteriid, five chlamydodontids 
and two suctorians; (3) LSU rDNA sequences of 
one dysteriid, three chlamydodontids and two 
suctorians. The suctorians mentioned above were 

used as outgroup taxa, because the subclass Suctoria 
is phylogenetically close to the subclass Cyrtophoria.

Sequences  were  a l igned using Clustal  W 
implemented in BIOEDIT v.7.1.3.0 using the default 
parameters (Hall, 1999). The resulting alignments 
were manually refined by trimming both ends. 
Maximum likelihood (ML) analyses were conducted 
on CIPRES Science Gateway with RAxML-HPC2 
on XSEDE v.8.2.4 (Stamatakis et al., 2008) using 
the GTR+I+G model as optical according to the AIC 
criterion by ModelTest v.3.4 (Posada & Crandall, 1998). 
Support for the best ML tree was from 1000 bootstrap 
replicates. A Bayesian inference (BI) analysis was 
performed on CIPRES Science Gateway with MrBayes 
on XSEDE v.3.2.6 (Ronquist & Huelsenbeck, 2003) 
using the GTR+I+G model (selected by MrModelTest 
v.2.2) (Nylander, 2004). The chain length of Markov 
chain Monte Carlo simulations was 106 generations 
with a sampling frequency of every 100th generation. 
The first 25% of the sampled trees was discarded 
as burn-in. Phylogenetic trees were visualized via 
MEGA v.5.0 (Tamura et al., 2011) and TreeView 
v.1.6.6 (Page, 1996). Systematic classification mainly 
followed Lynn (2008), Gao et al. (2016), and Chen 
et al. (2016).

RESULTS

Two ciliate species were abundant in the mucus of the 
unhealthy beluga whale: a new species of Kyaroikeus, 
described below (~ 2.5 × 104 mL-1) and Planilamina 
ovata (~ 5.0 × 103 mL-1). These ciliates were also found 
in the mucus when the beluga whale was healthy, 
but at much lower numbers: Kyaroikeus sp. (~ 2 × 103 
mL-1) with P. ovata being very rare (< 1 × 102 mL-1) or 
absent. The ciliates always attached to the surface of 
the flocs of exfoliated epithelial tissue and fed on the 
epithelial cells.

All isolated ciliates died within 24 h of leaving the 
host, regardless of being maintained at 18 °C (water 
temperature), 25 °C (air temperature) or 35 °C (host 
body temperature) in mucus samples or mucus 
diluted to different salinities (0, 5, 10, 15, 20, 28 PSU) 
(Supporting Information, Data S2, cultivation data 
of the new species). Therefore, we were not able to 
culture either taxa. However, it was possible to isolate 
individuals of both taxa, identify P. ovata and provide 
a re-description of it, and provide a formal, detailed 
description of the new species. To this end, three isolates 
of Kyaroikeus and three isolates of Planilamina were 
made on different dates (see Methods). DNA sequences 
isolated from replicate clones were identical, and the 
two species were distinct.
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SyStematicS

order dySteriida deroux, 1976

family KyaroiKeidae SniezeK & coatS, 1996

KyaroiKeus SniezeK et al., 1995

KyaroiKeus paracetarius, sp. nov. 

(figS 1–5; table 1)

Zoobank: urn:lsid:zoobank.org:act:199C1DAD- 
F159-4EA7-ACB2-C03492F12B00.

Diagnosis: Size 150–400 × 20–40 μm in vivo; spindle-
shaped; deep oral cavity composed of a pre-oral kinety 
and two circumoral kineties; no nematodesmal rods; 
37–69 right kineties, seven to 13 left kineties; four 
kinetofragments located near equatorial position; 
equatorial fragment positioned next to the middle 
part of the rightmost right kinety; non-ciliated stripe 
underlain by 11–16 fibrous tracks; a bifurcated 
secretory organelle opened at the tip of podite; one 
ovoid macronucleus.

Host: Delphinapterus leucas (beluga whale).

Etymology:  The species name paracetarius is a 
composite of the Greek prefix παρα-, beside, and 
κήτος, a whale or sea monster, referring to the species-
group name cetarius, indicating that this new species 
is morphologically similar to Kyaroikeus cetarius 
Sniezek, 1995.

Type material:  One slide with a protargol-stained 
holotype specimen (indicated with a black circle of 
ink on the coverslip) and several paratype specimens 
has been deposited in the Laboratory of Protistology, 
Ocean University of China (OUC) with registration 
number LJ-I-20170502-01. Two slides with protargol-
stained paratype specimens were deposited in the 
collection of Ningbo University (registration numbers: 
LJ-I-20170502-02, LJ-I-20170502-03).

General morphology and ciliary pattern:  The body size 
is 150–400 × 20–40 μm in vivo and 150–365 × 35–80 μm 
after protargol staining. It has a long, spindle-shaped 
body with a length–width ratio of ~10:1, neither 
bilaterally nor dorsoventrally compressed (Figs 1A, 
B, 2A, 3A). Pellicular ridges are distributed on the 
surface of the cell, between adjacent somatic kineties; 
densely packed kinetosomes are located at the base of 
these ridges (Fig. 3H, I). A conspicuous bipolar, non-
ciliated stripe is located on the left ventral surface, 
10–30 μm wide (Figs 1C, D, H, 2F, R, 3B–F). Eleven 
to 16 pellicular folds are situated on the ‘naked’ stripe 
and are associated with same number of fibrous tracts 

that extended along the cell almost from end to end; the 
leftmost four or five folds and their associated fibres 
are bent to the right anteriorly; these form a hook-like 
cap and a subapical depression below (Figs 1J, 3B, C). 
Remaining folds extended from this depression to the 
posterior end of the body. The oral cavity is located in 
the anterior quarter of the cell (Figs 1J, 2O, P). A lip-
like structure on the right side of the oral cavity and 
13–29 right kineties end here. Consequently, the lip-
like region is covered with dense cilia (Figs 1A–F, H, 
2A, B, O, R, green region). The cytostome is elliptical 
in outline and positioned at about the anterior one-
third of the cell, beneath the depression of the oral 
cavity (Figs 1J, 2B, O). Cytoplasm is colourless, filled 
with a few lipid droplets and numerous food vacuoles 
containing unidentified amorphous inclusions in the 
posterior end of the cell. A contractile vacuole is not 
detected.

The single macronucleus is heteromerous and 
ovoid, about 35 × 20 μm after protargol impregnation, 
located mid-body (Figs 1I, 2M). A micronucleus is not 
detected. A prominent podite is broadly cone-shaped, 
located at the posterior end of the cell (Figs 1A, H, 
I, 3A, J), about 10 μm in length in vivo (Fig. 2A, F). 
Podite contains a bifurcated secretory organelle, 
which has an opening (0.5–1.0 μm across) at its tip; an 
obvious attachment thread (> 100 μm long) is secreted 
from the podite opening, forming a strong connection 
with the substrate (Figs 1A, 2E). Ciliates are usually 
attached to the surface of flocs of exfoliated epithelial 
tissue by the podite and attachment thread. Cells 
tend to rotate through flocs of epithelial tissue. The 
ciliary pattern (Figs 1H–J, 2F–R) comprises of 49–79 
somatic kineties, including 37–69 right and seven to 
13 left kineties. According to their starting position, 
right kineties include three parts: (1) the right part of 
right kineties originates from the right of circumoral 
kineties and these kineties on the ventral side, with 
posterior ends gradually shortened from right to left 
(Fig. 1J); (2) the middle part of right kineties originates 
from the right of the cell apex on the ventral side and 
extends on to the dorsal surface, and then posteriorly 
terminates at a level near the podite (Fig. 1I, J); and 
(3) the left part of right kineties is located at the cell 
apex on the dorsal side, and posteriorly extends to 
the podite, with some extending on to the left field on 
the ventral side (Fig. 1H, I). Left kineties are densely 
arranged, located on the left margin of the oral cavity. 
These kineties are similar in length, and posteriorly 
ended in the anterior quarter of the cell (Figs 1J, 2O, Q, 
R). Four kinetofragments are located slightly below the 
mid-body on the left margin of right kineties (Figs 1H, 
2F). The equatorial fragment is composed of five to 28 
kinetosomes, positioned next to the middle part of the 
rightmost right kinety (Fig. 2K, L).
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The oral ciliature is composed of a tiny pre-oral 
kinety (~2 μm long) and two parallel circumoral 
kineties (~20 μm long) (Figs 1G, J, 2O, P, R, 3D, G); the 
former is located on the anterior-right of the cavity and 
the latter at mid-cavity. Anterior ends of circumoral 
kineties are close to the pre-oral kinety (Figs 1G, J, 
2R). The cytopharynx is reinforced by argentophilic 
fibres and is extended to mid-body with the posterior 
end obviously curved (Fig. 2P); no nematodesmal rods 
are found.

Fine structures:  Each of the circumoral kineties is 
composed of monokinetids (Fig. 4E). The cytopharyngeal 
tube consists of ~180 cytostomal lamellae (Fig. 4A, B, D),  
which are bar-like and oriented obliquely to the 
centre of the tube, forming an enclosed circle when 
viewed in cross-section. These lamellae are possibly 

heterogenous, as speculated from the morphology 
shown in cross-section: about two thirds of them are 
thinner in their distal ends, while the others are of 
uniform thickness (Fig. 4B, D).

The pellicle can be recognized as a ciliated area and 
a non-ciliated stripe in both SEM-prepared specimens 
and TEM sections. In the ciliated area, the pellicular 
ridges are arranged intrakinetally (Fig. 3H, I). Each 
ridge contains a row of postciliary microtubules 
(Fig. 4C). Parasomal sacs occur right of kinetosomes 
at the base of the pellicular ridge (Fig. 4C). In the 
non-ciliated area, the pellicular folds are ~2 μm 
high, containing four or five (mostly five) strata of 
microtubules beneath the pellicle (Figs 4H, I, 5), which 
correspond with the fibrous tracts revealed after 
protargol staining (Figs 1J, 2R). The microtubules are 
highly organized: each stratum is arranged in an arch 

Figure 1. Kyaroikeus paracetarius from life (A–D) and after protargol impregnation (E–J). A, ventral view to show the body 
shape, densely arranged cilia, lip-like structure on the right side of oral cavity (green region), the podite and the attachment 
thread. B–D, variants of cell shape. E, the oral region: the blue area indicates the kineties of right field on cell apex and the 
arrowhead indicates the lip-like structure. F, the cytostome and the circumoral kineties (brown lines). G, the oral region, 
to show the pre-oral kinety (arrowhead) and circumoral kineties. H, I, ventral (H) and dorsal (I) views of infraciliature: 
the arrowhead indicates the lip-like structure and the arrow indicates the equatorial fragment. J, enlargement of the 
anterior ventral part of infraciliature to show details of the oral structure, right and left somatic kineties and non-ciliated 
stripes. Abbreviations: C, cytostome; Co, circumoral kineties; FT, fibrous tracts; KF, kinetofragments; LF, left field; Ma, 
macronucleus; NS, non-ciliated stripe; P, podite; Po, pre-oral kinety; RF, right field; T, attachment thread. Scale bars = 60 μm 
(A, H–J).
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shape, extending with the same curve of the margin 
of the pellicular fold; each stratum contains several 
unequal-sized fragments, which are always two 

layered but with different numbers of microtubules 
(Fig. 5). Pellicular pores occur in the bases of grooves 
between the pellicular folds and are evenly separated, 

Figure 2. Photomicrographs of Kyaroikeus paracetarius from life (A–E) and after protargol impregnation (F–R). A, ventral view of 
a representative individual; the green region is the lip-like structure on the right side of oral cavity. B, ventral view of the anterior, 
to show the oral area, with the arrowhead indicating the cytopharynx. C, enlargement of the anterior of the cell. D, anterior of 
the cell, with the arrowhead indicating the non-ciliated stripe. E, posterior of the cell, with the arrow indicating the podite and 
arrowhead indicating the attachment thread. F, G. ventral and dorsal views of the infraciliature, with the arrowhead indicating 
the kinetofragments, the arrow indicating the podite, and the red dots outlining the non-ciliated area. H–J, mid-ventral region of 
several specimen with different shapes and number of kinetofragments, normal individual with four lines (H), individuals in early 
stage of fission with more lines (I, J). K, L, equatorial fragment (arrowheads), next to the middle part of the rightmost right kinety. 
M, the heteromeric macronucleus. N, the podite. O, P, enlargement of the oral region, with the arrows indicating the circumoral 
kineties and the arrowheads indicating the pre-oral kinety. Q, dorsal view of the anterior, showing the densely arranged right 
kineties (RK) and left kineties (LK). R, enlargement of the oral region, with the arrow indicating the pellicular fold, the arrowhead 
indicating the pre-oral kinety, and green region highlighting the lip-like structure. Abbreviations: C, cytostome; Co, circumoral 
kineties; FT, fibrous tracts; LF, left field; Ma, macronucleus; RF, right field. Scale bars = 60 μm (A–C, F, G) or 30 μm (O–R).
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as revealed by SEM (Fig. 3E, F). In TEM, sacs (< 1 μm 
at their widest) regularly occur beneath the pellicle 
of each groove, some of which contain materials and 
even open toward the outside (Fig. 4F–I). There are 
often rich cytoplasmic vesicles containing granular 
material beneath the folds and near the secretory 
sacs (Figs 4I, 5). These results suggest a secretory 
system composed of the cytoplasmic vesicles, sacs and 
pellicular pores (Fig. 5). Mitochondria occur mainly 
in the cytoplasm of the cortex area (Fig. 4C, G).  
Cytoplasm also contains food vacuoles encasing 

various food granules of different electron-density 
(Fig. 4A).

planilamia ma et al., 2006

Planilamina ovata ma et al., 2006 

(figS 6, 7; table 1)

Improved diagnosis: Cell size 35–80 × 30–50 μm 
in vivo; laterally flattened, discoid or ovate in side 

Figure 3. Scanning electron micrographs of Kyaroikeus paracetarius. A, the general body shape and the podite in posterior 
end (white circle). B, C, anterior portion of cell, showing the pellicular fold in the non-ciliated stripe, which hooks over the 
anterior end. D, G, oral area, with arrows indicating the circumoral kineties observed in different individuals. E, F, the 
non-ciliated stripe, with the arrowheads indicating the pellicular pores, which occur in the grooves between the pellicular 
folds. H, I, a de-ciliated specimen, showing the densely arranged kinetosomes (arrowheads) of ciliary rows and the pellicular 
ridges (arrow) in the right field of cell. J, the podite, indicating the secretion pore (arrow). Abbreviations: NS, non-ciliated 
stripe; P, podite. Scale bars = 50 μm (A), 10 μm (B), 5 μm (C, D, G, J) or 2 μm (E, F, H, I).

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/191/4/941/5900937 by guest on 25 April 2024



948 D. JIN ET AL.

© 2020 The Linnean Society of London, Zoological Journal of the Linnean Society, 2021, 191, 941–960

Figure 4. Transmission electron micrographs of Kyaroikeus paracetarius. A, cross-section showing the non-ciliated stripe, 
ciliated area (the surface part other than NF), cytopharyngeal tube and a food vacuole. B, D, details of cytopharyngeal tube, 
which is a flat vesicle. The arrows indicate the microtubule sheets with thinner ends, the double arrowhead indicates one of 
even thickness and the arrowhead indicates the narrow space of cytopharyngeal tube. C, the pellicular ridges, which were 
present between ciliary rows and supported by postciliary microtubules, and the parasomal sacs. E, the oral region, showing 
the two circumoral kineties that were composed of a single row of kinetosomes. F–I, the pellicular folds in the non-ciliated 
stripe, arrows indicate the sacs regularly occurred beneath the pellicle of each groove, arrowheads mark the sacs that 
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view; deep oral cavity composed of a pre-oral kinety 
(rarely two), two circumoral kineties and seven to 
13 infundibular kineties; no nematodesmal rods; 
38–58 right kineties, three to four left kineties; four 
kinetofragments located in the left ahead of the podite; 
macronucleus ovoid; one contractile vacuole adjacent 
to cytostome.

Host: Delphinapterus leucas (beluga whale).

Voucher material: Four slides with protargol-stained 
specimens (indicated with a black circle of ink on 
each coverslip) have been deposited in the collection 
of Ningbo University (registration numbers: LJ-II-
20170502-01, 02, 03 and 04).

General morphology and ciliary pattern of Ningbo 
population: The cell size is 55–80 × 40–50 μm in vivo 

and 50–80 × 32–47 μm after protargol staining. The 
body is laterally flattened in shape with a length–
width ratio of about 3:2 in lateral view (Figs 6A, 
7A). From lateral view, the cell is discoid or ovate in 
outline; the anterior end is slightly pointed and the 
posterior margin is broadly rounded (Fig. 6A, C). The 
dorsal margin of the ciliated right region is sculptured 
by a C-shaped band (or groove) (Fig. 7A, M). This band 
extends from the cell apex to the posterior end. Some 
long bands (23 out of 35 individuals observed) curve 
around the posterior end and anteriorly on to the left 
of the podite. This structure is visible as a deep groove 
in vivo and as an argentophilic band (AB) in protargol-
impregnated specimens (Fig. 6D, E). The left surface 
is not regular in shape (Figs 6B, 7B). The oral cavity 
is broad and located at the anterior quarter of the 
cell. The cytostome is located posteriorly in the oral 
cavity (Figs 6F, 7G, I, M). The cytoplasm is colourless, 

Figure 5. The cortex of the non-ciliated stripe of Kyaroikeus paracetarius, showing the arrangement of microtubules and a 
proposed material secretion system containing cytoplasmic vesicles, sacs and pellicular pores.

contained materials or connected with the outside, double-arrowhead marks the rich cytoplasmic vesicles in the cytoplasm 
beneath the folds and near the sacs. Abbreviations: Co, circumoral kineties; CT, cytopharyngeal tube; FV, food vacuole; MIT, 
mitochondria; NS, non-ciliated stripe; PCMT, postciliary microtubules; PS, parasomal sacs; Scale bars = 10 μm (A), 0.5 μm 
(B–D, H, I) or 2 μm (E, G), 1 μm (F).
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Table 1. Morphometric data of Kyaroikeus paracetarius (upper line) and Planilamina ovata (lower line) based on 
Protargol-stained specimens

character Max Mix Mean Median SD SE CV N

Body length (μm) 364.0 150.0 210.3 203.5 47.5 9.3 22.6 26
 80.0 50.0 61.6 61.0 7.7 1.5 12.4 26
Body width (μm) 77.0 34.0 48.4 47.0 10.5 2.1 21.7 26
 47.0 32.0 38.2 37.5 4.2 0.8 11.1 26
Macronucleus, length (μm) 75.0 22.0 37.8 34.0 12.0 2.4 31.8 26
 27.0 12.0 18.1 18.0 3.3 0.7 18.3 26
Macronucleus, width (μm) 32.0 13.0 19.5 19.0 4.2 0.8 21.6 26
 20.0 9.0 13.8 13.5 3.4 0.7 24.8 26
Podite, length (μm) 13.0 6.0 10.0 10.5 2.0 0.4 20.0 26
 — — — — — — — —
Podite, width (μm) 11.0 5.0 8.6 9.0 1.7 0.3 20.4 26
 8.0 3.0 5.6 6.0 1.1 0.2 20.4 26
Cell apex to proximal end of left ciliary field, 

distance (μm)
41.0 6.0 17.5 16.0 7.5 1.5 42.7 26

 14.0 3.0 8.9 9.5 2.9 0.6 32.7 26
Cell apex to distal end of left ciliary field,  

distance (μm)
77.0 24.0 63.9 67.0 11.5 2.3 18.0 26

 — — — — — — — —
Left field, length (μm) — — — — — — — —
 35.0 17.0 25.2 24.5 5.0 1.0 19.9 26
Circumoral arch, length (μm) — — — — — — — —
 13.0 6.0 8.1 8.0 1.6 0.3 19.5 26
Circumoral arch, width (μm) — — — — — — — —
 7.0 3.0 4.7 4.5 1.1 0.2 23.2 26
Cell apex to proximal end of pre-oral kinety, 

distance (μm)
37.0 22.0 30.4 31.0 4.8 0.9 15.8 26

 18.0 11.0 13.9 14.0 1.8 0.3 12.6 26
Cell apex to proximal end of circumoral 

kineties, distance (μm)
38.0 20.0 29.9 31.0 5.2 1.0 17.6 26

 17.0 10.0 13.0 13.0 1.6 0.3 12.6 26
Cell apex to distal end of circumoral kineties, 

distance (μm)
58.0 34.0 48.6 50.5 7.0 1.4 14.5 26

 23.0 16.0 19.1 19.0 1.8 0.4 9.5 26
Cell apex to proximal end of kinetofragments, 

distance (μm)
174.0 77.0 117.4 119.5 22.8 4.5 19.4 26

 48.0 28.0 37.7 37.0 4.5 0.9 11.8 26
Cell apex to distal end of kinetofragments, 

distance (μm)
206.0 92.0 136.2 134.5 27.0 5.3 19.8 26

 — — — — — — — —
Kinetofragments, length (μm) — — — — — — — —
 15.0 6.0 9.6 9.0 2.2 0.4 23.4 26
Cell apex to tip of podite, distance (μm) — — — — — — — —
 60.0 39.0 47.1 46.0 5.3 1.0 11.2 26
Cell apex to proximal end of cytopharynx, 

distance (μm)
44.0 24.0 35.1 36.0 5.7 1.1 16.2 26

 — — — — — — — —
Cell apex to posterior curvature of cytopharynx, 

distance (μm)
— — — — — — — —

 34.0 25.0 29.1 28.0 2.2 0.4 7.5 26
Pre-oral kineties, number 1.0 1.0 1.0 1.0 0.0 0.0 0.0 26
 1.0 1.0 1.0 1.0 0.0 0.0 0.0 26
Circumoral kineties, number 2.0 2.0 2.0 2.0 0.0 0.0 0.0 26
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containing multiple food vacuoles consisting of 
unidentified amorphous material. The single 
contractile vacuole is up to 6 μm across and positioned 
at the left of mid-body in ventral view; contraction 
occurs with an interval of 20–30 s; the contractile 
vacuole pore is located between the second and third 
right kineties in mid-body (Fig. 6A, E).

The macronucleus is ovoid and heteromerous, 
located in mid-body (Figs 6F, 7M). The micronucleus is 
ellipsoid and adjacent to the macronucleus (Fig. 6D). 
The podite is broadly cone-shaped, situated in the 
posterior quarter of cell, about 4–6 μm in length and 
3–8 μm across at the base (Figs 6A, E, 7A). Individuals 
are often attached to the substrate by the podite and 
rotate through viscous medium with the cilia beating 
in a regular pattern.

Cilia are about 8 μm long in vivo. The ciliature 
is shown in Figs 6E, F, 7F–M. Kinetosomes in 
somatic kineties are densely arranged. Somatic 
kineties are divided into three parts: right, left and 
kinetofragments. The right field comprises 41–58 
kineties; the leftmost has 15–25 relatively short 
kineties, extending from the level of the oral field to 
the level of the podite; remaining kineties originate 
from the apex of the cell and extend posteriorly to 
the cell end and bend to the left (Fig. 6E). Three to 
four left kineties are located on the left of the oral 
cavity, originate from near the apex of the cell and 
terminate posteriorly at the level of the posterior 
margin of the cytostome, about two-fifths of the cell 
length (Figs 6E, 7G, H). Four short kinetofragments 
are located on the anterior-left of the podite and 

are often curved to the right. (Figs 6F, 7J, K, L).  
Equatorial fragment are not detected.

Oral ciliature is composed of a pre-oral kinety 
(seldom two), two parallel circumoral kineties and 
nine to 13 infundibular kineties (Fig 6F). Circumoral 
kineties are located on the anterior of the cytostome 
(Figs 6F, 7I). The pre-oral kinety is located on the 
anterior-left of the circumoral kineties, consisting 
of one or two closely set kinetosomes (Figs 6F, 7H). 
Infundibular kineties are positioned in an arc of 
circumoral kineties (Fig. 7H). The cytopharynx 
extends below mid-body and curves posteriorly; no 
nematodesmal rod is found (Figs 6F, 7G, M).

molecular data and phylogenetic poSition 
(figS 8–10)

The GenBank accession numbers, lengths and G+C 
contents of sequences (SSU and LSU rDNA, and 
ITS1-5.8S-ITS2) of Kyaroikeus paracetarius and 
Planilamina ovata from this study are provided in 
Table 2. The topologies of the BI and ML trees are 
almost identical, thus, only the ML tree is presented 
here, with support values from both of the algorithms 
indicated on branches.

SSU rDNA (Fig. 8): Planilamina ovata is sister to 
Trochilia petrani Dragesco, 1966 with low support 
values (ML/BI, 65%/0.80) and their clade then clustered 
with Kyaroikeus paracetarius with good support. 
The clade of Trochilia/Kyaroikeus/Planilamina in 
turn clusters with Microxysma Deroux, 1976 (ML/BI, 

character Max Mix Mean Median SD SE CV N

 2.0 2.0 2.0 2.0 0.0 0.0 0.0 26
Infundibular kineties, number — — — — — — — —
 13.0 9.0 10.8 11.0 1.2 0.2 11.1 26
Somatic kineties, number 79.0 49.0 66.0 66.0 8.2 1.6 12.4 26
 61.0 45.0 51.5 51.0 3.8 0.7 7.3 26
Right field kineties, number 69.0 37.0 56.0 57.0 8.0 1.6 14.2 26
 58.0 41.0 48.0 47.5 3.7 0.7 7.8 26
Left field kineties, number 13.0 7.0 10.0 10.0 2.0 0.4 19.6 26
 4.0 3.0 3.5 3.5 0.5 0.1 14.6 26
Kinetofragments, number 4.0 4.0 4.0 4.0 0.0 0.0 0.0 26
 4.0 4.0 4.0 4.0 0.0 0.0 0.0 26
Fibrous bundles of non-ciliated surface, number 16.0 11.0 14.5 15.0 1.1 0.2 7.3 26
 — — — — — — — —
Basal bodies in equatorial fragment, number 28.0 5.0 15.2 15.0 6.7 1.3 43.7 25
 — — — — — — — —

Abbreviations: CV, coefficient of variation in %; Max, maximum; Mean, arithmetic mean; Min, minimum; n, number of specimens examined; SD, 
standard deviation; SE, standard error.

Table 1. Continued
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80%/1.00) and then with the core of Dysteriidae species 
represented by Dysteria Huxley, 1857, Mirodysteria 
Kahl, 1933 and Spirodysteria Gong et al., 2007, with 
moderate support values (ML/BI, 78%/0.98).

ITS1-5.8S-ITS2 (Fig. 9): Planilamina ovata clusters 
with Kyaroikeus paracetarius (ML/BI, 67%/0.82), 
forming a clade with Dysteria derouxi Gong & Song, 
2004 (ML/BI, 88%/0.97).

LSU rDNA (Fig. 9): Kyaroikeus paracetarius clusters 
with Planilamina ovata with good support, and then 
this branch forms a clade with Dysteria derouxi with 
good support.

Concatenated genes (Fig. 10): The phylogenetic tree 
based on the concatenated dataset is different from 
the SSU rDNA tree; i.e. Kyaroikeus paracetarius, 
Planilamina ovata and Trochilia petrani group into a 
clade with 100% bootstrap support in the ML tree, but 
are not resolved by BI. The families Chilodonellidae 
and Lynchellidae are located in different positions: 
Lynchellidae is closer to Chlamydodontidae in the 
concatenated gene tree, while in the SSU rDNA tree 
Chilodonellidae is closer to Chlamydodontidae, and 
Lynchellidae is in a peripheral position.

DISCUSSION

As indicated in the Material and methods, the beluga 
whale was maintained in a closed, carefully controlled 
environment. It is unlikely that the ciliates arrived 
through contamination of the system. Rather, as the 
beluga whale was born in the wild, and the ciliates 
were found even when it was healthy, we presume 
that there are natural, low-level populations of ciliates 
in most whales that only become abundant when the 
whale is ill. Reports of ciliates from the respiratory 
tracts of other whales support this (Ma et al., 2006; 
McFee & Lipscomb, 2009; Lair et al., 2016).

Several studies suggested that ciliates infesting 
whale respiratory tracts belong to two genera, 
Kyaroikeus and Planilamina, within which species are 
morphologically adapted to a parasitic life (Sniezek 
et al., 1995; Ma et al., 2006). However, because of the 
lack of molecular and morphological information, a poor 
understanding remains of the phylogenetic positions, 
evolutionary origin and adaptive modifications 
of these species. Here, we apply state-of-the-art 
approaches (Warren et al., 2017) to recognize and 
characterize two species found in an infected beluga 
whale: K. paracetarius and P. ovata. Considering their 
exceptionally high abundance when the host was ill, 
we consider these species to be parasites. Based on 

Figure 6. Planilamina ovata from life (A–C) and after protargol impregnation (D–F). A, right lateral view of a typical 
individual. B, left lateral view; arrowhead points to the anterior kineties of right field turning over onto dorsal side. C, ventral 
view; arrowhead points to the anterior kineties of right field turning over onto ventral side. D, right lateral view, showing the 
argentophilic band, macronucleus and micronucleus. E, right lateral view of ciliature; arrow indicates the contractile vacuole 
pore. F, left lateral view, showing the oral region, kinetofragments and macronucleus. Abbreviations: AB, argentophilic band; C, 
cytopharynx; Co, circumoral kineties; CV, contractile vacuole; I, infundibular kineties; KF, kinetofragments; LF, left field; Ma, 
macronucleus; Mi, micronucleus; P, podite; Po, pre-oral kineties; RF, right field. Scale bars = 25 μm.
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our phylogenetic and morphological analyses, we 
suggest revisions to the systematic positions of the 
two parasitic genera and speculate how they may have 
invaded the host and their morphological adaptations 
to reside in the blow-holes of beluga whales.

Beyond these fundamental aspects of phylogeny 
and adaptation, we suggest that a good appreciation 
of the biology of this potential pathogen may be 
useful to understand disease in whales. Information 
on phylogeny and evolutionary origin can provide 

Figure 7. Planilamina ovata from life (A–E) and after protargol impregnation (F–M). A. right lateral view of a representative 
individual; arrow indicates the podite and arrowheads indicate the C-shaped bright groove B, left lateral view; arrow points 
to the anterior kineties of right field turning over to dorsal side and arrowheads show the short grooves on surface. C, ventral 
view; arrowhead indicates oral region. D, E, arrowheads indicate the podite. F, showing the podite (arrow). G, showing the 
oral region; arrow indicates infundibular kineties, double arrowheads indicate circumoral kineties, and arrowhead indicates 
the contractile vacuole pore. H, I, showing the oral region; arrow indicates infundibular kineties, arrowheads indicate 
pre-oral kineties, and double arrowheads indicate circumoral kineties. J–L, specimen in different shape and numbers of 
kinetofragments (arrowheads); arrows indicate the podite. M, right lateral view of ciliature; arrow indicates argentophilic 
band and arrowhead indicates cytopharynx. Abbreviations: C, cytopharynx; LF, left field; Ma, macronucleus; RF, right field. 
Scale bars = 25 μm (A–C, M).
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Figure 8. Phylogenetic tree inferred from SSU rDNA sequences, revealing the position of Kyaroikeus paracetarius and 
Planilamina ovata (red font). Numbers near branches represent posterior probabilities for BI and bootstrap values for 
ML. Asterisks indicate topologies that differ between the ML and BI phylogenies. Fully supported (100/1.00) branches are 
marked with solid circles. The scale bar corresponds to five substitutions per 100 nucleotide sites.
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insights into other potential pathogens and adaptive 
features associated with specific lineages. Existing 
knowledge of near phylogenetic neighbours may also 
offer insights into key functions of pathogens. Clearly, 
also understanding how pathogens have adapted to a 
parasitic lifestyle allows researchers to consider how 
they act and how they may be prevented from acting. 
We hope, therefore, that our work will be wide-reaching 
in its impact.

eStabliShment of the new KyaroiKeus SpecieS

Sniezek et al. (1995) established the genus Kyaroikeus 
and described its type species K. cetarius. The main 
features of our isolate fit the diagnosis of the genus 
Kyaroikeus, supporting the genetic placement of the 
new species. However, our organism differs from 

its only congener K. cetarius in two key attributes: 
a larger number of right somatic kineties [37–69 
(arithmetic mean 66) vs. 44–51 (arithmetic mean 
48) in K. cetarius] and, critically, the number of left 
kineties, considered stable in cyrtophorid ciliates [our 
isolate has seven to 13 left kineties (arithmetic mean 
ten), while K. cetarius has only four]. Although there 
is variation in the number of right and left kineties in 
K. paracetarius, there is no clear correlation between 
these, nor did they appear to be correlated with cell 
size (Supporting Information, Fig. S3), suggesting that 
the variation is random Accordingly, we establish it as 
a new species: K. paracetarius.

commentS on Planilamina ovata

Planilamina ovata was first collected from Atlantic 
bottlenose dolphins and a false killer whale in the 
USA, and was described by Ma et al. (2006) using the 
protargol staining method. The Ningbo population 
closely matches the original description in body shape, 
living and stained morphological features, except 
for some minor differences: the Ningbo population 
has a larger cell size in vivo (50–80 × 32–47 μm vs. 
28–65 × 20–43 μm) and has a wider range number 
of right kineties (41–58 vs. 41–51). These are minor 
differences, and the ranges overlap, so we conclude 
that our identification of the Ningbo population is 
correct.

paraSiteS aroSe from a dySteriidae anceStor

Sniezek & Coats (1996) established the family 
Kyaroikeidae with Kyaroikeus as the type genus, 
placed this family in the order Cyrtophorida and, 
according to their morphogenesis, suggested this 
family to be closely related to the family Dysteriidae, 
which is currently composed only of free-living species. 
Later, Ma et al. (2006) erected the parasitic genus 
Planilamina and assigned it to Kyaroikeidae. Our 
SSU rDNA-based phylogenetic results support that 
the two genera belong to the subclass Cyrtophoria 
(Fig. 8), and the general topologies of the subclass 
match the results of others (e.g. Gao et al., 2012; Chen 
et al., 2016; Qu et al., 2017). However, addition of our 
new gene sequences questions the validity of the 
Kyaroikeidae, because the clade represented by this 
family includes both parasitic and free-living genera 
and falls within Dysteriidae (Fig. 8). This molecular 
clustering is also reflected by morphological 
characteristics; i.e. the kyaroikeids and dysteriids 
share a similar ciliary pattern in that they both 
include highly degenerated left kineties in the front-
left of the cell and short post-oral kineties in mid-
body (Figs 1A, 6A; Lynn, 2008).

Figure 9. Phylogenetic trees inferred from ITS1-5.8S-
ITS2 and LSU rDNA sequences, revealing the position of 
Kyaroikeus paracetarius and Planilamina ovata (red font). 
Numbers near branches represent posterior probabilities 
for BI and bootstrap values for ML. Asterisks indicate 
topologies that differ between the ML and BI phylogenies. 
Fully supported (100/1.00) branches are marked with solid 
circles. The scale bar corresponds to five substitutions per 
100 nucleotide sites.
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Figure 10. Phylogenetic tree inferred from the concatenated genes (SSU rDNA, ITS1-5.8S-ITS2, LSU rDNA), revealing 
the position of Kyaroikeus paracetarius and Planilamina ovata (red font). Numbers near branches represent posterior 
probabilities for BI and bootstrap values for ML. Asterisks indicate topologies that differ between the ML and BI phylogenies. 
Fully supported (100/1.00) branches are marked with solid circles. The scale bar corresponds to five substitutions per 100 
nucleotide sites.
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The two parasitic genera, representing the current 
Kyaroikeidae, do exhibit unique features (i.e. a large 
number of right kineties, large ciliated regions and 
dense cilia; Figs 1H, I, 6E). However, the free-living 
genus Trochilia, which clusters with the two parasitic 
ciliates, is morphologically more like other free-living 
members of the Dysteriidae (see fig. 4K in Liu et al., 
2017). We suggest that the unique structures of the 
parasites (i.e. dense cilia, pellicular fold contained 
five to six layers, prominent oral cavity and pellicular 
pores) are convergent and arose through adaptation to 
their novel environment (see next section). Thus, we 
propose that, as a family, Kyaroikeidae is superfluous 
and suggest that, for the time being, it should be 
treated as a subfamily of Dysteriidae.

Regardless of the formal position of Kyaroikeidae, 
our phylogenetic analysis clearly indicates that 
the parasitic genera Planilamina and Kyaroikeus 
evolved from a free-living Dysteriidae-like ancestor. 
Furthermore, the close association of the free-living 
genus Trochilia to the parasitic genus Planilamina 
(Fig. 8) implies that parasitism may have arisen more 
than once.

The free-living Dysteriidae tend to occupy 
periphytic environments, including sediments, sea 
ice and associations with marine algae (Petz et al., 
1995; Song & Wilbert, 2000; Meng et al., 2018). Marine 
mammals and, specifically, beluga whales will roll in 
sediments and rub against hard surfaces to remove 
dead skin and ectoparasites (Smith et al., 1992). This 
may have allowed invasion of free-living Dysteriidae 
into their respiratory system, where they evolved to 
live permanently. Undoubtedly, when more parasitic 
and free-living taxa in these clades are recognized, our 
predictions may be more rigorously evaluated.

morphological modificationS for a paraSitic 
life

Kyaroikeus paracetarius and Planilamina ovata 
appear to be obligatory parasites, as they could not live 
freely in water (see Methods). We suggest that they 

have morphologically adapted to this life by evolving 
structures that: (1) increase movement through viscous 
mucus; (2) improve ingestion of cellular material; and 
(3) adhere to flocs of mucus and facilitate food uptake. 
We outline these below and suggest they are worthy of 
further investigation.

Increased movement through viscous mucus: The 
free-living dysteriid species have few, fragmented 
right kineties (at most 13 rows in Dysteriidae spp. 
and only four in Trochilia spp.), and these are 
constrained in a narrow, ventral groove with sparsely 
distributed cilia and weak microtubule structure 
(Qu et al., 2015). In contrast, the two parasitic 
species have many non-fragmented right kineties 
that occupy a substantial part of the cell surface 
(Figs 1H–J, 6E); they also are densely ciliated. We 
suggest that these modifications contribute to the 
motility of the organisms in viscous mucus. Moreover, 
the cortex of the dorsal surface is compressed into 
stripes and, under these pellicular folds, there is a 
unique microtubular structure (outlined below and 
described by Sniezek et al., 1995). In several groups of 
ciliates, microtubules that run longitudinally under 
the pellicle allow cells to maintain and change cell 
shape (Lynn, 2008). Generally, there are only one or 
two layers and several bundles of these microtubules 
(Calvo et al., 1986; Wirnsberger-Aescht et al., 1989; 
Kurth & Bardele, 2001). However, in K. paracetarius, 
each pellicular fold contains five to six layers and 
multiple bundles (Figs 4H, 5), suggesting a greater 
role in movement, possibly allowing cells to penetrate 
the mucus. (Supporting information, Supplementary 
Video S1).

Improved ingestion of cellular material:  Compared 
to the free-living dysteriids, the two parasitic genera 
have a pronounced oral cavity. The oral region reflects 
functional diversity among ciliates (Eisler, 1992). For 
members of the free-living dysteriids, their oral region 
is prominent with strong nematodesmal rods, allowing 

Table 2. Accession numbers, lengths and G+C contents of sequences provided in present work

Species K. paracetarius P. ovata

SSU rDNA Accession number MN830168 MN830169
 Length 1677 bp 1552 bp
 GC content 43.71% 44.91%
ITS1-5.8S-ITS2 Accession number MN830164 MN830165
 Length 421bp 398bp
 GC content 41.81% 41.96%
LSU rDNA Accession number MN830170 MN830171
 Length 1739bp 1772bp
 GC content 44.85% 44.70%
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them to capture particulate food (Foissner et al., 1991; 
Qu et al., 2015). In contrast, the two parasitic species 
have densely arranged cilia near the oral area that are 
likely used to transport large volumes of liquid, moving 
large food particles (exfoliated epithelial cells) towards 
the cytostome into their deep oral cavity (Figs 1E, F, 6A).

Adhering to mucus and improved food uptake:  
Pellicular pores that occur in the pellicle of sessile 
peritrich ciliates (e.g. Lom & Corliss, 1968; Finley et al., 
1972) are considered to be sites of mucus material 
secretion, lorica-formation and stalk-production 
(Bauer-Nebelsick et al., 1996; Lynn, 2008). To our 
knowledge, such pores are not reported in free-living 
dysteriids. However, they are also found in the non-
ciliated area and the podite of an ectoparasitic ciliate 
(Brooklynella hostilis Lom & Nigrelli, 1970) of marine 
fishes (Lom & Corliss, 1971). Similar structures occur 
in Cryptocaryon irritans Brown, 1951, a parasitic ciliate 
causing white spot disease of marine fishes, where 
pellicular openings are connected to small vesicles 
and may serve in enzyme excretion or food uptake 
(Matthews et al., 1993). We observed pellicular pores 
in K. paracetarius (Figs 3E, F, 4H, 5) and suggest that 
they may function in secretion of mucus material (for 
adhesion) or secretion of enzymes (aiding in feeding).

CONCLUSION

In this study, we provide an evaluation of the 
occurrence and abundance of two ciliates that appear 
to be parasites (but may, admittedly, be opportunistic 
endocommensals) within the respiratory tract of a 
beluga whale. Our efforts to culture the ciliates were 
not successful. We suggest that continued work explores 
the protozoa in the mucus of whales, evaluating 
changes in abundance and making further efforts to 
culture taxa to reveal their life cycles. Furthermore, 
now that we have provided substantial molecular 
data for these taxa, we encourage the development of 
barcoding approaches (Zhao et al., 2018) to allow rapid 
assessment of these taxa on a wider scale.
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