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1  |   INTRODUCTION

There is a great deal of interest in assessing boreal flora and 
fauna given the rapid changes that have already occurred 
and are anticipated to continue in high latitude ecosystems. 
In a recent report on arctic marine biodiversity, the chap-
ter on plankton (Lovejoy et al., 2017) specifically points 
out the scarcity and need for species data on phytoplankton 
and heterotrophic protists of the microzooplankton. Here 
we report on some tintinnid species of the microzooplank-
ton commonly found in waters of the Arctic Ocean as well 
as the North Pacific and North Atlantic Oceans, forms that 

have long considered being “troublesome.” These are forms 
of the genus Parafavella. The trouble investigators have had 
is distinguishing morphotypes described as distinct spe-
cies when intermediate forms appear to exist. This trouble 
has existed for some time now. Likely the first sceptic was 
Ostenfeld (1910) reporting on the existence of morpholog-
ically intermediate forms between those described as “spe-
cies” of Parafavella earlier by Brandt (1896). Later Schulz 
and Wulff (1927, 1929 ) in two large studies argued that there 
was but one species of Parafavella based on the variety of lo-
ricas found in the Barents Sea. Burkovsky (1973) postulated 
that lorica morphology of Parafavella changed seasonally 
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Abstract
We used both nuclear ribosomal genes (28S rDNA, 18S rDNA, 5.8S rDNA, internal 
transcribed spacer regions: ITS1, ITS2) and mitochondrial CO1 sequences to group 
or distinguish morphotypes of Parafavella, a problematic genus of tintinnid ciliates 
of the marine microzooplankton. We sequenced 30 single cells of Parafavella from 
the Bering Sea, the Greenland Sea, and the East/Japan Sea. Sequences were obtained 
from 4 morphotypes, typically ascribed to P. gigantea, P. greenlandica, P. jor-
genseni, and P. subrotundata and from GenBank, the nuclear ribosomal genes of 
P. parumdentata were retrieved. Cells of the five morphotypes had identical 18S and 
5.8S gene sequences. ITS1, ITS2 and 28S sequences produced two clusters: one 
grouping P. greenlandica and P. parumdentata and the other grouping P. jorgenseni, 
P. gigantea, and P. subrotundata. In contrast, CO1 nucleotide data yielded eight 
haplotypes clustered into five groups: one composed of P. greenlandica morpho-
types, two distinct haplotypes of P. jorgenseni, and two distinct haplotypes of P. gi-
gantea with one including P. subrotundata morphotypes. We investigated the 
co‐occurrence of different morphotypes in samples from sites across a large gradient 
of latitude and concentrations of Parafavella cells. Natural communities contained 
2–6 different morphotypes. We conclude that both crypticity and polymorphism 
characterize Parafavella, as known for other tintinnid genera.
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in the White Sea. Gold and Morales (1975) documented a 
large variability in empty Parafavella lorica. The last con-
certed attempts to cast doubt on lorica‐morphology‐based 
species boundaries in these common boreal tintinnids were 
studies by Davis concerning Parafavella (Davis, 1978). His 
remarks echoed those of earlier researchers; Davis stated “... 
I experienced many vexations in attempting the classification 
of specimens.” (Davis, 1978, p. 1823) Adding to the troubles 
and confusion of those attempting to put names on forms is 
the fact that in the classic monograph on tintinnid ciliates, 
Kofoid & Campbell, 1929, many of the illustrations are not 
drawn to the scale of the source illustrations (e.g., Supporting 
Information Figure S1 showing some Parafavella spp.). 
Thus, investigators may assign different names to the same 
morphotype depending on apparent relative sizes (with no 
indication of variability) as shown in Kofoid and Campbell 
(1929) or the dimensions (and notes on variability) given in 
the original descriptions.

In recent years, nuclear ribosomal genes have been ap-
plied to distinguish ciliate species and infer their phylogeny 
as DNA barcode (Pawlowski et al., 2012; Stoeck, Przybos, 
& Dunthorn, 2014). Ciliates are suspected to contain a huge 
species diversity considering estimates of the numbers of 
as yet undescribed species (Foissner, Chao, & Katz, 2008). 
An existing challenge is to separate closely related species 
efficiently using molecular methods. It has become appar-
ent that 18S rDNA, one of most common genes for ciliate 
taxonomy/phylogeny, appears to have an insufficient resolu-
tion for species identification. For instance, the 18S rDNA is 
completely identical between some species of Tetrahymena 
(Lynn & Strüder‐Kypke, 2006) and shows more than 99.9% 
genetic similarity between some congeners in Pleurotricha 
(Park, Moon, Kim, & Jung, 2017). Because of the problem-
atic resolution, there have been efforts to establish new ge-
netic marker as a barcode for ciliates (Barth, Krenek, Fokin, 
& Berendonk, 2006; Stoeck et al., 2014). For tintinnids, 
Santoferrara, McManus, and Alder (2013) assessed the nu-
clear genes as a potential barcoding tool, and Santoferrara et 
al. (2016) suggested a guideline for data collection and eval-
uation. In addition, Santoferrara, Tian, Alder, and McManus 
(2015) reported the crypticity and polymorphism in the genus 
Helicostomella based on the ribosomal genes.

As mentioned by Santoferrara et al. (2016), the mitochon-
drial cytochrome c oxidase subunit I (CO1) gene had not yet 
been amplified for the tintinnids. After the first report of in-
traspecific genetic variation using the CO1 in Paramecium 
(Barth et al., 2006), Strüder‐Kypke and Lynn (2010) pro-
vided a primer pair, which successfully amplifies the CO1 
from five ciliate classes. Considering its greater intraspecific 
variation than any nuclear genes, the CO1 can shed light on 
population genetics and biogeography. However, it should be 
noted that CO1 does not satisfy the CBOL (Consortium for 
the Barcode of Life)’s criteria as a barcode for all ciliates. 

Stoeck et al. (2014) noted that some ciliates from anoxic hab-
itats lack active mitochondria and CO1. Furthermore, not all 
ciliate CO1 can be amplified using the existing CO1 prim-
ers (e.g., Litostomatea, Spirotrichea). Rather than as a ciliate 
barcode, the CO1 can be utilized for the separation of closely 
related species or populations targeting specific ciliates. Park 
et al. (2018) provided a new primer pair, which can am-
plify the class Spirotrichea, and they successfully amplified 
Tintinnopsis cf. cylindrica. Here these new primers were ap-
plied to resolve the problematic situation among Parafavella 
forms.

To clarify the relationships among morphotypes of 
Parafavella, we employed single cell sequencing allowing us 
to investigate the genetic relationships of some more or less 
distinct morphotypes of Parafavella. We sequenced both nu-
clear ribosomal genes (28S rDNA, 18S rDNA, 5.8S rDNA, 
internal transcribed spacer regions: ITS1, ITS2) and as well as 
mitochondrial CO1 sequences to group or distinguish morpho-
types of Parafavella. We also investigated the co‐occurrence 
of the more or less distinct morphotypes in natural populations 
by examining material from sites sampled in a transect from 
the North Pacific into the High Arctic in the summer of 2017.

2  |   MATERIALS AND METHODS

2.1  |  Sampling
For the genetic analysis, plankton net‐tow samples were ob-
tained from three distinct seas using 20‐µm mesh plankton 
net (for details, see Figure 1; Table 1). The samples were 
fixed with neutral Lugol’s solution (final concentration of 
0.04% iodine [w/v]; 0.6% potassium iodide [w/v]) or ethanol 
(final concentration of 70%).

For the analysis of Parafavella forms found in natural as-
semblages of tintinnids, plankton net‐tow samples (20‐mesh 
plankton net) obtained from stations along a transect from 
the North Pacific (44°N) to the High Arctic (78°N) sampled 
in 2017 from aboard the Korean Icebreaker Araon were ana-
lysed. Net‐tows sampled the water column from 100 m depth 
to the surface except at some shallow water stations. Aliquots 
of net‐tow material for microscopic analysis were fixed with 
Lugol’s Iodine (as above) solution.

2.2  |  Morphology
For genetic analysis, individual cells were first isolated using 
a micro‐capillary under a stereomicroscope (SZ11, Olympus, 
Japan), and micrographs were captured and measured under 
an inverted microscope (Eclipse Ti‐U, Nikon, Japan) or stand-
ard microscopes (Zeiss Axio Imager 2 Carl Zeiss, Germany; 
BX53, Olympus, Japan) to record the morphology of the cells 
sequenced.
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For analysis of the occurrence of forms of Parafavella in nat-
ural assemblages,, aliquots of net tow material from the 2017 
sampling were diluted and examined in 3‐ml settling cham-
bers. Material in the settling chambers was examined using an 
Olympus inverted microscope (IX71) equipped with differen-
tial interference contrast optics and an Olympus DP71 camera 
piloted using Olympus Biocell imaging software. Initially all 
tintinnids in a single aliquot were enumerated. For samples in 
which Parafavella were found (samples from nine stations), 
multiple aliquots were examined. For these latter samples, all 
Parafavella encountered which were correctly oriented for mor-
phological diagnoses were photographed and multiple aliquots 
examined until a total of 20–30 cells from the sample were pho-
tographed. Only lorica containing a ciliate cell were recorded as 
empty lorica are not a reliable evidence of living cells (Dolan & 
Yang, 2017). Parafavella “species” identification (based upon 
lorica morphology) were made relying as much as possible on 
illustrations and dimensions as given in the original descriptions 
(for details see “Parafavella “species” designations—taxonomic 
notes” in the Supporting Information Appendix S1).

2.3  |  DNA extraction, PCR and 
DNA sequencing
Each individual was transferred to 1.5 ml tube and its 
genomic DNA was extracted using RED‐Extract‐N‐Amp 
Tissue PCR Kit (Sigma, St. Louis, MO, USA) according to 
the manufacturer’s instruction. Two PCRs were conducted 
to amplify nuclear ribosomal genes and mitochondrial CO1 
gene. The conditions for the ribosomal genes were as fol-
lows: denaturation at 94°C for 1 min 30 s, followed by 40 
cycles of denaturation at 98°C for 10 s, annealing at 58.5°C 
for 30 s and extension at 72°C for 3 min and a final extension 
step at 72°C for 7 min. The PCR product that covered the 
genes consisting of 18S rDNA, internal transcribed spacer 

regions (ITS1, ITS2), 5.8S rDNA, and 28S rDNA (D1, D2) 
was amplified using slightly modified two primers (New Euk 
A and LSU rev2) that were described by Sonnenberg, Nolte, 
and Tautz (2007). DNA sequencing was performed using 
three additional internal primers (18SF790v2: 5′‐AAA TTA 
KAG TGT TYM ARG CAG‐3′ and 18SR300: 5′‐CAT GGT 
AGT CCA ATA CAC TAC‐3′, 18SF1470: 5′‐TCT GTG 
ATG CCC TTA GAT GTC‐3′) and an ABI 3700 sequencer 
(Applied Biosystems, Foster City, CA, USA). For the con-
ditions of CO1, it was as follows: denaturation at 94°C for 
1 min 30 s, followed by 40 cycles of denaturation at 98°C 
for 10 s, annealing at 53°C for 30 s and extension at 72°C 
for 1 min, and a final extension step at 72°C for 7 min (for 
details and primers, see Park et al., 2018). All PCR prod-
ucts were purified using a MEGAquick‐spin Total Fragment 
DNA Purification Kit (iNtRON, Korea). Sequence fragments 
were assembled using Geneious 9.1.6 (Kearse et al., 2012).

2.4  |  Molecular data analyses
To infer the phylogenetic position of the four tintinnid 
species, 18S rRNA gene sequences of 199 ciliates were 
retrieved from the NCBI database, including 197 tin-
tinnids and two oligotrichs, Novistrombidium orientale 
(FJ422988) and Strombidium stylifer (DQ631805), as out-
groups. The sequences were aligned using Muscle align-
ment (Edgar, 2004) in Geneious, and both ends of the 
alignment were manually trimmed using the Geneious. 
The best‐fit model of substitution for phylogenetic analysis 
was selected using jModelTest 2.1.10 (Darriba, Taboada, 
Doallo, & Posada, 2012). We selected the model TIM2 + I 
(0.5690) + G (0.4550) for 18S rDNA and HKY + I 
(0.6480) for CO1 based on the Akaike information cri-
terion (AIC). As an outgroup of CO1 tree, Tintinnopsis 
cf. cylindrica (MG594903) was selected. IQ‐TREE 1.5.3 

F I G U R E  1   Map of the locations 
sampled from three different seas. The 
numbers in parenthesis denote the number 
of specimens sequenced in this study. 
The haplotype represents CO1 nucleotide 
diversity [Colour figure can be viewed at 
wileyonlinelibrary.com]
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was used to render maximum‐likelihood (ML) trees, with 
1,000 bootstrap replicates (Nguyen, Schmidt, Haeseler, & 
Minh, 2015). A consensus ML tree was annotated using 
ggtree 1.8.2 in R (Yu, Smith, Zhu, Guan, & Lam, 2017). 
In addition, the tree using concatenated 28S rDNA, 5.8S 
rDNA and ITS regions was inferred with the best‐fit model 
TrN + G (0.1040). Laackmanniella prolongata JQ924056 
was selected as an outgroup. Uncorrected pairwise dis-
tances were measured using the Geneious.

To infer the median‐joining network of CO1 haplotype, 
POPART 1.7 was used (Leigh & Bryant, 2015). Input file in-
cludes the CO1 nucleotide sequences with its sampling loca-
tion (latitude, longitude) to plot them in a map. The program 
assigned the CO1 sequences into each haplotype and plotted 
in default map.

In R, the ggplot2 (Wickham, 2009) was used to plot the 30 
specimens annotated with its CO1 haplotype and species name 
to examine the relationship between the haplotypes and mor-
phology. To represent sequence difference matrices, eight se-
quence data sets were set up to discern a resolution of species 
identification for Parafavella and they were as follows: 18S 
rDNA (1,745 bp), ITS1 (101 bp), 5.8S (152 bp), ITS2 (194 bp), 
28S (D1, D2; 753 bp), 28S (D1, D2; 594 bp, shorter than pre-
vious one to make the sequences correspond with the reference 
sequence P. parumdentata), CO1 nucleotide (478 bp) and CO1 
amino acids (159 aa) sequences. The sequence difference matri-
ces measured by the Geneious were used to construct heatmaps 
using lattice in R (Sarkar, 2008).

3  |   RESULTS

3.1  |  Lorica morphology of sequenced 
specimens
Four morphotypes of Parafavella were collected from three 
distinct seas and here their lorica morphologies are described 
briefly (Figure 2; Table 1). See the Supporting Information 
Appendix S1 for further details on distinguishing the mor-
photypes encountered.

Parafavella jorgenseni was collected from Bering Sea. 
Three specimens were sequenced: Lorica conical with retic-
ulate surface, denticulate tilted outward on oral rim, 43.1–
48.0 µm in lorica oral diameter (LOD), 96.7–106.3 µm in 
length, aboral end sharply pointed.

Parafavella gigantea was collected from the Bering Sea, 
Greenland Sea and East/Japan Sea. Twenty‐one specimens were 
sequenced: Lorica cylindrical/conical with reticulate surface, 
denticulate tilted outward on oral rim, 49.3–62.9 µm in LOD, 
269.0–511.1 µm in length, aboral end pointed; in Bering and 
Greenland Sea specimens lorica usually cylindrical without 
indentation on oral rim, long cylindrical lorica with relatively 
shorter aboral end (vs. lorica more conical, aboral end longer 
with the indentation on oral rim in the East/Japan Sea specimens).

Parafavella greenlandica was collected from Greenland 
Sea. Two specimens were sequenced: Lorica conical with 
reticulate surface, denticulate tilted outward on oral rim, 
33.2–34.8 µm in LOD, 78.4–86.4 µm in length, aboral end 
somewhat bluntly pointed.

Parafavella subrotundata was collected from Bering Sea. 
Four specimens were examined, and their morphology is as 
follows: Lorica cylindrical with reticulate surface and in-
dentation on oral rim, denticulate tilted outward on oral rim, 
57.4–63.4 µm in LOD, 163.2–250.8 µm in length, aboral end 
short and pointed; one of the examined specimens with ab-
oral end being toward inside of lorica.

Two small morphotypes, P. greenlandica and P. jor-
genseni, were easily separated from each other by the LOD 
(Table 1). In contrast, the other larger morphotypes, P. gi-
gantea and P. subrotundata, share a similar size of LOD. 
In particular, P. gigantea was collected from all seas and 
they can be split into two morphotypes. The specimens 
from Bering and Greenland Sea usually have the largely 
cylindrical lorica without the indentation on oral rim, 
while the Korean population has the slightly conical lorica 
with the indentation on the oral rim. However, these char-
acteristics are not distinct across whole specimens. See 
the specimens P. gigantea Arc07 and Arc09 had slightly 
conical lorica.

3.2  |  Nuclear ribosomal genes
A total of six data sets were analysed to examine genetic 
relationships of the five morphotypes including P. parum-
dentata retrieved from GenBank (Figure 3). 18S and 5.8S 
gene sequences for the five species were completely identical 
(Figure 4a; Supporting Information Figure S2). It should be 
noted that one nucleotide difference in 18S of P. parumden-
tata in Figure 3 denotes an ambiguous one (n).

ITS1 and 2 yielded two clusters based on one (1.0%) and 
five (2.6%) nucleotide differences, respectively (Figures 3 and 
4b). The two clusters consist of P. greenlandica + P. parum-
dentata and P. jorgenseni + P. gigantea + P. subrotundata, 
that is the intra/inter‐specific variations were 0% and 0%–
2.6%, respectively.

28S data sets consist of two alignments because of the 
sequence length difference of P. parumdentata. The other 
sequences obtained newly here are longer than the P. parum-
dentata sequence in GenBank. Thus, the main differences be-
tween the data sets are the sequence length and the absence/
presence of P. parumdentata and so “28S” includes 753 bp 
of 30 sequences and “28S trimmed” includes 594 bp of 31 
sequences. Both data sets showed the same three clusters and 
these clusters are as follows: (a) P. greenlandica + P. parum-
dentata; (b) P. gigantea (Greenland Sea); (c) P. gigantea 
(Bering Sea, East/Japan Sea) + P. subrotundata + P. jor-
genseni. The intra/inter‐specific variations were 0%–0.1% 
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and 0%–1.9% for “28S,” and 0%–0.2% and 0%–2.4% for “28S 
trimmed.” The cluster 1, “P. greenlandica and P. parumden-
tata,” share completely identical nucleotide sequences ex-
cept for the gap/deletion of a nucleotide in P. parumdentata. 
Except for the gap, this cluster differed at 12 (2.0%) and 13 
(2.2%) nucleotide positions from P. gigantea (Greenland Sea) 
and P. gigantea (Bering Sea, East/Japan Sea) + P. subrotun-
data + P. jorgenseni, respectively. A single nucleotide of the 
cluster P. gigantea (Greenland Sea) differed from P. gigantea 

(Bering Sea, East/Japan Sea) and P. subrotundata and P. jor-
genseni (Figures 3 and 4b).

The data from concatenated 28S, 5.8S, ITS regions 
showed the same clusters as the 28S data set because the clus-
ter P. greenlandica + P. parumdentata based on ITS regions 
was completely identical to one of the three clusters based on 
the concatenated data and the 5.8S sequences have no vari-
ations (Figure 4b). The three clusters from the concatenated 
did not reflect distinct geographical distribution.

F I G U R E  2   Micrographs of four Parafavella species all at the same magnification
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3.3  |  Mitochondrial CO1 gene
CO1 nucleotide data showed eight haplotypes while the 
amino acids set were all completely identical to each other 
(Figures 3 and 4c,d). Based on morphological identity, the 
intra/inter‐specific variations of the nucleotide sequences 
were 0%–9.4% and 0%–18.2%, respectively. The CO1 nu-
cleotide sequence of Tintinnopsis cf. cylindrica as an out-
group showed inter‐specific variations of 20.5%–23.4% 
while the amino acid sequence showed 1.3% from those of 
Parafavella.

Parafavella gigantea consisted of four haplotypes 
that clustered in two groups: (a) Par07 + Par08 and (b) 
Par04 + Par05. These two groups had 43–45 nucleotide 
differences (9.0%–9.4%) while each group had a single 

nucleotide difference (0.2%) within them. The two se-
quences of P. greenlandica were completely identical and 
assigned to Par06. The three sequences of P. jorgenseni 
split into three haplotypes. Of these, Par02 showed nine 
(1.9%) nucleotide differences from Par03 while Par01 was 
highly distinct from Par02 + Par03 with 41 (8.6%) or 42 
(8.8%) differences. Four sequences of P. subrotundata 
showed completely identical sequences with P. gigantea 
(East/Japan Sea) that assigned into Par07.

These eight haplotypes clustered into five groups 
based on the maximum likelihood tree and median‐join-
ing network using 97% similarity threshold (Figures 4 and 
5): Par01 (P. jorgenseni); Par02 + Par03 (P. jorgenseni); 
Par04 + Par05 (P. gigantea from Greenland Sea); Par06 
(P. greenlandica); and Par07 + Par08 (P. gigantea from all 

F I G U R E  3   Heatmaps based on 
genetic dissimilarities [Colour figure can be 
viewed at wileyonlinelibrary.com]
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three seas and P. subrotundata). As shown above, the bar-
code gap between intra‐ and inter‐specific variations was not 
observed.

3.4  |  Biogeography of Parafavella based 
on genes
Of the nuclear ribosomal genes, 28S and ITS regions showed 
nucleotide variations only within and among Parafavella 
morphotypes (Figure 4b). One nucleotide difference was 
observed between the East/Japan Sea + the Bering Sea and 
the Greenland Sea for P. gigantea. The concatenated nu-
cleotide sequences of Parafavella were completely identical 
within each population of the East/Japan and Bering Seas, 
respectively. Within the Greenland Sea population, two 
clusters were identified and each belongs to P. greenland-
ica and P. gigantea morphotype separated by 18 nucleotide 
differences.

Of the eight haplotypes in CO1, the Par07 was a 
common one and occurred from the all seas and groups 
P. gigantea with P. subrotundata (Figure 4d). The other 
haplotypes occurred only in one sea. Considering the num-
ber of haplotypes in each sea, the Greenland and Bering 

Sea showed the highest number of haplotypes as four (vs. 2 
and 1 in ribosomal genes), respectively. However, the East/
Japan Sea was represented by just two haplotypes, which 
have only one nucleotide difference (vs. identical in ribo-
somal genes). It should be noted that the nuclear ribosomal 
genes were too conserved to allow discrimination among 
populations compared to the CO1 as expected (Figure 4b). 
However, the eight haplotypes clustering into five groups 
resulted in neither distinct biogeography nor gradient 
distribution pattern (Figure 4d). See Figure 4d, the eight 
haplotypes (or the five clusters), did not show certain bio-
geography among haplotypes/clusters.

3.5  |  Co‐occurrence of distinct Parafavella 
morphotypes in natural communities
Parafavella were found in nine samples from the 2017 cruise 
of the Araon. None contained only a single morphotype. The 
number of different Parafavella “species” (based on differ-
ences in the loricas) ranged from 2 to 6 within individual 
samples. Table 2 data suggest that there was no apparent re-
lationship between the number of Parafavella morphotypes 
found and latitude. Nor was a relationship between with the 

FIGURE 4   Maximum‐likelihood phylogenetic trees and median‐joining network. The nucleotide matrix (b) denotes the variation in the concatenated 
28S, 5,8S and ITS regions, and the network was constructed using CO1 nucleotide sequences [Colour figure can be viewed at wileyonlinelibrary.com]
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P. gigantea 

P. gigantea 

Ara08

P. subrotundata Ara05
P. subrotundata Ara06
P. subrotundata Ara07

Ara08

. . . . . . . . . . . . . . . . . . .
P. gigantea Arc01 . . . . . . . . . . . . . . . . . . T
P. gigantea Arc02 . . . . . . . . . . . . . . . . . . T
P. gigantea Arc03 . . . . . . . . . . . . . . . . . . T
P. gigantea Arc04 . . . . . . . . . . . . . . . . . . T
P. gigantea Arc05 . . . . . . . . . . . . . . . . . . T
P. gigantea Arc06 . . . . . . . . . . . . . . . . . . T
P. gigantea Arc07

P. gigantea Arc01
P. gigantea Arc02
P. gigantea Arc03
P. gigantea Arc04
P. gigantea Arc05
P. gigantea Arc06
P. gigantea Arc07

. . . . . . . . . . . . . . . . . . T
P. gigantea Arc08

P. gigantea Arc08

. . . . . . . . . . . . . . . . . . T
P. gigantea Arc09

P. gigantea Arc09

. . . . . . . . . . . . . . . . . . T
P. gigantea Arc10

P. gigantea Arc10
. . . . . . . . . . . . . . . . . . T

P. greenlandica Arc11 C T T C A T C G C C G G T G T A C C T
P. greenlandica Arc12

P. greenlandica Arc11
P. greenlandica Arc12

C T T C A T C G C C G G T G T A C C T
P. parumdentata C T T C A T C G C C G G T G T A C C T

Gene ITS1
ITS2

28
S

0.01

96

77

83
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overall concentration of tintinnid ciliates or with the concen-
tration of Parafavella cells and the number of morphotypes 
of Parafavella in a population (for details of the numbers 
and identities of Parafavella encountered, see the Supporting 
Information Plates 1–9).

4  |   DISCUSSION

4.1  |  Nuclear ribosomal genes
Previously, of all the species in Parafavella, nuclear gene 
data were available only for P. parumdentata (Santoferrara, 
Alder, & McManus, 2017). As in their 18S tree, here all five 
species of Parafavella including four species from this study 
clustered together because all sequences of Parafavella are 
completely identical with the exception of a single nucleotide 
in P. parumdentata (ambiguous nucleotide n) and showed a 
sister relationship with a cluster “ Dadayiella + Xystonella.” 
Considering the five morphotypes in Parafavella, all nuclear 
ribosomal genes failed to distinguish among them. Even 
though the 28S showed three clusters, it is still less than the 
numbers of morphotypes (5) based on lorica morphology and 
the CO1 nucleotide haplotypes (8). Of the nuclear genes, the 
28S has been considered as a useful barcoding tool for ciliates 
(Santoferrara et al., 2013; Stoeck et al., 2014). Santoferrara et 
al. (2013) separated tintinnids at 1% cut‐off and Stoeck et al. 
(2014) identified that <0.6% sequence divergence was ideal 
to separate Paramecium species. If we follow these thresh-
olds, only two clusters were identified as follows: cluster 1 
containing P. greenlandica and P. parumdentata the other 
cluster containing P. gigantea, P. subrotundata and P. jor-
genseni. Among tintinnids, Helicostomella is one of the 
best‐known genera in terms of genetic data (Santoferrara et 
al., 2013, 2015 ; Xu, Sun, Shin, & Kim, 2012). According to 
Santoferrara et al. (2015), use of these multi‐gene barcodes 
(i.e., 28S, 5.8S‐ITS) is better than using a single gene to dis-
tinguish closely related species. However, we found that these 

multi‐genes performed little better than a single gene marker 
in Parafavella yielding only two clusters. Nonetheless we 
agree with the comment of Santoferrara et al. (2015) that be-
cause CO1 is much more variable than these nuclear genes it 
results in lower resolution at higher level of phylogeny (Park 
et al., 2018). In addition, genetic diversity of the CO1 can 
originate from heteroplasmy (i.e., intracellular polymorphism 
of mitochondrial genomes), nuclear encoded mitochondrial 
pseudogenes and hybrids (Tautz, Arctander, Minelli, Thomas, 
& Vogler, 2003; Zhao, Gentekaki, Yi, & Lin, 2013).

The recent development of high‐throughput sequenc-
ing technology has focused on attention on the variable 
regions (i.e., V4) in 18S to capture eukaryote diversity 
(Filker, Gimmler, Dunthorn, Mahé, & Stoeck, 2015; Jung 
et al., 2015; Santoferrara, Rubin, & McManus, 2018; 
Stoeck et al., 2010). However, our data support the view 
that the nuclear ribosomal genes are of insufficient reso-
lution below the genus level of Parafavella as shown in 
other tintinnids in previous reports (Santoferrara et al., 
2013; Xu et al., 2012). In addition, there is evidence of 
low inter‐specific variations in hypotrichs, benthic ciliates 
assigned to the ciliate class containing tintinnids (Park et 
al., 2017; Yi et al., 2008). Considering the 97%–98% sim-
ilarity threshold commonly used by the high‐throughput 
approaches for the species richness, it would appear that 
only a part of eukaryote diversity is unveiled at least with 
regard to ciliates.

4.2  |  Mitochondrial CO1 gene
The CO1 of Parafavella was successfully amplified using 
the CO1 primers targeting spirotrichean ciliates (Park 
et al., 2018). Even though they provided only the CO1 of 
Tintinnopsis cf. cylindrica among tintinnids, our study sug-
gests that other tintinnids could be sequenced using the prim-
ers. Strüder‐Kypke and Lynn (2010) established new primers 
to amplify the CO1 of ciliates; however, as they mentioned, 

T A B L E  2   Numbers of different morphological species of Parafavella found in samples taken from the sites between the North Pacific and 
the Arctic in 2017. Note the wide range of natural communities sampled in terms of concentrations of Parafavella and total tintinnids (∑ tintinnids)

Station Lat Long Date Parafavella L−1
∑ tintinnids 
L−1 Number of “spp” Suppl plate

ARA08A01 42.3 151.2 7/27/2017 0.4 1.2 4 1. ARA08 St 1A

ARA08A03 46.6 159.4 7/29/2017 0.3 2.3 4 2. ARA08 St 3A

ARA08A04 48.9 163.5 7/29/2017 0.5 4.7 3 3. ARA08 St 4A

ARA08A05 51.1 167.6 7/29/2017 0.2 2.4 4 4. ARA08 St 5A

ARA08A06 53.1 171.6 7/30/2017 10.5 283.8 2 5. ARA08 St 6A

ARA08A07 55.1 175.7 7/31/2017 0.8 16.8 2 6. ARA08 St 7A

ARA08B02 66.6 −167.3 8/7/2017 10.2 165.6 6 7. ARA08 St 2B

ARA08B08 68.2 −166.9 8/7/2017 6.0 108.9 4 8. ARA08 St 8B

ARA08B21 77.7 180.0 8/15/2017 0.1 0.2 3 9. ARA08 St 21B
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they did not reliably amplify Litostomatea and Spirotrichea. 
The CO1 of Parafavella overlaps 260–348 bp with those 
regions from Strüder‐Kypke and Lynn (2010). Across all 
sequences of Parafavella, none of indels occurred that re-
sulted in frame shifts or be considered as nuclear encoded 
mitochondrial pseudogenes (Zhao et al., 2013).

The CO1 sequences of Parafavella showed higher genetic 
variation than the nuclear ribosomal genes, up to 18.2% in 
inter‐specific variations. Considering the maximum of the 
inter‐specific variations in the 28S, the CO1 showed the 
variations higher than seven times in Parafavella. A total of 
eight haplotypes were identified based on the CO1 nucleotide 
sequences that resulted in five clusters using 97% similarity 
threshold. If we follow the <1% intra‐specific divergence as 
shown by Lynn and Strüder‐Kypke (2006) and Chantangsi et 
al. (2007), six clusters can be identified because P. jorgenseni 
Ara02 and Ara03 have nine nucleotide differences between 
them (1.9%).

4.3  |  Lorica morphology with 
CO1 haplotypes
The species designations of Parafavella have been conten-
tious because of suspected lorica variability (Davis, 1978; 
Kofoid & Campbell, 1929; Schulz & Wulff, 1929). Kofoid 
and Campbell (1929) established the genus and assigned spe-
cies status to 23 forms, most of which had been described 
originally as variants of other species. The most recent com-
pendium of Zhang, Feng, Yu, Zhang, and Xiao (2012) lists 

32 species found in the literature. In the WoRMS database 
(Warren, 2018), 35 species are listed including 6 as “taxon 
inquirendum,” suspected of being variants of other species.

Davis (1978) tried to distinguish Parafavella species col-
lected from northern Norway waters; however, he failed to dis-
tinguish them based on lorica morphology alone. Even though 
some previous works considered them as a single polymorphic 
species (P. denticulata), he emphasized the need for further in-
vestigation of this genus using methods such as silver staining, 
electron microscopy, etc. Here, we found six clusters based the 
1% cut‐off value from the eight CO1 haplotypes. The results 
clearly showed that (a) P. subrotundata has identical nucleo-
tide sequence with P. gigantea; (b) P. gigantea includes two 
clusters; (c) P. jorgenseni can be split into three clusters; and 
(d) P. greenlandica is distinct from the others.

Parafavella subrotundata collected from the Bering 
Sea showed completely identical sequences with P. gi-
gantea in Par07, which is the most common haplotype 
across the three seas. Kofoid and Campbell (1929) con-
sidered that P. subrotundata “differs from P. cylindrica 
in stouter proportions and from P. dilatata in less conical 
bowl.” Based on our CO1 haplotypes, the results suggest 
that the cylindrical forms in Parafavella might be assigned 
to P. gigantea.

Of the specimens in our samples, we have P. gigantea 
with slightly posteriorly dilated lorica like P. ventricosa (see 
Arc02, Arc05, Arc08, Ara08). Even though the dilated form 
was not as distinct as shown in Kofoid and Campbell (1929), 
it suggests they might be conspecific.

F I G U R E  5   Morphological 
characteristics and CO1 nucleotide 
haplotypes of four Parafavella species 
[Colour figure can be viewed at 
wileyonlinelibrary.com]
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Based on the tintinnids records reported in the Arctic Seas 
by Dolan, Pierce, and Yang (2017), Parafavella denticulata 
is the most commonly reported species in this genus. Even 
though we did not obtain the CO1 sequence from P. dentic-
ulata, it might be assigned to P. gigantea CO1 clusters like 
P. subrotundata.

Interestingly, the two species with short conical lorica, 
P. greenlandica and P. jorgenseni, did not cluster together 
and P. greenlandica was distinct from the other species in 
Parafavella. This finding suggests that the size and shape 
of the lorica are poor predictors of genetic relatedness in 
Parafavella. Considering the utility of oral denticulation in 
distinguishing species, we observed some P. gigantea with 
the denticulation, which was almost disconnected from the 
oral rim during the examination using the scanning electron 
microscopy (Supporting Information Figure S3). We also 
found P. gigantea without denticulation in Lugol’s‐fixed 
samples (see Supporting Information Plate 3 ARA08 St4A) 
in agreement with the observations of Davis (1978). Thus, 
oral denticulation does not appear to be reliable character 
among Parafavella. To date, data on the infraciliature of 
Parafavella are available only for P. denticulata and P. gi-
gantea (Pierce, 1996). As mentioned by Santoferrara et al. 
(2016), infraciliature patterns can shed light on their biodi-
versity. Unfortunately, commercial production of protargol, 
the key chemical for protargol staining to examine infracil-
iature, has ended. We have tried to stain Parafavella using 
laboratory‐synthesized protargol (Kim & Jung, 2017), but 
the stain quality was poor for the cells stored for a lengthy 
time in Bouin’s solution. We recommend a focus on the in-
fraciliature of representative haplotypes after screening the 
CO1 haplotypes rather than examining the infraciliature of 
all morphotypes.

4.4  |  Co‐occurrence of distinct Parafavella 
morphotypes in natural communities
We found as many as six morphotypes, classically distin-
guished as distinct species, in a single sample. It is impor-
tant to note that while many previous studies documented the 
co‐occurrence of distinct lorica types of Parafavella (e.g., 
Ostenfeld, 1910; Schulz & Wulff, 1927, 1929 ; Burkovsky, 
1973; Davis, 1978) ours is the first study to rely solely on 
lorica containing ciliate cells. Empty tintinnid lorica are poor 
indicators of the occurrence and morphology of living tin-
tinnids (Dolan & Yang, 2017; Kato & Taniguichi, 1993). 
However, it unclear what factors may influence the occur-
rence of distinct morphotypes of Parafavella. There was no 
obvious relationship between the number of morphotypes 
found and location in the form of latitude. Notably, there was 
no relationship between the number of morphotypes and ei-
ther the concentration neither of Parafavella cells nor with 
concentrations of total tintinnids (Table 2).

Our findings with regard to the occurrence of 
Parafavella morphotypes contrast to findings with regard 
to Cymatocylis in Antarctic waters. Like Parafavella of bo-
real waters, Kim et al. (2013) found different morphotypes 
of Cymatocylis of the Southern Ocean microzooplankton, 
previously considered as distinct species, to be variants 
of a single species. The number of different morphotypes 
found in populations in the Amundsen Sea was unrelated 
to the concentration or composition of their phytoplank-
ton prey but was positively related to the concentration 
of Cymatocylis cells (Dolan, Yang, Lee, & Kim, 2013). 
Culture work with Favella showed that lorica construction 
by a newly divided cell is rapid (2–10 min) and the length 
and shape of the lorica constructed appears to depend on 
the amount lorica material within the newly divided cil-
iate cell (reviewed in Agatha, Laval‐Peuto, & M. Simon, 
P., 2013). It was then hypothesized that co‐occurrence of 
multiple morphotypes of Cymatocylis reflected periods of 
rapid population growth with variable morphotypes formed 
by rapidly reproducing cells. This does not appear to be 
the case in Parafavella, as the number of morphotypes 
found in a population was not related to the concentration 
of Parafavella. At this time, we can offer no explanation 
for the apparent polymorphism of certain haplotypes of 
Parafavella.
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