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Abstract

Background: The taxonomic classification of the suborder Tintinnina Kofoid & Campbell, 1929, a species-rich group
of planktonic ciliated protistans with a characteristic lorica, has long been ambiguous largely due to the lack of
cytological and molecular data for most species. Tintinnopsis is the largest, most widespread, and most taxonomically
complex genus within this group with about 170 species occurring in nearshore waters. Previous molecular phyloge-
netic studies have revealed that Tintinnopsis is polyphyletic.

Results: Here we document the live morphology, infraciliature, gene sequences, and habitat characteristics of three
poorly known tintinnine species, viz. Tintinnopsis karajacensis Brandt, 1896, Tintinnopsis gracilis Kofoid & Campbell,
1929, and Tintinnopsis tocantinensis Kofoid & Campbell, 1929, isolated from the coastal waters of China. Based on a
unigue cytological feature (i.e, an elongated ciliary tuft with densely arranged kinetids) in the former two species,
Antetintinnopsis gen. nov. is erected with Antetintinnopsis hemispiralis (Yin, 1956) comb. nov. (original combination:
Tintinnopsis hemispiralis Yin, 1956) designated as the type species. Moreover, A. karajacensis (Brandt, 1896) comb. nov.
(original combination: Tintinnopsis karajacensis Brandt, 1896) and A. gracilis (Kofoid & Campbell, 1929) comb. nov. (orig-
inal combination: Tintinnopsis gracilis Kofoid & Campbell, 1929) are placed in a highly supported clade that branches
separately from Tintinnopsis clades in phylogenetic trees based on SSU rDNA and LSU rDNA sequence data, thus
supporting the establishment of the new genus. One other species is assigned to Antetintinnopsis gen. nov., namely A.
subacuta (Jorgensen, 1899) comb. nov. (original combination Tintinnopsis subacuta Jérgensen, 1899).

Conclusions: The findings of the phylogenetic analyses support the assertion that cytological characters are taxo-
nomically informative for tintinnines. This study also contributes to the broadening of our understanding of the tintin-
nine biodiversity and evolution.
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Background
Ciliates (phylum Ciliophora Doflein, 1901) are unicellu-
lar, heterokaryotic eukaryotes occurring worldwide in a
multitude of diverse habitats including freshwater, brack-
Tcorr“po”d?”cei xiaozhonghu@ouc.educn o ish, and marine aquatic environments, soil, or associated
College of Fisheries, & Key Laboratory of Mariculture, Ministry . X .
of Education, Ocean University of China, Qingdao 266003, China with animals or plants [1-9]. As the most speciose group
Full list of author information is available at the end of the article among the phylum, most tintinnines (suborder Tintin-
nina Kofoid & Campbell, 1929) are ubiquitous in coastal
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and oceanic water bodies. Furthermore, they are of great
interest to protozoologists working in the field of plank-
tonic ecology for the following reasons: i. they are ideal
models for examining the diversity and biogeography
of protistans [10, 11]; ii. they are bioindicators of water
quality status and hydrological circulation [12-16]; iii.
they are consumers of algae (primary producers) and
prey for medium-sized metazoans (e.g. fish larvae), and
thus play an important role in the transfer of matter and
energy between the microbial loop and classical food
chain [17-19].

Tintinnines are characterized by the possession of a
lorica, which may be simple (tube- or vase-shaped) or
complex (irregular-shaped) [20]. Since the first tintinnine
was originally described by Miiller [21] under the name
of Trichoda inquilinus, more than 1000 nominal species
have been described based almost exclusively on their
lorica characters [22-28]. Nevertheless, lorica-based
approaches alone are now thought to be inadequate for
species identification and discrimination, since the lorica
could be polymorphic owing to the influence of environ-
mental conditions or physiological state of the cell itself
[23, 28]. Recently, a few tintinnine species were stud-
ied using integrative techniques (live observation, silver
staining, electron microscopy, and gene sequencing),
which resulted in new insights into their systematics [29—
31]. There is increasing evidence of lorica plasticity and
cryptic species diversity among tintinnines [24, 25, 32—
34]. Using tintinnines as a model, Santoferrara et al. [35]
updated procedures for species identification of loricate
protists based on integrative studies of their morphology
(cellular and lorica), gene sequence data, and ecology.

Tintinnopsis was established by Stein [36] with
T. beroidea Stein, 1867 as type species and was later
revised by Jorgensen [37] and Kofoid & Campbell [26].
Currently, there are about 170 nominal species of Tin-
tinnopsis which renders it the largest genus within
Tintinnina [38]. The genus is characterized by the pos-
session of an agglutinated and hard lorica. However,
species delimitation remains difficult because many
species overlap in terms of lorica size and shape. To
date, cellular features have been investigated in detail
for only 17 species of Tintinnopsis and SSU rDNA
sequences are available for only 22 species [39-50].
Furthermore, combined data of cytological features
and SSU rDNA sequences are available for only ten of
these species. Previous molecular phylogenetic studies
have revealed that Tintinnopsis is polyphyletic [51, 52],
most of its members being distributed among at least
eleven lineages with some species clustering with taxa
that have either a sparsely agglomerated lorica (Lep-
rotintinnus, Rhizodomus, Stylicauda) or a particle-free
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lorica (Climacocylis, Helicostomella) [52]. These stable
and well-supported clades indicated that these unique
and ambiguous Tintinnopsis-like species may belong
to several distinct genera and families as indicated by
their divergent cell features, lorica ultrastructure, and,
especially, synapomorphies of the somatic ciliary pat-
tern, which have been confirmed as key diagnostic
trait at genus level in other well-known genera [29, 52].

In the current study, we redescribed three tintinnine
ciliates, viz. Tintinnopsis karajacensis Brandt, 1896, T.
gracilis Kofoid & Campbell, 1929, and T tocantinensis
Kofoid & Campbell, 1929, from coastal waters of China.
The lorica and cellular morphology of the former two
species were investigated based on live and protargol-
stained specimens for the first time. Based on its unique
somatic ciliary pattern, Antetintinnopsis gen. nov. is
established for the former two species as well T. hemispi-
ralis Yin, 1956 and T. subacuta Jorgensen, 1899. Further-
more, the SSU rDNA and LSU rDNA sequences of the
three species were characterized and analyzed to deter-
mine their phylogenetic positions within Tintinnina.

The ZooBank registration num-
ber of the present work is urn:sid:zoobank.
org:pub:3543CEC0-2490-416B-9120-9656645FE3A4.

Results
Taxonomy
Class Oligotrichea Biitschli, 1887.

Order Choreotrichida Small & Lynn, 1985.

Suborder Tintinnina Kofoid & Campbell, 1929.

New genus Antetintinnopsis gen. nov.

Diagnosis. Lorica cylindrical, hard with agglutinated
particles, only anterior end open. Somatic ciliary pattern
complex with an extremely long ciliary tuft derived from
densely arranged kinetids in middle portion of ventral
kinety. Posterior kinety below left ciliary field.

ZooBank registration
FESDAFDA-DE2C-464A-9421-93B50FF5320D.

Type species. Antetintinnopsis hemispiralis (Yin, 1956)
comb. nov.

Species assignable. Antetintinnopsis gracilis (Kofoid
& Campbell, 1929) comb. nov. (original combination:
Tintinnopsis gracilis Kofoid & Campbell, 1929); Antetin-
tinnopsis hemispiralis (Yin, 1956) comb. nov. (origi-
nal combination: Tintinnopsis hemispiralis Yin, 1956);
Antetintinnopsis karajacensis (Brandt, 1896) comb. nov.
(original combination: Tintinnopsis karajacensis Brandt,
1896); and Antetintinnopsis subacuta (Jorgensen, 1899)
comb. nov. (original combination: Tintinnopsis subacuta
Jorgensen, 1899).

number.
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Etymology. The genus name Antetintinnopsis is a com-
posite of the Latin prefix ante- (“before in place or time”)
and the genus name Tintinnopsis, indicating that the new
genus is similar to Tintinnopsis in lorica features but dif-
fers in somatic ciliary pattern. Feminine gender.
Antetintinnopsis karajacensis (Brandt, 1896) comb. nov.
(Figs. 1, 2, 3; Table 1)

Improved diagnosis based on original population

and three Chinese populations. Subcylindrical

lorica 45-120 x 35-50 pm in size, with an opening
diameter of 35—45 pm wide, posterior portion slightly
rounded. Cell proper obconical when fully extended,
size 40—80 x 15—30 pum in vivo. On average, four
ellipsoidal macronuclear nodules. Ventral kinety usually
commencing anteriorly to first right kinety. Right
ciliary field with on average 11 kineties including the
three leftmost kineties, each with two or three anterior
dikinetids. Left and lateral ciliary field with about 11
kineties and 15 kineties, respectively. On average 16
dikinetids in posterior kinety and 32 dikinetids in dorsal
kinety. About 23 collar membranelles, of which four
extend into buccal cavity; one buccal membranelle.

ZooBank registration number.
31AE1A2D-7CED-4E41-B112-E359E48B4F47.

Deposition of neotype and voucher specimens. Hai-
kou population (pop. 1): a protargol slide including
the neotype specimen (Fig. 3A, F) was deposited in
the Laboratory of Protozoology, Ocean University of
China (registration number: WR2017110301-1); one
additional protargol slide with voucher specimens
was deposited in the same collection (registration
number: WR2017110301-2). Beihai population (pop.
2): slides with protargol-stained voucher specimens
were deposited in the Laboratory of Protozoology,
South China Normal University (registration number:
HT2018071924a, HT2018071924b). Zhoushan popu-
lation (pop. 3): slides with protargol-stained voucher
specimens were deposited in the Laboratory of Proto-
zoology, South China Normal University (registration
number: HT2018081435a, HT2018081435b).

Description based on three Chinese populations.
Lorica subcylindrical, about 45-115 x 35—-48 pum in size,
posterior end slightly rounded; about 10% specimens
slightly swollen at posterior. Lorica opening 35-46 pum
in diameter (Figs. 1A, 2A, B, F). Ratio of lorica length
to opening diameter 1.67-2.84: 1. Lorica wall densely
agglutinated with inorganic particles such as sand grains
(37 x 2—4 um) (Figs. 1A, 2A, B, D, J, L).

Cell proper elongate-obconical, projecting conspicu-
ously far beyond opening rim when fully extended, size
about 40-80 x 15-35 pm in vivo and 37-75 x 22—40 pm
after protargol staining (Figs. 1E, 2H, I, M). Posterior
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portion of cell proper forming a contractile peduncle
about 20-50 pum long, which attaches to the bottom of
lorica (Figs. 1E, 2M). Two to eight (on average four or
five) ellipsoidal macronuclear nodules scattered in cyto-
plasm, each about 6-18 x 4—14 pm after protargol stain-
ing (Figs. 1B, 3D). Micronuclei insufficiently stained to
be observed. Tentaculoids slender pin-shaped, about
4-8 pm long, located in outer portions of intermenm-
branellar ridges (Figs. 1A, E, 2F, I). Accessory combs, con-
tractile vacuole, cytopyge, and capsules not observed in
either living or stained specimens. Cytoplasm colorless,
with several food vacuoles up to 7 um across contain-
ing ingested yellow microalgae (Fig. 2I, M). Locomotion
by swimming slowly while rotating about main cell axis
(speed not measured), cell retracting quickly into lorica
with its contractile peduncle when disturbed (Fig. 2A).
Somatic ciliary pattern consisting of a ventral, dorsal,
and posterior kinety as well as a right, left, and lateral
ciliary field (Figs. 1C, E, G, 3A-]). Ventral kinety com-
mencing about 3 um posteriorly to collar membranelles
and 4 pm anteriorly to firstly kinety of right ciliary field,
which is comprised of three portions: i. anterior portion
which is composed of about 14 monokinetids about 1 um
apart, each bearing a cilium that is 1 ym long after pro-
targol staining; anterior of this part curving slightly right-
wards at same level as commencement of first kinety of
right ciliary field; ii. middle portion which extends lon-
gitudinally, consisting of extremely densely spaced kinet-
ids each bearing a long cilium, that is no less than the
cell length forming the ciliary tuft; iii. posterior portion
which terminates at mid-body, composed of about eight
widely spaced monokinetids 2-3 pm apart, each bear-
ing a cilium that is 2-4 pm long in stained specimens
(Figs. 1C, F, 2C, I, M, N, 3F, J). Right ciliary field com-
prising 10-13 kineties each of which commences about
6 pum posteriorly to collar membranelles except for the
first kinety which starts about 7 pm posteriorly to collar
membranelles; each kinety separated by about 3 um from
its neighboring kineties; length of kineties and number
of kinetids in each kinety highly variable; each kinety
monokinetidal with one anterior dikinetid, except for the
three leftmost kineties each of which has two or three
anterior dikinetids; cilia in right field about 5 um long
in vivo and 3-5 pm long after protargol staining, except
for cilia of anterior dikinetids which are about 15-20 um
in vivo and about 15 um after protargol staining (Figs. 1C,
E, E 21, 3A, E, F). Dorsal kinety dikinetidal, commencing
about 6 pm posteriorly to collar membranelles and sepa-
rated from right and left ciliary fields by conspicuously
broad unciliated stripes (about 7 pum wide); anterior and
posterior portions curving rightward; length ranging
from 31 um to 73 pm and the number of dikinetids from
16 to 43; only posterior basal body of each dikinetid bears
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a cilium that is about 3 um long after protargol staining
(Figs. 1C, E, G, 3E). Left ciliary field separated from col-
lar membranelles by about 4 pm long unciliated stripe;
consisting of about 10—14 kineties that slightly decrease
in length in clockwise direction (when viewed from api-
cal aspect); each kinety with 6—12 widely spaced monoki-
netids and one anterior dikinetid; each basal body bears
a cilium about 3 pm long except for the anterior basal
body of each dikinetid, which has a cilium about 15 um
in vivo and 12 um after protargol staining (Figs. 1C, F, G,
3F, G). Lateral ciliary field commencing about 5 pm pos-
teriorly to collar membranelles, composed of on average
16 monokinetidal kineties, which generally increase in
length in clockwise direction (when viewed from apical
aspect), each separated from its neighboring kineties by
a 1 pm gap. Posterior kinety usually commencing about
25 pum posteriorly to collar membranelles, curving right-
wards with posterior portion parallel to that of dorsal
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kinety, about 19 um long and composed of on average
15 dikinetids; only posterior basal body of each dikinetid
bears a cilium that is about 3—5 um long after protargol
staining (Figs. 1C, F, G, 3B, F, G).

Adoral zone of membranelles closed, 20-35 pm in
diameter after protargol staining, orthogonal to main cell
axis in contracted specimens. About 21-25 collar mem-
branelles, with cilia about 30 pm long in vivo. Polykin-
etids of collar membranelles extending obliquely across
peristomial rim and thus forming a contorted pattern
(Figs. 1A, 21, M, 3I). Along with the single buccal mem-
branelle, five prolonged collar membranelles in buccal
cavity, successively elongated, polykinetids of which ter-
minate 6-12 pum below apical end of cell (Figs. 1F, 2I).
Two bundles of argyrophilic fibers associated with distal
end of each collar membranelle, about 5 pm long, extend-
ing rightwards and leftwards and merging into neigh-
boring fibers underneath membranellar zone (Fig. 3I).

ciliary field; VK, ventral kinety. Scale bars =40 um

| | | | s |  —

Fig. 1 Drawing of Antetintinnopsis karajacensis comb. nov. in vivo (A, D-E) and after protargol staining (B-C, F-G). A Ventral view of a representative
specimen, arrowhead and arrow denote the tentaculoids and elongated ventral ciliary tuft, respectively. B Macronucleus composed of four nodules.
C Kinetal map of a morphostatic specimen. D From Brandt [56]. E Ventral view of the cell through the lorica, arrowhead shows the elongated
ventral ciliary tuft. Ciliary pattern of ventral (F) and dorsal (G) side of a representative individual. BM, buccal membranelle; CM, collar membranelles;
DK, dorsal kinety; FB, fiber bundles; LA, lateral ciliary field; LF, left ciliary field; PCM, prolonged collar membranelles; PK, posterior kinety; RF, right
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bars=40 um (A, B, G, H, I, N), 20 um (K)

Fig. 2 Photomicrographs of the Haikou population of Antetintinnopsis karajacensis comb. nov. in vivo (A-F). A, B Lateral views of two representative
individuals showing the overall shape of lorica. C Anterior portion of a cell proper, arrow shows the elongated ciliary tuft. D, E Lorica wall with
mineral particles. F Pin-shaped tentaculoids (arrow). G-J Photomicrographs of the Beihai population of A. karajacensis comb. nov. from live
specimens. G, H Lateral views of different individuals showing variations of lorica shape and size, arrowhead denotes the elongated ciliary tuft.

1 Cell proper out of the lorica, arrow and arrowhead indicate the elongated cilium of left ciliary field and pin-shaped tentaculoids, respectively. J
Portion of cell proper, showing amplification of the particles (arrow) within the cytoplasm. K-N Photomicrographs of the Zhoushan population of
A. karajacensis comb. nov. from living specimens. K Lateral view showing cell in the lorica. L Details of the surface of lorica. M Fully extended cell,
arrow denotes the branched peduncle. N Dorsal view of a cell proper, arrow indicates the bifurcation at the end of the elongated ciliary tuft. Scale

AN

Further bundles of fibers that originating from proximal
ends of prolonged collar membranelles and buccal mem-
branelle, extending posteriorly, terminating in posterior
portion of the cell. Endoral membrane commencing in
dorsal portion of peristomial field and extending into
buccal cavity, composed of a single row of monokinetids
(Fig. 3A).

Antetintinnopsis gracilis (Kofoid & Campbell, 1929) comb.
nov. (Figs. 4, 5; Table 1)

Improved diagnosis based on original and Qingdao
populations. Lorica on average 105 pum long, with an
opening usually 30-45 pm in diameter; bullet-shaped,
composed of a cylindrical collar and an obconical bowl
with pointed posterior end. Bowl on average 45 pm in
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Scale bars=20 um

Fig. 3 Photomicrographs of Antetintinnopsis karajacensis comb. nov. after protargol staining (A-J). A-G Specimens from Haikou. A Details of dorsal
side showing the right ciliary field, arrow shows the anterior dikinetids. B-D Ventral views of representative individuals, arrowheads in (C) mark

the macronuclear nodules; arrowhead and arrow in (D) mark the prolonged collar membranelles and fibers bundles, respectively. E Dorsal view

of a representative individuals, arrowhead indicates the elongated ciliary tuft. F Ciliary patterns in ventral side of a crushed specimen, arrow marks
elongated ciliary tuft and arrowhead indicates the anterior dikinetids in left ciliary field. G Details of ventral kinety and lateral ciliary field, arrowhead
marks the densely arranged kinetosomes in the elongated ciliary tuft. H-J Specimens from Beihai, arrowhead in (I) denotes the bundles of
argyrophilic fibers associated with distal end of each collar membranelle, arrow in (J) indicates the elongated ciliary tuft. DK, dorsal kinety; FB, fiber
bundles; LA, lateral ciliary field; LF, left ciliary field; PCM, prolonged collar membranelles; PK, posterior kinety; RF, right ciliary field; VK, ventral kinety.

width. Lorica opening usually narrower than bowl. Cell
about 70-85x25-40 um after protargol staining. On
average ten ellipsoidal macronuclear nodules. Ventral
kinety commencing anteriorly to first kinety of right cili-
ary field. Right ciliary field with on average 12 kineties.
Dorsal kinety composed of on average 40 dikinetids. Left
ciliary field and lateral ciliary field with on average 15 and
16 kineties, respectively. Posterior kinety composed of
on average 14 dikinetids. About 23 collar membranelles,

of which four extend into buccal cavity, one buccal
membranelle.

ZooBank registration
9F26D6CB-DA3C-4A70-9E2D-C23509A255F3.

Deposition of neotype and voucher specimens. A pro-
targol slide including the neotype specimen (Fig. 5E,
G) was deposited in the Laboratory of Protozool-
ogy, Ocean University of China (registration number:
WR2017101603-1). One additional protargol slide with

number.
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Table 1 Morphometry of Haikou population (AK1), Beihai population (AK2), Zhoushan population (AK3) of Antetintinnopsis
karajacensis comb. nov., Antetintinnopsis gracilis comb. nov. (AG), and Tintinnopsis tocantinensis (TT)

Characters? Species Min Max Mean SD cv n
Lorica, total length® AK1 88 102 956 20 2.1 22
AK2 95 115 106.8 56 52 21
AK3 45 60 506 45 89 15
AG 95 115 106.3 8.8 82 20
1T 110 158 1353 15.0 111 17
Lorica, width® AK1 41 48 43.6 15 34 22
AK2 35 44 383 1.7 44 21
AK3 35 42 38.5 20 52 15
AG 39 55 473 4.0 8.5 20
T 30 60 482 9.8 20.3 17
Lorica, opening diameter® AK1 41 46 44.0 1.5 34 21
AK2 35 40 376 2.0 53 21
AK3 35 43 394 26 6.6 15
AG 35 44 396 24 6.1 20
1T 15 35 24.5 38 155 17
Lorica length: opening diameter, ratio® AK1 1.92 242 222 0.2 9.0 21
AK2 227 2.84 252 0.2 79 21
AK3 1.67 22 1.86 0.2 10.8 15
AG 3.28 391 3.7 0.2 54 20
T 5.1 7.3 57 0.7 123 17
Cell proper, length AK1 50 72 61.5 54 8.8 20
AK2 53 75 634 6.6 104 18
AK3 37 58 44.5 7.8 17.5 14
AG 70 85 77.0 43 56 18
T 42 75 558 8.9 16.0 17
Cell proper, width AK1 22 40 320 48 15.0 20
AK2 26 38 330 29 8.8 18
AK3 17 33 232 49 211 14
AG 26 39 346 35 10.1 18
1T 20 35 288 4.1 14.2 17
Macronuclear nodules, number AK1 2 8 46 16 348 18
AK2 2 8 44 13 29.5 17
AK3 3 7 4.7 1.2 255 13
AG 7 12 9.8 14 14.3 16
TT 2 2 2.0 0.0 0.0 13
Anterior macronucleus nodule, length AK1 9 16 12.6 2.1 16.7 18
AK2 10 18 14.5 1.7 1.7 17
AK3 6 13 9.5 19 20 13
AG 7 12 8.7 15 17.2 16
T 8 23 13.8 43 312 13
Anterior macronucleus nodule, width AK1 6 14 9.8 18 184 18
AK2 7 14 92 1.7 18.5 17
AK3 4 9 6.8 13 19.1 13
AG 8 10 9.3 1.1 11.8 16
T 7 19 1.8 18 153 13
Anterior cell end to anterior macronucleus nodule, distance AK1 6 12 8.2 17 20.7 18
AK2 7 13 94 2.0 213 17
AK3 5 14 84 25 29.8 13
AG 11 22 16.3 238 17.2 16
T 9 24 16.5 32 194 13
Ventral kinety, length AK1 22 38 28.2 33 11.7 17
AK2 19 32 273 32 1.7 16
AK3 15 24 20.2 28 13.5 13
AG 30 45 344 3.0 8.7 16
TT 15 23 17.3 22 12.7 15
Ventral kinety, distance to collar membranelles AK1 2 6 34 1.2 353 17
AK2 2 6 35 1.2 343 16
AK3 2 5 40 1.0 250 13
AG 2 5 32 0.9 28.1 16
T 2 8 44 15 341 15
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Table 1 (continued)

Kinety n in left ciliary field, distance to collar membranelles AK1 6 4.1 0.5 12.2 17

Characters? Species Min Max Mean SD cv n
Right ciliary field, number of kineties AK1 11 13 114 0.7 6.1 17
AK2 10 12 11.0 06 55 17
AK3 10 12 10.9 0.7 6.4 12
AG 10 13 1.5 09 7.8 15
T 6 8 7.0 05 7.1 15
Kinety 1 in right ciliary field, length AK1 12 17 14.7 20 136 17
AK2 12 16 15.1 23 15.2 17
AK3 9 14 128 22 17.2 12
AG 22 41 29.5 4.2 14.2 15
T 1 21 15.2 3.0 19.7 15
Kinety 1 in right ciliary field, distance to collar membranelles AK1 5 9 6.5 1.1 16.9 17
AK2 5 10 7.0 16 229 17
AK3 4 8 56 13 232 12
AG 3 8 54 12 222 15
TT 5 10 7.6 12 158 15
Kinety 1 in right ciliary field, number of kinetids AK1 10 14 12.0 13 10.8 17
AK2 9 15 13.1 15 115 17
AK3 7 12 103 14 136 12
AG 10 16 132 1.7 12.9 15
T 10 17 136 1.7 125 15
Kinety n in right ciliary field, length AK1 2 5 28 0.8 286 17
AK2 2 6 31 09 29.0 17
AK3 2 9 4.1 13 31.7 12
AG 3 9 6.2 12 194 15
T 7 12 9.7 1.1 1.3 15
Kinety n in right ciliary field, number of kinetids AK1 2 4 2.5 0.8 320 17
AK2 2 4 29 0.7 24.1 17
AK3 2 6 3.6 1.1 306 12
AG 4 7 54 09 16.6 15
TT 6 10 85 1.0 11.8 15
Dorsal kinety, length AK1 50 73 584 6.4 109 17
AK2 34 62 489 9.1 18.6 15
AK3 31 52 40.8 58 14.2 13
AG 65 85 725 75 10.3 15
T 32 60 48.5 7.2 14.8 14
Dorsal kinety, number of dikinetids AK1 25 43 35.2 53 15.1 17
AK2 25 35 283 34 12.0 15
AK3 16 32 257 43 16.7 13
AG 30 50 394 57 14.5 15
T 22 48 313 64 204 14
Dorsal kinety, distance to collar membranelles AK1 4 10 6.2 1.3 21.0 17
AK2 5 12 7.7 14 18.2 15
AK3 3 8 53 1.2 226 13
AG 6 15 9.6 19 19.8 15
T 2 7 4.8 1.1 229 14
Dorsal kinety, distance to right ciliary field AK1 5 11 73 1.2 16.4 17
AK2 6 13 82 1.3 159 15
AK3 5 12 6.4 13 20.3 13
AG 8 19 126 1.5 1.9 15
T 3 8 52 0.9 17.3 14
Left ciliary field, number of kineties AK1 1 14 123 0.8 6.5 17
AK2 10 12 1.0 0.7 64 15
AK3 10 13 13 0.8 7.1 13
AG 12 17 14.5 1.1 7.6 15
T 8 10 9.2 0.8 87 14
2
3
2
2
3

6.3 1.2 226 14
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Table 1 (continued)
Characters? Species Min Max Mean SD cv n
Kinety n in left ciliary field, length AK1 7 16 14.0 2.8 200 17
AK2 8 17 164 30 183 15
AK3 6 15 1.7 26 222 13
AG 15 30 236 4.8 203 15
T 3 6 4.6 0.7 152 14
Kinety n in left ciliary field, number of kinetids AK1 6 12 9.1 20 220 17
AK2 7 15 1.7 25 213 15
AK3 6 13 8.6 1.7 19.8 13
AG 1 15 126 1.3 103 15
T 2 5 37 0.7 189 14
Kinety 1 in left ciliary field, length AK1 7 15 11.2 26 232 17
AK2 7 16 115 25 21.7 15
AK3 6 15 10.5 26 24.8 13
AG 17 25 22.1 2.7 122 15
T 8 12 9.8 12 12.2 14
Kinety 1 in left ciliary field, number of kinetids AK1 8 12 104 1.6 154 17
AK2 8 12 106 16 15.1 15
AK3 6 1M 9.5 14 14.7 13
AG 9 13 1.3 1.1 9.7 15
T 10 14 121 09 74 14
Lateral ciliary field, number of kineties AK1 15 18 16.3 0.8 5.0 15
AK2 13 16 14.7 1.0 7.0 15
AK3 13 17 15.0 1.1 7.3 12
AG 14 20 16.3 1.7 104 14
T 8 1 9.0 0.8 9.1 13
Lateral ciliary field, width AK1 6 10 74 1.2 16.2 15
AK2 5 8 6.3 1.0 159 15
AK3 4 7 58 12 20.7 12
AG 19 25 215 26 121 14
T 13 17 15.2 15 9.9 13
Kinety 1 in lateral ciliary field, distance to collar membranelles AK1 3 7 52 0.9 173 15
AK2 3 8 57 12 21.1 15
AK3 2 6 4.6 08 174 12
AG 2 5 34 0.8 235 14
T 3 7 54 0.7 13.0 13
Kinety 1 in lateral ciliary field, length AK1 9 16 132 20 15.2 15
AK2 8 15 13.0 23 17.7 15
AK3 6 13 104 20 19.2 12
AG 15 25 185 3.0 16.2 14
T 16 32 26.0 4.2 16.2 13
Posterior kinety, length AK1 15 23 184 22 12.0 13
AK2 16 25 19.7 23 1.7 10
AK3 12 20 16.3 19 1.7 10
AG 17 32 253 56 221 15
T 12 28 18.6 53 285 12
Posterior kinety, number of dikinetids AK1 1 22 16.3 23 14.1 13
AK2 9 20 159 2.1 132 10
AK3 9 19 153 19 124 10
AG M 19 14.6 1.7 11.6 15
T 7 15 11.5 1.6 14.0 12
Posterior kinety, distance to collar membranelles AK1 12 28 212 47 222 13
AK2 15 32 234 49 210 10
AK3 9 19 16.1 3.6 224 10
AG 19 41 285 58 204 15
T 18 48 30.2 84 278 12
Posterior kinety, distance to dorsal kinety AK1 14 27 202 44 218 13
AK2 16 29 239 4.6 19.2 10
AK3 12 22 178 3.7 208 10
AG 15 26 19.7 4.2 213 15
T 18 32 274 49 179 12




Wang et al. BMC Ecol Evo (2021) 21:115 Page 10 of 23
Table 1 (continued)
Characters? Species Min Max Mean SD cv n
Adoral zone of membranelles, diameter AK1 20 35 287 38 13.2 16
AK2 24 33 285 2.7 9.5 15
AK3 18 30 255 3.0 11.8 13
AG 26 35 29.2 24 8.2 18
1T 16 32 257 45 175 14
Collar membranelles, number® AK1 22 25 23.0 0.2 038 16
AK2 21 25 224 13 58 15
AK3 21 23 22.1 0.7 32 13
AG 21 25 232 0.2 0.8 18
T 20 24 225 0.3 13 14
Prolonged collar membranelles, number AK1 4 4 4 0 0 16
AK2 4 4 4 0 0 15
AK3 4 4 4 0 0 13
AG 4 4 4 0 0 18
T 3 3 3 0 0 14
Buccal membranelles, number AK1 1 1 1 0 0 16
AK2 1 1 1 0 0 14
AK3 1 1 1 0 0 11
AG 1 1 1 0 0 17
T 1 1 1 0 0 13

Min, minimum; Max, maximum; Mean, arithmetic mean; SD, standard deviation; CV, coefficient of variation in %; n, number of individuals examined

2 Data are based, if not stated otherwise, on protargol-stained specimens; Pmeasured from field materials in vivo; “counted from protargol-stained or live materials.

Measurements in um

voucher specimens was deposited in the same collection
(registration number: WR2017101603-2).

Description based on Qingdao population. Lorica slen-
der, composed of a cylindrical collar and an obconical
bowl with a posterior angle of 60° (Figs. 4A, D, 5A-C);
95-115 pm long, opening of lorica about 35-44 pm
in diameter, ratio of length to opening diameter about
3.3-2.8:1; bowl usually slightly wider than opening, about
39-55 pm wide. Wall densely agglutinated with irregular
particles, and flake-like mineral, up to 7 pm across.

Cell obconical when fully extended, size about
75-90 x 22—-35 pm in size in vivo and 70—85 x 26—39 pm
after protargol staining (Figs. 4D, 5F, G). Posterior cell
portion narrowed progressively forming a peduncle
about 40 pm long that is attached to bottom of lorica
(Fig. 4D). Ellipsoidal or irregular-shaped macronuclear
nodules scattered in cytoplasm, seven to 12 in number,
9 um in diameter/cross section each, and with several
spherical nucleoli (Figs. 4B, C, 5E-G). Contractile vacu-
ole, cytopyge, striae, accessory combs, tentaculoids, and
capsules not recognizable. Cytoplasm colorless; food
vacuoles about 3—6 pum across containing microalgae (e.g.
diatoms). Locomotion usually by swimming while rotat-
ing about main cell axis, but rapidly reversing on contact
with obstacles. When disturbed, cell retracts quickly into
lorica.

Somatic ciliature composed a ventral, dorsal, and pos-
terior kinety as well as a right, left, and lateral ciliary
field (Figs. 4B, C, E, 5D-@). Kinetids of each ciliary row

ostensibly connected by argyrophilic fibers (Fig. 5G). Ven-
tral kinety commencing about 3 pm posteriorly to collar
membranelles and 2 pm anteriorly to first kinety of right
ciliary field, extending parallel to last kinety of left ciliary
field with three portions: i. anterior portion that is about
5 pum long, usually composed of six monokinetids each
of which bears a cilium that is 1 pm long cilium; kinet-
ids spaced ca. 1 um apart; ii. middle portion that is about
20 pm long, consisting of extremely densely arranged of
kinetids (kinetids’ number not quantified) with long cilia
that form the ciliary tuft; whose length of ciliary tuft could
not be determined in vivo because it was always lying
within the lorica, however, it appears to be at least as long
as the cell length. iii. posterior portion which terminates
in mid-region of cell; composed of about 15 widely spaced
monokinetids spaced 1-2 pm apart, each bearing a 2 um
long cilium (Figs. 4B, E, 5G). Right ciliary field separated
from collar membranelles by a 5 um gap, composed of
10-13 kineties that are highly variable in length; neighbor-
ing kineties about 2—3 pum apart; each kinety consisting of
about five to 15 monokinetids and one anterior dikinetid;
cilia in right field about 2 pm long except for the anterior
one in each dikinetid which measure about 7 um after pro-
targol staining (Figs. 4B, E, 5G). Dorsal kinety commencing
about 9 pum posteriorly to collar membranelles, separated
from right and left ciliary fields by conspicuously broad,
unciliated stripes that are about 7 pm wide; curving slightly
rightward curvature, and terminating posteriorly below
rightmost kinety of right ciliary field; about 72 um long and
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composed of 30-50 dikinetids, only posterior basal body of
each dikinetid bears a cilium that is about 2 um long after
protargol staining (Figs. 4C, E, 5E). Left ciliary field com-
mencing about 3 pum posteriorly to collar membranelles,
consisting of 12-17 kineties; neighboring kineties 2—5 pm
apart; all the kineties composed of one anterior dikinetid
and 3-15 widely spaced monokinetids; each basal body
bears a cilium about 3 um long except for anterior basal
body of each dikinetid, which has a cilium that is about
10 pm long after protargol staining (Figs. 4B, C, E, 5H).
Lateral ciliary field located between ventral kinety and left
ciliary field, commencing at same level as ventral kinety,
composed of 14-20 monokinetidal kineties that slightly
decrease in length from both sides towards middle; kinetids
in each kinety densely spaced (less than 1 um apart, num-
bers of kinetids not determined), cilia in lateral ciliary field
about 2 pm long after protargol staining (Figs. 4B, E, 5F).
Posterior kinety usually commencing about 10 um poste-
riorly below left ciliary field and extending leftward curva-
ture to the posterior portion of cell, about 25 um long and
consisting of on average 14 dikinetids, with only the poste-
rior basal body bearing a cilium about 2 um long after pro-
targol staining (Figs. 4B, C, E, 5F).

Oral apparatus occupying anterior cell portion. Adoral
zone of membranelles closed, orthogonal to main cell
axis, consisting of 21-25 collar membranelles that are
separated from each other by a 4 um gap; invariably one
buccal membranelle. Cilia of collar membranelles about
35 pum long. Polykinetids of four proximalmost collar
membranelles progressively elongated (Figs. 4A, D, 5E,
F). Endoral membrane and argyrophilic fibers associated
with oral apparatus insufficiently impregnated by pro-
targol to be observed.

Tintinnopsis tocantinensis Kofoid & Campbell, 1929 (Fig. 6;
Table 1)

Remarks. An improved diagnosis based on a Shenzhen
population was provided by Jiang et al. [48]. The current
population corresponds well with the Shenzhen speci-
mens from the South China Sea. Hence, we only pro-
vided a redescription based on a new population from
the East China Sea at Taizhou.

Deposition of voucher slides. Three voucher slides (reg-
istration numbers: WR2018061501-1, WR2018061501-2,
and WR2018061501-3) with protargol stained specimens
were deposited in the Laboratory of Protozoology, Ocean
University of China.

Description based on Taizhou population

Lorica 110-158 um long, tripartite, i.e., composed
of a cylindrical portion, a bulbous bowl, and a poste-
rior projection. Lorica opening 15-35 pm in diameter.
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Cylindrical part as wide as aperture, 40—80 pm long. Bul-
bous part ovoid, on average 48 um wide. Posterior por-
tion tapered, stout, about 32 pm in length, usually open at
rear end (Fig. 6A, E, G, H). Ratio of bowl length to lorica
length about 0.28; ratio of posterior projection length to
lorica length about 0.4. Lorica wall densely agglutinated
with mineral particles (Fig. 6H).

Cell proper 45-80x 17-33 pm in fully extended liv-
ing specimens and 42-75x 20-35 um after protargol
staining. Posterior end narrowed and always form-
ing a peduncle (up to 55 pm long), which attaches to
tapered portion of lorica (Fig. 6A, E, G, H). Invariably
two globular macronuclear nodules in mid-region of
cell, about 8-23 x 7-19 um in size after protargol stain-
ing (Fig. 6B, C, K). Striae, accessory combs, contractile
vacuole, cytopyge, and capsules not recognized in either
living or stained specimens. Tentaculoids between mem-
branelles recognizable in vivo, about 15 um long (Fig. 6A,
H). Cytoplasm colorless, containing food vacuoles up
to 7 um across with diatoms and microalgae (Fig. 6H).
Locomotion by swimming while rotating about main
cell axis, rapidly reversing on contact with obstacles.
Cell retracts through quickly into lorica when disturbed;
on cessation of disturbance, cell slowly extends through
lorica aperture spreading its collar membranelles almost
perpendicularly to main cell axis and resumes swimming
and feeding.

Somatic ciliature consisting of a ventral, dorsal, and
posterior kinety as well as a right, left, and lateral ciliary
field (Fig. 6B-D, I-K). Ventral kinety commencing 4 pm
posteriorly to collar membranelles, curving slightly left-
wards before extending posteriorly in parallel to kineties
of lateral ciliary field and terminating at mid-portion of
cell proper; composed of densely spaced monokinetids in
anterior portion but more widely ones in posterior por-
tion; on average 28 pm long with about 28 monokinet-
ids; cilia about 3 pm long after protargol staining (Fig. 6B,
D, K). Right ciliary field composed of seven kineties,
each separated from collar membranelles by a 7 um gap
except for first kinety which starts about 1 pm posteri-
orly to other kineties; each kinety consisting of six widely
spaced monokinetids and one anterior dikinetid expect
for the first kinety which has nine monokinetids; cilia of
right field about 3—-5 pm long except for elongated cilium
of each dikinetid which is about 7-10 pum after protargol
staining (Fig. 6B, D, I). Dorsal kinety dikinetidal, com-
mencing about 5 um posterior to collar membranelles,
separated from right and left ciliary fields by conspicu-
ously broad, unciliated stripes that are about 5 um and
10 um wide, respectively; anterior and posterior portions
extending rightward and leftward, respectively; consist-
ing of 31 dikinetids on average, posterior basal body of
each kinetid bearing a cilium that is about 3 pum long
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Fig. 4 Drawing of Antetintinnopsis gracilis comb. nov. in vivo (A, D) and after protargol preparation (B, C, E). A Ventral view of a representative
specimen, arrow shows the elongated ventral ciliary tuft. B, C Ciliary pattern of ventral (B) and dorsal (C) sides of the same specimen. D Ventral
view of an extended specimen showing the details of cell proper. E Kinetal map of a morphostatic specimen. BM, buccal membranelles; CM, collar
membranelles; Cp, cell proper; DK, dorsal kinety; LA, lateral ciliary field; LF, left ciliary field; Lo, Lorica; MN, Macronuclear nodules; PCM, prolonged

collar membranelles; PK, posterior kinety; RF, right ciliary field; VK, ventral kinety. Scale bars =40 um (A, B), 30 um (C)

after protargol staining (Fig. 6C, D, I). Left ciliary field
separated from collar membranelles by a 6 um unciliated
stripe; consisting of nine kineties that slightly increase
in length in clockwise direction (when viewed from api-
cal aspect); each kinety consisting of monokinetids and
one anterior dikinetid; cilia of left field about 2 pm long,
except for elongated anterior cilia of dikinetids meas-
uring about 6 pm after protargol staining (Fig. 6B-D,
J, K). Lateral ciliary field with on average nine monoki-
netidal kineties, commencing about 5 pm posterior to
collar membranelles except for first kinety which com-
mences about 1 pm anteriorly to second kinety of right
field; almost parallel to the ventral kinety; monokinetids
more densely spaced in right portion than in left portion

of field (Fig. 6B, D, J, K). Posterior kinety composed of
11 dikinetids; usually commencing below ventral kinety,
about 2 um posteriorly to posteriormost kinetosome of
ventral kinety; 18 um long on average; only posterior
basal body of each dikinetid bears a cilium that is 2 pm
long (Fig. 6B, D, K).

Adoral zone of membranelles closed, lying orthogonal
to main cell axis; consists of 20—24 collar membranelles
with cilia up to 25-30 um long, including three that are
significantly prolonged, polykinetids of which terminat-
ing 6-12 pm posteriorly to apical cell end. Single buccal
membranelle (Fig. 6A—E). Endoral membrane insuffi-
ciently stained to be observed.
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E

Fig. 5 Photomicrographs of Antetintinnopsis gracilis comb. nov. in vivo (A—C) and after protargol staining (D-G). A-C Variations in lorica shape of
Qingdao population. D Kinetidal distribution in left ciliary field, arrowhead marks the anteriormost dikinetids. E-F Detail views of the ciliary pattern
in ventral (F) and dorsal (E) side, arrowhead in (E) indicates the macronucleus; arrowheads in (F) show collar membranelles. G The basal bodies of
elongated ventral ciliary tuft (arrowhead). DK, dorsal kinety; LA, lateral ciliary field; LF, left ciliary field; PK, posterior kinety; RF, right ciliary field; VK,
ventral kinety. Scale bars =30 um (A, E), 8 um (D)
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Gene sequences and phylogenetic placement (Figs. 7, 8;
Table 2; Additional file 4)

All new sequences were deposited in the NCBI database,
with the accession numbers, lengths, and GC contents
of each as shown in Table 2. For both gene marker, the
topologies of the BI and ML trees are basically congru-
ent with variable support value, therefore only the ML
tree topology (with nodal support from both methods) is
shown for each (Figs. 7, 8). In the phylogenetic analysis of
SSU rDNA sequence data, Tintinnopsis-like species clus-
ters into 14 clades including 11 previously named clades.
Our new SSU rDNA sequences of the three populations
of Antetintinnopsis karajacensis comb. nov. are identi-
cal and differ from A. gracilis comb. nov. by 48 bp, from
the Rhode River population of A. subacuta comb. nov.
(JN871724) by 11 bp, from the Florida population of A.
subacuta comb. nov. (EU399541) by 13 bp, from A. hemi-
spiralis comb. nov. by 8 bp, and from Tintinnopsis spp.
by 36-165 bp. Topologically, these four Antetintinnopsis
species form a clade with strong support (98% ML, 1.00
BIL; corresponding to clade 8 in Fig. 7). In this clade, A.
karajacensis comb. nov. first clusters with A. hemispiralis
comb. nov. (MT435073) with moderate to high support
(74% ML, 0.95 BI) and then with A. subacuta comb. nov.
with strong support (99% ML, 1.00 BI). Antetintinnop-
sis gracilis comb. nov. occupies the basal position in this
clade. Additionally, the Haikou population of Tintinnop-
sis tentaculata (MKO036423) was found to be most closely
to two species of Stenosemella (94%ML/0.92Bl); Tintin-
nopsis orientalis (MK036422) is sister to the clade formed
by species of Cyttarocylididae with maximum support.

Tintinnopsis everta (MG461220) and T. kiaochaowensis
(MT435074) group together with full support.

In terms of the LSU rDNA sequences, Antetintinnop-
sis karajacensis comb. nov. differs from Antetintinnopsis
gracilis comb. nov. by 33 bp, from Antetintinnopsis hemi-
spiralis comb. nov. (MT435076) by 78 bp, and from Tin-
tinnopsis spp. by 81-210 bp. In phylogenetic trees based
on analyses of LSU rDNA sequence data, eight clades
for Tintinnopsis-like species, including the Antetintin-
nopsis gen. nov. cluster (clade 8), were recovered (Fig. 8),
which basically corresponds with the SSU rDNA analy-
ses. Furthermore, the evolutionary relationships within
the Antetintinnopsis gen. nov. clade are also consistent
with those in the SSU rDNA tree. The newly sequenced
Taizhou population of T. tocantinensis (MT764262) clus-
ters with the Long Island population (JN831921) with full
support forming a group that is sister to the Tintinnopsis
cylindrica (JN831901) + T. levigata (KM982847) + T. uru-
guayensis (JN831923 and MT435078) clade with maxi-
mum support.

Discussion

Establishment of the new genus Antetintinnopsis gen. nov.
Historically, lorica features have been the main diag-
nostic character used to delineate genera in Tintin-
nina owing to their ease of collection and observation.
In recent decades, however, the application both of
cytological characters based on live and stained speci-
mens and phylogenetic analyses based on sequence
data has led to the traditional lorica-based classifica-
tion being challenged [e.g., 29, 30, 53]. Hence, detailed
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Fig. 6 Tintinnopsis tocantinensis in vivo (A, E-H) and after protargol staining (B-D, I-K). A Ventral view of a representative individual. B, C Ciliary
pattern of ventral and dorsal sides of the same specimen from Taizhou population, arrowhead indicates the macronucleus. D Kinetal map of

a morphostatic specimen. E Ventral view of an extended cell in the lorica. F From Kofoid & Campbell [26]. G Ventral view of a living cell of T.
tocantinensis from Haikou. H Details of the lorica wall, arrowhead indicates the tentaculoids. I Details of the ciliary pattern on dorsal side, arrowhead
indicates DK. J Details of the ciliary pattern on ventral side. K Ciliary pattern on ventral side, arrowhead refers to ventral kinety and arrow shows the
posterior kinety. BM, buccal membranelle; CM, collar membranelles; DK, dorsal kinety; LA, lateral ciliary field; LF, left ciliary field; PCM, prolonged
collar membranelles; PK, posterior kinety; RF, right ciliary field; VK, ventral kinety. Scale bars =60 um (A, E-H), 30 um (B-C)

investigations of cytological features of cell are neces-
sary in order to distinguish among forms with a similar
lorica. In the present study we revealed that the complex
ciliary pattern in 7. karajacensis and T. gracilis, is suf-
ficiently distinct to distinguish these from most other
tintinnines as follows: i. kinetids in the ventral kinety
conspicuously densely arranged in the middle portion as
compared with anterior and posterior portions (vs. basi-
cally even distributed); ii. kinetids in the middle portion
of the ventral kinety bear extremely long cilia that form
a ciliary tuft (vs. absent) [e.g., 47-54]. However, two spe-
cies of Tintinnopsis (T. subacuta and T. hemispiralis)
cannot be separated from T. karajacensis and T. gracilis
based on these characters. Tintinnopsis subacuta, for
example, was described as having both of these two dis-
tinctive features [49, 55]. Most recently, the elongated

ciliary tuft was also recognized in T. hemispiralis [45].
Consequently, we here establish Antetintinnopsis gen.
nov. for the four species of Tintinnopsis with these two
synapomorphies, and assign them to the new genus as
follows: Antetintinnopsis gracilis (Kofoid & Campbell,
1929) comb. nov., Antetintinnopsis hemispiralis (Yin,
1956) comb. nov., Antetintinnopsis karajacensis (Brandt,
1896) comb. nov., and Antetintinnopsis subacuta (Jor-
gensen, 1899) comb. nov. Furthermore, phylogenetic
analyses based on sequence data from two nuclear ribo-
somal loci support the validity of the new genus.

Type designation within the new genus

Antetintinnopsis hemispiralis (Yin, 1956) comb. nov. is
selected as type species because its description is based
on not only silver staining but also live observations, and
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type materials are available following the designation of
a neotype specimen by Bai et al. [45]. Furthermore, its
ribosomal gene sequence data were first available for a
member of this genus [45].

Comments on Antetintinnopsis karajacensis (Brandt, 1896)
comb. nov.

An adequate sample size avoids the establishment of
new combination based on possibly atypical specimens
and allows rough estimates of the intraspecific variabil-
ity [35]. In this sense, it is also important to study sev-
eral populations wherever possible. In the present study,
specimens with congruent lorica morphologies and cell
features were collected in Haikou and Beihai which are
within a comparatively short distance of each other (no
more than 200 km apart) along the southern Chinese
coast of the South China Sea. However, specimens of a
third population collected from Zhoushan on the East
China Sea coast, about 1900 km away from Haikou,
show smaller dimensions of both lorica and cell when
compared with the two other populations. Nevertheless,
all the specimens agree well in terms of the diameter of
the lorica opening and the presence of an elongated cili-
ary tuft, plus they have identical SSU rDNA sequences.
Hence, we believe that the size differences are very likely
environment- and/or population- dependent.

Antetintinnopsis karajacensis comb. nov. was originally
isolated by Brandt from Karajak-Fjord in Davis Strait
and was described under the name Tintinnopsis karaja-
censis based exclusively on lorica features (Fig. 1D) [57].
We identified our three populations as being conspecific
with this taxon because all of them correspond well with
the type population in the following features: i. lorica
structure (hard and entirely agglomerated) and shape
(cylindrical and rounded at the aboral end); ii. opening
diameter of lorica (Zhoushan population: 35-40 um, Bei-
hai population: 35-40 pum, Haikou population: 40—45 pm,
type population: about 40 pm).

To date, more than ten populations have been
described worldwide under the name Tintinnopsis kara-
jacensis by having a cylindrical agglutinated lorica, which
is a dominant form shared by different tintinnine spe-
cies in the pelagial of marine and brackish coastal waters.
Moreover, they also present a considerable variability in
lorica size [38]. Accordingly, based on these specimens
there must be some misidentifications in the literature.
Considering that the diameter and characteristics of the
lorica opening are widely accepted as taxonomic char-
acters, we recognize only eight of these populations of
Tintinnopsis karajacensis as being congruent with the
original population (Additional files 2, 5) [22, 27, 56—61].

Currently, two species of Tintinnopsis should be com-
pared with our isolates in terms of their similarity in
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overall lorica shape, viz. Tintinnopsis beroidea Stein,
1867, and Tintinnopsis rotundata Kofoid & Campbell,
1929. Tintinnopsis beroidea differs from our specimens in
having a slender aboral portion, more oral membranelles
(~30 vs. 23), and fewer macronuclear nodules (2 vs.~5)
[26, 36]. Tintinnopsis rotundata differs from our speci-
mens in having a rounded posterior end and a ragged
lorica opening rim [26].

Regarding cell features, Antetintinnopsis hemispiralis
(Yin, 1956) comb. nov., A. subacuta (Jorgensen, 1899)
comb. nov. and A. gracilis (Kofoid & Campbell, 1929)
comb. nov. resemble A. karajacensis comb. nov. not only
in the complex ciliary pattern, but also in the presence
of multiple macronuclear nodules [45, 49, 55]. However,
both A. hemispiralis comb. nov. and A. gracilis comb.
nov. can be separated from A. karajacensis comb. nov. by
having an obconical (vs. slightly rounded) aboral end and
by the number of macronuclear nodules (7-11, on aver-
age 9; 7-12, on average 10 vs. 2—-8, on average 4 or 5 in
A. karajacensis comb. nov.) [45]. Antetintinnopsis suba-
cuta comb. nov. can be separated from A. karajacensis
comb. nov. by its vase-like lorica with a subspherical bowl
that is wider than the lorica opening (vs. subcylindrical
with slightly rounded aboral end in A. karajacensis comb.
nov.) [49, 55]. Furthermore, differences in their riboso-
mal gene sequences also support the distinction between
these forms at species level [51].

Comments on Antetintinnopsis gracilis (Kofoid & Campbell,
1929) comb. nov.

Tintinnopsis gracilis was established by Kofoid & Camp-
bell [26] to describe a morphotype previously recorded
by Brandt [62] as Tintinnopsis karajacensis var. o from
Schott off the West Coast of Borneo. Since the cell fea-
tures of the Schott population are unknown, species
identification is only based on lorica morphology. The
Qingdao specimens match the original illustrations of
Brandt (1907) in terms of lorica dimensions (length:
95-115 pm vs. 110-135 pm in original population; open-
ing diameter: 31-40 pm vs. 30—41 pm in original popu-
lation) and shape (both are elongate with aboral end
subconical and lack spiral turns) [62]. Hence, the Qing-
dao population is considered to be conspecific with T.
gracilis.

Populations worldwide have been continuously
reported under the name T. gracilis, almost all of which
correspond well with the original population in terms
of morphometric data of the lorica [22, 26, 60, 63-67].
The lorica of Qingdao population matches the previous
populations in terms of both the lorica dimension (lorica
length 95-135 um; lorica width 25-41 pm; opening
diameter 28—39 pm) and the angle of the bowl’s posterior
portion (40-75°) (Additional files 3, 6) [22, 26, 60, 63—67].
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corresponds to five substitutions per 100 nucleotide positions

Tintinnopsis tubulosoides resemble our specimens of
A. gracilis comb. nov. in terms of the overall shape of

and gene sequences are unavailable. Therefore, a detailed  the lorica and/or cell features. However, A. subacuta
comparison with conspecific populations is impossible. comb. nov. differs from A. gracilis comb. nov. by hav-

Antetintinnopsis  hemispiralis (Yin, 1956) comb. ing a subspherical aboral end (vs. obconical aboral end)
nov., A. subacuta (Jorgensen, 1899) comb. nov., and and fewer kineties in the left ciliary field (on average 11

However, for all previously reported populations, the
descriptions are cursory and data both for cell features
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Table 2 NCBI accession number, length, and GC content of SSU rDNA and LSU rDNA for species that are newly sequenced

Species SSU rDNA sequences LSU rDNA sequences

Acc. no Length of seq GC% Acc. no Length of seq GC%
Antetintinnopsis karajacensis comb. nov. (pop. 1) MT764265 1640 bp 47.56 MT764260 1745 bp 51.06
Antetintinnopsis karajacensis comb. nov. (pop. 2) MT757136 1640 bp 47.56 MT757132 1745 bp 51.06
Antetintinnopsis karajacensis comb. nov. (pop. 3) MT757137 1640 bp 47.56 MT757133 1745 bp 51.06
Antetintinnopsis gracilis comb. nov MT764266 1633 bp 47.64 MT764261 1750 bp 5137
Tintinnopsis tocantinensis - - - MT764262 1750 bp 50.57




Wang et al. BMC Ecol Evo (2021) 21:115

vs. 14) [49, 55]. Antetintinnopsis hemispiralis comb. nov.
can be separated from our specimens by the presence of
3-5 spiral striations in the collar of the lorica (vs. spiral
striations absent), the commencing position of the ven-
tral kinety (i.e., anteriorly to the second kinety vs. first
kinety) of right ciliary field, and the length of the ventral
kinety (extending to posterior one-quarter to one-third
of cell proper vs. terminating at the middle portion of
cell proper in A. gracilis comb. nov.) [45]. Furthermore,
the SSU rDNA sequences of A. subacuta comb. nov.
(EU399541) and A. hemispiralis comb. nov. (MT435073)
has a dissimilarity of 2.8% (46 bp) and 2.9% (48 bp),
respectively, compared with our new sequence of A. gra-
cilis comb. nov., which represents an interspecies-level
divergence in tintinnine ciliates [51]. Tintinnopsis tubu-
losoides can be separated from Qingdao population of A.
gracilis comb. nov. by the presence (vs. absence) of spiral
striations in the collar portion of the lorica [26].

Comments on Tintinnopsis tocantinensis Kofoid &
Campbell, 1929

Tintinnopsis tocantinensis can be recognized by its
unique lorica appearance, i.e., lorica tripartite, composed
of a cylindrical portion, a bulbous part, and a tapered
portion. It was first established by Kofoid & Campbell
[26] and reported described by Brandt [57] as T. aperta
var. « (Fig. 6F). We identified Taizhou population as T.
tocantinensis because it matches the original population
very well in the lorica shape, although it is considerably
longer (110-160 pm vs. 85 pm). Considering the variabil-
ity of the lorica length in tintinnines [35], we believe that
this variation is a population-dependent difference.

The infraciliature of 1. tocantinensis has been previ-
ously reported on a population from Shenzhen, China
[48]. Our Taizhou population resembles the Shenzhen
population in both lorica features and ciliary pattern,
which supports the conspecificity of both forms [48].

In terms of lorica shape, only Tintinnopsis aperta
Brandt, 1906 resembles T. tocantinensis in having a cylin-
drical portion, a bulbous part, and a tapered portion.
However, the latter can be distinguished from the for-
mer by its shorter (16—42 pum vs. 45-105 pm) and stouter
tapered portion [57].

Neotypification

Considering the requirement of Article 75.3.6 of the
International Code of Zoological Nomenclature [68],
we neotypify A. karajacensis comb. nov. and A. graci-
lis comb. nov. with two Chinese populations for the fol-
lowing reasons: i. no type specimens are available for
either species; ii. the existing descriptions are too incom-
plete, e.g., they lack detail cytological and molecular
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information, to allow accurate identification; iii. neotype
slides are of a good quality allowing the specific features
to be clearly recognized. Unfortunately, both neotypes
do not come from near the original type locality (Chi-
nese coast water vs. Karajak-Fjord in Davis Strait, west-
ern Greenland and Schott off the west coast of Borneo,
respectively). However, according to the rather wide dis-
tribution of both species, it seems justified to designate
neotypes from different sites, especially as both sites are
marine habitats that are connected by oceanic currents.
Thus, this point should not be overinterpreted (for a
thorough discussion of this problem, see Foissner et al.
(69])).

Phylogenetic analyses

Currently, phylogenetic relationships within Tintinnina
are uncertain and the systematic positions of most Tin-
tinnopsis species remain unresolved because of limited
data [e.g., 29, 52]. Nevertheless, members of Tintinnop-
sis and related species were generally well grouped in
the SSU rDNA and LSU rDNA trees, which corresponds
with previous phylogenetic studies [52]. One well-sup-
ported monophyletic lineage should be concerned, which
is marked as tintinnine 8 in Figs. 7 and 8, and consists of
all Antetintinnopsis species, viz. A. gracilis comb. nov., A.
hemispiralis comb. nov., A. karajacensis comb. nov., and
A. subacuta comb. nov. These four species share some
morphological synapomorphies, i.e., configuration of the
ventral kinety, presence of an elongated ventral ciliary
tuft, and multiple macronuclear nodules. These data pro-
vided strong evidence that the genus Tintinnopsis should
be revised pending the congruence between morphologi-
cal and molecular data, however, this taxonomic action
should be carried out after most Tintinnopsis-like species
are cytologically and genetically studied.

Conclusions

The findings of the integrative morphological and phylog-
eny investigations on two poorly known Tintinnopsis spe-
cies support the establishment of Antetintinnopsis gen.
nov., and the assignment of two additional Tintinnopsis
species to the new genus, based on their distinct somatic
ciliary pattern and their clustering patterns in gene trees.
Moreover, the results of our phylogenetic study based
on sequences of two nuclear ribosomal loci provides
compelling evidence that Tintinnopsis comprises several
distinct evolutionary lineages, necessitating a detailed
morphological review of these organisms. The taxonomic
novelties reported in this study highlight the importance
of integrative studies, that is, the combination of mor-
phological and molecular characters of various popula-
tions, in resolving the systematics of tintinnines.



Wang et al. BMC Ecol Evo (2021) 21:115

Methods

Sample collection and environmental factors (Fig. 9;
Additional file 1)

All the tintinnine ciliates redescribed herein were col-
lected from surface water (0—2 m depth) by horizontal
towing of a 25-pm meshed plankton net at different
sites on the coast of China. The Haikou population of
Antetintinnopsis karajacensis comb. nov. was isolated
from coastal waters of the South China Sea at Hai-
kou Bay, Hainan Province (20°02’32”N, 110°17/2"E) in
November 2017. The Zhoushan population of A. kara-
jacensis comb. nov. was collected from coastal waters
of the East China Sea at an inlet in Zhoushan, Zheji-
ang Province (29°57'2"N, 122°22/29"E) in October 2018.
The Beihai population of A. karajacensis comb. nov.
was collected from a port in the Beibu Gulf, Guangxi
Province (21°24/29"N, 109°9’31"E) in July 2018. Antetin-
tinnopsis gracilis comb. nov. was collected on 16 Octo-
ber 2017 from coastal waters of the Yellow Sea at a
wharf in Qingdao, Shandong Province (35°44/31"N,
120°00’52"E). Tintinnopsis tocantinensis was iso-
lated on 15 June 2018 from coastal waters off the East
China Sea in Taizhou, Zhejiang Province (29°5’59"N,
121°39/27"E). Water temperature, salinity, and pH
were measured in situ using a water quality-measuring
instrument (YSI Professional Plus, America).

Taxonomy studies

The samples were transferred into Petri dishes (5 cm
across) and the ciliates were immediately isolated under
a dissecting microscope (Guiguang XTL-200, China) for
further study. Attempts to establish pure cultures were
unsuccessful. Swimming motion and cell flexibility and
contractility were observed in undisturbed specimens
under a dissecting microscope. The morphology of living
cells and lorica were investigated using bright-field and
differential interference contrast microscopy (Olympus
BX 51, Tokyo, Japan) at magnifications of 100-1000 x .
Protargol staining was applied to reveal the infraciliature
and nuclear apparatus [70]. The protargol reagent was
made according to Pan et al. [71]. The cells were stained
after removal of their lorica. Drawings of living cells were
based on photomicrographs and those protargol-stained
cells were made with the help of a camera lucida. In vivo
measurements were performed at magnifications of
40-1000 x . Counts and measurements of stained speci-
mens were performed at 400-1000 x magnifications.
Terminology is according to Agatha & Riedel-Lorjé [39].

DNA extraction, amplification and sequencing
Although clonal cultures were not established, we are
confident that all morphological and molecular studies of
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each isolate dealt with a single species because i) all the
five populations investigated here can be easily recog-
nized by their lorica features and no cryptic species were
present in the subsamples, and ii) no other tintinnine
morphotypes were present in the protargol preparations.
For each population, a single specimen was observed in
detail at high magnification (up to 1000 x) by careful
evaluation of morphological features of the lorica and
the cell, washed four or five times using sterilized, filtered
in situ water to exclude potential contamination, and
then transferred to a 1.5 mL microfuge tube with a mini-
mum volume of water. The genomic DNA was extracted
using the DNeasy Blood & Tissue kit (Qiagen CA) follow-
ing the manufacturer’s instructions. The amplification of
the SSU rDNA sequences was performed with the prim-
ers 18 s-F (5'-AAC CTG GTT GAT CCT GCC AGT-3/)
and 18 s-R (5’-TGA TCC TTC TGC AGG TTC ACC
TAC-3') [72]. Amplification of the LSU rDNA sequences
was performed with the primers F3 (5-ACC/C CGC
TGA/G AT/CT TAA GCA T-3') and R2 (5-AAC CTT
GGA GAC CTG AT-3') [73]. PCR amplifications were
performed according to the following protocol: 98 °C for
30 s, followed by 18 cycles of 98 °C for 10's, 69 °C for 40 s
with the remaining cycles stepping down by 1 °C for each
cycle; then 72 °C for 90 s and 18 cycles of 98 °C for 10 s,
51 °C for 40 s, 72 °C for 90 s; and a final extension at 72 °C
for 4 min. Q5® Hot Start High-Fidelity DNA Polymerase
(New England BioLabs, USA) was used to minimize the
possibility of PCR amplification errors. The PCR prod-
ucts were sequenced bidirectionally by the Tsingke Bio-
logical Technology Company (Beijing, China).

Molecular phylogeny

In addition to the nine newly obtained sequences, other
sequences used in the present analyses were downloaded
from the NCBI database, including six SSU rDNA and
four LSU rDNA sequences of hypotrichs and Halteria
grandinella as the outgroup taxa, respectively.

All sequences were aligned using the MUSCLE pro-
gram package on the European Bioinformatics Institute
web server). The resulting alignments were then edited
manually with trimming both ends included 1705 sites of
SSU rDNA (107 taxa) and 1292 sites of LSU rDNA (73
taxa). ML analyses of both SSU rDNA and LSU rDNA
sequences were performed on the CIPRES Science Gate-
way (URL: http://www.phylo.org/sub_sections/portal)
[74], with RAXML-HPC2 on XSEDE using the GTR-
GAMMA +1 model as selected by Modeltest v. 3.4 [75].
Searches for the best tree were conducted starting from
100 random trees, and 1000 nonparametric bootstrap
replicates were done to assess the reliability of the inter-
nal branches. BI analyses were performed on the CIPRES
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Science Gateway using MrBayes v. 3.1.2 on XSEDE with
the GTR+I+T model selected by MrModeltest v. 2.2
(for details, see Additional file 7) [76]. Markov chain
Monte Carlo (MCMC) simulations were run for a mil-
lion generations with a sample frequency of every 100th
generation. The first 25% of trees were discarded as burn-
in. The number of chains to run was four. MEGA v7 was
used to visualize the tree topologies [77].

Classification and naming of phylogenetic clades
mainly follow Adl et al. [78] and Santoferrara et al. [52],
respectively.
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in %; DK: Dorsal kinety; EM: Endoral membrane; FB: Fibers bundles; GTR+14-T:
General time reversible + invariable sites 4+ gamma model of nucleotide
substitution; LA: Lateral ciliary field; LL: Lorica length; LOD: Lorica opening
diameter; LF: Left ciliary field; LSU rDNA: Large subunit ribosomal DNA; M:
Median; Ma: Macronuclear nodules; Max: Maximum; Mean: Arithmetic mean;
Min: Minimum; n: Number of specimens examined; PCM: Prolonged collar
membranelles; PK: Posterior kinety; pH: Potential of hydrogen; RF: Right ciliary

field; S: Salinity; SD: Standard deviation; SSU rDNA: Small subunit ribosomal
DNA; T: Water temperature. VK: ventral kinety.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512862-021-01831-8.

Additional file 1: Table S1. Environmental factors of the sampling sites.

Additional file 2: Table S2. Morphometric data of Antetintinnopsis
karajacensis comb. nov. from the literature matching our specimens in
lorica shape.

Additional file 3: Table S3. Morphology data of Antetintinnopsis gracilis
comb. nov. from the literature matching our specimens in lorica shape.

Additional file 4: Fig. S1. Percent identity matrix of Antetintinnopsis kara-
Jjacensis comb. nov. and A. gracilis comb. nov. with other Tintinnopsis-like
species based on SSU and LSU DNA sequences.

Additional file 5: Fig. S2. Geographical distribution and morphologi-

cal comparisons of different populations of Antetintinnopsis karajacensis
comb. nov. based on the literatures and the present study. The vector
maps were originally downloaded from the open-access website at http://
mapsopensource.com/. All line drawings from open-access articles or
books distributed under the terms of the Creative Commons Attribution
License. LL, lorica length; LOD, lorica opening diameter.



https://doi.org/10.1186/s12862-021-01831-8
https://doi.org/10.1186/s12862-021-01831-8
http://mapsopensource.com/
http://mapsopensource.com/

Wang et al. BMC Ecol Evo (2021) 21:115

Additional file 6: Fig. S3. Geographical distribution and morphological
comparisons of different populations of Antetintinnopsis gracilis comb.
nov. based on the literatures and the present study. The vector maps were
originally downloaded from the open-access website at http://mapso
pensource.com/. All line drawings from open-access articles or books
distributed under the terms of the Creative Commons Attribution License.
LL, lorica length; LOD, lorica opening diameter.

Additional file 7: Table S4. Characterization of the datasets and evolu-
tionary models used for Bayesian analyses.

Acknowledgements

We thank Professor Weibo Song (OUC) for continuous help and support. We
thank the Associate Editor and two anonymous reviewers for their insight-

ful suggestions. We are grateful to Dr. Alan Warren of the Natural History
Museum, United Kingdom for English editing. We also acknowledge the China
Scholarship Council (CSC) for funding (File No. 201906330045) the first author
to pursue study in Japan as a visiting PhD. student.

Authors’ contributions

XZH conceived the study; RW, TH, and YB obtained and processed the sam-
ples; RW, TH, and XZH performed the data analysis and species identification;
RW wrote the manuscript. XZH, YB, DPX, and TS revised and improved the
manuscript. All authors read and approved the final version.

Funding

This work was financially supported by the National Natural Science Founda-
tion of China (Project Number: 41776133). The funding body played no role in
the design of the study and collection, analysis, interpretation of data, and in
writing the manuscript.

Availability of data and materials

Sequences data are available in the NCBI database (Accession Numbers:
MT764260, MT764261, MT764262, MT764265, MT764266, MT757123,
MT757133, MT757136, and MT757137). Permanent slide containing the
protargol-impregnated specimens were deposited in the Laboratory of Proto-
zoology, Ocean University of China and the Laboratory of Protozoology, South
China Normal University (Accession Codes: WR2017110301-1, WR2017110301-
2,HT2018071924a, HT2018071924b, HT2018081435a, HT2018081435b,
WR2017101603-1, WR2017101603-2, WR2018061501-1, WR2018061501-2,
and WR2018061501-3). The datasets used and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

!College of Fisheries, & Key Laboratory of Mariculture, Ministry of Education,
Ocean University of China, Qingdao 266003, China. “Institute of Evolution &
Marine Biodiversity, Ocean University of China, Qingdao 266003, China. *Labo-
ratory of Protozoology, Key Laboratory of Ecology and Environmental Science
in Guangdong Higher Education, South China Normal University, Guang-
zhou 510631, China. “State Key Laboratory of Marine Environmental Science,
Institute of Marine Microbes and Ecospheres, College of Ocean and Earth
Sciences, Xiamen University, Xiamen 361102, China. *Faculty of Fisheries,
Nagasaki University, 1-14 Bunkyo-machi, Nagasaki 852-8521, Japan.

Received: 30 November 2020 Accepted: 19 May 2021
Published online: 09 June 2021

Page 21 of 23

References

1.

20.

21

22.

23.

Foissner W, Chao A, Katz LA. Diversity and geographic distribution of cili-
ates (Protista: Ciliophora). In: Foissner W, Hawksworth DL, editors. Protist
diversity and geographical distribution. Dordrecht: Springer; 2007. p.
111-29.

Gu BW,Wang Y, Xu J, Jiao NZ, Xu DP. Water mass shapes the distribution
patterns of planktonic ciliates (Alveolata, Ciliophora) in the subtropical
Pearl River Estuary. Mar Pollut Bull. 2021;167:112341.

Hu XZ, Lin XF, Song WB. Ciliate atlas: Species found in the South China
Sea. Beijing: Science Press; 2019.

Huang HC, Yang JP, Huang SX, Gu BW, Wang Y, Wang L, Jiao NZ, Xu DP.
Spatial distribution of planktonic ciliates in the western Pacific Ocean:
along the transect from Shenzhen (China) to Pohnpei (Micronesia). Mar
Life Sci Technol. 2021;3:103-15.

Liu WW, Shin MK, Yi ZZ, Tan YH. Progress in studies on the diversity and
distribution of planktonic ciliates (Protista, Ciliophora) in the South China
Sea. Mar Life Sci Technol. 2021;3:28-43.

Liu WW, Zhang KX, Chen CZ, Li JQ, Tan YH, Warren A, Lin XF, Song WB.
Overview of the biodiversity and geographic distribution of aloricate
oligotrich ciliates (Protozoa, Ciliophora, Spirotrichea) in coastal waters of
southern China. System Biodivers. 2019;8:787-800.

Obert T, Vdacny P. Integrative taxonomy of five astome ciliates (Ciliophora,
Astomatia) isolated from earthworms in Central Europe. Eur J Taxon.
2019;559:1-37.

Song WB, Warren A, Hu XZ. Free-living ciliates in the Bohai and Yellow
Seas, China. Beijing: Science Press; 2009.

Wang R, Song W, Yi ZZ, Al-Rasheid KAS, Hu XZ. Morphology and molecu-
lar phylogeny of two new species of Spirostrombidium (Ciliophora,
Oligotrichia), with a key to the species of Spirostrombidium. System
Biodivers. 2018;16:743-56.

. Dolan JR, Pierce RW. Diversity and distributions of tintinnids. In: Dolan JR,

Montagnes DJS, Agatha S, Coats DW, Stoecker DK, editors. The biology
and ecology of tintinnid ciliates: models for marine plankton. Oxford:
Wiley-Blackwell; 2013. p. 214-43.

. Santoferrara LF, Rubin E, Mcmanus GB. Global and local DNA (meta) bar-

coding reveal new biogeography patterns in tintinnid ciliates. J Plankton
Res. 2018;40:209-21.

Feng M, Zhang WC, Wang WD, Zhang GT, Xiao T, Xu HL. Can tintinnids be
used for discriminating water quality status in marine ecosystems? Mar
Environ Res. 2015;101:549-55.

Garcia MD, de Cao MSB. Anthropogenic pollution along the coast of

a temperate estuary: effects on tintinnid assemblages. Hydrobiologia.
2018;809:201-19.

Jiang Y, Xu HL, Hu XZ, Warren A, Song WB. Functional groups of marine
ciliated protozoa and their relationships to water quality. Environ Sci Pol-
lut Res. 2013;20:5272-80.

Rakshit D, Sahu G, Mohanty AK, Satpathy KK, Jonathan MP, Murugan K,
et al. Bioindicator role of tintinnid (Protozoa: Ciliophora) for water quality
monitoring in Kalpakkam, Tamil Nadu, south east coast of India. Mar Pol-
lut Bull. 2017;114:134-43.

Sivasankar R, Ezhilarasan P, Kumar PS, Naidu SA, Rao GD, Kanuri VV, et al.
Loricate ciliates as an indicator of eutrophication status in the estuarine
and coastal waters. Mar Pollut Bull. 2018;129:207-11.

Jonsson PR, Johansson M, Pierce RW. Attachment to suspended particles
may improve foraging and reduce predation risk for tintinnid ciliates.
Limnol Oceanogr. 2004;49:1907-14.

Worden AZ, Follows MJ, Giovannoni SJ, Wilken S, Zimmerman AE, Keeling
PJ. Rethinking the marine carbon cycle: Factoring in the multifarious
lifestyles of microbes. Science. 2015;347:1257594.

Zingel P, Agasild H, Karus K, Buholce L, Noges T. Importance of ciliates

as food for fish larvae in a shallow sea bay and a large shallow lake. Eur J
Protistol. 2019;67:59-70.

Agatha S, Simon P. On the nature of tintinnid loricae (Ciliophora: Spiro-
tricha: Tintinnina): a histochemical, enzymatic, EDX, and high-resolution
TEM study. Acta Protozool. 2012;51:1-19.

Mdller OF. Zoologia Danica seu animalium Daniae et Norvegiae rariorum
ac minus notorum descriptions et historia. Weygandinis; 1779.

Hada Y. Studies on the Tintinnoinea from the western tropical Pacific. J
Fac Sci Hokkaido Univ. 1938,6:87-190.

Hofker J. Studien tber Tintinnidea Arch Protistenk. 1931;75:315-402.


http://mapsopensource.com/
http://mapsopensource.com/

Wang et al. BMC Ecol Evo

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.
37.

38.

39.

40.

41.

42.

43.

44,

(2021) 21:115

Jung JH, Moon JH, Park KM, Kim S, Dolan JR, Yang EJ. Novel insights

into the genetic diversity of Parafavella based on mitochondrial CO1
sequences. Zool Scr. 2018;47:741-55.

Kim SY, Yang EJ, Gong J, Choi JK. Redescription of Favella ehrenbergii
(Claparede and Lachmann, 1858) Jérgensen, 1924 (Ciliophora: Chore-
otrichia), with phylogenetic analyses based on small subunit rDNA
sequences. J Eukaryot Microbiol. 2010;2010(57):460-7.

Kofoid CA, Campbell AS. A conspectus of the marine and fresh-water
Ciliata belonging to the suborder Tintinnoinea, with descriptions of new
species principally from the Agassiz Expedition to the eastern Tropical
Pacific 1904-1905. Univ Calif Publ Zool. 1929;34:1-403.

Kofoid CA, Campbell AS. Reports on the scientific results of the expedi-
tion to the eastern tropical Pacific, in charge of Alexander Agassiz, by the
U.S. Fish Commission Steamer “Albatross, from October, 1904, to March,
1905, Lieut. Commander L M Garrett, U.S.N. Commanding. 37. The Ciliata:
the Tintinnoinea. Bull Mus Comp Zool. 1939;84:1-473.

Laval-Peuto M, Brownlee DC. Identification and systematics of the Tintin-
nina (Ciliophora): evaluation and suggestions for improvement. Ann Inst
Oceanogr. 1986,62:69-84.

Agatha S, Strider-Kypke MC. Reconciling cladistic and genetic analyses
in choreotrichid ciliates (Ciliophora, Spirotricha, Oligotrichea). J Eukaryot
Microbiol. 2012;59:325-50.

Ganser MH, Agatha S. Redescription of Antetintinnidium mucicola
(Claparéde and Lachmann, 1858) nov. gen., nov. comb. (Alveolata, Cili-
ophora, Tintinnina). J Eukaryot Microbiol. 2019;66:802-20.

Smith SA, Song W, Gavrilova NA, Kurilov AV, Liu WW, McManus GB,
Santoferrara LF. Dartintinnus alderae n. g., n. sp., a brackish water tintinnid
(Ciliophora, Spirotrichea) with dual-ended lorica collapsibility. J Eukaryot
Microbiol. 2018;65:400-11.

Wang YR, Jiang YH, Liu YQ, et al. Comparative studies on the polymor-
phism and copy number variation of mtSSU rDNA in ciliates (Protista,
Ciliophora): Implications for phylogenetic, environmental, and ecological
research. Microorganisms. 2020;8:316.

Xu DP, Sun P, Shin MK, Kim YO. Species boundaries in tintinnine ciliates:

a case study—-morphometric variability, molecular characterization and
temporal distribution of Helicostomella species (Ciliophora, Tintinnina). J
Eukaryot Microbiol. 2012;2012(54):351-8.

Xu DP, Sun P, Warren A, Noh J, Choi D, Shin M, Kim Y. Phylogenetic
investigations on ten genera of tintinnid ciliates (Ciliophora: Spirotrichea:
Tintinnida), based on small subunit ribosomal RNA gene sequences. J
Eukaryot Microbiol. 2013;60:192-202.

Santoferrara LF, Bachy C, Alder VA, Gong J, Kim YO, Sacca A, et al. Updat-
ing biodiversity studies in loricate protists: the case of the tintinnids
(Alveolata, Ciliophora, Spirotrichea). J Eukaryot Microbiol. 2016;63:651-6.
Stein FD. Organismus der Infusionsthiere nach eigenen Forschungen in
systematischer Reihenfolge bearbeitet. Leipzig: W. Engelmann; 1867.
Jorgensen E. Mediterranean Tintinnids: report on the Danish oceano-
graphical expeditions 1908—1910. Biology; 1924.

Zhang WC, Feng MP, Yu Y, Zhang CX, Xiao T. An illustrated guide to
contemporary tintinnids in the world. Beijing: Science Press; 2012. ((in
Chinese)).

Agatha S, Riedel-Lorjé JC. Redescription of Tintinnopsis cylindrica Daday,
1887 (Ciliophora: Spirotricha) and unification of tintinnid terminology.
Acta Protozool. 2006;45:137-51.

Agatha S. Redescription of the tintinnid ciliate Tintinnopsis fimbriata Meu-
nier, 1919 (Spirotricha, Choreotrichida) from coastal waters of northern
Germany. Denisia. 2008;23:261-72.

Agatha S. Redescription of Tintinnopsis parvula Jorgensen, 1912 (Cili-
ophora: Spirotrichea: Tintinnina), including a novel lorica matrix. Acta
Protozool. 2010;49:213-34.

Bai'Y, Wang R, Song W, Suzuki T, Hu XZ. Redescription of five tintinnine
ciliates (Alveolata: Ciliophora: Oligotrichea) from coastal waters of Qing-
dao. China Mar Life Sci Technol. 2020;2:209-21.

Bai Y, Wang R, Al-Rasheid KAS, Miao M, Hu XZ. The type species of
Amphorellopsis and Tintinnopsis (Protozoa: Ciliophora): A new cili-

ary pattern and some comments in Tintinnina. J King Saud Univ Sci.
2020;32:3454-62.

Bai Y, Wang R, Liu WW, Warren A, Zhao Y, Hu XZ. Redescriptions of three
tintinnine ciliates (Ciliophora: Tintinnina) from coastal waters in China
based on lorica features, cell morphology, and rDNA sequence data. Eur J
Protistol. 2020;72:125659.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 22 of 23

Bai Y, Wang R, Song W, Li LF, Santoferrara LF, Hu XZ. Three redescriptions in
Tintinnopsis (Protista: Ciliophora: Tintinnina) from coastal waters of China,
with cytology and phylogenetic analyses based on ribosomal RNA genes.
BMC Microbiol. 2020,20:374.

Cai SF, Song WB, Xu DP, Chiang KP. Morphological studies on the infracili-
ature of a planktonic ciliate, Tintinnopsis brasiliensis (Ciliophora: Tintin-
nina). J Ocean Univ China. 2006;5:55-7.

Gruber MS, Struder-Kypke M, Agatha S. Redescription of Tintinnopsis
everta Kofoid & Campbell, 1929 (Alveolata, Ciliophora, Tintinnina) based
on taxonomic and genetic analyses—discovery of a new complex ciliary
pattern. J Eukaryot Microbiol. 2018;65:484-504.

Jiang Y, Yang JP, Al-Farraj S, Warren A, Lin XF. Redescriptions of three
tintinnid ciliates, Tintinnopsis tocantinensis, T. radix, and T. cylindrica
(Ciliophora, Spirotrichea), from coastal waters off China. Eur J Protistol.
2012;48:314-25.

Pierce RW. Morphology and infraciliature of selected species of Tintinnina
with a phylogenetic analysis of the Tintinnina based on infraciliature.
Ph.D. Thesis. USA: University of Rhode Island; 1997.

Wang R, Song W, Bai Y, Warren A, Li LF, Hu XZ. Morphological redescrip-
tions and neotypification of two poorly known tintinnine ciliates (Alveo-
lata, Ciliophora, Tintinnina), with a phylogenetic investigation based on
18S rRNA gene sequences. Int J Syst Evol Microbiol. 2020;70:2515-30.
Santoferrara LF, McManus GB, Alder VA. Utility of genetic markers and
morphology for species discrimination within the order Tintinnida (Cili-
ophora, Spirotrichea). Protist. 2013;164:24-36.

Santoferrara LF, Alder VV, McManus GB. Phylogeny, classification and
diversity of Choreotrichia and Oligotrichia (Ciliophora, Spirotrichea). Mol
Phylogenet Evol. 2017;112:12-22.

Agatha S, Tsai SF. Redescription of the tintinnid Stenosemella pacifica
Kofoid and Campbell, 1929 (Ciliophora, Spirotricha) based on live
observation, protargol impregnation, and scanning electron microscopy.
J Eukaryot Microbiol. 2008;55:75-85.

Foissner W, Wilbert N. Morphologie, Infracilia tur und Okologie der limnis-
chen Tintinnina: Tintinnidiurn fluviatile Stein, Tintinnidiurn pusillurn Entz,
Tintinnopsis cylindrata Dadav und Codonella cratera (Leidy) (Ciliophora,
Poh, hv, m enophora). J Protozool. 1979;26:90-103.

Mahlthaler A, Kagerer M, Agatha S. The Rapunzel tintinnid-redescription
of Tintinnopsis subacuta Jorgensen, 1899 (Alveolata, Ciliophora, Spirotri-
cha). In: Abstracts of the International Scientific Forum “PROTIST-2016"
Protistology. 2016;10 (2): 48-49.

Brandt K. Die Tintinnen. In: Leuckart R, Chun C, editors. Bibliotheca Zoo-
logica. Stuttgart: Verlag von Erwin Nagele; 1896. p. 45-72.

Brandt K. Die Tintinnodeen der Plankton Expedition. Tafelerklarungen
nebst kurzer Diagnose der neuen Arten. In: Hensen V, editors. Ergebnisse
der Plankton-Expedition der Humboldt-Stiftung 3 La. Kiel, Leipzig: Lipsius
and Tischer; 1906. p. 1-33.

Hada Y. Report of the biological survey of Mutsu Bay. 26. The pelagic
Ciliata, suborder Tintinnoinea. Sci Rep Tohoku Imp Univ. 1932;7:553-73.
Nie DS. Notes on Tintinnoinea from the Bay of Amoy. Rep Mar Biol Ass
China. 1934,3:71-80.

Yin GD. Preliminary investigation on ciliates of tintinnids in Jiaozhou Bay. J
Shandong Univ (Phil Soc Sci). 1952;2:36-56.

Xu DP, Song WB. Tintinnid ciliates from Qingdao (Protozoa, Ciliophora,
Tintinnida). Acta Zootaxon Sin. 2005;30:501-8.

Brandt K. Die Tintinnodeen der Plankton Expedition Systematischer Telil.
In: Hensen V, editor. Ergebnisse der Plankton-Expedition der Humboldt-
Stiftung 3 La. Kiel, Leipzig: Lipsius and Tischer; 1907. p. 1-488.

Wang CC, Nie DS. A survey of the marine protozoa of Amoy. Contr Biol Sci
Soc China. 1932;8:285-385.

Wang CC. Notes on Tintinnoinea from the gulf of Pe-Hai. Sinensia.
1936;7:353-70.

Balech E.Tintinnoinea de Atlantida (R.o. del Uruguay). Comunicaciones
del Museo Argentino de Ciencias Naturales “Bernardino Rivadavia”. Ser
Ciencias Zool. 1948;7:1-23.

Sharaf GM. On some tintinnids (Protozoa: Ciliata) from the Strait of Hor-
moz and the United Arab Emirates waters. Atar Uni Sci J. 1995;15:389-98.
Fernandes LF. Tintinnids (Ciliophora, Tintinnina) from subtropical waters
of the southern Brazil: II. Families Dictyocystidae, Rhabdonellidae, Tintin-
nidae and Xystonellidae. Rev Brasileira de Zoologia. 2004;21:605-28.



Wang et al. BMC Ecol Evo

68.

69.

70.
71.

72.

73.

74.

(2021) 21:115

ICZN. (international commission on zoological nomenclature). Interna-
tional code of zoological nomenclature. London: International Trust for
Zoological Nomenclature; 1999.

Foissner W, Agatha S, Berger H. Soil ciliates (Protozoa, Ciliophora) from
Namibia (Southwest Africa), with emphasis on two contrasting environ-
ments, the Etosha region and the Namib Desert. Denisia. 2002;5:1-1459.
Wilbert N. Eine verbesserte Technik der Protargolimpragnation fur Cili-
aten. Mikrokosmos. 1975;64:171-9.

Pan XM, Bourland W, Song WB. Protargol synthesis: an in-house protocol.

J Eukaryot Microbiol. 2013;60:609-14.

Medlin L, Elwood HJ, Stickel S, Sogin ML. The characterization of
enzymatically amplified eukaryotic 16S like rRNA-coding regions. Gene.
1988;71:491-9.

Moreira D, Heyden S, Bass D, Lopez-Garcia P, Chao E, Cavalier-Smith T.
Global eukaryote phylogeny: combined small-and large-subunit riboso-
mal DNA trees support monophyly of Rhizaria. Retaria and Excavata Mol
Phylogenet Evol. 2007;2007(44):255-66.

Miller MA, Pfeiffer W, Schwartz T. Creating the CIPRES science gateway
for inference of large phylogenetic trees. In: Proceedings of the Gateway

75.

76.

77.

78.

Page 23 of 23

Computing Environments Workshop (GCE), 14 Nov. New Orleans, LA;
2010. p. 1-8. http//www.phylo.org/sub_sections/portal.

Stamatakis A. RAXML version 8: a tool for phylogenetic analysis and post-
analysis of large phylogenies. Bioinformatics. 2014;2014(30):1312-3.
Nylander JA. MrModeltest, version 2.2. Uppsala: Evolutionary Biology
Centre, Uppsala University; 2004.

Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary genetics
analysis version 7.0 for bigger datasets. Mol Biol Evol. 2016;33:1870-4.
AdI SM, Bass D, Lane CE, Lukes J, Schoch CL, Smirnov A, et al. Revisions to
the classification, nomenclature, and diversity of eukaryotes. J Eukaryot
Microbiol. 2019,66:4-119.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



http://www.phylo.org/sub_sections/portal

	Integrative taxonomy and molecular phylogeny of three poorly known tintinnine ciliates, with the establishment of a new genus (Protista; Ciliophora; Oligotrichea)
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Taxonomy
	Antetintinnopsis karajacensis (Brandt, 1896) comb. nov. (Figs. 1, 2, 3; Table 1)
	Antetintinnopsis gracilis (Kofoid & Campbell, 1929) comb. nov. (Figs. 4, 5; Table 1)
	Tintinnopsis tocantinensis Kofoid & Campbell, 1929 (Fig. 6; Table 1)
	Description based on Taizhou population
	Gene sequences and phylogenetic placement (Figs. 7, 8; Table 2; Additional file 4)

	Discussion
	Establishment of the new genus Antetintinnopsis gen. nov.

	Type designation within the new genus
	Comments on Antetintinnopsis karajacensis (Brandt, 1896) comb. nov.
	Comments on Antetintinnopsis gracilis (Kofoid & Campbell, 1929) comb. nov.
	Comments on Tintinnopsis tocantinensis Kofoid & Campbell, 1929
	Neotypification
	Phylogenetic analyses

	Conclusions
	Methods
	Sample collection and environmental factors (Fig. 9; Additional file 1)
	Taxonomy studies
	DNA extraction, amplification and sequencing
	Molecular phylogeny

	Acknowledgements
	References


