
© 2018 The Linnean Society of London, Zoological Journal of the Linnean Society, 2018, 184, 237–254 237

Zoological Journal of the Linnean Society, 2018, 184, 237–254. With 6 figures.

Morphological, ontogenetic and molecular data 
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Hypotrich ciliates, a large group of mainly free-living protists with highly diverse cortical structures, are commonly 
found in a broad variety of habitats worldwide. Methodological difficulties and insufficient faunistic studies have 
limited our understanding of their true biodiversity and phylogeny. In this report, two new Strongylidium species 
from China are investigated using live observation, protargol staining and 18S rRNA gene sequencing, and the evolu-
tion of strongylidiid ciliates is investigated based on morphological, morphogenetic and molecular data. Recently, the 
genera Strongylidium Sterki, 1878 and Pseudouroleptus Hemberger, 1985 were assigned to the family Spirofilidae 
Gelei, 1929. Given that these genera differ morphologically and phylogenetically from the type genus of Spirofilidae, 
Hypotrichidium Ilowaisky, 1921, their familial classification should be reconsidered. Moreover, the highly character-
istic formation pattern of the mixed left ventral cirral row and other morphological features shared by Strongylidium, 
Pseudouroleptus and Hemiamphisiella Foissner, 1988, together with their 18S rRNA gene sequences, suggest that 
the three genera form a group closely related to Dorsomarginalia Berger, 2006. The family Strongylidiidae Fauré-
Fremiet, 1961 is reactivated for these three genera.

ADDITIONAL KEYWORDS:  Hemiamphisiella – Pseudouroleptus – Spirofilidae – Strongylidiidae – 
Strongylidium guangdongense sp. nov. – Strongylidium wuhanense sp. nov.

INTRODUCTION

The family Spirofilidae Gelei, 1929 is a group of 
hypotrichid ciliates with distinctly spiralled or 
obliquely curved cirral rows but unclear phylogen-
etic relationships, members of which occur in marine, 
brackish, limnetic and terrestrial habitats (Kahl, 1932; 

Paiva & Silva-Neto, 2007; Chen et al., 2013a, b, 2015; 
Bourland, 2015). Lynn (2008) assigned 12 genera and 
one genus incertae sedis, Kahliella Tucolesco, 1962, to 
Spirofilidae. Recent studies have questioned the mono-
phyly of Spirofilidae, and further investigation of the 
group’s systematics and phylogeny is needed (Chen 
et al., 2013a, b; Bourland, 2015).

Strongylidium Sterki, 1878, a genus assigned to 
the family Spirofilidae by Lynn (2008), has a long and 
complicated taxonomic history. Kahl (1932) defined 
Strongylidium as a genus with two spiralled marginal 
and two spiralled ventral cirral rows, a short tail-like 
or acute posterior body end, and no transverse cirri. 
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He compiled ten species of the genus, seven of which 
were previously unknown. After the monographic work 
by Kahl (1932), more species were added to the genus, 
making Strongylidium a heterogeneous group (Wang & 
Nie, 1932, 1935; Tucolesco, 1962; Foissner, 1982, 1987; 
Dragesco & Dragesco-Kernéis, 1986; Alekperov, 2005). 
Historically, Strongylidium has been classified within 
the families Oxytrichidae Ehrenberg, 1838 (Kahl, 1932; 
Corliss, 1961) and Strongylidiidae Fauré-Fremiet, 1961 
(Stiller, 1975; Corliss, 1977, 1979; Jankowski, 1979). In 
the most recent major revisions, however, Strongylidium 
was placed within Spirofilidae, and Strongylidiidae was 
treated as a junior synonym of Spirofilidae (Tuffrau & 
Fleury, 1994; Shi, 1999; Lynn & Small, 2002; Jankowski, 
2007; Lynn, 2008). Recently, Paiva & Silva-Neto (2007) 
redefined the genus and divided the species into five 
basic, informal groups, providing a clear and useful 
revision for further study of the genus Strongylidium 
as follows: 14 species possessing two marginal and two 
long ventral cirral rows, including the type species, were 
included in group I; and the other eight species were 
separated into groups II–V. However, few Strongylidium 
species have been investigated with modern techniques, 
and knowledge of the ciliature is still lacking for most 
species (Paiva & Silva-Neto, 2007; Chen et al., 2013b). 

Additionally, data on divisional morphogenesis and 
molecular characterization are available for only two 
species of Strongylidium (Paiva & Silva-Neto, 2007; 
Chen et al., 2013b). Therefore, in order to increase 
our understanding of the systematics and phylogeny 
of Strongylidium, morphological, morphogenetic and 
molecular studies from a wider range of isolates are 
needed. In the present study, we report details of the 
morphology, morphogenesis and phylogeny of two new 
species, namely Strongylidium guangdongense sp. nov. 
and Strongylidium wuhanense sp. nov., both from China.

MATERIAL AND METHODS

Collection, cultures and identification

Strongylidium guangdongense sp. nov. was isolated 
from samples collected from the Mangrove National 
Nature Reserve Park, Shenzhen (22°31 ′53 ′ ′N, 
114°00′34′′E), Guangdong Province, southern China 
on 1 December 2015, from the sediment of a puddle 
containing a mixture of organic debris (Fig. 1A). The 
water temperature was 22 °C, and salinity was 7 prac-
tical salinity units. The raw cultures (ciliates are cul-
tured with site water, excluding metazoans) from fresh 

Figure 1.  Photographs of the sample sites. A, a puddle in Shenzhen Mangrove National Nature Reserve (22°31′53′′N, 
114°00′34′′E); B, a freshwater pond in Wuhan Botanical Garden, Chinese Academy of Science (30°32′57′′N, 114°25′51′′E).
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samples were maintained in the laboratory for a week, 
during which time the cells were packed with ingested 
diatoms. All diatoms were digested ~10 h after isola-
tion in filtered (0.22 μm) site water. Cells survived for 
only a short time (about a day) in filtered site water 
with rice for stimulation of bacterial growth, which 
indicates that the species is likely to live on diatoms.

Strongylidium wuhanense sp. nov. was isolated 
from samples collected on 8 April 2016 from a fresh-
water pond in Wuhan Botanical Garden, Chinese 
Academy of Science (30°32′57′′N, 114°25′51′′E), Hubei 
Province, China (Fig. 1B). The water temperature was 
21 °C. Strongylidium wuhanense sp. nov. was collected 
using glass slides and sponges as artificial substrates 
submerged at a depth of 1 m to allow for coloniza-
tion by ciliates. After 10 days, the artificial substrates 
were retrieved. The slides were transferred into Petri 
dishes containing unfiltered site water. Water from 
the sponges was squeezed gently into sample bottles. 
The raw cultures from the slides and sponge water 
were maintained in Petri dishes at 20 °C for 3 days. 
Subcultures that were kept in filtered (0.22 μm) site 
water or Eau de Volvic mineral water with rice to 
stimulate growth of bacteria for food failed.

Locomotion, contractility and cell shape were observed 
in the undisturbed live cells in Petri dishes. Live cells 
were isolated from raw cultures using micropipettes 
and observed with bright-field and differential inter-
ference contrast microscopy. The protargol staining fol-
lowed the protocol of Wilbert (1975), and the protargol 
was made according to Pan, Bourland & Song (2013). In 
protargol preparations, the stained specimens swelled 
and the tail contracted. The cells used for protargol 
staining were isolated from the raw cultures or starved 
in filtered site water for ~10 h. In vivo measurements 
were taken at ×100 to ×1000 magnification. Counts 
and measurements of the stained specimens were con-
ducted at ×1000 magnification. The stained specimens 
were drawn at a magnification of ×1250, with the help 
of a drawing attachment and photomicrographs. In 
drawings of the morphogenetic stages, parental cirri are 
shown as outlines and newly formed ones are filled in. 
Terminology is according to Paiva & Silva-Neto (2007).

DNA extraction, gene sequencing and 
phylogenetic analyses

DNA extraction was performed with the DNeasy Blood 
& Tissue Kit (Qiagen, Valencia, CA, USA). PCR ampli-
fication and sequencing of the 18S rRNA gene were 
performed according to Zhao et al. (2015). The Euk 
A and Euk B primers were used for 18S rRNA gene 
amplification (Medlin et al., 1988). The PCR products 
were sequenced at the Tsingke sequencing centre 
(Qingdao, China) using primers Euk A and Euk B and 
three internal primers (Wang et al., 2016).

All additional sequences for constructing the 
phylogenetic trees were downloaded from the 
National Center for Biotechnology Information 
(NCBI) Database. All sequences were aligned 
in GUIDANCE  2. Ambiguous columns (confi-
dence score of < 0.358) were removed using the 
GUIDANCE 2 Web server (Sela et al., 2015). The 
final alignment included 1794 sites and 80 taxa. 
Four oligotrichous ciliates, Novistrombidium orien-
tale, Parastrombidinopsis minima, Strombidinopsis 
acuminata and Strombidium apolatum, were selected 
as outgroup taxa. Maximum likelihood (ML) analysis, 
with 1000 bootstrap replicates, was carried out using 
RAxML-HPC2 on XSEDE v. 8.2.9 (Stamatakis, 2014) 
on the CIPRES Science Gateway V. 3.3 (URL: http://
www.phylo.org; Miller, Pfeiffer & Schwartz, 2010). 
The DNA partition was analysed using the general 
time reversible + gamma model (Gao et al., 2016). 
Bayesian inference analysis was performed with 
MrBayes on XSEDE 3.2.6 (Ronquist et al., 2012) on 
the CIPRES Science Gateway V. 3.3 (URL: http://
www.phylo.org) using the general time reversible 
+ invariable sites + gamma model selected by the 
program MrModeltest v.3.4 according to the Akaike 
information criterion (Nylander, 2004). Parameters of 
Bayesian analysis included two runs with four chains 
and 10 000 000 generations sampled every 100 gen-
erations, with the initial 25 000 trees discarded as 
burn-in. The remaining trees were used to calculate 
the posterior probabilities with a majority-rule con-
sensus. The tree topologies were visualized using 
MEGA 6.0 (Tamura et al., 2013). The systematic clas-
sification follows Paiva & Silva-Neto (2007), Lynn 
(2008) and Adl et al. (2012).

RESULTS

Subclass hypotrichia Stein, 1859

Family Strongylidiidae Fauré-Fremiet, 1961

Genus Strongylidium Sterki, 1878

Strongylidium guangdongense sp. nov.
(Figs 2–4; Table 1)

urn:lsid:zoobank.org:act:157A624A-F01B-4D29-9823-
D0D4F30D8329

Diagnosis:  Body ~100–150 μm × 40–50 μm in vivo; 
cell outline more or less fusiform, with rounded 
anterior end and inconspicuous tail; cortical granules 
colourless, spherical, ~1–1.5 μm across; ~30 adoral 
membranelles; three frontal, one buccal, one postoral 
ventral, usually one frontoventral cirrus; two long 
ventral cirral rows, averaging 34 and 32 in left and 
right rows, respectively; 29 left and 35 right marginal 
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cirri; three dorsal kineties; three caudal cirri; about 
eight macronuclear nodules; brackish water habitat.

Type locality and ecology:  Mangrove National Nature 
Reserve Park, Shenzhen (22°31′53′′N, 114°00′34′′E), 
China.

Type specimens:  A  protargol slide containing the 
holotype specimen (see Figs 2B, C, 3A, B; registration no. 
LXT2015120101/1) and five paratype slides (registration 

no. LXT2015120101/2–6) were deposited in the 
Laboratory of Protozoology, Ocean University of China.

Etymology:  The species-group name guangdongense 
refers to the area (Guangdong) from which the species 
was collected.

Morphology:  Body 100–150 μm × 40–50 μm in vivo, 
somewhat fusiform in shape, with rounded anterior 
end and tapered posterior end, with inconspicuous tail, 

Figure 2.  Strongylidium guangdongense sp. nov. live (A, D–J) and after protargol staining (B, C). A, ventral view of a 
representative specimen. B, C, ventral (B) and dorsal (C) views of holotype, showing infraciliature and nuclear apparatus. 
Arrowheads mark caudal cirri; arrow indicates micronucleus. D, ventral view, showing the slightly oblique sigmoid ventral 
cirral rows and cortical granules distributed along cirral rows. E, cortical granules (arrows) and algae in food vacuoles 
(arrowheads). F, ventral view, showing the distribution of cortical granules. G–I, ventral views of representative individuals, 
showing body shape and contractile vacuole (arrowhead). J, various kinds of algae (arrowheads). AZM, adoral zone of mem-
branelles; BC, buccal cirrus; EM, endoral membrane; FC, frontal cirri; FVC, frontoventral cirrus; LMR, left marginal cirral 
row; LVR, left ventral cirral row; Ma, macronuclear nodules; PM, paroral membrane; PVC, postoral ventral cirrus; RMR, 
right marginal cirral row; RVR, right ventral cirral row; 1–3, dorsal kineties. Scale bars: 50 μm.
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flexible, only slightly contractile (Fig. 2A, G–I). Ratio of 
length to width ~5:2–3:1, dorsoventrally flattened ~3:2. 
Macronucleus left of cell median, composed of four to 

12, averaging eight, globular to ellipsoidal nodules. 
One to seven globular micronuclei near, or adjacent to, 
macronuclear nodules, ~2–8 μm across, usually one or 

Figure 3.  Strongylidium guangdongense sp. nov. after protargol staining. A, B, ventral (B) and dorsal (C) views of 
holotype, showing infraciliature and nuclear apparatus. Arrowheads mark several anterior-most right marginal cirri on 
dorsal surface. C–E, specimens with one (C), zero (D) and two (E) frontoventral cirri (arrowheads). Arrow marks the pos-
toral ventral cirrus; double arrowhead indicates the micronucleus. F, G, specimens with cirri in left ventral cirral row not 
arranged in a typical row. Ovals indicate the anterior segment; rectangles mark the median segment; and arrowhead marks 
the large-sized micronucleus. H–K, various sizes and numbers of micronuclei (arrowheads); raw cultured specimens with 
smaller and more micronuclei (H–J), and starved specimens with larger and fewer micronuclei (K). L, M, cortical granules 
arranged along cirral rows and dorsal kineties on ventral (L) and dorsal (M) sides. Arrowheads show hair-like extruded 
cortical granules. N, ventral view of an early divider, showing the dedifferentiated buccal cirrus (arrowhead) and the newly 
formed adoral membranelles (arrow). O, ventral view of an early-middle divider. Arrows indicate frontal-ventral-transverse 
cirral anlagen V of both dividers, and arrowhead shows frontal-ventral-transverse cirral anlage VI of proter. P, dorsal view 
of a middle divider, showing dorsal kineties anlagen (arrowheads) and the completely fused macronuclear mass (arrow). Q, 
ventral view of a late divider. FC, frontal cirri. Scale bars: 50 μm.
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two larger-sized (3–8 μm, on average 4 μm) micronuclei 
in starved cells, four to seven smaller-sized (2–3 μm) 
micronuclei in raw cultured cells after protargol staining 
(Figs 2C, 3C, H–K). One contractile vacuole ~12 μm 

in diameter in diastole, about at level of cytostome 
near left margin of body (Fig. 2A, I). Cortical granules 
colourless, spherical, ~1–1.5 μm across, arranged 
in longitudinal rows along cirral rows and dorsal 

Figure 4.  Morphogenesis of Strongylidium guangdongense sp. nov. after protargol staining. A, ventral view of a very 
early divider, showing oral primordium of the opisthe. Arrowheads mark micronuclei. B, C, ventral (B) and dorsal (C) views 
of an early divider. Arrow indicates the dedifferentiated buccal cirrus, and arrowheads show the newly formed dorsal kine-
ties anlagen. D, ventral view of an early-middle divider, showing all the frontal-ventral-transverse cirral anlagen (FVTA) 
and the right marginal anlagen. Arrowheads mark micronuclei. E, F, ventral (E) and dorsal (F) views of a middle divider. 
Arrowheads mark the newly formed left frontal cirri, and arrows indicate dorsal kineties anlagen. G, H, ventral (G) and 
dorsal (H) views of a late divider, showing the migration of the newly formed cirri. Arrowheads in (G) indicate buccal cirri; 
arrows in (G) mark postoral ventral cirri; dashed circles and squares in (G) indicate the anterior and the median segment 
of the left ventral cirral row, respectively; arrowheads in (H) indicate micronuclei; and arrows in (H) show caudal cirri. 
DK1–DK3, new dorsal kineties; EM, new endoral membrane; LMA, left marginal cirral anlage; Ma, macronuclear nodules; 
Mi, micronuclei; OP, oral primordium of the opisthe; PM, new paroral membrane; RMA, right marginal cirral anlage; I–VI, 
frontal-ventral-transverse cirral anlagen; 1–3, parental dorsal kineties. Scale bars: 50 μm.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article-abstract/184/2/237/4962413 by guest on 05 O

ctober 2018



© 2018 The Linnean Society of London, Zoological Journal of the Linnean Society, 2018, 184, 237–254

REACTIVATION OF STRONGYLIDIIDAE  243

Table 1.  Morphometric characterization of Strongylidium guangdongense sp. nov. (upper line) and Strongylidium 
wuhanense sp. nov. (lower line) based on protargol-stained specimens (measurements in micrometres)

Character Minimum Maximum Mean Median SD CV N

Body, length 107 188 157.1 159.0 21.9 13.9 23
134 185 160.5 161.0 13.7 8.6 15

Body, width 44 75 59.3 61.0 7.4 12.5 23
47 78 61.9 63.0 9.9 16.0 15

Body width-to-length ratio 32 46 38.0 37.7 3.6 9.4 23
31 46 38.5 38.9 4.7 12.3 15

Adoral zone, length 32 49 41.5 42.0 3.7 8.9 23
32 46 40.2 41.0 4.5 11.3 15

Adoral zone-to-body length ratio 24 30 26.6 26.6 2.1 7.8 23
18 29 25.1 25.4 3.0 11.8 15

Adoral membranelles, number* 25 34 30.8 31.0 2.4 7.8 23
AZM1, number† 5 9 7.3 8.0 1.4 19.8 15
AZM2, number† 15 23 20.9 22.0 2.4 11.6 15
Frontal cirri, number 3 4 3.1 3.0 0.3 11.0 23

2 3 2.9 3.0 0.4 12.3 15
Buccal cirrus, number 1 1 1.0 1.0 0 0 23

1 1 1.0 1.0 0 0 15
Frontoventral cirri, number 0 2 1.1 1.0 0.4 38.4 23

0 1 0.9 1.0 0.3 28.8 14
Postoral ventral cirrus, number 1 1 1.0 1.0 0 0 14

1 1 1.0 1.0 0 0 13
Left ventral cirri, number 29 39 34.1 34.5 3.5 10.2 18

30 49 39.6 40.0 5.1 12.8 14
Right ventral cirri, number 24 38 31.9 30.0 4.0 12.4 22

34 48 37.9 35.5 5.2 13.6 14
Left marginal cirri, number 21 36 29.3 29.0 3.9 13.2 16

31 48 38.9 40.0 5.1 13.1 14
Right marginal cirri, number 25 48 35.0 35.0 5.8 16.5 21

34 45 40.7 43.0 3.6 8.9 15
Caudal cirri, number 3 3 3.0 3.0 0 0 23

3 3 3.0 3.0 0 0 15
Dorsal kineties, number 3 3 3.0 3.0 0 0 23

3 3 3.0 3.0 0 0 15
Bristles of dorsal kinety 1, number 16 27 19.4 18.5 3.3 17.0 8

30 38 32.9 33.0 2.6 7.8 12
Bristles of dorsal kinety 2, number 12 26 18.6 18.5 3.9 20.7 8

27 37 30.6 29.0 3.2 10.4 9
Bristles of dorsal kinety 3, number 12 25 18.8 18.5 3.7 19.7 8

26 36 30.8 30.5 3.6 11.7 10
Macronuclear nodules, number 4 12 7.5 8.0 1.7 23.0 29

15 19 16.1 16.0 1.1 6.6 15
Length of macronuclear nodule‡ 9 32 17.6 17.0 5.7 32.6 29

7 14 9.1 9.0 2.2 23.8 15
Width of macronuclear nodule‡ 6 19 11.9 12.0 2.9 24.5 29

5 10 6.6 6.0 1.6 24.8 15
Length of macronuclear nodule§ 6 15 10.7 11.0 2.3 21.1 29

5 10 5.7 5.0 1.3 23.7 15
Width of macronuclear nodule§ 6 12 9.1 9.0 1.7 18.9 29

3 9 5.0 5.0 1.4 27.3 15
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kineties, irregularly distributed between cirral rows 
and dorsal kineties, easily stained with protargol, and 
some granules extruded, forming hair-like structures 
on the cell surface in protargol-stained specimens 
(Figs 2D–F, 3L, M). Cytoplasm colourless, packed with 
food vacuoles containing numerous diatoms, usually 
present in middle region of cell, rendering cells slightly 
brownish in appearance at low magnification (Fig. 2E, 
G–J). Cells crawl slowly on substrate and among debris 
in the bottom of Petri dishes.

Usually three, rarely four moderately enlarged fron-
tal cirri (Fig. 3C–G), rightmost just behind distal end 
of adoral zone, with cilia ~12–15 μm long in vivo. All 
other cirri ~8–10 μm long, except for the caudal cirri 
(10–12 μm; Fig. 2A, D). Invariably one buccal, one pos-
toral ventral cirrus and usually one, sometimes two 
frontoventral cirri, rarely absent (three out of 23 speci-
mens analysed having two frontoventral cirri, only one 
cell with no frontoventral cirri; Figs 2B, 3C–E). Two 
long, slightly oblique, sigmoid ventral cirral rows. Left 
ventral cirral row commences approximately near 
rightmost frontal cirrus, comprising 29–39 cirri, ter-
minated at ~80% of cell length. Anterior, middle and 
posterior parts of left ventral cirral row generated 
from anterior segments of frontal-ventral-transverse 
cirral anlage (FTVA) VI and IV and whole of V, with 
cirri of the three parts usually arranged in a typical 
row (Fig. 3A, C–E); occasionally, cirri from anlage VI 
located slightly left of the row (Fig. 3F, G). Right ven-
tral cirral row starts near level of posterior third of 
buccal cavity, ends slightly subterminally, comprising 
24–38 cirri. Left and right marginal cirral rows both 
reach posterior end of cell, composed of 21–36 and 
25–48 cirri, respectively; several anteriormost right 
marginal cirri reach dorsal surface (Figs 2B, C, 3A, 
B). Three dorsal kineties extend almost entire length 
of cell, one caudal cirrus at end of each dorsal kinety 
(Figs 2A–C, 3B), dorsal bristles ~3 μm long in vivo.

The adoral zone occupied ~27% of body length after 
protargol staining. Adoral zone is composed of 25–34 
membranelles, with cilia ~15–18 μm long in vivo. 
Bases of membranelles are unequal in length, those in 

distal part comprising three short, equal-length rows 
of kinetosomes, those in proximal part with four rows, 
one short and three long (Figs 2B, 3C). Buccal cavity 
narrow, with right margin of cavity in midline (Fig. 2A, 
D). Paroral and endoral membranes more or less in 
Oxytricha pattern, almost equal in length, slightly 
curved, optically intersect near anterior end of the lat-
ter (Figs 2B, 3A, C–G). Endoral membrane comprising 
single row of kinetosomes, starting at level of buccal 
cirrus. Paroral with multiple rows of kinetosomes, 
begins slightly anterior to endoral (Figs 2B, 3A, C–G).

Morphogenesis:  Stomatogenesis commences with the 
formation of the oral primordium of the opisthe, a 
longitudinal field of closely spaced basal bodies behind 
the parental adoral zone of the membranelles, between 
the left ventral cirral row and the left marginal cirral 
row (Fig. 4A). Parental cirri do not contribute to 
formation of the oral primordium.

In an early divider (Figs 3N, 4B), basal bodies for 
the oral primordium proliferate and differentiate into 
new membranelles, beginning at the anterior portion 
and progressing posteriorly. At the same time, in the 
opisthe, the undulating membrane anlage appears to 
the right of the oral primordium. The parental pos-
toral ventral cirrus disappears and may contribute 
to the formation of the FVTA but may also simply be 
resorbed. Another FTVA (probably FVTA V) originates 
from the left ventral cirral row. Simultaneously, in the 
proter, the parental buccal cirrus (II/1) begins to dedif-
ferentiate into FVTA II.

In an early middle divider (Figs 3O, 4D), all the 
FVTA have formed. In the proter, the undulating mem-
brane anlage is formed from the old undulating mem-
branes, and the FVTA III originates from the parental 
frontoventral cirrus. For both the proter and opisthe, 
the left and right ventral cirral rows dedifferentiate 
and intrakinetally form FTVA V and VI, respectively. 
However, some key stages were not observed, so the 
origins of the other FVTA are not clear.

In the middle stage (Fig. 4E), the undulating membrane 
anlagen splits longitudinally into paroral and endoral 

Character Minimum Maximum Mean Median SD CV N

Micronuclei, number 1 7 2.5 2.0 1.9 73.9 19
2 2 2.0 2.0 0 0 14

Length of micronuclei 2 8 4.3 4.0 1.5 34.6 19
4 6 4.8 5.0 0.6 12.1 14

Abbreviations: AZM1, distal part of adoral zone of membranelles; AZM2, proximal part of adoral zone of membranelles; CV, coefficient of variation 
expressed as a percentage; mean, arithmetic mean; N, number of specimens examined.
*Data for Strongylidium guangdongense sp. nov.
†Data for Strongylidium wuhanense sp. nov.
‡Data for the largest macronuclear nodule.
§Data for the smallest macronuclear nodule.

Table 1.  Continued
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membranes, which give rise to the leftmost frontal cirrus 
in both proter and opisthe. All FVTA lengthen to long 
streaks and begin to differentiate into new cirri.

In the late stage (Figs 3Q, 4G), the FVTA differenti-
ate into new cirri, which migrate to their final position 
in both the proter and the opisthe: FVTA II gives rise 

Figure 5.  Strongylidium wuhanense sp. nov. live (A, E–G, J–N) and after protargol staining (B–D, H, I). A, ventral view 
of a representative specimen. B–D, ventral (B, D) and dorsal (C) views of holotype, showing infraciliature and nuclear appa-
ratus. Arrowhead in (B) indicates buccal cirrus; arrowheads in (C) mark caudal cirri; arrowhead in (D) marks the postoral 
ventral cirrus; double arrowhead shows the gap between two parts of adoral zone of membranelles; and arrows mark micro-
nuclei. E, ventral view, showing the shining granules (arrowheads). F, dorsal side, showing dorsal bristles (arrowheads) and 
cortical granules (arrows). G, ventral view, showing macronuclear nodules (arrowheads), two large micronuclei (arrows), 
and contractile vacuole (double arrowhead). H, I, ventral (H) and dorsal (I) views of anterior part. Double arrowheads 
indicate the gap between two parts of adoral zone of membranelles; arrowhead marks the postoral ventral cirrus; arrow 
in (H) marks the large micronucleus; and arrow in (I) shows the diatom. J, dorsal view, showing the distribution of cortical 
granules. K–M, ventral views of representative individuals, showing body shape and contractile vacuole (arrowhead). N, a 
heavily squeezed cell, showing the diatoms (arrow). AZM1, distal part of adoral zone of membranelles; AZM2, proximal part 
of adoral zone of membranelles; EM, endoral membrane; FC, frontal cirri; FVC, frontoventral cirrus; LMR, left marginal cir-
ral row; LVR, left ventral cirral row; Ma, macronuclear nodules; PM, paroral membrane; PVC, postoral ventral cirrus; RMR, 
right marginal cirral row; RVR, right ventral cirral row; 1–3, dorsal kineties. Scale bars: 50 μm.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article-abstract/184/2/237/4962413 by guest on 05 O

ctober 2018



246  X. LUO ET AL.

© 2018 The Linnean Society of London, Zoological Journal of the Linnean Society, 2018, 184, 237–254

to the middle frontal cirrus and the buccal cirrus; FVTA 
III contributes to the rightmost frontal and usually one 
frontoventral cirrus; FVTA IV differentiates into one pos-
toral ventral cirrus and probably two cirri of the middle 
part of the left ventral cirral row; cirri originating from 
FVTA V form the posterior part of the left ventral cirral 
row; and FVTA VI contributes to the whole right ventral 
cirral row and the anterior part of left ventral cirral row.

The marginal cirral row anlagen develop intrakinetally 
through dedifferentiation of the parental cirri (Fig. 4D, 
E). Then, all anlagen lengthen towards both ends of 
the dividing cell while the parental cirri are resorbed 
(Fig. 4G). Dorsal kinety anlagen (DKA) originate de novo 
(Figs 3P, 4C, F). In the late stage, one caudal cirrus is 
formed at the posterior end of each DKA (Fig. 4H).

All macronuclear nodules fuse into a single mass 
and then divide (Fig. 4A, C, D, F, H).

Strongylidium wuhanense sp. nov.
(Fig. 5; Table 1)

urn:lsid:zoobank.org:act:6A330535-8F81-4766-9F0C-
C3B4C1CE8E13

Diagnosis:  Freshwater Strongylidium; 135–200 μm 
× 40–60 μm in vivo; cell with a conspicuous tail; 
cortical granules colourless, spherical, ~1–1.5 μm 
across, irregularly distributed; adoral zone more or 
less bipartite, with approximately seven distal and 
21 proximal membranelles; three frontal, one buccal, 
one postoral ventral, usually one frontoventral cirrus; 
two long ventral cirral rows, average of 40 and 38 cirri 
on left and right row, respectively; 39 left and 41 right 
marginal cirri; three dorsal kineties; three caudal cirri; 
~16 macronuclear nodules, invariably two micronuclei.

Type locality and ecology:  Wuhan Botanical Garden, 
Wuhan (30°32′57′′N, 114°25′51′′E), China. Water 
temperature 21 °C.

Type specimens:  A protargol slide containing the 
holotype specimen (see Fig.  5B–D; registration 
no. LXT2016040803/1) and three paratype slides 
(registration no. LXT2016040803/2–4) were deposited 
in the Laboratory of Protozoology, Ocean University of 
China.

Etymology:  The species-group name wuhanense 
refers to the location (Wuhan) where the species was 
discovered.

Morphology:  Body 135–200 μm × 40–60 μm in vivo, 
more or less fusiform in shape, with anterior end 
rounded. Tail conspicuous, highly contractile, about 

one-fifth to one-quarter of body length when fully 
extended in Petri dishes (Fig. 5K), indistinct when 
contracted (Fig. 5L, M). Ratio of length to width 
~3–4:1, dorsoventrally flattened ~3:2 (Fig. 5A, K–M). 
Macronucleus slightly left of cell median, composed of 
15–19, averaging 16, small-sized (the biggest 7 μm × 
9 μm on average; the smallest 5 μm × 6 μm on average) 
globular to ellipsoidal nodules. Invariably two 
globular to ellipsoidal micronuclei, near macronuclear 
nodules, ~4–6  μm across, only slightly smaller 
than macronuclear nodules (Fig. 5C, D, G, H). One 
contractile vacuole ~12 μm across in diastole, near left 
margin of body about at level of cytostome (Fig. 5A, 
G, L). Cortex flexible. Cortical granules, colourless, 
spherical, ~ 1–1.5 μm across, irregularly distributed 
throughout the cortex dorsally (Fig. 5F, J). Cytoplasm 
colourless, middle region of cell usually packed with 
numerous shining granules (~1–3 μm diameter) and 
food vacuoles containing various algae (Fig. 5E, I, N), 
rendering cells opaque and with a dark appearance at 
low magnification (Fig. 5K–M). Cells crawl slowly on 
substrate and among debris.

Cilia of cirri ~8–10 μm long in vivo, except for 
three moderately enlarged frontal cirri, ~12–15 μm in 
length. Invariably one buccal and one postoral ventral 
cirrus. Usually one frontoventral cirrus (one out of 14 
specimens analysed having no frontoventral cirrus). 
Two long, slightly obliquely arranged ventral cirral 
rows, both extending subterminally. Left ventral cir-
ral row beginning about at level of rightmost frontal 
cirrus, comprising 30–49 cirri; right ventral cirral row 
with 34–48 cirri, starting near level of posterior third 
of buccal cavity. Left and right marginal cirral rows 
both reaching to posterior end of cell, composed of 
31–48 and 34–45 cirri, respectively (Fig. 5B, D). Three 
bipolar dorsal kineties with dorsal bristles ~3 μm long 
in vivo and closely spaced (Fig. 5C, F, I). Three caudal 
cirri (10–12 μm long in vivo) positioned at the tip of 
tail, inconspicuous and not distinguishable from mar-
ginal cirri (Fig. 5A, C).

Adoral zone occupied ~25% of body length in pro-
targol-stained specimens. Buccal cavity narrow, with 
right margin of cavity near cell midline. Adoral zone 
slightly bipartite, with inconspicuous gap between 
distal and proximal parts comprising five to nine 
and 15–23 membranelles, respectively (Fig. 5D, H, 
I). Bases of membranelles in distal part compris-
ing three short, equal-length rows of kinetosomes, 
and those in proximal part containing four rows, 
one short and three long (Fig. 5B, D). Undulating 
membranes more or less in Oxytricha pattern, 
almost equal in length, slightly curved and optically 
intersecting in middle part; paroral multiple rowed, 
commences slightly ahead of single-rowed endoral 
(Fig. 5B, D, H).
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18S rRNA gene sequence and phylogenetic 
analyses

(Fig. 6)

The partial sequence of the 18S rRNA gene of 
Strongylidium guangdongense sp. nov. (GenBank acces-
sion number: MF113406) is 1670 bp long and has a 
G + C content of 45.15%. In Strongylidium wuhanense 
sp. nov. (GenBank accession number: MF113407) the 
gene is 1696 bp long and has a G + C content of 45.11%.

The nodes from the topologies generated with ML and 
BI were generally concordant (Fig. 6). As described in 
previous studies (Chen et al., 2016, 2017; Dong et al., 
2016; Huang et al., 2016; Kumar et al., 2016; Li et al., 
2016, 2017; Luo et al., 2016, 2017; Park et al., 2017), 
18S rRNA gene sequences from Stichotrichida and 
Sporadotrichida intermingle, and neither order is mono-
phyletic. The family Spirofilidae sensu Lynn (2008) is not 

monophyletic, as the type genus Hypotrichidium nests 
in the large group of oxytrichids. Stichotricha aculeata 
branched as sister to ‘core urostylids’, and Strongylidium 
species fell within the Strongylidium–Hemiamphisiella–
Pseudouroleptus group, which is fully supported (ML/BI, 
100/1.00). The genus Strongylidium formed a fully sup-
ported monophyletic group (ML/BI, 100/1.00) with the 
new species, Strongylidium guangdongense sp. nov. and 
S. wuhanense sp. nov., nested inside.

DISCUSSION

Establishment of two new species

In the comprehensive revision of Strongylidium by 
Paiva & Silva-Neto (2007), the 22 morphological spe-
cies originally assigned to the genus were divided 
into five groups. Together with the type species 

Figure 6.  The maximum likelihood (ML) tree inferred from 18S rRNA gene sequences, showing the position of the new 
species Strongylidium guangdongense sp. nov. and Strongylidium wuhanense sp. nov. (in bold). Numbers at nodes 
represent the bootstrap values of maximum likelihood analysis and the posterior probability of Bayesian analysis. Fully 
supported (1.00/100) branches are marked with filledd circles. Asterisk indicates the disagreement between Bayesian infer-
ence tree and the reference ML tree. All branches are drawn to scale. Scale bar corresponds to two substitutions per 100 
nucleotide positions.
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Strongylidium crassum Sterki, 1878, 14 congeners 
were assigned to group I, characterized by the posses-
sion of two long ventral and two marginal cirral rows. 
Owing to their infraciliature, S. guangdongense sp. nov. 
and S. wuhanense sp. nov. should be included in this 
group. After redefinition of Strongylidium by Paiva 
& Silva-Neto (2007), another species, Strongylidium 
orientale Chen et al., 2013, was added to the genus. 
Among the 15 species of the genus Strongylidium in 
group I, only Strongylidium muscorum Kahl, 1932, 
Strongylidium californicum Kahl, 1932, the marine 
form Strongylidium sp. (Kahl, 1932), and probably 
Strongylidium lentum (Biernacka, 1963) Paiva & 
Silva-Neto, 2007 have multiple macronuclear nod-
ules like S. guangdongense sp. nov. and S. wuhanense 
sp. nov. Therefore, the species we have described dif-
fer from others with only two macronuclear nodules. 
When compared with all the species having multiple 
macronuclear nodules, S. guangdongense sp. nov. and 
S. wuhanense sp. nov. are two new distinctive mem-
bers of the genus Strongylidium (Table 2).

Morphogenetic comparison with congeners

Morphogenetic characters have never been documented 
in the type species of Strongylidium, S. crassum, a  
little known and only briefly characterized taxon. We 

were unable to detail morphogenesis in S. wuhanense 
sp. nov. owing to insufficient material.

Paiva & Silva-Neto (2007) described the mor-
phogenetic process for the first time in a congener, 
Strongylidium pseudocrassum, and Chen et al. (2013b) 
detailed the ontogenetic process of a new species, S. 
orientale. During cell division, there are some minor 
differences between them, as follows: (1) during div-
ision, the parental adoral zone remained complete in 
S. guangdongense sp. nov. and S. pseudocrassum, but 
the posterior part of the adoral zone was renewed by 
dedifferentiation in S. orientale; (2) the undulating 
membrane anlage for the proter came from the old 
undulating membranes in S. guangdongense sp. nov. 
and S. orientale, but developed from a long streak of 
basal bodies originating from the distal end of the 
undulating membrane primordium of the opisthe in S. 
pseudocrassum; and (3) the FVTA V arose independ-
ently in each divider in S. guangdongense sp. nov. and 
S. orientale, whereas the FVTA V originated as a long 
primary streak in S. pseudocrassum, extending paral-
lel to the right side of the parental left ventral cirral 
row and then fragmenting in two secondary primordia. 
However, S. guangdongense sp. nov. still shows high 
similarity to both congeners, as follows: (1) the oral 
primordium in the opisthe occurs de novo at the cell 
surface; (2) the left ventral cirral row is formed from 

Table 2.  Morphometrical and morphological comparison of six Strongylidium species with multiple macronuclear nodules 
(measurements in micrometres)

Character S. guangdong­
ense sp. nov.

S. wuhanense sp. 
nov.

S. muscorum S. 
californicum

S. lentum Strongylidium 
sp.

Size in vivo 100–150 × 40–50 135–200 × 40–60 100–110 250 120–150 × 25 70
General body shape Fusiform, with an 

inconspicuous 
tail

Fusiform, with a 
conspicuous tail

Smoothed 
slightly 
from front 
to rear; 
rear end 
rounded

Very slender 
conical; 
rear end 
rounded

Slender fusi-
form, with 
a distinct 
tail

Slightly 
pointed at 
rear end

Tail Inconspicuous Conspicuous Non-existent Non-existent Conspicuous Non-existent
Gap in AZM Non-existent Existent Non-existent Non-existent Non-existent Existent
Cirral rows Slightly spiralled Slightly spiralled Slightly 

spiralled
Heavily 

spiralled
Heavily 

spiralled
Slightly 

spiralled
Cirri in frontal area, 

number
5 5 4 4–5 5 3

Ma, number 4–12 15–19 Numerous ~30 – 4–5
Mi, number 2 2 – 4 – –
Habitat Brackish Freshwater Freshwater Freshwater Marine/

brackish
Marine

Data source Present work Present work Kahl (1932) Kahl (1932) Kahl (1932);
Biernacka 

(1963)

Kahl (1932)

Abbreviations: AZM, adoral zone of membranelles; Ma, macronuclear nodules; Mi, micronuclei; characters with ‘–’ are not available from the source 
cited.
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three parts, with the anterior, middle and posterior 
part coming from the anterior segments of FVTA VI 
and IV and the whole of FVTA V, respectively; (3) the 
right ventral cirral row dedifferentiates intrakinetally 
into FVTA VI in both dividers; (4) the marginal rows 
develop intrakinetally; (5) the dorsal kineties replicate 
entirely de novo, and there is no dorsal kinety frag-
mentation or dorsomarginal kineties present; and (6) 
one caudal cirrus is formed at the end of each dorsal 
kinety. All features confirm the stability of the mor-
phogenetic process in the genus.

Familial assignment and taxonomic challenges 
of Strongylidium, Hemiamphisiella and 

Pseudouroleptus

The familial assignment of Strongylidium has gone 
through a complicated history since the genus was 
established by Sterki (1878) with S. crassum Sterki, 
1878 as the type species. Gelei (1929) erected the fam-
ily Spirofilidae for hypotrichs with distinctly spiralled 
or obliquely curved cirral rows, with Spirofilum (jun-
ior synonym of Hypotrichidium Ilowaisky, 1921) as 
the type genus. Kahl (1932) included all non-euplotid 
hypotrichs, including Strongylidium, in the fam-
ily Oxytrichidae Ehrenberg, 1838 and suggested 
that Strongylidium was closely related to Uroleptus 
Ehrenberg, 1831. However, the ventral cirral rows in 
Uroleptus are a midventral complex with cirral pairs 
arranged in a zigzag pattern, consistent with urostyl-
ids (Berger, 2006) but different from the unpaired 
arrangement in Strongylidium. Hence, a close rela-
tionship between these two genera is unlikely, a con-
clusion reached by recent phylogenetic analyses (Chen 
et al., 2013b, 2015; present paper). Corliss (1961) also 
classified Strongylidium in Oxytrichidae. In his dis-
cussion of the probable heterogeneity of Oxytrichidae, 
Spirofilidae was cited as a possible valid family name. 
In the same year, Fauré-Fremiet (1961) published a 
brief but important paper, in which he erected two 
new suborders: Stichotrichina and Sporadotrichina 
(order Stichotrichida and Sporadotrichida in the sys-
tem of Lynn, 2008). Fauré-Fremiet (1961) also erected 
a new family, Strongylidae [emended by Tuffrau (1972) 
to Strongylidiidae], in the suborder Stichotrichina, 
with Strongylidium as the type genus. Later, Borror 
(1972) recognized the family Spirofilidae and con-
sidered Strongylidiidae a junior synonym. Lynn & 
Small (2002), Jankowski (2007) and Lynn (2008) 
followed this classification. Stiller (1975) accepted 
only Strongylidiidae. Corliss (1977, 1979), however, 
accepted both Spirofilidae and Strongylidiidae (includ-
ing Strongylidium). Jankowski (1979) suggested new 
names for previously described taxa, elevated genera 
to family rank and proposed superfamilial changes. 

One superfamily was Strongylidioidea, containing 
the Strongylidiidae (with Strongylidium in it), and 
four monotypic families (Atractidae, Hypotrichidiidae, 
Microspirettidae and Spirofilopsidae), which he later 
abandoned (Jankowski, 2007).

Pseudouroleptus  Hemberger, 1985 has been 
assigned to several families since its descrip-
tion. Pseudouroleptus was originally classified in 
Amphisiellidae Jankowski, 1979 by Hemberger (1985), 
which was accepted by Jankowski (2007). Later, 
Pseudouroleptus was transferred to Kahliellidae 
Tuffrau, 1979 by Tuffrau (1987) and treated as incer-
tae sedis in Kahliellidae by Lynn (2008). It is widely 
accepted that kahliellids retain some parental cirral 
rows after division (Berger, 2011). However, this fea-
ture is absent in Pseudouroleptus, and therefore, the 
classification of Pseudouroleptus within Kahliellidae is 
incorrect. In the current phylogenetic analyses (Fig. 6), 
Pseudouroleptus sequences cluster with Strongylidium 
and Hemiamphisiella, rather than with Kahliella, the 
type genus of Kahliellidae, also rejecting the inclu-
sion of Pseudouroleptus in Kahliellidae. Eigner (1997) 
assigned Pseudouroleptus to the sporadotrichid family 
Oxytrichidae, because it shows ‘neokinetal 3’ anlagen 
development: anlagen V and VI of both filial products 
originate from a V-shaped primordium. Berger (1999) 
assigned the type species Pseudouroleptus caudatus 
Hemberger, 1985 to Oxytrichidae, owing to the pres-
ence of dorsal kinety fragmentation, which differs 
significantly from Oxytrichidae sensu Eigner (1997). 
Recently, the other four species, originally assigned 
to Pseudouroleptus but with a different dorsal kinety 
pattern, were moved to the genus Bistichella by Berger 
(2008). Most recently, Pseudouroleptus was transferred 
to Spirofilidae by Chen et al. (2015).

 In the present study, spirofilid taxa were scattered 
throughout the phylogenetic tree: Hypotrichidium 
paraconicum, species of the type genus, clustered 
in the large clade of oxytrichids, and Stichotricha 
aculeata was sister to ‘core urostylids’, while the 
Strongylidium–Hemiamphisiella–Pseudouroleptus 
group was sister to an assemblage of three oxytrichids, 
indicating that Spirofilidae is not monophyletic (Fig. 6). 
Based on the morphological and morphogenetic infor-
mation, species of Hypotrichidium, the type genus of 
Spirofilidae, differs significantly from Strongylidium 
and Pseudouroleptus as follows: (1) body pyriform in 
outline, with the posterior end twisted helically toward 
the left vs. body usually more or less fusiform, with 
slightly spiral ventral rows; (2) buccal cavity deep and 
rather large, extending more than half, usually more 
than two-thirds of body length vs. buccal cavity narrow, 
usually extending less than one-third of body length; 
and (3) cirral pattern and formation mode (no merging 
or fixed cirral rows vs. left ventral cirral row formed 
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from three anlagen; Paiva & Silva-Neto, 2007; Chen 
et al., 2013a, b; 2015). These differences, together with 
the phylogenetic data, argue against the inclusion of 
Strongylidium and Pseudouroleptus in Spirofilidae.

The family-level classification of Hemiamphisiella is 
also problematic. Foissner (1988) erected the genus as 
a member of the family Amphisiellidae. Subsequently, 
it was most often assigned to the amphisiellids (Eigner 
& Foissner, 1994; Petz & Foissner, 1996; Lynn & 
Small, 2002; Berger, 2008; Lynn, 2008). According to 
Eigner (1997, 1999), however, Hemiamphisiella, like 
Pseudouroleptus, belongs to Oxytrichidae because of 
the ‘neokinetal 3’ anlagen formation. Berger (2008) 
was uncertain about the proper systematic position of 
the genus. Hemiamphisiella forms a distinct cirral row 
that is reminiscent of the amphisiellid median cirral 
row. Yet, the type population of Hemiamphisiella ter-
ricola, like P. caudatus, has four dorsal kineties (dor-
sal kinety fragmentation possibly present). Eigner & 
Foissner (1994) studied the cell division of another 
population of H. terricola, which had, however, only 
three dorsal kineties showing no kinety fragmenta-
tion or dorsomarginal row. Given that dorsal kinety 
fragmentation is not confirmed for the type popula-
tion of H. terricola, Berger (2008) tentatively retained 
Hemiamphisiella in amphisiellids.

Although Hemiamphisiella has been assigned to 
the amphisiellids, there are significant differences 
between Amphisiella Gourret & Roeser, 1888 (type 
genus of Amphisiellidae) and Hemiamphisiella, as 
follows: (1) the anterior part of the FVTA IV stays 
at the frontal portion and forms as a short cirral row 
instead of joining the final amphisiellid median cirral 
row vs. the anterior part of the FVTA IV migrates and 
merges into the final left ventral cirral row (a typical 
oxytrichid feature); and (2) no postoral ventral cirrus 
in Amphisiella vs. postoral ventral cirrus present in 
Hemiamphisiella. These differences are also consist-
ent in the phylogenetic analyses; Hemiamphisiella 
was grouped with Strongylidium and Pseudouroleptus, 
far away from Amphisiella in the tree (Fig. 6), indi-
cating that the assignment of Hemiamphisiella to 
Amphisiellidae should be questioned.

Reactivation of the family Strongylidiidae 
Fauré-Fremiet, 1961

Although Strongylidium, Hemiamphisiella and 
Pseudouroleptus have been placed in different fami-
lies and even different orders, they resemble each 
other, as follows: (1) cells narrowed or tailed posteri-
orly and more or less twisted about main body axis; 
(2) three clearly differentiated frontal cirri, one buc-
cal cirrus and one III/2 cirrus; (3) postoral ventral 
cirrus usually present; (4) pretransverse ventral and 

transverse cirri absent; (5) a mixed left ventral cir-
ral row, with the anterior, middle and posterior parts 
of the rows being generated from anterior segments 
of FVTA VI and IV and the whole of FVTA V; (6) a 
short or long right ventral cirral row formed by the 
posterior fragment of FVTA VI; (7) one marginal cir-
ral row on each side; (8) caudal cirri present; and (9) 
dorsomarginal kineties absent (Berger, 1999, 2011; 
Paiva & Silva-Neto, 2007; Chen et al., 2013b, 2015). 
The highly characteristic formation pattern of the 
mixed left ventral cirral row and the many shared 
morphological features are unlikely to be the prod-
uct of convergent evolution. The phylogenetic trees 
show that Strongylidium, Hemiamphisiella and 
Pseudouroleptus group together with full support 
(ML/BI, 100/1.00). Considering the combination of 
shared distinctive morphological and morphogenetic 
features, together with the phylogenetic analyses, we 
propose that these genera share a common ancestor.

In 1961, Fauré-Fremiet erected Strongylidiidae 
and provided a brief definition: body twisted about 
main body axis, two ventral and two marginal cirral 
rows, and transverse cirri absent. In the most recent 
major revisions (Tuffrau & Fleury, 1994; Shi, 1999; 
Lynn & Small, 2002; Jankowski, 2007; Lynn, 2008), 
Strongylidiidae was treated as a junior synonym 
of Spirofilidae. Considering the morphological and 
morphogenetic data, together with the phylogenetic 
analyses, we propose to reactivate Strongylidiidae for 
Hemiamphisiella, Pseudouroleptus and Strongylidium 
and give an improved diagnosis.

Improved diagnosis:  Hypotrichia with elongate body, 
usually distinctly narrowed posteriorly and slightly 
twisted about main body axis. Three enlarged frontal 
cirri; one buccal cirrus; usually one cirrus (= cirrus 
III/2) left of anterior portion of left ventral cirral row; 
postoral ventral cirrus present or lacking, originates 
from FVTA IV; pretransverse ventral and transverse 
cirri absent; a long left ventral cirral row composed 
of an anterior portion formed by the anteriorly 
migrating cirri of FVTA VI, a middle portion formed 
by the anterior-most cirrus/cirri of FVTA IV, and a 
posterior portion formed by FVTA V; a short or long 
right ventral cirral row formed by posterior fragment 
of FVTA VI; one marginal cirral row on each side; 
caudal cirri present; dorsal kinety fragmentation 
present or secondarily lost, and dorsomarginal 
kineties absent.

Type genus:  Strongylidium Sterki, 1878.

Genera included:  Strongylidium Sterki, 1878; 
Hemiamphisiella Foissner, 1988; Pseudouroleptus 
Hemberger, 1985.
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Systematic position of Strongylidiidae

The formation pattern of the mixed left ventral cir-
ral row of the Strongylidiidae is reminiscent of the 
amphisiellid median cirral row in some groups of 
the stichotrichid ciliates (Berger, 2008). Additionally, 
most species of Strongylidium and Hemiamphisiella 
have only three bipolar dorsal kineties (without dor-
sal kinety fragmentation or dorsomarginal kineties), 
like most of the stichotrichids (Berger, 2008, 2011). 
Therefore, there is likely to be a close relationship 
between the Strongylidium–Hemiamphisiella–
Pseudouroleptus  group and stichotrichids. In 
most systems, the three genera were assigned to 
Stichotrichida (Hemberger, 1985; Tuffrau, 1987; Lynn 
& Small, 2002; Jankowski, 2007; Berger, 2008; Lynn, 
2008). However, the dorsal kinety fragmentation pre-
sent in Pseudouroleptus indicates a closer relation-
ship with oxytrichids, as proposed by Berger (1999). 
This relationship is also supported by the molecular 
data (Fig. 6).

Based on our investigation, we believe the highly 
characteristic formation pattern of the mixed left 
ventral cirral row shared by the Strongylidium–
Hemiamphisiella–Pseudouroleptus group is unlikely 
to be the product of convergent evolution. Considering 
the molecular data, the relationship between these 
genera becomes more evident. Hemiamphisiella 
and Strongylidium  probably share a common 
ancestor (dorsal kinety fragmentation present) 
with Pseudouroleptus. The relationship between 
Strongylidium–Hemiamphisiella–Pseudouroleptus 
and stichotrichids should be re-examined, as: (1) 
parts of the frontoventral cirral row were from dif-
ferent anlagen, but in the latter the anterior part of 
the FVTA IV formed as a short cirral row instead of 
joining the amphisiellid median cirral row, whereas it 
merged into the final left ventral cirral row in the for-
mer (typical of oxytrichids); that is, all the mixed cir-
ral rows in stichotrichids originate from two, not three, 
FTVA, as in the Strongylidium–Hemiamphisiella–
Pseudouroleptus group; and (2) there was no pos-
toral ventral cirrus formed in stichotrichids, but it 
was present in Hemiamphisiella, Strongylidium 
and Pseudouroleptus (Berger, 1999, 2008; Paiva & 
Silva-Neto, 2007; Chen et al., 2013b, 2015). We sug-
gest that the mixed cirral row of Strongylidium–
Hemiamphisiella–Pseudouroleptus is a convergent 
evolution with that of some stichotrichids. Although 
there are only three bipolar dorsal kineties in most 
Strongylidium–Hemiamphisiella species and sti-
chotrichids, we deduce that the dorsal kinety frag-
mentation in Hemiamphisiella and Strongylidium 
was a secondary loss instead of a plesiomorphy. 
Pseudouroleptus is possibly an ancestral form of 
Hemiamphisiella and Strongylidium.

Strongylidiidae was placed as a sister branch to the 
assemblage of three dorsomarginalians (Architricha 
indica Gupta et al., 2006, Paraurostyla viridis (Stein, 
1859) Borror, 1972, and Oxytricha granulifera Foissner 
& Adam, 1983) in the phylogenetic tree (Fig. 6).

 Oxytricha granulifera is a typical 18 frontal-ventral-
transverse cirri hypotrich, and Architricha indica is a spe-
cies of 18 frontal-ventral-transverse cirri hypotrichs with 
multiple right and left marginal cirral rows. Paraurostyla 
viridis is a species with numerous frontoventral cirri 
arranged in three to seven longitudinal rows and one 
marginal cirral row on each side. As explained by Berger 
(1999) and Castro et al. (2016), however, the population 
identified as P. viridis (AF508766) was not verified by a 
ciliate taxonomy specialist (no morphological informa-
tion is available for the population), and its position in the 
clade, with A. indica and O. granulifera instead of with 
other Paraurostyla species, suggests that misidentifica-
tion cannot be excluded. In addition, confusion between 
long ventral rows and internal extra right marginal 
rows is common when the specimens are not checked 
carefully. Considering the phylogenetic topology, P. vir-
idis (AF508766) is sister to A. indica, indicating that it 
is probably a species with 18 frontal-ventral-transverse 
cirri and multiple marginal cirral rows.

With Strongylidium , Hemiamphisiella  and 
Pseudouroleptus clustered together, Strongylidiidae 
formed a sister branch with a clade of three 
Dorsomarginalia ciliates (O. granulifera, A. indica 
and P.  viridis) with moderate to strong support 
(ML/BI, 86/1.00), and further nested into other 
Dorsomarginalians, indicating the close relation-
ship between Strongylidiidae and Dorsomarginalia. 
However, besides the moderate to high support of most 
nodes in Strongylidiidae and the three closely related 
Dorsomarginalians, some of the basal positions and 
branches within Oxytrichidae in both ML and BI anal-
yses were not robust. Given the low nodal support, it is 
not appropriate to draw any further conclusions.
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