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Although many papers dealing with the description of new ciliate taxa are published
each year, species taxonomy and identification in most groups of the phylum
Ciliophora remain confused. This is largely due to a scarcity of surveys on the
systematics of immediately higher levels (genera and families) providing data for old
and new species together. Spirostomum is a common and distinctive inhabitant of
fresh- and brackish water environments, including artificial and eutrophic ones, and
is a good model for applied ecology and symbiosis research. Despite this, only 3 of the
numerous species are commonly cited, and no studies have yet confirmed their
monophyly, with the consequence that reproducibility of the results may be flawed. In
this paper we present morphological and molecular data for 30 Spirostomum
populations representing 6 different morphospecies, some of which were collected in
previously unreported countries. We performed a detailed revision of Spirostomum
systematics combining literature surveys, new data on hundreds of organisms and
statistical and phylogenetic analyses; our results provide insights on the evolution,
ecology and distribution of known morphospecies and a novel one: Spirostomum
subtilis sp. n. We also offer tools for quick species identification.
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Introduction

Ciliate taxa have been described for almost two centuries, while the theoretical background
underlying their understanding changed so much that organisms once described as “perfect”
(multicellular) animalcules (Ehrenberg, 1838, Fokin, 2004) are now known to be unicellular and
more closely related to some algae than to animals (Adl 2012). Classes and orders were melted,
recombined and renamed numerous times, following different criteria (Lynn 2008). The
molecular revolution set new standards for characterizations, and a constantly increasing number
of papers describing new species are published each year (about 20 new species and 4 new
monospecific genera were established only in 2013; e.g. in Chantangsi et al., 2013, Foissner,
2013, Modeo et al., 2013a, Pan et al., 2013a, Pan et al., 2013b, Pan et al., 2013c, Park et al.,
2013). Despite this, a huge confusion still reigns in ciliate taxonomy of low-level taxa. Fewer
works deal with the redescription of old species (e.g. Modeo et al. 2013b), and even less with the
integrated systematics of genera — except for a handful of flagship, intensely studied ones, like
Paramecium, Tetrahymena or Euplotes (see for example Boscaro et al., 2012, Chantangsi and
Lynn, 2008, Kher et al., 2011, Petroni et al., 2002, Striider-Kypke et al., 2000). Many old
descriptions are so vague that it is virtually impossible to compare new data with the original
ones, but because of nomenclatural rules names are hard to dismiss, and pursuing the goal of
invalidating them is often not worth the effort. Thus, new species names appear, old ones remain,
and confusion increases.

And yet, all applied studies relying on correct species identification (ecology, molecular biology,
etc.) would greatly benefit from unambiguous species naming, description and guide to
identification. Although the discovery of new species is certainly appealing and informative, the
immediately higher hierarchical levels, like genera and families, should be more often
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reconsidered in order to maintain a holistic view. Integrating new morphological and molecular
data from several closely related morphospecies together with a thorough survey of the literature
is in fact the best way to detect discrepancies and to better assess biodiversity.

The genus Spirostomum Ehrenberg, 1834 is a good example of a weak systematic framework's
potential issues. Spirostomum representatives are large ciliates of the class Heterotrichea with an
eye-catching, distinctive shape; they are common in freshwater and low salinity (brackish)
environments, sometimes in high abundances (Bradley et al., 2010, Finlay and Esteban, 1998).
They are valuable targets of ecological studies, and some species are often claimed to be good
bioindicators for a number of threats to the environment's quality (Natecz-Jawecki and Sawicki,
1999, Twagilimana et al., 1998). Also, more recently they were investigated as hosts of
prokaryotic (Fokin et al., 2005, Schrallhammer et al., 2013, Vannini et al., 2014) and eukaryotic
(Esteban et al. 2009) symbionts. Nevertheless, only three species are commonly reported in
recent works, against the dozen present in literature. Several papers presented molecular data
without morphological descriptions (Hirt et al., 1995, Schmidt et al., 2007b, Schrallhammer et
al., 2013, Vannini et al., 2014), or vice-versa (Jang et al. 2012). To our knowledge, only the
paper of Fernandes and da Silva Neto (2013) provided linked morphological and molecular data,
but only for two species (represented by one population each). Morphological characters
employed to define morphospecies are not numerous, and their variability range somewhat
differs according to different sources. Finally, Spirostomum poses specific obstacles to detailed
morphological studies: it is highly contractile and does not always adapt to growth in laboratory
conditions, making the culturing of monoclonal strains unpractical.

In this work, we present and discuss morphological and molecular data on 30 Spirostomum
populations belonging to 5 known morphospecies and a novel species. The populations were
collected in several continents, including previously uninvestigated tropical and northern
countries. We provide a survey of the genus based on our newly collected data on hundreds of
organisms as well as a critical interpretation of literature reports, providing insights on the
variability, phylogeny, evolution and distribution of these ciliates. We took particular care to
avoid the proliferation of new species names and to revive instead those already present in older
literature and reported here again. We also identified a few easily observable key characters for
each morphospecies, in order to facilitate identification for non-taxonomists.

Results

Morphological Observations

Twenty two out of the 30 sampled populations analyzed in this work were numerous enough to
be subjected to quantitative morphological analysis. Parameters were measured on about 450
living and 420 stained cells (resulting in more than 3,000 and 1,700 raw data, respectively). The
main morphological data are summarized in Table 1; a more comprehensive dataset is shown in
Supplementary Material Table S1.

In vivo observations. The worm-like appearance typical of Spirostomum, with a long peristomial
field parallel to the main body axis and a posteriorly located contractile vacuole (CV), is a
feature shared by all populations (Fig. 1A-F). Despite the importance sometimes attributed to
this character's variability, we observed uniformity in the shape of extremities, the anterior one
usually being “rounded” and the posterior one “truncated”. Quantitative parameters generally
vary along a smooth gradient between extreme values, that can be very far apart (especially for
cell length). Exceptions are the number of kineties, which is significantly higher in population
SS4-2 than in the others, and the CV length: cell length ratio, which strongly departs from the
average value only in a few populations (PF1la, SS4-1).



Population name Cell Cell Peri./length CV/length  Kineties CG CG MAC MAC MAC MAC MIC MIC
length (um)  length/width (%) (%) number® rows” pattern shape nodules Length® (mm)  length/width®  number size (um)
Mdg2-1 278 +32 8.9+1.3 39 +4 16 +4 7.0 £1.2 3.6 +0.6 Homogeneous Ellipsoid 1.0 £0.0 29.2+3.4 4.1+1.2 1.3+0.5 1.9+0.2 Spirostomum
Seefl 252 +30 8.0 £1.6 43 +5 17 £5 6.1 0.5 32+04 Homogeneous Ellipsoid 1.0 £0.0 25.9+3.3 3.4+0.9 1.4 0.7 1.9+0.3 Spirostomum
StMgN N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A Spirostomum sp.
Nor_BG 315 +54 7.9+1.8 44 +5 15+6 7.9+1.3 4.3 £0.6 Homogeneous Ellipsoid 1.0 £0.0 28.8£2.9 2.240.5 1.8+0.8 2.0 £0.2 Spirostomum
Nor_KD 346 +55 11.4+23 41 +5 17 +3 8.2+1.5 2.9 +0.7 Homogeneous Ellipsoid 1.0 £0.0 41.1£10.3 4.6 +2.3 1.1+0.3 2.0 £0.4 Spirostomum
PFEU3_Sm2 336 +64 10.5+2.6 44 +7 15+4 7.4+13 3.7+0.5 Homogeneous Ellipsoid 1.0 £0.0 38.546.2 3.8+1.0 2.1+0.8 2.1+0.3 Spirostomum
1P1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A Spirostomum sp.
StJFp2 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A Spirostomum sp.
PFEUI_Spte N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A Spirostomum sp.
PFla 366 +39 9.8+1.0 42 +4 27 +7 9.1+0.8 2.0 £0.0 Heterogeneous Ellipsoid 1.0 £0.0 28.8 +4.4 2.8 +0.6 1.2+0.4 22403 Spirostomum
LarnCyp 297 £36 7.9 +1.5 4545 16 +5 7.4£1.0 4.1+0.7 Homogeneous Elongated 1.0 0.0 44.7 £8.5 6.1+1.1 1.3 +0.6 1.9 +0.1 Spirostomum
SpirWs 389 +73 10.2+2.3 48 +4 12 +5 9.8 +1.1 2.5+0.7 Homogeneous Elongated 1.0 0.0 51.0 £9.9 6.7 1.5 23+1.2 1.8+0.3 Spirostomum
GNS4 370 +41 9.9+1.9 53 +4 16 +6 9.4 +0.5 3.6£0.5 Homogeneous Elongated 1.0 0.0 69.8 +18.2 9.0+3.3 1.9+1.2 2.0 +0.4 Spirostomum
Pozz 360 +64 12.1+1.9 40 +4 17 +8 7.4+0.9 3.3+0.5 Homogeneous Elongated 1.0 0.0 42.6 £3.7 5.0+1.2 2.9+1.0 1.7 +0.3 Spirostomum
SAd 406 +58 11.0 +1.8 55+8 16 +6 9.7 £1.6 3.8+0.4 Homogeneous Filiform 1.0 £0.0 137.9 +20.4 21.8£5.7 2.9+1.5 1.5+0.2 Spirostomum
dharwarensis
Mdg3 449 +92 12.1+3.2 47 +5 17 +6 9.2+1.9 4.1+0.4 Homogeneous Ellipsoid 1.0 £0.0 26.8 +4.7 2.5+0.7 1.4 0.7 1.8+0.2 Spirostomum
Mdg2-2 411 +58 9.1+1.3 49 +4 1343 8.7+1.1 3.5+0.6 Homogeneous Moniliform 15.7+29  19.7+49 3.4+0.7 55+1.6 1.8+0.2 Spirostomum
Mdg4 515 +99 13.1+43.1 5143 14 +3 8.1+1.3 2.9+04 Homogeneous Moniliform 13.8+3.7  29.9+10.8 45+14 2.1+14 1.8+0.2 Spirostomum
SmJFpl N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A Spirostomum sp.
Thd2 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A Spirostomum sp.
Gmn 518 +121 11.0 2.1 44 +4 17 +8 8.6 £1.5 3.0+0.5 Homogeneous Moniliform 12.8+4.4  28.0£3.1 3.0 +0.8 2.2+1.2 2.7 £0.6 Spirostomum
Ind N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A Spirostomum sp.
SAm 561 +67 122425 52 +6 12 +2 9.7 £1.1 3.7+0.6 Homogeneous Moniliform 16.9 +3.2 17.3 +3.8 4.2+1.1 2.9+1.5 2.7 £0.5 Spirostomum
SmPS 421 +47 9.8 £2.0 51+4 16 +2 9.4+14 3.9+0.3 Heterogeneous Moniliform 9.4+3.4 29.3 £6.4 2.7 +0.7 3.2+1.1 1.9+0.2 Spirostomum
PBG1 558 +74 9.5+2.1 53 +6 1143 10.0 1.6 3.7+0.6 Heterogeneous Moniliform 13.8+2.5  24.0+39 3.2+1.0 1.8+1.2 2.240.5 Spirostomum
SS5 816 +86 13.4+2.1 51+4 11 +2 9.9 +0.9 3.9+0.3 Heterogeneous Moniliform 14.2+2.7  25.8+5.0 2.5+0.7 115432 2.1+0.3 Spirostomum
SS4-1 955 +132 209 +3.2 42 +4 25 +6 9.5 +0.6 1.0 £0.0 Homogeneous N/A N/A N/A N/A N/A N/A ‘tomum subtilis sp. n.
Zur3 837 +98 17.3+3.3 53 +5 17 +7 11.2 +0.7 1.0 +0.1 Homogeneous Moniliform 204+3.0 17.3+4.8 3.1+0.8 3.1+1.5 2.9+0.4 ‘tomum subtilis sp. n.
SS4-2 1,230 +180 12.7+2.5 61+5 942 215425 42404 Heterogeneous Moniliform 21.0£3.1 35.0 +7.1 4.0 £0.8 9.4 +4.7 1.6 £0.2 Spirostomum
ambiguum
Seef2 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A Spirostomum sp.

Table 1. Selected features of the 30 investigated Spirostomum populations.

“Inferred from the number of CG stripes

®Counted in the middle sector of the cells

“Taken for the biggest nodule for moniliform MACs

Peri., Peristome; CV, Contractile Vacuole; CG, Cortical Granules; MAC, macronucleus; MIC, micronucleus



S. yagiui S. teres

S. dharwarensis

S. minus

S. ambiguum  S. subtilis sp. n.

Figure 1. Morphological features of Spirostomum morphospecies. For each species, pictures taken with a differential interference
contrast microscope show representative living cells (A-F), Feulgen-stained macronuclei (G-L) and cortical granule (CG)
patterns in vivo (M-R). The novel morphospecies Spirostomum subtilis is particularly thin, often with a large contractile vacuole
(E); these characters, and the cytostome position, differentiate it from S. ambiguum (F). S. subtilis may be distinguished from all
other species, and in particular from the longest S. minus populations, because of its unique CG pattern (Q). Arrowheads mark the
interkinetal CG stripes consisting of several CG rows in all species except S. subtilis, where a single row per stripe is visible. S.
teres is represented by population PFEU3 _Sm?2, S. yagiui by population GNS4, S. dharwarensis by population SAd, S. minus by
population SAm, S. subtilis sp. n. by population Zur3 and S. ambiguum by population SS4-2. Bars stand for 100 pm (A-F) and

10 pm (G-R). ¢, cytostome; ma, macronucleus (only “single”-type macronuclei are labeled in living cells); cv, contractile
vacuole.

Cortical granules (CG) are arranged in stripes that run parallel to the main body axis. There is
always a single stripe between each kinety pair, but it may include one or (more often) several
CG rows (Fig. IM-R); variation in number of rows for each stripe is almost as large within
populations as among different populations. This character may vary slightly in different sectors
(anterior, median and posterior) as well as different stripes in the same cell (see Supplementary
Material Table S1). It is also possible that the CG pattern depends in some degree to the
organism's physiological status, because on rare occasions CG rows were almost invisible,
despite being clearly detectable in the same population during other observations. Nevertheless,
most populations showed 2 or more CG rows in each stripe; the exceptions were populations
Zur3 and SS4-1, which virtually never departed from their usual pattern consisting of a single
CG row per stripe (Fig. 1Q). The “homogeneous” or “heterogeneous” CG pattern types refer to
the occasional presence of granules with different size and/or color in the heterogeneous patterns.
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Figure 2. The three variants of the “elongated” type macronuclei. A, rod-like; B, convoluted (see also Fig. 1H); C, dividing.
Pictures were taken on S. yagiui population SpirWS. Bars stand for 10 um.

Discriminant function analysis performed on living observations strongly differentiated only
some of the populations (Supplementary Material Fig. S1A). In particular, SS4-2 on one hand
and Zur3 and SS4-1 on another are clearly separated from the bulk of other populations. The
remaining 19 are arranged in a continuous multidimensional gradient, with several populations
bridging those with more extreme features.

Feulgen observations. Macronuclear (MAC) morphotypes can be divided into two main
categories: moniliform (formed by a chain of beads, the MAC nodules; Fig. 1J-L) and single
(Fig. 1G-I). The number of nodules in moniliform MACs vary among populations. On the
contrary, variation in nodule shape seems to be more related to the organism's condition: ovoid,
elongated and spindle-shaped nodules can usually be found in the same population or even cell.
The degree of connection between adjacent nodules (from none to thick channels) is also fairly
unstable within each population. The “single” MAC morphotype can be further divided in
ellipsoid (length: width ratio < 5, Fig. 1G), elongated (length: width ratio > 5, Fig. 1H) and
filiform (length: width ratio > 20, Fig. 11). While the ovoid and filiform MACs show relatively
uniform shapes, the elongated MACs are more diverse. This MAC type is only found in the
littoral or brackish populations LarnCyp, SpirWS, GNS4 and Pozz, and in all of them it is
present in three variants: rod-like, convoluted and dividing (Fig. 2). It is likely that these shapes
are associated to different stages of the cell-cycle.

Micronuclei (MICs) vary in number and, to a lesser extent, size. MIC shape is ovoid or ellipsoid,
and MICs are always close to MACs; they tend to be located in more or less deep matching
depressions in the “single” type MACs. It is important to note that MIC number might be
underestimated: it is possible that some get hidden below MACs in Feulgen pictures, because of
their smaller size.

Discriminant function analysis on Feulgen observations (Supplementary Material Fig. S1B)
differentiated more groups than the analysis of in vivo data. Populations with a moniliform MAC
are clustered, with SS4-2 at one extreme of the gradient and SmPS at the other; another group
includes populations with ellipsoid or elongated MAC:s, the latter being more scattered,
population SAd is completely separated in virtue of its unique filiform MAC. The two main
discriminant functions are both heavily influenced by the number and length of MAC nodules.

Molecular Sequences

The almost complete 18S rRNA gene sequences obtained during this work were 1702 bp long,
and did not require the introduction of gaps during alignment; some previously released



Spirostomum sequences slightly differ in this respect, exhibiting a few indels in very short
homopolymeric regions. The lowest similarity value shared by all Spirostomum sequences is
97.5% (comparing it with those of other heterotrich genera represented by several sequences, the
value is similar to the 96.1% of Stentor and the 97.3% of Blepharisma, but it is higher than the
90.7% of Condylostoma).

The ITS1 + 5.8S + ITS2 + 28S region amplified is 662-674 bp long, contains short regions with
several indels and it is more variable than the 18S gene region: the lowest identity value for all
Spirostomum sequences is 89.5%; there is no other extensive set of data for this marker in any
other heterotrich genera to compare this value with.

Phylogeny

In all 18S rRNA gene trees, Spirostomum strongly clusters within Heterotrichea (Fig. 3). As in
other analyses (Miao et al., 2009, Schmidt et al., 2007a), only a few clades above the genus level
are resolved, like the “crown-group” formed by Stentor, Blepharisma, Maristentor, Fabrea and
folliculinids. The relationships among other heterotrich lineages are only weakly supported.
Nevertheless, Spirostomum sequences never associate with the only sequence of the confamiliar
genus Gruberia (accession number: L31517; Hirt et al. 1995). The most closely related
sequence, instead, belongs to Anigsteinia (accession number: HM140405; unpublished), which
according to traditional taxonomy should be a close relative of Blepharisma (Lynn 2008).
However, no morphological observation was provided together with the Gruberia and
Anigsteinia sequences.

All inferred 18S rRNA gene trees displayed 7 highly homogeneous and strongly supported
subgeneric clades (Fig. 3). The general topology linking these clades is also constant in all trees
with a single exception: the “subtilis” clade clusters with the “ambiguum” + “minus 1” + “minus
2” group in Bayesian trees, but it is the sister group of all other Spirostomum lineages in
Maximum Likelihood trees. Nodes hierarchically above the 7 clades are supported by low
statistical values even when they are present in all trees, and are thus relatively unreliable; the
noteworthy exception is the association of clades “teres 17, “teres 2 and “brackish”. Sequence
identity values within clades are 99.4-100% in the 18S rRNA gene region (Stentor
morphospecies exhibit similar values: 99.5-100%) and 95.0-100% in the

ITS1 + 5.8S + ITS2 + 28S region.

The topology of the Bayesian tree based on the entire rRNA gene cluster sequenced (Fig. 4A)
shows similar associations among the populations, but the clade “zeres 1 is further split in
separated lineages. The morphology-based Bayesian tree (Fig. 4B) has a slightly different
topology. All populations of the molecular “teres 1 and “feres 2” clades, plus population Mdg3
of the “brackish” clade, are grouped. Population SS5 shows a substantial divergence from other
“minus 2" populations, and the “minus 1” clade is split; also, the “minus” clades do no longer
cluster together. Fewer nodes are strongly supported by statistical values in the morphological
phylogenesis. The combined tree (Fig. 4C) is generally in accordance with molecular ones, but
the position of population SAd within the “brackish” clade is different.



Discussion

Morphospecies Identification

Populations for which we obtained only molecular data were conservatively labeled as
“Spirostomum sp.”. We classified the other 22 populations in morphospecies according to the
most recent reviews (Foissner et al., 1992, Repak and Isquith, 1974) and the original
descriptions.
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Figure 3. 18S rRNA gene Maximum Likelihood tree of Heterotrichea, with focus on the genus Spirostomum. The analysis was
performed on character matrix a (see text). Sequences obtained in this work are in bold. Numbers associated with nodes represent
bootstrap|posterior probability values; bootstrap values below 60 and posterior probability values below 0.90 were omitted.
Numbers in trapezoids show the number of sequences (if more than 2) representing clades collapsed for clarity (see also
Supplementary Material Fig. S2). Dark circles indicate populations collected in brackish, littoral or estuarine environments;
diamonds indicate populations harboring bacterial symbionts. The bar stands for an estimated divergence of 10%.




Repak and Isquith (1974) recognized 9 valid Spirostomum morphospecies. Spirostomum
inflatum, Spirostomum loxodes and Spirostomum caudatum are characterized by conspicuous
features related to cell shape (respectively, a dilated posterior half, a laterally-oriented anterior
“beak” and a long and thin “tail”’) that were never observed in our populations. Moreover, S.
inflatum and S. loxodes did not appear in published papers after their first description, and are
thus either extremely rare, or were originally misidentified (Kahl himself suggested that S.
inflatum, which he described as a novel taxon in 1932, could be an aberrant form of another
species). Spirostomum intermedium was synonymized by Foissner et al. (1992) with S. minus.
We agree with this choice, because no distinctive character was ever described that allowed
discrimination between the two morphospecies; the name is virtually absent in recent literature.
On similar bases, we would argue that Spirostomum ephrussi should be synonymized with
Spirostomum teres. S. ephrussi was never detected after its original description, and a few cells
from the S. feres populations here characterized actually approaches the peristome: length ratio
of 3/5 indicated as the only distinguishing character for S. ephrussi.

Figure 4. Unrooted Bayesian trees of the 22 populations described both morphologically and molecularly in this
work. A, based on the 18S +ITS1 +5.8S + ITS2 + 28S region sequence; B, based on morphological characters; C,
based on the mixed character matrix. Circles indicate nodes supported by posterior probability values higher than
0.90. Labels around the trees represent subgeneric clades identified by the 18S rRNA analysis for comparison.



Spirostomum ambiguum, S. minus and S. teres are by far the most commonly found and studied
morphospecies in the genus. According to keys and descriptions consulted, a single population

here characterized could be unambiguously assigned to S. ambiguum, 7 populations to S. minus
and 7 to S. teres.

Spirostomum yagiui and Spirostomum dharwarensis have complex taxonomical histories. In
reporting their nomenclatural vicissitudes, Repak and Isquith (1974) lumped together these
morphospecies, at that time represented by a single population each and mainly distinguished by
the length of their “single”-type MACs. We have found 4 new populations matching the
description of S. yagiui (Shigenaka 1959) and 1 matching the description of S. dharwarensis
(Desai, 1966, Seshachar and Padmavathi, 1956), and we can now provide arguments against
their synonymization. Although these morphospecies can be unambiguously discriminated only
by MAC features, we found that these are quite stable. S. yagiui possesses an elongated-type
MAC that apparently circles between three different states, all of them unique to this
morphospecies. On the other hand, S. dharwarensis exhibits a distinctive filiform MAC that is
significantly longer and slenderer than all other “single”-type MACs. Since several smaller S.
minus populations can be reliably distinguished from S. teres populations only by MAC type, our
opinion is that this character is also sufficient to separate S. yagiui and S. dharwarensis
morphospecies.

Spirostomum semivirescens rarely appears in literature, and is not mentioned in the otherwise
comprehensive review of Repak and Isquith (1974). Nevertheless, we agree that it is a valid,
probably rare, morphospecies, identifiable mainly by its most distinctive characteristic: the
presence of zoochlorellae in the cytoplasm (Esteban et al. 2009). We did not find algae-harboring
Spirostomum populations in this survey, though.

Spirostomum subtilis sp. n.

Populations Zur3 and SS4-1, despite being minus-like in appearance (slender, with a moniliform
MAC and a peristome reaching approximately half the length of the body), share features that
separate them from all others. They possess the highest length: width ratios (17-21 on average),
and their mean length is intermediate between those of S. minus and S. ambiguum. Statistical
analysis of characters collected in vivo shows that the overall morphology of these populations is
significantly different from all others’ (Supplementary Material Fig. STA).

Zur3 and SS4-1 additionally present one strong synapomorphy in their unique CG pattern: they
are the only populations with CG stripes consisting of a single CG row (Fig. 1Q). Since the
number of CG rows in each stripe was never considered before in Spirostomum species
identification, it is unclear if the description of this morphotype is entirely novel, or if it was
lumped by other authors with that of S. minus. Our observations, though, provide evidence that
the “single row” CG pattern is a distinctive and reliable feature present only in these 2
populations, among those investigated.

The morphological separation is substantiated by molecular data: Zur3 and SS4-1 have identical
18S + ITS1 + 5.8S + ITS2 + 28S sequences, and these differ from those of S. minus (2.3-3.4%
different sites) and S. ambiguum (about 1.9%), the other morphospecies with a moniliform-type
MAC. Finally, phylogenetic analyses show that these populations belong to a quite different
lineage of uncertain affinity (Figs 3, 4). For all these reasons, we propose to establish a new
specific taxon, Spirostomum subtilis sp. n., to include populations Zur3 and SS4-1. A detailed
description of its features follows at the end of the Discussion, and the tools for its unambiguous
discrimination are presented in Figure 1 and the dichotomous key in Supplementary Material
Text S1.



Species Phylogeny and Systematics

Our morphological data and statistical analyses clearly show that representatives of the genus
Spirostomum are distributed along a generally continuous gradient in the morphospace. No
single character is able to discriminate among all species. Despite this, a combination of living
observations and nuclear features allows unambiguous identification of several groups that
correspond to morphospecies (see also below). Molecular phylogeny is largely congruent with
this morphological systematics, but there are some telling points in which they disagree.

Spirostomum ambiguum is a well-defined, easily recognizable morphospecies whose monophyly
is also strongly supported by molecular sequences. S. minus, instead, is morphologically variable
and is separated in two clades in molecular trees, here called “minus 1” and “minus 2. These
clades appear to be sister groups in molecular and combined trees (although this fact is
undermined by low supporting statistical values), possibly meaning that S. minus is indeed a
monophyletic group that may include two or more cryptic species. We could not find key
characters able to reliably discriminate between subspecific groups in the absence of molecular
information; morphological data analyses, both statistical and phylogenetic, also do not
recognize them, showing instead a tendency for population SS5 to separate from all others S.
minus. Hence, we prefer not to create new formal names. It is interesting to notice, however, that
all known populations belonging to the “minus 2” clade harbor macronuclear bacterial symbionts
(Fig. 3), while only one reported population in the “minus 1” clade possessed a symbiont
(Vannini et al. 2014; Supplementary Material Fig. S2), and it was a cytoplasmic one. Until data
on the identity of the bacteria are available, though, this character should not be considered of
diagnostic importance. From a molecular point of view, sequences of clade “minus 2” present
several ambiguous sites, mostly concentrated in a variable region (bases 608-620) of the 18S
rRNA gene.

The inclusion of the two populations Zur3 and SS4-1 in the novel species S. subtilis is strongly
supported by both molecular and morphological trees. The position of S. subtilis in phylogenetic
trees is not stable: in some analyses it appears to be more closely related to the other
morphospecies with moniliform MACs, while in others it is the first-branching lineage in the
genus.

Spirostomum yagiui populations share total sequence identity, and they strongly cluster with S.
dharwarensis. This gives credit to the choice of Repak and Isquith (1974) to unify the two
morphospecies; they are distinguishable but closely related, and in our phylogenetic analyses of
morphological and mixed data the S. dharwarensis population SAd is actually nested within the
vagiui group (although with very low support).

S. teres sequences are scattered in at least three groups; the interpretation of clades “teres 1” and
“teres 2” mirrors that of the two “minus” clades (possibly representing cryptic species in a
monophyletic group), but the S. teres population Mdg3 is more closely related to S. yagiui and S.
dharwarensis than to other S. feres. Also, the structure of “zeres” clades becomes more complex
when fast-evolving sequence regions are introduced in the analyses. Although minor variations
in morphological characters can be associated to at least some of the molecularly-identified
groups, more populations representing each lineage should be described, before drawing
definitive conclusions. On the whole, S. teres appears as a relatively well defined but likely non-
monophyletic morphospecies that includes several evolutionary lineages.



Character Evolution

The low confidence associated with deeper nodes in Spirostomum phylogeny — especially the
uncertain positioning of S. subtilis — makes most inferences on character evolution unreliable.
Nevertheless, something can be said about the evolution of MAC shape, which is arguably the
most important diagnostic character separating morphospecies. In fact, the clade including all
taxa with a “single”-type MAC (S. teres, S. yagiui and S. dharwarensis) is strongly supported.
Our results do not allow assessment of which main MAC morphotype was the ancestral one for
the genus, but suggest that the elongated and filiform MAC of S. yagiui and S. dharwarensis,
respectively, are derived from the ellipsoid MAC of S. teres. In fact, it seems likely that the
morphospecies S. teres does not represent a separated evolutionary branch, but defines instead a
relatively ancestral set of characters, some of which became differentiated in the derived lineages
of S. dharwarensis and S. yagiui.

Distribution and Environment

An interactive map of geographic locations for many Spirostomum spp. samplings presented here
and elsewhere can be found online at http://goo.gl/5C10jN. Molecular data are available only for
a small fraction of the represented populations, but there is little correlations between sampling
location and molecular distance. Even populations from remote areas, like some of those
reported here for tropical countries and northern Europe, may share a very high sequence
similarity. Nevertheless, one clade — the “brackish” one — is intriguingly defined by an
environmental character: it includes all the populations sampled in brackish waters, or at least in
littoral zones that experience occasional saltwater inputs. All S. yagiui populations and one of the
S. teres ones (Mdg3) are united in this clade (Fig. 3), thus they probably originate from a
common S. teres-like ancestor that invaded brackish environments from freshwater ones. S.
dharwarensis is a more uncertain case: the population described here was found in freshwater,
but in an estuarine area where marine and fresh waters likely mix, thus fitting the characteristics
of the other “brackish” clade populations. On the other hand, the original Indian populations of S.
dharwarensis (Desai, 1966, Seshachar and Padmavathi, 1956) were sampled in freshwater
environments, distant to the sea. More data are required to establish if this morphospecies is
strictly a freshwater inhabitant or if it can be also found in brackish environments.

To support the relevance of water salinity as a diagnostic character, we observed that these 6
populations can survive in freshwater, if gradually acclimated to it, while all those originally
sampled in freshwater die when the salinity of their medium increases (data not shown). As a
side note, it is to be highlighted that in many old publications, and in some more recent reviews,
Spirostomum species were considered either “freshwater” or “marine”. In our experience,
Spirostomum is never found in truly marine (above 33%o salinity) environments, and we suspect
that the original samples labeled as “marine” were indeed littoral ones with relatively low
salinity. The genus Spirostomum likely inhabits only fresh- and brackish-waters.

Revised Systematics of Spirostomum

In this paragraph we list schematic descriptions of distinguishable Spirostomum morphospecies
based on the integration of literature observations and our novel morphological and molecular
data. The set of characters sufficient to identify each morphospecies is in bold. This section is
also presented as a dichotomous key in Supplementary Material Text S1. We strictly limited our
discussion of nuclear features after Feulgen staining, but it is worth to stress that the fundamental
MAC type character is usually quite recognizable also in living cells (Fig. 1A-C).



Spirostomum Ehrenberg, 1834. Medium to very large ciliates (150 um — several mm) with a
worm-like shape, cylindrical or slightly flattened cell body, length: width ratio ranging from 5 to
more than 30. Color varies from faint brown or yellowish to very dark-greenish. A single row of
well-developed oral membranelles defines the left side of the long, thin peristomial field, which
runs parallel to the main body axis from the anterior end to the cytostome, located at 1/4-2/3 of
the body length. Somatic kineties (10-50 in number) homogeneously distributed, parallel to the
main body axis, but strongly spiraled when the organism contracts due to myonemes action. One
stripe of packed cortical granule rows (1-6) between each kinety pair; cortical granules may be of
the same or different size. Contractile vacuole always single and posteriorly located, with a
collecting canal reaching the anterior end. Macronucleus single (ellipsoid, elongated or filiform)
or moniliform. Micronuclei variable in number but generally small (1-3 pm) and associated with
the macronucleus. The monophyly of the genus is strongly supported. Common in fresh water,
can be found also in brackish environments. Cosmopolitan.

Spirostomum ambiguum Ehrenberg, 1834. [syn: Trichoda ambiguum Miiller, 1786; S.
ambiguum var. major Roux, 1901] 900 pm — several mm long. Length: width ratio about 9-17.
15-25 kineties on each side; heterogeneous, numerous (4-5) CG rows per stripe. Peristome
always longer than 1/2 of the body length, often reaching 2/3. CV much shorter than body
length, rarely exceeding 1/10. The color depends on cytoplasmic granules. Moniliform MAC
with 12-50 (avg. 15-25) nodules not exceeding 35-45 um in length when stained by Feulgen
reaction. Numerous (up to 100) MICs 1-2 pm long. Monophyletic. Only found in freshwater.
Reported in central and northern Europe, England, Russia, central Africa, USA, Jamaica, India
and Japan. It sometimes harbors prokaryotic symbionts in the MAC.

Spirostomum caudatum (Miiller, 1786) Delphy, 1939. [syn. Enchelis caudata Miiller, 1786;
Uroleptus filum Ehrenberg, 1833; Spirostomum filum Dujardin, 1841; S. teres var. caudatum
Zacharias, 1903] Tapering, thin posterior tail. 200-700 (avg. 200-400) um long. 14-16 kineties
on each side. Peristome about 1/4 of the body length. Ellipsoid MAC. No molecular sequence
available. Found in fresh- and saltwater (?). Reported in central Europe, central Africa and
Korea.

Spirostomum dharwarensis Desai, 1966. 300-550 (avg. 400) um long. Length: width ratio about
8-14 (avg. 11). 7-13 (avg. 10) kineties on each side; usually homogeneous 3-4 CG rows per
stripe. Peristome variable, from less than 1/2 of the body length to about 2/3. CV usually less
than 1/5 of the body length. Dark cytoplasm. Filiform, convoluted MAC (length: width ratio
always > 10, usually > 20; uniform diameter) about 100-200 x 5-10 pm when stained by
Feulgen reaction. Several (1-7) MICs 1-3 um long. Only one molecular sequence available.
Found in freshwater, once in estuarine environment. Reported in southern Africa and India.

Spirostomum minus Roux, 1901. [syn: S. ambiguum var. minor Roux, 1901; S. intermedium
Kahl, 1932] 350-900 (avg. 450-600) pm long. Length: width ratio about 7-15 (avg. 9-13). 6-
12 (avg. 8-10) kineties on each side; homogeneous or heterogeneous CG rows, variable in
number per stripe (2-4). Peristome about 1/2 of the body length. CV usually less than 1/5 of the
body length. Moniliform MAC with 5-25 (avg. 10-15) nodules not exceeding 30-40 um in
length when stained by Feulgen reaction. Variable number (up to 20) of 1.5-3.5 um long MICs.
Molecular analyses identify two clades, probably representing cryptic species with no reliable
morphological autapomorphy; the morphospecies might be monophyletic. Commonly found in
freshwater. Reported in Europe, England, southern and central Africa, Madagascar, USA, Brazil,
China, India, possibly Thailand and Australia. It relatively often harbors prokaryotic symbionts
in cytoplasm or MAC.



Spirostomum semivirescens Perty, 1852. Numerous zoochlorellae in the cytoplasm. 600-2,000
(avg. 1,200-1,300) um long; the posterior half is usually encased in a mucilaginous coating.
Length: width ratio about 17-40 (avg. 30-40). 14-15 kineties on each side. Peristome about 1/2 of
the body length. Moniliform MAC with about 12 nodules. Only found in freshwater. No
molecular sequence available. Reported in central Europe, England, Russia and Japan.

Spirostomum subtilis sp. n. 700-1,000 um long. Length: width ratio about 14-24. 9-12 kineties
on each side; a single, homogeneous CG row per stripe. Peristome about 1/2 of the body
length. CV often conspicuous, up to 1/3 of the body length, contrasting with the dark cytoplasm
of the anterior part. Moniliform MAC with 15-24 nodules not exceeding 20-25 um in length
when stained by Feulgen reaction. Several (1-6) MICs 2-3 um long. Monophyletic. Only found
in freshwater. Reported in central and northern Europe. Type location and features of the type
population Zur3 detailed in Supplementary Material Table S1. Type materials: one slide of
permanent Feulgen stained specimens collected in Zurich (population Zur3) deposited in the
collection of the Museo della Scienza e del Territorio della Certosa di Calci (Calci, Pisa, Italy);
extracted genomic DNA available upon request. 18S + ITS1 + 5,8S + ITS2 + 28S region
sequence deposited at the ENA database (accession number: HG939550).

Spirostomum teres Claparéde and Lachmann, 1858-1859. [syn: S. ephrussi Delphy, 1939]
150-650 (avg. 250-450) um long. Length: width ratio about 5-16 (avg. 8-12). 5-15 (avg. 7-10)
kineties on each side; usually homogeneous CG rows, variable in number per stripe (2-4).
Peristome from 1/3 to slightly more than 1/2 of the body length. CV usually less than 1/5 of the
body length. Often brownish. Ellipsoid MAC (length: width ratio < 5) in the middle sector of
the body, about 20-50 x 5-20 pm when stained by Feulgen reaction. A few (1-3) MICs 1-

2 pum long. Molecular analyses suggest that this morphospecies include phylogenetically diverse
lineages, some of which are more closely related to S. yagiui and S. dharwarensis; no reliable
morphological autapomorphy has yet been detected for these lineages. Found in both fresh- and
brackish-water environments. Reported in Europe, central Africa, Madagascar, USA, Brazil,
Caspian Sea, India, China and Korea. It sometimes harbors cytoplasmic prokaryotic symbionts.

Spirostomum yagiui Shigenaka, 1959. 240-500 (avg. 300-400) um long. Length: width ratio
about 6-17 (avg. 8-14). 6-12 (avg. 7-10) kineties on each side; usually homogeneous CG rows,
variable in number per stripe (2-4). Peristome variable, from about 1/3 of the body length to
more than 1/2. CV less than 1/5 of the body length. Usually brownish. Elongated MAC (length:
width ratio > 5) exhibiting different shapes during cell cycle, about 35-90 x 5-15 pm when
stained by Feulgen reaction. A few (up to 6) MICs about 2 pm long. Likely monophyletic.
Only found in brackish water, or in close proximity to saltwater basins. Found in
Mediterranean Sea islands (Sicily and Cyprus), northern Europe, Russia and Japan.

Concluding Remarks

We have presented the first systematic work on the ubiquitous genus Spirostomum based on both
morphological and molecular characters. According to literature and our results, there are 8§ valid
morphospecies, one of which is novel, although some may be complexes of sibling species.
Morphological and molecular data do agree to a large extent, and a small set of unambiguous
characters is sufficient to discriminate among taxa. New data on S. caudatum and S.
semivirescens, the morphospecies still lacking a molecular characterization, should be welcomed
in the future to complete this survey.

In addition to our conclusions on the genus Spirostomum, we provided a case for the relevance of
genera as valuable targets for systematics studies. A lot of ciliate genera are easy to discriminate,
and many of them are quite common, but species identification is often a bigger issue. Whenever



possible, we encourage taxonomists to present updated, multidisciplinary and quantitative data
on several species at the same time and perform analyses aiming to organize the extant
knowledge, with the goal of investigating biodiversity while providing non-taxonomists with the
most practical tools for recognizing species.

Methods

Samples and cultures: Table 1 and Supplementary Material Table S1 list all investigated
Spirostomum populations and sampling metadata. Aliquots of sediment and water from each
sample were observed under the dissecting microscope in order to detect organisms belonging to
the genus Spirostomum and divide them according to their main morphotype. The resulting
populations were then maintained at 18-20 °C in their original medium, periodically enriched
with rice grains, lettuce medium and/or modified Cerophyl medium (Boscaro et al. 2013)
inoculated with Raoultella planticola (Gammaproteobacteria).

Morphological data: Single Spirostomum cells were harvested from the culture medium and
observed with a Leitz (Weitzlar, Germany) differential interference contrast microscope
equipped with a digital camera (Canon PowerShot S45). The device developed by Skovorodkin
(1990) was employed to stop the organisms’ movement without altering their shape. Feulgen
staining was performed to observe the features of the nuclear apparatus. Length measures, on
both living and fixed cells, were taken on collected pictures with the software Macnification
v2.0.1 (Orbicule bvba). Pictures are available upon request; fixed slides were deposited in the
collection of the Museo della Scienza e del Territorio della Certosa di Calci (Calci, Pisa, Italy).

Discriminant function analyses were performed with the software Statistica v6 on 10 characters
from in vivo observations, and 5 characters from Feulgen observations (Supplementary Material
Table S1). Only cells with at least 70% of the parameters measured were employed, resulting in
two character matrices of 1,960 and 1,395 data (196 and 279 cells) for in vivo and Feulgen
analyses, respectively. Missing data (less than 5% in the in vivo matrix and less than 2% in the
Feulgen matrix) were substituted with mean values.

Molecular data: About 30-50 cells from each well-growing population were individually picked
with a glass micropipet, washed several times in sterile water and fixed in EtOH 70%. 18S rRNA
gene and a sequence containing the complete ITS1 + 5.8S + ITS2 region and part of the 28S
rRNA gene were amplified and sequenced as described previously (Boscaro et al. 2012). When
members of a population were not numerous enough, only a few organisms were collected, and
PCR mixtures were directly applied on the exsiccated cells as described in Andreoli et al. (2009);
these amplicons did not require hemi-nested PCR reactions to be sequenced. Standard ambiguity
letters were associated to sites that showed double peaks in electropherograms despite repeated
sequencing attempts.

All sequences were deposited at the European Nucleotide Archive (ENA) database (accession
numbers: HG939524-53).

Phylogenetic analyses: Phylogenetic analyses on the 18S rRNA gene sequence were performed
on 127 homologous sequences of Heterotrichea and Karyorelictea, trimmed at the ends in order
to obtain a rectangular matrix (matrix a, 1,680 characters) and additionally excluding columns
containing only one non-gap character (matrix b, 1,660 characters) and columns in which the
most represented base was present in less than 20% of taxa (matrix ¢, 1,629 characters). Unless
where differently specified, similarity values were calculated on unmodified matrices, ignoring
ambiguous sites. A 131-sequence matrix was built in order to include some available
Spirostomum sequences that were too short, or contained too many ambiguous characters, to be



employed in the main analysis; missing data were then treated as gaps. Phylogenetic analyses
were also performed on the subset of 22 populations studied in more detail, employing the entire
18S + ITS1 + 5.8S + ITS2 + 28S region (2,379 characters), morphological data (18 characters),
and a mixed character matrix. Morphological characters employed in the phylogenetic analysis
are shown in Supplementary Material Table S1; qualitative characters were coded in unordered
categories, and each quantitative, continuous characters were coded in 6 ordered discrete
categories.

Maximum Likelihood analyses were performed with PHYML (Guindon and Gascuel 2003) as
implemented in the ARB software package (Ludwig et al. 2004); 100 pseudoreplicates were used
for bootstrapping. Bayesian Analyses were performed with MrBayes v3.2.2 (Ronquist and
Huelsenbeck 2003), employing 3 independent runs with 1 cold and 3 heated chains each; runs
were iterated for 1,000,000 generations. The best-fitting model for phylogenetic inferences on
molecular data was chosen among 88 candidate models according to jModelTest v2.1.4 (Darriba
et al. 2012). The AIC criterion always selected the GTR + I + G model; the continuous gamma
function was approximated with 4 discrete categories.
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