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bstract

Denis Lynn (1947–2018) was an outstanding protistologist, applying multiple techniques and data sources and thus pioneering
n integrative approach in order to investigate ciliate biology. For example, he recognized the importance of the ultrastructure for
nferring ciliate phylogeny, based on which he developed his widely accepted classification scheme for the phylum Ciliophora.
n this paper, recent findings regarding the evolution and systematics of both peritrichs and the mainly marine planktonic
ligotrichean spirotrichs are discussed and compared with the concepts and hypotheses formulated by Denis Lynn. Additionally,

he state of knowledge concerning the diversity of ciliates in bromeliad phytotelmata and amitosis in ciliates is reviewed.

 2020 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://
reativecommons.org/licenses/by-nc-nd/4.0/).
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Denis Lynn (1947–2018) was an enthusiastic protistologist
nd his research has made a significant impact in the
eld of ciliate biology in general and systematics in
articular. Throughout his career, Denis pioneered the
pplication of multiple techniques and data sources in order
o address scientific questions of interest, wherever possible
dopting an integrative approach (Clamp and Lynn 2017).
or example, he was among the first to recognize the
mportance of ultrastructure and histological staining for
nferring phylogenetic relationships among ciliates. Almost
imultaneously with Bronowski (1970), he hypothesized
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n inverse relationship between a structure’s conservation
hrough time and the level of its biological organisation
Lynn 1976, 1981; Lynn and Small 1981). This was referred
o as the “hypothesis on structural conservatism”. Since
ral ciliary structures more directly influence the fitness
f ciliate species, Denis concluded that they might show
ore homoplasies than the more conservative ultrastructure

f the somatic kinetids (basal bodies plus associated
brillar structures), which is accordingly more suitable
or elucidating phylogenetic relationships. Based on these
ndings, the hypotheses on ciliate evolution and systematics
ere revolutionized, leading to the establishment of the two

ubphyla (Postciliodesmatophora and Intramacronucleata)
nd 11 classes that we recognize today (Adl et al. 2019;
ynn 2008). Significantly, Denis’ morphology-based scheme
as supported by molecular phylogenetics; so, he continued

o promote ultrastructural research and cell morphology in

eneral, even in the age of molecular biology.

Denis continuously integrated new findings obtained
y the application of cutting-edge techniques into bigger
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hylogenetic concepts and classifications (Adl et al. 2012,
019; Lynn 1991, 1996a, 1996b, 2008, 2014, 2017;
ynn and Corliss 1991; Lynn and Kolisko 2017; Lynn
nd Small, 1988, 1990, 1997, 2002; Small and Lynn
981, 1985). Integrative approaches combining different
ethods (live observation, protargol staining, scanning and

ransmission electron microscopy, barcoding, phylogenetics,
nd phylogenomics) and data from various life cycle
tages (trophonts, resting cysts, and dividers) might yield
pomorphies (derived characters) that can be mapped on the
ranches of the gene trees, characterizing particular taxa.
ikewise, emerging conflicts between molecular phylogenies
nd the current classification might be eliminated by
roviding morphological and ultrastructural characters that
llow the splitting of non-monophyletic taxa and/or the
etection of homoplasious features.
Given his influence in the field of protistology, and

n particular ciliatology, it was fitting that the opening
ymposium of the VIII ECOP-ISOP Congress in Rome, 2019
hould be on the topic of ciliates and be organized jointly by
EPS (Federation of European Protistological Societies) and
SOP (International Society of Protistologists) in memory
f Denis. This paper summarizes the four presentations that
omprised the symposium.

he Biology and Systematics of
ligotrichean Ciliates (Alveolata,
iliophora): New Findings and Old
oncepts – Sabine Agatha

The biodiversity of Oligotrichea is currently in the focus
f many studies (Santoferrara et al. 2016). Molecular
enealogies indicate several non-monophyletic taxa, the
isinterpretation of morphological characters, and an

nsufficient understanding of the cytological features in this
roup of planktonic spirotrich ciliates. The current state of
nowledge, especially recent findings, are summarized here
ith reference to discoveries and concepts of Denis Lynn.
The Oligotrichea are sister to the mostly benthic

ypotrichs. Both constitute the Perilemmaphora Berger,
008 based on the shared possession of a perilemma, a
embranous layer covering the entire cell. The monophyletic
ligotrichea comprise the Oligotrichida and Choreotrichida;

he latter consist of the paraphyletic aloricate choreotrichids
nd the monophyletic loricate tintinnids. After many years of
mbiguity, the phylogenomic analyses by Lynn and Kolisko
2017) ultimately rejected a close relationship between the
alteriids and the oligotrichids, placing the halteriids into the
poradotrichid hypotrichs. Hence, the apical position of the
doral zone of membranelles and the enantiotropic division

ode apparently represent homoplasious adaptations to the

lanktonic lifestyle in halteriids and oligotrichids.
The last common ancestor of the Oligotrichea probably

ived during the Ordovician. Recent analyses by Fernandes

C
s
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nd Schrago (2019) suggest that the diversification
f oligotrichids and choreotrichids commenced about
10 Ma and 346 Ma ago, respectively, showing a
omparatively accelerated speciation rate like the related
ypotrichs. Santoferrara and McManus (2017) estimated
he diversity of extant Oligotrichea, using curated gene
equences of identified morphospecies and unidentified
ells. The comparison of the proportions of described
ligotrichid, aloricate choreotrichid, and tintinnid species
ith the proportions of sequences assigned to these groups
emonstrates a mismatch. The oligotrichids and aloricate
horeotrichids are seemingly much more diverse than hitherto
nown and may include novel clades. In tintinnids, however,
he proportion of sequences is much smaller than that of
escribed species and most sequences fall in known taxa.
owever, the real diversity of tintinnids is difficult to estimate

s both synonyms and cryptic species seem to be common.
dditionally, the discovery of several new species is likely

n tintinnids as suggested by analyses of material from the
orth Pacific (about 1/3 of the 98 morphospecies could
ot be assigned to any known species; M. Kagerer, Univ.
alzburg, pers. commun.), although to a lesser extent than in
ligotrichids and aloricate choreotrichids.

Beyond the known features of oligotrichids (C-
haped adoral zone of membranelles; hypoapokinetal
tomatogenesis in a subsurface tube; enantiotropic cell
ivision; girdle kinety in diverse patterns, ventral kinety
hen present usually longitudinal), the ultrastructural study
y Bardele et al. (2018) on Limnostrombidium  viride
rovided additional insights. In Limnostrombidium  species,
he girdle cilia are conspicuously clavate. Kahl (1932) already
peculated about a sensory function of these cilia, which
s supported by the new data showing paraflagellar bodies
nd the typical arrays of intramembranous particles; yet,
he stimulus perceived is unknown. Oligotrichids possess
nvariably paired somatic basal bodies with only one cilium,
hich is at the anterior basal body of each dikinetid in the
entral kinety and at the left basal body in each dikinetid in the
urved girdle kinety. Thus, their kineties have an orientation,
hich was used for inferring the evolution of the somatic

iliary patterns (Agatha 2004, 2011; Agatha and Strüder-
ypke 2014).
The extrusive character of oligotrichid trichites has

een known for about one hundred years (Kahl 1932;
odeo et al. 2001; Penard 1920). Bardele et al. (2018),

owever, demonstrated for the first time the presence of
8 + 1 rosettes” of intramembranous particles at the trichite
ttachment sites, which is typical for the majority of ciliate
xtrusomes. The trichite arrangement and the associated
ltrastructures are characters probably usable for splitting
on-monophyletic groupings among the oligotrichids, e.g.,
he genus Strombidium.
The oligotrichids comprise four families: the
yrtostrombidiidae Agatha, 2004 with extraordinarily

trong pharyngeal fibres, the Tontoniidae Agatha, 2004 with
 highly contractile tail, the paraphyletic Strombidiidae
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auré-Fremiet, 1970 with only plesiomorphic features, and
he Pelagostrombidiidae Agatha, 2004. The latter is defined
y its neoformation organelles, permanent subsurface
ubes in which stomatogenesis takes place (vs. transient
ubes in the remaining oligotrichids). This structure was
ltrastructurally investigated for the first time by Bardele
t al. (2018), confirming its function.

In choreotrichids, the adoral zone forms a closed circle
vs. a C-shaped pattern in oligotrichids and hypotrichs)
nd stomatogenesis takes place in a subsurface pouch
vs. in a tube in oligotrichids and at the cell surface
n hypotrichs). Depending on the phylogenetic analysis
mployed, the monotypic genus Lynnella  is sister to the
ligotrichids or the choreotrichids. The morphological
eatures of L.  semiglobulosa, however, propose an affiliation
ith the choreotrichids: broadened proximalmost collar
embranelles, longitudinal kineties with a derived kinetid

tructure (see below), stomatogenesis in a subsurface
ouch, two macronucleus nodules and the absence of
richites. The only character indicating a close relationship
ith the oligotrichids is the ventrally open adoral zone
f membranelles, although this might be interpreted as
etrogression as in the choreotrichids Parastrombidium  and
arastrombidinopsis.
Currently, the topology of gene trees cannot fully

e supported by hypotheses of character evolution due
o the scarcity of morphological data. As suggested by
enis Lynn, the ultrastructure of the somatic kinetids
ight contain phylogenetically relevant information. While

uch data on the hypotrich outgroup have long been
vailable, oligotrichids were not studied until 2018 (Bardele
t al. 2018), data for the diverse group of aloricate
horeotrichs was available only for a single strobilidiid
epresentative (Grim, 1987), and only recently were the
onokinetids and dikinetids thoroughly investigated in a

intinnid (Gruber et al. 2018a). So, when Agatha and
trüder-Kypke (2014) established their hypothesis on the
volution of somatic kinetids in choreotrichids (kinetid
ransformation hypothesis), almost no ultrastructural data
ere available, knowledge of somatic kinetids being based
n observations on protargol-stained material. The dikinetids
n the oligotrichid Limnostrombidium  deviate from the
lesiomorphic state of the dorsal dikinetids in typical
ypotrichs by the presence of a permanent kinetodesmal fibril
nd electron-dense structures and the absence of transverse
icrotubules and the single postciliary microtubules at

he anterior basal bodies (Bardele et al. 2018). For
horeotrichids, Agatha and Strüder-Kypke (2014) assumed
rst the outgrowth of cilia also at the posterior dikinetidal
asal bodies, the subsequent loss of the anterior cilia, and
nally the loss of the anterior basal bodies. The latter
teps probably occurred several times independently. To

est this hypothesis, ultrastructural studies are required.
nvestigations on the somatic kinetids in the tintinnid
chmidingerella  meunieri  confirmed this hypothesis at least
or tintinnids possessing a ventral kinety (Gruber et al.
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018a). These authors found three types of somatic kinetids:
i) dikinetids with two cilia, (ii) dikinetids with cilia only at
he posterior basal bodies, and (iii) ciliated monokinetids.
s predicted by the hypothesis, the fibres associated
ith the posterior dikinetidal basal bodies are identical

o those of the monokinetids. Besides the typical fibrillar
ssociates of ciliate kinetids, however, three extraordinary
icrotubular ribbons occur in this tintinnid and form a

etwork in the ciliated anterior cell portion together with long,
verlapping postciliary microtubules. The monokinetids of
he strobilidiid ciliate Rimostrombidium  lacustre  [reported
s Strobilidium  velox  by Grim (1987)] deviate distinctly
rom both the oligotrichid and tintinnid kinetids. These
ecent studies corroborate Denis Lynn’s observation that
pirotrich ciliates display a considerable variability in the
omatic kinetid ultrastructure, contradicting the structural
onservatism hypothesis (Lynn 2008). Furthermore, the
ndings in Schmidingerella  are in contradiction to the “rule
f excluded sectors” by Lynn (1981) stating that when one
brillar associate is well-developed, the others are reduced:
ere, thick bundles of overlapping postciliary ribbons, well-
eveloped kinetodesmal fibrils, and transverse microtubular
ibbons co-occur with three thick novel microtubular bundles.

Tintinnids are the only house-forming ciliates in the
lankton. The about 1,000 mainly marine species were
stablished merely on characteristics of the loricae. Gene
equence and cladistic analyses reveal that groups with
ither hyaline or agglutinated loricae are non-monophyletic,
mplying that such structures represent homoplasies. An
xample of the latter is the genus Tintinnopsis. On species
evel, phenotypic plasticity and interspecific similarities
amper identification. Gruber et al. (2018b) demonstrated
seudocrypticity in Tintinnopsis  everta. In some gene trees,
his species groups with congeners also characterized by

 flaring lorica collar; however, synonymy is rejected by
heir genetic dissimilarity. Likewise, cryptic species and
henotypic plasticity were indicated in tintinnids with hyaline
oricae (Helicostomella  and Parafavella) by various genetic

arkers (Jung et al. 2018; Santoferrara et al. 2015). The
O1 primer set designed for spirotrich ciliates by Park et al.

2019) yields a mitochondrial marker with a potentially better
esolution for inferring phylogenetic relationships among
intinnids (Jung et al. 2018).

The somatic ciliary patterns of tintinnid ciliates can be
evealed by protargol-staining. Hypotheses on their evolution
ere continuously updated (Agatha and Strüder-Kypke 2007,
012, Agatha and Strüder-Kypke 2013, Agatha and Strüder-
ypke 2014); only the most recent data await their inclusion

Ganser and Agatha 2019; Gruber et al. 2018b; Smith
t al. 2018). Unfortunately, the specimens described by
hoi (2015) based on protargol-stained material are not
onspecific with the type species Tintinnopsis  beroidea  Stein,

867, which was authoritatively redescribed by Entz (1884);
ence, Tintinnopsis  is non-monophyletic and needs to be
axonomically revised. Ganser and Agatha (2019) established

 new genus for Antetintinnidium  mucicola  (Claparède and
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achmann, 1858), using the absence of ventral organelles
vs. present in Tintinnidium  and Membranicola) as a key
istinguishing feature and improved the diagnosis of the
amily Tintinnidiidae. In contrast to other tintinnid genera, the
omatic ciliary pattern of Nolaclusilis  is known, but genetic
ata are lacking (Sniezek et al. 1991; Snyder and Brownlee
991); the cytological features suggest a sister group
elationship to the cluster of Eutintinnidae and tintinnids with
ore derived ciliary patterns. The family Eutintinnidae now

lso includes the monotypic genus Dartintinnus  (Smith et al.
018).

The most complex tintinnid ciliary pattern currently
nown comprises right, left, and lateral ciliary fields, ventral
nd dorsal kineties, and a posterior kinety. Its kinetidal
tructure, i.e., dikinetids with cilia only at the posterior basal
odies, is identical to that of the dorsal kineties. Based
n data from Tintinnopsis  everta,  Gruber et al. (2018b)
uggested that the posterior kinety might have evolved
rom the anteriorly shortened and leftwards curved left
orsal kinety. Contradictory illustrations of protargol-stained
ells showing two dorsal kineties plus a posterior kinety
Lynn and Small 2002; Small and Lynn 1985) require
onfirmation. Further investigations are also needed to verify
he preliminary ontogenetic observations on Schmidingerella
rcuata suggesting that the posterior portion of the ventral
inety, which is similar to the posterior kinety in structure
nd position, is not a distinct ciliary row dividing separately
rom the monokinetidal anterior portion (Agatha and Strüder-
ypke 2012). Currently, species with the most complex

iliary pattern and those with the Schmidingerella-like one
re scattered across the molecular trees. However, since many
ranches in the genetic genealogies have only low statistical
upport, it cannot be excluded that these patterns might finally
roup together, characterizing distinct tintinnid clades.

The ultrastructure of Oligotrichea provides features that
re potentially relevant for phylogenetic inferences, e.g., the
brillar associates of the oral ciliature, the walls of resting
ysts, the texture of the tintinnid lorica, and the possibly
xtrusive capsules of tintinnids; the preliminary findings
f the working group in Salzburg are promising. Only by
ntegrating data from various disciplines and sources as
roposed by Denis can cladistic and molecular analyses be
econciled.

iliates in bromeliad phytotelmata: a
idden diversity – Laura Utz

The Neotropic is one of the eight biogeographical regions
f the world. It includes South America, Central America,
he Caribbean, and the southern part of North America.
espite its name, the Neotropical region does not include

nly tropical, but also temperate and high altitude zones. It is

 region with diverse ecosystems and high biodiversity since,
or nearly 100 million years, Neotropical microorganisms,
auna, and flora were almost completely isolated (Joly 2008).

t
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t
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The Atlantic Forest is one of the major ecological regions
resent in the Neotropic, extending along the Brazilian coast
from Rio Grande do Norte to Rio Grande do Sul) and
preading to the west, reaching Paraguay and Argentina
Dafonseca 1985). Although only about 28% of its original
over remains (Rezende et al. 2018), the region harbors an
xtraordinary diversity with many endemic species that are
hreatened with extinction. More than 52% of the tree species
nd about 92% of the amphibians found in the forest are
ndemic with new species being described regularly.

The family Bromeliacea is endemic of the Neotropical
egion, with the exception of one species found in Africa.
his monocot plant family is currently divided into 58 genera
ith more than 3.000 described species. Bromeliads occur

n a wide variety of habitats ranging from humid forests
o dry environments. They live as epiphytes, ground- or
ock-dwellers (Givnish et al. 2011). Brazil is considered the
otspot for biodiversity and endemism of the Bromeliacea
s approximately 803 species representing 31 genera are
estricted to the Atlantic Forest (Martinelli et al. 2008).

Some species of bromeliads present imbricated leaves
hat form a cistern with their bases. Such cisterns or tanks
ccumulate rainwater and organic matter (Maguire 1971),
enerating a unique ecosystem called the phytotelma. This
cosystem has characteristics that may influence the host
lant as well as the diversity of habitats where the bromeliad
an survive (Richardson 1999). Several kinds of organisms
nhabit bromeliad phytotelmata. The first study on such
rganisms was performed by Picado (1913), who analyzed
he arthropod diversity in bromeliads from Costa Rica and
iscovered a wide range of insects and spiders. In recent
ears, several studies on organisms from bromeliad water
anks have been published, focusing on crustaceans (Jocque
t al. 2013), insects (Bacigalupo et al. 2006; Frank and
ounibos 2009), spiders (Laessle 1961), ciliates (e.g., Buosi
t al. 2015; Dunthorn et al. 2012; Durán-Ramírez et al. 2015;
oissner et al. 2003; Simão et al. 2017), and prokaryotes (e.g.,
randt et al. 2015; Giongo et al. 2019; Goffredi et al. 2015).
Foissner et al. (2003) published the first comprehensive

tudy on ciliates from bromeliad water tanks, describing
everal new species and genera and discussing the
ndemism of ciliates that inhabit these small ecosystems.
ubsequently, several studies focusing on diversity, richness,
nd systematics of bromeliad ciliates based on morphological
ata have been performed (e.g., Buosi et al. 2015; Durán-
amírez et al. 2015). The first study to use a phylogenetic
pproach for investigating the diversity and phylogeny
f ciliates from bromeliad phytotelmata was carried out
y Dunthorn et al. (2012). They sequenced the 18S
DNA of several isolates collected from bromeliad water
anks, bamboo, and tree holes and found that almost all
lasses of ciliates (sensu  Lynn 2008) were present in

he sampled phytotelmata. As expected for these very
articular environments, both endemic and ubiquitous
iliate species were found. Subsequent studies demonstrated
hat microorganism diversity in bromeliad phytotelmata
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Fig.  1.  Amitosis of the Tetrahymena  macronucleus. (A) An
individual that is heterozygous in the diploid micronucleus
and the ampliploid macronucleus may produce progeny with
differing copy numbers of each homologous chromosome in
the macronucleus (shown in red and blue) while remaining
heterozygous in the micronucleus. Eventually this process will lead
to phenotypic assortment and the loss of heterozygosity in the
macronucleus. Shown are two cell lineages that have become fixed
for different alleles in the macronucleus generating population-level
genetic variation. (B) Amitosis happens independently for each
chromosome, shown in an amicronucleate cell lineage. Here two
different chromosomes are shown in purple and yellow. Consider
that a deleterious mutation happens on one chromosome (orange
mutation on purple chromosome) and a beneficial mutation on a
different chromosome (green mutation on yellow chromosome).
Because these chromosomes assort independently during amitosis,
the deleterious mutation can be eliminated from the population
and the beneficial mutation fixed. If these nuclei were instead to
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s influenced by environmental conditions. For example,
uosi et al. (2015) showed a significant correlation between
ater volume and the composition of the ciliate community

n the cisterns of Aechmaea  distichantha. Kratina et al.
2016) found that the abundance and richness of microfaunal
ommunities in bromeliads from Costa Rica were negatively
orrelated with the canopy cover and the distance of the
lant from the ground. These microorganisms also showed a
ery narrow optimal temperature range; deviations from this
ptimum caused a decline in taxon richness.
Although a high diversity of microorganisms inhabiting

hytotelmata was demonstrated by morphological
echniques, a much more diverse assemblage was observed,
sing high-throughput sequencing. Goffredi et al. (2015)
ere the first to apply a metatranscriptome technique to

stimate the community dynamics and functional diversity
f prokaryotes, eukaryotes, and viruses in phytotelmata. In
heir study, the RNA transcripts were assigned to 25 phyla of
acteria, seven orders of archaea, 21 classes of metazoans,
nd eight classes of fungi. These findings represented a
ignificant advance in knowledge concerning phytotelmata
ommunities, although only two bromeliad specimens of a
ingle species were studied.

The first study that used high-throughput sequencing
o analyze not only the diversity of microorganisms but
lso of small metazoans in bromeliad phytotelmata was
erformed by Simão et al. (2017). In the cisterns of Aechmaea
amosepala and Vriesea  platynema  from the Atlantic Forest,
hey found a high diversity of organisms. The most abundant
iliate genera were Tetrahymena  and Glaucoma. The most
requently encountered metazoan groups were arthropods
ollowed by nematodes and platyhelminthes. Surprisingly
igh abundances of Trypanosoma  spp. were detected,
emonstrating that these organisms and their vectors could
se phytotelmata as a common habitat.

To date, the majority of studies on the microfaunal diversity
nd abundance in bromeliad phytotelmata have been carried
ut on plants from within the same ecological context
altitude, temperature, rainfall, etc.). Future studies should
ake these ecological parameters into account to assess
hich of them are crucial in controlling the microeukaryote
iversity in bromeliad cisterns.

mitosis in ciliates – Rebecca Zufall

As Denis’ work clearly highlights, ciliates are unusual
nd diverse in cell morphology and ultrastructure. He also
ecognized, however, that they are unusual and diverse at
he genomic level (Lynn 2008). Ciliates are famous for
heir separation of germline and somatic functions into

icro- and macronuclei, respectively. The micronucleus

s usually diploid and divides by mitosis. In contrast,
he macronuclear genome is reduced by DNA elimination
efore considerable amplification of chromosomes and is
hus considered to be ampliploid (reviewed in Lynn 2008).

1

i
s

ivide by mitosis, the deleterious and beneficial mutations would
e inextricably linked so long as reproduction is asexual.

evelopmental processing of the macronuclear genome leads
o chromosomes that are lacking centromeres and thus have
o way to attach spindles during division. These acentromeric
hromosomes result in a type of division called amitosis,
hereby chromosomes are unequally distributed among
aughter cells (Allen and Nanney 1958; Orias and Flacks
975; Fig. 1).

Tetrahymena  (Oligohymenophorea) was of particular

nterest to Denis and his lab. Due to morphological
imilarity, identification of Tetrahymena  species has long
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een problematic (Lynn and Doerder 2012). Development
f the mitochondrial locus cytochrome c  oxidase subunit

 (cox1) as a barcode for the genus both provided a tool
or species identification and allowed clarification of the
hylogenetic relationships among taxa (Chantangsi et al.
007; Kher et al. 2011). Using this barcode and other
equence data, Denis and others discovered and described
everal new species of Tetrahymena  (e.g., Doerder 2019;
ynn et al. 2000, 2018) and provided phylogenetic resolution
f the genus (Chantangsi and Lynn 2008; Doerder 2019).
In most ciliates, amitotic division of the macronucleus

esults in senescence due to the eventual loss of essential
hromosomes (Bell 1988). Species in the genus Tetrahymena
re unique among studied ciliates in their ability to survive
mitotic division for many generations with no evidence of
enescence (Doerder 2014). This feature has helped make
. thermophila  a powerful model system in experimental
iology (e.g., Greider and Blackburn 1985; Kruger et al.
982). The ability to survive long periods of amitotic
ivision is likely due to Tetrahymena  having the unusual
apacity to control the copy number of each chromosome
uring amitotic division and thus prevent the loss of any
ssential chromosomes (Orias et al. 2011; Preer and Preer
979). The mechanism of Tetrahymena’s chromosomal copy
umber control is unknown. The ability of Tetrahymena  to
urvive long periods of asexual division makes this genus a
seful system in which to study the long-term evolutionary
onsequences of amitosis.

Arguably, the most important consequence of amitosis
s the generation of genetic variation among asexual
rogeny. Normally, i.e. under mitotic division, asexually
enerated progeny are identical to their parents and to each
ther, with the exception of de  novo  mutations. However,
ecause homologous chromosomes are apparently randomly
istributed among progeny during amitosis in ciliates,
sexual progeny may or may not contain the same genetic
omplement as their parents (Fig. 1). Eventually, amitosis
esults in phenotypic, or allelic, assortment, whereby the
acronuclear genome becomes completely homozygous

or one of the parental alleles (Doerder et al. 1992). Thus,
mitosis generates variation at two levels. First, amitosis
an produce progeny containing macronuclei with differing
opy numbers of alleles at a locus. Second, following
henotypic assortment, populations may contain individuals
hat are fixed in the macronucleus for alternate alleles, even
f their micronuclei are genetically identical (Doerder 2014;
ig. 1A).
Because the rate of evolution is dependent on the

dditive genetic variation in a population (Fisher 1930),
he fact that amitosis generates genetic variation among
rogeny has important implications for how ciliates evolve.
or example, amitosis is likely to allow ciliates to adapt

ore quickly to novel environments relative to species

hat have a single nucleus dividing by mitosis. This is
imply due to the fact that amitosis produces more genetic
ariation in a population upon which natural selection can

g
T
o
l
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ct. Experimental evolution of laboratory populations of
mitotically dividing T.  thermophila  are currently being used
o study the rates of adaptation under amitosis (J. Tarkington
nd R. Zufall, unpubl. data).

Amitosis may also have allowed Tetrahymena  to remain
sexual for an unexpectedly long time by generating
xtensive genetic variation that is otherwise normally
roduced by sexual reproduction. Most eukaryotes undergo
ome form of sexual reproduction, e.g., most ciliates
ndergo facultative conjugative sex (reciprocal fertilization).
owever, obligate asexuality is surprisingly common in

he genus Tetrahymena, as evidenced by the abundance of
ineages and species that have completely lost their germline

icronucleus (amicronucleate; Doerder 2014). Some of
hese amicronucleate lineages may be millions of years old,
ndicating that they are not experiencing the usual deleterious
onsequences of asexuality, e.g., genetic deterioration or
nability to adapt to new environments (e.g., Henry et al.
012; Neiman et al. 2010; Paland and Lynch 2006). The most
ikely explanation for this observation is that amitosis, in the
ontext of the Tetrahymena  genome, provides benefits of sex
n the absence of sex (Zufall 2016). For example, assortment
uring amitosis allows for the disassociation of beneficial and
eleterious alleles on different macronuclear chromosomes,
llowing beneficial alleles to fix without deleterious
lleles hitchhiking as they would in a mitotic asexual
opulation (Doerder 2014; Fig. 1B). Mathematical models
nd simulations are being used to test these predictions (H.
hang, J. West, R. Zufall, and R. Azevedo, unpubl. data).

he Biology and Systematics of Peritrich
iliates: Old Concepts and New Findings –
lan Warren

Peritrichs have been known for over 340 years and were
mong the first protists to be observed and documented
y the so-called “Father of Protistology”, Antonie van
eeuwenhoek (for details, see Dobell 1932). They are
biquitous in aquatic habitats where most can be found
ttached, either permanently or temporarily, to a wide variety
f submerged substrates, either living or inanimate, although
ome species are permanently free-swimming. Peritrichs play

 key role in controlling populations of suspended bacteria
y predation, and some epibiontic forms can cause harm to
heir host. Peritrichs comprise one of six subclasses within the
lass Oligohymenophorea, namely Apostomatia, Astomatia,
ymenostomatia, Peniculia, Peritrichia, and Scuticociliatia

Adl et al. 2019; Lynn 2008). With approximately 1,000
escribed species, peritrichs are one of the largest ciliate

roups, accounting for 10–15% of all known ciliate species.
hey are classified into 123 genera, 19 families, and two
rders, i.e., Sessilida and Mobilida (Lynn 2008). Despite the
arge body of scientific literature on peritrichs, knowledge
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f their origin, evolution, systematics, and biogeography is
cant and/or uncertain.

Traditionally, the subclass Peritrichia was thought to be
onophyletic and most closely related to the thigmotrichid

cuticociliates based on the supposed homology of organelles
ssociated with attachment in these two groups, i.e.,
he scopula in peritrichs and the thigmotactic region in
higmotrichid scuticociliates. The first molecular phylogeny
hat included a peritrich was based on SSU rDNA sequence
ata and showed that sessilid peritrichs are more closely
elated to hymenostomes than they are to peniculines (Lynn
nd Sogin 1988). Over the following 20 years, the SSU
DNA and other gene markers were sequenced for numerous
eritrichs and other oligohymenophoreans. Phylogenetic
nalyses based on this expanded dataset suggested that
he subclass Peritrichia may not be monophyletic, with
he Hymenostomatia rather than the Mobilida being the
ister group of the Sessilida, although these findings were
uestioned as being attributable to the methods employed
or alignment and for masking ambiguous positions (see
iang et al. 2019 and references therein). In the first
hylogenomic analysis of peritrichs, Gentekaki et al. (2017)
eported that the subclass Peritrichia is indeed monophyletic,
lthough the identity of its sister group was ambiguous
ccording to the analysis method used, i.e., Peniculia by
ayesian inference and Scuticociliatia + Hymenostomatia
y maximum likelihood. Due to the lack of genomic and
ranscriptomic data, however, only five peritrich species were
ncluded in this analysis (Gentekaki et al. 2017).

With the advancements in high-throughput single-cell
equencing, Jiang et al. (2019) were able to significantly
ncrease taxon sampling among peritrichs by providing
enomic or transcriptomic data for 12 species, i.e., ten
essilids (seven freshwater and three brackish water species)
nd two mobilids. With the inclusion of genomic or
ranscriptomic data for 24 previously sequenced protist
pecies, i.e., six peritrichs, 16 other ciliates from six
ifferent classes, and two apicomplexans as outgroup taxa,

 phylogenomic tree based on a 151-gene dataset was
onstructed (Supplementary Fig. 1). The main findings of this
nalysis were that the subclass Peritrichia is monophyletic
nd its sister group is the subclass Peniculia (Jiang et al.
019).
Although genomic chronograms have been used to yield

eliable timelines for eukaryotic evolution, divergence times
f early diverging lineages such as ciliates are difficult to
ate because the fossil record is both sparse and tenuous, and
enome-scale data are available for only a few taxa (Jiang
t al. 2019 and references therein). Consequently, little
esearch has focused on time estimation of divergence of the
ain ciliate lineages and none included peritrichs. Based on

ivergence rates of SSU rDNA gene sequences, Wright and

ynn (1997) estimated that the class Oligohymenophorea
riginated 1,600–250 million years ago (Ma). This was the
rst study to calibrate the SSU rDNA molecular clock for
iliates, for which they used the divergence of the ciliate

F
t
f
r
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ctoparasite Ichthyophthirius  multifiliis  from its free-living
elatives, which was estimated using an independently-
imed event, i.e., the origin of freshwater teleost fish in
he fossil record, teleosts being the only known host of
. multifiliis. Based on the 151-gene supermatrix for 36
axa, Jiang et al. (2019) constructed a chronogram and
alculated divergence times for major ciliate lineages using
he program RelTime (Supplementary Fig. 2). The timetree
as computed using two calibration constraints: (1) the

ossil record for Triacola  ostracodarum  (252.2–247.2 Ma)
ithin the family Vaginicolidae (represented by Thuricola

p. in Jiang et al. 2019) and (2) the divergence of I.  multifiliis
rom its free-living relative Tetrahymena  512–461 Ma
Wright and Lynn 1997). Among the main findings of this
tudy were that: (1) the class Oligohymenophorea originated
uring the Proterozoic, 1,170–696 Ma, which is within
he range estimated by Wright and Lynn (1997); (2) the
ubclass Peritrichia originated during the late Proterozoic to
ambrian, 820–488 Ma; (3) sessilids and mobilids appeared
t about the same time, 614–366 Ma and 637–379 Ma,
espectively; and (4) vorticellids diverged 350–200 Ma, a
ate which is consistent with a fossil Vorticella-like species
iscovered in Antarctica inside the wall of a >200 Ma leech
ocoon (Bomfleur et al. 2012; Jiang et al. 2019).

Contractility is one of the most conspicuous features of
eritrichs and was described by Antonie van Leeuwenhoek
n the earliest published reports of ciliates (for details, see
obell 1932). Contraction can occur both in the zooid and

n the stalk of certain sessilids, i.e., many zoothamniids
nd vorticellids, and is achieved by means of myonemes,
hich are bundles of fibrils made up of centrin-like
roteins. Somatic myonemes form a network within the
ooid, while stalk myonemes are found exclusively in an
rganelle called the spasmoneme. About 60% of myoneme
rotein consists of the calcium-binding protein spasmin
Amos et al. 1975). Contraction and extension processes
re driven by calcium ion binding and release, resulting in
mall conformational changes in spasmin subunits, which
re amplified by their linear arrangement in filaments
Mahadevan and Matsudaira 2000). Jiang et al. (2019)
dentified the gene encoding spasmin in genomic-scale data.
mong a wide range of ciliates and two apicomplexans,

pasmin sequences were recovered only from peritrichs
nd Paramecium, thus supporting the finding from the
hylogenomic analysis based on a 151-gene dataset that
he sister group to the Peritrichia is Peniculia. Currently, a
otal of 81 spasmin sequences are known from 17 peritrichs
nd two Paramecium  species, namely, P.  caudatum  and P.
etraurelia. Paramecium  caudatum  has only a single spasmin
ene, while P.  tetraurelia  has four near-identical spasmins as

 result of successive rounds of whole-genome duplication.
y contrast, most peritrichs have more than one spasmin,

urthermore, different FPKM (fragments per kilobase of

ranscript model per million reads mapped) values point to
unctional differentiation among these genes, which probably
eflects the complex and well-developed myoneme systems
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n peritrichs. This is particularly evident in vorticellids and
oothamniids which possess both spasmoneme (SPM) and
omatic (SOM) spasmins (Jiang et al. 2019). By constructing

 spasmin phylogenetic tree, Jiang et al. (2019) traced
he evolution of spasmins in order to reveal systematic
elationships among the peritrichs and to investigate the rapid
volution of this subclass. A tree showing the distribution of
pasmin in peritrichs and Paramecium  was also inferred by
hylogenomic analysis (Supplementary Fig. 3). Among the
ndings of these analyses were: (1) spasmins of Paramecium
re located at the base of the spasmin gene tree and can
e considered SOM spasmins; (2) mobilid spasmins are
losely related to those of Paramecium  and may be the
rst spasmins to have evolved in peritrichs; (3) spasmins
f sessilid peritrichs that ancestrally lack a spasmoneme,
.g., members of the suborder Operculariina, are SOM
omponents and represent the earliest-evolving myoneme
onstituents of peritrichs; (4) spasmins that are common
o both SOM and SPM (collectively called SOM/SPM
pasmins) originated within the loricate sessilid family
aginicolidae, which could be an intermediate group between

he operculariines and vorticellines; (5) there are two SPM
pasmin types in sessilids, i.e., those in stalks that contract
n a zig-zag fashion (zoothamniids) and those in stalks that
ontract in a spiral fashion (vorticellids); (6) certain species
f Epistylis, the stalks of which lack a spasmoneme, have
OM/SPM (zig-zag type) spasmins and therefore probably
volved from a zoothamniid-like ancestor having secondarily
ost their spasmoneme; (7) certain members of the family
stylozoidae, e.g., the stalkless forms Opisthonecta  and
cyphidia, have spiral-type SPM spasmins, supporting the
ypothesis that these genera evolved from vorticellid-like
ncestors; (8) parallel adaptive radiations occurred in each
PM group, supporting the hypothesis that the stalk and
pasmoneme evolved rapidly; and (9) the acquisition and loss
f the stalk and/or spasmoneme could be key events in the
volutionary history of sessilid peritrichs leading to the high
iversity that they exhibit today (Jiang et al. 2019).

Biogeographic patterns in ciliates in general, and peritrichs
n particular, are poorly understood. Most marine species are
elieved to have a relatively high dispersal potential, such
hat both globally distributed and geographically isolated
axa exist. Some ciliate species are more conspicuous and
asier to identify with confidence than others, leading some
uthors to propose these “flagship” species as the ultimate
roof of endemism (Foissner 2006). Ecological Niche
odels (ENMs) infer suitable abiotic habitat conditions

or non-model organisms by generating a correlational
odel that unites occurrence information and environmental

ata for the taxon of interest to determine the geographic
istribution of habitat conditions correlated with species
ccurrences (Soberón and Peterson 2005; Williams et al.

018). Using primary occurrence data, drawn from the Global
iodiversity Information Facility (http://www.gbif.org/) and
BIS (http://www.iobis.org/), for three marine “flagship”

iliate species (including the planktonic colonial sessilid

A
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eritrich Zoothamnium  pelagicum), and environmental
ata drawn from the National Oceanic and Atmospheric
dministration’s World Ocean Atlas (NOAA 1999),
illiams et al. (2018) estimated each species’ spatial and

nvironmental distributions in the North Atlantic Ocean
sing ENMs. The main findings were that: (1) each of
he studied species has a unique environmental signature
nd geographic distribution; (2) the main factor influencing
eographic distribution is sea surface temperature, with Z.
elagicum  occupying the most southerly range extending to
he Caribbean and the equator; and (3) the other main factors
onstraining the distribution of Z. pelagicum  were oxygen
oncentration and silicate content (Williams et al. 2018).
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