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PREFACE

The goal of this volume is to provide current and future users of Tetrahymena with
an enabling, enduring, inspiring guide. Chapter 1 introduces the model organism, its
historical contributions, some of the more obvious compelling opportunities for
high-impact discoveries, and community resources. The topical knowledge over-
views in Chapters 2—7 explain organism features that are particularly useful and/or
unique. Each of these chapters reaches through many decades of published studies,
as well as unpublished work, to be comprehensive and not-soon-outdated in utility.
The methodologically oriented Chapters 8—16 present experimental approaches,
detailed protocols, literature references, and general forward-looking advice about
handling Tetrahymena for purposes ranging from biochemistry to behavior and in
contexts ranging from the classroom to the wild. For information beyond these
chapters, anyone interested in the model organism will find a friendly welcome
from members of the community, either individually or at the international ciliate
meeting held every other year.

Past, present, and future contributions of Zetrahymena owe much to the strong
community spirit of many researchers, who have invested their physical effort,
training skills, and research careers in building invaluable intellectual and experi-
mental resources. In particular, this volume is dedicated to the long-running record
of visionary contributions by Peter Bruns, Marty Gorovksy, Ed Orias, and Meng-
Chao Yao. Paul Matsudaira and Les Wilson also have been instrumentally supportive
as Methods in Cell Biology series editors. Finally, there are thanks due to
Tetrahymena itself: its many offerings as a useful experimental system are lovingly
accounted in the following chapters, and no ode to the organism would be complete
without acknowledging the simple, powerful physical appeal of watching the cells
swim.

Kathleen Collins
University of California at Berkeley
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Perspectives on the Ciliated Protozoan
Tetrahymena thermophila

Kathleen Collins

Department of Molecular and Cell Biology, University of California at Berkeley, Berkeley,
CA 94720-3200, USA
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Abstract

In biology, scientific discoveries are often linked to technical innovations
made possible by an inspired choice of model organism. Ciliate species, espe-
cially Tetrahymena thermophila, have had historically significant roles as
uniquely enabling experimental systems. More importantly, as the chapters in
this volume attest, ongoing efforts of the 7. thermophila model organism com-
munity have created a knowledge and resource infrastructure for systems-level
studies across a whole genome or proteome, setting the stage for understanding
the fundamental biology underlying the sophisticated life cycle and environ-
mentally responsive behaviors of this free-living, single-celled eukaryote. One
hope is that these developments will stimulate the integration of ciliates into
phylogenomic comparative analyses and also encourage the experimental use of
T. thermophila by a broader scientific community. This early branching yet
highly gene-rich eukaryote has much to offer for future studies of human-
relevant basic biology.
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In context of the eukaryotic family tree, ciliated protozoa launched their evolu-
tionarily successful lineages long before the successful radiation of plants, fungi, or
animals. What about the ciliates gives them the necessary advantages of growth,
reproduction, and adaptability in the face of changing environmental conditions?
Although these questions merit real answers from future studies, one can speculate
based on features that are common to modern-day ciliates but are distinctive when
ciliates are compared to other extant life. In addition to their defining characteristic
of cilia-driven motility, ciliates share the properties of a large cell size, specialization
of germline versus somatic nuclei within the same cytosol, and relatively high
expressed gene content (comparable to mammals). Large cell size has been proposed
to contribute to better feeding (ciliates are indiscriminate omnivores). The special-
ization of germline versus somatic nuclei allows remarkable en masse sampling of
germline genotype allele combinations in the asexual phase of population growth
and also an elegant mechanism for epigenetic influence of growth history on trans-
mission of adaptive traits to sexual progeny. Streamlining of the expressed, somatic,
macronuclear genome by large-scale elimination of repetitive DNA from the silent,
germline, micronuclear genome could support the chronologically high rate of gene
duplication and divergence that gives 7. thermophila parity of gene number with
animal genomes. These speculations have their origins in the literature summarized
in the chapters that follow, which together provide an opportunity to integrate
broadly across lessons learned from diverse research areas spanning from field
studies of cell communities in their native habitat to reverse genetics of inbred
strains maintained under controlled laboratory conditions.

II. Historical Contributions

Numerous useful features of 7. thermophila account for its history of contribu-
tions as a model organism (Collins and Gorovsky, 2005; Orias ef al., 2011; Pearson
and Winey, 2009; Turkewitz et al., 2002). T. thermophila has a large size that is
nonetheless modest among ciliates (~30 x 50 wm) and a rapid doubling time (about
2 hat 37 °C) made possible by a highly organized cortical architecture and a somatic
nucleus streamlined for Herculean transcriptional output. Large size enables poking
the cell with electrodes or with a needle to inject or ablate, the resolution of
subcellular compartments by live or fixed whole-cell imaging, and obtaining lots
of extract for biochemical studies from the more than 10° cells/mL that can be
cultured in simple media. Combining conventional genetics (Chapter 10) and molec-
ular genetics (Chapter 11) with the ease of biochemical analyses and purifications
(Chapters 12 and 14) and advantages for cytology (Chapter 13), there is a wealth
of opportunity for systems-level investigations to address complex mechanisms
of cellular communication and behavior (Chapter 15). The ease of culture
(Chapter 8), annotated genome contents (Chapter 4), and phenotypic and genotypic
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strain diversity (Chapters 2—5 and 9) lend themselves to student training opportu-
nities that yield new findings and publications (Chapter 16).

Historical highlights of discoveries enabled by use of 7' thermophila include the
histone composition and modification differences between euchromatin and hetero-
chromatin, which are readily detected by comparison of the macronucleus and
micronucleus (Chapter 3). Much insight has also been gained about the process of
DNA palindrome formation, which occurs during formation of the small macronu-
clear chromosome encoding large ribosomal RNAs (the rDNA chromosome) from
its single-copy locus in the micronucleus (Tanaka and Yao, 2009). Some effort has
been devoted to defining the principles of macronuclear chromosome counting
(Donti et al., 2009) and the conditionally essential, checkpoint-monitored processes
of micronuclear mitosis and meiosis (Chapter 7). Pioneering discoveries exploiting
1. thermophila also include the Nobel prize-winning self-splicing activity of the
group | intron within the large ribosomal RNA precursor (Cech, 2004) and the
simple-sequence repeat nature of chromosome telomeres and telomeric-repeat syn-
thesis by telomerase (Blackburn, 2010; Greider, 2010), with additional seminal
discoveries of microtubule motors, post-translational modifications, and dynamics
(Chapter 5).

III. Compelling Opportunities

In addition to the established fields of study among researchers currently using
T thermophila, improved ciliate genome annotations and new methods (such as
high-resolution imaging, deep sequencing, and quantitative proteomics) beg for
expansion of ciliate model-system applications to new fields of study. Among
these would be the biology of organellar biogenesis, remodeling, and function
(see Chapter 5); membrane specialization, vesicle traffic, and regulated secretion
(see Chapter 6); and different types of autophagy induced on massive scale to accom-
plish programmed nuclear death during sexual reproduction (Akematsu et al., 2010) or
to recycle cytosolic compartments and components of translation machinery when
cells enter a state of growth arrest (Andersen and Collins, 2012; Nilsson, 1984). Also
worthy of revisiting is the use of 7. thermophila to characterize differential ribosome
compositions that may reprogram translation (Hallberg and Sutton, 1977; McMullin
and Hallberg, 1986) and to investigate stress-responsive regulation of translation in
general (Calzone et al., 1983).

Mechanisms that govern the selectivity of nuclear import have recently begun to
be defined by directly exploiting nuclear dualism (Iwamoto et al., 2009; Malone
et al., 2008; Orias et al., 2011). There are also early hints that 7. thermophila can
provide new insights into principles of higher order chromatin organization, for
example, the basis for clustering of TDNA chromosomes or condensin-dependent
chromosome segregation (Cervantes et al., 2006). Principles of developmentally
induced genome remodeling are an obvious direction for continued study, including
elucidation of the machinery that directs chromosome breakage and joining,
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chromosome breakage coupled to new telomere addition, and site-specific recom-
bination (Chalker and Yao, 2011; Orias et al., 2011). Also the roles of 7. thermophila
Piwi-protein RNPs in small RNA-mediated epigenetic regulation are just beginning
to be understood (Couvillion et al., 2009, 2010; Schoeberl and Mochizuki, 2011).

IV. Chapter Logic

The early Chapters 2—7 are knowledge summaries and systems perspectives. The
later chapters 8—16 provide detailed methodological guidance, as well as general
operating principles to enable extensions beyond established protocols. To supple-
ment and update the compendium of this volume, which represents the cumulative
expertise of the model organism community through 2011, the community is building
updatable inventories of strains, plasmids, methods, and gene curations through the
Tetrahymena  genome  database  (http://ciliate.org/index.php/home/welcome),
Tetrahymena functional genomics database (http:/tfgd.ihb.ac.cn/), and Tetrahymena
stock center (http://tetrahymena.vet.cornell.edu/). Beyond these resources, a ciliate
list-serve allows queries for reagents and advice to be distributed across the model
organism community (http://listserv.uga.edu/archives/ciliatemolbio-1.html).
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Abstract

The genus Tetrahymena is defined on the basis of a four-part oral structure
composed of an undulating membrane and three membranelles. It is a monophy-
letic genus with 41 named species and numerous unnamed species, many of
which are morphologically indistinguishable. Nuclear small subunit rRNA and
mitochondrial cytochrome ¢ oxidase subunit 1 sequences indicate two major
clades, a “borealis” clade of less closely related species and an “australis™ clade
of more closely related species that correlate to differences in mating-type
determination and frequency of amicronucleates. Members of both clades show
convergence for histophagy (primarily facultative), macrostome transformation,
and (rare) cyst formation. Life cycle parameters of species are presented and
problematic species discussed.
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I. Introduction

Tetrahymena thermophila is the most widely known and best-studied member of
the ciliate genus Tetrahymena. It is, however, but one of 41 recognized species and
numerous unnamed species identified by DNA barcodes. In this chapter, we briefly
review the history of Tetrahymena and update information on the named species,
integrating data on life cycles and evolution. We also draw attention to areas in which
further research is required to resolve ambiguities.

II. Brief History

Ciliates now assigned to the genus Tetrahymena were very probably seen in the 17th
century by early microscopists, like Antoni von Leeuwenhoek. However, it was not
until 1830 that Ehrenberg put a name to the “type” species, calling it Leucophrys
pyriformis (Corliss and Dougherty, 1967). The genus Tetrahymena with its type species
Tetrahymena geleii was established by Furgason (1940) for this same ciliate, which
created a taxonomic and nomenclatural problem as two names cannot be used to
identify the same organism, according to the International Code of Zoological
Nomenclature. This was significantly more problematic for 7etrahymena because
Lwoff (1923) had succeeded in culturing 7etrahymena on sterile medium, opening
up a significant research opportunity in the biochemistry and physiology of protistan
cells. In the intervening years from 1923 until 1967, when Corliss and Dougherty
(1967) petitioned the International Commission on Zoological Nomenclature (ICZN),
a significant body of literature had accumulated using 7etrahymena as the name. Thus,
Corliss and Dougherty (1967) argued in a detailed submission to the Commission that it
was essential to conserve the generic name 7etrahymena in the interests of stability and
uniformity of nomenclatural usage. In 1970, the Commission agreed in their Opinion
915, preserving the generic name Tetrahymena for all future usage and setting as the
type species Tetrahymena pyriformis Ehrenberg, 1830 (ICZN, 1970; Lwoft, 1947).

During the years since Lwoff (1923), an amicronucleate strain of 7. pyriformis,
Strain GL, served as the primary research model for biochemistry and physiology of
Tetrahymena, and this research continued into the 1950s and beyond (Corliss and
Daggett, 1983). In the 1950s, Elliott and Gruchy (1952) and Elliott and Nanney
(1952) discovered mating types in micronucleate strains of 7. pyriformis, opening up
“this” ciliate as a genetical research model. Shortly thereafter Gruchy (1955)
discovered that 7. pyriformis was composed of eight varieties, actually true biolog-
ical species, making it a cryptic species complex like Paramecium aurelia, whose
cryptic nature had been discovered already by Sonneborn (1939). This period also
saw Tetrahymena become an important model for cell cycle research when Zeuthen’s
lab devised a means of synchronizing mass cultures of this ciliate by repeated heat
shocks (Scherbaum and Zeuthen, 1954; Zeuthen, 1953).

Corliss (1954, 1965, 1973a) has given overviews of the literature on Tetrahymena,
demonstrating its importance as a model for research. In 1954, he claimed there were
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over 600 papers dealing with species in this genus; in 1973, this number had grown
close to 3000 (Corliss, 1973a). A query on September 29, 2011 using
“Tetrahymena” as a topic word in the “Web of Knowledge®™™ for the period
1973 to the present provides 7814 titles, and from 1898 to the present 9305 titles!
Joining the list of model organisms, 7. thermophila has now had its genome
sequenced and assembled, at least the macronuclear genome. This second edition
of Methods in Cell Biology devoted to Tetrahymena confirms its place in the research
community.

ITI. Description

Tetrahymena has been assigned without controversy to the family Tetrahymenidae
in the hymenostome grouping of ciliates (Lynn, 2008). The genus is named for its
four (i.e., tetra, Gr. = four) oral structures — the paroral or undulating membrane and
three oral polykinetids or membranelles, which are “membrane”-like (i.e., hymen,
L. = membrane) (Fig. 1) (see Chapter 5 for more details on structure). There are now
41 species assigned to the genus (Table I). However, this number is likely a signif-
icant underestimate of the genetic diversity within the genus (see section below).

Tetrahymena species, once the ciliate is confirmed as assignable to that genus,
have been further characterized by four main categories of features (Corliss, 1970,
1973b): (1) the ciliature and infraciliature, particularly the number of somatic
kineties or ciliary rows, and cortical features, particularly the patterning of the
silver-line system following silver nitrate staining; (2) the life cycle characteristics,
such as kinds of polymorphisms and the presence of a cyst; (3) their ecological
habits, such as food preferences and kinds of relationships with host animals; and (4)
physiological and biochemical properties, though these latter properties are not
widely known for most species as this kind of research has concentrated primarily
on 1. thermophila.

For many years, the species were grouped into three infrageneric groupings,
primarily based on life cycle characteristics (Corliss, 1970, 1973b). The pyriformis
group contained bacterivorous species with a potential to facultatively parasitize
invertebrates and vertebrates, both living and dying (Figs. 1 and 2). The rostrata
group included larger-bodied species that can be strongly histophagous (i.e., tissue
eating, primarily invertebrate) and/or parasitic and often divide in a cyst and may
have a resting cyst stage (Fig. 2). The patula group comprised species that developed
a huge cytopharyngeal pouch as a macrostome form, which preyed upon smaller
ciliates, including its brothers and sisters who had not yet transformed into macro-
stomes (Fig. 2).

These infrageneric groupings are now most useful as a shorthand to identify the
life cycle and general biology of the species as pyriformis-like, rostrata-like, or
patula-like. They can no longer be considered to be phylogenetic groupings. Struder-
Kypke et al. (2001) argued that histophagy or the rostrata-like life style had evolved
several times convergently within the genus, based on phylogenies derived from
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Fig. 1 Schematic drawing of Tetrahymena pyriformis. The ciliate’s body is pear-shaped or pyriform.
The inset shows a detail of the oral apparatus with the basal bodies or kinetosomes of its paroral or
undulating membrane on the ciliate’s right of the oral cavity and the three oral polykinetids or membra-
nelles on the left (see Chapter 5 for more details). Adapted from Lynn (2008).



Table I

Brief characterization of valid species of Tetrahymena based on a summary of the literature.

Species name Ecological Cysts Mating; Micro-nucleus:  Small subunit  Cytochrome ¢ Reference

and taxonomic Habitus (if not Mating type Present (+)/ rRNA GenBank oxidase subunit 1

authorities specified, species can determination Absent (—) Accession GenBank Accession

be considered Number Number (Type
bacterivorous but also Strain)
facultative histophages

and/or parasites

Tetrahymena americanis Resting — Conjugation; + EF070242 EF070267 Nanney & McCoy, 1976
Nanney & McCoy, not viable synclonal (ATCC 205052)"

1976

Tetrahymena asiatica Simon, No Conjugation; + EF070243 EF070268 Simon, Meyer &

Meyer & Preparata, 1985 synclonal (ATCC 205167) Preparata, 1985

Tetrahymena australis No Conjugation; +/— X56167 EF070269 Nanney & McCoy, 1976
Nanney & McCoy, 1976 synclonal (ATCC 30271)*°

Tetrahymena bergeri Facultative histophage ~ Reproductive Cytogamy + AF364039 EF070270 Roque, de Puytorac &
Roque, de Puytorac & (Autogamy in (ATCC 50985)* Savoie, 1971
Savoie, 1971 pairs)

Tetrahymena borealis No Conjugation; +/— M98020 EF070271 Nanney & McCoy, 1976
Nanney & McCoy, 1976 karyonidal (ATCC 30317)

Tetrahymena canadensis No Conjugation; +/— X56170 EF070276 Nanney & McCoy, 1976
Nanney & McCoy, 1976 karyonidal (ATCC 30368)

Tetrahymena capricornis No Conjugation; + X56172 EF070277 Nanney & McCoy, 1976
Nanney & McCoy, 1976 synclonal (ATCC 30290)*

Tetrahymena caudata Macrostome Resting cyst? Unknown + EF070244 EF070278 Simon, Meyer &
Simon, Meyer & (ATCC 50087)* Preparata, 1985
Preparata, 1985

Tetrahymena chironomi Parasite No Intraclonal + ND* ND Corliss, 1960
Corliss, 1960 conjugation?

(selfing)

Tetrahymena corlissi Facultative histophage  Resting, Unknown + U17356 EF070279 Thompson, 1955
Thompson, 1955 reproductive (ATCC 50086)*

Tetrahymena cosmopolitanis No Conjugation; + EF070245 EF070280 Nanney & McCoy, 1976
Nanney & McCoy, 1976 unknown (ATCC 30324)

Tetrahymena dimorpha Facultative parasite No Intraclonal + ND ND Batson, 1983
Batson, 1983 conjugation;

unknown

Tetrahymena edaphoni Resting cyst Not observed + ND ND Foissner, 1987
Foissner, 1987

Tetrahymena elliotti Nanney No Intraclonal +/— EF070246 EF070281 Nanney & McCoy, 1976
& McCoy, 1976 conjugation (ATCC 205065)*

(selfing)

(Continued)
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Table I (Continued)

Species name Ecological Cysts Mating; Micro-nucleus:  Small subunit  Cytochrome ¢ Reference

and taxonomic Habitus (if not Mating type Present (+)/ rRNA GenBank oxidase subunit 1

authorities specified, species can determination Absent (—) Accession GenBank Accession

be considered Number Number (Type
bacterivorous but also Strain)
facultative histophages

and/or parasites

Tetrahymena empidokyrea ~ Obligate parasite? No Pairing observed + U36222 EF070282 Jerome, Simon &
Jerome, Simon & Lynn, (ATCC 50595)* Lynn, 1996
1996

Tetrahymena farleyi Lynn,  Obligate parasite? No Unknown -? AF 184665 EF070283 Lynn, Gransden, Wright &
Gransden, Wright & (ATCC 50748)* Josephson, 2000
Josephson, 2000

Tetrahymena furgasoni No None - EF070247 EF070284 Nanney & McCoy, 1976
Nanney & McCoy, 1976 (ATCC 30006)*

Tetrahymena hegewischi No Conjugation; + M98019 GU439219 Nyberg, 1981
Nyberg, 1981 synclonal (ATCC 30832)

Tetrahymena hyperangularis No Conjugation; + X56173 EF070286 Nanney & McCoy, 1976
Nanney & McCoy, 1976 synclonal (ATCC 30273)

Tetrahymena leucophrys Macrostome No None - EF070248 EF070287 Williams, Buhse & Smith,
Williams, Buhse & Smith, (ATCC 50069)* 1984
1984

Tetrahymena limacis Obligate parasite Intraclonal +/— EF070249 EF070288 Kozloff, 1946
(Warren, 1932) Kozloff, conjugation (ATCC 30771)

1946 (selfing)

Tetrahymena malaccensis No Conjugation; + M26360 EF070291 Simon, Meyer &
Simon, Meyer & karyonidal (ATCC 50065)* Preparata, 1985
Preparata, 1985

Tetrahymena mimbres Meyer ND None — EF070251 EF070292 Meyer & Nanney, 1987
& Nanney, 1987 (ATCC 30330)*

Tetrahymena mobilis (Kahl, No Not observed + AF364040 GU439221 This Chapter
1926) n. comb. for (CCAP 1630/22)"

Sathrophilus mobilis
Kahl, 1926

Tetrahymena nanneyi Simon, No Conjugation; + X56169 EF070294 Simon, Meyer &
Meyer & Preparata, 1985 synclonal (ATCC 50071)* Preparata, 1985

Tetrahymena nipissingi No Conjugation; + EF070252 EF070295 Nyberg, 1981
Nyberg, 1981 synclonal (ATCC 30837)*

Tetrahymena paravorax Macrostome Intraclonal +/— EF070253 EF070296 Corliss, 1957
Corliss, 1957 conjugation (ATCC 205177)*

(selfing)
Tetrahymena patula Macrostome Reproductive Conjugation? +/— X56174 EF070297 Corliss, 1951

(Ehrenberg, 1830)
Corliss, 1951

(ATCC 50064)

91
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Tetrahymena pigmentosa
Nanney & McCoy, 1976
Tetrahymena pyriformis

(Ehrenberg, 1830) Lwoff,

1947

Tetrahymena rostrata (Kahl,

1926) Corliss, 1952
Tetrahymena rotunda Lynn,
Molloy & Lebrun, 1981

Tetrahymena setosa
(Schewiakoff, 1893)
McCoy, 1975

Tetrahymena shanghaiensis
Feng, Sun, Cao, Li &
Chen, 1988

Tetrahymena sialidos
Batson, 1985

Facultative parasite

Obligate parasite?

Facultative parasite?

Tetrahymena silvana Simon, Macrostome

Meyer & Preparata, 1985

Tetrahymena sonneborni
Nyberg, 1981

Tetrahymena stegomyiae
(Keilin, 1921) Corliss,
1960

Tetrahymena thermophila
Nanney & McCoy, 1976

Tetrahymena tropicalis
Nanney & McCoy, 1976

Tetrahymena vorax (Kidder,

Lilly & Claff, 1940)
Kidder, 1941

Obligate parasite

Macrostome

No

No

Resting
Unknown

No

No

Resting cyst?
No

Resistant

No
No

Reproductive

Conjugation;
synclonal
None

Autogamy in resting
cyst
Unknown

Conjugation?

Conjugation

Intraclonal
conjugation?;
unknown

Unknown

Conjugation;
synclonal
Unknown

Conjugation;
karyonidal
Conjugation;
unknown
None

+/—

Not observed

+/—

+/—

+/—

+/—

M26358 EF070299

(ATCC 30278)*
X56171 EF070303

(ATCC 30327)
ND GU439231

(ATCC PRA-326)
ND ND
AF364041 EF070306

(ATCC 30782)*
EF070256 EF070307

(ATCC 205039)*
ND ND
EF070257 EF070307

(ATCC 50084)*
EF070258 GU439235

(ATCC 30834)
ND ND
M10932 EF070310

(Strain B1975)
X56168 EF070314

(ATCC 30276)
AF364038 EF070319

(ATCC 30421)

Nanney & McCoy, 1976

Lwoft, 1947

Corliss, 1952
Lynn, Molloy &

Lebrun, 1981
McCoy, 1975

Feng, Sun, Cao,

Li & Chen, 1988
Batson, 1985
Simon, Meyer &

Preparata, 1985
Nyberg, 1981

Corliss, 1960

Nanney & McCoy, 1976
Nanney & McCoy, 1976

Kidder, 1941

Note the following: Tetrahymena setosa has been considered a junior synonym of Tetrahymena pyriformis (Kher et al., 2011); Tetrahymena Iwoffi is considered a junior synonym of Zetrahymena
furgasoni (see text; Meyer & Nanney, 1987); and herein we create the new combination Tetrahymena mobilis (Kahl, 1926) Lynn & Doerder, n. comb. given the identification of this strain to the

genus Tetrahymena on the basis of its morphology (Schiftner & Foissner, 1998), submission of a type strain CCAP 1630/22 by Foissner, and its COX1 barcode (Kher et al., 2011).
# ATCC = American Type Culture Collection
® * indicates species where only one strain has been sequenced

¢ ND = not determined

4 CCAP = Culture Centre for Algae and Protozoa
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Fig. 2 Schematic representations of the life histories of Tetrahymena species that were assembled into
three groups, which at one time were thought to be clades. (A) The pyriformis group, characterized here by
a sexual species that undergoes both conjugation and forms resting cysts. The cell in the center can grow
and divide when food is available (top right). When food, such as bacteria, is depleted, the cell can
transform to a dispersal form (bottom left) or form a resting cyst (left). When food is encountered or
reappears, the dispersal form can transform back or the cyst can excyst. Typically under nutrient
deprivation, two cells undergo conjugation (bottom right), and the two cells separate afterward as
exconjugants, which either begin growth if food is present or encyst or disperse if food is not; based on
Lynn (2008). (B) The rostrata group, which includes larger bodied species that are strongly histophagous
and/or parasitic. The cell at the bottom can grow into the cell at the top, which may divide in a reproductive
cyst (right) or may form a resting cyst when conditions are unfavorable (left); based on Corliss (1973b).
(C) The patula group comprised species that develop a huge cytopharyngeal pouch (stippled line) as a
macrostome form (top) when bacterial food disappears. The macrostome preys upon smaller ciliates,
including its brothers and sisters, such as the microstome (bottom left), which have not yet transformed
into macrostomes. Division typically occurs in a reproductive cyst (bottom right). Macrostomes can
reversibly transform to microstomes or enter a reproductive cyst to divide and produce more macrostomes
or microstomes; based on Corliss (1973b).

small subunit rRNA gene sequences (SSUrRNA). This has now been confirmed for
the histophages and extended to the patula-like life style, using the barcode region of
the cytochrome ¢ oxidase subunit 1 (COX1) gene (Fig. 3) (Chantangsi et al., 2007;
Kher et al., 2011). These latter studies have also highlighted some areas for further
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Fig. 3 A tree showing relationships among strains and isolates of the different species of Tetrahymena.
The tree was generated using the neighbor-joining algorithm based on an 822-nucleotide stretch of the
cytochrome ¢ oxidase subunit 1 (COX1) gene. Genetic distances (scale bare = 0.1 nucleotide substitutions
per site) were calculated using the Kimura two-parameter model and the data were bootstrap resampled 1000
times. K — karyonidal system of mating-type determination; M — macrostome; P — parasite; S — synclonal
system of mating type determination; R — rostrata-like species. (Modified from Kher ez al., 2011.)
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research and for taxonomic consideration, which we will briefly touch on in the
remainder of this section.

Among the pyriformis-like species, it had long been recognized that it was prob-
lematic to use morphology to distinguish among them. In the 1970s, with the advent
of isozyme electrophoresis, Allen and Weremiuk (1971) first demonstrated quanti-
tative differences in esterase patterns between syngens of 7. pyriformis, and this
result was extensively broadened and strengthened to both sexual and asexual strains
by Borden et al. (1973, 1977). Nanney and McCoy (1976) proposed to use these
patterns in isozymes as operational means to identify any strain of 7 “pyriformis”,
sexual or asexual, using the following definition of an asexual species: “a population
with approximately the same amount of molecular (genetic) heterogeneity as a
sexual species and discontinuous in that heterogeneity from other sexual and asexual
species” (Nanney and McCoy, 1976, pp. 671-672). Nanney and McCoy (1976)
established four species for asexual groupings: their Phenoset A, which included
Strain E, the neotype for the type species (Corliss, 1971), and Strain GL, the original
type culture on which Lwoft (1947) based the name, became 7. pyriformis; Phenoset
B became Tetrahymena elliotti; Phenoset C became Tetrahymena furgasoni; and
Phenoset E became Tetrahymena Iwoffi. Isozyme patterns, while useful, were known
to be problematic: significant biomass of cells was needed; marker standards always
needed to be run and so reference cultures had to be maintained; and isozyme
expression might vary with physiological state. Gene sequencing technologies (e.g.,
gene sequences of SSUrRNA and COX1) avoid these problems. Kher ef al. (2011)
suggested that strains differing by <1% on the COX1 barcode be assigned to the same
species and that those diverging by >5% be assumed to be different species. Using
these criteria, they were able to assign 98% (50/51) of environmental isolates to a
species.

COX1 sequences have revealed problems with some species that are sufficiently
important that we review them here. For instance, T furgasoni and 7. Iwoffi were
established as separate amicronucleate species based on isozyme mobilities (see
above), but subsequent examination of cytoskeletal proteins (Williams et al., 1984)
and reexamination of strains using additional isozymes (Meyer and Nanney, 1987)
failed to distinguish the species. Meyer and Nanney (1987) declared them to be
synonymous and considered the species name 7. /woffi to be a junior synonym (i.e., a
“younger” species name that does not have priority). Chantangsi et al. (2007)
reported that both SSUrRNA and COX1 sequences of the two species are identical,
essentially rendering it certain that they are identical. For these reasons, 7. /woffi is
not included on the list of recognized species.

Problems also exist with micronucleate species. Tetrahymena tropicalis strains
occupy several positions on both SSURNA and COX1 trees (Chantangsi et al.,
2007; Kher et al., 2011). No differences were revealed by isozymes (Meyer and
Nanney, 1987), though there are differences in the D2 region of the large subunit
rRNA (LSUrRNA) sequences of 7. tropicalis in GenBank. COX1 sequences differed
by 6.2% (Kher et al., 2011), a value inconsistent with other intraspecific values.
While it is possible that some strains are mislabeled, which is a vexing problem in
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maintaining numerous isolates and species, differences among the 17 available
COX1 sequences suggest it is not a major contributor. Rather, we suspect that there
are cryptic species within this group. This is supported by the D2 variants and by
COX1 sequences from additional wild isolates (Doerder, unpublished), which seem
to fall into two groups. Further molecular investigations as well as breeding tests are
needed to resolve the status of this species. The observation that degenerating
macronuclei are uniquely anteriorly located in conjugating 7. tropicalis (Simon
and Doerder, 1981) may be useful in this regard. Strains of several other species
established since 1976 on the basis of interbreeding criteria also appeared to be
problematic according to Kher et al. (2011): strains of Tetrahymena nanneyi and
Tetrahymena nipissingi appeared to be conspecific (i.e., belonging to the same
species); strains of 7. nanneyi and Tetrahymena sonneborni appeared to be conspe-
cific; and strains of the latter two species appeared to be conspecific with strains of
Tetrahymena cosmopolitanis (Fig. 3). More research will be needed on these matters.

With regard to rostrata-like species, Segade et al. (2009) isolated three bona fide
strains of Tetrahymena rostrata from snails in Spain and confirmed these to be
assignable to that species on the basis of their morphology and that they underwent
autogamy (i.e., self-fertilization as a single cell) precisely as described many years
earlier by Corliss (1952). However, these strains were not genetically similar to the
T. rostrata strain(s) in the American Type Culture Collection for which information
on autogamy and life history is not available. Segade et al. (2009) concluded that
future research on 7. rostrata use this newly authenticated strain (i.e., ATCC PRA-
326, Table I) and not the other 7. rostrata strain (i.e., ATCC 30770). Corliss (1971,
Footnote, p. 244) expressed doubt about the distinctness of Tetrahymena bergeri, a
patronym for one of his former students, Jacques Berger, from 7. rostrata: COX1
barcoding demonstrates considerable distance between the two species (Fig. 3)
(Chantangsi et al., 2007; Kher et al., 2011). The two strains of the other member
of the former rostrata group, Tetrahymena limacis, isolated from slugs, are also
confirmed as very different from other rostrata types (Fig. 3).

This leads us to comment on the pyriformis-like strains isolated from animals. The
two species for which there are COX1 sequences — Tetrahymena empidokyrea
isolated from adult mosquitoes (Jerome ef al., 1996) and Tetrahymena farleyi iso-
lated from the urine of a dog named “Farley” (Lynn ef al., 2000) — are very different
from each other and from adjacent sexual species: for the former from a strain of
T tropicalis and for the latter a larger grouping of 7. tropicalis strains unrelated to the
former (Fig. 3) (Kherer al., 2011). Several other species have been isolated from the
hemolymph of insects — Tetrahymena chironomi from European chironomid larvae,
Tetrahymena rotunda from North American simuliid larvae, Tetrahymena stego-
myiae from African Aedes mosquito larvae, Tetrahymena sialidos from alderfly
larvae, and Tetrahymena dimorpha from simuliid larvae in Great Britain. These will
all need to be reisolated from nature, although the latter two were kept in axenic
culture but regrettably never submitted to a culture collection.

Finally attention should be drawn to strains that demonstrate a patula-like
transformation to a macrostome. Since Corliss (1971, 1973b), three species could
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be added to this group: Tetrahymena caudata, Tetrahymena leucophrys, and
Tetrahymena silvana (Table I). This brings to six, the number in this “group,”
but this is another life history strategy that appears to be convergent within the
genus, given the significant genetic differences among these species (Fig. 3)
(Chantangsi et al., 2007; Kher ef al., 2011).

IV. Life Cycles and Breeding Systems

The majority of tetrahymenas possess the typical ciliate life cycle (Fig. 2A). In the
absence of sufficient food for reproduction (i.e., through binary fission), cells
engage in conjugation during which micronuclear meiosis and reciprocal fertiliza-
tion occur. Additionally, the old macronucleus of each conjugant is destroyed, and
new ones are assembled from mitotic products of the zygotic nuclei (see details
elsewhere in this volume). Essentially, conjugation results in complete genome
replacement in each exconjugant and genetic identity of both exconjugants. Such
sex is evidently of considerable importance. Unlike the familiar Paramecium ““aur-
elia” species, autogamy is rare in Tetrahymena (see Table I). In the laboratory,
T thermophila can be induced to undergo autogamy in pairs (i.e., cytogamy), a
related process in which conjugants self-fertilize, but its occurrence in nature is
doubtful. Genomic exclusion, another laboratory phenomenon of great genetic
utility because it creates whole genome homozygotes, is also likely rare or absent
in natural populations. Nevertheless, the occurrence of both cytogamy and genomic
exclusion indicate that 7 thermophila has evolved considerable flexibility regarding
fertilization processes. See Chapter 10 for additional details on cytogamy and
genomic exclusion.

Cells emerging from conjugation have two macronuclei, which are distributed to
the two daughter cells at the first binary fission as karyonides. These karyonidal
clones are immature, incapable of conjugation for many fissions. The length of the
immaturity period is about 40—60 fissions in inbred 7. thermophila, but is longer in
descendants of wildcaught cells and in other species of Tetrahymena where it is
poorly characterized. The length is under genetic control but is sensitive to environ-
mental variables, such as temperature and nutrition (Nyberg and Bishop, 1981). A
relatively long immaturity period is associated with an outbreeding economy
(Sonneborn, 1957), suggesting that all tetrahymenas are primarily outbreeders, a
conclusion supported by multiple mating types in most species. Once cells reach
sexual maturity, they are capable of conjugation with cells of a complementary
mating type, though initially they may mate with only a subset of testers (Rogers
and Karrer, 1985).

The mating type that is expressed upon maturity is determined either at fertiliza-
tion (i.e., is synclonal, Table I) or during macronuclear development (i.e., is karyo-
nidal, Table I, and as discussed below). In synclonal systems, which include most of
the “pyriformis” complex of species, descendants of a single pair have the same
mating type determined by the common genotype (Fig. 3). This enforces outbreeding
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as descendants of the same pair of conjugants are not capable of mating among
themselves. In the karyonidal system, each new macronucleus is independently
determined during its development for a mating type specified by inherited mat
alleles that specify arrays of possible mating types. In 7. thermophila alleles at the
mat locus typically specify four to six of the possible seven mating types (Arslanyolu
and Doerder, 2000). This means that it is possible for descendants of a given pair of
conjugants to mate among themselves. This has been useful in the laboratory, but
how often it contributes to inbreeding in nature is unknown.

If a species possesses a micronucleus, it is theoretically capable of breeding,
though breeding has not been observed in all species (Table I). There are, however,
numerous amicronucleate species, and amicronucleate tetrahymenas are relatively
common in nature (see chapter by Doerder and Brunk). Amicronucleates have never
been observed to mate when brought into the laboratory, but can now be identified by
COX1 barcodes (Chantangsi et al., 2007; Kher, ef al., 2011). The barcodes indicate
that some amicronucleates have micronucleate counterparts, whereas many, includ-
ing the classical 7. pyriformis, do not. The high frequency of Tetrahymena amicro-
nucleates contrasts to the rarity of amicronucleates of other ciliate species (Ng,
1986) and raises questions as to their evolutionary success. With few exceptions,
asexuals derived from sexual species are transitory (Schon er al, 2009).
Amicronucleate tetrahymenas would, however, be able to take advantage of new
mutations through the phenomenon of macronuclear assortment, a poorly under-
stood process similar to genetic drift (Doerder ef a/., 1992). Such mutations in sexual
lineages would be erased at conjugation by the construction of new macronuclei, but
in the absence of sex, new mutations would be subject to selection as they increase in
frequency in the assortment process. It would be an interesting project to examine the
relative importance of sex and assortment in Tetrahymena evolution.

Some Tetrahymena species exhibit life-cycle traits that distinguish them from
other members of the genus (Table I). These include, as mentioned above, macro-
stome formation, histophagy, parasitism, and cyst formation, all of which are poorly
studied, especially recently. The lack of resting cysts in most species raises signif-
icant questions regarding mechanisms of dispersal and overwintering.

V. Evolution of Tetrahymena

As suggested by its morphology, the genus Tetrahymena appears to be monophy-
letic as determined by phylogenetic analysis of nuclear SSUrRNA and mitochondrial
COX1 sequences (Chantangsi and Lynn, 2008; Struder-Kypke et al., 2001). Two
major groups, “borealis” and “australis,” originally suggested by various rRNA
sequences and LSUrRNA sequences (Nanney et al., 1998), were supported by the
SSUrRNA and COX1 sequences (Chantangsi and Lynn, 2008). Moreover, COX1
sequences distinguished among members of the “australis” group that had identical
SSUrRNA sequences (Chantangsi ef al., 2007). The average COX1 sequence diver-
gence was ~10% among bona fide species, with intraspecific variation generally
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<2%. The utility of these sequences for species identification is described in the
chapter by Doerder and Brunk.

The “australis” and “borealis” groups or clades are congruent with the mecha-
nism of mating-type determination, suggesting a major evolutionary divergence.
The “australis” group is uniformly synclonal in mating-type determination,
whereas, the “borealis” clade is karyonidal in the species that have been studied
(Fig. 3, Table I) (Meyer and Nanney, 1987). The identical SSUrRNA sequences of
members of the “australis” clade and the greater similarity of their COX1 sequences
indicate more recent divergence. It also may be significant that very few of the
“australis” groups are associated with amicronucleates found in natural populations
(Doerder, unpublished). Indeed, the most abundant amicronucleate is Tetrahymena
borealis followed by T. elliotti, both in the “borealis™ clade.

The list of species in Table I is by no means exhaustive. Both Chantangsi et al.
(2007) and Kher ef al. (2011) reported new species based on COX1 differences of
>5%. Doerder (unpublished) has similar evidence of numerous other species: based
on these unpublished data, as a crude estimate as to the abundance of new species,
among 454 isolates, 36% had COX1 barcodes indicating new species. Of the ~30
species represented by these isolates, some species are represented by multiple
isolates indicating that they are common, whereas others are represented by a single
isolate. These include both micronucleate and amicronucleate forms. Many of the
amicronucleates have no micronucleate counterpart, suggesting both that they might
be ancient and pointing to a critical need for more sampling. Indeed, since the
sampling was geographically restricted largely to areas of the northeast USA, there
are likely hundreds of additional Tetrahymena species worldwide. Some
Tetrahymena-like cells isolated from water samples do not grow in the laboratory,
suggesting that there may be an additional pool of tetrahymenas in nature (see
chapter by Doerder and Brunk). As indicated above, there has been little recent
research on parasitic or symbiotic species, another potential pool of species.

Phylogenetic trees based on nuclear SSUrRNA and mitochondrial COX1 genes
are in general agreement (see Chantangsi and Lynn, 2008), though there are differ-
ences in detail that remain to be resolved, perhaps by the use of additional nuclear
and mitochondrial genes. One area of interest concerns the genus Colpidium, which
both trees show is more closely related to Tetrahymena than to Glaucoma with which
Tetrahymena is often associated. While the SSUrRNA tree places Colpidium outside
of the Tetrahymena genus, the COX1 tree places both Colpidium campylum and
Colpidium colpoda within the tetrahymenas. Further work is needed to resolve this
potentially interesting conflict.

VI. Perspective
The genus Tetrahymena has a rich history of important contributions to genetics,

cell biology, and modern molecular biology, mostly from the single species
T thermophila. The genus appears to be especially speciose and possesses
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Abstract

Nuclear dualism is a characteristic feature of the ciliated protozoa. Tetrahymena
have two different nuclei in each cell. The larger, polyploid, somatic macronucleus
(MAC) is the site of transcriptional activity in the vegetatively growing cell. The
smaller, diploid micronucleus (MIC) is transcriptionally inactive in vegetative cells,
but is transcriptionally active in mating cells and responsible for the genetic conti-
nuity during sexual reproduction. Although the MICs and MACs develop from
mitotic products of a common progenitor and reside in a common cytoplasm, they
are different from one another in almost every respect.

I. Vegetative Cell Division

MICs and MAC:s replicate their DNA at different points in the cell cycle. MIC
DNA is replicated in late anaphase (Doerder and DeBault, 1975; Woodard et al.,
1972); thus, there is virtually no micronuclear G1, and the MIC has a DNA content of
4C for essentially all of the cell cycle. Macronuclear S phase, on the other hand,
occurs midway through the cell cycle (Charret, 1969). The macronuclear ribosomal
RNA genes (rDNA), which consists of pairs of genes on a palindromic minichromo-
some (Engberg ez al., 1976; Karrer and Gall, 1976), replicate early in MAC S phase.
This was shown both by EM autoradiography (Charret, 1969), and by molecular
analysis of DNA replication in cells that were starved to synchronize the cell cycle
and then refed to initiate DNA replication (Engberg et al., 1972).

In vegetatively growing cells, the nuclei divide without dissolution of the nuclear
membranes (Jaeckel-Williams, 1978). Division of the MIC occurs first, and the chro-
mosomes separate on a nuclear spindle that assembles within the nuclear membrane
(LaFountain and Davidson, 1979, 1980) (for details, see Chapter 5). The MAC divides
amitotically, without functional centromeres. Multiple copies of each macronuclear
chromosome are randomly partitioned between the two daughter cells. As a result of
the random segregation of alleles, vegetative progeny of a cell that is heterozygous
following conjugation become pure for one allele or the other within approximately
100 cell fissions (Orias and Flacks, 1975). This is the molecular basis of the genetic
phenomenon called phenotypic assortment in which a heterozygous cell expresses the
dominant allele immediately following conjugation, but clones of the vegetative prog-
eny can express either the dominant or the recessive allele (Sonneborn, 1974).

Molecular experiments are in accord with the genetic data and support the idea
that the MAC lacks centromeres. All eukaryotes studied to date have a gene encod-
ing a variant histone H3 that is specifically associated with the centromeres. The
Tetrahymena homolog, CNAL, is essential for vegetative growth and for mainte-
nance of the MIC. GFP-tagged Cnalp and antibodies to the protein produce patterns
of staining consistent with association of the protein with centromeres. These
include 10 dots at the periphery of the MIC, as expected for the five pairs of
micronuclear chromosomes; alignment of the dots at the metaphase plate during
micronuclear mitosis, and localization at the pole-proximal edge of the nuclei at
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anaphase. No staining was observed in the MACs of vegetatively growing cells
(Cervantes et al., 2006; Cui and Gorovsky, 2006).

II. Sexual Reproduction

The respective roles of the MICs and MACs are reflected in the nuclear events of
sexual reproduction or conjugation (Chapter 7, Figs. 6 and 7). Mating pairs form
between two cells of different mating types. The MIC (Fig. 1A), as the germ line
nucleus, undergoes meiosis (Fig. 1B-D). It elongates to as much as 50 times the

A

Fig.1 Seclected stages in the Tetrahymena life cycle. (A) Micro- and macronucleus in a vegetative cell.
(B) Crescent micronucleus. (C) Meiosis 1. (D) Meiosis II. (E) Prezygotic mitosis, just prior to nuclear
exchange. (F) Early macronuclear anlagen development and condensation of the parental MAC. Figures
(B-F) are courtesy of Joseph G. Gall. (For color version of this figure, the reader is referred to the web
version of this book.)
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usual diameter, to form a crescent MIC (Fig. 1B) that is analogous to the bouquet
stage in multicellular organisms (Loidl and Mochizuki, 2009). The centromeres are
at one end of the crescent MIC and the telomeres at the other end (Loidl and
Scherthan, 2004; Mochizuki et al., 2008). Chromosome pairing and recombination
occur in the crescent MIC. Following the crescent stage, the chromosomes condense
and meiotic divisions ensue (Fig. 1C and D). One of the four meiotic products is
selected as the nucleus that will be inherited and the other three degenerate. The
selected meiotic product undergoes mitosis to produce two identical pronuclei, one
of which remains resident in the cell, and the other is transferred to the mating
partner (Fig. 1E). The migratory and resident nuclei in each cell fuse, producing one
zygotic MIC in each cell. The zygotic MIC undergoes two postzygotic mitoses. Two
of the four nuclei develop into MICs and two develop into MACs (Fig. 1F). As the
new MACs are developing, the parental MAC condenses and degenerates (Fig. 1F).
How the destruction of the parental MAC is achieved along with the simultaneous
preservation of the integrity of the MICs and the developing MACs is not well
understood. Although a protein with homology to apoptosis inducing factor is
associated with mitochondria and apparently plays a role in degradation of the old
MAC (Akematsu and Endoh, 2010), most of the genes involved in apoptosis are
absent from the Tetrahymena genome database (reviewed in detail in Chapter 5).
Specific modifications to the nuclear envelope of the parental MAC have been
detected, and it has been suggested that these may target an atypical lysosomal
autophagy of that nucleus (Akematsu et al., 2010).

Early events in conjugation are driven by transcription in the parental MAC. These
include cell pairing, meiosis, exchange of nuclei, and the postzygotic mitoses.
Several genes that are required for events at later stages of macronuclear develop-
ment are also transcribed early in mating. As the new MAC, or macronuclear
anlagen, develops it becomes transcriptionally active and produces transcripts
required for the later stages of macronuclear development and sexual reproduction,
including DNA replication and the transition from sexual reproduction to vegetative
growth (Marsh et al., 2001; Yin et al.., 2010).

III. Chromatin Structure

A. Structure of the Histone Genes

The chromatin of Tetrahymena is organized in nucleosomes that possess the
standard complement of core and linker histones. In most eukaryotes, genes encod-
ing the major histones H1, H2A, H2B, H3, and H4 are interspersed in cassettes that
are tandemly repeated in the genome. In contrast, Tetrahymena histones are encoded
by low-copy number genes that are dispersed in the micronuclear genome. They
consist of two genes for linker histones, two for each of the major core histones, a
single gene for the minor H2A variant, hv1, and one for each of the H3 variants, hv2
and Cnapl (Cervantes et al., 2006; Cui and Gorovsky, 2006; Liu and Gorovsky,
1996; Liu ef al., 1996; Thatcher et al., 1994). Nuclear dualism and the structure of
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the histone genes in Tetrahymena have made the organism a particularly fertile
ground for the study of the function of histone proteins. The structure and modifi-
cation of histones in the MIC, which undergoes meiosis and mitosis, but is tran-
scriptionally silent in vegetatively growing cells, can be compared to those in the
amitotic, transcriptionally active MAC. In addition, the low-copy number of the
histone genes has permitted genetic analysis by gene knockouts and gene replace-
ments that are not possible in most eukaryotes.

B. Linker Histones

The average internucleosomal repeat length is 175 bp in the MIC and 202 bp in the
MAC (Gorovsky et al., 1977). This is likely to be due to differences in the consti-
tution and modification of micronuclear and macronuclear histones. The most
striking difference is between the linker histones in the MIC and MAC.
Macronuclear H1 is encoded by the single copy gene, HHO. The protein of 163
amino acids is unusually small and lacks the central hydrophobic domain found in all
other H1 proteins (Hayashi et al., 1987; Wu et al., 1986). Micronuclear linker
histones consist of four proteins; «, S, y, and §, all encoded by the MLH gene
(Wu et al., 1994). The proteins are translated as a polypeptide, X, and the individual
proteins are produced by specific proteolytic processing (Allis et al., 1984). Both
HHO and MLH are nonessential genes, since the respective knockout strains are
viable and grow well (Shen ef al., 1995).

Although HHO and MLH are nonessential genes, DAPI staining showed that both
micronuclear and macronuclear linker histones function in chromatin condensation
(Shen et al., 1995). A more surprising result relates to the role histone H1 plays in
gene regulation. Although histone H1 acts as a general repressor of gene activity
in vitro (Paranjape et al., 1994), the overall transcriptional activity of the HHO
knockout strain is not significantly different from that in the wild-type strain.
However, histone H1 is required for both positive and negative regulation of specific
inducible genes (Shen and Gorovsky, 1996), including a positive feedback regulation
of CDC2, the gene encoding the kinase that phosphorylates histone H1 (Dou et al.,
2005; Song and Gorovsky, 2007).

C. Nucleosome core histones

Tetrahymena nucleosomes are composed of the conventional core histones, H2A,
H2B, H3, and H4. However, the different biological roles of the MICs and MACs are
reflected in their histone composition and modification.

Tetrahymena chromatin contains equimolar amounts of two major H2A proteins,
H2A(1) and H2A(2). The proteins are slightly different from one another (Fusauchi
and Iwai, 1983). However, neither of the genes encoding the major H2A histones is
essential (Liu ez al., 1996), suggesting the two proteins may substitute for one another.

The chromatin of the transcriptionally active MAC contains a histone H2A variant,
hvl, encoded by the HTA3 gene (White and Gorovsky, 1988; White et al., 1988).
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HTA3 is an essential gene; thus, hvl performs a necessary function that cannot be
supplied by either of the major H2A proteins. The hv1 protein is absent from the MIC
except during the early stages of conjugation, when the MIC becomes transcription-
ally active. It has been suggested that hv1 plays a role in establishing transcription-
ally competent chromatin (Allis ef al., 1982; Stargell et al., 1993).

There are three genes for histone H3 in Tetrahymena. HHT1 and HHT2 encode
identical proteins (Horowitz ef al., 1987) and are transcribed only in growing cells.
HHT3 encodes the minor histone variant, hv2, which differs in 16 amino acids from
the major, abundant H3 proteins and is expressed constitutively (Bannon et al.,
1983). None of the genes encoding histone H3 are essential in Tetrahymena.
However, in cells lacking HHT3, the HHT2 gene is transcriptionally activated in
starved cells, where it would normally be downregulated. Furthermore, although the
HHT1/HHT3 double knockout strains are viable, the HHT2/HHT3 double knock-
outs are not. This suggests that the constitutive expression of H3 replacement
variants is more important than the differences in amino acid sequence, which
may simply reflect an early evolutionary divergence (Yu and Gorovsky, 1997).

One difference between the core histones of the 7etrahymena MICs and MACs can
be attributed to proteolytic processing. MICs contain two forms of histone H3: H3S,
which is electrophoretically indistinguishable from macronuclear histone H3, and
H3¥, which migrates more rapidly in an acid-urea polyacrylamide gel. H3" is derived
from H3® by a specific proteolytic cleavage of six amino acid residues from the
amino terminus of the protein (Allis and Wiggins, 1984). The physiological signif-
icance of H3" in the MIC is unknown.

As in most organisms, transcription of the histones is coordinated with S phase. As
described above, the S phase of the MIC and the MAC occur at different points in the
cell cycle. Since two unlinked genes encode the major variants of each of the
Tetrahymena histones, it is tempting to speculate that the existence of gene pairs
for each of the major histones is related to the specific DNA replication-associated
deposition of the gene products in the two nuclei. This is true for the linker histones
(Wu et al., 1988); however, the situation is more complex in the case of histone H4.
Tetrahymena histone H4 is encoded by two genes, HHF1 and HHF2, which produce
identical proteins. Both genes are transcriptionally active in vegetatively growing
cells, producing messages of different sizes with different flanking sequences
(Bannon et al., 1984; Horowitz et al., 1987). In situ hybridization to RNA with
gene-specific probes revealed that although HHF1 (formerly H4-1) transcription is
limited to micronuclear S, HHF2 (formerly H4-11) is expressed during both micro-
and macronuclear S (Yu ez al., 1987).

The earliest link between histone modification and transcriptional control was
established in 7etrahymena. The core histones were shown to be acetylated in the
transcriptionally active MAC, but not in the transcriptionally inert MIC (Vavra et al.,
1982). Histone acetyltransferase was purified from isolated MACs based on a gel
activity assay (Brownell and Allis, 1995), and the gene was shown to have homology
to the yeast transcriptional adaptor, GenS (Brownell ef al., 1996). Subsequent in vitro
and in vivo analysis demonstrated that yeast Gen5 has HAT activity (Brownell ef al.,
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1996; Kuo et al., 1998; Wang et al., 1998). A histone deacetylase, encoded by the
gene THDV1, is also localized specifically to MACs (Wiley et al., 2000). THD1 is an
essential gene and plays a critical role in chromatin integrity in the MAC (Wiley
et al., 2005). Another histone modification that is associated with transcriptional
activity is the methylation of histone H3 at lysine 4. This modification is also
specific to MACs in Tetrahymena (Strahl et al., 1999).

IV. Molecular Events of MAC Anlagen Development

As the macronuclear anlage develops, the genome undergoes a massive restruc-
turing. The five micronuclear chromosomes are broken down into approximately
180 macronuclear chromosomes (E. Hamilton, personal communication). The sin-
gle-copy ribosomal RNA gene (rDNA) is converted into a giant palindrome and
amplified to a copy number of about 10,000. Approximately 6000 specific DNA
elements, called IES (internal eliminated sequences) are removed from the genome,
and the genome undergoes several rounds of endocycling, during which DNA
replication occurs without cell division. Finally, the DNA in the MAC undergoes
de novo DNA methylation. The molecular processes behind each of these events will
be described in turn.

A. Chromosome Breakage

During macronuclear anlagen development, the five micronuclear chromosomes
are broken down into about 180 macronuclear chromosomes ranging in size from
20 kb to over 1500 kb. Chromosome breakage is site specific. The macronuclear
chromosomes, which are roughly comparable to yeast chromosomes in size, can be
separated on agarose gels by pulsed field electrophoresis. The pattern of the frag-
mented chromosomes is constant, and specific DNA probes reproducibly recognize
chromosomes of the same size (Altschuler and Yao, 1985; Conover and Brunk, 1986).

A 15-bp chromosome breakage sequence (CBS) has been identified that is nec-
essary and sufficient for chromosome breakage. This was shown by in vivo analysis
of DNA rearrangement on constructs (Yao ef al., 1990) and was confirmed by
genetic analysis when a mutation in the CBS 3’ to the rRNA gene was shown to
affect its excision during macronuclear anlagen development (Kapler and
Blackburn, 1994). CBS sequences have a quite long and stringent sequence require-
ment (Fan and Yao, 2000), with a consensus sequence of TAAACCAACCTCTTT,
but almost half of the CBS have some variation in the sequence, and only a 10-bp
core sequence (underlined) is strictly conserved (Hamilton ez al., 2006).

B. rDNA Amplification

The micronuclear rDNA of Tetrahymena, unlike most organisms, is single copy
(Yao and Gall, 1977). All of the macronuclear rDNA molecules are produced from a
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single germ-line gene. This affords a unique opportunity for mutation and genetic
analysis that is not possible in most other organisms, where the rRNA genes are
highly repeated in the germ line.

CBS are located on either side of the rDNA in the micronuclear chromosome. The
gene is excised during macronuclear anlagen development and converted to a giant
inverted repeat (Butler ez al., 1995; Engberg et al., 1976; Karrer and Gall, 1976). The
20-kb rDNA minichromosome is amplified to a copy number of about 10,000 per
cell (Yao and Gorovsky, 1974).

C. Telomeres

Following chromosome breakage, new telomeres are added to the ends of the
macronuclear chromosomes. The first solution of the structure of eukaryotic telo-
meres was in Tetrahymena (Blackburn and Gall, 1978). Macronuclear telomeres are
composed of 50-80 tandem repeats of the sequence 5'-G4T2-3'.

Micronuclear telomeres are somewhat more complex than their macronuclear
counterparts in several respects (Kirk and Blackburn, 1995). The terminal GT tracts
are about seven times longer than those of the macronuclear telomeres, and the
centromere-proximal region of the tract is composed of about 0.5-1.0 kb of homo-
geneous G4T3 repeats. The telomere-associated sequences immediately adjacent to
the G4T3 array are relatively GC rich and 55-87% identical to each other. The more
complex structure of micronuclear telomeres may be related to a telomere function
that is not required in the MAC, such as telomere localization or chromosome
segregation.

One of the classic problems of modern molecular biology that was solved in
Tetrahymena had to do with telomere synthesis. All of the known DNA polymerases
synthesize DNA in a 5’ to 3’ direction and require a primer. How then, is the synthesis
of the 5" end of the DNA completed? Telomeric DNA is synthesized by telomerase
(Greider and Blackburn, 1985), a ribonucleoprotein complex containing a 159
nucleotide RNA. Telomerase is essentially a reverse transcriptase in which the
RNA component of telomerase serves as the template for synthesis of the GT rich
strand of the telomere (Autexier and Greider, 1994; Greider and Blackburn, 1989;
Yu et al., 1990). There is a vast literature on the structure of telomeres and telome-
rase, which has recently been reviewed (Wyatt ez al., 2010).

D. IES Elimination

Macronuclear anlagen development involves the elimination of approximately
6000 specific elements (IES) from the genome (Yao et al., 1984). The removal of
these elements is interstitial and is accompanied by ligation of the flanking
sequences. The majority of the IES are repeated in the micronuclear genome (Yao
and Gorovsky, 1974), and they are completely eliminated from the macronuclear
genome.
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Many of the IES resemble transposable elements in structure. The largest to be
described to date are the 22-kb TLR elements (for Tetrahymena long repeat)
(Wells et al., 1994; Wuitschick et al., 2002). This was the first example of a group
of elements called Maverick elements that have subsequently been found in
various organisms including nematodes, zebrafish, and fungi (Pritham et al.,
2007). Maverick elements are characterized by a 5—6 bp target site duplication,
long subterminal inverted repeats and a number of conserved open reading
frames.

Another family of IES, the REF elements, bears structural resemblance to non-
LTR retrotransposons (Fillingham et al., 2004). The Tetrahymena elements contain
two open reading frames. One of them encodes a novel protein, but the other, ORF2,
encodes a deduced protein with an apurinic/apyrimidinic endonuclease (APE)
domain and a reverse transcriptase (RT) domain, typical for non-LTR elements in
other species. Nucleotide substitutions in the APE and RT domains of the REF
elements, and in several of the open reading frames of the TLR elements, including
one encoding a putative integrase gene (Gershan and Karrer, 2000; Wuitschick ez al.,
2002), are highly nonrandom. The vast majority of the nucleotide polymorphisms
occur in the third nucleotide of the codon, suggesting that at some point the genes
were under selective pressure to encode a functional enzyme.

Two additional classes of elements that resemble transposable elements in other
systems are IES in Tetrahymena. Inserted in the TLR elements, there are several
examples of an element that has a single open reading frame. The open reading frame
has a domain that resembles the nuclease domain of HNH endonucleases and a
putative DNA binding motif similar to the apetala2 domain found primarily in plants
(Whuitschick et al., 2004). The Tetrahymena genome project revealed the presence of
elements resembling Tcl elements of Caenorhabditis elegans (Eisen et al., 2006).

Much of the molecular analysis of IES elimination has been done on short, single-
copy elements of a few hundred base pairs that do not contain open reading frames.
The primary subjects of these studies have been the M and R elements (Austerberry
and Yao, 1988). Additional small elements include the mse2.9 element, and the C, H,
RP, RR, and B elements (Chau and Orias, 1996; Hlivos et al., 1998; Katoh et al.,
1993; Li and Pearlman, 1996.

Most IES differ from some transposable elements in that their excision from the
genome is imprecise. Some IES display microheterogeneity of 10-20 bp at the
sequence junction (Austerberry et al., 1989; Heinonen and Pearlman, 1994; Patil
et al., 1997). For some elements, rearrangement can occur at alternative junctions
over a range of a few hundred base pairs (Austerberry and Yao, 1988; Chau and
Orias, 1996; Wells et al., 1994).

Partial sequencing of the micronuclear genome revealed that IES are underrep-
resented in exon regions, as expected for elements that undergo imprecise excision.
However, a novel class of small IES was discovered that undergo precise excision,
and sequences from at least one of these IES are included in a biologically stable
RNA that is transcribed during conjugation. Thus, there may be some cases where
IES are protein coding (Fass et al., 2011).
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It is not known whether any of the eliminated elements are essential for life
processes in Tetrahymena. However, it seems Tetrahymena has apparently evolved
the ultimate method to silence transposable elements, which is to remove them from
the somatic genome entirely (Fillingham and Pearlman, 2004; Yao et al., 2003).
Since the excision of most IES is imprecise, their elimination from the MAC does not
solve the problem of invasion of transposons into coding sequences in the germ-line
MIC. It does, however, preclude the spreading of these elements in the somatic
genome.

Sequence-specific recognition between the IES and the elimination machinery is
apparently not required, because foreign DNA introduced into the MIC can be
recognized as MIC-specific and eliminated from the developing macronuclear
genome. Although single copies of the Neo gene can be eliminated as IES, there
is a position effect such that a Neo is not eliminated from other sites unless there are
additional copies elsewhere in the micronuclear genome (Howard-Till and Yao,
2007; Liu et al., 2005; Yao et al., 2003). Thus, repetition of a sequence in the
MIC promotes its elimination from the developing MAC (Liu ef al., 2005).

Elimination of IES is an RNA-mediated event, and many of the components are
similar to those required for RNA interference in other organisms. The “Scan RNA”
model has been proposed to describe the molecular processes (Mochizuki and
Gorovsky, 2004c; Schoeberl and Mochizuki, 2011). Briefly, the model proposes that
the entire micronuclear genome is bidirectionally transcribed early in sexual repro-
duction. The double-stranded RNA is digested by a Dicer-like enzyme to 28 bp scan
RNAs (scRNA). These are exported to the cytoplasm where they are incorporated
into a complex containing an argonaute family protein, Twilp and a number of
additional proteins. The complex migrates to the parental MAC, where the genome
is “scanned” to determine which sequences are present. Complexes containing
scRNAs with homology to macronuclear sequences are degraded. The remaining
complexes, containing sScRNAs complementary to MIC-limited sequences, are then
transported the developing macronuclear anlagen, where they target the formation of
specialized heterochromatin. The heterochromatic DNA is excised from the somatic
genome and degraded.

The scan RNA model incorporates a wide variety of molecular data. Although the
MIC is transcriptionally inactive during vegetative growth, micronuclear transcrip-
tion occurs early in meiosis (Martindale ez al., 1985; Sugai and Hiwatashi, 1970). A
subunit of RNA polymerase II is localized to the MIC in a developmental stage
specific manner, suggesting that the transcription is catalyzed by RNA pol II
(Mochizuki and Gorovsky, 2004b). Transcription of the M and R elements was
shown to be bidirectional, suggesting that MIC transcription produces double-
stranded RNA molecules (Chalker and Yao, 2001).

Transcripts of a Dicer-like gene (DCL1), transcribed in the parental MAC, appear
early in mating. Dcllp is localized in the MIC and is required for production of 28-bp
scRNAs. In matings between somatic knockouts of DCL1, germ line limited tran-
scripts accumulate, sScRNAs are not produced, IES elimination fails and the progeny
die (Malone et al., 2005; Mochizuki and Gorovsky, 2005).
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The scRNAs are exported to the cytoplasm, where they associate with the argo-
naute-like protein, Twilp (Mochizuki ez al., 2002). Twilp is required to stablilize the
scRNAs. Another protein, Giw1p, associates with Twilp and is required for transport
of Twilp into the parental MAC. Site-directed mutagenesis showed that a “slicer”
activity of Twilp is required for association with Giw1p. It has been proposed that the
slicer activity removes the passenger strand of the double-stranded scRNAs, which
converts the complex to a conformation that is recognized by Giw1p for binding and
transport to the parental MAC (Noto et al., 2010). Once transported to the parental
MAGC, the single-stranded scRNAs are stabilized by 2'-O-methylation at their 3’
termini, catalyzed by the 7etrahymena HEN1 homolog (Kurth and Mochizuki, 2009).

Initially, the population of scRNAs appears to contain sequences homologous to
the entire micronuclear genome. As conjugation proceeds, the SCRNAs are enriched
for sequences homologous to IES (Aronica et al., 2008; Mochizuki and Gorovsky,
2004a). This is likely due to the selective degradation of scRNAs with homology to
sequences present in the parental MAC. A putative RNA helicase, encoded by the
gene EMAL, is required for interaction of Twilp with chromatin in the parental
MAC. It has been postulated that this interaction is mediated by base pairing between
scRNAs in the Twilp complex and nascent RNAs in the parental MAC. In EMA1
knockouts, selective loss of scRNAs homologous to Mac-destined sequences (MDS)
is abolished (Aronica et al., 2008).

The scanning of the macronuclear genome by Twilp complexes as proposed in the
scan RNA model would explain a striking epigenetic phenomenon in IES elimination.
The M and R elements are excised from the developing MAC of wild-type cells.
However, these elements can be artificially introduced into the MAC. The presence of
the normally MIC-limited sequences in the parental MAC of mating cells greatly
reduces the efficiency of the elimination of the respective element from the devel-
oping MAC in the progeny (Chalker and Yao, 1996). Furthermore, IES elimination is
blocked in a wild-type cell when it is mated to a cell with elements that are normally
IES in the MAC, showing that the inhibition in transferred between mating cells. This
is inconsistent with genetic imprinting models and suggests that the epigenetic effect
is mediated by small molecules that can be transferred through the junction between
mating cells (Chalker ef al., 2005). The most likely candidate is the Twilp complexes.

The efficiency of IES elimination may depend on an appropriate ratio of scRNA to
noncoding nascent RNAs in the parental MAC. Injection of dSRNA complementary to
MAC-destined sequences results in the inappropriate elimination of those sequences
from the developing MAC anlagen (Yao et al., 2003). This might be explained if the
dsRNA is converted to an excess of scRNAs, which cannot be efficiently removed
during the scanning process. Abundance of scRNA might also explain the position
effect on foreign DNA sequences in the MIC (Howard-Till and Yao, 2007; Liu et al.,
2005), if some regions are transcribed at a higher rate than others.

After the scanning process is complete, the remaining Twilp complexes, with the
scRNAs complementary to IES, are transported to the developing MAC (Mochizuki
et al.,2002). Here, as in the parental MAC, Twilp complexes interact with noncod-
ing transcripts in a manner that is dependent on the helicase Emalp (Aronica et al.,
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2008). The probable role of Twilp complexes in the macronuclear anlagen is to
target the formation of heterochromatin on IES. However, the mechanism of target-
ing and the interacting heterochromatin components are unknown.

An abundant phosphoprotein, Pdd1p (programmed DNA deletion) has a dynamic
subcellular distribution similar to Twilp, where it is first found in the parental MAC
and subsequently transferred to the macronuclear anlagen (Madireddi et al., 1994).
Pdd1p has two chromodomains, often found in proteins associated with heterochro-
matin. Pdd1p and three other abundant proteins, the chromodomain protein Pdd3p,
and the novel proteins Pdd2p and Lialp are present in electron dense bodies that co-
localize with IES in the developing macronuclear anlagen and are believed to be the
site where IES elimination takes place (Nikiforov ef al., 2000; Rexer and Chalker,
2007; Smothers et al., 1997). PDD1, PDD2, and LIA1 are all required in the parental
MAC for IES elimination (Coyne ef al., 1999; Nikiforov et al., 1999; Rexer and
Chalker, 2007).

Once targeted to the IES by the Twilp complex, chromodomain proteins and a
histone methyltransferase may be responsible for propagating the spread of hetero-
chromatin along the chromosome. One popular model to explain heterochromatin
spreading in multicellular organisms is supported by a large body of experimental
evidence (Bannister ef al., 2001). The model proposes that the chromodomain
protein HP1 binds to histone H3 methylated at the lysine 9 residue (H3K9Me).
HP1 recruits a histone methyltransferase, which methylates H3K9 on the adjacent
nucleosome, providing in turn a new binding site for HP1. Thus, the heterochromatin
structure is propagated along the chromosome until it reaches a barrier to hetero-
chromatin spreading. A similar mechanism may be responsible for establishing
heterochromatic structure over the IES in 7etrahymena.

Tethering of Pdd1p to a MAC-destined sequence in the macronuclear anlagen is
sufficient to induce elimination of the target sequence, suggesting that, once local-
ized to the IES, Pdd1p alone is sufficient to recruit all of the necessary machinery for
IES elimination (Taverna et al., 2002). Emerging evidence argues for a functional
relationship between Pdd1p and H3K9Me.

In Tetrahymena, H3K9 methylation occurs specifically during conjugation, where
it is localized with the electron dense DNA elimination structures in the macronu-
clear anlagen (Taverna et al., 2002). Replacing the lysine 9 of histone H3 with
glutamine prevents methylation and impairs IES elimination (Liu et al., 2004).
The chromodomain proteins Pdd1p and Pdd3p both bind H3K9Me in vitro, and loss
of Pddl1p greatly reduces the level of H3K9 methylation (Taverna et al., 2002), as
would be expected if Pdd1p was required to recruit the histone methyltransferase.

The histone methyltransferase that catalyzes H3K9 methylation in 7etrahymena
has not yet been identified, but some hints arise from a study of a different histone H3
modification. H3K27Me is another marker of heterochromatin in multicellular
organisms. In Drosophila, this modification is achieved through the activity of E
(z), a SET domain histone methyltransferase (Czermin et al., 2002). There are three
homologs of Drosophila E(z) in Tetrahymena. One of them, EZLI, is expressed
specifically during conjugation and the gene product, Ezllp is localized to the
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chromatin elimination bodies in macronuclear anlagen. EZL1 is required for both
IES elimination and chromosome breakage. In matings between EZL1p somatic
knockouts, both H3K9 and H3K27 methylation are abolished in the macronuclear
anlagen. Thus, H3K27Me may be an upstream regulator of H3K9Me or, alterna-
tively, Ezl1p may catalyze both modifications (Liu et al., 2007). Possible interac-
tions between Ezllp and the chromodomain proteins Pdd1p or Pdd3p are under
investigation (Y. Liu, personal communication).

One facet of IES elimination that is not well understood is the role of flanking
sequences in the chromosomal DNA. Constructs introduced into the developing
macronuclear anlagen undergo DNA rearrangement in a manner very similar to
the chromosomal deletions. This has provided a useful tool to study DNA sequence
requirements for IES elimination. For the M rearrangement, a 10-bp AsGs sequence
located in the flanking DNA at a distance of 45-50 bp from the rearrangement
junction specifies the junction site (Godiska and Yao, 1990; Godiska et al., 1993).
Curiously, AsGs repeats have not been found in the vicinity of any other IES,
although less well-defined sequences in the flanking DNA also seem to direct
deletion of the R (Chalker et al., 1999; Fillingham et al., 2001) and TLR elements
(Patil and Karrer, 2000). These sequences also seem to act at a short distance from
the rearrangement boundary. The interpretation of these data became more compli-
cated when it was found that Tetrahymena 1ES can be eliminated from constructs
without any natural flanking sequences (Wuitschick and Karrer, 2003) and foreign
sequences can be eliminated from sites in the 7etrahymena genome where there are
no endogenous IES, and thus no known flanking sequences that would normally
promote deletion (Liu ef al., 2005; Yao ef al., 2003). In addition, there is a strain
variant that has an additional 1.8 kb of DNA at one end of the HI IES. In this
chromosome, approximately 1.5 kb of the additional sequence is deleted with the
HI IES, but 300 bp is retained, meaning that the new deletion boundary is 300 bp
from the boundary in the B strain cells (Huvos et al., 1998). One possible explana-
tion of these observations is that flanking sequences delimit the boundaries of an IES
through structural features rather than sequence specific protein binding. If the IES
is incorporated into elimination structures via spreading of the heterochromatin
along the chromosome, then perhaps that chromatin spreading is limited by struc-
tural features in the chromatin such as a bend or a kink in the DNA, or a relatively
long distance between adjacent nucleosomes. Such features could result as a sec-
ondary effect of various sequences along the chromosome that have been identified
as cis-acting sequences for IES elimination in the flanking DNA. Sequences that
confer these features might occur at random along the chromosome, where they
would limit the spreading of heterochromatin from newly inserted foreign
sequences.

The IES appear to be excised from the chromosome as linear molecules. Sensitive
experiments involving ligation-mediated PCR of DNA from mating cells detected
developmental-stage specific, naturally occurring breaks at the junction of the M and
R elements. The molecules have 4-bp staggered cuts with a recessed hydroxyl
adenosine at the 3’ end (the A rule) and a 5’ phosphate on the protruding strand
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(Saveliev and Cox, 1995, 1996). A model was proposed for IES excision by a
mechanism involving a double-stranded break at one end of the element, and
transesterification initiated by a 3’ adenosine. The branched intermediate is subse-
quently cleaved within 15—16 nucleotides of the IES boundary, releasing the linear
IES (Saveliev and Cox, 2001).

A strong candidate has been identified for the enzyme that produces the double-
stranded break for IES excision. A macronuclear gene in Tetrahymena encodes a
nuclease that is similar to the transposase of the piggyBac transposons, found in a
wide variety of phylogenetically diverse organisms. The gene, TBP2, encodes an
endonuclease that produces double-stranded breaks with 4-bp 5’ protruding ends
in vitro. The gene is transcribed specifically at the time of IES elimination, and the
protein product, Tbp2p, localizes to the electron dense structures in the macronu-
clear anlagen. Knockdown of the TBP gene activity by hairpin RNA results in major
defects in assembly of the DNA elimination structures, IES elimination, and chro-
mosome breakage (Cheng et al., 2010).

A number of additional genes have been identified that are required for IES
elimination, although their roles are not yet understood. These were identified on
the basis of association of the protein products with Twilp, developmentally
specific expression or localization in the macronuclear anlagen. Some encode
deduced proteins that are related to Piwi-interacting proteins in other systems
(Bednenko et al., 2009) and some encode novel proteins (Matsuda ef al., 2010;
Yao et al., 2007).

E. Endocycling

Beginning at about the same time as IES elimination, the genome in the macro-
nuclear anlagen undergoes multiple rounds of DNA replication without nuclear
division, resulting in the increased ploidy of the MAC. Two rounds of DNA repli-
cation occur immediately after the postzygotic divisions of the MIC. Then there is a
pause in DNA replication for about 4 h (Allis et al., 1987) after which it resumes.
Over the course of the first few fissions in the progeny cells, the DNA content rises to
about 128°C (Doerder and DeBault, 1975; Marsh ef al., 2001), but it subsequently
drops to the 50°C characteristic of vegetative growth.

Endoreplication of the Tetrahymena genome occurs in distinct rounds of DNA
replication that are separated by gap phases (Yin ez al., 2010). Thus, it is an example
of'endocycling, a process that is conserved in evolution and occurs in specific tissues
of multicellular organisms, including Drosophila, Arabidopsis, C. elegans, and
mammals (reviewed in Edgar and Orr-Weaver, 2001).

In Tetrahymena, endocycling is controlled by the gene ASI2 (for anlagen stage-
induced gene 2). Various domains in the deduced ASI2 protein are similar to those in
bacterial signal transduction receptors. ASI2 is transcribed early in mating in the
parental MAC, and at later stages in the macronuclear anlagen. The absence of ASI2
in the parental MAC results in delayed endocycling and reduced fertility (Yin et al.,
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2010). Lack of ASI2 in the macronuclear anlagen causes the arrest of endocycling
and lethality of the progeny (Li et al., 2000).

F. DNA Methylation

A relatively late modification of the macronuclear genome, occurring shortly after
IES elimination (Harrison and Karrer, 1985), is the de novo methylation of about
0.8% of the adenine residues to N6-methyladenine (Gorovsky et al., 1973). In the
Tetrahymena genome, which is approximately 75% AT, this amounts to about one
methylated adenine per 165 bp of DNA. Methylation occurs at the sequence 5'-NAT-
3’ (Bromberg et al., 1982), and patterns of methylation are specific and reproducible.
Some sites are methylated on 90% or more of the macronuclear DNA molecules
(Harrison et al., 1986). Other, partially methylated, sites are modified in a lower
percentage of the molecules. The level of methylation is characteristic of the site and
consistent between clonal cell lines. Although the molecules containing one partially
methylated site have been shown to undergo phenotypic assortment, molecules that
are unmethylated at that site do not assort to purity. Thus, it is likely that the
maintenance methylase of Tetrahymena has a do novo activity in vegetatively grow-
ing cells (Capowski, 1989).

DNA methylation is related to chromatin structure in 7Zetrahymena. DNA
sequence is not sufficient to determine methylation because sequences from a fully
methylated chromosomal site were unmethylated when they were moved to the
rDNA (Van Nuland et al., 1995). Nucleosomes are phased over a significant portion
of the Tetrahymena genome, and methyladenine is preferentially localized in linker
DNA (Pratt and Hattman, 1981). However, both nucleosome phasing (Karrer and
VanNuland, 1999) and DNA methylation are independent of histone H1 (Karrer and
VanNuland, 2002).

Adenine methylation is very unusual in eukaryotes. Cytosine is the predominant
methylated base in the genome of multicellular eukaryotes, where it plays an impor-
tant role in gene regulation. Although methyladenine has been found in the genomes
of various ciliates, its biological role is unknown. No change in methylation state was
detected for sites in the vicinity of genes whose transcriptional activity varies with
the physiological state of the cell (Karrer and Stein-Gavens, 1990). In prokaryotes,
methyladenine plays a part in restriction-modification systems (Efimova et al.,
1988), in the discrimination between template and daughter strands for mismatch
repair (Modrich, 1989), and in the control of DNA replication (Russell and Zinder,
1987). Genes encoding DNA methylases are difficult to identify by iz silico analysis
because they have short, poorly conserved domains, and the proteins are more
conserved at the level of tertiary structure than primary amino acid sequence.
Failure to identify the gene encoding Tetrahymena DNA methylase has impeded
the investigation of the function of this modification. Whatever the function of
adenine methylation in the 7etrahymena MAC, it must be one that is not required
or is served in some other manner in the MIC.
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V. Nuclear Transport

The structural and functional differences between the MIC and MAC necessitate
the specific localization of macromolecules in the two nuclei. For example, the
micronuclear and macronuclear linker histones are specifically localized to the
respective nuclei (Dou et al., 2002; Wu et al., 1986), minor histone variants are
specifically localized in transcriptionally active nuclei (Stargell et al., 1993;
Wenkert and Allis, 1984), centromeric histones are specific to the MIC
(Cervantes et al., 2006) and the various proteins involved in chromatin elimination
are subject to elaborate developmental stage-specific trafficking between nuclei
(Madireddi et al., 1994; Mochizuki et al., 2002; Rexer and Chalker, 2007). In some
cases, the same protein will be localized to the MIC at one developmental stage and
to the MAC at others. For example, a subunit of RNA polymerase 11, encoded by
RPB3, is localized in the MIC during meiotic prophase, and in the MAC during
vegetative growth (Mochizuki and Gorovsky, 2004b). Emerging evidence suggests
that much of the specific localization is due to the nuclear import apparatus.

The gateways to the nucleus are large nuclear pore complexes (NPC), a 44—60
MDa complex composed of approximately 30 proteins, nucleoporins. The micro-
and macronuclear membranes have similar density of nuclear pore complexes, at
about 45/mm? (Iwamoto ef al., 2009). To investigate the molecular composition of
Tetrahymena NPC, 13 candidate genes from the Tetrahymena genome database with
structural domains and/or phenylalanine-glycine (FG) repeats characteristic of
nucleoporins in other organisms were designated as nucleoporins based on the
localization of GFP-tagged proteins around the periphery of the nuclei (Iwamoto
et al.,2009). Of the 13 proteins tested, nine localized to both the MICs and the MAC
s. The Nup50 homolog was present in the nucleoplasm of both nuclei, consistent
with its localization in other organisms.

The most striking finding was in the localization of the Nup98 homologs, two of
which were exclusively found in the MIC and two in the MAC. The macronuclear
Nup98 proteins contain GLFG repeats, which are characteristic of nucleoporins in
mammals and yeast. However, the MIC Nup98 homologs have novel NIFN repeats.
The GLFG or NIFN repeats are concentrated in the N-terminal half of the protein.
These proteins also have C-terminal Nucleoporin2 domains, which are generally
required for targeting to the NPC. In domain-swapping experiments, the N- and C-
terminal halves were exchanged between the Nup98 homologs. The chimeric pro-
teins were localized to the nucleus corresponding to the C terminal half of the
protein, suggesting that this region of the protein is responsible for nucleus-specific
targeting to the NPC.

The chimeric proteins had revealing effects on nuclear import. In cells with the
“BigMic” gene, consisting of the macronuclear Nup98 N-terminus and the micro-
nuclear Nup98 C-terminus, the level of the micronuclear linker histone was drasti-
cally reduced in the MIC. Similarly, localization of macronuclear linker histone H1
was dramatically reduced in the MACs of cells expressing the “BigMac” gene and,
notably, micronuclear linker histone did not accumulate in those nuclei. These
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results suggest that the role of the GLFG/NIFN repeats may be to block the inap-
propriate import of proteins into the respective nuclei, rather than to facilitate the
import of proteins (Iwamoto et al., 2009).

Another component of the nuclear import apparatus are the importins. The impor-
tins generally consist of a family of a dozen or more genes which fall into two classes,
imp « and imp B. Typically, most of the family members belong to the imp g class.
There is only one imp « gene in yeast and three in humans. In Tetrahymena, however,
the imp o family is expanded to at least 10 putative members. Nuclear proteins with a
classical nuclear localization signal (NLS) associate with imp « and imp S in a ternary
complex that binds through the imp S component to nucleoporins in the NPC for
import of the nuclear protein. Alternatively, nuclear proteins with a nonclassical NLS
can associate with imp 8 without the imp « carrier (reviewed in Malone et al., 2008).

The intracellular localization of imp « and imp 8 homologs in Tetrahymena was
determined by analysis of GFP fusion proteins. Most of the 11 imp S-like proteins
examined localized to both the MIC and the MAC. In contrast, the imp a importins
were nucleus specific. Nine of 13 proteins with homology to imp « localized
specifically to the MIC. Imalp localized strongly to the MAC, and may be the
primary macronuclear imp «. The various micronuclear imp « proteins do not seem
to be redundant in function, because the IMA10 gene is essential for micronuclear
mitosis (Malone ef al., 2008).

Although a great deal of work is yet to be done before we fully understand the
targeting of nuclear proteins to the MIC and the MAC, it is evident that multiple
components of the nuclear import machinery contribute to specific nuclear target-
ing. Analysis of nucleus-specific protein import in 7etrahymena will undoubtedly
lead to a better understanding of nuclear import in general.
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Abstract

Within the past decade, genomic studies have emerged as essential and highly

productive tools to explore the biology of Tetrahymena thermophila. The current
major resources, which have been extensively mined by the research community, are
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the annotated macronuclear genome assembly, transcriptomic data and the databases
that house this information. Efforts in progress will soon improve these data sources
and expand their scope, including providing annotated micronuclear and compara-
tive genomic sequences. Future studies of Tetrahymena cell and molecular biology,
development, physiology, evolution and ecology will benefit greatly from these
resources and the advanced genomic technologies they enable.

I. Introduction

As other chapters in this volume attest, Tetrahymena has been a powerful model
system for awide variety of investigations; genomic resources have greatly expanded this
utility and opened new avenues for research. In 2002, Turkewitz et al. titled a review
“Functional genomics: the coming of age for Tetrahymena thermophila” (Turkewitz
et al., 2002). The intervening years have shown the aptness of this metaphor and
validated the authors’ forecast of “a bright future for research in this rising model
eukaryote”. In this chapter, we begin by briefly reviewing the major current
Tetrahymena genomic resources and describing notable examples of how these tools
have already been used to address questions of wide biological interest. As of this writing,
the basic Tetrahymena genomic tools are in need of improvement; we next describe near-
term objectives for an enhanced toolbox and the challenges faced in reaching them.
Finally, we discuss longer term potential applications of genomic technologies to out-
standing questions for which 7etrahymena is a well-suited model organism.

As described in other chapters, Tetrahymena carries in its cytoplasm two structur-
ally and functionally distinct nuclei — the small, diploid, germline micronucleus
(MIC) and the large, polyploid, somatic macronucleus (MAC) (Orias ef al., 2011).
Because genic, and thus phenotypic, expression is confined to the MAC, initial
genomic efforts focused on this nucleus. This was also the logical choice for technical
reasons; methods to separately purify MACs, MICs, and their developmental inter-
mediates based on their differential sedimentation properties have long been estab-
lished (Allen, 2000b; Allis and Dennison, 1982; Chau and Orias, 1996; Gorovsky
et al., 1975), in the course of highly fruitful studies on their chromatin characteristics,
but because MACs carry roughly 20-fold more weight in DNA, it is easier to
minimize MIC contamination of MAC DNA preps than vice versa. Nevertheless,
the challenge of MIC genomics is now also being met (see Section IV.B below).

II. To Make a Long Story Short: A Brief History of the
Tetrahymena MAC Genome Project

From the time the first bacterial genome sequence was rolled out, it was obvious
that genomics would transform how biology is done. As the technology advanced,
tackling larger eukaryotic genomes, each research community was eager for its
favorite model organism to be next in line. The Tetrahymena community, under the
forward-thinking leadership of Ed Orias of the University of California at Santa
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Barbara (UCSB), began plotting its genomic strategies in 1999 (Orias, 2000), leading
in time to the joint NIH/NSF-funded MAC genome sequencing project, carried out at
The Institute for Genomic Research (TIGR, later subsumed by the J. Craig Venter
Institute, JCVI) and led by Jonathan Eisen (Eisen ef al., 2006). The Sanger paired-end
shotgun assembly, scheduled to be completed in stages over three years, was actually
finished early by accident! At a time when the sequencing facility had been expected
to do some light test runs of its new libraries, they instead ran over two million clones.
Fortunately, these reads turned out to be of high quality and allowed assembly of a
good draft genome. Even more fortunately, the MAC genome turned out to be
substantially smaller than originally estimated, resulting in higher sequence coverage.

Naturally, the most eagerly awaited result of this effort was a compendium of the
genome’s coding potential. Using a limited set of ESTs, homologies to other char-
acterized genes and ab initio gene-finding algorithms, the TIGR team made an initial
estimate of 27,424 protein-coding genes and performed automated annotation of this
gene set. Although only a rough beginning, this annotation provided exciting
insights into ciliate biology (Eisen et al., 2006). The sequence data and preliminary
gene models were freely released prior to publication, allowing researchers to make
immediate use of these valuable resources. Continued efforts at JCVI and UCSB and
further EST sequencing financed in part by Genome Canada led to significant
improvements in the genome assembly, removal of most contamination from the
MIC genome, refinement of the gene models, and a downward-revised estimate of
24,725 protein-coding genes (Coyne et al., 2008).

Meanwhile, to make these data more accessible to the community, the Tetrahymena
Genome Database (TGD) was established at Stanford University (Stover et al., 2006).
TGD includes the standard features of a model organism genome database, such as a
genome browser, BLAST server, and separate informational pages for each predicted
gene, including manual curation of the existing literature. TGD is currently housed at
Bradley University and has been redeveloped there as a Wiki (http://ciliate.org). A
separate, international effort used the preliminary gene models to design a microarray
platform to evaluate genome-wide transcription patterns (Miao et al., 2009). Focusing
on the three nutritional/developmental conditions of widest general interest — growth
in rich medium, starvation, and the sexual process of conjugation — this team provided
clear evidence that most of the predicted genes are indeed transcribed. The data also
revealed many distinct developmental patterns of expression and showed that strong
correlation of such patterns within a group of genes is often predictive of shared
biological function. To house these very valuable data, the Tetrahymena Gene
Expression Database (TGED; http://tged.ihb.ac.cn/) was set up, linked to the corre-
sponding gene model pages of TGD (Xiong et al., 2011a).

ITI. Examples of Use

Availability of the whole genome sequence, annotation, and expression profiles
has enabled a wide variety of analyses, including functional studies of entire gene
families, proteomics, transcriptomics, and comparative genomics.
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A. Homology-Aided Functional Genomics

In a preliminary survey of the predicted proteome, Eisen et al. (2006) reported that
Tetrahymena retains many ancestral eukaryotic gene functions, boosting the case for
its use as a general model organism. In fact, compared with the more common
unicellular eukaryotic model Saccharomyces cerevisiae, Tetrahymena shares a
greater number of orthologs with humans, including many associated with disease.
Several expanded gene families were selected for detailed analyses, highlighting
their remarkable diversity. For example, with 940 membrane transporters,
Tetrahymena surpassed all sequenced metazoans, and, reflective of its highly elab-
orated cytoskeletal structures, Tetrahymena encodes a multitude of tubulins and
associated microtubule components and regulators. As remarkable and interesting
as this initial survey was, the number of genes considered was only a small portion of
the total and only limited functional studies were involved. With the genome
sequence in hand, several groups have performed more in-depth analyses of whole
gene families of particular interest to them. We present three examples to highlight
the potential of such genome-enabled functional analyses.

1. Nuclear Targeting

With two distinct nuclei inhabiting a single cytoplasm (and these undergoing
dramatic developmental transformations at certain stages), it is perhaps not surprising
that Tetrahymena contains a diverse set of proteins regulating the import of proteins
into nuclei. Malone et al. (2008) found 11 importin « and 13 importin 8 homologs in
the genome and fluorescently tagged each one, showing nuclear specificity for
several. This study is also notable for its added value as an educational activity for
the many undergraduates who took part. Several other ciliate labs have actively
involved undergraduates in genome-enabled research, as for example the functional
characterization of dyneins (Wilkes et al., 2009). The Ciliate Genomics Consortium
(http://tet.jsd.claremont.edu/) was set up as a web-based hub to coordinate such
education/research efforts and make their results accessible to the full community.

2. Responding to the Environment

In order to survive in their daily and seasonally changing aquatic environment,
ciliates must import, export, and metabolize many substances, from ions and nutri-
ents to xenobiotic toxins. Fu et al. (2009) and Xiong et al. (2010) used the
Tetrahymena genomic and transcriptomic resources to characterize two large fam-
ilies involved in such processes — the 165 ATP-Binding Cassette transporters and the
44 cytochrome P450 monooxygenases. First, manual sequence alignments and
cDNA sequencing allowed correction of mis-annotated gene structures.
Phylogenetic analyses (including not only sequence-based studies but also those
based on conservation of intron positions) and transcriptional “heat map” clustering
allowed the subclassification of these large families, providing insights into their
evolution and potential functions, which will be investigated in future studies. These
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studies also supported the conclusion of Eisen ef al. (2006) that most Tetrahymena
gene family expansions occurred by local gene duplication, often resulting in tandem
arrays that then diverged in function and expression patterns or sometimes resulted
in pseudogenization of some duplicates.

3. Managing Membrane Compartments

B. Proteomics

Ciliates also possess elaborate, dynamic arrays of intracellular membrane-bound
compartments. The formation, targeting, and fusion of these compartments are
under the control of monomeric GTPases called Rabs. Bright et al. (2010) combined
phylogenetics, expression analysis, and dynamic GFP localization in a massive study
of the 56 Tetrahymena Rab genes, a number comparable to that found in mammals
and plants. While a subset of Tetrahymena Rabs can be considered highly conserved,
another group appears from current data to be restricted to the ciliates and, consis-
tently, to localize to structures that have, at least, undergone significant elaboration
in this lineage. The authors also proposed from their phylogenetic analysis the
existence of a novel core ancestral Rab clade. A key finding was that some Rabs
do not localize to the structures expected from their phylogenetic affinity, thus
providing a cautionary note against inferring function by transferring annotation
between organisms, especially distant ones.

In contrast to the above homology-based genome scans, several investigators have
applied proteomics to the systematic identification of organellar components or the
proteins associated with a particular cellular process, thus casting a wider net for
functionally relevant players. This approach first requires a means to highly purify the
source material free of contamination from general cellular proteins. Thus, it is not
surprising that the first 7etrahymena proteomic study was conducted on cilia (Smith
et al., 2005), which can be readily separated from the cell body. As in typical
proteomic studies, solubilized ciliary proteins were thoroughly digested with trypsin,
the resulting fragments resolved chromatographically, and their precise masses deter-
mined by mass spectrometry. This study was performed prior to annotation of the
genome sequence, so the draft assembly was translated in all six reading frames, the
peptide sequences digested in silico with trypsin and the predicted fragment masses
matched to the experimentally derived ones. This approach, born of necessity, has also
proven very useful for detecting and correcting gene models that have been misan-
notated (see below). The Tetrahymena “ciliome” thus analyzed contained 223 pro-
teins, 84 of which had no detectable similarity to proteins outside the ciliates.

A more ambitious study of the mitochondrial proteome followed (Smith ef al.,
2007), identifying 573 unique proteins, most encoded by the nuclear genome and
many having no known function or homologs outside the ciliates, showing the remark-
able evolutionary flexibility of the mitochondrion. Other applications of proteomics to
Tetrahymena have included studies of the phagosome (Jacobs et al., 2006), basal body
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(Kilburn et al., 2007), nuclear exchange junction (Cole et al., 2008), pellicle (Gould
et al., 2011), and ATP synthase complex (Balabaskaran Nina ez al., 2010). In each
case, novel components have been detected that were unsuspected based on homology
relationships, demonstrating the power of an unbiased proteomic approach.

A study of constitutive secretion (Madinger ef al., 2010) demonstrated the vari-
ability of the “secretome” across different strain backgrounds and, especially, dif-
ferent growth conditions. Variability of this sort (although perhaps not to as great a
degree) will likely also be detectable even in organellar proteomes, raising caution
against defining “the” proteome of any cellular body.

C. Studies of Small RNAs

In the past decade, researchers have uncovered an enormous diversity of ~20-30
nt RNAs and their protein partners that play distinct and essential roles in gene
regulation and chromosome function (Farazi et al., 2008). Studies in Tetrahymena
have been at the forefront of this research. The first small RNA (sRNA) class
discovered in this organism comprises the ~27-30 nt scan RNAs believed to guide
developmental DNA elimination (Mochizuki and Gorovsky, 2004) (deep sequencing
of scnRNAs has been performed [Collins and Malone, personal communication], but
has been awaiting full assembly of the MIC genome for its most productive inter-
pretation). This “genome cleansing” results in removal from the somatic MAC of
most of the repetitive, transposon-related sequences that, in most other eukaryotes,
would be natural targets for SRNA-induced heterochromatic gene silencing, a pro-
cess also dependent on histone H3 K9 methylation, which occurs in Tetrahymena
exclusively in association with the DNA elimination pathway (Taverna et al., 2002).
However streamlined the MAC genome becomes as a result, studies show that it still
utilizes multiple sSRNA-based silencing mechanisms independent of scnRNAs as
further means of genome defense and regulation.

The first evidence for existence of such mechanisms came from studies of Lee and
Collins (2006), who detected a novel size class (23—24 nt) of sSRNAs present in all
Tetrahymena life-cycle stages. A small number were cloned, sequenced, and aligned
to the MAC genome assembly. Remarkably for such a small sample, most of the
sequences clustered at a small number of genomic loci that, although annotated as
putative protein-coding genes, showed little evidence of transcription and had struc-
tural features resembling mobile elements. Couvillion et al. (2009) applied to this
problem the power of deep sequencing, not only of the total SRNA populations of
wild-type cells, but also those specifically associated with each of the expressed PPD
family proteins (TWIs in Tetrahymena) in wild type and a variety of mutant genetic
backgrounds. This thorough approach allowed the authors to identify sSRNAs of low
abundance in the total pool and distinguish multiple SRNA pathways.

The sRNA sequences aligned, generally in a strand-specific manner, to a number
of sites in the MAC genome, including several clusters of sequence-related pseudo-
genes, high- and low-copy repeat loci, telomeric repeats, “phased cluster” loci
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adjacent to potential hairpin-generating transcription units, and a number of EST-
supported predicted protein-coding loci that generally exhibit features of potential
hairpin formation, membership in paralogous families, or possible transcriptional
interference or overlap. These results show that, despite jettisoning most repetitive
DNA, the MAC genome still employs a diverse array of sSRNA-based mechanisms
for gene silencing and other as yet unclear purposes. The authors provocatively
suggest these pathways may affect epigenetic inheritance of genome structure,
allowing vegetative life history to influence sexual outcomes. Future studies will
determine whether such novel mechanisms actually exist, as has also been suggested
in certain other model systems (Koonin and Wolf, 2009). It will also be of great
interest to compare the SRNA pathways of 7. thermophila to amicronucleate species
such as Tetrahymena pyriformis that have lost their “safe haven” for mobile
elements.

D. Comparative Genomics

Tetrahymena is the most well-studied member of its phylum and, indeed, one of
the most well-studied of all protozoa, which comprise most of the diversity of the
eukaryotic kingdom. As such, its genome sequence is critical for addressing evolu-
tionary questions regarding the deep origins of gene families (Parker ef al., 2007),
the history of plastid acquisition and loss (Archibald, 2008; Coesel et al., 2008;
Reyes-Prieto ef al., 2008), and the consequences of alternative genetic code usage
(Adachi and Cavalcanti, 2009; Ring and Cavalcanti, 2008).

The annotated Tetrahymena genome also serves as a guide for structural and
functional annotation of other ciliate genomes and EST datasets. Of particular
relevance is the recent whole genome (Coyne et al., 2011) and EST (Cassidy-
Hanley et al., 2011) sequencing of Ichthyophthirius multifiliis, commonly known
as Ich, a fish parasite causing significant losses to the aquaculture industry. As Ich’s
closest sequenced relative, Tetrahymena’s genomic data were invaluable in modeling
gene structures, assigning probable gene functions, and reconstructing metabolic
pathways. As the Tetrahymena annotation is improved (see Section IV.C below), this
will allow concomitant improvements to Ich’s annotation. Future ciliate genome
projects (see below) will also draw on the 7. thermophila genome for guidance in
interpretation of results.

IV. Near-Term Goals for Improvement of Genomic Resources

As with other significant eukaryotic model organisms such as yeast,
Caenorhabditis elegans and Drosophila, the initial Tetrahymena genome sequencing
and annotation project should be viewed as only a beginning. Significant improve-
ments and expansions must be made to existing resources to realize the full value of
Tetrahymena as an experimental organism. Here, we outline an essentially modest
set of goals, some of which are already in progress.
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A. Putting the Pieces Together: Prospects for a Finished MAC Genome

The central problem of shotgun genome assembly is computational — finding a
unique solution to the jigsaw puzzle presented by millions or billions of relatively
short stretches of nucleotides (Pop et al., 2002). What makes this a difficult problem
is the presence in every genome of repetitive sequences that offer multiple solutions
to local sub-assemblies. Obviously, genome assembly programs cannot tolerate
multiple solutions and instead break the assembly into scaffolds, which may consist
of multiple contigs separated from one another by intrascaffold gaps. Remarkably,
despite prolonged efforts, only one eukaryotic genome has been reported as being
100% finished (Nozaki et al., 2007). Often, highly repetitive centromeric and/or
subtelomeric regions are the most recalcitrant. Because these and most other
Tetrahymena repetitive DNA sequences are confined to the MIC, it may be possible
that the Tetrahymena MAC genome could join this very exclusive club.

In this section, we review the current state of affairs and evaluate future directions
for genome closure. But first, why is it important to go from 99.5% (or thereabouts)
to 100% finished? One reason is that, without completely finishing the MAC, it
would remain uncertain what proportion of the current assembly actually belongs to
the MIC, thus complicating interpretation of some analyses. Secondly, an unknown,
but perhaps significant, number of genes will be found within or spanning sequenc-
ing gaps, which may also contain uncharacterized sequence elements controlling
gene expression or chromosome function. In addition, a complete MAC sequence
will greatly facilitate MIC genome assembly, allow complete characterization of
alternative genome rearrangements, and either confirm or refute the assumption of
colinearity between MAC and MIC chromosomes. Finally, the results will provide
the ultimate genetic map for this model organism well suited to genetic analysis.

At the time the 7. thermophila MAC genome project commenced, Sanger paired-
end sequencing was the technology of choice. Paired-end reads from libraries of
defined insert size provide crucial linking information to position reads at unique
places in the growing assembly. Ideally, long insert libraries, in vectors such as BACs
or fosmids, are used to “jump” over repetitive regions and/or “anchor” such regions
to adjacent unique sequences. Unfortunately, efforts to construct representative librar-
ies from the Tetrahymena genome with inserts larger than about 6 kb have repeatedly
failed, most likely due to instability of such low GC inserts during Escherichia coli
propagation. Nevertheless, due to the MAC genome’s low repetitiveness, the assembly
produced from 2—4 and 4-6 kb insert plasmid libraries was very good (for a genome
its size), and closure of intrascaffold gaps was straightforward (although labor- and
thus cost-intensive) (Coyne et al., 2008; Eisen et al., 2006).

Through physical and genetic mapping conducted in the Orias lab, we now know
that the MAC genome is contained in 181 chromosomes. Of these, 124, comprising
53% of the genome length, have been sequenced fully, from telomere to telomere.
The remaining closure tasks are to connect about 1000 scaffolds in their correct
order and orientation into the remaining 57 chromosomes, close the interscaffold
gaps separating them, and also close about 650 intrascaffold gaps (with an average
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length of 271 bp). Most of the complex scaffold connecting work has been accom-
plished in the Orias and Dear laboratories, using HAPPY mapping, a method of
identifying physical linkage between fragments by the coassortment of PCR product
tags (Dear and Cook, 1993; Hamilton ef al., 2006). Despite this progress, closure of
the remaining gaps by traditional, targeted methods would still represent a major
undertaking. However, we expect that it will be possible to close many gaps by
effectively “resequencing” the genome at higher coverage using Illumina or other
emerging technologies, which have the added advantage of not relying on DNA
propagation in E. coli. For example, high coverage sequencing of the MIC genome is
well underway (see Section IV.B below), although gaps closed from the resulting
assembly will need to be confirmed not to contain any MIC-limited sequences. Other
sequencing efforts, such as the detection of genetic mutations (see Section V.D
below), can provide the needed confirmation and supplement the MIC genome data.
Besides the gaps in the existing assembly, it is also fully to be expected that there are
multitudes of minor errors that need to be corrected. As a point of comparison, the
72 Mb Paramecium tetraurelia genome was sequenced (Aury et al., 2006) to higher
(13X vs. 9X) coverage than Tetrahymena, but much higher Illumina sequencing cov-
erage has since allowed the identification of over 25,000 errors in the original assembly,
including both single base pair changes and indels (L. Sperling, O. Arnaiz; personal
communication). The possibility of misassembly also exists and, indeed, one probable
misassembly has been detected serendipitously (Fu ef al., 2009). Correcting such errors
will be crucial for some future applications of genomics (see Section V.D below).

B. Sequencing the MIC Genome

Many researchers who study ciliate genome rearrangement have eagerly awaited
the full sequence of the MIC. When complete, we will finally have a grasp of the full
extent of DNA elimination, the range of mobile element families and other
sequences represented, the arrangement of all the MAC’s 181 chromosomes on
the five MIC chromosomes, and potentially the structure of MIC telomeres and
centromeres (depending on their size and complexity). The sequence will allow
more direct testing of hypotheses concerning the mechanisms of genome rearrange-
ment, including the roles of chromatin modification and bidirectional nongenic
transcription (Chalker and Yao, 2001). From a genome sequencing perspective,
the MIC presents a greater challenge than the MAC because of its much higher
repetitive sequence content, which, as discussed above, tends to result in more
fragmented assemblies and incomplete chromosome ends.

As described in Chapter 3, several internal eliminated sequences (IESs) have been
sequenced and characterized, but ironically the first unbiased “genome-wide” sam-
pling of MIC-limited genome content resulted from its (unavoidable) contamination
of the shotgun libraries constructed for MAC genome sequencing. Because of low
coverage and repetitiveness, these reads did not assemble well, but there was enough
information to show the presence of a surprising diversity of transposable element
coding regions (Eisen et al., 2006). Clearly, multiple “invasions” of the
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T thermophila germline by mobile elements have occurred and the fact that many of
their coding sequences have not completely degenerated indicates either that some
invasions were recent, that the elements somehow remain active and/or even that
they may play an active role in their own excision.

The first directed MIC genome project to get underway was led by Kathy Collins
of the University of California at Berkeley. Sequencing of an 8 kb MIC genome
plasmid library was conducted at the Joint Genome Institute through its Community
Genome Sequencing Program. As noted above, large insert Tetrahymena libraries
are notoriously unstable and unfortunately this one was no exception; the linkage
information was unreliable, but the long Sanger reads did prove valuable in locating
IES junction sites. Several important conclusions could be drawn from the results
(Fass et al., 2011). First, as proposed decades prior on the basis of a very limited
sampling of random MIC clones (Yao et al., 1984), there are most likely about 6000
IESs dispersed throughout the MAC-destined regions. Second, nearly all IESs are
found in intergenic regions or the noncoding portions of genes, but third, some IESs
do interrupt gene coding regions. Interestingly, one intergenic IES appears to provide
a mechanism by which a functional gene product may only be expressed from the
developing MAC after excision has occurred. A genome browser has been set up to
visualize the data at http://www.gb.genomecenter.ucdavis.edu/cgi-bin/hgGateway?
hgsid=2689&clade=alveolata&org=0&db=0.

While this information is valuable, it falls far short of the value of a complete MIC
genome sequence. A separate effort, funded by the National Human Genome
Research Institute (NHGRI) through a white paper submitted by RSC and Ed
Orias, is now underway at the Broad Institute’s genome sequencing center with
the aim of producing a whole genome MIC assembly. Preliminary results suggest
a MIC genome size of around 150 Mb, a higher estimate than arrived at through
reassociation kinetics (Yao and Gorovsky, 1974). These results and updates to the
assembly and annotation can now be accessed at: http://www.broadinstitute.org/
annotation/genome/7etrahymena/MultiHome.html and are available at NCBI’s
Genbank under the accession number AFSS00000000. The data will also be trans-
ferred to TGD when the assembly process is completed.

C. The Latest Models: Fixing Gene Structures

Ideally, researchers interested in functional gene characterization or evolutionary
patterns of gene conservation (e.g., phylogenomics) should have access to fully
accurate gene models. Furthermore, for the application on a genome-wide scale
of many technologies, such as the mapping of chromatin structural elements and
sRNA sequences relative to transcription units, it is also imperative to have accurate
gene models. Planners of the massive ENCODE (Myers et al., 2011) and
modENCODE projects (Gerstein et al., 2010; Roy et al., 2010), which aim to map
all functional elements in the genomes of humans, Drosophila and C. elegans,
understood this well and have devoted substantial effort to this task. Their results
illustrate the extent to which even the most well-studied genomes are still “works in
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progress” with respect to possessing a set of models completely free of errors and
omissions in start and stop sites of transcription and translation, exon/intron junc-
tions, and sites of alternative splicing. For example, despite ten years of extensive
Drosophila annotation efforts (between initial genome sequencing and the first
modENCODE publication), 74% of annotated genes still required at least one
correction to their exon structures or displayed novel alternative splice forms (Roy
et al., 2010).

That said, the most current (2008) Tetrahymena gene models are in need of major
improvement. Several recent in-depth studies of particular gene families have docu-
mented cases of inaccurate gene models, gene fusions, missing genes, and pseudo-
genes annotated as functional. Such expert corrections are very valuable and can be
used to update database entries, but of course it would be unrealistic and inefficient
to pursue such a gene-by-gene strategy on a genome-wide scale. The three most
promising large-scale approaches to the improvement of structural gene annotation
are, in order of utility, transcriptomics, comparative genomics, and proteomics.
Application of these three methods, along with manual curation, to the
Tetrahymena genome, will greatly benefit the research community, but, as the
ENCODE results attest, needs to be an ongoing process.

1. Transcriptomics

Deep RNA sequencing (RNA-seq) has emerged as a powerful method to charac-
terize transcriptomes and revealed unexpected levels of transcriptome complexity,
including multiple transcription start sites and alternative splicing events (Ozsolak
and Milos, 2011). To exploit this technology, Xiong et al. (2011; submitted) per-
formed high-throughput RNA-seq on six polyA-purified RNA samples at five time
points of three major physiological or developmental stages of 7. thermophila:
growth, starvation, and conjugation. They obtained about 94 million paired-end
reads, with a total length of more than 14 Gb. About 65% of the reads could be
uniquely mapped to the 7. thermophila reference genome, covering 57 Mb of
sequence, about 55% of the MAC genome. The six combined RNA-seq datasets
detected 96% (23,770 of 24,725) of the previously annotated open reading frames in
the genome. In 6633 cases, the gene models and RNA-seq data were in perfect
agreement. However, the data indicate that at least 7300 predicted gene models
require correction and identify 1474 potential alternative splicing (AS) events dis-
tributed over 5.2% of T. thermophila genes (this percentage represents a two orders
of magnitude increase over previous EST-based estimates). Additionally, more than
1000 new transcribed regions were identified. These results significantly improve
the genome annotation and indicate a larger 7. thermophila transcriptome than
previously predicted.

More specialized technologies, such as CAGE (Kanamori-Katayama et al., 2011),
3P-Seq (Jan et al., 2011), and strand-specific RNA-seq (Ozsolak and Milos, 2011)
improve resolution of transcription start sites and polyA addition sites and allow
detection of antisense transcripts. The application of these, as well as emerging
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technologies such as direct RNA sequencing (Ozsolak and Milos, 2011), will con-
tinue to augment and refine our understanding of the transcriptome of Tetrahymena.

2. Comparative Genomics

Studies of yeast, Drosophila, and other model organisms have demonstrated the
enormous value of comparative genomic analysis in refining gene models (as well as
in defining conserved noncoding sequences.; see Section V.A below) (Bergman
et al., 2002; Kellis et al., 2003). Conservation of open reading frame structural
features across species is a strong indication of their functional importance. In
addition to the MIC genome sequencing described above, the Broad Institute is
currently sequencing and annotating the MAC genomes of three new species of
Tetrahymena — T. malaccensis, T. elliotti, and T. borealis. Two of these are the closest
known relatives of 7. thermophila, and the third is at an intermediate distance (see
Fig. 1). The more distantly related /. multifiliis and P, tetraurelia (soon to be joined by
several other Paramecium species) genomes are also available (Aury et al., 2006;
Coyne et al., 2011). This range of distances should allow the detection of conserved
sequence elements that diverged more or less rapidly from their ancestral states.
Comparative genomic analysis of these data will serve to cross-check transcriptomic
results and also validate structures of genes whose transcription is undetectable
under the laboratory conditions thus far used.
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Fig. 1 Phylogeny of Tetrahymena, Drosophila, and Saccharomyces genera based on comparisons of the
same gene, encoding the centromere-specific histone (Zetrahymena CNAI1, Drosophila Cid, and
Saccharomyces CSE4). dS values (ratio of synonymous nucleotide substitutions/total possible synonymous
substitutions) were calculated for the 270 bp conserved histone fold domain. Figure generated by Nels Elde
and used by permission (unpublished). Tetrahymena species sequenced or being sequenced are shaded.
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3. Proteomics

Normally, a well-annotated genome is part of the input data for successful prote-
omic analysis. Several proteomic studies have been conducted on Tetrahymena
organelles and protein complexes (see above). These studies have been very enlight-
ening, but have also highlighted the shortcomings of Tetrahymena genome annota-
tion. In fact, by comparing proteomic data not to predicted coding regions, but to
sixfold translations of the entire genome, many corrections to gene models have been
made (Smith ez al., 2005, 2007). This strategy will be continued in future proteomic
studies.

D. Gene Identity: Functional Annotation

Beyond getting gene structures right, it is of critical importance to many down-
stream studies to characterize genes with respect to the predicted function of their
protein products. Depending on the individual gene, this can be accomplished to
varying degrees of specificity and confidence. Naturally, the highest confidence
stems from direct experimental evidence regarding the gene product’s localization,
biochemical activity, interaction partners, and/or the phenotype resulting from its
absence or impairment. This type of information is captured into databases by
curators or, in the Wiki model currently in place at TGD, by the investigators
themselves. At present, experimental evidence is available for relatively few
Tetrahymena genes, though application of high-throughput methods will improve
this situation (see Section V.D below). Meanwhile, what we can infer about the
function of most Tetrahymena genes comes either from their developmental expres-
sion and coexpression profiles, proteomic association with a subcellular structure, or
the protein sequence features they share with better characterized homologs and
orthologs of other species. These sequence features were characterized by automated
annotation methods on the 2005 predicted gene set (Eisen et al., 2006). In light of
improvements to existing databases and algorithms as well as to the gene models
themselves, repeating these analyses will greatly improve the accuracy of functional
annotation available in TGD and NCBI.

A highly valuable tool for defining probable gene function is orthology. Orthologs
are genes in different species that evolved from a common ancestral gene by
speciation and normally retain the same function. Two notable databases contain
computed orthology relationships between the current Tetrahymena gene product set
and those of certain other species. Paramecium researchers in France built CilDB
(http://cildb.cgm.cnrs-gif.fr/)(Arnaiz et al., 2009), a database focused on ciliary
proteins, but which can also be mined for information on any gene. CilDB uses
Inparanoid to calculate shared orthologs between any pair of 33 different eukaryotic
species, including 7. thermophila. The BioMart query tool can be used to filter
output according to a number of user-selected criteria. Making use of a different
ortholog classification algorithm, the OrthoMCL database (http://www.orthomcl.
db)(Chen et al., 2006) currently contains data on 138 prokaryotic and eukaryotic
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genomes, clustering over one million protein sequences into over 100,000 ortholog
groups. The groups can be searched by domain, keyword, or phyletic pattern. This
database was recently used to compare the proteomes of Tetrahymena, Paramecium,
their parasitic relative Ich, and, as a representative host species, the zebrafish Danio
rerio (Coyne et al., 2011). A number of potentially ciliate-specific ortholog groups
were identified that contain only representatives from one or more of these three
ciliates. Enzyme Commission (EC) numbers were assigned to the proteomes based
on their ortholog grouping, and these data used to reconstruct the main features of
ciliate metabolism. In summary, the orthology relationships in these databases are
useful in identifying probable gene function and interrogating pathways.

Despite their power, informatic sequence comparison tools such as orthology
mapping and domain searches are inherently limited, not least because on the order
of 50% of genes in a typical eukaryotic genome have no identifiable, functionally
relevant sequence features. This accounts for the abundance of gene products anno-
tated as simply “hypothetical protein”. Comprehensive collections of knockouts
and/or tagged genes (see Section V.D below) represent an alternative approach to
assigning gene functions globally, but due to the technical challenges, these are long-
term prospects. An immediately accessible approach taken by Xiong ez al. (2011b) is
to group genes by correlation of their expression patterns across multiple growth and
development conditions (Hughes et al., 2000; Kim et al., 2001). This statistical
method resulted in clustering of Tetrahymena genes into 55 “modules”, providing
potential clues to functional relatedness (see also Section IV.E.2, below).

E. Updates and Improvements to Database Resources

To maximize the value of genomic data to the 7etrahymena research community, it
is vital to maintain them in user-friendly, web-accessible databases that are regularly
updated in their content and upgraded in their functionalities. The two major existing
Tetrahymena-specific data sources are described below. As the needs of the com-
munity evolve and new forms of data become available, the database resources will
need to be expanded and adapted.

1. Tetrahymena Genome Database

The T. thermophila MAC genome sequence and annotations are provided by the
Tetrahymena Genome Database (TGD) at www.ciliate.org (Stover ef al., 2006). This
online resource was founded in 2004 at Stanford University on the same platform as
the popular Saccharomyces Genome Database (SGD) (Dwight et al., 2004) and
includes a BLAST server, genome browser, and search and display functions for
gene annotations. From 2004 to 2006, the initial functional annotations provided by
TIGR were updated and expanded by curators for several hundred genes based on the
published literature. After the backlog of papers was exhausted, the project was
moved to Bradley University and reintroduced as a community-updatable Wiki. This
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format allows researchers to add functional annotations directly to the site based on
their published or unpublished results. Registered users in the Tetrahymena com-
munity are able to add annotations to a variety of fields in the database, including
standardized gene names (Allen, 2000a), Gene Ontology (GO) annotations
(Ashburner et al., 2000), free-text descriptions, and associated literature.
Extensive guidelines detailing the annotation standards and practices for TGD
Wiki have been written and can be accessed at http://ciliate.org/index.php/show/
editguide.

Improvements to the hardware and software used to run TGD are made as new
technology becomes available, as for example when new versions of Gbrowse and
BLAST are released. New browser tracks offering comparative information will be
uploaded as additional genomes and analyses become available (see Section IV.C.2
above). Programs will also be written to automatically update the genome browser
and BLAST server with community annotations, and to update the database with the
latest information from Pubmed and the Gene Ontology.

At this time, the annotations presented in TGD Wiki come from two primary
sources: large-scale BLAST analyses of the putative proteins by JCVI and information
from published articles. In both cases, it is relatively easy for researchers to identify
the source of the annotation and to view or recreate the data underlying the annotation.
However, many observations made about Tetrahymena genes are small in scope and
are not published, even though they may be informative about one or more genes. To
accommodate annotations made from unpublished data, while still maintaining trans-
parency about their origins, a companion site to TGD Wiki is being developed. This
site will act as a clearinghouse for unpublished studies, where researchers can upload
and display abbreviated reports containing background, figures, methods, etc., that
support annotations made at TGD Wiki. The new website will expand on the current
Ciliate Genomics Consortium, which primarily houses student data collected during
laboratory classes. These studies will continue to be a main source of information in
the unpublished results database, though other researchers will be invited to submit
data as well. Over time we expect this new, unique resource, combined with the ability
of Tetrahymena researchers to edit the genome database directly, to significantly
enhance the annotation of the Tefrahymena genome.

During the next few years, sequencing projects will produce a wealth of data of
interest to Tetrahymena researchers. Completion of the MIC genome will be a major
step in the study of MAC development, and it will be important to incorporate data
from this effort into TGD Wiki in a meaningful way. The entire MIC genome
sequence will be incorporated into the BLAST server and genome browser, and
these sequences will be marked with sites of IES excision and chromosome breakage
in the MAC genome browser. The genomes of 7. malaccensis, T elliotti, and
T’ borealis will be made available for search at TGD Wiki, though no plans are in
place to create community annotation sites for these nonmodel species. The gen-
omes of more distantly related ciliates, such as Ich and Paramecium species, will be
used to augment the comparative genomics resources at TGD Wiki. Ich genomic
data will be fully incorporated into TGD. Paramecium genome data are hosted
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independently at the full-service genome database website ParameciumDB (http://
paramecium.cgm.cnrs-gif.fr/). Other advances described above, in particular closure
and correction of the 7. thermophila MAC genome sequence and reannotation of
gene-coding regions, will also be incorporated. Alignment of MAC and MIC chro-
mosomes will allow a more rational approach to numbering genes that reflects their
natural arrangement in the genome.

TGD Wiki will continue its focus on improving the annotation of the 7. thermo-
phila genome throughout the coming years. It also maintains an intimate connection
with the Tetrahymena Stock Center (http://Tetrahymena.vet.cornell.edu/), a compre-
hensive repository and distribution source for standard and mutant strains.

2. Tetrahymena Functional Genomics Database (TetraFGD)

A. Chromatin

Building on the foundation of the Tetrahymena Gene Expression Database (Xiong
et al., 2011a) (see Section II above), TetraFGD (http://tfgd.ihb.ac.cn/) has been
established to house Tetrahymena microarray, RNA-seq, and gene network informa-
tion (Miao et al., 2009; Xiong et al., 2011b). Gene expression profiles and candidate
co-expressed genes can be retrieved using gene ID or gene description searches in
TetraFGD. In addition, transcripts identified by RNA-seq can be accessed through
Gbrowse or BLAST. TetraFGD will be expanded to develop and collect other
functional genomics data (e.g., proteomics) as they become available and is intended
to be a resource for all members of the Tetrahymena research community.

V. Looking Further Ahead

In contemplating the future direction of genome-wide studies in Tetrahymena, it
is necessary to focus on the unusual strengths of this model organism and the ways in
which it may make unique contributions to general understanding. Many of these
strengths are more fully described in other chapters of this volume; we discuss them
here in a genomics context.

Marty Gorovsky was one of the first to recognize the potential of Tetrahymena’s
nuclear dualism and nuclear developmental program to reveal interesting features of
chromatin (Gorovsky, 1973). Its robust biochemistry, powerful genetics (including
the unusual ability to make histone gene replacements [Liu et al., 1996]), flow
cytometric methods (Allis and Dennison, 1982), etc., continue to recommend its
use for this purpose. However, there are huge gaps in our basic understanding of
many chromatin-associated functions in this and all ciliates. With very few excep-
tions, we are completely ignorant of the ciliate cis-acting DNA sequences control-
ling transcription and other basic chromosomal functions. Likewise, although many
transcription factors can be identified by homology, their functions, activities, and
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network relationships are as yet almost entirely unstudied. The integration of a
variety of whole genome studies represents a promising approach to remedying this
state of affairs.

Comparative genomics is not only useful for gene structure annotation (see
Section IV.C.2 above) but also to identify conserved noncoding elements such as
promoters, enhancers, and potentially replication origins (Bergman et al., 2002;
Kellis et al., 2003). Because the intergenic regions (in particular) of Tetrahymena
and its relatives are extremely AT-rich, it may be challenging to define such DNA
elements. The three additional species currently in the sequencing pipeline will not
be fully sufficient, but with improved technology and reduced costs, we can expect to
see yet more species in the future. And, because transcription of the MIC genome is
critical for scnRNA-guided developmental genome rearrangement (see Section V.B
below), it will be critical to sequence multiple additional MIC genomes to be able to
compare their transcriptional control elements as well.

The number of genome-wide mapping studies of transcription factors and chro-
matin features in a variety of species has exploded in recent years with the use of
chromatin immunoprecipitation, coupled now with deep sequencing (ChIP-Seq).
Related technologies, such as DNase-Seq (Boyle et al., 2008) and MNase-Seq
(Schones et al., 2008), can rapidly map open chromatin regions and nucleosome
positions across the genome. Such knowledge could dramatically improve our
understanding of Tetrahymena’s chromatin landscape and how it changes over the
course of development or in response to environmental changes and also aid in the
prediction of cis-acting DNA elements. Currently, full-scale mapping of most
Tetrahymena transcription and replication factors is unrealistic (although building
on the experience gained through the ENCODE projects, application of such tech-
nologies will become more readily available in other model systems). However,
more focused applications of ChIP-Seq and related methods should soon be applied
to Tetrahymena. Clearly, histone post-translational modification has been a fertile
field for Tetrahymena that is now ripe for genome-wide studies. Availability of the
MIC genome sequence will also open the genome rearrangement process to ChlP-
Seq studies of histone modification, chromatin modifiers, and sRNA-associated
factors as well as deep sequencing of chromatin-associated RNAs (Mondal et al.,
2010). Localization of RNA polymerase across the genome will help define the
boundaries of genes and noncoding transcription units and perhaps reveal the exis-
tence of paused polymerases. Eventually, performing such studies on multiple
divergent strains of 7. thermophila, in particularly interesting mutant backgrounds
or even in different species, will increase confidence in the results and improve
spatial and temporal resolution.

B. Chromosome Structure and Rearrangement

Clearly, ciliates have evolved some unusual solutions to common challenges faced
by eukaryotic genomes, but as so often seen in the past, investigating such oddball
characteristics can provide universal insights. One obvious unusual feature of the
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MAC genome is its paucity of repetitive DNA sequences, and in particular mobile
elements. Whereas most eukaryotic chromosomes are divided into euchromatic and
heterochromatic domains, gene mapping (Eisen et al., 2006) and genome-wide
expression studies (Miao et al., 2009) of Tetrahymena have revealed no clear pat-
terns of organization of the MAC genome that may reflect broad chromatin domains
as, for example, associated with centromeres (absent in the MAC) or telomeres.
Comparative genomics and genome-wide chromatin studies will help confirm or
refute these initial indications. Comparing and contrasting the logic of chromosomal
structure as it relates to gene regulation and DNA replication between Tetrahymena,
other ciliates, and other eukaryotes will be enlightening.

Tetrahymena MAC chromosomes apparently lose their centromeres during devel-
opment (Cervantes ef al., 2006; Cui and Gorovsky, 2006) and have no mechanism for
equal segregation of their approximately 45 copies at each cell division. This results
in the phenomenon of phenotypic assortment, in which initially heterozygous cells
eventually become homozygous after repeated vegetative divisions (Orias and
Flacks, 1975). The consistent rate of phenotypic assortment at different loci
(Doerder et al., 1992) suggests that each of the 181 MAC chromosomes maintains
an equal copy number through an active control mechanism. Likewise, the equal
depth of sequencing coverage observed in the genome project supports a generally
equal copy number for each non-rDNA chromosome (at least at the population level)
(Eisen et al.,2006). However, especially under certain selective conditions, it may be
that copy number variation is used adaptively by Tetrahymena and other ciliates.
This could be evaluated using array or deep sequencing technologies. The mecha-
nism of copy number control of nearly 200 chromosomes is mysterious (Larson
et al., 1991). This may become open to investigation using engineered whole
chromosomes (see below) and/or with the development of technologies that allow
determination of copy number in single cells and the associated changes in DNA
replication control.

The study of DNA replication in Tetrahymena has also yielded interesting sur-
prises, from the first eukaryotic origin to be mapped (on the rDNA) (Cech and
Brehm, 1981) to the novel association of a small RNA with the origin recognition
complex (ORC) (Mohammad et al., 2007). Studies (Donti et al., 2009) showing cell
cycle-dependent chromosomal redistribution of ORC provide further justification
for genome-wide studies of its localization. Another striking feature of Tetrahymena
DNA replication is that the MAC and MIC go through S phase during different
periods of the cell cycle (McDonald, 1962). It will be of great interest to compare on
a genome-wide scale the replication origins of these two highly distinct nuclei.

As with the MAC, the silent germline MIC genome also presents an unusual
adaptation. As an apparent safe haven for transposable elements, it is perhaps
surprising that it has not expanded to greater size as, for example, the MIC genomes
of spirotrichous ciliates (Prescott, 1994). It is clearly of immediate interest to
characterize the bidirectional transcription that gives rise to scnRNAs (Chalker
and Yao, 2001). Besides the obvious involvement of these transcripts in promoting
DNA excision, it will be of interest to see if there are correlations between
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C. Diversity

transcription and recombination rates or other features across the MIC genome.
Comparative MIC genomics will also help reveal the selective pressures on MIC
chromosome structure. It is intriguing that the only known amicronucleate
T. thermophila mutant contains significant amounts of “MIC-limited” sequence
in its MAC (Karrer ef al., 1984). Whole MAC genome and sRNA sequencing of
several amicronucleate Tetrahymena species will help shed light on how they
have learned to live without a germline and whether the absence of an epigenetic
DNA elimination mechanism has left their MAC genomes open to recent inva-
sion by mobile DNA elements.

The fact that mutations that perturb developmental DNA excision are lethal
indicates that genome-wide retention of MIC-limited sequences in the MAC is
incompatible with gene function. However, it is clear from studies of epigenetic
interference of targeted excision events (Chalker and Yao, 1996) and from partial
knockdown of the PDD1 gene (M.C. Yao; personal communication) that some MIC-
limited elements can be tolerated. The number and variety of such elements may be
identified by genome-wide interference studies and/or tiling array analysis or whole
genome sequencing of survivors of partial knockdown matings.

In the preceding sections, we have highlighted comparative genomics primarily as
a means to better understand the workings of 7. thermophila, and even more spe-
cifically, the inbred B strain, on which practically all research with this species is
currently done. However, there is great value in studying diversity. For one thing, the
torturous process of creating inbred strains, involving severe population bottlenecks,
may have resulted in unknown genomic polymorphisms in comparison to the orig-
inal “wild” state (Nanney and Simon, 2000). As sequencing costs drop, it may
behoove us to compare the genomes and transcriptomes of the various inbred strains
to each other and to stocks recently isolated from nature. The natural strain-to-strain
variation in gene expression and co-expression patterns can also be used to more
accurately model transcriptional networks (Wessel et al., 2007; Zhu et al., 2008).

Whole genome analyses are also increasingly being applied to questions of
ecological and evolutionary interest, giving rise to the field of population genomics
(Nadeau and Jiggins, 2010). One of the principal goals of this field is to define, by
unbiased whole genome sampling, the molecular basis of adaptive phenotypes,
which may be difficult to define a priori, particularly in microbes (Ellison ef al.,
2011). As bacterial grazers, ciliates occupy an important ecological niche. T. ther-
mophila is distributed widely in the eastern United States (and perhaps beyond) and
other species have even wider distributions. It is expected that subpopulations will
have undergone genetic selection to adapt to their local environments. Because of the
phenomena of phenotypic assortment (Orias and Flacks, 1975) and epigenetic
inheritance, it may even be possible for Tetrahymena populations to adapt rapidly,
for example, to seasonal fluctuations, by selection for advantageous allelic ratios
and/or alternative genome rearrangement patterns in the MAC, even in the absence
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of germline selection. Such questions are amenable to the unbiased “reverse ecol-
ogy” methods of population genomics. Once candidate loci for adaptive traits are
identified, the powerful genetic methods of Tetrahymena may be applied to their
functional characterization.

Besides population diversity, there is considerable species diversity within the
Tetrahymena genus. For example, there have been several apparently independent
adoptions of parasitic lifestyles (Struder-Kypke et al., 2001). Whole genome
sequencing and annotation of the related fish parasite Ich revealed extensive gene
loss compared to T thermophila, but the retention of overall similar metabolic
capabilities (Coyne et al., 2011). It would be interesting to compare how the gen-
omes of other, independently evolved oligohymenophoran ciliate parasites have
been altered by this lifestyle adaptation. The opportunity to conduct such an analysis
is not available in many taxa. Other examples of phenotypic diversity within the
Tetrahymena genus that could be amenable to comparative genomics include (as
already mentioned) the presence or absence of the germline micronucleus, the varied
systems of mating-type determination (Simon and Orias, 1987), and the remarkable
morphological transformation of some species from a bacterivorous form to a
“macrostome” form that preys on other ciliates (Ryals et al., 2002).

The ciliates Paramecium and Tetrahymena have long been subjects of forward
genetic research. A rich collection of 7. thermophila mutant strains defective in
pattern formation, secretion, phagocytosis, and other functions is stored at the
Tetrahymena Stock Center. However, molecular and cellular analysis of these
mutants awaits the identification of the responsible genes. Cloning by complemen-
tation has been achieved in Paramecium (in which any injected DNA is maintained
in the MAC) (Haynes et al., 1998; Keller and Cohen, 2000), but not yet in
Tetrahymena. With reductions in costs, whole genome sequencing of mutant strains
has emerged as a highly attractive alternative strategy. First demonstrated in eukar-
yotes in C. elegans (100 Mb genome) (Sarin et al., 2008), it has since been applied to
Drosophila (123 Mb genome) (Blumenstiel et al., 2009) and recently Paramecium
(72 Mb genome; O. Arnaiz, L. Sperling; personal communication). To achieve this
goal in Tetrahymena, the first required step is to correct the many sequencing errors
that are common in low-coverage genome assemblies (see Section IV.A above) so
that deep sequencing of mutants does not return an unreasonable number of false
positive SNPs and indels. Basic genetic mapping of mutants using simple tricks of
Tetrahymena genetics such as mating to nullisomic or deletion strains and co-
assortment mapping can rapidly narrow down the genome region of interest.
Candidate genes can then be confirmed by rescue transformation. It is hoped that
this technology will not only reveal the genes behind the mutant phenotypes of
existing strains, but also generate renewed interest in conducting genetic screens
in this productive system.
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While forward genetics is a powerful approach, even in extensively studied
organisms such as Drosophila, so-called saturation mutagenesis is known to miss
numerous gene targets. Fortunately, because Tetrahymena undergoes transformation
by homologous recombination, it is well adapted to “reverse genetic” analysis. The
most comprehensive reverse genetic resource available in any eukaryotic organism is
the bar-coded collection of yeast gene knockouts (Shoemaker et al., 1996), which,
besides being available individually to any investigator for focused studies, can also
be used to simultaneously interrogate the competitive advantages or disadvantages
of the entire collection of mutants under any experimental condition (Hillenmeyer
et al., 2008). Because of technical limitations and a fourfold larger gene number, it
would currently be a great challenge to replicate this resource for Tetrahymena, but
smaller scale high-throughput knockout production has now begun (RSC;
unpublished).

An alternative genome-wide “knockdown” strategy would be to use a library of
RNAI constructs (Howard-Till and Yao, 2006), but this approach would first require
establishing conditions under which inhibition of gene function could be efficiently
and reliably induced throughout development. The “antisense ribosome” method,
invented in Tetrahymena (Sweeney et al., 1996), has also been productively
employed as a screen for factors associated with certain cellular functions
(Chilcoat ef al., 2001) but has not been fully tested and would in any case not be
applicable to essential genes.

In addition to knockouts, it is likewise feasible to envision genome-wide collec-
tions of GFP- and affinity-tagged constructs. Because these could be generated by E.
coli-based cloning in an rDNA transformation vector, the technical challenge, while
still great, is not as great as producing the full knockout collection. Each of these
collections would be highly useful in terms of assigning potential functions to genes,
especially those lacking informative sequence features. Affinity tagged constructs
could be used for proteome-wide interactome mapping, as has been done in other
model organisms (Gavin et al., 2002; Ho et al., 2002; Williamson and Sutcliffe,
2010).

Finally, we consider the prospects for the ultimate form of reverse genetics — the
engineering of the Tetrahymena genome. The purpose of such an endeavor could
either be related to basic research or to better adapting 7etrahymena for use in
biotechnology. For example, proteomic studies of the secretome indicate an abun-
dance of secreted proteases that could severely limit Tetrahymena’s potential for
expression of foreign proteins (Herrmann et al., 2006; Madinger et al., 2010). Under
controlled growth conditions, secretion of these enzymes could most likely be
eliminated without adverse effects. The power to engineer “improved” versions
of Tetrahymena in this and other ways may be within reach in the not too distant
future.

Being transcriptionally silent, the MIC genome can be radically altered, even to
the point of eliminating one or more chromosomes. Such nullisomic or unisomic
strains (described in Chapter 10) are useful for genetic mapping. More fine-grained
targeted deletions could be generated by a Cre-lox recombinase system currently
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under development (Cassidy-Hanley, Clark; personal communication). Altering the
MIC genome would also be useful for mapping MIC-specific functional elements or
making MAC-destined deletions beyond the limits of homology-dependent gene
replacement (which have not actually been tested). For example, many expanded
paralogous gene families are arranged in tandem arrays (Eisen ef al., 2006) that
could potentially be deleted en masse.

It may also be possible and useful to directly modify the MAC genome, either
of T. thermophila or, to avoid the complications of nuclear dualism, of an
amicronucleate species such as 7. pyriformis. One possibility would be the
introduction of engineered chromosomes. The recent complete chemical synthe-
sis of a bacterial chromosome (of a size comparable to many Tetrahymena MAC
chromosomes) (Gibson et al., 2010) even raises the possibility of a “designer”
genome. Efforts are now well underway to chemically synthesize and replace the
entire genome of S. cerevisiae (http://www.syntheticyeast.org) (Dymond et al.,
2011), which will likely make it the first fully “synthetic” eukaryote. The
technology is advancing rapidly, with concomitantly decreasing costs. Current
methods of chromosome assembly require propagation as circular Yeast
Artificial Chromosomes (YACs) (Gibson, 2011). It has been demonstrated
(RSC; unpublished results) that YACs can be maintained containing up to, at
least, 180 kb of Tetrahymena genomic DNA, although successful reintroduction
of such DNA into Tetrahymena has not yet been achieved. When such methods
are developed, it will become possible to start building TACs — Tetrahymena
Artificial Chromosomes — to test hypotheses about chromosome structure or
genetic networks or even to begin the stepwise redesign and replacement of
the MAC genome.

An alternative to fully synthetic genome remodeling is to apply methods of
“accelerated evolution” such as Multiplex Automated Genome Engineering
(MAGE) (Wang and Church, 2011). To date, this method has been applied only to
bacteria, but its developers envision its use in a wide variety of organisms. With
Tetrahymena’s rapid cell cycle, growth to high density, and precise homology-
dependent recombination machinery, it may be well suited to such technology.

VI. Concluding Remarks

Clearly, genomic resources have made a major impact on Tetrahymena research in
the few years they have been available. These resources are set to expand and be
improved on in the near future, enabling more detailed studies in research areas for
which Tetrahymena is well adapted. Substantial effort and funding will be required to
maintain and further expand these resources to keep up with developments in the
field. Genomics is a rapidly advancing field and we cannot predict what novel
technologies may emerge at any time, but 7etrahymena’s experimental strengths
will allow this model system to take advantage of them.


http://www.syntheticyeast.org/
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