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iliated protozoa genus
provided a

uniquely enabling platform for monu-

Tetrahymena

mental discoveries in the molecular biol-
ogy of the nucleus.

Introduction

Unicellular  eukaryotes have contrib-
uted mightily to cell biology and we tend
to immediately think of yeast, properly
enough. But another group of single-cell
organisms has played an exceptional role
and continues to do so: ciliates of the genus
Tetrahymena. This organism enabled the
discovery of the telomeric DNA repeat,
telomerase and self-splicing RNA, as well
as figuring prominently in the recognition
of histone modifications as an epigenetic
mechanism. This brief essay summarizes
these advances, in honor of those who have
given Tetrahymena its place in the pantheon
of model systems for the investigation of

the nucleus—this its “special feature.”
Roots

Tetrahymena was the central focus of a
cellular physiology research group at the
Carlsberg Laboratories in Copenhagen
led by Erik Zeuthen, whose work began
to attain international prominence after
World War II. Tetrahymena had been
cultured in the 1920s but Zeuthen’s
group refined its cultivation, developed
methods for measuring its oxygen con-
sumption in minute samples and also for
synchronizing division, the latter work
contributing importantly to the early cell
cycle field.! The reach of Tetrahymena
expanded with its adoption by others,
many of whom had passed through the
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Carlsberg group, and it thus proved to
be a scientific spore (if not literally a bio-
logical one). Amusingly, at a dinner party
recently in Woods Hole, Massachusetts, it
was suddenly recognized that, as chance
would have it, all but one person at the
table of seven had at some point worked
on Tetrahymena.

Tetrahymena Emerges as a
Genetic System

At the base of each cilium in Tetrahymena
there is an intricate structure known as
a basal body, a particular incarnation of
the centriole. Pioneering work by Tracy
Sonneborn in Paramecium and David
Nanneyand Joseph Frankelin Tetrahymena
had revealed that the inheritance of cili-
ary row patterning was under cytoplasmic
control. There was also a hint (and only
that) from Feulgen staining that basal
bodies might contain DNA. In the early
1960s efforts to isolate Tetrahymena basal
bodies were underway in several laborato-
ries. A study by an Antioch College (Ohio,
US) undergraduate, Joan Argetsinger (later
Steitz), during a summer visit to Joseph
Gall’s laboratory led to the conclusion that
isolated Tetrahymena basal bodies do not
have appreciable nucleic acid.? The notion
that centrioles template their replication
via a nucleic acid had some momentum
at the time, though the evidence to date
falls short.* In due course, methods were
developed for Tetrahymena nuclear genet-
ics and transformation, including the abil-
ity to independently manipulate the cell’s
two different nuclei (vide infra) to produce
heterokaryons with two genotypes, taking
this creature to new heights of importance
as an experimental system.>®
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Exploiting the System: Unique
Features Enable New Insights

As typical in ciliates, a Tetrahymena cell
harbors two nuclei with outof-phase
cycles of replication and division.” The
micronucleus harbors the full genome and
functions as the germline. The macro-
nucleus contains surgically redesigned
chromosomes,  involving  elimination
of substantial DNA and a typically ca.
45-fold amplification of the surviving frag-
ments, with the expression of this reduced
genome supporting vegetative growth. By
this nuclear dualism, ciliates can carry
ca. 20,000 genes in the macronucleus and
yet retain, by virtue of the complete genome
in the micronucleus, the ability to respond
to a sudden, fortunate environment with a
rapid increase in cell growth and division.

Among the macronuclear amplified
chromosomes is one of special significance:
a palindromic chromosome encoding the
large ribosomal RNA. Its amplification (ca.
9,000 copies) produces twice that number
of ends and this work by Joseph Gall set
the stage for what was to come.'? Elizabeth
Blackburn arrived in the Gall laboratory
having mastered Fred Sanger’s method of
DNA sequencing as a post-doc. Applying
this to isolated macronuclear rDNA led to
the revolutionary discovery of telomeric
repeat DNA."" Subsequently, the use of
Tetrahymena extracts led to the ground-
breaking demonstration of telomeric
repeat synthesis by the ribonucleoprotein
reverse transcriptase telomerase.'” Later,
Tetrahymena was microinjected with con-
structs expressing altered telomerase RNAs
to nail the case for de novo telomeric repeat
addition at chromosome ends."

The high transcriptional activity of
tDNA in the Tetrahymena macronu-
cleus appealed to new Assistant Professor
Thomas Cech at the University of
Colorado as a system for dissecting tran-
scriptional regulation. In prior work,
again by Joseph Gall’s laboratory, the
facility of amplified rDNA isolation had
enabled rRNA transcript mapping, which
had revealed the presence of an intron.”
Studies of this intron’s removal by Cech
and colleagues led to discovery of self-
splicing RNA, a monumental break-
through in the fields of gene expression
and molecular evolution.!
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The recognized nuclear separation
of functions between the micro- and
macronucleus in Tetrahymena also set the
stage for early characterization of histone
variants and modification enzymes.
Acetylated histones had been reported ear-
lier by the laboratories of Vincent Allfrey
at Rockefeller University and James
Bonner at Caltech but a link to function
had not been made. As a graduate student
in Hewson Swift’s group at the University
of Chicago, Martin Gorovsky took the
important step of isolating Tetrahymena
micronuclei vs. macronuclei.’” His own
group went on to make major contri-
butions to appreciating the existence
and biological significance of histone
modifications.'™” More recently his group
uncovered a pathway of small RNA-
mediated  heterochromatin  formation
during DNA elimination in the macronu-
cleus.?® This finding, in turn, has led to
additional intriguing findings.”"** There
is reason to believe that Tetrahymena will
continue to play a key role in the next wave
of advances in epigenetic mechanisms as
well as RNA-mediated gene silencing, as it
has in the recent past.

In its enablement of these discoveries
Tetrahymena has greatly accelerated our
molecular understanding of the nucleus.
This olympian protozoan has been graced
on two occasions by the stardust of
Stockholm. As has been proven so often,
deep insights often emerge from exploit-
ing model systems that may at first appear
strange and different but in their simplic-
ity of use, and often an exaggerated presen-
tation of the problem at hand, offer great
promise for fundamental advances. This
article celebrates this organism, but it also
salutes those who have pioneered advances
in molecular and cell biology with this
collaborative and catalytic cell. In Hamler
the principal says “There are more things
in heaven and earth, Horatio, than are
dreamt of in your philosophy.” Thus do
we applaud the endless frontier that any
one of life’s forms can surprisingly reveal,
as Tetrahymena has—and will likely do
more than once again.
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