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ABSTRACT

Acetabularia acetabulum is the organism that provided
the first compelling experimental evidence both for
the role of an organelle whose function was un-
known, the nucleus, and for the existence of “mor-
phogenetic substances,” the behavior of which pre-
saged the discovery of mRNA in other organisms.
This giant unicell holds special appeal as a model
system, because the contribution of its diploid
nucleus to cellular processes can be assessed using
simple amputation and grafting experiments and be-
cause it lends itself to a wide range of methods in
cell, molecular, and developmental biology. It re-
mains an excellent model system for understanding
how body regions are functionally and structurally

distinguished from each other without cellular com-
partmentation. Advances in genetics (that is, mutant
selection and analysis, large-scale transformation)
will greatly increase the power of this system to ad-
dress fundamental questions in development and
morphogenesis. We discuss strengths and weak-
nesses of the system and outline the body of knowl-
edge that would make the system more powerful
and broadly appealing.
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On first viewing, the complex morphology of the
“Mermaid’s Wineglass” (Figs. 1, 2) usually evokes
gasps of awe for its beauty closely followed by ex-
pressions of disbelief: how can this be a single cell?
The 3- to 4-cm height of the organism challenges the
common view that all cells are microscopic. The
wonder increases when the first-time observer
learns that for most of its life this alga contains just

a single nucleus. The complex architecture, with its
whorls of branched cell extensions, challenges the
common view that the shape of a free-living cell
must be simple.

Acetabularia acetabulum holds a classic place in de-
velopmental biology (Hämmerling 1953, 1963), but
fell from favor in the 1980s in part because it was
difficult to culture rapidly (see discussion in Mandoli
1998b ). However, recent improvements in culture
conditions have reduced care during development
and resulted in a shorter life cycle (Hunt and Man-
doli 1992, 1996; Cooper and Mandoli 1999). Judg-
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ing by the new authors publishing in the field and
the number of inquiries for cultures, methods, and
collaborations received per year (DF Mandoli, per-
sonal observations), this system may be gaining in
popularity once again. With large-scale genetics (for
example, selections and mutagenesis) on the hori-
zon for the first time, this system is becoming more
attractive for the study of a variety of interesting
biological questions. Foremost among these is how
does a unicell make and maintain such a giant, mor-
phologically complex shape with only one nucleus?

The life cycle of A. acetabulum is complex (Fig. 1).
The developmental biology of the nucleus and mor-
phogenesis of the organism are both interesting (see
following sections) and, because it heals well after
wounding, interactions between the nucleate and
enucleate portions of this unicell can be studied ei-

ther in the intact organism or in amputated portions
of it.

STRENGTHS OF ACETABULARIA
ACETABULUM AS A MODEL SYSTEM

It Has a Relatively Small Genome and
(Probably) Normal GC Content

Although this genome is larger than that of many
other green algae, it is small compared with vascular
plants that average 3.0 pg and 8.5 pg 1C values for
annuals and nonannuals, respectively (Bennett and
Smith 1991). Microspectrophotometry suggests n =
0.92 pg of DNA for A. acetabulum (propidium iodide
staining, Spring and others 1978). It is about the size

Figure 1. Life cycle of Ace-
tabularia acetabulum. Details
and descriptions of the life
cycle can be found in Mandoli
(1998b)
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of the tomato genome, and 4.6 times larger than the
A. thaliana genome (Feulgen staining, Bennett and
Smith 1976, 1991). In the only full-length gene
cloned to date (carbonic anhydrase-1, Serikawa and
others 2001), the number and sizes of the introns
were not unusual, but any general statement about
genomic structure (that is, mean size of exons and
introns, amount of nongenic DNA) is obviously pre-
mature.

Probably none of the three genomes in this alga is
GC-rich. Chemical analysis revealed that the haploid
genome was 29% adenine (Baltus and others 1968),
giving a calculated 42% GC content. Lacking direct
measurements of the other nucleotides, this one
value is not well supported. Bouyant density mea-
surements suggested that the haploid was 38% GC
(Green and others 1970). Looking at individual
genes rather than the genome as a whole, A. acetabu-
lum sequences in Genbank also provide an estimate
of only 44% GC (calculations based on 16 coding
domains using the Codon Usage Database at http://
www.kazusa.or.jp/codon/). The chloroplast genome
is 45–50% GC (Green and others 1970; Leible and
others 1989), and the mitochondrial genome is 55%
GC (Green and others 1970). GC-rich sequences can
complicate cloning and heterologous expression, but

the available data do not suggest severe problems
are looming.

The Large Nucleus Has Interesting Cell
Biology and Biochemistry

In the 1930s, simple amputation experiments that
separated the alga into nucleate and anucleate por-
tions suggested that the role of the nucleus was to
store the blueprint of the species (Hämmerling 1932,
1934). This was the first compelling evidence for the
role of the nucleus in any organism.

The diploid nucleus lends itself to studies of chro-
mosome behavior (for example, Koop and others
1978, 1979), because it is so large and has a fixed
position in a relatively transparent unicell. The dip-
loid nucleus in this and related species ranges from
50–120 µm in diameter (Berger and others 1994;
Shihira-Ishikawa 1984). This is large compared with
other organisms studied for chromosome dynamics.
For example, although the A. acetabulum nucleus
shrinks to 40 µm just before meiosis (Koop and oth-
ers 1979), it is still one third larger than the maize
nucleus in meiotic prophase, which is 30 µm in di-
ameter (Z. Cande, personal communication, July
2000). Remarkably, the spindle during meiosis

Figure 2. Phylogeny of A.
acetabulum and its close rela-
tives. Based on structural, bio-
chemical, and molecular data
(Graham and Wilcox 2000,
for example Table 17–1), the
green algae (chlorophytes)
are grouped into three evolu-
tionary lineages. Of these,
only the two major lineages
contain multicellular organ-
isms. One major lineage gave
rise to land plants (right
branch). Charophycean algae,
including Chara, are basal
in this lineage. The second
major lineage (left branch),
the ulvophyceans, trebouxio-
phyceans, and the chloro-
phyceans, probably arose
from unicellular flagellates in
the prasinophycean lineage
(middle branch). The third
(minor) lineage are the prasi-
nophyceans, which are poly-

phyletic. The ulvophyceans are monophyletic and, based on several lines of evidence (reviewed in Graham and Wilcox
2000), are the earliest of the three groups in this major lineage to diverge. Ulvophyceans and prasinophyceans are primarily
marine, whereas the trebouxiophyceans and the chlorophyceans are usually fresh water or land species. This phylogeny
is redrawn from Fig. 17–7 in Graham and Wilcox (2000) with additions closely following their text.
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reaches 150 µm in diameter (Koop and others
1979). During diplophase, the nucleus is anchored
in the base of the plant and surrounded by a dense
perinuclear matrix (Berger and Schweiger 1975;
Berger and others 1975; Franke and others 1974;
Menzel and others 1996). During vegetative devel-
opment, lampbrush chromosomes have been ob-
served (Berger and others 1994; Spring and others
1975, 1978), and the size of the nucleus increases
dramatically during exponential vegetative growth
(Franke and others 1974; Spring and others 1978).
Indirect immunolabeling combined with confocal
microscopy distinguishes different antigens in chro-
mosomal regions during development (Berger and
others 1994). A karyotype made with 4’,6-
diamidino-2-phenylindole (DAPI) stained nuclei
suggests that the diploid has 40 chromosomes (De
and Berger 1990), but older methods suggest there
are half this number (see references in De and
Berger 1990). Chromosomal gels and direct exami-
nation of both meiotic divisions of the diploid
nucleus could help resolve the number of chromo-
somes.

Meiosis occurs during cap expansion (Fig. 1) (De
and Berger 1990; Runft and Mandoli 1996; Shihira-
Ishikawa 1984) and then rounds of mitosis generate
thousands of haploid nuclei (for example Nishimura
and Mandoli 1992a). These nuclei are loaded onto
the cytoskeleton and transported up into the cap
(Menzel 1986; Menzel 1994). The bulk of the cyto-
plasm moves into the cap with these nuclei (Fig. 1).
The fate of the large central vacuole during nuclear
and cytoplasmic transport is unknown. If nuclei are
left in the stalk, some cytoplasm stays with them,
and viable gametes or gametangia can form there
(Hämmerling 1963; Puiseux-Dao 1962), suggesting
that the haploid nuclei are associated with cyto-
plasm. If there are physical and/or chemical associa-
tions of each haploid nucleus to a specific region of
cytoplasm, a kind of cellularization without wall de-
position, perhaps the cytoplasm, is passively dragged
upward during transport of these nuclei.

Nucleic acid metabolism in this unicell is impres-
sive. There are 3800 rDNA genes and 32 nucleoli in
the diploid nucleus (Spring and others 1978). In
contrast, other green algae have approximately 400
copies of rDNA (see references in Spring and others
1978). Presumably, so many copies of rDNA are nec-
essary to build a giant vegetative organism from just
one diploid nucleus (Fig. 1). With 0.92 pg of DNA
per haploid nucleus (Spring and others 1978) and
production of 2–6 million gametes per unicell (see
table and references in Mandoli 1998b), each indi-
vidual makes 1.8–5.6 µg of DNA per generation! Not
surprisingly, inhibition of folate-dependent one-

carbon metabolism, the biochemical pathway that
generates purines and thymidylate in all organisms,
curtails development and limits the number of prog-
eny (Richmond and Mandoli, unpublished), sug-
gesting that efficient nucleic acid metabolism is im-
portant in this primitive eukaryote.

The Diploid Thallus Is Large

Amputation is a powerful yet simple way to look at
the developmental and physiologic potential of
nucleate and enucleate portions of the plant. In ad-
dition, determination of RNA and protein half-life
with and without the nucleus are easy amputation
experiments and not fraught with the ambiguities
inherent in using inhibitors. Amputation can even
be used to determine subcellular enzyme activity on
living fragments of the thallus (for example, car-
bonic anhydrase: Serikawa and others 2001; Zetsche
and others 1970).

The large size of Acetabularia facilitated one of the
first examinations of gradients in morphologic and
developmental potential within a unicell (for in-
stance, Hämmerling 1936). Examination of the
mRNA distribution within the thallus for specific
genes suggests that genes fall into four classes: those
ubiquitously expressed throughout the organism,
those more abundant in the base, those more abun-
dant in the stalk apex, and those whose distribution
changes during development (Serikawa and Man-
doli 1999; Serikawa and others 2001; Vogel 1998).
These studies were by no means exhaustive, how-
ever, and other patterns may exist.

The Diploid Thallus Develops an Elaborate
Shape
At first glance, the most striking aspect of this unicell
is its elaborate architecture (Fig. 3). The thallus con-
sists of a central axis, the stalk, and two kinds of
lateral structures: hairs and gametophores (Fig. 3).
Both lateral structures are arranged in whorls. Four-
teen to 19 whorls of branched hairs are initiated at
more or less regular intervals during vegetative
growth (Nishimura and Mandoli 1992b). One whorl
of gametophores, called a “cap,” initiates at repro-
ductive onset (see Fig. 3).

Morphogenesis in A. acetabulum occurs principally
at the stalk apex. Careful observations subdivide
whorl initiation into discrete events (Fig. 4) (Dumais
and Harrison 2000). Stalk elongation (Fig. 4A) (Von
Dassow and others 2000) may be the “default”
growth pattern, because under restrictive conditions
(Goodwin and others 1983; Schmid and others
1987), these unicells grow at the apex without ever
forming whorls of hairs. The growing stalk apex
shares features with tip-growing cells (Harrison and
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others 1988; Reiss and Herth 1979; Schmid and oth-
ers 1987). Just before initiation of a whorl of hairs,
the tip flattens (Fig. 4B). Visualization of membrane-
bound and free cytosolic calcium redistribu-
tions during this event (Dumais and Harrison 2000;
Harrison and others 1988) suggests that the region
of maximal wall expansion shifts from the apex to
the subapical region during apex flattening. Next,
small lytic pits on the inner side of the wall (Fig. 4C)
mark where the lateral appendages will emerge.
Uncharacterized proteins (Werz 1959), the en-
doplasmic reticulum (Werz 1959) and actin fila-
ments (Menzel 1996), are associated with regions
of lytic activity, suggesting that the pits result from
coordinate secretion of lytic enzymes. The lysis
pits develop into small chambers in the wall corre-
sponding to outward bulges on the surface of the
tip (Fig. 4D). Each bulge elongates and branches
three to four times to form a branched hair. A
septum concurrently forms at the base of the ap-
pendage (Fig. 4E), but a large central pore preserves
the continuity between the lateral appendage and
the central cavity. Meanwhile, the main stalk re-
sumes apical growth until initiation of the next
whorl (Fig. 4F).

One of the most intriguing morphogenetic fea-
tures of Acetabularia is the establishment of the
nicely spaced whorl pattern (Fig. 4C). Beyond the
few observations mentioned earlier, little is known
of the molecular basis of this process. However, ob-
servations of a different kind have provided addi-

tional information. First, the spacing between hairs
in a whorl is affected by temperature (Harrison and
others 1981) and exogenous Ca2+ concentration
(Harrison and Hillier 1985; Harrison and others
1997) in a manner suggestive of kinematic regula-
tion. Second, the whorl pattern is initiated simulta-
neously, as revealed by the uniform degree of lysis
in a whorl. Together, these observations suggest that
the whorl pattern is established in a single event by
a kinetic process that encompasses the whole apex
(Dumais and Harrison 2000). Whorl formation in
Acetabularia presents a beautiful challenge for those
interested in cellular morphogenesis. Putative
mechanisms for the control of whorl morphogenesis
(Goodwin and Trainor 1985; Harrison and others
1981; (Martynov 1975) offer a wealth of hypotheses
that await experimental verification.

Classical Genetics, Including Selfing and
Out-crossing, Are Feasible.

This species is monoecious. A. acetabulum makes ga-
metes of two mating types that are packaged into
different gametangia (Fig. 1), that is, gametes from
the same gametangium cannot mate (Green 1973;
Koop 1975). Outcrosses and selfs involve pairing
two gametangia from different or the same parent,
respectively. Given the millions of progeny per in-
dividual per generation, segregation and propaga-
tion of defects are easy. Although the thallus is large,

Figure 3. A. acetabulum is a
striking example of complex
cellular morphogenesis. (A)
Top view of a developing
“cap” (reproductive whorl).
The whorl of gametophores
has initiated and formed a
staggered series of bulges
around the periphery of the
cap. A whorl of hairs is visible
below the cap. The hairs
branch just outside the pic-
ture. (B) Underside of an ex-
panding cap. The cap has
reached approximately one-
fifth of its final diameter. The
fold at the base of the cap is
the corona inferior. Two
whorls of hairs are also visible
below the cap. Some hairs
that have emerged from the
corona superior (not visible)
are visible above the cap.
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one can grow millions of these organisms easily in a
small space.

Koop (1977a, 1977b) isolated a spontaneous mu-
tant from the wild that arranged the gametangia in
the cap in an aberrant pattern. This proved to be a
recessive, single gene trait that segregated in Men-
delian fashion (Koop 1977a, Koop 1977b). During
creation of inbred near isogenic lineages, we have
isolated several spontaneous mutations that are ar-
rested in vegetative development (Mandoli 1996;
Mandoli and Hunt 1996) or altered in morphogen-
esis (Mandoli 1996, 1998a). The developmentally
arrested defects were grouped into four classes on
the basis of which portion of the bisected mutant,
nucleate or enucleate, could make a cap in the ab-
sence of the other (Mandoli 1998a ). Unfortunately,
the two of these genotypes that are the best studied
do not segregate as single gene traits (Mandoli and
Hunt, unpublished).

The Dasycladales Have an Extensive Fossil
Record

Acetabularia belongs in the ulvophyceans (Fig. 2).
The earliest ulvophycean alga arose 700–800 M
years ago in the Precambrian period. The Dasyclad-
ales, the order to which A. acetabulum belongs, has a
nearly continuous fossil record because many mem-
bers of this order calcify in the wild (Berger and
Kaever 1992; see also the Web ring at http:/
faculty.washington.edu/mandoli). The most ancient
remains that resemble modern species in the Dasy-
cladales are 600 M years old. Interestingly, this an-
cestral Dasyclad, Yakutina, is thought to be the oldest
calcified green alga (Graham and Wilcox 2000).
There are about 175 fossil dasycladacean genera and
11 extant ones (Berger and Kaever 1992; for cul-
tures see http://www.bio.utexas.edu/research/
utex). The modern genus Acetabularia first appeared
about 38 M years ago and includes about eight spe-
cies.

The fossil record has been studied from a paleon-
tological standpoint (Deloffre 1988, Pia 1920) and
also provides valuable insights into the morphogen-
esis of extant species. For example, analysis of the
fossil record and of morphogenesis in extant Dasy-
cladales reveals structural similarities between the
vegetative and reproductive whorls (Church 1895;
Dumais and Harrison 2000; Pia 1920; Solms-
Laubach 1895; Valet 1968). Whorls made by the
Dasycladales share the same basic architecture (Bau-
plan) but take multifarious shapes in different spe-
cies. The vegetative and reproductive whorls of A.
acetabulum may constitute the most extreme case
(Fig. 3). Their common Bauplan (Fig. 5) suggests
that the reproductive whorl derived from the hair
whorl, so it would be interesting to compare their
morphogenesis so as to understand how such strik-
ing morphological differences are generated. As
models for cellular morphogenesis, the favorable
features of Acetabularia and other extant Dasyclad-
ales are greatly augmented by their extensive fossil
record.

Structure and development in the Dasycladales
reflects that of vascular plants, and such compari-
sons may help us determine which features are in-
dependent of cellularization (Mandoli 1996, 1998a).
Structural similarities to vascular plants have been
recognized since Nägeli (1847). For example, the ar-
chitecture of Acetabularia (rhizoid-stalk-hair-cap) re-
sembles that of vascular plants (root-stem-leaf-
flower). But the most surprising similarities between
this alga and vascular plants are developmental. One
of these, regular progression through juvenile,

Figure 4. Morphogenesis of the vegetative whorl of A.
acetabulum. (A) Growth at the stalk apex. The large central
vacuole is surrounded by a thin layer of cytoplasm and a
relatively thick cell wall. (B) Flattening of the tip at the
onset of whorl formation. (C)–(F) The cytoplasm was re-
moved to reveal the shape of the cell wall (from Dumais
and Harrison 2000). (C) Top and side views of a cell at the
lysis stage. A regular array of lysis pits is seen at the pe-
riphery of the tip (upper panel). (D) Top and side views of
a young whorl. (E) Septum formation. The septa forming
are above the junction between the hair segments and the
main stalk. The hair segments have flattened tips indicat-
ing the initiation of branching. (F) Resumption of growth
at the stalk apex. The young hair segments that surround
the apex have branched once.
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adult, and reproductive phases during development,
is reviewed elsewhere (Mandoli 1998a).

Are there fundamental developmental rules com-
mon to algae and vascular plants that transcend cel-
lularization? Perhaps comparison of the fossil
records of vascular plants and the Dasycladales will
reveal shared aspects of the evolution of develop-
ment as well. We thus concur with Chadefaud
(1952) in that there is much to be learned from the
algae, both with regard to their own morphogenesis
and the light they shed on the morphogenesis of
vascular plants.

A. acetabulum Is Amenable to a Wide Range
of Experimental Approaches, Including
Transformation

Physiological studies are attractive because one can
perform feeding studies in axenic cultures (Hunt
and Mandoli 1992) in completely defined, artificial
medium (Hunt and Mandoli 1996). Uptake and
depletion studies are facilitated by growth in a liquid
medium.

Electrophysiology (Mummert and Gradmann
1991a, 1991b) is attractive because of the size of the
thallus, the ease with which one can make wall-less
spheres of cytoplasm bounded only by a membrane,
and the ability of the amputated individual to heal.
For example, fluxes of ions can be measured in re-

lation to the physiology and differentiation of body
regions (Serikawa and others 2000). The potential
for examining calcium gradients (Reiss and Herth
1979; Harrison and others 1988) during polar
growth at the stalk apex and the redistribution of
membrane-bound and free cytosolic Ca2+ that ac-
companies morphogenesis of the whorl of hairs (Du-
mais and Harrison 2000; Harrison and others 1988)
has barely been tapped.

Evidence for stable transformation on the small
scale is robust: several heterologous genes have been
expressed (Brown and others 1986; Cairns and oth-
ers 1978a, 1978b, 1978c; Neuhaus and others 1984;
Neuhausand others 1986), one over three genera-
tions (Neuhaus and others 1986). The method en-
tails removing the nucleus from one plant, microin-
jecting it with the DNA of choice, and implanting
that nucleus back into a second, enucleate indi-
vidual. CAMV35S and T-antigen promoters work,
and plants are stably transformed to neomycin re-
sistance (Cairns and others 1978a; Cairns and others
1978c; Neuhaus and others 1984, 1986). The cave-
ats are that the method is labor intensive, the
amount of DNA injected is hard to control (we cal-
culate that they injected 330 ng of adenovirus type 2
DNA, or about 1010 genomes per nucleus: Cairns
and others 1978a ), and it results in many inserts per
genome (Neuhaus and others 1986). To the best of
our knowledge, only Schweiger’s laboratory has
published success with this method, although per-
haps no one else has tried, and there is no question
that the method is relatively “high tech.”

Localized Determinants: The Key to
Morphogenesis and Development in a
Unicell?

Of the arenas in which A. acetabulum could excel as
a model system, perhaps none is more exciting than
understanding how it partitions its subcellular space
into differentiated body regions. In situ hybridiza-
tion with poly(U) probes indicates that mRNA in A.
acetabulum is present in a gradient with abundance
highest in the base near the nucleus (Garcia and
Dazy 1986). Messenger RNAs of some genes are lo-
calized (Serikawa and Mandoli 1999; Serikawa and
others 2001; Vogel 1998), and enzyme (uridine
diphosphate glucose pyrophosphorylase (UDPG-P)
and others) activities, can be asymmetrically distrib-
uted along the stalk (Zetsche and others 1970). The
existence of phenotypes that are morphologically al-
tered (Mandoli 1996) suggests that one can geneti-
cally perturb the creation and maintenance of this
presumed organization. Clearly, these data indicate
that subcellular localization of mRNAs and proteins

Figure 5. Homology between the whorl of hairs and the
cap of A. acetabulum. Homologous structures were given
the same number. The cap gametophores (asterisk) are
considered an evolutionary innovation and therefore do
not correspond to any structure in the whorl of hairs. This
scheme, proposed by Solms-Laubach (1895), is the most
compatible with what is currently known about morpho-
genesis and evolution of whorls in the Dasycladales. Other
models exist (see Dumais and Harrison 2000).
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occurs and that mutations that perturb morphology
can be found. What is needed is to identify specific
determinants that make or regulate morphogenesis
in wild-type A. acetabulum and that cause changes in
morphology when they are mislocalized or mutated.

As with other large algae such as Fucus (Bouget
and others 1996; Kropf and others 1999; Shaw and
Quatrano 1996), in situ hybridization, injection of
ion-sensitive dyes, and immunolocalization allow
excellent resolution of the subcellular localization of
various developmentally important molecules, such
as actin and calcium (Harrison and others 1988;
Menzel 1994). Amputated subcellular portions can
also be assayed for enzyme activity and mRNA lo-
calization (Keck and Clauss 1958; Serikawa and
Mandoli 1999; Serikawa and others 2001). A. ac-
etabulum surpasses Fucus in the potential for genetics
and for the continued unicellularity throughout
most of development. Again, although all of these
data are consistent with subcellular localization be-
ing important, the mechanisms and determinants
involved in this process have yet to be explored.

Post-transcriptional Control: Distinguishing
Two Possible Mechanisms?

The ability to survive and develop when enucleated
suggests that posttranscriptional regulation controls
much of gene expression in A. acetabulum. With a
single nucleus, other control mechanisms, such as
differential regulation of nuclear genes in tissues
with different fates, are impossible. With a giant uni-
cell, more conventional strategies for responding to
changes in the environment (stimuli perception and
signal transduction to the nucleus leading to
changes in gene expression) may be too slow to be
practical. Its reliance on posttranscriptional control
may be rivaled only by Drosophila or Xenopus oo-
cytes, or neurons.

Seen through the lens of current biological
knowledge, Hämmerling’s amputation experiments
suggest at least two posttranscriptional mechanisms
that may regulate A. acetabulum development: sub-
cellular localization of mRNAs (discussed earlier)
and selective translation of mRNAs. Protein abun-
dance and activities of several enzymes such as
UDPG-P and pyruvate kinase increase when tran-
scriptional, but not translational, inhibitors are
added to algal populations (Berger and others 1987;
Nickl and others 1988). Enzyme activities of proteins
can also increase in enucleated algae, suggesting
controlled translation of a long-lived mRNA pool
(Keck and Clauss 1958; Nickl and others 1988;
Spencer and Harris 1964). Li-Weber and Schweiger
(1985) demonstrated that some mRNAs are actively

recruited to polysomes in both nucleated and
enucleated cells at specific times in development.

The ability to grow large cultures of these algae
should facilitate biochemical approaches to isolating
regulatory components of the posttranscriptional
apparatus. Microinjection will be useful for intro-
ducing reporter constructs and for identifying cis and
trans acting factors that control posttranscriptional
regulation.

WEAKNESSES OF ACETABULARIA
ACETABULUM AS A MODEL SYSTEM

It has Unusual Codon Use: An Unchangeable
Issue.

A. acetabulum reads only one of the three normal
stop codons as a stop and the others as glutamine.
Sequences of 10 cDNAs and of the protein for ribu-
lose bisphosphate carboxylase confirmed that the
stop codons had been translated as glutamine
(Schneider and others 1989). This has been borne
out by comparing DNA sequences of other genes
from plants to their homolog in A. acetabulum (see
http://www.kazusa.or.jp/codon/). It is not clear
whether this codon use has functional significance
or is merely a relic of evolution (Judson and Haydon
1999; Wilting and Böck 1996). Although codon bias
can preclude expression of A. acetabulum genes in
other organisms, the problem can be circumvented.
An Escherichia coli strain expressing a suppressor
tRNA has been engineered to read these stop codons
as glutamine (Cohen and others 1990). This bacte-
rial strain was designed for expressing ciliate genes
and theoretically should work for Dasycladales as
well, but in practice most ciliate genes are modified
before heterologous expression (Meng-Chao Yao,
personal communication to DFM, 1998). Con-
versely, A. acetabulum expresses heterologous genes
well; the maize storage protein zein, adenovirus T-
antigen, and tobacco mosaic virus (TMV) sequences
are all expressed (Brown and others 1986; Cairns
and others 1978a; 1978b; 1978c; Neuhaus and oth-
ers 1984; Neuhaus and others 1986). Certainly, the
unusual codon use helps to confirm that one has a
bona fide gene from A. acetabulum.

Life Cycle Duration Could Be Shorter

Physiological improvements shortened the life cycle
by 75% over that in the ocean (Mandoli 1998b). At
97 days from zygote to zygote, it is workable, but
being greedy, we would like to see it shortened fur-
ther. One modification to our culture methods that
might further decrease the life cycle is prevention of
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culture recontamination. Although cultures are
started from axenic zygotes, contamination (by
Pseudomonas sp, Staphlococcus sp., and a yeast) occurs
during vegetative growth (Mandoli unpublished),
probably because we open the culture boxes fre-
quently when we remove individuals. Microorgan-
isms have a shorter generation time and may also
out-compete the slower-growing alga for vitamins.
Adding antibiotics to the cultures might reduce the
duration of the life cycle, especially if vitamins es-
sential to one-carbon metabolism (for example, B12)
are limiting to development.

Infancy of Genetics

The main barrier to genetics in this unicell has been
a high genetic load; on self-crossing more than 95%
of the 2nd generation died, suggesting that out-
crosses are the norm in the wild. Over the last 7
years, we have inbred near-isogenic lines (NILs) for
10 sequential generations (Mandoli, unpublished),
which should make mutagenesis practical for the
first time.

Significantly, because of its size and unicellular-
ity, this species offers interesting ways to study mu-
tant phenotypes. Traditional complementation
analysis is possible, because one can both self and
outcross each individual. Complementation analysis
by means of microinjection of the candidate mRNA
is also possible because the thallus is so large. RNA
interference (for example, Fire and others 1998) by
microinjection of the cap when it is a syncytium
filled with haploid nuclei may be an attractive
means to study defects in early development. Fi-
nally, interactions between genotypes can be stud-
ied by grafting a wild-type enucleate apex to a mu-
tant nucleate rhizoid to determine whether the mu-
tation is compensated by wild-type cytoplasm alone
(Mandoli and Hunt 1996). One can also compensate
the mutant in trans by grafting a wild-type nucleate
rhizoid to a mutant nucleate rhizoid (Mandoli and
Hunt 1996).

Infancy of Molecular Biology

The news that there are little molecular data for this
species is a double-edged sword; whereas virtually
everything one finds is new and publishable, basics
are not in place. Of 10 cDNAs we sequenced at ran-
dom, 5 were novel (Serikawa and Mandoli 1999 see
Genbank acessions)! Of the remaining five genes,
one was a nicotinamide nucleotide transhydroge-
nase common in bacteria and animals that has never
before been found in a plant (Arkblad and others
2001). We (Grotewold, Blackstone, and Mandoli)

are now sequencing 1,000 putatively phase-specific
expressed sequence tags (ESTs), which will increase
the database by more than 50 fold, give us molecular
markers, and perhaps tell us something about genes
expressed in this organism.

ITS VALUE AS A MODEL SYSTEM WOULD
INCREASE IF WE HAD . . .

Reliable, Easy Transformation

Microparticle bombardment of gametangia-bearing
caps will transform the haplophase to neomycin re-
sistance or to express MUG (the soluble form of B-
glucuronidase (GUS)) (Hollis, Ivey and Mandoli, un-
published). We have been able to confirm transfor-
mation in the second generation of progeny (T2)
with polymerase chain reaction amplification of the
neomycin sequence but not yet by Southern blotting
of the genome. The latter was not possible previ-
ously, because the NILs were not ready. Interest-
ingly, the frequency of transformation was high —
about 34–61% of the progeny were neomycin resis-
tant—because we transformed while the haploid
nuclei were still dividing inside the gametangia.
These are unlikely to be independent events but
probably represent cohorts of sibling gametes with
the same transformation event. Having cohorts of a
given mutation is a distinct advantage for a unicell,
particularly if one needs to rescue the mutation in
some way before studying it, for example, by graft-
ing to wild type as we did with kurrku (Mandoli and
Hunt 1996).

Tagged Mutagenesis

The fecundity of the organism makes transformation
feasible on a large scale, and access to NILs makes
tagged mutagenesis possible. Of the 2 to 6 million
progeny per individual and with 34–61% transfor-
mation of progeny (Hollis, Ivey and Mandoli, un-
published), it is not unreasonable to expect that
some fraction of the millions of transformants per
individual will have been mutated by insertion of
foreign DNA into a nonlethal gene. Large-scale se-
lection of mutants is theoretically possible after
transformation to neomycin resistance (Neuhaus
and others 1986), and large-scale screening may also
eventually become a reality using fluorescence-
activated cell sorting of zygotes (Krueger and Man-
doli, unpublished). Ideally, GFP-fusions will permit
direct visualization of proteins that localize while
subcellular regions are being made and maintained
during development and morphogenesis.
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Homologous Recombination

The ability to substitute an in vitro engineered copy
of a gene for the one in the genome has been an
incredible boon to studies of gene function in Sac-
charomyces cerviseae. Obviously, one needs a single
copy nuclear gene to be able to see a phenotype
resulting from recombination with a mutated copy
of the gene or to rescue a mutant phenotype with a
wild-type gene. The dearth of molecular data—
especially of cloned genes—is a clear prerequisite
before we can determine whether homologous re-
combination is feasible.

Genomic Map

Mapping the locations of genes and (ESTs) onto in-
dividual chromosomes isolated on gels will be a first,
solid step toward a genomic map. Chromosome gels
of the haplophase will be easier than that for the
diplophase because haploid nuclei are so much
easier to obtain in large numbers (Fig. 1).

Once the current round of genome sequencing is
done, there will be machinery and people who could
then sequence the genomes of less well-established
model systems. We hope that attention will be
turned to the organisms that have the greatest po-
tential to broaden what we learn about genes in one
branch of the phylogenetic tree to other, less well-
studied branches (Fig.1 in Mandoli and Olmstead
2001). For forays into novel biochemical pathways,
novel uses of well-known genes and evolution of
gene function, genomic maps of emerging model
systems like A. acetabulum will be exciting gold
mines for future bioinformatic analyses.

NOTE: As enticement to new investigators inter-
ested in joining the fun, a bibliography of the Dasy-
cladaceae is available in hardcopy (for example,
Bonotto and Lüttke 1980) and will be available soon
in electronic format (http://www.faculty.washing-
ton.edu/mandoli).
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