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ABSTRACT

Volvox carteri, a spherical alga with a complete divi-
sion of labor between approximately 2000 biflagel-
late somatic cells and 16 asexual reproductive cells
called gonidia, provides a very attractive system for
analyzing how a molecular-genetic program for cell-
autonomous cellular differentiation may be encoded
within a genome. Then, when considered in combi-
nation with a group of closely related “volvocine
algae” that includes unicellular Chlamydomonas plus
a series of colonial forms of increasing cell number
and complexity, it also provides an attractive model
system for analyzing how such a program for mul-
ticellularity and cytodifferentiation may have
evolved. It is proposed that the following were some
of the key steps in this evolutionary pathway: (1)
The Chlamydomonas cell wall was transformed into
an extracellular matrix (ECM) that joined sister cells
into a colonial unit. (2) Larger organisms with more
abundant ECM were favored because of the role the
ECM plays in storing limiting nutrients. (3) In the V.

carteri lineage the ancestral biphasic “first biflagellate
and then reproductive” pathway of development be-
came converted to a dichotomous pathway by in-
troduction of two kinds of cell-type–specific negative
regulators: one that blocked growth and reproduc-
tion in presumptive somatic cells and one that
blocked somatic development in presumptive
gonidia. Progress has been made in cloning and
characterizing genes that are involved in setting
apart the two cell lineages of V. carteri and in subse-
quently controlling their dichotomous differentia-
tion. The strengths and weaknesses of V. carteri and
its relatives as a model system for studying the evo-
lution of multicellularity are discussed.
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A major portion of Earth’s present biomass and most
of its individual organisms are unicellular. Yet mul-
ticellular organisms dominate the appearance of our
land, seas, and skies. Indeed, if such multicellular

organisms had never evolved, our planet would un-
doubtedly appear as barren to a visitor from outer
space as Mars presently does.

What do we know of the origins of these multi-
cellular forms that appear to dominate our bio-
sphere? Both classical and modern evidence indi-
cates that each of the five major groups of conspicu-
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ous modern eukaryotes—the red algae, brown
algae, plants, fungi, and animals—has arisen inde-
pendently from a different unicellular clade (De-
vereux and others 1990; Sogin 1991; Wainwright
and others 1993). Moreover, there are numerous
less conspicuous kinds of organisms (including cer-
tain Cyanobacteria, myxobacteria, actinomycetes,
myxomycetes, cellular slime molds, diatoms, cili-
ates, and others) that arguably are equally deserving
of the epithet multicellular, and that all appear to
have equally independent evolutionary origins
(Bonner 1998; Kirk 1998). In virtually all of these
cases, however, the transition from a unicellular an-
cestor to a multicellular organism with differentiated
cell types occurred so far in the distant past—or in
such an otherwise obscure group—that we can do
little more than guess what kind of unicellular an-
cestor might have given rise to each of these lineages
or the pathway by which it may have done so. Volvox
clearly provides an exception to this generalization.

THE PLACE OF VOLVOX AND ITS
RELATIVES IN THE LIVING WORLD

Volvox carteri, which is the species of Volvox that has
been studied the most, is a spherical green alga with

a complete division of labor between two entirely
different cell types: approximately 2000 small, bi-
flagellate, Chlamydomonas-like somatic cells that are
embedded in the surface of a transparent sphere of
extracellular matrix (ECM) and about 16 large
asexual reproductive cells, called “gonidia,” that lie
in the ECM just internal to the somatic cells (Figure
1A). The somatic cells are specialized for motility,
phototaxis, and chemotaxis; they beat their flagella
ceaselessly to propel the spheroid through the water
with the distinctive rolling motion that caused Lin-
naeus to name the genus Volvox (“the fierce roller”).
But somatic cells are mortal—destined to undergo
programmed death when they are only about 4 days
old. In marked contrast, the gonidia are nonmotile,
potentially immortal cells that are specialized for di-
vision and reproduction. Each gonidium divides
when only approximately 2 days old to produce a
juvenile spheroid that is essentially a miniature
adult containing a full complement of new somatic
cells and gonidia (Figure 1B). Whereas somatic cells
cannot be made to divide by any known means,
gonidia cannot be prevented from dividing by any
means short of depriving them of energy or killing
them.

Figure 1. Two stages in the life cycle of Volvox carteri. (A) A young adult spheroid with approximately 2000 small somatic
cells at the surface and 16 gonidia (asexual reproductive cells) just below the surface of a transparent sphere of glycopro-
tein-rich extracellular matrix (ECM). The gonidia shown here are mature and just about ready to initiate embryogenesis.
(B) A spheroid about a day older than the one shown in (A). By now, a juvenile spheroid containing a new population
of somatic cells and gonidia has been produced from each gonidium that was present a day earlier, and both the adult and
the juvenile spheroids have enlarged by deposition of ECM. Bars: 50 µm.
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Because of its unusual combination of plant-like
traits (such as photoautotrophy) and animal-like
traits (such as motility and a germ–soma division of
labor), many late 19th century biologists imagined
Volvox to be the evolutionary “missing link” between
plants and animals. Contemporary analysis indicates
that even at the level of individual genes, Volvox is,
indeed, a curious mixture of plantlike and animal-
like features (Schmitt and others 1992). But it is
now clear that this does not reflect the ancestral
position of Volvox in the living world; rather it re-
flects the fact that the green algal lineage diverged
from the lineage leading to the land plants not long
after their common ancestor had diverged from the
animal-fungal lineage (Figure 2). Indeed, molecular
phylogenetic analysis reveals that V. carteri is an evo-
lutionary newcomer, having last shared a common
ancestor with unicellular Chlamydomonas reinhardtii
only about 50 Mya (Rausch and others 1989). In
contrast, the lineages leading to the land plants and
the metazoa are believed to have made their sepa-
rate transitions to multicellularity about 20 times
that long ago, and by the time that the green flagel-
lates were beginning to explore the pathway that
would eventually lead from Chlamydomonas to Vol-
vox, plants and animals as specialized as the grasses
and primates were already undergoing diversifica-
tion (Figure 2).

The existence of a coherent group of living green

flagellates that are intermediate between Chlamy-
domonas and Volvox in size and complexity consti-
tutes another powerful feature recommending Vol-
vox as a model for studying the origins of multicel-
lularity and cytodifferentiation. Certain of these
“volvocine algae” (colonial organisms traditionally
grouped in the family Volvocaceae) can be arranged
in order of increasing cell number, increasing ratio
of extracellular matrix (ECM) to cellular volume,
increasing organismic size, and increasing tendency
to divide life’s labors between mortal somatic cells
and immortal germ cells—all of which peak with
Volvox (Figure 3). Then, of course, it scarcely re-
quires a leap of creative imagination to speculate
that such a sequence might resemble the pathway
by which Volvox evolved from Chlamydomonas. This
appealing scheme has made its way into countless
textbooks over the decades. But is it valid?

Molecular evidence indicates that although the

Figure 2. A dendrogram illustrating the temporal
branching patterns of selected groups of modern multicel-
lular eukaryotes. Note that the time since unicellular
Chlamydomonas reinhardtii and Volvox carteri last shared a
common ancestor is similar to the period during which the
grasses and primates have been radiating, and only about
1/20th as long as the period during which the five major
groups of multicellular eukaryotes have been evolving.
Note also that the green algal and seed-plant lineages have
been diverging almost as long as the animal and fungal
lineages have.

Figure 3. A conceptual scheme indicating some of the
major steps that are believed to have occurred during the
evolution of the volvocine algae and some of the modern
genera exhibiting each level of morphologic and develop-
mental complexity.
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volvocine algae (including C. reinhardtii; Coleman
and Mai 1997) do constitute a closely related, mono-
phyletic group; the actual phylogenetic history of
the group is considerably more complicated than
Figure 3 suggests. As more and more volvocine iso-
lates and molecular markers are analyzed, it be-
comes increasingly clear that many (if not most) of
the genus and species names that have traditionally
been used for these flagellates identify grades of or-
ganizational complexity and not monophyletic
clades (Coleman 1999; Kirk and others unpublished;
Larson and others 1992; Nozaki and others 1995,
1997, 1999, 2000). Although such studies are still
incomplete and although seldom do any pair of
these studies analyze the same set of taxa, the pic-
ture that is emerging from all of them combined is
emphatically not a linear tree of the sort depicted in
Figure 3. Rather, the picture that emerges is of a
highly branched volvocacean family tree, on which
morphologically similar genera and/or species may
be found on quite different branches. That is to say,
molecular phylogenetic analysis now suggests that
most traditionally recognized volvocacean genera
and species are either paraphyelitic, polyphyletic, or
both! Of particular significance in the present con-
text is the growing evidence that different species of
Volvox have arisen independently on at least two
(Larson and others 1992; Nozaki and others 1995,
1999, 2000)—and possibly several—different
branches of the volvocacean family tree (Coleman
1999; Kirk 1998).

The fact that multicellular organisms with the size
and germ–soma division of labor that distinguish the
genus Volvox have evolved at least twice in such a
geologically brief span of time leads to a pair of in-
teresting conjectures: (1) Relatively strong selective
forces must have acted in the environments that are
inhabited by the volvocaceans (primarily shallow,
temporary ponds, but sometimes permanent lakes;
Kirk 1998) to foster individuals of larger size and
increased propensity for cellular differentiation.
(Field studies revealing the probable nature of these
selective forces have been reviewed in Kirk 1998.)
(2) It must not require many genetic changes to go
from a unicell-like Chlamydomonas to a colonial or-
ganism with a single cell type, such as Pandorina
(Figure 3), and then to a multicellular organism
with differentiated cell types, such as Volvox. This, in
turn, leads one to anticipate that it might ultimately
be possible to trace out in some detail the pathway
by which the genetic program for cellular differen-
tiation that is used by Volvox evolved—provided, of
course, that the genetic program for Volvox cytodif-

ferentiation is itself accessible to developmental-
genetic analysis.

THE STRENGTHS OF VOLVOX CARTERI AS A
DEVELOPMENTAL GENETIC MODEL

For the first 260 years after Antoni van Leeuwen-
hoek (1700) first described Volvox, many biologists
recognized its potential usefulness as a model system
for studying one important biologic issue after an-
other (reviewed in Kirk 1998), but no one suc-
ceeded in maintaining Volvox cultures in the labora-
tory for more than a few weeks. This changed dra-
matically in the 1960s, when Bill Darden, then a
graduate student in Richard Starr’s laboratory,
found a medium in which V. aureus (one of the most
widely distributed species of Volvox) flourished in-
definitely, permitting him to generate the first de-
tailed descriptions of the complete asexual and sex-
ual reproductive cycles of any species of Volvox
(Darden 1966). Darden’s success so fired Richard
Starr’s interest that Starr set aside his studies of
other volvocacean algae and launched a campaign
to collect, bring into culture, and study representa-
tives of all 18 known (and several previously un-
known!) species of Volvox from ponds, puddles, and
lakes around the globe. As a result of these peripa-
tetic studies, he soon identified a male/female pair of
strains of V. carteri forma nagariensis that he had iso-
lated from a pond in Japan as the members of the
genus that were most amenable to genetic and de-
velopmental analysis (Starr 1970). His judgment
proved correct, and these particular isolates and
their progeny (hereafter simply called V. carteri)
soon became the laboratory standards for the small
cadre of experimentalists studying Volvox. Among
the strengths of V. carteri as a developmental-genetic
model (including those identified by Starr, plus sev-
eral that have been discovered more recently) are
the following:

• V. carteri normally reproduces asexually, increas-
ing about 16-fold every 2 days. Thus, large
isogenic clones can be established quickly.

• Asexual development can be synchronized with a
light–dark cycle (Figure 4), so that large, uniform
populations of spheroids can be obtained at any
desired developmental stage.

• The asexual life cycle is simple (Starr 1969 and
Figure 4): The approximately 16 gonidia present
in each spheroid become mature at about 2 days
of age, whereupon each initiates a sequence of 11
to 12 rounds of rapid cleavage divisions that are
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completed in about 7 h and that produce all the
cells that will be present in an adult of the next
generation. A predictable subset of these divisions
are asymmetric and set apart large and small sister
cells that give rise to the gonidial and somatic lin-
eages, respectively. The embryo produced by the
end of cleavage has its gonidia on the outside and
the flagellar ends of its somatic cells pointing in-
ward but quickly corrects this awkward condition
by turning itself right-side-out in a morphogenetic
process called “inversion.” During the remaining
40 h of the 2-day life cycle, the resulting juvenile
spheroids enlarge by means of deposition of a
complex, transparent, glycoprotein-rich ECM,
whereas their gonidia grow and mature. Part way
through this “expansion” phase, the juveniles

hatch out of the parental spheroid, whereupon
the somatic cells of the parental spheroid undergo
programmed death (Figure 4).

• Somatic cells can be separated from gonidia at
most stages of the life cycle, facilitating biochemi-
cal and molecular analysis of the developmental
programs of the two cell types.

• Like all related green algae, V. carteri is haploid in
all active phases of the life cycle, so that most mu-
tations reveal themselves at once.

• For reasons that are not entirely clear (but may
relate to the transposons discussed later) both
“spontaneous” and induced mutants appear with
greater frequency in the strains that Starr isolated
from Japan than in any other Volvox isolates that

Figure 4. The asexual life cycle of V. carteri, as synchronized by a light-dark cycle. See the text for a brief description of
the major events occurring in each of the major phases of this 2-day cycle.
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have been studied, including other formas (sub-
species) of V. carteri.

• Differentiation of the two cell types is largely—if
not entirely—cell autonomous. Therefore, as long
as they produce cells capable of asexual reproduc-
tion, mutants with profound morphologic abnor-
malities are fully viable. Consequently, mutants
with abnormalities in virtually all visible aspects of
development can be recovered.

• Sexual reproduction can be induced at will, so for-
mal genetic analysis is possible (Huskey and oth-
ers 1979), and a preliminary linkage map of the
genome containing more than 150 markers of
various types is now available (Kirk 1998).

• Stable nuclear transformation with exogenous
DNA is possible, and cotransformation of nonse-
lectable markers with selectable markers occurs
with relatively high (30–80%) efficiency
(Schiedlmeier and others 1994).

• Several families of transposons have been identi-
fied, but the most important of these is an induc-
ible transposon that jumps so well that it was
named Jordan (Miller and others 1993); it has
proven to be useful for tagging and recovery of
genes regulating development (Kirk and others
1999; Miller and Kirk 1999).

• Although heterologous transgenes usually fail to
be expressed in Volvox, this deficiency was over-
come in the case of a bacterial antibiotic resistance
gene by combining it with a Volvox promoter and
introns, generating a dominant selectable marker
(Hallmann and Rappel 1999).

• An inducible Volvox gene can be used to engineer
constructs carrying either an inducible promoter
or a reporter gene (Hallmann and Sumper 1994).

• It has been possible to introduce a gene from Chlo-
rella, a rather distantly related green alga, into V.
carteri, thereby changing its physiologic properties
(Hallmann and Sumper 1996).

THE CYTOLOGIC, GENETIC, AND
MOLECULAR BASES OF V. CARTERI
ONTOGENY AND PHYLOGENY

By exploiting various of the features listed previ-
ously, it has been possible to make significant prog-
ress toward explaining the genetic program under-
lying Volvox development and to begin exploring the
way in which this program may have evolved. Be-
cause detailed and well-documented discussions of
these topics are available to interested readers in
other recent reviews (Kirk 1997, 1998, 1999;
Sumper and Hallmann 1998), they will be discussed

here only briefly, and with minimal additional docu-
mentation.

The first step toward volvocacean multicellularity un-
doubtedly was the conversion of the Chlamydomonas cell
wall into a colonial ECM. A key step in early volvo-
cacean evolution clearly was the elaboration of an
ECM that would bind a set of sister cells into an
organized and functional unit—a colony. Two fea-
tures of Chlamydomonas biology appear to have
served as preadaptations that facilitated this impor-
tant evolutionary step: (1) each Chlamydomonas cell
is enclosed in a noncellulosic cell wall composed pri-
marily of a complex set of hydroxyproline-rich gly-
coproteins (HRGPs) that exhibit a clear propensity
for self-assembly and rapid evolutionary diversifica-
tion; (2) Chlamydomonas, like all other green flagel-
lates with a coherent cell wall, exhibits an unusual
form of cell division known as “multiple fission,” in
which each cell grows 2-fold, and then divides rap-
idly n times to produce 29 daughter cells that are all
enclosed within the cell wall of the mother cell. This
division pattern results in 29 young sister cells being
held in intimate contact while they elaborate their
cell walls. Thus, it presumably took only a modest
change in HRGP biosynthesis to convert walls that
separate cells from one another into a shared ECM
that unifies them. Indeed, the principal difference
between Chlamydomonas and those members of the
genus Gonium that are the smallest colonial volvo-
caceans is that whereas Chlamydomonas sister cells
produce completely separate walls, the walls of Go-
nium sister cells become “spot-welded” to one an-
other by localized specializations while the cells are
still tightly packed within the mother-cell wall
(Nozaki 1990). In larger volvocaceans, the conver-
sion of the cell wall into an ECM is carried further by
means of additional modifications that result in the
equivalent of the outermost, quasi-crystalline layer
of the Chlamydomonas cell wall surrounding the en-
tire colony while the individual cells are suspended
in a more-or-less complex assortment of HRGPs that
are thought to represent an evolutionary transfor-
mation of the relatively amorphous and inconspicu-
ous inner layer of the Chlamydomonas wall (reviewed
in Kirk 1998, 1999; Sumper and Hallmann 1998).
Then as cell number increased in the volvocine lin-
eage, organismic size increased even more rapidly,
as a consequence of a progressive increase in the
ratio of ECM to cellular volume (Figure 3). The se-
lective force driving this exponential evolutionary
increase in volvocacean size is postulated to have
been the advantage that the ECM provided as a stor-
age site for the nutrients—particularly phospho-
rous—for which all green algae compete (reviewed
extensively in Kirk 1998).
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Dichotomous differentiation of V. carteri cells is medi-
ated by two types of negative regulators acting on the
ancestral program of development. In Chlamydomonas
and all colonial volvocine algae that contain only a
single cell type, all cells exhibit a biphasic pathway of
development that we can characterize as “first bi-
flagellate and then reproductive.” That is to say, all
cells of these organisms develop initially as biflagel-
late cells that are actively motile throughout the
growth phase, and then each cell transforms into a
relatively (or completely) nonmotile reproductive
cell that undergoes a rapid sequence of cleavage di-
visions. In V. carteri this ancestral biphasic pathway
of development has become converted into a di-
chotomous one in which all of the motile functions
of the organism are executed by the somatic cells
while all of the reproductive functions are executed
by the gonidia. Mutational analysis indicates that
the genetic basis for this complete division of labor
resides in two types of negative regulatory genes
that are differentially activated in the two cell types:
the regA gene acts selectively in the small cells des-
tined to become somatic cells to repress growth and
reproductive development, whereas the lag genes
are acting in the gonidial initials to repress flagellar
biogenesis and other aspects of somatic develop-
ment. When regA is mutant, the small cells follow
the ancestral “first biflagellate and then reproduc-
tive” pathway of development, and when one or
more of the lag genes is mutant, the large cells follow
this default pathway.

The regA gene has now been cloned and shown to
encode a putative transcriptional repressor (Kirk
and others 1999). Many putative regA target genes
have also been characterized, and, somewhat sur-
prisingly, they were found to be nuclear genes en-
coding chloroplast proteins (Meissner and others
1999). This has led to the working hypothesis that
regA prevents reproductive development in somatic
cells by blocking chloroplast biogenesis, thereby pre-
venting the growth that would be necessary for the
development of any reproductive potential. The na-
ture and mechanism of action of the lag genes re-
mains to be explained.

Asymmetric division is a centrally important feature of
V. carteri development, because in this species cell size
determines cell fate. As noted previously, the presump-
tive gonidial and somatic lineages of a V. carteri em-
bryo are set apart by a stereotyped set of visibly
asymmetric divisions. Owing to three successive
rounds of such asymmetric divisions, combined with
a difference in the total number of divisions com-
pleted, by the end of cleavage the volume of a
gonidial initial is approximately 30-fold that of a so-
matic initial. This is critically important, because a

variety of different genetic and experimental studies
have all led to the conclusion that it is the difference
in cell size at the end of cleavage—rather than any
difference in cytoplasmic quality—that determines
which cells will activate the somatic versus the
gonidial program of differentiation (Kirk and others
1993). The mechanism by which embryonic cells
measure their size at the end of cleavage and trans-
duce the results into selective activation of one of
the two alternative programs of gene expression re-
mains obscure. However, insights into the genetic
control of the asymmetric divisions that are required
to establish large and small cells have begun to ac-
cumulate: Mutations at any of the (at least two, and
probably more) gls loci abolish asymmetric cell divi-
sion without affecting symmetric cell division, indi-
cating that the products of the gls genes are required
to shift the cell division plane from the center of a
dividing cell to one side. The glsA gene has been
cloned and found to encode a protein related to the
Hsp40 class of chaperones (Miller and Kirk 1999).
Both the GlsA protein and a developmentally regu-
lated V. carteri Hsp70 (which is a potential binding
partner of GlsA) associate with the mitotic spindle—
as do their homologues in mammalian cells. De-
tailed immunocytologic studies aimed at explaining
how these spindle-associated chaperones may par-
ticipate in shifting the cell division plane in asym-
metrically dividing Volvox cells are now underway,
as are efforts to clone and characterize other gls
genes and their products (SM Miller, personal com-
munication).

Naturally, as quickly as developmentally impor-
tant genes of V. carteri (such as regA and glsA) are
cloned and characterized, studies aimed at explain-
ing their evolutionary histories are being initiated. A
priori, one can imagine at least three classes of genes
that might be involved in programming evolution-
ary novelties: (1) genes that have been cobbled to-
gether from unrelated bits of DNA relatively recently
and that encode proteins of truly novel structure
and function, (2) members of ancient gene families
that have become modified in more-or-less subtle
ways to generate products with novel properties,
and (3) strongly conserved genes whose products
have taken on novel functions only as a result of
changes that have occurred in other gene products
with which they interact. It should be interesting to
learn which of the genes that now play critical roles
in V. carteri germ–soma specification may fall into
each of these categories. Ultimately, however, it
should be of even greater interest to determine how
similar or how different the genetic pathways may
have been that led to the evolution of different spe-
cies of Volvox on different branches of the volvo-
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cacean family tree. How many ways may there be to
skin this particular evolutionary cat?

SOME SHORTCOMINGS OF VOLVOX
CARTERI AS A MODEL SYSTEM APPEAR

Organisms evolve to exploit particular niches in the
natural world, of course, not to satisfy the yearnings
of experimental biologists searching for ideal model
systems for their laboratories. As the articles in this
issue surely illustrate, no model system ever comes
with all features that some experimentalist might
find desirable. It is often possible, of course (particu-
larly in this present transgenic era), to circumvent
certain apparent shortcomings of a model organism
through cleverness and/or hard work. Examples
abound. However, in some cases the undesirable
traits that complicate or preclude various studies are
so intrinsic to the biology of the organism under
consideration that efforts to circumvent them are
quite unlikely to succeed. Sometimes this is readily
apparent a priori. As just one example, I cannot
imagine anyone thinking it would be worth trying
to eliminate, or even ameliorate, two features of the
V. carteri genome that complicate cloning and analy-
sis of genes of interest: the genome is very GC-rich,
and introns are unusually abundant (Schmitt and
others 1992). In other cases, however, the apparent
futility of trying to change certain less-than-
desirable attributes is recognized only after repeated
attempts fail. A few examples based on experiences
in our laboratory and others include the following:

• Complementation analysis. Like other green algae, V.
carteri is normally haploid in all active phases of
the life cycle; therefore complementation analysis
is currently impossible, and loci are defined solely
by recombination. In Chlamydomonas the numbers
of “vegetative diploids” arising in standard crosses
is small, but nevertheless it is adequate for assess-
ing complementation. Vegetative diploids of V.
carteri have been recovered only twice (both times
inadvertently). In both cases the diploids exhib-
ited morphologic abnormalities, had low vigor,
and were of very limited use (Adams and others
1990; Meredith and Starr 1975). Repeated efforts
to force diploidy by crossing strains with linked
conditional lethals have failed uniformly. It now
appears that circumventing this shortcoming
would require much more effort than most people
would believe could be justified.

• Mendelian analysis of severe morphologic aberrations.
In contrast to asexual reproduction (which is
largely cell autonomous and can therefore occur
efficiently in strains with extreme morphologic

aberrations), sexual reproduction in V. carteri re-
quires a specific set of morphologic relationships
within the female spheroid. To find and fertilize
an egg, a sperm must first contact and be activated
by the flagella of a somatic cell on the surface of a
fertile female, then digest its way into the adjacent
ECM, and then wiggle about randomly in the
ECM until it bumps into an egg (reviewed in Kirk
1998). Mutations that significantly perturb any of
the normal morphologic relationships within a fe-
male spheroid (as many of the most interesting
mutations do) make fertilization difficult-to-
impossible for the sperm to achieve. Attempts to
circumvent this difficulty by, for example, com-
bining sperm, flagella from sexual wild-type fe-
males, and eggs from the mutant of interest within
a small volume of semisolid medium have met
with zero success. As a result, Mendelian analysis
of many of the morphologic mutants of greatest
developmental interest has not yet been accom-
plished, and it is not likely to be accomplished
without extraordinary effort.

• Auxotrophs. The only available auxotrophic strains
of V. carteri are those that require reduced nitro-
gen because they lack a functional nitrate reduc-
tase. Over the years, both the reasons for seeking
other types of auxotrophic mutants of V. carteri
and the methods of seeking them have changed,
but the success rate of such searches remains
firmly fixed at zero. Several considerations indi-
cate that further efforts in this regard may be fu-
tile: V. carteri is an obligate photoautotroph that is
unable to use any exogenous reduced carbon
source for energy or growth. Even after the or-
ganism was transformed with the gene encoding
the hexose transporter of Chlorella (which made it
capable of incorporating exogenous glucose into
glycoproteins), it remained incapable of using glu-
cose for heterotrophic growth (Hallmann and
Sumper 1996). The only amino acid transport sys-
tem that V. carteri appears to have is for arginine,
and although this transporter permits the cells to
accumulate arginine and incorporate it into pro-
teins efficiently (Kirk and Kirk 1978), repeated
efforts to isolate arginine auxotrophs have all
failed. Correspondingly, although arginine aux-
otrophs of the related unicell C. reinhardtii have
been available for decades, repeated efforts in sev-
eral laboratories to isolate other categories of
amino acid auxotrophs have met with uniform
failure. It is often suggested that genetic redun-
dancy of biosynthetic pathways in these algae may
be the reason for such failures, but direct evidence
for this is lacking.
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• Cryopreservation. The only stage of the V. carteri life
cycle that can be maintained in a dormant state in
either nature or the laboratory is the diploid zy-
gospore. This fact, combined with the difficulty of
producing zygotes with many of the most inter-
esting kinds of mutants, means that many mu-
tants can only be maintained in liquid medium
under slow-growth conditions, where they re-
quire regular care. Some years ago we established
a collaboration with expert cryobiologists in an
effort to circumvent this shortcoming, but we
never recovered a single viable cell after any com-
bination of freezing and thawing protocols. The
magnitude of the hurdle to be overcome in this
project became starkly apparent when we found
that we could recover no viable cells after refrig-
erating a culture at +4°C for only an hour.

POTENTIALLY SURMOUNTABLE
SHORTCOMINGS OF VOLVOX CARTERI

The foregoing list not withstanding, there are a
number of technical improvements that would sub-
stantially improve the usefulness of V. carteri as a
model system and that we presently have no reason
to believe are out of reach. Important targets for
future improvement efforts include (in no particular
order) the following:

• Improved transformation efficiency. At present, the
efficiency of nuclear transformation in V. carteri is
adequate to test the ability of cloned genes to res-
cue appropriate mutants, but it is not nearly high
enough to make cloning genes either by comple-
mentation with genomic libraries or by insertional
mutagenesis with a selectable transgene a realistic
possibility. Even a 10-fold increase in transforma-
tion efficiency would have a salutary effect, and a
larger increase would be even better, of course.

• Homologous recombination. Exogenous DNA is usu-
ally incorporated into the V. carteri genome in ran-
dom locations by nonhomologous recombination.
However, evidence that a system for homologous
recombination exists was provided when a frag-
ment of a wild-type nitA (nitrate reductase-
encoding) gene was used to repair the mutational
defect in the corresponding allele of a mutant
(Hallmann and others 1998). A method for capi-
talizing on this homologous recombination system
to make targeted gene modifications a realistic
possibility would be exceptionally valuable.

• Antisense/iRNA technology. An efficient method of
inhibiting intrinsic gene activity with antisense

vectors or double-stranded RNA also would be
enormously valuable.

• GFP technology. A gene encoding green fluorescent
protein (GFP) has been synthesized with the C.
reinhardtii codon bias and used to label both a
Chlamydomonas protein and the product of a bac-
terial transgene (Fuhrmann and others 1999). Ad-
aptation of this GFP technology to V. carteri would
make a very important contribution to many
kinds of studies.

• Improved inducible promoters and reporter constructs.
The promoter and reporter constructs that were
based on the V. carteri aryl sulfatase (AS) gene
(Hallmann and Sumper 1994) demonstrated the
feasibility of using such technology in Volvox, but
the AS promoter lacks the strength and the AS
reporter lacks the sensitivity and temporal resolu-
tion required for many types of studies. More vig-
orous promoters and reporters should be sought.

• Cell-type–specific promoters. As soon as a more sen-
sitive reporter cassette is available, a promoter
trap should be performed to identify strong cell-
type–specific promoters that could then be used to
express transgenes of various types in one cell
type or the other.

And while we are at it, why not ask our Fairy God-
mother for a complete genome sequence?
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