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Summary. Similarities in the composition of the extracellular matrix
suggest that only some species of the unicellular Chlamydomonas are
closely related to the colonial and multicellular flagellated members
of the family Volvocaceae. The cell walls from all of the algae in
this volvocine group contain a crystalline layer. This lattice structure
can be used as a phylogenetic marker to divide Chlamydomonas
species into distinct classes, only one of which includes the volvo-
cacean algae. Similarly, not all species of Chlamydomonas are sen-
sitive to each other’s cell wall lytic enzymes, implying divergence of
the enzyme’s inner wall substrate. Interspecific reconstitution of the
crystalline layer is possible between C. reinhardtii and the multicel-
lular Volvox carteri, but not between C. reinhardtii and C. eugametos.
The hydroxyproline-rich glycoproteins (HRGPs) which make up the
crystalline layer in genera which have a similar crystal structure
exhibit many homologies. Interestingly, the evolutionarily distant
cell walls of C. reinhardtii and C. eugametos also contain some
HRGPs displaying a few morphological and amino acid sequence
homologies. The morphological similarities between the flagellar
agglutinins (HRGPs responsible for sexual recognition and adhesion
during the mating reaction) and the cell wall HRGPs leads to the
proposal of a superfamily from which novel HRGPs (designed for
self-assembly/recognition) can constantly evolve. Just as variations
in the wall HRGPs can lead to unique wall structures, new agglutinins
facilitate sexual isolation of new species. Thus, the HRGPs could
emerge as valuable phylogenetic markers.

Keywords: Evolution; Hydroxyproline-rich glycoprotein; Cell wall,
Phylogenetics; Chlamydomonas; Volvocales.

Abbreviations: GLE gametic lytic enzyme; GP glycoprotein; HRGP
hydroxyproline-rich glycoprotein; SDS PAGE sodium dodecyl sul-
fate polyacrylamide gel electrophoresis; VLE vegetative lytic enzyme;
VSP vegetative serine/proline-rich; WP wall protein; ZSP zygotic
serine/proline-rich.

Introduction

Within the order Volvocales, the volvocine line con-
nects the unicellular green algae in the genus Chla-
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mydomonas with the colonial and multicellular green
algae comprising the family Volvocaceae. It has been
proposed that the conceptual ordering of the volvocine
genera (e.g., from Chlamydomonas, through Gonium,
Pandorina, Eudorina, and Pleodorina, to Volvox),based
on traits such as cell number, organismic size, type of
sexual reproduction and ratio of somatic to reproduc-
tive cells, represents the directional evolutionary his-
tory in the group (Schmitt et al. 1992). Indeed, common
patterns of subcellular organization, cell wall structure,
and asexual and sexual reproduction are found in Chla-
mydomonas reinhardtii and all members of the family
Volvocaceae. The colonial members (Gonium, Pandor-
ina, Pleodorina, and Eudorina) each c"ontainj a species-
specific number of identical Chlamydomonas-like cells,
while the multicellular Volvox are comprised of non-
motile germ cells and flagellated Chlamydomonas-like
somatic cells. In all these volvocaceans, the cells are
held together in a recognizable pattern by a non-cel-
lulosic extracellular matrix with an abundance of hy-
droxyproline-rich glycoproteins (HRGPs). The simi-
larities and differences between C. reinhardtii and vol-
vocacean algae have been recently reviewed in Schmitt
etal. (1992).

With an eye towards phylogenetic and evolutionary
interpretations, this review compares the various vol-
vocine cell walls, considering first the intact matrices,
then in vitro wall assembly, then the isolated wall pro-
teins, and finally the genes encoding the structural com-
ponents. While marked differences ar observed among
the assembled walls of various Chlamydomonas spp.,
some highly conserved amino acid domains in the wall
proteins yield HRGP building blocks with common
morphological structures (e.g., fibrous rods with glob-
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Fig. 1. Cell wall of vegetative Chlamydomonas reinhardtii in tangential fracture, CS Cell surface; /, 2, 4, 6, and 7 major wall layers. x 65,000,
This and all of the following micrographs were prepared by John Heuser, Washington University Medical School, St. Louis, MO. Reprinted

from Goodenough and Heuser (1985)

ular heads). These assemble into matrices wherein the
globular domains are interconnected by the fibrous
domains (Roberts et al. 1985 a, Goodenough and Heu-
ser 1988 b). Variability in the assembled matrices comes
from differences in two interrelated aspects of the
HRGPs, conformation and post-translational modifi-
cations. If all of the different cell wall HRGPs derive
from a single gene family, as has been proposed (Good-
enough 1985), then it should be possible to use these
proteins as phylogenetic markers within the volvocine
line. An obvious conclusion from the studies presented
in this review, reached by other researchers as well, is

that the genus Chlamydomonas needs to be reorganized.
Specifically, it is clear that C. reinhardtii has more traits
in common with the colonial and multiceltular Vol-
vocaceae than with most other Chlamydomonas spp.,
which fall in a group with C. eugametos. The closing
section will review some molecular phylogenetic stud-
ies, involving statistical analysis of aligned rRNA se-
quences from the Volvocales, which support the mono-
phyletic grouping of C. reinhardtii with the Volvo-
caceae, but indicate that the evolutionary progression
from the unicellular Chlamydomonas to the multicel-
lular Volvox is not unidirectional and monophyletic.
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Fig. 2. Cell wall of vegetative Chlamydomonas eugametos. The etched face of the plasmalemma shows oblong depressions {¢) that are absent
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in C. reinhardtii. W1, W2, W4, and W6 Wall layers. X 80,000. Reprinted from Goodenough and Heuser (1988 b)

Characterization of volvocine cell walls
by electron microscopy

Among other morphological traits, the thickness of the
cell wall and the overall body shape (which is deter-
mined by the cell wall framework; Hills 1973, Imam
etal. 1988) were used by Ettl (1976) to define various
species of Chiamydomonas. The 450 described species
of Chlamydomonas display a wide array of cell body
shapes and sizes. Chlamydomonas reinhardtii is the des-
ignated type species and has received the most intensive
scientific scrutiny (see Harris 1989). The non-cellulosic
cell wall of vegetative C. reinhardtii cells is constructed
from 17-30 types of glycoproteins (Adair and Snell
1990), many of which are HRGPs (Roberts 1974). Each
wall is composed of five recognized layers (Gooden-
ough and Heuser 1985, Roberts etal. 1985a), each of
which carries a characteristic set of distinct glycopro-
teins (Fig. 1). The innermost layer, W1, has a loose

network of fibers radiating from the plasma mémbrane
to the central triplet. The central triplet consists of three
layers: W2, a tight weave of thick fibers running parallel
to the cell surface; W4, a layer of large granules lined
up in chains parallel to the cell surface; and the crys-
talline W6 layer. The outermost layer, W7, also has
loose radiating fibers which may or may not be related
to those in W1 (see Fig. 3).

The central triplet with its crystalline W6 layer is the
most conserved feature of volvocalean cell walls (Rob-
erts 1974). Roberts etal. (1982), using optical diffrac-
tion analysis of electron micrographs of cell walls from
many different Volvocales, defined four distinct classes
of crystalline structure. Class I contains C. reinhardtii,
C. angulosa, C. cribrum, C. inepta, and the colonial and
multicellular Volvocaceae. Class I, considered by Rob-
erts (1974) to be the most primitive wall from which
the other types have evolved, is the most predominant
type in the unicellular Volvocales, including the ma-
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jority of Chlamydomonas examined. C. asymmetrica is
the only representative of Class II1, while Vitreochlamys
incisa and Lobomonas piriformis make up Class IV.
The large number of species which fall into Class II,
and the grouping of several Chlamydomonas spp. with
Volvocaceae indicates that outer-wall ultrastructure
has been highly conserved in the Class II lineage and
that the colonial and multicellular Volvocaceae prob-
ably evolved from a Class I ancestor. Using crystal
structure as a phylogenetic marker, therefore, the genus
Chlamydomonas can be divided into at least three dif-
ferent lineages.

In their quick-freeze deep-etch electron microscopy
analysis of the Class II C. eugametos wall, Goodenough
and Heuser (1988 b) defined W1, W2, W4, and W6
layers (Fig. 2). While W1 and W2 appear structurally
similar to the comparable layers found in C. reinhardtii,
W4 is not granular in C. eugametos but probably a
subdomain of W2. W6 is a dense, “‘chainmail’ crystal
which is radically different from the open W6 weave
in C. reinhardtii. Interestingly, the Class II version of
W6 closely resembles the crystalline pattern of the fla-
gellar collar in the C. reinhardtii and V. carteri cell
walls (Goodenough and Heuser 1988b, Imam and
Snell, 1988, Kirk et al. 1986). Flagellar collars are spec-
ialized domains at the cell anterior through which the
flagella traverse the wall. In C. eugametos and Chlo-
rogonium elongatum (both Class II), the flagellar collar
appears as a simple infolding of the W6 crystal; whereas
in C. reinhardtii and V. carteri the collar is quite distinct
from the other layers of the cell wall. Therefore, ex-
panding on Roberts’ (1974) scheme, it has been pro-
posed that the primordial Volvocales produced Class
IT cell walls from which a line of unicells arose that
kept Class I crystals for its flagellar collars, but evolved
Class I structure for its cell walls (Goodenough and
Heuser 1988 b). This line then gave rise to the colonial
and multicellular Volvocaceae.

The colonial and multicellular Volvocaceae have a
more complex cell wall than the unicellular green algae.
Kirk etal. (1986) have identified four major zones in
the Volvox wall — the flagellar zone includes the fla-
gellum and the periflagellar region; the boundary zone
(with central triplet found in all Volvocales) surrounds
the entire colony; the cellular zone encompasses indi-
vidual cells in the organism; and the decp zone des-
ignates the central space of the colony. Both the cellular
and deep zones are unique to the Volvocaceae, and
these zones make up the majority of the extracellular
matrix, Kirk etal. (1986) point out that while com-
parisons of the Volvox boundary zone with the C. rein-

hardtii crystalline layer emphasize the relatedness of
these two organisms, the inner zones are what define
species-specific extracellular matrix patterns in the fam-
ily. Extensive modification and elaboration of the
amorphous W2 layer of a unicellular ancestor like C.
reinhardtii may have led to the diversity found in the
colonial and multicellular Volvocaceae (Schmitt et al.
1992).

Enzymatic digestion of volvocalean cell walls

Work by Schlgsser (1976, 1984) and Matsuda etal.
(1987) on species-specific sensitivity to lytic enzymes
among the Volvocales lends support to the idea that
phylogenetic diversity is reflected by inner wall com-
position. The vegetative lytic enzyme (VLE) specifically
digests the mother cell wall, releasing the daughter cells
after mitosis (Schidsser 1966), while the gametic lytic
enzyme (GLE) is produced by mating gametes to digest
the cell wall prior to zygote formation (Claes 1971).
GLE will digest the vegetative or gametic cell wall at
any time during the life cycle and has been shown to
act specifically on the flagellar collar and within the
W2 layer of C. reinhardtii (Goodenough and Heuser
1985, Imam and Snell 1988, Monk 1988, Waffensch-
midt etal. 1988). Schldsser (1976, 1984) classified 45
species of Chlamydomonas into 15 groups based on
sensitivity to VLE. There is not enough overlap in the
species examined by Schlosser and by Roberts etal.
(1982) to make definitive statements about how the
VLE groupings match the crystal lattice classes. Nev-
ertheless, C. dysosmos and C eugametos which have
Class II walls, fall into Schldsser’s groups 7 and 12,
respectively, and C. reinhardtii, C. angulosa, and C.
inepta, which share Class I walls, belong to groups 1,
2 and 2, respectively. The latter two groups must be
closely related because the VLE from group 2 members
can digest the walls of all group 1 cells; this action,
however, is not reciprocal (Schlésser 1976).

GLE from C. reinhardtii can digest the vegetative cell
walls of all of Schlosser’s group 1 strains as well as C.
cribrum (not grouped by Schlosser), and partially af-
fects the wall of one group 2 member, C. komma (Mat-
suda etal. 1987). No other Chlamydomonas spp.
showed any sensitivity to this GLE. Hence, C. rein-
hardtii GLE and VLE both exhibit similar group-spe-
cific activity. Matsuda et al. (1987) also tested the abil-
ity of this GLE to digest the walls of colonial and
multicellular Volvocales, and found that six species of
Gonium and two species of Astrephomene were sensitive
to GLE but not to VLE; other colonial or multicellular
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Fig. 3. Proposed sequence of events for C. reinhardtii wall crystal formation in vitro. Reprinted from Goodenough etal. (1986 a)

volvocalean algae were not susceptible. Representatives
from all four classes of crystalline walls were tested by
Matsuda etal. (1987) and only members of Class I
showed any sensitivity to GLE from C. reinhardtii.
While some of the colonial Volvocaceae (Class I) ex-
hibited sensitivity, supporting Roberts’ classification,
anumber of other colonial and multicellular Volvocales
(including Class I members) were resistant to this GLE.
These observations indicate that there is variation in
the inner wall/collar composition such that there can
be a common crystalline outer wall (Class I) and a
genus-specific inner wall. They also provide additional
evidence for an evolutionary sequence from an ancestor
resembling C. reinhardtii to the colonial Volvocaceae.

In vitro reassembly of volvocine cell walls

In 1973, Hills demonstrated that a portion of the cell
wall of C. reinhardtii is soluble in chaotropes (LiCl or
NaClO,) and that when the chaotrope is dialyzed away,
the solubilized proteins reassemble in vitro. This initial
observation has now been documented and analyzed
in many laboratories (see Adair and Snell 1990). The
C. reinhardtii cell wall can be divided into two major
domains — the salt-soluble outer layers including W4,

W6, and W7 (accounting for > 90% of the cell wall
mass), and the highly insoluble, covalently cross-linked
inner layers W1 and W2 (see Fig. 1). Extraction with
chaotropes disassembles the crystalline layer into its
component glycoproteins, and if these components are
dialyzed in the absence of the insoluble layers they will
self-assemble into a crystal structure composed of a
W4 layer sandwiched between two W6 layers (Fig. 3)
(Goodenough etal. 1986 a). While the crystal structure
of the W6 layers in this in vitro sandwich is indistin-
guishable from the W6 lattice found in situ (Good-
enough and Heuser 1988 a), it is only when the chao-
trope-extracted components are dialyzed in the pres-
ence of the insoluble layers (either wall “shells” (Hills
etal. 1975) or salt-extracted cells (Adair etal. 1987))
that the in vitro reassembly creates a single W6 layer
as is found in situ. The salt-extracted cells and “shells”
retain the characteristic shape of the organism, dem-
onstrating that the inner layers of the wall generate the
wide range of cell shapes found in Chlamydomonas spp.

With the knowledge that the crystalline layers of C.
reinhardtii, Volvox carteri, and Gonium pectorale are
all in Class I, and that the W2 layer (boundary and
cellular zones of Kirk et al. 1986) of V. carteri resembles
that of C. reinhardtii (Goodenough and Heuser 1985),
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Adair etal. (1987) undertook interspecific wall recon-
stitution analyses. First they demonstrated that the
crystalline layers of V. carteri and C. eugametos could
be solubilized in sodium perchlorate and reassembled
in vitro. Next, they took the soluble components from
each species and attempted to reconstitute a wall on
the insoluble layers of another species that had been
salt-extracted. The result was that both C. reinhardtii
and V. carteri can nucleate assembly of each other’s
crystalline components, while no reconstitution was
observed between C. reinhardtii and C. eugametos.
Later experiments showed that C. reinhardtii and Gon-
ium pectorale can each nucleate assembly of the other’s
outer wall (Adair and Snell 1990). Therefore, associ-
ation of the outer wall glycoproteins with the W2 layer
components is not species-specific and indicates a high
degree of functional conservation in Class I cell walls.
No wall reconstitution is observed when cell wall-less
mutants of C. reinhardtiilacking the W2 layer are mixed
with extracted crystalline components from a wild-type
cell (Hills 1973, Adair etal. 1987), suggesting that the
insoluble inner layers are critical to nucleate assembly
of the outer wall monomers, at least in vitro. While
the insensitivity of V. carteri to the C. reinhardtii GLE
(Matsuda etal. 1987) implies differences in the inner
wall layers between these two organisms, the interspe-
cific reassembly data document the persistence of do-
mains in the Volvox W2 layer that are homologous to
the nucleation sites in the C. reinhardtii W2 layer. The
inability of C. reinhardtii and C. eugametos to recon-
stitute each other’s outer wall provides further proof
of the evolutionary distance between these two species
and between algae with Class I or Class 1T walls.

Volvocine structural HRGPs

Since the Class I volvocine algae have a similar cell
wall crystal structure, are capable of interspecific wall
assembly, and exhibit some cross-sensitivity to one an-
other’s autolysins, it is reasonable to expect homologies
among the proteins which make up their cell walls.
Four main glycoproteins are extracted from the outer
wall of C. reinhardtii (Roberts 1974, Goodenough et al.
1986 a); three are HRGPs (GP 1, GP 2, and GP 3), and
one is glycine-rich (GP 1.5). Detailed electron micros-
copy studies on in vitro crystal assembly using purified
glycoproteins have shown that the W6 crystalline layer
is actually a bilayer, with the inner layer (W6A) formed
by coassembly of GP2 and GP3 monomers and the
outer layer (W6B) constructed by self-assembly of GP 1
monomers on the GP 2/GP 3 template (Goodenough

and Heuser 1988a). GP 1.5 was shown to correspond
to the granules that comprise the W4 layer (Gooden-
ough and Heuser 1985). When extracted components
of the crystalline layers of different Volvocales are com-
pared by SDS PAGE, it becomes clear that only a few
glycoproteins are involved in outer wall assembly (Rob-
erts 1974, Adair and Appel 1989). A comparison of
apparent molecular weights for the crystalline glyco-
proteins from V. carteri, G. pectorale, and C. reinhardtii
shows that the colonial and multicellular Volvocaceae
contain components which migrate in the gel similarly
to GP2 (Goodenough and Heuser 1988 b, Adair and
Appel 1989). In addition, Goodenough and Heuser
(1988 a) have shown that one of the perchlorate-soluble
glycoproteins from V. carteriis morphologically similar
to GP2 (Fig.4). There is no GP 1-like component in
either Gonium or Veolvox,and neither organism displays
a W6B sublayer (Goodenough and Heuser 1988a,
Adair and Appel 1989).

The issue of GP 2 conservation in the Volvocaceae has
also been addressed using a polyclonal antibody raised
against GP 2 from C. reinhardtii (Roberts etal. 1985 b,
Matsuda et al. 1987). This antibody proves to recognize
sugar side-chain epitopes on the GP 2 glycoprotein, and
by immunofluorescence, cross-reacts with the whole

Fig. 4. The top two rows of micrographs show images of the GP 2-
like protein found in perchlorate extracts of Volvox carteri cell wall
crystals. The bottom row shows GP2 purified from C. reinhardtii
wall crystals. x 250,000. Reprinted from Goodenough and Heuser
(1988 a)
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Fig.5. a W2 fishbone unit from C. reinhardtii. x 165,000. Reprinted from Goodenough and Heuser (1985). b W2 fishbone unit from C.
eugametos. % 274,000. Reprinted from Goodenough and Heuser (1988 b)

cell wall, flagella, and flagellar collars of organisms in
Roberts’ Class I, but not Class IT and ITI. Roberts et al.
(1985 b) found cross-reactivity of the antibody to Lo-
bomonas piriformis in Class IV, but Matsuda etal.
(1987) could not replicate this result. These antibody
data prove that sugar side-chain epitopes are conserved
in Class I walls, but reveal nothing about protein back-
bone conservation among crystalline HRGPs. Adair
and Appel (1989) used off-diagonal peptide mapping,
amino acid analysis, and Western blots with a poly-
clonal antibody to deglycosylated GP 2 to demonstrate
that there are indeed GP 2 homologs in both V. carteri
and G. pectorale, but not in C. eugametos (Class II).
The Class IT W6 crystal of C. eugametos is composed
of two closely migrating glycopolypeptides, designated
GP 265 and GP 245 (Goodenough and Heuser 1988 b).
Amino acid analysis of this material indicates a pre-
ponderance of hydroxyproline, proline and serine, as
with the HRGPs which make up the W6 crystal of C.
reinhardtii (Adair and Appel 1989, Goodenough etal.
1986 a). These C. eugametos HRGPs are morpholog-
ically dissimilar to GP2 or GP 3 and, as noted above,
assemble into a very different lattice (compare Figs. 1
and 2) (Goodenough and Heuser 1988 b).

The covalent crosslinking of the inner wall layers has
confounded the analysis of the individual HRGPs
which make up these layers. Boiling mechanically iso-
lated/salt-extracted cell walls in the presence of SDS
and B-mercaptoethanol does not solubilize any inner
wall components (other than the 225 kDa flagellar col-
lar polypeptide) as determined by SDS PAGE (Imam
and Snell 1988). Only when walls released by GLE
treatment of C. reinhardtii cells are boiled in SDS and
B-mercaptoethanol is any solubilization of the inner

wall components observed. This solubilization, how-
ever, is incomplete and only one distinct band has been
identified by SDS PAGE (Adair and Snell 1990). Elec-
tron microscopy has been used to compare the solu-
bilized wall components released into the media by C.
eugametos cells (Goodenough and Heuser 1988 b) and
C. reinhardtii cells (Goodenough and Heuser 1985). In
both cases, fishbone-like units are found, bearing cen-
tral “spines” and radiating “ribs” (Fig.5). The main
difference between the fishbones from the two species
is that the lengths of the long and short ribs in the C.
eugametos structure are half that of the C. reinhardtii
ribs. The C. reinhardtii fishbones derive from the so-
lubilization of the W2 layer due to the action of GLE
released during mating, and while no autolysin-releas-
ing system has yet been identified in C. eugamefos, the
fishbones in the media are proof of its existence. In
both species, the fishbone units are believed to interact
with the crystalline layer via their spines and thus, they
probably serve as the W2-layer nucleation sites for
crystal formation.

The presence of similar fishbone structures in these two
species of Chlamydomonas has some intriguing impli-
cations. By the aforementioned classification schemes
(Ettl 1976, Roberts etal. 1982, Schidsser 1984) these
two species of Chlamydomonas are quite distinct, yet
both types of walls have radiating and densely packed
fibers making up well-defined W1 and W2 layers, both
walls have a crystalline lattice which disassembles in
perchlorate and reassembles upon dialysis, and some
of the components which compose the inner and outer
layers of each wall have comparable morphology. This
leads to a concept which originated from research on
the crystal lattices: there is a common plan for making
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Fig.6. a A field with three C. reinhardtii sexual agglutinins (C), two short canes (S) that are also found on gametic flagella, and a long
(200nm) and short (100 nm) rib (R) which come from the W2 fishbones. b GP 1 monomers (100 nm) with arrows indicating proteins with
kinks or bends reminiscent of those seen in agglutinins. x 203,000. Reprinted from Goodenough and Heuser (1985)

a volvocalean cell wall, and modifications in the build-
ing blocks led to the diversity exhibited by the assem-
bled matrices (Roberts etal. 1985 a, Goodenough and
Heuser 1988 b).

Both Class I and Class II crystals consist of globular
and fibrous domains (Goodenough and Heuser 1988 a,
b). By transmission electron microscopy, GP2 (see

Fig. 4) and GP 3 from C. reinhardtii each carries several
globular domains (knobs) interconnected by rods
(Goodenough etal. 1986a). The distant Class II ho-
mologs of GP2 and GP 3, GP 265, and GP 245, are
less well differentiated into domains (Goodenough and
Heuser 1988 b). The GP 1 monomer of C. reinhardtii
has the most extreme differentiation (Fig. 6): it carries
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a terminal knob and a single long rod with two distinct
bends (Roberts 1981, Goodenough etal. 1986a).
Models of the assembly suggest that the knobs, rods,
and bends all participate in lattice formation (Good-
enough and Heuser 1988a, b).

Chlamydomonas flagellar agglutinins

Studies of the cell wall HRGPs have been comple-
mented by work on the Chlamydomonas sexual agglu-
tinins. Agglutinins are the molecules distributed along
the flagellar surface of mating type plus and minus
gametes that mediate sexual recognition and adhesion
during the mating reaction (Adair 1985). The plus and
minus agglutinins from both C. reinhardtii and C. eu-
gametos are HRGPs with a morphology (long fibrous
rods with knobs and curves) and amino acid content
remarkably similar to that of cell wall HRGPs (see
Fig. 6) (Musgrave etal. 1981, Cooper etal. 1983, Sam-
son etal, 1987, van den Ende et al. 1988, Goodenough
1991). When the C. reinhardtii and C. eugametos ag-
glutinins are compared, they prove to differ in length:
the agglutinins in C. reinhardtii are both 225nm,
whereas in C. eugametos the mating type plus agglutinin
is 276 nm and mating type minus molecule is 336 nm.
Recall that the long and short ribs of the C. eugametos
W2 fishbones are half the length of their counterparts
in C. reinhardtii fishbones. These ribs, like the GP 1
molecule of C. reinhardtii, have a basic structyral ho-
- mology to the agglutinin molecules (see Fig. 6). Good-
enough and Heuser (1985) proposed that agglutinins
originally evolved from a pair of coassembling wall
HRGPs that came under control of the mating type
locus such that one monomer of the pair was localized
only in minus gametic flagella and the other found only
on plus flagella. This would imply that agglutination
and cell wall assembly are similar processes. To carry
this analogy one step further, one can speculate that
just as modifications in cell wall HRGPs can lead to
unique wall structures, changes in agglutinin HRGPs
lead to novel adhesion specificities and hence serve to
sexually isolate incipient species (Goodenough 1985,
1991). Thus, the HRGPs could prove to be useful phy-
logenetic markers.

Volvocine wall genes

The large number of taxonomic groups in the genus
Chlamydomonas alone implies that there has been tre-
mendous variation in both wall and agglutinin HRGPs.
What makes these HRGPs so mutable? In higher
plants, where many of the cell wall HRGPs have been

sequenced (Showalter 1993), the genes encode proteins
with repetitive amino acid motifs (e.g., Ser(Pro), TyrLys
and ProProValTyrLys). It has been proposed, and later
demonstrated, that such repetitive DNA sequences are
exceptionally prone to rearrangements (e.g., unequal
crossover events and homologous recombination;
Goodenough 1985, Raz etal. 1992). Changes in the
DNA sequences encoding the repetitive amino acid
domains can result in significant alterations in the
length, rigidity, post-translational modifications and
ultimately, the function of the HRGPs (Kieliszewski
and Lamport 1994). The repeating prolines, which are
variably hydroxylated and glycosylated depending on
the presence of specific neighboring amino acids, con-
tribute to the rigidity of the molecule by adopting an
extended polyproline-IT helix conformation (Lamport
1977, Kieliszewski etal. 1990). The serines, which can
be galactosylated, and the tyrosines, which can form
intra- or intermolecular isodityrosine crosslinks, ap-
pear only in certain amino acid sequence contexts (Ep-
stein and Lamport 1984, Fry 1986, Kieliszewski and
Lamport 1994). Moreover, many of the repeat units
are part of peptide palindromes which have been pro-
posed to serve as self-assembly nucleation sites (Kie-
liszewskiet al. 1992). Molecular characterization of vol-
vocine wall genes is just underway and yet there are
already some common themes emerging from these
studies (repeating amino acid motifs, hydroxylation
and glycosylation of prolines, and crosslinking) which
mesh neatly with results of work on higher plant cell
wall HRGPs. These are reviewed below.

During its life cycle, C. reinhardtii erects two biochem-
ically and morphologically distinct cell walls: the veg-
etative/gametic wall, which has been the focus of this
review thus far, and the zygote wall, which is assembled
after GLE removes the cell wall from mating gametes.
The zygote wall has no obvious crystalline layer, and
no perchlorate-soluble components. In deep-etch re-
plicas, the zygote wall appears as an apparently random
mass of interconnecting thick fibers (Woessner etal.
unpubl.); in thin-sectioned material, several layers can
be recognized {Cavalier-Smith 1976, Minami and
Goodenough 1978, Grief etal. 1987). Minami and
Goodenough (1978) showed that a novel set of gly-
coproteins is synthesized and secreted by developing
zygotes. Ferris and Goodenough (1987) went on to
isolate a set of zygote-specific cDNAs whose transcripts
were detectable shortly after zygote formation, but ab-
sent from gametes or vegetative cells. DNA sequence
analysis has demonstrated that at least two of these
cDNAs encode wall proteins (Woessner and Good-
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1 MRKVSAFGALVAAVAVMSMLIMPTAALAARTSLLATANATATDAPPPDFSE
52 HPPPHEAVEPPPAKGAAAFTPPPODLSTEPPPAEFEQTSPPPSASREP
100 SPSSSASPSPSPALVPIPNVGENTASPNPSSSPSPSPSPSPSPAATES
147 PSPIASPPPLPATLINQPPPSAVDOLGGNTQAGSGAAARAGLLLLECVAA

187 WAFAVL

Fig.7. Derived amino acid sequence of ZSP-1. The putative signal
sequence is underlined and the X(Pro); and (SerPro} . repeats are
in bold face

enough 1989, 1992). ZSP-1 (originally termed Class
IV), which resembles the class of higher plant structural
HRGPs called extensins, has a signal sequence, eight
X(Pro), and two (SerPro) « repeats (Fig. 7). The other
gene (ZSP- 2, originally Class V1) has some similarities
to solanaceous lectins (see Showalter 1993) with four
lectin-like domains intermixed with two (SerPro) 5 do-
mains (Woessner and Goodenough 1989, and unpubl.).
A polyclonal antibody to a ZSP-1/p-galactosidase fu-
sion protein immunoprecipitated 5-10 polypeptides
from an in vitro translation of zygote RNA, but de-
tected nothing in immunoprecipitates of secreted zyg-
ote proteins from in vivo labelled cells (Woessner and
Goodenough 1989, 1992). This result was interpreted
to mean that there are several zygote wall components
with epitopes similar to those in ZSP-1 but that hy-
droxylation/glycosylation prevents detection of these
proteins in vivo.

To test whether (SerPro), repeats were a common
epitope among zygote wall proteins, a polyclonal an-
tibody raised agaist a (SerPro), oligopeptide was found
to immunoprecipitate the identical set of polypeptides
from in vitro translations of zygote RNA. In addition,
both antibodies were found to recognize a set of five
vegetative wall glycopolypeptides from in vitro trans-
lations of vegetative RNA, one of which corresponds
to the deglycosylated form of GP2 (Adair and Apt
1990, Woessner and Goodenough 1992). Using clones
described by Adair and Apt (1990), we have also iso-
Jated several GP 1 cDNAs (none of which is full-length)
and determined a partial DNA sequence which encodes
a 3’ proline-poor domain preceded by a long domain
of (SerPro}. (Woessner and Goodenough unpubl.).
Therefore, (SerPro) . repeats appear to be diagnostic
for C. reinhardrii wall proteins in much the same way
that Ser(Pro), repeats indicate extensins in higher
plants.

A cDNA expression library made from GLE-treated
C. reinhardtii vegetative cells, which have high levels
of wall-specific messages (Su et al. 1990, Adair and Apt

1 MESSHRALWASAVLAMAVLACVVPTADAAKKSPPPADAPFPISGQYPPPT
51 DWVTWPPPVEEHGHHSPEPSPEDSPSSTPIPTPDILENRDLPSPSPE
98 AEDSPSPSPDLEDSPSHEPEPEVESPSPETETESPSPSPEPRVEDS
144 ASPSPEPREVEDSPSPSPEPMDESPAPEPSPEPVPSPETPEPAPYYG
190 ASPSPSPYYGGYGNYGPSVPTYGSSPSPAPSPYGGYCGYGGYGEYGRYGS
240 YGDDDEEEEDPMSAARRLMLDVENQGAGRQLSGDAVDLLAGGEEPESEERST

292 RVSRRLLRI

Fig. 8. Derived amino acid sequence of VSP-1. The putative signal
sequence is underlined and the X{(Pro), and {SerPro). repeats are
in bold face

1990), was screened with the (SerPro),, antibody and
five different groups of cDNAs were isolated (VSP-1
to VSP-5; Waffenschmidt etal. 1993). A full-length
¢DNA for VSP-1 was sequenced and found to encode
a signal sequence, four X(Pro), repeats, long stretches
of (SerPro) », a TyrGlyGly domain and an acidic C-
terminus lacking both serine and proline (Fig. 8). The
amino acid content and abundance of tyrosine distin-
guish this molecule from any of the outer wall com-
ponents (Goodenough et al. 1986 a) and thus, VSP-1is
proposed to be an inner wall HRGP. The tyrosines
suggested that tyrosine crosslinking may be involved
in insolubilization of the inner wall layer, and Waf-
fenschmidt etal. (1993) demonstrated that tyrosine
crosslinks in fact mediate wall insolubilization in both
vegetative and zygotic cell walls.

Woessner and Goodenough (1992) predicted that
(SerPro) « motifs might be diagnostic of wall proteins
throughout the Volvocales, and a collaborative project
with Dr. van den Ende’s laboratory supports this prop-
osition. The (SerPro),, antibody was found to immu-
noprecipitate novel sets of polypeptides from in vitro
translations of C. eugametos vegetative and zygote
RNA and the antibody was used to isolate a vegetative
wall gene (WP 6) from a Agt1l expression library of
C. eugametos genomic DNA (Woessner et al. in prep.).
The DNA sequence of WP 6 has been determined and
shown to encode a signal sequence, a 5’ domain rich
in cysteine but poor in serine and proline, and a 3’
domain rich in serine and proline with a number of
(SerPro) « repeats. Interestingly, the (SerPro) . repeats
are frequently found in a (SerPro);LysAla motif, a
motif repeated as well in C. reinhardtii VSP-3, which
also has a signal sequence, a 5" domain rich in cysteine
but poor in proline, and a 3' domain dominated by
(SerPro) « repeats (Woessner etal. in prep.). Once
again, as was pointed out when comparing the fishbone
units from these two species, there are homologies in
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S(P)asg
1 Y. carteri
ISG
(SPSPSPKA

C. reinhardtii
VSP-3

C. eugametos
WP6

s

Fig. 9. Domain conservation in volvocine wall proteins. Each protein
is represented in cartoon fashion with globular 5° domain and a rod-
like 3" domain. Homologous 5" and 3’ domains are shaded and the
characteristic amino acid repeat units are presented for each protein

the cell wall structural building blocks, despite the ev-
olutionary distance between C. eugametos and C. rein-
hardtii. Tt is important to point out that the other do-
mains in WP 6 and VSP-3 are quite distinctive, only
the (SerPro)« and (SerPro);LysAla motifs have been
conserved.

Only two other cell wall genes in the Volvocales have
been sequenced, both from Volvox carteri (Ertl etal.
1989, 1992). SSG 185 is a highly sulfated HRGP which
becomes insolubilized in the inner wall layer (cellular

zone). There are no extensive (SerPro) » repeats in this
molecule, but an 80 amino acid central domain is al-
most entirely proline. These prolines are hydroxylated
and arabinosylated and give the molecule a rod-like
shape as revealed by electron microscopy (Ertl etal.
1989). Covalent cross-linking of this molecule is due
to phosphodiester bridges between side chains rather
than between peptide chains (Holst et al. 1989). ISG is
another sulfated HRGP, expressed only briefly in in-
verting embryos and sperm cell packets. This glyco-
protein localizes to the boundary zone (containing the
central triplet) and has two distinct amino acid do-
mains. The 5" half of the molecule is poor in proline,
while the 3" half is rich in serine and proline, occurring
in Ser(Pro);_; repeats (Ertl et al. 1992). Again, the pro-
lines are both extensively hydroxylated and arabino-
sylated. Electron microscopy shows ISG to be a rod-
like structure (encoded by the 3' domain) with a glob-
ular head (from the 5 domain). The monomers can
aggregate into star-like particles attaching by their
knobs with rods radiating outwards (Ertl et al. 1992).

Only a small number of volvocine wall genes have been
examined to date, but there is already a striking ex-
ample of HRGP domain conservation involving C.
reinhardtii, C. eugametos and V. carteri (Fig. 9). The 3’
domains of VSP-3 and WP 6 (which encode the rod-
like portion of each protein) are quite similar (88%

Volvox
carteri  yojyox Volvox
Volvox obversus  ©aPensis
aureus /
Gonium Pandorina
Pleodorina pectorale morum
californica .
Platydorina
caudata
Eudorina
Chlamydomonas elegans
reinhardtii
Chlamydomonas
eugametos
-t Fig. 10. Phylogenetic tree indicating sister-
—— Haematococcus taxon relationships, as deduced by max-
lacustris imum parsimony analysis of nucleotide se-
quence from the variable regions of the
large and small subunits of nuclear-en-

coded rRNAs. Reprinted from Schmitt
etal. (1992)
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similarity over 73 amino acids) while their 5° domains
(encoding the globular portion of each protein) are
non-homologous, but the 5' domains of VSP-3 and
ISG (encoding the globular portions of each molecule)
are related (52% similarity over 228 amino acids). With
a larger pool of characterized volvocine HRGPs it
should be possible to define ancestral rod and knob
domains and determine the best way to use these pro-
teins as phylogenetic markers.

Conclusions

Recently several groups have constructed consensus
trees based on cladistic analyses of aligned nuclear 18 S
and 26 S rRNA sequences. Rausch et al. (1989) showed
that the volvocine radiation (Chlamydomonas to Vol-
vox) is recent, probably within the past 50-75 million
years. They also demonstrated that the higher plants
and the chlorophytes (green algae) last shared a com-
mon ancestor about 700 million years ago. In this re-
spect, it is not hard to see why the relatively simple
Chlamydomonas cell wall, constructed almost exclu-
sively of proteins, is so different from the complex
network of numerous proteins and matrix polysac-
charides (cellulose, hemicelluloses, lignins, pectins, and
waxes) that constitutes the higher plant cell wall (Var-
ner and Lin 1989). Buchheim etal. (1990) compared
the results of their cladistic analysis of 18 S rRNA se-
quences from Chlamydomonas spp. with the classifi-
cation schemes of Ettl (1976), Schidsser (1984), and
Roberts etal. (1982). With a few exceptions, all four
methods are in close agreement, and all lead to the
conclusion that there is no support for a monophyletic
or natural genus Chlamydomonas. Cladistic analyses
also confirm that C. reinhardtii is more closely allied
with the colonial and multicellular Volvocaceae than
with C. eugametos (Buchheim and Chapman 1991, Lar-
son etal. 1992) and that there is not a linear evolu-
tionary progression from simple Chlamydomonas cells
to complex multicellular Volvox organisms (Fig. 10).
In fact, species of Volvoxappear on two separate phylo-
genetic branches of the consensus tree for Volvocales.

In spite of differences seen in crystal structure, lytic
enzyme sensitivity, and reassembly of the C. eugametos
and C. reinhardtii cell walls, there are some similarities
in the proteins which compose these walls. The accu-
mulation of molecular data about the HRGPs (cell wall
proteins and agglutinins) found in the volvocine algae
will lend support to the idea of a gene superfamily from
which new and different proteins (all specifically de-
signed for self-assembly/recognition) could constantly
evolve. The similarities (repeating proline motifs, hy-

droxylation and arabinosylation of prolines, galacto-
sylation of serines, crosslinking of tyrosines or oligo-
saccharide side chains, and rod-like molecules) between
the volvocine HRGPs and the various types of higher
plant cell wall proteins, and the central role these pro-
teins play in organizing cell and plant morphology has
led to the proposal that these proteins should make
excellent phylogenetic markers for all plants. “The ex-
tensin family (including all of the cell wall HRGPs)
should mirror the major divisions of the plant kingdom
and hence provide another way to assess long-term
evolution which, especially in plants, is obscured by
extensive homoplasy: gross structures may converge,
but molecules probably do not” (Kieliszewski and
Lamport 1994).
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