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Abstract

All photosynthetic multicellular Eukaryotes, including land plants
and algae, have cells that are surrounded by a dynamic, complex,
carbohydrate-rich cell wall. The cell wall exerts considerable biologi-
cal and biomechanical control over individual cells and organisms, thus
playing a key role in their environmental interactions. This has resulted
in compositional variation that is dependent on developmental stage,
cell type, and season. Further variation is evident that has a phylogenetic
basis. Plants and algae have a complex phylogenetic history, including
acquisition of genes responsible for carbohydrate synthesis and modi-
fication through a series of primary (leading to red algae, green algae,
and land plants) and secondary (generating brown algae, diatoms, and
dinoflagellates) endosymbiotic events. Therefore, organisms that have
the shared features of photosynthesis and possession of a cell wall do not
form a monophyletic group. Yet they contain some common wall com-
ponents that can be explained increasingly by genetic and biochemical
evidence.
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Charophycean

green algae (CGA,
Charophyceae):

a monophyletic

group comprising pre-
dominantly freshwater
green algae that share
several features of land
plants and include the
closest extant ancestors
of land plants

and their relatives

Archaeplastida:

a monophyletic
supergroup comprising
the Glaucophyta,

the Rhodophyta

(red algae), and the
Chloroplastida (green
algae and land plants)
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INTRODUCTION

Significant progress has been made in the past
40 years in our understanding of the structure,
synthesis, and function of plant cell walls. Much
of the research effort has been directed toward
investigating the cell walls of only a few species,
mostly flowering plants (angiosperms) of eco-
nomic importance. However, more recently,
potentially driven by the awareness that “small
modifications in their chemistry can have pro-
found effects on the multifarious functions cell
walls perform” (88), there has been substan-
tial interest in the wall biochemistry of early
diverging plants and the charophycean green
algae (CGA) (17, 30, 38, 39, 101, 103, 123,
124, 136). Gaining a complete understanding
of plant cell-wall evolution might be achieved
only by more closely investigating the origins of
cell walls. Niklas (88) highlighted that cell walls
have “deep roots in the tree of life.” Land plants
evolved from CGA, which conquered freshwa-
ter habitats after their separation from ancient
chlorophyte green algae (10, 69).

Popper et al.

The land plants, CGA, and chlorophytes
represent only part of the Archaeplastida, a
monophyletic eukaryotic group that also com-
prises red and glaucophyte algae (4). As is
the case with all plastid-containing Eukary-
otes, the emergence of the Archaeplastida is
linked tightly to their photosynthetic history.
The Archaeplastida are thought to have orig-
inated through a single shared event, primary
endosymbiosis with a cyanobacterium, over
1,500 Mya. The chlorophyll c-containing algae,
which include brown algae, evolved soon after
through secondary endosymbiosis with a red
alga (95). Two scenarios are suggested for their
endosymbiotic history: (#) a single endosymbi-
otic event followed by loss of the rhodobionts in
Rhizaria, and subsequent gain of chlorobionts
in the Chlorarchniophyta [the chromalveolate
hypothesis (19, 54)], and (b) the increasingly
more favored scenario in which multiple sec-
ondary endosymbiotic events occurred (9, 82,
126) (Figure 1).

Both the Archaeplastida and brown algae
share two distinctive features: the presence of a
complex, dynamic, carbohydrate-rich cell wall,
which, to some extent, is dependent on the
second feature, the ability to photosynthesize.
Stebbins (125) suggested the “adaptive impor-
tance of cell wall differentiation,” and the sig-
nificance of the cell wall to each lineage is highly
evident: both have independently evolved mul-
ticellularity (20) and (along with the wall-less
animals) are among the most extensively re-
searched, ecologically and economically impor-
tant organisms on the planet. Although the two
lineages do not form a natural group, and their
cell walls have evolved independently (88), it is
likely that at least some of their wall compo-
nents have a shared ancestry (103).

Bioinformatics is beginning to resolve the
gene transfers associated with the origin of
photosynthetic lineages, in particular those
that occurred during the primary endosym-
biotic event that led to the emergence of
the Archaeplastida. It has been deduced that
18% of the nuclear genes in the Arabidopsis
genome are potentially of cyanobacterial ori-
gin (77). Although cyanobacterial cell walls,
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Figure 1

Simplified Eukaryote phylogeny highlighting the occurrence of major wall components. The identification of specific wall components
within lineages (1, 4, 43, 69) is symbolized as shown in the key. Genes responsible for cellulose and hemicellulose biosynthesis (144) are
indicated in boxes: CesA4* represents members of the cellulose synthase family whose proteins assemble into rosette terminal complexes,
CesA is the ancestral form of cellulose synthases, and Cs/A/C is a single gene that is most similar to the land plant CslA and CslC gene
families. The arrows indicate the origin of the plastids: PE (so/id arrow), primary endosymbiosis; SE1 (dotted arrow), secondary endosym-
biosis scenario 1 in which the Alveolata, Cryptophyceae, Haptophyta, and Stramenopiles originate from a common ancestor, which
acquired its plastids by a secondary endosymbiosis event with a red alga (19), which Rhizaria subsequently lost and the Chlorarchniophyta
regained (54); SE2 (dashed arrows), secondary endosymbiosis scenario 2, separate acquisitions of rhodobionts (9, 82, 126).
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Algae: unifying term
for the collection of

distinct photosynthetic

lineages that evolved
independently and can
live in terrestrial
environments, but
predominantly inhabit
aquatic habitats

Primary
endosymbiosis: the
uptake and retention
of a cyanobacterium
by a heterotrophic
eukaryotic cell

Brown algae
(Phaeophyceae):

a group containing
multicellular algae
with chlorophyll a/c—
containing plastids
that emerged

~200 Mya, through
secondary
endosymbiosis with a
red alga

consisting of a peptidoglycan-polysaccharide-
lipopolysaccharide matrix, fundamentally are
different from the polysaccharide-rich cell walls
of plants and algae, it has been proposed that
genes present in the primary endosymbiont
may have provided the basis for plant and algal
cell-wall biosynthesis (103). Current genomic
evidence indicates that at least 10% of the
genome of flowering plants is associated with
wall biosynthesis and metabolism (129). This
situation likely is mirrored in the algae, thereby
making the resolution of cell-wall structure and
biology pivotal to understanding algal and plant
evolution.

Intensified research on the cell-wall bio-
chemistry of plants and algae has brought
recognition that wall modification has been ex-
tensive, enabling adaptation to different evo-
lutionary pressures (17, 38, 39, 101, 102, 123,
124, 132, 136), and considerable attention has
focused recently on the evolution of cell-wall
components (99, 103, 118, 123). In this review,
we discuss several major events in the evolution
of plant and algal lineages, including multicel-
lularity, terrestrialization, and vascularization,

METHODS FOR INVESTIGATING CELL-WALL
BIODIVERSITY

Detailed analysis of cell-wall components from many species,
tissues, and developmental stages is essential to recognize fully
their diversity in plants and algae (103, 123). Several key meth-
ods commonly employed for wall analyses has been compiled
and described (37, 100). Considering the vast number of plant
and algal species, high-throughput screening methods, including
Comprehensive Microarray Polymer Profiling (CoMPP) (84),
OLIigosaccharide Mass Profiling (OLIMP) (91), and Fourier-
transform infrared microspectroscopy (85), can be developed fur-
ther to provide an initial step preceding more extensive charac-
terization (103, 123). Immunocytochemistry using monoclonal
antibodies and carbohydrate-binding modules (49) is also an ex-
tremely powerful technique asitenables in situ localization of wall
components and, combined with specific wall treatments (76) or
advanced microscopy such as electron tomography (92) and live-
cell imaging (44), additionally can indicate interactions between
wall components in their native environment.
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and the involvement of the cell wall in these
processes.

WALL COMPOSITION
OF PLANTS AND ALGAE

Plant and algal cell-wall components are sub-
ject to intense research, not least because they
are of high economic value within the paper,
food, and fiber industries; have projected fu-
ture use for biofuels, nutraceuticals, and phar-
maceuticals; and are of ecological importance
(88). Thus, a body of expertise facilitating the
investigation of wall composition and knowl-
edge regarding the occurrence of cell-wall com-
ponents has been garnered (see the sidebar
Methods for Investigating Cell-Wall Biodiver-
sity). Although this was centered mostly on
crop species of flowering plants and algae (e.g.,
Laminaria and Gracilaria), sufficient evidence
was available to suggest that diversity in cell-
wall composition between taxa has its foun-
dation in the evolution of specific lineages.
Investigators have built on this data in the past
~10 years, and several reviews give a detailed
outline of the occurrence of specific wall com-
ponents in major plantand algal taxa (57, 88, 93,
99, 103, 123, 124) (Figure 2). We summarize
the major trends seen in the polysaccharides in
Table 1 and the genes that control their syn-
thesis in Table 2 and Figure 1. In brief, the
CGA have cell walls that are closely similar in
composition to the land plants (Table 2), which
descended from them, and thus appear to be ata
pivotal position in wall evolution, making them
ideal models for land-plant cell-wall research
[see the sidebar Penium margaritaceum (Zygne-
matophyta) as a Model Organism]. Within this
monophyletic group (Figures 3 and 4), both
major and subtle changes in wall composition
have occurred and may indicate specific evolu-
tionary pressures. However, these changes oc-
curred (Figures 1 and 3) in a background that
was homogenous at its commencement. This is
in stark contrast to the situation in algae, which,
far from being a monophyletic group, consist
of several lineages with complex evolutionary
histories (see above). However, it is possible to
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discern major changes in cell-wall composition
between algal lineages and between plant and
algal lineages (Table 2 and Figures 1 and 3).

Examination at the genomic level also
makes it possible to discern the evolution and
acquisition of the required cell-wall biosyn-
thetic machinery (83) (Table 2 and Figure 1).
Many classes of polysaccharides within the algal
lineages appear to be highly diverse in terms
of their degree of sulfation, esterification, and
molecular weight and conformation of sugar
residue (57, 93). Some of these differences
vary according to species (57) but could be
difficult to reconcile with specific evolutionary
theories as they probably involve regulation of
biosynthetic networks rather than the presence
or absence of specific genes; further genomic
information and elucidation of biochemical
pathways in algal cell walls are essential for
confirmation.

MULTICELLULARITY
AND BODY PLAN

Generation of Multicellularity

The transition from unicellular to simple mul-
ticellular organization occurred independently
in at least 25 lineages (41). However, complex
multicellular organisms evolved only in six
eukaryotic groups: animals, fungi, brown algae,
red algae, green algae, and plants. Thus the
evolution of multicellular complexity appears
to be a rare, difficult transition (41). Interest-
ingly, Niklas & Kutschera (89) asserted that
land plant multicellularity, together with spe-
cific features of their life cycle, is retained from
their last common algal ancestors, the CGA,
either because they represent a developmental
constraint (87) or because they facilitated
survival in a terrestrial environment (86, 110).
Regardless of the scenario envisaged, plant
developmental, paleobotanical, and molecular
evidence suggests that “very ancient algal gene
networks were co-opted during the evolution
of the embryophytes multicellular body plan”
(89), emphasizing the need to have a more
thorough look into algal biology to understand
fully land plant evolution.

red algae
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b Rhodophyta: red algae d Phaeophyta: brown algae
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Representatives of the major lineages of marine multicellular algae: (#) Codium
fragile, Chlorophyceae; (b) Chondrus crispus, Rhodophyta; (c) Porphyra

umbilicalis, Rhodophyta; and (d) Ectocarpus siliculosus, Phaecophyceae. Images in
panels 4, b, and ¢ provided by D.B. Stengel and image in panel d by D. Scornet.

Multicellularity, in plants and algae, intrin- ¢~ dary

sically involves the evolution of a cell wall or ¢ dosymbiosis: the
an extracellular matrix because the groups of  uptake and retention
cells that constitute a functional multicellular ~ of an existing plastid-
containing alga by a
heterotrophic
eukaryotic cell

organism must be able to recognize, adhere
to, and communicate with each other. The

PENIUM MARGARITACEUM
(ZYGNEMATOPHYTA) AS A
MODEL ORGANISM

Penium is rapidly emerging as a model organism, and several char-
acteristics make it a particularly appropriate tool for investigating
Streptophytina (including land plants) cell-wall biochemistry. To
begin with, it is a unicellular organism in the CGA, and it pro-
duces only a primary cell wall. Additionally, it has a cell-wall
polymer constituency similar to land plants. It also is amenable to
live-cell labeling with monoclonal antibodies and carbohydrate-
binding modules for developmental studies. Finally, there is rela-
tive ease in its experimental manipulation, and genomic libraries
will be available soon.

www.annualreviews.org o Cell-Wall Evolution of Photosynthetic Organisms 5§71



Annu. Rev. Plant Biol. 2011.62:567-590. Downloaded from www.annualreviews.org
by Washington State University on 08/22/11. For personal use only.

Table 1 Major cell-wall polymers present in different plant and algal taxa

Taxa Chloroplastida
Embryophyceae | Charophyceae Chlorophyta Rhodophyta Phaeophyceae
Polysaccharide
Cellulose”
Crystalline Cellulose Cellulose Cellulose'32 (1—4)-B-b-mannan?? Cellulose®
polysaccharides (1—>4)-B-o-xylan?57
(1—3)-B-p-xylan?*>7
Xyloglucan'®! Xyloglucan®® Xyloglucan®2 63 Glucomannan®* Sulfated s
Mannans'% Mannans3° Mannans®3 Sulfated MLG®* xylofucoglucan>"
Hemicelluloses Xylans'? Xylans3° Glucuronan®  |(1-3),(1—4)-B-o-xylan2457:93 Sulfated
MLG (153)-B-glucan xylofucoglucuronan®’: %3

(1—3)-p-glucan

(1—3)-B-glucan

(1-3)-B-glucan

Matrix carboxylic

polysaccharides Pectins Pectins Ulvans®? = Alginates®’
Agars®:9

Matrix sulfated ul C 9 - o 03

polysaccharides - - Mals arrageenans Homofucans®”
Porphyran

Wall polymers are defined as follows: cellulose, (1—4)-3-D-glucan; MLG, (1—3),(1—4)-3-D-glucan; ulvans, sulfated xylorhamnoglucuronans. Agars,

carrageenans, and porphyrans are sulfated a-(1—3), 3-(1—4)-galactans differentiated by the fact that agars and porphyrans contain D- and L-galactose,

whereas carrageenans contain only D-galactose, and alginates are polymers of «-L-guluronic acid and 3-D-mannuronic acid. We recommend the

following reviews, which cover this topic in greater depth (24, 57, 93, 103).

Chlorophyta: green
algae including marine
and freshwater, and
micro- and macroalgae

Chloroplastida: a
group comprising the
land plants
(Embryophyceae), the
CGA from which they
emerged, and the
Chlorophyta green
algae predominantly
found in marine
habitats

Red algae
(Rhodophyta):
micro- and
macroscopic algae
predominantly present
in marine
environments that
evolved through a
primary
endosymbiotic event
~1.2 billion years ago

cell-wall/extracellular matrix plays crucial roles
in the control of cell differentiation (devel-
opment) and in innate immunity, two other
common characteristics of multicellular
Eukaryotes (12). Furthermore, “the
endoskeleton-like infrastructure of cell walls re-
sulting from multicellularity also mechanically
reinforces the plant body against the effects
of moving water or air” (86). The volvocine
green algae provide an interesting example of a
relatively recent (~50 Mya) transition toward
simple multicellularity, which involved both
the expansion and the differentiation of extra-
cellular matrix glycoproteins (56). The recent
genomic comparison between the multicellular
green alga Volvox carteri and its extant unicellu-
lar relative Chlamydomonas reinhardtii confirms
that one of the most fundamental differences
between these two algae is the expansion of
the cell wall-specific gene families in V. carteri
(104). The divergence of brown algae from uni-
cellular diatoms is an example of a transition to
complex multicellularity. The genomic analysis
of the brown alga Ectocarpus siliculosus unravels
the gain of a family of receptor kinases, which

Popper et al.

evolved independently from animal tyrosine
and plant serine/threonine receptor kinases
(20). Such an emergence of receptor kinases is
thought to have been a key event in the evolu-
tion of animal and plant multicellularity (21).
However, the expansion of cell wall-related
genes also is observed, resulting in large multi-
genic families, such as cell-wall integrity and
stress response component (WSC) domains
and mannuronan C5-epimerases (83).
Cell-wall components also enable multicel-
lularity as they are involved in adhering the cells
that compose the organism. In land plants and
the multicellular CGA, a pectin-rich portion
of the cell wall known as the middle lamella is
deposited during cell division and subsequently
holds the daughter cells together. Pectin is
not a unique component of multicellular CGA
and land plants as it is also present in uni-
cellular CGA, including Penium margaritaceum
(Figure 5). A xyloglucan-like polysaccharide
from a filamentous CGA, Spirogyra, has also
been suggested to have a role in cell-cell
attachment (50). There is also the potential
that cell-wall components involved in cell-cell
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Table 2 The presence of CAZy family genes known to be involved in cell-wall metabolism in land plants and their

distribution in sequenced members of brown algae, red algae, green algae, and land plants

| gHi6xTH) | GT2 | GT8 | GT14 | GT43 | GT47 | GT48 | GTe4 | GT75

Brown algae (complex multicellularity)

Ectocarpus siliculosus (82) | - | 9 | 3 | 5 | - | 8 | 3 | 2 | -

Red microalgae

Cyanidioschyzon merolae* (2) | - | - | 1 | - | - | - | - | 2 | -

Green microalgae

Micromonas sp. RCC299 (141) - 6 - - - 3 2 1 -

Micromonas sp. CCMPI1545 (141) - 6 - - 1 - - 1 -

Ostreococcus tauri (141) - 6 - - - - 2 1 -

Chlamydomonas reinhardtii® - - - - - 29 3 1 1

Green algae (simple multicellularity)

Volvox carteri® | - | - | - | - | - | 15 | 4 | 1 3

Embryophytes

Physcomitrella patens (moss)P 31 28 14 5 5 46 12 5 6

Selaginella moellendorfii 19 13 8 2 3 20 9 5 4
(lycopod)®

Oryza sativa Japonica group 31 47 39 12 10 35 11 3 3
(monocot) (16)

Arabidopis thaliana (dicot) (16) 33 42 42 11 4 39 12 3 5

Populus trichocarpa (dicot) (40) 41 74 61 14 7 75 18 4 11

The census of the CAZymes, unless referenced, is based on Blast analysis on * Cyanidioschyzon merolue Genome Web site (http://merolae.biol.s.u-tokyo.

ac.jp/) or the JGI Web site (http://genome.jgi-psf.org/).

attachment may share some characteristics with
proteoglycan and carbohydrate constituents
known to enable various algae to adhere to sub-
strates (28, 32, 140).

Differentiation and
Cell-Wall Diversity

An important advantage of multicellularity is
that it enables increased size and life span and
allows some cells to differentiate (86). This can
confer a survival advantage as multicellularity
facilitates homeostasis; a longer-lived organ-
ism is likely to produce more progeny than
its shorter-lived counterparts; attack by herbi-
vores or pathogens may not obliterate the en-
tire organism; and damaged cells can be isolated
from the remaining healthy tissues (86). Fur-
thermore, multicellularity enables some cells
to differentiate, and there is evidence that dif-
ferentiation is associated largely with diversifi-

cation and the subsequent recruitment of cell
wall-related proteins. For example, in addition
to their role in cell-wall structure, the Volvox
pherophorins have a novel role as a diffusible
sex-inducer glycoprotein (104). Cell differen-
tiation in plants exists at the level of cell-wall
composition, with specific wall components be-
ing located within specific lineages (38, 39, 45,
84, 101, 102, 123, 131), tdssues, or cells, or it
can be regulated temporally or spatially within
a single cell (35, 67). Similarly, cell-wall dif-
ferentiation exists in macroalgae (24, 57), with
differences in polysaccharide components de-
pending on the species (42, 46, 63, 73), part of
the alga (64), developmental and life-cycle stage
(60), and season and habitat (57).

The inheritance of the machinery required
to synthesize (and potentially modify) a
specific cell-wall component is responsible
primarily for whether a specific component
can be present within a given lineage, with
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regulatory networks controlling whether the
component is synthesized, along with its
temporal and spatial localization (79, 119). The
existence of diversity in wall composition within
asingle plant can lead to difficulties when inves-
tigating cell-wall evolution. For example, xy-
loglucan was thought to be absent from the cell
walls of charophytes (101), but monoclonal an-
tibody labeling has since suggested its localiza-
tion in Chara antheridia (30), and a xyloglucan-
like polysaccharide has been reported to be
involved in cell-cell attachment in Spirogyra
(50). These findings complement the previous
identification of a xyloglucan-like polysaccha-
ride in the cell walls of a marine chlorophyte
(62). Adequate sampling to include different
cell types and different developmental stages as
well as different taxa is therefore essential (123).

In addition, it can be difficult to ascertain
whether a component is homologous when it is
found in distantly related taxa with quite differ-
entbody plans. For example, lignin is a phenolic
polymer typically associated with the cell walls

Popper et al.

of vascular plants. Its emergence is assumed
to have played a key role in the diversification
of land plants by providing structural support,
enabling plants to grow taller, enhancing light
interception and thereby primary productivity,
and facilitating development of a more efficient
water-transport system. Lignins are classified
as H-, G-, or S-lignins, depending on the type
of monolignol involved (138), with S-lignin
found only in certain lineages, specifically the
angiosperms and lycopods (53). However, the
HGS-lignins have been reported recently to
occur in developmentally specialized cell walls
from the red alga Calliarthron cheilosporioides
(78), which probably last shared a common an-
cestor with vascular plants over 1 billion years
ago. This is a peculiar and potentially anoma-
lous finding as lignin was believed to be present
only in vascular plants. However, for this
polymer to be considered truly homologous,
it should not only be structurally identical but
also be synthesized via the same biosynthetic
pathway. Although the lignin biosynthesis
pathway in Calliarthron has not been deduced,
it is known that S-lignins in lycopods and
angiosperms, which last shared a common
ancestor 400 Mya, are synthesized by distinctly
different biosynthetic pathways (138, 139) and
are therefore the result of convergent evolution
(103). In the particular case of the red alga in
which all three types of lignin were found, a
convergent evolution hypothesis would imply
the concomitant innovation of all the pathways
involved. This scenario is not the most parsi-
monious hypothesis. Therefore, an in-depth
analysis of the lignin biosynthesis pathways
in C. cheilosporioides is required to assess if this
is a case of convergent evolution or ancestral
inheritance.

Elucidation of the biochemical pathways
and complete genomes is essential to com-
prehend plant and algal cell-wall evolution.
Several sequencing projects have focused
on land plants, including Arabidopsis (129),
rice (51), poplar (134), Brachypodium (130),
Selaginella (currently being sequenced by the
Joint Genome Initiative, Department of En-
ergy, United States), and Physcomitrella patens
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b Charales

@ Peniaceae

Figure 4

Representatives of the charophycean green algae, showing their diversity of shape and growth form (multicellular, unicellular, and
colonial): (@) Coleochaete orbicularis, Coleochaetales; (b)) Chara corallina, Charales; (c) Spirogyra sp., Zygnemataceae; (d) Netrium digitus,
Mesotaenaiaceae; (¢) Penium margaritaceum, Peniaceae; (f) Micrasterias furcata, Desmidaceae; (g) Klebsormidium flaccidum,
Klebsormidiales; and (h) Chlorokybus atmophyticus, Chlorokybales. Images provided by D.S. Domozych.
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Figure 5

15 pm

17 pm

Penium margaritaceum (Peniaceae, Zygnematophyta) (#) under white light;

(&) labeled with JIMS5, a monoclonal antibody that recognizes epitopes present
in homogalacturonans; and (c) as a control for monoclonal antibody labeling in
which the primary antibody was eliminated during labeling. Images courtesy of

D.S. Domozych.

GT:

glycosyltransferase

(111), whereas only a few have focused on algae.
Furthermore, the majority of algal genomes
that have been sequenced are unicellular: the
red algae Cyanidioschyzon merolae and Galdieria
sulfuraria (6); the green algae Ostreococcus (25),
Chlamydomonas (80), and Micromonas (141); and
the diatoms Thalassiosira (3) and Phaeodactylum
(11). These microalgae have highly reduced or
modified walls, and only limited information
concerning cell-wall biosynthesis can be
derived from their genomes. This situation has
changed recently with the first publication of
the genome of a multicellular green alga, V. car-
teri (104), and two members of the CGA (128).
Together with the upcoming genome sequence
of the unicellular CGA P. margaritaceum
(Figure 5), these organisms will provide
additional tools to elucidate cell-wall evolution
in green plants.

This development is paralleled by the first
release of the genome sequence from a brown
seaweed, E. siliculosus (20; Figure 2), which
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represents an additional model for transition
to complex multicellularity and the potential
involvement of a cell wall. In addition, its
endosymbiotic history with a red alga has
provided the opportunity to investigate an-
cestral pathways shared between plants and
algae, notably genes involved in carbohydrate
metabolism (82, 83). Although a genome
sequence from a multicellular red alga is still
missing, further sequencing projects currently
underway on the red macroalgae Porphyra
umbilicalis (Joint Genome Institute, United
States; http://www.jgi.doe.gov/sequencing/
why/99171.html), Porphyra yezoensis (Kazusa
DNA Research Institute, Japan), and Chondrus
crispus (Genoscope, France; http://www.
sb-roscoff.fr/genomique-fonctionnelle-
recherche/364-le-projet-genome-de-
chondrus-crispus.html) should contribute
toward filling the gap. Future analyses of
these plant and algal genome sequences will
facilitate greatly our ability to address the many
questions relating to cell-wall evolution that
are still pending.

The complex mechanisms involved in cell-
wall biosynthesis and metabolism are currently
the foci of intense research but are not resolved
fully, even in land plants. Nonetheless, the in-
creasing amount of genomic data on plants
and algae provides opportunities to determine
which cell wall-related pathways are ancestral,
lineage-specific, or inherited through horizon-
tal or endosymbiotic gene transfers.

The polymerization of 1,3-glucans is
catalyzed by family 48 glycosyltransferases
(GT48) (16), which are absent in Bacteria and
Archaea but conserved in most Eukaryotes,
including fungi, plants (callose synthases),
oomycetes, and brown algae. The GT48 phy-
logenetic tree is congruent with the currently
accepted phylogeny of the Eukaryotes, indicat-
ing that the synthesis of 1,3-p-glucans is a very
ancient eukaryotic pathway (82). Other cell-
wall/extracellular matrix-related families of
GTs (GT14, GT47, and GT64) are conserved
between animals, plants, and brown algae and
are thus thought to be ancestral (83). These
GT families are involved in the biosynthesis of
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sulfated glycosaminoglycans in animals (127),
whereas they are mostly responsible for branch-
ing in pectins and xyloglucans in land plants
(52, 74). The exact specificity of these GTs in
brown algae is currently unknown. Family 8
glycosyltransferases (GT8) also are found in
fungi, animals, plants (16), and brown algae
(82). However, this GT family is polyspecific,
and not all enzymes are involved in cell-
wall/extracellular matrix metabolism. In plants,
the GAUT subfamily comprises galacturono-
syltransferases required for homogalacturonan
synthesis (143), but fungal and animal GT8s
are involved in glycogen metabolism (72)
and Notch receptor glycosylation (122). The
brown alga Ectocarpus possesses three GT8s,
one closely related to animal GT'8, whereas the
other GT8s cluster within the plant subfamily
PGSIP-B (143). GT43 also constitutes an
ancient eukaryotic protein family involved in
the metabolism of the extracellular matrix,
participating in glycosaminoglycan synthesis in
animals (127) and glucuronoxylan elongation
in land plants (65). This GT family is absent
in Ectocarpus (82) and was probably lost during
evolution of the brown algae. Conversely,
animals and all marine algae, irrespective of
their phylogenetic position, produce sulfated
polysaccharides as major extracellular matrix
components, whereas freshwater and land
plants do not (see the section Aquatic Habitats
below). Genomic comparison indicates that the
syntheses of sulfated polysaccharides involve
ancestral pathways conserved at least between
brown algae and animals. In contrast, key
enzymes, sulfatases and carbohydrate sulfo-
transferases are completely absent from plant
genomes (83; see the section Terrestrialization
below for further details).

Perhaps the most well-understood wall
biosynthetic machinery is the family of cel-
lulose synthase genes (CesA, family GT2),
implicated in cellulose biosynthesis, which,
similar to cellulose, are widespread among
Eukaryotes and Prokaryotes (115, 116, 132).
However, cellulose synthesis is not an ancestral
eukaryotic pathway in land plants. Molec-
ular evidence indicates that plants acquired

cellulose synthases from Cyanobacteria (90).
The sequence of the recently characterized
cellulose synthase from the red alga P. yezoensis
also clustered with cyanobacterial Ces4 (116),
confirming that cellulose synthase(s) was
acquired during primary endosymbiosis at the
base of the Archaeplastida supergroup. In the
CesAs phylogenetic tree, the cellulose synthases
from oomycetes and brown algae cluster close
to the cyanobacterial and red algal sequences,
suggesting that Stramenopiles acquired the
capacity to produce cellulose from their
rhodobionts (83). The molecular evidence is
consistent with differences in the structural
organization of cellulose synthase terminal
complexes found between brown, red, and
green algae and the CGA and land plants (132).
Cellulose synthases likely were lost by diatoms,
after the divergence from brown algae.

Many land-plant cell-wall components are
synthesized by genes that resulted from di-
versification of CesAs to cellulose synthase-like
(Csl) gene families (68, 144). Although seven to
eight Cs/ genes are encountered in seed plants,
only three are found in mosses (Cs{fACD]) and
only one, a unique gene most homologous to
CsiA and CsIC, is found in green algae (144).
This would imply the possible duplication of
the common ancestor of CsiA and Cs/C in
land plants subsequent to their divergence from
green algae. In land plants, Cs/4 and Cs/C have
been reported to be involved in mannan and
xyloglucan synthesis, respectively (68). Thus,
because mannan is present in the cell walls of
green algae, Yin et al. (144) suggested that the
ancestral Cs/[AC] gene might have been a man-
nan synthase. As multicellular red algae also are
known to contain mannan and glucomannan
(24, 64; Table 1), it would be interesting to
know if they additionally contain a gene with
high sequence homology to Csi/AC]. Such di-
versification of the CesA family is not observed
in Ectocarpus, although this brown alga possesses
a second Csl subfamily of actinobacterial origin
(83). Therefore, the expansion and diversifica-
tion of the CesA family appears to be trait spe-
cific to the Embryophytes, possibly related to
terrestrialization.
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The functional role of the Csi/[BDEG]
families remains unclear, but the Cs//FH7]
genes have been shown to be involved in MLG
synthesis in grasses (14, 15, 27, 113). MLG
was thought previously to be restricted to the
cell walls of the Poales (131) and was seen as a
substantial innovation of this taxon. However,
it now has been reported to occur in fungi
(13, 98), brown algae (103), red algae (64),
green algae (33), and horsetails (Equisetum
spp.) (39, 124). Because all these taxa, with the
exception of the Poales, existed prior to the
divergence of Cs/[FHY], this lends support for
multiple origins of the polymer (13) but adds
uncertainty to elucidating the mechanism by
which MLG is synthesized in these groups.
The existence of a sulfated MLG in red algae
(64) suggests that wall components likely can
be modified differentially depending on the
presence of co-occurring biosynthetic genes,
which may be regulated environmentally (see
the section Aquatic Habitats below).

The origin of some cell-wall components
and of their biosynthetic enzymes remains un-
clear. For instance, xyloglucan endohydrolase
(XEH) and xyloglucan endotransglucosylase
(XET) are homologous enzymes involved in
xyloglucan metabolism. XEH hydrolyzes the
xyloglucan backbone, whereas XET carries
out interpolymeric grafting between two
xyloglucan molecules. XET and XEH both
belong to the large polyspecific family GH16
(5), which notably encompasses the laminari-
nases, lichenases, 3-agarases, k-carrageenases,
and the recently discovered (-porphyranases
(46). Structural and phylogenetic analyses
demonstrated that XET diverged later from
an ancestral glycosylhydrolase (GH) (81).
Similarly XEH has been shown to have evolved
secondarily from an ancestral XET (8). Inter-
estingly, an enzyme has been isolated recently
from Egquiseturn and charophytic algae that has
MLG:xyloglucan endotransglucosylase (MXE)
activity and grafts MLG to xyloglucan (38).
The existence of MXE activity in charophytes
is intriguing because it was thought that xy-
loglucan was lacking from their cell walls (101).
Immunocytochemistry since has suggested
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that xyloglucan is localized to the antheridia in
Chara (30), so MXE may be involved in expan-
sive growth of these cells. MXE activity has
been suggested as a primordial feature of plant
cell walls (38). To confirm such a hypothesis,
one would need to clone the gene corre-
sponding to this novel activity. An enticing
speculation is that MXE could be a new mem-
ber of family GH16 and would share a close
common ancestor with XET. The subsequent
steps to test Fry and coworkers’ (38) hypothesis
would be to confirm the presence of an MXE
gene in the CGA and to compare the sequence
between different CGA members. How-
ever, although P. margaritaceum (Figure 5)
is being sequenced currently, only a few
members of the CGA have been sequenced
fully and annotated to date (128).

Besides the divergence of ancestral genes
and the transfer of genes during major en-
dosymbiotic events, the evolution of algal and
plant cell walls also is likely to have been in-
fluenced by horizontal gene transfer in specific
lineages. This is clearly the case in the green
alga Micromonas, which surprisingly possesses
several genes involved in the biosynthesis of
bacterial peptidoglycan (141). Analysis of the
Ectocarpus genome also found that significant
horizontal gene transfer probably occurred
with an actinobacterium, leading to the de
novo acquisition of an additional pathway for
carbon storage, based on mannitol (82). This
horizontal gene transfer also provided several
crucial cell-wall polysaccharides, alginates, and
some hemicellulose-like polymers produced
by a new subfamily of GT2. This horizontal
gene transfer event was a turning point in
the evolution of brown algae toward the
acquisition of complex multicellularity (83).

The comparison of the numbers of genes
within each GH and GT family from sequenced
plants and algae provides additional insight into
the evolution and diversification of cell wall-
related polysaccharides. The available genomes
of unicellular red and green algae suggest
that they are significantly poorer in cell wall-
related genes than flowering plants (82, 83; see
Table 2). This is not unexpected as these
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microalgae feature reduced or highly modified
cell walls. Ectocarpus has a total of 41 GHs and
88 GTs (82), with fewer members per fam-
ily than Arabidopsis (which has 730 GH and
GTs) (48). However, this multicellular brown
alga shares many cell wall-related families with
plants (GT2, GT8, GT14, GT47, GT48, and
GT64). Anotable difference is the lack of GT43
and of XET/XEH (GH16), which can be ex-
plained by the apparent absence of xyloglucan
in brown algae.

With the exception of the GT47 fam-
ily in mosses, moss and lycopod genomes
have smaller GT family sizes (16) (Table 2).
However, although Selaginells has a smaller
XET/XEH family than do Arabidopsis and
rice, the number of members in Physcomitrella
is comparable directly with that in rice
(Table 2). This could reflect loss within the
lycopod lineage, but it also could suggest that
XET/XEH family members may have some dif-
ferent roles in the moss. The flowering plants
Arabidopsis and rice have comparable numbers
of genes in each family, with the exception of
the GT43 family for which there are more
members present in rice (Table 2). GT43 is
involved in the synthesis of the xylan back-
bone of hemicelluloses. The increased GT43
family size in rice most likely correlates with
the known existence of a greater concentra-
tion of (glucuronoarabino)xylan with a high de-
gree of structural complexity in grass cell walls
(137). By contrast, the poplar genome contains
1.6 times more CAZymes than does Arabidop-
sis, with most families increased proportionally,
although xylan- and pectin-related families are
underrepresented. However, profound changes
occur in the CAZyme transcriptomes, with reg-
ulation being related to tissue type (40). As an-
other example of gene family size, P. patens has
been shown to contain only two of the four ex-
pansin families usually found in angiosperms
(18). However, this is balanced by an increased
number and divergence of the genes from the
extant families in the moss, which would imply
that it is a functional advantage for the plant
to maintain large multigenic families. Inter-
estingly, no expansin homologs are found in

Ectocarpus, suggesting that different mecha-
nisms of cell-wall remodeling exist in brown
algae (83). Altogether, the emergence of the
Streptophytes appears to be associated with
an expansion and diversification of cell wall-
related genes (103, 144).

Cell-Cell Communication

Multicellularity requires the ability of inter-
cellular communication, and plants and green,
red, and brown algae have developed at least
two methods to enable cell-cell communica-
tion networks. First, specialized pores within
the cell wall known as plasmodesmata have
evolved independently in several lineages, in-
cluding the land plants, CGA, and some mem-
bers of the green and brown algae (108). They
enable the movement of molecules, potentially
including those involved in signaling, across
adjoining cell walls. Second, these organisms
may use molecules that can diffuse across, or
are located within, the cell wall as signaling
molecules; these may be relatively unspecialized
chemicals such as nutrients or highly specialized
molecules. Arabinogalactan proteins represent
a hugely diverse group of wall components that
may act as soluble signals (121) and have been
demonstrated to have a widespread occurrence
in plants and algae (28, 33, 66, 103).

Unicellularity

Unicellularity may exist as part of the life cycle
of a multicellular plant or alga. For example,
motile (or nonmotile) gametes and asexual
spores (e.g. zoospores, aplanospores) represent
specialized differentiated unicells derived from
multicellular thalli. However, currently it is
thought that the majority of taxa within the
Eukaryotes are actually unicellular organisms
(4). Surprisingly, even unicellular algae whose
wall composition is extremely modified or
reduced may provide new insight into the
evolution of the wall. For example, C. merolae,
an essentially wall-less red alga, contains
genes involved in the extracellular matrix (6).
The green alga Ostreococcus, also wall-less,
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contains a gene related to Cs/4 and Cs/C desig-
nated Cs/A/CsIC (144), which has products that
may be involved in cell-surface glycosylation to
help protect the alga from grazers (94). These
observations suggest that some wall compo-
nents may have evolved initially to fulfill a role
that was not involved primarily in cell-wall
structure and that the genes involved in their
synthesis were later co-opted and diversified
for participation in cell-wall biosynthesis. The
same is true for individual sugar residues of
specific wall polymers. For example, rhamno-
galacturonan II (RGII) has a highly conserved
structure and is presentin all vascular plants (79)
but has not been detected in green algae (31).
However, RGII contains some highly unusual
sugar residues, including 3-deoxy-D-manno-2-
octulosonic acid (Kdo) (145), which is found
also in the scales or theca of the Prasinophyceae
(31). Furthermore, the sequence for CMP-Kdo
synthetase required for generating the acti-
vated sugar donor needed for synthesis of wall
polymers containing Kdo has been found in
land plants as well as in gram-negative Eubac-
teria (117). The genes required for biosynthesis
therefore appear to have ancient origins al-
though the polymer is likely to be an innovation
of the land plants potentially resulting from
the selection pressures experienced during
terrestrialization.

TERRESTRIALIZATION,
VASCULARIZATION, AND
DIVERSIFICATION

Aquatic Habitats

Terrestrialization, and the subsequent taxo-
nomic proliferation of land plants, was predated
by a divergence between the Chlorophyte and
the Streptophyte lineages. This is correlated
strongly with a change in habitat preference
from saline to freshwater (10). These transi-
tions are accompanied by a major alteration in
cell wall-polysaccharide composition such that,
although the majority of marine Chlorophytes
contain sulfated cell-wall polysaccharides (63,
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106), they are largely absent from the freshwa-
ter GCA and their descendants (Table 1).

Interestingly, sulfated carbohydrate poly-
mers are widespread in nature, occurring in
a great variety of organisms: in the cell walls
of marine angiosperms; in marine green, red,
and brown algae (Table 1); in the extracellular
matrix of vertebrate tissues; and in invertebrate
species (2). As such, the terrestrial and fresh-
water plants, which are not known to contain
sulfated polysaccharides, or genes involved
in sulfation of such polymers are more the
exception than the rule. Although the ability
to produce sulfated cell-wall polysaccharides
might have been lost in freshwater and land
plants, marine angiosperms such as Zostera
marina are believed to have regained this ability
as a result of a physiological adaptation to their
secondary exploitation of marine habitats (75).
There is strong evidence that the occurrence
of sulfated polysaccharides in phylogenetically
distant taxa is a case of convergent adaptation
to highly ionic environments (seawater for
marine plants and algae and physiological
saline serum for vertebrate tissues).

Sulfated wall polysaccharides from marine
plants and algae may confer an adaptive advan-
tage through possible structural and osmotic
functions that are correlated with an envi-
ronmental pressure. Analysis of the Ectocarpus
genome led Michel et al. (83) to suggest that,
similar to metazoan glycosaminoglycans (127),
sulfated fucans may be polymerized as neutral
polysaccharides and then subsequently modi-
fied by specific sulfotransferases and sulfatases.
Several candidate genes with homology to
known carbohydrate sulfotransferases were
found in Ectocarpus that most likely enable
sulfation at different positions on the fucan
backbone (83). The fucan could be remodeled
further by the action of sulfatases, of which
nine were found to be present in the Ectocarpus
genome (83). As many as 16 sulfatases also have
been found in Chlamydomonas (80), and this
increased number of sulfatases could represent
a diversity of substrate specificities, potentially
including sulfated MLG.



Annu. Rev. Plant Biol. 2011.62:567-590. Downloaded from www.annualreviews.org
by Washington State University on 08/22/11. For personal use only.

Although further evidence is required, early
emerging freshwater and terrestrial organisms
may have had a demand for sulfur that was in ex-
cess of that available in terrestrial and freshwa-
ter habitats (109), such that the requirement for
sulfate may have become a limiting factor and
therefore may have selected against organisms
in a terrestrial environment, potentially result-
ing in the lack of carbohydrate sulfotransferases
and sulfatases from the genomes of freshwater
algae and land plants and sulfated polysaccha-
rides from their cell walls (83).

Terrestrialization

Although the precise phylogeny of the CGA is
still disputed (Figure 3), there is relative con-
sensus thatland plants compose a monophyletic
group of photosynthetic organisms that di-
verged from within the CGA 430-470 Mya
(55). This was a pivotal event in the history of
the tree of life and of the Earth as colonization
of the land by green multicellular plants not
only led to their own diversification, but also
enabled the existence of terrestrial animals and
altered the Earth’s geology and climate (88).
However, to colonize successfully the terres-
trial habitat, the ancestors of land plants had to
evolve effective strategies to cope with a rela-
tively inhospitable environment in which they
faced several constraints.

Some of the most immediate constraints to
a successful terrestrial existence are not related
specifically to the cell wall and include gas dif-
fusion, dehydration, osmotic stress, and nitro-
gen availability. However, some cell wall char-
acteristics may have facilitated survival on land.
Multicellularity, although only secondarily in-
volving the cell wall, is thought to confer some
desiccation tolerance (86).

By allowing for increased size, multicellu-
larity and differentiation help reduce the rate
of desiccation (86), but they also bring about
the requirement for long-distance transport.
A unicellular photoautotroph carries out
photosynthesis and respiration in the same cell,
and cytoplasmic streaming and diffusion are

adequate to meet metabolic needs. These same
mechanisms also would suffice in terrestrial
multicellular organisms but limit greatly the
attainable size, particularly in potentially
desiccating terrestrial habitats, such that even
early diverging land plants, including many
bryophytes, have some conducting tissues (the
hydrome and leptome) (86, 110). However, a
more elaborate mechanism designed for long-
distance transport is present in the vascular
plants, and an analogous system exists in several
complex brown algae, including Macrocystis (70,
96), Laminaria (34), and members of the Fucales
(26), which are related only distantly to recently
sequenced Ectocarpus. 'This system facilitates
the movement of photosynthate (mannitol in
the brown algae, and sucrose and other sugars
in vascular plants) from source to sink. In vascu-
lar plants, water is also transported, in this case
from the roots to the lamina. The capability
of long-distance transport therefore has arisen
independently at least twice within photosyn-
thetic Eukaryotes. Additionally, although they
are not homologous, these Eukaryotes share
some distinct characteristics for long-distance
transport (70, 71). For example, the specialized
transport cells or trumpet hyphae of the
Laminariales appear to develop by controlled
digestion of the end walls of specific cells (142);
this is also the case for the xylem and phloem
of vascular plants. Vascular plants subsequently
deposit wall components such as lignin within
their vascular tissues. However, this is likely
to have evolved as a strengthening mechanism,
enabling upright growth in a terrestrial envi-
ronment. Interestingly, the sieve plates in plants
and Laminariales are made of 1,3-B-glucans
(71). Even though the sieve elements have
evolved independently in plants and brown
algae, their biogenesis likely involved 1,3-f3-
glucan synthases, which are ancestral GT48s
(82).

A terrestrial existence also subjected plants
and algae to increased ultraviolet (UV) ra-
diation; water attenuates some UV radiation
and enables some behavioral responses, such
as movement within the water column (109).
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UV radiation can lead to DNA damage as well
as reduced primary productivity and survival
rates. It thus might be expected that it would be
advantageous for land plants to develop UV
screening mechanisms. Lignin-like phenolic
compounds are deposited in the cell walls of
a variety of the CGA and are thought to
protect against desiccation (59), making them
prime candidates for such a role, thus po-
tentially exhibiting a dual function. Similarly,
marine macroalgae accumulate photoprotec-
tive phenolic compounds such as mycosporine-
like amino acids (derived via the shikimate
pathway) and phlorotannins (synthesized from
the acetate-melonate pathway) in their walls
in response to UV exposure (120). Both the
shikimate and acetate-melonate pathways are
present in land plants (112), making it plausi-
ble that the earliest diverging land plants could
employ (and extend) a pre-existing strategy for
coping with high UV light.

Phlorotannins are produced by polymeriza-
tion of phloroglucinol and are known only from
brown algae; in addition to UV protection, they
have arole in discouraging grazing (135) and in-
hibit enzyme activity and potentially digestion
(7). Tannins present in vascular plants (102)
have similar properties, and their occurrence in
vascular plants correlates with expanded num-
bers of mammalian grazers (105).

The ability of vascular plants to synthesize
and deposit phenolic compounds within cell
walls (in this case, lignins) also played a role
in providing more strength, which increased
the attainable height and improved water trans-
port efficiency. This would have given the
plants a competitive advantage by supporting
greater primary productivity and reduced shad-
ing, enabling the capture of more incident light
energy while facilitating higher water trans-
port rates. In aquatic environments, macroalgal
thalli are supported by buoyancy and have less
of a requirement for additional strengthening
to enable increased upright growth; microalgae
and colonial or filamentous algae simply move
within the water column. This makes the dis-
covery of lignin in a red alga, as discussed above,
all the more intriguing (78).
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Innate Immunity

Cell-wall integrity sensing is a trait, shared be-
tween land plants and algae, which enables the
effective activation of the host defense mecha-
nisms during pathogen ingress. Cell-wall frag-
ments can elicit signals leading to a defense
response. In land plants, the oligogalacturonic
acids are the best-characterized wall-derived
elicitors (47, 114). Examples of the perception
of endogenous oligosaccharides also are known
from red and brown macroalgae (23, 61). Al-
though signal perception and relay are poorly
understood in macroalgae compared with in
land plants, some basic signaling mechanisms
appear to be conserved (23). Additional wall
sensors have been described from land plants,
including the pectin-binding wall-associated
kinases (58). Plasma membrane-bound cell sur-
face sensors known as WSCs characterized
from yeast (22) have no apparent homologs in
land plants. However, they have been found in
the Ectocarpus genome, in which they are likely
to bind algal polysaccharides (20). These simi-
larities raise questions regarding the origin and
evolution of cell-wall involvement in innate im-
munity in Eukaryotes.

CONCLUSIONS AND
KEY PROBLEMS

Some variation in algal wall composition (57)
appears to have taxonomic relevance; an 7bcL-
based phylogeny of the Rhodophyta clus-
tered those families that synthesize typical car-
rageenans in their cell walls in a monophyletic
group (36). However, based on evidence cur-
rently available, it is virtually impossible to as-
certain how algal cell walls may have changed
during the evolution of the many different taxa.
There are several reasons for this. First, the
extant photosynthetic marine organisms are
hugely diverse at the higher taxonomic levels
(107). This means that there is greater mor-
phological, biochemical, and genetic variation
between individual marine photosynthetic taxa
than there is within the taxa that make up the
Streptophytina (CGA and land plants) (107).
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Second, there is a lack of genome-level analysis
of the marine photosynthetic organisms, with
few algal genomes sequenced and annotated
and insufficient characterization of wall bio-
chemistry. However, more significantly, their
phylogenies are not well resolved, particularly
within the Rhodophyta (36), making it highly
speculative to relate known differences, in mor-
phology and biochemistry, between different
taxa to any specific evolutionary scenarios. Fur-
ther complicating the picture is that much of
the variation seen in algal wall composition is
highly dependent on habitat, season, and life-
cycle stage. For example, the green alga Acetab-
ularia has mannan-rich cell walls, but the walls
of its cysts are rich in cellulose (71). Conse-
quently, although cell-wall biochemistry could
enrich our understanding of algal evolution, it
is currently at an extremely preliminary stage,
and extensive research is required to elucidate
the relationship between wall composition and
evolution in algae.

The evolutionary relationships within al-
gae contrast with those in the CGA and land
plants, which form a monophyletic group. The
members of this group have a high degree of

SUMMARY POINTS

similarity in their overall wall composition (30,
101, 123), but subtle changes in wall chem-
istry, such as structural diversity within specific
wall components, or changes in their propor-
tional contribution to wall composition, occur
that have phylogenetic consistency (99, 123):
for example, the occurrence of novel uronic
acid—containing side chains in bryophytes, eq-
uisetophytes, and lycopodiophytes (97) and the
presence of 3-O-methylrhamnose in place of
the nonreducing rhamnose residue on the ac-
eric acid—containing side chain of RGII in some
lycopodiophytes and pteridophytes (79). In ad-
dition, there are some tissue-specific alterations
that are linked to growth habit, such as depo-
sition of lignin in the secondary cell walls of
vascular plants.

It is likely that in the future evolutionary in-
ferences may be made regarding plant and algal
wall composition that may deepen our under-
standing of the evolution of these organisms.
However, this will require more resolved eu-
karyotic phylogenies as well as more detailed
knowledge regarding the wall composition and
biosynthesis in a far broader range of plants and
algae.

1. Most photosynthetic multicellular Eukaryotes, including land plants and algae, have a

carbohydrate-rich cell wall.

2. Variation and diversity in the cell-wall composition of the monophyletic group consisting

of the CGA and land plants are cell, tissue, temporally, and species specific.

3. Key changes in cell-wall composition can be mapped onto a phylogeny of the CGA and

land plants, and they appear to have accompanied major evolutionary events such as

terrestrialization and vascularization.

4. Algae have walls that have a composition that is markedly different from the CGA and
land plants although the complex relationships between land plants and algae explain

some shared cell-wall components. However, the currentavailable information regarding

eukaryotic algal phylogenies, algal cell-wall compositions, and the machinery employed

in algal cell-wall biosynthesis precludes conclusive hypotheses to be drawn with respect
to the evolution of cell walls at lower taxonomic ranks (e.g. species) known to occur

within algal lineages.

5. Algal cell walls, similar to land plants, exhibit variation in cell-wall composition dependent
on the part of the thallus, developmental stage, and season, which results from regulation
of cell-wall biosynthesis rather than the presence or absence of specific genes.
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FUTURE ISSUES
1. Structural and biochemical constituents of cell-wall components from an increased di-
versity of plant and algal cell walls need to be characterized.

2. Genes involved in the synthesis of a greater number of cell-wall components should be
identified, along with their distribution among living organisms.

3. The function of wall-related genes should be elucidated.

4. Mechanisms of wall metabolism and interactions between wall components need to be
understood more fully.

5. Cell-, tissue-, species- and temporally specific localizations of wall components should
be investigated in vivo.

6. The regulation of cell-wall-specific genes needs to be elucidated more fully.
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