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The Charophycean green algae (CGA) occupy a key phylogenetic position as the evolutionary grade that includes the
sister group of the land plants (embryophytes), and so provide potentially valuable experimental systems to study the
development and evolution of traits that were necessary for terrestrial colonization. The nature and molecular bases of
such traits are still being determined, but one critical adaptation is thought to have been the evolution of a complex cell
wall. Very little is known about the identity, origins and diversity of the biosynthetic machinery producing the major
suites of structural polymers (i.e., cell wall polysaccharides and associated molecules) that must have been in place for
land colonization. However, it has been suggested that the success of the earliest land plants was partly based on the
frequency of gene duplication, and possibly whole genome duplications, during times of radical habitat changes. Orders
of the CGA span early diverging taxa retaining more ancestral characters, through complex multicellular organisms with
morphological characteristics resembling those of land plants. Examination of gene diversity and evolution within the
CGA could help reveal when and how the molecular pathways required for synthesis of key structural polymers in land

plants arose.

Approximately 470-500 million years ago, members of the
Charophycean green algae (CGA) developed the capacity to
colonize progressively drier habitats, ultimately giving rise to the
first land plants (embryophytes)." This remarkable transition from
an aquatic to a terrestrial environment would have necessitated
a wide range of structural and physiological adaptations in order
to tolerate the stresses associated with life on land, such as
desiccation and UV radiation, and also to succeed in the absence
of water to support the plant body and to distribute progeny."”
However, while various features that are critical for life on land
can be inferred, the molecular bases of these adaptations are still
not well understood. Moreover, it is clear that the identities of
many biochemical and regulatory pathways that were critical in
this remarkable phase of plant evolution are still to be revealed.
One approach to address these questions is to study members
of the extant CGA, comprising diverse taxonomic lineages of a
phylogenetic grade (Fig.1) that range morphologically from
single-celled algae to structurally complex multicellular organisms
that morphologically resemble embryophytes. The question of the
precise phylogenetic relationships of various clades within the
CGA and the placement of the immediate ancestor of land plants
is still controversial; however, recent evidence supports either the
Zygnematales or a Zygnematales/Coleochactales clade as sister to
the land plants® and not the Charales, as previously speculated.*
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Current determinations of the evolutionary relationships between
CGA taxa have been based largely on sequencing only a few genes
across representative species from the major CGA groups, which
provides limited resolution. This will undoubtedly change in the
very near future as new DNA sequencing technologies allow
rapid, high-throughput and cheap access to genomic and trans-
criptomic information.>® Indeed, while there is not yet a reference
genome available for any CGA species, the first larger data sets
derived from several CGA transcriptomes have recently been
published.””

In addition to DNA sequencing, studies of specific aspects of
plant biology are helping to resolve some of the adaptive traits that
were necessary in the first land plants. One of the most important
was likely to have been the development of a complex cell wall,
which would have been needed to provide both structural support
and defense against biotic stresses. Indeed, a recent study of the
cell wall architecture and composition® of a variety of CGA species
suggested an evolutionary pattern that is largely consistent with
established phylogenies based on ultra-structural and molecular
data (Fig.2). Specifically, the CGA can be divided into a
‘ancestral” group relative to land plants and an advanced group
that have more complex cell wall compositions and morphologies
(Fig.1). The results further indicate that the capacity to
synthesize key cell wall polysaccharide architectural networks, as
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Figure 1. Phylogenetic relationships of green plant taxa. The question
mark refers to the currently unresolved question of which group
represents the immediate sister group to land plants. The dashed line
marks the split between clades with “ancestral” (An) cell walls and those
with features indicative of “advanced” (Ad), or land plant-like cell walls. It
should be noted that Embryophyta has diverged substantially to occupy
diverse habitats and consequently a wide range of morphologies are
recognized. The image here shows a single species from one of the
approximately 60 orders within the APG (Angiosperm Phylogeny Group)
Il system."®

well as the major wall component lignin, arose at some point
during divergence and radiation of the CGA. Accordingly, a
substantial expansion in cell wall polysaccharide diversity® and
genetic evidence of biosynthetic capacity (unpublished data) is
seen specifically in the Zygnematales when compared to earlier
diverging clades such as Mesostigmatales and Chlorokybales. This
trend is evidenced by the relative representation and abundance of
genes that can be associated with the synthesis and modification
of cellulose, hemicelluloses and pectins.”®

The evolutionary origins of other structures that are crucial
for the success of land plants, such as a hydrophobic cuticle,
and other mechanisms for reproduction and survival are likely to
be revealed through similar comparative studies of the CGA. We
propose that one important driving force underlying the deve-
lopment of many essential adaptations could have been whole
genome duplication (WGD-polyploidy’). This evolutionary
process has not only been suggested to be responsible for the
remarkable radiation of angiosperms, but is also likely to be
responsible for up to 15% of angiosperm speciation events.'’
WGD allows for gene families and even whole pathways to
expand and develop through processes such as gene retention,
sub-functionalization and neo-functionalization.'""'* There has
been considerable speculation about this issue for some time,
but while there is some evidence that polyploidy exists in
specific CGA lineages, such as Charales, Coleochaetales and
Zygnematales,'” strong experimental evidence for nuclear genome
condition within the CGA has not been reported.

In addition to the evolutionary questions, CGA species offer
potentially valuable experimental model systems to study many
aspects of plant biology. Specifically, it has proven to be difficult
to elucidate which gene products are responsible for wall bio-
synthesis, modification and degradation of cell wall components,
apparently in part because of the redundancy of the members of
large gene-families.'*"® Initial surveys suggest that while CGA that
share more recent ancestry with land plants have walls that are
remarkably similar to those of land plants, their families of cell
wall biosynthetic genes are generally smaller. Moreover, CGA
species provide an opportunity to work with unicellular organisms
that are readily cultured and manipulated'” and a recent report
of successful transformation of Closterium'® adds to the value of
the CGA as model organisms. We conclude that CGA species
are emerging as valuable systems to study not just cell walls, but
many other aspects of plant growth, development and environ-
mental adaptations.
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Figure 2. Cladogram showing the relationships amongst 10 CGA species based on cell wall polymer structure, interpreted from glycan array and linkage
analysis data (www.bioinf.ebc.ee/EP/EP/EPCLUST; default settings with UPGMA clustering based on Euclidean distance). Colors indicate clade of species
analyzed: Coleochaetales (purple), Charales (blue), Zygnematales (brown), Klebsormidiales (orange), Chlorokybales (green).
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