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Cellulose and the Evolution of

Plant Life

The physical and biological properties of cellulose have made it
the most abundant molecule in the biosphere

Luc C. Duchesne and D. W. Larson

he biosphere is dominated by

land-plant biomass. An esti-

mated 99.9% of the global
standing crop, the total quantity of
biomass present in the biosphere, is
classified as vegetation (Lieth and
Whittaker 1975). Primary produc-
tion, the yearly contribution of plant
life to the standing crop, represents
97.7% of the total annual global pro-
duction. Although marine plant life
(including phytoplankton) makes up
32% of the total annual primary pro-
duction, it represents only 0.2% of
the global standing crop (Woodwell
et al. 1978). Therefore, terrestrial
vegetation constitutes almost all of
the biomass on earth.

Plant biomass is primarily com-
prised of cell wall materials, which
therefore represent the vast majority
of the dry weight of living tissues
(Figure 1a). Between 40% and 60%
of the total mass of the cell wall is
comprised of cellulose, a polymer of
100-15,000 units of B-1,4 glucose
(Figure 1b) (Cote 1977, Delmer 1987,
Stamm 1964), depending on the plant
tissue and species. The remainder of
the cell wall includes hemicelluloses,
lignin polymers, and pectic sub-
stances deposited differentially in the
several cell wall layers (Cote 1977,
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The presence of
cellulose microfibrils in
cell walls may be one
of the most critical
factors in the evolution
of modern plant life

Panshin and de Zeeuw 1980). If one
accepts Lieth and Whittaker’s (1975)
estimate of the total standing crop to
be 1.841 x 10? tons produced at the
rate of 1.7 X 10! tons per year, and
if roughly 50% of this weight is cel-
lulose, then the existing global stand-
ing crop contains approximately 9.2
x 10! tons of cellulose, produced at
the annual rate of 0.85 x 10! tons
per year. In view of the enormous
biochemical and phylogenetic diver-
sity of living systems, it seems
remarkable that one compound, cel-
lulose, should contribute so signifi-
cantly to the bulk of the biomass on
earth.

Cell walls of modern terrestrial
multicellular plants are cemented to-
gether with lamellar structures con-
taining cellulose microfibrils, which
are bundles of approximately 80 mol-
ecules of cellulose (Jensen and Salis-
bury 1982). These cellulose microfi-
brils, embedded in the cell walls in a
matrix of amorphous polysaccha-
rides, ligin polymers, polyphenolic
materials, and proteins (Preston
1974), appear to be a critical factor in
the evolution of modern plant life.

A number of authors have specu-
lated about the role of the cell wall in
the evolution of life (Bartnicki-Garcia
1984, Preston 1974, Swain 1971) and
the mechanisms of cellulose and cell-
wall biosynthesis (Colvin 1982, Del-
mer 1987). In this paper, we analyze
the functional characteristics of cellu-
lose to explain its widespread occur-
rence in the biosphere. We explore
the evolution of cellulose and other
aquatic plant wall materials and ex-
amine why cellulose has been univer-
sally selected as a major wall compo-
nent of terrestrial plants.

The appearance of cellulose

The first cells on earth were hetero-
trophic microbes. They inhabited re-
ducing aquatic environments contain-
ing organic molecules that could be
used directly in metabolism (Horo-
witz 1945). Unlike most modern uni-
cellular organisms, ancestral cells
probably resembled protoplasts,
bounded by only a primitive selec-
tively permeable envelope (Bartnicki-
Garcia 1984). Because protoplasts
lack the mechanical support provided
by the cell wall, they must maintain
low turgor pressure and remain in
osmotic equilibrium with the sub-
strate.

Two features of the ancestral cells
can be deduced from their lack of cell
walls. First, because low environmen-
tal concentrations of solutes are asso-
ciated with slow metabolism and sol-
ute-rich environments favor greater
metabolic activities (Bartnicki-Garcia
1984), ancestral cells’ low turgor
must have limited their metabolic
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rate. Second, the cells must have com-
peted among themselves for the re-
ducing power contained in the envi-
ronment. Most of them must have
eventually died out as resources in the
medium were depleted. Under these
conditions, strong selection pressures
would have favored autotrophism to
reduce competition. Autotrophism re-
quires higher internal solute concen-
trations than does primitive hetero-
trophism because of a more complex
cellular machinery, and would have
favored the evolution of cell walls.

Present evidence indicates that
primitive cell walls appeared by 3.5
billion years ago (Bartnicki-Garcia
1984). Evolution of a cell wall would
have resulted in increased survival
because the wall protects the cell from
changes in osmolarity. Cell wall evo-
lution could also have permitted
higher concentration of cellular sol-
utes that led to greater metabolic
rates and, ultimately, capacity for
faster growth and colonization of hy-
potonic environments.

The mechanical function of cell
walls in the regulation of turgor pres-
sure must have given a tremendous
advantage to the ancestral walled or-
ganisms compared with their non-
walled competitors. The random mu-
tations responsible for cell-wall
evolution probably resulted in an ini-
tial diversity in the chemical nature of
these walls. Some of this variation
was retained provided that turgor
regulation was not impeded; the vari-
ation can be observed today in the
variety of materials—including silica,
amorphous polysaccharides, and
microfibrillar polysaccharides such as
chitin and cellulose—that give mod-
ern plants their mechanical strength.
Modern land plants, however, all
have cellulose microfibrils as a wall
component. We speculate that cellu-
lose, as compared with other kinds of
wall materials, originally did little to
directly enhance the mechanical
strength of primitive aquatic plants,
but the passage of plant life to terres-
trial environments selected for the
universal presence of cellulose in land
plants.

Cellulose and terrestrial plants

Selection pressures encountered on
land—in the form of gravity, wind,
and dessication—differ dramatically
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from those in aquatic environments.
The mechanical support afforded by
cellulose, which was of little use in
aquatic ecosystems, was favored un-
der these conditions. The appearance
of structures such as stems and leaves
(Percival and McDowell 1981) al-
lowed for the extension of plant life
above the earth’s surface, but it is
difficult to appreciate from the out-
ward appearance of these organs how
their growth, form, and behavior are
influenced by the characteristics of
their cell walls.

The mature cell wall, which is com-
posed of primary and secondary lay-
ers (Figure 1a), is a rigid structure
responsible for the shape and me-
chanical support of the cell and for
regulating turgor pressure (Preston
1979). The significance of mechanical
support is particularly evident for tall
trees such as redwoods, whose tre-
mendous structures are supported
primarily by the physical properties
of strongly interconnected cell walls
(Figure 2). On the other hand, the
wall must be plastic and extensible so
that changes in shape and size are
accommodated by the primary wall at
least during early plant growth (Vian
1982). For instance, it is not unusual
for leaf cortical pallisade or paren-
chyma cells to show a 500-fold in-
crease in volume as compared to me-
ristematic cells, from which they are
derived (Greulach 1973). Growth and
survival is a direct result of the inter-
action of these two cell-wall proper-
ties.

Physical properties of cellulose

One of the roles of cellulose in plants
is in cytomorphogenesis. In plants,
the polarity of cell division and cell
shape have long been known to be
associated with the orientation of the
cellulose microfibrils in the primary
wall (Colvin 1982, Green 1980,
1984, Taiz 1984), whose deposition
is the result of polar exocytosis of
wall materials (Schnepf 1986). In
turn, cell shape and the spatial ar-
rangement of cells as defined by the
polarity of cell division provide plants
with the ability to form the basic
architecture of various tissues re-
quired for light and nutrient acquisi-
tion. Clearly, a microfibrillar cell wall
capable of cytomorphogenesis must
be favored by natural selection in

Figure 1. a. Typical cell-wall structure of
woody cells of vascular plants. ML, mid-
dle lamellae; P, primary wall; S, second-
ary cell wall; S;, S,, and S;, different
layers of the secondary cell wall; L, lumen
of the cell. b. The cellulose molecule. 100—
15,000 units of B-1,4 glucose are linked
together in long chains that are included
in cellulose microfibrils. Dashed lines in-
dicate hydrogen bonding.

those instances where survival is
closely linked to competition for light
and nutrients.

In the plant cell wall, the bundles of
cellulose molecules in the microfibrils
provide the wall with tensile strength.
The tensile strength of cellulose
microfibrils is as high as 110 kg/mm?,
or approximately 2.5 times that of the
strongest steel in laboratory condi-
tions (Stamm 1964). When cellulose
is wetted, as in the cell walls, its
tensile strength declines rapidly, sig-
nificantly reducing its ability to pro-
vide mechanical support. But in bio-
logical systems, the cellulose skeleton
is embedded in a matrix of pectin,
hemicellulose, and lignin that act as
waterproofing and strengthening ma-
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Woodland area in Duval County, FL. Photo: K. Cunningham.

terials (Stamm 1964). Lignin also
plays an important role in protecting
plants against pests and in rendering
inert phytotoxic phenolic com-
pounds, from which lignin is formed.

Three other cell wall constituents
are also known to form microfibrillar
structures that contribute to wall
strength. In some algae, $-1,4 man-
nans and B-1,3 xylans are known to
form microfibrils, but these two mol-
ecules are considerably weaker than
cellulose or are chemically unstable
(Preston 1979). Chitin is a polymer of
B-1,4-linked N-acetyl-glucosamine
units whose functions in cytomorpho-
genesis are almost identical to those
of cellulose (Blackwell 1982, Muzza-
relli 1977). Cellulose and chitin are
probably the only compounds that
theoretically would have offered an
advantage as structural components
for land plants.

Although chitin is currently an
abundant material in the exoskele-
tons of arthropods and in the cell
walls of prokaryotes, some diatoms,

240

some unicellular algae, and most
fungi (Herth and Schnepf 1982, Ken-
drick 1985, Muzzarelli 1977), cellu-
lose is the predominant cell wall
microfibrillar component in vascular
land plants. Two properties of chitin
may have been disadvantages for ter-
restrial plants. First, the tensile
strength of chitin microfibrils is only
40 kg/mm? half that of cellulose
(Muzzarelli 1977). Second, and per-
haps more important, chitin-walled
organisms require an enormous allo-
cation of reduced nitrogen for wall
synthesis during growth.

The average nitrogen content of a
woody plant, including all tissues, is
approximately 0.34% dry weight
(Kramer and Kozlowski 1979). If ter-
restrial plants were chitin-walled
rather than cellulose-walled, then one
nitrogen atom would have to be in-
corporated into every N-acetyl-
glucosamine moiety entering the chi-
tin microfibrils. Based on the number
of moles of glucose molecules con-
tained in 1 g of wood that is approx-

imately 50% cellulose (Cote 1977,
Panshin and de Zeeuw 1980), one can
determine the number of nitrogen at-
oms required to build the same quan-
tity of chitin-walled wood. From this
determination, the average nitrogen
content of a woody plant would be
increased 12-fold, to approximately
4%.

In most terrestrial environments,
however, the availability of reduced
nitrogen in assimilable form is the
factor most limiting to plant growth
(Kramer and Kozlowski 1979, Salis-
bury and Ross 1985, Schubert 1986).
Consequently, terrestrial chitin-
walled green plants would be smaller
than cellulose-walled plants because
of the channeling of nitrogen into
chitin. Moreover, the reduction of
nitrates and nitrites contained in the
soil solution for metabolic uses re-
quires some of the reducing power
provided by the plant’s photosyn-
thetic activity. Therefore, the nitrogen
metabolism in chitin-walled plants
would significantly increase the de-
mand for reducing power at the ex-
pense of plant growth.

The fitness of chitin-walled terres-
trial plants would be considerably
lower than that of cellulose-walled
plants, because they would be inferior
competitors for light and nutrients
compared with cellulose-walled
plants. The fact that modern chitin-
walled organisms are restricted to ni-
trogen-rich environments (Muzzarelli
1977), such as those colonized by
saprophytic and parasitic fungi, sup-
ports this hypothesis. It would be
impossible to experimentally test this
hypothesis because of the lack of chi-
tin-walled terrestrial plants, but a
comparison of the energy budget and
the nitrogen requirements of a num-
ber of chitin-walled and cellulose-
walled algae might be useful.

Cellulose and
chemical stability

In nature, cellulose is subject to two
classes of selection pressure apart
from that on cell wall structure. The
first includes a broad array of well-
armed pathogens with the ability to
degrade cellulose through the action
of cellulase. The second type of selec-
tion pressure involves such features of
the abiotic environment as fluctua-
tions in temperature.
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Plant resistance to the pathogens
has been achieved through an array of
physiological, anatomical, and mor-
phological defenses (Goodman et al.
1986). Persistence of cellulose in
abiotic environments, however, is de-
pendent on the strength of its chemi-
cal bonds. Microfibrils made of B-1,4
mannans and B-1,3 xylans such as
those found in some algae are too
chemically weak or unstable (Preston
1979) and, therefore, were not se-
lected as a universal component of
land plants. In cellulose microfibrils,
hydrogen bonding between adjacent
parallel cellulose chains increases
their stability and provides the tensile
strength of cellulose (Preston 1979).

Under conditions of fluctuating en-
ergy flows, as in the natural world,
certain chemical bonds are favored
because of their higher levels of ther-
modynamic stability (Morowitz
1968). Such chemical bonds, there-
fore, are likely to be retained in ter-
restrial environments with fluctuating
energy flow. For example, single,
double, and triple carbon-carbon
bonds and carbon-oxygen bonds all
require a greater amount of energy
for their disruption than do other
types of bonds, such as carbon-
nitrogen and oxygen-oxygen bonds.

Morowitz (1968) notes that some of
these most stable chemical bonds also
favor the formation of chain-ex-
tending molecules, or polymers. Be-
cause molecules generated by stable
chemical bonds tend to accumulate
relative to less stable chemical bonds,
there is an accumulation of the stable
molecules through positive feedback.
Therefore, the accumulation of cellu-
lose in the biosphere may be the result
of a sunlight-driven and gene-regu-
lated cycle of positive feedback oper-
ating on the available molecular diver-
sity and leading to the accumulation of
long-chain molecules as a natural and
perhaps inevitable consequence of se-
lection for chemical stability.

The chemical stability of the cellu-
lose molecule may have another sig-—+
nificant effect in the biosphere. Be-
cause of their stability, cellulose and
other wall materials act as a constant
reservoir of energy and nutrients in
the biosphere. Without the inherent
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stability of cellulose, the biosphere
would be subject to variations in at-
mospheric carbon dioxide greater
than those normally encountered (ex- —
cluding the contribution of industrial
societies) (Colvin 1980, Stuiver
1978). Most important, the large-
scale elimination of the greenhouse
effect on this planet may depend on
our capacity to increase the incorpo-
ration of CO, into cellulose through
reforestation.
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