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STRUCTURAL EVOLUTION OF GLYCANS IN ALGAE
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Institute of Marine Biochemistry, N-7034 Trondheim-NTH, Norway

Abstract - The compositions and structures of the principal
glycans in the eleven recognised algal phyla are reviewed

and correlated with the positions of the phyla in a phylo-
genetic tree proposed by Chapman. By appealing to fossil
evidence for the conservative nature of many algal species,
tentative inferences are made concerning the probable order

of evolution of the glycans. In general, the evolution of
morphological complexity has been accompanied by the replace-
ment of irregular glycan structures by more regular ones,
containing a smaller number of different sugar residues. There
are, however, some notable "missing links" and apparent excep-
tions among glycans that participate in calcification and
silicification processes.

INTRODUCTION

In any attempt to review agal glycans, there is the risk of presenting a cat-
alogue of structures which, however interesting, are so disparate as to defy
integration into a single theme. If there is a single theme that unites all
research in this area, it is surely the fascination engendered by the primit-
ive morphology of the algae, and their aquatic habitat, which still has its
mysteries, even though it covers 70% of the Earth's surface.

That the algae are, to some extent, "living fossils" is palpable even to the
casual observer. They are, certainly, among the world's oldest living organ-
isms, and they share this title only with the photosynthetic bacteria, from
which they are distinguished by somewhat ill-defined criteria. The oldest
fossils of both groups date back about 3 billion years (Ref. 1). Their evol-
ution has also been very slow compared to that of terrestrial plants. For
example, whereas the first blue-green alga must have appeared at least 3
billion years ago, the red algae, which are believed to be the second oldest
phylum and the first eucaryotes, have not been traced back further than 1.3
billion years (Ref. 1 & 2). It therefore seems to have taken about half the
recorded history of life for this first, major development to occur.

Somewhere near the other end of the expanse of time we are considering are
the diatoms, whose appearance is fairly easy to "pin-point", because of their
non-biodegradable, silica frustules. They are "only" 140 - 190 million years
old (Ref. 3), which represents only the last 5% of the recorded history of
life. That, however, is still a long time compared to the history of the
angiosperms, which comprise the main bulk of the Earth's present terrestrial
vegetation. The diatoms are roughly contemporary with the ancient ginkgo tree
which is the oldest extant gymnosperm.

The slow evolution of the algae may be attributed, in part, to the absence of
evolutionary pressures such as floods, droughts and ice ages, the relative
constancy of temperature afforded by the huge volume of the oceans and the
high specific heat of water, and the comparatively low level of ionising rad-
iation. Probably the greatest evolutionary pressures have been the steady
increase in the salinity of the oceans (Ref. 4), and the grazing of unicell-
ular, planktonic species by filter feeders (zodplankton).

It is not surprising, therefore, to find a close morphological similarity
between many present-day algal species and fossils of great antiquity. Some
authorities even state that there has been "little, if any" evolution in an
ancient phylum such as the blue-green algae (Ref. 5). Can one, therefore,
seriously expect that a study of the glycans of extant algal species would
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reveal something about the early history of the evolution of glycan struct-
ures? The question seems worth asking, because direct examination of fossils
is unlikely ever to provide that fascinating glimpse into the distant past:
most of them take the form of empty cavities in sedimentary rocks, or the
skeletons of calcareous or siliceous algae (Ref. 1-5). In this review, we
propose tentatively to assume the truth of the idea, and then to examine the
facts to see whether they lead to internally self-consistent conclusions.

The difficulties of such an undertaking are evident. There is a desperate
shortage of fossil evidence, which is confined mainly to calcareous and
siliceous species, and the obvious fact that any species is older than its
oldest known fossil. Most fossils probably relate more to the heyday of a
phylum than its appearance, and in periods when evolution has been rapid,
"missing links" must be expected. The author has been greatly assisted by the
recent appearance of several valuable textbooks on algal paleontology (Ref.
3, 6-9). The available information about algal glycans is also disappointing.
Although more than 25,000 algal species have been described (Ref. 4,5,10),
the glycans of only about 150 of these have been investigated, and there are
four whole phyla for which no skeletal glycan has been studied structurally.
It is therefore hoped that this review will stimulate research in the neglec-
ted areas.
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Fig. 1. Phylogenetic tree of algae, according to Chapman (Ref. 10)
Reproduced, by permission, from The Encyclopadia Britannica
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PHYLOGENY OF ALGAE

The phylogenetic tree shown in Fig. 1 is Chapman's latest (Ref. 10). He has
stressed that the picture is still fluid, but most algologists seem to agree
about the relative positions of the Cyanophyta, Rhodophyta, Chlorophyta, and
Phaeophyta, whose glycans have received most attention. What matters most,
perhaps, is that Chapman's conclusions are based upon a combination of fossil
and morphological evidence, supplemented by inferences based upon pigments.
They do not depend at all upon the compositions or structures of the glycans.

Table
order
There
inued

possible to find,

1 gives a summary of information about the eleven algal phyla in the
in which they appear to have evolved, according to Chapman's scheme.
is a danger of over-interpretation here. Evolution has obviously cont-
within each phylum from the time of its separation, and it is quite
for example, a red alga that is "younger" than a green one.

We shall try as far as possible to take account of this in the discussion.

TABLE 1. Habitat, morphology and glycans of the algal phyla

Food

Phylum reserve Habitat Morphology Other glycans
Cyanophyta Glvcogen Mostly FW, Unicells, Lipopolysaccharides rich
(Blue-green) yeog wet soil colonies, in Glc and Man; sulphate-
OCT free extracellular slimes
True cellulose doubtful.
Mannans or glucomannans
Rhodophyta Mostly SW, Mostly OCT, !
(red) Glycogen benthic some unicells heteroxylans, sulphated
galactans and complex
extracellular mucilages.
Cryptophyta Starch FW and SW Unicells No information.
. True cellulose, glucomann-
Chlorophyta $tar§h, FW (90%) Unlce}ls, ans, homoxylans, pectic
inulin, colonies, X .
(green) lami SW (10%) acid, complex hemicellul-
aminaran OCT .
oses and sulphated mucil-
ages.
Pyrrhophyta .
(dinoflagel- Starch? Mostly SW Unicellular Cellulose putative.
flagellates
lates)
Chloromonad- .. . Unicellular . .
ophyta Lipid Mostly FW flagellates No information.
Euglenophyta .
(green, some Laminaran Fw g?;cziigizz No information.
heterotrophs) g
Xanthophyta FW, wet Unicells, Cellulose and protein-
(yellow- Lipid soil colonies, bound heteroxylans, lichen-
green) oCT an and 1,6-B-glucan.
Chrysophyta Laminaran? FW and SW Unlce}ls, Complex, sulphated, ca™t -
(golden) colonies, . .
binding heteroglycans.
OCT
Bacillario- FW and SW Unicells, Cellulose putative. Chitin,
phyta Laminaran wet soil ' colonies, complex sulphated extra-
(Diatoms) OoCT cellular slimes, sulphated
glucuronomannans.
OCT, some True cellulose, lichenan,
?Eiggg?yta Laminaran gZétgiztly vascular alginate, fucoidan,
tissue complex sulphated hetero-

glycans.

Abbreviations: FW, fresh water; SW, salt or brackish water; OCT, organised
cellular tissue, implying intercellular connection and dependence.
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It should be noted in passing that terrestrial plants are believed to have
evolved from green algae (Chlorophyta). This view, which is based mainly upon
the similarity of their pigments (notably, chlorophyll b and carotenoids),
will find few dissenters among glycan chemists, who will note the presence
also of starch, cellulose, xylans, glucomannans, and pectic acid. The fresh-
water Chlorophyta of the Class Charophyceae (Fig. 1) are the most likely,
immediate antecedents of terrestrial plants, because they are erect and fern-
like in appearance (Ref. 4 & 5).

THE NOTION OF COMPLEXITY - A SEMANTIC DIFFICULTY

In view of the primitive morphology of algae, one might expect that the str-
uctures of the glycans they elaborate would also be simple. In fact, the rev-
erse seems to be true. Many algal glycans surpass even the gum exudates of
terrestrial plants in apparent complexity. It is becoming increasingly clear,
however, that much of what used to be described as "complexity" in glycan
structures would better be described as "irregularity". The notion of simpl-
icity is, arguably, subjective. For example, isotactic and syndiotactic poly-
styrene are technologically more "advanced" polymers than the atactic variety,
but we may judge their structures to be "simpler", because they are easier to
remember. In fact, it can be shown mathematically that their information con-
tent is higher.

As another example, one may compare a bacterial lipopolysaccharide with four
different types of sugar residue arranged in regular repeating-units with
the highly ramified molecules that would result from polymerising the same
sugars in the presence of an acidic catalyst. Evidently, both structures are
complex, but the former is regular, and the latter is chaotic.

Considerable irregularity might perhaps be expected in the glycans of organ-
isms that are low on the evolutionary scale, because it implies that the
glycotransferase enzymes are low in specificity rather than large in number.
Irregular glycan structures tend to form slimes and gels rather than fibres,
and the evolution of morphological complexity implies the elaboration of
ordered macromolecular structures for specialised functions. Moreover, slimes
and rubbery, shock-resistant gels have an obvious survival value for a plant
in the aquatic environment. For example, the former retard desiccation of
seaweeds at low tide, and the latter protect them against violent wave action.

This is not to pre-judge the amount of order that might be found in the struc-
ture of an algal glycan, much less a licence not to look for it. On the whole,
however, one would expect the evolution of glycan structures to consist in the
replacement of irregular structures by more ordered ones ( an apparent simpl-

ification), followed by an increase in "true" or "ordered" complexity.

STRUCTURAL EVOLUTION OF FOOD-RESERVE GLYCANS

Glycogen, amylopectin and amylose

Glycogen seems unquestionably to be the world's oldest food-reserve glycan
(Table 1). In the filamentous, blue-green alga Nostoc muscorum, it exists as
minute, roughly cylindrical particles, 65 nm in length and 31 nm in diameter
(Ref. 11). The cylinders appear to consist of two spherical sub-units fused
together, and are probably single macromolecules, because they do not split
up unless treated with a-amylase. The material resembles shellfish glycogen

in the Amax of its iodine complex (410 nm), its yield of a-limit dextrin

(11 - 14%), and its average chain-length, determined by periodate oxidation
(13 units). In the glycogen from Anacystis nidulans, another filamentous
Cyanophyte, the chain-length distribution, determined after debranching with
bacterial iso-amylase, was similar to that of sweet-corn phytoglycogen (Ref.
12).

The red algae also contain glycogen, with most values for the average chain
length falling in the range of 10 - 14 units (Ref. 13), but it is present as
starch-like granules, 0.5 - 25 um in diameter. It differs from typical animal
glycogens in giving higher iodine blue-values, and in its susceptibility to
partial debranching by R-enzyme (Ref. 14). These facts suggest a different
distribution of internal chain-lengths. Red-algal glycogen behaves typically
with starch-degrading enzymes, but, in addition to the usual oligosaccharides,
it also gives nigerose (3-0-a-D-glucopyranosyl-D-glucose). It must therefore
contain a small proportion of ~ (1+3)-linkages, 1In contrast to all the glyco-
gens and starches of higher plants and animals (Ref. 14). Unfortunately,
blue-green algal glycogen has not been examined for this special feature.
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Starch makes its first appearance in the Cryptophyta, a small phylum of mostly
flagellated unicells, whose pigments place them fairly clearly between the
Rhodophyta and the Chlorophyta. This would place their appearance somewhere

in the Cambrian Period, 500 - 550 million years ago. The starch is present as
granules, 2 - 5 um in diameter. The material from Chilomonas paramecium con-
tained 45% of an amylose of low molecular weight, and an amylopectin similar
to that of potato starch (Ref. 15). A similar starch from Chroomonas salina
was estimated to contain 30% of amylose (Ref. 16).

Chlorophycean starches have been well investigated, with the conclusion that
they are true starches (Ref. 13 & 17). The presence of amylose is firmly est-
ablished in most, but not all, of the cases investigated, and one species,
Urospora penicilliformis, is reported to contain pure amylose (ref. 18). The
principal peculiarities are the smallness of the granules, and the low molec-
ular weights of both the amylose and amylopectin, compared to their counter-
parts in cereal and tuber starches. Some green algae contain only a typical
amylopectin (Ref. 19 & 20), but that, of course, is also true of some cereal
starches.

One wonders whether the reader will share the author's astonishment upon being
confronted with the notion that glycogen had existed for 2.5 billion years,
before amylose made its first appearance on Earth? The process must have
entailed a partial loss and compartmentalisation of branching activity,
requiring the evolution of an endoplasmic reticulum. Fredrick, who has done
much to promote the notion that enzymic evolution can be validly studied with
algae, has studied this question with Oscillatoria princeps, a filamentous
blue-green alga (ref. 21). It was shown that an anti-phosphorylase rabbit
serum cross-reacted, not only with the two phosphorylase isozymes in the alga,
but also with the two glycogen synthetase isozymes, and, more weakly, with
the branching isozymes (Q-enzyme). This suggested that glycogen synthetase
and Q-enzyme had evolved from a common precursor. By separating the two
activities, therefore, evolution had produced two enzymes from one, and in-
creased the specificity of both.

The apparent loss of the ability to synthesise (1+3)-linkages in glycogen
may represent the loss of an enzyme, but it could also be due to an increase
in the specificity of the glycogen synthetase.

Laminaran

The apparently smooth transition from starch to laminaran as the principal
energy-reserve, as evolution progressed, is particularly striking, even though
the identification of starch in the Pyrrhophyta and laminaran in the Chryso-
phyta is tenuous (Table 1). A form of laminaran makes its first appearance

in the Chlorophyta. In the unicellular, freshwater Chlorella species, well
known for their promise as protein-producers, it is linked, at least in part,
to protein (Ref. 22). Small amounts have also been found in the macroscopic,
marine species, Caulerpa filiformis (Ref. 23), Cladophora rupestris (Ref. 24)
and Caulerpa simpliciuscula (Ref. 25). In the last case, a small proportion
of B-(1+6)-linkages was demonstrated in addition to the g-(1+3)-linkages.

In the Euglenophyta, a small phylum of green algae once considered to be a
sub-phylum of the Chlorophyta, laminaran clearly takes over as the main
energy-reserve. It exists in the cells as discrete, rod-shaped bodies, and

is rapidly broken down when the cells are deprived of light and organic carbon
(Ref. 13). The laminaran from Euglena gracilis resembles brown-algal laminaran
in containing a high proportion of (1+3)-linkages, but no mannitol is present
(Ref. 26).

Laminaran has not been found in the Xanthophyta, but a protein-bound g-D-glu-
can, linked mainly through positions 1 and 6, has been found in the filament-
ous species, Tribonema aequale (Ref. 27). It is not clear whether it served
as a food-reserve. In both freshwater (Ref. 28) and marine (Ref. 29 & 30)
diatoms, there is no doubt that laminaran is the food reserve; when starved
of nitrogen, they may accumulate up to 40% of their weight of it, correspon-
ding to 80% of the total dry weight of organic matter. The laminaran of diat-
oms contains both (1+3)- and (1+6)-linkages, and is generally similar to
brown algal laminaran, except for the total absence of mannitol.

The classical, pioneering work on brown-algal laminarans is well known (Ref.
13 & 31). An important, recent development was the clear separation of
Laminaria hyperborea laminaran into a fraction in which the chains are term-
inated by mannitol and a fraction in which they are not (Ref. 32). The mann-
itol-terminated chains were all unbranched, while the others included both
branched and unbranched molecules (Ref. 33). An unusual laminaran from
Eisenia bicyclis contained no mannitol, and consisted of linear chains of
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(1»3)- and (1+6)-linked B-D-glucopyranose residues in a ratio of 2:1 respect-
ively; at least some of the (1+6)-linkages were contiguous (Ref. 34).

It is hard to perceive any clear evolutionary trend in the structure of lami-
naran, apart from the replacement of protein by mannitol as an (ultimate) acc-
eptor. There is perhaps some indication of a compartmentalisation of branching
activity in brown algae, this being absent in chains terminated by mannitol.
We can, however, find an indication of where the genetic information required
for the synthesis of contiguous, (1»3) B-D-glucopyranosidic linkages came
from. Structure (1) has been reported for a glycan isolated from the envelope
and spores of the filamentous blue-green alga Anabaena cylindrica (Ref. 35):

i R T1
[—(1—B’3>'-Glcp—<1—>3)—GI£:p—(1 is)—eu}p—(1iz)—Ma2n;]
;-[3 Gl n
M
1
R

R = Glc,, Gal,, Xyl, or Man, [Ratio: 23:8:4:6]

(1)

Inulin

Since it has been found only in macroscopic Chlorophytes, little can be dedu-
ced about the evolutionary history of inulin except its minimum age. This is
known with some precision, because it occurs in calcareous green algae of the
Order Dasycladales. The thalli of these algae are so elaborate and distinct-
ive in architecture that extant species can be identified, with reasonable
certainty, with well-preserved fossils from the Ordovician Period, 430 - 500
million years ago. Inulin, apparently identical in every respect with that in
dahlia tubers, has been isolated from Acetabularia mediterranea (Ref. 13),
Acetabularia crenulata (ref. 36) and Batophora oerstedi (Ref. 13). There is
no evidence for the presence of branching through (2+6)-linkages, such as is
found in the levans of grasses.

There are no reports of fructans of any kind in the Cyanophyta or Rhodophyta,
and one can only speculate as to where the ability to synthesise inulin came
from. Stereochemically, the environment around HO-1 of a B-D-fructofuranose
residue is very similar to that around HO-6 of a B-D-glucopyranose residue.

A minor change in the conformation of the enzyme that synthesises (1+6)-1link-
ages in laminaran, such as might be brought about by a change in one amino-
acid, could therefore explain the appearance of inulin.

STRUCTURAL EVOLUTION OF FIBROUS GLYCANS

Cellulose

There is apparently no cellulose in the Cyanophyta, whose cell walls are con-
structed similarly to those of the heterotrophic Gram-negative bacteria, with
-a net-like membrane of peptidoglycan, and an outer envelope of lipopolysacch-
aride (Ref. 35, 37-41). Unfortunately, the outer, glycan part of only one of
these lipopolysaccharides has been studied structurally, with the result shown
as structure (1) above. A number of quantitative compositions have been repor-
ted, however, and these are summarised in Table 2. Residues of both glucose
and mannose are prominent, and, if structure (1) is typical, (1+4)-linkages,
some of them contiguous, are also present. -

It is very hard to decide whether "true" cellulose (in the sense of cotton
cellulose) exists in red algae. Exhaustive extractions with acids and alkalis,
with or without chlorite bleaching, do yield from 1% to 9% of fibrous residue
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TABLE 2. Compositions (moles %) of the outer glycan part of
Cyanophycean LPS

Species Glc Man Xyl Gal Rha Ref.
Anabaena cylindrica 65 23 5 7 - 35
Anabaena flos-aquae 17 83 - tr. - 40
Anabaena variabilis 44 5 - 3 48* 39
Anacystis nidulans 8 74 - 12 6 38
Agmenellum guadrup- 17 16 56 tr. 11 41
licatum

*partly 3-O-methylated

(Ref. 42), but this contains a large proportion of sugar residues other than
glucose (mostly mannose and xylose), and one such residue from a Porphyra
species contained no glucose residues at all: the "a-cellulose" was a pure
mannan! (Ref. 43). The verdict of the objective eye of the X-ray camera is
that untreated red-algal tissues do not contain Cellulose-I, but that a low
degree of crystallinity of this type may develop in some cases after extract-
ion of encrusting materials (Ref. 44 & 45).

The status of the "cellulose" in the unicellular Chlorophyta is also unclear,
but there are quite strong indications that it is covalently linked to other
sugars. For example, most of the cell wall of Halicystis osterhoutii is a
glycan containing residues of xylose and glucose in a ratio of 1:2 respective-
ly. This ratio does not change as the walls are progressively solubilised by
repeated alkaline extractions, a result that would not be expected for a
physical mixture of xylan and cellulose. The material also stains with dilute
aqueous iodine, thus resembling the "amyloid" of tamarind seeds, which cons-
ists of cellulosic chains substituted at position 6 with a-D-xylopyranose
residues (Ref. 46). The a-cellulose from Pleurotaenium trabecula is likewise
closely associated with galactose residues (Ref. 47), while that from Chlor-
ella pyrenoidosa contains many different sugars (Ref. 48).

Cellulose makes its first undisputed appearance in the green seaweeds, albeit
only in some. A beautifully crystalline form of cellulose is present in the
globular or club-shaped vesicles of Valonia species. These are actually giant
cells, up to 4 cm in diameter. Their walls contain long, regular fibrils,

100 - 350 A in diameter, arranged in a criss-cross manner. These contain res-
idues of D-glucose only, and give very sharp X-ray diffraction patterns char-
acteristic© of Cellulose-I (Ref. 49 & 50). Cellulose has also been identified
by chemical methods in the freshwater Charales (Ref. 51).

Within the phylum Xanthophyta, cellulose has been identified by chemical meth-
ods in Tribonema aequale (Ref. 27), but in the Pyrrhophyta and Bacillarioph-
yta, it was only tentatively identified by staining reactions. In the Phaeo-
phyta, cellulose has been firmly identified by chemical and X-ray data (Ref.
52).

In conclusion, cellulose has been a slow developer. Since the macroscopic
green seaweeds and the Charales have been traced back to the Ordovician Period
it is probably no more than 500 million years old. Its functional antecedents
were all heteroglycans containing non-glucose sugar residues, notably mannose
and xylose.

Mannans and Glucomannans

Although glucomannans, in general, can be traced back to the Cyanophyta, the
essentially linear, R-(1+4)-linked mannans and glucomannans are prominent

only in the Rhodophyta and Chlorophyta. In some species, they seem to replace
cellulose entirely as the principal, fibrous, cell-wall glycan. They are iso-
lated essentially as "oa-cellulose", by extraction with acids and alkalis, with
or without chlorite bleaching. They are then solubilised, with considerable
difficulty, by hot, concentrated alkali, and purified by precipitation as an
insoluble copper complex (Ref. 53 & 54). The solubilisation procedure probably
entails considerable depolymerisation, and, since the copper complex is formed
selectively with fragments rich in mannose, the products may not be represent-
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ative of the native fibres.

The red alga, Porphyra umbilicalis, gave a pure mannan with a DP_ of only 12,
and an [cx]D of -41. The (l+4)-linkage was established by methylagion analysis
(Ref. 53). The product from the green alga, Codium fragile, contained 5%

of D-glucose residues, and the B-(l1+4)-linkage was established by the isolat-
ion of oligosaccharides, including 4-0-B-D-glucopyranosyl-D-mannose and 4-0-
-B-D-mannopyranosyl-D-glucose (Ref. 54). The product from Acetabularia cren-
ulata contained only traces of glucose, and had DP_ < 60. Methylation analys
is established that the linkages were (1+4), with occasional branching thro-
ugh position 2 (Ref. 36). A glucomannan has also been reported in the fresh-
water, colonial green alga, Hydrodictyon africanum (Ref. 55).

Insofar as the presence of pure, homopolymeric mannans in red and green algae
can be considered to have been established, the balance of the evidence is
quite strongly in favour of the notion that their functional antecedents, like
those of cellulose, were glucomannans. This implies the existence of a fork

in the evolutionary pathway:

CELLULOSE
CoMPLEX
HETEROGLYCAN

——— (LUCOMANNAN

MANNAN

Xylans
These do not seem to exist as such in blue-green algae, but it is evident

from Table 2 that some of their lipopolysaccharides are rich in xylose. The
subsequent history of the xylans, however, provides a very clear example of

a fork in the evolutionary pathway. The prototype for red algae is rhodymenan,
a xylan from the benthic seaweed, Rhodymenia palmata ("dulse"). The material
extracted under neutral or acidic conditions consists of linear chains of
B-D-xylopyranose residues, joined by (1+4)- and (1»3)-linkages in ratios that
vary from about 4:1 to 2:1 respectively (Ref. 56). The presence of both kinds
of linkage in the same molecule is firmly established by the isolation of
oligosaccharides (Ref. 57-60) and by Smith degradation (Ref. 60), and the
yields of the fragments strongly suggest a random arrangement (Ref. 58). Sub-
sequent extraction of the algal residue with 3M-sodium hydroxide then removes
a xylan containing 97% of (1-+4)-linkages (Ref. 61).

Another red seaweed, Porphyra umbilicalis, gives a xylan closely similar to
rhodymenan when extracted under the conditions of chlorite bleaching, but
subsequent extraction with alkali then removes a xylan containing 95% of (1-3)
linkages (Ref. 61). A summary of these and other data is given in Table 3.
Evidently, these red algae contain families of xylan molecules, each with a
broad spectrum of linkage compositions, but biased, as it were, in favour of
one or another of the two homopolymeric extremes.

TABLE 3. Extraction conditions and structures of red-algal xylans

Bromction (i T SISl es
Rhodymenia palmata H20, 100° 80 20 Methylation 56
3M-NaOH 97 3 Methylation 61
H,0, 100° 71 29 Periodate 58
0.5N-HC1 62 38 Periodate 58
Porphyra umbilicalis HCIO,, 70° 83 17 Methylation 61
3M-NaOH 0 95 Methylation 61
Mechanical 0 100 X-ray 62
Chaetangium erinaceum HZO’ hot 82 18 Methylation 57

Bangia fuscopurpurea Mechanical 0 100 X-ray 62
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Upon proceeding to the Chlorophyta, the remarkable fact emerges that no xylan
comparable to rhodymenan has yet been found in them. In some species, notably
those that seem to be adapted exclusively to the marine environment, the xyl-
ans are uniformly (1+3)-linked. They are fibrous, and in some species, not-
ably those of the Order Siphonales, they take over entirely from Cellulose-I
as the principal cell-wall glycan (Ref. 63). These algae are quite delicate
in construction, and it may be supposed that cellulosic fibres are too infle-
xible to withstand the pounding that they receive from the waves. The proto-
type is the xylan from Caulerpa filiformis, which has about one branching
point for every 96 (1+3)-linked B-D-xylopyranose residues (Ref. 63).

Since B-(1+3)-linked xylans are unknown in terrestrial plants, and these are
considered to have evolved from green algae, it would be surprising not to
find a B-(1+4)-linked xylan in those green algae that are more closely relat-
ed to the antecedents of terrestrial vegetation. Indeed, one has been found

in the morphologically complex, freshwater Chara genus, and moreover, it is
associated with minor amounts of arabinose and uronic-acid residues, just

like the xylan hemicelluloses of land plants (Ref 64). These algae stand quite
erect in placid, freshwater lakes, and it may be supposed that their ability
to grow tall is a response to the need for sunlight.

It therefore seems that, in response to the environmental pressures, evoluti-
on has selected out these two, homopolymeric extremes of xylan structure from
the comparatively disordered structure of rhodymenan:

,//////////'(1+3)—XYLANS

CoMPLEX ———— RHODYMENAN

HETEROGLYCAN \
(1~4)-XYLANS

The "complex heteroglycan" may be a xylose-rich lipopolysaccharide such as
that of the blue-green alga, Agmenellum quadruplicatum (Table 2), but one can
see a more immediate antecedent in the Porphyridium mucilages that will be
discussed in the next section.

Upon passing on to the freshwater Xanthophyta, one finds no evidence for the
selection of either kind of homopolymeric xylan. In the one species in which
a xylan has so far been found, namely, Tribonema aequale, it was firmly bound
to protein, and contained both (1+3)- and (1+4)-linkages (Ref. 27). Upon
reflection, one can find no reason why such a selection should have been made:
since the species in question floats freely on the surface of stagnant ponds,
it does not have to respond to either of the environmental pressures named
above. This finding does not conflict with Chapman's phylogenetic tree (Fig.
1), because the implication is simply that the Xanthophyta and Chlorophyta
evolved in different ways from a common antecedent.

Chitin

Chitin is found in some diatoms of the Order Centrales, which flourished in
the Cretaceous Period, 70 - 100 million years ago. It occurs as spiny or tub-
ular protrubrances, which probably help to keep the diatoms bouyant, by trap-
ping air bubbles. The crystal structure is different from that of arthropod
chitin, into which it is irreversibly converted by hot, aqueous lithium thio-
cyanate (Ref. 65).

Glucosamine is present in the peptidoglycan and inner core of blue-green algal
lipopolysaccharides (Ref. 37), and although the former has not been very clos-
ely investigated, it may be presumed to resemble the peptidoglycan of bacter-
ial cell walls in containing, as its carbohydrate moiety, 3-0-(l-carboxyethyl)
ethers of chitin. If this is true, then chitin, albeit in modified form, must
be considered the most primordial of all skeletal glycans.

That so much time should have elapsed before chitin appeared in unmodified
form seems astonishing, especially when, in the animal kingdom, arthropod
chitin appeared much earlier. The fact is, however, that we so far know noth-
ing about the skeletal glycans of the other, unicellular phyla that appeared
in the intervening billions of years, namely, the Cryptophyta, Pyrrhophyta,
Chloromonadophyta and Euglenophyta. In the Chrysophyta, glucosamine has been
found as a component of a complex, sulphated proteoglycan of a Phaeocystis
species (Ref. 66). It is, therefore, too early to complain about "missing
links", but not too early to look for them!

It should be noted that diatoms are under intensive evolutionary pressure, due
to grazing by filter feeders. It has been estimated that no single, diatom
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species has existed for more than half a million years, which is an exception-
al rate of evolution for an alga (Ref. 8). This is the most likely explanation
for other surprises that will be mentioned later.

STRUCTURAL EVOLUTION OF ALGAL MUCILAGES

This section includes slimes secreted into the growth medium, capsules, and
the glycans forming the gelatinous matrix in both the intercellular spaces
and the cell walls.

Blue-green algal slimes

Perhaps the most striking feature of blue-green algae is the slimy jelly that
develops as a capsule around the cells in unicellular and colonial forms, or

as a sheath and intercellular substance in multicellular forms. It is slough-
ed off, or exuded, into the growth medium. Unfortunately, there have been no

structural studies, but some typical sugar compositions are given in Table 4.

TABLE 4. Constituent sugars of blue-green algal slimes (moles %)

Species Glc Xyl GlcA Gal Rha Ara Other Ref.
Anabaena 31 25 25 6 6 6 - 67
cylindrica

Nostoc sp. 35-X 25 30 X 10 - Galaz 68
Anabaena 67 30 0.8 - - - Rib 69
flos-aquae

Palmella 52 - 4.8 - - 14 Fuc 70
mucosa

Anacystis 64 - - 15 - - Man 71
nidulans

These sugars are well worth remembering, because they persist with remarkable
tenacity throughout the evolutionary history of algal slimes. It should be
noted that none of the slimes contains hemiester sulphate or O-methyl sugars,
which appear for the first time in red algae.

Red-algal mucilages

The unicellular Porphyridia and the closely related genus, Rhodella provide
an important link between the Cyanophya and the Rhodophyta, because they con-
tain pigments common to both phyla, and there is still some dispute as to
which one they belong to. These primitive algae grow as red or purple films
on damp soil or sand. The mucilages, which form gelatinous capsules around
the cells, are sulphated proteoglycans. Some reported sugar compositions and
the principal linkages, determined by methylation analysis, are shown in Table
5. The remarkable variations in composition reported for the mucilage of
Porphyridium cruentum seem to be due to differences in growth conditions, and
they argue for a low specificity on the part of the biosynthetic enzymes. In
turn, this implies considerable irregularity of structure, which also seems
to be confirmed by investigation.

TABLE 5. Unicellular freshwater Rhodophyta (molar ratios)

Species D-Glc D-Xyl D-Glca D-Gal L-Gal 2MeGlcA Ref.
P. cruentum 1.00 2.50 0.28 0.23 2.02 0.22 72
P. cruentum 1.00 2.42 1.22 0.21 1.91 2.61 73-75
P. cruentum 1.00 3.00 0.80 1.90 0.60 0.20 76
P. aerugineum 1.00 1.70 0.50 0.74 0.36 0.00 76

Linked mainly 1,3 1,3:1,4 1,3 1,3 1,4 ?
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In addition to these main sugar components, minor proportions of 3- and 4-0-
methyl galactose, 2,4-di-O-methyl galactose, an unidentified 2-O-methyl hex-
ose, and 3-O-methyl xylose were found in the mucilages.

The presence of both D- and L-galactose is noteworthy, and the fact that the
former is mainly 1,3-1Inked, while the latter is mainly 1,4-linked, foreshad-
ows the situation in agarose. The presence of a high proportlon of D-xylose
linked mainly 1,3 and 1,4 likewise portends the subsequent appearance of rho-
dymenan. The presence of D-glucose, linked mainly 1,3, is reminiscent of the
lipopolysaccharide of Anabaena cylindrica (1) . The isolation of aldobiouronic
acids by partial acid-hydrolysis established that residues of D-glucopyranur-
onic acid were linked to positions 3 of D-glucose and D—galactose residues,
but to position 4 of L-galactose residues (Ref. 72 & 76).

Proceeding up the scale of morphological complexity, we come next to the mac-
roscopic, freshwater genus, Batrachospermum, which grows as bushy, violet -
green tufts on sticks and stones in streams and pools, and thrives in peaty
water. One species yielded 42% of its weight as a sulphate-free glycan, cont-
aining residues of D-glucose, D-xylose, D-glucuronic acid, D-galactose, L-ga-
lactose, L-rhamnose;, L- arabinose, and D-mannose, together with the 3- O-methyl
ethers of D-galactose™and L-rhamnose (Ref. 77). It is interesting to compare
these results with those ifi Table 4. Partial acid-hydrolysis led to the isol-
ation of aldobiouronic acids in which residues of D-glucuronic acid were lin-
ked glycosidically to galactose, possibly in the same way as in the Porphyr-
idium mucilages.

The salient features of the chemistry of agars and carrageenans, namely, the
perfectly alternating sequence of 1,3-linked D-galactose and 1,4-linked D- or
L-galactose residues partly converted into 3,%-anhydrides, are well known and
have been extensively reviewed (Ref. 31). These structures are so "simple"
and regular in comparison with those just discussed, that one may seriously
question whether they are related to them at all. There are certainly some
"missing links" to be sought after, but these galactans do come from a rather
small selection of commercially important red seaweeds, and even they contain
a small proportion of xylose residues (Ref. 31). When a broader spectrum of
red seaweeds is considered, the notion of a direct evolutionary relationship
back to the Porphyridium mucilages and beyond becomes more acceptable. For
example, the galactan of Anatheca dentata not only contains 8% of D-xylose,
but also D-glucuronic acid. The latter was recovered after partial hydrolysis
as 4-0- u-D-glucopyranuronosyl L-galactose, and was therefore linked to L-gal-
actose in the same way as in the Porphyridium mucilage (Ref. 78). The galac-
tan of Dilsea edulis also contains residues of D-xylose and D-glucuronic acid
and moreover, its D-galactose residues are mainly (1+3)-linked, thus deviat-
ing from the patte¥n of perfect alternation (Ref. 79). The galactan of the
calcareous red alga, Corallina officinalis, contains 22.7% of D-xylose, and
the D-galactose residues are mainly (1+4)-linked (Ref. 80). In Pachymenia
carnosa, the ratio of (1+3) to (l+4)-linkages is 2.3:1 (Ref. 81), and in
Aeodes ulvoidea, the galactan chains contain some (1+6)-linkages (Ref. 82).

The extent of the "simplification" represented by agars and carrageenans is
nonetheless remarkable, and one wonders how long it took. Unfortunately, none
of the seaweeds concerned is calcareous, and there have been no fossil disc-
overies of significance. The fossil record for the coralline red algae is
good, however, and fossils similar to extant species have not been traced
back further than the early Tertiary Period, 65 million years ago. Even the
most ancient, extinct species seem to have appeared in the Jurassic, about
140 - 190 million years ago. Since Corallina officinalis contains a fairly
"simple" sulphated xylogalactan, it may be tentatively assumed that the well
known agarophytes and carrageenophytes are no older.

Green-algal mucilages

Table 6 shows the principal sugars and linkages found in the sulphated mucil-
ages of benthic green seaweeds. Both the Codiaceae and the Dasycladiaceae in-
clude calcareous species which place them firmly in the Ordovician Period,
and probably even in the Cambrian. They are therefore probably at least 500
million years old. Since the Cladophorales are morphologically much more com-
plex than the others, they are probably the most recent. Here again, we have
a selection of the most prominent sugars found in blue-green algal slimes
(Table 4). The principal linkages are also broadly similar to those of the
Porphyridium mucilages, and a similar aldobiouronic acid has been isolated.
Particularly striking is the elimination of D-glucose and D-mannose with dec-
reasing antiquity, and there has also been a 51mp11f1cat10n in the way in
which the L-arabinose residues are linked. It is established that most of the
D-xylose residues in these mucilages are mutually linked.




Structural evolution of glycans in algae 689

TABLE 6. Constituent sugars and principal linkages
in sulphated mucilages of green seaweeds

Species D-Xyl D-GlcA D-Gal L-Rha  L-Ara Other Ref.
ORDER SIPHONALES D-Glc
Codium fragile 1,3 1,4 S 83
Caulerpa filiformis 1.4 Trace 1,6 Trace 1,3 2 Man 84
36AnGal
ORDER DASYCLADALES
Aceta?uiaria i,g 1'3* 1'3* i,g _ E—Glc 85
crenulata , , AMeGal
ORDER ULVALES
1,4 1,3 1,3 _ _ 86
Ulva lactuca 1,3 1:4 1.6 1,4 87
ORDER CLADOPHORALES 24
Cladophora rupestris 1,4 - 1.3 Trace 1,4 - 88
1,6 89

*Present as D-GlcA-(1-+3)-D-Gal

Extracellular slimes of diatoms

We must now move forward at least 300 million years, because of a lack of in-
formation about the intervening phyla. Some diatoms secrete exceedingly vis-
cous slimes into the ambient water. It must be presumed that this energy-con-
suming activity has some survival value, and it seems most likely that it
discourages grazing. To be effective, the slimes must resist bacterial attack,
and some unusual sugars and structures might therefore be expected. Some col-
onial diatoms, including Berkeleya rutilans (Table 7),protect themselves by
living inside mucilaginous tubes, called "schizonema". The details in Table 7
do indeed show some radical developments, and the appearance of fucofuranose
and 3,6-anhydro-glucose residues is especially noteworthy. In spite of this,
most of the sugars and some of the linkages still suggest a genetic link with
the more ancient phyla. The slimes are all sulphated.

TABLE 7. Constituent sugars and principal linkages
in extracellular slimes of marine diatoms

Chaetoceros affinis Galp(l,3:l,4:l), Rhap(l:l,Z), Fucp(l,3:l,2,3) Ref. 90
Chaetoceros curvisetus Galp(l,2,3), Rhap(l,Z), Fucf(l,2:1:1,2,3/5) 91
Coscinodiscus nobilis Xylp(l), Gchp(?), Rhap(l,2), Fucp(l,3), Manp(l,6) 92
Berkeleya rutilans Xylp(l,2:l,4), ManAp(l,3:l,2,3), 36AnGlcp(l,4) 93

Brown-algal mucilages

Only one (Padina) of the 240 extant genera of brown algae is calcareous, and
the fossil record is poor. Fossils of the extinct Order, Nematophytales, have
been traced back to the Paleozoic Era (Ref. 5), but the advanced state of ev-
olution of extant species is inferred from their comparatively high degree of
cellular specialisation (Ref. 4). We are concerned with the mucilages of only
two Orders, namely, the Fucales and the Laminariales, because the others have
been neglected. The Laminariales are the more advanced morphologically, and
they include the giant kelps, Macrocystis and Nereocystis, which even have a
vascular system.

We are concerned, too, with only two kinds of mucilage, namely, fucoidan and
alginate, provided that the former term is applied to all fucose-containing
glycans in brown algae. Both glycans are present in both Orders, but the am-
ount of fucoidan in the Laminariales is comparatively small.

It is appropriate to begin with the more primitive Fucales, and the most com-
plex form of fucoidan yet described. This was found in Sargassum linifolium,

and named "sargassan" (Ref. 94). Its principal structural features may be re-
presented, in simplified form, by the structure (2). Again, there is a selec-
tion of the more prominent sugars found in blue-green algal slimes (Table 4),

PAAC 55-4 - L



690 T. J. PAINTER

but, after disappearing from the slimes of diatoms, (Table 7), glucose has
not reappeared, and fucose has now entirely supplanted rhamnose as the 6-de-
oxy-hexose.

-Man- (1814) -GLcA- (1814) -GLcA- (1814) -GLcA- (184) -6LcA- (134) -

a-Fuc-4S B-GAL

3 4
s—Xluf B—GAﬁ—BS

4 4
-GLcA-<1§3)-a-FU§-43 B—GAé-BS
a-FUE-4S B-GAL-36S

2 4
a-Fuc-4S 8-GAL-6S

2 4

(2)

In their native state, it is likely that all fucoidans contain the same sug-
ars as sargassan, but that the proportions vary widely. Fractions extracted
with acid may be devoid of glucuronic acid and mannose, but pure fucans are
rarely obtained. Acid extraction of another member of the Fucales, Ascophyll-
um nodosum, has yielded a fucoidan ("ascophyllan") that contains no mannose
or galactose, but which is otherwise similar to sargassan (Ref. 95 & 96).
Systematic studies of the acid-extraction procedure showed that, in its nat-
ive state, ascopyllan is part of a much more complex molecule that contains
alginate-like chains (Ref. 97), and a fraction similar to ascophyllan was
isolated containing residues of D-mannuronic and L-guluronic acids in addition
to D-glucuronic acid (Ref. 98). Fucus vesiculosus gave similar results.

The inference that fucoidan and alginate are chemically linked in Fucales is
therefore strong. It is not clear how much of the alginate is present in the
free state, but it is very difficult to prepare pure alginate from the Fucales
without using acid at some stage in the isolation. Unfortunately, similar
studies of the Laminariales are lacking, but they are generally considered in
the industry to be superior raw materials for the manufacture of alginate.

We are so accustomed to thinking in terms of biosynthesis, that it seems hard
to think of alginate as having evolved from a much more complex macromolecule
of which it is only one of the building units. Obviously, it would have to be
synthesised first, before xylofucan chains could be built on to it. The indic-
ations are, however, either that the fucotransferase activity declined, or
that alginate stopped acting as the acceptor.

GLYCANS PARTICIPATING IN CALCIFICATION AND SILICIFICATION

Although these glycans are also non-fibrous, they are distinguished from the
other mucilages by their specialised functions and apparently highly ordered
structures.

Pectic acid

This has been found in the freshwater green alga, Nitella translucens, which
belongs to the Order Charales (Family, Characeae), whose close affinity to
terrestrial plants has already been noted (Ref. 99). The genus Nitella is not
itself calcareous, but most of the Charales are, and fossil species are known
from the late Silurian Period, about 400 million years ago. This means that
pectic acid is roughly contemporary with true cellulose and the homopolymeric
xylans.

The pectic acid was extracted from the alga with hot aqueous ammonium oxalate,
and after purification via a copper complex, it had [alp +245 and contained
74% of uronic anhydride. The neutral sugar components were galactose, arabin-
ose, xylose and rhamnose, present in the molar ratio 4:6:3:1, and D-galactur-
onic acid was isolated by hydrolysis with pectinase. The material was therefore
remarkably similar to some of the more complex pectins of terrestrial plants,
but it contained no methoxyl.

It is evident that the presence of pectic acid does not invariably lead to the



Structural evolution of glycans in algae 691

precipitation of calcium carbonate in vegetable matter, but its affinity for
calcium ions is well known, and the binding site has been identified (Ref.
100). It is therefore likely that it participates in some way in the accumul-
ation of calcium by the calcareous Charales.

The apparently sudden appearance of pectic acid in the Silurian is hard to
explain. A trace of galacturonic acid has been tentatively identified in the
extracellular slime of one blue-green alga (Nostoc sp., Table 4), but one
would have expected that the ability to synthesise long sequences of contig-
uous, (1l+4)-linked o-D-galacturonic acid residues would have developed more
slowly, as we have already seen with the xylans, for example. We are there-
fore confronted by a particularly puzzling "missing link". It is perhaps
possible that investigation of other Charales, not to mention other blue-
green algae, would throw some light on this problem. A fraction rich in pec-
tic acid has already been isolated from Chara australis (Ref. 101).

Calcium-binding glycan of Emiliania huxleyi

This alga belongs to the Family Coccolithophoridae of the Class Chrysophyceae
(Fig. 1) . These are marine, unicellular Chrysophyta, and a popular item in
the diet of filterfeeders. Probably for this reason, they are, like the diat-
oms, still rapidly evolving. It has been estimated that a new species is cur-
rently appearing at the rate of one every 30,000 years (Ref. 8). The cocco-
liths are elegantly fluted discs of crystalline calcium carbonate (calcite).
Since their design is different in every species, it must be under close
genetic control. Since coccoliths are mineral, the fossil record is excellent.
The oldest coccolithophore appeared in the early Jurassic Period, but it has
long been extinct. Emiliania huxleyi itself is only about a million years
old.

The coccoliths are produced inside the cells, and are then thrusted outwards
through the cell envelope. Their geometric design is pre-determined by that
of a gelatinous matrix synthesised within the cytoplasm, which then becomes
impregnated with calcium carbonate crystals. The matrix is a glycan, extract-
able with EDTA, and containing residues of D-glucose, 3-O-methyl-D-xylose,
D-galacturonic acid and its 3-O-methyl ether, L-galactose, L- rhamfiose and its
Z,3-di- -O-methyl ether, L-arabinose, D- and L-mannose and théir 6- -O-methyl
ethers, “and D -ribose (Ref. 102 & 103T It also contained 4% of hemiester
sulphate.

From the extremely complex mixture of oligosaccharides obtained upon partial
acid-hydrolysis, the acidic components were isolated and separated on an
ion-exchange resin, and thirteen of them were fully or partly characterised
by methylation analysis and mass spectrometry (Ref. 104). Reference is made
to the original paper for full details, but the following sequences represent
one possible (simplified) interpretation of the data:

OQUTER CHAINS:

GALA-(1-4)-GALA- (1-6)-Man- (1>3) -Man- (1-4) -GALA- (1+2) -MaN-
GALA3ME-(122)-ManBME- (1+4) -GALA- (1+2) -MANBME- (1-4) -GALA-

INNER CHAINS:
~4)-GALA- (1-2)-RHa-(1-4) -GALA- (1-2) -Rua- (1-4)-GALA-

Glycans involved in the silicification of diatoms

The silica frustules of diatoms are even more elaborate and varied in design
than coccoliths. Evidently, these designs, too, are under absolute genetic
control. The silica is of the amorphous, hydrated kind, and appears to be
laid down over, or within, a mucilaginous capsule around the cell wall. The
mechanism of silicification is obscure, but there are strong indications that
residues of mannose and glucuronic acid are prominent components of the muc-
ilages. In six different species of diatoms, the proportion of mannose res-
idues was always higher in the logarithmic phase of growth, when silicific-
ation would have been most active (Ref. 105). Direct microanalysis of a "skin
of glycan material surrounding the silica frustules in Navicula pellicosa

led to the detection of mannose, glucuronic acid, xylose and fucose residues
(Ref. 106).

There has been only one structural study, namely, of a sulphated glucurono-
mannan from Phaeodactylum tricornutum (Ref. 107). Structure (3) gives a
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simplified picture of the findings:

-MAN-(1*3)-MAN-(1*3)-MAN-(1*3)-MAN-(1*3)-MA§—(1*3)-
MAg 0504

1
MAQ b n =1 or 2

GL%A,
(3)

A sulphated, o=-(1+3)-linked mannan has been isolated from the red seaweed,
Nemalion vermiculare (Ref. 108), and an unsulphated, a-(1+3)-linked mannan
has been found in the green seaweed, Urospora penicilliformis (Ref. 18)
but neither species is known to accumulate silica in significant amounts.

CONCLUSIONS

There seem to be few exceptions to the general rule that evolution has res-
ulted in a reduction in the number of different sugar residues, the number
of different kinds of linkages, and the degree of branching in algal glycans.
This process starts earlier, and it carried much further, in the fibrous
glycans than in the mucilages, but the same trend is clear in both. New
sugars seem to have appeared, but usually at the expense of others. For
example, D-fructose in inulin replaces D-glucose in starch and laminaran;
D-mannuronic acid replaces D-glucuronic acid in some diatoms and brown algaej;
and D—galacturonlc acid repTlaces D-glucuronic acid in pectic acid and the
calcTum-binding mucilage of Emiliania huxleyi.

Running counter to this general impression of simplification, which seems to
represent a progressive compartmentalisation of glycotransferase activity,
are the introduction of sulphate hemiester and methyl ether groups, very
prominent in red algae; the conversion of galactose into its 3,6-anhydride in
red algae; the conversion of glucose into its 3,6- anhydride in a diatom; and
the conversion of D-mannuronic acid into L—guluronlc acid in brown algae.

It is, however, eifher firmly established or very probable that these modif-
ications all occur at the polymer level. They might therefore be considered
more as an extension of the process of compartmentalisation than as excepti-
ons. Some support for this idea might be seen in the fossil evidence that
red algae were the first eucaryotes (Ref. 1 & 2), which implies that they
were the first organisms to develop an endoplasmic reticulum.

Perhaps the only real exception is the formidably complex, calcium-binding
glycan of Emiliania huxleyi, but here we can perhaps appeal for an explanat-
ion to its very recent evolution, and the very rapid rate of evolution of

the phylum to which it belongs. It certainly appears to be a highly ordered
molecule, and perhaps we are witnessing a turning-point in evolution here,

in which an apparent simplification is giving way to the development of "true"
or "ordered" complexity.
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