The evolution of base composition
and phylogenetic inference
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he observation, made 50
Tyears ago, that nuclear ma-

terial contains equal am-
ounts of the bases adenine (A) and
thymine (T), and equal amounts of
guanine (G) and cytosine (C), was
crucial in helping to elucidate the
structure of DNA. Although it
could be so, the proportion of
A+T in a genome rarely equals
that of G+C and different organ-
isms exhibit different patterns of

Base composition varies at all levels of
the phylogenetic hierarchy and
throughout the genome, and can be
caused by active selection or passive
mutation pressure. This variation can
make reconstructing trees difficult.
However, recent tree-based analyses have
shed light on the forces responsible for
the evolution of base composition, forces
that might be very general. More explicit
tree-based work is encouraged.

correlated with distance from the
origin of replication, but not with
overall GC contentf. Mitochondrial
genomes are also relatively uniform
and exhibit (taxon-dependent)
skews, although in this case, the
amount of skew in the coding
strand is strongly correlated with
overall GC content5. Uniform GC
content has been reported for the
nuclear genomes of fishes and
Xenopus’, but this pattern seems

base composition variation (Box 1).
In parallel with discussions about
the importance of these observa-
tions, in the early 1990s, phylo-
geneticists discovered that the
variation in GC content among or-
ganisms could wreak havoc on
attempts to reconstruct evolution-
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not to extend to poikilotherm ver-
tebrates in generals. By contrast,
the nuclear genomes of yeast,
plants, trypanosomes, birds and
most mammalian orders contain
isochores (Box 1)”. Within these
taxa, isochore structure is variable;
for example, pangolins, myomorph

ary history. This was because the
tree-building techniques then in
use often grouped together unrelated species with similar
GC content. Ideally, these observations might have sparked
more explicit tree-based analyses regarding the evolution
of GC content in a perfect marriage of microevolutionary
mechanisms and macroevolutionary comparative biology.
Such a union has now begun. Here, we look at some of the
general patterns of GC content, in light of the various theo-
ries for its evolution, and highlight some of the impacts
these studies have had on phylogenetic inference.

General patterns of base composition variation

At the level of the entire genome, GC content varies greatly
within and among major groups of organisms. Surprisingly,
the best systematic compilation is still Sueoka’s initial sur-
vey!. Bacterial species have the widest range of GC content,
from 25% in Mycoplasma capricolum to over 75% in the gram-
positive actinobacterium Micrococcus luteus?, although pro-
tist and algal genomes are nearly as variable. The range in
total GC content diminishes within both plants and animals,
and vertebrate GC content ranges from 37% in the tuna
Thunnus thunnus to 50% in the lamprey Lampetra fluviatilis?.
Lampetra fluviatilis is in fact an outlier; vertebrate genomes
tend to be GC poor3, with birds and mammals having
increased global GC content relative to poikilothermic ver-
tebrates®. Total GC content also varies taxonomically within
mitochondrial genomes, although all mitochondrial
genomes sequenced to date are GC poor>: it is lowest in
insects and nematodes (range 15-35%), somewhat higher in
molluscs (range 29-40%) and highest in birds, mammals
(particularly primates) and teleost fish (range 32-46%)5.

GC content can also be highly variable (and highly
structured) within genomes. Bacterial DNA seems reason-
ably uniform in GC content, although often with a bias as to
which bases (G versus C and A versus T) are found on the
leading and lagging strands - a skew (Box 1) that is often

rodents, fruit bats and some insec-
tivores seem to be lacking the most
GC-rich isochores’. In both mammals? and plants!, protein-
coding genes seem to be concentrated in particular
isochores; for example, in mammals they are most abundant
(and perhaps also shorter) in the most GC-rich (H3)
isochores.

Mutation pressure?...

Two main evolutionary processes have been invoked to
explain why patterns of base composition vary within and
among species: biases in the process of mutation (Box 1),
such that the rates of change from GeC <= AT are not con-
stant in time or space!l; and natural selection, either on
overall GC content*"12 or on specific patterns of codon
usage (Box 1)13.14,

A variety of genome studies have revealed that at least
some of the variation in base composition can be pinned
down to biases in the underlying process of mutation, par-
ticularly because similar GC contents are often found in
regions with different functional constraints, such as
exons and introns. The presence of isochores also means
that common base compositions extend to large stretches
of noncoding DNA. In mammals, there is an even more fun-
damental link between isochore base composition and the
process of DNA replication (when most mutations are
likely to occur). AT-rich regions, which produce Giemsa-
dark G chromosome bands, appear to replicate late in
the cell cycle, whereas GC-rich sequences are mainly
located within the Giemsa-pale T bands that have earlier
times of replication!>. However, it is unclear exactly how
replication times might affect mutational biases.

In addition, differences in rates of recombination along
the genome, which seem to be correlated with GC content
in mammals, might also affect patterns of mutation!.
Finally, because mutational patterns differ among repli-
cation strands, mutational bias is also the most probable
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Box 1. Glossary

Codon usage: refers to the relative frequency with which synonymous
codons are used to code for amino acids; some codons might be used
more than others. GC content and codon usage are logically linked when

synonymous codons differ in the proportion of G+C.

GC content: the proportion of a DNA strand, RNA strand, gene, gene region,
chromosome or genome that is guanine (G) or cytosine (C) rather than
adenine (A) or thymine (T) [or for RNA, uracil (U)]. If all nucleotides are
used equally, the GC content would be 50%; this is often assumed when

estimating phylogenetic trees.

Isochore: long DNA fragments (generally >200 kb) that show uniform base
composition. Vertebrate isochores can be partitioned into several categories
based on GC content. GC-poor isochores are designated L(ight), whereas
H(eavy) isochores are GC-richer and come in three classes (H1, H2 and H3)

indicating increasing GC content.

Mutation pressure: if we only consider two types of mutations, those that
convert the bonded nucleotide pairs AT (or TeA) to GeC (or C*G), and those
that do the reverse, then mutation pressure (pp, where D denotes ‘direc-
tional’) is the relative rate per base pair of the former type. Mutation pressure
pp >0.5 indicates a preference for GC substitutions and py <0.5 indicates a
preference for AT substitutions. At equilibrium the observed GC content

should equal pp (Ref. 11).

Skew: the relative amount of G versus C or A versus T along a single
strand of DNA, measured with a sliding window (running average over
a number of consecutive positions, often 100 000-300 000 bp). GC skew =
(G—C)/(G+C), where G and C are the frequencies of the two bases in the

window measured.

Stationarity: the property of having the substitution probability matrices (rep-
resenting the model of character change) remain constant throughout the tree.
GC content evolution (for example, owing to changes in py and/or changes in

selection pressure) represents one important departure from stationarity.

explanation for the skew in GC content in mitochondria
and along bacterial genomes (although it is possible that
lateral gene transfer might also cause some genome het-
erogeneity through the importation of DNA with a ‘foreign’

base composition).
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Fig. 1. The relationship between genomic GC content and GC content of
the stem (double-stranded) portions of 16s rRNA for bacterial genera.
Closed circles represent thermophilic genera (optimal growth temperature
for 21 genera ranges from 47°C to 105°C) and open circles represent
mesophilic genera (optimal growth temperature for 144 genera ranges from
17°C to 41°C). Bearing in mind that there is no relationship between
genomic GC content and optimal growth temperature for either ther-
mophiles or mesophiles, or across all bacteria'®, this graph highlights that:
(1) thermophilic bacteria generally do not have higher genomic GC content
than mesophilic bacteria; (2) rRNA GC content seems highly correlated with
genomic GC content for mesophiles but not for thermophiles, thus sug-
gesting a decoupling of rRNA GC and genomic GC evolution in ther-
mophiles; and (3) rRNA GC content is much higher for thermophiles than for
mesophiles, thus suggesting a selective link between temperature stress
and the need for thermostable double-stranded structures in rRNA. Modi-
fied, with permission, from Ref. 19.
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...or natural selection?

Despite observations consistent with the mutation—
pressure hypothesis, the underlying genetic mechanisms,
such as differences in the proteins used in DNA replication
and repair, remain unknown and merit further study. More-
over, selective explanations for changes in GC content
have also been proposed. For example, early work sug-
gested that UV exposure might select for increased global
GC content in bacterial’. A more recent survey of eight
genera of bacteria suggests that strains of nitrogen (IN)-
fixing aerobes have higher total GC content than congeners
that do not fix N, and that this might be linked to the use of
more N in GC pairings!s.

The most active neutralist-selectionist debate has con-
cerned patterns of GC evolution in vertebrates. The major
selective scenario for isochore structure is based on the
observation of a shared presence of GC-rich isochores,
replete with high densities of protein-coding genes, in
homeothermic birds and mammals. GC-rich DNA is sup-
posed to produce a more heat-stable helix (and more stable
mRNA transcripts) and thus be selectively advantageous in
animals with high body temperatures’. This scenario can
accommodate the correlated GC contents of entire iso-
chores if the selection pressure applies to larger stretches
of DNA. However, the selective advantages accrued are
likely to be small. Consider also that, contrary to early sug-
gestions, a general association between nuclear GC content
and optimal temperature is not seen in bacterial? (Fig. 1).
Combined with the observation that GC-rich Drosophila live
in colder climes than their GC-poor relatives?, and that
cold-blooded turtles and crocodiles possess GC-rich iso-
chores?, one suspects that the basic premises behind the
temperature hypothesis might need revision. That said,
although the GC content in protein-coding genes seems
unconnected with optimal temperature in bacteria, the
rRNAs of thermophilic bacteria do have higher GC content
than nonthermophiles (Fig. 1), thus suggesting that selec-
tion for thermal stability remains a possibility in some
genes. Intriguingly, GC-rich codons also code for thermally
stable, hydropathic amino acids2. If the genomes of differ-
ent taxonomic groups deal with temperature stresses (or
other assaults on integrity) differently, there might still be a
link between GC content and external selective forces.

Although the power of natural selection is uncertain at
the level of whole genomes, it is increasingly clear that it
can make the most intricate of alterations to patterns of
codon usage. In the best studied cases of Escherichia coli,
yeast and Drosophila, selection has been shown to favour a
set of ‘preferred codons’, which maximize expression lev-
els, perhaps by increasing translational efficiency or accu-
racy!4?l, Genes expressed most often are expected to be
under strongest selection and, indeed, show the greatest
degree of codon bias, as well as a reduced rate of synony-
mous substitution (because there is a reduction in the
number of potentially neutral silent changes). Synony-
mous sites within genes expressed at lower levels will drift,
such that codon usage reflects more of the underlying
mutation pressure. In Drosophila, there is also evidence
that codon bias is stronger in regions with low rates of
recombination and in shorter genes, perhaps because pre-
ferred codons have a greater functional effect or because
there is less interference among positions?2,

In contrast to E. coli, yeast and Drosophila, mutation
pressure is the most commonly cited explanation for codon
bias in mammals. Here, there is little evidence that synony-
mous codons differ in fitness and instead codon choice
seems to reflect the mutation pressure of the local isochore,
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although levels of gene expression and tRNA abundance are
difficult to quantify in these species and thus selection has
been proposed!2. Why might natural selection act with less
potency on codon choice in mammals? Population-genetic
theory tells us that the ability of natural selection to shape
Nesubstitution dynamics depends on the product of the
effective population size (/V,) and the selective coefficient, s.
When N,s < 1, which might be the case for synonymous sites
in mammalian species with relatively small population sizes,
genetic drift will be the major force controlling substitution
patterns and thus will prevent selection from efficiently fix-
ing preferred codons. Such a process might also explain
why less codon bias and higher rates of synonymous change
have been observed in Drosophila species with restricted
distributions and thus small V, (Ref. 23).

Another way in which the effects of natural selection and
mutation pressure can be teased apart is by analysing
the types and frequency of nucleotide changes that are
polymorphic within species. Although a variety of methods
exist that consider polymorphism datal?!4, one popular
approach is to compare those mutations segregating within
species with the substitutions that have become fixed
between them. Under neutral theory, patterns of genetic
variation should be correlated within and between species.
For example, mutational pressure should have the same
effect on base composition whether the comparisons are
conducted within or between species. Things are different
under natural selection. Selectively favoured changes will
be polymorphic for less time than neutral ones because they
reach fixation faster, and thus such sites will show low levels
of polymorphism relative to fixed differences between
species?4. Conversely, although slightly deleterious changes
might segregate within populations, they are unlikely
to reach fixation and thus will show higher ratios of poly-
morphism to fixed differences. Patterns of codon usage in
Drosophila have been analysed using this approach.
Drosophila simulans exhibits a low ratio of polymorphic
to fixed synonymous differences, as expected if there are
selectively advantageous preferred codons, although no
significant difference was found in Drosophila melanogaster'“.

A phylogenetic perspective
Whatever the mechanistic basis, it is evident that patterns of
base composition can change through time. As such, the
nature and dynamics of this process can be reconstructed
using phylogenetic methods. For example, many intracellu-
lar bacteria exhibit low GC contents and simple parsimony
mapping revealed a major reduction in GC content soon after
Buchnera bacteria species set up a symbiotic relationship
with aphids. This was interpreted as being the result of
strong mutation pressure in these species, which also have
low values for N,, rather than as a result of codon selection?.
Unfortunately, such explicitly phylogenetic studies of
GC dynamics are rare, perhaps because of concerns that
changes in base composition can affect the accuracy with
which we reconstruct trees in the first place. Since the early
work of Saccone et al., who recognized that a nonstationary
substitution process could have a major bearing on esti-
mates of genetic distance and substitution rates?, the
potentially deleterious effects of comparing genes with dif-
ferent base compositions have become ever more apparent
(for a recent example see Ref. 27). The first tree-building
methods specifically designed to tackle the issue of varying
base compositions, by incorporating the most general of
substitution models, were the LogDet transformation2®
(Box 2 and Fig. 2) and a closely related method that uses
paralinear distances2. Although both techniques appeared
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Box 2. Correcting for GC content when building trees

LogDet (Ref. 28) is a transformation of observed evolutionary distances
(analagous to a normalizing square-root arcsine transformation of propor-
tions) that conforms to the basic assumptions of tree-building algorithms
under a broad class of substitution models. Importantly, the transformation
(based on taking the determinant of the matrix representing the proportions
of every type of substitution between pairs of aligned sequences) produces
additive distances, which are robust in the face of directional tendencies in
different lineages towards different GC contents.

Although the LogDet transformation is robust to nonstationarity, it is also
possible to construct explicit substitution models where the substitution
process can be different in different lineages?'. This incurs the cost of estimat-
ing separate parameters for separate lineages. The simplest model that incor-
porates a changing GC content will estimate 4n—3 parameters when estimat-
ing a tree with n species [=2(2n—2)+1, representing the GC contents and
branch lengths in the rooted tree, plus the GC content of the root]. By contrast,
the most sophisticated time-reversible model that does not incorporate
changing GC content would only estimate 2n+6 [=(2n—3)+9] parameters. If
among-site variation in rates of substitution is also incorporated, all models
increase in complexity by the same amount. Because the total amount of data is
constant, the tradeoff in all such cases is realism of the process versus increas-
ing error because additional parameters are estimated with fewer observations.

to do the job well, they were still limited because another
crucial determinant of phylogenetic accuracy - the extent
of among site rate variation — was absent. However, new
techniques can take into account the number of invariable
sites, therefore improving their performance3’.

Another approach, that of Galtier and Gouy?!, also
offers the potential to recover evolutionary trees in the
face of differing base compositions and variable rates of
substitution among sites. In this method, the equilibrium
sequence GC content (the observed GC content expected
after long periods of evolution) is allowed to vary from
branch to branch in the phylogenetic tree, rather than
assuming that this parameter is fixed among lineages and
through time. This makes the model nonreversible (trees
must have a direction, indicating how GC content varies
through time) and, therefore, the ancestral GC content at
the root must be estimated. Herein lies the beauty of the
approach: not only can it be used for estimating phylo-
genetic trees but also for reconstructing the patterns of
GC evolution. Therefore, it allows both phylogenetic pat-
terns and evolutionary processes to be inferred from the
same data. The model used is parameter rich (Box 2), but

(a) (b)

Aquifex (65%) Aquifex (65%)

Thermotoga (62%) Thermotoga (62%)

Deinococcus (55%) Deinococcus (55%)
Bacillus (55%) Thermus (64%)

Thermus (64%) Bacillus (55%)

Trends in Ecology & Evolution

Fig. 2. The effect of GC content variation on phylogenetic reconstruction. (a)
The recovered tree for 16s rRNA for three thermophilic (high GC content) and
two mesophilic (lower GC content) bacteria genera, using both maximum par-
simony and minimum distance methods. The total GC content of the aligned
sequences are in brackets. If only variable positions are considered instead,
the differences between thermophiles and mesophiles become more
extreme. The two mesophiles, with similar GC content, group together. (b)
The recovered tree when the log-det transformation is applied to the data.
This tree, with the mesophiles separated by Thermus, is more in line with cur-
rent views on bacterial relationships. Figure redrawn, with permission, from
T.M. Embley et al. (http.//www.dbbm.fiocruz.br/james/index.html).
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simulation work suggests that meaningful estimates of
ancestral GC content are possible with sequences as short
as 500 bp. Indeed, for a series of trees with ten species, the
approach correctly recovered ancestral GC content even in
the face of global pressure to increase it through time, such
that all descendent sequences had higher values than the
root; or to decrease it, such that all descendent sequences
had lower values than the root3..

Application of this method to real sequence data has gen-
erated some striking results. For example, the ancestral GC
content at the third position of 27 mammalian genes was
found, in most cases, to more closely mirror that of Homo
sapiens than that of murid rodents32, This was interpreted as
evidence for an evolutionary shift towards the GC poorer,
more homogeneous pattern along the murid lineage, per-
haps associated with poorer DNA repair mechanisms in this
lineage3. Similar events along other lineages of eutherian
mammals might have a bearing on our attempts to accu-
rately reconstruct the phylogenetic relationships of these
animals, as will doubtless be true for many other systems.

In a second, perhaps more dramatic, application, the GC
content of the rRNA sequences of extant life’s most recent com-
mon ancestor was estimated to be GC poor and thus unlikely to
represent a thermophile3, thus questioning the commonly
held view that life originated in a hot, auxotrophic environ-
ment. Accounting for changes in base composition among
lineages is an important way to improve historical inference.

In spite of these methodological developments, it is evi-
dent that the effects of GC variation on phylogenetic inference
need to be explored further. For example, the much cited sim-
ulation study of Hillis*> showed that, under a particular model
of DNA substitution, the problems associated with combining
sequences with different rates of substitution (‘long-branch
attraction’) could be partially offset by dense taxon sampling,
thus dispersing homoplasic changes across the tree, particu-
larly with large sequence data sets. Understandably, this has
stimulated brute-force phylogenetic studies, incorporating
vast numbers of taxa and with many genes combined (e.g. see
Ref. 36 on angiosperms). However, what is unclear is how
much is compromised if the genes, or even individual lineages,
differ greatly in base composition, such that a single substitu-
tion model cannot be applied equally. Furthermore, the phylo-
genetic effects of GC differences do not just apply to genomes,
DNA strands, isochores or genes, but also to neighbouring
nucleotide sites®, thus suggesting that even the most sophis-
ticated of current tree-building methods might still be too sim-
plistic for some aspects of molecular evolution. More gener-
ally, it is crucial that we appreciate the potential for any
changing substitution process to undermine phylogenetic
accuracy: we can expect lineage-specific codon preferences,
changes in which bases, amino acids or which sites that can
be substituted, as well as their interactions, to lead to prob-
lems3839, Bias owing to parallel changes in codon bias must
also be confronted*0, We envisage that the realization that evo-
lution is often a directional process will have a major impact
on the phylogenetic studies of the future.

The causes and consequences of changes in base compos-
ition are increasingly recognized as being of major importance
in molecular evolution. Not only do they provide a valuable
window on fundamental evolutionary processes, but also they
greatly affect our ability to accurately reconstruct phyloge-
netic history. The goal for the future will be the development
of analytical methods that are both sensitive enough to reveal
the causes of even the most minor shifts in GC content within
and among lineages, and sufficiently robust to accurately
retrace evolutionary history in the face of major alterations in
the substitution process.
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Arbuscular mycorrhizal fungi,
Collembola and plant growth

here is an intriguing paradox
Tin arbuscular mycorrhizal

(AM) fungal ecology. Al
though there are numerous lab-
oratory studies that have shown a
variety of benefits to plants in
forming a mycorrhizal association,
there have been far fewer occa-
sions when these benefits have
also been demonstrated in natural
situations!. Positive effects of AM
fungi on plants include enhanced
nutrient uptake, protection against
pests and pathogens, and relief of
drought stress2. Recently, it has

Alan Gange

Arbuscular mycorrhizal fungi are
ubiquitous in field soils, as are
mycophagous animals such as

Collembola. It has been suggested that
these animals reduce the functioning of
the mycorrhiza and are thus detrimental
to plant growth. However, recent choice
experiments suggest that Collembola
preferentially feed on nonmycorrhizal
fungi in the rhizosphere. If these
preferences also occur in field soils, then
Collembola might indirectly benefit plants
through an enhancement of mycorrhizal
functioning and indirect multitrophic links
to foliar-feeding insect herbivores.

the subterranean species feed (at
least in part) on fungi has led to
their being regarded as important
regulators of the mycorrhizal sym-
biosis. Reviews of AM-soil fauna
interactions suggest that Collem-
bola have the potential to restrict
mycorrhizal functioning in the
field®?, but null and stimulative
effects of their feeding have also
been recorded. Other authors
question their importance?, thus it
is timely to ask whether Collem-
bola are responsible for the dis-
ruption of AM associations, and

been suggested that the response

whether they are one reason for

of any plant to AM colonization lies
along a continuum from positive to
negative3. Therefore, the question
naturally arises as to whether lab-
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the failure of field experiments to
match results obtained under con-
trolled conditions.

oratory studies at the positive end
of this continuum are realistic
mimics of field situations, which appear to lie in the null (no
response) area. There is an urgent need to understand this
problem, so that the ecology of mycorrhizas might be better
described and future management of the symbiosis
improved. In laboratory studies, many factors can be con-
trolled, and some or all of these might be responsible for
reducing the efficacy of AM fungi in field conditions. These
include soil nutrient levels, plant stress factors (e.g.
drought), plant diseases, and herbivorous and mycopha-
gous animals®. An important group in the latter category is
the Collembola (springtails).

Collembola are abundant microarthropods in virtually
all soils, feeding on a range of materials, including fungi, bac-
teria, lichens, decomposing vegetation and detritus. The
feeding ecology of most species is poorly known?, but there
appears to be a preference for fungal hyphae over other
food types. By consuming dead vegetation and hyphae,
these animals can play an important role in decomposition
processesf. In many cases, Collembola can enhance the
decomposition process because hyphal grazing stimulates
growth and respiration of the fungi’. The fact that most of
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Laboratory studies
It is apparent that one species,
Folsomia candida, has been used in almost 50% of laboratory
pot trials (Fig 1a). The reason is simple: F. candida is excep-
tionally easy to culture, unlike many other species. However,
to quote from a recent review!?, using this species as repre-
sentative of all Collembola ‘is about as ecologically sound as
choosing a mole as a “typical” mammal’. It is interesting that
the frequency distribution of AM fungal species used shows
a less skewed distribution (Fig. 1b), but this also represents
species that are generally amenable to pot culture. There
have been remarkably few attempts to recreate a field situ-
ation in the laboratory by using co-occurring species of
Collembola and AM fungi from one field site (but see Ref. 11).
Collembola densities in pot trials are usually given in
numbers of individuals per dm3, but these have been con-
verted to numbers per m? for ease of comparison with known
field densities (Table 1). With few exceptions!?, the density of
animals used has been at, or below, that normally encoun-
tered in comparable field situations?!. A feature of this sum-
mary is that only the two early studies recorded a negative
effect on plant growth resulting from collembolan grazing on
the mycorrhiza!819, In these laboratory trials, there are three
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