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If the history of genetics has taught us anything
it is that each technological advance in data
generation, from starch gel electrophoresis to

PCR and automated DNA sequencing, has brought 
with it vast new amounts of information, and often 
new debates, about how genomes are organized and
evolve, and how species are related. It is not difficult to
predict that the first data revolution of the 21st century –
the ability to sequence and compare the entire genomes
of organisms – will likewise bring with it many new
insights into the genetical history of life on earth.

Epidemiology is one science which will benefit from
this flood of gene sequence data. Access to the complete
genomes of microbial species will doubtless assist in the
identification of the molecular factors which underpin
fundamental biological properties like virulence and
tropism, while on the host side genome data will allow us
to determine the genetic basis of disease susceptibility
and outcome. However, even though the availability of
sequence data will no longer limit the type of questions
asked, there are still challenges for those wishing to use 
it to understand the nature of infectious disease. First, 
it will be necessary to implement rational sampling
protocols, controlling for factors such as age, sex,
geographical location and disease classification, so that
the sequence data we have are as informative as possible.
Second, it will be necessary to develop a new suite of
analytical tools which can effectively process such an
abundance of information. It is likely that many of these
tools will have their roots firmly planted in evolutionary
biology – a field that provides a natural theoretical
framework by which to understand why genomes are as
they are.

● The phylogenetic vista
Perhaps the most useful tool in the evolutionist’s kit is
the phylogenetic tree. The growing sophistication of
methods of phylogenetic analysis along with their ever
wider application is one of the most significant
developments in evolutionary biology. Since their first
appearance in the early 1960s, gradual improvements
have been made in the mathematical models used to
describe sequence evolution, the proper starting point
for any phylogenetic analysis. Not only can the models
available today allow bases to change at rates specific to
the data in hand, but methods are now so advanced as 
to allow changes in base composition along lineages and 
for different sites along a sequence to evolve at different
rates, both of which can have profound effects on the trees
constructed. Progress is also being made in allowing
bases to evolve in a concerted fashion, as might be caused
by protein or DNA/RNA secondary structure. Put
together, these advances mean that the assumptions we
make when we construct a phylogenetic tree are
increasingly likely to mirror the evolutionary processes
that produced the sequences in the first place.

Furthermore, techniques of tree reconstruction are 
being developed which use gene position or gene order.
Finally, we now know a good deal more about the
circumstances under which we fail to obtain the correct
tree, such as not having a representative sample of taxa,
and so we can design our analyses accordingly. This being
said, wildly differing rates of evolution or changes in base
composition along lineages continue to cause problems
in phylogenetic analysis and must always be considered
as possible sources of error.

Once constructed, phylogenetic trees can be put to a
variety of uses in epidemiology, including determining
the source of particular epidemics, tracking their
subsequent progress through populations and assessing
whether certain strains are more often associated with
outbreaks than others. More recently, phylogenetic
methods, such as that of Nielsen & Yang (1998), have
been developed which allow the identification of
individual codons subject to positive selection. Such
techniques obviously have enormous potential in the
identification of those sites of utmost functional
importance. Equally impressive is that phylogenetic
trees can even provide an indication of rates of pathogen
spread. The use of molecular phylogenies in this context
stems from the realization that different demographic
histories (i.e. rates of population growth or decline) alter
the rates at which lineages appear on the tree. As a simple
rule, trees reconstructed from a (small) sample of lineages
from a population which has maintained a constant size
through time will tend to have more branching 
(= coalescent) events towards the tips than at the root. 
As the rate of population growth increases, branching
events move from the tips towards the root, from which
dynamic it is possible to estimate approximate growth
rates. It is therefore possible to measure the growth
characteristics of epidemics simply by studying the
branching structure of phylogenetic trees. As a case in
point, application of this method to HIV-1 sequence 
data revealed different rates of population growth for
viral subtypes A and B, suggesting that there was an
initial rapid spread of subtype B viruses through high
risk populations in Europe and North America. It is 
clear that as theory develops further, so we will be able 
to infer more complex epidemiological histories simply
by examining gene sequences.

● Trees or networks?
Although we can construct phylogenetic trees with more
accuracy than ever before, and can ask more far-reaching
epidemiological questions, this in itself does not
necessarily mean that we are putting together a more
accurate picture of evolutionary relationships. The
limitation of most phylogenetic analyses is that a tree is
merely a hypothesis of how sequences and species might
be related to each other – albeit generally a very good 
one – and that there are other, more complex, ways 
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in which organisms can be connected. For example, 
if a sequence has undergone recombination in its
evolutionary history, a process which is common within
and among many microbial species, then it may be more
realistic to depict their evolutionary relationships as an
intricate ‘network’ diagram in which sequences have
multiple ancestors, rather than as the normal bifurcating
tree with a single ancestral sequence at each node. It is
equally clear that recombination in the form of lateral
gene transfer has been widespread across very great
evolutionary distances, a process which will greatly
complicate our desire to reconstruct the tree of all cellular
life and to classify organisms in a simple hierarchical
manner.

Deciding whether evolutionary patterns are better
represented as trees or networks is not only a taxonomic
nicety, but it also has profound implications for
understanding evolutionary mechanisms and predicting
future trends. For example, loci exhibiting high rates of
recombination, and which form network structures, will
have a greater capacity to generate genetic variation and
hence have more adaptive potential than those in which
mutation is the only fuel for diversity, and so evolve in a
tree-like manner. Such accelerated evolutionary change
is of special importance in antigen-encoding genes or
those that determine drug or vaccine resistance. A key
phylogenetic question for the future is, therefore, which

genes evolve in a simple tree-like manner and which
show more complex structures, as this provides a simple
window on evolutionary mechanism.

Despite the evident importance of networked
evolution, most methods of phylogenetic analysis will
draw a tree regardless of the underlying evolutionary
process and in doing so will misrepresent evolutionary
history. As an example, consider the relationships
between various species of Neisseria bacteria
reconstructed using the 16S rRNA gene, a gene often
used in the phylogenetic analysis of microbial species.
Although a simple neighbour-joining tree of ten of 
these species appears to be a reasonable interpretation of
their phylogenetic relationships (Fig. 1a), it ignores the
fact that many interspecific recombination events have
occurred. In these circumstances a network structure is a
much more realistic reconstruction of their evolutionary
history (Fig. 1b). It is perhaps ironic that as gene
sequence data accumulates and phylogenetic trees
become ever more common and powerful analytical
tools, there is a growing realization that these trees are
not always the best representation of evolutionary
history.

The ability to sequence and compare the complete
genomes of organisms promises much to many areas of
biological science. For evolutionary biologists these data
will allow us to unravel the crossed wires of evolutionary
relationships, while for epidemiologists they provide 
a major opportunity to learn why pathogens spread 
and cause disease. The challenge for bioinformatics, 
now a key component in both disciplines, is not only to
devise more efficient computer programs to analyse the
abundance of gene sequence data, but also to infer more
complex patterns of evolutionary relationships, and
hence mechanisms, from these sequences.
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LEFT
Fig. 1. (a) Unrooted neighbour-
joining tree of 16S rRNA sequences
(1355 bp) from ten species of
Neisseria. (b) Network
representation of the same data
drawn using the method of split
decomposition, which shows all the
phylogenetic pathways (i.e. the
splits) linking sequences rather
than only those that fit into a single
tree. More information concerning
these data and the analytical
methods used can be found in
Smith et al. (1999).
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