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Some Computational Problems
Associated with Horizontal
Gene Transfer

Michael Syvanen

It has been over 30 years since the suggestion that horizontal gene
transfer (HGT) may have been a factor in the evolution of life entered
the literature. Initially these speculations were based on discoveries
made in medical microbiology, namely, that genes for resistance to
antibiotics were found to move from one bacterial pathogen to another.
This discovery was so unexpected and contrary to accepted genetic
principles that though it was announced in Japan in 1959 [1,2], it was
not generally recognized in the West for another decade. Speculations
that HGT may have been a bigger factor in the evolution of life was
inviling because it offered broad explanations for a variety of biologi-
cal phenomena that have interested and puzzled biologists for over the
last century and a half. These were problems that had been raised by
botanists who have puzzled over the evolution of green plants [3] as
well as by paleontologists who recorded macroevolutionary trends [4]
in the fossil record that were often difficult to reconcile with the New
Synthesis that merged Darwin's thinking with Mendelian genetics.
However, outside of the field of bacteriology this exercise did not really
attract that much attention until the late 1990s, at which time there was
a major influx of data indicating that HGT had been very pervasive in
early life. Namely, complete genome sequences began to appcear.
Simple examination of these sequences showed beyond any doubt that
horizontal gene transfer was indeed a major factor in the evolution of
modern bacterial, archaeal, and eukaryotic genomes.

Hence, in the past seven years or so, investigations into HGT have
moved from the realm of the highly speculative and poorly documented
to a robust area of investigation, especially for problems based on com-
putationally intensive studies of genome sequences. A prerequisite to
the ability to explore HGT is the ability to distinguish between genomic
regions that may have originated from a foreign source (i.e,, from a
parallel lineage) and genornic regions whose evolutionary history is the
result of vertical evolution of that given lineage. In the current review
I will go over four areas that pose nontrivial computational problems.
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These are: (1) the phylogenetic congruency test, {2} mosaics, (3) distance
discrepancy, and (4) nucleotide composition analysis. Even though
there is a rich literature concerning phylogenetic incongruities and
masaics, there has been little recent progress on new computational
approaches. Therefore this review will focus mainly on the distance dis-
crepancy approach and on atypical nucleotide composition analysis.
These latter two approaches have the potential to shed light on some
outstanding biological questions. Before going intc these problems [ will
review the concept of common ancestry as a means of introducing the
general topic of HGT and to help explain why it is having such pro-
found influence on how we think about biology in general.

THE LAST UNIVERSAL COMMON ANCESTOR

An example of how profoundly the notion of HGT has changed our
thinking concerns the concept of the last universal common ancestor
(LUCA). This is an idea that was central to the hypothesis that life
shared common ancestors, Though the idea of common ancestry remains
valid (indeed evidence for common ancestry is everywhere in the
sequence of our genes), there is no longer a need to postulate that ali
life evolved from a single last universal common ancestor. Rather, we
can entertain common descent from multiple ancestors.

The notion that all life passed through a single interbreeding bottle-
neck is still probably believed to be true by most people who think about
this problem. The reason is simple. There are many genes involved in
information processing (i.e., DNA replication, RNA transcription, and
protein synthesis) whose orthologs are found in all three major
domains of life. Furthermeore, when the sequences of these genes are
submitted to phylogenetic analysis they more or less support the fol-
lowing relationship: the Archaea and Eukaryotes define a clade to the
exclusion of a bacterial clade and a single line links both of these clades.
Figure 9.1 A shows this relationship. The figure shows an unrcoted tree
with four taxa; this happens to be a topology that is susceptible to semi-
rigorous statistical analysis (see below). The Archaea/Eukarvote clade,
by definition, implies the existence of a common ancestor for these two
groups and further we can infer that a point on the line leading to the
bacterial clade represents the last common ancestor of all life. Thus we
can say that there is empirical support for the existence of the last
Common ancestor.

[ mentioned above that this scenario is more or less supported by
the informational genes. The striking finding is that other genes
common to the three major kingdoms frequently show exceptions to
these relationships. When it comes to the genes for energy metabolism,
Eukaryotes and gram-negative bacteria are usually mere closely
related to one another than they are to the Archaea and other bacteria
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Figure 9.1 Universal tree of life and two alternatives. Bacteria contain many
deeply rooted clades; here we include two groups which are shown as the
gram (=) or mare accurately known as proleobacteria and gram (+) or the low
GC gram (+) bacteria. A shows the so-called universal tree that is supported by the
rRNA sequences, B shows the relationships found between a very large number
of genes invalved in metabolism and biosynthesis. C simply shows the remaining
d-taxa relationship which very few genes seem to follow.

(as in figure 9, 1B). These genes are thought to have become associated
with the eukaryotic cell through the endosymbiote that eventually
gave rise to the mitochondrion [5-7]. In green plants we can also trace
the ancestry of many genes involved in carbon fixation, photosynthesis,
as well as other metabolic processes to cyanobacteria, the endosym-
biote host that gave rise to the chloroplast. For many of the biosynthetic
pathways the relevant genes yield even more complex relationships.
Thus we have arrived al the current situation that is accepted by
most—there remain a few genes (almost all associated with basic
genetic informational processing) that reflect an evolutionary history
that goes back to some very primitive LUCA, but that superimposed
over the remnants of that primitive ancestor in modern genomes are
numerous examples of subsequent horizontal gene transfer events.
The above is a good model and it requires good reasons to reject it.
To begin, not all of the informational orthologs support the simple phy-
logenetic pattern outlined above. Even here there are some exceptions.
These exceptions have been dealt with in one of two ways. First, in
some cases it can be argued that there is insufficient amount of sequence
to rigorously support the true clade relationships (i.e., sequence neIse
or homoplasy is hiding the true pattern), or alternatively, these are
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informational genes that also have been involved in HGT events.
Though some of the cases are still open to debate, there are a number
of cases where it is simplest to conclude thal some of the informational
genes have been involved in HGT events; this is especially true for
some of the amino acid-IRNA ligases [8]. Once we reach this point then
it is no longer possible to argue that biochemically complex processes
such as protein synthesis are too complicated 1o have their genes being
jnvolved in THCGT events, a position thal was held at least up until 1998,
In fact, Woese [9] suggested that there exisied in the very primitive cells
a less funchonally constrained prolein synthesis machirnery that per-
mitted some HGT events of these components, thereby accounting for
the few exceptions. In this formulation a LUCA at least implicitly
remains in the model. But evidence for the LUCA is greatly reduced, at
Jeast with respect to the number of genes found in modern genomes
that can be directy traced back to the LUCA via exclusive vertical evo-
lution. In 1982 it was automatic to assume that because a biochemical
process was found in all of modern life, than that process must repre-
sent cvidence for the one inlerbreeding population of the LUCA. Now
we know that many of the universal biochemical processes have
moved horizontally multiple times. Thus today we have a greatly trun-
cated LUCA from what we believed just a decade ago.

When speculating on the nature of the LUCA jtis generally accepted
that it must have contained the modern universal genetic code since
that is a feature shared by all life. However, even if we accept the exis-
tence of this LLUCA, there are a variety of reasons to believe that the
LUCA itself was the product of an evolutionary process that employed
horizontal transfer events; this is so especially with respect to the evolu-
tion of the genctic code. It is very difficult to see how the modern
genetic code could have evolved in a sequential fashion; rather the code
must have evolved on separate occasions and become fused inko single
lineages. This problem is illustrated by considering the case of lysine-
tRNA ligase gencs found in modem life, All life has two different
completely nonhomologous enzymes. If the modern genctic code evolved
in a sequential fashion, then we would have fo imagine a situation
whete a lineage that carried one of the two enzymes evolved the
second. The raises the question: what selective pressure could possibly
account for the emergence of this second enzyme when it already has
one? 1t is rnuch simpler io believe that the lysine enzyme evolved inde-
pendently in two different lineages, which then fused to give rise to the
ancestor of madern life. This is not a radical idea. Of course, if FIGT is
comumon lo life after the fiime of LUCA, then it seoms not unreasonable
to assume that it was common to lile before the LUCA. At this point we
come to the following model for evolution of life if we try {0 preserve
the LUCA. We have multiple lineages of pre-LUCA life that are linked
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together by HGT events into a netted or reliculate evolutionary pat-
tern. This leads to the LUCA. The LUCA diversifies into its many
modern lineages and then these lineages are again reticulated, We then
end up with a topological model that looks like an hourglass, namely,
a net above that bottlenecks to the LUCA which then diversifies and
vields a net pelow. At this point the principle of parsimony should kick
in. Why encumber our model with this bottleneck? It is hol only no
longer necessary but is now an exceptional assumphion.

There is another reason that we should jettison the LUCA. This has
to do with the finding that many of the universal genes, including
a number that make up the genctic code, appear to be younger than
are the major clades of life. That 1s, we can be reasonably sure thai
life forms resembling Archaea, bacteria, and some kind of primitive
Eukaryote existed before 1.5 and likely before 2 billion years ago.
However, parts of the genctic code are younger than that. The simplest
explanation is that the genebic code continued to evolve after modemn
life diversified. If so, then the only reasonable explanation for this is that
these younger members of the genetic code must have achieved their
current modern and universal distribution via HGT events. These unex-
pectedly young genes are young by virtue of their having expertenced
less divergence than would be expected from certain assumptions of the
maolecular clock (e, a computational problem, see Distance discrepancy
section below), In addition, these voung genes often seem to display
unusual phylogenctic topologies that are abserved as the star phyloge-
nics (ancther computational problem encountered in phylogenetic
analysis} Once we accept {hat something as complex as the genetic
code can evolve and spread by HGT events, it strongly suggests that a
gene encoding any function could also.

There ate deep ideological reasons for believing in a [LUCA thal
explain the reluctance of many te abandon it. in fact this reason is binlt
directly mto the most basic model of modern bivlogy, that is, Lhe tree of
life. The only figure in Darwin's Origin of Species happens to be a tree
that inevitably maps back te a single trunk. Indeed the algorithms used
in phylogenetic analysis can only find a single trunk, which, of course,
is how they are designed. All practicing biolngists arc aware of the lim-
itations of phylogenetic modeling with ils built-in assumptions, but
nevertheless these assumplions do cause confusion. Tor example, let
me pose a question and ask how often there was contusion when think-
ing about mitachondrial Eve? Isn't it a common misperceplion to {hink
at some point that all of haman life could be mapped back to a single
woman? When in fact ali we can say is that the only surviving remnant
of that distant ancestor is her mitochondrial genome, and it 5
extremely unlikely that any of her other genes survive in any human
populations. Because of the phenomena of sexual reproduction and
recombination we share genes with multiple ancestors with no need to



Problems Associated with Horizontal Cene Transter 253

hypothesize any individual ancestor from whom we have descended.
The same reasoning should apply to the evolution of all life; because of
the phenomena of horizontal gene transfer we share genes with multi-
ple ancestors with no need to hypothesize individual species from
whom we have descended [10].

PHYLOGENETIC CONGRUENCY TEST

Though this is considered the most rigorous method, and has been the
most frequently employed, to establish the occurrence of HGT events,
it remains very difficult to estimate a level of confidence in resultant
findings. This situation has not improved significantly since I last
reviewed this topic [11]. The problem lies in the fact that phylogenetic
trees are Steiner trees and hence the solution to finding the minimal
length tree is np-complete. This means that for large numbers of taxa it
15 impossible to compare two different tupolng,ies and to provide a
judgment as to the significance of any differences. This is not to say that
there has been little progress on developing new algorithms for searching
for phylogenetic trees, just that it remains highly problematical to dnmde
upon competing topologies.

Exact solutions to 4- and 5-taxa trees are possible and there has been
some use of 4-taxa trees to determine if two different gene trees, from
the same set of taxa, are significantly different. This problem is not too
difficult if we simply select an ortholog from four different species and
ask if the resulting gene (rees are consistent with our expectation based
on underlying species phylogeny. | have performed quartet analysis
where a simple I-test was used to assess the significance of the twao trees.
In this approach, the number of uniquely shared characters was com-
puted for each of the three unique 4-taxa trees [12]. Zhaxybayeva and
Gogarten [13] have applied maximum likelihood and Bayesian proba-
bilities to thie 4-taxa problem that give a more rigorous solution to this
problem than that provided by the simple {-test.

However, the 4-taxa comparison is susceptible to a major artifact, as
is any test based upon phylogenetic congruency. One must be wary of
the long-branch atlraction problem, which arises when the evolution-
ary rates among the different lineages are highly variable [14]. Long
branches attract because of a higher chance that they share unique
characters from homoplasy and not homology. In small data sets this
can very difficult to assess, Hitrhi*.' unequal rates can be identified pro-
vided we have good outgroup taxa against which we can perform a
relative rate test [15] and thereby directly assess whether or not the
rates of evolution in the various ]mcageh are comparable. If this is
known, then we can proceed with the 4-taxa test.

There is a potential statistical bias in the 4-taxa test, namely, we may
identify potential incongruities after examining a gene tree containing
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a very large number of taxa. For cxample, let us say that we have a
gene tree consisting of 50 taxa and one of the taxa scems significantly
displaced. We can pick out the aberrant taxa and compare it to three
other selected taxa and perform a test on these four taxa. Let us say that
the resulting 4-taxa gene tree is shorter than the one expected from
known species relationships and that the difference has a significance
of P (either based on the t-test or on maximum likelihood). The prob-
lem we now have is that our quartet was sclected from a much larger
data set. What is the correct value of P? Would it be (7 tmes 507 Or P
times 5,527,200? (the total number of quartets in the sample) or a value
somcwhere in between? This is not a simple problem.

Gene and Genome Mosaics

Aside from the phylogenctic congruency test, the finding of mosaics
has provided the greatest impetus in the acceptance of HGT, especially
in bacterial evolution. Indeed, the finding that different strains of E. cofi
are masaics of each other led directly to the rejeclion of the clonal model
of E. coli populations |16]). Mosaic is sometimes used as a synonym for
horizontal gene transfer. But there is a specific analytical process implied
by this term as well. Figure 9.2 can illustrate this. Let us consider
homologous genomic regions from two different species designated D
for the donor and R for the recipient. These regions were derived from
a common ancestor but have diverged in their primary sequence. One
common horizontal gene transfer evert can be the movement of a DNA
scgment rom 1D into the recipient R followed by a double recombina-
tion event {or possibly a genc conversion) to produce a strain that is
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Figure 9.2 Scheme for the furmalion of a mosaic. Mosaics are created by a
simple double recombination event between two homologous, bul diverged,
DN A sequences designated here as the donor (D sequences a-d) and the recipient
(R sequences a™-d") to give rise o the mosaic hvbrid (Hy). The two crossover
points are atb/b’ and ¢’ /¢; these points are also referred 10 as the novel junctions,
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a hybrid from D and R. Recombination belween two homalogous
but diverged sequences has been termed "homeologous” recombination
[16] while "homologous” recombination involves two identical DNA
Sequences.

There is no question that homeologous recombimation oceurs, There
are well-documented examples from laboratory studies [17], It also likely
oceurs naturally. Some of the more siriking examples involve important
pathogenicity genes found in bacterial and viral human pathogens.
An -early example included a penicillin resistance gene found in
Strepoceccys viridinns (18], In this example, sequence R {the sensitive
5. viridians), sequence D (@ resistant 5. pueumoiiae), and the hybrid
sequence (the resistant 5. viridiens) were available. Thus a straightfor-
ward parsimony argument would suffice to reconstruct a pathway
analogous to the one in figure 9.2, In addition, mosaic patterns appear
te be common among viruses; it i precisely this type of rccombinatiom
event that has contributed [0 much of the variation seen with HIV [19].
A different kind of recombination (called reassortment) has led to the
creation af novel human influenza virus strains. Indeed mich of the
world is now waiting to see if such an event may occur with the agent
responsible for the current Southeast Asian "bird flu” that could set off
a pandemic among humans.

Itis of interest to map the exact recombination crossover points (he.,
b/b’ and ¢’/¢} in figure 9.2. The mosaic problem can be solved using
the phylogenetic congruency test where different regions of the mosaic
are compared fo one another, But if this is done, some sensc of where
the crossover points are located is needed. Rarely can the exact "novel
junetions” be identified, but a target range can be found. A few authors
[20,21] have derived stalistical tests to help judge the significance of a
presumed mosaice, especially with respect to locating inferred crossover
points. Conceptually there is an overlap between this problem and the
haplotype-mapping problem [22-24] for the simply reason that haplo-
types are linkage groups that are defined by recombination units.

Because the recombination events that produced the pathogenic
hybrids described above ocourred within the past few decades, there
were no or few subsequent point mutations thal could erase the pattern
shown in figure 9.2. These examples are so clear that there is not that
much difficulty in identifying the mosaic patiern in the hybrids. However,
there are also situations where mosaic paiterns of evolution have left
an imprint, but where we have only partial data scts and/or degraded
data sets. As one possibility, consider a suspected hybrid mosaic in a
larger set of homologs where we are missing the putative donor and
recipient. Can we identify the mosaic? In principle, this can be accom-
plished by using the larger data set to establish the expected amount of
divergence for each region. Based on my ewn experience from examining
large numbers of aligned sequences, the possible cocurrence of mosaics is
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not rare, The problem is that lacking a possible donor sequence (D), we
cannot coniclude that the aberrant sequence is due to horizontal gene
transfer since there are other mutational mechanisms that can produce
an apparent increase in sequence divergence. Nevertheless, it is inter-
esting to identify such regions and there are no currently automated
procedures for doing so.

We can also imagine a situation where an ancient homeologous
recombination event had occurred, and we encounter highly diverged
descendents of the hybrid and donor and /or recipient. At what point
can we still identify the mosaic before the mosaic pattern is lest in the
evolutionary noise? This is a problem that goes beyond the single issue
of horizontal gene transfer. We can imagine homeologous recombina-
tion events occurring between paralogs within a genome that nasult in
a protein with a novel function. Modem proteins are certainly the result
of fusions and rearrangements of more primitive proteins, and there is
considerable interest in reconstructing the pathways by which proteins
evolved [25]. Clearly, it seems likely that events simnilar to those seen in
figure 2.2 would have contributed to the evolution of modern proteins.
This is a computational problem worthy of continued investigation.

Distance Discrepancy

Distance discrepancy as a means of detecting HGT events remains a
potentially powerful but as yet underutilized tool. Accurate determina-
tions of molecular distance have the petential to answer questions about
the importance of HGT in evolutionary history in situations where the
phylogenetic congruency test is too insensitive, The potential advan-
tage of this tool can be most clearly seen in regard to hypotheses on the
importance of HGT in the evolutionary history of higher Eukaryotes—
especially multicellular plants and metazoans.

The earliest speculations concerning HGT repeatedly mentioned the
explanatory power of HGT for a number of phenomena that had puzzled
biologists for over a century [1,2,26]. These include those major episodes
of evolution {especially during the emergence of novel structures) that
occurred simultaneously and over short periods of time. Such events as
the Precambrian radiation or the eutherean radiation have been cited.
In addition, the widespread occurrence of parallelism among closely
related lineages has recurred throughout the fossil record. If these spec-
ulations are correct, it means that HGT events among, for example, the
metazoans occur more frequently between closely related lineages than
among more distantly related lineages. The phylogenetic congruency
test detects movement of genes between highly unrelated lineages, but
since it compares topology, it is relatively insensitive to movement
between close relatives, In principle, such events will be seen through
temporal discrepancies without necessarily giving rise to incongruent
phylogenetic topologies (reviewed in [27]).
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For example, let us consider a very real possibility concerning meta-
zoan evolution. If the radiation occurred 340 MYA (million years ago),
could we detect movement of 2 gene leading to two modern phyla that
occurred 400 MYA? To develop tools that can attack this prablem requires
good molecular clocks, good calibration points, and accurate species
diversification times. At the present time this remains outside of our
ability 10 resolve, but there is no reason in principle that good statisti-
cal tools cannot be developed to solve this problem. In what follows |
will deal primarily with protein distances, as opposed to nucleotide
distances, simply because some of the more inleresting problems such
as the metazoan radiation, eukaryotic diversification, and vertebrate
divergences have occurred over a time period that exceeds the resotv-
ing power cbtained from an analysis of neutral DN A evolution. We are
forced to look at proteins whose molecular clocks have been slowed by
functional constraint.

Formally, a melecular distance is the number of mutations (or the
number of amine acid replacements) that have occurred since the sepa-
ration of two genes. A distance measure ¢an be extremely useful because
of the existence of molecular clocks, which means there is a possibility of
determining a time of separation from the distance. ln crude terms we
can possibly infer evidence of horizontal gene transfer if the time of
divergence of bwo genes significantly deviates from the time of diver-
gence of two lineages [27], The use of molecular distances to infer
horizontal gene transfer events has not received as much atiention as
have the phylogenetic congruency test or the deviations in gene com-
position (see below). [t is, however, the belief of this author that many
of the more interesting developmentis in the near future in horizontal
gene transfer will emerge from distance studies.
is There a Molecilar Clock?  One of the reasons that distance measure-
ments have received minimal notice is a residue of distrust in the notion
of the molecular clock. Thirty years ago proponenis of the molecular
clock argued that not only was there a stochastic clock but also that
replacement or substitution rates in different lincages were the same.
This latter point is certainly not correct. We now know that substitu-
tions per bp per year vary between different lineages {15]. This fact
does not, however, mean that a molecular clock s not operating within
a given lineage or that such a clock cannot be calibraled. The relative rate
test is again importani to ensure that the rates of evolution in the respec-
tive lincages are comparable [15). There are two distance approaches
that | would like to consider here: one is what L have called the distance
matrix rate test and the other is the use of protein distance rattos. Both
of these have the potential to reveal distance discrepancies that may
uncover horizontal gene transfer events.

Distance Matrix Rate Test (DMR). This is a test that allows one to com-
pare the rate of divergence of a protein from a large number of species
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to Lhe rate of evolution of a species being compared. Basically, one plots
a whole distance matrix {rom the gene under consideration against a
“standard” distance matrix from the same set of species that presum-
ably represents the genomes of Lhose species. The standard can be Lhe
average distance of all of the shared proteins across the genome [28] or
it can be a represenlative gene that is believed to characterize the genome
|29]). The advantage of this test is that we need not assume that the rate
of evalution in the different lincages is the same {no need for a constant
malecular clock) nor do we need ko know the phylogenetic topology.
One of the advantages of the DMR test is that we can estimate a
confidence level in the discrepancy between a protein distance as com-
pared 1o the standard. The approach that i toek is shown in figure 9.3
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Figure 9.3 Example of a distance matrix rate {DMR) test. Complete distance
matrices tos both rps11 and rpl14 proteins were computed from the same set of taxa.
A distance between taxon X and taxon Y for the rpst] protein is plotted againsi the
distance between taxon X and taxon Y Jor the pll4 protein. There are twenly
dilferent taxa selected lrom Bacieria, Eukarva, and Archaca. The location of
some representative taxon pairs is at the top of the figure. Ecoh, Escherichia wlh';
haemin, Haemophius influcnzae; Cain, Cacnorhabditis elegans; drome, Drasophita
melanogaster; Bacsa, Bacillus subtilis; syny3, Synechococcus; Yeast, Sacclaromyces
cervristae; and mwbja, Methanacocr s janstascitil,
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(from Syvanen [29]). The dislance matrix for the ribosomai protein rpli4
is plotted against that of tpsl]. The same set of species is present in both.,
The species include representatives of Bacteria, Archaca, and Eukaryotes.
The dolted lines gives an expecled 95% confidence level where it is
assumed that divergence of the two proteins from the last common
ancestor 1s neutral (hence it i3 assumed that the rake is determmed
simply by the genome-wide mutation rate) and further that the amount
of funetional constraint acting against divergence for each protein is the
samc in the different lineages. There is no need to assume constant
clocks or to kniw phylogenctic relationships. The two ribosomal pro-
teins wore chosen in this example because they were expected to have
a very low chance of being involved in HGT cvents. The linear fil of the
data with few points lving oulside of the 95% confidence level supports
this assumption.

The occurrence of HGT cvents can be inferred when data points for
one of the proteins falls significantly cutside of the lincar regression.
This has been exploiled by Novichkov et al. [28], who have successfully
used this method to identify very likely HGT evenis.

it is difficult to provide a rigorous interpretation for the error analy-
sis. Normally with N independent comparisons one could simply
calculate the correlation coefficient and covariance in order to iest
whether a lime-dependent stochastic process relates the two variables,
This will nol work here because the distance matrix values are auto-
correlated, that is, N independent sequences will yield N(N - 1)/2
distances. Thus, any calculated covariance will be artificially low.
Therefore, to assess whether o not the replacement process is random,
the 95% confidence intervals are given in figure 9.3. In addition to this
difficully, many of lincages may share historics aver a considerable penod
of time, which means there are even not reallv N independent sequences.
This is a problem that also bedevils the relative rate test. Novichkoy
et al. [28] have used a different approach to analyze error, but the same
uncertainties as are found in [29] apply with their approach as well,
Protein Distance Ratios. | have recently developed another approach
that exploits aberrant distances in order to idenlify possible genes that
are involved in HG'T events. In this approach, distances based upon
different proteins within lhe same genomes are compared. The diffi-
culty with comparing two different protetns is that different levels of
funclional constraint acl upon each, so without knewing in advance
the amount of functional constraint a direct comparisen of distance
will tel) us little. Hlowever, there is a possibility of using ratios of pro-
tein distances thal can overcame this problem. This approach requires
the sequences of protein orthologs from three different taxa. The approach
is Hlustrated in figure 9.4. In the current example, distances between
proteins from the tunicate Cigun, hurmans, and the veast Sachharotiyees
cercvisine are used. As is described in figure 9.4, the distances between
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Figure 9.4 Schematic illustrating the distance ratios metric. Evolutionary hme
is determined by the time of divergence between two lineages. In this example
we have two time points—the human (Hu)/Ciona (Ci} division and the 5. cervvisie
I (Ye)/chordate (Cildivision. If distance were some measure of the number of
amino acid replacements per amino acid site deduced from pairwise comparisons
that is linear with time of divergence, then we would have linear molecular clocks.
Protein a and protein b are two different orthologs that differ from each other in
their level of functional constraint,

Ciona and human orthologs are normalized to the distance of those pro-
teins to the yeast protein. If three following assumptions are met—that
the evolution of each protein within the three lineages reflects the evo-
lutionary history of the underlying species, that the protein distance
measure is linear with time of divergence, and that the amount of func-
tional constraint acting upon each protein is the same within the three
linecages—then the ratio of the distances of the two proteins should be
the same, that 1s, from figure 9.4 a/a’ = b/b’. Hence deviations in these
ratios will offer evidence of atypical protein evolution.

This exercise was carried out using the complete protein sequence
databases for the Ciona, human, and yeast genomes. A group of about
200 protein sequences that appeared to be orthologous (i.e., a sing}e
copy within the genomes) was chosen. One advantage of using protein
ratios in this way is that we can directly test the assumption that the
distance measure is linear with ime. If a protein distance becomes sat-
urating with time, then we would expect to see the ratio of distances to
increase with increasing protein distance. Figure 9.5 shows the result
of plotting the ratio of distance against absolute distance. There are a
number of competing methods for measuring protein distances available.
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Figure 9.5 Distance ratios are constant with increasing distance. The set of 185
proteins shown were chosen in the following manner. The 6800 protein sequences
from the S. cerevisiae genome were used as queries in Blast searches against a
database that contained the proteins deduced from the human, Ciona, C. clegans,
Drosephila, Arabidopsis, and Oryza sativa genomes. This yielded a list of over a
thousand yeast proteins such that at least one copy of the homolog was found
in each of the other genomes. This list was reduced by removing the obvious
gene families containing parologs, thereby enriching this list for orthologous sets.
The chosen genes were aligned, all indels removed, and then the JTT distances
determined. The corrected distance between human and Ciona (Dhc) was
divided by the yeast-Ciona distance (Dyc). The logs of the ratios are normally
distributed about a constant mean independent of Dyc values.

In the current study I tested five of them {data not shown). Shown in
figure 9.5 is the one that gave the best result, that is, the slope of the
curve was closest to zero. This distance is based on the JTT matrix [30],
though the Dayhoff PAM mecasures worked reasonably well also.
Simple distances, Poisson corrected distances, and Kimura protein
distances gave significantly nonzero slopes.

Figure 9.6 shows the data from the ordinate in figure 9.5 plotted as
a simple histogram. The log of distance ratios is given because the
direct ratios are not normal, though there are reasons to believe they
should be lognormal. In figure 9.6 we can see that the data roughly
approximates a normal curve but that there are many outlying points.
In fact the distribution is highly overdispersed with about 10% of the
sequences lying outside of a normal distribution. The genes represented
by these outliers are candidates for possible horizontal gene transfer
events. This study remains unfinished at this point. Though we have
a tool here that allows identification of sequences that are atypical,
once identified there is a difficulty with concluding that an HGT event
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Figure ©.6 Distance ratios distribution. The distance for each ot the proleins
between human and Ciwm (Dhe) was divided by the distance between the two
metazoa and S. cercvistae (Dve) and the distribution of the log of this ratio is
shewn,

had occurred. This is due to the very real possibility that the three pro-
teins are not an orthologous set but that a paralog is present. Many of
the early claims of HGT (reviewed in [11]) turned to artifactual because
of the inclusion of parelogous sequences, The pessibilily of selecting
for a parakog seems high with a screen that looks at hundreds of genes
as described here. Further analysis of these examples will be required
before we can conclude that the hngh v dispersed points in figure 3.6 are
evidence for HGT events.

In summary, distance ratios provide another metric that allows us to
detect HCT evenis. Though this work remains incomplete, there are
two internal controls that offer encouragement. One is that the log
ratios versus distance plot in figure 9.3 is flat, thus supporting the
notion thai distances upon which we are basing the ratios are lincar
with time. Another factor that is encouraging is that the peak of the
curve n figure 9.6 lies at 0.44, which places the Cione/human (Ilwo
chordates) divergence time at about 440 million years ago (assuming @
fungal-metazoan divergence of 1 BYA). This is after the Cambrian radi-
ation of 340 MYA, as it likely should be.

ATYPICAL NUCLEOTIDE COMPOSITION {THE ANC ISLANDS)

In the previous three sections the procedures described for identifying
HGT events rely on the comparisons of orthologs from multiple species.
This section deseribes an approach where deviations in nucleofide
composition are used to identifv forcign genes [3132]. The genes
identificd by this criterion fall into a number of diffcrent categories.
These include phages, plasmids, insertion sequences, and other mobile
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genetic elements. in addition, we can include a class of genomic regions
that have been called, in different contexts, pathogenicity islands, plas-
ticity islands, or accessory gene regions. These classes range from those
genes that are clear parasites to selfish genes to those that can be consid-
ered accessory and even some that are essential. The notion of accessory
genes has been around for many years either implicitly or -explicitly
[33]. They are DNA clements that are often associated with mobile genetic
ciements. They allow the organism to exploit some highly specialized
ecological niche that may require only temporary unions of genes that
can be easily lost when no longer useful. Mobility becomes important
to long-term gene survival when selection for an associated trait is lost.
Because accessory genes include a large variety of genetic elements, |
will collectively refer to them as the atypical nucleotide composition
(ANC} genes or ANC islands when mulliple genes are clustered.

When we refer to atypical compositions we refer to deviations from
within a given genome since different species have their own unique
composition, There are different evolutionary forces responsible for
these unique genome compositions. It is clear that major bacterial
assemblages vary in their GC content, from a low of 25% to as high as
75%. Even for bacteria with similar GC content, synonymous codon use
can differ. There appear to be biases in nearest neighbor frequencies
{dinucieotide frequencies) or even biases in oligonuclectide frequencies
of up to eight [34,35]. Biases in longer oligonucleotides are probably
caused by other mechanisms than just GC content and codon bias.
Positive selection against certain restriction nuclease sites or other DNA
metabolism factors could lead to different bacteria obtaining different
lecalized compositions.

Thus, for a variety of reasons, the distribution of oligonucleotides
will be skewed from random and that skewing can provide a unique
signature for a given bacterium. In most bacteria, the composition sig-
nature that uniquely characterizes the genome applics to about 85% of
the genes on average, while the remainder of genes seem to have com-
positions governed by different rules |36,37]. It was originally proposed
that these atypical genes could be the result of horizontal gene transfer
(HGT) with the atypical gene carrying the signature of a foreign donor
genome. According to this postulate the donor is $o remotely related to
the recipient that its genome composition is significantly different. In
fact, in recent years this explanation has become so widely accepted
that the finding of atypical regions has been considered a measure of
HGT. A strong prediction of the remote donor hypothesis for ANC is
the existence of a donor species whose genome composition at the time
of HGT reflects this atypical composition, Because such remote donor
species have not been found, the hypothesis remains on shaky grounds.

In this review 1 suggest a revision of the remote donor HGT hypoth-
esis for atypical nucleotide composition and will go into a detailed
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discussion of the need to consider alternatives. 1 will continue to main-
tain that the atypical genes identified in the above studies have most
likely been involved in HGT events. The revision that | propoese is that
the atypical compusition observed does not reflect the genome compo-
sition of the donor species, but rather reflects the property of gene
mobility per se.

A number of lines of evidence can be offered to support the gene
mobility hypothesis for the ANC islands. Let us begin with the sequence
composition of phages, prophages, plasmids, and insertion sequences
that are invariably atypical when compared to the hosts that carry them,
This, of course, has been attributed to their likely residence in remote
doenors with different nucleotide compositions. The problem, however,
is that the sequences of these particular elements have been the subject
of extensive study for over three decades without any hint of remotely
related donors. For example, let us consider the lambdoid phages that
have been extensively surveyed but so far have been encountered only
within a narrow group of gamma-proteobacteria, the so-called enterics
[38,3%]. The lambdoid phages are a closely related group of phages that
have similar genome organizations and can give rise to hybrids between
different members of the group. The enteric bacteria as a group, how-
ever, do not differ in their genume compuosition. For example, £. coli and
Saimoneila have virtually identical GC compositions and codon usages
[40]. A similar pattern is scen with plasmids and insertion sequences.
That is, with a few spectacular exceptions, plasmids and insertion
sequences seem to have limited host ranges (i.e., they are found within
a group that generally have the same genome compositions) but their
sequences themselves show the atypical composition. Thus there is no
independent evidence for remote species donors, rather the altermative
scems to be the case; the apparent donor species most likely have the
same genome compasition as do the recipients.

There are other puzzling patterns in the nature of these genes with
atypical composition that are difficult to reconcile with the idea of
remote species donors. There are many genes with aberrant GC content
found in the chromosome of E. coli. It turns out that over 90% of those
that deviate significantly from E. eoli's GC content of (.5 are greatly
enriched for AT. it was difficult o explain this asymmetry as being due
to the donor species distribution. | suggested in 1994 [11] an altermative
explanation that a bias in favor of AT is consistent with a gene which
in the course of its life cycle was frequently submitted to homceologous
recombination events. This predicts a family of mobile genes whose
integration in new recipient chromosomes relies on homeologous
recombination (17| as opposed to the site-specific integration events
associated with prophages, inserted plasmids, and insertion sequences.

Evidence that such a class of genes is found in the ANC islands
has recently been described. Koski et al. [41] argued against the use of
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atypical compositions as an indicator of horizontally transferred genes
after a detailed analysis of the types of genes that Lawrence and
Ochman [42] had identified as HGT candidates because of ANC. One
of the apparent problems that Koski et al. noted was that 135 of the 747
genes ¢lassified as horizontally transferred in E. coli turned out to have
positional orthologs in the bacterium Salmonelle. 1f both E. coli and
Satmonells have the same positional ortholog, then this strongly sug-
gests that the common ancestor to these two strains also carried this
ortholog. However, it appears the these two bacteria diverged about
100 million years ago, whereas Lawrence and Ochman [42] had already
estimated that after 100 million years of vertical evolution a gene's
composition would be expected to have converged to that of the host
genome. They call this amelioration. Thus the apparent dilemma:
comumon ancestry suggests that these 135 genes were present in the
lines leading to E. coli and Salntonella 100 million years ago, but
soquence composition suggests that these genes were introduced into
E. codi considerably more recently. The explanation that | am offering
for this class of genes is not that these genes are not invelved in HGT
events, as argued by Koski et al. [41], but rather that they are mobile
genes that can be lost but also can recstablish themselves in enteric
chromosomes via homeologous recombination events. Such a mecha-
nism of transfer would necessarily preserve positional orthology and,
according to the current hypothesis, such recombination events select
for the atypical nucleotide composition.

The phenomena of homeologous recombination between homologous
genetic regions of E. coli and Seimonells have been well documented.
Mutant strains of Selmonelle missing the methyl-directed mismatch
repair pathway recombine with an E. coli doner [171. It is probably not
coincidence that wild strains of E. coli are frequently encountered that
have lost this mismatch repair pathway even though such mutants have
a serious growth disadvantage when compared to wild-type strains.
Evidence that recombination events have occurred naturally between
these two lineages is seen with apparent concerted evolution of the
elongation factor Tu, fufA and fufB loci [40]. Another fact that supports
frequent recombination events between diverged but homologous
sequences is the finding that one very important class of genes found
on one of E. coli’s ANC islands has a highly mosaic pattern [43].

As mentioned above, there is so far no direct evidence for the remote
species origins for the ANC islands. There is one recent study that illus-
trates the size of this problem. Nakamura et al. [36] surveyed the
genomes of 116 bacteria for nucleotide composition and found that on
average 14% of the genes had atypical compuositions, which was repre-
sented by 1357 gene clusters. They furthermore probed their 116-genome
database with these 1357 gene clusters to see if the codon bias in one of
them would show a match to any of the other 115 genomes and thereby
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possibly locate the denor. The power of the technique was shown in
that they did in fact identify one donor-recipient pair among those
1357 gene clusters. This pair, however, tumned out to be an artifact; the
strain of Neisseria meningitides that had been sequenced, happened to
carry erythromycin-resistant Staphylococcus plasmid genes that had
been unsuspectingly cloned into the Neisseriz species [44], and this was
the gene that Nakamura et al. [36] identified. Thus, in this fairly large
survey, we can conclude that so far no clear case of naturally occurring
remote species HGT events have been identified using genome differ-
ence analysis.

The reason for presenting detailed arguments for the mobility
hypothesis as an explanation for the ANC islands is that it leads to
testable predictions that can be revealed by future computations. In
addition, it gives rise to certain expectations with respect to the chemical
properties of DN A and molecular mechanisms of genetic recombination.
But this goes well beyond the scope of this review.

Horizontal gene transfer is an indisputable fact. In general terms,
types of genes have been divided into two classes on the basis of trans-
fer frequency: infformational genes and operational genes. The accessory
genes found on the ANC islands should be included as a third category:

Informational — Operational - Accessory

And moving from left to right the likelihood of the genes being
involved in horizontal gene transfer seemns to increase dramatically.
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