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Horizontal gene transfer (HGT) spreads genetic diversity by moving genes across species boundaries. By rapidly
introducing newly evolved genes into existing genomes, HGT circumvents the slow step of ab initio gene creation and
accelerates genome innovation. However, HGT can only affect organisms that readily exchange genes (exchange
communities). In order to define exchange communities and understand the internal and external environmental factors
that regulate HGT, we analyzed approximately 20,000 genes contained in eight free-living prokaryotic genomes. These
analyses indicate that HGT occurs among organisms that share similar factors. The most significant are genome size,
genome G/C composition, carbon utilization, and oxygen tolerance.

Introduction

Horizontal gene transfer (HGT) refers to the acqui-
sition of foreign genes by organisms. It occurs extensively
among prokaryotes, especially in response to a changing
environment and provides organisms with access to genes
in addition to those that can be inherited (Spratt et al. 1992;
Hilario and Gogarten 1993; Syvanen 1994; Rivera et al.
1998, Doolittle 1999; Martin 1999, Ochman, Lawrence,
and Groisman 2000). By allowing the transfer of genes
between unrelated species, HGT increases genetic di-
versity. By introducing new genes into existing genomes,
and thereby circumventing the slow step of ab initio gene
creation, HGT accelerates genome innovation and evolu-
tion, although not necessarily gene evolution (Jain, Rivera,
and Lake 1999). We will refer to a collection of organisms
that can share genes by HGT, but need not be in physical
proximity, as an exchange community.

The influence of environmental factors on HGT, and
hence on the structure of exchange communities, has been
uncertain and confusing. For example, it is well known
that horizontal gene transfer can be influenced by factors
such as temperature and pH (Lorenz and Wackernagel
1994; Williams et al. 1996; Davison 1999), yet in vitro and
in vivo experiments have shown that some proteins that
function at high temperatures are fully capable of replacing
their mesophilic orthologs (Piper et al. 1996; Thomas and
Cavicchioli 2000). Proximity can have an overriding effect
on HGT, since if a DNA is missing from a particular
habitat, it will be impossible for residents of that habitat to
acquire the DNA even if HGT is otherwise acceptable.
Nevertheless, organisms living very close to each other do
not always exchange genes by HGT. Regulatory regions
can be strongly influenced by internal factors such as G/C
composition, yet some pathogens have obtained the ability
to infect a host through acquisition of large stretches of
DNA called pathogenicity islands that possess G/C
compositions markedly different from the remainder of
the genome (Groisman and Ochman 1996; Salama and
Falkow 1999). Thus, the influence of environmental and

internal parameters on HGT has been uncertain. In this
paper, we ask whether and how geographic, environmen-
tal, and internal parameters have influenced genetic
exchange by HGT. We find HGT is not random, but
depends critically upon internal and environmental factors.
We also identify and quantify those parameters that affect
HGT and thereby delineate exchange community bound-
aries.

Materials and Methods
Bootstrap Calculations and Phylogenetic Reconstructions

Bootstrap calculations were performed to estimate
both the slope of the zero associativity lines and to
estimate the variance of the experimentally determined
slopes in the associativity plots. To calculate the slope of
the zero associativity lines, the HT distance from the
reference tree to each of the 10,395 possible eight taxon
trees was calculated utilizing the cut and regraph distances
of Allen and Steel (2001) and the EF-Tu/EF-1a (caterpil-
lar) tree as reference. The Allen and Steel distances
correspond to the minimum number of HTs required to
convert an observed tree into the reference tree. Of these
trees, one was zero HT steps, 90 were one HT steps, 1,978
were two HT steps, 7,486 were three HT steps, and 840
were four HT steps from the reference tree.

Prune and regraft distances were calculated as follows
(Moore and Lake, unpublished data). Initially, all possible
prunings of the reference tree were regrafted to a different
location on the tree. These new trees were thus one
horizontal transfer step (HT ¼ 1) from the reference tree.
Then all HT¼1 trees were used to calculate trees that were
two steps from the reference (i.e., those new prune and
regraft trees that were neither HT ¼ 0 nor HT ¼ 1 trees).
The process was iterated until all distances were de-
termined.

Parsimony scores were calculated for each tree
according to the two-step method of Williams and Fitch
(1989). A brief description of their method follows. In
their first step, the range of possible parsimony values is
progressively selected for each node. In the second step,
the most parsimonious value (or values) for each node is
calculated, working from a common node to the tips. It is
assumed that to get from character i to i þ n, one passes
through n states. To determine the set of values that could
fit a node, one proceeds by sweeping the tree from the
branches furthest from the root towards the root (the root
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was placed at the center of the four internal branches,
although the position of the root does not affect the
calculations).

The zero associativity slopes were calculated by
sampling from the set of all possible trees, whereas the
slope and the variance of the experimental associativities
were calculated from the set of observed trees. For both
types of calculations the number of trees sampled (with
replacement) for each horizontal transfer value were the
same as the number of experimentally observed trees:
HT¼ 0 (one tree), HT¼ 1 (nine trees), HT¼ 2 (60 trees),
HT ¼ 3 (65 trees), and HT ¼ 4 (five trees). The mean of
each zero associativity slope was determined as the mean
averaged over 10,000 bootstrap replicates, and the distri-
butions of experimentally determined associativity slopes
were determined from 10,000 bootstraps for each environ-
mental parameter. The bootstrap results were observed to
be normally distributed, and standard deviations were
calculated and used for Z-score analyses.

Diverse strategies were employed to reduce, or to
estimate, errors potentially introduced into the analyses.
For example, because G/C composition was one of the
factors being analyzed for its effect on HGT, it was vital
that our analyses be independent of G/C compositional
biases. Hence we measured HGT using phylogenetic trees,
rather than use methods that monitor G/C composition, to
remove this potential source of bias. Also trees were
calculated using paralinear (LogDet) distances to remove
potential G/C biases, since these distances are demon-
strably independent of G/C composition (Lake 1994).
Phylogenetic reconstructions were performed using star
alignments, since these alignments are much less sensitive
to biases associated with pairwise alignments (Lake 1991),
and distances were compensated for site-to-site variation
using pattern filtering as previously described (Lake 1998;
Rivera et al. 1998; Jain, Rivera, and Lake 1999). Because
both the associativity (– parsimony) score and HGT dis-
tances were based on phylogenetic trees, the slopes of the
parsimony/HGT plots were not significantly affected by
small, intragene horizontal transfers that may have been
undetected in this study. To assess the effects of using
different reference trees, results were calculated using the
three most probable trees as the reference tree. Together,
these three trees represented 94% of all bootstrap
replicates. We observed no statistically significant differ-
ences in our results when any of these three trees were
used as the reference.

Results and Discussion

Eight complete genomes spanning the diversity of
prokaryotic life (Bult et al. 1996; Kaneko et al. 1996;
Blattner et al. 1997; Klenk et al. 1997; Kunst et al. 1997;
Smith et al. 1997; Deckert et al. 1998; Kawarabayasi et al.
2001) and consisting of approximately 20,000 open
reading frames were analyzed for the impact of the
following factors on HGT: optimum, minimum, and
maximum growth temperature; oxygen (anaerobic, micro-
aerophillic, and aerobic); pH; salinity (marine, fresh, or
either); log10pressure at site of isolation, G/C content,
carbon utilization (heterotroph, autotroph, or either), and

genome size (Stetter et al. 1990; Stetter 1996). The taxa
and their corresponding values for each of these variables
are given in the online Supplementary Material.

To test whether HGT preferentially transfers genes
among organisms living in similar or different environ-
ments, we introduce the concept of associative horizontal
gene transfer. The effect of each environmental parameter
on HGT is described by its associativity value. For
example, if HGT occurs preferentially among organisms
living at similar temperatures, illustrated by adjacent
shallow marine environments in figure 1a, then the
temperature associativity is positive. If HGT occurs
preferentially from organisms living at high temperatures
into organisms living at lower temperatures, or vice versa,
then the temperature associativity is negative, as illustrated
by glacial and volcanic environments in figure 1a.

Positive associative HGT produces gene trees in
which organisms from similar temperatures are clustered
together, and negative associative HGT juxtaposes high
temperature organisms with low temperature organisms
(fig. 1b). The resulting clustering of environmental factors
on gene trees can be assessed by parsimony, which
provides a numerical measure of the extent of the grouping
of organisms having similar parameters. For example,
positive associativity results in low parsimony scores,
since most temperature changes encountered in going from
one branch in the tree to the next will be small (fig. 1b). In
contrast, high parsimony scores are produced by negative
associativity, since many temperature changes will be
encountered due to the juxtaposition of high temperature
organisms with low temperature organisms (fig. 1b).

The relationship between environmental factors and
HGT was assessed by correlating the clustering of factor
values on each gene tree, (Williams and Fitch 1989; Allen
and Steel 2001). This correlation provides a measure of
whether a given factor is positively or negatively
associative. The zero associativity line corresponds to the
random horizontal transfer of genes independent of the
donors’ and recipients’ environmental parameters and
separates the regions of positive and negative associativity
(fig. 2a). For optimum growth temperature, for example,
zero associativity would produce an assortment of trees
sometimes containing groups of like temperature organ-
isms and sometimes containing vastly different tempera-
ture organisms juxtaposed. When correlated with
horizontal transfer, the parsimony scores under the zero
associativity model will be, on average, less than those for
negative associativity (fig. 2a [top region]) but greater than
those for positive associativity (fig. 2a [bottom region]).

Parsimony scores computed for each set of orthologs
are plotted against the number of horizontal transfers and
illustrated for maximum growth temperature in figure 2b.
In this example, the regression line for the data and for the
zero associativity model are both shown. Since the slope of
the regression over the experimental data in figure 2b is
less than the zero associativity slope, these data imply
positive associativity, indicating that HGT occurs prefer-
entially among organisms with similar maximum growth
temperatures. All parameters examined were positively
associative, although the strength, and hence statistical
significance, of the relationship varied with the parameter.
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Bootstrap calculations were used to estimate the
statistical significance of each of the associativities.
Bootstraps indicated that the slopes for each of the 10
parameters were normally distributed and suggested a Z-
score analysis of slopes. For each parameter, the
experimentally determined mean slopes and variances
from the bootstraps (10,000 replicates each) were trans-
formed to Z¼ 0, and r2¼ 1, respectively, as shown by the
bell curve in figure 3. The zero associativity slopes for
each of the 10 parameters were also transformed using the
same Z-score transformations and are indicated in figure 3.
In all cases, the position of the zero associativity slope lies
to the right of the distribution, indicating positive
associativity for all factors. Negative Z-scores would have
corresponded to negative associativity. The closer their Z-
scores are to zero, the less influence each particular
environmental parameter has on restricting HGT and
defining exchange groups. For the mean of the 10 factors,
the associativity is significantly positive (P , 0.0005, Z¼
3.55, by the two-tailed test). Moreover, each of the
individual parameters correspond to positive associativ-
ities, albeit to different degrees. The internal discriminants
genome size, G/C content, and carbon utilization have the
greatest positive associativities (likes exchanging with
likes). These are followed by oxygen and all three

temperature variables, which also have statistically

significant positive restrictions on HGT. Salinity, pH,

and log10pressure have only weak effects.
As our data show, internal and external environmen-

tal factors strongly influence which genetic material
a prokaryote may acquire by HGT. The positive asso-
ciativity of some of the parameters tested here is readily
understood. For example, prokaryotes preferentially ac-
quire genes from other prokaryotes when both live in the
same oxygenic environments because there are many en-
zymes that do not function in the presence, or absence, of

FIG. 1.—Illustrations of positive associative HGT and negative
associative HGT. (a) Positive associativity refers to the preferential
movement of DNA among similar environments, as shown here between
two shallow marine environments. Negative associativity describes the
preferential exchange of DNA among disparate environments, as
illustrated here between a glacial environment and a volcanic one. (b)
A hypothetical example illustrating how a two-state environmental
parameter mapped onto an eight taxon tree changes in response to
positive associativity (at the left) or to negative associativity (at the right).
The directions of the arrows reflect the movement of a branch from one
region of the tree to another and correspond to the movement of a gene in
the opposite direction. Positive associativity preferentially results in
organisms with similar parameters being clustered on the tree (low
parsimony scores), whereas negative associativity preferentially results in
organisms with different parameters being juxtaposed on the tree (high
parsimony scores).

FIG. 2.—Illustrations of how associativities are measured. (a) For
a hypothetical environmental parameter, the zero associativity regression
between parsimony score and number of horizontal transfers is shown as
a black line. When an observed regression line has a slope greater than
that of the zero associativity line, this corresponds to negative
associativity, since the parsimony scores are increasing faster than they
would if horizontal gene transfers were independent of the environmental
parameter. When an observed regression line has a slope less than that of
the zero associativity line, this corresponds to positive associativity, since
the parsimony scores are increasing more slowly than they would if
horizontal gene transfers were independent of the environmental
parameter. (b) A linear regression between parsimony score and
horizontal transfers for the maximum growth temperature data (solid
line) and for the zero associativity model (dotted line). Since the
regression line for the data has a smaller slope than the zero associativity
model, maximum growth temperature restricts HGT, resulting in lower
parsimony scores for the observed data than the zero associativity model
data. Alternating data points have been offset for illustration purposes on
the X-axis by 0.025 horizontal transfers and on the Y-axis by 0.6
parsimony scores.
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oxygen (Schneegurt et al. 1994; Ghirardi, Togasaki, and
Seibert 1997).

Similarly, temperature differences can restrict HGT.
In the case of a gene being transferred from a mesophilic
environment to a thermophilic one, restriction may be due
to the inactivation of mesophilic proteins at higher
temperatures. In the reverse direction, a thermophilic
protein may not function due to the need for higher
temperatures for enzyme catalysis. Also, naked DNA is
much more labile at higher temperatures (Kozyavkin et al.
1995), hampering the circulation of mesophilic DNA
lacking thermal protective mechanisms within high
temperature environments.

The mode of harnessing energy (carbon utilization)
also has a restrictive influence on HGT. Heterotrophs
prefer to exchange genes with each other, as do autotrophs,
perhaps because the opportunity to utilize a novel carbon
source may be advantageous.

The two factors with the strongest positive associative
influences are the internal determinants G/C content and
genome size. The strong positive associativity of these two
factors may be due to their direct effects on the
incorporation of new DNA into existing organisms, and
possibly also due to a cumulative effect of other
environmental factors on G/C composition and on genome
size. For example, nucleotide preferences can restrict the
ensembles of possible regulatory signals, which are
recognized, thereby preferentially aiding the incorporation
of genes with similar G/C ratios. Regarding genome size,
free-living carbon heterotrophs generally have larger
genomes than autotrophs (e.g., Rhodopseudomonas pal-
ustris versus Synechocystis PCC6803) (Kaneko et al.
1996). One reason for this may be that heterotrophs need
to exist on diverse carbon substrates, requiring large
numbers of ancillary enzymes and pathways that must be
encoded. There is some evidence that an increase in
genome size in heterotrophs carries with it an increase in
metabolic diversity (Deckert et al. 1998).

We note that the three most strongly supported factors

are independent of proximity. Genome size, G/C compo-
sition, and carbon utilization vary widely within microbial
communities, and yet have strong associativities, in-
dicating that exchange communities are not necessarily
in physical proximity.

At the other end of the spectrum of restrictions, the
pressure at which prokaryotes live has the least positive
influence on HGT. The optimum pH for growth also seems
to have little effect on HGT, but this is most likely a result
of using pH values of the growth medium, rather than the
pH of the environment at the site of isolation of each
species. Such environmental pH values often vary and are
subject to environmental fluxes. Because of their variabil-
ity, any possible effect a particular pH may have on HGT
remains hidden. To test properly what role pH may play on
HGT, genomes from organisms living in stable pH
environments are needed. Lastly, the parameter salinity
has a slight positive associativity. This might be explained
either by enzymes having reduced activity in environments
with suboptimal salt concentrations or by internal salt
concentrations not being strongly correlated with external
environments (Chrost 1991).

It is difficult to ascertain how much HGT has
accelerated prokaryotic genome innovation, but the
acceleration is significant. Assuming the number of novel
genes originating per unit time is proportional to the
number of cells producing them, then the average increase
in innovation due to HGT can be calculated by dividing
the number of cells/exchange group by the number of
cells/species. The following numbers then are useful for
calculation. It has been estimated that there are 109

prokaryotic species on Earth containing 1030 prokaryotic
cells (Dykhuizen 1998; Whitman, Coleman, and Wiebe
1998), corresponding to about 1021 prokaryotic cells per
species. The sizes of exchange communities are unknown,
but some of the parameters characterizing them are not too
different from those of some terrestrial ecosystems. The
median prokaryotic population size of 12 diverse soil
ecosystem types, as reviewed by Whitman, Coleman, and
Wiebe (1998) is about 1028 prokaryotes, suggesting that an
exchange community could contain some 1028 prokary-
otes. If so, then the relative increase in innovation due to
HGT would be 1028/1021, or 107. Allowing three orders of
magnitude for the inexactness of our estimate, then the
increase in innovation afforded by HGT could be as small
as 104 and as large as 1010. Either would constitute huge
HGT-dependent increases in innovation.

This study provides evidence for a significant effect
of some components of the environment on HGT. Genes
are preferentially exchanged among organisms sharing
similar genome size, genome G/C composition, carbon
utilization, and oxygen tolerance. Indeed HGT may be
responsible for a remarkable increase in genome in-
novation that greatly exceeds anything that could have
been accomplished by clonal evolution alone.
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