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Figure 4. (A) Correlation between fitness (growth rate in OD) and the tAl, across a set of GFPs with different codon bias that have been expressed
in E. coli [based on data from (7)]. (B) HGT events from different source organisms to E. coli: the percent of genes that are non-transferable to E.
coli versus the corresponding zRs between the source organism and E. coli [based on data of Sorek er al. (2)]. (C) Gene expression of recently
transferred genes and endogenous genes. The red lines denote the mean expression level in each group, the purple lines mark a threshold denoting
high expression level [log(mRNA levels) >2]; 11% of endogenous genes (that did not undergo recent HGT) are highly expressed and 6% of the genes
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In all organisms that were analyzed before there is sig-
nificant correlation between the expression levels of genes
and translation efficiency [as measured, for example, by
the tAl; see (10,19,21,22,26,37)]. One of the main reasons
for this correlation is the fact that highly expressed genes
potentially occupy more ribosomes. Thus, mutations that
improve their translation efficiency are likely to have a
higher effect on the organism’s ‘fitness’. As a result,
these genes are under stronger selection for higher trans-
lation efficiency [see, for example, (7,10,37)]. In other
words, improving the correlation between the expression
level of genes and their translation efficiency (tAl) should
improve the overall allocation of ribosomes and fitness of
the organism. This correlation can be improved locally, by
increasing the number of efficient codons in a highly ex-
pressed gene or globally, by changing the tRNA pool of
the organism such that the correlation will increase.
Changes in the tRNA pool may be due to duplication/
deletion of a tRNA gene but also due to transfer of a
tRNA(s) (possibly in the same HGT event) from organ-
ism(s) in the same environment/community.

To try and demonstrate how HGT can trigger selection
for similar tRNA pools, we used E. coli [for which the
mRNA levels for most genes, under known conditions,
are available (14)] as a model organism. According to
Nakamura et al. (6), 768 out of the 4376 E. coli genes
underwent recent transfer. Figure 4C depicts the distribu-
tion of expression levels in E. coli genes, distinguishing
between recently acquired genes and the rest of the
genome. As can be seen, the average expression levels of
recently acquired genes are lower than the mean expres-
sion level of the rest of the genes (Figure 4C). However,
there is a non-negligible fraction of recently acquired
genes that is highly expressed (6% of the recently
acquired genes versus 11% of the rest of the genome).
Hence, we expected that adjusting the tRNA pool to
better fit the expression levels of these new genes, while
maintaining the efficiency of the older and more estab-
lished genes, should improve the fitness of the organism.
A more efficient ribosome allocation should be reflected
by a higher correlation between mRNA levels of genes and
their tAl. In addition, it is important to note that even a
‘small’ change in this correlation may have a substantial
effect on the fitness of the organism.

Quite surprisingly, in accordance with this hypothesis,
the correlation between the expression levels and tAl is
indeed higher when considering ‘all’ the genes (r = 0.47,
P<107"% pe <0.001) than when considering ‘only’ the
non-recently transferred genes (r=0.45; P<10"'°,
pe <0.001; Figure 4D; see Figure 4E for the distribution
of tAI in the non-transferred genes and the transferred
genes). This suggests that the tRNA pool of E. coli has

underwent an adaptation to the new HT genes. Further
support for this finding comes by observing that the cor-
relation between the expression levels and tAl of all the
genes (recently transferred and non-recently transferred) is
significantly higher than when replacing the transferred
genes with random groups of genes of similar size
(whose codon biased underwent selection to fit their ex-
pression levels—controlling for the fact that the adapta-
tion can be at the level of codon bias or that the HT genes
have more compatible codon bias; see the previous sub-
section), or by randomly permuting the mRNA values of
only the transferred genes (empirical P-value = 0.01 and
0.03, respectively). These results remain significant also
when we sampled random groups with similar mean
mRNA levels as the transferred genes (controlling for
the fact that the recently acquired genes generally have
lower mRNA levels; empirical P-value = 0.01).

In addition, we computed the tRNA pool that optimizes
(‘Materials and Methods’ section) this correlation when
considering all the genes and when considering only
genes that ‘did not’ undergo recent HGT. These correl-
ations were compared to the correlation obtained when
using the actual tRNA pool. Again, the ‘optimal’ correl-
ation was 33% ‘closer’ to the actual one obtained when
considering ‘all’ the genes (Figure 4D).

These results may suggest that the tRNA pool of E. coli
was shaped by the expression levels and codon bias of the
transferred genes and not only its ancestral genes. More
generally, these results hint that in practice there may be a
sufficient level of HGT to trigger selection for changes in
an organism’s tRNA pool—i.e. such changes that make it
more similar to the tRNA pools of its partners for gene
exchange (see also Supplementary Note S5). The fact that
we have observed this findings in recently transferred
genes that have not had time to ameliorate, may suggest
that such changes in the tRNA pool are relatively rapid.
Specifically, these changes are faster than the time
required for full amelioration, which was estimated to be
around 300 million years (44).

DISCUSSION

This study shows that there is a bi-directional association
between translation efficiency and HGT: genes tend to be
transferred between organisms that have similar tRNA
pools (tRs) and frequent HGT between organisms can in
turn homogenize their tRNA pools. Likewise, genes
whose tAl is similar among many organisms tend to be
transferred more frequently. The fact that the relation
between the similarity in tRNA pools and HGT was
observed in all the analyzed data sets demonstrates the
robustness of this relation.

Figure 4. Continued

that did undergo recent HGT are highly expressed. (D) The correlation between tAl and gene expression for the transferred genes, endogenous genes,
and for all genes (blue) versus the correlation that is gained in each of these cases after optimizing the tRNA pool (brown); the optimal correlation
when considering all the gene is closer to the actual one (a ‘difference’ of 0.03 between the optimal and actual correlations) than the correlation when
considering only the non-transferred genes (a ‘difference’ of 0.04 between the optimal and actual correlations, 33% higher). (E) The distribution of
tAl for endogenous genes (upper part: mean tAl is 0.25—the red line) and recently transferred genes (lower part: mean tAl is 0.22—the red line). (F)
A schematic illustration of the possible bidirectional relation between HGT and similarity in the tRNA pools.
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We show that this relation remains significant after
controlling for many other possible variables (e.g. GC
content, amino acid usage, phylogenetic distance and
more). It is important to remember, however, that it is
impossible to completely tease apart some of the variables
mentioned above, as they are inherently inter-dependent.
For example, similarity in tRNA pool (and thus codon
composition) will be reflected in a similar GC content
and amino acid usage; similarly, phylogenetic proximity
can increase the number of HGT events due to similarity
in the tRNA pools.

Thus, the correlations that were obtained after
controlling for these variables (usually around 0.1-0.2)
are only a ‘lower bound’ on the actual effect of translation
efficiency on gene transfer. The fact that these correlations
are significant, demonstrates that there is ‘a distinct’ effect
of translation efficiency on HGT.

The correlation obtained without the controls (more
than 0.4), on the other hand, represents an ‘upper
bound’ for the effect of translation efficiency on HGT,
suggesting overall that the actual association between
HGT and compatibility of the tRNA pools is very
substantial.

In summary, based on the results presented in this
article, we suggest that when the tRNA pool of the
donor organism is more similar to that of the recipient,
this in turn increases the chance of successful HGT
events (i.e. there is a higher probability that transferred
genes will be fixed). Another possibility that is consistent
with the data, is that when an organism receives genes from
other organisms, most of them in its community/environ-
ment, its tRNA pool can also undergo selection to fit the
new genes, especially those that are highly transcribed, thus
improving the fitness of the organism. This scenario would
be more likely when multiple genes are acquired from a
single source together, as in the acquisition of a large
plasmid. Thus, this alternative mechanism will also cause
the tRNA pool of the organism to become more similar to
other organisms in the community (Figure 4F). One can
therefore speculate that a positive-feedback loop will exist,
accounting for the increasing similarity in the tRNA pool
of organisms in the same community/niche due to HGT, in
turn promoting HGT between organisms in the same niche
(Figure 4F).

Furthermore, this scenario is supported by reasonable
population genetic considerations such as the effective size
of bacteria, the fitness advantage of such changes in the
tRNA pool, or the fitness disadvantage of receiving a gene
with maladaptive codons (see details in Supplementary
Note S5). These results encourage further studies in this
direction, for example, by performing in vitro evolution
experiments where bacteria receive a plasmid containing
highly expressed genes and their tRNA pools are
examined by genome re-sequencing every 1000
generations.

The results presented in this paper suggest that methods
that detect (recent) HGT events based on difference in the
codon bias of gene acceptor and the gene donor [see, for
example, (6,45)] underestimate the number of horizontally
transferred genes. Such methods search for genes whose
codon bias is different from that of the host; however, as

Nucleic Acids Research, 2011 11

we report here, the donors of many of the horizontally
transferred genes have tRINA pools (and similar codon
bias) that are similar to the tRNA pools of the acceptors,
making HGT detection difficult. This work therefore
supports the conclusions of Medrano-Soto et al. (9), and
stresses the importance of relying on phylogenetic tree re-
construction data as much as possible when detecting
HGT, or when this is impossible, applying multiple
HGT detection methods, as previously suggested (46).
This is especially true when aiming to infer HGT
between closely related organisms (with similar tRNA
pool) that are either phylogenetically related or live in
the same niche. Additionally, since a higher compatibility
in tRNA pools facilitates gene transfer, this contributes to
a higher level of gene exchange between related organisms.
Thus, the apparent vertical phylogenetic signal one often
associates with a tree of life can in fact be maintained by
preferential bias of gene transfer among related taxa, as
previously suggested by Gogarten et al. (47) for homolo-
gous recombination.

Finally, our results imply that considering that more
HGTs are expected among organisms that have similar
tRNA pools (and other cellular features), one can
improve the current algorithms for phylogenetic net-
work reconstruction (11,15,48,49) and for inferring eco-
logical niches [see, for example, (12)], similarly to the
way in which information about co-evolution (25,50)
has been recently shown to improve ancestral gene
reconstruction (51).

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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