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Causes for the intriguing presence of tRNAs

in phages
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Université Pierre et Marie Curie-Paris 6, 75005 Paris, France; *CNRS URA 2171, Institut Pasteur, Unité Génétique des Génomes

Bactériens, F-75724 Paris Cedex 15, France

Phages have highly compact genomes with sizes reflecting their capacity to exploit the host resources. Here, we
investigate the reasons for tRNAs being the only translation-associated genes frequently found in phages. We were
able to unravel the selective processes shaping the tRNA distribution in phages by analyzing their genomes and
those of their hosts. We found ample evidence against tRNAs being selected to facilitate phage integration in the
prokaryotic chromosomes. Conversely, there is a significant association between tRNA distribution and codon usage.
We support this observation by introducing a master equation model, where tRNAs are randomly gained from their
hosts and then lost either neutrally or according to a set of different selection mechanisms. Those tRNAs present in
phages tend to correspond to codons that are simultaneously highly used by the phage genes, while rare in the host
genome. Accordingly, we propose that a selective recruitment of tRNAs compensates for the compositional
differences between the phage and the host genomes. To further understand the importance of these results in phage
biology, we analyzed the differences between temperate and virulent phages. Virulent phages contain more tRNAs
than temperate ones, higher codon usage biases, and more important compositional differences with respect to the
host genome. These differences are thus in perfect agreement with the results of our master equation model and
further suggest that tRNA acquisition may contribute to higher virulence. Thus, even though phages use most of the
cell’s translation machinery, they can complement it with their own genetic information to attain higher fitness.
These results suggest that similar selection pressures may act upon other cellular essential genes that are being found

in the recently uncovered large viruses.

[Supplemental material is available online at www.genome.org.]

Parasites face numerous problems when colonizing their hosts.
First among these is the optimization of host exploitation, which
is a particularly important problem for obligatory lethal patho-
gens, because they have to get by with the available host re-
sources. Host exploitation is often difficult to study because it is
linked with complex traits. This is one of the reasons why the
antagonistic associations between bacteria and their phages have
recently resurged as interesting models to understand host-
pathogen interactions and resulting life-history traits (Turner
and Chao 1999; De Paepe and Taddei 2006). Phages are also
important shuttles of horizontal gene transfer, and thus, major
elements in the dynamics of bacterial evolution (Casjens 2003;
Canchaya et al. 2004; Daubin and Ochman 2004). Among the
genes carried by phages, toxins are particularly important for
bacterial pathogenicity (Waldor and Mekalanos 1996). Thus,
phages and bacteria can transiently establish mutualistic interac-
tions to antagonize eukaryotic hosts. Since phages are the most
abundant life form on earth (Suttle 2005), the consequences of
their ecological interactions are most relevant for both the global
ecosystem and human health.

The genomes of phages are typically small, providing them
with few tools to divert resources from their environment. Ac-
cordingly, they have no proper metabolism and rely on the host
cell’s materials for their reproduction (Weinbauer 2004). Phages
also rely on the host machinery to reproduce, and while some
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code for their own RNA and DNA polymerases (Knopf 1998),
they require most of the cell’s translation apparatus for protein
synthesis. Accordingly, the biases operating in the host se-
quences toward translation optimization may also operate in the
phage genome. It has even been supposed (Krakauer and Jansen
2002) that these biases could be a major force of both phage and
bacterial genomes co-evolution.

Selection for optimal codon usage plays a major role in
shaping bacterial genomes (Andersson and Kurland 1990), espe-
cially in fast-growing bacteria (Rocha 2004; Sharp et al. 2005) and
among highly expressed genes (Grantham et al. 1981). In cellular
organisms, the optimal codon usage is typically the one fitting
best the abundance of tRNAs in the cell under exponential
growth conditions (Ikemura 1981). Thus, there is a co-evolution
of tRNA abundance and codon usage bias that shapes the abun-
dance of the different codons in gene sequences through long
periods of time. This trait is under selection but is counteracted
by the action of random mutations that tend to make codon
usage bias a reflection of the extant mutational biases (Muto and
Osawa 1987). Codon usage bias is thus said to be under selection-
mutation-drift balance (Bulmer 1991), and the result is that the
bias is more intense (1) in the genes under stronger selection,
which are often, but not always (EIf et al. 2003; Bailly-Bechet et
al. 2006) the most highly expressed (Gouy and Gautier 1982),
and (2) in those moments when there is more selection for the
trait, e.g., exponential growth for the most highly expressed
genes (Dong et al. 1996). When a phage propagates in a bacte-
rium cell, it is convenient to have a codon-usage bias compatible
with the one of the bacteria, as that will facilitate the expensive
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and laborious mechanism of protein synthesis. Yet, this may be
impossible to achieve because phages share with other parasitic
DNA a tendency to be A+T rich relative to their bacterial hosts
(Rocha and Danchin 2002). The gap between phage and host
genome compositions makes it difficult for the phage to perfectly
fit the host codon usage.

Nearly 40 years ago, it was found that T4 phages carry some
tRNA genes (Weiss et al. 1968). Although deletion of these genes
leads to lower burst sizes and rates of protein synthesis (Wilson
1973), the reasons why some phages contain tRNAs have re-
mained enigmatic. Early work, also on T4, suggested that its
tRNA gene content corresponded to the codon usage of some
lowly expressed genes in the phage, for which the corresponding
host tRNAs were too rare (Cowe and Sharp 1991; Kunisawa 1992).
These studies also found that, while highly expressed genes in T4
tend to have a codon usage bias close to the host, Escherichia coli,
lowly expressed and late genes use codons for which some of the
eight T4 tRNAs could be useful. Yet, at that time, the lack of data
did not allow one to understand whether the observation was a
peculiarity of T4 and E. coli or a general feature. The finding that
phages closely related to T4 showed extensive polymorphisms in
the number and type of tRNA genes contributed to the near
abandonment of the work on this hypothesis (Miller et al. 2003).
Meanwhile, the availability of hundreds of bacterial genomes
highlighted the role of phages in bacterial evolution as vectors of
horizontal gene transfer. About half of the sequenced genomes
contain prophage sequences (Canchaya et al. 2004) and these
may constitute up to 16% of the genome (Ohnishi et al. 1999).
Importantly, prophage integration occurs at a tRNA gene for
phages carrying lambda and P4-like integrases (Campbell 1992).
These phages do not carry tRNAs, but only a small part of a tRNA
that compensates for the disruption in the host tRNA. In this
context it has been proposed that tRNA presence in phages could
be a by-product of imprecise excision of prophages. This would
not strictly require a positive effect of tRNAs on phage fitness,
although one might suppose that their presence could be se-
lected to compensate for insertions inactivating the host’s tRNA
(Canchaya et al. 2004). A problem with this hypothesis is that it
fails to explain the presence of tRNAs in nontemperate phages. A
possible explanation would be the capture of bacterial DNA by
the virulent phage during host chromosome degradation, before
encapsulation of all of the phage genetic material, as this process
liberates large quantities of DNA (Weinbauer 2004). Virulent
phages could also acquire tRNAs by recombination with temper-
ate phages. As genomic data showed that tRNAs provide integra-
tion points for phages, plasmids, and pathogenicity islands,
other putative roles for phage-encoded tRNAs have been ne-
glected. Yet, this issue gains a special relevance in light of the
important role of phages in bacterial evolution. It may also help
understand the unexpected recent discovery that large eukary-
otic viruses contain other elements of the translation machinery,
such as elongation factors and tRNA synthetases (Raoult et al. 2004).

We have thus decided to investigate the relationship be-
tween tRNA copy number and codon frequency in bacteriophage
genomes relative to their hosts. This is now possible because
hundreds of phage and bacterial genomes have been sequenced.
The study of codon usage in bacteriophage genomes presents
additional constraints relative to the equivalent study in bacteria.
Firstly, the process of selection of tRNAs must take into account
that tRNAs have probably been taken from the host genome.
Secondly, the codon bias of phages is modified by a general com-
positional bias toward higher A+T content than the host genome,

which could blur the simple picture that arises in bacteria for the
relationship between tRNA content and codon usage. Finally, the
low number of tRNAs present in phage genomes implies the us-
age of careful statistics and sophisticated models. We have iden-
tified tRNAs in phage genomes and in their hosts and investi-
gated the correlation between the tRNAs of the phage and its
codon bias. Next, we developed a master equation model to
simulate the acquisition and loss of tRNAs by phages, and, using
likelihood comparisons, we found the most relevant selective
processes that could drive it. We finally placed these results in the
framework of phage ecology and evolution.

Results

Associations between tRNAs and codon usage in phages
and their hosts

We collected from GenBank the complete genomes of phages
and their hosts. We then identified tRNAs in both groups of
genomes, removing some elements that could complicate our
analysis, such as pseudogenes (see Methods). We eliminated from
further analyses all phages that were not annotated, which
lacked tRNAs, and those without a completely sequenced bacte-
rial host. The final data set contains 15 host bacterial genomes
and 37 genomes of phages. The genomes of these phages contain
a total of 169 tRNAs, thus showing an average of approximately
four tRNAs per phage. However, such an average value is some-
what misleading, since the number of tRNAs inside each phage is
very variable (Fig. 1). Most phages contain only one or two
tRNAs, while a few contain more than 20 such sequences, which
is nearly as many tRNAs as one can find in bacteria with minimal
genomes (Rocha 2004). All tRNA-containing phages are dsDNA
phages. The main difference between the phages with tRNAs and
those without any tRNAs stands in genome length: phages con-
taining tRNAs are significantly longer than those without (aver-
age lengths are, respectively, 74 and 32 kb, P = 10~ °). We then
separated phages into virulent and temperate, according to the
published information on their ecology. In some cases both an-
notation files and published literature lacked information allow-
ing such a classification and those phages were thus gathered in
a third group. We could classify 21 phages as temperate and 12 as
virulent. The abundance of tRNAs in their genomes is very dif-
ferent (Fig. 1), with no temperate phage containing more than
four tRNAs. We shall get back to this issue in a subsequent section
as it is relevant to understanding the role of tRNAs in phages.
We started our analyses by testing the hypothesis that the
tRNA gene content for each anticodon is positively correlated
with the complementary codon frequency in the genome of
phages. This would be a situation similar to the one of bacteria,
where tRNA gene content is highly correlated both with tRNA
cellular content (Ikemura 1985; Dong et al. 1996) and codon
frequency (Ikemura 1981). The test performed in each phage in-
dependently shows weak statistical power due to the few tRNAs
they contain. Hence, we took all 37 phage genomes into account
and computed the probability distribution of their codon fre-
quencies, i.e., the probability p(f) that any codon inside a phage
will be used at a given frequency f. One can see that this distri-
bution does not differ between the phages and their hosts (Fig.
2). This means that, on average, few codons are highly used,
while most are rare, and that the trends are similar in phages and
their hosts. Then, we computed the same probability distribution
restricted to the codons for which at least one cognate tRNA is
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Figure 1. Distribution of the number of tRNAs inside phage genomes. Empty bars stand for temperate phages, filled bars for virulent phages, and
patterned bars for phage of unknown type. Note the heterogeneity of the counts and the tendency for virulent phages to have more tRNAs than
temperate ones. Names are indicated for phages with 19 or more tRNAs in the form “(host species) Phage.”

found in the bacteriophage genome. The curve is rougher be-
cause of the lower number of points, but it is clearly different
from the previous one (Kolmogorov-Smirnov test, P < 10~ 3). The
peak around f = 0.03 is due to the presence of numerous tRNAM¢*
inside phage genomes, in which methionine appears to be often
used around this frequency. In the inset of Figure 2, we plot the
cumulated probability distribution of the codon frequency, i.e.,
the probability of finding codons with frequencies superior to
the value given on the X-axis, for phage codons with and without
the complementary tRNA. The lag between the two curves shows
that there is a high proportion of codons having a matching
tRNA among the high-frequency codons. It is thus clear that
there is a positive association between the frequency of a codon
and the presence of the cognate tRNA in the phage genome.

We then computed the correlations of codon frequencies
between each phage and its host. As previously noted for some of
these phages (Sharp et al. 1985; Kunisawa et al. 1998; Kropinski
and Sibbald 1999; Sau et al. 2005), we find highly correlated
codon frequencies: the average of the Pearson’s coefficient R on
all 37 couples phage-host is 0.78 £ 0.04 (standard error), and 36
of the 37 associated P-values are inferior to 0.05. This value has to
be compared with the value found by computing the average
correlation coefficient, 0.38 + 0.02, between a phage and a ran-
dom host (computed between the phage and a random bacterial
genome from the 356 we found available in GenBank). We con-
clude that the frequencies of codon usage are very correlated
between a phage and its host. A similar pattern of correlations is
observed among phages containing no tRNAs.

If phages and their hosts had exactly the same codon usage,

then a trivial explanation of the results of the previous paragraph
would be that phages pick tRNAs randomly from their hosts and
that the correlation between phage codon usage and tRNA gene
content simply reflects the association between tRNA abundance
and codon usage in the host. No hypothesis about selection on
tRNAs in phages would then be required. Yet, a coefficient of
correlation of 0.78 only allows explaining about half of the vari-
ance, leaving ample room for an autonomous selection strategy
of tRNA acquisition in phages. We shall show that the no-
selection hypothesis does not fit the data as adequately as some
models featuring selection.

tRNAs may be randomly recruited from the hosts, but they
are selectively kept

One can explain the previous results in at least two different
ways. A purely neutral hypothesis is that tRNAs are drawn at
random from the host genome. A selective refinement of this
hypothesis is that tRNAs are drawn at random and kept because
they help phage integration. In this case, tRNAs should be kept in
the phage at the same frequency as in the hosts, and their dis-
tribution would differ from a random uptake with no selection
only by a greater magnitude of the rate of tRNA acquisition.

A second alternative is that, after tRNA recruitment, there is
selection for keeping some tRNAs but not others. One would
expect this to be correlated with the phage codon usage or the
difference in codon usage between the phage and the host. In the
first case, the tRNAs would render the phage less dependent on
the host to translate its own proteins. The second case implies an
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Figure 2. Distribution of the frequencies of codon usage in phage genomes. The solid line is the distribution of codon frequencies; the dotted line,
the distribution of codon frequencies, restricted to codons matching a tRNA on the considered phage genome. Note the peak around f=0.03. The
dash—dot line is the frequency distribution for all codons of all hosts. In the inset, the cumulated probability distribution (probability that a random tRNA
will have a frequency superior or equal to the one given in abscissa) of the tail of the frequency distributions of the phages for all codons (solid line),
and only the ones matching a tRNA (dotted line). Note the difference, indicating an excess of tRNAs matching high-frequency codons in phages.

evolutionary strategy of compensation of codon usage differ-
ences, where the phage keeps those tRNAs that are rare in the
host and whose cognate codons are frequent in the phage ge-
nome.

We first assessed whether it is reasonable to assume that
tRNAs are randomly picked from bacterial hosts. When analyzing
the anticodons of tRNA genes we only observed eight tRNAs, of
177, that were present in the phage and not in its host. In three
cases the Cove score of these tRNAs, as given by tRNAscan_SE, is
<30, which is at the borderline of significance and suggests that
they are false positives. For the five remaining tRNAs, we checked
whether some putative other host of the same phage had the
corresponding tRNAs (i.e., a tRNA with the same anticodon). As
discussed in the Methods, in these comparisons we only used one
randomly chosen host for the phage, even when we knew several
(e.g., in multiple sequenced strains of a species). In all of the five
cases we did find another host genome containing the phage
tRNAs. Thus, all reliable tRNAs we observe are at least present in
a given known host, in accordance with our recruitment hypoth-
esis. The phylogenetic signal is erased very quickly. Yet, we
aligned the tRNA sequences of the phages with those of all se-
quenced genomes of the host genus, and computed the average
similarity between these sequences. The average over all 169 se-
quences is 70.74%. Unfortunately, it is impossible to make phy-
logenetic analyses of the tRNA genes found in phages to check
the acquisition from the host, because tRNA genes are very small
and once acquired by phages they mutate 100- to 1000-fold faster

than in the hosts per generation (Drake 1991), which is further
enhanced by the very high growth rates of phages.

We computed for each phage the sum of its codon frequen-
cies weighted by the number of exact cognate tRNAs it contains,
and compared it with the value it would take if the same number
of tRNAs were drawn at random from the host genome. We ob-
served no significant association between the phage tRNA gene
content and its codon usage bias (Kolmogorov test, P = 0.68).

We then computed the sum of the differences in codon
usage between phage and host, weighted in the same way. This
showed a highly significant association between tRNA presence
and codon usage difference: the probability that the observed
difference in codon usage arises via random tRNA uptake from
the hosts is 4 X 10~ 3. We conclude that the tRNA gene content
in a bacteriophage is not due to a simple random drawing from
the host tRNA distribution.

One usually assumes that tRNAs are integrated in the phage
genomes either at the time of chromosome degradation or when
there is imprecise excision of prophages. If tRNAs are recruited
from the host genome without further selection, then one would
expect temperate phages to contain more tRNAs than virulent
phages (if we suppose their rates of acquisition of free DNA se-
quences to be equal) because they might use both mechanisms.
Yet, virulent phages have more, not less, tRNA genes than tem-
perate phages. Since tRNA genes are not a random sample of the
host tRNA genes, we tried to identify the underlying selective
process.
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Modeling the acquisition and selective loss of tRNAs inside
phage genomes

We used a master equation approach to model the putative se-
lective processes involved in the modulation of the phages tRNA
gene content (see Methods). More precisely, we modeled the evo-
lution of the probability 4 3(1) of phage o (whose host is B) to
have n tRNAs of anticodon X. We initially modeled only the
random processes of acquisition and loss, i.e., our null model
involves no selection upon the tRNA gene content. We defined
the rate of acquisition, r, by normalizing the rate of loss to 1 (see
Methods). We estimated the value of r by maximum likelihood
and found r = 0.063. This low value is in accordance with the fact
that most phages have no or few tRNAs, as it coincides with the
relative frequency of tRNAs in phages relative to their hosts.

Absence of selection of tRNAs for phage or host codon usage

We then proceeded to introduce in the model different processes
to identify the one that brought significant information. We spe-
cifically explored the relevance of three different selection pro-
cesses to explain tRNA composition in phages. We started by
considering the hypothesis that tRNAs are selected to match the
most abundant codons in the phage genome. For this, we speci-
fied a rate of tRNA loss decreasing in f,, , (the frequency of codon
usage of phage a for codon x) and controlled by a selection co-
efficient s. We solved the new master equation, and found r and
s by the maximum of the log-likelihood &. The significance of a
non-zero value of s can be computed by comparing the log-
likelihood &, for the null model with s =0, i.e., no selection, and
the log-likelihood ¥, ; for the model with selection. The likeli-
hood ratio method indicated that our estimation of s is not sig-
nificantly different from O (P = 0.15), suggesting little, if any,
tRNA selection based on the phage codon usage bias.

We then tested whether phage tRNAs could be selected to
match those codons that are rarer in the host. The estimated s
value for this process was significant (P = 0.018), but only before
applying the Bonferroni correction for our multiple statistical
tests (P = 0.072). This selection process was therefore also dis-
carded.

Our initial exploration of tRNA composition in phages
showed very few cases of duplicated tRNA genes, since we only
found six pairs and one triplet of similar tRNA species in a phage.
Nevertheless, we tested explicitly the hypothesis that tRNA gene
amplifications may contribute to explaining tRNA distribution in
phages by simulating a process where tRNAs can be duplicated at
a rate c. We considered too unlikely the hypothesis that a dupli-
cated tRNA could mutate to become another species, because this
could lead to a tRNA present on the phage and not in its host,
which is not observed. The duplication rate, c was then estimated
by maximum likelihood, but we inferred ¢ = O as the most prob-
able value. Hence, the most likely scenario for the multiple ac-
quisition of similar tRNA species is the one of independent
rounds of tRNA acquisition, not of gene duplication.

Selection for differences in codon usage between phage
and host

We finally tested the hypothesis that selection is based on the
difference between the frequency of codons in the phage and its
host. Our rationale was that selection could favor phages with
tRNAs corresponding to codons that are abundant in the phage

but rare in the host. These codons are expected to be poorly
translated by the host machinery and lead to slow phage growth
if not compensated by the phage’s own tRNAs. Solving the new
model by maximum likelihood, we found s to be significantly
different from zero even with the correction for multiple tests
(P <2 x 10~7). This strongly suggests that the selection process
acting on tRNAs is based on the difference of codon usage be-
tween host and phage.

To further validate this conclusion we made three additional
tests. Firstly, we solved the master equation model with a ran-
domized data set, generated by taking the observed values of the
tRNA counts and associating them to random codon frequencies
of the phage and hosts taken among those observed. This ran-
domization deleted the internal correlation between host and
phage codon frequencies, and phage tRNA counts. As expected,
the model gave nonsignificant values of the selection coefficient
s when applied on this data set.

Secondly, since most phages contain very few tRNAs, we
used a binary model where %, 5(11) can only have the value 0, for
no tRNA of a given type in the phage, and 1, for at least one such
tRNA in the phage (see Methods). This binary model leads to
some loss of information but is expected to be more robust. We
found a similar P-value for the rejection of the hypothesis that s
is equal to 0 (P <5 X 10~ °). Thus, results seem robust and give
strong support to the hypothesis that tRNAs are selected in
phages to compensate for differences in codon usage between the
phage and the host.

Finally, we tested whether our results are robust to changes
in the arbitrary selection of one among several known hosts. We
made the same analysis by assuming each phage to infect all
strains of a same species. This was done by creating an average
genome representing the species genome (see Methods). Both the
statistical analysis and the master equation modeling gave quali-
tatively and quantitatively the same results, highlighting their
robustness.

Higher abundance of tRNAs in virulent phages

Virulent and temperate phages have very different ecologies.
Thus, we investigated whether both groups used tRNAs to com-
pensate for differences in codon usage with respect to the host.
For this, we fitted the master equation model (without the non-
significant gene duplication term) to the two sets of phages sepa-
rately.

Splitting the phages leads to groups with low effectives. Yet,
we still found a significant effect of selection for tRNA genes
caused by the difference of codon usage between host and phage
Afypx Doth for virulent and temperate phages (resp. P<5 X
1077 and P<5 X 107%). Thus, both types of phages contain
tRNAs corresponding to their mid- to high-frequency codons
(Fig. 3), which are also those showing the largest difference to the
host codon usage.

Even if selection is present in both types of phages, the
significance is higher for virulent phages, in spite of their smaller
sample size. This is corroborated by three other observations.
Firstly, in our sample, virulent phages have an average of 7.9
tRNAs, whereas temperate phages only have 2 tRNAs (Fig. 1, sig-
nificant difference, P <3 X 10~ 3%). Secondly, the codon usage of
the hosts correlates much better with the one of temperate
phages (0.83 £0.03) than with virulent phages (0.61 +0.11).
Thirdly, virulent phages tend to have stronger codon usage bias.
To quantify this assumption, we used a measure of deviation of
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ment events and only being kept when
selection for their presence is strong
enough. We only found tRNAs in the ge-
nomes of dsDNA phages. The other
phages may miss tRNAs either because
they are much more compact, thus ex-
cluding nonessential information and/
or because the folding of tRNAs may
pose problems in the organization of the
chromosomes of RNA or ssDNA phages.
The presence of tRNAs among dsDNA
phages is coherent with the following
evolutionary scenario. Firstly, tRNAs are
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Frequency of codon usage

Figure 3.

both the virulent and the temperate case.

codon usage from a uniform distribution that accounts for the
nucleotide composition of the genome, N[. (Novembre 2002). We
computed its value for each phage and found that virulent
phages are significantly more biased than temperate (Wilcoxon
test, P<5 x 1073).

Temperate and virulent phages are distinct in one major
aspect. Temperate phages replicate both through lytic cycles and
in the lysogenic state, while in the latter, temperate phages share
the same mutational biases as the host. As a result, they tend to

Distribution of the frequencies of codon usage in virulent phage genomes (top) and
temperate phage genomes (bottom). Light-gray filled bars, the distribution of codon frequencies, for
all codons; black empty histogram bars, the distribution of codon frequencies, restricted to codons
matching a tRNA on the considered phage genome. Note the difference between the distributions in

recruited from the host chromosomes or
from recombination with other phages
coinfecting a bacterial cell. Secondly,
these tRNAs are subject to frequent dele-
tion following the deletional bias that is
thought to predominate in the genomes
of bacteria and phages (Lawrence et al.
2001; Mira et al. 2001). Yet, some tRNAs
can provide for such an advantage as to
counteract the effect of the deletion bias. As long as the advan-
tage of carrying the tRNA overcomes the negative effect of in-
creasing genome size and the deletion bias, the tRNA will be kept
in the genome.

Our data indicate that tRNAs that are kept in phage ge-
nomes are those corresponding to codons abundant in the phage
and rare in the host. This allows the phage to gain a clear-cut
advantage over its competitors by translating its proteins more
efficiently, reducing its latency time, and increasing the repro-
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duction rate. This may be balanced by the time necessary to
replicate the tRNA sequence on the phage genome, but the latter
effect must be weak, since tRNA genes are very small.

For a phage to carry and express a tRNA that is already abun-
dant in the host would give little benefit, since it would have a
small relative effect on the phage environment during infection.
Instead, expressing a tRNA that is rare in the host may provide a
decisive benefit to the phage if it corresponds to a highly fre-
quent codon in its own genes. So, the optimal configuration for
a phage would be to carry tRNAs matching the codons it uses
much more than its host, which is indeed what we observe.

It might be argued at this stage that the best strategy for the
phage would be to perfectly mimic the host codon and tRNA
usage. Although we did observe significant correlations between
the codon usage bias of the phage and its host, this strategy may
not be perfectly attainable for two reasons. Firstly, tRNA concen-
tration and codon usage bias in bacteria vary with the physiologi-
cal state of growth, and in fast-growing bacteria they are mostly
determined by the physiological requirements of the exponential
phase (Kurland 1991; Dong et al. 1996). These are not the con-
ditions prevailing during the lytic cycle. Secondly, the genomes
of phages tend to be AT richer than the genomes of their hosts,
which necessarily affects codon usage. The reasons for this bias
may be mutational, error-prone polymerases, or inefficient re-
pair, or selective adaptation to the AT richness of the bacterial
cytoplasm. In any case, they are more important for virulent
than for temperate phages (Rocha and Danchin 2002). As a re-
sult, phage codon usage cannot perfectly fit the host translation
machinery and the recruitment of the necessary tRNAs becomes
adaptive. Such an effect will be more important if the composi-
tional gap is important, if the latency times are shorter, if the
phage codon usage bias is higher, and if the phage depends ex-
clusively on horizontal transmission to reproduce. These condi-
tions are met for virulent phages, which, accordingly, contain
more tRNAs than temperate ones.

We observed higher codon usage bias in virulent phages.
Why should that be? We speculate that it is because virulent
phages replicate faster and need to translate very efficiently their
mRNAs. Although we could not find data on latency times (the
average time it takes a phage to lyse the host after infection) for
most our phages, we did find a recent work describing these
values for some E. coli phages (De Paepe and Taddei 2006). When
comparing these latency times for dsDNA phages, we found a
statistically significant difference, with lower values for virulent
phages (28 vs. 54 min on average, P < 0.02, Wilcoxon test). Thus,
increased codon usage bias in virulent phages might result from
selection for lower latency times. Virulent phages would then
tend to select more strongly for the presence of tRNA genes, both
because they are more at odds with the host codon usage and
because they are under stronger selection for codon usage bias.

Other models have been put forward to explain the presence
of tRNAs among phage genomes, e.g., models where the presence
of tRNAs allows the phage to be resistant to anticodon nucleases
in the host (Kaufmann 2000; Blanga-Kanfi et al. 2006), the use of
alternative genetic codes (see, for example, Bacher et al. 2003), or
a better integration of lysogenic phages inside the host chromo-
some (Canchaya et al. 2004). The first two hypotheses are based
on very few observations, and it is still unclear whether they are
indeed strategies to evade host response and whether they are
frequently found in nature. The last model is contradicted by our
observation that lytic phages contain more tRNAs than temper-
ate ones and that the populations of tRNA genes in phages are

not random samples of the host repertoire. Moreover, most
known temperate phages inserting in a tRNA gene of the host
genome (e.g., E. coli phage P22, P4, or Lambda) have no tRNA
genes. This shows that these genes are not necessary for phage
integration in the bacterial chromosome. In contrast, our model
is grounded on the well-known advantage of carrying tRNA
genes for translation optimization of the cognate codons and was
confirmed by several different tests and controls.

Phages are a major vehicle of lateral gene transfer in bacte-
ria. However, tRNA genes are essential housekeeping and infor-
mation-related genes, which are expected to be the least prone to
horizontal gene transfer (Jain et al. 1999). Their occurrence in
phages may lead to the lateral transfer of tRNAs from one cellular
genome to another, but our data indicate that their presence is
much more likely to be caused by the advantage that they confer
to phages in hosts depleted in these tRNAs. Recently, a wealth of
viruses and phages with large genomes has been discovered,
highlighting the potential diversity in terms of their genome
structure and different functionalities of viruses (Ghedin and
Claverie 2005). Here, we showed that these may include the re-
cuperation of essential cellular genes from the host to optimize
the expression of their own genes in view of infecting those same
hosts. Thus, the very large viruses may contain a significant num-
ber of translation-associated genes for selective purposes. Surely,
the growing number of couples of host/virus complete genomes
will reveal the extent and other variants of this evolutionary
strategy.

Methods

Data

The genomes of phages and hosts were downloaded from Gen-
Bank. The assignment of a phage to a host and to a class of
virulence was done using data collected from the literature.
Sometimes this classification was impossible because the genes in
the GenBank file were not functionally annotated and no infor-
mation was available in the literature. These phages (four of 37)
were used in the generic analysis but were discarded in the com-
parison between virulent and temperate phages.

The tRNAs sequences in both the phage and the host ge-
nomes were detected using tRNAscan_SE (Lowe and Eddy 1997)
with default parameters for prokaryotic genomes. We started
with a data set of 193 phage genomes, of which 48 contain a total
of 214 tRNAs. We excluded from further analysis those tRNAs
that could mislead the results of our statistical analysis, i.e., pseu-
dogenes, tRNAs for SeC, undefined tRNAs, and the rare tRNAs
absent from the chosen host. We also removed all phages for
which no complete sequence of a host was publicly available and
those for which there was no annotation. Thus, we used a final
data set containing 37 phages corresponding to 15 hosts and
including a total of 169 tRNAs. To build the data set of host
genomes, we randomly selected for each phage one of its bacte-
rial hosts, when several were fully sequenced, e.g., for E. coli. An
alternative analysis using mixtures of several host genomes
showed similar results. To test the robustness of the model, sta-
tistical tests and the master equation model analysis were also
performed on average host genomes. For each host, we randomly
chose one genome in each genus of the same family and built an
average genome by averaging between all of these genomes the
frequencies of codon usage and the tRNA gene content. Tests
were then performed considering these genomes as the host rep-
resenting the putative or unknown wide host range of all phages.
We detected tRNAs in the host genomes in the same way. The
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tRNAs located in the host genomes inside a prophagic region
were removed from the pool of data to be analyzed using pub-
lished information on prophage locations (Canchaya et al. 2004).
This avoids including a circularity in the analysis, i.e., comparing
tRNAs of phages with those of their prophages. The table with
the names and accession numbers of phage genomes and their
classification into temperate and virulent are published as
Supplemental material.

tRNA alignment

Phage tRNAs were aligned against those of all hosts of the same
genus as the chosen host. The alignments were done using the
“needle” program (Rice et al. 2000) with a constant gap penalty
of 10, which allowed a better alignment of the sequences. Simi-
larities were measured using the same software.

Statistical tests

Comparison of the virulent and temperate phages total tRNA gene content

We used a Monte-Carlo method to test for a statistically signifi-
cant difference in the number of tRNAs in virulent and temperate
phages containing tRNAs. To this aim, we estimated the prob-
ability of finding as many tRNAs or more in a group, as observed
in the real case. We considered the real distribution of tRNAs
counts inside the phage genomes. Here, a denotes a phage, N,, is
the number of tRNAs within phage «, and N, 5 is the number of
tRNAs having anticodon x in phage a. We drew at random in the
{N,} set 12 values, corresponding to our 12 virulent phages, and
sum them. We then estimated the probability distribution of this
sum, and computed the probability of having a sum superior or
equal to 95, the observed number of tRNAs in the virulent
phages.

Statistical test of the random uptake hypothesis

We designed two indicator variables, A, and B, that allow test-
ing, respectively, (1) if tRNAs tend to correspond to over-
represented codons or (2) if tRNAs correspond to codons used
more in the phage than in its host. As a first order approxima-
tion, we only considered the correspondence between tRNAs of
an anticodon and frequencies of the perfectly matching codons,
as these are usually regarded as the optimal codons. We then
computed A, the average frequency of codon usage restricted to
codons for which a matching tRNA is present in the genome, and
B,q, the average difference in codon usage between the phage
and its host, for the same codons. f, , is the frequency of codon
x in phage o, computed on all its genes and relative to all other
codons. Af,s . is the difference of the frequencies of codon usage,
for codon x, between the phage o and its host 8. X is the perfectly
matching anticodon for codon x, using Watson-Crick pairing
rules. We computed the indicators as:

1
A(x = N_(x 2 Noc,ifoc,xl (13)

1
Bup =X 2 NoxAfog - (1b)

To assess the statistical significance of these indicators, we
drew at random from the host as many tRNAs as contained in the
phage, N,. By repeating this procedure 100,000 times we ob-
tained the expected distribution of tRNAs in the phage under a
model where tRNAs are randomly sampled from the host ge-
nome. This allows obtaining the probability P4 and P%; to have
A, or B, randomly greater or equal to the observed value of the
indicators, in each phage. The significant departure of both sets

of 37 probabilities {P4} and {P%;} from a uniform distribution was
assessed by a Kolmogorov test.

Master equation model

The model

Suppose that the tRNAs of the phage a are taken at random
among the tRNAs of its host B, with a rate r supposed to be
unique for all phages and anticodons. All tRNAs for different
anticodons X are considered independent. Without any lack of
generality, we set the rate of loss of the tRNAs to 1 (changing this
value would result in the same equation with a rescaling of time
t). We denote by H 5 the number of tRNAs of host  for antico-
don X. The probability ? ., %(1n) of phage « having n tRNAs of
anticodon ¥, is governed by the master equation:

a@sz,Y(n)
T Hy 3P, g3 = 1)+ (n+ 1)P g0 + 1)

= (rHg 5 + )P 45 (1), 2)

where the dependence of ? 4 7 on time does not appear for easier
reading. This initial equation is the mathematical formulation of
the hypothesis that all tRNAs present in the genomes of phages
are drawn at random from host genomes with a constant rate r,
and lost at a rate normalized to unity.

We then added a selection parameter, s, to model how se-
lection changes the probabilities of tRNAs being fixed in the
populations of phages. This is achieved by allowing for three
different processes that selection acts upon (1) the frequency f, ,
of codon x in the phage «; (2) the difference of codon frequencies
between the host and the phage, Af,g, = f..x — fp, (3) the op-
posite of the frequency f; , of codon x in the host genome. The
quantity under selection is denoted hereafter by the symbol F
(indicating f, ., Afusx OF —[3, for the three cases, 1, 2, and 3,
respectively). All of these models are described by the equation:

‘99)043 (1) )
—— = H, P o n -1+ (n+ 1P, (n+1)
ot e3P op,x ap ¥
~ [Hp 5+ ne™ 1P o (). 3)

A positive value of s stands for a selective process tending to
keep the tRNAs having a high value of the selected trait F. The
exponential form of this selection rate is chosen for simplicity,
and since the values of s are small, it is equivalent to using a
selection linear in s.

We also considered the hypothesis that a phage tRNA can
multiply in the genome with rate c. The master equation corre-
sponding to this case reads:

P o, 5(1) oF
T [rHM +c(n— 1)]9’0‘8’;(11 -1+ (m+1)e QPQB,X(n +1)
—[rHg x + n(c + E_SF)]@DLB,?(")- (€)]

The stationary solution to Equation 4 can be derived ana-
lytically. Here, we show the general solution, with c=0ors=0
being special cases. To find the solution to Equation 4, we first
recast the master Equation 4 in terms of the generating function
o\ =2, e“"?i’am(n,t). This gives a new differential equation,
which turns out to be of the hypergeometric type and can thus be
solved analytically. By applying the opposite transformation
from the generating function to % we finally obtain the fol-
lowing expression:

ap,x’

1 Hg % n-1 rHB,X )
@aa,}(n):m(l—ce”) < (ce‘F)"g( E +1). (5)
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One can easily check by direct substitution of Equation 5
into Equation 4 that the right-hand term of Equation 4 indeed
vanishes. In the limit ¢ — 0, the previous expression reduces to
the expected Poisson law for the stationary probability:

1
Hm P, (1) = — ¢ €. ©)

with ¢ = rH, z¢*". This solution has the trivial limit ¢ — rHp 5 as
s — 0. In this case, r is the only parameter, and we simply model
random acquisition and loss of tRNAs.

Parameter fit

We use a maximum likelihood method to find the most probable
values of the parameters r, s, and c. Note that each of the three
parameters is supposed to be identical for each phage and anti-
codon . Firstly, the log-likelihood of the set of observed counts
is computed:

In[L(1,5,0)] = >, I[P, +(Nox)], )
B,a,x

where the dependence on r, s, and ¢ on the left-hand side is
brought by the expression (Equation 5). We verified that the
log-likelihood landscape is relatively smooth, allowing us to
maximize it by simply computing its value at every point of a
three-dimensional grid of constant step for each parameter and
verifying the maximum thus found by using a steepest gradient
method. For very low values of ¢, which can be computationally
tricky, we analytically compute (In(¥)/dc)l . and find it always
negative in a close neighborhood of the parameters r,,,,, and s,,,..,
which maximize In[¥(r,s,0)]. This analysis, combined with the
absence of solutions found by the other methods for ¢ > 10719,
confirm that the most probable value of c is 0. Then, the two
parameters r and s correspond to the zeros of the derivatives of
In[$£(r,s,0)] relative to them. Computing the derivative of Equa-
tion 7 and equating it to zero, gives the relation:

Z N(x,i
o,X

== .
v
>, Hyzeeex

Bro,x

®

The most probable value of r is the one satisfying Equation
8 and maximizing the log-likelihood (Equation 7). This result
also directly gives the value of r when s is taken equal to O, as in
the first model.

The significance of including an additional parameter in the
model is computed by the standard likelihood ratio method (Sa-
porta 1990).

Binary model

In the majority of cases, there is only one tRNA for a given an-
ticodon, per phage genome. To confirm the results of the previ-
ous model, we designed a simpler two-state model accounting
only for presence (+) or absence (-) of tRNAs for a given antico-
don. Using the same hypothesis of random uptake and selection
as before (c is set to zero in this model), we have:

ag}(ﬂ _

b “) ~SAfap,xgp(+)

it THy P o5 — € AP o (9a)
ag}(*) _
2= H P D) 9b)

Equations 9, a and b, are derived and analyzed as previously.
The solution of this system is:

gy Mex (10a)
of,X rHB,X + e*SAfth,x !
50 ap,x
P (10b)

Bx= A fapx
rHpx+¢ Brx

In this case, the maximum of the log-likelihood was com-
puted on a grid of precision 10~ 2 for s, sufficient to demonstrate
that s is significantly different from O.
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