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employed by cyanophages to enhance their
translation efficiencies
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ABSTRACT
Effective translation of the viral genome during the
infection cycle most likely enhances its fitness.
In this study, we reveal two different strategies
employed by cyanophages, viruses infecting
cyanobacteria, to enhance their translation efficiency. Cyanophages of the T7-like Podoviridae
family adjust their GC content and codon usage to
those of their hosts. In contrast, cyanophages of
the T4-like Myoviridae family maintain genomes
with low GC content, thus sometimes differing
from that of their hosts. By introducing their own
specific set of tRNAs, they appear to modulate the
tRNA pools of hosts with tRNAs that fit the viral low
GC preferred codons. We assessed the possible
effects of those viral tRNAs on cyanophages and
cyanobacterial genomes using the tRNA adaptation
index, which measures the extent to which a given
pool of tRNAs translates efficiently particular genes.
We found a strong selective pressure to gain
and maintain tRNAs that will boost translation of
myoviral genes when infecting a high GC host,
contrasted by a negligible effect on the host
genes. Thus, myoviral tRNAs may represent an
adaptive strategy to enhance fitness when infecting
high GC hosts, thereby potentially broadening the
spectrum of hosts while alleviating the need to
adjust global parameters such as GC content for
each specific host.
INTRODUCTION
It is now well established that viruses infecting
cyanobacteria, cyanophages, of the T4-like Myoviridae
family (myoviruses) as well as of the T7-like Podoviridae

family (podoviruses), may add genes from their hosts to
their basic and essential core genomes (1–9). Isolates of
both families were found within cyanobacteria of either
the Synechococcus or Prochlorococcus genera (23), the
latter of which is further divided into high-light (HL)
and low-light (LL) adapted clades (10). These hosts
differ signiﬁcantly: Synechococcus genomes are not only
larger than those of HL Prochlorococcus, but are also of
higher GC content (Figure 1A), whereas LL
Prochlorococcus have intermediate GC content
(Supplementary Table S2) (11–14). The GC content
imposes constraints on the codon usage and thus may indirectly affect the translation process. As the translation
process is time consuming and represents a key step in the
viral infection cycle, we wondered about the strategies
employed by the cyanophages to harness the translation
machinery of potential hosts. Failure to translate efﬁciently a particular coding sequence, or the whole genome, may
incur a large cost for the organism due to reduction in
gene expression (15–18), an increase in translation errors
(19,20), an increased fraction of misfolded proteins (21) or
a combination of all three.
With the emerging genomes of cyanophages fully
sequenced to date, it seems that marine myoviruses have
in general larger genomes (14,22) that contain a higher
number of open reading frames (ORFs), compared to
the genomes of the marine podoviruses (Figure 1B and
Supplementary Table S1). It was also reported that
whereas myoviruses may have broad host ranges,
podoviruses are host speciﬁc (23). Furthermore, both
myoviruses and podoviruses might bear within their
genomes complete or partial tRNA genes (2,24–26). The
discovery of tRNA genes within genomes of phages is not
new and dates back to 1968, when they were ﬁrst reported
to be found in a genome of the T4 myovirus infecting
Escherichia coli (27). Extensive subsequent work have
argued for expression and functionality of the T4
tRNAs (28,29).
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Since tRNAs have been reported to serve as integration
sites of temperate phages into genomes of their hosts, it
has been proposed that the tRNA genes found in genomes
of phages, mainly partial sequences of tRNAs, may be the

result of a concomitant excision with the phage genome
(30–33). Nevertheless, many tRNA genes found in
genomes of phages are full length, and moreover, a
signiﬁcant positive association between the exact cognate
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Figure 1. Genome size, GC content and codon usage, of cyanobacteria and cyanophages. Colors distinguish between bacteria (transparent),
myoviruses (red) and podoviruses (blue). Symbols distinguish between Synechococcus and Synechococcus-infecting phages (circles), and
Procholorococcus and Prochlorococcus-infecting phages (triangles). (A) The tRNA Gene Copy Number of various cyanobacteria and cyanophages
is plotted against their GC Content. The tendency of Synechococcus to have high GC content, of myoviruses to have low GC content, and of
Synechococcus-infecting myoviruses to favor the inclusion of tRNAs within their genomes, is evident. (B) Average genome sizes of podoviruses,
myoviruses, Prochlorococcus and Synechococcus is plotted along the y-axis. Myoviruses have an average size that is about four times that of
podoviruses. Error bars depict 1 SD. (C) Stripcharts of the correlation coefﬁcients of the codon frequencies. Symbols are as in panel A; in
addition, stars (*) indicate comparisons between all viruses of the indicated group. The range of values is depicted along the x-axis. Top strips:
correlation within each group; bottom strips: correlation between phages and hosts. Values between 0.3 and 0.5, in LL-Prochlorococcus stem from
bacteria LL Prochlorococcus MIT9303 and MIT9313 which are relatively GC-rich (see Supplementary Table S2). These two species also lead to the
variations seen within LL-Prochlorococcus infecting podoviruses and myoviruses versus LL-Prochlorococcus. Podoviruses present two different
groups corresponding to the high-GC and low-GC isolates in contrast with the strong correlation within myoviruses. Note: the variation in the
vertical position within each group is arbitrary; its purpose is to minimize the overlay of data points.
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MATERIALS AND METHODS
Protein, coding sequences, tRNA genes and alignments
For all viral and host species in the analysis, coding
sequences were downloaded from GenBank (http://
www.ncbi.nlm.nih.gov/Genbank) or the CAMERA
database (http://camera.calit2.net/). Full lists of the 12
cyanobacteria (Tables 2 and 3) and 20 cyanophages
(Tables 1 and 3) analyzed are detailed in the
Supplementary Data. The tGCNs were obtained by
applying the tRNAscan-SE software version 1.23 (41).
The tAI for coding sequences
For a thorough discussion in the tAI, and its underlying
assumptions—in particular, that the tGCN is a good
proxy for the tRNA cellular abundance—we refer the
readers to dos Reis et al. (40). Nevertheless, to make the
article self-contained we included a description of the tAI
in the Supplementary Data.
We used a modiﬁed version of the deﬁnition of the tAI
(40) in which each codon weight was normalized to the
genome-wide tAI:
tAIðGÞ ¼

61
Y
c¼1

WfcGc , wc ¼ Wc =tAIðGÞ:

For each bacterium-phage pair, we computed two sets of
tAI weights: one in which the tGCN equals that of the
bacterium genome alone, and a second set in which the
copy number is the sum of the bacterium and phage copy
numbers. Using this we computed for each bacterial or
viral gene its tAI value while accounting for, or
ignoring, the contribution of the viral tRNAs, tAI+(g)
and tAI(g), respectively.
The ""tAI
Given the two tAI values for each gene, g, we deﬁned the
tAI difference of a gene


tAIðgÞ ¼ log tAI+ðgÞ=tAIðgÞ
as the difference in translation efﬁciency of the gene due to
the addition of the viral tRNAs to the tRNA pool. From
this deﬁnition follows the deﬁnition of the separation
between the bacterial and phage proteome response to
the inclusion of the viral tRNA pool: (gv and gh denote
viral and host genes, respectively):
mean½tAIðgv Þ  mean½tAIðgh Þ
tAI ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ :
SD2 ½tAIðgv Þ+SD2 ½tAIðgh Þ
Statistical analysis
All the analyses and statistical tests were performed using
Matlab, and its statistical tools.
The difference in the impact of Prochlorococcus and
Synechococcus tRNA pools on the tAI of the viral
genes. The tAI of the same set of viral genes was
computed repeatedly using the various hosts’ tRNAs
pools excluding the viral tRNAs pools. The Kruskal–
Wallis test (42)—a non-parametric analog of the
one-way analysis of variance (ANOVA)—was used to
test for differences between medians of the tAIs within
different hosts. The results were further corrected for
multiple hypotheses using Bonferroni correction (43) for
5% signiﬁcance level.
Clustering of the viral genes tAI difference across
species. A matrix containing the tAI ratio of each viral
gene (columns) across all the bacteria (rows) was
generated. Two-way hierarchical clustering (44) was
applied to produce heatmaps. In both clustering along
the rows, and along the columns, Euclidean distance was
used as the distance measure, and averaged linkage as the
linkage measure.
The random tRNA sets
A random combination of a given number of tRNAs, K,
was generated by randomly choosing K anticodons with
repetitions from a uniform distribution. The three stop
codons, and seven codons that are forbidden due to potential interfering wobble interaction, were omitted from
the population. This process was repeated 10 000 and
only distinct sets were retained. For each such random
set of tRNAs, the adaptiveness values, Wc, were
recalculated.
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anticodon distribution of the phage and its codon usage
was observed (34). It has therefore been suggested that
some tRNA genes are selectively retained if they match
codons highly used by the phage and poorly used by the
bacterial host (34–37). Such traits may explain the previously proposed role of tRNAs to raise the virulence of
phages bearing them compared to phages without
tRNAs (34). A certain ﬁtness was proposed to be
acquired because, for example, deletion of tRNAs of the
E. coli T4 phage induced lower burst sizes and rates of
protein synthesis (38).
The importance of the tRNA pool in determining the
optimality of the codon choice was demonstrated, for
example, by Kanaya et al. (39). Using several unicellular
organisms, they have shown that genomes tend to tune
their codon usage such that it will ﬁt the availability of
tRNAs in the hosting cell. They also showed that the
tRNA content in the cell correlates well with the tRNA
gene copy number (tGCN). The extent at which the codon
usage of a given coding sequence is adapted to the cellular
tRNA abundance, can be estimated using the tRNA
adaptation index (tAI) (40).
In the present research, we postulate that different
cyanophages adapt different strategies to enhance the
translation of their genomes when confronting different
hosts. Podoviruses employ a ‘specialization’ strategy
and adjust the GC content and the codon usage of
their genomes to the GC content of their hosts, whereas
myoviruses employ an ‘adaptation’ strategy and maintain
a low GC content genome. Instead of adjusting their GC
content to that of high GC potential hosts, myoviruses
retain a selective set of tRNA genes that, once expressed,
improve the adaptation to their own codon usage.
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Test for the signiﬁcance of overlap between pathogenicity
islands and elevated tAI
The genes of WH8102 were divided in two different ways:
ﬁrst according to whether their tAI improvement is larger
than zero; second according to their location—inside or
outside pathogenicity islands. A hypergeometric test was
performed, using matlab’s builtin hypergeometric distribution function, to estimate the signiﬁcance of the intersection between the genes with improved tAI and genes
that reside within pathogenicity islands.
RESULTS
Here we bring diverse evidence to support the hypothesis
that viral tRNAs are advantageous inside hosts whose
codon usage mismatches signiﬁcantly the viral codon
usage. We analyze the impact that the viral tRNAs may
incur on the translation of viral and host genes. We
further show that the particular viral tRNA set is
among the best that the phage could introduce in terms
of promoting the translation of endogenous genes. We
begin the ‘Results’ section, though, with a summary of
the main relevant genomic properties that distinguish
podoviruses from myoviruses.
The presence of tRNAs in cyanophage genomes is
associated with a discrepancy in codon usage
between phage and host
The purpose of this section is to point out the global
genomic properties that led us to propose that myoviruses
and podoviruses employ very distinct strategies of
co-evolution to their hosts. Podoviruses, with small
genome sizes (Figure 1B), match their own GC content
to the GC contents of their hosts: those that infect the
low GC Prochlorococcus hosts exhibit low GC content,
whereas those infecting Synechococcus show corresponding high GC content in their genome, like their hosts
(Figure 1A). The similarity between podoviruses and
their hosts extends beyond their GC content: they also
maintain a highly correlated codon usage (Figure 1C).
This may explain why podoviruses show a restricted
range of hosts (23) in which they ‘specialize’. In
contrast, myoviruses, with up to ﬁve times larger
genomes (Figure 1B), have constitutive low GC contents
(Figure 1A). The codon usage of myoviruses is strongly
correlated with Prochlorococcus hosts, but not with
Synechococcus hosts (Figure 1C). Interestingly, as seen
in Figure 1A, myoviruses that infect Synechococcus tend
to carry within their genomes more tRNA genes (between
4 and 23 genes). The presence of tRNA genes in
myoviruses that infect Prochlorochoccus is limited (up to

four genes, or none at all). Thus, the presence of tRNA
genes in genomes of myoviruses appears to be associated
with a signiﬁcant difference in GC content and codon
usage between them and their hosts.
We chose to focus on the ﬁrst three myoviruses that
infect Synechococcus for which a full genome was published: Syn9, S-RSM4 and S-PM2. The number of
tRNA genes these viruses carry (6, 12 and 23, respectively)
spans the full range of tGCN observed in myoviruses.
A detailed view of the genome-wide codon usage in the
above-mentioned myoviruses and their potential hosts,
and of the identity of the available tRNA genes, is
presented in Figure 2A. For sake of clarity the plot
includes data for the myoviruses and only one representative from each bacterial group and is organized according
to the anticodon pool (further details can be found in the
Supplementary Table S3 organized by codons). The
overall preference of HL-Prochlorococcus and myoviruses
for AT-rich codons (codons with AT in their third
position), and of Synechococcus and LL-Prochlorococcus
for GC-rich codons (codons with GC in their third
position) is evident. These observations are in accordance
with previously published results (45–48). The reader
is reminded that variation at the third codon position
(ﬁrst anticodon position) reﬂects the redundancy of the
genetic code that is made possible through the wobble
interaction between the respective positions in codons
and anticodons (49).
Further insight into the adaptation of the tRNA pool to
the respective genomic context is given by Figure 2A (and
Supplementary Table S3) that exhibit the codon and
corresponding anticodon pool. Variation in the presence
of tRNA genes is seen for anticodons AAG\CAG\GAG
(Leu), CGG (Pro), CAC (Val), CGC (Ala) and CCC (Gly)
(Figure 2A). Variation in tGCN is observed for anticodons GAT (Ile), GGT (Thr), TGC (Ala), and CAT
(Met) (Supplementary Table S3). Also, tRNA genes
matching anticodons TGG (Pro), TGT (Thr) and GCC
(Gly) were not detected in a single Synechococcus species
(MIT9215). As was observed in other Bacteria and
Archaea (50), the tRNA repertoire of cyanobacteria
(and consequently of cyanophages) lack most
adenosine-starting anticodons with the exceptions of two
out of sixteen possibilities: anticodons AAG (Leu) and
ACG (Arg). Seven out of these 14 tRNAs are avoided in
all organisms due to the nature of the wobble interaction
(40). Had they existed, the tRNA repertoire would have
been over-promiscuous leading to repetitive built-in
translation errors. For comparison, the total number of
anticodons that start with cytosine, guanine, or thymine,
for which exact-matching tRNAs are avoided in
cyanobacteria is 10 (out of 48). The latter include the
three anticodons, TTA, TCA and CTA, that correspond
to the stop codons, and the following anticodons: TAT
(Ile), TCG (Arg), CTT (Lys), CTC (Glu), CTG (Gln) and
GCG (Arg). Thus, cyanobacteria have a repertoire
of 40 tRNAs at most. The GC-rich Synechococcus utilize
the full repertoire, whereas GC-poor HL-Prochlorococcus
use a subset of only 32 tRNAs avoiding mostly GC-rich
anticodons. Figure 2A clearly shows that the myoviral
tRNAs tend to belong to the thymine-starting family of
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We chose to use the entire pool of 54 possible
anticodons, as one cannot rule out the possibility of
cyanophages carrying tRNA genes from an as yet
unknown host. tRNAIle(TAT) (Figure 2A), for example,
was found in several myoviruses but not in cyanobacteria
analyzed to date. However, we also ran a similar analysis
with tRNAs drawn out from the cyanobacterial pool
alone.
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Figure 2. A detailed view of codon usage, tRNA gene copy number, and their relationship, in myoviruses and cyanobacteria. (A) Data from
representatives of the three cyanobacteria groups, and from the three Synechococcus-infecting myoviruses S-PM2, S-RSM4 and Syn9, is presented.
Data are organized according to anticodon identity. Going from the innermost ring, to the third ring, the letters denote the contents of the ﬁrst
anticodon position to the third one. The gray shades in each ring reﬂect the codon usage (see color bar) of one of the genomes (inner three for hosts
and outer three from the viruses). The overlaid green circles reﬂect the presence of at least one cognate tRNA within the organism’s genome (mostly
only one cognate tRNA is present—detail of copy numbers can be seen in Table 3 of the Supplementary Data). The outer circles reﬂect the count of
the corresponding tRNAs in additional myoviruses (http://camera.calit2.net/), in green myoviruses infecting Synechococcus and in orange myoviruses
infecting Prochlorococcus. Also depicted in red: the anticodons that correspond to the stop codons (‘stop signs’), and to tRNAs that are forbidden
due to the wobble interaction (‘X’); see main text. Note the avoidance of A-headed anticodons (T-ended codons), and the preference of phages to
T-headed anticodons. (B) Codon usage of myovirus Syn9 is plotted against the codon usage of a potential host, Synechococcus WH8102. The
symbols, A, C, G and T, reﬂect the nucleotide that occupy the ﬁrst anticodon position (wobble position) of the corresponding codon. Colors reﬂect
the presence of the corresponding exact-matching tRNAs within the genomes of the organisms: (gray) found only in the cyanobacteria, (blue) found
in cyanobacteria and Syn9; (red) not found in cyanobacteria or myovirus. The viral and bacterial preference towards AT and CG rich genomes,
respectively, is very clear. Also well-evident are: the tendency of Syn9 to carry tRNAs which favor its preferred codons [TTT (Lys) and TTC (Glu),
marked in the plot with T1 and T2, respectively, are two outstanding exceptions; see main text], and the tendency of the cyanobacteria to avoid
tRNAs that will favor the viral-preferred codons.
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The myoviral-borne tRNAs promote efﬁcient translation
of viral genes within GC-rich hosts
In order to measure the impact of the myoviral tRNA
pools on their own genomes, we computed the translation
efﬁciency of viral genes in various potential hosts using
either the host tRNA pool alone, or a combined
pool that also includes the viral encoded tRNAs. We
measured the association between the codons of the
myoviruses Syn9, S-RSM4 and S-PM2 and cyanobacterial
anticodon pool (without the additional anticodon pool of
the myoviruses), using the tAI (see ‘Materials and
Methods’ section). The Prochlorococcus anticodon pools
are well correlated to the majority of the myoviral genes,
whereas the Synechococcus anticodon pools show a
negative correlation (Figure 3A). Hence, most myoviral
genes will be efﬁciently translated within Prochlorococcus
hosts and inefﬁciently translated within Synechococcus
hosts, if only the tRNA pool of the host is considered.
The difference in viral genes’ tAI between these two
groups of cyanobacteria hosts is signiﬁcant according to
the Kruskal–Wallis test (52) with P-values <0.05 [at a
95% conﬁdence level (CI)] as detailed in the Material
and Methods section. Indeed, as shown in Figure 1C,
the codon usage of the three myoviruses reﬂects the
codon usage of Prochlorococcus. With the original pool
of each host’s tRNAs, it is expected that the matching

will be greater in an environment that ﬁts a
Prochlorococcus-like codon usage. Thus, we propose that
myoviruses deprived of their own set of anticodons will
have more difﬁculty expressing their genes, and perhaps
ultimately also propagate within Synechococcus-like hosts.
To estimate the potential impact of tRNAs carried by
myoviruses, we computed the viral tRNA contribution to
translation efﬁciency as the logarithm of the ratio between
the tAI with the added anticodon pools of the myoviruses
versus the tAI without the myoviral tRNAs (Figure 3B).
The additional set of tRNAs have greater and positive
effect on viral genes when introduced to an anticodon
pools with higher GC contents as Synechococcus and LL
Prochlorococcus MIT9303 and MIT9313. As the genomes
of the cyanophages were already adapted to the HL
Prochlorococcus tRNA pools, the tRNA sets of the
cyanophages have a negative effect on their translation.
The myoviral-borne tRNAs reduce and enhance the
translation efﬁciency of selected cyanobacterial genes
In the previous section we showed that the viral tRNAs
are advantageous to the phage by enhancing its translation efﬁciency in GC-rich hosts. Similarly, we calculated
the effects of the myoviral pool of tRNAs on the cyanobacterial genomes. We computed the genome-wide
average change in tAI due to the inclusion of the viral
tRNAs. Indeed, we found that the translation efﬁciencies
within high GC content Synechococcus are those
that decrease most by the addition of the viral pool of
tRNAs. On average, the genomic tAI values of
Synechococcus WH8102 and WH7803, as well as of LL
Prochlorococcus MIT9303 and MIT9313, decrease,
whereas the tAI of other cyanobacterial genes remain
unchanged (Supplementary Figure S1).
Further analysis of the virtual response of
Synechococcus WH8102 protein coding genes to the
different sets of tRNAs encoded by the genome of Syn9,
S-PM2 and S-RSM4 is displayed in Figure 3C. Despite the
overall lowered tAI scores of the Synechococcus WH8102
genome, some genes had an elevated tAI scores. The loci
that show enhanced tAI levels highly overlap with loci
previously annotated as ‘pathogenicity islands’ (53).
These are regions with low GC content and atypical
trinucleotide composition that are associated in
Synechococcus WH8102 with putative phage integrases.
These regions were suggested to be remains from an
horizontal gene transfer event between cyanophages and
the cyanobacteria (54). We thus conducted a statistical
hypergeometric test to evaluate the signiﬁcance of the
overlap between the set of host genes that show an
elevation in tAI due to the addition of the viral tRNAs
and the set of genes that reside within the pathogenicity
islands. We obtained highly signiﬁcant overlap (P-values
of 6.7e–25, 9.5 e–27 and 3.3 e–33, for Syn9, S-RSM4 and
S-PM2, respectively) indicating that typically hosts genes
that belong to the pathogenicity islands show enhanced
translation efﬁciency due to incorporation of the viral
genes. It thus seems that pathogenicity islands represent
low GC contents zones on the cyanobacterial genome
to which the myoviral tRNAs are better adapted.

Downloaded from https://academic.oup.com/nar/article-abstract/39/14/6016/1374560 by Weizmann Institute of Science user on 13 February 2020

tRNAs (top-right quarter). We note that the six tRNAs
of Syn9 are a subset of the tRNA sets of S-RSM4
and S-PM2. In fact, as revealed by Figure 2A and
Supplementary Table S3, the Syn9 tRNAs are the six
most frequently-used tRNAs by myoviruses. They
consist of tRNAs for Leu (TTA\TAA), Thr
(ACA\TGT), Asn (AAC\GTT), Arg (AGA\TCT), Val
(GTA\TAC) and Ala (GCC/GGC) (codon\anticodon). It
is important to note that the myoviral tRNAs represent an
additional pool of AT-rich anticodons to the already
existing cyanobacterial tRNA pool. The change will be
in the AT-rich tGCN increasing their weight among the
overall pool of tRNAs present in the cell when they are
expressed. Therefore, these six viral tRNAs are very likely
to offset the gap in codon usage between AT-rich
myoviruses and their Synechococcus hosts. This is clearly
seen in Figure 2B. First, as was mentioned earlier, the
codon usage of phage and host is uncorrelated. Second,
all the six Syn9 tRNAs match codons that are used more
frequently in Syn9 rather than in its host. This is signiﬁcant since the repertoire of tRNAs that exactly match
codons that are favored in Syn9 is more limited
compared to those favored by the host WH8102
(17 versus 24). This ﬁnding is in accord with previous
reports that phages bear tRNA genes in their genomes
with anticodon preference for AT at the wobble position
(ﬁrst anticodon position), corresponding to the higher AT
content of their genomes (34,36,37,51). Interestingly, two
anticodons that would highly favor translation of viral
genes (marked as T1 and T2 in Figure 2B), are only
seen in the S-PM2 tRNAs repertoire. Our hypothesis
regarding the reason to avoid such tRNAs will be
elaborated in the discussion.
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Figure 3. The impact of the viral-borne tRNAs on the translation of phage and host genomes. (A) The tAI of all viral genes is computed using only
the bacterial tRNAs. Rows depict the outcome using different hosts (black HL-Prochlorococcus, blue LL-Prochlorococcus and red Synechococcus).
Data are shown separately for the three myoviruses. The red lines inside each box represent the median. The edges of each box are the 25 and 75%
percentiles of the viral genes’ tAI. Red crosses represent outliers. (B) The ratio of tAI values for all viral genes, when computed with or without
the viral tRNA is presented. The three panels correspond to the three viruses as in (A). Rows depict the outcome using different hosts as in (A).
Columns are the viral genes. Higher positive tAI scores are marked in red and lower negative tAI scores are marked in green. See the color bar, and
note the logarithmic scale. (C) Improvement of the tAI of for each Synechococcus WH8102 genes, and its relationship to pathogenicity islands.
Improvement is the ratio of tAI values when computed with or without the addition of the viral tRNAs to the bacterial pool. Data using the tRNA
pools of Syn9 (blue), S-PM2 (green) and S-RSM4(red) is shown. Gray shadow mark pathogenicity islands locations in association with phage-like
integrase genes. Note the natural-log scale of the y-axis.
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This observation supports the hypothesis that pathogenicity islands in the host have their origins in viral
infections.

In line with the results of Bailly-Bechet et al. (34), our data
indicate that the viral tRNAs enhance the translation
efﬁciency of the viral genes, and at the same time
decrease the translation efﬁciency of the bacterial genes.
To estimate the disparity between the effect of the viral
tRNAs on the phage and the host genome-wide translation efﬁciency, we computed the difference between the
average changes in the tAI of viral genes and the
average changes in the tAI of bacterial genes. To compensate for the variance in both distributions, we divided
that difference by the joint variance of the two genomes
(see ‘Materials and Methods’ section). We will refer to this
measure as tAI. Synechococcus WH8102—one of the
GC-rich cyanobacteria—was chosen as subject matter
for this analysis. Testing the three tRNA sets carried by
myoviruses (Figure 2A), we found tAI (Syn9) = 1.357,
tAI(S-RSM4) = 1.215,
tAI(S-PM2) = 1.503.
These values correspond to an overall increase of the
translation efﬁciency of the myoviral genes with means
0.041, 0.063 and 0.103, and standard deviations (SD)
0.028, 0.052 and 0.058, for adding Syn9, S-RSM4 and
S-PM2 tRNAs, respectively. The corresponding values
for the cyanobacterial genes depict a slight decrease of
the average 0.005, 0.009 and 0.005 with SD 0.018,
0.028 and 0.043, corresponding to the addition of the
Syn9, S-RSM4 and S-PM2 tRNAs, respectively.
To evaluate the signiﬁcance of these numbers, we
calculated the probability to obtain such tAI values
from a random set of tRNAs that has the same size as
the actual viral set. For that we produced three sets of
10 000 random combinations of 6, 12 and 23 tRNAs
(out of 54 possible anticodons), corresponding to the
number of tRNAs carried by Syn9, S-RSM4 and
S-PM2, respectively. For each such random tRNA set
we computed the tAI using WH8102 as the host
genome (Figure 4A). The means of the resulting tAI
distributions for sets of 6, 12 and 23 anticodons were
0.128, 0.158 and 0.333 with corresponding SD of
0.604, 0.540 and 0.567, respectively. All three distributions
are biased towards negative values, implying that, on
average, a randomly chosen tRNA sets will favor the
GC-rich host—not the phage. However, the actual
tRNA sets carried by the myoviruses are among the best
available sets in this sample: both Syn9 and S-RSM4 are
more than 2 SD above the mean of the distribution,
whereas S-PM2 tAI exceeds the mean with more
than 3 SD. Very few random sets yield better tAI
values (21, 34 and 16, out of 10 000 for Syn9, S-RSM4
and S-PM2, respectively—Figure 4A). Similar results
were also obtained when random tRNAs were retrieved
from a more restricted pool of host-only anticodons
(Supplementary Figure S2). We conclude that there is a
selective evolutionary advantage to keep the particular set
of tRNA genes that each phage carries, in order to

A random increase of the number of viral-borne tRNA
will favor the bacterial host
Given the fact that viral tRNAs can confer a signiﬁcant
advantage to the virus when infecting a host with
mismatching GC content, one may naively conclude that
the more tRNA genes the virus would bear—the better for
the virus. However, roughly speaking, this is true only in
the case that the tRNAs present an anticodon with A or T
at the ﬁrst position (AT-rich tRNA). Inspection of the
tRNA repertoire of the cyanobacteria (Figure 2A) shows
that it is biased towards GC-rich tRNAs (27 versus 14
AT-rich tRNAs). This implies that the chance for a
randomly-added tRNA to be advantageous to the virus
is only one-third, whereas the probability it will be advantageous to the host is about two-third. In evolutionary
terms, this means an increasingly difﬁcult search
problem for the virus: the fraction of tRNA sets that
will be advantageous to the virus decreases with the
increase of the number of tRNAs it will carry in its
genome. In further testing this hypothesis we generated
10 000 random sets of tRNAs for each number of
tRNAs between 1 and 25, and calculated the change in
translation efﬁciency. Our calculations reveal an
increasing disadvantage to the virus in parallel with a
slight increase in advantage to the host, as the size of
the viral-borne tRNA set increases (Figure 4B). These
data support and emphasize the dynamics of tRNA acquisition and selection that ultimately maintains in the viral
genomes highly optimized sets of tRNAs. This result
probably explains why it is not in the interest of the
virus to incorporate additional tRNA genes, and it
reduces the likelihood that the number of viral tRNA
genes is limited due to other causes such as the costs of
increasing genome size.
DISCUSSION
This study presents for the ﬁrst time two different
strategies employed by two different families of
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The myoviral-borne tRNAs maximize the gap in
translation efﬁciency between viral and host genes

increase the separation between the translation efﬁciency
of the phage and bacterial genomes. This result is in
agreement with earlier work that investigated—using a
different statistical approach and data set—the selection
pressure on the acquisition of tRNA genes from host
genomes (34).
All the randomly-generated tRNA sets that outperformed the three viral tRNA sets (Supplementary Figure
S3), except for one, were distinguished from the viral
tRNA sets by at least one of the two following features.
First, most of these sets (all of them in the case of
SPM2-outperformers) relied on at least one tRNA that
is not possessed by any of the cyanobacteria. The rest of
the outperforming sets relied only on tRNAs found in one
of their hosts. However, all of these, except for one, had a
second common feature, namely, they included a tRNA
decoding for Lys (AAA). Interestingly, Lys (AAA) is the
codon mostly used by HL-Prochlorococcus (Figure 2),
hence it seems as additional selective mechanisms are
applied on the tRNA genes pool (see Discussion section).
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Figure 4. Could the viral-borne tRNA sets be improved? Results from randomization tests tackling this question are presented. (A) The distribution
of tAI (separation) values, based upon 10 000 random tRNA sets, is shown. For each of the three myoviruses in which we are interested,
a separate distribution was generated. Synechococcus WH8102 was used as a host. The tAI of the actual viral tRNA sets are marked, and seen to
be among the best possible sets. (B) The genome-wide average in tAI as function of the size of viral-borne tRNA set is shown. For each tRNA set
size we produced 10 000 random sets. The impact of each random set was computed using the genomes of Syn9 and Synechococcus WH8102. As the
size of the random tRNA sets increases, mean[tAI(g)], increases in the Synechococcus host (solid line), while it sharply decreases in the phage Syn9
(dotted line).

cyanophages to enhance their translation efﬁciency during
infection of a heterogeneous pool of hosts that differ in
their codon usages and corresponding anticodon pools
(Figure 5). We speculate that the choice between the two
strategies is strongly related to the genome size. Marine
podoviruses, with four and up to ﬁve times smaller
genome sizes compared with myoviruses, adjust their
GC content and codon usage to the GC content and
codon usage of the host they infect (Figure 1). Although
such ‘specialization’ strategy beneﬁts the podovirus with a
readily efﬁcient translation of its genes, it may also restrict
its ability to infect hosts with different GC contents.
Indeed, isolates of podoviruses were reported to be very
restricted in their host ranges, typically infecting a single
cyanobacterial host and only seldom another closely
related strain (23).

For myoviruses, with larger genomes, the low guanine
and cytosine cellular availability and high-energy costs of
those nucleotides (55) may restrict them to the use of low
GC codons. However, the larger genomes of myoviruses
allow them to incorporate tRNA genes into their genomes
without much cost but with large payoff in terms of translation efﬁciency (Supplementary Table S1). As expected,
the GC content and codon usage of myoviruses are well
correlated to potential Prochlorococcus hosts (Figure 1).
Nevertheless, a similar low GC content myoviral genome,
is more difﬁcult to efﬁciently replicate within high GC
content cyanobacteria, such as Synechococcus and LL
Prochlorococcus, and it is very likely that this process
will take more time. Hence, myoviruses have evolved an
‘adaptation’ strategy whereby their constitutively low GC
content genomes are supplemented with tRNA genes to,
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once expressed, enhance translation efﬁciency when infecting high GC content hosts. We surmise that the burden of
bearing few tRNA genes is minimal given the large
genomes of myoviruses and the advantage the tRNAs
deliver. Interestingly, such strategy might have enabled
myoviruses acquire broader host ranges, as some
myoviral isolates were reported to be able to infect both
Prochlorococcus and Synechococcus strains (23). We thus
proceeded with further examination of the relationship
between three representatives of myoviruses (Syn9,
S-RSM4 and S-PM2) and their corresponding potential
hosts.
In this article, we have made several important
observations on the structure of cyanobacterial tRNA repertoire that are important to understand the constraints
that are imposed on the infecting phages. We reiterate the
main ﬁnding in this regard as we believe they are important in their own right. Cyanobacteria, as other Bacteria
and Archaea (50), almost completely avoid anticodons
starting with adenosine (codons ending with thymine).
Only seven out of those 14 avoided anticodons are
explained directly by restrictions due to the wobble
interaction (40). This is to be compared with the
pronounced homogeneity in the usage of thymine-starting
anticodons as all cyanobacteria use 12 out of 14 possible
thymine-starting anticodons. Further restriction of the
anticodon pools leaves Synechococcus with a repertoire
of up to 40 tRNAs, whereas for HL Prochlorococcus it
may reach 32 tRNAs (Supplementary Table S3). The
difference in the repertoires is mainly attributed to
HL-Prochloroccous with lowest GC content genomes
that avoid some of the guanine and cytosine starting anticodons used by Synechococcus and LL-Prochlorococcus.

We therefore consider it to represent a GC-poor anticodon pool rather than AT-rich one (Figure 2A and
Supplementary Table S3).
Myoviruses with constitutive low GC content genomes
are limited in the low GC content anticodon pool available from the cyanobacterial repertoire. Indeed, as can be
seen in Figure 2A most myoviral anticodon pools are
predominated by thymine-starting anticodons that span
the entire cyanobacterial repertoire. Thus, improving the
translation within high GC hosts by introducing AT-rich
tRNAs may restrain the ability to infect AT-rich hosts
that beneﬁt from such additional tRNA pool.
The repertoires of tRNA genes that marine myoviruses
Syn9, S-RSM4 and S-PM2, incorporated into their
genomes, consist of 6, 12 and 23 tRNA genes, respectively.
The Syn9 set is common to all three sets perhaps serving as
a minimal anticodon pool necessary for infection. The set
consists of tRNA genes for Leu (TTA\TAA), Thr
(ACA\TGT), Asn (AAC\GTT), Arg (AGA\TCT), Val
(GTA\TAC) and Ala (GCC/GGC) (codon\anticodon).
Bailly-Bechet et al. (2007) in their article computed the
average difference in codon usage between pairs of
phages and their hosts, and found it to be signiﬁcant
(34). Thus they concluded that the viral tRNA genes are
retained selectively to compensate for the gap in codon
usage between the phage and its host. In other words,
viral tRNA genes are selected to enhance the translation
of the viral genes on the expense of the host’s genes. Our
results support the conclusions of Bailly-Bechet with the
following important reﬁnement. We found that the viral
tRNA genes are selected to enhance the separation in
translation efﬁciency of viral and host genes, only for
hosts were indeed the codon usage gap is large. In
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Figure 5. Schematic overview of the podovirus specialization versus the myovirus adaptation to different Hosts. The illustration shows the tradeoff
between genome sizes, the GC content of such genomes and the resulting occurrence of tRNA genes. Podoviruses, with up to ﬁve times smaller
genome sizes when compared with myoviruses, adjust their GC content to their hosts’ GC content, whereas myoviruses maintain low GC content
genomes. As long as myoviruses infect Prochlorococcus with lower GC content genomes, no tRNAs are needed. However, when infecting high GC
content cyanobacteria, such as Synechococcus, those same myoviruses would face more difﬁculties to replicate their genome efﬁciently. Thus,
we contend that tRNAs carried by myoviruses represent an adaptive process to enhance their ﬁtness when infecting high GC content hosts
unlike the specialization process that podoviruses undergo.
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that tRNA pools of marine myoviruses are inﬂuenced by
the collective impacts of their different potential hosts. It
is also tempting to suggest that other, less obvious hosts
may affect the pool of tRNAs of myoviruses, as tRNA
genes for Ile (ATA) predicted for several myoviruses
(Figure 2A, anticodon TAT) are absent from all
cyanobacteria analyzed.
Hosts not only affect the identity of the selected tRNAs,
but also the optimal number of tRNA genes that the virus
should carry. Using computer simulation we found that
upon infection of a Synechococcus host, increased number
of additional tRNAs favors the host because such sets
will inevitably contain high GC anticodons (Figure 4B).
As a result, the larger the set of tRNAs, the fewer the
possibilities to obtain better tRNA sets. We therefore
conclude that S-PM2, S-RSM4 and Syn9, with pools of
23, 12 and 6 tRNAs respectively, represent different snapshots of the selective process of tRNAs whereby a minimal
pool of tRNA genes expressing tRNAs that maintain
elevation of the translation efﬁciency are ultimately
retained.
It is known that phages can inﬂuence the gene expression of their host, possibly inﬂuencing the cellular tRNA
pools. Nevertheless, cyanomyoviruses lack the alt, modA
and modB genes expressing moderators of the RNA polymerase to increase its afﬁnity to early promoters (56).
Furthermore, cyanomyoviruses also lack the motA and
asi genes that express proteins responsible for the transition to the middle mode transcription (48,56) and differ in
their putative middle mode promoters (56). Thus, expression during at least the early stages of infection was
proposed to be driven by an unmodiﬁed host RNA polymerase (56). In addition, it has been reported that relative
amount of tRNAs remain constant for the ﬁrst hour after
transcriptional inhibition (57). Hence, we assume our
ﬁndings relevant for at least the early stages of infection.
Our overall data shows that myoviruses maintain economical low GC content genomes that are readily adapted
to translation in hosts with similar low GC content
genomes. In order to adapt to high GC content
genomes, myoviruses supplement the cyanobacterial
tRNA pool with their own set of tRNAs consisting of
AT-rich anticodons. We show that the process of acquisition and retention of tRNA genes is delicately balanced by
the enhancement of the myoviral genes and concomitant
impact on translation of the whole range of potential
hosts. Such an adaptation strategy may render myoviruses
with the ability to infect a wider range of hosts. In
contrast, podoviruses that employ the specialization
strategy and adjust the GC content of their small
genomes to their hosts, are host speciﬁc (Figure 5).
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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addition, our methodology has several improvements over
the analysis originally carried by Bailly-Bechet et al. First,
our statistical analyses consider all codons rather than
only codons for which there are tRNA genes present in
the viral genomes. Second, and related to this, our analysis
considers the effect, and the importance, of the wobble
interactions and not only the Watson–Crick
complementarities. Third, Bailly-Bechet et al. disregarded
the background effect of the contribution of the hosts’
tRNAs when computing the contribution of the viral
tRNAs to the separation in host-viral codon usages.
This contribution, though, sets the scale for the contribution of the viral tRNAs. Furtheremore, from a biological
point of view, one should not ignore the contribution of
the bacterial tRNAs as they are necessary for the translation of both viral and host genes.
As expected, those AT-rich anticodon pools enhance
translation efﬁciency of viral genomes mainly within
high GC hosts that otherwise would disfavor the translation (Figure 3A and B). At the same time, the translation
efﬁciency of the high GC host genomes slightly decrease as
the overall tRNA pool becomes more AT-rich. Further
detailed examination of the Synechococcus genes
response to the added viral sets of tRNAs has revealed
great compatibility of those tRNAs to pathogenicity
islands (Figure 3C). Those islands were previously
reported to be associated with integrases and suggested
to remain from a horizontal gene transfer event (25).
It might be remarked that additional genes, outside the
pathogenicity islands, have their translation improved by
the addition of the viral tRNAs. Those genes, sometimes
in clusters, correspond to low GC regions that were also
formerly proposed to represent recent horizontal gene
transfer (54). Although is tempting to suggest that
among those genes several host defense genes might be
present, we did not ﬁnd any evidence for this
In order to test the hypothesis brought by previous
studies claiming for the retention of tRNA genes that
match the greater difference in codon usage between the
host and virus (34), we generated random sets of tRNA
pools and examined the differences in genomic translation
efﬁciencies (Figure 4A). As it occurs, the speciﬁc sets of
anticodons are among the best sets that produce the
highest difference between myoviral genome translation
enhancement and Synechococcus genome translation
deterioration. Nevertheless, we remarked that the outperforming sets of tRNAs are greatly enriched with Lys
(TTT) anticodons matching the Lys (AAA) codon
(Supplementary Figure S2). As inferred from Figure 2A
and B, such anticodon as well as anticodon TTC encoding
for Glu(GAA), would have greatly boosted the translation
efﬁciency of the myoviral genome if it would only infect
Synechococcus hosts, as it would match the high usage of
the respective codon by the virus and low usage of the
host. Indeed, myovirus S-PM2, infecting Synechococcus
exclusively (26) carry the tRNA that match these
codons. Nevertheless, it can be observed that the Lys
(AAA) and Glu (GAA) codons are extensively used by
Prochlorococcus (Figure 2A). As several myoviruses
were previously reported to be able to infect both
Synechococcus and Prochlorococcus (23), we propose
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