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Summary

The last two decades have revealed that phages
(viruses that infect bacteria) are abundant and play
fundamental roles in the Earth System, with the
T4-like myoviruses (herein T4-like phages) emerging
as a dominant ‘signal’ in wild populations. Here we
examine 27 T4-like phage genomes, with a focus on
17 that infect ocean picocyanobacteria (cyanoph-
ages), to evaluate lateral gene transfer (LGT) in this
group. First, we establish a reference tree by evalu-
ating concatenated core gene supertrees and whole
genome gene content trees. Next, we evaluate what
fraction of these ‘core genes’ shared by all 17
cyanophages appear prone to LGT. Most (47 out
of 57 core genes) were vertically transferred as
inferred from tree tests and genomic synteny. Of
those 10 core genes that failed the tree tests, the
bulk (8 of 10) remain syntenic in the genomes with
only a few (3 of the 10) having identifiable signa-
tures of mobile elements. Notably, only one of these
10 is shared not only by the 17 cyanophages, but
also by all 27 T4-like phages (thymidylate synthase);
its evolutionary history suggests cyanophages may
be the origin of these genes to Prochlorococcus.
Next, we examined intragenic recombination among
the core genes and found that it did occur, even
among these core genes, but that the rate was sig-
nificantly higher between closely related phages,
perhaps reducing any detectable LGT signal and
leading to taxon cohesion. Finally, among 18 auxil-
iary metabolic genes (AMGs, a.k.a. ‘host’ genes), we
found that half originated from their immediate
hosts, in some cases multiple times (e.g. psbA,
psbD, pstS), while the remaining have less clear
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evolutionary origins ranging from cyanobacteria
(4 genes) or microbes (5 genes), with particular
diversity among viral TalC and Hsp20 sequences.
Together, these findings highlight the patterns and
limits of vertical evolution, as well as the ecological
and evolutionary roles of LGT in shaping T4-like
phage genomes.

Introduction

Bacteriophages (a.k.a. phages, or viruses that infect
bacteria) are the most abundant biological entities on
earth (Hendrix et al., 1999; Rohwer, 2003), and play criti-
cal roles in the earth system by altering bacterial popula-
tion structure, mortality and evolution (Fuhrman, 1999;
Weinbauer and Rassoulzadegan, 2004; Suttle, 2005;
2007; Breitbart et al., 2007). In the oceans, one group, the
T4-like phages, are globally distributed and abundant as
estimated either from single gene and metagenomic
surveys (Fuller et al., 1998; Breitbart et al., 2002; Filee
et al., 2005; Short abd Suttle, 2005; Angly et al., 2006;
Delong etal., 2006; Yooseph et al., 2007; Williamson
etal., 2008) or culture-based methods, particularly for
cyanobacteria (Suttle and Chan, 1993; Waterbury and
Valois, 1993; Wilson et al., 1993; Lu et al., 2001; Sullivan
et al., 2003; 2006; 2008; 2010; Marston and Sallee, 2003;
Wilhelm et al., 2006).

Because of this abundance and ecological importance,
there are now 27 T4-like phage genomes available: 17
‘cyanophages’ that were isolated using diverse Prochlo-
rococcus and Synechococcus host strains (Mann et al.,
2005; Sullivan et al., 2005; 2010; Weigele et al., 2007;
Millard et al., 2009), and 10 ‘non-cyanophages’ that were
isolated using the heterotrophic bacteria Escherichia coli,
Vibrio and Aeromonas (Miller et al., 2003a,b; Nolan et al.,
2006; Petrov et al., 2006). While T4-like phages, based
on morphology, are thought to be a monophyletic group
(Calendar, 2006) within the Myoviridae family in the order
Caudovirales (van Regenmortel et al., 2000), extensive
genomic and genetic diversity occurs in the T4-likes
(Miller et al., 2003a; Sullivan et al., 2005; 2010; Filee
etal.,, 2006; Nolan etal.,, 2006; Weigele etal., 2007;
Millard et al., 2009). This observation together with fre-
quent mosaicism in phages, particularly siphoviruses
(Proux et al., 2002; Hendrix, 2003; Pedulla et al., 2003),
has led to the general acceptance of the paradigm that the
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main forces shaping phage genomes are lateral gene
transfer (LGT) and recombination (Hendrix et al., 1999;
Filee et al., 2006).

Initial studies, based on DNA hybridization techniques
between Ilambdoid phages (Siphoviridae family of
phages) led to the modular theory of phage evolution
whereby genomes are thought to evolve by the rearrange-
ment of sets of functionally related genes (Botstein,
1980). Mechanistically, this implies non-vertical inherit-
ance of genetic material, which violates the assumptions
of phylogeny. In this respect Hendrix and colleagues
(1999) documented LGT between phage families that
could obscure taxonomic boundaries while other studies
(e.g. whole genome sequencing of lambdoid Streptococ-
cus phages) revealed conservation in gene content and
synteny suggesting that at least some vertically inherit-
ance among these mosaic siphoviruses (Desiere et al.,
1999).

Concurrently, environmental phage ecologists began
the use of single protein phylogenies to infer relationships
among wild phages. For example, T4-like phages were
evaluated using the major capsid (gp23), tail sheath
(gp18) and tail tube (gp19) proteins, which resulted in
recognition of four groups of T4-like phages: (i) T4 (ii)
Pseudo-T4 (iii) Schizo-T4, and (iv) Exo-T4 (Tétart et al.,
2001; Desplats and Krisch, 2003). While based on rela-
tively limited data from isolates and environmental
sequences it set up initial hypotheses about T4-like phage
phylogenetic relationships. Further, within this framework,
Nolan, Comeau and Filee examined non-cyano T4-like
phage genomes and showed that they shared 24-82
genes (core genes, Filee et al., 2006; Nolan et al., 2006;
Comeau et al., 2007), which appeared predominantly ver-
tically transferred (Filee et al., 2006; Comeau et al., 2007).
We recently compared 26 T4-like phage genomes (Sulli-
van et al., 2010) and found 38 genes shared across cyano
and non-cyano T4 phages (this ‘core’ is now well sampled)
complemented by a set of genes that are required for host-
or niche-specific interactions (e.g. 25 genes shared only
among the 16 cyanophage genomes, a.k.a. the ‘cyano
T4 core’). Beyond these hierarchical core gene sets,
cyanophage genomes also encode auxiliary metabolic
genes (AMGs, sensu Breitbart et al., 2007), ‘host’ genes
normally involved in atypical phage functions such as
photosynthesis (e.g. psbA, psbD), phosphate stress (e.g.
pstS, phoA, phoH) and carbon metabolism (e.g. gnd, zwf,
CP12, talC; Mann et al., 2003; 2005; Sullivan et al., 2005;
2010; Weigele et al., 2007; Millard et al., 2009; Thompson
etal., 2011). These AMGs can be core (e.g. psbA, cobS,
phoH, hsp20 and mazG), but most are sporadically dis-
tributed and likely prone to LGT to provide ecological
advantage in adapting to novel niches and hosts.

Here we evaluate the degree of vertical inheritance in
T4-like phage genomes with a focus on the Exo-T4

marine cyanophages. To this end, we document the frac-
tion of core gene single tree topologies that explain the
evolutionary history of all core genes (e.g. concatenated
core gene supertree), quantify intragenic recombination
among T4 phage core genes, and explore the source of
AMGs in cyanophage genomes.

Results and discussion

Towards a T4 phylogeny as a ‘reference’ topology for
quantifying LGT

To broadly assess the evolutionary relationships among
27 T4-like phage genomes (Table 1), we first evaluated
the variability in topologies of core protein supertrees and
whole proteome trees to establish a ‘reference’ tree for
subsequent analyses.

The T4 core tree. Thirty-five ‘T4 core’ proteins were
shared among all 27 T4-like phage genomes (Sullivan
et al., 2010). The concatenated protein T4 core supertree
(15224 amino acids) was robust and well supported
(Fig. 1A) with a topology that generally agrees with pub-
lished single protein trees (gp23, major capsid protein;
gp18, tail sheath protein; gp19, tail tube protein) where
the groups T4, Pseudo-T4, Schizo-T4 and Exo-T4 were
originally defined (Tétart et al., 2001; Desplats and Krisch,
2003). While earlier works observed a monophyletic
Schizo-T4, we found this group to be paraphyletic
(Fig. 1A); however, with only two Schizo-T4 taxa avail-
able, this remains unresolved. Further, we observe that
cyanophages form two deep-branching clades (labelled
‘Clusters A and B’ in Exo-T4 in Fig. 1A), not previously
documented due to the lack of available cyanophage
taxa.

The cyano T4 core tree. With 17 cyano T4 phage
genomes, we expanded our core dataset to include all
predicted proteins that are exclusive and universal among
these genomes (the ‘cyano T4 core’). This expanded
dataset (35 T4 core proteins + 22 cyano T4 core proteins)
represents 17-28% of the predicted proteome of any
cyanophage genome, as compared with 10-16% for the
T4 core set. The resulting cyano T4 core supertree (57
concatenated proteins, 20 638 amino acids) supports the
two deep-branching cyanophage clades (Fig. 1B) and is
broadly concordant with the T4 core supertree (compare
Fig. 1A with Fig. 1B) in that only the topology of cluster A
had small changes that are probably result of the insuffi-
cient sampling of the divergent phages within this group.

Whole genomes. Whole genome gene content has been
used to infer evolutionary relationships between microbes
(Snel et al., 1999), phages (Rohwer and Edwards, 2002)
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Table 1. T4-like phages used in this study.
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Genome Genbank

Published name Original host size (kb) # ORFs %G + C accession # Genome publication

Cyanophages
P-SSM2 Prochlorococcus NATL1A 252.4 334 35.5% AY 939844 Sullivan et al. (2005)
P-SSM4 Prochlorococcus NATL2A 178.2 221 36.7% AY940168 Sullivan et al. (2005)
P-HM1 Prochlorococcus MED4 181 241 38.0% GU071101 Sullivan et al. (2010)
P-HM2 Prochlorococcus MED4 183.8 242 38.0% GUO075905 Sullivan et al. (2010)
P-RSM4 Prochlorococcus MIT9303 176.4 239 38.0% GU071099 Sullivan et al. (2010)
P-SSM7 Prochlorococcus NATL1A 182.2 237 37.0% GUO071103 Sullivan et al. (2010)
S-PM2 Synechococcus WH7803 196.3 244 37.8% AJ630128 Mann et al. (2005)
Syn9 Synechococcus WH8109 177.3 228 40.50% DQ149023 Weigele et al. (2007)
Syn19 Synechococcus WH8109 175.2 215 41.0% GU071106 Sullivan et al. (2010)
Syn33 Synechococcus WH7803 174.4 227 40.0% GU071108 Sullivan et al. (2010)
Syn1 Synechococcus WH8101 191.2 234 41.0% GU071105 Sullivan et al. (2010)
S-ShmM2 Synechococcus WH8102 179.6 230 41.0% GU071096 Sullivan et al. (2010)
S-SM2 Synechococcus WH8017 190.8 267 40.0% GUO071095 Sullivan et al. (2010)
S-SSM7 Synechococcus WH8109 232.9 319 39.0% GU071098 Sullivan et al. (2010)
S-SSM5 Synechococcus WH8102 176.2 225 40.0% GU071097 Sullivan et al. (2010)
S-SM1 Synechococcus WH6501 178.5 234 41.0% GU071094 Sullivan et al. (2010)
S-RSM4 Synechococcus WH7803 194.5 238 41.0% FM207411 Millard et al. (2009)

Non-cyanophages
T4 E. coliB 168.9 278 35.3% AG158101 Miller et al. (2003a)
RB32 E. coli 165.9 270 35.3% DQ904452 http://phage.bioc.tulane.edu/
RB43 E. coliB 180.5 292 43.2% AY967407 Nolan et al. (2006)
RB49 E. coli CAJ70 164 274 40.4% AY343333 Nolan et al. (2006)
RB69 E. coli CAJ70 167.6 273 37.7% AY303349 Nolan et al. (2006)
KVP40 Vibrio parahaemolyticus 244.8 381 42.6% AY283928 Miller et al. (2003b)
44RR Aeromonas salmonicida 170-68 173.6 252 43.9% AY357531 Nolan et al. (2006)
Aeh1 Aeromonas hydrophila 233.2 352 42.8% AY266303 Nolan et al. (2006)
PHG25 Aeromonas salmonicida 170-68 161.5 242 41.0% DQ529280 Petrov et al. (2006)
PHG31 Aeromonas salmonicida 95-68 172.9 247 43.9% AY962392 Petrov et al. (2006)

and even T4-like cyanophage (see below; Millard et al.,
2009). Thus we constructed a whole genome gene
content phylogeny from the 27 T4-like phage genomes
using distances calculated from Simpson Similarity Index
(sensu Snel et al., 1999; Kettler et al., 2007). In this rep-
resentation (Fig. 1C) the length of the tips leading to indi-
vidual genomes is proportional to the number of unique
genes in each genome, which in this dataset ranges from
5% for P-HM1 (anomalously low as it shares 83% of its
proteins with the genome of co-isolated phage P-HM2,
Sullivan et al., 2010) to 50% for the most divergent phage
among the 27 genomes (Aeh1). This approach (Fig. 1C)
recovers the T4, Pseudo-T4, Schizo-T4 and Exo-T4
groups previously described (Tétart et al., 2001; Desplats
and Krisch, 2003), highlighting the relationship between
genome content and genetic distance — an observation
previously documented in T4 phages using shorter
(10 kb) genomic regions (Hambly et al., 2001). However,
genome content trees document cyanophage Cluster A as
polyphyletic due to the breakdown of the S-SM2/P-SSM2/
S-SSM7 cluster. Notably, those phages represent the
most divergent cyanophage genomes (Sullivan et al.,
2010). As with the cyano T4 core supertree, it is likely that
further taxon sampling in this part of the tree should help
resolve this polytomy.

Whole genome corrolaries. Given this relative consis-
tency across these trees, we first wondered whether any
environmental factors correlated to our reference tree
topology (Fig. 1B, Table S1). While little environmental
data were directly available from the ‘source waters’ used
to isolate these T4-like phages, we used data interpolated
from MEGX (Kottmann et al., 2010) using the latitude,
longitude, date and depth for each water sample. Among
nine variables tested using Unifrac (Lozupone and Knight,
2005) only host range, quantified as phylogenetic diver-
sity (sensu Faith, 1992), was a factor that even modestly
(P-value = 0.1) explained the topology branching patterns
(note: host range data are not available for 3 of 17
cyanophage isolates; Table S1). While data are limiting,
we speculate that host range structuring supertree topolo-
gies merely reflects coevolution (Kitchen et al., 2011),
where host niche specialization is accompanied by diver-
sification of their viruses.

Further exploring whole genome content, we observed
that shared protein identities plotted against the fraction of
the genome that was shared pairwise across the 27
T4-like phage genomes dataset revealed a strong corre-
lation (linear regression, # =0.95, Fig. S1). This and the
genome content phylogeny suggest that closely related
phages share more genome content, and further that their
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Fig. 1. Phylograms representing the evolutionary relationships among the T4-like myoviruses. Reconstruction details are in Experimental
procedures.

A. T4 core phylogeny (35 concatenated proteins totalling 15 224 AA), whereby these genes from the 17 cyanophage genomes delineate two
deep-branching clusters (A and B) within the Exo-T4 lineage.

B. Cyano T4 core phylogeny (57 concatenated proteins totalling 20 638 AA).

C. Genome content phylogeny calculated using Simpson similarity index. In panels (A) and (C) previously defined groups (Tétart et al., 2001;
Desplats and Krisch, 2003) are noted. Bootstrap support (100 replicates) is indicated as grayscaled circles at the nodes of the tree.

genomes are predominantly vertically inherited. In
microbes, LGT (Lerat et al., 2003; Coscolla et al., 2011)
and recombination (Didelot etal, 2010) are more
common between closely related organisms, which is
thought to reduce the likelihood of such events obscuring
‘species’ boundaries (Konstantinidis et al., 2006; Didelot
et al,, 2010). In the T4 phages, the relative consistency
across single gene and supertree phylogenies suggests
that even though these phages are prone to LGT and
homologous and non-homologous recombination (Mosig,
1998; Mosig et al., 2001), this may not prevent us from
inferring evolutionary relationships.

Do the single gene trees agree with each other and
with the reference supertrees?

We next wondered, how many single core gene tree
topologies are congruent with each other and the ‘refer-
ence’ T4 core supertree topologies as an indicator of LGT.

To test this, we used Shimodaira-Hasegawa tests (SH,
see Experimental procedures, where the null hypothesis
states that the likelihoods of both topologies are not sig-
nificantly different of each other) to assess whether each
of the 57 core gene alignments could predict a reference
tree or any of the statistically indistinguishable top-scoring
single gene topologies (1538 trees). Broadly, we observed
two scenarios (Fig. 2A): either the genes (i) shared an
evolutionary history with each other (47 genes that were
not able to reject the null hypothesis, i.e. same topology)
or (ii) have more discretely shared or not shared evolu-
tionary histories (10 genes that rejected equality in topolo-
gies with a P-value < 0.05). These SH results were robust
against a variety of potential artefacts as they neither
correlated to gene size (see histogram plot at right in
Fig. 2A), nor were sensitive to alignment algorithms
(Fig. S2). Given the paradigm in phage genomics of
rampant LGT (Hendrix et al., 1999; Filee et al., 2006), we
were surprised that most (47 of 57) single gene tree
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topologies supported the reference tree topology — i.e.
had a shared evolutionary history. Comparative genomic
analysis revealed that 45 of those 47 core genes with
shared evolutionary history were also syntenic in the
phage genomes (the 2 exceptions = T4-GCs 043 and
250, Fig. S3), further supporting a vertical mode of evo-
lution. Among their host genomes, we know that < 9% of
core genes from Prochlorococcus (1250 genes) or Syn-
echococcus (1570 genes) appear prone to LGT (Kettler
et al.,, 2007; Dufresne et al., 2008). Thus T4-like cyanoph-
age genomes demonstrate more LGT (10 out of 57 core
genes) than their hosts. In spite of this, such a majority
signal of shared evolutionary history in the T4-like
cyanophage core genome suggests that future phage
genomics work may benefit from quantitative evaluation
of LGT where data permit to know the extent of LGT in
other phage systems.

We next examined the 10 genes that failed the SH tree
tests. Surprisingly, eight of them were located in syntenic
genome positions, while only two were not (red vs dark
lines in Fig. S3). Among these eight syntenic genes, two
cases (T4-GCs 170 and 190) are notable as they remain
syntenic (between either RegA-gp43 2-7 kb range or
gp41-gp61 12-15 kb range, respectively), but are also
associated with hypothesized mobile cassettes. The two
genes that were non-syntenic (T4-GC71 and T4-GC49)
are present in hypervariable regions (Sullivan et al., 2005;
2010; Millard et al., 2009), and at least for T4-GC49 may
have been mobilized in three genomes where it sits near
a hypothesized homing endonuclease. For the remaining
six genes that are also syntenic, we found no clear sce-
narios for why these core genes might have evolutionary
histories that conflicted with the reference tree. This is in
spite of the fact that our analyses were extensive includ-
ing examination of genomic location and proximity to
known or suspected mobile elements, evaluation of tran-
scriptionally autonomous ‘moron’ units (sensu Hendrix
etal., 1999), and even including the recently described
‘PeSL’ elements thought to drive LGT among T4-like
phages (Table S2, Arbiol et al., 2010). This latter analyti-
cal result, although surprising to us initially, likely stems
from the fact that the 17 cyanophage genome sequences
represent distantly related viruses (except for P-HM1 and
P-HM2), which would make PeSL detection challenging.

Notably 9 of the 10 genes that did not pass the SH test
were cyano T4 core genes shared only among the 17
cyanophage genomes, with only the 10th (thymidylate
synthase) being a core gene shared by all 27 T4-like
phage genomes. Indeed this gene proved interesting.
Thymidylate synthase catalyses the synthesis of thymidy-
late from uridylate using either ThyA (the canonical form)
or ThyX (the alternative form; Murzin, 2002; Myllykallio
et al., 2002) with the latter reducing the number of reac-
tions necessary in the pathway (Fig. S4). Among marine
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picocyanobacteria, Synechococcus have the ThyA
pathway, while Prochlorococcus have the simpler ThyX
pathway. Curiously, all 17 cyano T4-like phages encode
the latter ThyX pathway regardless of whether they were
isolated using, or predominantly, infect Prochlorococcus
or Synechococcus cultures. Phylogenetic reconstruction
revealed that Prochlorococcus sequences formed two
clades — one nested within viral sequences (Group B in
Fig. 2B), and a second that was basal to these cyanoph-
age and Group B sequences (Group Ain Fig. 2B). Further,
examination of the host genomes revealed that thymidy-
late synthase is located in two different locations (Fig. 2C)
that correspond to the two clades observed within the
phylogeny. Together these data suggest that phages
mediated LGT of thymidylate synthase within Prochloro-
coccus, as previously documented for high-light inducible
proteins (Lindell et al., 2004), and may explain why the
cyanophage copies of this T4 core gene caused the
failure of the SH tree tests.

Patterns of homologous intragenic recombination

Sixteen of 17 T4-like cyanophages contain the recombi-
nation machinery (uvsX, uvsY, uvsW genes) required for
homologous recombination (S-PM2 is missing uvsX and
UvsY, Mann et al., 2005; Sullivan et al., 2010), which
highlights the importance of this process in T4-like phage
evolution (Desplats and Krisch, 2003; Marston and
Amrich, 2009). To further investigate the extent of homolo-
gous recombination in reshaping these 27 T4-like phage
genomes, we examined intragenic recombination among
their shared proteins (see Experimental procedures).
First, recombination events appear separately bounded
for the two major groups, cyanophages and non-
cyanophages (Fig. 3); the frequencies within these
groups are statistically higher than those between groups
(Chi-squared, P<0.001). This observation implies the
logical mutual exclusion of niches where these two groups
occur. Second, the barrier between cyanophage clusters
A and B is less than that between cyanophages and
non-cyanophages: the detected frequencies within cluster
A and between clusters A and B are not statistically dif-
ferent, while the number of recombination events within
cluster B is statistically increased relative to those
observed in cluster A or between A and B (Chi-squared,
P < 0.001). Finally, we constructed a dendrogram (Fig. 3)
using the number of detected recombination events as a
similarity metric (see Experimental procedures), such that
phages that recombine more often will cluster closer than
those that do not. This method is undoubtedly database-
limited in that the ‘recombinant’ phage sequences could
have been acquired from a third, unsampled phage, but
does provide a first-level understanding of intragenic
recombination-driven gene flow among the sampled
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Fig. 2. Using phylogenetic reconstructions, tree tests and comparative genomics to evaluate lateral gene transfer in the T4 core genome.

A. All pairwise comparisons of single core gene trees to each other and to reference trees were evaluated using SH tests to detect
incongruencies. Only significant P-values (> 0.05) are shown, which indicates that the compared genes had a shared topology, and suggests
similar evolutionary histories. The SH test results are flanked by features from left to right: the dendrogram on the far left uses SH test
probabilities to cluster the genes with respect to each other using Euclidean distances.

B. Phylogram of thymidylate synthase, the only T4 core gene to fail the SH tree test, was inferred from LogDet transformed distances with
branch lengths and bootstraps calculated using a maximum likelihood framework, numbers at the nodes represent bootstrap support under NJ
and ML. Cyanobacterial sequences are highlighted in boxes.

C. Genomic localization of thymidylate synthase in the two Prochlorococcus clades delineated in the tree from Fig. 2B.

genomes. Broadly, the congruence of this dendrogram to 2006). Undoubtedly such LGT and non-homologous
the phylogenetic ‘reference trees’ (compare Fig. 3 with recombination could blur species boundaries where it is
Fig. 1A and 1B) highlights that such intragenic recombi- being transferred from distant groups as observed in
nation events tend to occur between closely related microbial genomics (e.g. Lerat et al., 2003; Lawrence and
phages. Those results are not completely surprising as it Retchless, 2009).

has been observed that sequence similarity is a prereg-
uisite to recombination (Majewski, 2001) and it is well

Lo The origin of AMGs
known that these rates decrease as sequence similarity g

does (Shen and Huang, 1986). Thus although homolo- Auxiliary metabolic genes (sensu Breitbart et al., 2007)
gous recombination does not appear to work as a source represent genomic adaptations to different hosts and
of entirely novel DNA, it is a relevant mechanism of diver- environments, and are commonly distributed among the
sification. Along these lines, previous work suggested that 17 sequenced T4-like cyanophage genomes (Sullivan
homologous recombination among cyanophage isolates et al.,, 2010). Perhaps the best known AMGs are photo-
generates microdiversity, but without blurring their defined synthesis related genes, where multiple acquisitions have
strains (Marston and Amrich, 2009). Together these find- been documented for the core photosynthesis genes
ings suggest that, as in prokaryotes (Didelot et al., 2010), (psbA, psbD, Millard et al., 2004; Sullivan et al., 2006),
homologous recombination does occur but that it may not the expansion of a gene family is driven by cyanophages
preclude our ability to define ‘species’ as it occurs more (high-light inducible proteins, Lindell et al., 2004), and
often among closely related strains (Konstantinidis et al., even sporadically distributed, highly divergent phage
$ ocgz3e¥f o nfteczf3c._.5.8c0x
BB LIRS
CYANOPHAGES NON CYANOPHAGES
S-RSM4
Syn1
< S-PM2
= P-HM2
& P-HM1
2 5-55M7
5-SM2
P-S5M2 D‘e tet}ted
S-ShMm2 recombination events
syno [ T
o Syn33 0 10
« P-5SM4
'g P-SSM7
v] Syn19 Host of Isolation
S-SM1
2:?\:[: Prochlorococcus
Synechococeus
kvpao |
AEH1 N
ress il .E.coh
PHG31 A.ero.monas
44RR .V:bno
PHG25
RB49
RB69
RB32
T4

Fig. 3. Patterns of intragenic recombination inferred using RDP. Heat map summarizing the number of intragenic recombination events
detected for each pairwise comparison normalized to the total number of protein clusters shared by the two phages. The genomes are
ordered using the presented cladogram (on left) that was calculated using the number of recombination events that occurred between any two
phages. Cluster A and B refer to the clusters delineated in the cyano T4 core gene tree presented in Fig. 1B.
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Table 2. AMGs and their evolutionary origin.

Average

# Viral mean
Gene Protein sequences Evolutionary origin® distance® Previous assessments
TalC Transaldolase 16 Divergent from any microbial group 2.30 -
CP12 Carbon metabolic regulator 16 Cyanobacteria | Host® 1.54 -
Gnd 6-phosphogluconate dehydrogenase 8 Divergent from any microbial group 1.21 Millard et al. (2009)
zwf Glucose 6-phosphate dehydrogenase 6 Cyanobacteria | Host 1.23 Millard et al. (2009)
PetF Ferredoxin 5 Cyanobateria | Not host 1.12 -
PetE Plastocyanin 1 Cyanobacteria | Not host 1.01 Lindell et al. (2004)
SpeD S-adenosylmethionine decarboxylase 7 Cyanobacteria | Host 2.66 -
CpeT CpeT-like protein 13 Cyanobacteria | Host 3.24 -
PebS Phycoerythrobilib biosynthesis 4 Cyanobateria | Not host 1.47 -
PcyA Phycobilin biosynthesis 3 Cyanobateria | Host 1.50 -
PstS ABC-type phosphate transport system 9 Cyanobateria | Host 1.72 -
PhoH P-starvation inducible protein 17 Divergent from any microbial group 1.10 -
Hsp20  Homologue to heat shock protein 17 Divergent from any microbial group 2.50 -
CobS Cobalamin biosynthesis protein 17 Divergent from any microbial group 1.00 -
PsbD Photosystem Il D2 protein 13 Cyanobateria | Host 0.63 Sullivan et al. (2006)
PsbA Photosystem Il D1 protein 17 Cyanobateria | Host 1.13 Sullivan et al. (2006)
PTOX Plastoquinol terminal oxidase 10 Cyanobateria | Host 1.50 Millard et al. (2009)
MazG Pyrophosphatase 17 Cyanobateria | Not host 2.1 Bryan et al. (2008);

Sullivan et al. (2010)

a. Trees in File S1.
b. In substitutions per site. As calculated in Webb (2000).

c. Host refers to marine picocyanobacteria of the genera Prochlorococcus and Synechococcus; Not host refers to other cyanobacteria.

photosynthesis genes appear functional (pebS, Dam-
meyer et al., 2008). It is thought that these AMGs enable
viruses to develop capabilities beyond DNA replication,
packaging and virion assembly — most likely to modulate
bottlenecks in microbial metabolism that limit their produc-
tion during infection. For example, cyanophage photosyn-
thesis genes are expressed during infection (Clokie et al.,
2006; Lindell et al., 2007; Dammeyer et al., 2008), and
they are predicted to improve phage fitness (Bragg and
Chisholm, 2008; Hellweger, 2009). However, it is likely
that LGT plays an important role in the presence/absence
of AMGs in cyanophage genomes as they (i) tend to be
non-syntenic and cluster within hypervariable regions of
cyanophage genomes (Millard et al., 2009; Sullivan et al.,
2010), and (ii) their presence often (e.g. cobS, pstS,
phoH) correlates with environmental factors in metage-
nomes (Williamson etal., 2008). Thus we chose to
explore the origin and evolutionary history of cyanophage
AMGs, with a focus on those that are understudied, as
many have been explored elsewhere (MazG by Bryan
etal., 2008 and Sullivan etal.,, 2006; 2010; PsbA and
PsbD by ; PTOX, Gnd and Zwf by Millard et al., 2009;
PetE and HIiP by Lindell et al., 2004; PebS by Dammeyer
etal., 2008).

We examined 18 cyanophage AMGs (Table 2, see
Experimental procedures), and found that they clustered
in one of three ways: (i) with their cyanobacterial hosts
(9 proteins; CP12, Zwf, SpeD, CpeT, PcyA, PstS, PsbD,
PsbA and PTOX) (ii) with cyanobacteria but not necessar-
ily with their Prochlorococcus or Synechococcus hosts (4
proteins; PetF, PetE, PebS and MazG), or (iii) were too

divergent to assign a microbial origin (5 proteins; TalC,
PhoH, Hsp20, Gnd and CobS). While the implications of
their prevalence in the viral genomes have been dis-
cussed elsewhere (Williamson et al., 2008; Sullivan et al.,
2010; Clokie et al., 2011), their diverse origin is remark-
able as it suggests myriad LGT events and highlights the
ecological importance and plasticity of the niche-defining
genes. Where previously examined (see references
above), our phylogenetic conclusions are congruent
(Table 2). Among those remaining AMGs, we highlight
three stories of AMG evolution.

First, we were struck by the finding that proteins
involved in similar pathways have different evolutionary
origins (Table 2 and File S1, but also see Thompson et al.,
2011). For instance, there are four enzymes involved in
the pentose phosphate pathway (PPP) found in cyanoph-
ages. Transaldolase (TalC), which plays a role in the use
of stored carbon (Weigele etal., 2007; Sullivan et al.,
2010), was obtained by viruses once but was passed
among viruses including both podo- and myoviruses (see
monophyletic viral sequences clade in TalC tree, File S1);
the origin of the gene is less clear as viral TalC has
significantly diverged from any potential ‘source’ microbial
taxon. In contrast, the regulatory protein CP12, which
promotes the switch to the PPP to move carbon away
from the Calvin cycle (Tamoi et al., 2005; Zinser et al.,
2009), occurs only among the T4-like myoviruses and was
clearly obtained from within Prochlorococcus (see CP12
tree, File S1). Further, two other cyanophage-encoded
PPP proteins, Zwf and Gnd, also appear restricted to the
T4-like myoviruses, but to have been obtained from their
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hosts (Zwf) or to be divergent so as to be of unknown
origin (Gnd; see Zwf and Gnd trees in File S1 and see
Millard et al., 2009).

In contrast to the above AMGs that were acquired in
a single evolutionary event, some AMGs have been
acquired multiple times. For example, PstS, which
encodes a periplasmic phosphate binding protein and is
prevalent in phages isolated from low-nutrient waters
(Sullivan et al., 2010), originates from the marine picocy-
anobacteria, but appears to be predominantly transferred
from Prochlorococcus hosts to Prochlorococcus phages
and Synechococcus hosts to Synechococcus phages —
i.e. the viruses have obtained the gene twice (see PstS
tree, File S1). While this contrasts previous findings
where PstS data from phages were limited to two avail-
able sequences (Scanlan et al., 2009), it is not unprec-
edented among cyanophage-encoded AMGs. Similar
multiple acquisitions have been documented for PTOX
(Millard et al., 2009), PsbA and PsbD (Sullivan et al.,
2006) and high-light inducible proteins (Lindell et al.,
2004). These host-related LGT events (at least PsbD,
PsbA, PstS and PTOX) together with the geography-
linked distribution of AMGs (Dinsdale et al., 2008; William-
son et al., 2008; Sullivan et al., 2010) highlight the strong
ecosystem/niche specific selection towards the acquisi-
tion of new AMGs not unlike that seen in their cyanobac-
terial host cells (Coleman and Chisholm, 2010).

Finally, beyond the origin of AMGs, we note that viral
AMGs have different levels of diversity (Table 2), indicat-
ing divergent evolutionary rates and presumed selective
pressures. Many of these genes (e.g. PetE, PetF, PhoH,
CobS, PsbA, PsbD) appear highly conserved with mean
pairwise distances of ~ 1 (Webb, 2000). In contrast, some
AMGs are much more diverse (e.g. TalC, Hsp20, SpeD,
CpeT) with as much as 2.3, 2.5, 2.7 and 3.2 substitutions
per site respectively. Such low mean pairwise distances
are suggestive of either strong purifying selection or a
rapid exchange of this gene between phages; we favour
the former as these proteins seem to be central in photo-
synthesis and phosphate metabolism.

Together, these stories paint a relatively wholistic
picture of evolution-in-action for AMGs whereby they have
been obtained from varying sources and once in viruses
their sequences have diverged under varying selective
pressure.

Conclusions

The paradigm in phage genomics is one of rampant LGT.
However, here we show that most core T4-like phage
genes are vertically descendent, but appear more prone
to LGT than microbial core genes. These observations
warrant further study in integrating genomics into phage
systematics (sensu Rohwer and Edwards, 2002), and
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hold promise for interpreting fragmented metagenomic
data from wild viral communities. We posit that just as
single cell microbial genomics is likely to transform our
understanding of genome evolution in microbes, so too
will examinations of genome level variation from wild viral
populations further our understanding of the processes
driving phage genome evolution.

Experimental procedures
Sequences and GenBank files

Twenty-seven T4-like phage genomes were downloaded
from GenBank with annotations updated as of 1 December
2010 (Table 1). The T4-GC (T4-Gene Cluster) protein clus-
ters (sensu Sullivan et al., 2010) were used to refine the
annotation from the 27th genome that was not available for
the previous study (S-RSM4; Millard et al., 2009), where 3
cyano T4 core proteins were added to the GenBank annota-
tion at the following positions: T4-GC43 at 150806—150988;
T4-GC112 at 110411-110626 and T4-GC4 at 193925-
194266.

Intragenic recombination analysis and removal of
proteins from phylogenetic study

Members of the T4-GC protein clusters were examined for
signatures of recombination as done previously (Sullivan
etal., 2006). Briefly, GENECONV (Padidam etal., 1999),
MAXCHI (Smith, 1992), CHIMERA (Posada and Crandall,
2001) and RDP (Martin and Rybicki, 2000) were implemented
with default settings within RDP3 (Martin, 2009). Recombi-
nation events were only considered if detected by at least two
programs with a P-value < 0.05 after a Bonferroni correction
for multiple comparisons. Sequences with signals of recom-
bination were removed from the phylogenetic analysis. A total
of six sequences were removed but counted for recombina-
tion. These intragenic recombination analysis results are
summarized in the form of a heat map using Gnuplot after
normalizing all frequencies to the maximum in the dataset,
setting this to 1.0. Finally, recombination similarity was cal-
culated using the proportion of detected intragenic recombi-
nation events divided by the maximum count of possible
events if all shared proteins had recombined, and converted
to a distance (1.0 minus this recombination similarity metric)
to be visualized as a cladogram using a hierarchical cluster-
ing algorithm in Matlab.

Reference tree phylogenetic reconstruction

Concatenated core gene supertrees. Concatenated gene
supertrees were created from various ‘core protein’ datasets
as follows. First, each protein in core T4-GC protein clusters
were examined for detectable intragenic recombination and
removed where detected resulting in removal of six protein
clusters: three in the T4 Core (NrdC, Glutaredoxin; gp5, base-
plate and lysozyme; gp48, baseplate tail tube cap) and three
in the Cyano T4 Core (two hypothetical proteins, and Hli,
high-light inducible proteins). The remaining protein clusters
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were aligned with MAFFT (Katoh et al, 2005) using the
matrix BLOSSUM 30, gap opening penalty of 1.5, and exten-
sion of 0.5, with the option — globalpair. Alignments were
trimmed in regions where obvious ambiguities were present,
e.g. ragged ends and large gaps, using GBLOCKS (Castre-
sana, 2000; settings: Minimum number of sequences
nx 0.5 + 1, maximum number of non-conserved columns 50,
and minimum length of a block 5) and inspected manually.
The phylogenetic reconstruction was done with RAxML
(Stamatakis et al., 2005) using the WAG substitution matrix
and a gamma distribution in four discrete categories and a set
of invariable sites (WAG + I's + I).

Whole proteome phylogenies. The genome content phylog-
eny was reconstructed using the Simpson Similarity Index as
established in Snel and colleagues (1999). Briefly, the dis-
tance between any two genomes was calculated as the
number of genes shared divided by the number of genes in
the smallest genome. Then from the distance matrix the tree
is built using the Neighbor Joining algorithm, bootstrap values
were calculated by re-sampling (100 times), without replace-
ment, half of the genome content matrix. Distance, boot-
straps and the tree were created using custom MatLab
scripts (freely available at http://www.eebweb.arizona.edu/
faculty/mbsulli/scripts/espinoza.htm).

Single protein tree reconstructions and tree
topology comparisons

Single core gene trees. All proteins used in the concatenated
core gene supertrees were also examined singly. Briefly, the
protein sequences from members of a T4-GC were aligned
then trimmed and refined as stated above. Finally their ML
topologies were calculated in RAxXML (Stamatakis et al.,
2005) under the WAG + | + T" , model of evolution.

To minimize phylogenetic artefacts due to base composi-
tional differences or lineage specific rates we used the
LogDet transformed distances to infer the topologies. Then
branch lengths and bootstrap support were optimized and
calculated by Maximum likelihood as implemented in RAXxML
using the following model GTR + [ +T 4,

Statistical tree topology comparisons. To compare tree
topologies (e.g. single gene trees to supertrees), Shimodaira-
Hasegawa (SH) tests were used. These SH tests were done
in CONSEL (Shimodaira and Hasegawa, 1999; 2001) using
the output of the phylogenetic reconstructions of RAxML
(Stamatakis et al., 2005). In a SH test the null hypothesis is
that the topologies compared are not significantly different
(i.e. both topologies are equally good explanations for the
aligned data). Thus low P-values indicate rejection of this
hypothesis. For the comparison, we used all statistically
indistinguishable top-scoring ML trees totalling 1538 that
were found during the search of the ML tree and bootstraps.
We therefore finished with 87 666 SH test P-values
(57 x 1538). The heat map was built using custom perl and
gnuplot scripts, it reflects the probability of two genes sharing
a topology, which was calculated as stated in Filee and col-
leagues (2006) from the original P-values. Rows and
columns were reordered to match a cladogram of the simi-
larity between SH test P-value profiles that compared topolo-

gies of all considered genes. To test the sensitivity of the SH
test results to the input alignments we compared output from
each MUSCLE (Edgar, 2004) and MAFFT (Katoh et al.,
2005), and found only minor differences (Figs S3 and 4) that
do not alter our conclusions. The cut-off between shared and
not shared evolutionary history was done based on the con-
gruence or incongruence of individual trees to the reference
T4-cyano core tree (Fig. 2A). Furthermore this split in two
groups is confirmed by a hierarchical clustering based on the
Euclidean distances between all probabilities associated to
each gene.

Informatic search for PeSL [Promoter (early) Stem
Loop]. PeSLs (Arbiol et al., 2010) in a canonical form have a
Promoter and Stem loop on both sides of a gene. We used
FindTerm v. 2.8 and Bprom with a threshold of —11.0 and
0.20, respectively, both from Softberry (http:/linux1.softberry.
com/berry.phtml), and included only output that also occurred
in intergenic regions. Putative PeSLs were considered if they
contained at least three out of four of these transcriptional
elements.

Auxiliary metabolic genes. To retrieve the cellular version
of phage AMGs, all phage genes in an AMG T4-GC were
used as queries against the Microbes Online (http://www.
microbesonline.org/), and NCBI NR (http://www.ncbi.nlm.
nih.gov) databases. Taxa were kept if their E-value was lower
than 107-5 and redundant sequences were removed from
the resulting retrieved sequence file. Protein trees were
reconstructed as stated above initially using all retrieved
sequences, but iterating upon the presented subtrees that
contain only the viral sequences and neighbouring
sequences.

Statistical evaluation of phylogenetic clustering

A P-test (Martin, 2002) was implemented in Unifrac (Loz-
upone and Knight, 2005) to evaluate whether phylogenetic
clustering patterns correlated to various environmental meta-
data. Where environmental factors were not available for the
data, interpolated data from Megx.net (Kottmann et al., 2010)
were used. The phylogenetic diversity of phage host ranges
was calculated using the additive distances from the phylog-
eny from Rocap and colleagues (2002).
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Relationship between genome content and shared
protein similarity among 27 T4-like phage genomes. All pair-
wise comparisons (n = 351) were done, and linear regression
statistics are presented in the figure.

Fig. S2. Whole genome plot highlighting which of the 57
core genes used in supertree reconstruction are syntenic
across the 17 cyano T4-like phage genomes. Lines drawn
from one genome to another connect shared core gene
homologues. The names of all non-syntenic genes, repre-
sented by the darker lines (red or blue), are highlighted at the
top of the plot.

Fig. S3. Thymidylate synthase pathways involved in the syn-
thesis of Thymidine monophosphate (dTMP). Notably, the
marine picocyanobacteria have adopted different pathways,
with Synechococcus encoding the canonical ThyA path-
way, while Prochlorococcus encodes the alternative ThyX
pathway.
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Fig. S4. Clustering pattern observed using MUSCLE as
the alignment program. If the pattern was identical to that
from MAFFT generated alignments (the underlying data in
Fig. 2A), then all numbers from 1 to 57 would be sequential.
Only three changes occur (highlighted with a box around the
number), and these changes do not alter our inferences with
respect to genes with shared versus unique evolutionary
histories.

Table S1. Summary of the statistical tests to evaluate the
association of any environmental factor to the phylogenetic
patterns observed in the reference supertree presented in
Fig. 1A. The tests were done using P test (Martin, 2002) as
implemented in Unifrac (Lozupone et al., 2006). Phylogenetic
diversity was calculated as the sum of the branch lengths for
the subtree from Rocap and colleagues (2002) that included
all the hosts per each phage.

Table S2. Prevalence of PeSL-like elements in association
with core genes. The number of PeSLs listed is the number
identified for each T4-GC across the total of 17 genomes.
File S1. Maximum likelihood topologies of the AMGs
assessed in this work, the topologies presented correspond
to protein data treated as described in the Experimental pro-
cedures section. All available cyanobacterial sequences were
included in the trees except where lack of sequence similarity
prevented the determination of homologous positions in
alignments; in these cases, unalignable taxa were excluded
from the analyses.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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