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Summary

Bacteriophages encode host-acquired functional
genes known as auxiliary metabolic genes (AMGs).
Photosynthesis AMGs are commonly found in marine
cyanobacteria-infecting Myoviridae and Podoviridae
cyanophages, but their ecology remains understudied
in freshwater environments. To advance knowledge of
this issue, we analysed viral metagenomes collected in
the summertime for four years from five lakes and two
estuarine locations interconnected by the Chattahoo-
chee River, Southeast USA. Sequences representing
ten different AMGs were recovered and found to be
prevalent in all sites. Most freshwater AMGs were
10-fold less abundant than estuarine and marine
AMGs and were encoded by novel Myoviridae and
Podoviridae cyanophage genera. Notably, several of
the corresponding viral genomes showed endemism
to a specific province along the river. This translated
into psbA gene phylogenetic clustering patterns that
matched a marine vs. freshwater origin indicating that
psbA may serve as a robust classification and source-
tracking biomarker. Genomes classified in a novel viral
lineage represented by isolate S-EIVl contained psbA,
which is unprecedented for this lineage. Collectively,
our findings indicated that the acquisition of

photosynthesis AMGs is a widespread strategy used by
cyanophages in aquatic ecosystems, and further indi-
cated the existence of viral provinces in which certain
viral species and/or genotypes are locally abundant.

Introduction

Due to their vast numbers, phages can predate and con-
trol bacterial populations, and thus have a significant
effect on global biogeochemical cycles (Weinbauer, 2004;
Sime-Ngando and Colombet, 2009). However, their
impact on bacteria is not restricted to population control
by means of cell lysis (Suttle, 2002; Muhling et al., 2005),
but also includes the mobilization and maintenance of
host functional genes known as auxiliary metabolic genes
(AMGs) (Thompson et al., 2011; Xia et al., 2013; Cru-
mmett et al., 2016). AMGs found in phage genomes
encode proteins involved in various cellular functions
including nucleotide synthesis/metabolism; carbon, nitro-
gen and sulphur metabolism; phosphate stress; cell pro-
tection and photosynthesis (Sullivan et al., 2010;
Thompson et al., 2011; Crummett et al., 2016; Gao et al.,
2016; Roux et al., 2016). Phage AMGs are expressed at
different stages during infection (Lindell et al., 2005;
Lindell et al., 2007). Their activity enhances key steps in
bacterial metabolic pathways that are limiting during infec-
tion, presumably directing the host metabolism towards
improved viral-particle production (Hurwitz and U’Ren,
2016; Breitbart et al., 2018; Fernandez et al., 2018).

AMGs involved in photosynthesis have attracted special
attention due to the complexity of the photosynthetic machin-
ery and the fitness advantages they could provide to
cyanophages (Puxty et al., 2015). For instance, the photo-
system II D1 and D2 protein-encoding genes (psbA and
psbD) transcribed and translated during infection (Lindell
et al., 2005; Sharon et al., 2007) have been reported to be
widespread in marine viruses (Sullivan et al., 2006; Sharon
et al., 2007; Chenard and Suttle, 2008). The photosynthesis-
related gene repertoire found in viral genomes also includes
genes involved in electron transfer (psaA, petE, petF, ptoX,
speD and hli) and light harvesting processes (ho1, pcyA,
pebS and cpeT) (Puxty et al., 2015; Crummett et al., 2016;
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Gao et al., 2016). Given that cyanophages depend on host
photosynthesis for their replication (Mackenzie and
Haselkorn, 1972; Sherman, 1976; Gao et al., 2016), produc-
tion of (viral) photosynthesis proteins during infection could
compensate for the reduction in the active host transcript and
protein pool leading to an increase in viral burst sizes. There-
fore, the presence of such genes most likely represents a fit-
ness advantage to cyanophages carrying them (Bragg and
Chisholm, 2008; Hellweger, 2009; Gao et al., 2016).

Previous studies also suggested that phage-encoded
PsbA in combination with other phage-encoded
photosynthesis-related proteins such as high-light induc-
ible proteins and ferredoxins might have played an impor-
tant role in functionally differentiating Prochlorococcus
subpopulations in marine systems (Lindell et al., 2004).
For instance, phages have been shown to mediate the
horizontal gene transfer (HGT) of psb genes between dif-
ferent bacterial lineages, directly affecting the evolution
and diversity of these genes in their hosts (Sullivan et al.,
2006). Nonetheless, the distribution of photosynthetic
AMGs is not universal in all cyanophages, with most of
them being present almost exclusively in Myoviridae
genomes. Podoviridae representatives, on the other hand,
usually encode only PsbA and high-light inducible proteins
(Lindell et al., 2004; Zheng et al., 2013; Puxty et al.,
2015), while there is only one report of a Siphoviridae rep-
resentative encoding PsbA (Puxty et al., 2015). It has
been hypothesized that the absence of photosynthesis-
related genes in some cyanophages might be related to
short latent periods of phage infection, under which cir-
cumstances a phage-encoded PsbA would not offer any
advantage (Sullivan et al., 2006). However, more data are
clearly needed to fully test this hypothesis.

Despite the knowledge gained about the diversity and
function of viruses in the ocean, viral ecology in fresh-
water systems remains largely understudied. Although
cyanophages from all three viral families Myoviridae,
Siphoviridae, and Podoviridae were first recovered in
freshwater ecosystems (Safferman and Morris, 1963; Xia
et al., 2013), they have received less attention compared
with marine cyanophages (Middelboe et al., 2008; Wilhelm
and Matteson, 2008). Despite the recent increase in the
number of studies targeting freshwater viral communities,
there are still only about a dozen phage representatives
with complete genome sequences (Liu et al., 2007; Liu
et al., 2008; Dreher et al., 2011; Xia et al., 2013). Further-
more, while several phage representatives that infect
freshwater cyanobacteria such as Anacystis, Microcystis,
Chroococcus, Aphanothece and Synechococcus (unicel-
lular), Phormidium, Lyngbya, Plectonema, Anabaena,
Planktothrix, and Nostoc (filamentous) have been
described (n = �90) (Deng and Hayes, 2008; Sarma,
2012), only two of them carry photosynthesis-related
AMGs. Specifically, the tailless phage PaV-LD isolated

from the filamentous cyanobacterium Planktothrix agardhii
encodes a non-bleaching protein A (NblA) involved in the
degradation of phycobilisomes (Gao et al., 2012). Further-
more, the Synechococcus-isolated cyanophage S-CRM01
(Myoviridae), the first sequenced freshwater representative
to carry the psbA gene, appears to be more similar to
marineMyoviridae cyanophages (Dreher et al., 2011). Col-
lectively, these previous findings indicated that phage-
encoded photosynthetic AMGs might not be as widespread
in freshwater ecosystems compared with their marine
counterparts.

Few studies have discussed the presence of
photosynthesis-related viral genes in freshwater lake sys-
tems using targeted PCR or DGGE and clone libraries, and
virtually none has employed deep metagenomic sequenc-
ing to reconstruct the genomic context, ecology and preva-
lence of these genes. In these studies, however, the psbA
gene has received increased attention given that it is wide-
spread among marine Myoviridae and Podoviridae viral
families, and thus could potentially serve as a better univer-
sal marker for cyanophages than the more restricted genes
for capsid assembly protein-encoding gene g20 and the
DNA polymerase encoding gene (Gao et al., 2016).
Culture-independent studies in Lake Erie (MI, USA), Lake
Constance (Germany), Lake Annecy and Bourget (France)
(Wilhelm et al., 2006; Chenard and Suttle, 2008; Wilhelm
and Matteson, 2008; Zhong and Jacquet, 2013), and
phage isolates from Lake Erie (MC15 and MC19) (Wilhelm
et al., 2006) and the Klamath River in Northern California
(S-CRM01) (Dreher et al., 2011) revealed that freshwater
psbA gene sequences are, for the most part, evolutionarily
divergent from their marine counterparts and that there is
some level of separation between freshwater and marine
psbA gene sequences. However, a larger representation
of freshwater Podoviridae andMyoviridae genomes is nec-
essary to fully validate the clustering patterns observed
previously, especially across a (continuous) spatial
freshwater-to-saltwater gradient (Zhong and Jacquet,
2013). Moreover, samples from rice paddy fields in Japan
and China show intermixing between both environments
and a separation between paddy water and other aquatic
habitats (Wang et al., 2009; Wang et al., 2016) further com-
plicating the evolutionary relationships among psbA
sequences from different origins and stressing the need for
genomic context and classification to resolve such discrep-
ancies. Unfortunately, information about a psbA-encoding
genome is only available for S-CRM01, limiting a more
detailed overview of the much-needed genomic context in
which this gene occurs in freshwater ecosystems.

To overcome the aforementioned limitations and pro-
vide new insight into the diversity and distribution of
psbAD (and other photosynthesis-related) genes in fresh-
water ecosystems, we performed a comprehensive sur-
vey of cyanophage genomes encoding photosynthesis-

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports, 11, 672–689

Viral photosynthetic genes in freshwater habitats 673



related genes using deep metagenomic sequencing on
summertime samples originating from a four-year survey
of five interconnected lakes and two estuarine locations
along the Chattahoochee River, a major riverine ecosys-
tem in Southeast United States. Our analyses provide a
quantitative view of the presence, diversity, evolutionary
history and genomic context of photosynthesis-related
phage AMGs, and especially of the widespread photo-
system II D1 psbA gene.

Results

Prevalence of viral genomes encoding photosynthesis
AMGs along the Chattahoochee River

Viral particle purification and virome sequencing of sam-
ples from five lake sites interconnected by the Chattahoo-
chee River in Southeastern USA, i.e., Lakes Lanier (LL),
West-Point (LWP), Harding (LH), Eufaula (LE) and Semi-
nole (LS) and two estuarine locations, Apalachicola
Beach (APA) and East Point (E2M) (Fig. 1), yielded 20 vir-
omes that were evaluated for bacterial contamination.
Five viromes had 16S rDNA gene encoding reads in a
proportion greater than 0.02%, an indication of the pres-
ence of bacterial-derived sequences and were therefore
excluded from read-based AMG analyses (Supporting
Information Fig. S1). The viromes were assembled and
the viral origin of AMGs recovered in the assembled con-
tigs was verified by manual inspection of the gene anno-
tation, alignment and searching against the NCBI
GenBank database for a viral gene best match. In total,
963 viral contigs containing at least one photosynthesis
AMG were recovered (representing �1% of the total
sequence space assembled and dereplicated). Contigs
were dereplicated at >95% identity along >80% of the
length of the sequence resulting in a total of 783 unique
genome fragments representing approximately species-
level taxonomy (Brum et al., 2015; Gregory et al., 2016).
Among the dereplicated genome fragments, 153 repre-

sented long (>10 kbp) sequences, of which five were pre-
sumed to be complete due to assembling into circular
genomes. Given that polyamines might be involved in non-
photosynthesis functions (Wortham et al., 2007; Igarashi
and Kashiwagi, 2010), viral genomes for which only speD
(necessary for polyamine production) was detected were
removed from further consideration to avoid including non-
cyanobacterial infecting phages. After this step,
666 genomes were retained (79 longer than 10 kbp). Con-
sidering that viruses lack a common gene marker to assess
classification and taxonomy, protein-sharing networks have
emerged as an alternative method to assess viral taxon-
omy (Roux et al., 2016; Bolduc et al., 2017). Genome clas-
sification using proteins shared between the recovered and
reference viral genomes by vConTACT2 resulted in a total

of 362 viral clusters (VCs, approximating genus level) of
which four contained exclusively genome fragments recov-
ered in this study (Supporting Information Fig. S2 and
Tables S1 and S2). Out of the 79 long genomes, 15 clus-
tered into a group that included reference Podoviridae
T7-like phages from the RefSeq database, and thus were
classifiable in this family (Supporting Information Fig. S2).
The remaining 64 genomes with no representative
genomes in the cluster were classified at least at the family
level as Podoviridae and Myoviridae based on the edges
they shared with the closest database representatives
(Supporting Information Fig. S2 and Tables S1 and S2).
Interestingly, the cyanomyovirus group was formed by
genome fragments recovered mostly from lake locations
while the cyanopodovirus group included, almost exclu-
sively, genome fragments from the estuarine locations.
Notably, two genomes (VC_1010_5 and VC_1011_18)
clustered with a novel lineage of Synechococcus-infecting
freshwater cyanophages, S-EIVl (Chenard et al., 2015); an
in-depth genome analysis revealed these three genomes
share most genomic features except for the presence of
psbA in the Chattahoochee River genomes. Overall,
MetaVir2 annotations were consistent with those obtained
using vConTACT2, when available (34/79). Our attempt to
link some of our Chattahoochee River viral genomes to a
host genome from the companion bacterial metagenomes
were generally met with poor success (Supporting
Information Table S3). Only one metagenome-assembled
genome (MAG), classified in the Synechococcaceae fam-
ily, was linked to a viral genome based on a CRISPR sig-
nature; the remaining 20 (of 79 in total) viral genomes were
linked to non-cyanobacterial genomes, indicating that
these were likely false-positive calls due to inaccuracies of
the linkage approach or miss-assembly/miss-binning of the
CRISPR- or tRNA-encoding contigs within the
corresponding MAG (Supporting Information Table S3).
Nonetheless, the abundance patterns of the Syn-
echococcaceae host decrease when the phage is abun-
dant and vice versa, suggesting a possible predator-pray
dynamic (Supporting Information Fig. S3).

Estimated genome abundance profiles of the long
genomes (n = 79) across the different sampling locations
during late summer 2014–2015 were used to identify ende-
micity to specific regions (Fig. 2). The detected endemism
was mostly driven by the differentiation between habitats,
with 27 genomes showing a strong preference for estuarine
locations and 34 for the freshwater lake locations; the
remaining genomes showed no endemism or were
detected too infrequently to infer endemicity patterns. We
could identify three main groups within the freshwater-
endemic group. The largest group (n = 16) showed ende-
mism with most freshwater lakes, i.e., Lake Westpoint, Har-
ding and Eufaula, while the two remaining groups showed
strong endemicity with Lake Lanier (n = 8) and Lake

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology Reports, 11, 672–689

674 C. A. Ruiz-Perez et al.



Seminole (n = 10). Interestingly, all but one of the
Podoviridae genomes (n = 15) were endemic exclusively
to the estuaries, with just 15LWP_79 being endemic in mul-
tiple lakes, i.e., West Point, Harding and Eufaula. On the
contrary, Myoviridae genomes were distributed to all ende-
mism groups, i.e., were freshwater- or estuary-endemic.

Distribution of photosynthesis-related AMGs in different
viral families and environments

The presence of photosynthesis-related AMGs, i.e., psbA,
psbD, psaA, speD, hli, petF, petE, ptoX, ho1, pebS, pcyA,
cpeT and nblA in the identified viral contigs was examined.
The most prevalent photosynthesis-related AMG was speD

Fig. 1. Sample locations and dates of freshwater viral metagenomes.
Filled and unfilled shapes indicate the different sampling locations along the Chattahoochee River as five lake locations, Lake Lanier (LL);
Westpoint Lake (LWP); Lake Harding (LH); Lake Eufaula (LE); Lake Seminole (LS), and two estuaries indicated by the same unfilled square,
Apalachicola (APA) and Eastpoint (E2M). The sampling dates for each location are shown in the table above. Both estuarine samples were col-
lected on the same date (October 2015).
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(�34%), which became only 4% when excluding genomes
encoding only speD (discussed above), and was followed
by genes encoding high-light inducible proteins present in
�28.5% of the genome fragments. Although psbA and
psbD were not the most abundant AMGs recovered, they

were found in a substantial portion of the contigs (27.5%
and 9.45%, respectively). The remaining AMGs, besides
psbA, psbD, hli and speD genes, were present in �10% of
the genomes, except for ho1, pebS and cpeT, which were
present in less than 2% of the genomes. In general,
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Fig. 2. Abundance profiles of endemic viral genome fragments along the Chattahoochee River basin.
Cubic smoothed splines were estimated with respect to fluvial distance from the most upstream Lake Lanier to the estuarine samples in late sum-
mer of 2014 and 2015. Genome fragments showing endemism were identified by a Pearson’s R threshold of >0.5 between observed data and
cubic splines. The predicted abundance per sampling location (columns) of each endemic genome fragment (rows) is displayed as log-
abundances in Z-scores per row (see legend). Hierarchical clustering using correlation distances and the Ward method was used to separate
between groups associated with Lake Lanier (LL), with multiple lakes (West Point, LWP; Harding, LH; Eufaula, LE), with Lake Seminole (LS) and
finally with the estuaries (APA and E2M).
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Myoviridae genomes also had pcyA, pebS, cpeT, ho1,
petE, petF and ptoX in addition to psbA, psbD, hli and
speD, while most Podoviridae genomes only had psbA
and hli (Supporting Information Table S1). Interestingly,
psbA was also present in VC_1010_5 and VC_1011_18
(predicted to be circular and therefore probably a complete
genome), which were classified as S-EIV1-like.

Considering the widespread detection of photosynthesis-
related AMGs in viral genome fragments recovered along
the Chattahoochee River, we assessed in greater detail
their abundances using a read-based approach. Compari-
son of the relative abundances of AMG sequences in fresh-
water (Chattahoochee River, Lake Pavin and Bourget;

Limnopolar lake; Arctic Spitsbergen, Norway; Lake
Matoaka and Lough Neagh, Ireland), marine (Pacific
Ocean, Indian Ocean, Arctic Ocean, British Columbia
Marine Sample, Gulf of Mexico and Sargasso Sea) and
estuarine virome datasets (Chesapeake Bay and estuaries
at the Chattahoochee River delta) revealed an overall
higher abundance of AMGs in marine environments than
freshwater samples by approximately one order of magni-
tude (Fig. 3). This trend was also observed within the Chat-
tahoochee River samples, with the estuarine locations
Apalachicola Beach and East Point showing similar abun-
dances of AMG genes to the marine datasets and higher
abundances than the freshwater lakes along the river.
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Fig. 3. Abundance profiles of photosynthesis-related AMGs in freshwater and marine environments.
Viral metagenomic reads were recruited to each AMG database using BlastX and filtered using ROCker position-specific bitscore thresholds.
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marine (dark bubbles) environmental virome metagenomic datasets. The size of the bubbles indicates their abundance. Note the overall increase
of AMG abundance in marine samples (including the estuary samples from this study) compared with freshwater environments.
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To assess the diversity of photosynthesis-related
AMGs in our samples, the sequences for each AMG
recovered here were clustered at 95% nucleotide identity
level (Supporting Information Table S3). Out of the ten
AMGs found in viral genomes along the Chattahoochee
River, six recruited reads from most lake and estuarine
locations (petF, speD, ptoX, psbD, psbA and hli) while
the remaining only from the estuaries. Interestingly, all
AMGs showed higher diversity, measured using the
Shannon diversity index, towards the estuaries relative to
the upstream freshwater lakes (Supporting Informa-
tion Fig. S4). There was a clear relationship between flu-
vial distance and diversity in all AMGs except for speD
(R2 between 0.54 and 0.83, p-value <0.01). Although the
estuaries have higher AMG diversity than the freshwater
lakes, they are not solely responsible for the increase in
diversity as demonstrated when the trend is maintained
even when estuaries are removed from the analysis (p-
value <0.01, Supporting Information Fig. S4). This
suggested an accumulation of AMGs towards the estuar-
ies that could be driven by the water flow along the basin
or by the presence of cyanobacterial hosts in specific
provinces along the river. The presence and abundance
of AMGs recovered from freshwater lakes in the estuaries
support the role of water flow as a driving factor for AMG
diversity. However, a single case (speD) showed no evi-
dent relationship between fluvial distance and diversity
towards the estuaries suggesting that water flow by itself
might not be the only factor affecting AMG presence and
maintenance along the river.

Evolutionary history of psbA and related photosynthesis
AMGs in freshwater viruses

We further characterized the diversity of the identified
freshwater viral psbA sequences by assessing their phy-
logenetic relationships with previously reported freshwa-
ter (clone libraries, PCR-derived sequences and virome
surveys) and marine (PCR-derived sequences) viral and
bacterial psbA sequences, in addition to reference
genomes in the public databases or assembled from
companion bacterial metagenomes from the Chattahoo-
chee riverine system. Several of the reference and recov-
ered sequences had significant signals of recombination
consistent with what has been previously reported for
psbA gene sequences (Chenard and Suttle, 2008) and
bacterial and viral marine isolate genomes (Sullivan
et al., 2006). These sequences were removed before
constructing the psbA phylogenetic tree to isolate the
effects of recombination. The phylogenetic reconstruction
resulted in five distinct clades reflecting the genes’ geno-
mic context (i.e., bacterial or viral) and environmental ori-
gin (i.e., marine or freshwater) (Fig. 4 and Supporting
Information Fig. S5). Overall, we found that there is a

clear separation between bacterial (Clade I) and viral cla-
des (Clades II, IV and V) except for Clade III that
branched out from the marine Synechococcus
Myoviridae cluster (Clade II) and was formed by
Prochlorococcus and their infecting phages that were
intermixed even at the deep branches.

Most freshwater-originating psbA sequences from the
Chattahoochee ecosystem (20/30) clustered with
sequences that have been recovered from lacustrine envi-
ronments around the world in Clade IV (with only two
Myoviridae isolate sequence exceptions; a marine,
SRSM88 and a coastal, S-PM2), indicating an evolutionary
separation between the marine and freshwater or estuarine
versions of the gene. Cluster IV was represented by viral
sequences from the Chattahoochee river lakes and only
4 (out of 40 in total) sequences from the estuaries, along
with 16 sequences from the temperate Lake Erie (Midwest
USA), 17 sequences from oligotrophic and oligome-
sotrophic temperate lakes Annecy & Bourget (France),
Lake Ontario (Canada; n = 5), China paddy water (n = 13),
Japan paddy water (n = 7) and one from Lough Neagh
Lake (Ireland). This cluster also included a psbA sequence
from Synechococcus-infecting viral isolates (MC15 and
MC19) from Lake Erie and the only sequenced psbA-
encoding Synechococcus-infecting freshwater viral isolate
(S-CRM01) from the upper Klamath River (USA). Interest-
ingly, the separation observed between the freshwater
(Clade IV) and marine (Clade II) psbA sequences was
restricted only to gene sequences originating from
genomes classified as Myoviridae, while both marine and
freshwater psbA sequences originating from Podoviridae
genomes (assigned to previously reported Clade B based
on major capsid protein analysis, Supporting Informa-
tion Fig. S6) clustered together in Clade V. Clade V was
represented by most estuarine sequences from the Chatta-
hoochee River (Apalachicola Beach n = 12 and East Point
n = 11); one sequence from Lake Seminole; several
sequences from China (n = 18) and Japan (n = 8) rice
paddy waters; sequences from the Red Sea, Mediterra-
nean Sea, and Norway Coastal waters (n = 14); three
brackish environment-isolated Podoviridae cyanophages
S-CBP1, S-CBP3 and S-CBP4 (Chesapeake Bay, Mary-
land, USA) (Huang et al., 2015) and two coast-isolated
Podoviridae cyanophages S-RIP1 and S-RIP2. Finally,
one small cluster comprised of three almost identical
sequences was found between the freshwater Myoviridae
and Podoviridae clusters. One of the sequences in this
cluster belonged to genome VC_1010_5, classified as S-
EIV1-like. This group has not been previously reported to
posses psbA. Not surprisingly, MAG-derived sequences
clustered according to their bacterial origin in Clade I and
the single case observed in which a MAG sequence clus-
tered with phage sequences was resolved as phage origin
using VIRSorter (a case of mis-assembly or binning).
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Inclusion of psbA sequences from the companion bacte-
rial metagenome contigs into the phylogenetic tree
(Supporting Information Fig. S4) revealed that 15 Lake

Lanier sequences (including sequences retrieved from bio-
mass collected on filters with pore size 1.6–2.5 μm) clus-
tered together with sequences belonging to the Eukaryotic

VIRSorter_VC_1510A_660-cat_2_9
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VIRSorter_VC_1308_142-cat_2_16
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DQ473663_1_Synechococcus_cyanophage_syn30

DQ473666_1_Synechococcus_cyanophage_SSSM3
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Eukaryota (Outgroup)

Cyanobacteria (I)
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Fig. 4. Collapsed phylogenetic tree of psbA gene sequences.
Maximum likelihood phylogeny based on psbA gene nucleotide sequences of freshwater viral contigs from this study and previously determined
freshwater- and marine-derived sequences. Major clustering groups are labelled on the right-hand side with the corresponding cluster number in
parenthesis. Note the separation of freshwater Myoviridae (clade IV) and their marine counterparts (Clades II and III) as well as the separation of
Podoviridae (clade V) and Myoviridae (clade II, III and IV) sequence clusters.
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fraction and to Synechocystis, Microcystis, Nostoc, Ana-
baena, and Planktothrix. This finding suggested that sur-
veys of larger fractions of biomass are important in order to
account for filamentous cyanobacteria that are not recov-
ered when pre-filtration approaches are used. In general,
the addition of sequences from the bacterial metagenome
fraction did not change the overall tree topology with only a
few changes in the branching pattern of ancestral branches
with low support (unstable) being observed. That is,
Podoviridae clustered in a single group (Clade V) next to
the freshwater Myoviridae group (Cluster IV). Both groups
were separated from both the marine Myoviridae (II) and
the cyanobacterial (I) clusters; the latter being separated
into two sub-clusters. Moreover, the intermediate S-
EIV1-like group found between Podoviridae and
Myoviridae recruited more sequences from the bacterial
fraction suggesting that this group indeed possesses psbA
and is not an artifact of the virome assembly, an interesting
finding that merits future research. Finally, out of the
173 sequences associated with any viral cluster, 5 were
classified as viral by VIRSorter while the remaining
168 were not presumably due to their length being too short
for robust classification (≤ 5000 bp, n = 135). The
remaining 33 sequences longer than 5000 bp not classified
as viral by VIRSorter had viral sequences as their best
Blastp matches against the NCBI’s nr database indicating
that all of them were likely of viral origin.
The remaining photosynthesis-related AMGs showed

similar trends of separation between bacterial and viral ver-
sions with the exception of SpeD (Supporting Informa-
tion Figs. S6–S8). Although there was clear separation
between viral and bacterial versions, only the psbA gene
sequence phylogeny further supported the separation
between the marine and freshwater versions. Moreover,
considering that psbA also allowed us to taxonomically
robustly discriminate between Myoviridae and Podoviridae
gene sequences (Fig. 4 and Supporting Information
Fig. S5), psbA clearly showed the best discriminatory
power for tracking purposes compared with the rest of
photosynthesis-related AMGs.

Discussion

Large unexplored cyanophage diversity shows
endemism along the Chattahoochee River

Viral genome fragments recovered along the Chattahoo-
chee River classified using MetaVir and vConTACT2
showed that most of the photosynthesis related AMGs
were encoded by complete or partial Myoviridae and
Podoviridae genomes that represented novel viral genera
and species based on the recovery of 4 VCs with no rep-
resentatives in the public databases. Genome classifica-
tion showed that Myoviridae fragments originated from all

samples suggesting that Myoviridae cyanophages
are present along the river basin while Podoviridae
cyanophages, originating mostly from the estuaries, were
not common in freshwater lake locations. Interestingly, we
observed that two of the Chattahoochee River genomes
clustered with a recently described phage belonging to a
novel family (S-EIV1) (Chenard et al., 2015) and encoded
speD and psbA, which has not been reported for this
novel lineage previously. These results likely reveal a
recent lateral transfer event of these genes between
cyanophage lineages. On the other hand, multiple criteria
used to predict phage–host interactions resulted in �2%
of the phage genomes recovered being assigned to a
potential bacterial host (Supporting Information Table S4).
Given the variable success of these approaches (Edwards
et al., 2016; Paez-Espino et al., 2016; Emerson et al.,
2018), the low frequency of host assignment was not sur-
prising. These findings highlighted that the identification of
phage–host associations based on metagenomic data
remains challenging and the need for further improvement
in this area of research.

In general, read-based genome abundance analysis
showed that most AMG-containing genome fragments
appear to be endemic to a specific region along the river
(83.54%), with few exceptions that showed no endemic-
ity, i.e., they were rare or present in all locations. The dis-
persion limitation for most of the genomes was not strong
in the lakes downstream of Lake Lanier, suggesting
increased intermixing of phages in downstream lakes,
probably influenced by the relatively short distance
between nearby dams. In contrast to these downstream
lakes, a distinct viral province in the most upstream Lake
Lanier was observed, supported by the difference in
genomes endemic to Lanier relative to the other freshwa-
ter sites. Consistent with these interpretations, we have
observed similar biogeographic patterns along the river
basin and the existence of a Lake Lanier microbial prov-
ince in the companion bacterial metagenomes (i.e,. the
potential viral hosts) recovered from the same sampling
sites (Tsementzi et al., in press). Overall, our results
demonstrated that viral diversity closely followed that of
the accompanying bacterial community (Supporting Infor-
mation Fig. S10), and both tended to increase towards
the estuaries suggesting an effect of river flow in the
accumulation of both bacterial and viral species in down-
stream locations.

The factors that limit microbial dispersion and there-
fore, the structure of viral communities from Lake Lanier
currently remain elusive but could be related to the
anthropogenic effects of the Atlanta Metro area, the larg-
est municipality in the region located just downstream of
Lake Lanier (and upstream of the remaining four lakes),
on water (bio-)chemistry. In addition, the hydrology of this
riverine ecosystem could play an important role in
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shaping the microbial community patterns observed
(Nino-Garcia et al., 2016). For instance, each lake is
formed by a manmade dam that limits the flow of water
for hydroelectric energy production. It is important to note
that when some dam doors are opened, the water that
flows downstream drains from the bottom of the lake (all
our samples were surface water). Further, the amount of
water that flows at regular intervals varies between
�3,785 and �37,850 l/s in several of the dams and can
reach flow rates up to 300,000 l/s in Lake Seminole dam
(during the years sampled, U.S. Geological Survey,
www.usgs.gov), which could also have an effect on the
dispersal of microbial and viral populations. Therefore,
even if the viral populations are indeed endemic in their
province, it is plausible to find them in any given sampling
period considering their high particle densities in situ
(106–108 viruses per millilitre of water) (Zhong et al.,
2014; Mohiuddin and Schellhorn, 2015).

Photosynthesis AMGs are widely distributed and
prevalent in freshwater environments

Viral AMGs, especially psbA homologues, were first
reported in marine environments (Mann et al., 2003).
Since then, they have been recognized as an important
mechanism for increased particle production and host evo-
lution (Lindell et al., 2004). The presence of these photo-
synthetic genes in viral genomes from the Chattahoochee
River suggested that viral particle production strategies
used by freshwater cyanophages might be similar to
marine cyanophages. The high prevalence of psbA, psbD,
speD and hli genes in freshwater or marine viral communi-
ties confirms that cyanophages benefit from possessing
genes that provide a steady supply of transcripts and pro-
teins for the assembly of photosystem II machinery during
infection (psbA and psbD) (Lindell et al., 2005). The viral
PsbA version commonly found in cyanophages (similar to
the stress-induced host D1:2 isoform) has also been
hypothesized to be less susceptible to turnover and photo-
damage (Clarke et al., 1993; Sullivan et al., 2006), provid-
ing the bacterial host with the necessary proteins to
continue photosynthesis even during infection (Sharon
et al., 2007). Moreover, the fact that speD and hli genes
were present in a high proportion in the freshwater viral
genomes recovered here indicated that protection of the
photosystem machinery against high-light excitation dam-
age by hli proteins (He et al., 2001; Lindell et al., 2004;
Komenda and Sobotka, 2016), or maintenance of the
machinery’s activity, structure and adaptation by poly-
amines synthesized by speD (Bograh et al., 1997; Gao
et al., 2016) is an additional important feature likely under
positive selection to increase viral particle production in
the dying host as in marine cyanophages. However, the
high prevalence of speD in viral genomes, which clustered

with other non-cyanosiphoviruses in the vConTACT2 clas-
sification (data not shown) suggested that speD, involved
in the production of spermidine, might not be restricted to
its possible role in photosynthesis as previously specu-
lated (Wortham et al., 2007). Nonetheless, removal of the
viral genomes encoding only SpeD did not affect our major
conclusions (but substantially reduced the number of viral
genomes analysed).

Myoviridae genomes encoded most of the photosynthe-
sis AMGs surveyed in this study while Podoviridae
genomes encoded only psbA and hli. Due to the fragmen-
ted nature of the recovered genomes, it is possible that
Podoviridae in freshwater environments encode a wider
range of AMGs not recovered in the assembly data of our
study. However, three circular genomes recovered here
and assigned to Podoviridae by Metavir and vConTACT
also encoded a reduced set of photosynthesis AMGs. Fur-
ther, these findings were consistent with previous reports
showing that members of the Podoviridae family only
encode a reduced set of photosynthesis AMGs (Puxty
et al., 2015). This characteristic is probably due to shorter
latent periods of Podoviridae that are likely too short for
complete production and activation of the photosynthesis
genes compared to Myoviridae cyanophages (Mann,
2003; Sullivan et al., 2006). Consistent with this interpreta-
tion, the lower abundance of freshwater AMGs compared
with the marine counterparts may reflect the higher nutrient
load (and shorter latent periods) of riverine environments
than the ocean (Bristow et al., 2017). Indeed, Chattahoo-
chee River samples showed higher nutrient content
(�0.07 mg/l NO2 + NO3 and �0.13 mg/l PO4, [Supporting
Information Table S6]) than those typically observed in the
Gulf of Mexico surface waters (below detection for
NO2 + NO3 and �0.014 mg/l PO4) (Tsementzi et al., 2016).
This would allow increased growth rates for bacterial hosts
and, therefore, select for shorter latent periods of
cyanophages as previously reported for a Podoviridae
member (Sullivan et al., 2006). However, this hypothesis
remains to be experimentally tested in order to determine if
the latent period is indeed different between these novel,
freshwater cyanophage species and genera and their
marine counterparts.

The fact that not all photosynthesis-related AMGs from
ocean viruses (Puxty et al., 2015; Crummett et al., 2016;
Gao et al., 2016) were recovered in our freshwater viromes
(i.e., pcyA, psaA, ho1, and nblA genes) suggested that
there might be different ecological strategies and/or physi-
ologies of freshwater cyanobacteria and their viruses, com-
pared with their marine counterparts, which warrant further
investigation. Phage–host prediction and linkage is an
important first step in understanding the presence and
abundance of AMGs in phages. The complete and partial
viral genome sequences reported here should enable
future studies on the infection strategies and host
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preferences (e.g., unicellular vs. filamentous) used
by freshwater cyanophages in understudied freshwater
ecosystems.

Viral AMGs alleles differentiated from bacterial versions
may serve as viral biomarkers

In general, viral photosynthesis-related AMGs, especially
the psbA gene, appear to be clearly separated from their
bacterial homologues. In agreement with these results, pre-
vious studies in marine isolates showed a clear separation
between phage and host sequence clusters (Sullivan et al.,
2006) suggesting that, based on the sequences studied
here, there are infrequent recent HGT events of AMGs
between hosts and viruses, and that indeed the viral ver-
sions of these genes have evolved and been maintained for
substantial evolutionary time in the phage genetic pool
(Sandaa et al., 2008). An exception to this pattern was
observed in the marine Prochlorococcus psbA cluster
(Cluster III), which contained both phage and bacterial
sequences branching from the marine Synechococcus
Myoviridae cluster (Cluster II) revealing the possibility of a
more recent transfer event between phages and hosts.
Consistent with our expectations, the inclusion of psbA
gene sequences from the bacterial fraction showed that no
bacterial sequence clustered along with viral-derived
sequences (with the caveat of sequences from short contigs
that could not be robustly classified as viral nor confirmed
as bacterial). It is important to note, however, that the evolu-
tionary relationships between psbA gene sequences and
phages encoding them studied here were also complicated
by the presence of introns and homing endonucleases next
to or within psbA sequences often having an algl origin
(Millard et al., 2010), which warrants future investigations
because it implies possible interactions (ancient or recent)
with algal populations. We excluded these sequences from
the final phylogeny (e.g., Fig. 4 and Supporting Information
Fig. S5) to avoid additional complications.
Furthermore, our analysis showed that our genomes

shared a significant portion of their content with marine
Myoviridae and Podoviridae phages and that a few fresh-
water psbA sequences clustered within marine clades
highlighting the possibility that cyanophages may be mov-
ing between these two distinct habitats, for instance, as
part of the river flowing to the ocean. Notably, previous
experiments have shown that freshwater viruses can be
propagated in marine organisms (Sano et al., 2004), con-
sistent with the findings reported here and highlighting the
adaptability of some of the cyanophages recovered here.
However, the predominant signal from the phylogenetic
analysis performed here showed that viral psbA
genes can cross, but not thrive in different habitats (e.g.,
presence of freshwater sequences in estuarine samples),
since most psbA gene sequences still clustered based on

their origin (e.g., distinct freshwater and ocean sequence
clusters) and the genomes that encoded them showed
strong endemicity. These clustering patterns along with
the genome abundance patterns highlighted earlier
suggested that cyanophages, for the most part, tend to be
widespread along the river but their abundance and preva-
lence are shaped and maintained by the environmental
selection pressures acting on them and/or their host within
distinct provinces. Our findings are thus consistent with the
tenet that microbes and their accompanying phages can
be found everywhere; however, their relative abundance
and therefore our ability to detect them depends on the
environment.

Previous studies have shown that cyanobacteria proba-
bly originated in freshwater environments (Blank and
Sanchez-Baracaldo, 2010). This raises the question: where
did the first viral psbA genes appear, i.e., in freshwater or
oceanic systems? Sequence analysis of the only psbA-
encoding freshwater phage isolate genome (S-CRM01)
against its marine counterparts indicated that the acquisi-
tion of psbA by freshwater phages was not a recent event
(Dreher et al., 2011). Accordingly, the phylogenetic analy-
sis of psbA genes (when present) could provide robust
means for assessing the habitat of origin of phages. For
instance, phage MC15 isolated from Lake Erie (Wilhelm
et al., 2006) appeared to be more closely related to marine
phages based on previous g20 viral capsid protein phylog-
enies. However, it was placed in the freshwater clade
based on our psbA gene phylogeny, which confirmed its
freshwater origin. The genomic and genetic information
presented in this study could begin to shed light onto the
origin of viral photosynthesis gene transfers from host to
phages and from/to different environments.

Overall, our results demonstrated the presence and
high diversity of viral psbA genes in freshwater ecosys-
tems as well as the previously underestimated presence
of these genes in coastal/estuarine representatives of the
Podoviridae family. The ecological importance of psbA,
revealed by its prevalence in marine and freshwater habi-
tats around the world, suggested fitness advantages for
phages carrying the gene in freshwater lakes, estuaries
and oceans. The estuarine- and freshwater-enriched
OTUs indicated that habitat-specific adaptation is ongo-
ing, and explained to a large extent, the distribution pat-
terns of the OTUs recovered. Collectively, our findings
better delineate the psbA sequence types that are pre-
dominant in different water bodies and substantially
expand the known sequence diversity of psbA genes.

While the relatively lower abundance of psbA genes in
freshwater versus estuarine and oceanic ecosystems
could be explained by the nutrient-rich nature of the habi-
tat and/or different ecological strategies, alternative
explanations related to host–phage interactions or host
population dynamics cannot be discarded. Therefore,
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whether the signal of photosynthesis AMGs, in particular
of the psbA gene, was associated with cyanophages
infecting only unicellular freshwater populations of Syn-
echococcus or also reflected other phages infecting fila-
mentous bacterial species remains to be investigated.
Future studies should focus on the host–phage infection
networks in freshwater ecosystems to ecologically con-
textualize these findings. The genome and gene
sequences reported here should greatly facilitate such
studies, e.g., by providing sequences for qPCR assay
design and monitoring.

Experimental procedures

Sample collection and DNA extraction

Viral metagenomic samples (or ‘viromes’) were obtained
from seven sites across the approximately 760 km-long
Chattahoochee River from 2010 to 2015 (Fig. 1). All sam-
ples were collected in the late summertime (September–
October). In addition, August and November samples from
the most upstream lake, Lake Lanier (GA), were also
included for comparison. Estuarine samples were taken at
approximately 38 km upstream of the open ocean. For each
sample, 10 l of water were collected in acid-washed car-
boys, transferred to the laboratory and stored at 4�C until
water filtration was performed within 24 h from collection
time. Water was pre-filtered through sterivex filters (0.2 μm
porosity) with a peristaltic pump, and the filtrate was subse-
quently processed to concentrate viral particles as previ-
ously described (John et al., 2011). Briefly, 1 ml ferric
chloride solution (10 g Fe/l) was added to each 10 l of water
and samples were mixed for a minimum of 2 h on a stir
plate. The resulting viral flocculate was isolated on a
142 mm 0.8 μm porosity filter (Pall Supor-800 filter), and fil-
ters were stored in AEM buffer (0.1 M EDTA; 0.2 M MgCl2;
0.2 M Ascorbate, pH 6.0) at 4�C until further processing.
Typically, 10 ml of viral concentrate was obtained for each
sample (from the initial 10 l of lake water). Concentrated
viral particles were subsequently treated with DNase to
eliminate free bacterial DNA, and further purified in CsCl
step gradients as previously described (Hurwitz et al.,
2013). Step gradients were built in 38.5 ml capacity ultra-
centrifuge tubes (Ultra-ClearTM tubes, Beckman Coulter),
and centrifuged for 4 h at 24,000 rpm in a Beckman Coulter
Optima L-90K Ultracentrifuge (SW 32 Ti Rotor). The
resulting phage bands were collected from the interface of
the 1.4 and 1.56 g/ml step gradients until no visible particles
were observed. Subsequently, additional 1 ml aliquots were
drawn from the interface and added to the previously col-
lected bands if their density was within the desired range
(1.4–1.56 g/ml). The collected bands were purified with step
dialysis as described previously (Hurwitz et al., 2013). Typi-
cally, 10 ml of purified and dialyzed viral particles for each

sample was obtained and further concentrated to �3 ml
using Amicon 100kDa nominal molecular weight cutoff fil-
ters. DNA was extracted using the Omega Viral MagBind
Kit following the manufacturer’s instructions.

Sequencing, assembly and processing

DNA sequencing libraries were prepared using Illumina’s
Nextera XT DNA library prep kit per the instructions of the
manufacturer, except that the protocol was terminated
after isolation of cleaned amplified double-stranded librar-
ies. Library concentrations were determined using a Qubit
HS DNA kit and Qubit 2.0 fluorometer (ThermoFisher Sci-
entific) and average insert sizes were determined using
the Bioanalyzer 2100 instrument (Agilent). Libraries were
sequenced on an Illumina HiSEQ 2500 instrument (2 x
150 bp paired-end) using the HiSeq Rapid PE Cluster Kit
v2 and HiSeq Rapid SBS Kit v2 (Illumina). Adapter trim-
ming and demultiplexing of samples was carried out by
the instrument.

Resulting sequences were quality filtered using
trimmomatic (Bolger et al., 2014) and in-house scripts of
the enveomics collection (Rodriguez-R and Konstantinos,
2016) to remove low-quality sequences, which were
defined as reads with an average quality score below
25 and length < 50 bp. High-quality sequences were
assembled using IDBA-UD v.1.1.1 with default parameters
(kmer size 20–100) (Peng et al., 2012). Bacterial contami-
nation measured as the percentage of 16S rRNA gene-
encoding reads was estimated using ParallelMeta v.3.4.3
(Jing et al., 2017). Virome datasets were considered not
contaminated when they contained less than 0.02% of 16S
rDNA reads (Roux et al., 2013; Enault et al., 2017).
Resulting contigs larger than 500 bp were analysed using
VIRSorter (Roux et al., 2015) with the virome decontamina-
tion mode and Metavir (Roux et al., 2014) for classification
and annotation. Briefly, VIRSorter identifies phage contigs
based on two metrics: the first being the presence of hall-
mark viral genes or enrichment of viral or non-Caudovirales
genes and the second metric includes characteristics of the
contigs such as depletion in PFAM affiliated genes, enrich-
ment of short and/or uncharacterized genes and depletion
in strand switch. Based on these metrics, VIRSorter
assigns contigs in three categories: Category 1, most confi-
dent viral; Category 2, ‘likely viral’ predictions; Category
3, ‘possible viral’ predictions.

Identification of photosynthesis-related genes

An in-house database for each AMG encoded protein
involved in photosynthesis (photosystem-related – PsbA,
PsbD, PsaA, SpeD and high-light inducible proteins;
electron transport – PTOX, PetE and PetF; photosyn-
thetic pigments – heme oxygenase 1, PebS, PcyA, CpeT
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and NblA) was constructed using protein sequences from
marine and freshwater cyanobacterial genomes and their
infecting viruses retrieved from UniProt. Genes from the
genome fragments assembled as part of this study
predicted with Prodigal v.2.6.1 (Hyatt et al., 2012) were
searched against the in-house database using Blastp
(Altschul et al., 1990). The best match of each gene was
considered when the match had Bitscore >=70, ID
>=40%, and coverage of target protein >=50%, thresh-
olds previously shown to minimize false positives (Enault
et al., 2017). The sequences were also manually verified
by visually inspecting protein and DNA alignments before
being selected for further analysis. Only contigs encoding
a viral photosynthesis AMG sequence (based on Blastp
results and manual analysis) and assigned to category
1 or 2 by VIRSorter were used for further analysis. These
in-house databases also included photosynthesis AMGs
derived from companion bacterial metagenome-
assembled genomes (MAGs) previously recovered from
the same Chattahoochee River samples as the viromes
(Tsementzi et al., 2019) as well as AMGs recovered in
the assembly (but not binned into MAGs) of these
metagenomes. The cutoff for a match used in the latter
case was of higher identity threshold (≥ 70% identity) for
increased stringency in identifying AMGs of truly bacterial
origin.

Classification of viral contigs encoding photosynthesis-
related AMGs

Contigs containing photosynthesis-related AMGs were
de-replicated at 95% average nucleotide identity thresh-
old, on 80% or more on the length of the shortest frag-
ment, in order to reduce the number of redundant viral
genomes using CD-HIT (Li and Godzik, 2006; Fu et al.,
2012). After de-replication, short genome fragments
(<5Kbp) were removed from subsequent analysis.
Genome classification was performed using vConTACT2
(Bolduc et al., 2017; Jang et al., 2019) and the
ViralRefSeq-prokaryotes-v85 database containing 2305
prokaryotic phages. Briefly, vConTACT2 uses a Markov
clustering approach on the proteins shared between
viral genomes resulting from an all vs all Blastp search
(e-value ≥1E-5 and Bitscore ≥50) and represents
the genomes in a weighted network. Genome clusters
obtained by this approach are considered a good proxy
for genus-level grouping of related viral genomes.
The resulting networks from the vConTACT2 classification
were visualized with Cytoscape (version 3.7.0; http://
cytoscape.org/) as previously reported (Bolduc et al., 2017).
To assess the degree of endemism of AMG-encoding

genomes, the abundance of viral contigs in different loca-
tions and sampling years was estimated based on the
number of recruited reads. Briefly, sequencing reads from

each viral metagenome were mapped against AMG-
encoding genome fragments using BLAT (Kent, 2002)
with the -fastMap flag and considering only the best
match for each read. Genome abundances were esti-
mated as sequencing read counts mapped to each
genome and normalized by total-sum scaling, i.e., the
total number of reads per virome. Subsequently, cubic
smoothing splines were estimated based on the log-
normalized abundances for each genome and sampling
site/lake to account for sample heterogeneity and
stochasticity between sampling years. Finally, the abun-
dance splines were regressed against the location of the
sampling site (i.e., distance); the locations were orga-
nized based on their distances from Lake Lanier, the
most upstream site sampled. Genomes with Pearson’s
correlation index between the spline-derived (fitted curve
to both abundance points) and the observed abundances
at each site below 0.5 were discarded as non-endemic,
e.g., transient, rare or cosmopolitan.

AMG-encoding viruses were assigned to a (putative)
host based on a combination of criteria as previously
reported (Paez-Espino et al., 2016; Roux et al., 2016;
Emerson et al., 2018). Briefly, CRISPR loci were first identi-
fied in MAGs from the Chattahoochee River using the
metagenome version of the CRISPR Recognition Tool
(Bland et al., 2007; Rho et al., 2012), and subsequently
searched against the viral genomes for a match using
Blastn and a threshold of 100% nucleotide identity along
the whole CRISPR spacer. Second, tRNAs present in the
viral genomes were identified using Aragorn v.1.2.38
(Laslett and Canback, 2004), and subsequently searched
against MAGs for a 100% nucleotide identity match. Hosts
were identified when one of the above criteria was tested
positive.

Abundance and diversity of AMGs in viral metagenomes

Quantification of photosynthesis-related AMGs in viral
metagenomes from different freshwater and marine envi-
ronments was performed using ROCker profiles (Orellana
et al., 2017) built based on UniProt-derived AMG
sequences. The ROCker-generated model calculates the
most discriminant position-specific bitscore threshold in
the protein alignment by simulating in silico metagenomes
with a predefined read length. This strategy allows the
accurate estimation of the abundance of target genes in
short read data while decreasing the number of false posi-
tives. Protein sequences encoded on the reads were
predicted by FragGeneScan (Rho et al., 2010). AMG
abundances were compared with other marine and fresh-
water metagenomic data sets (Angly et al., 2006; Bench
et al., 2007; Lopez-Bueno et al., 2009; Roux et al., 2012;
Williamson et al., 2012; Hurwitz and Sullivan, 2013;
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Aguirre de Carcer et al., 2015; Green et al., 2015;
Arkhipova et al., 2018), following the same approach.

Alpha diversity analyses were performed for each
AMG by clustering sequences at 95% nucleotide identity
using VSEARCH v.2.9.0 (Rognes et al., 2016). Reads
previously identified by ROCker were mapped onto gene
clusters to assess the richness (observed and estimated
using Chao1) and diversity (Shannon index) in our sam-
ples (Chao et al., 2010). OTU abundance (reads
mapped) was normalized by OTU length and dataset
size, and expressed as reads per 1Kbp per million reads.
Regression analyses were performed between fluvial dis-
tance along the Chattahoochee River and diversity esti-
mates of AMG genes using R (v.3.4.4). The analysis was
repeated in rarefied samples accounting for dataset size
differences. Viral and bacterial metagenome sequence
diversity was calculated using Nonpareil v.3, which esti-
mates the coverage of a metagenome based on the level
of read redundancy, and derivates a measure of alpha
diversity that has been shown to correlate well with 16S
rRNA gene diversity profiles (Rodriguez et al., 2018).

Phylogenetic reconstruction of psbA and
photosynthesis-related AMG sequences

For psbA, cyanobacterial host (n = 99) and viral (n = 64)
reference sequences obtained from the NCBI GenBank
database were supplemented with sequences from previ-
ous studies and sequences derived from high-quality
(bacterial) MAGs from the Chattahoochee River
(Tsementzi et al., 2019), for a total set of 518 bacterial and
viral psbA reference sequences from marine and freshwa-
ter environments. This database included viral sequences
from freshwater environments: paddy water incubation
experiments (PCR amplification – cloning), China (Wang
et al., 2016), rice floodwater (PCR amplification, D-DGGE),
Japan (Wang et al., 2009), Lake Annecy and Bourget
(PCR amplification, DGGE), France (Zhong and Jacquet,
2013), Lake Constance, Germany; Experimental Lakes
Area, Ontario, Canada (PCR amplification) (Chenard and
Suttle, 2008), Lake Erie (PCR amplification), USA (Wilhelm
and Matteson, 2008), Lake Lough Neagh (Virome), North-
ern Ireland (Arkhipova et al., 2018), Lake Kinneret (PCR
amplification), Israel (Junier et al., 2007) and the new
sequences from the Chattahoochee River identified by our
study, as well from marine environments, Hawaii Ocean
Time Series (HOT, PCR amplification) (Sullivan et al.,
2006), Norwegian coastal waters (PCR amplification)
(Sandaa et al., 2008), Mediterranean and Red Sea (gene
cloning) (Zeidner et al., 2005; Sharon et al., 2007). Data
set sequences were aligned using MAFFT v.7.245 (Katoh
and Standley, 2013) and tested for recombination signal
using SplitsTree v.4.14.4 (Huson and Bryant, 2006). For
data sets with positive recombination signal by SplitsTree

analysis, recombinant sequences were identified, as
suggested previously (Sullivan et al., 2006), using Recom-
bination Detection Program (RDP) v.4.80 (Martin et al.,
2015) as those for which at least two out of four methods
implemented in RDP, i.e., GENECONV (Padidam et al.,
1999), MaxChi (Smith, 1992), Chimaera (Posada and
Crandall, 2001) and RDP (Martin and Rybicki, 2000),
resulted in significant values for recombination after multi-
ple testing correction. Such recombinant sequences were
removed from building the final reference phylogenetic tree
of freshwater and marine psbA sequences to avoid effects
on the tree topology (294 sequences removed in total). In
addition, sequences that were shorter than 500 bp were
excluded from the phylogenetic reconstruction analyses.
In several genomes, the recovered psbA sequences were
split in two (or more) different segments. These gene
sequences were also excluded from the phylogenetic tree
to avoid any interference from possible pseudogenes that
could affect the phylogenetic signal.

Maximum likelihood phylogenetic trees were constructed
using RAxML v.8.2.12 (Stamatakis, 2014), removing identical
sequences as recommended. A general time reversible
model was used for psbA and psbD phylogenetic trees
assuming gamma distributed variation rates among sites and
proportion of invariable sites estimated by RAxML along with
the -autoMRE option to determine the best number of boot-
strap repetitions. The phylogenetic trees for the remaining
AMGs were constructed in a similar way except for the use of
protein sequences and the -PROTGAMMAAUTO parameter
allowing RAxML to calculate the best substitution model for
each data set. Phylogenetic trees with added AMG
sequences from the bacterial fraction were also calculated
using RAxML with the same parameters.

Data availability

In-house protein sequence databases used for Blastp
searches and recovered AMG sequences are available at
http://enve-omics.ce.gatech.edu/data/viralAMG. High-quality
MAGs used in this study (Supporting Information Table S2),
distances, and other taxonomic analyses are available
at http://microbial-genomes.org/projects/WB_binsHQ. All
metagenomic data sets from the Chattahoochee riverine
ecosystem that were used in this study (Fig. 1) are
available in the NCBI SRA database as part of the
BioProjects PRJNA497294 (BioSamples SAMN10261643,
SAMN10261646 to SAMN10261653, SAMN10261657 to
SAMN10261659, SAMN10261661, SAMN10261664 to
SAMN10261669, SAMN10261672, SAMN10261673).
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