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Speciation and ecological success in dimly lit
waters: horizontal gene transfer in a green sulfur
bacteria bloom unveiled by metagenomic assembly

Tomas Llorens—Mares', Zhenfeng Liu*®, Lisa Zeigler Allen®, Douglas B Rusch*”’,

Matthew T Craig®, Chris L. Dupont®, Donald A Bryant*°® and Emilio O Casamayor"
'Integrative Freshwater Ecology Group, Centro de Estudios Avanzados de Blanes, CEAB-CSIC. Accés Cala
Sant Francesc, Girona, Spain; ?Department of Biochemistry and Molecular Biology, The Pennsylvania State
University, State College, PA USA; *Microbial and Environmental Genomics, J. Craig Venter Institute, San
Diego, CA, USA; *Informatics Group, ]. Craig Venter Institute, Rockville, MD, USA and °Department of
Chemistry and Biochemistry, Montana State University, Bozeman, MT, USA

A natural planktonic bloom of a brown-pigmented photosynthetic green sulfur bacteria (GSB) from the
disphotic zone of karstic Lake Banyoles (NE Spain) was studied as a natural enrichment culture from
which a nearly complete genome was obtained after metagenomic assembly. We showed in situ a case
where horizontal gene transfer (HGT) explained the ecological success of a natural population unveiling
ecosystem-specific adaptations. The uncultured brown-pigmented GSB was 99.7% identical in the 16S
rRNA gene sequence to its green-pigmented cultured counterpart Chlorobium luteolum DSM 273".
Several differences were detected for ferrous iron acquisition potential, ATP synthesis and gas vesicle
formation, although the most striking trait was related to pigment biosynthesis strategy. Chl. luteolum
DSM 273" synthesizes bacteriochlorophyll (BChl) ¢, whereas Chl. luteolum CIIl incorporated by HGT a
18-kbp cluster with the genes needed for BChl e and specific carotenoids biosynthesis that provided
ecophysiological advantages to successfully colonize the dimly lit waters. We also genomically
characterized what we believe to be the first described GSB phage, which based on the metagenomic
coverage was likely in an active state of lytic infection. Overall, we observed spread HGT and we

unveiled clear evidence for virus-mediated HGT in a natural population of photosynthetic GSB.
The ISME Journal (2017) 11, 201-211; doi:10.1038/ismej.2016.93; published online 8 July 2016

Introduction

Green sulfur bacteria (GSB, Chlorobiaceae) form
massive blooms, often of monoclonal nature, in
the twilight zone of stratified aquatic environments
(<1% of surface incident irradiance) with euxinic
(anoxic and sulfidic) bottom waters (Gregersen et al.,
2009). GSB are anaerobic photoautotrophs that couple
anoxic oxidation of sulfide and CO, fixation, and their
specific contents in carotenoids and bacteriochloro-
phylls (BChl ¢, d, e and a) are ecological traits that
dictate both their light-harvesting capacities and their
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potential ecological success (Montesinos et al., 1983;
Van Gemerden and Mas 1995; Bryant et al., 2012).
Usually brown-colored GSB (cells mostly containing
BChl e and isorenieratene) bloom deeper than green-
colored GSB (cells with BChl ¢ and chlorobactene as
dominant pigments) (Montesinos et al., 1983). Within
the GSB, there are examples of genomes with a high
proportion of horizontal gene transfer (HGT, up to 24%
of all genes in Chlorobaculum tepidum TLS (Nakamura
et al., 2004), formerly Chlorobium tepidum TLS). HGT
is a major mechanism for bacterial innovation and
adaptation in order to colonize new ecological niches
and to improve in sifu performance, thus acting as a
trigger for prokaryotic speciation (Ochman et al., 2000;
Wiedenbeck and Cohan, 2011). HGT may be driven by
transformation (naturally incorporated environmental
DNA), conjugation (genetic material acquired through
plasmid exchange between cells) and transduction
(exchange through phage infection). The high propor-
tion of HGT in Chl. tepidum is probably related to the
fact that this bacterium is naturally transformable
(Frigaard and Bryant, 2001). Likely examples of
transduction may also be found in GSB; the sox cluster
for thiosulfate utilization is a well-known example of
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lateral gene transfer in Chlorobium phaeovibrioides
DSM 265 (Frigaard and Bryant, 2008). However, phages
infecting GSB have not been described so far (Frigaard
and Bryant, 2008).

The use of comparative genomic analysis on
isolated strains has shown that HGT can have a key
role in response to environmental selection pressures
(Rocap et al., 2003; Martiny et al., 2009) and in the
adaptation process in vitro (Wu et al., 2011). Genome
comparisons of closely related strains provide clues to
identify the role of HGT in ecotype formation and
ecological diversification (Cohan and Koeppel, 2008;
Rocap et al., 2003), and genetic explanations for the
success of widespread marine plankton, for example,
ecotypes of Prochlorococcus spp. and Pelagibacter
spp. (Lindell et al., 2004; Zhao et al., 2013). Therefore,
more comprehensive studies on the complex inter-
play between genetic recombination and ecology
are needed (Polz et al., 2013). When pure cultures
are difficult to obtain, metagenomic approaches can
capture genomic differences in natural populations
(Bhaya et al., 2007; Andersson and Banfield, 2008;
Palenik et al., 2009; Klatt et al., 2011) and avoid the
necessity to mimic the scale of natural ecosystems
in laboratory experiments, which may discount the
effect of potentially important variables for HGT
(Aminov, 2011). The reconstruction of microbial
genomes directly from environmental DNA through
metagenomics is difficult (Luo et al., 2012). Initial
studies focused on simple communities, such as
a low-complexity acid mine drainage microbial
biofilm with six estimated species (Tyson et al.,
2004). Other studies used alternatives to help simplify
the community, such as the use of artificially enriched
communities (Martin et al., 2006), sequencing
multiple metagenomes of the same community
(Albertsen et al., 2013) or a dual approach of single-
cell sequencing with co-assembly and binning of
multiple metagenomes (Dupont et al., 2012).
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In the present investigation, we show a case where
HGT explains the ecological success of a population
in situ. We reconstructed the consensus genome of
anatural blooming GSB population without previous
culturing using metagenomics. This dominant popu-
lation serves as a natural enrichment culture from
which a nearly complete genome was assembled
and used to study ecosystem-specific adaptations.
The presence of putative phage assemblies with
homology to the consensus genome unveiled con-
sistent evidence for virus-mediated HGT in a natural
population of GSB.

Materials and methods

Environment and sample analysis

A brown-colored water sample was collected from
deep (24 m) euxinic waters of the meromictic basin
III (CII) in the karstic Lake of Banyoles (NE Spain,
42 18’N, 21 45’E) on 9 May 2010. Data for environ-
mental parameters and the water column vertical
profile have been recently published (see Table 1
and Figure 1 in Llorens-Mares et al., 2015), and
additional information for the bacterial 16S rRNA
gene composition in Llorens-Mares et al. (2016).
Brown-pigmented GSB massively and persistently
bloom in CIII (Montesinos et al., 1983), and Chlorobi
microscopic counts in the Banyoles area can
usually reach >10° cellsml™ (Casamayor et al.,
2000). Sampling, environmental analysis, water filter-
ing and DNA extraction were carried out as recently
reported (Llorens-Mares et al., 2015). The size fraction
0.8-3 num was targeted for assembly. In this sample,
we had measured high concentrations of BChl e, the
characteristic pigment of brown-colored species of
Chlorobium with a high relative abundance (>50%)
of 16S rRNA gene closely matching (99.7% identity)
the green-colored species Chlorobium luteolum DSM
273" (Llorens-Mares et al., 2015) indicating a bloom of
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Figure 1 GC content versus read depth for each contig over 3 kb after Newbler and CLC assemblies. Green dots show the sequences
related to the blooming chlorobi and selected for subsequent analysis. Red dots show the sequences related to the putative infecting phage.
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brown-pigmented GSB. Chl. luteolum DSM 273 was
formerly named Pelodictyon Iuteolum DSM 273, the
cells have gas vesicles in contrast to the majority of
GSB, and it was isolated from a coastal meromictic
lake in Norway, requiring >1% salt concentration for
growth (http://genome.jgi.doe.gov/pellu/pellu.home.
html). Accordingly, the natural population from
which we obtained the DNA for metagenomic
sequencing and genome reconstruction was named
Chl. luteolum CIIL

Metagenomics analyses
A total of 492615 reads with 401nt average read
length were generated by shotgun metagenomics (Life
Technologies 454 titanium, Branford, CT, USA) as
recently reported (Llorens-Mares et al., 2015). Reads
were assembled using two different software assem-
blers: Newbler Assembler (454 Life Sciences, Bran-
ford, CT, USA) and CLC Assembly Cell (CLC bio,
Qiagen, Waltham, MA, USA), which overall produced
2971 contigs (6859926 bp/L50=9778 bp/N50=107)
and 23490 contigs (21080885 bp/L50=2897 bp/
N50=4674), respectively. For each assembly, we
selected contigs >3 kb that were plotted against GC
content and read depth (Figure 1). To assemble Chl.
Iuteolum CIII specifically, we selected contigs with
~57% GC (equivalent to the reported 57.33% GC
content of Chl. luteolum DSM 2737) and a read depth
of ~29. Using these criteria, we selected 45 contigs
from the Newbler assembly (average length, 47 kb,
average read depth 29.9+2.8 and mol% GC=56.7%)
and 75 contigs from the CLC assembly (average length
28 kb, average read depth 29.1+3.2 and mol% GC=
56.7%). We then used phred/phrap/consed package
(Gordon et al., 1998) to combine these assemblies to
produce an assembly of 41 contigs that were reduced
to 40 after closing the gap between contig 31 and 41.
The final assembly was 2 154 228 bp with an average
mol% GC=56.73%. The sequence of the assembly has
been deposited at DDBJ/EMBL/GenBank under the
accession number LVWG01000000, assembly acces-
sion GCA_001622165.1

Contigs were ordered and oriented according to
the reference genome, Chl. Iuteolum DSM 273", and
visualized for a synteny comparison using Genome
Matcher (Ohtsubo et al., 2008). The genome encoded
2023 open reading frames (ORFs) that were anno-
tated by the NCBI Prokaryotic Genome Annotation
Pipeline (released 2013; https://www.ncbinlm.nih.
gov/genome/annotation_prok/) with rigorous manual
curation. We checked for genomic completeness by
searching for a set of 110 universally occurring marker
genes, very rarely duplicated, essential for cellular
life, and believed to be very ancient (Dupont et al.,
2012). All 110 of these genes were present in CIII
genome, and all were present as single-copy genes.

We used DNAPIlotter (Carver et al., 2009) for the
visualization of different traits such as the global
genome, the mol% GC, the GC skew and all ORFs.
For a visual comparison with the reference genome,
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we used the Artemis Comparison Tool (Carver et al.,
2012). Perl scripts were run to obtain a list of
the ORF's that were classified as orthologs with the
reference genome using a whole-genome reciprocal
BlastP analysis in order to establish differences in
protein coding between strains.

For a global comparison of similarity between
genomes and to assess the average nucleotide identity
(ANI) of CIII genome with sequenced strains of GSB,
we used JSpecies V1.2.1 with the average clustering
method (Richter and Rossello-Mora, 2009). An ANI
value above ~95-96% is used as a standard for the
prokaryotic species definition (Richter and Rossello-
Mora, 2009). Hierarchical clustering analysis of the
resulting all versus all ANI similarity matrix obtained
with JSpecies was performed in R (R Core Team, 2014).

As a result of the assemblies with Newbler
and CLC, we detected the presence of large
contigs (>3 kb) with an unusually high-read depth
(~79-325 x ; Figure 1). Based on their isolation from
the cellular size fraction, these sequences were
eventually assigned to a potential infecting phage
population. We re-assembled these contigs with the
same procedure followed for Chl. Iuteolum CIIL
A long contig (65 kb) with read depth 34 and mol%
GC=34.8 was also selected because of the presence
of genes coding for phage-related proteins. We ended
with five contigs designated as putatively phage-
derived sequences. These contigs were annotated
with the JCVI viral annotation pipeline (Lorenzi
et al., 2011). One of the putative phage-derived
contigs had similarity to a region of the Chl. luteolum
CIII genome. This region was visualized for synteny
using the R package genoPlotR (Guy et al., 2010).

16S rRNA gene phylogenetic analysis

A comprehensive phylogenetic tree of the 16S rRNA
gene was generated with reference sequences from
the phylum Chlorobi, from the assembled genome
and from previous studies in the area (Figueras
et al., 1997; Casamayor et al., 2000). Sequences were
aligned with SINA aligner (Pruesse et al., 2012), and
phylogenetically compared by maximum likelihood
with the general time-reversible model from RAXxML
v7.3.0 (Stamatakis, 2006) and Bacteroidetes fragilis
as outgroup.

BChl e phylogenetic analysis

Genes encoding proteins associated with BChl e
biosynthesis (for example, BchF3 and BciD (Harada
et al., 2013)) and isorenieratene biosynthesis (CruB
(Maresca et al., 2008b)) were found on two different
CIII contigs. We designed primers for each contig end
in order to confirm by PCR amplification and DNA
sequencing that the genes were contiguous and formed
a cluster in one genomic locale in the natural popula-
tion. The concatenated protein sequences of these
genes were used to construct a maximum likelihood
tree to assess the phylogenetic relationships of the Bchl
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e cluster inserted in strain Chl. Iluteolum CIII with
the other sequenced brown-colored GSB species
(Chl. phaeobacteroides DSM 266, Chl. clathratiforme
DSM 5477, Prosthecochloris phaeum CIB 2401,
Cba. limnaeum DSM 1677 and Ptc. phaeobacteroides
BS1). PartitionFinderProtein v1.0.1 (Lanfear et al.,
2012) was used to determine the best substitution
model for each partition, and RAXML v7.3.0
(Stamatakis, 2006) was used to generate the maximum
likelihood tree. We used as outgroup a combination of
distantly related sequences for each of four concate-
nated proteins: SDR (short-chain dehydrogenase/
reductase enzyme; AGA91907 from Thioflavicoccus
mobilis 8321), CruB (ACF12554 from Chloroherpeton
thalassium ATCC 35110), RSAM (radical S-adenosyl-
methionine protein; ACF01393 from Rhodopseudo-
monas palustris TIE-1) and BchF3 (ABB27675 from
Chlorobium chlorochromatii CaD3). A visual syntenic
analysis of the region containing the BChl e cluster in
all sequenced genomes was carried out using the R
package genoPlotR (Guy et al., 2010).

FeoB, metallophospherase and vrl locus analyses
Both FeoB and metallophosphoesterase protein trees
were generated as follows. Reference sequences
were collected from the non-redundant NCBI data-
base using BlastP and aligned using MUSCLE (Edgar,
2004). Aligned sequences were cleaned with Gblocks
(Castresana, 2000), and a maximum likelihood tree
for each protein alignment was generated using
RAXML v7.3.0 (Stamatakis, 2006). SyntTax (Oberto,
2013) was used to explore the genomic context of
FeoB in other Chlorobium spp. genomes and vrl
locus in additional genomes.

CRISPR identification

Clustered regularly interspaced short palindromic
repeats (CRISPRs) were identified using CRISPRfinder
(Grissa et al., 2007). One CRISPR was found with a
direct repeat of 32 bp containing 12 spacers. The spacer
regions were used as a BLAST query against a database
created from all metagenomic reads. The genome
annotation was generated using CLC workbench.

Viral DNA polymerase B phylogeny

Reference viral sequences were identified with a
Hidden Markov Model search (PF00136). The
sequences were then aligned with MUSCLE and a
phylogenetic tree representation constructed using
PhyML (Guindon and Gascuel, 2003) and Archae-
opteryx (Han and Zmasek, 2009).

Results

Genome identification and 16S rRNA gene phylogenetic
analyses

A hierarchical clustering analysis of Chlorobi genomes
after all versus all ANI values comparison showed that
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the closest genome to Banyoles CIII population was
Chl. luteolum DSM 273T (ANI value 91.7%) which
together with Chl. phaeovibrioides DSM 265 formed
a separate phylogenetic clade (Figure 2). This was
confirmed after a global syntenic visualization with
the closest GSB sequenced genomes, and by the
phylogenetic tree of the 16S rRNA gene sequences
(99.71% identity, Supplementary Figure S1). Interest-
ingly, we noticed that the current 16S rRNA
gene Chlorobium sequence was identical to VIBAC-6
sequence, which was collected from Lake Vilar in
1996 (Casamayor et al., 2000), a neighboring lake
connected to Lake Banyoles, but different from the
Chlorobium CIBAC-3 present in Lake Ciso, just <1 km
away and connected by the same groundwater-fed
karstic system (Casamayor et al., 2000).

In order to establish the relationship between 16S
rRNA gene identity values and whole-genome
similarities within the Chlorobi group, we plotted
the ribosomal identities versus the ANI values for
all genomes (Figure 3). Most genomes were within
66-74% ANI and 91.9-97.7% 16S rRNA gene
identity, but two Chlorobi species were distantly
related to any other: Ignavibacterium album and
Chl. thalassium ATCC 35110. The three species
of Chlorobaculum clustered together, and the CIII
population was distantly related to the brown green
sulfur bacterium Chl. phaeobacteroides.

Comparative genomic analyses with Chl. luteolum CIII
population

We explored in detail which clusters of genes
were not present in the strain CIII as compared with
DSM 273", For example, DSM 273™ has a gas vesicle
gene cluster encoding eighteen proteins (YP374609
to YP374627), most of which have best hits to
Chl. clathratiforme DSM 5477, that was not detected
in the CII population. More relevant was the

Chlorobium luteolum CllI
Chlorobium luteolum DSM273
Chlorobium phaeovibrioides DSM265
Chlorobium limicola DSM245
Chlorobium phaeobacteroides DSM266
Chlorobium clathratiforme DSM5477
Chlorobium ferrooxidans DSM13101
Chlorobaculum tepidum TLS
Chlorobaculum limnaeum DSM1677
Chlorobaculum parvum NCIB8327
Prostheocochloris phaeobacteroides BS1
Prostheocochloris aestuarii DSM271
Prostheocochloris phaeum CIB2401
Chlorobium chlorochromatii CaD3
Chloroherpeton thalassium ATCC35110
Ignavibacterium album

ANIb
hclust (¥, "average")

Cluster Dendrogram

Figure 2 JSpecies hierarchical clustering analysis carried out on
the ANI similarity matrix obtained from the available Chlorobi
genomes.
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Figure 3 Pairwise comparison values of ANI versus 16S rRNA
gene identity for the different available Chlorobi genomes.

absence of an ATP synthase operon (YP374968 to
YP374975), which included the eight genes required
for the synthesis of the ATP synthase complex
(atpA (F,), atpD (F,), atpG (F,), atpH (F,), atpC (F,),
atpE (F,), atpB (F,) and atpF (F,)). We checked
for the presence of additional ATP synthase genes,
as they are essential for cell viability, and found
them interspersed across the genome (both in DSM
273" and CIII). Apparently, the operon found in
Chl. Iuteolum DSM 273" and missing in CIII strain
had homology with the Na*-dependent F,F,-ATP
synthase found in the halotolerant cyanobacterium
Aphanothece halophytica (Soontharapirakkul et al.,
2011), indicating that it could be related to salt
tolerance, which is not required in fresh waters.
Conversely, 286 genes in the Chl. Iluteolum CIII
genome were more closely related to genes in
organisms other than Chl. luteolum DSM 273" and thus
might have been acquired by HGT (Figure 4). Among
them, eight ORF's (from A3K90_03400 to A3K90_03435)
were detected in contig 51 with the same structure
and best protein similarity scores (95-99%) to the
brown-pigmented Chl. phaeovibrioides DSM 265. The
products of these genes were identified as two different
copies of FeoA, FeoB, flavodoxin, a ferritin-DPS family
member and three hypothetical proteins. A phyloge-
netic tree of the FeoB proteins showed that the two
different variants of FeoB are encoded in Chlorobium
spp. genomes (Supplementary Figure S2). The first
form of the FeoB is predicted to be a protein of 712
amino acids, and it is present in most Chlorobium spp.
genomes, including Chl Iuteolum DSM 273". The
second form yields a protein of 790 amino acids with
homologs only found in some GSB, including Cbha.
tepidum TLS, Cha. parvum NCIB 8327, Chl limicola
DSM 245, Ptc. phaeobacteroides BS1, Chl. phaeobac-
teroides DSM 266 and Chl. phaeovibrioides DSM 265.
The region including ORFs A3K90_09535 to
A3K90_09620 showed greatest similarity (80—99%) with
Chl. phaeobacteroides DSM 266 and Chl. clathratiforme
DSM 5477 proteins. A closer inspection of this region
identified BChl e and isorenieratene biosynthesis genes,
which are linked pathways. The region with the BChl
e genes was initially split into two contigs connected
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by a 1312 nucleotide linking sequence, which contained
a transposase of the IS4 family with best hit with
Chl. phaeobacteroides DSM 266 (YP912276).

The phylogenetic tree of the putative proteins
involved in BChl e biosynthesis showed a high
similarity between Chl. luteolum CIII and Chl. clathra-
tiforme DSM 5477 and Chl. phaeobacteroides DSM
266, respectively (Figure 5). A synteny analysis of
the region showed that gene positions were always
conserved with the exception of an inversion in the
SDR gene, a putative dehydrogenase/oxidoreductase.
It also showed that Chl clathratiforme DSM 5477,
Chl. phaeobacteroides DSM 266 and Chl. luteolum
CII had additional genes in this cluster that apparently
were not related to BChl e biosynthesis, possibly
explaining a different phylogenetic history and
also showing the genomic flexibility of this region.
A detailed analysis of the transition in mol% GC
along this region with Chl. phaeobacteroides DSM
266 (Supplementary Figure S3) showed the same
GC pattern in the incorporated fragment suggesting
a highly probable HGT episode.

Phage-related HGT

Interestingly, we detected the insertion in CIII
population of a cluster of six genes (A3K90_02865 to
A3K90_02955 on contigs 44 and 20) with homology
with the virulence-related locus (vrl locus) of Diche-
lobacter nodosus (Haring et al., 1995) and not present
in the genome of Chl. luteolum DSM 273". Specifi-
cally, the vr[JKLOPQ usually found in distantly related
microbes such as Acidothermus cellulolyticus, Ther-
moanaerobacter ethanolicus, Nitrosococcus mobilis,
N. oceani (Knaust et al., 2007) and also Desulfovibrio
aespoeensis Aspo2 and Methanosalsum zhilinae DSM
4017. The presence of phage-related proteins at the
end of the region suggested a possible phage-related
HGT episode.

A couple of ‘promiscuous regions’ characterized
by multiple recombination events were detected in
the Chl luteolum CIII genome with many genes
related to mobile elements (integrases, recombi-
nases, transposases, among others), and some of
them annotated as phage-related proteins. Moreover,
additional indicators of past phage infection were
identified such as CRISPRs, genomic regions contain-
ing multiple and short repeats with interspersed
spacer DNA, acquired from previous viral encounters
(Westra et al., 2014). One CRISPR locus was identified
with direct repeat sequence of 32bp and 12
spacer regions (Supplementary Table S1). Although
no spacer sequences were identified within the larger
data, it suggests this CIII population may use a
CRISPR/Cas-like mechanism to evade phage infection.

Promiscuous regions, CRISPRs and vrl locus,
altogether provided evidence for an ongoing associa-
tion and genomic exchange between Chl. luteolum
CIII and phages. In addition, up to 37% of the
identified proteins with non-reciprocal BLAST
hits to Chl. luteolum DSM 2737 (and, therefore, the
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Figure 4 Circular map of Chl. luteolum CIII genome using DNAplotter. The first two central circles show GC skew and G+C content,
respectively. Baseline on the G+C plot represents 56.7% average value. The remaining four circles show tRNA and rRNA (red and blue
labels, respectively), all reverse strand ORFs (light green label), all forward strand ORFs (green label) and all the ORFs more closely related
to genes in organisms other than Chl. Iuteolum DSM 273" (orange label). Special features are highlighted, see main text.

Chlorobium luteolum Clll

Chlorobium phaeobacteroides DSM266

Chlorobium clathratiforme DSM5477
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Figure 5 Maximum likelihood phylogeny with RAXML of five concatenated proteins (SDR, CruB, BciD (RSAM), BchF3 and BchQ2)
found in all BChl e synthesizing Chlorobi. A combination of distantly related sequences for each of the four concatenated genes were used
as outgroup. The genome synteny of the region is shown next to the phylogenetic tree. The bit score of the BLAST alignment is represented

with shades of red (same orientation) and blue (inverse orientation).

potentially acquired proteins) were related to mobile
elements or phages (Supplementary Figure S4). The
39% of the proteins gained by Chl. luteolum CIII
(Supplementary Figure S5) had best hits with other
GSB, but a striking 33% were most closely related to
a large variety of species, mostly within Proteobac-
teria. Overall, these results illustrate the plasticity of
the CIII population genome and the substantial gene
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flow that may appear in situ, mostly between closely
related species but also between phylogenetically
distant organisms.

Putative GSB phage
To date, phages infecting Chlorobi have not been
reported (Frigaard and Bryant, 2008), but genomic



evidence supports the existence of GSB viruses. In
addition, in the assembly analysis we detected a pool
(CLC 16 contigs, length 165 187 nt; Newbler 12 contigs,
length 168 317 nt) of large contigs (>3 kbp) with a very
high-read depth (Figure 1). We re-assembled these
contigs following the same procedure used for Chl.
Iuteolum CIII, and obtained five contigs (Supplementary
Table S2) that were identified as belonging to putative
bacteriophages (see below). Because we collected
a plankton size fraction >0.8pm, these putative
phages were likely infecting the Chlorobi CIII popula-
tion at the time of sampling, either through a lysogenic
or a lytic infection process. Putative phage contigs 2
and 4 could not be classified to any known bacter-
iophage and only encoded three phage-related
genes. Based on the homology of multiple ORFs to an
N4-like phage, contig 1 was probably derived from a
Podovirus. Finally, according to the GC content, read
depth (Supplementary Table S2) and predicted host-
acquired auxiliary metabolic genes, contigs 3 and 5
(Supplementary Table S3) were potentially derived
from a putative lytic Myoviridae phage. Contig 5 and
its predicted proteins indicated a mixed homology
to known bacteriophage (Supplementary Figure S6).
The read depth of contigs 3 and 5 was ~ 6-fold higher
(that is, 174 x ) than the average for Chl. Iuteolum CIII,
which strongly suggests that Myoviridae was respon-
sible for an active, lytic infection process in situ.
A phylogenetic reconstruction of the phage-conserved
DNA polymerase provided further evidence that the
predicted sequences form a distinctive lineage, which
are related to DNA polymerases found in other
bacteriophage (Supplementary Figure S7).

Finally, a BlastN analysis of Chl. luteolum CIII
versus the putative phage returned a high-identity
region of 51 nucleotides next to the vrl locus in
Chl. luteolum CIII that matched two separate parts of
the putative phage (Figure 6). One was 20-nt long
with 100% identity, and the other was 33-nt long
but contained two mismatches. The two regions
were separated by 2169nt, in which the coding
sequence for a hypothetical protein from Sinorhizo-
bium phage PBC5 (Contig5_11) was found (Figure 6
and Supplementary Table S3). Interestingly, next to
this similarity region, and as part of the vrl locus
insertion, we found a homolog of bacteriophage P4

metallophosphoesterase
regulator
tRNA-Val-GAC

transposase IS5 exonuclease

2795, 2800 2805 2820

XRE transcriptional
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integrase (A3K90_02945) and a phage transcriptional
regulator alpA (A3K90_02940). About 50 kb away from
this region, a putative auxiliary metabolic genes within
a region of conserved phage genes was predicted to
be a metallophosphoesterase, a Ser/Thr protein phos-
phatase (Contigb_33), with strong sequence homology
with A3K90_02740 from Chl. luteolum CII genome
(Figure 6). The phylogenetic tree of metallophosphoes-
terase sequences showed that the protein encoded on
phage Contig5_33 was clearly derived from GSB, and
also had close sequence homology with other phage
metallophosphoesterases (Supplementary Figure S8).

Discussion

HGT has been widely assumed to be a major mechan-
ism for bacterial innovation and ecological diversifica-
tion (Wiedenbeck and Cohan, 2011), and several
HGT studies have been focused on the exchange of
virulence-associated genes in both human and animal
pathogens (for example, Saunders et al., 2005), and of
antibiotic resistance genes (Summers, 2006). In the
environment, genomic investigations pointing to
a role for HGT in the origin of ecological diversifica-
tion are however more scarce and difficult to achieve.
The available studies carried out mostly in soils
(for example, Pseudomonas putida, Wu et al., 2011),
microbial mats (Synechococcus spp., Melendrez et al.,
2011) and the ocean (Prochlorococcus marinus,
Martiny et al., 2009) have used isolated strains. In our
investigation, we unveiled the ecological success of
a natural GSB population in situ through HGT without
previous culturing using massive sequencing and
genome reconstruction in silico. The monoclonal
nature of GSB blooms has been previously reported
(Gregersen et al., 2009) and we assembled promiscuous
regions with a coverage even higher to that of the rest of
the genome. This fact suggests that there is a nearly
clonal population in Lake Banyoles, in sharp contrast to
the oceanic photoautotroph where we could not close
these promiscuous regions after metagenomic assembly
(Rusch et al., 2010). The reason could be that marine
Prochlorococcus contains a high diversity of strains
for the same species with the same genomic backbone
but variations in the promiscuous regions, also called

bacteroiphage P4 integrase
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Phage transcriptional regulator AlpA
tRNA-Gly-GCC
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Figure 6 Syntenic analysis showing the relationship of the putative GSB phage with the Chl. luteolum CIII genome sequence. A blue
shade indicates the homology region of the metallophosphoesterase gene. A red circle indicates the region with the 51 nucleotides identity
region. The types of genes identified in the putative Chl. luteolum CIII phage are shown in colors according to DNA metabolism (red),
structural and packaging (blue), putative host-derived (yellow) and tRNAs (green). Special features on both sequences are highlighted with
arrows.
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hypervariable islands, that leads to a high ‘collective
diversity’ even when one species dominates (Biller
et al., 2015). The ecological implications or evolution-
ary reasons are unknown, but the continuous nature
of the marine environment may promote collective
diversity, whereas the endemic nature of isolated lakes
(Barberan and Casamayor, 2011) may promote clonal
similarity.

The ecophysiology of phototrophic sulfur bacteria
has been widely studied not only from an ecological
perspective (Montesinos et al., 1983; Van Gemerden
and Mas, 1995) but also from molecular and genomic
points of view (Frigaard and Bryant, 2008; Habicht
et al., 2011; Bryant et al., 2012). These previous
findings supplied consistent background to unveil
the ecological consequences of HGT, in addition to
the direct genome comparison with a closely related
cultured counterpart. Interestingly, Chl. luteolum CII
and DSM 273" exhibited 99.7% identity in 16S rRNA
gene sequence and only 91.7% in the ANI value.
This could simply reflect lack of enough evolution
time for diversification, indicating that the differences
found in the genome are relatively very recent and
that the high degree of genetic exchange between
these two Chlorobi populations is not yet reflected in
the most conserved genes, but significantly captured
through a whole-genome evaluation. This supports
the idea that lateral exchange of genetic material
within GSB occurs at a very high rate, as previously
suggested (Nakamura et al., 2004). Therefore, most
probably GSB could be very good candidates as model
organisms for HGT-guided evolution studies.

GSB are strict photoautotrophs that strongly depend
on light availability and light harvesting for growth.
In order to exploit the light wavelengths that reach
the anoxic deep water layers where GSB reside, these
organisms synthesize specific carotenoids and specia-
lized light-harvesting antenna organelles, the chloro-
somes, which are the most efficient light-harvesting
structures known (Frigaard and Bryant, 2006). The
type of bacteriochlorophylls preferentially found
in the chlorosome is one of the key factors that
explain the ecological success of GSB (Montesinos
et al., 1983; Van Gemerden and Mas, 1995; Bryant
et al., 2012). Interestingly, brown-pigmented blooms
of GSB were already reported from Lake Banyoles
basin CIII in 1978 (Montesinos et al., 1983) and the
population sampled in 2010 had the same 16S rRNA
gene signature that the dominant population from
1996 (VIBAC-6, Casamayor et al., 2000). The BChl
e cluster acquired by Chl. Iuteolum CIII confers some
advantages that are crucial from an ecological point
of view. First, the absorption peak of the BChl shifts
from 746 nm in BChl ¢ to 714 nm in BChl e (Harada
et al., 2013) allowing it to cover a different range
of wavelengths. However, more importantly, there is
a large increase in absorption in the blue near 520 nm,
which overlaps strongly with those light wave-
lengths that penetrate most deeply in the water
column. Furthermore, the BChl e cluster includes
the cruB gene, which is responsible for the
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biosynthesis of p-carotene and thus enables the
production of isorenieratene and p-isorenieratene,
which are almost universally associated with organisms
that synthesize BChl e (Maresca et al., 2008a). These
carotenoids are important elements to broaden and
increase the absorption of brown-colored species
between 480 and 550nm and expand the photo-
adaptation range (Hirabayashi et al, 2004). These
differences are of great significance in terms of
competition in an ecological environment where light
is one of the limiting factors (Van Gemerden and Mas,
1995). HGT of iron-processing genes may also provide
ecological success. GSB have numerous proteins with
Fe/S clusters in the reaction centers and are therefore
highly dependent upon iron for growth. Soluble Fe** is
abundant under low-oxygen conditions as in basin CII
but the reaction with hydrogen sulfide reduces its
biological availability. The incorporation of an iron
transport genes cluster might confer both higher affinity
and higher iron storage capacity to Chl. Iuteolum CIIL
Thus, FeoAB proteins can be advantageously used for
Fe?* uptake (Kammler ef al., 1993), flavodoxin as a low-
potential electron donor that replaces ferredoxin under
iron limitation (Chauhan et al., 2011) and ferritin-DPS
as an iron storage protein (Andrews et al., 2003).
Phages may influence the history and evolution of
their hosts through HGT (Rohwer and Thurber, 2009)
and control the abundance of bacterial blooms (for
example, Deng and Hayes, 2008). Intriguingly, any
phage capable of infecting a GSB has been reported
so far (Frigaard and Bryant, 2008) although genomic
evidence exists that members of the Chlorobiaceae
have been exposed and responded to phage infec-
tion. In this investigation, we observed the presence
of phage-related contigs with very high-read depth,
which directly points to the possibility of an ongoing
lytic infection of the dominant Chl. luteolum CIII
population. The presence of CRISPRs and the high
proportion of mobile elements and phage-related
proteins in the Chl. Iuteolum CIII genome provides
additional evidence for previous phage infection,
and a close relationship between GSB and phages.
Although definitive studies should still be carried out,
additional evidences supported this hypothesis. First,
the presence in the phage sequence assembly of
a metallophosphoesterase that has close phylogenetic
identity to a gene associated with the putative GSB
host. Metallophosphoesterases represent a function-
ally diverse superfamily of enzymes with Ser/Thr
protein phosphatases as important components of
various regulatory mechanisms (Lohse et al., 1995;
Villafranca et al., 1996), and previously identified
in phages such as PBECO4 (Kim et al., 2013) or
bacteriophage A, suggesting they may mediate the
dephosphorylation of certain proteins to allow
more effective production of phage or regulate viral
transcription (Cohen and Cohen, 1989). Second, the
similarity found in the region next to the insertion
of the vrl locus, which has previously been related to
virulence factors (Billington et al., 1999). Interestingly,
proteins encoded by the vrl locus have best BlastP hits



with distantly related organisms, suggesting that the
transfer of these genes might occur through virus-
mediated mechanisms (Haring et al., 1995; Billington
et al., 1999; Fuhrman, 1999; Knaust et al., 2007).
Finally, the phylogenetic reconstruction of the phage-
conserved DNA polymerase showed an association
with a distinct lineage within Myoviridae. Considering
that no phage has yet been described for any GSB, the
lack of close relatives is not surprising. Additional
mechanisms that can drive HGT such as transforma-
tion and conjugation cannot be however completely
ruled out.

Overall, we were able to provide consistent genomic
explanation for the success of the GSB blooming in
Lake Banyoles. The ecological implications of acquir-
ing genes for BChl e synthesis and Fe transport are
substantial, and they could confer upon Chl. luteolum
CIII, a clear advantage over green-colored GSB. In
addition, our results unequivocally show that pig-
ments such as BChl e are not reliable phylogenetic
markers for GSB, in agreement with the fact that they
are not monophyletic traits (Overmann and Tuschak,
1997). Interestingly, the presence of a transposase 1S4
in the cluster of genes thought to mediate the synthesis
of BChl e may partly explain the mobility of this region
and may additionally be related to recent biological
transformations and horizontal transfer mechanisms,
which is the most reasonable explanation for the
pigment-phylogeny incongruences. The influence of
phages in the environment has been shown to be larger
than previously thought (Fuhrman, 1999; Sharon et al.,
2009), and we show here initial evidence for a putative
phage that may infect GSB and could control the
blooming population and act as a HGT vector for these
ancient photoautotrophic microorganisms.
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