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Summary

Phage predation constitutes a major mortality factor
for bacteria in aquatic ecosystems, and thus, directly
impacts nutrient cycling and microbial community
dynamics. Yet, the population dynamics of specific
phages across time scales from days to months
remain largely unexplored, which limits our under-
standing of their influence on microbial succession.
To investigate temporal changes in diversity and
abundance of phages infecting particular host strains,
we isolated 121 phage strains that infected three bac-
terial hosts during a Baltic Sea mesocosm experiment.
Genome analysis revealed a novel Flavobacterium
phage genus harboring gene sets putatively coding
for synthesis of modified nucleotides and glycosyla-
tion of bacterial cell surface components. Another
novel phage genus revealed a microdiversity of phage
species that was largely maintained during the

experiment and across mesocosms amended with dif-
ferent nutrients. In contrast to the newly described
Flavobacterium phages, phages isolated from a
Rheinheimera strain were highly similar to previously
isolated genotypes, pointing to genomic consistency
in this population. In the mesocosm experiment, the
investigated phages were mainly detected after a phy-
toplankton bloom peak. This concurred with recurrent
detection of the phages in the Baltic Proper during
summer months, suggesting an influence on the suc-
cession of heterotrophic bacteria associated with phy-
toplankton blooms.

Introduction

Bacteriophages are estimated to lyse 10%–20% of marine
heterotrophic bacteria each day (Suttle, 1994). The speci-
ficity of phage infection entails fundamental implications on
microbial community composition and succession. Besides
the direct effects on bacterial mortality rates, there are also
indirect effects, most notably, the release of organic matter
that is subsequently available for recycling by prokaryotes
rather than being channeled to higher trophic levels
(Wilhelm and Suttle, 1999). Although the pivotal role of
phages in this context is unquestioned, relatively few stud-
ies have focused on resolving the ecology of specific
phage-host relations in natural marine environments (Kang
et al., 2013; Zhao et al., 2013; Marston and Martiny, 2016;
Alonso-S�aez et al., 2018). The resulting interdependencies
and dynamics of specific phages and their hosts within
microbial communities are thus largely unknown. There is
a limited amount of data on the densities and population
dynamics of aquatic phages that are obtained by isolation,
and thus can be reliably linked to a host (Holmfeldt
et al., 2007; Kang et al., 2013; Zhao et al., 2013; Marston
and Martiny, 2016), compared to the vast amount of com-
munity sequencing data available (Hurwitz and
Sullivan, 2013; Brum et al., 2015; Coutinho et al., 2017;
Gregory et al., 2019). Thus, specific information on tempo-
ral dynamics gained from phage isolates may benefit the
analysis of community sequencing data and the under-
standing of microbial succession patterns.

Extensive data on the seasonal dynamics of bacteria and
eukaryotic phytoplankton are available from the Baltic Sea.
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Time series data at the Linnaeus Microbial Observatory
(LMO) located in the Baltic Proper showed that microbial
succession patterns recurred over multiple years (Bunse
et al., 2019). Time-series samples from 2011 to 2014 rev-
ealed pronounced phytoplankton blooms in spring, charac-
terized by high biomass of dinoflagellates and diatoms. The
spring bloom supported an increase in bacterial abundance
that usually peaked in August, after a serrated development
with multiple fluctuations. Cyanobacterial blooms were
recurring during the summer months, under stratified condi-
tions between June and September (Bunse et al., 2019). In
contrast to the well-characterized dynamics of cellular
microbes in the Baltic Sea, relatively little is known about
how phages respond to and influence microbial succession
patterns. Phage isolates available from the Baltic Sea show
little genome sequence similarity to sequenced viruses from
other environments (Holmfeldt et al., 2013; Šulčius and
Holmfeldt, 2016; Nilsson et al., 2019, 2020). Even phages
isolated from the same bacterial strain may exhibit remark-
able genomic diversity. There are examples of multiple taxa
sharing little or no detectable sequence similarity that can
infect the same host strain (Holmfeldt et al., 2013). Four
novel genera of Flavobacterium (Bacteroidetes) phages iso-
lated from LMO surface water were characterized recently,
including two different genera isolated from the same host
strain. Only one of the novel genera was detected at LMO
in a metagenome time series from 2012 to 2015 (Nilsson
et al., 2020). Another phage genus that was isolated and
detected in the viral metagenomes from the same site is
the Barbavirus that infects a Rheinheimera strain
(Gammaproteobacteria). This phage showed a clear sea-
sonal pattern with increased relative abundance in August
and September each year in the LMO time series, similar to
its host according to an amplicon dataset (Nilsson
et al., 2019). Yet, studies linking phage–host dynamics to
environmental conditions are necessary in order to incorpo-
rate phages into a more holistic picture on microbial suc-
cession in the Baltic Sea.

In this study, we isolated phages from 121 plaques
obtained during a mesocosm experiment prepared with
water from LMO. Genome sequencing revealed two
novel Flavobacterium phage genera as well as phages
with high similarity to the above-mentioned Rheinheimera
phages. We characterized their genomes, their diversity
during the mesocosm experiment, and temporal abun-
dance variations over three consecutive years at LMO.

Experimental procedures

Isolation of bacteria

Eleven bacterial strains isolated from the Baltic Proper
were used as potential hosts for phage isolation through
plaque assays. Two of the strains for which phages were

obtained, Rheinheimera sp. BAL341 and Flavobacterium
sp. LMO8, were described previously (Nilsson
et al., 2019, 2020). The third strain that yielded phage
plaques, Flavobacterium sp. BAL314, was isolated fol-
lowing the procedure used for isolating Rheinheimera
sp. BAL341 (Nilsson et al., 2019). Water for isolation of
strain BAL314 was collected on 24 May 2012, at 2 m
depth at the LMO, situated 10 km off the coast of eastern
Öland in the Baltic Sea (56�55051.2400 N, 17�3038.5300 E).
The strains that did not yield any plaques were
Algoriphagus sp. BAL317, Algoriphagus sp. BAL319,
Brevundimonas sp. BAL450, Cellulophaga sp. OL12a
(Holmfeldt et al., 2007), Flavobacterium sp. LMO6
(Nilsson et al., 2020), Polaribacter sp. BAL337, Psy-
chrobacter sp. BAL309 and Sphingomonas sp. BAL323.
Strains BAL317, BAL319, BAL309, BAL323 were isolated
in May 2012, strain BAL337 in July 2012, and strain
BAL450 in February 2013 from surface water collected at
LMO and isolated as described in Nilsson et al. (2019).

Isolation of phages

Water for viral isolation was collected from a mesocosm
experiment (30 May–8 June 2016) that was described in
detail elsewhere (paper III in Osbeck, 2019). Briefly, each
mesocosm contained 160 L of 100 μm filtered water col-
lected on 30 May at 2 m depth from LMO (11.7�C, salinity
7.2 g/kg), mixed with 40 L of 0.2 μm filtered treatment-
specific water. Five different treatments were established
in triplicate and manipulated with respect to inorganic nutri-
ent concentrations and sources of organic matter, resulting
in a total of 15 mesocosms. The treatment-specific water
was obtained from the humic river Lapväärti (62�1402100 N,
21�3403800 E) that discharges into the Baltic Sea in Finland
(Humi), the agricultural-influenced river Lielupe (56�4804200

N 23�350500 E) that discharges into the Baltic Sea in Latvia
(Agri), LMO water amended with nitrogen (NaNO3), phos-
phorus (Na2HPO4), and silicate (NaSiO3) corresponding to
final concentrations of 16, 1, and 32 μM respectively
(NPSi), LMO water amended with 10 ml of sonicated and
centrifuged 0.22 μm filtered cyanobacterial lysate of Nod-
ularia spumigena strain AV1 containing 21 300 μg L�1

chlorophyll-a (Cyan), and a control from LMO without nutri-
ent amendments (Cont). Each mesocosm was covered by
a transparent Plexiglas plate to reduce the risk of contami-
nation, stirred regularly to prevent stratification, and bub-
bled with air to maintain oxygen saturation. The water
temperature in all mesocosms was between 14 and 15�C
during the whole experiment. A 12 h light–dark cycle was
provided at a flux density of ~400 μmol photons m�2 s�1.
Bacterial abundance and chlorophyll-a concentration were
determined daily during the experiment, and additionally
6 h after the experiment started, as described previously
(paper III in Osbeck, 2019).

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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Samples for isolation of phages were collected daily
during the mesocosm experiment. For phage isolation,
10 ml of water was filtered through a 0.2 μm syringe filter
(Merck Millipore, Darmstadt, Germany). The filtered water
was then used directly for phage isolation by plaque
assays with the 11 bacterial strains mentioned above.
Host bacteria were grown overnight in liquid Zobell
medium {1 g yeast extract [Becton, Dickinson and Com-
pany (BD), Franklin Lakes, NJ, USA] and 5 g Bacto pep-
tone (BD) in 800 ml of 1.2 μm filtered (GF/C Whatman
glass microfiber filter, GE Healthcare, Chicago, IL, USA)
Baltic Sea water and 200 ml of Milli-Q water} with gentle
agitation. The bacterial culture (300 μl) was mixed with
400 μl of the 0.2 μm filtered mesocosm water and 3.5 ml
molten top agar {marine sodium magnesium buffer
(MSM): 450 mM NaCl, 50 mM MgSO4 � 7H2O, 50 mM
Tris [Trizma base (Sigma, St. Louis, MO, USA)], pH 8;
with 0.5% low melting point agarose (Thermo Fisher Sci-
entific, Waltham, MA, USA)}. The mixture was spread
evenly onto Zobell agar plates [15 g L�1 bacto agar
(BD)], incubated at room temperature, and inspected for
visible plaques after 1–4 days. In the case of plaque for-
mation, the number of plaque-forming units (PFU) was
counted after plaques were clearly visible. Phages were
isolated by picking individual plaques with a sterile 100 μl
pipette tip, which was thereafter submerged in MSM to
disperse the phages and centrifuged at 20 000g for 5–
10 min to remove bacterial cells. The supernatant con-
taining the phages was then re-plated as described
above, but this time by mixing 300 μl of bacterial culture
with 100 μl of phage culture. The procedure was
repeated three times. Pure isolates were harvested by
adding 5 ml MSM to fully lysed plates, the top-agar layer
was shredded with an inoculation loop, and the plate
incubated on a shaking table (40 rpm) for at least 30 min.
The phages suspended in MSM were collected into a fal-
con tube, centrifuged for 10 min at 2860g, filtered through
a 0.2 μm syringe filter, and stored at 4�C for further
characterization.

Host range tests

Phage isolates elemoA_7-9A, elemoD_13-5B and
immuto_2-6A were tested on eight Flavobacteriaceae
strains (BAL38, BAL304, BAL314, BAL330, BAL346,
LMO6, LMO8 and LMO9), which previously have been
isolated from LMO surface water. Bacteria were grown
overnight, mixed with top agar and spread on agar plates
as described above. Ten microliters of phage stock was
pipetted into the molten top agar and streaked across the
molten top agar with sterile pipette tips according to
the Molten Streaking for Singles method (Kauffman and
Polz, 2018) modified as described in Nilsson
et al. (2020). Plates were incubated at room temperature

and inspected for plaque formation in the bacterial lawn
after 4 days. Tests were conducted two times for each
phage–bacterium pair.

DNA extraction and genome sequencing of phages
and hosts

Phage DNA was extracted using the Wizard PCR DNA
Purification kit (Promega, Madison, WI, USA) and DNA of
Flavobacterium sp. BAL314 was isolated using the EZNA
tissue DNA kit (Omega Bio-tek, Norcross, GA, USA), fol-
lowing the procedures described in Nilsson et al. (2019)
for phage and bacterial DNA isolation respectively. The
DNA was sequenced at SciLife/NGI (Solna, Sweden).
The Nextera XT Kit (Illumina, San Diego, CA, USA) was
used for library preparation. Paired-end (2 � 125 bp)
sequencing was performed on a HiSeq 2500 instrument
(Illumina).

Morphological characterization of phages

Transmission electron microscopy was conducted on
high-titre phage lysate. Carbon–formvar-coated copper
grids (Agar Scientific, Essex, UK) were plasma cleaned
in a PELCO easiGlow for 60 s at 0.38 mbar (air) and
20 mA. Lysate (5 μl) was applied to a grid for 60 s
and thereafter removed by wicking. The grid was washed
with deionized water (5 μl) and stained with 5 μl of 2%
wt./vol. uranyl acetate (Agar Scientific). Grids were
imaged using an FEI Tecnai 12 G2 BioTWIN microscope
with tungsten filament operating at 120 kV. Phage parti-
cles were measured using ImageJ v2.0.0.

Genome assembly, annotation, and analysis

Raw reads of the Flavobacterium sp. BAL314 genome
were quality trimmed and adapter sequences removed
using Trimmomatic v0.30 (Bolger et al., 2014) (settings:
-PE -phred33 ILLUMINACLIP:nextera_linkers.txt:2:30:10
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15
MINLEN:30), and quality was evaluated using FastQC
(Andrews, 2010). Trimmed reads were assembled using
Spades v3.6.0 (Bankevich et al., 2012) with k-mer lengths
of 21, 33, 55, 77 and 99. The genome was annotated
using the IMG Annotation pipeline v5.5.0 (Markowitz
et al., 2012), and screened for prophage sequences using
the Phaster webserver (Arndt et al., 2016). Genome
assembly and annotation of Rheinheimera sp. BAL341
and Flavobacterium sp. LMO8 was described in Nilsson
et al. (2019) and Nilsson et al. (2020)) respectively.

Phage genomes were assembled using the same
method as for the bacteria, resulting in one contig with
overlapping ends of 99 bp (used k-mer length for assem-
bly) for each genome. The overlapping sequences were

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 23, 4576–4594
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removed at one end to circularize the genomes. Inter-
genomic similarities among phages were calculated
using the VIRIDIC webserver (Moraru et al., 2020). Aver-
age nucleotide identities (ANI) for both bacterial and
phage genomes were calculated using the ANIb method
in Pyani v0.2.7 (Pritchard et al., 2015).

Open reading frames (ORFs) in the phage genomes
were called using Phanotate v1.2.2 with default settings
(McNair et al., 2019). The pan-genome of the phages
from each of the three bacterial strains was inferred using
Roary v3.12.0 (Page et al., 2015) with a 70% amino acid
sequence identity threshold. The largest genome of each
of the three groups was used as reference for annotation,
and ORFs present in the pan-genome but absent in the
reference were added. For annotation of the phage
ORFs, amino acid sequences were aligned against cur-
rent (October 2019) releases of the databases referred to
in the following: Search against the NCBI non-redundant
(nr) database (Agarwala et al., 2018) using Diamond
v0.9.26 (Buchfink et al., 2015) in sensitive mode, align-
ment against the virus-specific databases NCBI RefSeq
viral protein (Agarwala et al., 2018) and Phantome phage
proteins (http://www.phantome.org) using blastp v2.5.0+
(Camacho et al., 2009), and HMM search against the
pVOGs database (Grazziotin et al., 2017) using jack-
hmmer (http://hmmer.org/). Specific genes (e.g. those
involved in queuosine biosynthesis) were further com-
pared to the protein data bank (Berman et al., 2000)
using the HHpred server (Zimmermann et al., 2018) with
default settings. An e-value cutoff of 0.0001 was used for
all alignments. The best three hits of each alignment
approach were manually inspected to decide on the gene
annotations; hits annotated as hypothetical protein or
unknown function were omitted. Assignments to COG
(Tatusov et al., 2000) and Pfam (Finn et al., 2010) IDs
were adopted from results obtained through the IMG
Annotation pipeline v5.5.0 (Markowitz et al., 2012). The
tRNAscan-SE v2.0 webserver (Lowe and Chan, 2016)
was used for identification of tRNAs.

Phage genomes were screened for integrases,
excisionases and partitioning genes parA (found in extra-
chromosomal temperate phages) as signs of a potential
lysogenic lifestyle. Ribonucleotide reductase (RNR)
genes present in the genome of phage immuto_2-6A and
its bacterial host strain LMO8 were analyzed by HMM
search against the RNRdb database (Lundin et al., 2009)
using HMMER v3.1b2.

Phylogenetics

To identify the Flavobacterium hosts, their 16S rRNA
gene sequences were blasted against GenBank
(Agarwala et al., 2018) and sequences of isolated strains
with more than 95% sequence identity were collected.

Furthermore, respective sequences of the strains used in
the host range tests were added and the 16S rRNA gene
sequence of Polaribacter marinaquae strain RZW3-2
was used as an outgroup. Sequences were aligned with
MAFFT v7 (Katoh and Standley, 2013) using the ‘ginsi’
option. The alignment was trimmed to a length of
1349 bp, and the phylogenetic tree was calculated using
RAxML v8 with the rapid hill-climbing algorithm, the
GTRGAMMA nucleotide substitution model and 1000
bootstrap replicates (Stamatakis, 2014).

For phylogenetic analysis of the phages, publicly avail-
able phage genomes to which alignments of protein
sequences with e-values <0.0001 were obtained during
annotation (see above) were selected as references. Fur-
thermore, the IMG/ER database was screened for refer-
ence phage genomes that shared sequence similarity to
the reference phages elemoA_7-9A and immuto_2-6A.
Pairwise comparisons of the nucleotide genome sequen-
ces were conducted using the Genome-BLAST Distance
Phylogeny (GBDP) method with the formula D0 implemented
on the VICTOR webserver (Meier-Kolthoff and Göker,
2017). The resulting inter-genomic distances were used to
infer a balanced minimum evolution tree with branch sup-
port via FASTME including SPR postprocessing (Lefort
et al., 2015). Branch support was inferred from 100 pseudo-
bootstrap replicates.

Inferring abundances of phages and their hosts in
environmental samples

Reads from viral metagenomes (<0.2 μm size fraction,
viruses aggregated using iron chloride and collected on
1 μm filters) sampled at LMO between 2012 and 2015
[BioProject accession number: PRJNA474405 (Nilsson
et al., 2019)] were mapped separately against the
genomes of elemoA_7-9A, immuto_2-6A and barba_13-8A
using bowtie2 (Langmead and Salzberg, 2012) with the
settings ‘--ignore-quals --mp 1,1 --np 1 --rdg 0,1 --rfg 0,1
--score-min L,0,-0.05’ to apply a sequence identity thresh-
old of 95%. Selected metagenomes were mapped a sec-
ond time against the three phage genomes after changing
the ‘--score-min’ parameters to ‘L,0,-0.2’ to apply a
sequence identity threshold of 80% in order to determine if
specific regions of the genomes not covered in the first run
would be covered at lower identity. The ‘map-
bowtie2-markduplicates.sh’ script, which is part of the
MetAssemble software package (https://github.com/inodb/
metassemble), was used to calculate coverage depth and
the percentage of the genomes covered by metagenome
reads. Average coverage depth across the genomes was
divided by metagenome size in gigabases (Gb) to obtain
average depth per Gb of metagenome (referred to as
depth per Gb later on).

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 23, 4576–4594
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Reads from bacterial metagenomes (0.2–3.0 μm size
fraction) sampled at LMO between 2012 and 2015
[BioProject accession numbers: PRJNA273799 (Hugerth
et al., 2015) and PRJEB34883 (Alneberg et al., 2020)]
were mapped against the genomes of the bacterial host
strains BAL314 and LMO8 in the same way as described
for the phages above. Linear regression parameters
between relative abundances (depth per Gb) of phages
and their hosts in LMO metagenomes were calculated
using the lm function from the stats v3.6.3 package in R
(R Core Team, 2019). Spearman’s rank correlations were
calculated using the cor.test function from the same
package. Correlations were determined for different time
lags (see Fig. S2), e.g. phage abundance in a certain
sample was associated with host abundance in a sample
taken several days earlier. As LMO metagenomes were
not sampled at constant time intervals, the time points
that were associated for one correlation do not all have
the exact same time difference but were allowed to vary
within the range of 1 week. Amplicon datasets from LMO
samples taken between 2012 and 2015 (BioProject
accession number: PRJEB42455), containing sequences
of the 16S rRNA gene V3–V4 region from two filter size
fractions (0.2–3.0 and >3.0 μm), were used to track an
amplicon sequencing variant (ASV) identical to the
respective sequence of both strains BAL314 and LMO8.
The amplicon sequencing procedure was described in
Nilsson et al. (2019). Read processing and downstream
analysis was performed by following the ampliseq pipe-
line v1.2.0dev (Straub et al., 2020) (settings: ‘trunclenf
259, trunclenr 199, --double_primer’) using cutadapt
v2.6. (Martin, 2011) and qiime v2019.10.0 (Bolyen
et al., 2019).

Accession numbers

The assembled genomes of the elemo-, immuto- and
barba-phages were deposited to NCBI under the acces-
sion numbers MT497017 and MT497065–MT497125,
MW353175–MW353177 and MT497224–MT497279
respectively. The Flavobacterium sp. BAL314 genome is
available in the IMG/ER database (Markowitz
et al., 2012) under the genome ID 2821289949. The
genomes of Flavobacterium sp. LMO8 (accession:
NZ_WIBJ00000000) and Rheinheimera sp. BAL341
(accession: CAAJGR010000000) were previously depos-
ited to NCBI and EMBL/ENA respectively.

Results and discussion

Characteristics of the bacterial hosts

Rheinheimera sp. BAL341 and Flavobacterium
sp. LMO8 were described earlier (Karlsson et al., 2019;

Nilsson et al., 2020). Like strain LMO8, Flavobacterium
sp. BAL314 formed round, yellow to orange colonies on
agar plates. Its genome assembled into 35 contigs >1
kilobase (kb), accounting for 2.82 megabases (Mb).
According to publicly available 16S rRNA gene
sequences, the phylogenetically closest relatives to
BAL314 were LMO8 and two other isolates from the Bal-
tic Sea, BAL38 and LMO6 (Fig. 1). Despite high 16S
rRNA gene sequence similarities among these isolates
(99.5%–99.8% identity), genome-wide dissimilarities
were substantial. The ANI between BAL314 and BAL38,
LMO6, and LMO8 was 94%, 94% and 85% over an align-
ment fraction (AF) of 77%, 75% and 62% respectively.
This suggests that at least LMO8 is associated with a dif-
ferent species than BAL314, while BAL38 and LMO6 are
close to the borderline for grouping them into the same
species as BAL314 according to the suggested threshold
of 95%–96% ANI for species delineation (Richter and
Rossell�o-M�ora, 2009). Flavobacterium sp. LMO8 shared
an ANI of 85% over an AF of 62% with both BAL38 and
LMO6. Similar to LMO8 (Nilsson et al., 2020), the
Phaster software detected no prophage region within
the genome of BAL314.

Phage isolation

Plaques were obtained on three out of the eleven tested
bacterial strains, the Flavobacterium strains BAL314 and
LMO8, and the Rheinheimera strain BAL341 (Fig. 2A–C;
Table S1). For isolation of phage strains, 216, 76 and
67 plaques on BAL314, LMO8 and BAL341, were initially
picked respectively. For the phages of LMO8 and
BAL341, attempts were made to purify all initially picked
plaques, however, only 3 and 56 phages respectively,
passed three rounds of re-plating. Due to the large num-
ber of originally isolated phages for BAL314 and time
constraints, we purified phage plaques from days 1, 3,
5 and 9 of the mesocosm experiment. Of those,
62 phages passed three rounds of re-plating. All 121 puri-
fied phage strains were genome sequenced.

Genomic relatedness and phylogeny of the isolated
phages

Minimum intergenomic similarity among the 62 phages
that infected Flavobacterium strain BAL314 was 85.3%
(Table S2). Comparisons to publicly available genomes
revealed low relatedness. Highest similarity was found to
be to Cellulophaga phage phi19:1, a Flavobacteriaceae
siphovirus isolated from the Baltic Sea (Holmfeldt
et al., 2007, 2013), with 2.2% intergenomic similarity. This
suggests that the phages isolated on strain BAL314 repre-
sent a novel genus. Based on a 95% genome similarity

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 23, 4576–4594
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threshold, VIRIDIC clustered the 62 strains into six differ-
ent species (Table S2). We indicated these species in the
GBDP tree (Fig. 3). We propose the name Elemovirus for
the genus, referring to the LMO sampling station being the
source of isolation of both the phage and its host. The six
species will be named Flavobacterium virus ElemoA,
Flavobacterium virus ElemoB, and so on, and the strains,
e.g. vB_FspP_elemoA_7-9A, according to the ICTV’s rec-
ommendations (Kropinski et al., 2009). The prefix ‘vB’
indicates that it is a bacterial virus, ‘Fsp’ designates the
host species (Flavobacterium sp.), ‘P’ the viral family
based on morphology (Podoviridae), and ‘elemoA_7-9A’
provides the specific strain designation. The strain

designation is composed of the species name, the meso-
cosm number (1–3: Cont, 4–6: NPSi, 7–9: Humi, 10–12:
Agri, 13–15: Cyan) from which the phage was isolated
(before the hyphen), and the day of the experiment when
it was isolated (after the hyphen). The letter at the end of
the designation was added to distinguish between different
phages isolated from the same mesocosm and on the
same day but from different plaques. Within this article,
phage strains are not referred to by their full name but by
their specific strain designation only.

The genomes of the three phages isolated on the
Flavobacterium strain LMO8 showed a minimum inter-
genomic similarity of 99.2% (Table S2) and were not

Fig. 1. Phylogeny of Flavobacterium strains based on 16S rRNA gene sequences. The tree is rooted using the sequence of Polaribacter mari-
naquae strain RZW3-2 as an outgroup, which is not shown. Bootstrap values >80% are shown. Strains that were isolated from the Baltic Proper
and were used for host range tests are in bold font. Note that strain LMO9 is not shown as its 16S rRNA gene sequence is identical to that of
strain LMO6. Genome-wide average nucleotide identities (ANI) among the host strains (BAL314 and LMO8) of phages isolated in this study and
their most closely related strains are given.

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 23, 4576–4594
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related (<0.1% intergenomic similarity) to phages previ-
ously isolated from the same host strain (genera Tant-
and Pippivirus, Nilsson et al., 2020). The most similar
published phage genome was an uncultured single-
amplified genome, vSAG 37-F16 retrieved from the Medi-
terranean Sea (Martinez-Hernandez et al., 2017),
exhibiting a genome similarity of 5.1% to the three
phages isolated on LMO8. Hence, no closely related
phage genomes have been described so far, and accord-
ingly, VIRIDIC assigned these phages to the same spe-
cies within a novel genus (Table S2). As the genomes
harbored a high proportion of genes putatively involved in
cell surface modification and a gene set for biosynthesis
of modified nucleosides, we propose the name
Immutovirus (from immutare, Latin verb for ‘change, alter,
transform’) for the genus. Consequently, the species
name is Flavobacterium virus Immuto, and the full strain
name is, e.g. vB_FspM_immuto_2-6A.

Minimum intergenomic similarity among the 56
Rheinheimera phage isolates was 96.8% (Table S3).
Based on intergenomic similarities, 31 of the phages
were assigned to the previously described species
Rheinheimera virus Barba18A and the remaining 25 to
Rheinheimera virus Barba21A (Table S3; Fig. S1) of the
genus Barbavirus (Nilsson et al., 2019). The previously
described barba-phages were isolated using the same
host strain, and some of them shared a genome similarity
of 100.0% with phages isolated in this study (Table S3).

Phage-host specificity

Phages previously isolated on Flavobacterium LMO8
were able to infect two other Flavobacterium strains,
although these only shared 85% ANI with the original
host (Nilsson et al., 2020). In contrast, immuto_2-6A iso-
lated on LMO8 in this study did not infect any of the
tested Flavobacteriaceae strains apart from its original
host. Similarly, elemoA_7-9A and elemoD_13-5B did not
infect any strain but its original host, Flavobacterium
BAL314, despite this strain sharing 94% ANI with three of
the tested bacterial strains (Fig. 1). While these results
certainly do not exclude the possibility that the immuto-
and elemo-phages infect other bacteria than their hosts
of isolation, it suggests that these phages do not com-
monly cross-infect different Flavobacterium species and
might exhibit higher host specificity compared to phages
isolated on LMO8 previously.

Genomic features of the isolated phages

A general description of the phages is presented in the
Supplementary Material (Text S1). In addition to typical

A

B

C

D

E

Fig. 2. Dynamics during the mesocosm experiment. Temporal
development of infective phage abundances (PFU counts; note the
different scales on the y-axes) on three bacterial strains (A–C),
total bacterial abundance (D) and chlorophyll-a concentration
(E) in the five mesocosm treatments containing 100 μm filtered
LMO water and 20% of the following treatment-specific water
(Cont: 0.22 μm filtered LMO water; NPSi: 0.22 μm filtered LMO
water and additional nitrogen, phosphorus and silicate; Agri:
0.22 μm filtered agriculture-influenced Lielupe river water; Humi:
0.22 μm filtered humic Lapäarti river water; Cyan: 0.22 μm filtered
LMO water) amended with a cyanobacterial lysate of Nodularia
spumigena. Average values from triplicated mesocosms are
shown. Error bars depict standard deviations. PFU values for the
individual mesocosms are shown in Supplemental Table S1. [Color
figure can be viewed at wileyonlinelibrary.com]

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
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Fig. 3. Legend on next page.
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phage DNA replication and morphogenesis genes, the
160 kb large immuto-phage genomes (Fig. 4; Table S4)
contained a set of nucleotide metabolism genes (folE,
queC, queD, queE and queF) that are part of the
queuosine (Q) biosynthesis pathway in bacteria and
archaeosine (G+) biosynthesis in archaea. Queuosine is
incorporated into certain tRNAs of bacteria and eukary-
otes, where it is assumed to modulate translation and
was also shown to protect tRNAs against cleavage by
ribonucleases (Wang et al., 2018). Archaeosine modifies
archaeal tRNA and is considered to stabilize its three-
dimensional structure (Turner et al., 2020). Only recently
it has been demonstrated that the G+ base and precur-
sors of the Q base modify phage genomic DNA and
thereby protect it from host restriction systems (Hutinet
et al., 2019). The gene set found in immuto_2-6A was
suggested to catalyze the synthesis of either the Q base
precursor 7-aminomethyl-7-deazaguanine (preQ1) or the
G+ base. Phages harboring a similar gene set are Strep-
tococcus phage Dp-1, Cellulophaga phage phi3ST:2 and
Vibrio phage phi-ST2 (Hutinet et al., 2019). Further ana-
lyses are needed to determine if immuto_2-6A produces
similar guanosine modifications and if the phage is
protected from host restriction. Another striking feature of
the immuto-phage genomes was a 10.8 kb long gene
cassette containing various genes putatively involved in
glycosylation of bacterial cell surface components,
amongst others, four glycosyltransferases, a nucleotide-
diphosphate-sugar epimerase and two dTDP-4-amino-4,-
6-dideoxygalactose transaminases (Fig. 4; Table S4).
Similar gene sets are typically found in hypervariable
genomic islands of bacteria, where they affect phage rec-
ognition by modifying extracellularly exposed
glycopolymers (Rodriguez-Valera et al., 2009; Avrani
et al., 2011; Li et al., 2015; Rodriguez-Valera
et al., 2016). Variability in such genomic islands within
populations of free-living prokaryotes entails strain-
specific phage predation, which could be crucial for
maintaining microdiversity (Rodriguez-Valera et al.,
2009), and is assumed to be realized through frequent
horizontal replacement of the island (L�opez-Pérez
et al., 2014; Rodriguez-Valera et al., 2016). The presence
of a resemblant genomic island in the immuto-phages
might indicate that they are involved in its distribution
through gene transfer, or in structuring the bacterial cell
surface directly through the expression of these genes.
The latter is known from human-pathogenic bacteria and
their lysogenic phages that encode glycosyltransferases
that can alter the serotype of the bacterium in a process

termed serotype conversion (Iseki and Sakai, 1953;
Allison and Verma, 2000), thereby evading the immune
system of the human host. More generally, natural selec-
tion is assumed to preserve outer membrane biogenesis
genes encoded by phages, as cell surface modification
may prevent detrimental super-infection by related
phages during the lysogenic life cycle (Markine-
Goriaynoff et al., 2004). However, no genes potentially
involved in genome integration or excision were identified
in the immuto-phage genomes, and also the clear
plaques produced by the immuto-phages during replica-
tion do not point towards lysogeny. The assumed fitness
advantage of phage-encoded cell surface modification
genes through prevention of super-infection may be
questioned for a lytic phage exhibiting a relatively short
intracellular life cycle. It has been proposed that modifica-
tion of the host’s outer membrane by phage-encoded
glycosyltransferases may benefit the phage after lytic
infection as it inhibits virion retention on cell debris
(Markine-Goriaynoff et al., 2004). If such a selective
advantage explains the presence of the respective gene
set in the immuto-phage genomes or if its presence has
a different reason remains an open question.

The immuto-phages furthermore contained genes
encoding a RNR, which catalyzes the reduction of ribonu-
cleotides to the corresponding deoxyribonucleotides.
Interestingly, predicted RNR genes belonged to the
NrdAi/NrdBi phylogenetic subclass, while the RNR genes
present in the host genome (Flavobacterium sp. LMO8)
were characterized as NrdAe/NrdBe subclass (Nouairia
et al., in preparation). Both subclasses are common
among Flavobacteriaceae bacteria but clearly separated
phylogenetically (Harrison et al., 2019; Martínez-
Carranza et al., 2020). Thus, the phage might have
acquired its RNR genes from another Flavobacterium
host that differed from strain LMO8 regarding its RNR
genes. NrdAi genes are lacking an ATP cone domain,
which is present in many other RNR subclasses including
NrdAe (Harrison et al., 2019; Martínez-Carranza
et al., 2020), and acts as a regulatory switch that inacti-
vates the enzyme upon dATP binding (Hofer
et al., 2012). It has been suggested that RNRs without
an ATP cone are beneficial for fast-replicating lytic
phages as they cannot be inactivated through dATP bind-
ing (Harrison et al., 2019).

In contrast to the diverse functional genes harbored by
the immuto-phages, no metabolic genes were detected
among the elemo-phages (Fig. 5; Tables S5 and S6).
Even RNR genes, which are prevalent particularly among

Fig. 3. Genome-BLAST distance phylogeny of phages isolated on Flavobacterium strains BAL314 and LMO8. Bootstrap values >80% are
shown. The phages isolated from BAL314 represent the novel genus Elemovirus, those isolated from LMO8 the genus Immutovirus. The elemo-
phages were subdivided into six species indicated by different colours. [Color figure can be viewed at wileyonlinelibrary.com]

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 23, 4576–4594
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aquatic phages (Holmfeldt et al., 2013), were absent.
Yet, the lack of metabolic genes does not seem to pre-
vent ecological success of the elemo-phages that
showed higher relative abundances in the Baltic Proper
compared to the other phages in this study (see below).
Annotation of the barba-phages did not reveal novel func-
tions for this taxon, that is, all genes in the pan-genome
of the phages isolated in this study either had their best
hit to genes annotated in the previously isolated barba-
phages or could only be annotated as ‘hypothetical pro-
teins’ (Table S7).

Phage morphology

The short tails of the elemo-phages (Fig. 6A and B; Text
S1) classify them as podoviruses. The barba-phages iso-
lated in this study all showed intergenomic similarity
≥97.3% with barba18A (Table S3) that was previously
classified as a myovirus (Fig. 3 in Nilsson et al., 2019).
Due to the high genomic similarity, it is assumed that the
morphologies of the phages from this study are similar
and thus no additional characterization was performed.
The immuto-phages are also classified as myoviruses
(Fig. 6C and D; Text S1). A gene consisting of 1006
amino acids present in the immuto-phage annotated as

tape measure protein (TMP) allowed for investigation of
the proposed association between TMP and tail length
(Katsura and Hendrix, 1984) in this phage. We further
expanded the empirical basis for the correlation between
TMP and tail length (Katsura and Hendrix, 1984;
Abuladze et al., 1994; Pedulla et al., 2003; Mahony
et al., 2016) to various myo- and siphoviruses by analyz-
ing publicly available data (Fig. 6E; Table S8). The TMP
assumedly forms an α-helical protein that functions as
template during tail assembly (Katsura and Hendrix,
1984). The observed slope of the regression line of
0.144 nm/AA (Fig. 6E) is close to a theoretical slope of
0.147 nm/AA, which is the average length of an amino
acid in an extended α-helix (Mahony et al., 2016).
Thus, the TMP allows for a reasonable prediction of tail
length for different sipho- as well as myoviruses,
including the immuto-phage.

Dynamics of the phages in the mesocosms

The phages that infected the three different host strains
all showed a general trend to increase in abundance
(PFU count) towards the end of the experiment, coincid-
ing with an increase in overall bacterial abundance and a
decrease in chlorophyll-a concentration after a peak in

Fig. 4. Genome annotation of vB_FspM_immuto_2-6A. Genes encoded on one strand are represented by clockwise arrows, genes encoded on
the opposite strand by counterclockwise arrows. Genes that could be assigned to specific functional categories are shown in the respective col-
our. The complete annotation is given in Table S4. [Color figure can be viewed at wileyonlinelibrary.com]

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 23, 4576–4594
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the NPSi, Agri and Humi mesocosms (Fig. 2). Yet, the
plaque counts revealed pronounced differences regard-
ing their abundance in the different mesocosms,
suggesting that their specific hosts responded differently
to the treatments, thus driving the temporal variations in
phage abundance.
The phages of BAL314 showed dynamics in all meso-

cosms reaching their maximum abundance in the Agri
mesocosms (Fig. 2A), indicating a positive response of
the host to substrate input from the agricultural influenced
river. The maximum density of 105 plaques ml�1 was
detected on day 8 of the experiment after the chlorophyll-
a peak had declined (Fig. 2E). The second highest PFU
increase was in the Cyan treatment, where PFU counts
were high earlier in the experiment compared to the other
treatments and reached its maximum of 68 plaques ml�1

on day 5. This suggests a positive response of BAL314
to cyanobacterial lysis products that may have also
supported the growth in the Agri treatment after

phytoplankton bloom demise. This agrees with previous
observations for certain Flavobacteriaceae bacteria,
i.e. growth response to phytoplankton blooms (Pinhassi
et al., 2004) and high proportions of Flavobacterium
strains obtained from growth media enriched with
cyanobacterial hepatotoxins (Berg et al., 2009).

The phages that infected LMO8 showed an overall low
abundance throughout the mesocosms (Fig. 2B), which
corresponds to the low relative abundance of immuto-
phages in the natural environment compared to the abun-
dance seen for the elemo-phages that infect BAL314
(see below). The LMO8 phages were most abundant in
the Humi mesocosms (up to 17.5 plaques ml�1), which
may suggest a preference of the host for humic-rich
water.

Phages of Rheinheimera BAL341 were rarely detected
in most samples (Fig. 2C) yet showed a surprisingly strong
response in one Agri mesocosm replicate (increasing from
55 plaques ml�1 on day 6 to 6600 plaques mL�1 on day

Fig. 5. Genome annotation of vB_FspP_elemoA_7-9A. The genome is illustrated similarly as in Fig. 4. Genes are more evenly distributed across
both strands and the GC skew is more pronounced compared to the immuto_2-6A genome. The complete annotation is given in Table S5. [Color
figure can be viewed at wileyonlinelibrary.com]

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 23, 4576–4594
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9), followed by a delayed response in a second Agri repli-
cate (increase from 10 plaques ml�1 on day 8 to
70 plaques ml�1 on day 9). It is not clear what stimulated
this increase in the BAL341 phages, but Rheinheimera
bacteria have previously been observed to profit from envi-
ronmental changes in Baltic Sea microcosm experiments
(Lindh et al., 2015). The barba-phages infecting BAL341
that were previously described were isolated in August and
September 2015 from LMO surface water and have shown
recurrent patterns in abundance during these late summer
months from 2012 to 2015 (Nilsson et al., 2019). Thus, it
appears that the barba-phages in the Baltic Sea are
sustained at low levels during most times of the year and
that rapid responses in abundance are induced by host
blooms naturally occurring after phytoplankton blooms dur-
ing late summer (Nilsson et al., 2019). The phytoplankton
bloom in the Agri-treatment in our mesocosm experiment
simulated these naturally occurring events. The lack of
detected barba-phages in LMO metagenomes during late
spring (see Fig. 8C), when water for the mesocosm experi-
ment was collected, could explain the few barba-phage
plaques during the first 5 days of the experiment.

The emergence of initially undetected phage populations
in response to the treatments agrees with the few previ-
ous studies that have investigated shifts in overall viral
diversity during mesocosm experiments (Øvreås et al.,
2003; Sandaa et al., 2009). Within these studies, Pulsed
Field Gel Electrophoresis (PFGE) has been used to mon-
itor the shifts in viral diversity in response to changing
environmental conditions. As PFGE only provides infor-
mation on genome sizes of viruses in a community, the
information regarding shifts of particular viral populations
is limited as different viruses might have the same
genome size. Consequently, further investigations on the
dynamics of specific phage populations are needed to
gain a better understanding of viral community responses
to nutrient amendments.

Host-specific diversity of the isolated phages in the
mesocosms

The elemo-phages revealed a noticeable microdiversity
and differentiated into six species (Fig. 3) according to
the VIRIDIC results (Table S2), with a minimum inter-
genomic similarity of 85.3% between elemoD_13-5B and
elemoE_6-9C. The intergenomic differences are mainly
attributable to gene content differences, while sequence
dissimilarity among homologous regions is minor within
the 62 elemo-phages, indicated by a high minimum ANI
of 97.5% (note that ANI refers to nucleotide identity
among homologous genes, while intergenomic similarity
as calculated by VIRIDIC takes both shared genome con-
tent and sequence similarity into account). The pan-
genome of the 62 elemo-phages contained 110 genes of

Fig. 6. Phage morphology. Transmission electron microscopy (TEM)
micrographs of elemoA_7-9A (A) and elemoD_13-5B (B) showing a
podovirus morphology. Measurements of multiple virions revealed simi-
lar sizes for both strains (capsid diameter ~75 nm, tail length ~18 nm,
Supplemental Text S1). Micrographs of immuto_2-6A (C, D) revealing
a myovirus morphology (capsid diameter ~115 nm, tail length ~168 nm,
sheath length ~133 nm, tail width ~25 nm, Supplemental Text S1). The
scale bar is the same for all four micrographs. The correlation between
TMP length and tail length of various phages with sipho- and myovirus
morphology is shown in (E). The dashed line shows a theoretical rela-
tion between tail and TMP length of 0.147 nm/AA as expected from an
extended α-helical protein (see main text). Note that this line is drawn
through the origin for simplicity, although phages are expected to devi-
ate upwards, as tail length may exceed tail tube length (Katsura and
Hendrix, 1984) or downwards, as not all residues of the TMP may be
part of the actual tape protein (Mahony et al., 2016). The empirically
obtained regression is given as a solid line with the 95% confidence
interval in grey. Immuto_2-6A is highlighted in yellow. [Color figure can
be viewed at wileyonlinelibrary.com]

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 23, 4576–4594
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which 78 were core genes (present in all phages,
Table S5) and 32 accessory genes (not present in all
phages, Table S6). Among the eight accessory genes
that could be annotated with putative functions, two were
annotated as replication proteins and six as HNH endo-
nucleases or other genes putatively involved in recombi-
nation. While this suggests a high propensity of
recombination among elemo-phages that shapes the
accessory genome, gene annotation did not provide hints
on potential ecological differences among the different
species. Nevertheless, one species (ElemoA) appeared
to be overrepresented throughout the mesocosm experi-
ment but did not seem to be promoted or impeded by
any of the different treatments (Fig. 7A). The other spe-
cies were represented by four or fewer isolates in total,
distributed over different time points and treatments with-
out a clear pattern (Fig. 7A). Thus, a treatment-specific
response of particular species could not be observed.
Considering the overall species diversity within the differ-
ent treatments, the Cyan treatment revealed the highest
diversity with four different species represented by
18 genome-sequenced isolates, while the Humi treatment
showed the lowest diversity, with all 14 genome-
sequenced isolates assigned to the same species
(ElemoA). Further investigations are necessary to test if
these differences in diversity between the treatments are
consistent, and if so, clarify the underlying mechanisms.
The phages isolated from Rheinheimera BAL341 were

predominantly obtained from the Agri treatment, which
probably illustrates a treatment-specific response of the
host. During the strong increase in abundance, particu-
larly in the Agri mesocosm after day 6 (Fig. 2C), two spe-
cies within the same genus showed similar proportions
among the sequenced genomes (Fig. 7B). Thus, like for
the elemo-phages, no marked changes in species diver-
sity were observed for the barba-phages throughout the
experiment. Interestingly, isolates of these two species
had already been obtained from LMO 9 months before
the water for the mesocosm experiment was collected
(Fig. S1). This suggests that individual viral species can
be maintained over long periods and across changing
environmental conditions and that the barba-phages form
a genomically consistent population in the Baltic Sea,
which has previously been suggested through the map-
ping of metagenomes (Nilsson et al., 2019).
For phages infecting LMO8, it is unclear if their overall

diversity differed depending on treatment, given that we
could isolate only three phages with almost identical
genomes. Unlike the BAL341 phages, which were highly
similar to phages previously isolated on that host, the
LMO8 phages were dissimilar (<0.1% intergenomic simi-
larity) to Tant- and Pippivirus, two different genera that
had previously been isolated on the LMO8 host
(Table S2). While these previously isolated phage genera

potentially could have been among the identified plaques
that did not pass through purification, this is unlikely due
to the differences in plaque morphology. All originally
counted plaques from the mesocosm samples displayed
the same, tiny plaque morphology (dots, <1 mm), which
differed from the plaque morphology of the previously
known LMO8 phages (1–3 mm). Notably, phages for
LMO8 have been isolated in low abundances compared
to phages for other hosts during the same investigations
(this study and Nilsson et al., 2020), suggesting a low
abundance in the Baltic Proper, where they may exist at
the detection limit for conventional plaque assay
methods. Detection of the immuto-phages in viral
metagenomes from LMO, where the maximum relative
abundance was more than an order of magnitude lower
than that of the elemo-phages (see below, Fig. 8), sup-
ports this assumption.

Overall, the observed diversity of phages from each of
the three host strains was rather limited during this exper-
iment. Despite the noticeable microdiversity within the
elemo-phages, only one phage genus was obtained for
each host strain. This contrasts observations of other
phage-host systems, e.g. Cellulophaga phages from the
Baltic Sea, including examples of multiple phage genera
isolated using the same host strain and the same water
sample (Holmfeldt et al., 2007, 2013), but is similar to
what has previously been seen for phages infecting
Rheinheimera (Nilsson et al., 2019) and Flavobacterium
strains LMO6 and LMO9 (Nilsson et al., 2020), which
were all isolated from LMO. Within each phage popula-
tion, consisting of viruses infecting the same host, the
microdiversity did not shift throughout the experiment.
Instead, the proportions of different species remained
reasonably constant despite changes in abundance. This
contrasts previous investigations of viral population-level
diversity in response to environmental stressors in meso-
cosms, where the population diversity of Emiliania huxleyi
viruses decreased throughout the experiments (Schroeder
et al., 2003; Highfield et al., 2017). However, different
environmental factors affecting the dynamics of the
phototrophic E. huxleyi host populations and heterotro-
phic bacterial host populations respectively, might con-
tribute to explaining the different development in viral
diversity. Further investigations are needed to clarify how
environmental changes affect the diversity of phages
infecting particular host strains and how such effects
influence the diversity of whole populations.

Dynamics of the isolated phage taxa in the Baltic Sea

The relative abundance of the phages isolated from the
mesocosm experiment was followed at LMO in the Baltic
Sea in a time series from April 2012 to December 2014
by mapping viral metagenomes (<0.2 μm fraction) against

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 23, 4576–4594
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the genomes of elemoA_7-9A, immuto_2-6A and
barba_13-8A (Fig. 8A–C). The relative abundances are
given as ‘genome-wide average depth of mapped bases
per Gb of metagenome’ (e.g. compare Fig. 5 in Bischoff
et al., 2019), referred to as depth per Gb for simplicity.
This is equivalent to the also commonly used ‘bp
mapped per kb of genome per Mb of metagenome’
(e.g. compare Fig. 4 in Brum et al., 2015). Elemo-phages
were markedly more abundant than immuto- and barba-
phages, with a maximum depth per Gb of 25.8 in July
2013 compared to maximum 2.1 and 1.1 depth per Gb of
the latter respectively. The percentage of the genome
covered by mapped reads verifies their detection. Roux
et al. (2017) suggested to consider a viral genome
detected in a sample if more than 75% of it is covered by
metagenomic reads. Accordingly, both elemo- and
immuto-phages were detected in all seasons except for
winter, from which fewer samples were available. In com-
parison, the previously described phage genera Tant-

and Pippivirus isolated from LMO8 were not detected in
this time series, although they were isolated from the
same site (Nilsson et al., 2020). While the immuto-
phages showed a more erratic detection pattern, the
elemo-phages showed a seasonal pattern and were
detected each year during summer (Fig. 8; Table S9). To
put the observed relative abundances of elemo-phages
into context, the numbers can be compared to those
from previously published studies mapping marine
viral metagenomes against phage genomes (Brum
et al., 2015; Bischoff et al., 2019). For instance, the
majority of genomes assembled from Tara Ocean viral
metagenomes were found with relative abundances
between 1 and 10 depth per Gb when metagenomes
were mapped back to the assembled contigs (Brum
et al., 2015). Assuming that the genomes retrieved from
metagenome assembly represent the abundant phage
populations of a sample, this suggests that elemo-
phages detected at depth per Gb of up to 25.8 (Fig. 8A)

A

B

Fig. 7. Diversity of phages isolated
during the mesocosm experiment. All
genome-sequenced elemo-phages
isolated from Flavobacterium strain
BAL314 (A) and barba-phages iso-
lated from Rheinheimera strain
BAL341 (B) are shown. Each filled
rectangle represents a genome,
coloured according to the assigned
host species. Rows and columns indi-
cate the mesocosm from which it was
obtained and the timepoint of the sam-
pling respectively. [Color figure can be
viewed at wileyonlinelibrary.com]

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 23, 4576–4594
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represent an important part of the phage community at
LMO during the summer months in terms of abundance.
Despite clear detection of the phages, neither of the

three hosts showed >75% coverage in the available
metagenomes (0.2–3 μm size fraction) from March 2012
to December 2014 (Fig. 8A–C). The highest genome cov-
erage of BAL314 was only 39%, and the respective depth
per Gb was 0.15. Reducing the sequence identity thresh-
old of the mapping from 95% to 80%, which may roughly
correspond to genus-level detection, only increased the
maximum coverage to 54%, and the corresponding depth
per Gb to 0.34 (Table S10), thus, did not result in clear
detection either. LMO8 and BAL341 showed even lower
detection with the highest genome coverage of only 6%

and 21% respectively (Table S10). Despite the weak
detection of the hosts, associations between the relative
abundance of phage and host were apparent for all three
phage–host pairs (Fig. 8, Fig. S2). To get insights into the
time-lag of this predator–prey relationship, we correlated
host abundances at given time points with phage abun-
dances at later time points (Fig. S2). According to linear
regression analysis, a time lag of 7–13 days gave the best
correlation between the elemo-phage and BAL314, while
a time lag of 25–31 days was suggested between immuto-
and barba-phages and their respective hosts (Fig. 8D–F).
It should be noted, though, that the mentioned elemo-
BAL314 regression (Fig. 8D) is based on only five phage-
host abundance pairs, and none of the correlations for this

A

B

C

D

E

F

p
r2

p
r2

p
r2

Fig. 8. Detection of phages and their hosts in LMO metagenomes.
(A, B, C) Relative abundance is given as a genome-wide average depth of mapped reads per Gb of metagenome on the y-axis (phage—left,
host—right). The percentage of the genome covered by at least one mapped read is represented by the colour of each data point. The colour
scale, which is given in (A), is the same for all three graphs. Data points of samples with >75% genome coverage are highlighted by black
frames. The underlying data are given in Tables S9 and S10.
(D, E, F) Relative abundances of phages versus hosts at the time lag that resulted in the highest adjusted r2 in linear correlations (see Fig. S2).
Associated Spearman rank correlation coefficients are given above each graph. Note that these correlations only provide the first hint on possible
time lags between host and phage. Better host detection and shorter sampling intervals are necessary for reliable estimates. [Color figure can be
viewed at wileyonlinelibrary.com]
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Environmental Microbiology, 23, 4576–4594

4590 M. Hoetzinger et al.

 14622920, 2021, 8, D
ow

nloaded from
 https://sfam

journals.onlinelibrary.w
iley.com

/doi/10.1111/1462-2920.15651 by U
m

ea U
niversity, W

iley O
nline L

ibrary on [27/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


pair was supported by rank correlations (Fig. S2). The
obtained time lag for immuto-LMO8 (Fig. 8E) and barba-
BAL341 (Fig. 8F) is better supported, yet, shorter sampling
intervals and better detection of the host would be neces-
sary to assess time lags more accurately. However, the
results raise the suggestion that the phages might peak
up to a month after their host in nature, which contrasts
faster succession in mesocosms, where, e.g. barba-
phages that responded to agricultural river input were
clearly detected 1 week after nutrient addition (Fig. 2C).

The weak detection of the hosts is puzzling, given the
clear detection of the phages in the viral metagenomes and
especially the high relative abundances of elemo-phages. It
cannot be excluded that the principal hosts of these phages
in nature are distantly related to BAL314 and corresponding
reads were thus hardly recruited even by mapping with an
80% similarity threshold, although plaque assays did not
suggest a broad host range. Alternatively, host cells might
be predominantly particle associated and thus partly
removed in the 3.0 μm prefiltered metagenomes. In an
amplicon dataset (V3–V4 region of the 16S rRNA gene)
from LMO, the ASV with sequence identity to BAL314 and
LMO8 showed on average higher relative abundance in the
>3.0 μm compared to the 0.2–3.0 μm size fraction
(Table S11). Particle association and responsiveness to
phytoplankton blooms have been seen previously for vari-
ous Flavobacteriaceae (Pinhassi et al., 2004; Fandino
et al., 2005; Fern�andez-G�omez et al., 2013), and members
of this family are recognized degraders of high molecular
weight compounds, such as polysaccharides and peptides
(Teeling et al., 2012, 2016). Phytoplankton blooms in spring
and summer that recurred yearly from 2011 to 2014 at
LMO (Bunse et al., 2019) might have promoted
Flavobacterium host strain abundances and thus the recur-
ring viral abundance peaks. The elemo-phages showed
noticeable abundance between June and August in three
consecutive years (Fig. 8A; Table S9), and pronounced
peaks in summer 2013 concurring with distinct
cyanobacterial blooms (Bunse et al., 2019). The induced
phytoplankton blooms, or respectively the addition of
cyanobacterial lysate, seemed to promote elemo-phage
abundance also in the mesocosms (Fig. 2). Thus, these
phages may impact microbial succession during and after
phytoplankton blooms, e.g. by shunting compounds
degraded by their host to the dissolved organic matter pool
(Wilhelm and Suttle, 1999) and thereby enabling the rise of
other heterotrophic prokaryotes.

Conclusion

In this study, we genomically characterized isolated
phages from the Baltic Proper and traced abundances in
a mesocosm experiment and their natural environment.

Rheinheimera phages of the genus Barbavirus were pre-
viously shown to seasonally peak in abundance in the
Baltic Sea. These ‘phage blooms’ could be induced in
the mesocosm experiment by the addition of nutrient-rich
agricultural influenced river water. Near genome identity
of mesocosm isolates to previously isolated barba-
phages uncovered genomic consistency within this popu-
lation. In contrast to the almost identical phages obtained
in different years, we isolated phages on the
Flavobacterium strain LMO8 that represents a novel
genus (Immutovirus) without similarity to phages previ-
ously isolated on this particular host. The genomic fea-
tures of the immuto-phage provide novel insights on how
phages might modulate their hosts during infection
through cell surface modification and disclosed an addi-
tional phage genus that possesses a gene set coding for
synthesis of hypermodified nucleotides. Phages isolated
on Flavobacterium strain BAL314 represent another
novel genus (Elemovirus). The nutrient amended meso-
cosms revealed pronounced abundance dynamics of
these phages, while observed microdiversity was largely
maintained during the mesocosm experiment and across
different treatments. In their natural environment, the
observed seasonal reoccurrence of the elemo-phages
suggests a potential influence on microbial succession in
response to phytoplankton blooms. While fast responses
of increased phage abundances were noted in the meso-
cosms (within 9 days), metagenomic data from the Baltic
Sea hint at a time lag of up to 1 month between host and
phage dynamics. In summary, this study provides an
integral approach towards a better understanding of how
phages impact and are impacted by the recurrent sea-
sonal succession patterns in the Baltic Sea. However,
the bulk of phage–host interrelations in this ecosystem
remains uncharted and warrants further research.
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Šulčius, S., and Holmfeldt, K. (2016) Viruses of microorgan-
isms in the Baltic Sea: current state of research and per-
spectives. Mar Biol Res 12: 115–124.

Suttle, C.A. (1994) The significance of viruses to mortality in
aquatic microbial communities. Microb Ecol 28: 237–243.

Tatusov, R.L., Galperin, M.Y., Natale, D.A., and Koonin, E.V.
(2000) The COG database: a tool for genome-scale analy-
sis of protein functions and evolution. Nucleic Acids Res
28: 33–36.

Teeling, H., Fuchs, B.M., Becher, D., Klockow, C.,
Gardebrecht, A., Bennke, C.M., et al. (2012) Substrate-
controlled succession of marine bacterioplankton
populations induced by a phytoplankton bloom. Science
336: 608–611.

Teeling, H., Fuchs, B.M., Bennke, C.M., Krüger, K.,
Chafee, M., Kappelmann, L., et al. (2016) Recurring pat-
terns in bacterioplankton dynamics during coastal spring
algae blooms. Elife 5: e11888.

Turner, B., Burkhart, B.W., Weidenbach, K., Ross, R.,
Limbach, P.A., Schmitz, R.A., et al. (2020) Archaeosine
modification of archaeal tRNA: role in structural stabiliza-
tion. J Bacteriol 202: e00748-19.

Wang, X., Matuszek, Z., Huang, Y., Parisien, M., Dai, Q.,
Clark, W., et al. (2018) Queuosine modification protects
cognate tRNAs against ribonuclease cleavage. RNA 24:
1305–1313.

Wilhelm, S.W., and Suttle, C.A. (1999) Viruses and nutrient
cycles in the seaviruses play critical roles in the structure
and function of aquatic food webs. Bioscience 49:
781–788.

Zhao, Y., Temperton, B., Thrash, J.C., Schwalbach, M.S.,
Vergin, K.L., Landry, Z.C., et al. (2013) Abundant SAR11
viruses in the ocean. Nature 494: 357–360.

Zimmermann, L., Stephens, A., Nam, S.-Z., Rau, D.,
Kübler, J., Lozajic, M., et al. (2018) A completely
reimplemented MPI bioinformatics toolkit with a new
HHpred server at its core. J Mol Biol 430: 2237–2243.

Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Supporting Information S1. Supporting Information for
Environmental Microbiology.
Table S1. Plaque-forming units (PFU) per ml obtained during
the mesocosm experiment. 400 μl of mesocosm water were
used for each sample, thus, PFU ml�1 values can be frac-
tional numbers.
Table S2. Inter-genomic similarities among immuto- and
elemo-phages calculated using VIRIDIC.
Table S3. Inter-genomic similarities among barba-phages
calculated using VIRIDIC.
Table S4. Genome annotation of vB_FspM_immuto_2-6A.
Table S5. Genome annotation of vB_FspP_elemoA_7-9A.
Table S6. Accessory genome of the elemo-phages isolated
in this study.
Table S7. Genome annotation of vB_FspM_barba13-8A.
Table S8 Tape measure protein (TMP) and tail lengths of
various Sipho- and Myoviridae phages.
Table S9. Results from Bowtie2 mapping of LMO viral
metagenomes (<0.2 μm size fraction) against the genomes
of the phages elemoA_7-9A, immuto_2-6A, and
barba_13-8A.
Table S10. Results from Bowtie2 mapping of LMO
metagenomes (0.2–3 μm size fraction) against the genomes
of Flavobacterium strains BAL314 and LMO8 and
Rheinheimera strain BAL341.
Table S11. Detection of the amplicon sequence variant
(ASV) that comprises both Flavobacterium strains BAL314
and LMO8 in different filter size fractions of samples from
LMO surface water (2012–2015). The average relative abun-
dance of the ASV was higher in the >3 μm size fraction than
in the 3 μm prefiltered samples.

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 23, 4576–4594

4594 M. Hoetzinger et al.

 14622920, 2021, 8, D
ow

nloaded from
 https://sfam

journals.onlinelibrary.w
iley.com

/doi/10.1111/1462-2920.15651 by U
m

ea U
niversity, W

iley O
nline L

ibrary on [27/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	 Dynamics of Baltic Sea phages driven by environmental changes
	Introduction
	Experimental procedures
	Isolation of bacteria
	Isolation of phages
	Host range tests
	DNA extraction and genome sequencing of phages and hosts
	Morphological characterization of phages
	Genome assembly, annotation, and analysis
	Phylogenetics
	Inferring abundances of phages and their hosts in environmental samples
	Accession numbers

	Results and discussion
	Characteristics of the bacterial hosts
	Phage isolation
	Genomic relatedness and phylogeny of the isolated phages
	Phage-host specificity
	Genomic features of the isolated phages
	Phage morphology
	Dynamics of the phages in the mesocosms
	Host-specific diversity of the isolated phages in the mesocosms
	Dynamics of the isolated phage taxa in the Baltic Sea

	Conclusion
	Acknowledgements
	References


