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a  b  s  t  r  a  c  t

The  ubiquitous  alpha-proteobacteria  of the  order  “Candidatus  Pelagibacterales”  (SAR11)  are  highly  abun-
dant in  aquatic  environments,  and  among  them,  members  of the monophyletic  lineage  LD12  (also  known
as  SAR11  clade  IIIb)  are specifically  found  in  lacustrine  ecosystems.  Clade  IIIb  bacteria  are  some  of  the
most prominent  members  of freshwater  environments,  but  little  is  known  about  their  biology  due  to  the
lack of  genome  representatives.  Only  recently,  the first non-marine  isolate  was  cultured  and  described
as  “Candidatus  Fonsibacter  ubiquis”.  Here,  we  expand  the  collection  of  freshwater  IIIb  representatives
and  describe  a new  IIIb species  of  the  genus  “Ca.  Fonsibacter”.  Specifically,  we  assembled  a  collection
of  67  freshwater  metagenomic  datasets  from  the  interconnected  lakes  of  the  Chattahoochee  River  basin
(GA,  USA)  and  obtained  nearly  complete  metagenome-assembled  genomes  (MAGs)  representing  5  dis-
tinct IIIb  subclades,  roughly  equivalent  to species  based  on  genomic  standards,  including  the  previously
described  “Ca.  F. ubiquis”.  Genomic  comparisons  between  members  of the  IIIb  species  revealed  high  sim-

ilarity  in  gene  content.  However,  when  comparing  their  abundance  profiles  in the  Chattahoochee  basin
and  various  aquatic  environments,  differences  in  temporal  and  spatial  distributions  among  the  distinct
species  were  observed  implying  niche  differentiation  might  be underlying  the  coexistence  of  the  highly
functionally  similar  representatives.  The  name  Ca.  Fonsibacter  lacus  sp.  nov.  is  proposed  for  the  most
abundant  and  widespread  species  in  the  Chattahoochee  River  basin and various  freshwater  ecosystems.

©  2019  Elsevier  GmbH.  All  rights  reserved.
ntroduction

Bacteria of the order “Ca. Pelagibacterales”, commonly referred
o as SAR11, comprise the most abundant microbial group in
ceans with an estimated population size of 1028 cells [30]. Mem-
ers of the marine SAR11 belong to diverse bacterial lineages (or
lades) and can occupy different environmental niches exhibiting

istinct abundance profiles in correlation with various environ-
ental parameters, such as, depth in the water column, salinity,

nd seasonality [1,11,59,60]. SAR11 clade IIIb (also known as

∗ Corresponding author at: School of Civil and Environmental Engineering, and
chool of Biology, Georgia Institute of Technology, 311 Ferst Dr., Atlanta, GA 30332-
512, United States.

E-mail address: kostas@ce.gatech.edu (K.T. Konstantinidis).
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ttps://doi.org/10.1016/j.syapm.2019.03.007
723-2020/© 2019 Elsevier GmbH. All rights reserved.
LD12) represents the only lineage with members strictly adapted
to freshwater environments and not found in marine systems
[29]. Representatives from other lineages are also found in lacus-
trine environments. For example, SAR11 metagenomic assembled
genomes (MAGs) from other (non-IIIb) clades have been recov-
ered from Lake Baikal, Siberia, Russia [2], Lake Qinghai, Qinghai,
China [34], and estuarine or brackish ecosystems with intermedi-
ate salinity [20]. However, unlike these other clades, SAR11 bacteria
of the IIIb clade are globally and exclusively distributed in freshwa-
ter environments [32], where they are among the most dominant
members, making up to 20% of the lacustrine bacterial communities
[16,49].

Our current knowledge on the metabolic adaptations of fresh-

water SAR11 bacteria mostly stems from a handful of studies
employing culture-independent techniques. Tracer isotope exper-
iments have confirmed that the clade IIIb members are aerobic

https://doi.org/10.1016/j.syapm.2019.03.007
http://www.sciencedirect.com/science/journal/07232020
http://www.elsevier.com/locate/syapm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.syapm.2019.03.007&domain=pdf
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eterotrophic bacteria like the majority of their seawater coun-
erparts [49]. The limited number of freshwater SAR11 genomes
ublicly available up to date (n = 13) have been recovered from
nly a few studies employing culture-independent techniques,
ncluding metagenomic genome binning [8,12] and single-cell
enomics [11,64]. The only available isolate representing clade
IIb was recently obtained from Lake Borgne, LA, USA, a coastal
agoon of the Gulf of Mexico [17]. Genomic and experimental
ata from these previous studies such as, the acquisition of the
mbden–Meyerhof–Parnas glycolysis pathway (EPM), the presence
f a complete glyoxylate shunt, differentiated C1 metabolism, and

 general trend towards de novo synthesis rather than uptake of
any important amino acids, osmolytes, and other compounds in
ost marine clades (reviewed in Ref. [11]) have provided critical

nsights into the genomic adaptations of clade IIIb representatives
ompared to their marine relatives. However, due to the limited
umber of available genomes, little is known about the universal-

ty of the functional traits among different freshwater ecosystems
nd the genomic diversity between freshwater SAR11 populations.

Here, we expand the collection of SAR11 clade IIIb MAGs, and
escribe the functional differences and geographic distributions of
ve distinct subclades of clade IIIb (genomospecies). We  leveraged

 large collection of freshwater datasets obtained from intercon-
ected lakes along the Chattahoochee River in the Southeast USA
nd a newly developed iterative assembling and binning approach
esulting in the identification of 67 “Ca. Pelagibacterales” partial
AGs. We  describe commonalities and differences in gene content

mong the subclades represented by these MAGs and the spatial
nd temporal dynamics that differentiate them from “Ca. Fonsi-
acter ubiquis”.

aterials and methods

ample acquisition and processing

Water samples (20 L) were collected using a horizontal sam-
ler (Wildco Instruments) from the epilimnion (typically 3–5 m
epth) of Lakes Lanier (GA), West Point (GA/AL), Harding (GA/AL),
ufaula (GA/AL), and Seminole (GA/FL), and two locations in the
palachicola estuary off the coasts of Apalachicola Bay and East
oint (Florida, USA). The northernmost lake closest to the river
asin source, Lake Lanier, has been sampled nearly bimonthly for
ix years, while the other locations were sampled for five years
uring late August or early September. The final sample collection
onsists of 67 samples (Fig. S1), including 36 samples from Lake
anier and 31 samples from the downstream lakes and estuaries.
ll samples were immediately stored at 4 ◦C and processed typi-
ally within 1–4 h, and no more than a day post-collection. Water
as sequentially filtered with a peristaltic pump through 2.0 AP20
lass fiber filters (Millipore) �m and 1.6 �m GF/A filters (What-
an), to exclude large particles and eukaryotic cells, and cells were

aptured on 0.2 �m Sterivex filters (Millipore). Thus, all sequenced
etagenomes represent the 1.6−0.2 �m cell size fraction. Filters
ere preserved at −80 ◦C until used for extraction.

NA extraction and sequencing

DNA extraction was performed as previously described [7] with
inor modifications. Briefly, frozen filters were placed in micro-

entrifuge tubes with lysis buffer (50 mM Tris−HCl pH 8.3, 40 mM
DTA, and 0.75 M sucrose) and 1 mg/ml  lysozyme and incubated

t 37 ◦C for 30 min. Reactions were subsequently incubated with
% SDS, 10 mg/ml  proteinase K, and 150 �g/ml RNase for 4 h at
5 ◦C in a rotating hybridization oven. DNA was isolated from lysate
sing phenol and chloroform extraction, precipitated with ethanol,
d Microbiology 42 (2019) 495–505

and eluted in Tris-EDTA (TE) buffer. On average, DNA yield was
1.7 �g per liter of water filtered. One nanogram of DNA was used
to prepare sequencing libraries using the Nextera XT Kit described
by the manufacturer (Illumina). Equimolar concentrations of sam-
ple libraries were sequenced using Illumina GA II, HiSeq, or MiSeq
following manufacturer’s protocols (Supplementary Table S1).

Quality control of metagenomic datasets

All sequenced metagenomic datasets were subjected to qual-
ity control and those not passing minimum requirements (see
below) were re-sequenced (n = 3). Sequencing reads were trimmed
using SolexaQA++ [6] with minimum PHRED quality score of 20
and minimum fragment length of 50 bp, and clipped to remove
residual sequencing adaptor contamination (if any) using Scythe
(https://github.com/vsbuffalo/scythe). Read redundancy analysis
using Nonpareil (v. 2.4) [43] was applied to estimate abundance
weighted average coverage of each metagenome, i.e., the percent-
age of total extracted community DNA that was  sequenced for
each metagenomic dataset. A minimum 50% achieved coverage
estimated with Nonpareil and 1Gb total size were required for all
datasets in this study; otherwise, samples were re-sequenced.

Recovery of metagenomic assembled genomes (MAGs)

MAGs were recovered by applying an iterative binning method-
ology. Briefly, an initial set of MAGs (termed LLD) was obtained
using only 27 metagenomic datasets derived from Lake Lanier
(2009–2014) and a single co-assembly generated by IDBA-UD [38]
and MetaBAT for the population genome binning step with default
settings [23]. Next, metagenomic datasets from all samples were
grouped based on MASH distances of whole metagenomes (MASH
v1.0.2, sketch size 10,000) [35] using the Markov Clustering algo-
rithm (MCL v14-137, MASH distances < 0.07) [13] as implemented
in ogs.mcl.rb from the enveomics collection (Inflation of 1.5) [44].
The obtained groups of metagenomes were next co-assembled
and, in some cases for groups over 20 Gbp in total size, also sub-
sampled at various sizes and then co-assembled. Assemblies were
generated with IDBA-UD (IDBA v1.1.1, default parameters) [38].
All assemblies were independently binned using MaxBin (v2.1.1,
default parameters; MaxBin was  used to complement MataBAT
from the first binning step) [63], and the resulting MAGs (termed
WB)  were evaluated using MiGA (v0.3.1.4) [42] and CheckM [37] to
estimate genome completeness and contamination. High-quality
genomes were defined as those with genome quality (complete-
ness − 5 × contamination) above 50. All high-quality bins were
combined in a single collection. Each metagenomic dataset was
mapped to this collection using Bowtie2 (v2.3.2, default param-
eters) [27] and unmapped reads were extracted using Samtools
(v1.0) [28]. The entire process was  repeated on unmapped reads
iteratively until <1% gain in mapped reads was reached (9 itera-
tions).

Identification and phylogenetic characterization of SAR11 MAGs

MAGs that were classified within the “Ca. Pelagibacterales”
order using the MiGA taxonomic classifier [42] against NCBI Prok
were selected for further phylogenetic reconstructions and addi-
tional quality control using CheckM (v1.0.3) [37] (Table S2). All
MAGs as well as selected SAR11 reference genomes (Table S3)
were processed using MiGA, including universal gene detection.
Briefly, genes were predicted using Prodigal (v2.6.1, single-genome

mode) [21] and universal marker genes, found in single copy in
almost all bacterial genomes (n = 106), were identified using Hid-
den Markov models and HMMER3 (v3.1b1; http://hmmer.janelia.
org/) with default settings and the recommended cutoff [9], as

https://github.com/vsbuffalo/scythe
https://github.com/vsbuffalo/scythe
https://github.com/vsbuffalo/scythe
https://github.com/vsbuffalo/scythe
https://github.com/vsbuffalo/scythe
http://hmmer.janelia.org/
http://hmmer.janelia.org/
http://hmmer.janelia.org/
http://hmmer.janelia.org/
http://hmmer.janelia.org/
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mplemented in the script HMM.essential.rb from the enveomics
ollection. Alignments for each of the 106 identified single copy
enes were constructed with Clustal Omega (v1.2.1) [52] and
oncatenated using the script Aln.cat.rb from the enveomics col-
ection, which removes the invariable sites and maintains protein
oordinates. Maximum likelihood phylogeny was  built from the
oncatenated alignment using RAxML, with 1,000 bootstraps and
he PROTGAMMAAUTO function which identifies the best amino
cid substitution model for each protein. MAGs were subsequently
ssigned to SAR11 subclades in accordance with the previously
ublished subclade nomenclature [56,59].

Average Nucleotide Identity (ANI) for all SAR11 MAG  pairs was
stimated as described previously [25] using the ani.rb script from
he enveomics collection. Species-level clusters were identified
y MiGA using the Markov Clustering algorithm (MCL) as imple-
ented in ogs.mcl.rb from the enveomics collection in order to

dentify clusters of genomes with ANI ≥ 95%, hereafter termed “PEL”
enomospecies. It has previously been shown that a value of 95%
NI is a good proxy to group genomes into the same species, with
n accuracy of 99.8% when applied to genomes of named bacterial
pecies [22,45]. Genome representatives from each identified PEL
pecies were selected based on the highest genome quality score
completeness − 5 × contamination) for subsequent analysis. Aver-
ge Amino Acid Identities (AAI) were estimated using the aai.rb
cript from the enveomics collection for each PEL genome and
elected genome representatives from each of the SAR11 clades.
he resulting AAI matrix was used to confirm the SAR11 clade
lassification that was obtained based on the phylogenetic recon-
tructions.

6S ribosomal RNA gene identification, phylogeny, and
lassification

16S ribosomal RNA (rRNA) sequences were identified in the
AGs using RNAmmer (v. 1.2) [26] and their taxonomy was con-

rmed using the RDP classifier [61]. Recovered and previously
eported SAR11 representative sequences [17,59] were aligned
sing the SINA aligner server (v. 1.2.11) [40]. The 16S rRNA gene
hylogenetic tree was reconstructed using RAxML (v. 8.2.11) with

 GTRGAMMAI model and 1000 bootstraps [54].

ssessing spatial and temporal abundance distributions

The abundance of each genomospecies in the Chattahoochee
atasets (Table S1) and representative aquatic metagenomic
atasets (Table S4) was estimated based on competitive read map-
ing. First, a non-redundant database of representative genomes
as constructed which included all MAGs identified from the Chat-

ahoochee River datasets, as well as publically available SAR11
enomes representing all known clades (Table S3). The genome
atabase was clustered with ANI > 95% (to identify genomospecies),
nd only one representative genome per cluster was retained to
liminate redundancy. When no isolate genome was available for

 genomospecies, the representative genome was chosen based
n the best genome quality of available MAGs or SAGs. Quality-
rimmed reads were mapped against the non-redundant genome
atabase using Bowtie2 (v2.3.2, default parameters) [27]. For each
etagenomic dataset, the sequencing depth of all contigs was esti-
ated per base with bedtools genomecov (v2.25, using – bga) [41].

he 80% central truncated average of the sequencing depth of all
ases on each genome (truncated average sequencing depth, TAD)
as then estimated using BedGraph.tad.rb from the enveomics
ollection. The TAD is estimated by removing the top-10% and
ottom-10% positions of per base sequencing coverage in each
enome in order to correct for expected sequencing depth biases
rom highly conserved regions or contig edges and intra-species
d Microbiology 42 (2019) 495–505 497

gene content diversity, respectively. The corrected sequencing
depth was finally used to calculate the relative abundance of each
representative genome (equivalent to genomospecies) over the
total bacterial fraction in each metagenome by dividing the cor-
rected sequencing depth by the sequencing depth of the rpoB gene.
The rpoB sequencing depth was estimated using ROCker (v1.1.12,
default parameters, model generated on June/2015) which includes
a manually curated rpoB database and bit-score thresholds per gene
position for read mapping [36]. Finally, the presence of a genome
within a given metagenomic dataset was identified as any non-
zero TAD values, which equates to a minimum of 10% sequencing
breadth coverage for each genome, a threshold that has been pre-
viously described to accurately indicate presence of a species in a
metagenome [5].

Seasonality of SAR11 genomospecies was evaluated on 2 col-
lections of time series datasets: 32 metagenomes from Lake Lanier
and 92 metagenomes from Lake Mendota, representing five and
four-year collections, respectively. Seasonality was evaluated for
each representative SAR11 genome using smoothing cubic splines
of log-transformed abundance by sampling date (ignoring year). In
order to implement the cyclic nature of the data into the spline
analysis, all the abundances were used in triplicate with sam-
pling dates in tandem; i.e., with sampling times in radians in the
ranges [−2�, 0], [0, 2�], and [2�, 4�]. Only the central fragment
of the splines was  used in the range [0, 2�]. Seasonal genomo-
species were considered those species with Pearson’s correlation
index between spline-derived abundance (predicted abundance)
and observed abundance above 0.5 (p-value 0.0016).

Functional annotations and genome comparisons

Genes were predicted in all analyzed genomes using Prodigal
(v2.6.1, default parameters)

[21] within the MIGA pipeline [42]. Functional annotations for
each genome were performed using blastp searches (score >60
bits, similarity >40%) against UniProt [62] and against Cluster of
Orthologous Groups of proteins (COGs) using the eggnog-mapper
and the eggnog database version 4.5 [19]. In order to identify
unique and common gene content between PEL1 and PEL2 (“Ca.
Fonsibacter ubiquis”) genomospecies, a core gene set within each
genomospecies was first identified by analyzing all MAGs of the
genomospecies (n = 17 for PEL1 and n = 16 for PEL2). Due to the
partial nature of the MAGs and in order to eliminate potential con-
tamination biases, the species core genes were defined as those
genes that were found in at least two of the MAGs of each species.
The orthologous genes among MAGs were identified by pairwise
reciprocal best matches (RBM) and grouped with the Markov
Clustering algorithm (MCL v14-137) [13] using bit-score as RBM
weights as implemented in the rbm.rb and ogs.mcl.rb scripts from
the enveomics collection [44]. Genes present in the isolate genome
of “Ca. F. ubiquis” were considered part of the consensus genome
of the PEL2 genomospecies. Genes of potential phage origin were
identified by evaluating each MAG  contig with Virsorter [48].

Fluorescence in situ hybridization

Samples for FISH were collected and preserved using previously
described protocols [14,49,51]. Briefly, water samples from Lake
Lanier collected in early December 2018 were selected for FISH, as
the metagenomic profiles indicated increased abundance of SAR11
cells during winter. Samples were immediately fixed in the field

with formaldehyde at 2% final concentration and stored at 4 ◦C for
24 h. Aliquots of 3 mL  were vacuum filtered onto 0.22 �m 25 mm
diameter hydrophilic polycarbonate membrane filters (Millipore,
GTTP02500), with the addition of excess 1X PBS to remove any trace
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Table  1
Genome statistics of the recovered SAR11 MAGs from the Chattahoochee River. The recovered SAR11 MAGs represent eight distinct species as defined based on ANI genome
comparisons (ANI > 95%). In total, 45 SAR11 MAGs were recovered by our iterative binning pipeline representing 3 major SAR11 clades.

Pelagibacterales species # of recovered MAGs Maximum completeness (%) Average completeness (%) Clade Primary habitata

PEL1 17 84 73 IIIb Lakes
PEL2  16 84 79 IIIb Lakes
PEL3  2 57 64 IIIb Lakes
PEL4  2 56 61 IIIb Lakes
PEL5  2 70.5 71 IIIb Lakes
PEL6  2 66 69 Ia Estuaries/marine
PEL7  2 65 68 IIIa Estuaries
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a As defined by the biogeographic distribution analysis depicted in Fig. 3.

f formaldehyde. Filters were placed in glass Petri dishes for 1 h to
ry, and then placed at −20 ◦C until further processing.

Each filter was subsequently labeled with catalyzed reporter
eposition-fluorescence in situ hybridization (CARD-FISH) [39,49].
irst, filters were embedded in 0.2% low gelling point agarose and
ried at 35 ◦C for 30 min, and subsequently incubated in lysozyme
olution [10 mg/mL  lysozyme, 0.05 M EDTA (pH 8.0), 0.1 M Tris−HCl
pH 7.4)] for 60 min  at 37 ◦C under low agitation. Next the filters
ere washed three times in excess MilliQ H2O and incubated in

.01 M HCl for 10 min  to inactivate endogenous peroxidases. In situ
ybridizations were performed with a specific 5′ HRP-labeled probe
esigned for subclade IIIb (LD12) (5′-CACAAGGCAGATTCCCACAT-
′; Integrated DNA Technologies, Iowa, USA) [49]. The hybridization
uffer contained 20 mM Tris−HCl (pH 7.4), 0.9 M NaCl, 10% dex-
ran sulfate (wt/vol), 35% (vol/vol) formamide, 1% blocking reagent
Roche, Germany) and 0.01% (wt/vol) SDS. A custom hybridization
hamber was built using hermetically sealable container with tis-
ue paper soaked with the hybridization buffer (35% formamide).
he filters were soaked in 100 �L hybridization buffer and 1 �L
robe (50 ng/�L) and placed in a parafilm covered petri dish

nside the hybridization chamber. The chamber was incubated in
 hybridization oven at 35 ◦C for 3 h as previously reported and
alculated using MathFISH (http://mathfish.cee.wisc.edu/). After
ncubation, filters were transferred to 50 mL  or pre-warmed wash
uffer (20 mM Tris–HCl (pH 7.4), 80 mM NaCl, 5 mM EDTA (pH 8.0),
.02% (wt/vol) SDS), and incubated at 37 ◦C for 10 min. After the
ashing process, the labeled filters were transferred to 50 mL  1X

BS, and incubated for 15 min  at room temperature. The hybridiza-
ion chamber, with tissue paper soaked with MilliQ H2O, was
repared for the amplification step. Filters were dabbed on tissue
aper to remove excess PBS and placed on a parafilm-covered petri
ish inside the hybridization chamber. Once in the chamber, 100 �L
f the amplification mix  were added to each filter and incubated at
7 ◦C for 45 min  in the dark. The amplification mix  consisted of the
mplification buffer (1X PBS (pH 7.6), 0.1% blocking reagent, 2 M
aCl, 10% (wt/vol) dextran sulfate), mixed with a 0.15% (vol/vol)
2O2 solution at a 100:1 ratio. The substrate mix  included 4 parts
f Alexa Fluor 488-labelled tyramide and 1000 parts of the ampli-
cation mix. The filters were then transferred to 50 mL  1X PBS,

ncubated for 7 min  at room temperature in darkness and washed
hree times in excess MilliQ H2O, twice in 96% ethanol at room
emperature in the dark and then air-dried. DAPI staining was  per-
ormed using a 0.2 ug/mL DAPI solution, followed by washing in

illiQ H2O and in 100% ethanol. Finally, the filters were air dried
in darkness) and the slide viewed with a Zeiss confocal epifluores-
ence microscope using DAPI (Zeiss filter set 49) and GFP (Filter set
1012, Chroma, USA) filters.
ata availability

High-quality MAGs produced in this study (Table S2), dis-
ances, and other taxonomic analyses are available at http://
72 Ia Estuaries/marine

microbial-genomes.org/projects/WB binsHQ. Assembled genomes
were also deposited in the NCBI GenBank database under BioProject
PRJNA495371. All metagenomic datasets from the Chattahoochee
riverine ecosystem that were used in this study (Table S1)
are available in the NCBI SRA database as part of the BioPro-
jects PRJNA214105 (BioSamples SAMN02302271, SAMN02302272,
SAMN02302397, and SAMN02302398) and PRJNA497294 (all
BioSamples).

Results and discussion

Sequencing, metagenome assembly, and binning of freshwater
SAR11

Sequenced metagenomes (average size of 3.35 Gb, Supplemen-
tary Table S1) resulted in an abundance-weighted average coverage
between 60% and 89% of the sampled microbial communities
(average: 75.9%, n: 68; meaning 75.9% of the extracted DNA was
sequenced and 1 dataset discarded due to low coverage) as deter-
mined by Nonpareil, which is typically adequate coverage for
assembly and genome binning [43]. Subtractive iterative binning
resulted in a total of 1126 high-quality MAGs with an average
length of 1.97 Mbp  (Inter-Quartile Range–IQR–: 1.2–2.5 Mbp) and
an average N50 of 10.8 Kbp (IQR: 3.6–11.4 Kbp). We  selected a sub-
set of 45 MAGs classified in the order “Ca. Pelagibacterales”, with
an average length of 769 Kbp (IQR: 710–805 Kbp) and an aver-
age N50 of 4.8 Kbp (IQR: 4.1–5.6 Kbp). These MAGs were clustered
in eight groups with inter-group ANI < 95% (PEL genomospecies)
(Table 1 and Fig. 1), and the genome sequence with the highest
quality of each group was  selected as a representative (Table S2).
Representative genomes had an average length of 831 Kbp (IQR:
751–898 Kbp) with estimated completeness ranging between 51%
and 87.7% (average: 73.6%) and estimated contamination between
0% and 2.7% (average: 1.0%). Among the PEL species, PEL1 and
PEL2 were the most frequently represented in the MAG  collection
(n = 17 and 16, respectively), and they also had the most complete
genomes, with representative genomes showing >81% complete-
ness and <1.2% contamination (Table S2). The iterative subtractive
binning methodology implemented here was meant to capture
MAGs with a wide range of abundance and intra-population diver-
sity, in order to reduce the bias towards more abundant clonal
populations. However, the use of co-assemblies could also increase
the rate of chimerism in the genomes. In order to evaluate the
potential increase in chimerism by the co-assembly strategy imple-
mented here, we also targeted the reconstruction of PEL1 genomes
from a single metagenomic sample. We  subsampled the dataset
with the highest abundance of this genomospecies at 2%, 5%, and
10% (LL 1011A; Suppl Fig S3) and assembled and binned these sub-

samples using the entire dataset for abundance estimation. This
resulted in no bins from the 2% sample, and only two bins from each
of the other samples, two of which had a high similarity to PEL1:
LL 1011A x005 001 (from the 5% sample) and LL 1011A x010 001

http://mathfish.cee.wisc.edu/
http://mathfish.cee.wisc.edu/
http://mathfish.cee.wisc.edu/
http://mathfish.cee.wisc.edu/
http://mathfish.cee.wisc.edu/
http://mathfish.cee.wisc.edu/
http://microbial-genomes.org/projects/WB_binsHQ
http://microbial-genomes.org/projects/WB_binsHQ
http://microbial-genomes.org/projects/WB_binsHQ
http://microbial-genomes.org/projects/WB_binsHQ
http://microbial-genomes.org/projects/WB_binsHQ
http://microbial-genomes.org/projects/WB_binsHQ
http://microbial-genomes.org/projects/WB_binsHQ
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Fig. 1. (A) Phylogenetic reconstruction of recovered freshwater SAR11 MAGs in relation to publicly available SAR11 genomes and MAGs based on the concatenated alignment of
106  single-copy housekeeping genes. The recovered SAR11 MAGs from the Chattahoochee ecosystem are shown in bold (one representative genome for each genomospecies).
(B)  Phylogeny based on 16S rRNA gene sequences indicating the placement of the PEL1 genomospecies recovered from the Chattahoochee River within the freshwater IIIb
clade  (LD12). MAGs with a 16S rRNA gene were only recovered for the PEL1 group; the remaining MAGs had 16S rRNA gene sequences too similar to PEL1 16S rRNA sequences
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enome; MAG: Metagenome-Assembled Genome.

from the 10% sample). The former had a very low completeness as
stimated by MiGA (47.7%) and was therefore discarded for further
nalyses. The latter had a total length of 2.2 Mbp in 669 contigs
N50: 5012 bp), and an estimated completeness of 84.7%. How-
ver, it had an estimated contamination of 21.6% (genome quality:
23.3), indicating that for this group the chimerism introduced
y the combination of alpha diversity and lack of co-abundance
ata is much greater than the effect of gamma  diversity alone. The
ost similar genome to LL 1011A x010 001 in our collection was
B7  1B 004, with 98.87% ANI over 76% of the genome.

enetic diversity of “Ca. Pelagibacterales” MAGs

We  subsequently compared the identified eight genomospecies
ith 60 previously described SAR11 genomes originating from

arious environments and representing all known lineages (Table
3). ANI clustering at 95% identity resulted in 62 total genomo-
pecies, i.e., most described SAR11 genomes represent a distinct
pecies based on this ANI threshold. Among the eight PEL groups,
nly two were classified within the same species with previously
escribed genomes, i.e., PEL2 and PEL3 with Ca Fonsibacter ubiquis

17] and the single amplified genome SAG ATTC01 isolated from
ake Damariscotta [64], respectively, while the rest represented
ew species at the 95% ANI threshold. Five genomospecies (PEL1-5)
ere phylogenetically classified within the freshwater clade IIIb,
 specificity of the FISH probe used to identify freshwater SAR11 cells. In both trees
sed on the origin of each organism: G: isolate genome; SAG: Single-cell Amplified

one within the clade IIIa (PEL7), and two  were deep branching
lineages within the clade Ia (PEL6 and PEL8).

Phylogenetic reconstructions based on 16S rRNA could not
resolve the clade IIIb members into distinct species (Fig. 1b), i.e.
most members showed 16S rRNA identity >98.5%, a typical thresh-
old to define OTUs (operational taxonomic units) and often species.
Nevertheless, phylogenetic analysis of single copy marker genes
(Fig. 1a), as well as pairwise AAI genomic comparisons (Fig. 2) of the
available SAR11 genomes reflected the ANI clustering and genomo-
species definition, further corroborating that the freshwater clade
(as most other SAR11 clades) are represented by multiple distinct
species. While ANI comparisons can adequately represent genetic
relatedness of closely related groups, AAI comparisons provide
extended dynamic range when comparing more distantly related
genomes, i.e. representatives of the same genera or families [45].
Indeed AAI pairwise comparisons of the available SAR11 genomes
(Fig. 2) revealed that the entire IIIb clade could be considered a
single genus “Ca. Fonsibacter” (AAI > 82% among genomospecies
of clade IIIb), designated based on the only available isolate up
to date [17]. Six freshwater genomospecies were captured for the
first time by our collection and represented distinct species from

all previously recovered clade IIIb genomes, including SAGs from
lakes Damariscotta (MN, USA), Mendota, and Sparkling (WI, USA)
[11,24] and the “Ca. F. ubiquis” LSUCC0530T isolate recovered from
the brackish water lagoon Lake Borgne [17].
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ecovered from the Chattahoochee interconnected lakes are designated based on t
heir  phylogenetic clade classification from Fig. 1. Note that all genomes of the clad

Among the clade IIIb species, PEL1 (n = 17, representative
enome: WB8  6 001) was the most abundant and broadly dis-
ributed group in our samples (Figs. 3 and 4), and represented

 deeply branching lineage within the clade IIIb. No reference
enomes have been previously identified for this group (with

NI > 95%). The closest match among reference genomes was SAG
TTC01 from Lake Damariscotta (ANI: 88.5%, AAI: 89.1%), likely a
ember of genomospecies PEL3.
Pelagibacterales” MAGs with previously reported representative genomes. MAGs
rresponding genomospecies (PEL1-8) and all genomes are color-labeled based on

show AAI > 82% among them thus, could be classified within the same genus.

The group PEL2 (n = 16, representative genome: WB7  2xF 001)
clustered in the same genomospecies with the only available iso-
late up to date “Ca. F. ubiquis” LSUCC0530T (ANI: 98.1%, AAI: 97.2%).
Importantly, the description of the genus “Fonsibacter” and the
species “Fonsibacter ubiquis” were proposed to be included in the

category Candidatus [17]. However, the description does not con-
form to the rules for the category Candidatus as adopted by the
International Committee on Systematics of Prokaryotes (ICSP), stat-
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Fig. 3. Biogeographic distribution of “Ca. Pelagibacterales” genomospecies across various environmental habitats. The presence of each MAG  in a given metagenomic dataset
was  defined by a non-zero TAD value (truncated average sequencing depth, see Section Materials and methods). The left upper panel represents the summary of the
metagenomic datasets evaluated for the presence of SAR11 species, which included the 67 freshwater samples from the Chattahoochee River ecosystem obtained in this
study  (Table S1) and representative metagenomes from various other habitats (Table S4). The left lower panel shows the distribution of TAD values for the SAR11 species
evaluated here (n = 62 genomospecies). The right panel shows the presence/absence of each genomospecies in all metagenome assessed. Ch LL: Lake Lanier datasets, Ch OL:
Other  Lakes on Chattahoochee, Ch E: Estuaries of the Chattahoochee River, GOM: Nine surface water samples from the Gulf of Mexico, OMZ: 44 samples from the oxygen
minimum zone of the ETNP, TARA: 125 marine samples from the TARA expedition.

Fig. 4. Temporal dynamics of “Ca. Fonsibacter” PEL1-5 genomospecies in Lake Lanier. Predicted abundance of each genomospecies is shown as a percentage over the total
b c scale
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acteria  in a stacked abundance plot (A) or separately for each species in logarithmi
f  the low abundance members. Zeroes are indicated in a shaded band. Species that 

or  the two low-abundance members shown in dashed lines. The underlying season

ng that the Candidatus category is reserved for well-characterized
ut as-yet uncultured organisms [53]. Therefore, the availability of
he cultured strain LSUCC0530 precludes inclusion in this category.
owever, we maintained the designation Candidatus throughout

his manuscript in order to conform to the original publication and
o highlight the provisional status of the name.

The closest relative of the PEL3 representative genome
WB5 1B 032) among reference genomes was SAG ATTC01 (ANI:
5.9%, AAI: 92.4%), within the same genomospecies as defined by
NI > 95%. The PEL3 genomospecies is equivalent to the micro-
luster C lineage of clade IIIb (Fig. 1a), described previously
or the collection of the freshwater SAR11 SAGs from lakes
amariscotta, Mendota and Sparkling [64]. No closely-matching
eference genomes were identified for the remaining two  fresh-
ater genomospecies PEL4 (best match: SAG ATTB01, AAI: 88.6%)

r PEL5 (best match: SAG AQUF01, AAI: 87.1%).
 (B). Logarithmic scale was used in order to more efficiently visualize the dynamics
dentified to be seasonal are shown with solid lines. No seasonality could be verified
del that was used to predict the abundances is shown in Fig. S3.

Additionally, the recovered SAR11 MAGs included an additional
three genomospecies classified outside the clade IIIb with AAI < 61%
to “Ca. F. ubiquis” LSUCC0530T, possibly representing two genera
yet to be described. Two  of those genomospecies (PEL6 and PEL8)
are classified within the clade Ia and their closest relative among
previously available genomes or SAGs is “Ca. P. ubique” HTCC9022
(AAI: 79.0% and 77.5%, respectively). While traditionally consid-
ered a marine clade, clade I was recently recognized to encompass
genomes from various environments, including a freshwater rep-
resentative that was identified in metagenomic datasets from Lake
Baikal in Russia [2]. As detailed below, PEL6 and PEL8 are most
likely marine water representatives recovered from our estuarine
metagenomes, based on their abundance distributions across the

Chattahoochee riverine system.

Finally, two of the identified SAR11 MAGs were classified within
clade IIIa (genomospecies PEL7), and their closest relative was “Ca.
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elagibacter sp.” IMCC9063 (AAI: 74.5%) isolated from the coastal
aters of Svaldbard, Norway [33]. A sister clade to IIIb, clade IIIa

onsists of brackish/estuarine water representatives (Fig. 1a), as
ell as a freshwater MAG  isolated from Lake Qinghai, China [34].
ased on their environmental distribution described below, PEL7
epresentatives most likely represent a species adapted to interme-
iate salinity waters (coastal, brackish) and not found to be highly
bundant in marine environments.

In summary, we present here a total of 45 “Ca. Pelagibac-
erales” MAGs from 8 genomospecies, including a group belonging
o the same species as the recently obtained freshwater isolate
Ca. F. ubiquis” (PEL2) recovered from the Lake Damariscotta
PEL3), 3 novel freshwater groups (PEL1, PEL4, and PEL5), and
hree novel estuarine/marine groups probably belonging to as
et-undescribed genera (PEL6, PEL7, and PEL8). All freshwater
enomospecies representatives (PEL1-5) have AAI > 85% with “Ca.
. ubiquis” LSUCC0530T, indicating they all belong to a single genus
“Ca. Fonsibacter”).

nvironmental distribution of identified “Ca. Pelagibacterales”
enomospecies

The eight “Ca. Pelagibacterales” species recovered from the
hattahoochee riverine ecosystem exhibited similar but distinct
iogeographic and temporal patterns. We  first evaluated the pres-
nce of each genomospecies along the interconnected lakes of the
hattahoochee ecosystem, as well as within an additional collec-
ion of freshwater (n = 154), estuarine/brackish (n = 25), and marine
n = 164) samples from various geographic locations (Fig. 3, Table
4). Presence was defined as the coverage of at least 10% of the
eference MAG  sequence by highly identical metagenomic reads as
escribed in Section “Material and methods”.

Genomospecies from the clades Ia and IIIa (PEL6-8) appear to
e restricted to estuarine and marine samples only (Fig. 3), and,
ased on the metagenome collection reported by our study, were
nly encountered in the estuaries of the Chattahoochee River. All
he other groups (PEL1-5) from SAR11 clade IIIb were detected in

ost freshwater and some estuarine samples collected as part of
ur study and other previous collections of freshwater and estu-
rine metagenomes, but not in marine samples (Fig. 3). These
nclude the genomospecies PEL2, including “Ca. F. ubiquis”. PEL1

as found in most available freshwater samples and fewer estu-
rine samples compared to the PEL2 group. Similar to PEL1, the
ther genomospecies PEL3-5 were also found in the majority of
reshwater samples evaluated here with similar distributions.

We subsequently evaluated the temporal dynamics of clade IIIb
pecies (n = 10) in two time-series metagenomic collections from
he temperate Lake Lanier (6 years, 32 samples) and Mendota (4
ears, 92 samples). In Lake Lanier, freshwater SAR11 exhibit their
ighest relative abundance during the summer stratification (June
nd July) and late fall (November) (Fig. 4). Similarly, seasonal fluc-
uations in the abundance of the total SAR11 population (albeit
ess pronounced) were observed in Lake Mendota (Fig. S4). Strong
easonal variations have been previously reported for freshwater
AR11 in temperate lakes such as Lake Erken, Sweden [16] and Lake
urich, Switzerland [49], linked with seasonal variations in physic-
chemical parameters. Similar to their marine counterparts [4,10]
nd consistent with an oligotrophic lifestyle, relative freshwater
AR11 cell numbers increase with increased temperatures [49] and
ater stratification, and decrease during high productivity periods

16].
All genomospecies were detected at some time in both lakes.
owever, only a couple of them made up the majority of the
reshwater SAR11 population and exhibited a strong periodicity as
escribed above. In Lake Lanier, four genomospecies made up the

arge majority of SAR11 cells, with varying contributions through-
d Microbiology 42 (2019) 495–505

out the year. While the PEL1 genomospecies is one of the most
abundant members of the SAR11 population during both SAR11
seasonal blooms, PEL3 and PEL4 dominate during the summer and
PEL5 during the winter. In contrast, the most abundant genomo-
species in Lake Mendota were two  genomospecies represented by
the previously described SAGs isolated from Lakes Mendota and
Sparkling [11,64] (Fig. S4) revealing that different SAR-11 genomo-
species may  be predominantly abundant locally.

Gene content comparisons of “Ca. Fonsibacter” genomospecies

The estimated average genome size of the recovered freshwa-
ter SAR11 MAGs was 1.20 Mbp  with a high average coding density
of 95.3%, in accordance with the characteristics of a small genome
size and high coding density that typify SAR11 species. Indeed, the
average genome size of 40 reference SAR11 genomes from various
clades is estimated at 1.38 Mbp  with a 94.4% coding density (Table
S3) (1.16Mbp and 95.6% coding density for “Ca. Fonsibacter ubiquis”
LSUCC0530T). Our iterative assembly and binning pipeline captured
multiple genomes for each recovered genomospecies from differ-
ent samples. Genomes of the PEL1 group, which is one of the most
prominent SAR11 members in the Chattahoochee River, had the
highest genome quality. For example, the representative PEL1 MAG
WB8  6 001 was estimated to be 81% complete with minimal con-
tamination (0.3%). Due to the more incomplete nature of the MAGs
for the rest of the genomospecies relative to that of PEL1, we focused
our gene content and phenotypic comparisons of PEL1 to the clos-
est classified genome, i.e., “Ca. Fonsibacter ubiquis” LSUCC0530T.
We first identified the core gene set of PEL1, defined as all protein-
coding genes that were found in at least 2 out of the 17 recovered
PEL1 MAGs, in order to eliminate potential contamination bias,
while accounting for the incompleteness of the MAGs. Similarly,
we defined the species gene core for PEL2, by cataloguing genes
that were either found in the complete genome “Ca. Fonsibacter
ubiquis” LSUCC0530T, or in at least two  out of the 16S PEL2 MAGs.

This consensus core genome of the PEL1 genomospecies was
estimated to be 98.0% complete, including 1256 unique genes; sim-
ilar to the complete genome LSUCC0530T that encodes 1231 genes.
Overall, the gene content of PEL1 genomes included all previously
described basic metabolic functions for “Ca. Fonsibacter ubiquis”
LSUCC0530T and freshwater SAR11 SAGs [11,17]. PEL1 is predicted
to be an aerobic microorganism that relies on its chemoorgan-
otrophic lifestyle as the main source for energy and carbon. As
described for all available freshwater clade IIIb genomes up to date,
PEL1 genomes encode a complete TCA cycle and a proteorhodopsin,
but lack both a complete Entner–Doudoroff (ED) pathway (i.e.,
phosphogluconate dehydratase and aldolase) or the alternate ED
pathway that has been found in several mostly coastal and marine
SAR11 isolates [15,50]. Instead, PEL1 genomes encode all genes for
the Embden–Meyerhof–Parnas (EMP) pathway [11]; for example,
they have the 6-phosphofructokinase (pfk) and pyruvate kinase
(pyk) genes. Similarly to LSUCC0530T, PEL1 genomes differ in C1
oxidation metabolic pathways compared to their marine relatives
[55], having lost genes for DMSP, methylamine, or glycine-betaine
metabolism, but retaining genes for tetrahydrafolate metabolism,
formate oxidation, and the glycine cleavage pathway. Addition-
ally, with the exception of an incomplete homoserine biosynthesis
and lack of the homoserine o-succinyltransferase gene, the PEL1
species was predicted to have identical (and complete) amino
acid biosynthesis capabilities with the previously described fresh-
water genomes: complete pathways for histidine, valine, leucine,
isoleucine, aspartate, asparagine, arginine, lysine, glutamate, glu-

tamine, and proline biosynthesis. In contrast with most marine
isolates, PEL1 and the freshwater genomes encode a complete
pathway for serine biosynthesis (serABC) but lack genes for the
biosynthesis of glycine [58]. Finally, and similarly to the described
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Fig. 5. Direct microscopic observation of CARD-FISH and DAPI-stained cells from
Lake Lanier (December 2018 sample). CARD-FISH and DAPI was used to visualize
SAR11 clade IIIb and all cells in a Lake Lanier water sample, respectively. Composite
figure (A) showing autofluorescence control (red, B), CARD-FISH (green, C) and DAPI
staining (blue, D) indicating the vibrioid morphology of SAR11 cells. Note that the
probe used was not specific to distinguish between the different freshwater PEL
species. See also supplementary figure S4 where SAR11 cells are shown adjacent to
D. Tsementzi et al. / Systematic and 

reshwater SAR11 isolate, PEL1 are auxotrophic for reduced sulfur
ince they lack a sulfite oxidase, a common feature found in marine
elatives [57].

A small number of genes was found to be different between
EL1 and the LSUCC0530T genomes. Unique gene content encoded
y LSUCC0530T but not found in any PEL1 genome included 164
enes (Table S5): 50 were located in the characteristic hypervari-
ble region of the LSUCC0530T and 65 genes were classified as
ypothetical proteins. Amongst absent genes, several were likely
f phage origin and predicted to be glycosyltransferases and genes
or lipid biosynthesis and transport. The fructokinase gene respon-
ible for the conversion of d-fructose to �-d-fructose-6-P, present
n LSUCC0530T was absent from all PEL1 MAGs (Table S5). Simi-
arly, 225 genes were identified as unique in PEL1 genomes and not
resent in LSUCC0530T, among which 132 were classified as hypo-
hetical and 89 were predicted to be of phage origin (Table S6).
EL1 encodes proteins for both glutamine and l-glutamate biosyn-
hesis and metabolism similar to the LSUCC0530T genome; but
nlike the LSUCC0530T genome, PEL1 encodes an additional gluta-
ate dehydrogenase which can utilize ammonia, �-ketoglutarate

nd NAD(P)H to yield glutamate. Additional genes unique to
EL1 include an amino acid ABC transporter permease and a
lutamate-aspartate periplasmic binding protein and several cit-
ate transporters (Table S6).

Comparisons among the other PEL genomospecies or between
hem and PEL1 and PEL2 revealed similar results, i.e., the genomo-
pecies are all very identical to each other in terms of gene content
nd only a few, non-conclusive functions with respect to functional
ifferentiation were found. These functions and their correspond-

ng genes should be the subject of future work and the PEL genome
equences made available here can facilitate future research.

ell morphology of “Ca. Fonsibacter” species

CARD-FISH was used instead of FISH as a more sensitive tech-
ique for the small size and low ribosomal content of SAR11 cells
39]. The CARD-FISH probes used in this study were designed to
apture cells of the SAR11 LD12 clade [49]. The probes allowed
isualization of SAR11 from Lake Lanier water samples. The pres-
nce of a large number of photosynthetic microorganisms in these
amples resulted in high levels of auto-fluorescence and hence,
igh fluorescence background during microscopy. To overcome the
uto-fluorescence, we pre-filtered water samples through 5 �m
orosity filters, to exclude large photosynthetic cells, and treated
he filters containing fixed cells with 3% H2O2 at room temper-
ture for 10 min. All observed labeled cells were small, curved
ods of approximately 1 �m × 0.2 �m (Fig. 5, Fig. S4), which is
onsistent with the morphology reported for “Ca. Fonsibacter
biquis” LSUCC0530T and the marine representative “Ca. Pelagibac-
er ubique” HTCC1062T. While we were not able to differentiate
he various PEL species based on CARD-FISH labeling due to high
dentity of their 16S rRNA gene sequence, we expect that most of
he cells visualized belonged to the species PEL1 since it was  the

ost abundant SAR11 organism in Lake Lanier (see above) espe-
ially during the winter month samples that were analyzed here
Fig. 4).

oncluding remarks: Freshwater SAR11 as an ideal system
o study bacterial microdiversity and speciation

In summary, we recovered representative genomes of five

enomospecies of the freshwater SAR11 IIIb clade, PEL1 through
EL5, and three additional genomospecies, PEL6 through PEL8, rep-
esenting more divergent, estuarine clades. The described PEL1-5
enomospecies appear to be highly related to each other, e.g., show-
non-SAR11 cells. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

ing AAI values >80%; yet, they are distinct in terms of genomic
relatedness, measured by ANI or other metrics. Thus, these fresh-
water genomospecies were traceable over time and space based
on metagenomics. Tracking the genomospecies in our time-series
revealed different in-situ relative abundances but highly correlated
seasonal abundance patterns, with most genomospecies being
persistent across the seasons and peaking in abundance in the sum-
mertime (e.g., Fig. 4). The co-occurrence of the genomospecies in
the same samples/conditions suggested that they are somewhat
functionally distinct, otherwise environmental conditions would
have selected for the most fit genomospecies and purge diversity
(which was  not the case; e.g., Fig. 1). Indeed, similar patterns of
persistent microdiversity among closely related co-existing pop-
ulations have been previously observed for abundant freshwater
populations such as closely related species Actinobacteria the acI
clade [31] or Polynucleobacter species [18,33], which exhibit sig-
nificant gene content differences which could potentially explain
their ecological diversification.

However, the gene content differences among these five
genomospecies and between them and the named Ca Fonsibac-
ter ubiquis (PEL3) appeared to be limited to relatively few genes of
unknown or poorly characterized functions, viral predation genes,
and a couple of central metabolism and organic compound utiliza-
tion functions. The functional importance of these genes remains
unclear at present but should be the subject of future research.
Subtle genomic differences and overall high gene content con-
servation and metabolic adaptations is a common observation for
closely related, yet distinct coexisting marine SAR11 species [3,15].
Based on the limited and mostly uncharacterized (hypothetical)
gene content differences observed among the freshwater genomes
identified here, it is indeed possible that the PEL genomospecies are
not substantially metabolically different from each other, but rather

the distinctive functional/phenotypic differences may be related to
differential phage predation and/or adaptation (fine tuning) of
core genes to specific environmental conditions such as temper-
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ture [46,47]. Understanding which metabolic and/or ecological
actors may  differentiate the PEL genomospecies will provide new
nsights into how closely-related and phenotypically highly-similar
rganisms may  co-exist in the same habitat without competitive
xclusion and hence, provide new insights into the process of spe-
iation. Therefore, the freshwater SAR11 clade III represents an
deal system to study speciation since gene content (and thus, phe-
otypic) differences and/or genetic divergence are typically much
maller within this group relative to those observed within other
icrobial groups such as the Escherichia coli. The genome sequences

etermined as part of our study have already provided testable
ypotheses (e.g., genes are differentially present among genomo-
pecies), and should greatly facilitate future studies of freshwater
AR11. Obtaining cultured representatives of these genomospecies
o help test the hypotheses created by the genome sequences with
irect competition and laboratory experiments would greatly facil-

tate efforts to understand the speciation process of this important
roup of environmental organisms.

escription of “Candidatus Fonsibacter lacus”

onsibacter lacus (L. gen. n. lacus, of a lake)
We propose to name PEL1, the most complete and persistent

enomospecies of clade IIIb in the freshwater ecosystems sam-
le, as Candidatus Fonsibacter lacus. In addition to the previously
escribed properties of the genus Fonsibacter [17], the proposed
pecies is described as follows. Small, curved rod cells of approx-
mately 1 × 0.2 �m.  Partial genome sequence WB8  6 001 with
stimated completeness of 77.5% and contamination of 0.9% is 1.08
bp  in size, with 1375 predicted genes, a coding density of 92.0%,

nd a G + C content of 35.9%. WB8  6 001 has an ANI of 84.9% and
AI of 87.0% with Ca. Fonsibacter ubiquis str. LSUCC0530T genome

17], the only currently described member of the Ca Fonsibacter
enus. The type material for this species is the genome WB8  6 001,
dentified in the freshwater lakes along the Chattahoochee River,
outheast USA. The representative genome is available in GenBank
nder accession number SAMN10223538.
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