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The  diverse  and  ubiquitous  members  of  the SAR11  lineage  (Alphaproteobacteria)  represent  up to  30–40%
of  the surface  and mesopelagic  oceanic  microbial  communities.  However,  the  molecular  and  ecological
mechanisms  that differentiate  closely  related,  yet distinct,  SAR11  members  that often  co-occur  under  sim-
ilar  environmental  conditions  remain  speculative.  Recently,  two  mesopelagic  and  oxygen  minimum  zone
(OMZ)-associated  subclades  of  SAR11  (Ic  and  IIa.A)  were  described  using  single-cell  amplified  genomes
(SAGs)  linked  to  nitrate  reduction  in OMZs.  In this  current  study,  the collection  of  genomes  belonging  to
these  two  subclades  was  expanded  with thirteen  new  metagenome-assembled  genomes  (MAGs),  thus
providing  a more  detailed  phylogenetic  and functional  characterization  of these  subclades.  Gene content-
based  predictions  of  metabolic  functions  revealed  similarities  in  central  carbon  metabolism  between
subclades  Ic and  IIa.A  and surface  SAR11  clades,  with  small  variations  in central  pathways.  These  varia-
tions  included  more  versatile  sulfur  assimilation  pathways,  as  well  as a previously  predicted  capacity  for
nitrate  reduction  that  conferred  unique  versatility  on  mesopelagic-adapted  clades  compared  to  their  sur-
face  counterparts.  Finally,  consistent  with  previously  reported  abundances  of  carbon  monoxide  (CO)  in
surface  and  mesopelagic  waters,  subclades  Ia  (surface)  and  Ic (mesopelagic)  have  the  genetic  potential  to

oxidize  carbon  monoxide  (CO),  presumably  taking  advantage  of  this  abundant  compound  as  an  electron
donor.  Based  on genomic  analyses,  environmental  distribution  and  metabolic  reconstruction,  we  propose
two  new  SAR11  genera,  Ca.  Mesopelagibacter  carboxydoxydans  (subclade  Ic)  and  Ca.  Anoxipelagibacter
denitrificans  (subclade  IIa.A),  which  represent  members  of the mesopelagic  and  OMZ-adapted  SAR11
clades.

©  2021  Elsevier  GmbH.  All  rights  reserved.
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AR11 clade is a monophyletic group of heterotrophic
eobacteria that are observed in high abundances in nearly
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tions and season, these cells can constitute between 30
of the total bacterioplankton [74]. Their heterotrophic
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tion of dissolved organic matter [38,109]. The specific

and physiological characteristics that enable SAR11 dom-
ve been the subject of intense research for nearly 20 years
se characteristics are thought to include small cell sizes,
ed genomes with adaptations to take advantage of an
issolved organic matter (DOM), and relatively abundant
 systems to uptake nutrients under oligotrophic condi-
40,43]. Much of our knowledge regarding the SAR11 clade
n isolates recovered from aerobic coastal or oligotrophic
ents [39,102]. However, heterogeneity in physical and
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 conditions throughout the ocean’s water column is often
 Clear patterns of niche differentiation within the SAR11
ng these gradients have been observed using 16S rRNA
asets [10], as well as genomes from isolates, single-cell

 genomes (SAGs) and metagenome-assembled genomes
44], suggesting a differential taxonomic distribution with
) depth or environmental conditions. However, the extent

 these changes are coupled to discrete shifts in functional
tent remains less clear.
e, nine monophyletic subclades (based on 16S rRNA gene
e-copy marker protein phylogenies) of the SAR11 clade
n recovered from marine and freshwater environments
these, the most widely studied is subclade Ia, repre-
y Candidatus Pelagibacter ubique. First isolated in 2002

 et al. [88], Ca. Pelagibacter ubique has been used to
e metabolic and genomic adaptations of SAR11 mem-

6,110] and correlate them with geographic abundances
 using 16S rRNA amplicons and microscopy abundance
ns [74]. More generally, subclades Ia, Ib, IIa and V domi-
n surface layers with strong seasonal variability in relative
es, while subclades Ic and IIb dominate the oceanic
gic zones (200–1000 m)  [38,46]. On the other hand, sub-

 dominates brackish, surface waters [46] and subclade
nates freshwater systems [111]. In several cases, clade
e also correlated with environmental conditions, includ-

 and phosphate concentrations [16,38,93]. An interesting
bserved for mesopelagic subclades Ic, IIb, and the more
proposed IIa.A (sublineage of clade IIa) is their predom-

 open ocean OMZs, such as those found in the Eastern
orth (ETNP) and South Pacific (ETSP) [108,112]. In these

e dissolved oxygen is typically below the detection limit
fore they are known as anoxic marine zones (AMZs) [64].

 the increased concentrations of nitrate and nitrite make
ortant nutrients for microbial metabolism [113]. Indeed,
pled with metagenomics and metatranscriptomics have
the presence of nitrate reductase genes (narGHJI) in multi-

 SAGs from anoxic layers of the ETNP [112]. These features
een observed previously in SAR11 subclades associated

obic or surface waters. These results implicated OMZ-
embers of SAR11 as drivers of nitrate reduction to nitrite,

cating an important microbial pathway for nitrogen trans-
 from these systems and suggesting that subtle variations
e content could drive niche differentiation and genome
n. Additional analysis of the OMZ  SAR11 community has
that the genome-aggregate average amino acid identity
AI) were >65% within clades vs. <60% between clades
ich following previous findings on subclade Ic [108], sug-
at the mesopelagic SAR11 subclades belonged to genera
rom the Pelagibacter genus (subclade Ia) dominating sur-
rs.
tly, genome sequences from isolates belonging to

c (0–200 m)  marine (Ia, Ib, IIIa and V) and freshwater
clades are publicly available [45,50,81,88,101,111].  How-
re are no isolates or complete genomes from subclades
ng the oceanic mesopelagic or anoxic waters (Ic, IIa.A and
only genomic information available for mesopelagic sub-
and IIa.A comes from a limited number of SAGs [108,112].
ificant knowledge gaps exist regarding the genomic com-
nd physiology of SAR11 cells below the photic zone.
ons between coastal and surface genomes have shown
ervation of metabolic features. These include the require-

reduced sulfur and inorganic phosphate for growth, the

[38,1
vatio
in m
tent 

desc
tant 

diffe
was 

pres
was 

meso
OMZ
new

Mate

Samp

S
2 (18
(20◦

lowe
seco
sub-
imum
cruis
May
– 68
800 

70, a
Micr
colle
in [1
inclu
conc
ously
were
mina
ETNP
sequ
ity c
asso
S1.

Cata
(CAR

C
prev
in 1 

adde
at 4
filter
poly
were
dish
cessi
usin
labe
PROB
rRNA
n of a range of organic compounds for respiration and car-
poration, and the presence of genes for the oxidation of
1 compounds for energy production but an inability to
te C1 compounds into biomass, such as carbon fixation

tives of su
was furth
condition
the 16S r

2

Systematic and Applied Microbiology 44 (2021) 126185

10].  However, notable exceptions to metabolic conser-
ist, including the presence of nitrate-reducing pathways
elagic subclades and other small variations in gene con-
differ between subclades [50,108]. Therefore, a detailed
n of the poorly studied mesopelagic subclades is impor-

rther understand their ecological breadth and functional
ation within the SAR11 clade. In this study, subclade IIa.A
ibed as a novel SAR11 genus based on its almost exclusive

 in OMZs and its ability to respire nitrate, and subclade Ic
ibed as a second SAR11 genus that is abundant in the oxic
gic zone of the water column (200–1000 m),  as well as in
e descriptions are based on previously studied SAGs and
overed MAGs from ETNP metagenomic samples.

 and methods

 and sequencing

ter  samples from the ETNP OMZ  were collected at stations
.053 N, 108◦ 48.159 N), 6 (18◦ 54.0 N, 104◦ 54.0 W)  and 10

 N, 107◦ 51.8 W)  from six depths: upper oxycline (30 m),
ycline (85 m),  secondary chlorophyll maximum (100 m),
y nitrite maximum OMZ  (125 m),  OMZ  core (300 m),  and

 (800 m)  from June 13–28, 2013, during the Oxygen Min-
ne Microbial Biogeochemistry Expedition (OMZoMBiE)
V Horizon) [112]. Additional samples were collected from
June 2, 2014, at stations 6 (oxycline – 60 m;  lower oxycline
80 m;  OMZ  – 100, 120, 150, 200, and 400 m;  Sub-OMZ –
000 m)  and stations F14, F10, and F12 (oxycline – 40, 48,

5 m;  OMZ  – 90, 95, 140, and 150 m;  sub-OMZ – 2600 m).
 biomass in the 0.2–1.6 �m biomass size fraction was

 by filtration and used for DNA extraction as described
All environmental measurements for these samples –

 measurements of temperature and salinity, as well as
tions of dissolved oxygen, nitrate and nitrite – were previ-

orted [35]. In total, DNA extracts representing 34 samples
uenced at the Joint Genome Institute (JGI) using an Illu-
eq 2500 sequencer with a 2 × 150 paired-end library. Two
ples (station F10 – 150 m and station 6–400 m) were also
d using PacBio long reads at the JGI, processed, and qual-
ed using JGI’s pipeline. Accession numbers and metadata
d with all datasets used in this study are detailed in Table

 reporter deposition fluorescence in situ hybridization
H)

FISH samples were collected and preserved according to
sampling protocols [42]. Briefly, seawater was collected
d-washed polycarbonate bottles, and formaldehyde was

 final concentration). Fixed seawater was then incubated
r 24 h. Sample volumes of 10 mL  were then vacuum-
hrough 0.2 �m-pore size 25 mm-diameter hydrophilic
nate membrane filters (Millipore, GTTP02500). Filters
sequently washed with DI-water, placed in glass Petri

r 2 h to dry, and finally stored at -20 ◦C until further pro-
or visualization and cell size estimation, cells were labeled
RD-FISH, as previously described [84,97,111]. A 5’ HRP-
robe specific for subclade IIa.A was  designed with the
ESIGN tool in ARB [67] based on the sequences of the 16S
logenetic tree shown in Fig. 1, which included representa-

bclade IIa.A and other SAR11 subclades. Probe specificity
er tested using SILVA’s TestProbe [87] and hybridization
s were determined using MathFISH [121]. In this regard,

RNA-based abundance of 97% for the populations match-
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Fig. 1. Phylogeny of SAR11 subclades. Phylogenetic reconstruction of SAR11 genomes based on single-copy marker proteins (n = 71) (left) and 16S rRNA gene sequences
(right). The protein marker tree was built using 98 complete (or nearly complete) SAR11 genomes capturing all known subclades (to date). The 16S rRNA gene tree was
constructed  genom
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gies (Iowa, USA). Finally, hybridization conditions were
 those described in [111], but with a formamide concen-

f 21% and incubation at 46 ◦C for 3 h. DAPI staining was
d using a 0.2 �g mL−1 DAPI solution on filters and then
n MilliQ H2O followed by 100% ethanol. Finally, the filters
dried (in darkness) and viewed with a Zeiss Axio Observer
ted phase-contrast fluorescence microscope using DAPI
er set 49) and GFP (filter set 41012, Chroma, USA) filters.

of single-cell amplified genomes (SAGs) and
me-assembled genomes (MAGs)

tempted to compile a comprehensive collection of pub-
able SAR11 reference genomic sequences representing all
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bclades from previously published studies that included
n = 12), MAGs (n = 47), and SAGs (n = 27). Additionally, 13
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 (1, 375 and 1470 m)  samples [112] identified from the

universal
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S2) [27,6

3

es encompassing the same subclades as in the protein marker tree. The
ade it targets (IIa.A). Genomes and 16S rRNA gene sequences recovered
Genome, MAG – Metagenome Assembled Genome.

e database were included, and their taxonomy was con-
ing MiGA [91]. Finally, 23 SAR11 MAGs were obtained

present study as described below. Accession numbers and
 associated with reference isolates, SAGs, and MAGs are
n Table S2.
ervised, targeted assembly and binning approach was
d to recover new MAGs belonging to mesopelagic and
inating subclades Ic and IIa.A. Briefly, publicly available

rom the ETNP, ETSP, and GoM were downloaded and qual-
ed using FaQCs [66] with a PHRED score cutoff of 25 and

 fragment length of 50 bp (Table S1). Individual assem-
ll ETSP and GoM metagenomic datasets were performed
DES v.3.1.0 [4] with the – meta flag for metagenomes. In
ETNP datasets were co-assembled in combination with
ng reads from two  ETNP datasets (150 and 400 m, Table

 the – pacbio flag. For each assembly, contigs longer than
re binned using MaxBin v2.2.7 [119], MetaBAT v2.12.1

 CONCOCT v1.1.0 [1] followed by MAG  refinement using
[98]. The resulting MAGs were visually inspected using
.1 [32]. Completeness and redundancy estimates for each
e determined using single-copy gene (SCG) datasets with

ly present marker genes in CheckM v1.0.13 [82] and two
l commonly used SCG datasets included in MiGA (Table
5,91]. A MAG  was  excluded from all further analyses if
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dancy estimate was above 10% in any of the three SCG
used.

of genomospecies representatives

nce relatedness in the form of genome-aggregate average
e identity (gANI) and AAI between MAGs, SAGs, and ref-
R11 genomes (Tables S2, S5, and S6) was calculated using
1.2 [49] and the aai.rb script from the enveomics collection

 default parameters, respectively. Genomes with com-
 above 50% in at least two out of three SCG datasets used to
completeness were clustered into genomospecies defined
es with ANI ≥95% [111]. For this, clusters of genomes with
s above 95% between themselves were identified using

ov Clustering algorithm (MCL) [114] (Tables S2 and S5).
e representative was selected for each genomospecies;
ilable, an isolate genome was selected as the represen-

herwise, the MAG  or SAG with the best available genome
as selected as the representative.

y marker protein and 16S rRNA gene phylogenetic
ction

olutionary relationships between SAR11 MAGs/SAGs and
 genomes (Table S2) were assessed using a set of 71
ly present single protein marker genes derived from pre-
dies [32,65,125]. Briefly, proteins predicted from each
e searched against the set of proteins encoded by these

enes using HMMER  v3.3 [28]. Only genomes with at least
r proteins were included in the analysis in order to build
ylogenies (n = 98). Furthermore, marker proteins found
an 20 genomes were also excluded from the tree com-

 which resulted in a set of 71 usable marker proteins.
ntly, the proteins identified in the SAR11 genomes were
sing Mafft v7.310 (accurate option L-INS-i) [53,54] and
ing alignments were trimmed using Trimal v1.2 [14]. The
ropriate evolutionary model for each single copy marker,
ted using Prottest v3.4.2 [22], was used in RAxML v8.2.12
perform a bootstrapped (–autoMRE) maximum likeli-
logenetic reconstruction of each marker. These individual
ene phylogenies were then combined into a species tree
TRAL v5.6.3 [123]. The branch distances of the resulting

 re-calculated as substitutions per site in IQ-TREE v.1.6.12
g the topology resulting from ASTRAL as a constraint for
utation, as previously reported [125]. For comparison, a

 gene-based phylogeny was calculated with sequences
 in the newly recovered genomes and previously reported

 sequences representing all known SAR11 clades (Table
 Infernal v1.1.2 [75] with default parameters. All 16S rRNA
uences were aligned with SINA v.1.2.11 [85] using the
32 database as the reference [87]. The maximum likeli-
logeny was built using MEGA X [62] with a General Time
e model [77].

tribution of SAR11 clades

undance of reference and recovered SAR11 genomes in
 metagenomic datasets (Table S1) was estimated by com-

 mapping metagenomic reads to a custom database built
ic-BLAST v1.4.0 [8]. The database included 2970 closed

 from the NCBI RefSeq database (2805 bacterial and 165
genomes) and the collection of 122 SAR11 genomes. In
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1]], Gulf of Mexico [GoM; 1, 25, 73, 150, 300, 600, 1000,
 2107 m;  [112]], Hawaii Ocean Time-series (HOT) station
5,75, 125 and 500 m;  [25]], Bermuda Atlantic Time Series
, 50 and 100 m;  [20]], Sea of Marmara [1000 m;  [86]], the
nean Sea [50 m;  [37]], the Puerto Rico Trench [6000 m;

 the TARA Oceans dataset comprising metagenomic sam-
 the Pacific, Atlantic, Southern and Indian Oceans, as well
he Red and Mediterranean Seas at different depth lev-
4]. Accession numbers and the metadata associated with
itional datasets used in this study are shown in Table

 mapping with high identity (≥95%) over at least 80%
ad length to SAR11 genomes were filtered using Mag-
b Filter.py (Star Methods) and identified as SAR11 reads.
et of reads was  re-mapped to the set of 33 genomo-

dentified previously for the calculation of the relative
e of each genomospecies representative as follows. The
sequencing depth of all contigs of a genome was esti-
ing an in-house script, MagicBlast SeqDepth.py, followed
stimation of the central 80% of the truncated average
g depth (TAD80) of each genome using TAD Calculator.py
hods). This TAD estimation removes the top and bottom
sitions, as ranked by per-base sequencing coverage, in

emove highly (e.g. conserved genes such as the 16S rRNA
oorly (e.g. variable genes within the population) covered

nd multi-copy genes (outliers). The adjusted sequencing
s  then used to calculate the relative abundance of each
ver the total bacterial fraction in each metagenome by

the TAD80 by the number of genome equivalents calcu-
g MicrobeCensus v.1.1.0 [76]. A genome was assumed to
t in a dataset when its TAD was greater than 0, which

 to at least 10% sequencing breadth coverage across the
i.e. at least 10% of the genome was covered). This thresh-
reviously reported to be robust for the determination of
nce/absence of a bacterial genome in a metagenome [19].
sitivity recruitment plots of metagenomic reads against
pecies representatives were constructed using Blastn [12]

 ‘-task blastn’ flag, which allows for more distant mis-
 The results were visualized using the RecPlot4 tool (Star
).

l gene annotation and metabolic reconstruction

ns from each genome were predicted using Prodigal v2.6.3
annotated iteratively using several approaches. First, all
were searched against the recently developed KOfam
abase using KOfamscan [3]. High-quality matches were
and their assigned KO numbers and annotations were
d stored. Proteins with low confidence matches were

 from the initial protein dataset and searched against
prot database using Sword v1.0.3 [115]. High-quality hits
cid identity ≥40% along 60% of the query protein) were
and the process was  repeated successively with searches
e Trembl and NCBI non-redundant (NR) Rel. 96 databases
Protein annotations and KO numbers of each high-quality
ere extracted from their respective databases using an
script, SQLite3 Search ID.py, which uses a manually cre-

 database to store information of every protein in the
t, Trembl and NCBI NR Rel. 96 databases. In addition, pro-
psin protein searches were performed against the curated
n database MICrhoDE [7]. A pangenome approach using all

 was performed in order to summarize the gene content
struct the metabolic potential of SAR11 genomes belong-

cific clades. For this, all proteins from all SAR11 genomes
tered using CD-HIT with identity thresholds ≥50% along
he shortest sequence, thus, aiming to represent an orthol-
tein family group. The annotation of the representative
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 from each orthologous cluster (longest sequence) was
 from the previous annotation step and, in cases where
s no annotation available for the representative, a con-
notation was manually assigned based on the annotation
members of the orthologous cluster. In cases where no
n was found, the sequence representative was  annotated
etical. Additional annotations for cluster representatives

ained using KEGG KAAS [73] and MAPLE v2.3.1 [2]. Path-
nstructions were performed using KEGG Mapper and an
script. Finally, considering that the completeness levels

 all SAR11 clades ranged between approximately 3.7 and
e was defined as “core” when it was present in at least 70%
es with a completeness level ≥50%. This excluded highly
te SAGs and avoided the underestimation of the presence
rved gene in each clade. The pangenome size of the SAR11

 the other hand, was estimated considering genes present
 one genome, regardless of its completeness level, and this
as also used to calculate the pangenome size per subclade
t [106].

nd discussion

g,  SAG and MAG  recovery

ata associated with all metagenomic datasets used in
y are shown in Table S1, whereas general assembly and

 statistics for each SAG, MAG  and representative genomes
nted in Table S2. The targeted assembly and binning

 allowed the recovery of five MAGs belonging to subclade
elonging to subclade IIa.A, and nine belonging to subclade
tion, 13 newly reported SAGs were analyzed. Together, the
d SAGs represented 36 novel SAR11 genomes from differ-
s. Of these genomes, 21 MAGs and three SAGs were above
quality (≥50% complete, ≤10% redundant), as defined in
ver, depending on the SCG dataset used in the analysis, the
ness estimate varied (Table S2). Using the average genome
. Pelagibacter ubique isolates as a reference (1,364,468 bp),
ered subclade IIa.A MAGs represented approximately 67%

 of the reference. On the other hand, the average genome
e four single-cell amplified genomes previously reported
ade Ic members (1,019,735 bp) [108] indicated that the
resented approximately 86% (57–108%) of the reported

ize of subclade Ic members. In both cases, the MAGs recov-
is study represented a genome size mean improvement
han 50% compared with previously reported SAGs from
es [112]. Finally, MAGs recovered from subclade V were
54 and 94% complete compared with the only reported
nome from this subclade (HIMB59). The inclusion of addi-
nomes from subclade V was important in order to shed
e controversial position of this subclade within the SAR11

y [43,117].

sequence diversity among SAR11 MAGs

enetic placement of the newly recovered and reference
nomes using the 16S rRNA gene confirmed the previously
ed clustering of SAGs and reference genomes into eight
subclades [Ia, Ib, Ic, IIa.A, IIa.B, IIb, III(a,b) and V]. Specif-

 16S rRNA gene phylogeny showed that two MAGs and
were placed in subclade Ic together with three previously
SAGs [108], while three SAGs were placed in subclade

SAR1
betw
valu
spec
on si
resu
and 

In
who
of ge
As w
ANI 

repo
eage
80%.
can 

clade
Ca. P
mate
subc
to th
edne
genu
on S
by s
are m
no S
of in
None
delim
rRNA
did i

T
clade
AAI 

this 

tion 

all S
was 

spec
and a
clust
were
Of th
geno
one,
reco
viou
geno
of hi
anal
spec
subc
that 

Ic an
Ia ge
locat
and 

subc
SAGs
in th
This 
 1). As previously reported for the SAR11 clades [44,112],
ogenetic placement reconstructions indicated that both
s Ic and IIa.A might represent distinct genera within the
oup based on their 16S rRNA gene identities against other

in a simi
using a sa

To  exp
intra-pop

5

Systematic and Applied Microbiology 44 (2021) 126185

ades or between themselves, which ranged, on average,
93.1 and 91.4% (excluding subclade V; Table S4). These
ere lower than thresholds commonly used to delineate
nd genera [55,120]. The phylogenetic placement based
-copy marker genes confirmed the 16S rRNA gene-based
ove and showed the monophyletic nature of subclades Ic
(Fig. 1).
ition to phylogenetic evidence, ANI measurements and
nome content analysis provided additional resolution
ic variation within and between subclades (Figure S1).
ve previously reported for subclades Ic and IIa.A [111],
mic comparisons including the newly described genomes
here, confirmed that each clade represented a distinct lin-

 the same species) with inter-cluster ANI values below
istent with this previous report, AAI comparisons, which
ve distantly related genomes [61,89], showed that sub-
nd IIa.A likely represent different genera from the surface

ibacter ubique with inter-clade AAI values of approxi-
0% (Fig. 2, Table S5). Moreover, the AAI value between

 Ic and IIa.A was approximately 65%, which was very close
% AAI value that commonly represents sequence relat-
etween closely related (yet distinct) genera [60]. These
el AAI values were also consistent with previous reports

 genome comparisons that were, however, dominated
de Ia and Ib genomes [44]. In addition, these values
y driven by AAI comparisons between MAGs, given that
could be included in the calculation due to high levels
pleteness (too few matches for robust AAI calculation).
ess, the fact that AAI estimates were close to the genus-
g value and their monophyly was  supported by both 16S

 SCG phylogenies, suggested that subclades IIa.A and Ic
d represent distinct genera.
I and AAI comparisons also revealed that the surface sub-
ad large intra-clade diversity, as revealed by the lower
s among clade members (Tables S5 and S6). To test if
also the case for subclades Ic and IIa.A, a finer resolu-
oach was  used to study the intra-clade diversity. For this,

 genomes were clustered into “genomospecies”, which
ed based on a 95% ANI threshold (<95% between genomo-
This level of ANI corresponds well to the species level [89]
ollows the previously reported scheme for SAR11 genome

 of freshwater subclades [111]. In total, 33 genomospecies
vered from among the complete SAR11 genome dataset.

 not surprisingly, subclade Ia had the largest number of
pecies (n = 11), while subclades Ic and IIa.A had four and
ectively (Table S2). The lower number of genomospecies

 in this study, compared with the 62 recovered in our pre-
lysis focused on freshwater clades [111], reflected better
epresentatives for subclades Ic and IIa.A, and the exclusion

 incomplete genomes (mostly SAGs) from the clustering
On the other hand, the relatively large number of genomo-
covered for subclade Ia, as well as the large number of

 and genomospecies previously reported [44], suggested
lade Ia had a larger intra-clade diversity compared to
.A. However, it should be mentioned that the subclade
es analyzed here were recovered from different oceanic
, seasons and depths, while the genomes of subclades Ic

 were recovered from a single oceanic location. In fact,
Ic showed a similar diversity pattern as subclade Ia when
iously recovered from Station ALOHA at a depth of 770 m
ific Ocean [108] were included in the analysis (Table S5).
ested that subclade Ic might exhibit intra-clade diversity

lar way  to that of Ca. P. ubique (subclade Ia) if assessed
mple set spanning a comparable environmental range.
lore further and provide additional evidence of the high
ulation diversity of subclades Ic and IIa.A (i.e. the pres-
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Fig. 2. Genome-aggregate average amino acid identity (AAI) comparisons of representative SAR11 genomes. AAI comparisons of genomospecies representatives (marked
with  asteris luded
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ultiple closely related species in each subclade, as well
nce variation within the same species), high sensitivity
me read mapping was performed for one genomospecies

tative per subclade. The only genomospecies recovered
ETNP metagenome datasets belonging to subclade Ic was
as the representative, together with the only genomo-
ecovered from subclade IIa.A. Each representative was
a reference for read mapping, where, in each analy-

apped reads were taken only from the metagenome
n which the genomospecies representative was  most
. This method allowed the observation of a “sequence gap

the identity distribution of mapped reads, indicative of
-discrete populations, in other words, populations with
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T
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omic differentiation from other closely-related and possi-
curring populations [58]. Typically, bacterial populations
is sequence gap at 95% ANIr (average nucleotide identity
s mapping to a genome) [69], but for species with higher
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 for subclade IIa.A because it represented a single genomospecies. The
und in Table S6. Note that the inter-clade AAI distances are close to, or

rds.

ulation diversity, this threshold may  be lower, as is the
he marine cyanobacterium Prochlorococcus [17,58].
stribution of nucleotide identities for the reads mapped

 selected genomospecies for subclades Ic and IIa.A indi-
 sequence gap area had an approximately 90% sequence
Figure S2). This confirmed that both subclades had high
ulation diversity, similar to that of the surface-dwelling
represented by Ca. P. ubique. In addition to the drop in

 at ANIr values close to 90%, there was an increase in
 at ANIr values between 70–80%, thus, illustrating the co-

 of almost equally abundant, related populations in the
agenome (different species of the same clade or even dif-
des). These results indicated that despite the high core

onservation among SAR11 members, observed even in

 freshwater clades [43], there was high intra-clade diver-
e SAR11 clade. As in Prochlorococcus, this high diversity
tions (or genomospecies) could be structured around a
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Fig. 3. Relative abundance of SAR11 subclades throughout the water column in various North and South Pacific Ocean regions with the associated metadata. The barplots
show the estimated abundances of SAR11 subclades estimated using metagenome read mapping against all genomospecies representatives and normalized by genome
equivalents. Data are organized based on the geographic location of the oceanic region and the depth of the metagenomic sample. Line plots to the right of each dataset show
the  corresp h each
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ackbone’ shared by all, with small genetic variations char-
 each population leading to a slightly increased fitness

 to other populations [6].

e ecological distribution

imate the biogeographical distribution of subclades Ic and
 compare it with that of surface-dwelling clades, the rel-
ndance of each of the 33 genomospecies was estimated

petitive Magic-BLAST searches (Tables S7 and S8). On
SAR11 members represented approximately 2.6% (rang-
<1% to ∼8.2%) of the total microbial community in highly
ed waters around the world (>10 �mol  L−1), regardless of
ith subclades Ia and Ib being the most abundant in these
1.1%; Figure S3). Moreover, in surface oxygenated waters

 Pacific, Atlantic, Indian and Southern Oceans, and the
Mediterranean Seas, subclades IIa.A and Ic were barely
e. However, in OMZs, SAR11 members increased in abun-
d accounted, on average, for 11.6% of the total microbial
n (1–34.7%). Of these, subclades Ic, IIa.A and V were the
ndant.
etagenome-based abundances obtained for SAR11 pop-
were low when compared to previous estimates using
ISH, which have been shown to range between approx-
10–35% in surface waters and approximately 15% in
gic waters [46,95]. This discrepancy may  be due, at least
o the different datasets used and the high conservation
S rRNA gene across subclades together with other exper-
actors and noise, such as DNA extraction efficiency. For

 SAR11 genomes showed relatively low abundances or
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 metagenome sample. Different colors indicate the composite relative
tice that subclades Ic and IIa.A dominate most OMZs and AMZs (shaded

ns, these values were compared with those obtained using
me-derived 16S rRNA gene-based estimations. Figure

 that SAR11 OTUs made up approximately 22% of the
community, which was  much closer to FISH estimates.
, there was a significant linear correlation between the
me- and rRNA gene-based estimates (Pearson correla-
, p-value <0.01) revealing that, while the rRNA gene-based
es tended to be higher, the overall population abundance
re similar. Therefore, it also appears that the higher con-

 of the 16S rRNA gene relative to the whole genome could
at least in part, for the differences observed; that is, the

 gene (and hence FISH) covered the whole SAR11 clade,
as diverse as some bacterial orders, if not phyla, whereas
me would only cover the subclades that had sequenced
atives (which was not all subclades of SAR11). In addition,
ugh the metagenome-derived abundances were gener-
r, this approach allowed differentiation between different
bclades, which was not possible using 16S rRNA gene
s. Hence, we  preferably report on the metagenome-based
es throughout this current study.
s where a representative genomospecies of a given clade

cted in a sample, all genomospecies of the same clade
ailable- were also detected in the same sample (Table

pattern has also been previously observed for the surface
4], highlighting the large intra-clade diversity (multiple
g closely related species) present in the same samples
ut different oceans. The relative abundances of SAR11

 in OMZ  samples (mostly from the Pacific Ocean; Fig. 3)
hat subclade IIa.A was restricted to waters with oxygen
ow detection limits and was  absent (or in low abundances;
 other mesopelagic, but oxygenated, waters. In contrast,
Ic, a known bathytype [108], dominated most deep, oxy-
aters (100–6000 m),  while also being abundant in OMZ

ogether with IIa.A members (Figure S3). Regardless of the
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onditions in mesopelagic waters, subclade IIb was  con-
present together with subclades Ic and IIa.A, although
at lower abundances. This co-occurrence of clades has
viously linked to seasonality, depth and water mixing

 the Bermuda Atlantic Time-series (BATS) [116], suggest-
 factors can influence SAR11 abundances in other regions.
r, Vergin et al. [116] also suggested that niche sub-division

 result of “evolutionary innovations” that, associated with
ion, leads to niche expansion and overlap between niches.

 earlier description of subclade Ic genomes [108] demon-
rge similarities in the metabolic potential with surface

 Ia, suggesting that subtle differences in metabolic content
se organisms to co-occur in deeper waters.

etabolism in mesopelagic and surface SAR11 clades

etabolic reconstructions were performed by including
ers of the subclade, regardless of their genomospecies
nt, in order to provide for a robust assessment of the
tent differences (and similarities) between the different
s. Genome representatives from subclades Ia, Ic and IIa.A
an average of 1037 (114–1547), 851 (266–1593) and 767
2) genes, respectively. The large variation in the number
per genome was mainly driven by the general low com-

 of SAGs in each clade (average 37%), with approximately
e SAGs (18 out of 23) encoding less than 800 genes. The
te nature of these genomes made it challenging to esti-

 complete metabolic potential of each clade using a single
tative from each clade (or even from each genomospecies).

vent this issue, metabolic reconstructions and compar-
re performed between genomes using the pangenomes
d for each clade. For this purpose, proteins from all SAR11
, excluding those with high contamination (>10%, Tables
), were grouped into orthologous clusters (OCs), resulting
of 13,266 clusters, of which, approximately 50% (or 6674)
sent only in one genome. Surface subclade Ia had a total
Cs present in at least one genome, of which 852 (12.8%)

t of the core genome (defined as being present in more
 of the genomes), and 1624 (24.3%) were genome-specific
ese estimates resembled those obtained for subclade Ic
al, 958 or 38.9% genome-specific) and subclade IIa.A (1204

 or 15.5% genome-specific). Therefore, it appears that the
 large number of OCs observed within each clade was not
ributable to the effects of genome incompleteness but

 a relatively large and open species pangenome, which
istent with previous estimates [43] (Figure S5A). Indeed,
sis using only SAR11 genomes with more than 50% com-

 showed that the pangenome of each clade modeled with
law function (KN�) had a � parameter between 0 and 1
5A), indicating an open pangenome [124] despite the rel-

all SAR11 genome size. The core genome of all SAR11
mbined and modeled using an exponential decay func-
/�) +  ̋ [124] was estimated to plateau at approximately
s (Figure S5A) or approximately 133 when including all

 regardless of completeness (Figure S5C), which were
lues compared to approximately 598 genes predicted by
s study with a much smaller number of genomes [43],

istent with the higher diversity of genomes used here.
t depending on the amino-acid identity threshold used
ring, more than one protein cluster may  have the same
n, suggesting that the proteins in such clusters might be

ng the same biological function. Indeed, such occurrences
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nction-based pangenome analysis approach in addition
ce similarity-based clustering.
e the open pangenome and the low number of core genes,
embers have relatively conserved metabolic capabilities
n when including more divergent mesopelagic and OMZ-

ig. 4). For instance, subclade Ic and IIa.A members are
f synthesizing most amino acids from precursors or by
erting between amino acids, as previously reported for
Ia members [40]. The only exceptions to this were the
l capacity of some Ia and Ic members to synthesize glycine
olate, and the apparent auxotrophies for tryptophan, tyro-
phenylalanine in subclade IIa.A caused by the lack of

s in the shikimate pathway (Tables S9 and S10). Con-
ly, the presence of general L-amino acid and branched
id transporters was observed (with some missing sub-
. 4, Tables S9 and S10), which might serve to compensate
xotrophies observed [109]. Additionally, and consistent
ious metabolic analyses of subclade Ia members [40,96],

ns were recovered from the glucose phosphoenolpyruvate
endent phosphotransferase system (PTS) or the dedi-

cose transport system AglEFGK. However, multiple sugar
 systems were recovered that were present in Ca. P. ubique
2 (subclade Ia), which was  previously reported to use glu-

 sole carbon source [96]. These transport systems were
rsally present in subclade Ic genomes (present in approx-
3% Ic genomes; Table S9) and were absent in subclade
mes, suggesting a similar phenomenon as in subclade Ia,
certain strains can import and use glucose while others
ikewise, although glucose utilization has been reported

 subclade Ia strains [96], the lack of genes encoding for
 in the glycolysis pathway indicates that this pathway is

 not used by members of the surface clades [40,43,96].
 enzymatic steps missing from the glycolysis pathway
ction were also observed (i.e. the absence of hexokinase
], phosphofructokinase [EC2.7.1.11] and pyruvate kinase
0] in the genomes of subclades Ic and IIa.A). Of these, the

se activity could be replaced by the repressor ORF kinases
hich have promiscuous kinase activities toward several
cluding glucose [70,71].
have also been suggested to be involved in the

oudoroff (ED) pathway as an alternative for glucose uti-
n subclade Ia members [96]. In fact, genes encoding
involved in the ED pathway were present in approxi-
–63% of subclade Ia and Ic genomes, indicating that some
uld complete all reactions in this pathway (Table S9). Of
es encoding enzymes for the last two  steps of conversion,
to-3-deoxy-6-phosphogluconate to 2,4-keto-3-deoxy-6-
luconate and then to 3-phosphoglycerate and pyruvate,

 to be present in only a small fraction of subclade Ic mem-
nd 29%, respectively). Likewise, subclade IIa.A members

ly lacked the genes for the enzymes required to per-
(Fig. 4). Finally, the surface subclades (Ia and Ib) also
the capacity for linking the ED pathway to the pentose
e shunt via a 6-phosphogluconate dehydrogenase that

 the conversion between 6-phospho-D-gluconate and D-
5-phosphate (Fig. 4). In this regard, although no clade
the oxidative portion of the pentose phosphate path-

clades encoded the non-oxidative phase that generates
s for nucleotides (ribose-5-phosphate and 5-phospho-
�-1-pyrophosphate, PRPP) and amino acids (erythrose
ate). These results, in combination with the lack of glucose

 systems, suggested that glucose utilization (by means

sis or ED) likely does not occur in subclade IIa.A mem-

 therefore, the origin of carbon for gluconeogenesis (for
reactions) and the TCA cycle must come from other
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Fig. 4. Metabolic reconstruction of subclade Ia, Ic and IIa.A genomes. Metabolic predictions were based on subclade-specific pangenome protein annotations. Solid black
lines  indicate genes present in all subclades. Dashed lines indicate missing genes of a pathway (see legend for color designation). Most differences can be observed in the
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ch potential source, pyruvate, has been identified as the
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ts transformation into acetyl-CoA. In aerobic microor-
this transformation can be mediated by the pyruvate
enase complex (PDC) in an irreversible fashion [23,83].

onents of the PDC were found in genomes from subclades
but not in the genomes of subclade IIa.A. In the latter, this

ation was predicted to be mediated by a pyruvate oxi-
ase, an enzyme widespread in anaerobic microorganisms
ch can catalyze the conversion of pyruvate to acetyl-CoA

 and has also been reported to have pyruvate synthase
[34]. This capacity of subclade IIa.A directly linked the

 to glycolysis/gluconeogenesis, while subclades Ia and Ic
additional steps (Fig. 4). In the case of the TCA cycle, most
re encoded in SAR11 genomes, as previously reported for
ce clades [40], with some exceptions for mesopelagic and
ociated clades. For instance, subclade Ic lacked the gene

 aconitate hydratase (AcnA [EC:4.2.1.3]) that catalyzes
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lacke
gena
into 

thas
Thes
to b
the 

prod
cycle
fresh
is di
as a p
from
or ox
glyo
pres
an in
impo
SAR1
carb
the p
the p
subc
 (2/14 if the excluded incomplete genomes were consid-
le S9). Therefore, it can be expected that this enzyme
t be widespread in subclade Ic genomes and occurs only
of its representatives. On the other hand, subclade IIa.A

any other
these mig
binning m

9

nd complexes) are also shown. Ac-CoA: Acetyl-CoA, FA: Fatty Acid, APS:

nes for both components of the 2-oxoglutarate dehydro-
ucAB) that catalyzes the conversion of �-ketoglutarate

inyl-CoA and both components of the succinyl-CoA syn-
cCD) that further catalyzes the conversion into succinate.
issing enzymatic functions of the TCA cycle appeared
cumvented by alternative routes for the synthesis of
red precursors. In the case of subclade IIa.A, succinate
n can be bypassed through the activity of glyoxylate
ymes (the glyoxylate bypass), as commonly observed in
r and marine microbes [45,109]. The case of Ic members
t given that most members cannot produce D-isocitrate
rsor for the glyoxylate bypass. They instead use glycolate
ironmental sources [94] as a precursor for glycine [15]
e it to glyoxylate that can then be incorporated into the
e bypass. Considering the number of metabolic enzymes
n subclade Ic and IIa.A members that have pyruvate as
ediate and final product, and the previously recognized

ce of pyruvate in the general metabolism of surface
embers [109], pyruvate also appeared to be a central
olecule in the mesopelagic SAR11 clades. Consistent with
ous characterization of mesopelagic subclade genomes,
nce of bd-type oxidases was  observed in three SAGS from
IIa.A [112]. However, these oxidases were not present in
 MAG  or SAG from either subclade Ic or IIa.A, suggesting
ht not be widespread or they were not recovered by the
ethod used.
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 versatility in mesopelagic and OMZ  clades

metabolism
en is an important limiting nutrient in marine envi-

 [31] and its importance together with sulfur has been
rated in OMZs [63]. Indeed, Ca. P. ubique genomes encode
transport functions for nitrogen compounds such as
, urea, basic amino acids, spermidine and putrescine [40].
c reconstruction identified the genes encoding the high-
wo-component nitrogen sensor NtrXY in subclades Ia,

 Ic in more than 50% of the genomes. This, in conjunc-
 the presence of the amtB gene encoding an ammonium
brane transporter, indicated that mesopelagic and OMZ-

d SAR11 clades also used reduced inorganic nitrogen for
as does Ca. P. ubique [88]. In addition, the ammonia-
g xanthine metabolic pathway previously reported in

 Ic SAGs [108] was also recovered in Ic MAGs from this
ngruent with previous SAG analyses and biochemical
ization [112], genes encoding dissimilatory nitrate reduc-
ha, beta, gamma subunits) were identified in 100% of

 IIa.A genomes, but in only 28% of subclade Ic genomes
g two or three of the subunits; Table S9). NarH, the beta
f the complex, requires a Fe-S cluster for its proper con-

 [92]. The formation of Fe-S clusters requires iron and
cordingly, all genes encoding the iron transport (AfuABC)
ine desulfurase (SufS) systems were found in subclade
bers. However, a lower fraction of subclade Ic genomes

ried genes for AfuABC but encoded several subunits of iron
binding proteins (Table S9). These results indicated that
duction was present in subclade IIa.A but it was  probably
spread in subclade Ic members. Finally, oxygen depletion
etectable levels in OMZs, which was not observed in the
nd mesopelagic samples, likely selected for the retention

 reduction in OMZ-associated subclade IIa.A members,
ecessarily in subclade Ic from oxygenated, deeper water

tabolism
 sulfate reduction appears to be important in OMZs
sulfur requirements for mesopelagic and OMZ-associated
embers are still not well understood. In general, no sul-
ilation pathway was found in SAR11 members (including

s Ic and IIa.A), as previously reported, indicating an inabil-
ake, reduce and incorporate sulfate (assimilatory sulfate
), or to grow solely on sulfate [15,110]. However, in Ca.
, reduced inorganic sulfur in the form of dimethylsulfo-
nate (DMSP) or methionine can be used for growth and
sis [110]. DMSP can be metabolized to methionine using
thylation pathway or to dimethyl sulfide (DMS) using the
pathway mediated by DMSP lyases [103]. In this current

 DMSP lyase (encoded by dddP or dddK) was recovered
de Ic or IIa.A, indicating that mesopelagic and OMZ-
d clades probably could not transform DMSP into DMS.
ll associated gene homologs required for the demethy-
DMSP were identified in all clades (Table S9) [99,103],
g DMSP use was similar between clades. The presence
plete DMSP demethylation pathway and an incomplete
ory sulfate reduction pathway suggested that SAR11 cells
ially metabolized DMSP, which is an abundant in situ
rce [47,122], while undergoing adaptive gene losses for

ary pathways consistent with previous results [109].
stingly,  the presence of adenylylsulfate reductase genes
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ed in taurine metabolism [108,118]. Indeed, in this cur-
y, all the genes encoding for the taurine import system

 were found in the genomes of subclade Ia, Ic and IIa.A
. The proposed fate of the imported taurine shared by

 of subclades Ia, Ic and IIa.A would be its conversion to
A with the subsequent detoxification of sulfite by oxida-
sulfate mediated by adenylylsulfate reductase (AprABM),
a source for the possible production of sulfate in the
18]. All genes encoding this taurine metabolic pathway

nd in more than 70% of Ia and IIa.A genomes, but in only
ately 50% of subclade Ic genomes (Table S9), suggesting

ble existence of other mechanisms for metabolizing tau-
hermore, an alternative pathway to metabolize taurine
d encoded almost exclusively in subclade IIa.A genomes
e presence of a gene encoding a sulfite reductase (CysI)
lyzes the formation of sulfide, subsequently used in the

 of cysteine and acetate via a cysteine synthase (CysK),
vide subclade IIa.A members with an alternative taurine

sm [78]. However, the cysI gene was found to be present
pproximately 30% of Ic genomes, suggesting it was  not
ad in this clade. Finally, the potential ability to metabo-
e directly to sulfide via taurine deoxygenase (TauD) was

exclusively in subclade Ic genomes and not in subclade
mes. This apparent absence of the tauD gene in subclade
mes was  consistent with the occurrence of this clade in

en waters, since the dioxygenase requires oxygen to func-
 The fact that different alternatives for the use of taurine
d in subclade Ic genomes suggested that members of this

 more versatility for sulfur metabolism than surface- and
Z-associated clades, which most likely expands their abil-
pete in OMZs and oxygen-rich deeper waters. Although

 metabolism alternatives reported here for novel SAR11
ain to be biochemically confirmed, the gene content pat-

erved provide evidence for higher versatility in pathways
 sulfur cycling (Fig. 4), confirming the importance of these

 in OMZs [13,18].

onoxide oxidation
cean has long been recognized as a source of carbon
e (CO) with concentrations above atmospheric levels,
g it is a global source of CO [105]. CO can be metab-
robically and anaerobically by bacteria as a carbon or
source [26,68]. Therefore, finding evidence of SAR11 CO
sm would suggest that these microorganisms also take
e of this abundant carbon source, which would fur-
nd the metabolic capabilities of this versatile bacterial

 addition to the genetic differences in nitrogen and sulfur
sm found in subclades Ic and IIa.A, an additional potential
lize CO was  found in subclades Ia and Ic. A carbon monox-
rogenase operon (coxSML) was identified in 57% and 50%
e Ic and Ia genomes, respectively (Fig. 4, Table S9). Genes

 small, medium and large subunits were present, and a
ilar large subunit was found among subclade Ic SAGs and

dicating that this finding was not an assembly artifact.
 subunit CoxL is commonly used to assess the phyloge-
liation of CO-oxidizers. Here, all CoxL protein sequences
11 isolates, SAGs and MAGs formed a monophyletic sub-
eep within all form II Cox proteins, which was  perhaps

 of a common ancestry that has not subsequently experi-
quent horizontal gene transfer (Figure S6). The cox genes

 are also ancestral to the carbon monoxide/acetyl-CoA
 one of the most widely distributed and ancient carbon

athways (Wood-Ljungdahl pathway) [33]. However, CO
e used as an electron donor and carbon source by other

rred to as carboxydotrophs, or exclusively used as a source
ns by even more taxa, referred to as carboxydovores [57].
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r display high affinities for CO but are inhibited by ele-
ncentrations of CO. These organisms appear to use CO
otrophic’ fashion, whereby the energy gained through
tion is used to supplement other metabolisms. The gene
ent reported here (coxSLM) is the same as that reported

ated marine carboxydovores [72]. Furthermore, CoxL from
ade Ia isolate HIMB1321 was consistently the closest phy-

 (cultivated) relative to the CoxL recovered from subclade
rmed a monophyletic sub-cluster deep within form II of
icating a common ancestry (Figure S6). Considering the
eamlined nature of SAR11 genomes [40,43], the presence

 genes highlights the importance of carbon monoxide oxi-
 the surface and deep ocean where CO is produced and is

 [21]. Oxygen-tolerant cox genes have recently been iden-
ther OMZ-associated taxa such as Marinimicrobia-SAR406
e it is not yet possible to conclude without experimental

 subclade Ic members can use CO in situ as a reductant, it is
 to speculate that CO is used to sustain metabolic activities
xic conditions. It is also notable that the carbon monoxide
enase operon is widespread in surface water SAR11 mem-
, indicating that this might be a more general metabolic

 of the SAR11 clade. Facultative anaerobic taxa that utilize
 an electron acceptor to oxidize CO have previously been
[56]. Therefore, the activity and regulation of CO utiliza-
mes, especially as it concerns nitrate reduction in OMZs,
ture investigation.
,  while the genomes used in the metabolic reconstruction
were at least 50% complete, it is likely that the fraction
(or pathways) present in a clade was in reality higher

se reported above, and the values reported in this cur-
y would be a lower bound estimate. Furthermore, the
e approach used in this study provided confidence that

cted pathways were present in more than one genome,
y reducing the possibility of a false positive signal result-
errors in the assembly or binning steps.

hology of subclade IIa.A members
-FISH [84] was used instead of FISH to assess the mor-
of SAR11 members of subclade IIa.A because of their

 and low ribosome content. Members of this clade were
rved rods of approximately 1 �m × 0.2 �m (Figure S7),
as consistent with the morphology reported for other
embers in general, including those for freshwater clades
igure S7 also shows the target for the probe designed here,
with its nucleotide bases that discriminate subclade IIa.A
er subclades.

g remarks: mesopelagic SAR11 members as models to
rodiversity, niche partitioning and global geographical
on
s study, MAGs were recovered from SAR11 subclades
Ia.A, lineages that have been detected primarily in
gic and low-oxygen marine waters, respectively. This

ncreased the number of available SAR11 genomes and
ed toward a more comprehensive description, genome
on, characterization and classification of SAR11 bacteria.
whole-genome comparisons using AAI, ANI and marker
logenies (Figs. 1 and 2, and S1) congruently showed that

 Ic and IIa.A members each belonged to different gen-
ared to the surface Ca. Pelagibacter subclade Ia and Ib
. Furthermore, gene-content comparisons and metabolic
ctions justified the taxonomic description of subclades
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the members of the two clades from out-competing one
Indeed, it was  found that there were several potentially
t metabolic differences between the two clades, most
e lack of enzymes to carry out the Entner–Doudoroff (ED)
in subclade IIa.A and the presence of carbon monoxide

 enzymes in subclade Ic (Fig. 4). These differences sug-
at subclade IIa.A members were probably not capable of

 and metabolizing glucose and, therefore, must rely on
lecules (probably pyruvate) as the main carbon source,
clade Ic members were more versatile in the range of

 they could exploit in both low-oxygen and oxygen-rich
gic waters.
,  the characterization of the two clades presumably

in carbon and nitrogen cycling in low-oxygen OMZ waters
 door for future studies on microdiversity, evolution and
titioning in these key habitats for oceans and climate
or instance, the genome and gene sequences recovered
vided the means needed for experimental work (e.g.
scriptomics, qPCR analysis or mesocosms) in order to
ging hypotheses concerning the metabolic differentiation
closely related members of the same or closely related
ture studies could also focus on recovering a broader

of high-quality or complete genomes from these clades,
g continued comparative studies of SAR11, inclusive of
clades such as IIa.B and IIb, whose specific metabolic adap-
e yet to be described.

n  of Ca. Mesopelagibacter carboxydoxydans and Ca.
gibacter denitrificans
atus Mesopelagibacter carboxydoxydans
.la.gi.bac’ter. Gr. masc. adj. mesos, medium, middle;
. pelagus the open sea; N.L. masc. n. bacter, a rod; N.L.
Mesopelagibacter, a rod from the mesopelagic regions
ean; car.bo.xyd.o’xy.dans. N.L. neut. n. carboxydum, car-
oxide; N.L. pres. part. oxydans, oxidizing; N.L. part. adj.
oxydans, oxidizing carbon monoxide. This representa-
med after its abundance in the mesopelagic regions of

 and its encoded potential capacity to oxidize carbon
e. We  propose to name SAR11 subclade Ic members
atus Mesopelagibacter, defined according to recently

 genomic, phylogenetic and ecological standards [59,60].
 of this genus are heterotrophic, mesopelagic-dwelling
aving the capacity to thrive in oxygen minimum zones

enated, deeper sea areas contrary to their closest named
a. Pelagibacter ubique. The type species is Candidatus
gibacter carboxydoxydans, which has the potential for

 of carbon monoxide, nitrate reduction and incorpo-
 taurine, which allow it to be a versatile member of
1 clade, colonizing environmentally different ocean

The genome size is predicted to be approximately 1.2
 a G + C% content of approximately 30%. Based on the

 available, we estimate there are five genomospecies
is genus to date. The designated type material is MAG
3 S10 SV74 125m MAG  02. Genome sequences can be

der NCBI BioSample accession number SAMN15305926.
atus Anoxipelagibacter denitrificans
e.la.gi.bac’ter. Gr. pref. an-, without; Gr.  masc. adj.

 or sour and in combined words indicating oxygen; L.
pelagus, the open sea; N.L. masc. n. bacter, a rod; N.L.
Anoxypelagibacter, a rod from oxygen-depleted areas
ean; de.ni.tri’fi.cans. N.L. part. adj. denitrificans, denitri-
e  propose to name SAR11 subclade IIa.A members as

s Anoxipelagibacter, due to their abundance in ocean
inimum zones where oxygen is below detection levels.

 species is Candidatus Anoxipelagibacter denitrificans,
ecause of its capacity to use nitrate as an electron
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