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ABSTRACT The SAR116 clade within the class Alphaproteobacteria represents one of the
most abundant groups of heterotrophic bacteria inhabiting the surface of the ocean. The
small number of cultured representatives of SAR116 (only two to date) is a major bottle-
neck that has prevented an in-depth study at the genomic level to understand the rela-
tionship between genome diversity and its role in the marine environment. In this study,
we use all publicly available genomes to provide a genomic overview of the phylogeny,
metabolism, and biogeography within the SAR116 clade. This increased genomic diversity
has led to the discovery of two subclades that, despite coexisting in the same environ-
ment, display different properties in their genomic makeup. One represents a novel sub-
clade for which no pure cultures have been isolated and is composed mainly of single-
amplified genomes (SAGs). Genomes within this subclade showed convergent evolutionary
trajectories with more streamlined features, such as low GC content (ca. 30%), short inter-
genic spacers (<22 bp), and strong purifying selection (low ratio of nonsynonymous to
synonymous polymorphisms [dN/dS]). Besides, they were more abundant in metagenomic
databases recruiting at the deep chlorophyll maximum. Less abundant and restricted to
the upper photic layers of the global ocean, the other subclade of SAR116, enriched in
metagenome-assembled genomes (MAGs), included the only two pure cultures. Genomic
analysis suggested that both clades have a significant role in the sulfur cycle with differen-
ces in the way both clades can metabolize dimethylsulfoniopropionate (DMSP).

IMPORTANCE The SAR116 clade of Alphaproteobacteria is a ubiquitous group of het-
erotrophic bacteria inhabiting the surface of the ocean, but the information about
their ecology and population genomic diversity is scarce due to the difficulty of get-
ting pure culture isolates. The combination of single-cell genomics and metagenom-
ics has become an alternative approach to study these kinds of microbes. Our results
expand the understanding of the genomic diversity, distribution, and lifestyles within
this clade and provide evidence of different evolutionary trajectories in the genomic
makeup of the two subclades that could serve to illustrate how evolutionary pres-
sure can drive different adaptations to the same environment. Therefore, the SAR116
clade represents an ideal model organism for the study of the evolutionary stream-
lining of genomes in microbes that have relatively close relatedness to each other.

KEYWORDS DMSP, population genomics, SAR116, marine Alphaproteobacteria,
streamlined genomes, sulfur cycle

arine bacterioplankton play a central role in the sustainability of marine environ-
ments driving biogeochemical processes as well as primary production at the base
of the food chain (1). Phytoplankton are believed to be responsible for approximately half
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of the total global primary production (1). In the microbial loop, heterotrophic bacteria are
responsible for the assimilation and metabolization of labile dissolved organic matter
(DOM) released by photoautotrophs in the aquatic environment (2-4). Variations in the
availability and type of nutrients in the pelagic habitat have led to the emergence of dis-
tinct trophic strategies, oligotrophs and copiotrophs. Although it is difficult to reach a strict
consensus on the defining characteristics of either group (5), oligotrophs are slow-growing
bacteria highly adapted for optimal growth in nutrient-poor environments. In contrast,
copiotrophic bacteria are characterized by their ability to grow under high nutrient con-
centrations, responding rapidly to nutritional changes in the environment (5-7). Some
models for heterotrophic marine bacteria such as Alteromonas (8, 9), Vibrio (10), or
Roseobacter (11) are copiotrophs. In offshore oligotrophic pelagic habitats, copiotrophic
bacteria are minorities, and only the transient nutrients discharged from particulate or-
ganic matter, e.g., in algal blooms or animal ejecta, provide opportunities for their swift
growth (12). However, in nutrient-enriched zones such as coastal waters or estuaries, these
microbes play an important role in the ecosystem (13, 14). Molecular approaches targeting
the 16S rRNA gene, such as fluorescence in situ hybridization (FISH), terminal restriction
fragment length polymorphism (T-RFLP), and denaturing gradient gel electrophoresis
(DGGE) and later the advent of next-generation DNA sequencing technologies, i.e., meta-
genomics, have proven that the surface ocean microbiome is mostly dominated by oligo-
trophs (15-19). Despite their abundance and importance, the bottleneck of acquiring pure
cultures by classical culture-based approaches has considerably impeded their study. Thus,
most of our present knowledge about these largely unknown but essential components of
the biosphere and the ocean microbial ecosystem has been derived from metagenomics
and single-cell genomics approaches (18-22). Most of the ocean water column, in contrast
to soil, sediments, or animal bodies, is oligotrophic, i.e., containing highly diluted organic
and inorganic nutrients. The microbes that thrive there are mostly oligotrophs that utilize
nutrients in very low concentrations. For that, they need to keep a low surface-to-volume
ratio, which translates into very small cells (23-25) (e.g., “Candidatus Pelagibacter ubique”
has a 0.12- to 0.20-um diameter and a cell volume of only 0.01 wm?3 [26]). This minimiza-
tion of cell size and complexity is coupled with highly compacted genomes characterized
by (i) significant reduction in genome size with highly conserved core genomes and few
pseudogenes, (i) short intergenic spacers, (i) low numbers of paralogs, and (iv) low GC
content. These genomic features described as an evolutionary adaptation for more effi-
cient use of nutrients in oligotrophic environments removing nonessential genes are
referred to as “streamlining theory” (25).

Although underrepresented in comparison to these streamlined dominant groups such
as the alphaproteobacterial SAR11 clade and the cyanobacterium Prochlorococcus (25),
there are many other cosmopolitan lineages of heterotrophic marine bacterioplankton in
the global oceans, including SAR116 and SAR86 clades within Proteobacteria or the
Actinomarinales within the Actinobacteria (27, 28). Despite playing a central role in the func-
tion of marine ecosystems, they have received much less attention largely because only a
few isolates have been isolated or characterized (29), and most of our knowledge about
their ecological and genomic role comes from either metagenome-assembled genomes
(MAGs) or single-cell genomes (SAGs).

Here, we applied an ecogenomic approach to 185 genomes of the SAR116 clade
(Alphaproteobacteria), a ubiquitous group of heterotrophic bacteria inhabiting the surface of
the ocean, to assess their potential role in the marine pelagic habitat (30). Their relative
abundance based on 16S rRNA gene clone libraries varied in the range of 1% to 17% (29).
To date, only two representatives of SAR116 have been cultured and their genomes
sequenced, “Ca. Puniceispirillum marinum” IMCC1322 isolated from surface seawater of the
East Sea Basin of Korea (31) and HIMB100, collected off the coast of Hawaii in the subtropical
Pacific Ocean (32). Analysis of the genomes revealed common metabolic features including
genes such as those for proteorhodopsins, carotenoid biosynthesis, and carbon monoxide
dehydrogenase. In addition, the IMCC1322 strain plays an important role in the dimethylsul-
foniopropionate (DMSP) cycle via the cleavage pathway to generate dimethylsulfide (DMS)
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in the surface waters of the oligotrophic ocean (33). The ocean represents a major reservoir
of sulfur (mainly in the form of sulfates) on Earth (34). DMSP is an organosulfur compound
produced by phytoplankton as compatible solute (35), which when degraded liberates gase-
ous DMS, one of the main sources of sulfur in the atmosphere and reduced sulfur as well as
acrylate (36, 37).

Although several metagenomic studies of marine samples have obtained MAGs from
this group (21, 38-40), recently their number has increased by ca. 100 new genomes com-
ing from a large library of planktonic bacterial and archaeal SAGs collected from tropical
and subtropical epipelagic ecosystems (22). This study has revealed a new perspective on
the genomic complexity of the marine microbiome (22). The increased genomic diversity
within this group has led to the discovery of two subclades of SAR116, which coexist in
the same environment but appear to be subjected to different evolutionary pressures in
their genomic makeup. The new subclade that emerged from the improved phylogenomic
classification showed genomic features similar to streamlined genomes without genome
size reduction. Despite genomic differences, metabolic reconstruction revealed a photohe-
terotrophic lifestyle with several genes involved in the metabolism of inorganic and or-
ganic sulfur compounds. We detected genes for the oxidation of sulfite and thiosulfate in
both SAR116 subclades. In addition, we found marked differences in the degradation of
the organic DMSP; while the isolate genomes and their closest relatives rely on DMSP
lyase, the novel subclade contained exclusively genes involved in the demethylation path-
way which produces (methylsulfanyl)propanoate (MMPA). Our data suggest that SAR116
might play a key role in the sulfur cycle in the surface ocean.

RESULTS AND DISCUSSION

Phylogenomic characterization of the SAR116 clade. A total of 185 genomes were
downloaded from publicly available databases putatively classified as members of the
SAR116 clade (based on NCBI classification accessed in August 2020; see Materials and
Methods), which includes only two cultured representatives (IMCC1322 and HIMB100) to-
gether with 120 SAGs and 63 MAGs that met the established quality criteria of =50% com-
pleteness and =5% contamination, i.e, medium- to high-quality draft genomes (41) (see
Table S1 in the supplemental material). Phylogenomic analysis using a concatenation of 258
single-copy marker proteins showed that SAR116 genomes clustered into two subclades
with four different families (two per subclade) (Fig. 1A and Fig. S1). Based on GTDB classifica-
tion (42), these four families were placed within the Puniceispirillales order (Table S1). The
two pure culture representatives were placed in the same family (Puniceispirillaceae) that to-
gether with family UBA1172 clustered within one of the subclades characterized by contain-
ing a higher proportion of MAGs (59 MAGs and 43 SAGs) (Fig. 1A and B and Fig. S1). On the
other hand, the other subclade, composed of families AAA536-G10 and GCA-002684696,
was represented mostly by SAGs (n = 86) including only 4 MAGs (Fig. 1A and B and Fig. S1).
Most of these SAGs (79 of the 86 genomes) come from a large collection of genomes
sampled from the surface (epipelagic) ocean in tropical and subtropical latitudes (22)
(Table S1). Therefore, this intrinsic difficulty in obtaining pure cultures and in reconstructing
genomes from metagenomes of this new subclade has kept its genomic diversity hidden
until now with the advance in single-cell genomics. Clustering based on pairwise average
nucleotide identity (ANI) (Fig. S2) revealed groups of genomes within each family with ANI
values of ca. 70%, which placed these strains likely as different genera, named A to D for sim-
plicity (Fig. TA). In the end, we were able to distinguish two subclades, four families, and 10
putative genera within the SAR116 clade (Fig. 1A, Fig. S1, and Table S1).

Differential genomic features of the SAR116 subclades. Once the phylogenomic
classification of the whole clade was established, genomic features were evaluated for
each group. To be as precise as possible, we have used only genomes from single-cell
sequencing. We calculated the GC content (%GC), intergenic spacer length, and the
estimated genome size (Fig. 1A and Table S1). Interestingly, we found a significant vari-
ation of the GC content between the two subclades. While the subclade containing
pure culture representatives (Puniceispirillaceae and UBA1172 families) showed a wide
range of values from 37.91 to 51.39%, (mean subclade 45.10% [standard deviation
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FIG 1 (A) Phylogenomic analysis of all SAR116 genomes available using a total of 258 concatenated conserved proteins to generate a maximum likelihood
tree. The branches have been colored according to the subclade to which they belong (blue, High GC [HGC], and red, Low GC [LGC]). The genomes of
nearby orders SAR11 and Rickettsiales were used as outgroup. GC content, together with estimated genome size and intergenic spacer, is plotted next to
the tree. (B) Number of SAGs and MAGs belonging to each genus within the HGC and LGC subclades. (C) Principal-component analysis (PCA) was
performed using several genomic parameters: dN/dS, GC content, intergenic spacer, estimated genome size, N-ARSC, and C-ARSC as well as the number of
paralogous genes found in the genomes of the HGC and LGC subclades in comparison with several reference genomes.

{SD}, +5.87]), GC content value was consistent across all genera in the new subclade
(30.55 = 0.87) (Fig. 1A and Tables S2 and S3). Based on these significant differences (P
value <0.01), we named the two subclades High GC (HGC) and Low GC (LGC) (Fig. 1A).
Lower GC content has been suggested to be an adaptation in nitrogen-limited envi-
ronments such as open ocean regions (25). In fact, we observed changes in the amino
acid usage between the two groups. The LGC subclade showed higher prevalence for
basic amino acids such as asparagine and lysine with only one N atom in side chains.
However, members of the HGC group had a higher frequency of arginine (3 N in side
chain) (Table S4). Another useful approach to examine the overall encoded nitrogen
and carbon content is the average number of nitrogen or carbon atoms per amino
acid residue side chain (N-ARSC and C-ARSC, respectively). Significant differences were
found for both parameters between the two groups. We found that the LGC group
had a lower nitrogen content in amino acid residue side chains (0.331 = 0.003 versus
0.336 = 0.004; P value <0.01) and a higher C-ARCS (3.08 * 0.02 versus 2.91 = 0.06; P
value <0.07) (Tables S2 and S3). This same correlation between low GC content and
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low N-ARSC has already been reported in other groups such as Marinimicrobia (43). In
these microbes, groups inhabiting nutrient-poor waters showed a decrease in the N-ARSC
of the proteins encoded in comparison with their mesopelagic counterparts. However, our
genomes come from the same environment, which might suggest specific adaptations to
microniches such as planktonic or particle association (44).

In addition to the GC content, we observed a significant variation in the intergenic
spacer length (Tables S2 and S3). While in HGC the average length between genes was
between 35 and 57.69 bp (mean subclade 50.94 bp [SD, =7.53]), for all of the genera of
the LGC subclade median spacers were <25 bp (mean subclade 18.36 bp [SD, =4.71]),
with values as low as 9 bp in the case of LGC2-B (Fig. 1A and Tables S1, S2, and S3).
Although the estimated genome size was also statistically significant (P value 0.01)
between the two subclades, the difference in mean values was not as divergent as for
the other parameters (Tables S2 and S3). Among all the genera, the estimated genome
size was ca. 2.4 Mb, with the only exception of the genus HGC2-D, which showed a ge-
nome size higher than the rest with an average of 3.23 Mb (SD, £0.43) (Fig. 1A and
Tables S1, S2, and S3). Likewise, this genus also exhibited high values for both GC con-
tent and intergenic spacer sizes. As a consequence of the smaller size of the intergenic
space, genomes within LGC had higher numbers of genes per megabase of genome
(1,036 [SD, *35] versus 963 [SD, *20]; P value <0.01) (Tables S2 and S3).

These genomic features suggested that members within the LGC subclade are experi-
encing a streamlining process. For that reason, we studied other characteristic genomic pa-
rameters that have been proposed to be relevant in the streamlined genomes such as
selective pressure and the number of paralogs (43, 45-47). Microevolution was measured
as the ratio of nonsynonymous to synonymous polymorphisms (dN/dS ratio). We found
that the median dN/dS value was 0.09 (SD, +£0.02) for LGC; this value was comparable to
the better-known marine SAR11 clade (45) and suggests a strong purifying selection acting
on the genome evolution of this subclade (Tables S2 and S3). Within the HGC subclade, we
observed much more variable values. While the genus HGC2-A showed similar values as
LGC, 0.065 (SD, £0.004), in the other genera within HGC we found markedly higher median
dN/dS values (from 0.13 to 0.18) (Table S3). However, the number of paralogs was the only
parameter that was not differential between the two subclades (P value 0.23) (Table S2).

To put these genomic features into perspective, we compared these groups with a col-
lection of reference marine microbes with different ecological strategies (Fig. 1C and
Table S3). Despite the divergence, genomes within the LGC subclade showed consistent
genomic parameters, some of them (GC content and dN/dS ratio) typical of well-studied
streamlined genomes such as SAR11 or “Ca. Actinomarina minuta” (46) (Fig. 1C and
Table S3). The median intergenic distance was higher than that of these two microbes,
although it was slightly lower than that for other marine microbes with streamlined
genomes such as the marine ammonia-oxidizing thaumarchaeon “Ca. Nitrosopelagicus
brevis” CN25 and the cyanobacterium Prochlorococcus marinus CCMP1986 (Fig. 1C and
Table S3), and the estimated genome size was double that of all these four reference
genomes (SAR11, “Ca. Actinomarina minuta,” P. marinus, and “Ca. Nitrosopelagicus brevis”).
The C-ARSC was greater than three for all genomes within the LGC group, similarly to all
streamlined reference genomes. We found a negative linear correlation between C-ARSC
and GC content (R? 0.936, data not shown). However, for N-ARSC the correlation was posi-
tive but the coefficient was very low (R? 0.315, data not shown). The HGC group shows
multiple genomic evolutionary trajectories with features more similar to marine copiotro-
phic heterotrophs such as Erythrobacter and Alteromonas or the cyanobacterium
Synechococcus sp. strain CC9902. The case of the HGC2-A group is outstanding in display-
ing an intermediate trend with strong purifying selection and lower GC more similar to
LGC (Fig. 1C and Table S3). In addition, like LGC groups, HGC2-A had a higher proportion
of genomes recovered by single-cell genomics (Fig. 1B).

Ecological distribution (metagenomic recruitment). The differential genomic fea-
tures observed between the two subclades could be related to adaptations to specific
ecological niches. Therefore, we analyzed the distribution patterns using metagenomic
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FIG 2 (A) Relative abundance (measured in RPKG) of SAR116 genomospecies in Tara Ocean metagenomes. Box plot in the middle indicates the average
nucleotide identity based on metagenomic reads (ANIr) among SAR116 genomospecies. Occurrence of SAR116 genomes within Tara stations is shown on
the right. Bars indicate the number of metagenomic samples where genomes recruit at least three RPKG (presence). A maximum likelihood phylogenomic
tree of the SAR116 clade is shown on the left. Box plots and dots from the recruitment were colored according to the different families following the
patterns in Fig. 1. (B) Linear recruitment plot of the representative genomes for HGC2-D1 and LGC2-D2 genera. Each blue dot represents a metagenomic
read. The histogram on the right shows the relative percentage of aligned reads in intervals of 1% identity. The black dashed line indicates the species
threshold (95%).

read recruitment analysis in the large global data set from the Tara Oceans Project
(20). First, we analyzed the relative abundance of the genomes (see Materials and
Methods) against their occurrence in the metagenomic samples, which allowed for the
determination of several genomospecies, i.e., groups of genomes with close phyloge-
nomic relationship and similar relative abundances within the same geographical loca-
tions (46, 48). We were able to differentiate 23 genomospecies (Fig. 1A, Table S1, and
Fig. S1). The minimum pairwise ANI value among these ecogenomic units of classifica-
tion was ca. 85%. The results showed that SAR116 microbes were found exclusively
associated with the upper layers of the epipelagic zone. None of the genomospecies
was present in the cold-water stations of the Southern Ocean or mesopelagic zones
(>200 m) (Fig. 2A). While HGC members were found only in surface waters, LGCs
showed a broader distribution, present at a higher number of stations and depths,
which suggests adaptation to a wider range of conditions (Fig. 2A). For instance,
genomospecies LGC1-A1 and LGC1-A2 recruited in the highest number of stations
from surface and deep chlorophyll-maximum (DCM) (Fig. 2A). While genomospecies
HGC2-B1 and HGC2-B2 together with LGC1-A1, LGC1-A2, LGC2-B1, LGC2-C1, and LGC2-
D1 could be considered the most cosmopolitan, present in several oceanic provinces
from 30°N to 30°S, other genomospecies were restricted to specific regions such as the
Mediterranean Sea (HGC1-A1 and HGC2-A2) and Pacific Ocean South East (HGC2-A1
and LGC1-A3) (Fig. 2A). The highest recruitment values (>20 reads per kilobase of genome
and gigabase of metagenome [RPKGs]) within the HGC subclade corresponded to the HGC1-
A1 and HGC2-D1 genomospecies at the same station in the eastern Mediterranean Sea
(TARA_025). Regarding the other subclade, LGC2-C1 presented the highest recruitment val-
ues in station TARA_004 (ANE; Atlantic North East) together with TARA_094 and TARA_096
from temperate waters in the South Pacific Ocean (Fig. 2A).
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In order to evaluate the intrapopulation sequence diversity, we used the metage-
nomic recruited reads to determine the read-based average nucleotide identity (ANIr).
Most genomospecies in both subclades (HGC and LGC) showed a median ANIr value of
ca. 95% (species threshold). None of the genomospecies within the HGC presented a
lower value, but genomospecies HGC1-A1, HGC2-A2, and HGC2-D2 showed ANIr val-
ues of >96%, i.e., lower intrapopulation sequence diversity. These genomospecies
could be considered endemic to the Mediterranean Sea and the station TARA_004
(located at the connection between the Mediterranean and the Atlantic Ocean).
Therefore, it could suggest a more recent divergence of these groups adapted to the
special conditions of the Mediterranean such as limiting P concentration. A similar
example has already been described in the SART11 genomospecies la.3/VIl, which also
showed a preferential presence in the Mediterranean (45). However, three LGC sub-
clade genomospecies (LGC2-B2, LGC2-D1, and LGC2-D2) showed higher intrapopula-
tion diversity, which could indicate higher ecological persistence over time of these
populations (Fig. 2A) (49). This is reflected in the linear recruitment plots of these
genomospecies (LGC2-D2) with a minimum alignment identity threshold of ca. 85%
and HGC2-D1, whose pattern could be associated with a less diverse population (ca.
97%) (Fig. 2B).

The linear recruitments revealed the presence of metagenomic islands in two
genomospecies (LGC1-A1 and LGC2-C1) belonging to different families within the LGC
subclade in metagenomic samples from different locations (Fig. S3A and B). The results
showed a highly hypervariable region that was always preserved in the same location
among the genomes within the same genomospecies. Detailed analysis of the gene
content showed that they are involved in synthesizing the outer glycosidic envelope
of the cells (such as the O-chain polysaccharide in Gram-negative bacteria) (Fig. S3C).
This high diversity found in this cell component has previously been explained
because the components are important phage recognition targets (50). Since viruses
identify their host through such exposed structures, the need to change the surface is
obviously compelling. Thus, a good evolutionary strategy would be to vary these
polysaccharides.

General metabolic features within SAR116 HGC and LGC genomes. The isolation
and sequencing 1 decade ago of two strains, IMCC1322 and HIMB100 (31, 32), shed
light on the physiology and metabolic potential of the SAR116 clade in the oceans.
Here, with the increased genomic diversity of SAGs and MAGs, we have expanded the
knowledge of this ubiquitous marine group. Given the incomplete nature of SAGs and
MAGs, we clustered the genes of all the genomes belonging to each genus, and this
clustering was used to analyze the metabolism against several functional databases
(see Materials and Methods). For reference, we also included in the comparison the
two pure culture genomes (HIMB100 and IMCC1322) that were classified into HGC2-B
and HGC2-C, respectively (Table S1). Most of the results are in agreement with previous
metabolic reports (31, 32) (Fig. 3A). Both HGC and LGC subclades are aerobic, chemoor-
ganotrophic microorganisms, encoding enzymes for the tricarboxylic acid cycle (TCA
cycle), and have the complexes | to IV involved in the electron transport chain (ETC). In
addition, the three common glycolysis pathways (Embden-Meyerhof-Parnas, Entner-
Doudoroff, and pentose phosphate) were also present in both subclades, although as
reported from the pure cultures (31, 32), all genomes lack 6-phosphofructokinase
(pfkA). However, in the ETC, some differences arose among subgroups. Complex Il suc-
cinate dehydrogenase could not be detected within the genus LGC2-C (18 genomes).

The most common version of the complex | detected was the H"-NADH ubiquinone
oxidoreductase (nuo) operon. This system was detected in the HGC subclade and the
LGC1-A, LGC2-A, and LGC2-B genera. However, we detected that within the genomes of
LGC2-C and LGC2-D the nuo operon was replaced with the sodium equivalent Na*™-pumping
NADH:quinone oxidoreductase (nqgr) operon. Homology search against the nr NCBI database
showed that the closest relative of this ngr operon was found with a low identity in the
methylotrophic bacterium HTCC2181 (67.52% average amino acid identity) (Fig. S4A). It has
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FIG 3 (A) Inferred metabolism of the 10 SAR116 genera (grouped by family) based on the KEGG database. “Ca. Puniceispirillum marinum” (IMCC1322) and
alphaproteobacterium HIMB100 were added for the comparison. Modules within carbon, sulfur, and phosphate metabolism as well as vitamins and those
determined as “others” were manually categorized as present/absent. For the GH and transporter categories, a range of values between 0 and 1 was
established. The highest value found for each enzyme or transporter in a genus was determined as 1, and the rest of the values were normalized
according to this value. (B) Genomic alignment (in amino acids) of the dmsABC and msmA genes found in SAR116 genomes. (C) Genomic alignment (in
amino acids) of the sox operon found in SAR116 genomes. The fragment of SAR202-OSU_TB60 was added for the comparison as the closest relative.

already been reported that multiple horizontal gene transfer (HGT) events have allowed the
dispersal of this operon among different bacterial lineages (51). In fact, we found a gene
belonging to the nuo cluster (nuoL) in these genomes immediately adjacent to the ngr op-
eron which is not present in the HTCC2181 genome (Fig. S4A). The use of sodium ion
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transport to generate an electrochemical potential that can be used both for ATP synthesis
and as a primary sodium pump to maintain ionic homeostasis could be an evolutionary
advantage in the marine environment. These replacements between the bioenergetic com-
plexes (nuo and nqgr) have already been reported in other marine bacterial lineages such as
Flavobacteria (52) or members of the phylum Marinimicrobia where the presence of these dif-
ferent versions of respiratory complex | has been correlated with improved ecological adap-
tation to discrete niches (epipelagic and mesopelagic environments) (53). Likewise, Salcher et
al. (54) described this change in bacteria of the Methylophilaceae family as an adaptation
across the transition from freshwater to the marine environment.

The glyoxylate shunt (GS), a two-step metabolic pathway that serves as an alterna-
tive to the TCA cycle, was detected only in some genera of the HGC subgroup (HGC1,
HGC2-A, and HGC2-D) and LGC1. In addition, we detected marked differences in the
acquisition and degradation of multiple sugar compounds. Overall, families of glyco-
side hydrolases (GHs) involved in the degradation of simple and complex oligosaccha-
rides, such as glycogen, cellulose, or chitin, and sugar transporters were detected in all
subgroups, although we found an enrichment of GH families within genera HGC2 and
LGC1 (Fig. 3A). Contrastingly, the low numbers of these degradative enzymes within
LGC2 and HGC1 may indicate different ecological strategies degrading organic carbon
sources (e.g., cellulase was detected only in HGC2).

Regarding the metabolism of amino acids and vitamins, all genera of both subclades
carried the necessary genes for biosynthesis of the 20 common amino acids (data not
shown) and the vitamins B, (riboflavin), B; (pantothenate) By (pyridoxal), B, (folate), and
B,, (cobalamin), the molybdenum cofactor, and the heme group (Fig. 3A). Functional
annotation of proteins indicated that instead of using the aspartate 4-decarboxylase,
involved in the transformation of aspartate to alanine, they synthesize the latter via the
enzyme 2-aminoethylphosphonate aminotransferase (phnW) from pyruvate and phosphonate
(55, 56).

Lastly, we analyzed the presence of some ecologically relevant features. Most of the
newly described genera, except LGC1, HGC2-A and HGC2-B, contained genes involved
in the acquisition and degradation of phosphonates from seawater. Some regions,
such as the Mediterranean or Sargasso Sea, are depleted in phosphate; organisms
inhabiting these places need access to other P compounds (e.g., phosphonates) to
grow and/or survive (48, 57). All genera of both subclades encoded the synthesis of a
proteorhodopsin (58), and the amino acid sequence analysis indicated that all of them
were proton pumps (DTE motif [59]) and most of them (90 out of 91) absorbed in the
blue spectrum (60). Next to the proteorhodopsin (colocated on the same strand) is
found the gene cluster involved in the synthesis of retinal (Fig. S4B). This cluster was
present in all groups of both subclades except LGC1 (Fig. S4B). The position of these
genes varies between HGC and LGC, and among genera within the HGC groups, which
could suggest several independent acquisition events after a common ancestor
(Fig. S4B). However, in all members of the LGC subclade, the gene coding for isopen-
tenyl diphosphate isomerase (ispA) is not present. This genomic deletion forces the
bacterium to retrieve retinal from the environment, like many other marine stream-
lined organisms (46, 61, 62). Despite the different evolutionary trajectories in terms of
genomic architecture, at the functional level, the two subclades appear to have many
similarities including the absence of essential genes in certain pathways, suggesting
that multiple traits have been conserved through vertical inheritance.

Contribution of SAR116 to the sulfur cycle in the ocean. Functional inference of
SAR116 genomes showed that this clade plays a key role in the sulfur cycle (Fig. 4). We
found two types of DMSP lyases, dddL and dddP (Fig. 4), that cleave DMSP to yield
DMS. Then, DMS could be biotically oxidized to dimethyl sulfoxide (DMSO) by the enzyme
DMS monooxygenase (dmoAB) or reduced again to DMS under anaerobic conditions (63) by
the enzyme DMSO reductase (dmsABC) (Fig. 4). There is an alternative route to degrade
DMSP, which involves the demethylation of DMSP to produce 3-(methylsulfanyl)propanoate
(MMPA) by the activity of the enzyme dimethylsulfoniopropionate demethylase (dmdA). This
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is the first step to assimilate sulfur from DMSP into biomass. Some bacteria, such as
Alteromonas macleodii and Ruegeria pomeroyi, can continue this pathway to produce
acetaldehyde plus methanethiol (dmdBCD genes) (64).

Figure 4 shows a clear differentiation in the degradation of DMSP by the two SAR116
subclades. Genes involved in the generation of DMS (either through degradation of DMSP
using DMSP lyases or by reduction from DMSO [dmsABC genes]) were detected only in the
genomes of the HGC2 and LGC1 subgroups (Fig. 3B), while the demethylation pathway
(dmdA) was exclusively detected on LGC2. Regarding the rest of the genes involved in the
degradation of MMPA to methanethiol, we found homologs to dmdB and dmdC with low
identity (ca. 40%), but not for dmdD. This same pattern has been described in SAR11, sug-
gesting that the function of this gene (dmdD) could be replaced by other nonorthologous
isofunctional enzymes (64). Remarkably, the main pathway to degrade DMSP, found in many
epipelagic microorganisms (36), seems to be less relevant in the SAR116 clade. Previous
reports indicated that this clade was the dominant dddP-containing bacterium in the Pacific
Ocean (33). DMSO can be further metabolized to methanesulfonate (MSA), which is in turn
cleaved to formaldehyde and sulfite by the methanesulfonate monooxygenase (msmA). We
could identify the MsmA protein in the genomes HGC2-C and HGC2-D, in close proximity to
the dmsABC gene cluster (Fig. 3B).

Lastly, the SAR116 clade contains several genes involved in sulfur oxidation systems,
including the adenosine-5'-phosphosulfate reductase (aprABM) and sulfate adenylyltrans-
ferase (sat) genes, which catalyze the oxidation of sulfite to sulfate, but only in the genera
HGC2-C, HGC2-D, and LGC1 (LGC2D contains only the sat gene [Fig. 4]), as well as the oxi-
dation of thiosulfate by the sox operon, widely distributed among LGC1 and LGC2 SAR116
groups, but also detected in HGC2-A and HGC2-C (Fig. 3C and Fig. 4). Previous studies
demonstrated the presence and activity of sulfur-oxidizing chemolithoautotrophs to use
reduced sources of sulfur (e.g., SUP05 and OM252 clades) in anaerobic waters (65, 66), but
also in the photic aerobic water column in which sox genes are common (21, 67, 68), for
energy generation, sometimes coupled to inorganic carbon fixation (69). In this sense, it
seems that SAR116, like many other marine prokaryotes (70, 71), may be capable of generat-
ing energy from the oxidation of inorganic sulfur on surface waters. The LGC1 group despite
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its streamlined genome seems to have a higher metabolic versatility than the rest of the LGC
group, more similar in this sense to the HGC members, not only in sulfur metabolism but
also with a higher richness of both GHs and transporters (Fig. 3), which could be one of the
reasons for its abundance at the DCM (Fig. 2).

Conclusions. In this study, we have characterized the members of the SAR116
clade, abundant marine heterotrophic bacteria. To date, the difficulty of obtaining
large numbers of pure cultures using standard methods (to date there are only two
pure cultures) and the scarcity and low reliability of MAGs have hindered our knowl-
edge about their diversity, metabolic potential, and ecology. Now, the increase of data-
bases with genomes from single-cell genomics has made it possible. Phylogenetic
analysis suggests that this group of aerobic and chemoorganotrophic microorganisms
consists at least of two subclades, four families, and 10 genera. A new subclade widely
represented by SAGs showed genomic characteristics that indicate an evolutionary pro-
cess of streamlining similar to other dominant marine microbes such as members of the
alphaproteobacterial Pelagibacterales (SAR11 clade) and the “Ca. Actinomarinales” (46, 48, 72).
According to this theory, which suggests that these modifications in the architecture of the
genome represent an evolutionary advantage to oligotrophic environments, microbes from
this new subclade (LGC) present a more cosmopolitan distribution compared to the other
subclade.

Despite their genomic divergence, the high similarity within the LGC group in the
genomic features analyzed suggests that these genomes have reached the limit of the
process of genome streamlining. Except for the number of paralogous genes, all genomic
parameters analyzed showed statistical significance between the two subclades, which
provides a model for studying the evolutionary history of streamlined genomes. In the other
subclade (HGQ), there is a wide range of genomic architectures that may be due to different
evolutionary histories or adaptations to different ecological niches. The presence of a genus
(HGC2-A) with characteristics similar to those of LGC in terms of streamlining suggests that
this evolutionary process may emerge in independent clades with parallel evolutionary tra-
jectories. Although this study based on culture-independent approaches is a step further in
understanding the population structure of this clade, genomic information obtained on the
metabolic capabilities of these groups should be focused in future work on designing new
isolation strategies not only to obtain more strains but also to understand their role in
aquatic environments.

The example of SAR116 is not unique since other examples of processes with the
same trend have already been described. In most of these cases, single-cell genomics
is revealing new lineages of microbes with streamlined genomes that are very abun-
dant in nature but difficult to obtain in pure culture (46, 48, 73). In the case of the ma-
rine Roseobacter clade, the use of single-cell genomics has allowed for the description
of uncultivated streamlined lineages that together represent ca. 60% of the global pe-
lagic Roseobacter bacteria in the ocean (74). Streamlined genomic features have been
also linked to epipelagic Marinimicrobia compared with their mesopelagic counterparts
(43) as well as an evolutionary response to the transition between different habitats in
other bacterial groups (47, 54). The combined application of culture-independent
approaches and single-cell genomics together with second- and recently third-genera-
tion sequencing to analyze the ocean microbiome will probably reveal other ecologi-
cally relevant clades. The systematic comparison of closely related streamlined and
nonstreamlined lineages offers a unique opportunity for the study of similarities in ev-
olutionary trajectories, as well as the possible role of the environment.

MATERIALS AND METHODS

Phylogenomic characterization. All available genomes belonging to the SAR116 clade were down-
loaded from the National Center for Biotechnology Information (NCBI), based on the Genome Taxonomy
Database (GTDB) (42) (available up to August 2020) (see Table S1 in the supplemental material). CheckM
v1.1.3 using lineage_wf with default parameters (75) was used to estimate completeness and degree of contami-
nation of the genomes, and only those with completeness of >50% and contamination of <5% were kept.
Phylophlan3 was used to establish the phylogenomic classification with a total of 258 genes shared among all
suitable genomes using the following parameters: -d phylophlan -t a —diversity high —accurate -f supermatrix_aa.cfg

September/October 2021 Volume 6 Issue5 €00944-21 msystems.asm.org 11


https://msystems.asm.org

Roda-Garcia et al.

(76). We modified the program to use IQ-TREE (77) with LG+F+ G4 amino acid model and an ultrafast bootstrap
of 1,000 replicates (78). Along with the SAR116 genomes, a total of 85 reference genomes belonging to the
SAR11 and Rickettsiales orders of the Alphaproteobacteria class were included as an outgroup. The resulting phylo-
genomic tree was analyzed and edited using iTOL (79).

Genome comparison. For each genome, coding DNA sequences (CDS) were predicted with
Prodigal v2.6.3 using -a output.proteins -d output.genes -c -p meta parameters (80). These sequences
were annotated against the NCBI database of nonredundant protein sequences (NCBI nr) using
DIAMOND v2.0.6 (blastp -sensitive -max-target-seqs 1 —evalue 1-e5 —block-size 12.0 —index-chunks 1) (81)
and against COG v2003 (update 2014) (82) and TIGFRAM v15.0 (September 2014) (83) using HMMscan
v3.1b2 (84) -E Te-5 —notextw —noali and default parameters. Subsequently, tRNAs were obtained using
tRNAscan-SE v1.4 (85) and ssu-align v0.1.1 (86) along with meta-RNA (87) for rRNA genes. To establish
similarity of the genomes, the ANI between all the genomes was calculated using the JSpecies v1.2.1
(88) package with standard parameters. Intrapopulation sequence diversity within each group was cal-
culated using the average nucleotide identity of metagenomics read with the enveomics R package (89).
To analyze streamlined genomic parameters, GC content was calculated using the gecee program from
the EMBOSS package (90). For each genome, the number of paralogs was retrieved using CD-HIT v4.8.1,
iterating from 90% to 30%, in steps of 20% identity (91) using the following parameters: -c identity -G 0
-MO0-TO-d0-aS05-p1-g1-scl.Intergenic spacer size was calculated by measuring the distance
between consecutive genes in all the genomes using an in-house perl script. N-ARSC and C-ARSC values
for each gene were calculated using the script at https:/github.com/faylward/pangenomics/blob/
master/get_ARSC.py (92). As a reference, we have included in the comparison representatives of
well-known microbes: Pelagibacter sp. HTCC7211 (NCBI accession number GCA_000155895.1) (93),
“Candidatus Actinomarina” sp. AG-915-F11 (NCBI accession number GCA_902635395.1) (22),
Alteromonas macleodii ATCC 27126 (NCBI accession number GCA_000172635.2) (94), Erythrobacter citreus
LAMA-915 (NCBI accession number GCA_001235865.1) (95), Synechococcus sp. strain CC9902 (NCBI
accession number GCA_000012505.1) (96), “Ca. Nitrosopelagicus brevis” CN25 (NCBI accession number
GCA_000812185.1) (97), Prochlorococcus marinus MED4 (NCBI accession number GCA_000011465.1) (98),
and Escherichia coli strain K-12 substrain MG1655 (NCBI accession number GCA_000005845.2) (99). The
nonsynonymous (dN) and synonymous (dS) substitutions were computed for all orthologous genes
between two entire genomes using the orthologr package (100). Based on the ANI values obtained, all
genomes that fell within the species definition (ANl >95%) were selected for dN/dS analysis. Each ge-
nome was analyzed against the others in a pairwise comparison. The mean for all species was deter-
mined to obtain the dN/dS value for each genus. First, BLASTp was used to align and identify all ortholo-
gous sequences by choosing the best reciprocal hit, applying a threshold of >75% amino acid sequence
identity and the pal2nal script (101) to perform codon alignment. Then, for each pair of sequences, dN,
dS, and dN/dS ratios were computed based on the codon alignment using the YN method (102). We
removed dN/dS values of =10 because they may already be due to methodological artifacts. dN/dS val-
ues of <1 indicate purifying selection, whereas higher values (dN/dS > 1) are a clear signal of diversify-
ing selection (genetic drift). For statistical analysis, quantitative variables were expressed as the mean =
standard deviation (SD) and compared by the unpaired t test. Statistical analysis was performed using
SPSS version 15.0 (SPSS, Inc., Chicago, IL). All P values were two-sided, and P < 0.05 was considered stat-
istically significant. In order to compare the genomic features of the SAR116 genomes against several
reference genomes, previously mentioned in this section, a principal-component analysis (PCA) was per-
formed using several genomic parameters: dN/dS, GC content, intergenic spacer and estimated genome
size, N-ARSC, and C-ARSC as well as the number of paralogous genes. The FactoMineR (103) and factoex-
tra (https://github.com/kassambara/factoextra) libraries of R were used for this analysis. The FactoMineR
library was used to standardize the data during the PCA. The plot was made using the Biplot function.

Metagenomic fragment recruitment and SAR116 biogeography. Metagenomes from the Tara
Oceans expedition (20) were used to study ecological distribution patterns of SAR116 genomes.
Metagenomic reads were aligned using BLASTn v2.10.1 (104). A cutoff of 98% nucleotide identity was
established over a minimum alignment length of 50 nucleotides. To avoid possible bias due to the high
potential for chimera generation in MAGs (41), we analyzed the relative abundance only of the data set
of genomes that came from single-cell genomics and pure culture. Only those genomes recruiting at
least three reads per kilobase of genome and gigabase of metagenome (RPKG) and with a genome cov-
erage of =70% were kept for further analyses. In addition, in all genomes the rRNA operon was removed
before recruitment to avoid the background noise it generates due to its high similarity between diver-
gent genomes as previously reported (46, 48). The same parameters were used for the metagenomic lin-
ear recruitment. The resulting alignments, together with the distribution of the reads according to the
identity of the alignment (histogram), were plotted using the ggplot2 package in R.

Functional classification. Since most of the genomes used are incomplete (MAGs and SAGs), we
decided to cluster the collection of all gene sequences in all genomes belonging to the established gen-
era to compare them at the functional level. Gene clusters were generated using CD-HIT v4.8.1 (91) with
a minimum percentage of identity of 70%, as well as a coverage of at least 50%. The resulting gene clus-
ters were annotated against three databases, SEED using DIAMOND v0.9.34 (81) (40% identity and cover-
age greater than 50%), CAZy (105) using dbCAN (106) (HMMER mode, E value 107> and coverage
greater than 35%), and KEGG (107) (KEGG Mapper, Reconstruct Brite, KEGG Orthology) using the
BlastKOALA V.2.2 tool (108). We added in the comparison the two pure culture genomes as a reference
(IMCC1322 and HIMB100). All pathways within carbon, sulfur, and phosphate metabolism as well as vita-
mins and those determined as “others” were manually categorized as complete or not based on KEGG
and MetaCyc results (109). For the GH and transporter categories, a range of values between 0 and 1
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was established, with 1 being the maximum value for each category present in a genus and normalizing
the value of the rest of the genera from that value. This was done independently for each enzyme or trans-
porter found.
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