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Genomes of Planktonic Acidimicrobiales: Widening Horizons for
Marine Actinobacteria by Metagenomics
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ABSTRACT  The genomes of four novel marine Actinobacteria have been assembled from large metagenomic data sets derived
from the Mediterranean deep chlorophyll maximum (DCM). These are the first marine representatives belonging to the order
Acidimicrobiales and only the second group of planktonic marine Actinobacteria to be described. Their streamlined genomes
and photoheterotrophic lifestyle suggest that they are planktonic, free-living microbes. A novel rhodopsin clade, acidirho-
dopsins, related to freshwater actinorhodopsins, was found in these organisms. Their genomes suggest a capacity to assimilate
C2 compounds, some using the glyoxylate bypass and others with the ethylmalonyl-coenzyme A (CoA) pathway. They are also
able to derive energy from dimethylsulfopropionate (DMSP), sulfonate, and carbon monoxide oxidation, all commonly available
in the marine habitat. These organisms appear to be prevalent in the deep photic zone at or around the DCM. The presence of
sister clades to the marine Acidimicrobiales in freshwater aquatic habitats provides a new example of marine-freshwater transi-
tions with potential evolutionary insights.

IMPORTANCE  Despite several studies showing the importance and abundance of planktonic Actinobacteria in the marine habi-
tat, a representative genome was only recently described. In order to expand the genomic repertoire of marine Actinobacteria, we
describe here the first Acidimicrobidae genomes of marine origin and provide insights about their ecology. They display meta-
bolic versatility in the acquisition of carbon and appear capable of utilizing diverse sources of energy. One of the genomes har-
bors a new kind of rhodopsin related to the actinorhodopsin clade of freshwater origin that is widespread in the oceans. Our data
also support their preference to inhabit the deep chlorophyll maximum and the deep photic zone. This work contributes to the
perception of marine actinobacterial groups as important players in the marine environment with distinct and important contri-
butions to nutrient cycling in the oceans.
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he bottleneck of pure culture has revealed only a partial

glimpse of the actinobacterial world (1, 2). In recent years, a
vast uncultured world of genuinely planktonic Actinobacteria has
been discovered. These newly discovered microbes are in com-
plete contrast to their better-studied soil counterparts in their size
and genomic features. With the advent of 16S rRNA cloning, it
became possible to interrogate microbial community composi-
tion without the bias of culture, and one of the first such surveys in
the marine habitat (3) identified nearly identical sequences from
high-GC gram-positive organisms from the Pacific and Atlantic
oceans. Phylogenetic analyses of these sequences also suggested
that they represented a deep-branching clade, quite different from
known organisms. It was not until 1997 that full-length 16S rRNA
sequences became available for these microbes (OM1 from Cape
Hatteras, North Atlantic coast, and SAR432 from the Sargasso
Sea) and enabled a robust taxonomic placement, reinforcing their
novelty (4). A subsequent follow-up study, with additional se-
quences (including Actinobacteria of terrestrial origin), estab-
lished that microbes harboring these sequences were sufficiently
different to warrant a new subclass within the phylum Actinobac-
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teria (5). This group was referred to as the marine actinobacterial
clade (MAC). Interestingly, in that work, the authors stated that
the GC content of the 16S rRNA gene for these marine sequences
was slightly lower (51.9 to 53.1%) than the typical values of other
Actinobacteria (55 to 64%), providing the first indication of the
lower GC content that characterizes planktonic Actinobacteria (2,
6). More information about the MAC was later revealed by studies
on samples from the Bermuda Atlantic Time-series (BATS) loca-
tion in the Sargasso Sea. In 2005, Morris and collaborators used
terminal restriction fragment length polymorphism (T-RFLP),
among other techniques, to examine spatial and temporal pat-
terns across a decade of sampling (7). This study showed for the
first time that, like SAR11, marine Actinobacteria (represented at
this time by the MAC) increased in abundance following convec-
tive overturn at a depth of 200 m, suggesting postmixing bloom-
ing. Another recent study has also provided substantial evidence
of the association of the MAC with the deep chlorophyll maxi-
mum (DCM) (8), the zone of maximum phytoplankton concen-
tration in marine stratified water columns.

Recently, by sequencing and assembly of metagenomic fos-
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TABLE 1 Summary statistics of the reconstructed genomes

Genome No. of contigs GC% Total length (Mb) Completeness (%) Estimated size (Mb)
MedAcidi-G1 43 37-44 1.68 84-91 1.85-2
MedAcidi-G2A 48 41-46 1.37 71-79 1.73-1.93
MedAcidi-G2B 28 44-46 1.44 88-95 1.52-1.64
MedAcidi-G3 32 50-52 2.1 90-96 2.19-2.33

mids, the nearly complete genome of members of the MAC group
has been obtained (6). The reconstructed genome was remarkably
small (estimated to be <1 Mb) and had very low genomic GC
content, only 32%. Both values are the lowest for any Actinobac-
teria described until then. The estimated cell volume was only
0.006 to 0.024 wm?, making them smaller even than “Candidatus
Pelagibacter ubique” and the smallest free-living cells described
until then. A new taxon (subclass “Candidatus Actinomarinidae,”
order “Candidatus Actinomarinales”) was proposed for the or-
ganisms belonging to this clade, and the organism itself was re-
ferred to as “Candidatus Actinomarina minuta.” All previously
recovered sequences, including BDA1-5, OM1, SAR432, and D92-
32, described as belonging to the MAC are comprised within “Ca.
Actinomarinidae.” Two incomplete single-cell amplified genomes
(SAGs) that are closely related to “Ca. Actinomarina minuta”
(SAG D07 and SAG M09) have also been published recently (9),
adding further representatives of this new subclass.

The existence of another different marine actinobacterial
group was also detected by 16S rRNA analysis of clone libraries
and metagenomic data sets (10) that indicated the presence of
members of the Acidimicrobiales, an order with very few represen-
tative isolates (11). Subsequently, in an extensive study analyzing
seasonal and vertical changes in the BATS (12), sequences related
to the acidimicrobial microbe “Ca. Microthrix parvicella” were
found. These “marine Microthrix” were restricted to the DCM in
particular, blooming occasionally during summer stratification.
Their population dynamics appeared similar to that of the SAR11
1b ecotype. Therefore, at this point, two taxonomically distinct
planktonic actinobacterial groups are known to be present in the
marine habitat. Both appear to be associated with the zone of
maximal photosynthetic production, but genomic information is
only available for one of them, the “Ca. Actinomarinales.”

The deep chlorophyll maximum is the site of maximal phyto-
planktonic density in the stratified marine water column. It is
located permanently at the depth of ~100 m in tropical oceans and
at a variable depth (~50 to 100 m) during summer in temperate
latitudes. As such, it is one of the largest habitats on earth. In the
present work, using assembly from deep metagenomic sequencing
from the DCM of the Mediterranean, we describe four nearly
complete genomes of marine Actinobacteria belonging to the or-
der Acidimicrobiales. These reconstructed genomes are essentially
composites, each likely originating from several coexisting clonal
lineages, and provide insights into the lifestyle of this diverse and
important group of microbes, complementing the genomic infor-
mation obtained before about the “Ca. Actinomarinales.”

RESULTS AND DISCUSSION

Identification of Acidimicrobiales contigs and genome recon-
struction. A broad overview of the phylogenetic composition of
the unassembled data set was obtained by retrieving 16S rRNA
fragments (ca. 41,000) from the raw reads. A comparison of the
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community structure determined this way with those of two other
DCM data sets (one of them a 454 run [13]) from the same site is
shown in Fig. SI in the supplemental material. Specifically, the
contributions of Actinobacteria in these samples appear to be
rather similar (1.6 to 3%).

Since our target for this work was the marine Acidimicrobiales
from the DCM, we specifically selected long contigs (>10 kb) in
which the majority of genes gave best hits to organisms of the
subclass Acidimicrobidae. This allows a simple but stringent selec-
tion method toward identifying the target group. A total of 160
contigs with a combined length of 6.6 Mb (the longest contig was
431 kb) were thus identified as putative Acidimicrobiales genomic
fragments. Using GC content, coverage, and principal component
analysis of tetranucleotide frequencies (see Materials and Meth-
ods), 151 contigs could be further classified into four groups. Each
of these groups likely comes from cells that belong to a single
species, although, as is always the case with metagenomic assem-
blies, the clonal purity of the fragments cannot be guaranteed. For
the sake of simplicity, we will use the term “genome” to refer to
these composites and we will refer to them as the MedAcidi group.
Some summary statistics about these genomes are provided in
Table 1. Three genomes had GC contents of between 40 and 45%
and were predicted to have maximum sizes in the range of 1.7 to
2 Mb, while the fourth had slightly higher values (50% GC content
and a 2.33-Mb genome). With one exception (MedAcidi-G2A),
the genomes were predicted to be nearly 90% complete.

Three of the genomes had contigs that contained 16S rRNA.
Figure la shows the reconstructed phylogeny of the 16S rRNA of
our genomes together with several reference genomes. They were
more related to each other and to other uncultured microbes than
to any of the cultured and sequenced representatives of this sub-
class (e.g., members of “Ca. Microthrix” and Ilumatobacter). Re-
lated 16S rRNA sequences came from diverse marine environ-
ments around the world, including the Pacific and the Atlantic
oceans, suggesting a widespread distribution. We also used a con-
catenate of 106 proteins that are conserved between these and 150
actinobacterial genomes for a more robust phylogenetic affiliation
and, also, to be able to place MedAcidi-G2A, which did not have a
16S rRNA in the contigs. The resulting tree confirms the Acidimi-
crobiales affiliation of these genomes (Fig. 1b). In both trees, the
nearest neighbors were Ilumatobacter coccineum (a beach isolate)
and the recently described genome acAcidi, from a freshwater
reservoir (14). Their similarity with the MedAcidi genomes was
rather low (average nucleotide identity, ~60%), suggesting that
these belong to different genera. Therefore, our reconstructed ge-
nomes provide the first genomic information about genuine ma-
rine and planktonic Acidimicrobiales.

Lifestyle insights. The sample from which these microbes were
assembled (75-m depth in offshore Mediterranean waters) already
indicates that they come from an oligotrophic habitat (15). How-
ever, even in oligotrophic open ocean waters, some microbes have
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FIG 1 Phylogeny of the MedAcidi group of marine Actinobacteria. (a) Maximum-likelihood phylogeny of 16S rRNA of the assembled MedAcidi genomes and
related sequences from clone libraries. Sequences from the order Actinomycetales are used to root the tree. The 16S rRNAs from the MedAcidi groups are
highlighted by colored boxes. (b) Maximum-likelihood phylogeny using a concatenation of 106 conserved proteins: the assembled genomes of the MedAcidi
group are highlighted by colored boxes. Bootstrap values (%) are indicated at each node. Reference organisms shown in both trees are connected by dashed lines.

opportunistic copiotrophic lifestyles, taking advantage of micro-
heterogeneity (particulate organic matter, for example) or spo-
radic nutrient inputs (such as upwelling or deep mixing). In the
case of the MedAcidi genomic fragments described here, several
lines of evidence support a real planktonic and oligotrophic life-
style. Perhaps the most prominent feature of oligotrophic marine
planktonic free-living microbes is that they possess very stream-
lined genomes (9, 16). In addition to the reduction in the number
of genes, they also display a characteristic reduction in the length
of intergenic spacers. Along these lines, planktonic Actinobacteria,
including the MedAcidi genomes, display strikingly short inter-
genic spacers (see Fig. S2 in the supplemental material), in the
range of 3 bp (“Ca. Actinomarina minuta”) to 32 bp for the fresh-
water actinobacterium acMicro-1 (14). The smallest median in-
tergenic spacer sizes in these new genomes were found to be in the
range of 14 to 23 bp (MedAcidi-G2B and MedAcidi-G3, respec-
tively). Another indication of streamlined genomes is a reduction
in regulatory sigma factors. For example, the streamlined genome
of “Ca. Pelagibacter ubique” encodes only two sigma factors (17).
Only two sigma factors were found in the genomes of
MedAcidi-G1 and MedAcidi-G2B, four in MedAcidi-G2A, and a
maximum of five in MedAcidi-G3. Only one sigma factor (sigma-
70) was found in the “Ca. Actinomarina minuta” genome. How-
ever, this is not yet definite, as the genome is estimated to be ~70%
complete. No sigma factors were found in the SAG genomes of
“Ca. Actinomarinales” either. In contrast, the model pathogenic
actinobacterium Mycobacterium tuberculosis H37Rv encodes 13,
implying a much more complex response to the environment.
Another feature of truly planktonic microbes is a lack of any ap-
paratus for motility, and indeed, no flagellar genes were found in
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any of these new Acidimicrobiales genomes, suggesting that they
are nonmotile.

Acidirhodopsins: anew rhodopsin clade shared between ma-
rine and freshwater environments. Photoheterotrophy is a com-
mon feature of both planktonic marine and freshwater Actinobac-
teria (6, 14, 18, 19). Of the four genomes described here, one
(MedAcidi-G1) was found to harbor a rhodopsin-coding gene,
which showed the highest sequence similarity (82%) to a recently
described rhodopsin from an Acidimicrobiales bacterium (uncul-
tured actinobacterium acAcidi) from freshwater (14). Both se-
quences appear to be related to actinorhodopsins (Fig. 2).
Searches against the global ocean sampling (GOS) database using
the rhodopsin of MedAcidi-G1 revealed several hits to sequences
from diverse samples originating from the Sargasso Sea, Indian
Ocean, and Galapagos Islands. Moreover, these sequences recip-
rocally gave the best BLAST hits to the freshwater sequence, as did
the rhodopsin of MedAcidi-G1. In cases where adjacent genes
were found on the GOS reads, they also gave the best hits to the
same freshwater Acidimicrobiales bacterium. Although actinorho-
dopsins are known to be widespread in freshwater Actinobacteria,
they have not been identified in the marine environment (19, 20).
Moreover, the recently described “Ca. Actinomarina minuta”
harbors rhodopsin sequences that form a distinct clade (MACrho-
dopsins) in the rhodopsin phylogeny (6). Though sequence sim-
ilarity suggested a close relationship to freshwater actinorho-
dopsins, phylogenetic analysis indicates that these new sequences
form a sister clade to known actinorhodopsins, xanthorho-
dopsins, and eukaryal rhodopsins. The new cluster is sufficiently
different from other known branches that we propose a new
name, “acidirhodopsins,” for this branch of the rhodopsin tree
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are highlighted. Sequences originating from marine and freshwater habitats are indicated by colored squares. Bootstrap values (%) are shown on the nodes.

(Fig. 2). Analysis of the critical amino acids of these sequences
suggests they absorb in the green region of the spectrum (20). This
is only the second example of a rhodopsin that has close represen-
tatives in marine and freshwater habitats, the other being the sim-
ilar rhodopsins of marine alphaproteobacterial SARI1 and the
freshwater LD12 clades. The other three MedAcidi genomes did
not contain rhodopsins or any gene that suggested the presence of
one, although this might be due to the incompleteness of the ge-
nomes. All four genomes encoded photolyases and UvrABC sys-
tems for correcting UV light-induced DNA damage, which are
typical for microbes inhabiting the photic zone. This, together
with the rhodopsin found in MedAcidi-G1 and the sample from
which they were obtained, suggests that they inhabit the photic
zone (see below).

Carbon and energy metabolism. The genomes provided solid
evidence for the MedAcidi being heterotrophs (or in the case of
MedAcidi-G1, a photoheterotroph). All of the genomes encoded
transporters for organic matter, e.g., glycerol, sugars, amino acids,
and peptides (Fig. 3 and Fig. 4; see Fig. S3 and S4 in the supple-
mental material). Most of the steps for both glycolysis and the
TCA cycle were found in all of the genomes, suggesting that these
pathways are essentially complete (see Data Set S1 in the supple-
mental material). Apart from using these typical carbon and en-
ergy sources, all genomes appeared to be able to oxidize even- and
odd-carbon number fatty acids as well (to acetyl-CoA and
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propionyl-CoA, respectively). In the absence of complex carbon
sources like glucose, the glyoxylate bypass allows the utilization of
C2 carbon units from acetate (21) and the acetyl-CoA generated
by the oxidation of fatty acids. Both of the critical enzymes of the
glyoxylate pathway (isocitrate lyase and malate synthase) were
found in MedAcidi-G1, MedAcidi-G2A, and MedAcidi-G2B,
showing that they can use C2 compounds. However, the
MedAcidi-G3 genome did not encode the genes for the glyoxylate
cycle. The recently described ethylmalonyl pathway has an equiv-
alent role in C2 assimilation (22). Nearly all of the enzymes of this
pathway were found in MedAcidi-G3 (including the marker en-
zyme crotonyl-CoA carboxylase/reductase) (Fig. S5). A common
C2 compound in the marine environment is glycolate, a highly
labile compound that is a byproduct of photorespiration (23). All
of the MedAcidi genomes contained glycolate oxidase genes, sug-
gesting the ability to use this compound.

The complete tetrahydrofolate (THF)-linked pathway was de-
tected in the MedAcidi-G1 genome, and parts of it were found in
the others, suggesting that these microbes might be capable of
producing energy using dimethylsulfopropionate (DMSP). The
first key enzyme, dimethylsulfoniopropionate-dependent de-
methylase (DmdA), which removes a methyl group from DMSP
and yields methylmercaptopropionate (MMPA), was found in all
MedAcidi genomes (24, 25). DMSP is a commonly occurring os-
molyte in the marine habitat, particularly in marine algae (26, 27).
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Microbial degradation of DMSP can lead to the release of dimeth-
ylsulfide (DMS), a highly volatile compound that is released to the
atmosphere in large amounts (28). It has been suggested that
nearly a third of the surface ocean microbes are capable of per-
forming this transformation (24), and several can incorporate the
DMSP-derived sulfur into amino acids (methionine) (29). It has
been shown that “Ca. Pelagibacter ubique” is able to oxidize
MMPA-derived methyl groups via this pathway to produce energy
(30).

Another common energy source for marine microbes is carbon
monoxide. Carbon monoxide dehydrogenase (CODH) genes
were found in all of the MedAcidi genomes. Carbon monoxide
produced by photolysis of dissolved organic matter (31, 32) is
readily available in the marine habitat. Moreover, evidence from
genomic and metagenomic analyses is also increasingly revealing
the widespread distribution of aerobic carbon monoxide dehy-
drogenases in the seas (33-36). Two types of these heterotrimeric
enzymes are recognized, with the largest subunit (CoxL) pos-
sessing characteristic catalytic sites. Form I CODH enzymes,
originally described in Oligotropha carboxydovorans, are fast
CO oxidizers, while form II enzymes (e.g., those found in Bra-
dyrhizobium, Mesorhizobium, and Sinorhizobium species) are sev-
eral times slower (10 to 1,000 times). A total of 19 candidate CoxL
genes were found in the MedAcidi genomes, although only 8 of
them had the catalytic-site pattern of the form II CODH. How-
ever, all the genomes encoded at least one potentially active form
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II enzyme. No form I CODH catalytic site pattern was identified,
making them slow CO oxidizers. A CODH has also been found in
acAcidi. However, whether or not all form II CODH genes actu-
ally are responsible for CO oxidation has not been conclusively
demonstrated. For example, in the case of Roseobacter species,
even though form II CODH genes were readily identifiable, CO
oxidation was not observed (37).

The MedAcidi-G1 genome encoded a transporter for alkane-
sulfonates and, also, an alkanesulfonate monooxygenase (also
found in MedAcidi-G2B). The alkanesulfonate monooxygenase is
used to split the C-S bond in the sulfonates and release formalde-
hyde and sulfite. Sulfonates are organosulfur compounds that are
widely distributed in nature (38-41), and several bacteria are
known to use sulfonates as a source of sulfur (42). One widespread
form of organosulfonates is methanesulfonate, produced from the
chemical oxidation of biogenic DMS in the atmosphere (39).
While the sulfite may undergo spontaneous or enzymatic oxidation
to sulfate, some organisms, e.g., methylotrophs, can utilize the form-
aldehyde as a carbon and energy source via the serine pathway, but
this pathway was not found in the MedAcidi genomes. In any case,
intracellular formaldehyde must be detoxified. In Actinobacteria,
formaldehyde can spontaneously combine with the Actinobacteria-
specific thiol mycothiol to form S-hydroxymethylmycothiol, which is
the substrate for the mycothiol-dependent formaldehyde dehydroge-
nase. The gene coding for this enzyme was found in MedAcidi-G1
and MedAcidi-G2B. The use of mycothiol (a pseudodisaccharide) as
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acofactor in place of the universal tripeptide thiol glutathione is char-
acteristic of this particular enzyme (43). This enzyme converts
S-hydroxymethylmycothiol to S-formylmycothiol, and in a sec-
ond step, a thiol esterase yields formate and the original mycothiol
(44). Additional oxidation of formate by formate dehydrogenases
yields CO, and reducing equivalents in the form of NADH. For-
mate dehydrogenase can also be linked to the THF-linked oxida-
tion pathway (see above), and genes coding for this enzyme were
found in all four genomes.

Nitrogen metabolism. We found ammonium transporters in
all of the genomes except MedAcidi-G2B (its absence in this ge-
nome could again reflect incompleteness). Additionally, trans-
porters for glutamine and glutamate/aspartate were also found in
MedAcidi-G1 and MedAcidi-G3. All genomes encoded more gen-
eral amino acid, dipeptide, and oligopeptide transporters (Fig. 3
and 4; see Fig. S3 and S4 in the supplemental material). We also
found genes coding for the hydrolysis of nitriles, which can be a
potential source of both carbon and nitrogen, in three of these
genomes. Nitriles are naturally occurring compounds produced
by plants and are also released into the environment by human
industrial activity, e.g., petrochemical refineries, mining, etc. (45).
Nitrile-hydrolyzing bacteria have been sought after not only be-
cause of their ability to degrade these environmentally hazardous
cyanide-containing compounds but also because of the successful
commercial application of nitrile-hydrolyzing enzymes as bio-
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catalysts for the commercial production of a variety of organic
compounds, e.g., acrylamides, carboxylic acids, etc. (46). Actually,
Actinobacteria with such metabolic capacities have been reported
from terrestrial and deep sea sediments (47). Though there are
several described pathways for nitrile degradation (45), we found
two in these actinobacterial genomes, both of which yield carbox-
ylate and ammonium as end products, which can be used as car-
bon and nitrogen sources, respectively. In the first pathway, found
in MedAcidi-G1 and MedAcidi-G2B, a single-step hydrolysis us-
ing nitrilases yields these final compounds directly. In the second,
found in MedAcidi-G3, a two-step hydrolysis is predicted, where a
nitrile hydratase first transforms nitriles to amides, which are then
processed by amidases to yield the same end products.
Distribution of marine actinobacterial groups. Fragment re-
cruitment analysis of genomes provides the most accurate esti-
mate of the presence and abundance of the corresponding mi-
crobes in different habitats. However, to perform these analyses,
large sequence data sets are required and, as yet, very few are
available, particularly of depth profiles in the ocean. We have three
metagenomes (samples taken in 2007 at a depth of 50 m, in 2012 at
75 m, and in 2013 at 55 m), all from the depth of the DCM at the
same site from which the genomes were assembled. The recruit-
ment results are shown in Fig. 5 and indicate that all four microbes
are more abundant in the sample of origin (2012), as should be
expected since long contigs are easier to assemble in a sample in
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which they are very prevalent. However, their presence in the
other high-coverage data set (2013, 55 m) attests to their perma-
nence in this habitat. They were barely detectable in the smaller
454 data set from 2007. Moreover, these genomes also recruited
very little from the BATS (48) and the Hawaii Ocean Time-series
(HOTS) (49) data sets (Fig. 5). In comparison, “Ca. Actinomarina
minuta,” represented by 43 assembled fosmids (6) and two SAGs
(9), recruited consistently across these data sets. When similar
analyses was performed using the Global Ocean Sampling (GOS)
data set (50), similar results were found, where the genomes of
“Ca. Actinomarinales” recruited much more than the marine Aci-
dimicrobiales (see Fig. S6 in the supplemental material). However,
recruitments across the depth profile of HOTS (Fig. S7) indicate
that the marine Acidimicrobiales are represented much more at the
deep chlorophyll maximum (DCM) than at the surface.

Given the scarcity of fragments recruited by the genomes, we
have also used several 16S rRNA sequences from each group to
assess their relative levels of abundance across the marine habitat
(see Materials and Methods) (Fig. 5¢; see Fig. S8 in the supplemen-
tal material). This method allows a much better assessment of
their presence in low-coverage data sets, although it is much less
reliable. The results again show a wide variation among different
data sets but indicate that, not only are the marine Acidimicrobia-
les detectable at DCM depths but they may also be found at greater
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depths (e.g., HOTS 500 m and 4,000 m). Low but nearly equal
abundances were found for both groups in additional metag-
enomic data sets from the deep Sea of Marmara at 1,000 m (51)
and the Puerto Rico Trench at 4,000 m (52). Results from the GOS
data set (Fig. S8) and from the Red Sea (53) also indicate, similar to
the results from genome recruitments, that “Ca. Actinomarinales”
representatives are relatively more abundant than Acidimicrobia-
les. On the other hand, marine Acidimicrobiales 16S rRNA se-
quences were detectable in the polar latitudes, both in the Antarc-
tic (54) and the Arctic (55), while “Ca. Actinomarinales” appeared
to be restricted to temperate and tropical latitudes (Fig. S8), sug-
gesting that at least some members of this new group might be
psychrotolerant.

The partial MedAcidi genomes described here provide the first
glimpses into the physiology and lifestyle of the marine acidimi-
crobia, hitherto known only from cloned 16S rRNA sequences
and denominated the “marine Microthrix” group (12). They be-
long to representatives of the second major phylogenetic group of
planktonic marine Actinobacteria to be described at this level, after
a similar description became available for the “Ca. Actinomarina-
les” (6), formerly known as the “marine actinobacterial clade”
(MAC). Both groups have streamlined genomes and are hetero-
trophs, sometimes supplemented by phototrophic energy derived
from rhodopsins. They seem to have free-living bona fide plank-
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tonic cells (as opposed to particle associated) and are well adapted
to the oligotrophic marine waters, using organic matter that is
predicted to be common in this habitat. Genome recruitment in-
dicated that these microbes appear to be more abundant in the
deeper photic zone than at the surface and are probably more
prevalent around DCM depths (50 to 120 m, also favored by the
“Ca. Actinomarinales”). These depths are very productive in the
stratified ocean and are free from the damaging UV light of shal-
lower depths. Recent developments in the field of freshwater Ac-
tinobacteria have revealed the presence of related acidimicrobial
groups (14). This situation is reminiscent of those of the marine
“Ca. Pelagibacterales” and the freshwater LD12 groups. In both
cases, the microbes are distantly related and also share phyloge-
netically related rhodopsins, suggesting that the acquisition of
photoheterotrophy predates the marine-to-fresh water transition.
The “Ca. Actinomarinales” do not seem to have sister clades in
freshwater.

MATERIALS AND METHODS

Sampling, sequencing, assembly, and annotation. Sampling was done
on 20 July 2012 from the DCM depth (75 m) at a distance of ~20 nautical
miles off the coast of Alicante, Spain (38°4'6.64"N, 0°13'55.18"E). The
deep chlorophyll maximum was determined from a water column fluo-
rescence profile by using a Seabird SBE 19 multiprobe profiler. Two hun-
dred liters of seawater was filtered through a series of 20-um, 5-um, and
0.22-pm polycarbonate filters (Millipore). DNA from the 0.22-um frac-
tion was extracted as described previously (56). Sequencing was per-
formed using the Illumina HiSeq 2000 PE (Macrogen, South Korea). Two
libraries of different insert sizes, 300 bp and 3 kb, were created. In total,
11.9 Gb (135 million reads) and 5.3 Gb (62 million reads) of data were
obtained for the two libraries, respectively. This data set is referred to as
the MedDCM-2012 data set in this work. Both data sets (197 million
reads) were assembled together using the IDBA assembler (57). The sec-
ond metagenome used here, referred to as MedDCM-2013, was sampled
from the same site on 6 September 2013 and processed in identical fash-
ion. Only the unassembled reads from this data set are used in this work.
Protein-coding genes in the assembled contigs were predicted using Prod-
igal in metagenomic mode (58), and tRNAs were predicted using
tRNAscan-SE (59). Ribosomal rRNA genes were identified using ssu-align
(60) and meta_rna (61). Additional annotation of genes was done by
comparing against the NCBI NR, COG (62), and TIGRfam (63) data-
bases. In addition, genomes were also annotated using the RAST server
(64). Additional local BLAST searches against the latest NCBI-NR data-
base were performed whenever necessary.

16S rRNA classification. A nonredundant version of the RDP data-
base (65) was prepared by clustering the ca. 2.3 million 16S rRNA se-
quences into ~800,000 sequences at the 90% identity level using UCLUST
(66). Comparisons against this representative 16S rRNA database were
used to identify candidate 16S rRNA sequences in the complete [llumina
data sets. A sequence matching this database at an e value of <le—5 was
considered a potential 16S sequence. Candidate 16S rRNA sequences were
further examined using ssu-align, which uses hidden Markov models
(HMMs) to separate these into archaeal, bacterial, and eukaryal 16S/18S
rRNA or non-16S rRNA sequences (60). These bona fide sequences were
finally compared to the complete RDP database and classified into a high-
level taxon if the sequence identity was =80% and the alignment length
was =90 bp. For 454 sequences, the alignment length was relaxed to
100 bp. Sequences failing these thresholds were discarded.

Identification of Acidimicrobiales contigs and genome reconstruc-
tion. We only used contigs of >10 kb for all analyses. A contig was con-
sidered to originate from the order Acidimicrobiales if the majority of
genes gave best blast hits to this order. Further clusters were made using
taxonomy, principal component analysis of tetranucleotide frequencies,
GC content, and coverage in both the metagenomes as described previ-
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ously (67-69). Tetranucleotide frequencies were computed using the
wordfreq program in the EMBOSS package (70). Principal component
analysis was performed using the FactoMineR package in R (71).

Genomic phylogenetic trees and genome size estimation. A set of 97
conserved proteins found in a set of 155 complete actinobacterial ge-
nomes were used to estimate genome completeness for these genomes.
For whole-genome phylogeny, a smaller set of representative actinobac-
terial genomes was chosen in order to maximize the number of common
proteins, though all available genomes from the order Acidimicrobiales
were included. Using the COG database (62), 106 conserved proteins were
found in these five genomes and the other reference genomes. COG as-
signments were made using an e value of <le—5, >80% query coverage,
and >30% identity. These proteins were concatenated and used to create
the whole-genome phylogeny of these new microbes. The alignment was
performed using Kalign (72) and trimmed using trimAL (73). A
maximum-likelihood tree was constructed with FastTree2 (74), using a
JTT+CAT model, a gamma approximation, and 100 bootstrap replicates.

Single gene trees. All 16S sequences were trimmed using ssu-align
(60), and multiple sequence alignments were created using MUSCLE
(75). 16S rRNA phylogenetic trees were constructed using FastTree2 (74)
with a GTR+CAT model, a gamma approximation, and 100 bootstrap
replicates. The sequences of rhodopsins were also aligned using MUSCLE,
and a maximum-likelihood tree was constructed with FastTree2 (74),
using a JTT model, agamma approximation, and 100 bootstrap replicates.

Metagenomic recruitment. Recruitments were performed using
BLASTN (76), and a hit was considered only when it was at least 50
nucleotides long, with an identity of >95% and with an e value of =le—5.
These hits were used to compute the RPKG (reads recruited per kilobase
of genome per gigabase of metagenome) values, which provide a normal-
ized value that is comparable across various metagenomes. For 16S rRNA
abundance comparison of the two groups, 13 sequences from the marine
Acidimicrobiales group and 7 from “Ca. Actinomarinales” were compared
to the 16S rRNA sequences in the metagenomic data sets mentioned here.
Hits were assigned to each group if they had more than 95% nucleotide
sequence identity (species-level cutoffs) and alignment lengths of
>100 bp. The number of unique hits for each group was normalized by
dividing by the data set size.

Data accession numbers. The metagenomic data have been submitted
to NCBI SRA and are accessible under the BioProject identifier
PRJNA257723. The assembled genome sequences have been deposited to
DDBJ/EMBL/GenBank and can be accessed using the accession numbers
JUEMO00000000, JUEN00000000, JUEO00000000, and JUEP00000000.
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