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ABSTRACT “Candidatus Actinomarinales” was defined as a subclass of exclusively
marine Actinobacteria with small cells and genomes. We have collected all the
available genomes in databases to assess the diversity included in this group and
analyzed it by comparative genomics. We have found the equivalent of five genera
and 18 genomospecies. They have genome reduction parameters equal to those of
freshwater actinobacterial “Candidatus Nanopelagicales” or marine alphaproteobac-
terial Pelagibacterales. Genome recruitment shows that they are found only in the
photic zone and mainly in surface waters, with only one genus that is found pref-
erentially at or below the deep chlorophyll maximum. “Ca. Actinomarinales” show
a highly conserved core genome (80% of the gene families conserved for the
whole order) with a saturation of genomic diversity of the flexible genome at the
genomospecies level. We found only a flexible genomic island preserved through-
out the order; it is related to the sugar decoration of the envelope and uses several
tRNAs as hot spots to increase its genomic diversity. Populations had a discrete
level of sequence diversity similar to other marine microbes but drastically different
from the much higher levels found for Pelagibacterales. Genomic analysis suggests
that they are all aerobic photoheterotrophs with one type 1 rhodopsin and a helio-
rhodopsin. Like other actinobacteria, they possess the F420 coenzyme biosynthesis
pathway, and its lower reduction potential could provide access to an increased
range of redox chemical transformations. Last, sequence analysis revealed the first
“Ca. Actinomarinales” phages, including a prophage, with metaviromic islands related
to sialic acid cleavage.

IMPORTANCE Microbiology is in a new age in which sequence databases are primary
sources of information about many microbes. However, in-depth analysis of environ-
mental genomes thus retrieved is essential to substantiate the new knowledge. Here,
we study 182 genomes belonging to the only known exclusively marine pelagic group
of the phylum Actinobacteria. The aquatic branch of this phylum is largely known from
environmental sequencing studies (single-amplified genomes [SAGs] and metage-
nome-assembled genomes [MAGs]), and we have collected and analyzed the avail-
able information present in databases about the “Ca. Actinomarinales.” They are
among the most streamlined microbes to live in the epipelagic zone of the ocean,
and their study is critical to obtain a proper view of the diversity of Actinobacteria
and their role in aquatic ecosystems.
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ne major drawback of ocean productivity is biomass density. In the absence of

buoyancy mechanisms, cells are heavier than seawater and sink. That creates a
fundamental problem of recycling since light barely penetrates beyond the upper 200
m. Hence, marine ecosystems are often nutrient limited due to the loss of inorganic
nutrients (N, P, Fe, and others) to the dark ocean. As an added problem, warm water is
lighter than cold water and creates thermal stratification across the water column that
blocks the exchange of nutrients between the photic zone and the deeper strata.
Consequently, aquatic environments, particularly deep and warm basins, tend to be
highly oligotrophic. To import nutrients under such conditions, prokaryotic cells have
to be small, with cell volumes that often are under 0.01 um?3 (as a reference Escherichia
coli cells are about 1 um?3) (1, 2). Such reduced volume implies restriction in the
amount of DNA that a cell can carry, limiting the size of their genomes.

Studies of the ocean microbiome have revealed that it is dominated by small
bacteria adapted to survive in oligotrophic conditions with a significant reduction
in genome size, few pseudogenes, short intergenic spacers, and low GC content,
i.e., they have streamlined genomes, such as members of the alphaproteobacterial
Pelagibacterales (SAR11 clade) and the cyanobacterial Prochlorococcaceae (3). The
above-mentioned microbes serve as models for size and genome reduction, but
there are many other examples of aquatic microbes with similar characteristics. In
freshwater, the sublineage of SAR11, LD12 (4), or the most abundant clade of
Actinobacteria, the “Candidatus Nanopelagicales,” have very small genome sizes (ca.
1.2 Mb) (5). In the ocean, we find many other examples such as the marine ammo-
nia-oxidizing thaumarchaeon “Candidatus Nitrosopelagicus brevis” (6), the recently
described groups of heterotrophic marine thaumarchaea abundant in mesopelagic
waters (7), the methylotrophic Betaproteobacteria of clade OM43 (8), and the “Ca.
Actinomarinales” (9).

The reduced genome and cell sizes of some “Ca. Actinomarinales” and their world-
wide distribution have been known for some years (9, 10). They are the only known
exclusively marine, free-living, planktonic Actinobacteria (9) since the other, distantly
related, marine pelagic Actinobacteria, the Acidimicrobiales (11), are also found abun-
dantly in freshwater lakes. To our knowledge, the only report of “Ca. Actinomarinales”
outside the global ocean was in the South Basin of the brackish Caspian Sea (ca. 1.5%
salinity) (12). In a previous work (9), a single composite genome was assembled from a
collection of metagenomic fosmids from the Mediterranean deep chlorophyll maxi-
mum (DCM) (9). The 16S rRNA could be found among the fosmids and was affiliated
with the formerly described marine Actinobacteria clade (13). The cells were character-
ized by fluorescent in situ hybridization (FISH) and flow cytometry and described as
the smallest free-living bacteria (9). The admittedly chimeric genome reconstructed
from the fosmids indicated a very small size, and it had very small intergenic spacers
and also very low GC content (the lowest value found for any actinobacterium) (9).
The subclass “Candidatus Actinomarinidae,” order “Candidatus Actinomarinales,” sub-
order “Candidatus Actinomarineae,” family “Candidatus Actinomarinaceae,” and spe-
cies “Candidatus Actinomarina minuta” were proposed to accommodate this single
reconstructed genome (9). However, because of its chimeric features, it was not
included in the Genome Taxonomy Database (GTDB) (14). Presently, the correspond-
ing class in GTDB is Acidimicrobiia. Until 2019, only a few genomes assembled from
metagenomes (MAGs) had been included within this clade (15, 16). However, a large
collection of single-amplified genomes (SAGs) from the tropical and subtropical
euphotic ocean has been recently released providing insights into the heterogeneity
and genomic composition of the marine microbiome (17). Among them, almost 200
new genomes were classified as “Candidatus Actinomarina.”

We have conducted a phylogenomic analysis indicating the presence of five differ-
ent genera (average nucleotide identity [ANI] of <70%). Clustering closely related
genomes allowed us to reconstruct the first complete genomes and, in this way, con-
duct comparative genomic analysis. The results provide information into the genomic
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makeup, ecogenomics, microdiversity, and evolutionary dynamics of this diverse group
of microbes. On the basis of these analyses, we propose the establishment of new gen-
era plus a more accurate description of the previously proposed “Ca. Actinomarina.”

RESULTS

Phylogenomics of the order “Ca. Actinomarinales.” To collect as much genomic
diversity as possible and perform a phylogenomic classification of the whole clade, we
collected all genomes corresponding to the class Acidimicrobiia according to the GTDB
(Actinobacteria based on the NCBI classification) as well as several reference genomes
from nearby classes (Actinobacteria, Coriobacteriia, and Themoleophilia) that have sev-
eral representatives from marine and freshwater ecosystems. After removing those
that did not pass the established quality criteria (>50% completeness and <5% con-
tamination), a total of 1,814 genomes were used to perform a phylogenomic tree using
262 shared genes (see Fig. S1A in the supplemental material). In the end, 182 genomes
(largely SAGs, together with seven MAGs [15, 16]) clustered in the same branch with
“Ca. Actinomarina minuta,” classified within the order TMED189 in the GTDB no-
menclature or “Ca. Actinomarinales” by the NCBI (see Table S1 in the supplemental
material).

To compare and cluster the “Ca. Actinomarinales” genomes, we conducted a sec-
ond phylogenomic analysis using genomes of the sister order Acidimicrobiales as an
outgroup. Most genomes were clustered in four main branches, which seemed to rep-
resent putative genera based on ANI values of ca. 70%, named G1 to G4 (Fig. 1). A sin-
gle SAG appeared as an outgroup (AG-439-N06, labeled G5 in Fig. 1). Most of the
genomes of G1 come from a single sample collected at the Bermuda Atlantic Time-se-
ries Study (BATS) station (17) (highlighted with a red star in Fig. 1). To assign the first
composite genome “Ca. Actinomarina minuta” derived from combining fosmid clones
(9), we constructed a 16S rRNA gene tree (Fig. S1B), confirming the phylogenomic
groups and identifying the 16S rRNA gene of the “Ca. Actinomarina” (9) within G2, for
which we propose to retain this genus denomination.

Genomospecies and ecological distribution patterns. Next, we sought to delve
into the distribution patterns of each genome using a broad set of metagenomic data
sets (Materials and Methods). Before metagenome read recruitment, the rRNA ribo-
somal operon was removed from the genomes (18). To consider presence in a metage-
nomic sample positive, we established a minimum threshold of five reads per kilobase
of genome and gigabase of metagenome (RPKG) and genome coverage of >70% with
an identity threshold of =98% (Table S2). Interestingly, we found that within each ge-
nus there were groups of genomes with similar patterns of recruitment and RPKG val-
ues, which clustered together in the phylogenomic tree (Fig. 1 and Table S2). The simi-
larity within these groups was >90% ANI. These ecogenomic clusters were considered
genomospecies (18). For simplicity, the mean recruitment of all the genomes within
each genomospecies was used to estimate their distribution.

Among the Tara Oceans metagenomic data sets, some genomospecies were more
abundant in specific regions such as the Mediterranean Sea and the Atlantic North
East (G1.3, G2.4, G2.8, and G2.9) or the Pacific South West (G2.7), while others showed
a more global distribution (G1.1, G2.1, G2.2, and G2.6) (Fig. 1 and Fig. S2). None
appeared in the Southern Ocean or in meso- and bathypelagic samples, indicating a
clear association to the photic zone and warmer waters. G5, with only one representa-
tive, was not present in any of the samples analyzed. However, given the lack of time
series or depth profiles in this worldwide data set, the meaning of the differential
recruitment along these transects is hard to judge. For this reason, we used smaller
data sets to detect clear ecological patterns in vertical, latitudinal, and seasonal varia-
tions. Vertical profiles across the photic zone in different geographical points, Western
Mediterranean Sea (16), Red Sea (19), and North Pacific Ocean (20), showed that most
genomospecies have a predilection for the upper layers of the epipelagic zone (the
upper 20 m) (Fig. 2A). This was also the case for some Pelagibacterales genomospecies
(18). However, like the Pelagibacterales genomospecies la.3/VIIl (18), genomospecies
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FIG 1 Maximum likelihood phylogenomic tree of the “Ca. Actinomarinales” genomes. Colored dots next to the genome identifier indicate the origin of the
genome that is MAG (green) or SAG (black). Red stars show genomes from a single sample collected at the BATS station. Purple dots indicate genomes
used to produce the composite genomes and genomes used in Fig. 3. Branches of the tree and names were colored according to the genera as follows:
G1 (green), G2 (blue), G3 (brown), G4 (purple), and G5 (red). Dotted lines divide the different genomospecies within each genus. Outer rings show the
presence (RPKGs >5) in surface TARA-reference metagenomes covering different geographical sites. Bootstrap values are indicated as black circles on the
nodes. The inset shows the average nucleotide identity (ANI) matrix of genomospecies colored by genera.
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FIG 2 Relative abundance of “Ca. Actinomarinales” genomospecies in: (A) vertical profiles from Western Mediterranean Sea, Red Sea, and North Pacific
Ocean; (B) 2-year metagenomic time series collected at monthly intervals at BATS; and (C) HOT stations during the GEOTRACES cruises. (D) Latitudinal
transect following the GEOTRACES GAO02 cruise. The temperature profile is shown in the last box. White and black dots indicate locations of the

metagenomic samples.

within “Ca. Actinomarinales” G4 showed a clear preference for the deeper photic zone
(DCM, 50- to 100-m depth).

In the 2-year time-series metagenomic data from BATS stations (21), which is sea-
sonally stratified, two genomospecies alternated on the surface. Thus, G1.1 was more
abundant in the cooler months, when the water column mixes and nutrients up-well
near the surface, while G1.3 was much more prevalent in the warm stratified surface
(Fig. 2B). However, the most abundant genomospecies was the deeper dweller G4.1
that was restricted to the DCM (50- to 100-m depth), or below, in the stratified season,
but appeared across the whole mixed water column between January and May
(Fig. 2B). The other G4 genomospecies (G4.4) present at this location was limited to
layers at 60 to 80 m during the mixed period (Fig. 2B). In the permanently stratified
Hawaii Ocean Time series (HOT) station, these G4 genomospecies only appeared below
60 m, while G1 and G2 genomospecies appeared near the extremely oligotrophic sur-
face (Fig. 2C).

We also found differences in the latitudinal gradients from North to South Atlantic
Ocean (GEOTRACES GAO02 cruise [21]). Along this gradient, G1.1 was more abundant in
tropical samples, while G1.3 and G2 were more prevalent in temperate zones.
However, G3.1 was present only at higher latitudes, above 40°N or S. This preference
for colder waters may be partially responsible for a lower representation of these
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genomes in collections of SAGs, since most samples used to retrieve them come from
tropical and subtropical areas.

“Ca. Actinomarinales” genome reduction. A comparison of some general features
of the largest genomes belonging to each genus is shown in Table 1. We have also
included in the comparison a representative of the marine Pelagibacterales (HTCC7211),
Prochlorococcus marinus (MEDA4), the actinobacterial freshwater clade “Ca. Nanopelagicales”
acl (IMCC25003), and the well-known copiotroph E. coli K-12. The values indicate that
“Ca. Actinomarinales” with an overall GC content of ca. 32.5% and 2bp as median
intergenic distance have genomes more streamlined than “Ca. Nanopelagicales” and
P. marinus and more similar to those of the Pelagibacterales. It is remarkable the small
number of paralog genes (nearly half of those found for the Pelagibacterales repre-
sentative), particularly considering that a paralog NADH dehydrogenase (nuo) cluster
with 11 genes was present (see below). The small number of sigma factors, the total
absence of identifiable two-component systems, mobile genetic elements, toxin-anti-
toxin, or CRISPR systems, and the increase in the average size of operons, are other
characteristics shared with the Pelagibacterales. We found only three insertion
sequence elements, one of them associated with a restriction-modification system
and another two located in the genome AG-891-109 (genomospecies G1.1) inserted
in one of the tRNAs at the boundary of the cell wall biosynthesis and modifications,
flexible genomic island 1 (fGI1) (see below).

Comparative genomic analysis. The absence of pure culture reference genomes
hampers genomic comparisons, so to assess synteny and analyze the variable regions,
multiple SAGs were coassembled to obtain composite reference genomes (Fig. S3) (see
Materials and Methods), one for each of the genomospecies G1.1, G2.1, and G2.2. The
size of these composite genomes was ca. 1.1 Mb, larger than previously predicted (9),
but still among the smallest genomes of free-living cells described so far (Table 1),
even compared to the marine Pelagibacterales whose average size is 1.3 Mb (22). We
found only one copy of the 16S, 23S, and 5S rRNA ribosomal genes forming a single
operon that is located right after the terminus determined by the GC skew (data not
shown). To increase the number of genomes to compare and based on the approxi-
mate size of the composite genomes (1.1 Mb), we also included another eight SAGs
with that approximate size, since they were likely nearly complete. In the end, 11
genomes were used for comparison, belonging to five genomospecies and three
genera (G1, G2, and G4). Despite the divergence among the different genera (ANI of
ca. 70%), synteny was well preserved (Fig. 3).

One flexible genomic island (fGI1) (23), with equivalent location and different gene
content, even within the same species, was present across the whole order. Not surpris-
ingly, this fGI appears to be involved in cell envelope polysaccharide biosynthesis (glyco-
type [24]). This has already been reported for most bacteria and archaea. It seems to be
a universal feature that, within individual species, many different combinations of genes
coding for components involved in the biosynthesis of the outermost layer of the cell
are found for different strains. Incidentally, similar fGls have been described in the fresh-
water actinobacteria “Ca. Nanopelagicales” (5). This glycotype island is present in all the
genomes of the order at the same relative location, on the left replichore, and relatively
close to the replication origin (Fig. 3). The conserved location allowed us to recover 43
complete islands in different SAGs. Their genes were clustered (95% identity) and func-
tionally annotated through the KEGG database (Table S3). Gene family’s annotation and
metabolic pathways related to “Glycosyltransferases.” “Lipopolysaccharide biosynthesis”
or “Amino sugar and nucleotide sugar metabolism” clearly indicated that these genes
are involved in the synthesis of a structural polysaccharide or capsule. At this point, the
structure and composition of the cell wall of aquatic (low-GC) actinobacteria (class
Acidimicrobiia by the GTDB taxonomy) are not known. No evidence of genes involved in
the synthesis of mycolic acids could be found, so the presence of an outer membrane in
these actinobacteria seems unlikely. Complete fGI1 sizes range from 43 to 79 kb and, as
is usually the case for this type of fGl, have different genomic parameters with lower GC
content (28%) (25). A former study of fGls coding for glycotypes in other bacteria and
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archaea indicated that their extraordinary level of diversity derives from their frequent
exchange, by double crossover recombination, that allows the complete replacement by
other gene clusters, coming from different strains or species (or even genera) (23, 26).
However, in “Ca. Actinomarinales,” there seems to be a different mode of gene swapping
with partial replacement by smaller gene cassettes (Fig. S4A), as previously shown for
additive fGls in other microbes (23, 24). The five tRNAs within each fGI1 act as targets for
the insertion of these gene cassettes (Fig. S4A). Although the most common position is
at both ends of the island, i.e., the island expands from the ends, they sometimes suffer
from rearrangements that place them closer to the center (Fig. S4A). The most recent
insertions are still identifiable by the tell-tale direct repeat of part of the tRNA gene at
the end of the inserted cassette (highlighted as red arrows in Fig. S4A). This dynamic sit-
uation is well represented by the case of the G2.2 genomes (AG-447-P23 and AG-447-
N10) which have an ANlof >98%. Both genomes have similar gene contents on the
island but have acquired small fragments that start to differentiate their fGI1 into differ-
ent versions (Fig. S4B). We have also found evidence of gene cassette transfer between
different genera, specifically AG-435-A07 (G4.1) and AG-919-G14 (G1.1) (Fig. S4A).
However, in this case, the exchange must be older since the similarity between the
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FIG 4 (A) Linear recruitment plot of the reference genomes AG-915-F11 (G1.1) and AG-430-M02 (G4.1). 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%). (B) Boxplot indicating the average nucleotide identity based on metagenomic reads (ANIr). (C and D) Phylogenetic trees based on the concatenated
alignment of genes shared by all members of the group (C) and proportional number of estimated gene gain and loss events (D). (E) Comparison of gene
content divergence and core-gene sequence divergence in “Ca. Actinomarinales” genomes. Each circle represents a pair of genomes; colors indicate pairs
of genomes within the G1.1 genomospecies (green), between the G1.1 and a different genomospecies (purple), and between members of genomospecies
other than G1.1 (blue). The red line shows the best fit to the recombination-driven delay model of genome evolution. The dashed line provides a visual
clue highlighting the transition from the recombination-bound regime to the linear divergence regime.

genes has decreased to ca. 75%. We screened the genomes for more tRNA fragment
direct repeats indicative of other hot spots for site-directed recombination. We found
two other loci connected to tRNAs (lle and Glu, highlighted as yellow triangles in Fig. 3);
next to them, there were genes related to ABC transporters. It should be noted that in
the cases of tRNAs Asp, lle and Phe, they were found to be single copies in the genome,
and thus, any damage to their sequence could be lethal. The alignment of the genomes
did not allow for the detection of any other fGls found in all the genera, but G2 and G4
both had another fGl, at different locations in each genus but at a conserved position
within each (Fig. 3). They contained a restriction-modification system type I-lll and trans-
porters, including a phosphonate one, respectively. Although they are hyperdiversified
regions, their genomic features are similar to those of the core (GC content, intergenic
distance, and nucleotide signature) (Fig. 3).

We analyzed the intrapopulation sequence diversity within each group using an av-
erage nucleotide identity calculated by metagenomic reads (ANIr). Linear recruitment
allowed us to differentiate between those genomospecies that were represented in
the sample (Fig. 4A and Fig. S5A) and those in which a close relative was the most
abundant (Fig. S5B). Using the values of three genomes within each genomospecies in

November/December 2020 Volume 5 Issue6 e01041-20 msystems.asm.org 9


https://msystems.asm.org

Lépez-Pérez et al.

three metagenomes, we found that the whole class is made up of discrete populations
with a lower intrapopulation sequence diversity (ANIr, ca. 97%) than the species
threshold (95%) (Fig. 4B). In contrast, Pelagibacterales populations are characterized by
ANIr values below 95%, and the threshold in the linear recruitment plots is located
above 80% identity, suggesting much higher intrapopulation diversity (27).
Pangenome evolution. Although missing parts of the genome in SAGs can alter
some analysis, in this study we have used the pangenome as a defining unit for each
genomospecies to assess the patterns of genomic variation. Only those genomospe-
cies with at least five genomes were considered. In the end, nine genomospecies were
included in the analysis (G1.1, G1.3, G.2.1, G2.2, G2.3, G2.6, G2.7, G3.1, and G4.1) con-
taining a total of 4,932 gene family clusters (70% identity). The number of clusters
shared by all was 932, which we consider the core of the order “Ca. Actinomarinales.”
This is a very large figure for genomes of ca. 1.1 Mb (complete genomes had an aver-
age number of proteins of 1,160) and separated by such sequence divergence (ca. 70%
ANI). These results show an exceptionally large proportion of shared genes (ca. 80%)
across the whole “Ca. Actinomarinales” order. To put these values into perspective, we
applied the same analysis to five Pelagibacterales genomospecies within subclade 1a.3
(18). In this case, we obtained 663 gene families shared by all of the genomes, which
represents ca. 50% of the average genome, similar to what has been found previously
for the SAR11 clade (22). In the case of “Ca. Nanopelagicales,” in 13 genomes of
“Candidatus Planktophila” (5), 852 genes (59 to 68% of the genome) made up the core.
To analyze this phenomenon in more detail and cast light on the mechanisms under-
lying gene and genome evolution, we investigated the relationship between the evolu-
tion of the core genome (sequence-level divergence) and the loss and gain of genes
through transfer (gene content divergence). Specifically, we compared the leaf-to-leaf
distances in the sequence similarity tree, built from the concatenated alignment of strict
single-copy core genes (Fig. 4D), with those from the gene content tree, whose branch
lengths are proportional to the expected number of gene gains and losses experienced
by a lineage (Fig. 4C). We found a very strong delay in core-gene sequence divergence
for the flexible gene content divergence (Fig. 4E). Qualitatively similar delays have been
observed in other groups of bacteria, and their origin has been attributed to the homog-
enizing action of intrapopulation homologous recombination on the sequences of core
genes (28-30). Notably, the delay of approximately one unreported substitution per site
estimated for “Ca. Actinomarinales” lies at the top end of the range observed in bacteria
(28). Such a large delay suggests that homologous recombination plays a fundamental
role in keeping genomospecies of “Ca. Actinomarina” (e.g., within G1.1) genetically cohe-
sive while maintaining high rates of gene turnover (green circles in Fig. 4E). In contrast,
genomes from distinct genomospecies have reached a regime of linear divergence, in
which both gene and genome evolution proceed in parallel (blue and purple circles in
Fig. 4E). The relative rate of gene turnover versus substitutions in such a linear regime is
unusually low (approximately 0.08 compared to typical values of the order of 0.5 in other
marine bacteria with larger genomes, such as Alteromonas and Shewanella [28]). The
combination of a large delay in core-gene sequence evolution and a low gene turnover
rate in the linear regime is compatible with the observation that most of the variability
in the accessory genome of “Ca. Actinomarina” is concentrated at or near the terminal
branches of the phylogenetic tree (Fig. 4C), that is, within the genomospecies level.
Metabolism and lifestyle clues. The initial incomplete “Ca. Actinomarina minuta”
genome was considered a photoheterotroph (9), and our data extend this hypothesis
for the whole “Ca. Actinomarinales” order, although due to its incompleteness, we
have excluded from the analysis the only representative of G5. Again, the high homo-
geneity of the group is evident at this level since there are hardly any differences at
the predicted metabolic pathways among the groups. For this reason, the results have
been compared with the reference genomes shown in Table 1. Results indicated that
members of G1 to G4 encode components involved in glycolysis via the Embden-
Meyerhof-Parnas pathway and components involved in the pentose phosphate path-
ways, but not the Entner-Doudoroff pathway (Fig. 5A). All of them can continue the

November/December 2020 Volume 5 Issue6 e01041-20

mSystems’

msystems.asm.org

10


https://msystems.asm.org

Ecogenomics of the “Ca. Actinomarinales” 3 ms

A Carbon metabolism Amino acid metabolism
c
o
g (=i c—~ %
) <4 o® L0
=0 = 3o
£ 2T 52 5 gt
g 38 38 2 9 s8
5 ga ga 25 o @
o 85 S 38 g2
S = S £® 8
2 o &= SN0 @
s =9 = < £
2 T T O
= SE I @5 E<

x
= 38
x ©
S_ €
£x 8
~ S o
88 5 =
PEZ82 3
235358 o o <
. g9228 € 3 g 5 885
g 3855258 8 H S 85 55
8 §55e8ag 2 3 ES BEIE 3EEisx
) SOLEZES S = £o88te
S.2k %Secges E = o 2252 522253
2elo0 _S5E8ESOR " < o = ) ® T 2592838
£55% 5855553 2 c g = * 83 5258 osgSas .
3325 28555538 : Z 5 g 5 2i80sfesene 4
235200t TEEEL, o SHQOXSS, 2 ol £2 £8. 28 ZERp8o8E6C8es
£0p 89T <=3 25220912 B 8% ESD5 G 23556T555682%8
519258 9cw < SB=0 5398 @ 2 " 35838<c & ® b =3
85850XI Sk 58!£9558882325'E £5 89ES SOs83 26582665 SE
82L8:55058828888i5>88228£85215 £¢2 SSEE £uo688 ELcEL2RR02885
EEE 5SS CERS 22> 8K e >5535850,3 |58 32283 889555 BEPF3222555 8%
WUWaOFO0ZarS5000u Xons < <o (o] E @ouw3a o<S<Iadouw xT
- - " 1 ! - -
G1
G2
G3
G4
Ca. Nanopelagicales (IMCC25003)-
Pelagibacterales (HTCC7211)-|
W Metabolic pathways present in at least one genera of the family Ca. Actinomarinaceae and absent in the references
Y Metabolic pathways absent in all genera of the family Ca. Actinomarinaceae but present in both references
B ) nuOABCDHIJKLMN C
A =r — AG-313-C08 (G3)
Comparison of nuo operons
AG-313-C08 (G3) nuoABCDEFGHIJKLMN
thlastX (%)
30 40 50 60 70 80 90100
nuoABCDHIJKLMN
E. coli {Erf=—H{=o=ie—)5{= i
nuoABCDEFGHIJKLMN
D E Retinal binding pocket Retinal Schiff base

Ca. Planktophila versatilis (WP_095696812.1)
Actinobacteria bacterium IMCC25003 (WP_095531755.1)

B

145 162 165 169 206 209 210 76 107 111237 241
[ e R i Rt A | [ S T

Ca. Nanopelagicus hibericus (WP_095672188.1) 48C12 (Actinobacteria) M G F G G 'F F A
Ca. Planktophila limnetica (WP_095698360.1) Ca. Actinomarinales M G Y G G F F.

Itured actinobacterium fosmid 48C12 (AVZ43932.1
tum fosmi ( ) HalobacteriumDL1 M G Y G G F F A

Halorubrum sp. BOL3-1 (WP_128909896.1)
Halobacterium sp. DL1 (WP_009487656.1)

o ; Cavity E149
Haloar (WP_089733977.1) 16 23 80 92 101104108230 105 149 213 216 226
H s : (WP_089668852.1) ! ) LN T T T T T 1 [ A B R
Methsric ) (WP_100908743.1) 48C12 (Actinobacteria) HINH Y i\ w Y
— Bellilinea caldifistulae (WP_061912808.1) Ca. Actinomarinales H H & Y w MY
e G3 Halobacterium DL1 HHY ¥ w MY
AG-313-C08
AH-287-B11
AG-919-L19 | ) I>
AG-913-K07 g,?..
AG-447-121 2 =
AG-414-M13 =9
Tree distance AG-313-L14 G4 8-§
¥ AG-404-B23 =1
AG-410-G16 o) =)
Bootstrap (%) AG-349-F20 oo
XXJ 30
5075100 OLPLI X7
AH-287-K22 [ G1
AG-359-A10
AG-337-K14
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oxidation of organic matter to CO, by the tricarboxylic acid (TCA) cycle. Complex Il of
the electron transport chain was missing. They all shared most of the detected ABC
and phosphotransferase system (PTS) transporters, encoding for components involved
in the uptake and degradation of nucleosides, a-glucosides, mannitol, and sorbitol
(Fig. 5A). Only members of G4, mainly found at the DCM or deeper waters (see above)
encode components involved in the transport of ribose/p-xylose, while the degrada-
tion of maltose and maltooligosaccharides seems to be characteristic of surface “Ca.
Actinomarinales”. The low number of transporters for carbohydrates seems to be a
common trait among small genomes, such as “Ca. Nanopelagicales” and Pelagibacterales.
However, it is remarkable that compared with Pelagibacterales, “Ca. Actinomarinales”
genes encode PTS transporters. This difference in the transport of sugars could provide
“Ca. Actinomarinales” an edge not to be completely outcompeted by Pelagibacterales in
the same oligotrophic marine surface waters.

A major difference with the other streamlined microbes of Fig. 5A and Table 1 is
that all “Ca. Actinomarinales” genomes were consistently auxotrophic for arginine,
histidine, and tryptophan, indicating a dependence for these amino acids, that must
be taken from the environment. Some “Ca. Nanopelagicales” are also auxotrophic for
certain amino acids, but the degree of auxotrophy is variable depending on the strain
(5). In the same way as with auxotrophy, there does not seem to be an equal distribu-
tion in the retinal synthesis within the order. This was attributed to differential losses
in a genome reduction process (25). In the case of “Ca. Actinomarinales,” these auxo-
trophies must come from a distant common ancestor, and different species do not
seem to be undergoing independent genome reduction at this level. Overall, “Ca.
Actinomarinales” seem to prefer exogenous amino acids as carbon sources. In this
sense, their genomes encoded several copies of branched-chain amino acid trans-
porters, as well as for general L-amino acid and neutral amino acid/histidine trans-
porters. Besides, the presence of a cyanophycinase in their genomes indicated that
they could degrade the cyanophycine copolymer of arginine and aspartic acid pro-
duced by cyanobacteria, so they could easily incorporate arginine into their diet. The
pattern of vitamin dependence is similar to the other streamlined microbes, such as
“Ca. Nanopelagicales” (5) and Pelagibacterales (31) (Fig. 5A). It is remarkable that “Ca.
Actinomarinales”, conversely to the freshwater “Ca. Nanopelagicales,” can synthesize
the F420 cofactor, and several genes encoding F420-dependent oxidoreductases
have been detected in their genomes. “Ca. Actinomarinales” genes encoded trans-
porters for the uptake of ferric ions, ammonium, phosphate, and phosphonates,
although no genes involved in the degradation of phosphonates were detected in
any of the genomes (Fig. 5A).

Structure and diversity of rhodopsins in “Ca. Actinomarinales.” All the stream-
lined genomes, including “Ca. Actinomarinales,” encoded proton-pumping rhodopsins,
while only “Ca. Actinomarinales” and “Ca. Nanopelagicales” encoded a heliorhodopsin,
whose function remains unclear (32). However, we found that “Ca. Actinomarinales,”
conversely to the other photoheterotrophs analyzed here, did not harbor the genes
involved in the synthesis of the retinal chromophore (Fig. 5A).

The completeness of several of the “Ca. Actinomarinales” genomes analyzed
allowed us to identify the presence of the two types of rhodopsins (type 1 and type
3) in most of their genomes. The heliorhodopsin gene was always found at the same
location, between two copies of the complex | NADH dehydrogenase (nuo) operon
(Fig. 5B). Between the nuo operons, in addition to the heliorhodopsin gene, we iden-
tified a cluster related to iron acquisition coding for an Fe3* ABC transporter, a ferro-
chelatase, and an iron-dependent repressor. Interestingly, one of the nuo paralog
clusters was truncated, missing the subunits EFG (Fig. 5C), which are involved in
NADH oxidation to NAD™ (33). This truncated cluster is similar (up to 35% amino
acid identity) to the cluster found in the euryarchaeon Methanosarcina mazei (34)
(Fig. 5B) that is known to couple complex | of the respiratory chain with the F420
cofactor (34). The phylogenetic tree placed the “Ca. Actinomarinales” heliorhodopsin
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equidistant to the haloarchaeal ones and other actinobacterial homologs (Fig. 5D).
However, the study of key residues identified in the structure of the reference helio-
rhodopsin 48C12 (32, 35) showed that they may share the same, yet unknown, func-
tion (32, 35) (Fig. 5E).

In “Ca. Actinomarinales,” the type 1 rhodopsin was already described (9) and named
marine actinobacterial clade (MACRhodopsin [MACR]). More recently, a fosmid from
the Red Sea belonging to the same group displayed proton-pumping activity (36), and
the three-dimensional (3D) structure was established (37). The sequences of the MACR
cluster together and close to proteorhodopsins (Fig. S6B) but are more distant to the
other actinobacterial rhodopsins such as acidirhodopsins (11) or actinorhodopsins (38).
The analysis of key amino acids (data not shown) also indicates that they are all green-
light-absorbing outward proton pumps.

In contrast to heliorhodopsin, the MACR gene was found at two different loci along
the genome depending on the genus (Fig. 3). Three genera (G1 to G3) had the MACR
gene located next to the photolyase (likely cotranscribed) along the right replichore.
However, in G4, the MACR gene appeared on the left replichore, next to the photo-
lyase but in the opposite strand and with a relatively large intergenic spacer (Fig. S6A).
On the boundaries of the insertion, a small (84-amino-acid) hypothetical membrane
protein was duplicated, although the identity between the two paralogs was only 57%.
Intriguingly, the closest relatives to these proteins affiliated with Bacteroidetes and
Firmicutes with low but significant identities (48%). This duplication was found only in
G4; the other genera had only a single copy (Fig. S6A). It is also interesting that the G4
MACR gene is the most divergent among all the genera (Fig. S6B). G4 genomospecies
seem specialized in deeper waters (see above) what might explain these differences in
their relationship to light.

First bona fide Actinobacteria phages and prophage. One of the advantages of
single-cell sequencing is the ability to obtain sequences of viruses that are inside or
attached to the bacterial cells and therefore infer the host (39). Genome annotation and
analysis revealed three sequences containing virus-related genes, including major capsid
proteins, the large subunit of phage terminases, portal proteins, phage tail proteins as
well as actinobacterium-specific transcription factor WhiB (Fig. S7A) (40). The absence of
terminal repetitions did not allow us to know whether they are complete sequences. The
similarity among the three sequences was very low in addition to the fact that the hosts
belonged to different genomospecies (G1.1, G2.1, and G2.3). Except for AH-324-A03,
which was barely detected in any station, metagenomic read recruitment in Tara Oceans
virome samples of the other two viral sequences followed distribution patterns similar to
their hosts and was undetectable in the Southern Ocean and deep water viromes
(Fig. S7B). The longest sequence was located associated with the G1.1 genome AG-919-
G14 (29 kb and 35.5% GC). The size of the auxiliary metabolic gene coding for WhiB is
twice that of the bacterial homolog. It appears that this gene has been fused with
another gene that has a domain related to an ADP-ribosyltransferase toxin. This toxin
was also found in freshwater phages infecting the acl lineage of Actinobacteria, and a
protective role against eukaryotic predators was suggested (40). Based on linear metage-
nomic recruitment, the variable part is formed by several proteins involved in the re-
moval of sialic acid from the cell wall to allow the virus access to host receptors
(Fig. S7C). Another viral sequence, with a size of 27 kb (33.6% GC), was found in the G2.1
genomospecies SAG AG-439-A17. Interestingly, the last corresponded to a 24-kb (36.5%
GQ) prophage inserted in the tRNA-Val in the genome of AH-324-A03 (G2.3) (Fig. S7A).
Although previous efforts using metagenomics have revealed putative phages of
these hosts (41, 42), these are the first bona fide “Ca. Actinomarinales” phages.
However, as in Pelagibacterales (43), the presence of prophages seems to be rare in
these microbes.

DISCUSSION
Actinobacteria are now recognized as major players of aquatic habitat communities
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(44). Members of the actinobacterial order “Ca. Nanopelagicales” are actually among
the most abundant and frequent components of freshwater microbiomes (45). The
order “Ca. Actinomarinales” is closer to the Acidimicrobiales but is only found in marine
epipelagic waters (9). They represent the most streamlined genomes of the phylum
Actinobacteria as could be expected from microbes specialized in such nutrient-limited
environments that require high surface-to-volume ratios. They are nonmotile and have
little regulatory capabilities. All these properties are shared with Pelagibacterales and
fit with the lifestyle of pelagic oligotrophs that dominate the microbiome in the upper
layers of the epipelagic ocean (2). The “Ca. Actinomarinales” overlap largely with the
Pelagibacterales in terms of habitat with similar widespread distribution (46). However,
they always represent a much smaller fraction of the community. Their distant fresh-
water relatives of the Acidimicrobiales or the “Ca. Nanopelagicales” appear to be at that
level much more successful and better competitors of the freshwater Pelagibacterales-
like Fonsibacter (4). It is remarkable how most of the genomospecies analyzed here
prefer the near-surface (upper 20 m) waters, despite their rather harsh conditions (high
UV light intensity, nutrient depletion, and variable conditions due to the hydrodynamic
action of wind and waves [47]). But the same is largely true also of many Pelagibacterales
species. However, in both cases, there are taxa (“Ca. Actinomarinales” G4, Pelagibacterales
la.3/VIIl genomospecies, and subclade lIb [46]) that dwell at deeper levels, at or below the
DCM depths, that offer a much more stable and protected habitat.

The genomes analyzed do not permit us to glimpse how the survival strategy
of “Ca. Actinomarinales” is different from their competitors like some of the
Pelagibacterales. They are both photoheterotrophs, although aquatic actinobacteria
also have a heliorhodopsin gene. It is hard to venture a role for heliorhodopsins, they are
certainly not proton pumps, and a possible function as an enzyme reducing either car-
bonate or nitrate has been proposed (35). In any case, the role must be important for
the survival of the microbe on account of its conservation. It could also be a key to the
success of both freshwater and marine actinobacteria that seem to have this combina-
tion of proton pump and heliorhodopsin as a constant in their genomes. Like other acti-
nobacteria (48), “Ca. Actinomarinales” genomes, despite their limited size, have two large
nuo clusters, one that has the features required to transfer electrons from NADH to the
respiratory chain and another that might use coenzyme F420 instead. This coenzyme is
widespread in this phylum (49), but its biological role is unclear (50). However, its low re-
dox potential (it can accept electrons from much weaker donors) might facilitate the
degradation of some resilient compounds (as shown for soil actinobacteria) (51).
Regardless, considering their widespread presence in the epipelagic ocean and their
overall diversity, the “Ca. Actinomarinales” represent an important player in the microbial
ecology of the oligotrophic ocean that should be further studied to understand their
role in such a key ecosystem.

One recent discovery about at least some Pelagibacterales species is that they are
present in nature in populations with low ANIr (ca. 92%), i.e., they have high intrapopu-
lation diversity that among other reasons could be attributed to very high levels of
recombination (intra- and interspecies) (27). This does not seem to hold for “Ca.
Actinomarinales” species that are made up of discrete populations with an ANIr of ca.
97%, similar to other nonstreamlined genomes (27), suggesting fewer concurrent spe-
cies or less interspecies recombination. Another major difference at the level of com-
parative population genomics between these two streamlined microbes is the size
of the core genome, ca. 80% of the genes are shared by all the genera of “Ca.
Actinomarinales” described here, a figure that is barely 50% among similar diversity
ranges in the Pelagibacterales. Moreover, the flexible genome diversity of the first
seems to reach saturation at the level of the genomospecies (Fig. 4E). Both observa-
tions point toward an evolutionary scenario where strong selective pressure on ge-
nome size is combined with great genomic plasticity: given a particular gene, it is ei-
ther essential and maintained throughout the lineage (thus the conservation of the
core and its unusually low gene turnover rate above the genomospecies level), or it
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is accessory (flexible) and is quickly gained or lost depending on the circumstances
or the environmental pressure. Compared to Pelagibacterales, “Ca. Actinomarinales”
have lower values of differential gene content across strains and a much smaller frac-
tion of flexible genomic islands, with only a major one involved in cell envelope
diversification. The latter probably responds to a strong selective pressure to evade
phages (25), providing further evidence that phage population control applies to
streamlined species like any other. However, the phenotypic diversity at the level of
physiology might be drastically reduced compared to larger genomes. This fits well
with a K-ecological strategy, characterized by steady population sizes that do not
depend on hoarding resources as soon as they become available—as copiotrophic r-
strategists do.

MATERIALS AND METHODS

Phylogenomic analysis. All the available genomes belonging to the class Acidimicrobiia according
to the GTDB (Actinobacteria based on the NCBI classification) as well as several reference genomes from
nearby classes (Actinobacteria, Coriobacteriia, and Themoleophilia) were downloaded (accessed in
January 2020). Additionally, SAGs classified as “Ca. Actinomarina” based on 16S rRNA gene phylogeny
obtained in reference 17 were also included in the analysis. Genomes with a completeness of <50% and
contamination of >5% based on CheckM (52) were removed from the analysis. Phylogenomic trees
were built using phylophlan (53), and the resulting tree was analyzed using iTOL (54). A 16S rRNA gene
phylogenetic tree was inferred using the neighbor-joining approach in MEGA7 (55) with 1,000 boot-
straps and the Jukes-Cantor model of substitution.

Pangenome analysis. The comparison of encoded proteins among genomospecies can be affected
by the absence of a certain protein due to the incompleteness of SAGs. Therefore, we combined several
genomes from the same genomospecies to represent a “single” genome, i.e, pangenome. Only
genomospecies with at least five genomes were considered. Proteins were clustered at 70% identity
using cd-hit (global alignment) (56). This threshold is lower than the average nucleotide identity [ANI]
among genomes from the same genomospecies. The pangenome of the class “Ca. Actinomarinales” was
then analyzed using GET_HOMOLOGUES (57) considering a threshold of 30% identity and 75% align-
ment to consider ortholog proteins. The same approach was used for the subclade l1a.3 of the marine
bacterium Pelagibacterales, following the genomospecies described in reference 18, namely, 1a.3/l, la.3V,
1a.3/VI, 1a.3/VIl, and la.3/VIIl were used. In this case, only five genomes (the largest and most complete)
were used per group.

Genome annotation and metabolism. For each genome, coding DNA sequences from assembled
contigs were predicted using Prodigal (58). tRNA and rRNA genes were predicted using tRNAscan-SE
(59), ssu-align (60), and meta-rna (61). The inferred function was predicted comparing protein sequences
against the NCBI NR database using DIAMOND (62) and against COG (63) and TIGFRAM (64) databases
using HMMscan (65).

To reconstruct and understand the metabolic pathways present in the “Ca. Actinomarinales”
genomes, proteins were aligned to the KEGG (Kyoto Encyclopedia of Genes and Genomes) using the
BlastKoala tool (66). However, given that genomes are incomplete, for each genus we clustered all
the proteins from the five most complete genomes at 70% identity using cd-hit (56). We added in the
comparison two examples of streamlined genomes, the marine bacterium “Candidatus Pelagibacter”
(strain HTCC7211 [GCA_000155895.1]) and the freshwater “Ca. Nanopelagicales” (strain IMCC25003
[GCA_002284855.1]), and the well-known copiotrophic bacterium E. coli (strain K-12) (GCA_
000005845.2).

Both rhodopsin and heliorhodopsin were studied in more detail. Protein sequences were detected
using HMMscan (65) against a custom HMM database containing thousands of sequences. Only hits
with an E value of <1e™'® were considered. For each type, maximum likelihood phylogenetic trees with
the closest relatives were performed using MEGA7 (55) with the following parameters: Jones-Taylor-
Thornton model, gamma distribution with five discrete categories, and 100 bootstraps. Positions with
less than 80% site coverage were eliminated. Before that, protein sequences were aligned with muscle
(67).

Retrieval of streamlined genomic parameters. From each genus, we selected the most complete
genomes to measure some genomic parameters. We also included in the analyses genomes of
Pelagibacterales, “Ca. Nanopelagicales,” Prochlorococcus marinus, and E. coli. GC content was calculated
using the gecee program from the EMBOSS package (68). The number of paralogs was retrieved using
cd-hit, iterating from 90% to 30% in steps of 20% identity. The number of operons was measured using
the webtool Operon-mapper (69). Intergenic spacers were calculated measuring the distance between
consecutive genes.

Genome comparisons. Reciprocal BLASTN and TBLASTXs searches between genomes were con-
ducted, leading to the identification of regions of similarity, insertions, and rearrangements. ANI
between genomes was calculated using JSpecies software with default parameters (70). Intrapopulation
sequence diversity within each group was calculated using the average nucleotide identity calculated
by metagenomic reads (ANIr). Briefly, high-quality trimmed metagenomic reads (see “Metagenomic
recruitment”) were recruited against reference genomes using BLASTN (71), with a cutoff 80% nucleo-
tide identity and alignment length of =50 nucleotides.
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Genome reconstruction (composite genomes). Composite genomes (CGs) of “Ca. Actinomarina”
were reconstructed by coassembly of groups of SAGs. To minimize possible bias, the following were
done. (i) Only groups of genomes with an ANI of >99% were used. (i) These groups should have at least
five representatives. (iii) All regions of the genome must be covered by at least two fragments. Figure S3
in the supplemental material shows the reconstruction of three composite genomes belonging to
genomospecies G1.1, G2.1, and G2.3; in all the cases, the largest genome was used as a reference for as-
sembly and rearranged to start at the dnaA gene. The high degree of synteny and completeness of the
SAGs, the presence of contigs linking the beginning and the end of the genome, as well as the analysis
of the GC skew give veracity to these genomes. Short of getting pure cultures, this is a good approach
to reconstruct genomes of uncultivated microbes with realistic gene order and completion.

Metagenomic recruitment. To infer possible ecological distribution patterns, we used several meta-
genomic data sets (Tara Oceans [72] [BioProject accession number PRJEB1787] and GEOTRACES
[BioProject accession number PRINA385854] [21] expeditions as well as vertical profiles from the
Western Mediterranean Sea [16] [BioProject accession number PRINA352798], Red Sea [19] [BioProject
accession number PRINA289734], and North Pacific Ocean [BioProject accession number PRINA352737]
[20]) to recruit reads against “Ca. Actinomarina” genomes. The complete ribosomal operon gene cluster
was manually removed from each genome sequence to avoid possible abundance bias (18). Only meta-
genomic reads that passed the quality criteria (Phred score =30, =50 bp long and with no ambiguous
bases) filtered with Trimmomatic v0.36 (73) were aligned to the genomes using BLASTN (71).
Metagenomic reads with a cutoff 98% nucleotide identity and alignment length of =50 nucleotides
were used to compute the RPKG (reads recruited per kilobase of genome per gigabase of metagenome).
A threshold of 5 RPKGs was established to consider the presence of a genome in a sample. For linear
metagenomic representation, we used the same methodology but using a cutoff of 70% nucleotide
identity over a minimum alignment length of 50 nucleotides. The alignments, together with the distribu-
tion of the reads according to the identity of the alignment (histogram) were plotted using the ggplot2
package in R.

Evolutionary model analysis. Starting from a preliminary set of 52 nearly complete genomes that
represent all “Ca. Actinomarinales” genera but G5, we built orthologous gene clusters (OGC) with panX
(74) and assessed genome completeness based on the presence of OGC for ribosomal proteins. For
downstream analyses, we selected 23 genomes that harbor, as single copy, all the genes encoding a list
of 30 nearly universal ribosomal proteins (75) plus 14 additional ribosomal proteins present in >85% of
the genomes in the preliminary set. The selected genomes comprise 2,220 OGC, 306 of which represent
strict single-copy core genes. Core-gene sequences were aligned with MAFFT (L-INS-i algorithm applied
to translated sequences) (76) and columns with >90% of gaps were removed from the alignment. The
core-gene sequence similarity tree was built by concatenating the alignments of the 306 core genes and
running FastTree (options -gtr -gamma -mlacc 2 -slownni) (77), followed by RAXML (rapid hill-climbing
algorithm, general tree reversible [GTR] model with gamma-distributed rates, FastTree tree provided as
starting point) (78). The gene content tree was built with the phylogenomic reconstruction software
Gloome (79) using four categories of gamma-distributed gain and loss rates and the core-gene sequence
similarity tree as a guide.

To compare gene and genome evolution, we computed all pairwise distances among leaves in the
sequence similarity and gene content trees. Then, we used nonlinear least-squares optimization to fit
the observed relationship between both sets of distances to a model of gene and genome evolution
subject to homologous recombination (see reference 28 for details).

Data availability. “Ca. Actinomarinales” composite genomes G1.1, G2.1, and G2.2 have been submit-
ted to NCBI and are available under BioProject accession number PRINA678693.
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