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Abstract

Freshwater ecosystems are critical but fragile environments directly affecting society

and its welfare. However, our understanding of genuinely freshwater microbial com-

munities, constrained by our capacity to manipulate its prokaryotic participants in axe-

nic cultures, remains very rudimentary. Even the most abundant components,

freshwater Actinobacteria, remain largely unknown. Here, applying deep metagenomic

sequencing to the microbial community of a freshwater reservoir, we were able to cir-

cumvent this traditional bottleneck and reconstruct de novo seven distinct streamlined

actinobacterial genomes. These genomes represent three new groups of photohetero-

trophic, planktonic Actinobacteria. We describe for the first time genomes of two novel

clades, acMicro (Micrococcineae, related to Luna2,) and acAMD (Actinomycetales,

related to acTH1). Besides, an aggregate of contigs belonged to a new branch of the

Acidimicrobiales. All are estimated to have small genomes (approximately 1.2 Mb),

and their GC content varied from 40 to 61%. One of the Micrococcineae genomes

encodes a proteorhodopsin, a rhodopsin type reported for the first time in Actinobacte-

ria. The remarkable potential capacity of some of these genomes to transform recalci-

trant plant detrital material, particularly lignin-derived compounds, suggests close

linkages between the terrestrial and aquatic realms. Moreover, abundances of Actino-

bacteria correlate inversely to those of Cyanobacteria that are responsible for pro-

longed and frequently irretrievable damage to freshwater ecosystems. This suggests

that they might serve as sentinels of impending ecological catastrophes.
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Introduction

The total amount of freshwater available in lakes and

rivers is a miniscule amount (<1%) of the total water in

the hydrosphere (Shiklomanov & Rodda 2003). It is also

unevenly distributed and scarce in arid and semi-arid

regions with irregular or seasonal precipitation. Crea-

tion of man-made lakes (reservoirs), allowing for accu-

mulation of this resource, is a crucial solution,

providing water for human consumption, irrigation and

generation of hydroelectric power. At the turn of the

last century, the number of reservoirs in the world was

approximately 60 000, and hundreds of artificial lakes

are added globally every year (Avakyan & Iakovleva

1998). These reservoirs, like natural lakes and rivers,

also act as important sinks for organic material originat-

ing not only from their natural catchment but also from

human activities, and the resident microbiota actually

consume major proportions of such inflows (Berggren

et al. 2010; Pernthaler 2013), making them essential

factors directly affecting stored water properties and
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quality. However, and in spite of its obvious ecological

and public health implications, freshwater planktonic

microbiota have received relatively little attention from

microbiologists. Only in the last decade or so, using a

combination of both cultivation dependent and inde-

pendent studies, have we begun to shed some light on

these microbes (Glockner et al. 2000; Zwart et al. 2002;

Hahn 2003, 2009; Hahn et al. 2003, 2004; Yannarell &

Triplett 2004). Remarkably, Actinobacteria, which were

considered originally to be high-GC gram-positive typi-

cal soil bacteria, have been found to be among the most

abundant groups in freshwater habitats (Glockner et al.

2000; Hahn et al. 2003; Hahn 2009; Ghai et al. 2011b,

2012b; Newton et al. 2011).

The 16S rRNA sequences obtained using clone

libraries revealed that they fall into two groups, the

orders Actinomycetales and Acidimicrobiales, both of

which are subdivided into smaller subgroups (Glockner

et al. 2000; Hahn et al. 2003; Newton et al. 2007, 2011;

Hahn 2009). These newly discovered groups are largely

uncultured, but there have been successes in enrich-

ment cultures (Hahn 2009; Jezbera et al. 2009; Garcia

et al. 2013). For most of these microbes, the availability

of only 16S rRNA sequences made it difficult to infer

the characteristics and roles in the natural environment.

Microscopic analyses indicated that some of these

microbes were very small (Hahn et al. 2003), with cell

biovolume <0.1 lm3. Another important finding was

the discovery of proton-pumping rhodopsins (actino-

rhodopsins) in freshwater Actinobacteria, revealing a

photoheterotrophic lifestyle (Sharma et al. 2008, 2009).

Further evidence emerged from next-generation

sequencing (NGS) metagenomic data that are not biased

by PCR or cloning, providing more reliable quantitative

estimations of actinobacterial abundance. For example,

they were the most abundant group in the pristine

upper stretch of the Amazon River (Ghai et al. 2011b).

Besides, the unusually low-GC content of these

microbes (as low as 42%) (Ghai et al. 2011b, 2012b) was

revealed. However, genomic information on freshwater

Actinobacterial groups has remained scarce. The first

genome obtained from the sequencing of a single cell

belonged to the acI-B1 lineage (within Actinomycetales)

(Garcia et al. 2012). This particular genome was very

small and streamlined, estimated to be only 1.2 Mb.

Two additional genomes, both belonging to the Luna-1

clade (Micrococcineae) have been described. The first,

Ca. Aquiluna sp. strain IMCC13023, was isolated from

an Arctic fjord (Kang et al. 2012). The second, Rhodoluna

lacicola (Hahn et al. 2014), isolated from Lake Taihu in

China is the only example of a planktonic freshwater

actinobacterium in pure culture (Hahn et al. 2014).

These genomes are slightly larger, although still small

(1.43 and 1.35 Mb, respectively), and with higher GC

content (51.6 and 51.5%) than the acI-B1 genome. They

reinforced the view that freshwater Actinobacteria are

quite different from their soil relatives that often possess

mycelial structures with complex life cycles and tend to

have large genomes (some are among the largest in

prokaryotes). Actually, the recently described new sub-

class of marine Actinobacteria (Candidatus Actinomarini-

dae) is perhaps among the smallest free-living

prokaryotes, with a biovolume of only 0.013 lm3 (Ghai

et al. 2013), and also presents a small estimated genome

size (<1 Mb). The GC content of this group, only 33%, is

the lowest described till date for Actinobacteria, making

it clear that high-GC content, a classical feature ascribed

to this group, is actually an unsuitable descriptor.

In this work, we have studied the planktonic microbi-

ota of an unstratified, mesotrophic freshwater reservoir,

called Amadorio, using deep metagenome sequencing

that has already been shown to be an efficient method to

recover genomes of microbes. Although not as revealing

as a pure culture genome, metagenomic genome recon-

struction provides a global view of the genomic proper-

ties and potential that becomes a powerful tool to

predict ecophysiological properties of the microbes (Al-

bertsen et al. 2013; Rinke et al. 2013). In particular, we

have focused on the abundant actinobacterial component

of the microbial community because large genomic frag-

ments of Actinobacteria were assembled from our data

sets. We describe the reconstruction and functional capa-

bilities of seven distinct reconstructed genomes of uncul-

tured aquatic Actinobacteria retrieved directly from the

metagenome. They reveal how these microbes are

responsible for the biogeochemical cycling of important

nutrients in relatively pristine freshwater systems.

Materials and methods

Sampling site description

The freshwater water body sampled in this study,

Amadorio Reservoir, is a medium-sized (maximum

capacity is 15.8 9 106 m3) freshwater man-made lake

located near the Mediterranean coast of eastern Spain,

approximately 2 Km from the sea, around 125 m.a.s.l.

(38°32006.01″N 0°15059.51″W; UTM WGS84 30S

738257.91E 4268725.29N). A small stream, the Sella river

flows into the reservoir and water flow is highly vari-

able and seasonal. At the time of sampling, its maximum

depth of the reservoir was around 35 m. The reservoir

water is relatively mineral rich (ranging from 1 to 2 mS/

cm depending on the renewal time and evaporation)

because of the dominance of a gypsum-rich substrate

of the catchment area, sulphate and calcium being the

most abundant ions. Due to the high sulphate concentra-

tions and medium primary productivity, an anoxic
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hypolimnion with high sulphide concentrations usually

develops during the summer stratification period. This

commonly lasts from April to October, whereas the rest

of the year, the water column remains mixed and

waters are well oxygenated. Previous studies have

shown that the Amadorio Reservoir commonly displays

a mesotrophic to slightly eutrophic status under the

normal storage levels, which usually account for less

than half of the reservoir’s capacity, with average chlo-

rophyll-a concentrations of about 10 lg/L (Dasi et al.

1998; Vicente et al. 2000). At the time of sampling, the

reservoir level was nearly at its maximum capacity, and

trophic status was lower and among the mesotrophic

values. The water quality of this reservoir is being mon-

itored in situ at real time since 2009 using an Automatic

Dammed Water Quality Monitoring System (aquaD-

am�, ADASA Sistemas SL, Spain), including mobile

multiprobes and on line data transmission(Camacho

et al. 2013). Several physicochemical characteristics of

the water column are also provided in Fig. S1 and

Table S1 (Supporting information).

Prior to sampling, vertical profiles of temperature,

electrical conductivity, dissolved oxygen, pH, Eh, den-

sity, chlorophyll-a concentration, phycoerythrin and

phycocyanin fluorescence, and chromophoric dissolved

organic matter (cDOM) were determined in situ using a

Seabird SBE 19 multiprobe profiler including fluorome-

ters. Secchi disc was also measured in situ. Additionally,

a number of physical–chemical and biological parame-

ters were analysed on the same sample obtained for the

metagenomic analyses. Main chemical variables includ-

ing inorganic soluble forms of nitrogen (NOx and

ammonium) and phosphorus (soluble reactive phospho-

rus), as well as total nitrogen (TN) and total phosphorus

(TP) were determined according to APHA-AWWA-WEF

(Greenberg et al. 1992). Total organic carbon (TOC) was

determined on a Shimadzu TOC-VCSN Analyser. Phyto-

plankton was counted on an inverted microscope after

sedimentation of an integrated sample (0–10 m) using

the Uterm€ohl sedimentation method. Photosynthetic

pigments were determined by HPLC after extraction in

acetone following Picazo et al. (2013).

At the time of sampling, the water column of the

Amadorio reservoir was completely mixed, and physi-

cal and chemical features were homogeneous through

the water column, thus the sampled depth (10 m) can

be considered as representative of the reservoir (Fig. S1,

Supporting information). According to OECD criteria

(Dodds 2002), following chlorophyll-a and total phos-

phorus concentrations, as well as Secchi disc depth, the

reservoir can be assigned to the higher range of the

mesotrophic trophic status (Table S1, Supporting infor-

mation). Well-oxygenated waters and high redox poten-

tial through the water column resulted in the

dominance of oxidized inorganic nitrogen forms

(nitrate), more than five times higher than reduced

forms (mainly ammonium), with much lower abun-

dance of biologically available soluble phosphorus com-

pounds. As most phosphorus was mainly found not as

soluble compounds but instead as the particulate form,

mainly as algal biomass, the molar N/P ratio did not

exceed the Redfield ratio (Dodds 2002) by much, which

in fact ranged from 14 to 52 through the water column,

showing that an evident nutrient limitation can be

attributed neither to nitrogen nor phosphorus deficiency

exclusively. Bacterioplankton was moderately abundant,

around 2 million cell/mL, but most of it was composed

by low activity cells (only 19.4% HDNA), which can be

related to the relatively low concentrations of organic

carbon. A total of 15 species of phytoplankton were

determined by microscopic counts, which was typically

dominated by centric diatoms (Cyclotella radiosa and

C. ocellata) with two species that jointly accounted for

more than 86% of the phytoplankton biovolume, with

the presence of subdominant species of dinoflagellates

(Ceratium hirundinella) and cryptophytes (Cryptomonas

erosa) that are also typical from such Mediterranean res-

ervoirs. Continuously registered data from the real-time

monitoring system during the hydrological cycle 2011–

2012 covering several variables (mostly temperature,

dissolved oxygen, Eh and chlorophyll-a concentration)

are provided by Camacho et al. (2013).

Sampling, sequencing, annotation

A single sample was taken on 1 February 2012 from a

depth of 10 m. A total of 50 L was sequentially filtered

through a series of 20, 5 and a 0.1-lm-pore-size polycar-

bonate filters (Millipore). DNA was extracted from the

0.1- to the 5-lm filters as previously described (Ghai

et al. 2010). In brief, filters were treated with 1 mg/mL

lysozyme and 0.2 mg/mL proteinase K (final concentra-

tions) and DNA was extracted using phenol/chloro-

form/isoamyl alcohol and chloroform/isoamyl alcohol.

Sequencing was performed using Illumina HiSeq 2000

(GATC, Konstanz, Germany). A total of approximately

200 million sequence reads (PE, 100 bp) representing

nearly 20 Gb of sequence data were produced for the

free-living fraction (0.1-lm filter). Another 47 million

reads were obtained for the large-size fraction (4.7 Gb,

5-lm filter). Both data sets were assembled together

using the IDBA assembler (Peng et al. 2012). Gene pre-

dictions on the assembled contigs were performed

using Prodigal in metagenomic mode (Hyatt et al.

2010), and tRNAs were predicted using tRNAscan-SE

(Lowe & Eddy 1997). Ribosomal rRNA genes were

identified using ssu-align (Nawrocki 2009) and

meta_rna (Huang et al. 2009). Functional annotation

© 2014 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
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was performed by comparison of predicted protein

sequences by comparisons against the NCBI NR, COG

(Tatusov et al. 2001) and TIGRFAM (Haft et al. 2001) data-

bases. Genomes were also annotated using the RAST ser-

ver (Aziz et al. 2008). Additional local BLAST searches

against the latest NCBI-NR database were performed

whenever necessary.

16S rRNA classification

A non-redundant version of the RDP database was pre-

pared by clustering all available 16S sequences (approx-

imately 2.3 million) into approximately 800 000

sequences at 90% identity level using UCLUST (Edgar

2010). This database was used to identify candidate 16S

rRNA sequences in the Illumina data sets. If a sequence

hits this database at an e-value, <1e-5 was considered a

potential 16S sequence. The resulting sequences were

aligned to archaeal, bacterial and eukaryal 16S/18S

rRNA HMM models using ssu-align to identify true

16S/18S sequences (Nawrocki 2009). The resulting pro-

karyotic sequences were compared to the entire RDP

database and classified into a high level taxon if the

sequence identity was ≥80% and the alignment length

was ≥90 bp. Sequences failing these thresholds were

discarded.

Identification of bona-fide actinobacterial contigs and
genome reconstruction

Only contigs that were larger than 10 kb were used in

the genome reconstructions. Contigs were considered

actinobacterial if a majority of genes gave best BLAST hits

to Actinobacteria. The actinobacterial contigs were

grouped using taxonomy, principal component analysis

of tetranucleotide frequencies, GC% and coverage in

both the metagenomes as described previously (Ghai

et al. 2011a; Albertsen et al. 2013; Rinke et al. 2013).

Tetranucleotide frequencies were computed using the

wordfreq program in the EMBOSS package (Rice et al.

2000). Principal components analysis was performed

using the FACTOMINER package in R (Lê et al. 2008).

Genomic phylogenetic trees and genome size estimation

To create the reference protein-concatenate-based phylo-

genetic tree for Actinobacteria, 150 complete actinobac-

terial genomes were used. Four complete firmicute

genomes were also used as outgroup. A total of 83 con-

served genes were found in all (based on the COG

database). These 83 genes were used to create the refer-

ence phylogeny of Actinobacteria. A list of these genes

is provided in the Data S1 (Supporting information).

The alignment was performed using KALIGN (Lassmann

& Sonnhammer 2005), trimmed using TRIMAL (Capella-

Guti�errez et al. 2009). A maximum-likelihood tree was

constructed using FASTTREE2 (Price et al. 2010) using a

JTT+CAT model, a gamma approximation and with

100 bootstrap replicates. To identify the position of

each new assembled actinobacterial genome within the

actinobacterial phylogeny, each assembled genome

was added individually to this reference tree using

whatever number of conserved proteins that could be

identified. All trees were made using the same method

as described above. The same set of 83 conserved

genes was also used to estimate genome completeness

of the new actinobacterial genomes described in this

work.

Single gene trees

All 16S rRNA sequences were trimmed using ssu-align

(Nawrocki & Eddy 2010) and aligned using MUSCLE

(Edgar 2004), and the alignment was trimmed manually

wherever necessary. 16S rRNA trees were constructed

using FASTTREE2 (Price et al. 2010) with a GTR + CAT

model, a gamma approximation and 100 bootstrap rep-

licates. The rhodopsin sequences were aligned using

MUSCLE, and the maximum-likelihood tree was con-

structed using FASTTREE2 (Price et al. 2010) using a JTT

model, a gamma approximation and 100 rapid boot-

straps.

Correlation analysis

The analysis of correlations between the 16S rRNA

abundances of taxa across metagenomic data sets found

was performed in R (http://r-project.org). The all-vs-all

correlations and their significance were computed using

the rcorr function in the package HMISC. The correlation

matrix was plotted using the corrgram function in the

CORRGRAM package. The significant correlations were

plotted using SIGMAPLOT.

FISH and bacterioplankton size spectrum
determinations

For microscopic counts of heterotrophic bacterioplank-

ton, water samples were fixed in situ with a paraformal-

dehyde:glutaraldehyde solution to a final concentration

in the sample of 1%: 0.05% (w/v) (Marie et al. 1997).

Once in the laboratory, subsamples of 5–10 mL were fil-

tered through 0.2-lm-pore-size black filters (Nuclepore,

Whatman). For quantification, a quarter of filter was

stained with 40, 6- diamidino-2-phenylindole (DAPI)

(Porter & Feig 1980) (SIGMA) and counted with an

inverted Zeiss III RS epifluorescence microscope (1250X,

resolution 0.02857 lm/pixel) using a G365 exciting
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filter, LP420 suppression filter for blue light and G546

exciting filter, LP590 suppression filter for green light

(MacIsaac & Stockner 1993). For FISH detection of the

acAMD group and other Actinobacteria, water samples

were fixed with paraformaldehyde to 2% final concen-

tration, then filtered within the next 2 h although white

polycarbonate filters (0.2 lm pore size) sections, stained

with the different oligonucleotide probes and with

DAPI, and mounted for microscopic evaluation. We pri-

marily used a previously described general actinobacte-

rial probe (HGC236, Glockner et al. 2000). Although

HGC236 has commonly been considered as a general

FISH probe for Actinobacteria6, according to our results,

this did not appear to be the case for us as it does not

match well with some of the freshwater actinobacterial

groups we found. Thus, we designed a specific probe

for the acAMD using the PRIMER3 tool (Rozen & Skalet-

sky 2000). This new probe (acAMD829, ‘TGCGTT

AGCGACGTCGCAGA’) was labelled with the indocar-

bocyanine dye Cy3 (Thermo Scientific, Waltham, MA,

USA). These and other probes matching actinobacterial

sequences were checked for specificity using the Probe

Match RDP (Cole et al. 2009), Release 11, Update 2.

March 7, 2014 (2 929 433 16S rRNAs database, https://

rdp.cme.msu.edu/index.jsp). The FISH protocol was

performed as described in Sekar et al. (2003). Hybridiza-

tion conditions for the probe acAMD829 were adjusted

by formamide (VWR BDH Prolabo) series applied to

different subsamples. Absolute densities of hybridized

bacteria were calculated as the product of their relative

abundances on filter sections (percentage of DAPI-

stained objects) and the DAPI-stained direct cell counts.

A minimum of 500 DAPI and probe-stained cells were

measured per sample. Images from FISH determina-

tions were analysed using the NIH IMAGEJ Software to

determine cell dimensions (http://rsb.info.nih.gov/ij/

index.html). The biovolume of acAMD Actinobacteria

was calculated assuming a spherical shape.

For cytometric identification, quantification and size

structure approximation (Bouvier et al. 2001) of the

bacterioplankton, a Coulter Cytomics FC500 flow cy-

tometer (Brea, California, USA) equipped with an

argon laser (488 excitation), a red emitting diode (635

excitation), and five filters for fluorescent emission

(FL1–FL5), was used. Bacterioplankton size structure

was determined with argon laser by green fluorescence

(Sybr Green I, Sigma-Aldrich, Missouri, USA) using a

FL1 detector (525 nm). For size calibration, beads

(polystyrene fluorospheres) of different sizes (0.79, 1,

4.9 and 10 mm) were used. The lower and upper size

limits of measurement are 0.25–40 lm, respectively.

The measured diameter of the smaller Actinobacteria

found, the acAMD cells, is close to the lower end of

the scale.

Metagenomic recruitment

Recruitments were performed against several publicly

available freshwater metagenomes using BLASTN (Altsc-

hul et al. 1997), and a hit was considered only when it

was at least 50 nucleotides long, with a %identity of

>95% and with an e-value ≤ 1e-5. These hits were used

to compute the RPKG (reads recruited per Kb of gen-

ome per Gb of metagenome) values that provide a nor-

malized number comparable across various

metagenomes.

Metagenomic data sets

All metagenomic data sets used in this work are pub-

licly available, Amazon River (Ghai et al. 2011b), Lake

Lanier (Oh et al. 2011), Lake Gatun (Rusch et al. 2007)

and Albufera Lagoon (Ghai et al. 2012a). Metagenomic

data sets from Lake Mendota, Trout Bog Lake, Lake

Vattern, Lake Damariscotta, Lake Ekoln, Lake Erken

and Sparkling Lake are described in Eiler et al. (2013).

Results

Reconstruction of novel actinobacterial genomes

We have studied by deep metagenomic sequencing a

freshwater reservoir, known as Amadorio located near

the Mediterranean coast of south-eastern Spain, a region

with a semi-arid water regime, typical of the Mediterra-

nean climate (Das�ı et al. 1998; Vicente et al. 2000) (see

Materials and methods, Fig. S1 and Table S1, Support-

ing information). Two filter size fractions have been

independently sequenced: small (0.1–5 lm) and large

(5–20 lm). The broad taxonomic composition, using 16S

rRNA sequences, of the prokaryotic community of the

reservoir, in comparison to several other freshwater me-

tagenomic data sets is shown in Fig. S2 (Supporting

information). These results illustrate that Actinobacteria

comprise large proportions of freshwater microbial

communities across most data sets. In addition, the

largest number of assembled contigs belonged to

Actinobacteria and Bacteroidetes. As freshwater Actino-

bacteria are more uniformly abundant than Bacteroide-

tes, in this work, we have focussed only on them. To

maximize the chances of retrieving long genomic frag-

ments, both the small- and the large-fraction-derived

metagenomic data sets were assembled together. After

assembly, we have used only long genomic fragments

(minimum 10 Kb length) that could be assigned to Ac-

tinobacteria based on the majority of genes within these

contigs giving highest similarities to actinobacterial

genes in databases (see Materials and methods). Further

manual examination of these contigs was performed,
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and finally, a total of 779 (17.87 Mb) contigs were con-

sidered. We classified these contigs into groups using

taxonomic information, GC content, principal compo-

nent analysis of oligonucleotide frequencies and relative

coverage in both metagenomic data sets (Ghai et al.

2011a; Albertsen et al. 2013; Rinke et al. 2013). Using

these criteria, 327 contigs (8.34 Mb) were binned into

seven distinct groups (Table 1). For the sake of simplifi-

cation, we will refer to each group as a genome even

though each is certainly derived from a population of

closely related organisms. Among the recovered ge-

nomes, two were related to the suborder Micrococci-

neae (the acMicro group), two to the acI-B lineage and

another two to a new group distantly related to the

acTH1 lineage (the acAMD group). In addition, a set of

132 contigs, that probably correspond to two different

genomes and could not be separated any further, was

assigned to the order Acidimicrobiales (the acAcidi

group). Three of these genomes were estimated to be

approximately 90% complete (Table 1). Apart from

these, another 197 contigs (4.6 Mb) were assigned to the

acI-A clade, 16 to acI-B clade and 239 remained as

unclassified actinobacterial contigs (4.47 Mb). They

could not be reliably clustered except for the broad clas-

sification mentioned and were used only for limited

analyses (e.g. fragment recruitment).

Genome size estimation showed that they are all

small sized (approximately 1.2 Mb) (Fig. S3, Supporting

information). Moreover, median intergenic distance in

planktonic actinobacterial genomes appears to be rather

small, with a few exceptions, in the range of approxi-

mately 10 bp (Fig. S4, Supporting information). Along

with small genomes, densely packed genes are also

emerging as a nearly universal feature of planktonic Ac-

tinobacteria. Actually both genomes of the acMicro

group, and one genome from the acAMD group

(acAMD-2), are somewhat exceptional in this regard, in

the sense that they have small genomes, with high-GC

content, and larger intergenic spacers in comparison to

the rest. Interestingly, for all these genomes, although

we could not find a correlation between GC content

and genome size, there was a remarkably high correla-

tion between GC content and median spacer size

(R = 0.88), that is densely packed planktonic Actinobac-

terial genomes tend to have low-GC content (Fig. S4,

Supporting information).

To establish the phylogenetic placement of the new

genomes, we constructed a concatenate (83 genes) tree

of 150 actinobacterial reference genomes with four Fir-

micutes used as outgroup. We also used the single cell

amplified genome (SAG) of acI-B1 described before

(Garcia et al. 2012) and additional publicly available

SAGs of acI-A and acI-B lineages. The resulting tree

recapitulates the phylogeny of the entire phylum which

was previously based on the 16S ribosomal rRNA alone

(Fig. 1). To maximize accuracy of phylogenetic place-

ment using more conserved genes, we created separate

phylogenetic trees with closely related references for

each of our assembled genomes (Fig. 1). The new ge-

nomes could be placed at three different locations

within the larger phylogeny of Actinobacteria, six of

these within the order Actinomycetales and one within

Acidimicrobiales. In addition, the tree provides a more

in depth view of actinobacterial phylogeny, suggesting

for example that not only do the acI lineages belong to

the order Actinomycetales (also suggested previously,

Jezbera et al. 2009), but also constitute a suborder

within the order Actinomycetales.

The two genomes within the suborder Micrococcineae

(named acMicro-1 and acMicro-4) had high-GC contents

(61 and 59%, respectively). The acMicro-4 genome was

nearly complete (92%), while acMicro-1 was 71% com-

plete. Both these genomes appear to be rather small

(approximately 1.2 Mb) (Table 1). The average

Table 1 Summary statistics of the reconstructed genomes

GC

No. of

contigs

Total length

(kb)

No. of

proteins

rRNA

length (bp) %Complete

Estimated genome

length (Mb)

acMicro group

acMicro-1 61.64 36 856 873 — 73.49 1.16

acMicro-4 59.28 15 1083 1114 366 89.15 1.21

acAMD group

acAMD-2 57.33 37 973 965 73.49 1.32

acAMD-5 44.42 10 1242 1259 982 97.59 1.27

acAcidi group* 52.15 132 2690 2884 — 91.56 1.17

acI-B related

acIB-AMD-6 42.06 31 523 551 — 37.34 1.4

acIB-AMD-7 40.42 66 974 1004 — 51.8 1.88

*This group contains two genomes.
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(a)

(b)

(c)

Fig. 1 Phylogenomics of the phylum Actinobacteria. Eighty-three conserved genes were used to generate a maximum-likelihood phy-

logenetic tree of the entire Actinobacteria phylum. In addition to all the complete genomes, five single cell genomes (prefixed by

AAA) and one assembled from metagenomic fosmids (Candidatus Actinomarina) were used to create the tree. Four firmicute ge-

nomes are used as outgroup. The three locations where the assembled genomes in this work could be placed are indicated by blue-

shaded circles and labelled as a, b and c. Bootstrap values are indicated by coloured circles on the nodes, and a colour key is shown

below the tree. The high resolution phylogenomic neighbourhoods of the new assembled genomes are shown in (a) Micrococcineae ge-

nomes acMicro-1 and acMicro-4 (91 genomes, 150 conserved proteins), (b) genomes belonging to the novel acAMD lineage (acAMD-

2 and acAMD-5) and the acI-B related genomes (acIB-AMD-6 and acIB-AMD-7) (16 genomes, 55 conserved proteins) and (c) the ac-

Acidi group belonging to the order Acidimicrobiales (23 genomes, 280 proteins in tree).
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nucleotide identity between them was 71% and con-

served DNA (>90% identity) was only 3%, indicating

they are likely distinct genera. They appear to be most

closely related to each other first and then to Clavibacter,

Salinibacterium, Leifsonia none of which are known to be

freshwater bacteria (Fig. 1). The closest truly aquatic ac-

tinobacterial genome within Micrococcineae is Rhodoluna

lacicola (Hahn et al. 2014) which belongs to the Luna-1

clade (named because of their solenoid morphology)

(Hahn 2009) and described first on the grounds of envi-

ronmental 16S rRNA sequences. To determine whether

the acMicro genomes described here have any relation-

ship with the Luna clade, we used the 366-bp 16S rRNA

gene fragment from the acMicro-4 genome to recover

related sequences. Unfortunately, no hit was obtained

among cultured microbes. However, several hits to

environmental 16S rRNA were retrieved at 99% identity.

These sequences originated from several freshwater

lakes, groundwater, sediments, estuaries and even sal-

ine lakes. Phylogenetic analysis of these recovered

sequences showed that they are closely related to the

Luna-2 clade of freshwater Actinobacteria, but belong

to an independent clade (Fig. S5, Supporting informa-

tion). We will refer to this clade as the ‘acMicro’ clade.

Two genomes (acIB-AMD-6 and acIB-AMD-7)

appeared to be related to the acI-B lineage of Actinobac-

teria using a phylogeny of 55 conserved genes (Fig. 1).

Although our contigs did not include any 16S rRNA

sequences, the closest genomes are SAGs AAA027-J17

and AAA278-I18 (from Lake Mendota, Wisconsin and

Lake Damariscotta, Maine, respectively) (Ghylin et al.

2014). These SAGs contain approximately 400-bp 16S

rRNA sequences that are nearly 100% identical along

their entire lengths to several 16S rRNA clone

sequences classified as acIB-1. The genomes of acIB-

AMD-6 and acIB-AMD-7 showed average nucleotide

identity >70% and low conserved DNA (<3%) both with

the acI-B1 SAG genome (Garcia et al. 2012) and with

each other, showing that they are quite different. Like

the published acI-B1 (Garcia et al. 2012), the acIB-AMD-

6 genome had low GC and small size (approximately

1.4 Mb) but the one of acIB-AMD-7 was predicted to be

relatively larger (approximately 1.8 Mb).

Genomes acAMD-2 and acAMD-5 clustered next to

the acI group (Fig. 1). These were also estimated to be

small (1.36 and 1.25 Mb), however, with low (44%) and

high GC (57%), respectively. A large 16S rRNA frag-

ment (982 bp) was recovered in one of the contigs of

acAMD-5. We used this sequence to retrieve additional

16S rRNA sequences of this particular group in 16S

rRNA clone libraries and found several related

sequences (>98% identity along the entire length) in

freshwater habitats (e.g. Marathonas reservoir, Greece).

Phylogenetic analysis of this group of sequences in the

context of known actinobacterial 16S rRNA phylogeny

revealed that they formed a separate cluster related to

the 16S rRNA defined acTH1 clade (Newton et al. 2011)

(Fig. S5, Supporting information). We will refer to this

group as the acAMD group. No genome sequences are

available for acTH1, and so, these new microbes repre-

sent the first genomes of freshwater actinomycetales

related to the acI-lineage. The 16S rRNA sequence

retrieved allowed the development of a specific FISH

probe for the newly described acAMD group (see Mate-

rials and methods). This probe (acAMD829) was used

to quantify these microbes in the same Amadorio sam-

ple used for the metagenome. Microscopy and flow

cytometry analysis indicated that acAMD cells are not

very prevalent but have significant and easily detectable

numbers in the water column. 0.4% of the total DAPI-

stained bacterioplankton cells (2.01 9 106 cell/mL)

hybridized with the lineage-specific probe, while

approximately 4.7% hybridized with a more general ac-

tinobacterial FISH probe (HGC2366). Combined micros-

copy and flow cytometry analyses (Figs S6 and S7,

Supporting information) suggested a small average cell

diameter (0.378 � 0.042 SD lm) for the acAMD group.

Assuming a spherical shape, the calculated biovolume

is also very small (0.028 � 0.006 SD lm3, range 0.021–

0.036 lm3), thus illustrating the discovery of yet another

group of small planktonic Actinobacteria.

A hundred and thirty-two (132) contigs (approximately

2.9 Mb) could be affiliated to the order Acidimicrobiales.

Several universally conserved actinobacterial genes were

found twice in this group of contigs, suggesting that at

least two genomes were present in this collection. How-

ever, a further separation of both genomes was not possi-

ble. The estimated genome length was approximately

1.17 Mb (see Materials and methods). We will refer to

these contigs as the acAcidi group. There was no 16S

rRNA assembled in these contigs, but several genes gave

best hits to Ilumatobacter coccineum, isolated from estua-

rine sediments (Matsumoto et al. 2009) and which is also

classified within the acIV group of freshwater Actinobac-

teria (Newton et al. 2011). The phylogenetic analysis

using 280 conserved genes also suggests that the closest

related genome was of Ilumatobacter coccineum (Fujinami

et al. 2013) (Fig. 1). However, Ilumatobacter is not a photo-

heterotroph and remains a very distant relative by

sequence analysis (<65% ANI), while one of the acAcidi

group contigs encoded for a rhodopsin.

Photoheterotrophic nature of the novel organisms

Planktonic low-GC Actinobacteria, both freshwater and

marine, have been shown to have a photoheterotrophic

lifestyle (Sharma et al. 2006, 2008, 2009; Ghai et al. 2013).

A total of seven rhodopsin sequences could be identified
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in our actinobacterial contigs. Of these, one each was

found in the acAMD-5, acMicro-4 and acAcidi genomes

and four others in the unclassified actinobacterial con-

tigs. Phylogenetic analysis and examination of specific

amino acid residues revealed that most of these rhodop-

sins, including the ones of acAMD-5 and acAcidi, were

‘actinorhodopsins’ (Fig. 2, Table S2, Supporting infor-

mation). Within the actinorhodopsin group, three clus-

ters can also be seen: rhodopsins originating from acI-B,

acI-A and those related to Rhodoluna and Ca. Aquiluna.

On the other hand, the acMicro-4 rhodopsin was related

to a firmicute proteorhodopsin found in Exiguobacterium

sp. for which an unusual protein structure has been

recently described (Gushchin et al. 2013). The acMicro-4

rhodopsin displays characteristic conserved residues

indicating that it is a proteorhodopsin and not an actino-

rhodopsin (Table S2, Supporting information). To our

knowledge, this is the first proteorhodopsin described in

Actinobacteria, illustrating the extremely promiscuous

nature of rhodopsin genes in nature whose distribution

is often totally disconnected from the genome phylog-

eny. This sequence also gave an exact match (107 aa) to

a partial rhodopsin sequence originating from the fresh-

water Lake Kinneret in Israel (Clone identifier Dec08_-

aaa01c07_1m). All rhodopsins described here absorb in

the green part of the spectrum (L variants), which in the

ocean are found in relatively shallow environments, for

example coastal waters (Table S2, Supporting informa-

tion) (Sharma et al. 2009).

Metabolic overview

A general overview of the metabolic features of these ge-

nomes is shown in Fig. 3, and additional features for the

most complete representative of each group are shown in

Figs S8–S10 (Supporting information). Similar to acI-B

Fig. 2 Phylogenetic analysis of rhodopsins. A maximum-likelihood tree of all actinobacterial rhodopsins identified in this work, along

with several reference rhodopsins, is shown. Sequences identified in our actinobacterial contigs are highlighted in boldface. Addition-

ally, the rhodopsins of acAcidi, acAMD and acMicro groups are highlighted with a blue background. Bootstrap values on nodes are

indicated by coloured circles (see colour key on bottom right).
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genome, these organisms respire aerobically, although

the presence of a respiratory nitrate reductase in acIB-

AMD-7 suggests possibilities for anaerobic metabolism

for this organism. Only one genome (acMicro-1) encoded

both the oxidative and nonoxidative branches of the

pentose phosphate pathway (PPP). In all others, only

the reversible nonoxidative branch of PPP was found.

However, alternative mechanisms for NADPH produc-

tion, essential for anabolic pathways, were found in all

(e.g. malic enzyme, NADP+ dependent isocitrate dehy-

drogenase) (Data S1, Supporting information). A major

difference with the acI-B1 genome described before (Gar-

cia et al. 2012) was that none of these genomes showed

any evidence of the Entner–Duodoroff pathway.

All genomes encoded glycerol and glycerol-3-

phosphate transporters, thus glycerol appears to be a

commonly used carbon source. Glycerol may be used

both in aerobic and anaerobic conditions (Murarka et al.

2008; Mart�ınez-G�omez et al. 2012), what increases the

facultative anaerobic capacity to these organisms. Apart

from glycerol, a diverse array of transporters to trans-

port organic compounds like branched chain amino

acids (BCAA), oligopeptides and dipeptides, diverse

sugars, nucleosides and polyamines were found (Fig. 3).

For the acI-B genome, it was predicted that xylose,

arabinose and ribose could be utilized (Garcia et al.

2012). Ribose transporters were also found in both the

acMicro-4, acIB-AMD-6 and acIB-AMD-7 genomes. A

xylanase, for degradation of xylan, a major component

of the hemicellulose fraction of plant cell walls was also

found in the acAcidi group. The acAcidi, acAMD-2 and

acAMD-5 genomes encoded genes for utilization of

both odd and even carbon fatty acids, while the others

appeared to be able to use one or the other (Data S1,

Supporting information). Use of odd-carbon fatty acids

in particular may be important as they are more com-

mon in plant material (Lehninger et al. 2005), and these

Actinobacteria may be involved in recycling of these

compounds in the natural environment. We also found

a cyanophycinase in both the acAMD group genomes

and the acI-A related contigs (similar to the acI-B1 gen-

ome, Garcia et al. 2012) but not in acAcidi or acMicro

groups. This enzyme degrades cyanophycin, a storage

polymer of several cyanobacteria that might be a signifi-

cant source of carbon and nitrogen for these microbes.

This also appears to be a common feature of freshwater

and marine Actinobacteria (Ghai et al. 2013).

Three genes coding for aerobic carbon monoxide dehy-

drogenases (CODH) were found in the acAcidi group of

contigs. Photolysis of dissolved organic matter is a source

of carbon monoxide in the aquatic environment, and

CODH allow utilization of carbon monoxide as an energy

Fig. 3 Cellular overview of freshwater Actinobacteria. Representation of the various physiological processes identified that are com-

mon and specific to the freshwater Actinobacterial groups identified in this work. All processes that are shared by the acAcidi,

acAMD and the acMicro groups are labelled in black. Processes specific to each group are shown in different colours (acAcidi: blue,

acMicro: green, acAMD: red). CODH: Carbon monoxide dehydrogenase; BCAA: Branched chain amino acids.
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source (King & Weber 2007). CODH enzymes, based on

catalytic site residues and reaction speed, are classified

into Form I (fast CO oxidizers) and Form II (10–10 000

times slower than Form I). All sequences found here had

the sequence patterns characteristic of Form II enzymes

(slow CO oxidizers). Although CODH genes have been

widely reported from the marine environment (Moran

et al. 2004; Tolli & Taylor 2005; Martin-Cuadrado et al.

2009), to our knowledge, these are the first to be

described from planktonic freshwater microbes.

All genomes encoded exopolyphosphatases, poly-

phosphate kinases and ABC transporters for phosphate

uptake and storage. However, acMicro-4 encoded a

polyphosphate glucokinase which phosphorylates glu-

cose using polyphosphate instead of ATP. Such activity

has been demonstrated before in other polyphosphate

accumulating Actinobacteria, for example Microlunatus

phosphovorus (Kawakoshi et al. 2012). The presence of

these phosphate accumulating mechanisms, together

with the sheer abundance of these Actinobacteria in

their aquatic environments suggests that they might be

important in sequestering inorganic phosphorus that

might otherwise contribute to eutrophication. This

capacity enhances their role as possible indicators of

nutrient-depleted conditions, so that the relative abun-

dance of freshwater Actinobacteria could be associated

to high water quality standards.

Genes critical for recalcitrant organic matter
degradation

Degradation of the lignin heteropolymer is achieved by

the action of peroxidases that produce several aromatic

compounds, for example benzoate, p-hydroxybenzoate,

vanillate, ferulate and coumarate (Buchan et al. 2000).

Lignin degradation products may also combine with

other compounds present in soils, forming humus, a

complex mixture of organic compounds (Stevenson

1994). In any case, such compounds may leach into

adjoining aquatic systems. Most of the diverse by-prod-

ucts of lignin breakdown (such as those listed above)

are ultimately channelled into protocatechuate degrada-

tion pathways that may take at least three routes,

depending upon the type of protocatechuate dioxygen-

ase employed, which is the key enzyme responsible for

the fission of the aromatic ring (Noda et al. 1990; Frazee

et al. 1993; Wolgel et al. 1993). In the acMicro-4 genome,

we found a cluster of genes coding for a protocatechuate

4, 5 dioxygenase and three additional enzymes in the

downstream pathway (Fig. S11, Supporting informa-

tion). However, the pathway remained incomplete, as

the enzymes coding for last two steps, leading towards

complete conversion of protocatechuate to pyruvate and

oxaloacetate, were not found. This may be because of

the incomplete nature of the reconstructed genome

(71%). To our knowledge, this is the first report of this

key pathway in planktonic freshwater bacteria. How-

ever, we did not find any evidence of the existence of

lignin peroxidases, the first step in its degradation, in

any of our actinobacterial contigs. Therefore, they might

rely on other members of the microbial community

(planktonic or soil-dwellers) for the production of these

enzymes that eventually release soluble compounds.

Alternatively, actinobacterial cells could be using the

complex and soluble humic substances released from

soil. However, it is quite likely that as more genetic

diversity of freshwater is uncovered, other organisms

that utilize lignin by-products, a biotechnologically rele-

vant activity (Bugg et al. 2011), would be discovered.

One genome, acAMD-5, possessed a complete set of

genes involved in uptake of inositol and a subsequent

complete set genes coding for seven reactions that lead

to its conversion to acetyl-CoA and thus entering cen-

tral metabolism. This suggests that some aquatic

Actinobacteria are important natural sinks for inositol.

Inositol phosphates (IP) are among the most abundant

form of recalcitrant organic phosphorus compounds

present in natural environments (Turner et al. 2002).

These enzymes would also enhance their capacity for

phosphate uptake, increasing their performance under

oligotrophic conditions. Inositol itself is an essential

component of eukaryotic phospholipids (e.g. as phos-

phatidylinositol) and is also present in high concentra-

tions in fruits and vegetables. Inositol phosphates

accumulate in soil and leach into water bodies where

they become a potential source of organic phosphorus.

Freshwater algae are another source of these com-

pounds in aquatic environments (Eisenreich & Arm-

strong 1977), and several cyanobacteria have also been

shown to be capable of utilizing IP as sole phosphorus

sources (Whitton et al. 1991).

The acAcidi contigs encoded a sulphonate transporter

and an alkanesulphonate monooxygenase which sug-

gests that sulphonates can be used as sulphur sources

(Erdlenbruch et al. 2001) (Fig. 3). Typically, monooxy-

genation of alkanesulphonates, producing aldehydes

and sulphite, is a common method for their degradation

among aerobic bacteria (Kelly & Murrell 1999; Erdlenb-

ruch et al. 2001). Sulphonates are widely available com-

pounds in the natural environment (Erdlenbruch et al.

2001). A large fraction of organic matter in soils, rivers

and marine sediments is sulphonated (Autry & Fitzger-

ald 1990; Vairavamurthy et al. 1994). Methanesulpho-

nate, for example, is one of the primary form of

sulphonates in the environment, originating in mega-

tonne amounts from atmospheric dimethylsulfide oxi-

dation (Kelly & Murrell 1999). Another important

source of sulphonates is herbicides that can be
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widespread and accumulate in freshwater bodies (Boyd

2000). In any case, it certainly appears that some fresh-

water Actinobacteria are able to capture sulphur from

these widely available organosulphur compounds.

Apart from inflows of naturally occurring compounds

from the surrounding landscape, runoff from agricul-

tural activity is another important input into freshwater

bodies. These may either be additional nutrients (e.g. in

the form of fertilizers) or herbicides. Triazine is a

widely used chlorinated herbicide, that is a recalcitrant

contaminant in both surface and ground water (Buser

1990; Solomon et al. 1996). It has been recently banned

within the European Union because of its endocrine

disruptor and carcinogenic properties (Bethsass &

Colangelo 2006). In the acAcidi group, we found two

genes encoding for triazine hydrolases, suggesting that

these Actinobacteria might be one of the important bio-

tic factors responsible for its degradation.

Distribution of Actinobacteria in freshwater
metagenomes

To assess the presence of freshwater Actinobacteria

worldwide and to try to correlate their presence to that

of other members of the community, we have analysed

the 16S rRNA sequences from several publicly available

NGS freshwater metagenomic data sets. These data sets

have not been subjected to PCR amplification and

cloning, and we believe these quantifications are more

reliable (Fig. S2, Supporting information). The results

(a) (b)

(c) (d)

Fig. 4 (a) Correlation matrix of populations of higher taxa across nine metagenomic data sets. Names of taxa are abbreviated

(Gamma: Gammaproteobacteria, Cyano: Cyanobacteria, Verruco: Verrucomicrobia, Alpha: Alphaproteobacteria, Bact: Bacteroidetes,

Actino:Actinobacteria, Beta: Betaproteobacteria). Pairwise comparisons are colour coded, and only those where R > �0.3 are shown.

Statistically significant correlations are outlined in bold (b) statistically significantly correlations of % of Cyanobacteria vs. Actinobac-

teria, (c) % Cyanobacteria vs. %Gammaproteobacteria and (d) %Betaproteobacteria vs. %Verrucomicrobia. The Pearson’s correlation

coefficient (R), coefficient of determination (R2) and the P-value of the correlation are provided for b, c and d. The grey area repre-

sents the 95% confidence intervals. SU: Summer, SP: Spring.
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show that Actinobacteria are among the dominant

members of nearly all freshwater data sets, constituting

sometimes nearly half of the total community (e.g. see

Lake Gatun). In Amadorio, they comprise nearly 35% of

the 16S rRNA reads in the small fraction and are under-

represented in the large fraction (approximately 7%),

which fits with the general view that freshwater Actino-

bacteria are mainly small sized. Across all these fresh-

water data sets, Actinobacteria comprise upwards of

25% of the reads, except for Albufera, which is a highly

eutrophic freshwater lagoon, with Cyanobacteria as the

dominant microbes (Ghai et al. 2012a). We have analy-

sed the correlation between the abundance of the major

groups of freshwater microbes in several metagenomic

data sets, and the results are shown in Fig. 4. It is

important to emphasize that for this analysis, we have

compared all prokaryotic groups retrieved by filters so

that any microbe larger than 0.1 or 0.22 lm were

included (we have either pooled other filter sizes or

used metagenomic data obtained without prefilter). This

way, we are also counting large cyanobacterial cells or

aggregates (filamentous or colonial). There is a strong

statistically significant negative correlation between

actinobacterial and cyanobacterial populations (P =
0.0011), the latter being indicators of eutrophic condi-

tions. The presence of large numbers of cyanobacterial

cells is detrimental to the ecological value of the water

body and its use by humans (Paerl & Huisman 2009).

The high nutrient loads available in Cyanobacteria dom-

inated waters likely leads to the small actinobacterial

cells with more streamlined genomes to be outcompet-

ed. Two more correlations could be detected. A positive

correlation between Cyanobacteria and Gammaproteo-

bacteria was found. This is likely because the conditions

that positively affect Cyanobacteria affect the frequently

opportunistic Gammaproteobacteria as well in a similar

fashion. We also found moderate positive correlations

between cyanobacterial or gammaproteobacterial popu-

lations and temperature (R = 0.58 and R = 0.40, respec-

tively). In the few systems for which data are available

(for example Damariscotta, Eiler et al. 2013), samples

taken in spring have higher density actinobacterial pop-

ulations that decrease as temperature rises with the

onset of summer, coinciding with Cyanobacteria and

Gammaproteobacteria becoming dominant community

members. In addition, increase in temperature has been

shown to have favourable effects on cyanobacterial

abundances (Kanoshina et al. 2003; Fernald et al. 2007;

Johnk et al. 2008). This together with our data suggests

that increasing temperatures, with the concomitant

increase in cyanobacterial and gammaproteobacterial

populations, has an adverse effect on the actinobacterial

community. Another negative correlation between Beta-

proteobacteria and Verrucomicrobia was also found

(Fig. 4), but lack of genomic information regarding these

two groups is still an obstacle towards explaining these

observations. We also attempted to detect correlations

with other physicochemical metadata; however, nothing

could be detected. More data sets might be required to

shed light on more subtle interactions.

Fig. 5 Fragment recruitment of freshwa-

ter Actinobacteria. Abundance of all

assembled actinobacterial genomes

described in this work (expressed as

RPKG, reads per kb of genome per Gb of

metagenome), along with all the unclassi-

fied actinobacterial contigs described

here and publicly available single cell

amplified genomes in several freshwater

metagenomes. Only hits with ≥95% iden-

tity, ≥50-bp alignment length were con-

sidered. Genomes are grouped according

to phylogeny (acI-B, acI-A, acAMD, Mi-

crococcineae, Acidimicobidae). The ge-

nomes assembled in this work are

highlighted in grey. SF: small fraction,

LF: large fraction.
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To examine the distribution of the novel assembled

actinobacterial genomes in other freshwater habitats,

we performed fragment recruitment with several me-

tagenomes available from lakes, reservoirs and rivers

(Rusch et al. 2007; Ghai et al. 2011b; Oh et al. 2011;

Eiler et al. 2013). We have also included in the analy-

sis all publicly available SAGs of Actinobacteria (Ghy-

lin et al. 2014) (Fig. 5). Only genomes obtained from

single cell genomes or from metagenomic assembly

show comparable abundance levels across metage-

nomes. The two cultured actinobacterial genomes (Ca.

Aquiluna and Rhodoluna) recruit approximately 10

times less than even the relatively less abundant acMi-

cro clade genomes. The acI-A and acI-B clades seem

to be the dominant Actinobacteria in these diverse set

of samples (Fig. 5), although all the groups, including

the new ones described here for the first time, were

in significant numbers at these widespread locations.

The fragment recruitment results also indicate some

degree of endemism. It appears that similar taxa are

present at multiple locations, but the numbers of hits

are more at their place of origin. For example, the

most abundant acI-B genome in Amadorio (acIB-

AMD-6) recruits much more from Amadorio than

from any other location. However, the previously

described acI-B genome (AAA027-L06), obtained from

Lake Mendota, recruits nearly equally from Amadorio

and Lake Mendota.

Discussion

By adding more representatives to the available ge-

nomes of aquatic Actinobacteria, we are shedding light

on their ecological role. Some of these newly described

microbes appear to be capable of degrading recalcitrant

organic matter in these water bodies. Freshwater is syn-

onymous with continental water, collected by rivers

and streams after passing through a filter of vascular

plants and soil. In this sense, it can be considered a con-

tinuation of soil itself. Furthermore, being at the end of

the collecting basin, reservoirs receive an input richer in

recalcitrant materials. It is therefore not surprising that

(like soil microbes) some aquatic Actinobacteria can

degrade the complex mixture of organic matter derived

from plant biomass. Their capacity for efficient uptake

of nutrients, namely phosphorus (e.g. exopolyphospha-

tases, inositol acquisition), nitrogen (cyanophycin

degradation) and carbon (use of plant xylan, lignin

breakdown by-products), enhances the performance of

these bacteria under oligotrophic or nutrient-depleted

conditions. Additionally, their small size, increasing

their surface area-to-volume ratio, allows for efficient

nutrient acquisition through high-affinity, broad-speci-

ficity uptake systems (Lauro et al. 2009).

Lignin is a complex aromatic heteropolymer that

forms an important structural component of plant cell

walls. After cellulose, it is the second most abundant

organic material on the planet (Boerjan et al. 2003). It is

also among the most recalcitrant natural compounds.

Forested catchments, such as those of the Amadorio res-

ervoir, are an important source of these recalcitrant

plant compounds that likely are driven to the reservoir

through river inlets. Fungi have been considered to be

among the most important organisms in the breakdown

of lignin, but several soil bacteria including many Ac-

tinobacteria have been shown to have the capability to

mineralize lignin and lignin-derived fragments (ten

Have & Teunissen 2001; S�anchez 2009; Brown & Chang

2014). Apart from soil, lignin degrading organisms have

also been identified in cow rumen (Akin & Rigsby

1987) and wood-eating insects (Brune 2014). However,

there are no known reports of lignin breakdown from

genuinely planktonic freshwater bacteria. The data pre-

sented here indicate that at least some freshwater Ac-

tinobacteria are likely among the consumers of lignin

by-products (e.g. ferulate, vanillate). Interestingly, in a

previous metagenomic study on the Amazon river,

whose waters are very rich in recalcitrant carbon com-

pounds, some of us discovered that the river microbiota

were enriched in pathways for degradation of the same

aromatic compounds (Ghai et al. 2011b).

The information presented here derived from metage-

nomes from around the world indicates that Actinobac-

teria are sensitive to conditions leading to

cyanobacterial blooms, usually linked to sustained or

pulsed nutrient inputs particularly under high tempera-

tures. It is possible that the highly streamlined actino-

bacterial cells cannot compete under circumstances of

both high organic matter, inorganic nutrient availability

and high temperatures under which bloomers such as

colonial Cyanobacteria or Gammaproteobacteria flour-

ish. There is a wide range of well-documented effects of

increasing numbers of cyanobacteria in freshwater

bodies, ranging from oxygen-depletion, fish kills and

toxicity responsible for several human health issues

(Paerl & Huisman 2009). Freshwater Actinobacteria

might serve as sentinel microbes signalling impending

ecological damage. Such population shifts could also

affect the functional capacity of these ecosystems in

dealing with the continuous nutrient input to them.

Therefore, these microbes have the potential to become

standards of ecological freshwater quality.
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