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Metagenomic approaches became increasingly popular in thepast decades due
to decreasing costs of DNA sequencing and bioinformatics deelopment. So far,
however, the recovery of long genes coding for secondary metolites still represents
a big challenge. Often, the quality of metagenome assembleis poor, especially in
environments with a high microbial diversity where sequerc coverage is low and
complexity of natural communities high. Recently, new andmproved algorithms for
binning environmental reads and contigs have been develogkto overcome such
limitations. Some of these algorithms use a similarity dettion approach to classify
the obtained reads into taxonomical units and to assemble dift genomes. This
approach, however, is quite limited since it can classify etusively sequences similar
to those available (and well classi ed) in the databases. lthis work, we used draft
genomes from Lake Stechlin, north-eastern Germany, recoved by MetaBat, an ef cient
binning tool that integrates empirical probabilistic distnces of genome abundance,
and tetranucleotide frequency for accurate metagenome biming. These genomes
were screened for secondary metabolism genes, such as polytide synthases (PKS)
and non-ribosomal peptide synthases (NRPS), using the ARBMASH and NAPDOS
work ows. With this approach we were able to identify 243 seondary metabolite clusters
from 121 genomes recovered from our lake samples. A total of & NRPS, 19 PKS, and 3
hybrid PKS/NRPS clusters were found. In addition, it was pasible to predict the partial
structure of several secondary metabolite clusters allowg for taxonomical classi cations
and phylogenetic inferences. Our approach revealed a highgtential to recover and study
secondary metabolites genes from any aquatic ecosystem.

Keywords: metagenomics 2.0, PKS, NRPS, freshwater, environmen tal genomics

INTRODUCTION

Metagenomics, also known as environmental genomics, descrihe study of a microbial
community without the need o priori cultivation in the laboratory. It has the potential to explore
uncultivable microorganisms by accessing and sequentieig hucleic acid Rodriguez-Valera,
2009. In recent years, due to decreasing costs of DNA sequengietpgenomic databases
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(Vincent et al., 2016(e.g., MG-RAST) have rapidly grown and Type Il PKSs are self-contained enzymes that form homodimer
archive billions of short read sequencbk&f/er etal., 2008Many  Their single active site in each monomer catalyzes the priming
metagenomic tools and pipelines were proposed to better analysgtension, and cyclization reactions iteratively to formybettide
these enormous datasetsi(son et al., 2007 Additionally, these products (ustin and Noel, 2008 Hybrid PKS/NRPS and
tools allow to (i) infer ecological patterns, alfa-, and bdigersity NRPS/PKS are also modular enzymes, encoding lipopeptides
and richnessCaporaso et al., 20);{ii) assemble environmental (hybrid between polyketides and peptides) and occur in baaiteri
contigs from the readsl{ et al., 201} and more recently, (iii) as well as fungal genomé&sigch, 2013; Masschelein et al., 2013;
recover draft genomes from metagenomic biri&rous et al., Mizuno etal., 2013
2012; Wu et al., 2014; Kang et al., 201By recovering a PKS and NRPS are very well explored in genomes from
high number of draft genomes from these so far uncultivableultivable organisms, mainhActinomycetegKomaki et al.,
organisms, itis now possible to screen for new genes anceelijst 2019 and CyanobacterigMicallef et al., 201% Recently, by
unlocking a previously underestimated metabolic potentiedlts using a metagenomic approach, studies have demonstrated the
as secondary metabolite gene clusters by using a metagenormpiesence of these metabolite-genes in aquatic environmasits,
approach called Metagenomics 2\c(Viahon, 2013 for example, Brazilian coastal waters (in free living and ipket
Lake Stechlin is an oligo-mesotrophic ecosystem located iassociated bacteria) and from the microbiomes of Austnalia
the Brandenburg-Mecklenburg lake district, northeast Ganyy,  marine sponges/{/oodhouse et al., 20).However, there are few
in a glacial region with numerous dead-ice lakes greatlyimgr metagenomic studies whose scope is to nd these gene families
in water quality according to the European Water Frameworkin freshwater environments where most studies are based on
Directive (WFD) Dadheech et al., 20).4The lake is monitored isolation approachess(lva-Stenico et al., 2011; Zothanpuia et al.,
since 1959 for several physical, chemical and biologicabias, 2019.
ranging from phyto- and zooplankton species composition to In addition, due to the rather large size of genes involved
cell number and biomass calculationsét Casper, 1985but  in these pathways, yet, it is not possible to recover the full
only since the late 20th, early 21st century mass develomnergenes by using traditional read-based metagenomics or the
of cyanobacteria were foun&élmaso and Padisak, 2007 single sample assembly approach. Most of the studies aim to
Many species of Cyanobacteria can form blooms, and it hasolely nd speci c domains, like Keto-synthase (KS) in PKS and
been estimated that 25—-75% of cyanobacterial blooms are, toxCondensation domain (C) in NRPS, due to the high conservation
specially in warm waterglahova et al., 2007, 200and the of these domainsJelvin et al., 20)6

frequency of these blooms has also risen in Lake Stechlecient Thus, it is important to develop new methods to recover
decades]ost Casper, 19pwhereby its toxicity seems to increasefull sequences of these families, especially because of their
in the lake Padheech et al., 20).4 modular nature, i.e., the nal compound can only be inferred

Polyketide synthases (PKS) and non-ribosomal peptidwith information about all the modules and domains based on
synthases (NRPS) are two families of modular megathe co-linearity role of polyketides and non-ribosomal pepside
synthases, both are very important for the biotechnologica{Minowa et al., 200 By detecting the full sequences, the
and pharmaceutical industry due to their broad spectrum ofapproach can be used, for example, for environmental long-
products, spanning from antibiotics and antitumor drugs toterm monitoring of the toxicity potential of harmful algaldbms
food pigments and also harmful toxins, like Anatoxin-a, and(HABs) (Meriluoto et al., 201}

Microcystins Dadheech et al., 20).4 We used a metagenomics 2.0 approach to overcome these

Both families of mega-synthases act in an analogougmitations and improve the screening for secondary metagwoli
way, producing polyketides (using acyil-coA monomers) andyenes and clusters while evaluating the potential of mieiobi
peptides (using aminoacyl monomers), and they are broadlgommunities for future research on potential drugs and toxin
distributed in many taxonomical groups, ranging from bader production. This study aims to (i) generate draft genomesrfro
(alphaproteobacteria, cyanobacteria, actinobacteria) uiogif Lake Stechlin; (ii) to screen these genomes for new complete
(Gokhale et al., 2007; Koglin and Walsh, 2009 multi-modular enzymes from PKS and NRPS families, exploring

PKS enzymes can be classi ed in types (1, 11, and Ill), wherebyheir diversity and phylogeny.
type | can be further classi ed into modular or iterative class
The iterative PKS use the same domain many times, itergtivelMATERlALS AND METHODS
to synthetize the polyketide. The modular PKS are large multi
domain enzymes in which each domain is used only once idampling and Sequencing
the synthesis procesSéne et al., 1998; Lal et al., 2D0The A total of 26 metagenomic samples from Lake Stechilin, north-
production of the polyketide follows the co-linearity ruleaah  eastern Germany were used.
module being responsible for the addition of one monomer to Water was collected as metagenomic samples on several
the growing chain{linowa et al., 200}/ occasions (April, June 2013, July 2014, August 2015) in sidrile

Type | PKS are characterized by multiple domains in theSchott bottles from Lake Stechlin (385.59N, 131%34.22E). All
same open reading frame (ORF) while in type Il each domain isamples, except those from August 2015, were Itered through
encoded in a separate ORF, acting interactivBlyn(etal., 2002 5mm and subsequently Ofdn pore-size lters. The samples
Type lll is also known as Chalcone synthase and has di erentollected in August 2015 were not size-fractionated andally
evolutionary origin from type | and Il fAustin and Noel, 2008  Itered on a 0.2mm pore size Iter. Genomic DNA was extracted
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using a phenol/chloroform protocol as describedimescu etal. Environmental Draft Genomes Obtained
(2012)and was sent for sequencing. Bins)

Sequencing was conducted at MrDNA (Shallowater, Texag)ietagenomic binning resulted in 288 draft environmental
on an lllumina Hiseq 2500, using the V3 chemistry, following,genomes (called bins in this study). Of these, 45 had a preict
fragmentation, adaptor ligation and ampli cation of 50 Nng completion level higher than 75% according to CheckM.
genomic DNA from each sample, using the Nextera DNA Sample Taple S2 shows the general information about each bin,
Preparation Kit. including completeness, genome size, number of open read

Table S1shows the general information about the 26 samplegrames (ORFs) and taxonomical classi cations (from CheckM).
used in this study.

. Screening Secondary Metabolism Genes
Environmental Draft Genomes and Phylogenetic Analysis

Brie y, all samples were pre-processed by Nesoni (https:Agiith g, \,sing Anti-SMASH, at least one secondary metabolite gene
com/Victorian-Bioinformatics-Consortium/nesoni) to neove . sterwas foundin 121 of the bins totaling 243 clusters22aD

low quality sequences and to trim adaptors, and afterwardgprs From these 243 clusters, 125 (51.4%) were classi ed in the
assembled together using MegaHIT (default parametets) (Terpene and 35 (14.40%) in the bacteriocin pathway. In addition
et al., 201) The reads from each sample were mapped back 15| of 18 NRPS, 6 type | PKS and 3 hybrid PKS/NRPS clusters

to these assembled contigs using BBMAP (https://sourceforgge e found in 15 di erent binsFigure 1A). The latest 3 obtained
net/projects/bbmap/) and then all data was binned usingyathway clusters are the main focus of our study.

MetaBAT (Cang et al., 2030 generate the draft genomes. The Figure 1B shows the taxonomical classi cation at phylum
completeness and taxonomical classi cation were checkBUS |g,e| for the bins showing NRPS, type | PKS and hybrid clusters.
CheckM @arks etal., 2035 Table S3shows the distribution of all clusters in all bins.

A total of 43 condensation (C) domains were obtained from

Screening Secondary Metabolism Genes NRPS clusters. All these sequences were submitted to NAPDOS
and Phylogenetic Analysis of NRPS and analysis Figure 2A shows the classi cation of C domains into
PKS Domains classes. Most of the sequences were classi ed as LCL domains

z$58%)' This kind of domain catalyzes the formation of a peptide

DNA fasta les of the generated bins (288) were submitted to ¢ .
bond between two L-amino acids.

locally installed version of Anti-SMASH (—clusterblast -esgs ; . .
—limit 1500) (Weber et al., 20)5Using in-house ruby scripts, The screening for type | PKS _resulted in 9 KS domain
the domains from PKS and NRPS were parsed. The PKS K§duences. Most of them are classi ed as modular type | PKS
domains and NRPS C domains were submitted to NAPDO$26%)- All of them were submitted to NAPDOS and classi ed into
for classi cation giemert et al., 2012 In addition, all the ks 4 di érentclassesRigure 28).

and C domains (trimmed by NAPDOS) were submitted to All the KS and C domains were also submitted to similarity
BLASTP against RefSeq databa®é ¢ary et al., 206 using analysis by using BLASTP against RefSeq datafabée$ S4

the default parameters. The 3 best hits of each domain werad and the be§t3 hits of ea(;h sequence were extracted and used
extracted and added to the original multi-fasta le with the fOF Phylogenetic analyses with NAPDOS. The trees for C and KS
environmental domains. The full set of KS and C domains (fromdomalns are shown iftigures 3and4, respectively.

bins and references obtained by the blast on RefSeq database) . .

was submitted for NAPDOS for the phylogenetic analysis. ThiR€lative Abundance of Bins on Each

resulting alignments and trees were exported, then treeg weSample

manually checked and annotated. The relative abundance of all the bins in each sample was

estimated by mapping the reads from each sample against the
Relative Abundance of Bins in Each assembled binslable S6shows the normalized bin abundance
Sample for every sample.

. Due to the di erences between the ltration methods, we
The reads from each sample were mapped (using BBMAP) . . ) . .
. . . . decided to classify the samples in 3 groups: particle associated
against each bin fasta le and an in-house ruby parser scrip

was used to calculate the relative abundance of each bircim ea?amples (PA)-Itered on &m membranes (and also samples

sample, normalizing the read counts by the number of reads’\;éom aggregates), free-living samples (FL)—pre- lteredotigh

each sample. The table with the results was loaded into STA mgmrarr?:smt;rr?gensonﬂge s]cl:::tieé]:aetr;ttljysgae]rfgs ?,3 Sgﬁere
(Parks et al., 20)4n order to analyse the signi cant di erences ' P

of bin abundance over the samples. diregt. on 0.22mm membranes (Withput previous Itering)
retaining the whole bacterial community. In total, we olotad
7 samples in the PA group, 5 in the FL group, and 14 in the NSF
RESULTS group.
The table with the relative abundance of the bins in
All the sequences generated for this study were submittéd\d  all samples was loaded on STAMP and an ANOVA test
under accession numbers: PRIJEB22274 and PRJEB7963. was conducted followed Games-How@8DST-HOCtest and
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FIGURE 1 | (A) Abundance of secondary metabolite cluster types obtained vth Anti-SMASH in the recovered 288 bins (environmental geames). (B) Taxonomical
classi cation of bins (Phyla) in which NRPS, PKS, and Hybrid®S/NRPS clusters were found. Red bar and pie: NRPS; blue bar @hpie: Type | PKS; green bars and
pie: Hybrid clusters (NRPS-PKS and PKS-NRPS).

Benjamini-Hochberg FDR correctionTable S7 shows 158 All the clusters show a high similarity witPPseudomonas
bins for which the dierence in relative abundance wasproteins. Cluster 2 has a similarity of 92% wigseudomonas
statistically signi cant p < 0.05) between the 3 groups (FL, PA, synxanthabg33r, conserving also the gene synteny.

and NSF). The C domain sequences were submitted to NAPDOS analysis

From the 15 bins containing NRPS and/or type | PKS clustersand 2 were classi ed as belonging to the syringomycin pathway
only 4 showed signi cant di erence between the 3 groups. Bins &nd the LCL class, and one was classi ed as belonging to the
and 2 are more abundant in PA samples and bins 193 and 235 amgcrocystin pathway or and the DCL class (link an L-amino acid
more abundant in the FL samples. to a growing peptide ending with a D-amino acid).

In cluster 3 (ctg415) Rigure 5), in addition to the NRPS
. . domains, the following transporter related genes were found:
Exploring NRPS, Type | PKS, and Hybrid smCOG: SMCOG1288 (ABC transporter related protein) and
Clusters from Draft Genome Bins SMCOG1051 (TonB-dependent siderophore receptor) (blue
We highlight 3 bins (with less than 35% contamination and mor narrows). Nevertheless, this cluster is not complete and jost o
than 70% completeness) out of the 15 obtained type | PKS and/& domain was found (LCL class), which was also classi ed to the
NRPS and explore their clusters. syringomycin pathway.

In bin 34 (Pseudomona®8.28% completeness) it was possible Cluster 6 (ctg857Figure 5 shows many NRPS domains,
to retrieve 7 clusters, including 3 NRPS clustéiiggre 5) and 2 regulatory factors and transporters genes, including drug
bacteriocin clusters. resistance genes, e §MCOG100%drug resistance transporter,

In cluster 2 (ctg181), multiple domains of NRPS (with theEmrB/QacA), SMCOG1044 (ABC transporter, permease protein)
3 minimal modules) and regulatory genes were identi ed,,e.gand SMCOG1051 (TonB-dependent siderophore receptor) (blue
smCOG: SMCOG1057 (TetR family transcriptional regulatorjarrows). Two C domains from this cluster were classi ed as
(Figure 5, in green arrows). belonging to the heterocyclization class. This class caslyz
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A NAPDOS KS DOMAIN CLASS B NAPDOS C DOMAIN CLASS

Modular &Y start

ModAA

Epim
Enediyne

HybridkS

FIGURE 2 | (A) NAPDOS classi cation of the NRPS KS domain. Modular: possesa multidomain architecture consisting of multiple sets of mdules; hybridKS: are
biosynthetic assembly lines that include both PKS and NRPSamponents; PUFA: Polyunsaturated fatty acids (PUFAs) arerlg chain fatty acids containing more than
one double bond, including omega-3-and omega-6- fatty acid; Enediyne: a family of biologically active natural prodt& The enediyne core consists of two
acetylenic groups conjugated to a double bond or an incipiendouble bond within a nine- or ten-membered ring.(B) NAPDOS classi cation of NRPS C domain. Cyc,
cyclization domains catalyze both peptide bond formation ad subsequent cyclization of cysteine, serine or threonineesidues; DCL, link an L-amino acid to a growing
peptide ending with a D-amino acid; Epim, epimerization domins change the chirality of the last amino acid in the chaimdm L- to D-amino acid; LCL, catalyze
formation of a peptide bond between two L-amino acids; modAA appear to be involved in the modi cation of the incorporatedamino acid; Start, rst module of a
Non-ribosomal peptide synthase (NRPS).

both peptide bond formation and subsequent cyclization ofnd any similar cluster, but using BLASTP it was possible to
cysteine, serine or threonine residueBi (Lorenzo et al.,, nd similarity with the cyanobacteriaMicrocystis aeruginosa
2009. Both domains were classi ed in the pyochelin pathway(64% identity and 99% coverage on BLASTP search). In
by NAPDOS. The phylogenetic treeFigured conrms the phylogenetic tree, it was clustered within the enediynes
both the functional and taxonomical classi cation (condee clade Figure4) and also withM. aeruginosa(con dence
value 100). value 99).

In bin 193 (Mycobacterium, 73.37 % completeness) a type | In addition, there were 12 more bins with NRPS or type |
PKS cluster was identi ed (ctg514yigure 6). Five PKS domains PKS clusters, but with less than 70% of completeness or more
were retrieved, including the minimal core from one of thethan 35% contamination. The bins 1 (69.54% completeness)
ORFs on this contig. The KS domain BLASTP result shows 82%nd 2 (16.52%) were classi ed as the geAnabaenashowing
(and 99% coverage) similarity witlycobacterium kansasithe  NRPS and hybrid NRPS-type 1 PKS, respectively. Bins 6 (39.66%
NAPDOS analysis from the KS domain suggests that it could beompleteness), 7 and 8 were classi ed as the g@asktothrix
a modular (epothilone pathway) or iterative type | PKS simitart and show a high diversity of secondary metabolites: 3 NRPS
the calicheamicin pathway. However, by using the phylogenetidusters, one type | PKS and 2 NRPS-PKS hybrid (bin 6), 2 NRPS
analysis it was clustered as the iterative clade (con deradee (bin 7) and 2 NRPS and one type | PKS (bin 8). The bin 8 also
98.4) together with théM. kansasiisequence (con dence value shows a microviridin cluster.

100) Figure 4). Bins 73 and 217 are classi ed Asidobacterisshowing PKS

Two further clusters were recovered: one type Ill PKS anénd NRPS, respectively. Bin 2E8ufkholderiaceamily) shows
one unclassied one. All clusters show similarity with the3 NRPS clusters and bin 18¢mamonadacedamily, also from
Mycobacteriuntlusters. Burkholderialesrder) shows one NRPS cluster.

Bin 131 (unclassi ed bacteria by CheckM) has 84.09% of Bin 78 is classi ed a¥errucomicrobiaceashows 1 NRPS
completeness reported by CheckM. In this bin it was possibleluster. Additionally, there is an unclassi eflrchaea(NRPS
to nd one cluster and 3 domains of type | PKS (KS, AT, andcluster) and one bin without any classi cation (bin 136, type |
KR) (Figure 6). The KS domain was classi ed by NAPDOS asPKS).
belonging to the maduropeptin and neocarzinostatin pathways. The Anti-Smash results for all bins are available in the
Using clusterblast inside Anti-Smash it was not possible t&upplemental InformationTable SJ.
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FIGURE 3 | NAPDOS phylogenetic tree of C domains (environmental
domains, the top 3 blast results on RefSeq and the NAPDOS refence
sequences). The shadow colors represent the domain classiations (LCL,
CYC, Start domains, EPIM, ModAA, Dual, and DCL). The sidebarspresent
phyla (Proteobacteria, Cyanobacteria, Firmicutes, Actobacteria,
Verrucomicrobia). All the sequences from environmentalis are in red.

DISCUSSION

The eld of metagenomics has generated a vast amount of data in
the last decades\@tional Research Council US., 2)0Most of

the data is poorly annotated and may show little quality cohtro
when loaded into the public databases, hence awaiting a more
in-depth analysis Gilbert et al., 201)L There are many open
challenges in this eld, e.g., (i) the lack of representatieeamic
databases from uncultivable organisms to be used in a sityHar
based annotation procedure; (ii) high con dence assembly of
short reads from species-rich samples; (iii) obtaining high
enough coverage for every organism in the sample, including
those with a low abundance, etd.geling and Glockner, 20).2
Recently, some new algorithms have been proposed to overcome
these limitations and to obtain partial or near complete geesm
from environmental samples, e.g., MetaB&hiig et al., 2015

and MetaWatt Gtrous et al., 20)2Most of them require many
samples and high coverage sequencing per sample as an input.
Recently, studies have been done to recover genomes even from
rare bacteriaflbertsen et al., 20)3The term Metagenomics 2.0
was introduced to describe this new generation of metageaom
analysis by Katherine McMahorMicMahon, 201% and most

of the studies using this approach have been conducted to
reveal ecological interactions and networks.(igwan et al., 2016;
Vanwonterghem et al., 201.6

In this study, we recovered 288 environmental draft genomes
using 26 samples from Lake Stechlin, a temperate oligo-
mesotrophic lake. One of the advantages of this approach is
to enable the recovery of large genomic clusters, especially
the megasynthases clusters of the secondary metabolism, e.g.
involved in biosynthesis of antibiotics, including its regtory
and transporter genes. Here, we have used the Anti-SMASH and
NAPDOS pipelines to identify, annotate, classify and to carry
out the phylogenetic analysis of a total of 243 clusters of known
secondary metabolites. To our knowledge, this is the rsdgt
using the metagenomics 2.0 approach to recover megasynthases
clusters. A number of previous studies had been conducted
using a traditional PCR based screeningmos et al., 20156
and shotgun metagenomic approackogrstner et al., 2008;
Cuadrat et al., 20)%exploring the abundance and diversity of
individual genes and domains, but these studies are missiag t
genomic context. By obtaining the entire genomic contexsit
possible, in future studies, to clone and to do heterologous
expression for all the genes, including promoters and
transporters.

The phytoplankton from Lake Stechlin has been intensively
investigated since 1959, allowing researchers to follog-term
trends, for example, mass developments of cyanobacteriadg fou
only since the late 20th, early 21st centuBa(maso and Padisak,
2007, coinciding with an increase in surface temperature (by
0.37 C per decade to an annual mean of 11.3.5 C) (Kirillin,

2013.

The increase in water temperature has been paralleled by
the occurrence of HABs, favoring potentially toxic cyanokset
(Paerl and Huisman, 200&uch asMicrocystiswhich has been
found in the Stechlin Lake since 201M&gdheech et al., 204
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FIGURE 4 | NAPDOS tree of KS domains (environmental domains, the top 3lést results on RefSeq and the NAPDOS reference sequencesjhe shadow colors
represent the domain classi cations (Modular, KS1, Iterati, Trans-AT, Hybrid, PUFA, Enediyenes, Type Il, and Fabs, Faticid synthase). The sidebars represent
phyla (Cyanobacteria and Actinobacteria). All the sequees from environmental bins are in red.
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FIGURE 5 | Bin 34, NRPS clusters detailed annotation and synteny. Theysiteny of the clusters with a functional classi cation for eeh ORF is given. In addition, for
the NPRS biosynthetic ORFS the domain annotations are giveil€AL, Co-enzyme A ligase domain; C, condensation; A, adengtion; E, epimerization; TE,
Termination; KR, Ketoreductase domain; ECH, Enoyl-CoA hydtase.

In the same study, for the rst time, the presence of microoyst 2015; Escobar-Zepeda et al., 20Neither of these studies was
genes has been detected in the lake. Microcystins represent@enducted for natural environments or used the metagenomics
family of genes coding one of the most common hepatotoxin2.0 approach.
that are produced by a wide range of cyanobactétiatala et al., In this study, we focused on 2 families of large modular
2008; Ballot et al., 201pbrhe genes encoding for these toxinssecondary metabolite genes, type | PKS and NRPS. With our
belong to the secondary metabolism pathways, mostly the PK&pproach, it was possible to nd a total of 18 NRPS, 6 type
and NRPS families. I PKS, and 3 hybrid PKS/NRPS clusters. For NRPS clusters,
Screening the bins for secondary metabolite clusters, wiewas possible to recover 43 C domains, most of them (58%)
see that the most abundant cluster belongs to the terperfeom the LCL class. An LCL domain catalyzes a peptide bond
pathway (125 clusters}{gure 1). This biosynthesis pathway is between two L-amino acidsR@usch et al., 20D.7A previous
well known to be present in many plant and fungi genomesstudy also found that the LCL class was the most abundant
but recently it was proposed to be also widely distributed inn another aquatic environment, dominated by gram-negativ
bacterial genomes. One study revealed 262 distinct terpetacteria Cuadrat et al., 20)5Many studies have shown that the
synthases in the bacterial domain of life/a(nada et al.,, LCL class in aquatic environments is limited to gram-negati
2015. Consequently, it can represent a fertile source of newacteria (Voodhouse et al., 20).30ur results further support
natural products, yet greatly underestimated. The secondtmothis as we also found the LCL class only in bins of gram-negativ
abundant class of clusters belongs to the bacteriocin patli@& bacteria Figure 3 with the only exception of unclassi ed
clusters) Figure 1). bacteriocins belong to a group of ribosomal Archaea (bin 233), which should be further investigatedrides
synthesized antimicrobial peptides which can Kkill or inhibitto con rm the phylogenetic classi cation. It was also possible
bacterial strains closely related or non-related to thetér@acin ~ to recover 9 KS domains from type | PKS clusters, 56% from
producing bacteria Yang et al., 204 It has been suggested the modular class and 22% from the hybrid PKS/NRPS class.
as a viable alternative to traditional antibiotics and ca@ b Those classes are larger (with many copies of each domain)
used as narrow-spectrum antibioticStter et al., 2002 Only  than the iterative ones, increasing the chances to be reedve
a few studies have been conducted to screen for bacteriodoy metagenomic approaches. Accordingly, the NRPS and PKS
genes by using a metatenomics approach, and solely for tlodusters were more in depth analyzed, including syntheny,
host-associated microbiomé&ifeng et al., 20)5or fermented domain phylogeny, and partial metabolite protein structure
food microbiome (Vieckowicz et al., 2011; llleghems et al.predictions.
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FIGURE 6 | Bin 193 and 131 type | PKS clusters detailed annotation and syteny. It is possible to see the synteny of the cluster with théunctional classi cation for
each ORF. In addition, for the PKS biosynthetic ORF the domaispeci ¢ annotations can be seen. KS, keto-synthase; AT, acltransferase; KR, ketoreductase; E,
epimerization; DH, dehydratase; ER, enoylreductase.

From the bins showing secondary metabolite genes, the mogi what is known for carotenoidsSchoner et al., 20).6These
complete was from bin 34seudomongsThe 7 clusters on this results suggest that a wide range of metabolites is encoded in
genome vary from 8,675 base pairs (bp) to 52,516 bp in sizthis Pseudomonagenome, providing it an “arsenal” of secondary
been only possible to be recovered due to the high completengsoducts, increasing the likelihood of tiRseudomonaspecies to
of the assembled genome (98.28%). The presence of a greatceed in aquatic systems.
diversity of clusters ilPseudomonas expected, as many active  Bin 131 (unclassi ed bacteria) shows a PKS cluster and 3
secondary metabolites (encoded by NRPS) have been previoudymains. It was classi ed as belonging to the enediynes paghw
described in the Pseudomonas genus, ranging from antisioti These compounds are toxic to DNA and are under investigation
and antifungal to siderophoresPén and Hu, 2015; Van Der as anti-tumor agents, with several compounds under clinical
Voort et al., 2015; Esmaeel et al., 2016 trials (Jones and Fouad, 2002ll are encoded by type | iterative

From those 7 clusters in bin 34, the NRPS clusters PKS @hlert et al., 200p and it was possible to recover the
and 3 showed a high similarity with syringomycin (three minimal core (KS, AT and KR) as well as transporter genes from
domains) and microcystin (one domain) pathways. The rstthe environmental genome. The most similar PKS | present in
one is found, for example, in th&®seudomonas syringda the public databases stems fravh aeruginosabut only with
plant pathogen) genome, as a virulence factor (syringomygin Ean identity of 64%, suggesting that it is encoding for a new
(Scholz-Schroeder et al., 200®&hich also has antifungal activity compound, which has not previously been described.
againstSaccharomyces cerevigigteck et al., 20000n the other In bin 193 (Mycobacterium-sister linageM. rhodesiag one
hand, microcystin are a class of toxins produced by freshwatef the 3 recovered clusters is a Type | PKS, similar to itegativ
Cyanobacteria specieBgwson, 1998and it can be produced PKS in the NAPDOS analysis (con rmed by the phylogenetic
in large quantities during massive bloom evenBo(haddada analysis). The most similar KS sequence belondd.tkansasii
et al., 201} Due to the taxonomical classi cation of the bin with 82% similarityM. rhodesia@nd M. kansasiiare both non-
and the higher number of domains similar to syringomycin,tuberculous mycobacteria (NTM) that can be found in di erent
however, itis more likely that the product encoded by thisstbu  environments, but both can also be opportunistic pathogens
is functionally close to the latter pathway. and cause a chronic pulmonary infection in immunosuppressed

In bin 34-cluster 6, both C domains were classied patients fedrizzi et al., 20)7The speciebl. kansasicomprises
as belonging to the pyochelin pathway. This peptide is &arious subtypes and some are often recovered from tap water
siderophore ofPseudomonas aeruginogzandel et al., 20)2 and occasionally from river or lake wateBdgku a et al.,
The presence of a TonB-dependent siderophore receptor i8013; van der Wielen et al., 2013 here is still controversy
cluster 6 provides additional evidence about its functionabbout how the transmission from environment to human host
classi cation. Additionally, two bacteriocin clusters carone  occurs and also about the implications on public health. The
Aryl polyene cluster were found in bin 34. Aryl polyenes arepresence of PKS in Mycobacterium genus was discovered more
structurally similar to the well-known carotenoids withggect than a decade ago and most of the polyketides encoded by
to their polyene systems and it was recently demonstrated thali erent species of this genus play a role in virulence and/or
it can protect bacteria from reactive oxygen species, silyilarcomponents of the extraordinarily complex mycobacterial cell
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envelope Quadri, 201). Further studies must be done in more abundant in the PA group, especially on samples B7 and
order to investigate the potential of this bin to cause ini@e$ B9 (and also the replicates Old_b7 and Old_b9), accounting for
on humans, i.e., by screening virulence factors on the fulk0-25% (bin 1) and 10-15% (bin 2) on these samples. The very
genome. high abundance of these bins on the samples can be explained

Five bins of the phyla Cyanobacteria contained PKS andy that, based on long term monitoring of the Lake Stechlia, w
NRPS clusters. In bins 1 and 2 (Anabaena, now calleknow that these samples were collected during the occurrehce o
“Dolichospermum”), it was possible to recover 2 NRPS and & cyanobacterial bloom.
hybrid NRPS-PKS, respectively. The geAmabaenas known From the other bins containing PKS/NRPS clusters, we can see
to encode several toxins, including the dangerous anataxin that Bins 6, 7, and 8Rlanktothri¥, beside the lack of signi cant
and to produce toxic blooms in lakes and reservoitsi(michael di erence between FL and PA groupg-¢alue> p0.05), they are
et al., 1975; Calteau et al., 2014; Brown et al., 2016; Li,et @learly more abundant in NSF. The possible explanation for this
2016. However, the anatoxin-a is encoded by a type | PKS clustertion is that the NSF samples were collected during a mesocosm
(Méjean et al., 20)4unlike the NRPS and Hybrid clusters found experiment, whereas the other samples were derived from the
in the Anabaenabins from this study. natural environment.

On the other hand, the hepatotoxic heptapeptide of the
class mycrocystin is present in many genera of Cyanobacteria
including Anabaena and they are encoded by NRPS and alsCONCLUSIONS
Hybrid NRPS-PKS clustersi(lett et al., 2000; Rouhiainen et al.,
2004; Viaggiu et al., 2004; Rastogi et al., 0Ihe results of Using the Metagenomics 2.0 approach, we were able to recover
NAPDOS reveal one C domain from bin 1 classied in thefull megasynthases sequences and their genomic contaxt fro
pathway of Mycrocystin with e-value 6e-83. environmental draft genomes. However, there are limitasio

In bins 6, 7 and 8Planktothriy, it was possible to nd several e.g., the genomic coverage of less abundant organisms and
type | PKS, NRPS and hybrid clusters. In bin 6 there are 3 NRP8)e possibility of chimeras. Recently, it has been demonstrate
one type 1 PKS, and one hybrid cluster. The bin 7 shows that with an increasing number of samples, it will be possible
NRPS and bin 8 shows one type | PKS and 2 NRPS clusters. Tteerecover individual species genomes with a high con dence
genusPlanktothrixcan also be producer of anatoxin-gifggiu  (Kang et al., 2005 In the near future, with the advent of
et al., 200% and the presence of type | PKS cluster on thes¢he 3rd generation sequencing, with longer reads, up to 100
bins can be alarming. However, the 3 KS domains from typé&ilobases, it will be possible to further improve the quality of
I PKS from bin 6 reveal great similarity with the epothilone the assemblies-(ank et al., 2016 These new approaches unlock
pathway. The NapDOS analysis and the KS domain from bithe possibility of studying these newly recovered environtaen
8 suggest a high similarity to the neurotoxin jamaicamidegathways and their evolution in detail. Thus, allowing clajin
pathway. A previous study showed in 20Hx(jot et al., 2010a and expressing these clusters will provide new natural praduct
the presence of an anatoxin-a-producing cyanobacterium if great interest for the biotechnological and pharmaceitic
northeastern Germany Lake Stolpsee, rising concerns abeut tindustry. Moreover, studies have demonstrated the posgitidit
presence of these toxins in the waters of the northeasterm@er synthesize large functional DNAH(tchison et al., 2016 and
lakes. together with additional screening techniques, it will bespible

The absence of anatoxin-a genes in the studied lake is @ obtain such sequences and to synthesize the full cluster fo
agreement with previous screening for a toxin screening & thheterologous expression, skipping the cloning and functional
lake Dadheech et al., 20).4 screening process, saving considerable time and money. In

In the bin 73 @Acidobacterial@sl PKS sequence was found.addition, the current work highlights the great potentialrfo
By the phylogenetic classi cation, its KS domain is cluglerethe discovery of new metabolically active compounds in
with transAT KS domains. The AT domains afansAT PKSs freshwaters such as oligo-mesotrophic Lake Stechlin. Egrth
are not integrated into the assembly lines but expresseckeas fr the study of complete or near complete genomes from
standing polypeptides, unlike the more familiaisAT PKSs uncultivated bacteria in the natural environment will eriab
(Weissman, 2015 However, the NAPDOS result shows theus to better understand the multiple forms of interactions
AT domain of this bin in the same ORF with KS and KR between species and how they compete for the limiting natural
domains, showing a syntheny that suggestsisAT PKS. In  resources.
addition, the classi cation by similarity from NAPDOS suggis
a polyunsaturated fatty acid (PUFA) but only with 31% of
identity. AUTHOR CONTRIBUTIONS

To assess the life style of the bins (free-living or particle-
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