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Summary

Alginates are abundant polysaccharides in brown

algae that constitute an important energy source for

marine heterotrophic bacteria. Despite the key role of

alginate degradation processes in the marine carbon

cycle, little information is available on the bacterial

populations involved in these processes. The aim of

this work was to gain a better understanding of algi-

nate utilization capabilities in cold coastal

environments. Sediment metagenomes from four

high-latitude regions of both Hemispheres were inter-

rogated for alginate lyase gene homologue

sequences and their genomic context. Sediments

contained highly abundant and diverse bacterial

assemblages with alginolytic potential, including

members of Bacteroidetes and Proteobacteria, as

well as several poorly characterized taxa. The micro-

bial communities in Arctic and Antarctic sediments

exhibited the most similar alginolytic profiles, where-

as brackish sediments showed distinct structures

with a higher proportion of novel genes. Examination

of the gene neighbourhood of the alginate lyase

homologues revealed distinct patterns depending on

the potential lineage of the scaffolds, with evidence

of evolutionary relationships among alginolytic gene

clusters from Bacteroidetes and Proteobacteria. This

information is relevant for understanding carbon

fluxes in cold coastal environments and provides

valuable information for the development of biotech-

nological applications from brown algae biomass.

Introduction

Marine macroalgae present high photosynthesis and pro-

ductivity rates even in highly challenging conditions such

as those prevalent in polar environments, and they can

contribute to long-term sedimentary carbon sequestration

(Chung et al., 2011; Wiencke and Amsler, 2012). Both

macroalgae and the microorganisms specialized in the

degradation of algal biomass are therefore key compo-

nents of the carbon cycle in these rapidly changing
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environments (Arnosti et al., 2013; Quartino et al., 2013;

Krause-Jensen and Duarte, 2014; Berlemont and Martiny,

2015). For instance, microbial communities from Arctic

sediments are able to depolymerize a broad range of algal

polysaccharides at high rates, acting as a final filter before

carbon sequestration (Arnosti, 2008; Arnosti, 2014).

Despite the key role of polysaccharide utilization for carbon

fluxes in coastal ecosystems, the microbial populations

participating in the degradation of algal polysaccharides

and the mechanisms that they use are still poorly under-

stood (Thomas et al., 2012; Hehemann et al., 2014; Wietz

et al., 2015). Metagenomics can provide unique insights

into the polysaccharide utilization capabilities of these envi-

ronments. Furthermore, this approach presents an

opportunity for bioprospecting genes associated with poly-

saccharide utilization processes, which can be used for

the development of biotechnological products from macro-

algal biomass (Wargacki et al., 2012; Lozada and Dionisi,

2015; Zhu and Yin, 2015).

Alginates are major components of the cell wall of brown

algae, constituting up to 40% of their dry weight (Donati and

Paoletti, 2009). They are linear polysaccharides composed

of 1,4-linked b-D-mannuronate (M) and a-L-guluronate (G),

arranged in Poly-M, Poly-G or Poly-MG blocks with 20–30

units each (Donati and Paoletti, 2009). The M/G ratio and

the distribution of these blocks depend not only on the algal

species, but also on the season, geographic location and

type and age of the algal tissues (Kloareg and Quatrano,

1988; Truus et al., 2001). The first step for the utilization of

alginate as carbon source by marine bacteria is the depoly-

merization of these polysaccharides catalyzed by alginate

lyases (AL, EC 4.2.2.3 and 4.2.2.11) through b-elimination

(Zhu and Yin, 2015). In the model mechanism proposed for

the marine flavobacterium Gramella forsetii KT0803, endo-

lytic AL enzymes attached to the outer membrane catalyze

the depolymerization of alginates into oligoalginates

(Kabisch et al., 2014). The oligomers are then transferred

through the outer membrane with the participation of TonB-

dependent receptors (TBDR) and sugar-binding proteins. In

the periplasm, the unsaturated oligosaccharides are further

degraded to monomers by oligoalginate lyases and trans-

ported through the inner membrane, and in the cytoplasm a

series of enzymes catalyze the conversion of the trans-

ported unsaturated monosaccharides into the metabolic

intermediates glyceraldehyde-3-phosphate and pyruvate

(Kabisch et al., 2014). A similar process has been recently

reported for the gammaproteobacterium Saccharophagus

degradans 2-40 (Takagi et al., 2016).

Alginate lyases are remarkably diverse and they are cur-

rently classified into seven different polysaccharide lyase

(PL) families, according to the classification scheme of the

manually curated CAZy database (carbohydrate-active

enzymes; Lombard et al., 2014). The true diversity of these

enzymes is only starting to emerge, as numerous AL

sequences still remain unclassified or are yet to be includ-

ed in the database (Garron and Cygler, 2010).

Furthermore, the majority of the AL sequences known to

date were identified in cultured bacteria, mostly belonging

to the Flavobacteriia and Gammaproteobacteria classes

(Zhu and Yin, 2015). Marine strains specialized in the utili-

zation of alginates as substrate for growth contain several

AL genes belonging to different PL families within their

genomes (Thomas et al., 2012; Mann et al., 2013; Kabisch

et al., 2014; Neumann et al., 2015, Takagi et al., 2016),

and the number of AL genes per genome has been shown

to be related to its alginate degrading capability (Neumann

et al., 2015). Recently, studies that used culture-

independent approaches started to shed light into the taxa

potentially involved in alginate degradation in seawater

(Wietz et al., 2015) and alginate gel particles (Mitulla et al.,

2016), the biogeographic distribution of AL sequences

from Alteromonas macleodii ecotypes (Neumann et al.,

2015), as well as features of alginate-degrading consortia

growing in anaerobic conditions (Seon et al., 2014; Kita

et al., 2016). However, the alginate utilization potential of

microbial communities from coastal environments and the

genes involved in these processes still remain largely

unknown (Neumann et al., 2015).

Brown macroalgae are an important ecosystem compo-

nent in cold coastal environments (Wiencke and Amsler,

2012). Part of their dead biomass is transferred to surface

sediments, where heterotrophic bacteria participate in its

decomposition (Hardison et al., 2010). Due to the high algi-

nate content in these macroalgae, we hypothesized that

bacterial populations with the ability to use these polysac-

charides as carbon source would be abundant in the

microbial communities from sediments of these environ-

ments. The aim of this work was to increase our

understanding of alginate utilization processes in cold

coastal environments. Using a multilevel metagenomic

approach, we characterized putative AL sequences and

their genomic context in sediments from four distant high-

latitude environments. The analysis of the gene pool relat-

ed to alginate utilization suggested that these populations

are both remarkably abundant and diverse, and include

members of poorly described taxa. In addition, this work

sheds light into evolutionary relationships of the alginolytic

capabilities across taxa.

Results and discussion

Study sites

Four high-latitude coastal environments were analysed in

this study (referred as sampling regions, Figs 1 and S1).

Polar habitats included Advent fjord (Spitsbergen Island,

Svalbard Archipelago, Norway), and Potter Cove (25 de

Mayo [King George] Island, South Shetland Islands, Ant-

arctica). Subpolar habitats included Ushuaia Bay (Tierra

4472 M. N. Matos et al.
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del Fuego Island, Argentina) and Baltic Sea, the only

brackish environment analysed in this study (Table S1).

Although many algae species present a bipolar distribu-

tion, the macroalgae communities are distinct in each of

these regions (Quartino and De Zaixso, 2008; Wiencke

and Amsler, 2012; Liuzzi et al., 2011). The four sampling

regions present some level of anthropogenic impact, such

as eutrophication and/or chronic contamination with toxic

pollutants. More information on these topics can be found

in Supporting Information. The nested sampling approach

included triplicate subtidal sediment samples obtained at

two sites in each of the four regions, and 23 of these sam-

ples produced the metagenomic dataset.

Abundance of genes encoding putative PL enzymes

Although Pfam domains are not suitable for the classifica-

tion of CAZymes into specific PL families (Lombard et al.,

2014), the abundance of sequences containing domains

related to PL enzymes in the gene pool of the metage-

nomes (relative to the abundance of single-copy genes)

can provide an estimation of the prevalence of genes

encoding AL and other PL enzymes in these environments.

Three of the four Pfam domains found in AL enzymes,

PF05426 (Alginate lyase), PF07940 (Heparinase II/III-like

protein) and PF08787 (Alginate lyase 2), were abundant in

the metagenomes, while PF14592 (Chondroitinase B) was

present at lower abundances (Fig. 2). Two of these

domains, PF07940 and PF08787, showed significant differ-

ences in relative gene abundance among sampling regions

(Kruskal–Wallis test, p 5 0.004 for both domains), which

Fig. 1. Geographic location of the analysed sampling regions.

NOR, Advent Fjord, Spitsbergen, Svalbard Archipelago, Norway;

SWE, Port V€artahamnen, Stockholm, Baltic Sea, Sweden; ARG,

Ushuaia Bay, Tierra del Fuego Island, Argentina; ANT, Potter Cove,

25 de Mayo (King George) Island, Antarctica. Two sampling sites

distanced �500 m were selected within each coastal environment,

and the top 5 cm of subtidal sediments were sampled in triplicate

within each site.

Fig. 2. Relative abundance of sequences containing Pfam domains from PL in the sediment metagenomes.

The estimated copies of sequences containing each of the 12 selected Pfam domains in the unassembled and assembled metagenomes (the

latter corrected by read depth) was normalized by dividing by the estimated copies of 12 selected single-copy genes (Table S2). Diameters

depict the average value of the 12 calculated ratios. The coefficient of variation across all Pfam domains and samples was< 18%. For each

PL domain, the Pfam Accession No. followed by the family name abbreviation between parentheses is indicated. NOR, Svalbard Archipelago;

SWE, Baltic Sea; ARG, Ushuaia Bay; ANT, Potter Cove. Cluster analysis was performed using Bray–Curtis index.
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could reflect distinct structures of the alginolytic guilds or

differences in the set of AL genes present in members of

these guilds. The largest differences were found in the

domain PF08787, identified in sequences of the PL7 and

PL18 families, both encompassing only AL enzymes (Gar-

ron and Cygler, 2010). The relative abundance of this

domain varied from 0.12 6 0.01 copies in Baltic Sea sedi-

ments to 0.99 6 0.28 copies in Antarctic sediments, per

single-copy gene (Fig. 2). Pearson correlation analysis

revealed a positive correlation between the relative abun-

dance of sequences containing a PF08787 domain and

salinity (r 5 0.67, p< 0.001, n 5 23). Although less marked,

differences in the abundance of this domain were also

observed between the two sampling sites from Ushuaia

Bay (0.80 6 0.21 copies in MC [Commercial Pier, samples

ARG01-ARG03] and 0.33 6 0.09 copies in OR [Orion

Plant, ARG04-ARG06], per single-copy gene). Small differ-

ences in salinity were also detected at these sites, probably

due to the influence of a freshwater runoff next to OR site

(Table S1). A positive correlation was also found between

the relative abundance of PF08787 domain and salinity

when considering only the samples from Ushuaia Bay

(Pearson correlation coefficient r 5 0.85, p 5 0.032, n 5 6).

These results suggest that salinity could be a factor

influencing the abundance of AL genes from the PL7 and/

or PL18 families in the sediment microbial communities. A

previous study also detected a correlation between gene

patterns (alkB) and salinity in the metagenomes from sam-

ples ARG01-06 (Guibert et al., 2016). It is important to

notice, however, that other environmental factors, such as

pollution, could also be influencing the observed gene dis-

tribution patters (Supporting Information).

The overall abundance of AL genes in the metagenomes

was estimated considering the domains PF05426,

PF08787 and PF14592. As the latter is also present in

chondroitinases, these values can be slightly overesti-

mated. Alginate lyases gene abundances were

significantly higher in the three marine environments than

in the Baltic Sea (p 5 0.036 for all three post hoc tests,

Bonferroni corrected). Remarkably, the overall abundance

of AL genes relative to single-copy genes in marine sedi-

ments ranged from 1.12 6 0.18 copies in Svalbard to

1.78 6 0.46 copies in Antarctica. The high potential for algi-

nate depolymerization in marine sediments could be due

to the selection of bacterial populations with this trait as a

result of a high brown algae biomass production (Quartino

and De Zaixso, 2008; Liuzzi et al., 2011; Wiencke and

Amsler, 2012). Sediments from the Arctic archipelago

Svalbard were previously shown to depolymerize alginates

at high rates, even under anaerobic conditions (Arnosti,

2008; Teske et al., 2011). Although similar extracellular

enzymatic activities have not been determined in Antarctic

sediments, the high abundance of AL genes in this envi-

ronment suggests a high potential for alginate

depolymerization. Despite this potential, algal biomass

decomposition is a slow process at the sampling location

in Potter Cove, where insufficient mechanical break-down

and low temperatures could be limiting the macroalgae

degradation rate (Quartino et al., 2008; Quartino et al.,

2015). The overall abundance of AL genes in sediments

from the Baltic Sea was 0.66 6 0.04 copies per single-

copy gene, suggesting a lesser prevalence of microorgan-

isms with alginolytic potential in sediments of this brackish

environment, possibly due to a lower biomass of brown

algae (Alexandridis et al., 2012; Supporting Information).

Homologues of AL genes could remain undetected in this

analysis if they are divergent from those used to define the

Pfam domains.

A domain found in pectin-degrading enzymes

(PF09492) was highly abundant in the sediments and clus-

tered with the four domains from AL enzymes (top cluster,

Fig. 2). Reports of pectinolytic marine microorganisms in

the literature are scarce (Tuyen et al., 2001), but the pres-

ence of organic carbon from terrestrial origin is common in

coastal sediments (Wysocki et al., 2008; Sikes et al.,

2009) and the ability to utilize plant polysaccharides might

represent an advantage for microorganisms inhabiting

near-shore environments. Polar and subpolar sediments

could therefore represent promising sources for biopro-

specting plant biomass-degrading enzymes, as previously

suggested for other marine habitats (Vigneron et al.,

2014). Other protein families containing pectate lyases, on

the other hand, were less abundant and formed a second

cluster with domains from other PL enzymes (bottom clus-

ter, Fig. 2).

Ordination and clustering of metagenomes based on
shared alginate lyase homologue (ALH) sequences

We identified 2705 sequences (� 100 amino acids) homol-

ogous to AL genes in the assembled metagenomes. In

spite of the low level of read assembly in the metage-

nomes, 13.3% of the dataset were full-length sequences

(for a full description of the dataset, see Supporting Infor-

mation). As only seven sequences were identified in each

of the metagenomes ARG04 and ARG06, these samples

were excluded from further analyses. We evaluated the

diversity of the 2961 remaining ALH sequences by group-

ing them into operational protein units (OPUs) defined at

80% identity at the amino acid level. We used a greedy

incremental algorithm, which selects the longer sequences

as seeds for OPU building (Fu et al., 2012), to reduce the

risk of overestimating the number of OPUs in the metage-

nomic dataset. This analysis identified 690 OPUs,

suggesting a high diversity of microbial populations with

the potential to depolymerize alginates in these sediments.

On ordination plots, the samples retrieved from each

region clustered together (Fig. 3), indicating the presence

4474 M. N. Matos et al.
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of distinct alginolytic guilds in the different coastal environ-

ments. Temperature and salinity correlated with the major

ordination axes (Pearson’s product-moment correlation

coefficients r 5 0.77 and 0.93, respectively; p 5 0.001 for

both correlations), suggesting that these environmental

factors could play a role in the structuring of the alginolytic

guilds. Similarly, the distribution pattern of sequences

encoding chitinases, another enzyme targeting polysac-

charides, was found to be strongly influenced by salinity,

among other factors (Beier et al., 2010). Salinity is a key

driver of the structuring of microbial communities, probably

through selection processes (Herlemann et al., 2011;

Thureborn et al., 2013). As this study did not include a

salinity gradient, however, it is not possible to establish a

direct link between the distribution of AL genes and

salinity.

Ordination and its superimposed hierarchical clustering

analysis showed that the ALH gene pools from both polar

environments (Antarctica and Svalbard) were the most

similar (Fig. 3). These pools were further related to those

from Ushuaia Bay, a subantarctic marine environment. By

contrast, the samples from the Baltic Sea, a brackish envi-

ronment, clustered separately. These datasets shared only

3% and 3.2% of the OPUs with samples from Svalbard

and Antarctica, respectively. This result is in agreement

with the unique evolutionary lineages found in the Baltic

Sea, due to its recent geological history, distinctive environ-

mental conditions and geographic isolation, including both

marine and freshwater microorganisms (Johannesson and

Andr�e, 2006; Herlemann et al., 2011). Despite the differ-

ences found in the ALH sequence datasets among

sampling regions, four OPUs (representing 7.5% of the

dataset) included sequences identified in metagenomes

from the four sampling regions. The remarkable similarities

in this subset of ALH sequences, despite large geographic

distances and differences in environmental conditions

(Hanson et al., 2012; Zinger et al., 2014), suggests that

some alginolytic populations from cold coastal environ-

ments could have a widespread geographic distribution.

However, the possibility of recent horizontal gene transfer

events cannot be excluded, and therefore these closely-

related genes could be hosted by unrelated taxa.

Classification of the metagenomic ALH sequences

We assessed the level of relatedness between each meta-

genomic sequence and its closest CAZyme sequence

(Lombard et al., 2014), by comparing the E-values

obtained using standalone blast (Altschul et al., 1990) with

all PL sequences as a custom database (Fig. 4A). Baltic

Sea sediments contained a lower proportion of sequences

with highly significant E-values (< 1e250) when compared

with those from Antarctica and Svalbard (Kruskal–Wallis

test and post hoc analysis, Bonferroni corrected

p 5 0.036), suggesting the presence of a larger proportion

of novel ALH sequences in brackish sediments. Similarly,

when the metagenomic sequences were classified using

internal CAZy tools (Cantarel et al., 2009), a third of the

sequences from the Baltic Sea samples and from ARG05

could not be classified, as they were too distantly related

to CAZymes for a reliable assignment (Fig. 4B). Overall,

13% of the ALH sequences could not be classified. These

sequences clustered into 184 OPUs (80% identity level),

evidencing the high diversity of novel ALH sequences con-

tained in these metagenomes. On the other hand, the

majority of the ALH sequences were classified as belong-

ing to the PL17 (30.5%), PL7 (28.2%) and PL6 (22.1%)

families (Fig. 4B). Alginate lyases genes from these fami-

lies have previously been identified in the genomes of

several marine alginolytic bacteria, often in more than one

copy (Thomas et al., 2012, Kabisch et al., 2014; Takagi

et al., 2016). In the model suggested for the flavobacterium

Gramella forsetii KT0803, PL7 and PL6 endo-acting AL

are located on the outer membrane and PL17 oligoalginate

lyases are within the periplasm (Kabisch et al., 2014).

Fig. 3. Similarity of metagenomes based on shared ALH
sequences.

Results of ordination analysis (non-metric multidimensional scaling,

NMDS) and hierarchical clustering are superimposed in the plot.

Samples NOR02, NOR05 and NOR08 (sampling site 1), and

samples NOR13, NOR15 and NOR18 (sampling site 2) were

retrieved from Advent Fjord, Svalbard Archipelago, Norway.

Samples SWE02, SWE07 and SWE12 (KBA site), as well as

samples SWE21 and SWE26 (KBB site) were retrieved from the

Baltic Sea. Samples ARG01-ARG03 (MC site) and ARG05 (OR

site) were retrieved from Ushuaia Bay, Argentina. Samples ARG04

and ARG06 were eliminated from the analysis due to the low

number of identified ALH sequences. ANT01-ANT03 (sampling site

1) and ANT04-ANT06 (sampling site 2), were retrieved from Potter

cove, 25 de Mayo (King George) Island, Antarctica (Table S1).

Sequences were grouped into OPUs defined at 80% identity at the

amino acid level, and the sample x OPUs matrix was subjected to

Wisconsin double standardization and used for the construction of

the distance matrix, using 1-(Bray–Curtis index) as dissimilarity

measure. NMDS stress: 0.09. Circles with filled lines, dotted lines

and sparse dotted lines show three grouping levels in clustering

analysis, corresponding to 0.8, 0.85 and 0.87 dissimilarity

respectively.
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Interestingly, the proportion of sequences from the PL7

family was lower in the metagenomes from Baltic Sea

sediments and in the sample ARG05. In contrast, samples

ARG01-ARG03, retrieved at a 500 m distance from sam-

ple ARG05, showed a distribution of PL families more

similar to those from Svalbard and Antarctica. These

results are in agreement with the lower abundance of its

characteristic domain (PF08787) in the total metagenomes

from Baltic Sea sediments and ARG04-06 samples, shown

in Fig. 2.

Analysis of full-length ALH sequences

We performed a phylogenetic analysis based on the cata-

lytic modules of classified full-length ALH sequences,

sequences from the CAZy database and homologous

sequences identified in bacterial genomes. Within each PL

family, the metagenomic sequences were phylogenetically

diverse, as they were widely distributed across different

clusters of the trees. Figure S3 shows the phylogenetic

tree of the PL6 family, subfamily 1, and Fig. 5 shows two

clusters selected from this tree. Similar clustering patterns

were observed in other PL families (data not shown). Sev-

eral clusters included sequences identified in the

metagenomes from both polar environments, sharing high

identity values (Figs S3 and 5A). Often, ALH sequences

from polar environments were related to AL genes

described in members of the Bacteroidetes (e.g., Winog-

radskyella, Polaribacter and Gramella) or Proteobacteria

(Alteromonas and Pseudoalteromonas). By contrast, ALH

sequences from brackish sediments clustered separately,

not only from other metagenomic sequences but also from

sequences from bacterial strains (Figs S3 and 5B). These

results are in accordance with the ordination analysis of

the full dataset (Fig. 3).

The gene neighbourhoods of the ALH sequences often

included additional ALH sequences identified in the data-

set (Fig. 5). In addition, they contained other sequences

potentially related to alginate utilization, previously

described in alginolytic operons from flavobacteria (Tho-

mas et al., 2012; Kabisch et al., 2014). Hypothetical

proteins were also often found in these clusters. For

instance, two hypothetical proteins located downstream of

a putative susC gene (which encodes an outer membrane

protein associated with polysaccharide utilization, Tang

et al., 2012) in scaffolds from Baltic Sea sediments were

also found in the genome of the Bacteroidetes Rhodother-

mus marinus DSM 4252 (Fig. 5B) and in the composite

genome from an uncultured bacterium belonging to the

Ignavibacteriae phylum (NCBI taxon ID 795747, data not

shown). The gene order conservation of these three

sequences in members of different phyla suggests that

these hypothetical proteins could be related to alginate

utilization.

A high level of gene order conservation was often found

in scaffolds from the same sampling region containing very

similar ALH sequences (Fig. 5). Partial shared synteny

was also observed among scaffolds containing similar

ALH sequences identified in distant sampling regions (Ant-

arctica and Svalbard, Fig. 5A), providing additional

evidence that bacterial populations with alginolytic potential

could have a broad geographic distribution. Gene order

Fig. 4. Characteristics of the metagenomic ALH sequence dataset.

A. Evaluation of the level of divergence between ALH sequences and CAZymes. Distribution of E-values obtained with their respective best

hits in a blastp analysis, grouped in E-value ranges.

B. Classification of the sequences in CAZy families. Others: PL12, PL21, and GH. NC: not classified (too distantly related for a reliable

assignment). N: number of identified ALH sequences in each assembled metagenome (with at least 100 amino acids).
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conservation with genomes from bacterial isolates was

less frequent, although in some cases the same sequen-

ces were found in the gene neighbourhood of the ALH

sequences, but in a different order (Fig. 5B). An exception

was a series of scaffolds from Antarctica, which shared a

remarkably conserved synteny with a section of the

genome of Psychromonas arctica DSM 14288 (Fig. S4).

The longest scaffold (�35 kb) shared 80.8% identity at the

nucleotide level with the genome of this gammaproteobac-

terium, which was isolated from seawater near Svalbard

(Groudieva et al., 2003). Although ALH sequences highly

similar to those from P. arctica DSM 14288 could not be

detected in the assembled metagenomes from the other

three regions analysed in this study, sequences sharing 99

- 100% identity with the 16S rRNA genes from this organ-

ism were identified in the metagenomes from the four

Fig. 5. Phylogenetic analysis of full-length ALH sequences and scaffold gene organization.

Two clusters selected from the phylogenetic tree of ALH sequences from the PL6 family are shown in parts (A) and (B) of the figure (the

complete tree is available as Fig. S3). For the metagenomic sequences, the name of the scaffolds are shown in distinct colours depending on

the sampling region (green, Svalbard Archipelago; orange, Baltic Sea; blue, Antarctica), and the last number/s in grey correspond to the gene

number within the scaffold. Isolates are indicated in bold fonts when the AL sequence was included in the CAZy database, and in normal fonts

for sequences from genomes that are not included in the database. The ALH sequences used to build the phylogenetic tree are shown in red

in the scaffolds on the right of the figure. The grey rectangle indicates the PL6 catalytic module used for constructing the tree. The rest of the

colours in the sequences of the scaffolds indicate orthologous groups (top COG hit, shown in Fig. S4), except those shown in light yellow that

had no COG assignment. Short names of the sequences are indicated in selected scaffolds: radC, encoding DNA repair protein RadC; rraA,

regulator of RNase E activity RraA; xyll, xylose isomerase-like TIM barrel; pl, PL; PDG, 6-phosphogluconate dehydrogenase; nramp, Mn21 and

Fe21 transporters of the NRAMP family; kdgF, cupin domain; susC, outer membrane receptor protein; susD, SusD family; pkd, PKD-domain

containing protein; hyp, hypothetical protein; kdgK, 2-dehydro-3-deoxygluconokinase; gntR, GntR family transcriptional regulator; sdr, short-

chain dehydrogenase/reductase superfamily; mfs, major facilitator superfamily transporter; siae, sialate O-acetylesterase; nc, non-classified

ALH; gh2, glycoside hydrolase of the GH2 family; tp, long-chain fatty acid transport protein; G8, G8-domain containing protein; kdgA, 2-keto-3-

deoxy-phosphogluconate aldolase; WD40, WD40 domain protein beta propeller; senC, electron transport protein/SenC; hk, histidine kinase;

cgs, cystathionine gamma-synthase.
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regions (data not shown). Strains belonging to the genus

Psychromonas have been isolated from several cold

marine environments, and it has been proposed that ocean

circulation linked to the sinking of cooled seawater in polar

regions might facilitate the dispersion of this cold adapted

microorganism (Nogi et al., 2002).

Among the 359 full-length ALH sequences identified in

the metagenomes, 50 could not be assigned to a CAZyme

class or family. These full-length unclassified sequences

formed 24 clusters using an 80% amino acid identity cut-

off. In order to assess if these unclassified sequences

could code for AL enzymes, we further analysed a repre-

sentative sequence from each cluster (Table S3). The

majority of these sequences contained conserved Pfam

domains characteristic of AL enzymes (mostly PF05426).

Furthermore, often their closest matches in blastp

searches against the non-redundant protein NCBI data-

base were AL sequences from bacterial strains or

hypothetical proteins with similar Pfam domains, the major-

ity sharing low to moderate identity values (Table S3). Four

unclassified sequences containing a PF05426 domain

were selected for in silico structure prediction. The three-

dimensional modelling of these ALH sequences suggested

that they could present a PL5-type fold, which is character-

istic of sequences containing this Pfam domain (more

information can be found in the Supporting Information

Figs S5 and S6). Interestingly, in the structural models of

the metagenomic sequences NOR15_100118034 and

SWE02_100064912, the residues involved in the acid/

base mechanism in AL enzymes and some of the amino

acids involved in the interaction with the substrate were not

identified in the equivalent position (Table S4). In contrast,

the predicted structures of two consecutive unclassified

ALH sequences from scaffold SWE02_10000683 (Figs 5B

and S6) showed a higher conservation of key residues

(Table S4). These novel metagenomic sequences consti-

tute promising targets for heterologous expression and

enzymatic characterization.

Genomic context of ALH sequences in different
taxonomic groups

Very limited information is available on the diversity and

taxonomic identity of bacterial populations with alginolytic

potential from marine environments (Wietz et al., 2015).

We analysed the taxonomic assignment of scaffolds� 4 kb

in length that included ALH sequences, as longer sequen-

ces are able to provide more reliable taxonomic

information (Patil et al., 2012). Although only part of the

alginolytic guild was represented in this analysis, this set

included 206 scaffolds covering a total of 2.2 Mb, and con-

tained 319 ALH sequences (Table S5). We used two

methods for the taxonomic binning, a sequence-similarity

based method (Integrated Microbial Genomes and

Metagenomes [IMG/M] pipeline; Huntemann et al., 2016)

and a composition-based method (Patil et al., 2012). The

assignments were mostly in agreement at high taxonomic

levels (90% at the phylum or superphylum level, Table S5).

In fragments from the Baltic Sea, however, almost a third

of the scaffolds were classified into different phyla with the

two methods and a higher proportion of the scaffolds could

not be classified at the phylum level, suggesting that these

microorganisms are divergent from those represented in

the databases. In the full dataset, 12% of the scaffolds

could only be affiliated to Bacteria or could not be assigned

using the similarity-based method (Table S5). Most of

these scaffolds were classified into 10 different phyla using

composition-based taxonomic binning, including Bacteroi-

detes and Proteobacteria, as well as poorly characterized

taxa such as Ignavibacteriae, Cloacimonetes, Verrucomi-

crobia and Planctomycetes (Table S5 and Fig. S7). These

phyla were relatively abundant in the sediment microbial

communities (Fig. S8A).

Approximately half of the scaffolds binned within the

Bacteroidetes phylum using both approaches, the majority

of them within the Flavobacteriia class (Table S5 and Fig.

S7). Bacteroidetes represented the second most abundant

phylum in the sediment microbial communities (Fig. S8A),

and the Flavobacteriia class was predominant within this

phylum (> 90%, Fig. S8B). On the other hand, between a

quarter (sequence-similarity based method) and a third

(composition-based method) of the scaffolds were

assigned to the Proteobacteria phylum (Table S5 and Fig.

S7). The majority of these scaffolds were identified in sedi-

ments from Antarctica, where two thirds of these scaffolds

binned within the Gammaproteobacteria class and almost

half were assigned to the order Alteromonadales. Mem-

bers of the Gammaproteobacteria class were most

abundant in microbial communities from sediments of Ant-

arctica (Fig. S8C), and half of the members of this class

belonged to the order Alteromonadales (data not shown).

These results suggest that members of the Bacteroidetes

and Proteobacteria phyla could have an important role in

the alginolytic guilds of cold coastal sediments. Gene clus-

ters associated with alginate utilization have been

identified in the genomes of several members of these

phyla, mostly within the Flavobacteriia and Gammaproteo-

bacteria classes (Thomas et al., 2012). In a recent study

that analysed the structure and metabolic potential of an

alginate-degrading anaerobic consortium enriched from

coastal sediments, members of the Bacteroidetes and Fir-

micutes phyla were the dominant members, while

populations belonging to the Gammaproteobacteria class

were less abundant (Kita et al., 2016). Conversely, only

members of the Gammaproteobacteria class (in particular

from the order Alteromonadales) were enriched in seawa-

ter microcosms after incubation with sodium alginate

(Wietz et al., 2015). In a more recent study, the same
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research group found a higher diversity of taxa colonizing

and degrading alginate-gel particles in microcosms with

seawater, including members of the Roseobacter clade

(Alphaproteobacteria), as well as Cryomorphaceae (Flavo-

bacteriia class) and Saprospiraceae (Sphingobacteriia)

families (Mitulla et al., 2016). More studies are needed to

identify the role of the environmental matrix on the structur-

ing of the alginolytic guilds in coastal marine environments.

The capability for migration and surface attachment of cer-

tain groups could favour their colonization of certain niches

such as marine snow or sediments (Cordero and Datta,

2016).

We further analysed if the genomic context of the ALH

sequences from the selected scaffolds varied among the

different taxa, based on the potential function of the

sequences (significant hits of Pfam domains; Finn et al.,

2013) located in codirectional gene clusters. Divergently

transcribed genes, even if they were in some cases related

to alginate metabolism (for instance gntR-like genes found

adjacent but in opposite orientation), were not included in

this analysis. Clustering analysis based on Bray–Curtis

similarity index revealed a high similarity in the genomic

context of ALH sequences in scaffolds from Antarctica and

Svalbard metagenomes assigned to the Bacteroidetes

phylum (Fig. S9). Scaffolds that binned within the Bacteroi-

detes and Proteobacteria phyla from Antarctica, Svalbard

and Baltic Sea metagenomes formed a larger cluster.

These results support the proposed hypothesis of a com-

mon phylogenetic origin for these gene clusters, with

Proteobacteria acquiring alginate utilization systems by

several independent horizontal gene transfer events from

ancestral marine flavobacteria (Thomas et al., 2012). Scaf-

folds from Svalbard and Baltic Sea metagenomes within

the lineage Bacteria also clustered together, despite the

large differences in GC (guanine and cytosine) content

between these two sets of scaffolds (0.56 6 0.03 and

0.35 6 0.02 respectively). This clustering was mainly due

to a high number of CDS containing the PF00884 domain

(sulfatase) in a third of these scaffolds. Many polysacchar-

ides used by marine bacteria as substrate for growth are

sulfated, and removing these groups from the polymer

facilitates their degradation (Gerken et al., 2013).

In some of the scaffolds that binned within the Flavobac-

teriia class, ALH sequences were located within large

alginolytic gene clusters, while in other scaffolds the gene

neighbourhood of ALH was not associated with alginate

utilization. The genome of flavobacterial strains isolated

from various marine habitats, including cold coastal envi-

ronments, contain both alginolytic gene clusters and

isolated AL genes (Thomas et al., 2012; Mann et al., 2013;

Kabisch et al., 2014; Inoue et al., 2014; Xing et al., 2015).

The alginolytic gene clusters from the metagenomic scaf-

folds resembled the highly conserved gene order

previously reported in flavobacterial alginolytic clusters

(Thomas et al., 2012; Kabisch et al., 2014). However,

these clusters contained many deletions, insertions and

duplications (Fig. S10), suggesting a higher diversity of

gene organizations within this group than currently recog-

nized. Seven Pfam domains related to components of

alginolytic clusters were detected in the gene neighbour-

hood of the ALH sequences in the Bacteroidetes scaffolds

from Antarctica, Svalbard and Baltic Sea, besides the four

domains associated with AL enzymes (PF05426,

PF07940, PF08787 and PF14592, Fig. S9): (i) PF00392

(GntR) and PF07729 (FCD), identified in transcriptional

regulators of the subfamily FadR of the GntR family (Rigali

et al., 2002); (ii) PF07690 (MFS_1), membrane transport-

ers belonging to the major facilitator superfamily (Reddy

et al., 2012); (iii) PF07883 (Cupin_2), proteins with a

cupin-like domain; (iv) PF00106 (adh_short) and PF13561

(adh_short_C2), two of the domains found in members of

the large superfamily of short-chain dehydrogenases/

reductases (SDR; Persson and Kallberg, 2013); and (v)

PF00294 (PfkB), family of carbohydrate kinases that

includes the enzyme KdgK involved in the cytoplasmic

processing of alginate monomers (Cabrera et al., 2010).

Another set of Pfam domains were identified in Bacteroi-

detes scaffolds only from the metagenomes from

Antarctica and Svalbard: (i) PF00593 (TonB_dep_Rec) and

PF07715 (Plug) from SusC-like proteins (Tang et al.,

2012); (ii) PF07980 (SusD) and PF14322 (SusD-like_3)

from SusD-like proteins (Tang et al., 2012) and (iii)

PF00801 (PKD) in PKD-domain containing proteins,

potentially involved in protein–protein interactions in the

outer membrane (Bauer et al., 2006). These proteins have

been proposed to participate in the transport of oligoalgi-

nates through the outer membrane (Kabisch et al., 2014).

The gene organization of the scaffolds from Proteobac-

teria was highly variable (Table S5), and the ALH

sequences were found in short clusters of codirectional

genes. These results are in agreement with the limited

shared synteny and short length reported in alginolytic

gene clusters from strains belonging to the Proteobacteria

phylum (Thomas et al., 2012; Neumann et al., 2015). Like

in scaffolds assigned to the Bacteroidetes phylum,

PF07883 (Cupin_2) was identified in gene clusters from all

three regions, suggesting that these proteins could play a

key role in alginate degradation in members of both Bac-

teroidetes and Proteobacteria phyla. In Z. galactanivorans,

the gene containing this domain (kdgF) was found to be

differentially expressed in the presence of alginate (Tho-

mas et al., 2012). In addition, the product of this gene has

been detected in members of these two phyla growing on

alginate: a cupin 2 conserved barrel protein was one of the

23 alginate-specific proteins of the gammaproteobacterium

S. degradans 2-40 (Takagi et al., 2016), and the KdgF pro-

tein was detected in the cytoplasm of the flavobacterium

G. forsetii KT0803 (Kabisch et al., 2014). Although the
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function of this protein is not known, it has been recently

suggested that it could participate in the first step of the

cytoplasmic processing (linearization) of the unsaturated

monouronic acids (Lee, 2014), which has been proposed

to be spontaneous (Thomas et al., 2012). Further studies

are needed to determine the role of KdgF in alginate deg-

radation. On the other hand, domains PF00106

(adh_short), PF7715 (Plug) and PF01081 (Aldolase), a

family that includes the enzyme phospho-2-dehydro-3-

deoxygluconate aldolase (KdgA), were only identified in

scaffolds from both polar regions.

Overall, 17% of the sequences from the gene clusters

did not have significant Pfam hits. Although some of these

sequences could have been incorrectly predicted, other

sequences could be related to alginate degradation. For

instance, a protein of unknown function encoded in an algi-

nate utilization cluster has been detected in the cytoplasm

in G. forsetii KT0803 (Kabisch et al., 2014). The expression

and characterization of these sequences will be needed to

elucidate their role in alginate utilization processes.

Conclusion

The exploitation of metagenomic data to gain ecological

and mechanistic insights into the metabolic potential of

microbial communities is often hindered due to the highly

fragmented nature of this information, and this limitation is

even more critical for bioprospecting efforts (Lozada and

Dionisi, 2015). In this work, we used different levels of res-

olution to analyse a highly-complex metagenomic dataset,

capitalizing on the available information and accounting for

the limitations imposed by the inefficient and uneven read

assembly. Evidences of high abundance and diversity of

bacteria with the potential to utilize alginates detected in

sediments from geographically distant cold coastal envi-

ronments suggest that this process is not only highly

relevant, but more complex than previously assumed.

Although a fraction of the putative alginate lyase gene pool

was shared among regions, a highly distinctive guild

seems to be present in the Baltic Sea sediment, sugges-

ting that environmental factors such as salinity could play

an important role in the structuring of these guilds. Besides

members of the Bacteroidetes and Proteobacteria phyla,

this study also revealed several largely unknown groups of

bacteria with the potential to depolymerize alginates in

polar and subpolar environments. In particular, sediments

of the Baltic Sea represent an attractive target for further

exploration, such as the isolation or single-cell genomic

analysis of novel polysaccharide-degrading bacteria. The

analysis of the genomic context of selected scaffolds con-

firmed at the community level evolutionary patterns

proposed based on comparative genomic analyses (Tho-

mas et al., 2012). The differences in gene organization

detected in alginolytic gene clusters suggest recent gene

rearrangements in the genome of these microorganisms.

These observations raise fundamental questions regarding

the dispersal and adaptative capabilities of these microor-

ganisms. Polar marine ecosystems are highly vulnerable

to local and global anthropogenic impacts. The effects of

climate-induced changes on microbial community structure

and function, and their implications in ecosystem function,

are still unknown. Identifying the microorganisms and

understanding the mechanisms involved, as well as the

environmental factors influencing alginate utilization pro-

cesses, are a prerequisite for modelling the functioning of

these rapidly changing ecosystems.

Experimental procedures

Sample and metadata collection

Four high-latitude coastal environments were analysed in this

study (referred in the text as sampling regions, Fig. 1, Table

S1 and Fig. S1): (i) Advent fjord, Spitsbergen, Svalbard Archi-

pelago, Norway (NOR); (ii) Port V€artahamnen, Stockholm,

Baltic Sea, Sweden (SWE); (iii) Ushuaia Bay, Tierra del Fuego

Island, Argentina (ARG); (iv) Potter Cove, 25 de Mayo (King

George) Island, Antarctica (ANT). Triplicate sediment samples

(top 5 cm) were collected at two sampling sites distanced

�500 m within each of these regions. The sediment samples

were collected using cores, and environmental parameters,

including temperature, depth and salinity, were determined in

situ using CTD (Conductivity-Temperature-Depth) or multipa-

rameter instruments (Table S1). Sediment samples were

stored at 280�C.

DNA extraction and metagenomic sequencing

Metagenomic DNA was extracted from the sediment samples

as previously reported (Mackelprang et al., 2011). Shotgun

sequencing of metagenomic DNA was performed using Illu-

mina HiSeq 2000 platform (2 3 150 bp paired end reads, one

lane per sample), at the facilities of the US Department of

Energy (DOE) Joint Genome Institute. The dataset includes

23 metagenomes (Table S1), which were annotated using the

IMG/M pipeline (Markowitz et al., 2014). The number of reads

and the assembly efficiency varied among samples, with-

<35% of the reads mapping the scaffolds (Table S1). The

metagenomes are freely accessible at the IMG server (https://

img.jgi.doe.gov/) under Accession No. 3300000118-

3300000136, 3300000241-3300000243 and 3300000792.

Relative abundance of PL sequences

Twelve Pfam domains contained in sequences from different

PL families and 12 domains from single-copy genes that code

for ribosomal proteins (Kunin et al., 2008) were selected to

estimate the relative abundance of PL sequences in the meta-

genomes (Table S2). The estimated copies of genes

containing these domains in the total metagenomes were

retrieved from the IMG/M system using the Abundance Profile

Overview tool including both unassembled and assembled

metagenomes, the latter corrected by read depth. The
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estimated copies of genes containing Pfam domains from PL

were normalized by dividing by the estimated copies of each

of the single-copy genes and the values obtained were aver-

aged. Only the domains PF05426, PF08787 and PF14592

were used to estimate the overall abundance of AL genes in

the metagenomes, to avoid counting twice members the PL17

family (which contains domains PF07940 and PF5426).

PF14592 can be detected in both AL and chondroitinases,

and therefore the overall abundance could be slightly overesti-

mated. To test for significant differences in gene abundance

among sampling regions, Kruskal–Wallis tests were per-

formed using SPSS v. 15 (a 5 0.05 after Bonferroni correction

for multiple comparisons). Clustering analyses based on

Bray–Curtis similarity were performed using R package vegan

(https://cran.r-project.org/web/packages/vegan/index.html).

Identification and analysis of ALH sequences

Alginate lyase homologue sequences were identified in the

assembled metagenomes using blastp (threshold E-value of

1e25; Altschul et al., 1990) with sequences representing the

PL families containing AL sequences as query: GenBank

Accession No. AEW23144, YP_004791784, YP_004791784,

AFC88009, WP_007214684, NP_627697, YP_006746939,

YP_002800319, YP_001347824, ACN56743, YP_003118157,

YP_004738545, BAB03312, BAH79131, NP_624710,

BAB19127, AGE48774, BAE81787, ADE10038, NP_357573,

YP_528751, ACB87607 and YP_003656270. Protein coding

sequences (CDS) with Alginate Lyase as product name were

also retrieved. Duplicated sequences identified by both meth-

ods or by different query sequences were eliminated. Only

sequences� 100 amino acids were analysed. Alginate lyase

homologue sequences were grouped into OPUs defined at

80% identity at the amino acid level, using CD-HIT (Fu et al.,

2012). Ordination (non-metric multidimensional scaling,

NMDS) and clustering using Bray–Curtis similarity based on

Wisconsin standardized OPU data, and environmental fitting

to the metadata matrix were performed in R package vegan.

The level of diDvergence between each metagenomic

sequence and the closest PL sequence of the CAZy database

(http://www.cazy.org, as of February 2014) was assessed

using standalone blast (Altschul et al., 1990), through the E-

value of the match. Alginate lyase homologue sequences

were classified at the family level with the CAZy pipeline,

which uses a combination of blast and HMM tools, and further

subjected to manual curation (Lombard et al., 2014). For the

phylogenetic analysis, only full-length metagenomic sequen-

ces were selected, which represented approximately 13% of

the dataset. Phylogenetic trees were built for each PL family,

including CAZymes and homologous sequences identified in

bacterial genomes deposited at the IMG database (http://img.

jgi.doe.gov/) using blastp searches. The PL module of the

sequences was detected using dbCAN (Yin et al., 2012),

aligned using default parameters in ClustalX 2.1 (Larkin et al.,

2007), and the alignment was manually curated and trimmed.

Phylogenetic trees were built using the maximum likelihood

algorithm in Mega (Tamura et al., 2011) using WAG (PL6

SF1) or LG (PL17 SF2) substitution models, the most appro-

priate model in each case. The stability of tree topology was

evaluated by bootstrap resampling with 500 replications.

Analysis of scaffolds containing ALH sequences

Phylogenetic lineage, lineage percentage, GC content, gene

content and gene organization of the scaffolds were analysed

based on the information obtained from the functional annota-

tion of the metagenomes (Markowitz et al., 2014). Additionally,

PhylopythiaS (Patil et al., 2012) was used for the taxonomic

binning of the scaffolds. For comparative analysis, gene orga-

nization of bacterial strains was retrieved from genomes

deposited at the IMG database (Markowitz et al., 2012). For

the statistical analysis of gene neighbourhood of ALH sequen-

ces, a Pfam search (Finn et al., 2013) was performed for all

the sequences located codirectional to the identified ALH

sequences in scaffolds� 4 kb. Clustering analysis of the gene

content information discriminated by region and by lineage

was performed based on Bray–Curtis similarity index calculat-

ed for the gene per sample matrix, standardized by Wisconsin

double standardization, using R package vegan.

Microbial community structure

The analysis of the sediment microbial community structure

was based on 16S rRNA gene information obtained from the

metagenomes. The relative abundance of blast hits (90%

identity) for each sample at phylum and class levels were

retrieved from the IMG/M system using the tool phylogenetic

distribution of 16S rRNA Genes for the unassembled and

assembled metagenomes.
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