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Abstract 

Active heterotrophic metabolism is a critical metabolic role performed by sponge-associated 

microorganisms, but little is known about their capacity to metabolize marine 

polysaccharides (MP). Here, we investigated the genome of the sponge-derived 

Pseudoalteromonas sp. strain PA2MD11 focusing on its macroalgal carbohydrate-degrading 

potential. Carbohydrate-active enzymes (CAZymes) for the depolymerization of agar and 

alginate were found in PA2MD11’s genome, including glycoside hydrolases (GHs) and 

polysaccharide lyases (PLs) belonging to families GH16, GH50 and GH117, and PL6 and 
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PL17, respectively. A gene potentially encoding a sulfatase was also identified, which may 

play a role in the strain’s ability to consume carrageenans. The complete metabolism of agar 

and alginate by PA2MD11 could also be predicted and was consistent with the results 

obtained in physiological assays. Despite the polysaccharide utilization locus (PUL) 

potentially involved in the metabolism of agarose contained mobile genetic elements from 

other marine Gammaproteobacteria, its unusual larger size might be due to gene duplication 

events. Homology modelling and structural protein analyses of the agarases, alginate lyases 

and sulfatase depicted clear conservation of catalytic machinery and protein folding together 

with suitable industrially-relevant features. Pseudoalteromonas sp. PA2MD11 is therefore a 

source of potential MP-degrading biocatalysts for biorefinery applications and in the 

preparation of pharmacologically-active oligosaccharides. 

Highlights 

● An agarose-consuming Pseudoalteromonas strain was isolated from a marine sponge 

● CAZome of the pseudoalteromonad strain included agarolytic and alginolytic genes 

● A specific sulfatase may be involved in the catabolism of carrageenans 

● Gene duplications may explain the size of the agarolytic genomic locus 

● Predicted agarases, alginate lyases and sulfatase are potentially new biocatalysts 

Keywords: agarase, alginate lyase, Plakina cyanorosea, sponge microbiome, sulfatase. 

1. Introduction 

Marine heterotrophic bacteria (MHB) are major players in the degradation of 

complex carbohydrates in oceanic ecosystems. The production of extracellular enzymes, 

namely carbohydrate-active enzymes (CAZymes), lies at the core of the catabolic arsenal 

employed by MHB to facilitate carbohydrate degradation [1,2]. A substantial fraction of these 

marine polysaccharides (MPs) are structural components of macroalgal cell walls. In red 

algae species (Rhodophyceae), sulfated galactans are the most well-characterized cell wall 
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MPs. They include mainly: agar, whose major component, agarose, is composed of 

alternating residues of ß-D-galactose and α-3,6-anhydro-L-galactose (36ALG) linked by α-

1,3- and ß-1,4-glycosidic bonds; and carrageenan, with a general backbone of repeating units 

of ß-D-galactose and α-3,6-anhydro-D-galactose (36ADG) in α-linked units. Widely found in 

brown algae species (Phaeophyceae), alginates are linear polymeric blocks of guluronic 

and/or mannuronic acids [3]. The depolymerization of these heteropolysaccharides depends 

on the coordinated action of agarases and carrageenases, glycoside hydrolases (GHs) which 

are involved in the hydrolysis of α(1,3) or ß(1,4) glycosidic bonds in the carbon skeleton of 

agar and carrageenan, and alginate lyases, polysaccharides lyases (PLs) which are responsible 

for the cleavage of ß(14) glycosidic bonds in the uronic chains of alginate [4,5]. Given the 

sulfated nature of the vast majority of MPs, sulfatases constitute another key enzymatic group 

required for the complete degradation of these biopolymers [6]. 

MP-degrading enzymes continue to attract attention due to the nature of their 

wide spectrum of biotechnological applications, particularly in the preparation of 

biologically-active oligosaccharides and in the production of biofuels directly from 

macroalgae biomass [7,8]. While a number of marine CAZymes and sulfatases have been 

biochemically characterised in their recombinant form either directly from genes cloned from 

cultivable microbial strains or from metagenomic sources [9,10], perhaps surprisingly 

“genome mining” based approaches have to date been somewhat under exploited as a feasible 

strategy to prospect for novel MP-degrading biocatalysts [11]. Such an approach could be 

particularly advantageous for the discovery of novel biocatalysts given the ever-increasing 

volume of genomic data encoding for protein sequences with as yet uncharacterized or 

unknown function from marine microbial genomic datasets. In addition, marine metagenomic 

data sets could also prove a useful resource in the search for genes novel MP-degrading 

biocatalysts [12,13]. Indeed, such rational in silico approaches based on extensive mining of 
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available microbial (meta)genomic data have to date proven useful in the discovery of new 

candidate CAZymes with unpredicted substrate specificities [14,15]. 

To accelerate the overall discovery process of these biocatalysts and provide a 

target-oriented and more cost-effective strategy [16], genome mining for MP-degrading 

CAZymes and sulfatases could be designed to take advantage of the natural modular 

organization of the genes encoding these enzymes. Designated as polysaccharide utilization 

locus (PULs), these genomic regions are characterized by the colocalization and co-

regulation of genes necessary for the detection, binding, transport and enzymatic digestion of 

these complex carbohydrates [17]. A variety of PUL-like regions are known to be widespread 

in various bacterial genomes [18-20]. Recently, the term “CAZyme gene clusters” (CGCs) 

has been proposed as a suitable replacement for PUL, with CGCs referring to genomic loci 

that contain at a minimum gene(s) encoding a CAZyme, a transporter and the relevant 

transcription factor [21]. By employing this concept, a wider number of microbial CGCs 

could potentially be computationally identified and subsequently have their enzymatic 

products biochemically characterized; thereby raising the possibility of an increased number 

of CAZymes being available with utility in several industrial sectors [22]. 

In this particular context, unveiling the structural organization of the target 

biocatalytic entities has been highlighted as an important step in generating important insights 

into their features of special interest [23]. Recently, the reconstruction of protein models and 

their in-depth structural characterization involving a variety of computational tools has 

proven extremely important and useful in the discovery of highly active biomolecules, 

including inhibitors of oncogene products [24,25], and alternative antiviral drugs [26,27]. In 

this respect, the recent reports on industrially-attractive CAZymes, which have been 

identified following in silico-based approaches, have primarily been focused on genome 

mining, with little attention being paid to the overall protein structure of the in silico-selected 
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hits, which would ultimately lead to their biochemical characterization [28,29]. In the 

particular case of CAZymes, valuable information on important biocatalytic features that may 

be important from an industrial perspective (e.g., thermostability and half-life/stability in 

aqueous media) can be assessed by in silico protein analyses. Subsequently, these data can be 

employed to design appropriate experimental approaches, resulting in the characterization of 

these enzymes and thereby allowing them to be targeted for different application fields 

[30,31]. The use of a holistic strategy such as this is likely to be fruitful in identifying novel 

enzymatic candidates, particularly when coupled to mining the microbiomes of as yet largely 

underexploited habitats, such as the multitude of complex microbial assemblages inhabiting 

different marine environments [32,33]. 

Sponges are exemplary holobionts, with their associated microbiome playing a 

major role in the homeostasis of these aquatic filter-feeding invertebrates [34]. Amongst the 

metabolic functions undertaken by sponge-associated microorganisms, is their well-

established ability to produce extracellular enzymes for the conversion of environmentally-

dissolved complex polymers into simpler monomeric units, which are subsequently more 

easily assimilated by their sponge host [35]. Although sponge microbial symbionts are known 

to be prolific producers of extracellular enzymes, they have to date not been extensively 

studied as a potential source of biocatalysts with potential applications in the industrial sector. 

Despite the availability of in silico data indicating the presence of MP-degrading genes in 

both genomic and metagenomic datasets in sponge-derived microorganisms and microbiomes 

[36, 37], there is still a paucity of information, with respect to enzymes involved in the 

degradation of macroalgal-derived polysaccharides from sponge microbiomes [38].  

Genome mining in association with structural analyses and functional in silico 

characterization of potential candidates may emerge as a powerful alternative in unravelling 

novel sponge-derived microbial enzymes, in particular, as increased numbers of cultivable 
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strains become available [38]. Indeed, the use of both approaches has recently resulted in the 

identification of some novel enzymes from sponge bacterial symbionts, including a cold-

adapted esterase [39], a first-in-class pharmaceutically-relevant ω-transaminase [40] and even 

a potential polyester-degrading enzyme [41]. With this in mind, we conducted a genomic-

based survey and structural protein prediction analysis of genes potentially encoding MP-

degrading enzymes from an agarolytic Pseudoalteromonas sp. strain isolated from the marine 

sponge Plakina cyanorosea [42]. In particular, following the isolation of sponge-associated 

bacteria and a wide-ranging screen for industrial exoenzymes, this Pseudoalteromonas 

isolate, named PA2MD11, was selected for genome mining targeting MP-degrading 

enzymes, primarily based on the ability of the strain to grow using agarose, alginate and 

carrageenan as sole carbon sources as evidenced by physiological assays. From there, the 

central aims of the present study was: (i) the detection and functional annotation of the 

genetic repertoire encoding the agarolytic, alginolytic and carrageenolytic enzymes in the 

genome of PA2MD11 with a particular focus on their potential organization as 

polysaccharide-degrading CGCs; and (ii) the selection of key MP-degrading enzymes for 

further in silico protein prediction analyses concentrated on the reconstruction of their three-

dimensional (3D) structures and identification of their key features of special interest for 

industrial applications. In doing this, we hoped to increase the interest of researchers in this 

area on the promising biocatalytic reservoir of the sponge microbiome as a source of novel 

macroalgal carbohydrate-degrading enzymes. 

2. Material and Methods 

2.1. Sponge sampling and isolation of sponge-associated bacteria 

The isolation of sponge-associated bacteria from P. cyanorosea was conducted as 

previously described [43]. Brain Heart Infusion (BHI, Difco, USA), tenfold diluted (BHI 

1:10), Marine (Difco), tenfold diluted Marine (Marine 1:10) and Gauze I [44], this last one 
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diluted in artificial seawater (ASW; w/v: 2.3% NaCl, 0.49% MgSO4.7H2O, 0.41% 

MgCl2.6H2O, 0.15% CaCl2.H2O, 0.07% KCl, 0.02% NaHCO3; pH 7.2-7.4) were used as 

isolation media. All these media were solidified with 1.5% (w/v) bacteriological agar (Sigma-

Aldrich, Germany) and supplemented with 1.0 mg/mL amphotericin B (Sigma-Aldrich) to 

inhibit fungal growth. The Gauze I agar also included the addition of 25 mg/mL
 
nalidixic acid 

(Sigma-Aldrich) for the inhibition of fast-growing gram-negative bacteria [30]. Plates were 

incubated at 25°C for seven days and 14 days for the Gauze I medium and microbial growth 

was monitored daily. After the selection of two to three colonies based on distinct 

morphology, bacteria were purified and kept as 20% (v/v) glycerol stocks at –20°C. The 

cultures were regrown on a monthly basis to avoid the potential loss of microbial viability. 

2.2. Plate screening for enzymatic activity 

The sponge-derived bacterial isolates were screened for the production of a broad 

range of extracellular enzyme activities, including amylase, agarase, alginate lyase, 

carrageenase, cellulase, chitosanase, pectinase, xylanase (CAZymes), lipase, esterase 

(carboxylesterases) and proteases. The screening media that were employed together with 

their respective composition and interpretation of results are detailed in Table S1. Initially, all 

isolates were cultivated in 3.0 mL of BHI or Marine broth at 25°C for 24 h - 72 h. Then, a 

total of 5.0 µL of these fresh cultures (lag phase of the bacterial growth) were spotted on the 

surface of the respective screening media. Following incubation at 25°C for 48 h - 96 h and 

the relevant screening step (Table S1), when necessary, the enzymatic index (EI) was 

calculated by the ratio diameter between the diameter of the hydrolysis zone and the diameter 

of the bacterial spot. An EI ratio equal or superior to 2.0 was regarded as satisfactory for the 

exoenzyme production [45]. In advance, Gram staining, catalase and oxidase tests (BD 

BBL
TM

 DrySlide, BD, USA) were also performed for their presumptive identification of the 

potential exoenzyme-producing bacterial strains. 
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2.3. Carbohydrate catabolic profiling of Pseudoalteromonas sp. PA2MD11 

The agarolytic strain PA2MD11, which was identified as belonging to the genus 

Pseudoalteromonas, was further investigated regarding its ability to utilize a range of 

different carbohydrates (Table S2) as sole carbon sources in Marine Minimal Medium 

(MMM; w/v: 2.5% NaCl, 0.63 % MgSO4.7H2O, 0.5% MgCl2.H2O, 0.2% NH4Cl, 0.07% KCl, 

0.6 g CaCl2, 0.02% NaHCO3, 0.01% K2HPO4, 0.05% yeast extract, 0.02% FeSO4.7H2O; pH 

7.2-7.4) [46]. This catabolic profiling was performed in triplicate in 96-well microplates 

including negative controls (non-inoculated sample), following a previous protocol [47]. 

Initially, pre-cultures of Pseudoalteromonas sp. PA2MD11 were grown in 5.0 mL Marine 

broth at 28°C, under agitation of 125 rpm until they had reached a maximum growth (OD600 

nm = 2.0). Cells were washed twice with carbon-free MMM after centrifugation for 10 min at 

5,000 xg
 
at room temperature (RT). Aliquots of 10 µL from the washed cells were applied as 

inoculum into each well containing 100 µL of MMM containing 4.0 g/L of each mono-, 

oligo- or polysaccharide substrate (Table S2). The microplates were then incubated at 28°C at 

125 rpm for one week. The bacterial growth was detected by monitored differences in 

absorbance at 600 nm together with plating 5.0 µL of the contents of each well in Marine 

agar and MMM prepared with 0.5% (w/v) glucose and 0.8% (w/v) gellan gum (Sigma-

Aldrich) as a solidifying agent. 

2.4. Growth assessment of Pseudoalteromonas sp. PA2MD11 on marine polysaccharides 

The agarolytic strain Pseudoalteromonas sp. PA2MD11 had its growth capability 

surveyed on solid and liquid MMM supplemented with selected marine-derived 

polysaccharides. The bacterial inoculum was prepared as previously described for the 

catabolic profiling, except that the strain was initially grown in 3.0 mL MMM supplemented 

with 0.5% (w/v) glucose instead of Marine broth. Serial dilutions (10
0
, 10

-2
, 10

-4
, 10

-6
) were 

prepared with the double-washed cells in carbon-free MMM as previously described [48]. 
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Subsequently, 5.0 µL of each dilution was spotted onto MMM solidified with 1.0% (w/v) 

agarose, 1.5% (w/v) agar, 1.0% (w/v) κ-carrageenan, 2.0% (w/v) ι-carrageenan and Modified 

Zobell 2216E medium solidified with 1.0% sodium alginate [49]. Cultures were incubated at 

28°C and examined daily for one week. The assay was carried in triplicate and a non-

inoculated sample used as a negative control. 

The growth of Pseudoalteromonas sp. PA2MD11 was monitored by measuring 

OD600 nm on MMM containing each of the six carbohydrate sources tested over a 5 day 

period. Briefly, one colony of a 24 h culture in Marine broth of the agarolytic strain was 

resuspended in 10 mL of MMM prepared with 0.2% (w/v) of each selected carbohydrate 

substrate. After incubation at 28°C under agitation (125 rpm) for 24 h, a total of 1.0 mL of 

the starter cultures was inoculated into 100 mL of MMM supplemented with glucose, 

galactose, maltose (all at a final concentration of 0.5%, w/v), low-melting agarose, sodium 

alginate (both at 0.2%, w/v), κ-carrageenan (0.05%, w/v) and ι-carrageenan (0.1%, w/v). At 

24 h intervals, triplicate samples were collected for spectrophotometric measurements and 

inoculation in MMM solid media with the concentration of the evaluated carbohydrate source 

adjusted in accordance with the test growth conditions. 

2.5. DNA extraction and molecular identification of sponge-derived bacteria 

Genomic DNA was obtained using a previous phenol-chloroform-isoamyl alcohol 

extraction method, with adaptations [50]. Marine sponge bacteria were firstly grown 

overnight in Marine broth (5.0 mL) at 28°C, 125 rpm. Cultures were centrifuged at 2,800 xg 

for 15 min and pelleted cells were resuspended in 467 µL of Tris-EDTA (TE) buffer (10 

mmol/L Tris, 1.0 mM mmol/L EDTA, pH 8.0). Then, 3.0 µL of 10% (w/v) SDS and 3.0 µL 

of 20 mg/mL proteinase K (Fermentas, Germany) were added, followed by incubation at 

37°C with occasional mixing (each 15 min) for 1 h. After a new centrifugation step at 8,000 

xg for 10 min, supernatants were treated with 1.0 mg/mL RNAse (Fermentas) at 37°C for 30 
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min. An equal volume of phenol-chloroform-isoamylalcohol (25:24:1 mixture ratio, Sigma-

Aldrich) was added and vigorously mixed, and centrifuged at 16,400 xg for 30 min. The 

upper phase of each mixture was carefully collected, and genomic DNA was precipitated 

with 0.7 volumes of isopropanol (Sigma-Aldrich) and 0.3 volumes of 3.0 mol/L sodium 

acetate (pH 5.2). Tubes were then mixed by inversion and centrifuged again at 16,400 xg for 

30 min. Following supernatant removal, pelleted DNA was washed with 100 µL of 70% 

(w/v) ethanol (Sigma-Aldrich), and after a new centrifugation round under the same 

conditions, the solvent was discarded. DNA was allowed to dry at RT and dissolved in 50-

100 µL Tris buffer (pH 8.0). The quality of extracted genomic DNA was assessed by 0.8% 

(w/v) agarose gel electrophoresis and its purity and quantity measured on a NanoDrop ND-

1000 spectrophotometer (Thermo Scientific, USA). 

The molecular identification of marine sponge-derived bacteria was achieved by 

the amplification and sequencing of the 16S rRNA gene, adopting the cycling conditions of a 

previous report [51]. PCR amplification was carried out in a total volume of 25 μL by adding 

2.0 μL of genomic DNA solution to 23 μL of 1× buffer GO TAQ Green master mix 

(Promega, USA), 0.4 mg/ml Bovine Serum Albumin (BSA, Sigma-Aldrich), 0.05% (v/v) of 

Igepal (Sigma-Aldrich) and 20 pmol of each universal primer: 27F (5′-

TACGGYTACCTTGTTACGACTT-3′) and 1492R (5′-TACGGYTACCTTGTTACGACTT-

3′) [52]. Cycling conditions were adjusted in the following manner: initial denaturation step 

at 94°C for 30 s; 30 cycles of denaturing at 94°C for 30 s, annealing at 55°C for 90 s and 

extension at 72°C for 2 min 30 s; and a final extension step at 72°C for 5 min. PCR products 

were confirmed by an 0.8% (w/v) agarose gel electrophoresis, purified with the QIAquick 

PCR Purification Kit (Qiagen, Germany) and sequenced with the universal primer 338F (5′- 

ACTCCTACGGGAGGCAGC-3′) [53]. Resulting 16S rRNA sequences were quality-

checked utilizing the software Chromas Lite 2.1 and then aligned and classified using: (i) 
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BLASTn searches against 16S ribosomal RNA sequences – Bacteria and Archaea database 

included in the NCBI’s GenBank [54]; and (ii) the online portal of the SILVA SINA 

alignment service of the ARB-Silva database (https://www.arb-silva.de/aligner/) [55]. 

2.6. Genome sequencing, assembly and annotation 

Whole-genome sequencing (WGS) was performed by Eurofins (Konstanz, 

Germany) using Illumina HiSeq technology (Illumina, USA). Paired-end libraries were 

prepared, tagged with Nextera XT indices and quantified according to the manufacturer’s 

instructions. Genomic libraries were sequenced in 150 reads runs on an Illumina NovaSeq 

6000 Sequencing System (Illumina, USA). Raw sequence reads were quality trimmed with 

Scythe v.0.994 (https://github.com/vsbuffalo/scythe) and Sickle v.1.33 tools [56]. FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) was employed for quality control 

analysis of sequence reads. Quality-trimmed reads were then assembled de novo using 

SPAdes v.3.12 [57] and contigs < 500 bp were discarded. Completeness and contamination 

of the final genome assembly were evaluated with CheckM v.1.1.0 [58] while its overall 

quality, including calculation of basic genome metrics, was assessed with QUAST v.5.02 

[59]. A circular genome map was generated with the CGViewer Server [60]. The 

Pseudoalteromoas sp. PA2MD11 genome has been submitted to the NCBI GenBank 

database under the BioProject ID PRJNA674396. 

The identification of coding sequences (CDS), transporter, messenger and non-

coding RNAs was carried out with Prokka v.1.14.4 [61]. Functional annotation of predicted 

proteins was conducted by submitting them: (i) against the eggNOG (evolutionary genealogy 

of genes: non-supervised orthologous groups) database v5.0 with the eggNOG mapper tool 

(E-value cut-off of 1e-06) for the identification of cluster of orthologous groups (COGs) [62]; 

and (ii) to the BLASTKOALA server (KEGG Annotation Automatic Server) for the 

assignment of KEGG (Kyoto Encyclopedia of Genes and Genomes) orthologs (KOs) groups 
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[63]. The identification of signal peptides and transmembrane domains was accomplished 

with SignalP 5.0 [64] and TMHMM-2.0 [65], respectively. Subcellular localization of the 

predicted proteome was determined with PSORTb 3.0 [66], which was supplemented by the 

Gneg-PLoc server v.2.0 for particular CDSs of interest [67]. 

CAZymes were annotated by HMMER searches using the dbCAN2 (database for 

Carbohydrate-active enzyme ANnotation) metaserver [68]. In addition, simultaneous 

classification of the annotated CAZymes at subfamily level with higher accuracy together 

with determination of their Enzyme Commission (EC) numbers was conducted with the 

eCAMI tool [69]. All identified sulfatase sequences were further classified into sulfatase 

family/subfamily following BLASTn and BLASTp searches against the SulfAtlas database 

[70]. The genes encoding potential MP-degrading enzymes were further analysed for the 

identification of functional protein domains with the InterPro [71], Pfam 32 [72], 

SUPERFAMILY 2.0 [73] and Conserved Domains Database (CDD) [74] databases. 

Additionally, BLASTx and BLASTn searches against the RefSeq, UniProt/SwissProt and 

Protein Data Bank (PDB) databases were performed to achieve maximum functional 

information about these enzyme sequences. The identification of potential genomic PUL-like 

regions was performed by BLASTx searches against the dbCAN-PUL, a broad and updated 

database of experimentally characterized CAZyme-harbouring PULs and their associated 

metadata [22]. 

Secondary metabolite biosynthetic gene clusters (smBGCs) were screened for 

with the antiSMASH 5.0 pipeline [75] while the BAGEL4 software was applied for the 

specific detection of genes encoding for ribosomally synthesized and post-translationally 

modified peptides (RiPPs) and (unmodified) bacteriocins [76]. Clustered regularly 

interspaced short palindromic repeats (CRISPR) arrays and their associated Cas proteins were 

detected with the CRISPRCas-Finder program [77]. Prophage sequences were identified and 
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annotated using PHASTER [78]. BLASTn searches were applied against the ISFinder 

database for the classification of insertion sequences (ISs) [79]. 

2.7. Phylogeny and comparative genomic analyses 

All the 16S rRNA gene sequences from the 48 validly accepted 

Pseudoalteromonas species (https://lpsn.dsmz.de/genus/pseudoalteromonas) together with 

the 16S rRNA gene sequence from the PA2MD11 strain (Accession Number MN794234.1) 

were selected for gene-based phylogenetic inference. Multiple sequence alignment was 

achieved with Clustal Omega [80]. The maximum-likelihood (ML) phylogenetic tree was 

calculated with the best-fit substitution model (TN+F+I+G4) and 1000 bootstrap repeats with 

W IQ-Tree [81]. The 16S rRNA gene sequences from Alteromonas macleodii DSM 6062 

(Accession Number Y18228.1) and Haloferax volcanii
 
JCM 8879 (Accession Number 

AB663383.1) were used as outgroups in the 16S rRNA gene-based phylogenetic analyses. 

Tree visualization was achieved with Interactive Tree of Life (iTOL) version 5.0 [82]. 

Pairwise 16S gene identities were computed with the Genome-to-Genome Distance 

Calculator (GGDC) phylogeny service included in the DSMZ’s phylogenomics toolbox [83]. 

The Genome Database Taxonomy Toolkit (GTDB-Tk) v1.4.1 [84] was applied for the 

taxonomic classification of the PA2MD11’s genome based on the presence of single-copy 

marker genes and their placement in the GTDB reference tree (latest reference package R95 

release: July 2020) [85,86]. 

Phylogenetic analyses were also performed with the predicted MP-degrading 

enzymes (CAZymes and sulfatase) putatively encoded on the genome of Pseudoalteromonas 

sp. PA2MD11. The selected protein relatives encompassed strictly biochemically-

characterized and structurally-determined CAZymes and sulfatases sequences from the 

respective CAZyme/sulfatases families or subfamilies in which the PA2MD11’s MP-

degrading enzymes were classified in the genome annotation (Table S3). All these 
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homologous sequences were retrieved from the CAZy [87] and SulfAtlas [88] databases, 

respectively. Multiple protein sequence alignment, determination of the best-fit substitution 

model (WAG+F+G4), ML tree reconstruction and plotting were accomplished with the same 

array of bioinformatic programs used for the 16S rRNA gene-based phylogenetic analysis. 

The chosen outgroups for each phylogenetic tree are also listed in the Table S3 and were 

chosen based on their closeness to the ingroups. For example, they included distant relatives 

in different families of the same enzyme clan, such as previously reported [117]. 

For comparative genomic analyses, the genomes of representative 

Pseudoalteromonas sp. strains harbouring both neo-ß-agarolytic and alginolytic systems 

similar to the ones found in PA2MD11 (Table S4) were carefully selected. For this, the last 

comprehensive assessment of GH genomic content and diversity in the Pseudoalteromonas 

genus was considered [89], along with the CAZy genome repositoire [87]. Only contiguous 

replicons and complete genomes were used in these comparisons. Genome-wide analysis 

based on COGs and gene ontology (GO) was performed using OrthoVenn2 (e-value 1e-02) 

[90]. Artemis [91] and the Artemis Comparison Tool (ACT) [92] were used for the 

examination of particular genomic regions and comparison of genomic loci between the 

Pseudoalteromonas sp. PA2MD11 strain and specific gammaproteobacterial relatives. To 

avoid any annotation bias in these comparative analyses, all these selected genomes were 

reannotated with Prokka v.1.14.4 [61], the same software employed for the structural 

annotation of the Pseudoalteromonas sp. PA2MD11 genome. 

2.8. Homology modelling and in silico structural protein analyses 

The I-TASSER webserver [93] was adopted for the homology modelling of the 

selected MP-degrading enzyme sequences uncovered by genome mining of 

Pseudoalteromonas sp. PA2MD11. I-TASSER was preferred because its threading mode for 

the reconstruction of 3D protein models performed better than other homology modelling 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



servers, particularly for those MP-degrading enzymes for which template identification was 

rather challenging. Template identification was therefore carried out by a multi-threading 

approach and the outputted modelling metrics C-score, TM-score and root-mean square 

deviation (RMSD) values were employed to generate for the best structure protein model. For 

clarity, we designated these MP-degrading enzymes considering their initial loci tag 

annotated by Prokka. The best template structures identified and applied by I-TASSER for 

homology modelling were: (i) the exo-ß-agarase Aga50D from Saccharophagus degradans 

2-40 (PDB code: 4BQ2) for the three putative PA2MD11 GH50 ß-agarases (Aga862, Aga878 

and Aga890); (ii) the GH16 (subfamily 16) endo-ß-agarase MtAgaA from the Microbulbifer 

thermotolerans JAMB-A94 (PDB code: 3WZI) for the putative PA2MD11 GH16-ß-agarase 

(Aga890); (iii) the α-neoagarobiose hydrolase (NABH) SdNABH from S. degradans 2-40 

(PDB code: 3R4Y) for the putative PA2MD11 GH117 NABH (NABH859); (iv) the endo-4S-

ι-carrageenan sulfatase PsS1_19A from Pseudoalteromonas fuliginea PS47 (PDB code: 

6BIA) for the putative PA2MD11 sulfatase (Sulf853); (v) the alginate lyase AlyGC from 

Paraglaciecola chathamensis S18K6
T
 (PDB code: 5GKD) for the putative PA2MD11 PL6 

alginate lyase (Aly06_1914); (vi) and the alginate lyase Alg17c from S. degradans 2-40 

(PDB code: 4NEI) for the putative PA2MD11 PL17 alginate lyase (Aly17_1915). The quality 

of final homology models was assessed with PROCHECK [94], Verify3D [95] and ERRAT 

[96], which are all available for integrated structural validation analyses within the SAVES 

6.0 (https://servicesn.mbi.ucla.edu/SAVES/). Z-scores were calculated using ProSA-web 

server [97]. UCSF-Chimera software [98] was used for the visualization of 3D protein 

structures and structural comparisons of PA2MD11’s MP-degrading enzymes with their 

closest PDB relatives (detailed in Table 2), which were identified following strict BLASTp 

similarity searches against the PDB database as described in subsection 2.6. 

Multiple protein sequence alignments between the selected CAZymes and 
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sulfatases and their homologous protein relatives with available 3D structure was 

accomplished with T-COFFEE [99]. The alignments were subsequently plotted with ESPript 

3.0 [100]. Molecular mass, theoretical isoelectric point (pI), extinction coefficient and both 

aliphatic and instability indexes were determined with the ExPASy-ProtParam tool [101]. 

The protein solubility and thermostability curves were predicted with Protein-Sol tool [102] 

and SCooP [103], respectively. 

3. Results and Discussion 

3.1. Agarolytic bacteria were isolated from the marine sponge P. cyanorosea 

Twenty-two true agarolytic bacterial isolates were isolated on Marine and Marine 

1:10 media from the P. cyanorosea specimens. Clear pits were observed around the bacterial 

growth on isolation agar plates, with these pits resulting in larger depressions in the solid 

media, following 72 h to 96 h of growth. One isolate, designated PA2MD11, produced these 

depressions more rapidly (within 24 h), that the other isolates on the isolation media. This 

strain formed non-pigmented round colonies on the Marine agar and growth was 

subsequently determined to be dependent on salt for growth, and to not grow under anaerobic 

conditions. Gram-negative rods were observed by light microscopy and the isolate tested 

positive for both catalase and oxidase tests. 

The agarase activity of PA2MD11 was later confirmed using basal media with 

agar as the sole carbon source and prepared with ASW [104]. The EI for agarase varied 

between 2.8 to 4.2. Carrageenase and alginate lyase activities were also subsequently 

confirmed, which allowed us to infer that agar/agarose was not the sole polysaccharide of 

marine origin which PA2MD11 could degrade (Table S5). In addition, this isolate was also 

capable of producing amylase, cellulase (using both microcrystalline cellulose and 

carboxymethylcellulose as substrates), pectinase, lichenase (Table S5), lipase, esterase and 

protease activities on solid media (data not shown). 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



PA2MD11 was identified as belonging to the Pseudoalteromonas genus based on 

its 16S rRNA gene sequence (Accession Number MN794234.1), which was in agreement 

with the results from initial morphological and physiological analysis. The 

Pseudoalteromonas genus can be divided into either pigmented or non-pigmented species, 

with members of the pigmented species known to be prolific in their secondary metabolism 

repertoire, producing a range of antimicrobial and antifouling compounds; from which 

several bioactive metabolites have been characterized [105-107]. Thus, pigmented 

Pseudoalteromonas strains are believed to possess a bioactive potential that is similar to that 

of the well-known antibiotic producers of the Actinobacteria phylum [89]. The non-

pigmented Pseudoalteromonas strains for their part are known to be both versatile and 

prolific producers of an array of different extracellular enzymes that are of potential 

biotechnological interest [89,108]. Recently, it was further confirmed that non-pigmented 

Pseudoalteromonas strains are enriched in genes encoding polysaccharide-degrading GHs, 

but commonly possess few clusters of smBGCs [89]. Indeed, this was the case for the 

PA2MD11 strain: only three potential smBGCs being identified, with two of these displaying 

similarity levels of 75% to the siderophore desferrioxamine and 50% to the arylpolyene APE 

Vf respectively. Furthermore, no bacteriocin gene clusters were identified in the PA2MD11 

genome. 

3.2. A genomic and phylogenetic overview of Pseudoalteromonas sp. PA2MD11 

A high-quality draft genome was successfully assembled for Pseudoalteromonas 

sp. PA2MD11, which consisted of 49 contigs, a GC content of 41.04% and an estimated size 

of 4.6 Mb. A total of 4,062 CDSs were annotated, representing almost 90% of the coding 

content (Table 1). Based on the genomes deposited for this bacterial genus in the NCBI 

Genome database [109], these overall genome properties fall within those that have 

previously been reported for Pseudoalteromonas (genome size: 4.49 Mbp, GC content: 
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40.65%; CDS count: 3,898). Assembly graphs allowed us to infer the absence of plasmids 

and the genome appears to be organized in a single chromosome (Fig. S1), even though the 

existence of two chromosomes seems to be a recurring trait in Pseudoalteromonas [109]. 

Additional experimental confirmation, including plasmid extraction and analysis, and 

extensive multiple genome alignment against Pseudoalteromonas representatives with 

complete and finished genomes will however be necessary to confirm, if PA2MD11 harbours 

more than one replicon. 

Given the 16S rRNA sequence identity computed by the GGDC phylogeny 

server, Pseudoalteromonas shioyasakiensis SE3
T
 was the closest species relative to 

Pseudoalteromonas sp. PA2MD11 with 99.40% identity (Table S6), followed by 

Pseudoalteromonas gelatinilytica NH153
T
, Pseudoalteromonas profundi TP162

T
 and 

Pseudoalteromonas lipolytica LMEB 39
T
. All of them shared an 16S rRNA sequence identity 

greater than 98.65% (Table S6), which is the accepted threshold to assign two isolates as the 

same bacterial species [110]. The 16S rRNA gene phylogeny further evidenced the clustering 

of Pseudoalteromonas sp. PA2MD11 with these non-pigmented Pseudoalteromonas species 

(Fig. S2). Thus, PA2MD11 could not be assigned to any of the Pseudoalteromonas species 

taking the 16S rRNA gene sequence analysis into consideration. 

Genome-based taxonomy analysis with the GTDB-Tk classified the strain 

PA2MD11 in a species cluster of Pseudoalteromonas lipolytica (GCA_001306915.1), with 

an average nucleotide identity (ANI) of 97.66%, which is superior to the current ANI 

threshold of 95-96% which consider strains as belonging to the same species [111]. Inferior 

to this ANI species threshold, the next closest relatives included undefined 

Pseudoalteromonas spp., P. shioyasakiensis, P. gelatinilytica, the other two species clusters 

from the P. lipolytica in the GTDB system, Pseudoalteromonas arabiensis, 

Pseudoalteromonas agarivorans and Pseudoalteromonas espejiana, all non-pigmented 
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representatives of this genus (Table S7). 

Pseudoalteromonas have commonly been recovered from sponge sources, 

including two of the validly accepted species, which were originally isolated from marine 

sponges [112,113]. Up until now the focus on sponge-associated Pseudoalteromonas has 

been as a source of antimicrobial substances [114], rather than in attempting to gain a fuller 

comprehension of their symbiotic adaptative features in relation to their invertebrate hosts. 

3.3. Pseudoalteromonas sp. PA2MD11 possesses a strong arsenal of MP-degrading 

enzymes 

The CAZome of Pseudoalteromonas sp. PA2MD11 comprised up to 2.2% of the 

strain’s genome, which is within the range of 1.0-5.0% that can be expected for free-living 

organisms and superior to 1.0% typically detected in intracellular obligate symbionts and 

parasites [115]. Unsurprisingly perhaps, the composition of CAZymes in the 

Pseudoalteromonas sp. PA2MD11 genome is dominated by GHs, which can be classified 

into 17 different GH families, followed by glycosyltransferases (GTs) and carbohydrate 

esterases (CEs) (Fig. 1). Several of these CAZyme genes are associated with enzymes that are 

potentially involved in the degradation of various polysaccharides components of land based 

plant cell walls, such as starch, cellulose, pectin and xylan, albeit it no enzymatic activity on 

solid media was detected for the last two aforementioned complex carbohydrates (Table S5). 

Indeed, a considerable part of the PA2MD11 genome appears to the devoted to genes 

encoding enzymes potentially involved in carbohydrate metabolism as illustrated by the 

functional annotation; with approximately 15% of the KEGG groups identified in the 55% 

KEGG-annotated CDSs being related to some type of carbohydrate metabolic route and 4.3% 

of the COG-identified CDSs by the eggNOG mapper being classified in the COG class “G” 

(Carbohydrate transport and metabolism). 

The dbCAN2-based functional annotation revealed the presence of five agarases 
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(EC 3.2.1.81); (Table 2): one agarolytic GH16 CAZyme from the subfamily 16 

(DOEALKOC_00890), three GH50 (DOEALKOC_00862, DOEALKOC_00878 and 

DOEALKOC_00889) and one GH117 agarolytic CAZymes (DOEALKOC_00859), which 

strongly suggests the presence of a complete neo-ß-agarolytic system in PA2MD11. One 

non-agarolytic GH16 gene was also identified, belonging to the subfamily 3 of this GH 

family (DOEALKOC_03179) and potentially encoding an extracellular endo-ß-(1,3)/(1,4)-

glucanase. In addition, the genome also contains PL6 (DOEALKOC_01914) and PL17 genes 

(DOEALKOC_001915), both of which are predicted to encode exo-alginate lyases. The first 

alginate lyase can be classified within the subfamily 1 (EC 4.2.2.11) of the PL6 family, while 

the second alginate lyase falls within the subfamily 2 (EC 4.2.2.-) of the PL17 (Table 2); with 

both potentially possessing the capacity to cleave all the possible arrangements of 

guluronate/mannuronate residues present in the linear alginate chain. The presence of these 

particular MP-degrading CAZymes likely explain the agarase and alginate lyases activities 

that were observed on the solid media screens (Table S5). Despite the observed weak activity 

of Pseudoalteromonas sp. strain PA2MD11 on various carrageenan types including (κ-, ι-, 

from raw seaweed), no true carrageenanolytic GH could be annotated in the genome, such as 

for example ι-carrageenases from the GH82 family or furcellaranases and κ-carrageenases 

from the subfamilies 13 and 17 of the family GH16, respectively [116,117]. All the ß-

agarases were categorized in the COG class “G” (Carbohydrate transport and metabolism), 

while the alginolytic enzymes were classified in the COG classes “M” (Cell 

wall/membrane/envelope biogenesis) and “S” (Unknown), respectively (Table 2). A broader 

phylogenetic analysis with the predicted protein sequences of each one of these PA2MD11’s 

MP-degrading CAZymes corroborated their placement within each family/subfamily of 

CAZymes/sulfatases following the functional annotation (Fig. S3). 

It is clear that Pseudoalteromonas sp. PA2MD11 can consume agarose, sodium 
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alginate, κ-carrageenan and ι-carrageenan as sole carbon sources, as confirmed in the broad 

catabolic profiling and in both the solid and liquid growth regimes (Fig. S4). Indeed, 

fucoidan, heparin and chondroitin sulfate were the only carbohydrates that resulted in a lack 

of growth following the catabolic profiling. On solid media, the strain grew rapidly within 24 

h to 48 h when agarose and alginate were supplied as sole energy sources (Fig. S4 a,b). On 

the other hand, growth was quite sparse and not as strong when κ- and ι-carrageenan 

constituted the sole carbon sources, with the first appearance of bacterial microcolonies only 

occurring after 72 h and proper growth only being clearly visible after four to five days of 

incubation (Fig. S4 c,d). Although low OD600 nm values (< 0.1) were obtained during the 

kinetic growth experiments with the selected MPs (Fig. S4e), the PA2MD11 strain grew well 

on solid media after daily sampling aliquots from the liquid cultures were assayed, 

confirming the strain’s ability to consume these carbohydrates under these test conditions. 

This growth profile for PA2MD11 in this physiological assay system was in fact 

strikingly similar to that which has previously been reported for the carrageenanolytic 

Pseudoalteromonas carrageenovora 9
T 

strain: a sudden peak in growth for the assayed 

monosaccharide carbon sources, followed by a plateau, while a subtle increase in the OD600 

nm occurring when MPs were the primary energy sources [47]. Further research will be 

required to determine whether expression of these MP-degrading genes is subjected to the 

same complex regulation in Pseudoalteromonas strain PA2MD11, as has been reported for 

the well characterized carrageenan-PUL in the model MHB Zobellia galactanivorans [20]. 

Given that Pseudoalteromonas sp. PA2MD11 could consume both κ- and ι-

carrageenans as sole carbon sources after long-term growth, the genome of the strain was 

analysed for the presence of carrageenan-specific sulfatases. Six arylsulfatases were 

subsequently identified, with one (DOEALKOC_00853) of these being classified in the 

subfamily 19 from the family 1 of sulfatases (S1_19) by BLAST searches against the 
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SulfAtlas database (Table 2). Following eggNOG-mapper’s functional annotation, this 

potential carrageenan-desulfating enzyme was categorized in the COG class “P” (Inorganic 

ion transport and metabolism), which hints at its potential role in sulfate assimilation in 

Pseudoalteromonas sp. PA2MD11. A number of S1_19 endo-carrageenan sulfatases have 

recently been reported, all of which have been from the Pseudoalteromonas genus 

[48,118,119]. The closest PDB relative of the putative carrageenan sulfatase from 

Pseudoalteromonas sp. PA2MD11 was Ps-ι-CgsB, an endo-4S-ι-carrageenan sulfatase which 

was characterized from P. fuliginea PS47 [119]. Indeed, the PA2MD11’s carrageenan 

sulfatase grouped together with the only two currently structurally-characterized carrageenan-

specific sulfatases, both from Pseudoalteromonas strains in the broader phylogenetic 

analyses (Fig. S3). Given that the five other arylsulfatases identified in the PA2MD11 

genome were not classified in families of agar-desulfating enzymes, it is likely that this 

S1_19 acts in the same fashion as Ps-ι-CgsB from P. fugilinea, and is likely involved in the 

removal of sulfate groups from agarose [119]. 

Indeed, PA2MD11 displayed an agarolytic activity of 0.345 U/mL after just 3 

days of incubation at 28°C under 125 rpm of agitation in a minimal optimized production 

media [120]. Neither carrageenanolytic nor alginolytic activities were detected on the crude 

extracts in similar enzyme assays (data not shown). Further optimization of the media 

formulation or fermentation conditions will help in the evaluation of enzymatic activity for 

PA2MD11; and determine whether like Zobellia galactanivorans [20], that MP metabolism 

in this sponge-derived Pseudoalteromonas sp. is regulated by a variety of different 

physiological conditions. The potential of this strong genetic regulation was reinforced by the 

finding of distinctive organization and composition of PUL-like regions in the genome of 

Pseudoalteromonas sp. PA2MD11. 

3.4. Different CGCs are distributed in the genome of Pseudoalteromonas sp. PA2MD11 
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Five well-defined CGCs were identified in the genome of Pseudoalteromonas sp. 

PA2MD11, namely those potentially involved in the degradation of agarose, alginate, chitin 

and starch (Fig. 2a-d). In the CGC potentially involved in the catabolism of agarose, all the 

genes necessary for the conversion of ß-D-galactose into glucose-3-phosphate are located 

upstream of the agarolytic GHs (Fig. 2a, coloured in blue). In addition to this, genes 

potentially involved in the Leloir pathway for galactose catabolism, gluconate metabolism 

(Fig. 2a, coloured in orange) and encoding the 36ALG catabolic enzymes (Fig. 2a, coloured 

in brown) are distributed downstream in two separate arrays in this PUL. The putative S1_19 

carrageenan-sulfatase gene (Fig. 2a, coloured in yellow) was located upstream all the GH50 

and GH117 encoding genes within this large locus. Thus, the potential appears to exist that, 

following depolymerization of agarose into ß-D-galactose and 36ALG through the 

coordinated action of GH16, the GH50 ß-agarases and the GH117 NABH, a complementary 

set of enzymes within this PUL could result in the subsequent assimilation of these sugar 

derivatives into the glycolytic and pentose phosphate pathways in the strain’s cytoplasm (Fig. 

2). 

In the case of the alginate catabolic CGC, all of the five key genes required for 

the complete utilization of alginate are present downstream to the exolytic alginate lyases 

genes (Fig. 2b). This alginate utilization locus in PA2MD11 is in fact identical to the 

previously characterized locus in Alteromonas macleodii [121]. The locus consisted of genes 

encoding for the hexuronate transporter, which directs the AOs residues produced by the PL6 

and PL17 alginolytic enzymes into the cytoplasm, and genes for the glycolytic incorporation 

of the unsaturated monosaccharide 4-deoxy-L-erythro-hexoseulose (DEH), which have been 

shown to be a central metabolite of the alginolytic pathway in Sphingomonas sp. A1 [122]. 

Likewise, the agarose CGC, the alginolytic PUL also harboured all the genes for the 

catabolism of this marine polysaccharide from its polymeric form to the glycolytic 
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intermediaries. It is important to highlight that for both agarose and alginate CGCs, that the 

genes for sugar import were present, including those potentially encoding for the TonB-

dependent receptor (TBDR) and major facilitator superfamily (MFS) families, which appear 

likely to be inserted in the outer and inner membrane based on the functional annotation, 

respectively (Fig. 2a,b, coloured in purple and green). 

BLASTx searches using the dbCAN-PUL database resulted in the identification 

of 154 genetic elements from experimentally-characterized CAZyme-containing PULs 

present in the Pseudoalteromonas sp. PA2MD11 genome. Two complete PUL-like regions 

matched exactly with the CGCs for alginate and chitin utilization, which we had previously 

identified manually in the annotation files. Both alginate and chitin PULs had been originally 

characterized in other Pseudoalteromonas strains [47,89]. In addition, a putative laminarin 

utilization locus was identified (Fig. 2e), which matched with a laminarin utilization locus 

recently reported in a free-living Alteromonas sp. 76-1 [123]. Despite the presence of this 

putative laminarin utilization locus and the fact that PA2MD11 displayed an ability to grow 

on laminarin, no laminarinase activity was observed when the strain was grown on solid 

media. 

3.5. Gene duplications, and not HGT, may have contributed to the evolution of the 

PA2MD11’s agarolytic system 

A different picture emerged when analysing the architecture of the CGC 

potentially involved in agar metabolism (Fig. 2a). Firstly, it spans a 68 kb region with 55 

genes, which is considerably larger that most typical CGCs [17]. Additionally, it contains a 

number of potential mobile genetic elements (MGEs) which are randomly distributed 

throughout this CGC. The first of these were annotated as Vibrio-derived recombinases and 

an entire transposon from the Pseudoalteromonas-derived IS66 family, strains. These MGEs 

are located just downstream from the S1_19 sulfatase, all the five genes encoding the Leloir 
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pathway, the GH117 NABH and the first GH50 exo-ß-agarase gene (Fig. 2a). The subsequent 

MGE involving two Pseudoalteromonas phage integrases is located following another set of 

genes encoding for the GH50 exo-ß-agarase, gluconate (and 36ALG) metabolism, GH16 

endo-ß-agarase and the third GH50 exo-ß-agarase (Fig. 2a). Finally, at the end of this PUL-

like region, a pair of recombinase and integrase genes potentially responsible for the 

integration of viral DNA is present, being preceded by another group of genes involved with 

gluconate metabolism and sugar transport. Based on the location of these MGEs, HGT could 

be involved in shaping this genomic region  to some degree in the PA2MD11 strain. 

The Pseudoalteromonas sp. PA2MD11 also has an intact prophage sequence, a 

temperate phiO18 virus, which was firstly isolated from Aeromonas strains isolated from 

ocean surface waters [124]. This widespread marine phage is inserted in a distant genomic 

region in which the CGC involved with agarose metabolism is located. Therefore, this 

prophage could not be underlying the HGT events that had taken place in this particular PUL. 

Other integrase and recombinase phage sequences are also present and appear to be randomly 

dispersed throughout the Pseudoalteromonas sp. PA2MD11 genome, with the majority 

appearing to be derived from Pseudoalteromonas species and other Alteromonadaceae. 

Several ISs and transposases were also found randomly distributed throughout the genome, 

with most being from either the Shewanella (IS3 family) or Vibrio (IS66 family) as predicted 

by functional annotation. Interestingly, no CRISPR-Cas regions were detected in the genome 

of PA2MD11. Despite CRISPR-Cas systems being enriched in sponge bacterial genomes 

[125], Pseudoalteromonas sp. PA2MD11 may depend on other molecular defensive 

responses, such as restriction-modification and toxin-antitoxin systems, to avoid widespread 

phage infection, mechanisms which have already been reported to be important in sponge-

associated microbial consortia [125-127]. Indeed, the PA2MD11 genome was further 

compared to a number of other selected gammaproteobacterial genomes, specifically the 
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genomes of the strains Pseudoalteromonas translucida KMM50 and Pseudoalteromonas sp. 

SMM9913, together with Vibrio fluvialis F8658, from which these integrases and 

recombinases genes could potentially have originated. No extensive rearrangements and/or 

exact synteny between the area covering this CGC and these gammaproteobacterial genomes 

was observed. 

CAZyme genes have been shown to be horizontally transferred between bacteria, 

even from completely different habitats and regardless of their taxonomic affiliation [128]. 

Viral transduction and other HGT events are well established driving forces in the acquisition 

of PULs across marine Gammaproteobacteria [20,129]. For example, recent genomic surveys 

have shown HGT as the primary source of the ß-agarolytic repertoire in Vibrio strains 

[130,131]. In some Pseudoalteromonas and Alteromonas strains, specialized plasmids for the 

degradation of MPs, such as carrageenan [47] and ulvan [132], and even an entire genomic 

island for the catabolism of pectin [133], have also been reported. When focusing on the 

CGC for the metabolism of agar in Pseudoalteromonas sp. PA2MD11 (Fig. 2a), we postulate 

one potential alternative scenario regarding the overall size and architecture of tis PUL. The 

possibility exists that a basic neo-ß-agarolytic system was initially present in PA2MD11, 

which consisted of one copy of each of the GH16, GH50 and GH117 genes. If insertion of 

MGEs from other marine Pseudoalteromonas or even Vibrio strains had played a role in the 

acquisition of GH50 genes in this genomic region, one might expect the presence of a more 

dispersed regulon and not a defined PUL. In this context, it is more likely that gene 

duplication events may have given rise to extension of a previous rudimentary PUL. 

Particularly, these duplications may have occurred to the GH50 gene, resulting in the 

presence of two additional copies of this gene and potentially contributing to the enhanced 

agar degradative ability of the strain. 

Genome-wide comparisons between Pseudoalteromonas sp. PA2MD11 and four 
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other Pseudoalteromonas strains with similar neo-ß-agarolytic and alginolytic systems 

resulted in the generation of 4,189 clusters, from which 2,328 were orthologous (present in at 

least two species) and 1,861 were single-copy gene clusters (Fig. 3a,b). A total of 1,930 

COGs were shared between all five strains, (Fig. 3a) with a GO (Gene Ontology) enrichment 

for translation (GO:0006412) and transposition (GO:0006313) processes. A significant 

fraction of these shared COGs was related to broad biological (GO:0008150), metabolic 

(GO:0008152) and cellular metabolic (GO:0044237) processes. The agarolytic and 

alginolytic components were predictably included in this shared set of COGs. The 16 unique 

COGs found in Pseudoalteromonas sp. PA2MD11 belonged to a variety of GO groups, with 

just 10 of these having significant hits in the Swiss-Prot database. They included genes 

potentially encoding for chitin metabolism (endo-alpha-N-acetylgalactosaminidase, chitinase 

A, heparan-alpha-glucosaminide N-acetyltransferase), membrane transport (glucose/galactose 

transporter, an efflux pump membrane transporter BepE, a vitamin B12 transporter BtuB, a 

probable nitrate/nitrite antiporter NarK1, a putative basic amino acid antiporter YfcC and an 

integrase. 

The CAZomes of these selected marine Pseudoalteromonas strains (Table S4) on 

which the comparative genome analysis was performed were all closer to the one calculated 

for the strain PA2MD11 (2.2%). In a symbiotic paradigm, the possibility exists that 

PA2MD11 may have reduced its CAZome, theoretically as a result of receiving a high 

concentration of nutrient input from its sponge host. Free-living MP-degrading 

Pseudoalteromonas are likely to have evolved a broader hydrolytic portfolio for the 

degradation of carbohydrates but have a decreased CAZome size when compared to some 

prolific carbohydrate MHB degraders from the Bacteroidetes phylum [134,135]. Further 

investigation into the CAZome of members of the Pseudoalteromonas genus or even across 

the Alteromonadaceae will help to provide insights into any potential link between CAZome 
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changes as a function of the ecophysiology of these strains. Nonetheless, the versatile 

polysaccharide-degrading CAZome of PA2MD11 may perform an important metabolic role 

both for this sponge-derived Pseudoalteromonas and for its invertebrate host. It is likely that 

PA2MD11 may be active in the heterotrophic conversion of complex biopolymers to minor 

energetic intermediates, which can be easily consumed by not only the bacterium itself; but 

also, by its eukaryotic multicellular host Plakina cyanorosea, such as recently proposed for 

algal dissolved organic matter (DOM) assimilation by sponge microbes [136]. 

3.6. A snapshot of the MP catabolism by Pseudoalteromonas sp. PA2MD11 

Based on our genomic analyses, we were able to suggest a tentative model for 

agarose and alginate catabolism Pseudoalteromonas sp. PA2MD11 (Fig. 4, Fig. 5, Table 2 

and Table S8). Firstly, the GH16 agarolytic enzyme is extracellular and is likely to be an 

endo-ß-agarase, which is responsible for the initial depolymerization of agarose into smaller 

neoagarooligosaccharides (NAOs), such as neoagarooctaose (NA8), neogarohexaose (NA6) 

and neogarotetraose (NA4). This GH16 endo-ß-agarase also contains a carbohydrate binding 

domain (CBM13), which is conserved in GH16_16 members and is fundamental in the initial 

attachment to the polysaccharide substrate [102]. The NAOs are then likely to be brought into 

the perisplasm via TBDR in the outer membrane and then potentially further degraded into 

neoagarobiose (NA2) residues by all three periplasmic GH50 exo-ß-agarases (Fig. 4), in 

accordance with the main agarolytic pathway previously proposed for agar-degrading MHB 

[5]. MFS sugar transporters in the cytoplasmic membrane are then potentially involved in 

transferring the NA2 residues and other NAOs into the cell (Fig. 4). In the cytoplasm, a 

GH117 NABH is likely to catalyse the final cleavage of the α(1,3) glycosidic bond in NA2, 

releasing 36ALG and ß-D-galactose for assimilation in central metabolism through the Leloir 

pathway, the enzymes for which are also encoded within the agarose PUL (Fig. 2a, coloured 

in orange; Fig. 4) [137]. This GH117 NABH could also be involved in hydrolysing NA4 into 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



36ALG and agarotriose (AO3), and this agaroligosaccharide could be further degraded into 

NA2 and ß-D-galactose by the predicted GH2 ß-galactosidase [129] (Fig. 4). 

In this context, Pseudoalteromonas sp. PA2MD11 appears to possess genes 

encoding for both enzymes which are crucial in the first two steps of 36ALG catabolism, 

namely 36ALG dehydrogenase (36ALGDH; EC 1.2.1.92) and 3,6-anhydrogalactonate 

cycloisomerase (36ALGACI; EC 5.5.1.25), which is considered a hallmark metabolic trait of 

marine agarolytic bacteria [138]. The conversion of 36ALG into 3,6-anydro-L-galactonate 

(36ALGA) by 36ALGDH and subsequently into 2-keto-3-deoxy-L-galactonate (L-KDGal) 

by 36ALGACI has been fully characterized and described in Vibrio sp. EYJ3 strain [139], 

with both enzymes subsequently having their crystal structures determined [140,141]. Both 

genomic based and experimental evidence for this two-step 36ALG catabolic conversion has 

been reported in the marine-derived strains Paraglaciecola hydrolytica S66
T
 [129], 

Pseudoalteromonas carrageenovora 9
T
 [47], Colwellia echini A3

T
 [142] and in the human 

gut commensal Bacteroidetes uniformis [143]. The PA2DM11’s 36ALGDH 

(DOEALKOC_00884) and 36ALGACI (DOEALKOC_00887) shared a high sequence 

similarity with the 36ALGDH and 36ALGACI from the Vibrio sp. EYJ3 strain (36ALGDH, 

86.01%; 36ALGACI, 86.27%) while sequence identity was greater than 50% (36ALGDH, 

56.25%; 36ALGACI, 52.55%). Importantly, both the putative PA2MD11’s 36ALGDH and 

36ALGACI shared the same specialized protein regions known to be essential for the 

catalytic action of these enzymes on 36ALG and its derivatives (Fig. S5). 

In relation to what has been determined for other agar-degrading microorganisms 

[144], the strain PA2MD11 also harbours other genes encoding enzymes responsible for the 

next four subsequent steps in the 36ALG catabolic pathway. The product of the 36LGACI 

reaction, L-KDGal, is typically oxidized into 2,5-diketo-3-deoxy-L-galactonate (L-DDGal) 

by a 2-keto-3-deoxy-L-galactonate 5-dehydrogenase (EC 1.1.1.389). L-DDGal is then 
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reduced by 2,5-diketo-3-deoxy-L-galactonate 5-reductase (EC 1.1.1.127) producing 2-keto-3-

deoxy-D-gluconic acid (KDG). Both genes encoding these dehydrogenase 

(DOEALKOC_00886) and reductase (DOEALKOC_00885) are present within the 

PA2MD11’s agarose PUL between the 36ALGDH and 36ALGACI genes (Fig. 2a, coloured 

in brown). The closest homologues of the potential PA2MD11’s 2-keto-3-deoxy-L-

galactonate 5-dehydrogenase and 2,5-diketo-3-deoxy-L-galactonate 5-reductase were the 

enzymes with the same function detected and biochemically-characterized in the agarolytic 

Pseudoalteromonas atlantica T6c [144]. They shared a sequence identity greater than 70% 

and a similarity closer to 90%, which is clear from the high degree of conservation with these 

homologues from P. atlantica T6c (Fig. S6). 

Finally, KDG is phosphorylated into phosphorylated by KDG kinase 

(DOEALKOC_01918) and subsequently cleaved by 2-dehydro-3-deoxy-phosphogluconate 

(KDPG) aldolase (DOEALKOC_01919), releasing glycolytic intermediaries, glyceraldeyde-

3-phosphate (G3P) and pyruvate (Fig. 4). Hence, our findings indicate the potential that 

36ALG is fully metabolised by PA2MD11. Considering that 36ALG can comprise up to 34% 

of the dry weight of Rhodophyceae algae, its efficient fermentation is an important 

requirement in the biorefinery of red macroalgae, especially if the wild-type microbial strain 

possess the capacity to fully consume 36ALG [139]. Thus, with the potential GH2 ß-

galactosidase, these 36ALG catabolic enzymes could constitute an important alternative 

agarolytic pathway for Pseudoalteromonas sp. PA2MD11 [138]. 

Regarding alginate catabolism in PA2MD11, both PL6 and PL17 alginate lyases 

appear likely to employ an exolytic mode of action and to be located outside the cell. 

However, an internal helix domain was identified in the PL17 alginate lyase, which might 

also indicate a cytoplasmic location (Fig. 5). Regardless of this, these enzymes are likely to 

cleave alginate into shorter alginate oligosaccharides (AOs), which are then transported to the 
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cell interior first by TBDR in the outer membrane and then by an hexuronate transporter in 

the inner membrane. Through the likely action of an internal PL17 alginate lyase together 

with non-enzymatic conversion, these AOs originate unsaturated oligo- and, eventually, to 

unsaturated monosaccharides, such as DEH. Genes for the transformation of DEH into 

glycolytic intermediaries were also observed within the alginate CGC of Pseudoalteromonas 

sp. PA2MD11 (Fig. 5). Thus, in a similar fashion to what has been described in the 

alginolytic model Sphingomonas sp. A1 [122], DEH is likely to be firstly converted into 

KDG by a 2-hydroxy-3-oxopropionate reductase (DOEALKOC_01913) and transformed into 

G3P and pyruvate by the sequential action of KDG kinase (DOEALKOC_01918) and KDPG 

aldolase (DOEALKOC_01919) (Fig. 5), such as described for the last steps in 36ALG 

catabolism. From an industrial perspective, the microbial utilization of DEH is desirable as 

this uronic acid is highly cytotoxic and has a suppressive effect on ethanologenic strains 

[145]. Biochemically-characterized alginate lyases from Pseudoalteromonas spp. have been 

successfully applied in the saccharification of Phaeophycean seaweed biomass in the last few 

years [146-148]. Thus, not only could the purified exolytic alginate lyases of 

Pseudoalteromonas sp. PA2MD11 be potentially useful in brown macroalgae biorefinery 

applications. The possibility also exists that the strain itself, if subjected to a targeted 

metabolic optimization regime, could be used directly in the bioconversion of algae 

polysaccharides into bioethanol or in extraction processes targeting bioactive algal 

metabolites. 

Due to the absence of any true potential carrageenanolytic enzyme system in the 

PA2MD11 genome, we suspect that carrageenan may initially be subjected to the action of an 

undetermined degradative enzyme, which may produce a pool of neo-carrageenan 

oligosaccharides with varying degrees of polymerization. We hypothesize that the uptake of 

these neo-carrageenan oligosaccharides is mediated by TBDRs and sugar transporters 
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different from those that are encoded by the agarose PUL. Additionally, we have also not 

been able to identify any potential α-1,3-(3,6)-anhydro-D-galactosidases from the GH127 and 

GH129 families, which were recently shown to act on the degradation of carrageenan 

oligosaccharides in Z. galactanivorans [20]. The absence of GH127 and GH129 enzymes in 

the PA2MD11 strain is in agreement with previous studies, in which it seems that 

Pseudoalteromonas does not possess members of these enzyme families when compared to 

marine Flavobacteriaceae representatives [47,48]. Regarding the S1_19 sulfatase, which has 

been identified in our genomic survey, it may be anchored in the inner membrane of the cell 

or in the periplasm. Despite being likely specific for agarose, this S1_19 sulfatase could be 

acting in the desulfation of the neo-carrageenan oligosaccharides that have been transported 

into the cytoplasm. Subsequently, the GH2 ß-galactosidase may then play a role in releasing 

ß-D-galactose from the desulfated carrageenan oligosaccharides, which has been postulated 

to occur in other carrageenanolytic Pseudoalteromonas strains [47,48]. The ß-D-galactose 

residues that are produced would then be finally transformed into glycolytic intermediaries in 

the same way as detailed above in the agarolytic pathway (Fig. 4). 

3.7. Homology modelling and in silico protein structural analyses reveal industrially-

relevant traits in the MP-degrading enzymes from the sponge-derived 

Pseudoalteromonas sp. PA2MD11 

In an attempt to assess the potential biotechnological applicability of the MP-

degrading enzymes of PA2MD11, structural analysis was performed on their predicted 

protein sequences. In silico protein modelling is a valuable tool in the enzyme discovery 

pipeline, with the power to provide insights into their potential industrial utility [149]. Using 

the I-TASSER server, it was possible to successfully reconstruct the best protein models for 

these MP-degrading enzymes (Fig. 6-8). Despite the fact that many of the predicted proteins 

shared lower sequence similarity levels to their closest structurally characterized relatives 
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(Table 2), a high degree of conservation of the protein folding and catalytic regions for all the 

modelled CAZymes and the selected carrageenan-sulfatase was observed (Fig. S7). These 

initial insights into the 3D structures of the MP-degrading enzymes and their likely 

mechanisms of action confirmed many of the inferences that we had been made based on the 

genomic data about the likely involvement of these enzymes in the metabolism of different 

MPs by PA2MD11. Again, the MP-degrading enzymes were named according to their initial 

loci tag annotated by Prokka (Table 2). 

Overall, representative 3D structures for all the MP-degrading enzymes from 

Pseudoalteromonas sp. PA2MD11 passed in the validation of the homology models (Tables 

S8). The analyses of the Ramachandran plots of all the predicted models (Fig. S8) revealed 

an average of 71.28% and 94.9% of the amino acid residues being included in the most 

favoured and in the additional allowed regions, respectively (Table S9). Even though it is 

recommended that over than 90% of residues should ideally be situated in most favourable 

regions [94], the observed percentage thresholds for all the MP-degrading enzymes satisfies 

the expectations of acceptable and good quality the in silico-derived models [150,151]. 

Indeed, the percentages of amino acid residues in the favoured and allowed regions in the 

Ramachandran plots of the MP-degrading enzymes presented here are relatively comparable 

with the results obtained from crystal structures of the exo-ß-agarases [152] and alginate 

lyases [153]. We believe that a closer reassessment of the loop regions, particularly in the 

GH50 exo-ß-agarases where these areas have been shown to be challenging in the resolution 

of 3D protein structures [154], together with further refinement may contribute to increasing 

the overall quality of the models [155,156]. 

The Aga890 model had the lowest scores in the structural validation and the 

highest number of amino acid residues in the disallowed regions amongst its peer MP-derived 

modelled enzymes, although it had generally passed given by the adopted tools (Table S9, 
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Fig. S8). Thus, while our model might not represent the exact tertiary structure of this endo-

ß-agarase, the I-TASSER threading-based mode was the most successful in allowing us to 

obtain a reliable model when compared to other homology model servers (data not shown). 

Nevertheless, the broad organization of the Aga890 3D structure (Fig. 7a) matches its 

functional protein domains (Table 2). Thus, the greater difficulty in generating its overall 

structure may derive from the fact that it may represent a novel enzyme for which the overall 

structure may be distinct from other previously described GH16 enzymes, which is in 

agreement with the polyspecificity and diverse array of structures found in this GH enzyme 

[117]. 

All the putative GH50 exo-ß-agarases (Aga862, Aga878 and Aga889; Fig. 6a-c) 

in the PA2MD11 genome share the basic protein folding organization detected in the model 

of this GH family, the Aga50D enzyme from S. degradans 2-40 [157]. These agarolytic 

enzymes comprise an N-terminal (CBM-like) ß-sandwich domain and a classical C-terminal 

(α/β8) barrel, both joined by a 30-amino acid linker with a central helix. Two glutamate 

residues were located at the base of the open groove area, which is typical of all GHs, where 

they play important roles as the nucleophile and acid/base catalytic sites (Fig. 6a-c). Despite 

some subtle differences, all the predicted models of GH50 exo-ß-agarases from 

Pseudoalteromonas sp. PA2MD11 are likely to function in a similar fashion to the Aga50D 

from S. degradans [157]. They are all likely to be exolytic enzymes which firmly associate 

with the agarose substrate forming dimers or even tetramers, resulting in the processive 

depolymerisation of the heteropolysaccharide into NAOs, mainly neoagarotetraose (NA4) 

and neoagarohexaose (NA6). 

Despite being modelled with the Aga50D template, two of these predicted GH50 

enzymes, Aga862 and Aga889, shared identity and similarity levels above 60% (Table 2) to 

PfGH50B, an exo-ß-agarase from P. fuliginea PS47 [154]. Coincidentally, all the putative 
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GH50 exo-ß-agarases do not appear to have the loop regions, which have been reported to be 

present in both PfGH50 and Aga50D. This structural evidence suggests that the catalytic 

groove may be more exposed, thereby potentially improving agarose binding [154, 157]. 

Both the Aga862 and Aga889 enzymes are likely to assemble as dimers, and to not dissociate 

from the substrate until the agarose chain is completely degraded into smaller NAOs, a 

progressive action which is likely to make them particularly suitable for the saccharification 

of raw seaweed biomass [137]. During the initial enzymatic treatment of macroalgae 

residues, such processive agarases are highly desirable, as they shorten the time between the 

release of the NAOs and their posterior hydrolysis into fermentable sugars. Additionally, 

native thermostable ß-agarases are preferable since the agarose must be in the gel state for 

enzymatic liquefaction to occur [158]. In this context, Aga862 would be an interesting 

biocatalyst given its higher aliphatic index (71.59) and melting temperature (Tm) of 72.7
o
C, 

which both suggest broader thermostability when compared to the other PA2MD11 GH50 

exo-ß-agarases (Table S10). 

The putative modelled structure endo-ß-agarase Aga890 from the GH16 family 

did not resemble its homologue MtAgaA, which was previously characterized from the 

thermotolerant Microbulbifer thermotolerans strain JAMB-A94 [159]. This endolytic agarase 

shared approximately 30 to 40% of its amino acid sequence identity with the other three 

structurally elucidated GH16 ß-agarases (data not shown). This sequence conservation is 

mostly concentrated around the ß-jelly roll motif, where is situated in the catalytic centre in 

this polyspecific GH family, encompassing two closely positioned glutamate residues (Fig. 

7a). One-third of the Aga890 sequence is covered by a CBM13 domain, which is likely to 

associate with the non-reducing end of agarose and enhance the prehydrolysis of agar prior to 

saccharification by the GH16 agarases [160,161]. In contrast to MtAgaA, Aga890 did not 

contain a high proline and arginine content which were linked to the thermostability of this 
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GH16 endo-ß-agarase from M. thermotolerans [159]. Thus, it appears that Aga890 is likely to 

function optimally under mild reaction conditions and may in fact be cold-tolerant, given that 

it appears to be enriched in asparagine, alanine and serine residues, a typical feature of 

psychrophilic enzymes [162]. GH16 ß-agarases that function optimally under mild or 

potentially cold conditions are envisioned not only for the recovery of DNA from agarose 

gels at room temperature but also in the production of thermolabile bioactive NAOs [8]. 

At the deduced amino acid sequence level, the GH117 NABH859 displays a high 

degree of similarity with all the GH117 agarases reported to date and contains the conserved 

glutamate and aspartate which play important roles as the nucleophile and acid/base catalytic 

residues that are essential for catalysis in all GHs in this family (Fig. 7b) [163]. The overall 

protein structure is also remarkably conserved when compared with its closest homolog, 

Aga117F from S. degradans, consisting of a central five-bladed catalytic cavity with a N-

terminal extension and a C-terminal long loop. The former two structures are believed to aid 

in the stabilization of the sugar substrates/products in this agarobiose hydrolase [163]. While 

NABH enzymes have to date not been widely studied with respect to their potential industrial 

utility, these hydrolases are nonetheless important during the later stages of agar metabolism 

as they can hydrolyse agar-derived oligosaccharides from different polymerization degrees 

[137]. In a recent report, an exo-type α-NABH from Streptomyces coelicolor A3(2), 

ScJC117, has been confirmed to release 3,6ALG and medium and long-chain odd-numbered 

agarooligosaccharides from a variety of NAOs; these agarooligosaccharides have potential 

utility as functional food additives, making ScJC117 attractive for potential food and 

nutraceutical industrial applications [164]. Although likely to be produced intracellularly, the 

GH117 NABH859 from Pseudoalteromonas sp. PA2MD11 could nevertheless be further 

investigated for the preparation of biologically active agarooligosaccharides, following 

cloning and heterologous expression in a suitable host. A similar approach has been 
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successfully employed for a cold-adapted NABH isolated from an agarolytic Gayadomonas 

joobiniege G7 [165]. 

Carrageenan-sulfatases were originally identified in Pseudoalteromonas 

carrageenovora [166], which still remains as a model for the study of these sulfohydrolases 

both within the Pseudoalteromonas genus and in marine bacteria in general. The 

PA2MD11’s Sulf853 (S1_19) shares an overall (α/ß) mixed topology with its top 

homologous PDB relative, an endo-4S-ι-carrageenan sulfatase from P. fuliginea PS47 [119], 

including the post-translationally modified formylglycine residue and the catalytic 

nucleophile (Fig. 7c). While it is difficult to predict the specific carrageenan substrate for this 

sulfatase, it is likely that this enzyme has a broader activity with sulfated galactans (Fig. 4). 

Agarose could be a central substrate for the enzyme, and this could open an alternative 

avenue for the exploitation of Sulf853, with the potential desulfation of agaropectin into high-

quality agarose, which could then be directed towards different biorefinery-based 

applications or for the potential extraction of bioactive molecules from seaweed. Similar to 

the NABH enzymes, the practical applications of marine bacterial sulfatases have to date 

received little attention; apart from a group of periplasmic arylsulfatases from P. 

carrageenovora [167-170]. Again, as for the aforementioned GH117 NABH859, purification 

and biochemical characterization of recombinant Sulf853 may prove useful in assessing its 

substrate specificity and exploring possible potential use as a desulfating biocatalyst. 

Both the exolytic polysaccharide lyases PL6 Aly06_1914 and PL17 Aly17_1915 

were found to possess the protein structure and characteristic folds of their closest structurally 

derived relatives (Fig. 8a,b). For PL6 Aly06_1914, two basic domains, N-terminal and C-

terminal, were identified that were almost identical to the structure elucidated for the exolytic 

PL6 AlyGC from Paraglaciecola chathamensis S18K6
T
 (Fig. S7) [171]. Still according to 

what is found in this alginate lyase family [171,172], arginine and lysine residues appear to 
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be the catalytic residues for ß-elimination and are situated in the N-terminal domain in 

Aly06_1914 (Fig. 8a). For PL17 Aly17_1915, two main domains were likewise identified 

involving an α/α barrel linked to a ß-sandwich (Fig. 8b). The suspected catalytic residue is 

likely to be a tyrosine residue (Tyr258), albeit this has not yet been fully determined for 

Alg17C from S. degradans 2-40 [173]. Both alginolytic enzymes are likely to assemble as 

homodimers in solution, a feature that potentially facilitates them in the efficient and 

accelerated removal of uronate residues from the terminal end of the alginate chain. These 

PLs had a theoretical high thermostability considering their aliphatic index and Tm values 

(Table S10). Although functional annotation suggests a broad substrate specificity, 

biochemical characterization will be required to determine whether Aly06_1914 and 

Aly17_1915 cleave both poli-manuronate (poli-M) and poli-guluronate (poli-G) blocks in 

alginate. Most of the alginate lyases reported to date from the Pseudoalteromonas genus 

possess some adaptative trait, such as salt-tolerance and thermostability; that make them 

advantageous for use under harsh industrial conditions [7]. Alginate lyases from 

Pseudoalteromonas have been recently studied for their potential use in the production of 

high value-added AOs [148,174] or for the disruption of Pseudomonas aeruginosa biofilms 

[175,176]. This ability to disrupt biofilms is particularly interesting, given the lack of 

enzyme-based therapeutic alternatives for the treatment of biofilm-mediated infections and 

both the PL6 and PL17 alginate lyases may find further interest with respect to their 

antibiofilm potential. 

Conclusions 

In this study, we performed a genomic survey on an agarolytic sponge-derived 

Pseudoalteromonas, strain PA2MD11, with an emphasis on its MP-degrading repertoire. In 

addition to the production of a wide range of hydrolases, this non-pigmented 

Pseudoalteromonas strain displayed extracellular agarolytic, carrageenanolytic and 
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alginolytic activities on solid media. Subsequent catabolic profiling and growth assays 

confirmed the use of agarose, alginate, κ-, ι-and raw seaweed carrageenan as sole carbon 

sources by Pseudoalteromonas sp. PA2MD11. The CAZome of this strain is within the range 

verified for other free-living agarolytic Pseudoalteromonas representatives and corroborates 

its broad polysaccharide-catabolic abilities, including genes encoding enzymes potentially 

involved in the catabolism of macroalgal-derived carbohydrates, namely one GH16, three 

GH50 and one GH117 agarases together with one PL6 and one PL17 alginate lyases. The 

genome also appears to possess one carrageenan-specific sulfatase, which may be involved in 

the degradation of carrageenans by this particular sponge-derived Pseudoalteromonas strain. 

Five well-defined carbohydrate utilization loci were detected in the Pseudoalteromonas sp. 

PA2MD11 genome. The PUL-like region that is probably participating in the agarose 

degradation contains 55 genes, has a size of approximately 68 kb and harbours a total of eight 

distinctive mobile elements, which seem to have originated from marine 

Gammaproteobacteria relatives. Pseudoalteromonas sp. PA2MD11 appears to possess the 

genomic capability for the complete catabolism of both agarose and alginate. 

In silico structural protein analyses not only provided evidence of the catalysis 

and mechanisms of action likely to be employed by the MP-degrading enzymes of 

Pseudoalteromonas sp. PA2MD11, but also provided insights into their potential uses in 

various industrial scenarios. In particular, the putative GH50 exo-ß-agarase Aga862 together 

with the oligo-alginate lyases PL6 Aly06_1914 and PL17 Aly17_1915 were found to be 

potentially thermostable, with all of them displaying both higher aliphatic index (>70) and 

melting temperatures (>70
o
C). A potential processive action for the exo ß-agarases was also 

observed which may be advantageous in developing effective agar-degrading biocatalysts 

capable of producing fermentable sugars at a desirable rate for macroalgae biorefinery. This 

comprehensive genomic-based survey is one of the first reports to outline the MP-degrading 
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repertoire from a cultivable sponge-associated bacterial strain. In light of the current lack of 

data on microbial agarases, sulfatases, and alginate lyases from the microbiota of marine 

sponges, we hope to have laid the grounds for the future purification, biochemical 

characterization and subsequent study of the potential biotechnological application of the 

entire MP-degrading biocatalytic arsenal from Pseudoalteromonas sp. PA2MD11. Future 

research efforts will focus on assessing the potential uses of these agarases and alginate 

lyases in macroalgae biorefinery, in the production of biologically-active oligosaccharides 

and in biofilm disruption for the treatment of clinical bacterial infections. 
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Table 1. Genomic properties of Pseudoalteromonas sp. PA2MD11. 

Properties Value 

Assembly size (bp) 4,549,994 

Number of scaffolds (>500 bp) 49 

Coverage (X) 346 

Largest contig (bp) 621,775 

N50 (bp) 176,926 

L50 (bp) 7 

Completeness (%) 99.8 

Contamination (%) 0.23 

DNA G+C content (%) 41.04 

DNA-coding region (%) 89.8 

Coding sequences (CDS) 4,062 

rRNA genes 4 

tRNA genes 62 

tmRNA 1 

Miscellaneous RNA 16 

Genes coding protein with transmembrane domains 

(%) 

24.9 

Genes coding for signal peptides (%) 20.5 

CDSs functionally annotated by the eggNOG server - 

COG (%) 

95.13 

CDSs functionally annotated by the BLASTKOALA 

server - KEGG (%) 

55.99 

* COG: Cluster of Orthologous groups; KEGG: Kyoto Encyclopedia of Genes and Genomes. 

 

Table 2. Genes encoding potential MP-degrading enzymes and their closest PDB relatives in 
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Pseudoalteromonas sp. PA2MD11. 

Prokka 

locus_tag 

(Protein 

designation) 

EggNOG-

Annotatio

n 

(COG 

class) 

BLASTKO

ALA 

Annotation  

(KO 

Group) 

CAZy/Sulf

Atlas 

classificati

on 

Closest PDB homologous 

sequence 

Organism (% 

identity / 

similarity) 

Function PD

B 

Cod

e 

DOEALKOC_

00862 

(Aga862) 

Beta-

agarase 

(G) 

NA GH50 Pseudoaltero

monas 

fugilinea 

PS47 (78.1 / 

78.2) 

Exo-beta-

agarase 

PfGH50, 

chain A 

6XJ

9 

DOEALKOC_

00878 

(Aga878) 

Beta-

agarase 

(G) 

NA GH50 Saccharophag

us degradans 

2-40 (43.31 / 

42.6) 

Exo-beta-

agarase 

Aga50D, 

chain A 

4BQ

2 

DOEALKOC_

00889 

(Aga889) 

Beta-

agarase 

(G) 

NA GH50 Pseudoaltero

monas 

fugilinea 

PS47 (60.34 / 

62.0) 

Exo-beta-

agarase 

PfGH50, 

chain A 

6XJ

9 

DOEALKOC_

00890 

(Aga890) 

Hydrolase 

Family 16 

(G) 

Beta-

agarase 

[EC:3.2.1.8

1] 

(KO1219) 

GH16, 

CBM13 

Microbulbifer 

thermotoleran

s JAMB-A94 

(36.56 / 40.7) 

Agarase 

MtAgaA 

3W

Z1 

DOEALKOC_

00859 

(NABH859) 

Glycosyl 

hydrolases 

family 32 

N-terminal 

domain 

(G) 

NA GH117 Saccharophag

us degradans 

2-40 (72.8 / 

73.1) 

α-

neoagarob

iose 

hydrolase 

Aga117F 

3R4

Y 

DOEALKOC_

01914 

(Aly06_1914) 

Chondroiti

nase B 

(M) 

algL; 

poly(beta-

D-

mannuronat

e) lyase 

[EC:4.2.2.3

] (KO 

01729) 

PL6_1 Paraglaciecol

a 

chathamensis 

S18K6 (56.18 

/ 57.1) 

Exo-lytic 

alginate 

lyase 

AlyGC, 

chain A 

5G

KD 

DOEALKOC_

01915 

(Aly17_1915) 

Alginate-

lyase (M) 

alg17C; 

oligo-

alginate 

lyase 

[EC:4.2.2.2

6] 

(K20525) 

PL17_2 Saccharophag

us degradans 

2-40 (47.53 / 

50.6) 

Exo-lytic 

alginate 

lyase 

Alg17c, 

chain A 

4NE

I 

DOEALKOC_

00853 

Sulfatase 

(P) 

NA S1_19 Pseudoaltero

monas 

Endo-4S-

ι-

6BI

A 
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(Sulf853) fuliginea 

PS47 (38.72 / 

46.5) 

carrageen

an 

sulfatase 

Psι-CgsB, 

chain A 

COG: Cluster of Orthologous groups; KO: KEEG Orthology; PDB: Protein Database; NA: 

not annotated; NABH: α-neoagarobiose hydrolase; GH: Glycoside Hydrolase; %: percentage; 

PL: Polysaccharide Lyase; S1: sulfatase subfamily 1. 

 

 

Fig. 1. Distribution of CAZymes classes encoded in the genome of Pseudoalteromonas sp. 

PA2MD11. Genes counts represent the total number of genes identified for each CAZyme 

class. GH: glycoside hydrolase (navy green); GT: glycosyl transferase (blue); PL: 

polysaccharide lyase (pink); CE: carbohydrate esterase (green); AA: auxiliary activity (red); 

CBM: carbohydrate binding motif (ochre).  

Fig. 2. Genomic organization of putative CGCs likely dedicated to the catabolism of (a) agar 

(b) alginate, (c) chitin (d) starch and (e) laminarin detected in the genome of 

Pseudoalteromonas sp. PA2MD11. Each gene is depicted as an arrow and colour coded 

according to its putative function in each CGC. Relevant genes encoding for CAZymes, 

sulfatase, 3,6-anydro-L-α-galactose (36ALG) catabolic enzymes, carbohydrate processing 

and transport and mobile elements are also labelled. The Prokka locus identification of the 

flanking CGC genes are labelled for each region. 

Fig. 3. Genome-wide comparative analyses between the Pseudoalteromonas sp. PA2MD11 

strain and selected agarolytic and alginolytic Pseudoalteromonas strains using OthoVenn2: 

(a) Venn diagram representing the shared orthologous protein clusters among the compared 

genomes; (b) Histogram with the total COG count found for each one of the considered 

Pseudoalteromonas strains. 

Fig. 4. Tentative model of agarose metabolism in Pseudoalteromonas sp. PA2MD11. In the 
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scheme, each protein is coloured according to its putative function in the neo-ß-agarolytic 

system (legend on the lower left) and their Prokka locus identification are displayed in grey 

below the protein designation. Dashed lines (NAOs desulfation) represent hypothetical 

metabolic routes, which could not be fully predicted based on genomic analysis. 36ALG: α-

3,6-anydro-L-galactose; 36ALGA: 2-keto-3-deoxy-galactonate; 36ALGDH: 36ALG 

dehydrogenase; 36ALGACI: 3,6-anhydrogalactonate cycloisomerase; AO3: agarotriose; G: 

galactose; IM: inner membrane; L-KDGal: 2-keto-3-deoxy-L-galactonate; L-DDGal: 2,5-

diketo-3-deoxy-L-galactonate; KDG: 2-keto-3-deoxy-D-gluconic acid; KDPG: 2-dehydro-3-

deoxy-phosphogluconate; NA2: neoagarobiose; NA4: neoagarotetraose; NA6: 

neoagarohexaose; NA8: neoagarooctaose; NAOs: neoagarooligosaccharides; MFS: major 

facilitator superfamily sugar transport; NABH: α-neoagarobiose hydrolase; OM: outer 

membrane; SO4
2-

: sulfate; TBDR: TonB-dependent receptor. 

Fig. 5. Tentative model of alginate metabolism in Pseudoalteromonas sp. PA2MD11. In the 

scheme, each protein is coloured according to its putative function in the alginolytic system 

(legend on the lower left) and their Prokka locus identification are displayed in grey below 

the protein designation. Dashed lines (activity of an inner cell membrane PL17 and non-

enzymatic conversion) represent hypothetical metabolic routes, which could not be fully 

predicted based on genomic analysis. AOs: alginate oligosaccharides DEH: 4-deoxy-L-

erythro-hexoseulose; IM: inner membrane; GlcA: glucuronate; KDG: 2-keto-3-deoxy-D-

gluconic acid; KDPG: 2-dehydro-3-deoxy-phosphogluconate; ManA: manuronate; MFS: 

major facilitator superfamily sugar transport; OM: outer membrane; TBDR: TonB-dependent 

receptor. 

Fig. 6. Structural insights into the modelled GH50 exo-ß-agarases (a) Aga862, (b) Aga878, 

and (c) Aga889 from Pseudoalteromonas sp. PA2MD11. Cartoon representation of the 

protein models (on the left) are broadly coloured according to their secondary structure (α-
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helix in pink, blue in ß-sheet and coil in grey). The main protein domains typically conserved 

across these GH50 ß-agarolytic enzymes are indicated in the predicted protein structure, in 

particular the N-terminal ß-sandwich fold (dashed blue circle) and the 30-aa linker helix 

(dashed pink circle). In the multiple sequence alignment with other GH50 ß-agarases (on the 

right), red shadowed areas indicate strictly conserved residues while regions highlighted in 

yellow consist of residues conserved across a group but not conserved from one group to the 

other. Red dots have been placed above the catalytic sites (also boxed in red) in the alignment 

representation and the GH50 exo-ß-agarases from Pseudoalteromonas sp. PA2MD11 are 

shaded in bright red. 

Fig. 7. Structural insights into the modelled (a) GH16 endo-ß-agarase Aga890, (b) GH117 

NABH859 and (c) carrageenan sulfatase S1_19 Sulf853 from Pseudoalteromonas sp. 

PA2MD11. Cartoon representations of the protein models (on the left) are broadly coloured 

in according to their secondary structure (α-helix in pink, blue in ß-sheet and coil in grey). 

The main protein domains typically conserved across these enzymes are indicated in the 

predicted protein structure, in particular: the ß-jelly fold motif, short α-helices (dashed pink 

circle) and the CBM-13 domain (dashed blue circle) for Aga890; the N-terminal extension 

with an α-helix (dashed pink circle), ß-propeller catalytic domain and the long C-terminal 

loop extension (dashed grey circle) for NABH853; and the two α/ß domains of mixed 

topology in Sulf853. In the multiple sequence alignment with other GH19 ß-agarases, GH117 

NABH and S1_19 carrageenan sulfatases (on the right), red shadowed areas indicate strictly 

conserved residues while regions highlighted in yellow consist of residues conserved across a 

group but not conserved from one group to the other. Red dots have been placed above the 

catalytic sites (also boxed in red) in the alignment representation and the MP-degrading 

enzymes from Pseudoalteromonas sp. PA2MD11 are shaded in bright red. 

Fig. 8. Structural insights into the modelled exo-alginate lyases (a) PL6 Aly06_1914 and (b) 
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PL17 Aly17_1915 and from Pseudoalteromonas sp. PA2MD11. Cartoon representations of 

the protein models (on the left) are broadly coloured in according to their secondary structure 

(α-helix in pink, blue in ß-sheet and coil in grey). The main protein domains typically 

conserved across these enzymes are properly indicated in the predicted protein structure, in 

particular: N-terminal domain (dashed circle in green) and the C-terminal domain (dashed 

circle in brown) in Aly06_1914; and the α/α-barrel (dashed circle in purple) and the ß-

sandwich domain (dashed in yellow) in Aly17_1915. In the multiple sequence alignment with 

other PL6 and PL17 alginate lyases, red shadowed areas indicate strictly conserved residues 

while regions highlighted in yellow consist of residues conserved across a group but not 

conserved from one group to the other. Red dots have been placed above the catalytic sites 

(also boxed in red) in the alignment representation and the MP-degrading enzymes from 

Pseudoalteromonas sp. PA2MD11 are shaded in bright red. 

 

Fig. 1. 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Fig. 2. 
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Fig. 6. 
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    590       600       610       620        630        640       650         

                        A  Y             P   YLG R                K  DV S N Y   GV     N  QL D SIML AY    F VV  AM K  L NHL     F DWGM   EVVRA A  V  I F    DK  KVDVK ND  A F    T   DK  S  NA  D .Y        A  P    .PI     S  H       A .
                        A  Y             P   YLG R                K  DV S N Y   GV     S   V D SVML  Y    F IV  AV H  L NHM     F DWGM   EI R  A  A  V Y    AN  VLTQF DAV A L    EH  GQ  K  RE  K .Y        A  A    .TP  R SA  Y       Y .
                        A  Y             P   YLG R                K  DV S N Y   GV     N  QL D SILL AY    F VV  AM K  L NHM     F DWGM   EVVKA A  V  I F    DK  TIDIK EE  V F    T   DK  S  NA  D .Y        A  P    .PI     S  Y       A .
                        A  Y             P   YLG R                K  DV S N Y   GV     N  QV D  LLL AF    F VV   L K  L NHL     F DWGM   EVVRA A  V  V Y    AK  KGLTH SA  E YA   E   SE  R  KQE K .Q        C  A    .NP     A  H       Y .
                        A  Y             P   YLG R                K  DV S N Y          S  T    N  A I     Y AI  AV        L         P     IIKA       I      ....KSANV DV DELN EF G C EK  S  KN  KASKD EL    S LHSL KYNSY    AG YC    I Y S
..gv......d....d...ml..yA..Y%.v!..a.....lP#h$YLG.Rf.dwgm...e!v.a.aK..DV!SfN.Y. 
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Aga_878_Pseudoalteromonas_sp_PA2MD11           
Aga50A_Saccharophagus_degradans_2-40_ABD80438.1
PfGH50_Pseudoalteromonas_fuliginea_PS47_KAA1159
AgWH50C_Agarivorans_gilvus_AHM94172.1          
BpGH50_Bacteroides_plebeius_5T3B_1             
consensus>70

          470           480          490       500        510       520       

                                                                 P   G F DNE       VPYFANGWII    G F TLS           MPD YDP F  RA   I   I   IK S W I I I   KS....S          .... D K   GHTNHW...GL   V   E KK  EIT D.A AQK  A   C          
                                                                 P   G F DNE       IPYFANGWII    G F TVS G         LPD FDP F  RA   A   I   VK N W V V I   KS....R          .... N K   S NDYW...SP   P   L KE  YII E.Q GRE  N   C          
                                                                 P   G F DNE       VPYFANGWII    G F TVS G         MPD FDP F  RA   V   V   VK S W V V I   KS....K          .... D K   S ...NDFWGA   V   E TV  NET S.V AKE  N   A          
                                                                 P   G F DNE       IPFFANGWII    G F QVS G         LPD FDP F  RA   V   V   IK T W V I I   KS....R          .... E D   S DDFW...AA   P   R RQ  AAT S.Q KNE  D   C          
                                                                 P   G F DNE       L    S   L            G         IG  F   W       L   A    R N   L         SASSP TQAP FSF AEFKNSKGISYP QNVN...LK  LV YDG DEWCKEY NSD FGMF N  DV  F S   ID
.....vpyfangwii....gdf...s.g.n.......mpd.%dp.f..ra.......i...ikn.Pw.vGiFiDNEks 

Aga_878_Pseudoalteromonas_sp_PA2MD11           
Aga50A_Saccharophagus_degradans_2-40_ABD80438.1
PfGH50_Pseudoalteromonas_fuliginea_PS47_KAA1159
AgWH50C_Agarivorans_gilvus_AHM94172.1          
BpGH50_Bacteroides_plebeius_5T3B_1             
consensus>70

  660        670         680       690       700         710       720        

V  S  N  Y                     P     E F       D                Q   R                    L  F      E G M     W  F L      D    V I G   H  G     S G L    G   I V  A  N  T D    M Y   Y M Q S V L E  P Y  V     I  . E    Q D H Y  Q   E D . . V  L  V       I  T A T     F N P  . .   H  A      A T   K K        K   M  
V  S  N  Y                     P     E F       D                Q   R                    V  Y     K E G V     W  F L      D    I I G   H  G     S G L    G   V V  A  S   D     Y   Y M N S V I D  P Y  V     Y  .     S N K F  H   E E . . L  K  S       N  . A L     L N P  . .   H  S   A   G K K  A E        N   F  
V  S  N  Y                     P     E F       D                Q   R                    I  F     K E G L     W  F L      D    I I G   H  G     S G L    G   L I  A  N  Q D    M Y   Y M N S V I D  P Y  I     A  .     R D D K  A   S Q . . F  K  A       V  . S S     F H P  . .   H  A      A N   T D        N   F  
V  S  N  Y                     P     E F       D                Q   R                    V  Y     K E G L     W  F L      D    I I G   H  G     S G     G   L V  A  S  Q E    M F   Y M Q T V V D  P Y  V     Y  .     H P E P  S   A D . . I  M  S       F  . A L    F F H A  . .   T  C      G Q   E R        N   F  
V  S  N  Y                     P     E F       D                Q   R                    I       K                     M V           T  L          V    Q     A Y   F    L L E     V   I  Y  S  W S P E K G Y M D G W K N Q A G G T  F   T   Y T K . G E   K  D N S S G A G F V  R D   N  G F   Q H  T L G    A K N C  
V v S f N . Y . k e g . . . . . w . f l . # . . . d . P . i ! g E F h . g . . . D s g l . . . g . . . v . a . . Q . # R . . . % . . % m q . v . # . p y . !  

     510       520       530       540       550       560       570       580

Aga_889_Pseudoalteromonas_sp_PA2MD11            P    G  F  D N E                    L        P                                       N  W  V  V  I    K S W G     I    Y G L V I  T     A     T K A  F    M   K       L                       C             M M G S  N S Q      N   T V N  K Q S     E  V S L  K E  Y K D I S A  N V N W Q T N I S S W Q E F A S G V V
Aga50A_Saccharophagus_degradans_2-40_ABD80438.1  P    G  F  D N E                    L        P                                       N  W  V  V  I    K S W G     V    Y G L V I  T     A     T K A  F    M   K       L                       C             Q E G A  Q T Q      N   S R A  E D S     Q  V M L  Q Q  Y G A I T E  N R A W N V E L N S W Q E F A N G V V
PfGH50_Pseudoalteromonas_fuliginea_PS47_KAA1159  P    G  F  D N E                    L        P                                       S  W  V  V  I    K S F G     V    Y G I V I  T     A     T K A  F    M   K       L                       A             R P D S  K S H      N   G R D  K T V     E  S R L  K E  Y T D V A E  N K V W H L N L A S W A E F D K G V T
AgWH50C_Agarivorans_gilvus_AHM94172.1           P    G  F  D N E                    L        P                                       T  W  V  I  I    K S W G     I    Y G I A I  T     A     T K A  F              L                       C             R M G S  D G H      H   G R S  D A C     V  . . . . . . . . . . . V E  . . . . . . . . . . . . . . . . . . L
BpGH50_Bacteroides_plebeius_5T3B_1              P    G  F  D N E                    L        P                                       N    L          F            L L               I      M   K                             D V   F  S    I D  S T W . . . . . G N R   D R F  K I S N K Q D  A Y  A A A K F  T D  . . . . . . . . . . . . . . . . . . . . . . . . D K
consensus>70 . P w . v G v F i D N E k s . g . . . . i . . . y g . . i . t L . . . a . . . P t k a . f . . . m . e k . . . . . . l . . . . . . . . . . . . . . . . . . .  

630        640       650        660         670       680         690         

                DV S N Y                    P    EF     D               Q  R  WGM T EI  AA   A  M Y Y  REGL    W FL     D   IIG  H G   SGL   GL  I   S  E G    . P  RQ  SEH         .    NDDF D  AA..L K S      N AL    LNP  .. HTQ  H   I
                DV S N Y                    P    EF     D               Q  R  WGM T EI R A K A  V Y Y  KEGV    W FL     D   IIG  H G   SGL   GV  V A S  D G    . P  R S A Y         .    SNKF H  EE..L K S      N AL    LNP  .. H S  A   K
                DV S N Y                    P    EF     D               Q  R  WGM   EV KA  K V  I F    KEGL    W FL     D   IIG  H G   SGL   GL  I A N  D      .PI  V  SA Y       A .    RDDK A  SQ..F K A      V SS    FHP  .. H A  Q  AN
                DV S N Y                    P    EF     D               Q  R  WGM N EV RAA K V  V Y Y  KEGL    W FL     D   IIG  H G   SG    GL  V A S  E G    . P  V   A H         .    HPEP S  AD..I M S      F AL   FFHA  .. T C  Q   Q
                DV S N Y                    P    EF     D               Q  R   P  N  I KAA K    I   Y  K                    MV         T L         V      G L KY SY I   G YC    I   S WSPEKGYMDGWKNQAGGT F  T  YTKGE  K DNSSGAGFV RD QN  F
wgm...e!..aa.k..DVvSyNyY.keg.....w.fl.e...d.P.i!gEFh.g..Dsgl...g...i....Q.#Rg. 

Aga_889_Pseudoalteromonas_sp_PA2MD11           
Aga50A_Saccharophagus_degradans_2-40_ABD80438.1
PfGH50_Pseudoalteromonas_fuliginea_PS47_KAA1159
AgWH50C_Agarivorans_gilvus_AHM94172.1          
BpGH50_Bacteroides_plebeius_5T3B_1             
consensus>70
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Fig. 7. 

  

                    1 0 0        1 1 0        1 2 0        1 3 0         1 4 0        1 5 0      

Aga_890_Pseudoalteromonas_sp_PA2MD11                                    G  T K     P   E   K          W L  D    EID  E YG      R  G                      I S TKV F IFL A I V N  L S     S         VL        AS RA T..............DKVNA V       S       N   S LE S NF L  . NDER      V  GAR.
MtAgaA_Microbulbifer_thermotolerans_JAMB-A94_B                           G  T K     P   E   K          W L  D    EID  E YG      R  G                      I S   L Y VYM A A L N  LAS     S   T     VI        SG KP T..............NQVYL S    AP T       R   S MV   DF F  A S .E      A  SDRP
AgaA_Zobellia_galactanivorans_DsijT_CAZ98338.1                           G  T K     P   E   K          W L  D    EID  E YG         G                      I S NKI Y VYM I A I    LAN     T   T     IM        A.QPA N..............GKSYN I       Q       K   MDQV   AF T  D E .Q      G  SDR.
AgaB_Zobellia_galactanivorans_DsijT_CAZ98378.1                           G  T K     P   E   K          W L  D    EID  E YG      R  G                      I S TRV Y VYI A A V N  LAS     S   T     IL        AT KP S..............DKINM C       V       R   M ST   DV L  A D .Q      A  ADYS
AgaD_Zobellia_galactanivorans_DsijT_CAZ98378.1                           G  T K     P   E   K          W L  D    EID  E YG      R  G                      I N TRV Y VFV A V V N  LAS     S   T     IM        AS IP ATKSFTGSNNTPISRPETRA C       K       R   M ST   DI L  P D .Q      C  GPGN
BuGH16B_Bacteroides_uniformis_NP1_5T9X                                  G  T K     P   E   K          W L  D    EID  E YG      R                         V S TRV Y VYV A A I N  MAS     S   T     II        TS PDDVKIVKVTSGDKEKMMPGTYT C       V       Y   A ST   DV M  P D .Q      A  SDRV
consensus>70 ..r..g....................G.!TsK..v.%P!%.Ea..Kv.#..$asd.W.Ls.Ddt.qEID!.E.YG....

(a) Aga890 (GH16)

(b) NABH859 (GH117)

(c) Sulf853 (S1_19)

(α/β) mixed topology

β-jelly fold

                    1 0 0        1 1 0        1 2 0        1 3 0         1 4 0        1 5 0      

                          G  T K     P   E   K          W L  D    EID  E YG      R  G                      I S TKV F IFL A I V N  L S     S         VL        AS RA T..............DKVNA V       S       N   S LE S NF L  . NDER      V  GAR.
                          G  T K     P   E   K          W L  D    EID  E YG      R  G                      I S   L Y VYM A A L N  LAS     S   T     VI        SG KP T..............NQVYL S    AP T       R   S MV   DF F  A S .E      A  SDRP
                          G  T K     P   E   K          W L  D    EID  E YG         G                      I S NKI Y VYM I A I    LAN     T   T     IM        A.QPA N..............GKSYN I       Q       K   MDQV   AF T  D E .Q      G  SDR.
                          G  T K     P   E   K          W L  D    EID  E YG      R  G                      I S TRV Y VYI A A V N  LAS     S   T     IL        AT KP S..............DKINM C       V       R   M ST   DV L  A D .Q      A  ADYS
                          G  T K     P   E   K          W L  D    EID  E YG      R  G                      I N TRV Y VFV A V V N  LAS     S   T     IM        AS IP ATKSFTGSNNTPISRPETRA C       K       R   M ST   DI L  P D .Q      C  GPGN
                          G  T K     P   E   K          W L  D    EID  E YG      R                         V S TRV Y VYV A A I N  MAS     S   T     II        TS PDDVKIVKVTSGDKEKMMPGTYT C       V       Y   A ST   DV M  P D .Q      A  SDRV
..r..g....................G.!TsK..v.%P!%.Ea..Kv.#..$asd.W.Ls.Ddt.qEID!.E.YG....
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NABH859_Pseudoalteromonas_sp_PA2MD11             LKG           RRDPS        Y   Y                          WD    W ATS D  TW F  VTP   D AYEE  GVI      VL I      W TK  G      T GF       KVFP    EV     K     E .D       F    ..        S  Y DGL HC    GE E..... V  NSNDPEA      LT   H     SI  
Aga117F_Saccharophagus_degradans_2_40_ABD8        LKG           RRDPS        Y   Y                          WD    W ATS D  TW F  ITP   D AYEE  GVI      VL V     VW TK  G      T GF       KVFP    EV     K     E .D       L    ..        A  K DDE H     GE E..... V  GSDNPED      KT   H     KI  
BpGH117_Bacteroides_plebeius_DSM_17135_EDY        LKG           RRDPS        Y   Y                          WD    W ATS D  TW Y  M P   D AYEE  GVV      ML I    YVW SK  G      T GF    E  KVFP    DI Y   K G   E .K E     L    ..        A  K GDT       SY P..... Q  AGDI KD      RC          L  
BuGH117B_Bacteroides_uniformis_NP_1_5TA7_1        LKG           RRDPS        Y   Y                          WD    W ATS D  TW Y  M P   D AYEE  GIV      MI V    YVW SK  G      T GF    E  KVFP    DI Y   K G   E .K M     L    ..        A  K GDK       SY E..... Q  AGDV NE      RC          I  
AhgA_Zobellia_galactanivorans_DsijT_CAZ987        LKG           RRDPS        Y   Y                          WD    W ATS D  TW F  LQP   D AYEE  GVV      II      YVW SK  G      T GF    E  KVFP    DI Y     G   Q GP       L    ..        A  KENGK       ST P..... Q  GGDI KD      RC       E  W  
Zg3615_Zobellia_galactanivorans_DsijT_CAZ9        LKG           RRDPS        Y   Y                          WD    W ATS D  TW F   T             I       VI      YVW T            G     D          EI Y   K G   Q .KY E   FDYNGHDGT S     K  YENGK      YRNTPTPPQ... AKNSN TIPSAD  LA          F  
Zg3597_Zobellia_galactanivorans_DsijT_CAZ9        LKG           RRDPS        Y   Y                          WD    W ATS D  TW F   T             I        I V    YIY TK                 D          EI Y     G   Q .KY R   FDYNNGDGT S     RP L NGK       RDTKVPPIGWNRAKEAT EIPSTD  LC       E  T  
consensus>70 #%....pLKGd.ayee..g!vRRDPS....vn..YyvwY.k..g......t.gf..d.e..kvfpWD..#!WyATSkDg.TW 

Short α-helices 

260       270       280       290       300        310          320       330       

NABH859_Pseudoalteromonas_sp_PA2MD11      SGHE        G A     DG E  T Q   DG NF I          A                      WG  H         V VW FRG I SLLTT  P KN I FA   I  E M  I G  P  IG  R               I   L   Y        V  N                      K        AH K G. E   LY PN.KG.FD.ENPAPG G   C K DA.
Aga117F_Saccharophagus_degradans_2_40_ABD8 SGHE        G A     DG E  T Q   DG NF I          A                      WG  H         V VWPYKG M TMLTT  P KN   WA   I  D MS I GA P  VG  R               I   LS  Y        A                     C   E         H K  . E   FF PE.SD.SD.D.PISG E     K DA.
BpGH117_Bacteroides_plebeius_DSM_17135_EDY SGHE        G A     DG E  T Q   DG NF I          A                      WG  H         V VWPYKG I SLITT  P KN L W    I  E MSVV GA P  IG  R               L   LT  Y        C                        SP           K  . H   LN SA.DA.EKEP..TEI R     I N..
BuGH117B_Bacteroides_uniformis_NP_1_5TA7_1 SGHE        G A     DG E  T Q   DG NF I          A                      WG  H         I VWPYKG I SLITT  P KN L W    I  E MSVI GA P  IG  R               L   LT  Y        C                        SP           P  . H   LN SA.DN.DKEP..TEI R     Q I..
AhgA_Zobellia_galactanivorans_DsijT_CAZ987 SGHE        G A     DG E  T Q   DG NF I          A                      WG  H         I VWPY G I SLITT  P KN I WA   I  E  SVI GV    IG  R               L   LT  Y        C    N                    P       K   P  NAH   LN TA.DV.EKEP..TEI R     I N..
Zg3615_Zobellia_galactanivorans_DsijT_CAZ9 SGHE        G A     DG E  T Q   DG NF I          A                      WG  H           LFPFK  M  LV      HN V YA   V    ASIV  M P  AG                  I   IS          TT     E   A  IR  T        E     N     EF . N   PYVADAFT.NTKY..GRG S     FTNAT
Zg3597_Zobellia_galactanivorans_DsijT_CAZ9 SGHE        G A     DG E  T Q   DG NF I          A                      WG  H            FPFK  V TLA      R  M YA   V  E ASVV  A P  A                   V   L           TTY    E      IK  N  Y     K           SL . T  APFAAD.AFTDSGN..GRG T   C FTNAS
consensus>70 SGHEv.vwp%kgGiA.$.ttDGpEknT.Q.a.DG!NF#I.sv!.g..p.Aig..r......e..........WGl.H.yn.. 

Sulf853_S1_19_Arylsulfatase                
PsS1_19A_Pseudoalteromonas_sp_PS47_6BIA    
PsS1_19B_Pseudoalteromonas_fuliginea_6PRM_1
consensus>70

1       10        20        30        40        50        60        70        80 

                         KPNI  I ADD G  D GF GS    TPN D LA  G  F   YV    CGPSRA                              VV     L Y     T    I    I     N                    MNNFLRLVLIILMCSIVIVDTFASE       L      G L     KE K     E  N  VS KNA  THPY      G
                         KPNI  I ADD G  D GF GS    TPN D LA  G  F   YV    CGPSRA                              IL     L Y     N    I    I     S                    MGSSHHHHHHSSGLVPRGSHMASEQ       V      A V     KD I     D  K  TS SDA  AHPF      A
                         KPNI  I ADD G  D GF GS    TPN D LA  G  F   YV    CGPSRA                              VL     A F     Q    L    L     S                    ..MGSSHHHHHHSSGLVPRGSHMAS       F      G F     TQ K     K  Q  VR TQG  SDST      G
.........................KPNI!.I.ADD.G%.D.GF.GS.#..TPN.D.LA..G..F.#.YV....CGPSRA. 
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Fig. 8. 

 

(a) Aly06_1914 (PL06)

(b) Aly17_1915 (PL17)
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Aly6_1914_Pseudoalteromonas_sp_PA2MD11 ....................................................................................M
Bcel_PL6_Bacteroides_cellulosilyticus_ .............................................................MGSSHHHHHHSSGLVPRGSHMKEY
AlyGC_Paraglaciecola_chathamensis_S18K ....................................MRANFQLSSLARPVYLSLALLAYGNA....................YAA
Phep_0789_Pedobacter_heparinus_DSM_236 ................................................................MKMLNKLAGYLLPIMVLLNVA
AlyF_Vibrio_splendidus_WP_116871951.1 MKKKLISVSIISAFTLAFATGCTTQEKTAPVISVAEQAVPSISEIDRSYLLSSDRLTEVDGN....................TLD
consensus>70 ..................................................................................... 

       10        20        30        40        50        60         70        80     

Aly6_1914_Pseudoalteromonas_sp_PA2MD11                                             G       G                           G                       T                     L   D VIL    WH    I     G    PI LK  T  KV LRLIKLNIIKLSLVILGCFS TIAAKDYLIDNKQAYAKIANT QA  T   QN V  DFE. VLSGQ SKQL  R  PQ K   I 
Bcel_PL6_Bacteroides_cellulosilyticus_                                             G       G                           G                                             L   D VVL    YH    I     G    PI  R  N  KA I.TFSP.KDV..........PAMK.......QLLGSGN.... QP  A   KD T  NLKE NFTGK VSGK  VW AE P   V 
AlyGC_Paraglaciecola_chathamensis_S18K                                             G       G                           G                       T                     A   D IIL    WR    V     G    PI LR  T  KV L...DL.LVK.......... PEA.......YDQALKK.... KP  D   AN T  DFE. LFEAK NENK  T  GQ P   F 
Phep_0789_Pedobacter_heparinus_DSM_236                                             G       G                           G                       S                     V     V I    YK    L     G    PI IK  N  KV  PCLGQ.VVA.......... NET.......LYQVVKE.... KP GL Q AD T  DVQ. IVSNS KSGL  T  AL P   FF
AlyF_Vibrio_splendidus_WP_116871951.1                                             G       G                           G                       Q                     L   D VVI    Y                 V IR  Q   A L...VA.SEE.......... VAA.......LKAQFEN.... KD  E   PN K ANLG.....QVTITAND T  AE A A W 
consensus>70 ............................................Gd.!i..#G...#.........g....p!....q..Gk... 

   90       100       110               120        130       140                150  

Aly6_1914_Pseudoalteromonas_sp_PA2MD11  G       G         F                                                                 S    L L    L A GLV   G              VI            SRVS  V D YN                  WV L  QSN R A QY H S    KN YTP......T.SA.  EFRNGKE.LAFN    EM I N  N.........PDKRESDY  A 
Bcel_PL6_Bacteroides_cellulosilyticus_  G       G         F                                                                 S    L I  E L L  LL                  MI          S  RMT  V D  N                  WV L  KLR K Y  Y Q ED   YKAWAI......G.HD.  DFQGEKGVYA FC   RC I EC D....PQKGERPNEGDEY  G 
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Alg17C_Saccharophagus_degradans_2-40_ABD82539.1          T L         T       HPNL  T  DV         S    D Y E     K   D   A G VV             AVL  V A            IV  Q    I              A       TNL   M   V  MLSVNTIKN L A   VS P  AQVSGNG       E   AN AASW.E ...Y A   QLNAD     AF  E    
consensus>70 .........T.L.........T.......HPNL!!T#.DV........#S....D.Y.E.....K.#.D..$A.G!VV 

      80        90       100       110       120       130       140       150

Aly17_1915_Pseudoalteromonas_sp_PA2MD11        P PKD GGGY HE HK NY     AG  YQ     KY  F  D LL YA  YP L  HP RK   Q PG LFWQSLNE L        S     K   LM     I  LS E   A  VR M      L  T            N  K             G       R     Q  YG  I     Q Q   D       E  A     DV  K  VKS             
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1 P PKD GGGY HE HK NY     AG  YQ     KY  F  D LL YA  YP L  HP RK   Q PG LFWQSLNE M        T     R   AI     L  VT D   L  AK L      M  S            S  R             A       Q     K  RN  F     G E   T       A  K     GE  N  ..E             
consensus>70 P$PKD.GGGY.HE.HK.NY.....AG..YQ...##KY..F..D$LL.YA.$YP.L..HP.RK...Q.PG.LFWQSLNE 

       160       170       180       190       200       210       220        

Aly17_1915_Pseudoalteromonas_sp_PA2MD11        A WLVY IQ YD I   L       IE     P A FLS   P TFNK HNHGTWA A VGM GYVLG    VE  L  M    T     L VE     D ND    L   V       Q      V                                      A      T TDQ I    HK LR   L   QG  S            T G   A     EPQW  KA Y
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1 A WLVY IQ YD I   L       IE     P A FLS   P TFNK HNHGTWA A VGM GYVLG    VE  L  V    S     A ID     E QE    V   M       S      I                                      G      G AAE K    SG FL   K   VE  E            V A   T     NDEL  IS M
consensus>70 A.WLVY.IQ.YD.I!#.L..##.##IE.....P.A.FLS...P.TFNK!HNHGTWA.A.VGM.GYVLG#.#.VE..L. 

230       240       250       260       270       280       290       300      

Aly17_1915_Pseudoalteromonas_sp_PA2MD11         LDK GK GF KQLD LFSP GYY EGPYYQR AL PF  FA AI  NEPERKI  YR  ILLKA  TTI LSY G F    S     L             N       F  L  V                    S     I            D      G       M    Q                  T  Q  AH       AH  D       D   Q   N L 
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1  LDK GK GF KQLD LFSP GYY EGPYYQR AL PF  FA AI  NEPERKI  YR  ILLKA  TTI LSY G F    T     M             T       Y  M  I                    N     V            G      A       K    D                  W  K  ET       FE  N       Y   D   A Y 
consensus>70 .LDK.GK.GF$KQLD.LFSP#GYY.EGPYYQR%AL$PF!.FA.AI..NEPERKI..YR#.ILLKA!.TTI#LSY.G.F 

 310       320       330       340       350       360       370       380    

Aly17_1915_Pseudoalteromonas_sp_PA2MD11        FPINDA K KGIDT ELVH     Y  TGD   LDIAQ QG I L GDGL VA A  EGL  PY  RS   GDG  GD      I       I     V VA  L   T              S         L     T  QF  VA                S          G T   G     GY     Q  Q I      E  N  D   A         F   SQ  
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1 FPINDA K KGIDT ELVH     Y  TGD   LDIAQ QG I L GDGL VA A  EGL  PY  RS   GDG  GD      L       V     L IV  I   N              T         V     Q  NY  IL                D          A A   S     TL     E  R S      K  K  G   T         L   AD  
consensus>70 FPINDA.K.KGIDT!ELVH...!.Y..TGD...LDIAQ#QG.I.L.GDGL.VA.A..EGL..PY#%RS!..GDG.#GD 

   390        400       410       420       430       440       450       460 

Aly17_1915_Pseudoalteromonas_sp_PA2MD11         GAL I R        AL  K  SQG GHGHFDKL W  YD G EIV DYGAAR LNVEAK GG YL ENN  AKQT            P      L       L        T       Q   S      F      F  R      SY    VE   V M .SK NGEQ   F PA              QF  K                         P          
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1  GAL I R        AL  K  SQG GHGHFDKL W  YD G EIV DYGAAR LNVEAK GG YL ENN  AKQT            G      V       M        N       N   T      Y      Y  H      TW    IQ   S H LGE HNHM   A NT              LL  N                         A          
consensus>70 #GAL.I.R........AL..K..SQG$GHGHFDKL.W..YD.G#EIV.DYGAAR%LNVEAK%GG.YL.ENN..AKQT! 

      470       480        490       500        510       520       530       

Aly17_1915_Pseudoalteromonas_sp_PA2MD11        AHNT VV E SHF  DV     H P  L F     Y   SS    N AY  VE  R   LV    L   I  D   V     V             Q         N F   E  SV     I    E      TLA   L       AI L S N       D I   NS  K GNK A .T    ETS  G    G.Q  T   E  LE      E KE GST     Y   
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1 AHNT VV E SHF  DV     H P  L F     Y   SS    N AY  VE  R   LV    L   I  D   V     L             T         S Y   D  QL     A    D      SML   V       VV V N S       N Q   YG  T ADL H EV    SGE  .    AKE  .   G  FV      N PS EHP     L   
consensus>70 AHNT.VV#E.SHF..DV...#.H.P..L.F%...#Y...SS..#.N.AY#.VE..R.$.LV#...L...I.!D...V. 

540       550       560       570       580       590         600          610

Aly17_1915_Pseudoalteromonas_sp_PA2MD11        A      DLPL   GQ ID  F        M  LGK NGYQHLWLR  A P  G A    TW     RFY      S      Q      Y       N  L  Q Q   A   K          Q          KV  L E     T   LS   SQPH L    H K  F  S  D NT S Q T              A  R EK V ..     N NG    ...   L
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1 A      DLPL   GQ ID  F        M  LGK NGYQHLWLR  A P  G A    TW     RFY      S      T      F       S  V  N N   M   R          T          RA  I D     S   VT   DKAS F    Y N  I  F  K KD K V K              N  . V. D SE     L D.    YAF   T
consensus>70 A......DLPL.%.GQ.ID..F....#.#.M..LGK.NGYQHLWLR..A.P..G.A....TW..##.RFY......S. 

       620       630       640       650       660       670        680       

Aly17_1915_Pseudoalteromonas_sp_PA2MD11               L    GANDPN NLR     IRRV       F S LEPHG Y  S E T  A S      H    G      N   S     V      F   N          V   Q I I        P           L  L   T Q  EL LV GEE F FTQ            EHGF    KG NRH          E N  K Y LV Q R SA S . Q  .  T 
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1        L    GANDPN NLR     IRRV       F S LEPHG Y  S E T  A S      H    G      S   N     L      Y   Q          A   S V V        G           V  V   S N  DV VP KKQ V IAE            QQVL    EK KQA          K D  L T SG Y N KS K V E  K  V 
consensus>70 ....#..L..#.GANDPN%NLR##...IRRV.......F!S!LEPHG.Y#.S.E.T..A.S......H..##G.#... 

 690       700       710         720       730                                

Aly17_1915_Pseudoalteromonas_sp_PA2MD11          L         A   N   S    K           G   V                                    IE        LI IN                            L                                     TVADKPY     N KDA KRSF YK..NQSYSLD HLG Y MTNI                              
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1   L         A   N   S    K           G   V                                    VD        VV LS                            V                                     K.DGSNV     Y AN. EQVH VNAGEEAIEWK FSS V RRK.                              
consensus>70 !#L........!A...N.#.S....K....##.....G...V...... 

 

  1        1 0         2 0         3 0         4 0         5 0             6 0         7 0   

Aly17_1915_Pseudoalteromonas_sp_PA2MD11                 T L         T       HPNL  T  DV         S    D Y E     K   D   A G VV             IAV  L I            VI  S    M              L       QQV   L   I  ..MKIFNFY G K   TA A  TCSAFAT       Q   EK RSALNQ GRFN R   ....L     QQ  F    
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1          T L         T       HPNL  T  DV         S    D Y E     K   D   A G VV             AVL  V A            IV  Q    I              A       TNL   M   V  MLSVNTIKN L A   VS P  AQVSGNG       E   AN AASW.E ...Y A   QLNAD     AF  E    
consensus>70 .........T.L.........T.......HPNL!!T#.DV........#S....D.Y.E.....K.#.D..$A.G!VV 

      8 0         9 0        1 0 0        1 1 0        1 2 0        1 3 0        1 4 0        1 5 0

Aly17_1915_Pseudoalteromonas_sp_PA2MD11        P PKD GGGY HE HK NY     AG  YQ     KY  F  D LL YA  YP L  HP RK   Q PG LFWQSLNE L        S     K   LM     I  LS E   A  VR M      L  T            N  K             G       R     Q  YG  I     Q Q   D       E  A     DV  K  VKS             
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1 P PKD GGGY HE HK NY     AG  YQ     KY  F  D LL YA  YP L  HP RK   Q PG LFWQSLNE M        T     R   AI     L  VT D   L  AK L      M  S            S  R             A       Q     K  RN  F     G E   T       A  K     GE  N  ..E             
consensus>70 P$PKD.GGGY.HE.HK.NY.....AG..YQ...##KY..F..D$LL.YA.$YP.L..HP.RK...Q.PG.LFWQSLNE 

       1 6 0        1 7 0        1 8 0        1 9 0        2 0 0        2 1 0        2 2 0         

Aly17_1915_Pseudoalteromonas_sp_PA2MD11        A WLVY IQ YD I   L       IE     P A FLS   P TFNK HNHGTWA A VGM GYVLG    VE  L  M    T     L VE     D ND    L   V       Q      V                                      A      T TDQ I    HK LR   L   QG  S            T G   A     EPQW  KA Y
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1 A WLVY IQ YD I   L       IE     P A FLS   P TFNK HNHGTWA A VGM GYVLG    VE  L  V    S     A ID     E QE    V   M       S      I                                      G      G AAE K    SG FL   K   VE  E            V A   T     NDEL  IS M
consensus>70 A.WLVY.IQ.YD.I!#.L..##.##IE.....P.A.FLS...P.TFNK!HNHGTWA.A.VGM.GYVLG#.#.VE..L. 

2 3 0        2 4 0        2 5 0        2 6 0        2 7 0        2 8 0        2 9 0        3 0 0       

Aly17_1915_Pseudoalteromonas_sp_PA2MD11         LDK GK GF KQLD LFSP GYY EGPYYQR AL PF  FA AI  NEPERKI  YR  ILLKA  TTI LSY G F    S     L             N       F  L  V                    S     I            D      G       M    Q                  T  Q  AH       AH  D       D   Q   N L 
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1  LDK GK GF KQLD LFSP GYY EGPYYQR AL PF  FA AI  NEPERKI  YR  ILLKA  TTI LSY G F    T     M             T       Y  M  I                    N     V            G      A       K    D                  W  K  ET       FE  N       Y   D   A Y 
consensus>70 .LDK.GK.GF$KQLD.LFSP#GYY.EGPYYQR%AL$PF!.FA.AI..NEPERKI..YR#.ILLKA!.TTI#LSY.G.F 

 3 1 0        3 2 0        3 3 0        3 4 0        3 5 0        3 6 0        3 7 0        3 8 0     

Aly17_1915_Pseudoalteromonas_sp_PA2MD11        FPINDA K KGIDT ELVH     Y  TGD   LDIAQ QG I L GDGL VA A  EGL  PY  RS   GDG  GD      I       I     V VA  L   T              S         L     T  QF  VA                S          G T   G     GY     Q  Q I      E  N  D   A         F   SQ  
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1 FPINDA K KGIDT ELVH     Y  TGD   LDIAQ QG I L GDGL VA A  EGL  PY  RS   GDG  GD      L       V     L IV  I   N              T         V     Q  NY  IL                D          A A   S     TL     E  R S      K  K  G   T         L   AD  
consensus>70 FPINDA.K.KGIDT!ELVH...!.Y..TGD...LDIAQ#QG.I.L.GDGL.VA.A..EGL..PY#%RS!..GDG.#GD 

   3 9 0         4 0 0        4 1 0        4 2 0        4 3 0        4 4 0        4 5 0        4 6 0  

Aly17_1915_Pseudoalteromonas_sp_PA2MD11         GAL I R        AL  K  SQG GHGHFDKL W  YD G EIV DYGAAR LNVEAK GG YL ENN  AKQT            P      L       L        T       Q   S      F      F  R      SY    VE   V M .SK NGEQ   F PA              QF  K                         P          
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1  GAL I R        AL  K  SQG GHGHFDKL W  YD G EIV DYGAAR LNVEAK GG YL ENN  AKQT            G      V       M        N       N   T      Y      Y  H      TW    IQ   S H LGE HNHM   A NT              LL  N                         A          
consensus>70 #GAL.I.R........AL..K..SQG$GHGHFDKL.W..YD.G#EIV.DYGAAR%LNVEAK%GG.YL.ENN..AKQT! 

      4 7 0        4 8 0         4 9 0        5 0 0         5 1 0        5 2 0        5 3 0        

Aly17_1915_Pseudoalteromonas_sp_PA2MD11        AHNT VV E SHF  DV     H P  L F     Y   SS    N AY  VE  R   LV    L   I  D   V     V             Q         N F   E  SV     I    E      TLA   L       AI L S N       D I   NS  K GNK A .T    ETS  G    G.Q  T   E  LE      E KE GST     Y   
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1 AHNT VV E SHF  DV     H P  L F     Y   SS    N AY  VE  R   LV    L   I  D   V     L             T         S Y   D  QL     A    D      SML   V       VV V N S       N Q   YG  T ADL H EV    SGE  .    AKE  .   G  FV      N PS EHP     L   
consensus>70 AHNT.VV#E.SHF..DV...#.H.P..L.F%...#Y...SS..#.N.AY#.VE..R.$.LV#...L...I.!D...V. 

5 4 0        5 5 0        5 6 0        5 7 0        5 8 0        5 9 0          6 0 0           6 1 0

Aly17_1915_Pseudoalteromonas_sp_PA2MD11        A      DLPL   GQ ID  F        M  LGK NGYQHLWLR  A P  G A    TW     RFY      S      Q      Y       N  L  Q Q   A   K          Q          KV  L E     T   LS   SQPH L    H K  F  S  D NT S Q T              A  R EK V ..     N NG    ...   L
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1 A      DLPL   GQ ID  F        M  LGK NGYQHLWLR  A P  G A    TW     RFY      S      T      F       S  V  N N   M   R          T          RA  I D     S   VT   DKAS F    Y N  I  F  K KD K V K              N  . V. D SE     L D.    YAF   T
consensus>70 A......DLPL.%.GQ.ID..F....#.#.M..LGK.NGYQHLWLR..A.P..G.A....TW..##.RFY......S. 

       6 2 0        6 3 0        6 4 0        6 5 0        6 6 0        6 7 0         6 8 0        

Aly17_1915_Pseudoalteromonas_sp_PA2MD11               L    GANDPN NLR     IRRV       F S LEPHG Y  S E T  A S      H    G      N   S     V      F   N          V   Q I I        P           L  L   T Q  EL LV GEE F FTQ            EHGF    KG NRH          E N  K Y LV Q R SA S . Q  .  T 
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1        L    GANDPN NLR     IRRV       F S LEPHG Y  S E T  A S      H    G      S   N     L      Y   Q          A   S V V        G           V  V   S N  DV VP KKQ V IAE            QQVL    EK KQA          K D  L T SG Y N KS K V E  K  V 
consensus>70 ....#..L..#.GANDPN%NLR##...IRRV.......F!S!LEPHG.Y#.S.E.T..A.S......H..##G.#... 

 6 9 0        7 0 0        7 1 0          7 2 0        7 3 0                                 

Aly17_1915_Pseudoalteromonas_sp_PA2MD11          L         A   N   S    K           G   V                                    IE        LI IN                            L                                     TVADKPY     N KDA KRSF YK..NQSYSLD HLG Y MTNI                              
Alg17C_Saccharophagus_degradans_2-40_ABD82539.1   L         A   N   S    K           G   V                                    VD        VV LS                            V                                     K.DGSNV     Y AN. EQVH VNAGEEAIEWK FSS V RRK.                              
consensus>70 !#L........!A...N.#.S....K....##.....G...V...... 
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