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Abstract: Marine microorganisms play key roles in every margcological process, hence the growing interest in
studying their populations and functions. Microbé@mmunities on algae remain underexplored, howelespite their
huge biodiversity and the fact that they differ kealy from those living freely in seawater. Thedstwf this microbiota
and of its relationships with algal hosts shouldve crucial information for ecological investigats on algae and
aquatic ecosystems. Furthermore, because theseargenisms interact with algae in multiple, compleays, they
constitute an interesting source of novel bioactteenpounds with biotechnological potential, suchdabalogenases,
antimicrobials and alga-specific polysacchariddses. agarases, carrageenases, alginate lyases).tblelemonstrate the
huge potential of alga-associated organisms and thetabolites in developing future biotechnologiapplications, we
first describe the immense diversity and densitthete microbial biofilms. We further describe thmmplex interactions
with algae, leading to the production of specificdetive compounds and hydrolytic enzymes of biotedogical interest.
We end with a glance at their potential use in wedind industrial applications.
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Introduction: surface-associated marine microor ganisms

Marine microorganisms live freely in seawater (jtamic microorganisms) or attached to biotic oradibi surfaces.
Microorganisms on a surface commonly form a biofiltefined as dn assemblage of microbial cells that is irrevelgib
associated with a surface and enclosed in a matfiprimarily polysaccharide materialDonlan 2002). This matrix,
called the exopolysaccharide layer, allows closatiap proximity, enhancing communication and intéigns among
bacteria and between bacteria and their host ({Kiiaal. 1985; Pasmore and Costerton 2003; Wilsal. 011). In the
marine environment, where competition for space autfients is intense, the surfaces of marine ewitas such as
invertebrates and algae offer a nutrient-rich tahihiquely suited for microbial colonization andflm formation (Egan
et al. 2008; Goecke et al. 2010). As such surfacesighly complex and differentiated, marine mixgab biofilms should
constitute a huge source of diversity, and the dyadt communities forming them should differ cormsibly in
composition from populations of pelagic bacteridd®y, although bacteria in marine environmentsraost often surface-
associated, previous investigations have prepontgrmcused on the diversity of planktonic micrganisms rather than
on microbial epibionts. Yet although investigatars increasingly using both culture-dependent amkpendent methods
to zoom in on microbial symbionts living on the faiges of organisms such as corals, sponges, tasjcand macroalgae
(Erwin et al. 2011; Rohwer et al. 2002; Taylor t2003; Wegley et al. 2007; Wilson et al. 2010k biotechnological
potential of these symbionts remains little disedssn this review we focus on microbial biofilms marine macroalgae,
including their potential importance in developifigure biotechnological applications. We discuss thiversity and
density of these biofilms and the factors influemgcthe microbial communities that live on diverdgah species. We
further outline interactions between algae andrtepibionts leading to the production of metabslité biotechnological
interest. Particularly, we review the state of #meon algal-specific polysaccharidases from sedveessociated bacteria.
Finally we draw attention to the potential impotarof these microorganisms and their metabolitesh @is secondary

bioactive compounds and specific hydrolytic enzynfi@shiotechnological applications in diverse isttial fields.
Diversity of microorganisms on algae

Microorganisms are very abundant on the surfacemarfne organisms (> 1.1x3@nicroorganisms/cm?) (Cundell et al.
1977). Although the microorganisms observed andtified on the surfaces of diverse algae includasig fungi, and
protists (Armstrong et al. 2000; Cundell et al. 19Genilloud et al. 1994; Schaumann and Weide 198%ida and
Murata 2004), most available reports on alga-aasedi microbial populations concern bacteria. Tloeeethis review
focuses mainly on alga-associated bacterial comtiesni

The density of bacteria on algal surfaces has lbeémated by cell counts under the microscope (Ellied al. 1977), by
culture-based methods (Mazure and Field 1980),mndholecular approaches (Armstrong et al. 2000)aiMdensities
between 10and 18 bacteria/crhalgal surface have been recorded. There is somieosersy regarding the composition
of bacterial communities on algae. Bacterioplankstudies have shown most marine bacteria to be gegative, but
recent studies on marine-sediment-associated Imdiave revealed a large proportion of gram-pasifdacteria, too
(Gontang et al. 2007). Table 1 shows the most admthdrepresented phyla (and classes or ordetsaatEria identified on
diverse algal species, with the sampling locatiod gaeason. Gram-negative bacteria of the pBdateroidetesand
Proteobacteriaemerge as the most abundant, having been foungramtically all the listed algal species (Table 1).
Although gram-negative bacteria appear to prepatdergram-positive species are also present. Iticpkar, gram-
positive bacteria of the phylactinobacteriaandFirmicuteshave been observed on most algae (Table 1). Op spaties
or in a particular season, other bacterial phytaalao be abundant. For instance, Bengtsson fetusid peptidoglycan-less
Planctomycetespecies to dominate the bacterial biofilm on thé kaminaria hyperboredor long periods of the year
(Bengtsson et al. 2010; Bengtsson et al. 2013; Beng and @vreds 2010). Ocean surface water shoplsylam

distribution quite similar to that of algal surfaoacteria, the most abundantly represented phykingltheProteobacteria
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(particularly the classAlpha-proteobacterip (Morris et al. 2002), followed by th&acteroidetes Actinobacteria
Planctomycetesand Chloroflexi (Longford et al. 2007). At the bacterial genus apcies levels, however, recent
investigations have revealed notable differencesomposition between epibacterial communities dred gurrounding
bacterioplankton communities (Burke et al. 2011lachnit et al. 2011; Longford et al. 2007). This gesis that
colonization patterns are host-specific and strprnigfluenced by the seaweed, because of physicochémonstraints,
such as cell wall component diversity (Michel etZdl10a; Popper et al. 2011), and/or active deferezhanisms (Cosse et
al. 2007; Potin et al. 2002). Table 1 further shohed the sampling season and region and the spgadies or phylum can
influence community composition. In fact, diversetbrs shape the composition of alga-associategi@gopulations:

(i) Recent studies on bacterial biofilm compositioave shown it to vary considerably with takgal phylum (green,
brown, or red algae) and, to a lesser extent, ihittalgal species (Lachnit et al. 2009; Longford et al. 2007). Lomgf et
al. compared the bacterial beta-(between host) apta-(within host) diversity of the marine spon@Ggmbastela
concentricaand two co-habiting algae species, the red Biglisea pulchraand the green alddlva australis(Longford et
al. 2007). Between the two algal species, the conitjwpatterns were very similar at bacterial phyllewel, but at
bacterial species level little overlap was obsentethnit et al. focused on compositional variapiamong the bacterial
communities associated with diverse species oftttee algal phyl&hodohpytaChlorophytaandPhaeophytglLachnit et
al. 2009). They found that host phylum seems totrimrte more than host species to dissimilarityejpibacterial
composition, explaining this dissimilarity on theadis of different physico-chemical properties anetaholite
compositions and more or less effective defenseham@sms (Potin et al. 2002) and/or attractantsni®as and Costerton
2003). For instance, brown algae produce and setaege amounts of mannitol (Gravot et al. 2010)aén carbon storage
compound (Michel et al. 2010b). This organic exadats recently shown to affect the formation offibits of marine
bacteria such aPseudolatermonaspp. 3J6 and D41 andobellia galactanivorangSalaiin et al. 2012). This latter
microorganism, which was isolated from the red d)gdesseria sanguine@Barbeyron et al. 2001), is a model bacterium
for the study of bacteria-seaweed interactions padicularly the bioconversion of algal polysacdties (Michel and
Czjzek 2013).

(i) The part of the thallus sampled and its age also influence both the composition and the spetyfiof the bacterial
population. On the brown aldaaminaria saccharinafor example, Staufenberger et al. (2008) fourgtemter bacterial
diversity on the old phyloid than on any other gHrthe alga, explaining it on the basis of tisage/mechanical stress: this
tissue should contain more damaged cells vulnerédbldacterial decomposition, enhancing bacteridbrugation.
Furthermore, the association appeared most spdcifie.,, between-specimen variability was lowest) the meristem
(where new tissue is formed) and cauloid. On altspaf the alga, however, the bacterial communitiéfered markedly
from those of the surrounding seawater. The authisis point out that the composition of the baatesommunity present
on the substratum-anchored rhizoid is likely tdeefthe presence, in the substratum, of othermaasiganisms with their
own surface communities.

(iif) Seasonal changes in the composition of alga-associated bacterigdutetions have also been recorded. Mazure and
Field (1980) observed on the brown algaeminaria saccharina predominance of mesophilic bacteria in summéh &
switch to a more psychrophilic population in wintér similar seasonal shift was observedl@aminaria digitata(Corre
and Prieur 1990; Salaiin 2009). Furthermore, battabundance can be two to three times greateunmer, likely
because the higher temperature favors enhanceabiatimetabolism (Rao 2010). Moreover, Stratil et(&tratil et al.
2013) studied the shift in diversity and density bafcterial populations of. vesiculosusvhen cultured at different
temperatures. They found 20% of the bacterial dityervariation between host groups to be due toperature, but
bacterial density was not affected by this factor.

(iv) Rapid changes in bacterial community compositand abundance have also been obsebpebseen healthy and

bleached (diseased) algal tissues. On diseased macroalgae, the density of bacteriatingat microfoulers can be as much
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as 400 times that found on healthy tissues (Wegdreet al. 1994)Furthermore, comparative metagenomics applied to
healthy and bleached tissuesnfpulchrahas evidenced differences in bacterial taxa andtfonal genes (Fernandes et
al. 2012). These shifts have been explained bycetidefenses in stressed thalli (due to high sunteraperature),
leading to colonization by opportunistic and patiig bacteria

(v) Finally, Burke et al. (2011a), studyiridlva australis observedintraspecies differences in bacterial community
composition.They noted similar functional profiles for the commmities found on different specimens, suggestireg th
(functional) genes, rather than bacterial specieay explain the diversity of bacterial epibionts alyae. These
intraspecies differences were also observe#.oresiculosugStratil et al. 2013). As only 20% of the commuynitriation
could be explained by temperature changes, a lprgportion of variation between hosts is left urakped. This

strengthens the ‘functional profile’ theory of Berkt al.
Alga-associated microor ganisms produce specific enzymes and bioactive compounds

Microorganisms on algae, through their complex angherous interactions with the host, constituténamense source of
bioactive compounds and specific polysaccharidablerefore, before discussing the biotechnologicaéntial of algal
epibionts and their metabolites, we will have angk at microorganism-alga interactions and at ibéethnologically

useful bioactive compounds and enzymes producedgayassociated microorganisms.
Seaweed-associated bacteria produce alga-specific polysaccharidases

It is generally assumed that microorganisms berigdiin the ready availability of a range of orgaw@rbon sources
produced by the host alga. Green, red, and brogaeaproduce a wide diversity of complex polysaddesrwhich are
essential components of their cell walls (Poppeaal.e2011). These polysaccharides constitute aarbmomass in coastal
ecosystems. Interestingly, in contrast to the pmdgbarides of terrestrial plants, most algal palgkarides are non-
lignocellulosic and sulfated (Popper et al. 201\hereas lignocellulosic biomass consists of cedi@jolignin, and
hemicelluloses, macroalgal biomass is much moreptem About ten different polysaccharides (e.g.ragearrageenans,
ulvans) and as many monosaccharides (e.g. glucwsenose, xylose), are found over the three algglapfdung et al.
2013). Accordingly, alongside common polysacchamda(e.g. cellulases, beta-glucosidases and amylasey specific
carbohydrate-active enzymes are found in microdsgas living on algae. Here we present the curregie ©f knowledge
on these enzymes (see http://www.cazy.org/, Cadnéral., 2009), focusing solely on those charao¢er at both the

molecular and biochemical levels, and particularithose whose 3D structure has been determindie(Pa

Carrageenases

Carrageenans and agars are sulfated galactans.af@dfie main cell wall components of red macraalopper et al,
2011). Carrageeenases are currently divided inteetttlasses according to the number of sulfate titudasts per
disaccharide repeating unit which are specificagognized: kappa- (1 sulfate, EC 3.2.1.83), idfa-sulfates, EC
3.2.1.157) and lambda-carrageenases (3 sulfates3.E@.-). All these enzymes cleayel,4 glycosidic bonds in
carrageenans.

Kappa-carrageenase genes have been cloned fronaldeseudoalteromonaspecies (Barbeyron et al. 1994; Kobayashi et
al. 2012; Liu et al. 2011), frordobellia species (Barbeyron et al. 1998; Liu et al. 2088} fromCellulophaga lytica
strain N5-2 (Yao et al. 2013). The correspondingyemes belong to glycoside hydrolase family 16 (GH(Barbeyron et
al. 1994). The kappa-carrageenas® o€arrageenovoradopts & jelly-roll fold and displays a tunnel active s{téigure
1A). These features suggest that this enzyme hasndo-processive mode of action (Michel et al. 200&nd this

prediction has been biochemically confirmed (Leraa@h al. 2009).



The first cloned iota-carrageenase genes origindteth the marine bacteriunAlteromonas fortisand from Z.
galactanivoransand their productdefined the GH82 family (Barbeyron et al. 2000).dAinal iota-carrageenase genes
have been cloned froi@ellulophagasp. QY3, a flavobacterium isolated from the regh&brateloupia livida(Ma et al.
2013),and fromMicrobulbifer thermotoleransJAMB-A94T, a deep-sea bacterium (Hatada et al.120The iota-
carrageenase CgiA @¥. fortis adopts a right-handeithelix fold with two additional domains (A and B) the C-terminal
region (Michel et al. 2001b). Upon substrate bigdithe ¢/B)-fold domain A shifts towards thg-helix cleft, forming a
tunnel that encloses the iota-carrageenan chamui(&ilB), thus explaining the highly processiverabger of CgiA
(Michel et al. 2003). A mechanistic study has destiated that CgiA is chloride ion dependent and ttsacatalytic
residues are Glu245 and Asp247 (Rebuffet et aloOp01

Lambda-carrageenases constitute a new GH familglated to kappa- and iota-carrageenases (Guilst 2007). Only
two genes have been cloned so far, one from theesghassociated bacteriuPn carrageenovorgGuibet et al. 2007) and
one from the deep-sea bacteriBiseudoalteromonasp. strain CL19 (Ohta and Hatada 2006). The prsdefcthese genes
are highly similar (98% sequence identity), exglagmwhy no CAZY family number has yet been attrédzli{Cantarel et al.
2009). These large enzymes (~105 kDa) feature actawplexity linker connecting two independent madlan N-

terminal domain predicted to fold ag-gropeller and a C-terminal domain of unknown fimt{Guibet et al. 2007).

Agarases

Agarases are divided into two classes, alpha-agar@sC 3.2.1.158) and beta-agarases (EC 3.2..8i9h respectively
hydrolyze a-1,3 andp-1,4 linkages between neutral agarose motifs irr abains. The first alpha-agarase activity was
purified and characterized froidteromonas agarlyticusventy years ago (Potin et al. 1993). The gene laias cloned,
revealing a large enzyme (154 kDa) with a complexdutar architecture including five calcium-bindittgombospondin
type 3 repeats, three family-6 carbohydrate-bindimaglules (CBM6s), and a C-terminal catalytic modidéining a novel
GH family (GH96) (Flament et al. 2007). Bioinforntastudies suggest that the CBM6s specifically kagadrs and were
acquired from modular GH16 beta-agarases (Michel.e2009). A highly similar alpha-agarase (72%usagre identity)
has also been cloned frofhalassomonasp. JAMB-A33, a strain isolated from marine seditr{&latada et al. 2006).
Beta-agarases are found in four unrelated CAZY liamiGH16, GH50, GH86, and GH118 (Cantarel e2@09). The first
beta-agarases to be both structurally and bioctsiyicharacterized were the GH16 beta-agardgggiaA andZgAgaB
of Z. galactanivorangAllouch et al. 2003; Jam et al. 200ZgAgaA is an extracellular monomeric enzyme with al6H
module appended to a putative CBM and a PorSStsetidomain, whileZgAgaB is a dimeric lipoprotein anchored to the
outer membrane (Jam et al. 2005). In both enzythesGH16 module displaysfajelly-roll fold with an open catalytic
groove (Allouch et al. 2003). Two agar-binding siteave been identified in the structureZghgaAch16 complexed with
oligo-agars: one in the active site cleft and ohdha external surface of the protein, explainihg high agar-fiber-
degrading efficiency of this enzyme (Allouch et @004). The crystal structure of a third beta-agarérom Z.
galactanivoranshas been solved recently. ZgAgaD has a longelytiatgroove with 8 subsites (Figure 1C) and iscifie
for unsubstituted agarose motifs (Hehemann etGl22). Numerous GH16 beta-agarases have been dimmdacteria
isolated from seawater or marine sediments, batively few from seaweed-associated bacteria (Kiwh ldong 2012; Oh
et al. 2010; Schroeder 2003; Yang et al. 2011).

The first GH50 beta-agarase was cloned fidibrio sp. JTO107, isolated from seawater in Japan (Sugtal. 1993). So
far, however, no GH50 gene has been cloned fromlgarassociated microorganism. The first structfra GH50 beta-
agarase was determined last year: Aga50D f&awocharophagus degradafBluvinage et al. 2013 his bacterium was
isolated from a halotolerant land plant in a sadirsh, and is thus not a genuine marine microorga(sndrykovitch and

Marx 1988). Aga50D features two domainspa)s-barrel connected to a sméhsandwich domain reminiscent of a CBM



(Figure 1D). The putative catalytic residues (GWZhd Glu695) are located in an active site witliranel topology, in
keeping with the exo-lytic mode of action of thisté#-agarase (Pluvinage et al. 2013)

One of the first characterized beta-agarases (Agwgs purified from Pseudoalteromonas atlanticdc6, a
gammaproteobacterium isolated in Canada from tHealgaRhodymedia palmatéyaphe 1957). Its gene remained an
orphan sequence for a long time (Belas 1989), bafefining the GH86 family (Cantarel et al. 2009. other GH86 beta-
agarase has been characterized from alga-assobmttztia.

The GH118 family includes only 8 sequences fromingabacteria, and none of them was isolated froseawveed-
associated bacterium. The first GH118 beta-aganase cloned fronVibrio sp. PO-303 (Dong et al. 2006). The beta-
agarase oPseudoalteromonasp. CY24 has also been extensively characterime@aling a large binding site with 12
subsites. This GH118 enzyme proceeds accordingnechanism of inversion of the anomeric configommt{Ma et al.
2007), in contrast to GH16 beta-agarases, whiclviaca retaining mechanism (Jam et al. 2005). Hmailfes GH50 and
GHB86 are also predicted to encompass retainingreezy(Pluvinage et al. 2013). Currently there isGi#86 or GH118
beta-agarase of known 3D structure, although a neentions the crystallization of a beta-agarasemfro
Pseudoalteromonasp. CY24 (Ren et al. 2010).

Porphyranases

Porphyran is the usual name of the agar extractau fed algae of the gendorphyra The porphyran backbone is
composed of ~30% agarose repetition moieties (LA#3& remaining moieties being essentially L-gapgtanose-6-
sulfate (L6S) linked via an-1,3 bond to a beta-D-galactopyranose (G) residugorphyran repetition moiety (L6S-G) is
linked via ap-1,4 linkage to either another porphyran moietycoan agarose moiety (Correc et al. 2011). Suchbaich
structure is usual for agars, and the number oplpean motifs varies according to the red algalcsse (Popper et al.
2011). Recently, a new class of enzymes has bsenwdired in the genome &f galactanivoransp-porphyranases, which
specifically hydrolyze th@-1,4 linkage between porphyran motifs in agars.sEhenzymes define a new subfamily within
the GH16 family. The crystal structures &gPorA (Figure 1E) an@gPorB reveal a porphyran binding mode involving
conserved basic amino acids (Hehemann et al, 20h@) fine differences in substrate specificity betw theB-agarases
and B-porphyranases of. galactanivoranshave been further studied, and a comprehensiveeinfod this complex
agarolytic system has been proposed (Hehemann 20&Pa). Fascinatingl\3-porphyranase genes from algal epibionts
have been found in human gut bacteria isolated flapanese individuals, suggesting that edible ssdsvevith their
associated marine bacteria were the route throuplchwthe gut bacteria acquired these novel polysaigases
(Hehemann et al. 2010). This hypothesis is strangit by the experimental demonstration that thenksge gut bacterium
Bacteroides plebeiusan grow on porphyran (Hehemann et al. 2012b).elgher, the putative glycoside hydrolases
BpGH16B and BpGHB86A have been characterized aseggtporphyranases. The structure of BpGH86A in a cempl
with an oligo-porphyran has also been solved (FgLF), revealing a TIM barrel domain with an extshdubstrate-
binding cleft and two accessofftsandwich domains (Hehemann et al. 2012b). Thus8685Enzymes constitute a

polyspecific family including botif-agarases angiporphyranases.

a-1,3-(3,6-Anhydro)-L-galactosidases

Z. galactanivorandas also been pivotal in the discovery of a thlebs of enzymes involved in the catabolism of sigar
the hypothetical protein Zg4663, distantly related GH43 enzymes, has emerged as a speaiflc3-galactosidase
catalyzing the removal of 3,6-anhydro-L-galactossidues from the non-reducing ends of oligo-agalsased bys-
agarases, hence the namé,3-(3,6-anhydro)-L-galactosidaségAhgA, also known as-1,3-L-neoagarooligosaccharide
hydrolase). It defines a new family of glycosidediglases, the GH117 family (Rebuffet et al. 2014)gA features a

helix-turn-helix (HTH) domain connected to a fiviatbedp-propeller domain and forms a dimer by swappinthefHTH
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domain (Figure 1G). The putative catalytic residyestially conserved with GH43 enzymes, are lataethe bottom of
the funnel-like active site. The mechanisnZghhgA is cation dependent, and a zinc ion has bdentified in the active
site, with an unusual coordination sphere occupigdvater molecules. The amino acids binding theagemwvmolecules
(and thus indirectly this cation) are strictly censed with the GH117 family(Rebuffet et al. 201Tvo homologs of
ZgAhgA have been characterized more recer8NABH from S. degradansandBpGH117 fromB. plebeius While no
cation was found in the structure 8ENABH (Ha et al. 2011)BpGH117 features a magnesium ion at the position
conserved withZgAhgA (Hehemann et al. 2012c), suggesting a degfeplasticity for this cation-binding site. The
structure of an inactive mutant BpGH117 has also been determined, in a complex wdtragarobiose, identifying key
residues for substrate recognition and catalysisiustagenesis approach has confirmed the involveofefinte residues in
catalysis: Asp90, Asp245, and Glu303 (conservedamily GH43), Glul67 (involved in the cation-bindirsite), and
His302 (Hehemann et al. 2012c).

Alginate lyases

Alginate is a polymer of D-mannuronate and of iss€pimer L-guluronate. It is an expolysaccharidesame bacteria and
also the main cell wall compound of brown algaepffts et al. 2011). Interestingly, genomic analyss provided
evidence that the common ancestor of brown alggeiied the alginate biosynthesis pathway from atiacteria (Michel
et al. 2010a). This highlights the importance cdoasated bacteria in the evolution of macroalgalginate lyases (EC
4.2.2.3) are the key enzymes in alginate degradai@ remodeling, to be found in seven polysacdbdsiase families:
PL5, PL6, PL7, PL14, PL15, PL17, and PL18. Desfhiteimportance of algal alginate as renewable b&smanost of the
characterized alginate lyases originate from atgiproducing bacteria and from terrestrial bactée®ding on bacterial
alginate (Cantarel et al. 2009). Only five genegehlaeen cloned from seaweed-associated bacteré BL7 genes (Han
et al. 2004; Kim et al. 2009; Malissard et al. 1p88d two PL18 genes (Li et al. 2011; Sawabe e2G)1). Knowledge in
this field has recently advanced with the char@déion of the alginolytic system &. galactanivorangThomas et al.
2012). This flavobacterium possesses seven algiyade genes (two PL6, three PL7, one PL14, andPti& gene) and a
PL15 gene of uncertain specificity. Five of thesaes are organized in clusters: a small clusigAg, alyAS5, alyA6) and a
large cluster includinglyA2 alyA3 and numerous carbohydrate-related genes predicted involved in alginate uptake
and assimilation and in transcriptional regulatidimese clusters have been shown to be genuine repénduced by
alginate.ZgAlyAl, ZgAlyA4, ZgAlyA5, and ZgAlyA7 have been overexpressedBscherichia coliand confirmed to be
active alginate lyaseZg2622 andZg2614 are, respectively, a dehydrogenase and aekifasher converting the terminal
unsaturated monosaccharides released by algiretedyto 2-keto-3-deoxy-6-phosphogluconate (Thomak 2012). An
in-depth study has demonstrated tAgAlyAl (PL7) is an endolytic guluronate lyase (EQ.2.11), andZgAlyA5 (PL7)
cleaves unsaturated units,L-guluronate, or3-D-manuronate residues at the nonreducing enddigid-alginates in an
exolytic fashion (EC 4.2.2.-). Despite a commonyjebll fold, these striking differences in mode a€tion are due to
different active site topologies: an open clefZghlyAl (Figure 1H), whereaggAlyA5 displays a pocket topology due to
the presence of additional loops partially obstngcthe catalytic groove (Figure 11). Lastly, inntast to PL7 alginate
lyases from terrestrial bacteria, both enzymes g@dcaccording to a calcium-dependent mechanisngestigg an

exquisite adaptation to their natural substratdéncontext of brown algal cell walls (Thomas et28l13).

Fucoidanases

Fucoidans are sulfated polysaccharides contaiathgfucose residues and present in the cell wabmiwn algae. They
encompass a continuous spectrum of highly ramgiggsaccharides, ranging from high-uronic-acid, dewifate polymers
with significant proportions of D-xylose, D-galasty and D-mannose to highly sulfated homofucan cotds (Popper et

al, 2011). Only one fucanolytic gene has been ddoedate: the fucoidanasecA from Mariniflexile fucanivoransSW5
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(Colin et al. 2006). This marine flavobacterium viggated from a water-treatment facility that releg the effluent from
an algal alginate extraction plant (Barbeyron e2@0D8; Descamps et al. 2006). FcnA encompassBistarminal catalytic
module (~400 residues), three immunoglobulin-likedues, and a PorSS secretion module. A recombipastein
including the N-terminal module and the immunoglaiblike modules has been overexpressedtircoli, purified, and
shown to retain the same activity as the wild-tgpeyme. This fucoidanase releases as end prodtetsasaccharide and
a hexasaccharide, and cleavesdttigd glycosidic bonds between L-fucose-2,3-diseHatl,3-L-fucose-2-sulfate repeating
units. The N-terminal catalytic module displays %2&lentity to two patented fucoidanases from thetdoéal strain SN-
1009, and together these three proteins definevel family of glycoside hydrolases, family GH1070(@ et al. 2006).

Laminarinases

Laminarin, the storage polysaccharide of brownealgaa small vacuolar beta-1,3-glucan containidg glucosyl residues
and some occasionfitl,6-linked branches. It includes two series, theamG-series, containing only glucose residues,
and the more abundant M-series, displaying a D-italnresidue at the reducing end (Read et al. 1996 unique
presence of mannitol in laminarin is also explaibgdhe horizontal gene transfer event involving toammon ancestor of
brown algae and an ancestral actinobacterium (Miehal. 2010b). Laminarinases (EC 3.2.1.6 andl33®2) are found in
several GH families (GH16, GH17, GH55, GH64, GH&hd GH128). Numerous beta-1,3-glucanases of teglest
bacteria have been characterized in the conteteoflegradation of cell-wall beta-1,3-glucans afdil oomycetes, and
land plants. Amazingly, however, among all the ahterized beta-1,3-glucanases reported in the CAlAtabase
(Cantarel et al. 2009), only one laminarinase geag been cloned from a seaweed-associated bacteahenGH16
laminarinaseZzglLamA of Z. galactanivorangLabourel et al. 2014). The 3D structureZaf.amAgyi6 and of two enzyme-
substrate complexes, one with laminaritetraoseamedwith a trisaccharide of 1,3-134D-glucan, have been determined
this year. Compared to other GH16 laminarinasekalt\sH1s CONtains a unique additional loop which gives atlshape
to the active-site cleft of the enzyme. This paittc topology is perfectly adapted to the U-shapedformation of
laminarin chains in solution, and thus explainsghedominant specificity of ZgLamAGH16 for this stifate (Labourel et
al. 2014).

Ulvan lyases

Ulvans are the main cell-wall components of grelgae of the genubllva (Popper et al. 2011). These complex sulfated
polysaccharides are composed mainly of sulfateddmnose, D-glucuronic acid and its C5-epimer Ldic acid, and a
minor fraction of D-xylose (Lahaye and Robic 2007he first described ulvanolytic bacterium was ased at a “green
tide” site in the Saint-Brieuc Bay (Brittany). THiacterium was not further characterized, but ai-pemified enzyme was
shown to cleave thg-(1,4) linkage between L-rhamnose-3-sulfate (Rha&®) D-glucuronic acid (GIcA), releasing an
oligosaccharide with an unsaturated uronic acithatnon-reducing end. This enzyme was thus a potysaide lyase,
referred to as an ulvan lyase (Lahaye et al. 199¢ only ulvan lyase gene to have been cloned okésined from
Persicivirga ulvanivorans(Nyvall Collén et al. 2011a flavobacterium isolated from the faeces of thdluso Aplysia
punctatahaving fed orlva sp. (Barbeyron et al. 2011). This enzyme is erntdognd cleaves the glycosidic bond between
the sulfated rhamnose and a glucuronic or iduraeid. The sequence of this ulvan lyase has no aiityilto known

proteins (Nyvall Collén et al. 2011) and is curhgrin unclassified polysaccharide lyase in the CAfAtabase.
Microorganisms enhance algal defense, growth, and nutrient uptake

An increasing number of reviews discuss the beraftontribution of microorganisms to algae, andabty their role in
improving algal defense and nutrient uptake anstimulating algal morphology and algal spore geation (Barott et al.
2011; Egan et al. 2013; Goecke et al. 2010; Haedled. 2012). Alga-associated bacteria contribatalgal defense by



producing antimicrobial and antifouling compoundfgilson et al. 2011). Table 3 shows diverse alg@css on which
bacteria with antimicrobial activities have beereritified. Some 27% of isolated strains, on the ayer show
antimicrobial/antibacterial activity. The percergaig much lower for planktonic strains isolatednirseawater (only 7%
show antimicrobial activity) and even lower in &strial samples (Penesyan et al. 2009). The mpsésented bacterial
genera araBacillus, Pseudoalteromonas, Pseudomomas StreptomycesGram-positiveBacillus and Streptomyceand
gram-negativePseudomonasand Pseudoalteromonaare genera known for their ability to produce bioge compounds
(Bhatnagar and Kim 2010).

Prokaryotes have also been observed to synthesizessary vitamins (Croft et al. 2006; Croft et24l05) and growth
factors (Dimitrieva et al. 2006; Tsavkelova et24106) and to improve algal growth by making thesmpounds accessible
in sufficient amount.

Lastly, microbial epibionts produce common hydriay¢nzymes that improve algal nutrient uptake aedetbpment. A
bacterial strain isolated from the red al§argassum serratifoliupfor example, was shown to contain, in addition to
agarase activities, diverse other hydrolytic atiégi such as amylase, alkaline phosphatase, estenaslipase (C143-
galactosidase, and urease activities (Kim and H¥@). In other bacterial strains also foundSamgassum spamylase,
carboxymethylcellulase, and protease activitiesewleund (Mohapatra et al. 2003). An alkaline serprotease with
potential use in the laundry industry was foun@acillus megateriunRRM2, isolated from a red alga species (Rajkumar
et al. 2011). Furthermore, bacterial enzymes suclipases and esterases (Rajkumar et al. 2011)jasss (Dong et al.
2010; Fu et al. 2010; Gibbs et al. 1992), proteéSestobal et al. 2011; Yang et al. 2013), amydadoth et al. 1993; Liu
et al. 2012), laccases (Fang et al. 2012; Ge €2(dl1), and beta-glucosidases (Cristébal et al920Mi et al. 2013),
distantly related to terrestrial ones and displgyamiginal biochemistry, are increasingly beinglased from the marine
environment.

All these interesting bioactive compounds and eregymroduced by microorganisms in interaction wilda@ might

predictably be very useful in diverse medical amtlistrial applications, as described in the nectice.
Interest of macroalga-associated microor ganismsin biotechnological applications
Medical and pharmaceutical applications

Microbial pathogens are becoming increasingly tasisto antibiotics, making some human infectiongeatable. Hence,
new antimicrobial compounds of natural origin, specifically targeting certaiathogens, are urgently needed. The marine
environment is increasingly explored for such comqts. Although marine macroorganisms, includingajgare known

to produce many interesting antimicrobial, antifalhgnd potentially therapeutic compounds (Engell.e2002; Kubanek
et al. 2003; Mayer and Gustafson 2003; Paul andig?W®pP04; Steinberg and de Nys 2002; Takamatsal.e2003),
ensuring a continued supply of eukaryotic compows®sms quite impossible. Producing such compourmdsgdwequire
growing macroorganisms in large quantity, and thisuld require much time and space (Dobretsov et2@06).
Furthermore, the chemical synthesis of complex euwltic compounds is difficult. Therefore as micrganisms on algae
release many bioactive compounds that prevent sixtercolonization by other microorganisms, larvae,algae, they
could represent an interesting source of new aatohials (see Table 2), easily exploitable as thmduce compounds
faster in large quantity and are easier to cultWiereover, marine microorganisms seem extremelydywtve of
secondary metabalites: in addition to antimicrobial metabolites, theywhabeen found to produce antitumor, anticancer,
cytotoxic, and photoprotective compounds (Bhatnaayaat Kim 2010). For example, it has recently bekows that
phloroglucinol, a precursor of brown algal phlorotas used in medicine to treat abdominal pain §8hay et al. 2007), is
synthesized by a polyketide synthase acquired tfirdworizontal gene transfer (HGT) from an ancestctinobacterium
(Meslet-Cladiere et al. 2013). This highlights theortance of bacterial epibionts both in algal lation and as a source

of interesting bioactive compounds (Meslet-Cladietral, 2013). Lastly, algal-polysaccharide-degrgdénzymes have a
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wide range of medical and pharmaceutical applioatidbecause they produce remarkable biologicaltyive
oligosaccharides with properties useful in maintaining human healfluch as anticoagulant (Pereira et al. 1999;
Pushpamali et al. 2008), anti-inflammatory (Bertaad Mulloy 2003), antioxidant (Hatada et al. 200iép et al. 2012), or
immunostimulating activity (Bhattacharyya et al.1B). Furthermore, oligosaccharides derived froman$s agars,
carrageenans, alginates, and other less known plggsaccharides are explored for their potentsg¢ as prebiotics
favoring gut health in humans and animals (O'Saliwet al. 2010). To obtain active oligosaccharidéh the desired
properties, enzymatic production with specific &dgalysaccharide-degrading enzymes is requiredmisoorganisms on

algae are main producers of such specific enzytheg,represent a great source of them.
Production of biofuels

The need to preserve fossil fuels has promptectasing efforts to produce biofuels. Initial effoft&€used on producing
biofuels from plant biomass. Unfortunately, usihgstbiomass requires complex extraction methodstaltiee presence of
recalcitrant polysaccharides such as lignocellul&sethermore, to obtain plant biomass one neeus flar cultivation, in
competition with human and animal food. Therefanen-lignocellulosic macroalgal biomass, requiring land for
cultivation and possessing a high carbohydrateeriinseems an interesting alternative for biofuetpction. Promising
results have been obtained in studies aiming talyme bioethanol from brown algae (Enquist-Newmaralet2013;
Wargacki et al. 2012) or red algae (Kim et al. 201 of these studies used microbial enzymesatly or indirectly, to
degrade specific algal polysaccharides. For exanvgigacki et al. (2012) usétkcherichia colistrains transformed with
DNA encoding enzymes involved in alginate transpartd metabolism, in combination with an extracalul
depolymerization system, to metabolize alginate symthesize ethanol. Kim et al. (2012) used seveialobial agarases
to saccharify agarose to monosugars for furthenéetation to ethanol. Lastly, the very recent stafinquist-Newman
et al. (2013) used bacterial alginate and manmiawabolism genes iBaccharomyces cereviside metabolize alginate
monomers (4-deoxy-L-erythro-5-hexoseulose uronad@s) mannitol from brown seaweeds, for further famtation of
sugar to ethanol. These recent promising works detrate the advantage of identifying algal polybacide-degrading

enzymes and the encoding genes for the productigreen energy.

Industrial applications

The diversity of non-lignocellulosic, sulfated pognd monosaccharides makes algal hydrocarbon®atiteg for diverse
industrial and biotechnological applications (sesbl€ 4). The most used and studied alga-specifigspocharides are
agars and carrageenans (red algae), ulvans (gigees) aalginates, laminarin, and sulfated fucoid@mewn algae) (Popper
et al. 2011)Polysaccharide biotechnology uses enzymes or enzyme systems to convert cartaibyoblymers to added-
value new polysaccharides (De Ruiter and Rudolpfi71%nd thus requires hydrolytic enzymes such awasgs,

carrageenases, alginate lyases, fucoidanases,ypangises, and sulfatases to modify useful algaisaccharides, improve
their structures, and enhance their functionalitMereover, enzymatic hydrolysis is increasinglgwed as a promising
alternative to current chemical extraction methg@avrilescu and Chisti 2005). Therefore, indusstal also seek
hydrolytic enzymes with commonly exploited actiedj e.g. proteases, cellulases, amylases, betasglases and
laccases, but with original properties making trentable for new applications. To date, most enzy/omed in industry
have been isolated from microorganisms living imdstrial environments, mainly soils. Marine micrganisms, being
exposed to extreme temperature, pressure, salanty,nutrient availability conditions, should prd&inew enzymes with
original biochemistry and characteristics (Kennetlyl. 2011). Lastly, alga-associated microbial cumities respond to
their exposure to alga-derived metabolites by pcodua range ofpecific compounds, potentially of biotechnological
interest. For example, various industries use lalated compounds that become a hazard when thewgnd the

environment. Many studies therefore focus on opgiimgi their biodegradation by microbial dehalogesaégwanson



1999). Alga-associated microorganisms constitutpotential source of dehalogenases, as they appeaesist the

halogenated metabolites that algae produce asasiemechanism (Potin et al. 1999).
Prospectsfor exploiting algal epibionts

As shown in the first part of this review, microangsms living on algae are highly diverse but uagplored. The
composition of alga-associated microbial commusitiaries, for example, according to the alga phyiumd species, the
season, and the age of the thalli. Furthermoréhese microorganisms constantly metabolize algadymts, they produce
numerous specific enzymes and secondary metahdfitesn their immense diversity and their constativiy stems their
great potential as a source of novel and originaymes and metabolites. Furthermore, specific Hyticoenzymes with
novel biochemistry are increasingly sought for &finological applications in biomass and biofueldoiction, medicine,
and wide-ranging industrial applications. Algal ysdccharidases identified to date (such as agaremeageenases, and
alginate lyases) display very specific structured @diochemistry, related only distantly to thosekobwn terrestrial
glycoside hydrolases. This highlights their hugéeptal for new and original biotechnological usesl the importance of
investigating these interesting enzymes.

Most published investigations on algal epibiontsl aheir metabolites have relied on cultivation noelh To our
knowledge, indeed, all specific enzymes isolatethfalgal epibionts have been obtained from culterahicrobial strains.
Some high-throughput screens of algal microbial momities have been performed, but functional metagecs has not
been used to identify new microbial enzymes andabwdites. Functional metagenomics and techniquebk ss high-
throughput sequencing are powerful means of gaikimgyvledge on the microorganisms composing theskenexplored

communities and of identifying novel metabolitesl @pecific enzymes produced by alga-associateciest
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Table 1 Most represented bacterial phyla (class and oatediverse algal species

AlgaePhyla  Algae specie Sample region Sample Most bacterial represented phylum (and/or class) Source
season
Phaeophyta  Fucus vesiculosus Kiel fijord (Western Winter Bacteroidetes, Planctomycetes, Proteobacteria (@kphd Gamma) (Lachnit et
Baltic Sea, Germany) Summer Bacteroidetes, = Cyanobacteria,  Proteobacteria  (AlphgRhodobacterales)), al. 2011)
Verrucomicrobia '
Fucus vesiculosus Kiel fjord (Western Winter Actinobacteria, Bacteroidetes (Flavobacteria), Ficotes (Bacilli) (Goecke et
Baltic Sea, Germany) Summer Bacteroidetes (Flavobacteria), Firmicutes (BacjlBroteobacteria (Gamma) al. 2013)
Dictyota bartayresiana Island of Curacao (Not Bacteroidetes, Cyanobacteria, Protecbacteria (Barott et al.
(Netherlands Antilles) specified) 2011)
Laminaria digitata Roscoff (France) (Not Actinobacteria, Bacteroidetes, Proteobacteria (A@nd Gamma) (Salalin et al.
specified) 2010)
Laminaria saccharina Kiel fjord (Western Winter  and Actinobacteria, Bacteroidetes, Firmicutes, Protectesia (Alpha, Beta and Gamma) (Wiese et al.
Baltic Sea, Germany) Summer 2009)
Laminaria hyperborea Southwest coast of Summer Plantomycetes, Proteobacteria (Alpha, Beta and GajnWerrucomicrobia (Bengtsson ef
Norway Winter Bacteroidetes, Cyanobacteria, Plantomycetes, Plmeteria (Alpha, Beta and al. 2010;
Gamma), Verrucomicrobia Bengtsson
and @vreas
2010)
Rodophyta Gracileria Kiel fijord (Western Winter Bacteroidetes, Proteobacteria (Alpha (Rhodobactsand Rhizobiales)) (Lachnit et
vermiculophylla Baltic Sea, Germany) Summer Bacteroidetes, Proteobacteria (Alpha (Rhodobactsyl al. 2011)
Jania rubens Cap Zebib (northern Summer Bacteroidetes, Proteobacteria (Alpha and Gamma) (Ismail-Ben
coast of Tunisia) Ali et al.
2011)
Delisea pulchra Bare Island (Sydney, Summer Bacteroidetes, Proteobacteria (Alpha), Planctomgset (Fernandes e
Australia) al. 2012)
Delesseria sanguinea Kiel fjord (Western Winter Actinobacteria, Bacteroidetes (Flavobacteria), Ficotes (Bacilli), Proteobacteria (Goecke et
Baltic Sea, Germany) (Gamma) al. 2013)
Summer Bacteroidetes (Flavobacteria), Firmicutes (BacjlBroteobacteria (Gamma) '
Chlorophyta Ulva intestinalis Kiel fijord (Western Winter Bacteroidetes, Proteobacteria (Alpha (Rhizobiakas) Gamma) (Lachnit et
Baltic Sea, Germany) Summer Bacteroidetes, Proteobacteria (Alpha (Rhodobactsalnd Rhizobiales) and Gamma) al. 2011)
Ulva sp. Wembury Beach, (Not Bacteroidetes (Flavobacteria), Proteobacteria (AdpfiRhodobacterales)) (Tait et al.
Devon, UK specified) 2009)
Ulva australis Bare Island (Sydney, Winter Bacteroidetes, Planctomycetes, Proteobacteria (Akphd Gamma) (Burke et al.
Australia) 2011b;
Tujula et al.
2010)
Bryopsis hypnoides Pacific Mexican coast Winter Bacteroidetes (Flavobacteria and unclassified), IMates (Mycoplasmataceae), (Hollants et
Bryopsis pennata Bacteroidetes (Flavobacteria) al. 2011)
Caulerpa taxifolia Mediterranean (Not Cytophaga-Flexibacter-Bacteroides (CFB), Proteoksiet (Alpha and Beta)
Tabhiti specified) Proteobacteria (Alpha and Delta) (Meusnier et
Philippines Proteobacteria (Alpha ,Delta and Gamma) al. 2001)
Australia Cytophaga-Flexibacter-Bacteroides (CFB), Proteoksiet (Alpha and Beta)
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Table 2 Census of the algal-specific polysaccharidases Beaweed-associated bacte@aly enzymes characterized at the molecular anchieimical level have been considered. Some

bacterial sequences from other environments hage &dded when they constitute representative ertimyawivities or 3D structure.

Protein CAZY Bacterial species Associated algal species Genbank PDB References
(or isolation habitat)
B= brown-1,3-(3,6-Anhydro)-
L-galactosidases
n alga, G= green alga, R= Red
alga
Carrageenases
K-carrageenasecCgkA GH16  Pseudoaltermonas carrageenovék@dCC seawater CAA50624.1 1DYP  (Barbeyron et al. 1994
43555 Michel et al. 2001a)
K-carrageenase GH16  Pseudoalteromonas porphyrael Decayed seaweed ADD92366.1 - (Liu et al. 2011)
K-carrageenaségCgkA GH16  Zobellia galactanivoran®sij Delesseria sanguine@) CAZ94309.1 - (Barbeyron et al. 1998)
K-carrageenase GH16  Zobelliasp. ZM-2 Decayed seaweed AGS43006.1 - (Liu e2Gil3)
I-carrageenas&fCgiA GH82  "Alteromonas fortis"ATCC 43554 Seawater CACO07801.1 1H80  (Barbeyron et al. 2000
1KTW  Michel et al. 2001b
3LMW  Michel et al. 2003
Rebuffet et al. 2010)
I-carrageenaségCgiAl GH82  Zobellia galactanivoran®sij Delesseria sanguine@) CAC07822.1 - (Barbeyron et al. 2000)
I-carrageenasegCgiA2 GH82  Zobellia galactanivoran®sij Delesseria sanguine@) CAZ96312.1 - (Rebuffet et al. 2010)
I-carrageenaseégCgiA3 GH82  Zobellia galactanivoran®sij Delesseria sanguine@) CBwW46642.1 - (Rebuffet et al. 2010)
I-carrageenase CgiA GH82  Cellulophagasp. QY3 Grateloupia livida(R) AEV89930.1 - (Ma et al. 2013)
I-carrageenase CgiB GH82  Cellulophagasp. QY3 Grateloupia livida(R) AGN70890.1 - (Ma et al. 2013)
\-carrageenasecCglA GHnc  Pseudoaltermonas carrageenovék@dCC seawater CAL37005.1 - (Guibet et al. 2007)
43555
\-carrageenase CglA GHnc Pseudoalteromonasp. CL19 Deep-sea sediment BAF35571.1 - (Ohta 20a6)
Agarases
a-agaraséaAgaA GH96  “Alteromonas agarlytica’DSM 12513 Seawater AAF26838.1 - (Potin et al. 1993)
Flament et al. 2007)
a-agarase Aga33 GH96 Thalassomonas agarivorans JABSB Deep-sea sediment BAF44076.1 - (Hatada eta6p
B-agaras&gAgaA GH16  Zobellia galactanivoran®sij Delesseria sanguine@) CAZ98338.1 104Y  (Allouch et al. 2003
1URX  Allouch et al. 2004
Jam et al. 2005)
B-agaras&gAgaB GH16 Zobellia galactanivoran®sij Delesseria sanguing@) AAF21821.1 104z (Allouch et al. 2003
AATF Jam et al. 2005
Hehemann et al. 2012a)
B-agaras&gAgaD GH16 Zobellia galactanivoran®sij Delesseria sanguine@) CAZ98378.1 4ASM  (Hehemann et al. 2012a
B-agarase AagA GH16 Pseudoalteromonas gracil39 Gracilaria gracilis (R) AAF03246.1 - (Schroeder et al. 2003)
B-agarase GH16 Pseudoalteromonasp. AG4 Chondrus crispu¢R) ADD60418.1 - (Oh et al. 2010)
B-agarase AgaYT GH16 Flammeovirga yaeyamensid Gracilaria tenuistipitata(R) AEK80424.1 - (Yang et al. 2011)
B-agarase AgaGl GH16 Alteromonassp. GNUM-1 Sargassum serratifoliur{B) AGW43026.1 - (Kim et al. 2012)
exof-agarase AgaD GH50 Saccharophagus degradafsiO Spartina alterniflora ABD81904.1 4BQ2 (Pluvinage et al. 2013a)
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(salt marsh plant) 4BQ3

4BQ4

4BQ5
B-agarase Il (AgrA) GH86 Pseudoalteromonas atlantideéc Palmaria palmataR) ABG40858.1 - (Belas 1986)
B-agarase AgaC GH118 Vibrio sp. PO-303 seawater BAF03590.1 - (Dong et al. 2006)
B-agarase AgaB GH118 Pseudoalteromonasp. CY24 seawater AAQ56237.1 - (Ma et al. 2007)
Porphyranases
B-porphyranas@gPorA GH16  Zobellia galactanivoran®sij Delesseria sanguine@) CBM41182.1 3ILF (Hehemann et al. 2010)

4ATE
B-porphyranas&gPorB GH16 Zobellia galactanivoran®sij Delesseria sanguing@) CAZ95074.1 3Juu (Hehemann et al. 2010)
B-porphyranas8pGH16B GH16 Bacteroides plebeiudSM 17135 Japanese gut microbiota EDY95423.1  4AWMMHehgmann et al. 2013)
B-porphyranas8pGH86A GH86  Bacteroides plebeiudSM 17135 Japanese gut microbiota EDY95427.1 4AW7 (Hehemann et al. 2013)

a-1,3-(3,6-anhydro)-L -galactosidases

ZgAhgA GH117 Zobellia galactanivoran®sij Delesseria sanguine@) CBM41465.1 3P2N  (Rebuffet et al. 2011)
SANABH GH117 Saccharophagus degradagst0 Spartina alterniflora ABD81917.1 3R4Y (Haetal. 2011)
(salt marsh plant) 3R4Z
BpGH117 GH117 Bacteroides plebeiudSM 17135 Japanese gut microbiota EDY95405.1  4AKHHehemann et al. 2012b)
4AK6
4AK7
Laminarinases
Algal laminarin-specifi@- GH16  Zobellia galactanivoran®sij Delesseria sanguine@) CAZ96583.1 4BOW (Labourel et al. 2014)
glucanas&gLamA 4BPZ
4BQ1
Fucoidanases
FucoidanasfFcnA GH107 Marineflexile fucanivoran§W5 Alginate-extraction factory CAI47003.1 - (Colin et al. 2006)
Alginate lyases
Alginate lyaseZgAlyA4 PL6 Zobellia galactanivoran®sij Delesseria sanguing@) CAZ98265.1 - (Thomas et al. 2012)
endo-guluronate lyaségAlyAl PL7 Zobellia galactanivoran®sij Delesseria sanguine@) CAZ95239.1 3ZPY (Thomas et al. 2012)
(Thomas et al. 2013)
exo-alginate lyasggAlyA5 PL7 Zobellia galactanivoran®sij Delesseria sanguing@) CAZ98266.1 4BE3 (Thomas et al. 2012)
(Thomas et al. 2013)
poly-mannuronate lyase AlIxM PL7  Photobacteriunsp. ATCC 43367 Sargassum fluitan@) CAA49630.1 - (Mallisard et al. 1993)
alginate lyase Alyl PL7 Streptomycesp. ALG-5 green seaweed (G) AAP47162.1 - (Kim e2G09)
alginate lyase AlyVI PL7 Vibrio sp. QY101 Laminariasp. (B) AAP45155.1 - (Han et al. 2004)
Alginate lyaseZgAlyA7 PL14 Zobellia galactanivoran®sij Delesseria sanguine@) CAZ98462.1 - (Thomas et al. 2012)
poly-MG alginate lyase alyPEEC PL18 Pseudoalteromonas elyakolAiM14594 Laminariasp. (B) AAD16034.1 - (Sawabe et al. 2001)
alginate lyase Aly-SJ02 PL18 Pseudoalteromonasp. SM0524 Kelp (B) ACB87607.1 - (Lietal. 2011)
Ulvan lyases
ulvan lyase PLnc Persicivirga ulvanivoran®LR Feces ofAplysia punctatdsea AEN28574.1 - (Nyvall-Collen et al. 2011)

hare) feed witiUlva sp. (G)
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Table 3 Percentages and genera of bacterial strains exigjlaihtimicrobial activities, isolated on seaweeds.

% of isolated strains with
Algae phyla Algae species antimicrobial activities Bacteria genera identified with antimicrobial activities Source
(total isolated strains)
Phaeophyta Laminaria saccharina 49% (210) 2aC|IIus, Glaciecola, Kopriimonas, MesorhizobiunmseBdoalteromonas, ' (Wiese et al. 2009)
treptomyces,
Pelvetia canaliculata 7 % (55)
Fucus ceranoides 13 % (45) Alteromonas, Pseudomonas (Lemos et al. 1985
Fucus vesiculosus. 53% (69) Bacillus, Parracoccus, Pseudomonas, Streptomyces (Gogglig)et al.
Sargassum serratifolium
Sargassum fusiforme
Sargassum filicinum
Padina arborescens (Kanagasabhapath
Undaria pinnatifida 20% (116) Bacillus et%l 2006)p Y
Petalonia fascia '
Colpomenia sinuosa
Scytosiphon lomentaria
Ecklonia cava
Rodophyta Delesseria sanguinea 51% (97) Algoriphagus, Mlcrpbacterlum, Paenibacillus, Psealieromonas, (Goecke et al.
Streptomyces, Zobellia 2013)
Jania rubens 36 % (19) Aquamarina, Bacillus, Paracoccus, PseudoalterompRasudomonas (Ism:lll—zBoelnl,)All et
Pachymeniopsis  lauceola
Plocamium telfairiae
Gelidium amansii
Chondrus oncellatus (Kanagasabhapath
Grateloupia filicina 33% (92) Bacillus, Microbacterium, Psychrobacter, Vibrio et%l 2008)p Y

Ceramium kondoi
Lomentaria catenata
Schizymenia dubyi Porphyra
yezoensis

Delisea pulchra 12% (325)

Micrococcus, Phaeobacter, Pseudoaltermonas, Rhodobacteraceae,
Roseobacter, Ruegeri, Schwenalla, Vibrio

(Penesyan et al.
2009)

Chlorophyta

Ulva australis 12% (325)

Bacillus, Flavobacteriaceae, Phaeobacter, Photobactn , Roseobacter

(Penesyan et al.
2009)

Enteromorpha intestinalis 34 % (46)
Enteromorpha compressa 18% (33)
Ulva lactuca 13 % (45)

Alteromonas, Pseudomonas

(Lemos et al. 1985
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Table 4 Industrial applications using algal polysaccharides

Industrial domain Industrial use Algal polysaccharides Source

Phar macy Laxative Agars (Bixler and Porse
Toothpaste Carrageenans 2010; Jiao et al. 2011;
Therapeutic peptides Carrageenans, Fucoidans Jung et al. 2013; Li et
Pharamaceutical tablet desintegrant Alginates al. 2008; McHugh
Medical fiber Alginates 2003)
Wound dressing Alginates
Controlled release of medical drugs and other cbalsi Alginates

Dietary food

Alginates, Carrageenans

Food industry

Gelling properties

Agars, Carrageenans

(McHugh 2003)

Stabilizer Agars, Alginates

Thickener Agars, Alginates

Meat substitute Agars

Wine clarification Agars

Prevent pulp precipitation in fruit juices Alginates

Conservation of frozen fish Alginates
Laboratory Bacterial growth Agar (McHugh 2003)
Phytophar macie Activate signal pathway in plants and enhance ihninune system AIgiqate;, Carrageenans, Fucans, (Veraetal. 2011)

Laminarin, Ulvan

Paper industry Smooth paper Alginates (McHugh 2003)
Textileindustry thickeners for the paste containing the dye Alginates (McHugh 2003)

Biofuel

Biogas, bioethanol, biobutanol

Alginate, Laminarin, Mannitol

(Jung et al. 2013;

Wargacki et al. 2012)

Other industry

Welding rod
Immobilized biocatalyst

Alginates
Alginates

(McHugh 2003)
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Fig. 1 Representative crystal structures of algal specific-polysaccharidases.

Structure of the GH16 kappa-carrageenase fPgspudoalteromonas carrageenovdrg PDB 1DYP), of the
GHB82 iota-carrageenase frohiteromonas fortisn complex with oligo-iota-carrageenans (B, PDBTIK), of
the GH16 beta-agarase ZgAgaD fr@abellia galactanivoran$C, PDB 4ASM), of the GH50 exo-beta-agarase
Aga50D fromSaccharophagus degradaimscomplex with an oligo-agar (D, PDB 4BQ5), oétBH16 beta-
porphyranase ZgPorA fro& galactanivoransn complex with an oligo-porphyran (E, PDB 3ILEf,the GH86
beta-porphyranase BpGH86A frddacteroides plebiué~, PDB 4AW7), of the GH11d-1,3-(3,6-anhydro)-L-
galactosidase ZgAhgA frol. galactanivorangG, PDB 3P2N), of the GH16 laminarinase ZgLamArirad.
galactanivorans in complex with an oligo-lamingth PDB 4BOW), of the PL7 endo-guluronate lyase
ZgAlyA1l from Z. galactanivorangl, PDB 3ZPY), and the PL7 exo alginate lyase Agh¥d from Z.
galactanivorangJ, PDB 3ZPY). Th@-strands and the-helices are represented by arrows and ribbons,
respectively. The oligosaccharides are displayeld avstick representation. With the exception oAEgA, all
the structures are colored with a rainbow spectinam the N- (blue) to the C-terminus (red). Chatnand B of
ZgAhgA are colored in pink and green, respectivéhis figure was prepared with the program Pymol.
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