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Marine microbes are a rich source of enzymes for the degradation of diverse
polysaccharides. Paraglaciecola hydrolytica S66' is a marine bacterium capable of
hydrolyzing polysaccharides found in the cell wall of red macroalgae. In this study, we
applied an approach combining genomic mining with functional analysis to uncover
the potential of this bacterium to produce enzymes for the hydrolysis of complex
marine polysaccharides. A special feature of P hydrolytica S66' is the presence of a
large genomic region harboring an array of carbohydrate-active enzymes (CAZymes)
notably agarases and carrageenases. Based on a first functional characterization
combined with a comparative sequence analysis, we confirmed the enzymatic activities
of several enzymes required for red algal polysaccharide degradation by the bacterium.
In particular, we report for the first time, the discovery of novel enzyme activities targeting
furcellaran, a hybrid carrageenan containing both p-carrageenan and k/p-carrageenan
motifs. Some of these enzymes represent a new subfamily within the CAZy classification.
From the combined analyses, we propose models for the complete degradation of
agar and «k/p-type carrageenan by P hydrolytica S66'. The novel enzymes described
here may find value in new bio-based industries and advance our understanding
of the mechanisms responsible for recycling of red algal polysaccharides in marine
ecosystems.

Keywords: marine bacteria, carbohydrate-active enzymes, algal polysaccharides, agarase, carrageenase,
furcellaran, GH16

INTRODUCTION

Macroalgae contain complex and diverse polysaccharides (e.g., agars, carrageenans, alginates,
and fucoidans), which constitute a carbon source for a range of marine bacteria (Martin et al,
2014). Hence, understanding the bacterial mechanisms for polysaccharide degradation is crucial to
decipher carbon fluxes in marine ecosystems (Azam and Malfatti, 2007; Arnosti, 2011). Bacteria of
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the phyla Bacteroidetes and Proteobacteria are often associated
with macro- and microalgae and can degrade a range of marine
polymeric carbon (Martin et al., 2015). Community-based studies
have shown that Bacteroidetes are the first taxon to respond
to algal blooms (Teeling et al., 2012, 2016), followed later by
Alpha- and Gammaproteobacteria. Accordingly, Bacteroidetes
generally encode a larger enzymatic potential for carbohydrate
degradation than other bacterial phyla (Barbeyron et al., 2016b).
These Carbohydrate Active enZymes (CAZymes) often cluster
in polysaccharide utilization loci (PULs), which by definition
contain the entire capacities for sensing, degradation, transport,
and metabolism of a given polysaccharide (Grondin et al., 2017).
In Bacteroidetes, PULs have traditionally been recognized by the
presence of tandem SusC/SusD-like proteins encoding a TonB-
dependent transporter and a carbohydrate-binding lipoprotein,
respectively (Martens et al., 2011; Terrapon and Henrissat, 2014).
More recent results show that the PUL paradigm can be extended
and also covers degradation systems lacking SusC/SusD pairs
(Ficko-Blean et al., 2017; Grondin et al., 2017); e.g., those present
in Gammaproteobacteria (Neumann et al., 2015).

Degradation of various algal polysaccharides such as
alginate, agar, and carrageenan have been investigated through
genomic and functional analysis, in particular, of the marine
Flavobacterium Zobellia galactanivorans (Hehemann et al., 2012;
Thomas et al., 2012, 2017; Barbeyron et al., 2016b; Ficko-Blean
et al, 2017). Likewise, similar enzyme systems have been
described in other Bacteroidetes members such as Gramella
forsetii (Bauer et al, 2006; Kabisch et al, 2014), Formosa
agariphila (Mann et al., 2013), and Polaribacter spp. (Xing
et al., 2015). Gammaproteobacteria have also been connected
to polymer degradation. Mesocosm studies have indicated
that members of the Alteromonadaceae family dominate the
bacterial community during algal polysaccharide degradation
in some ecological niches (Wietz et al., 2015; von Scheibner
et al., 2017). For instance, Alteromonas macleodii was found to
be abundant during alginate degradation (Wietz et al., 2015)
and subsequent studies have verified the presence of alginate
utilization systems in some ecotypes (Neumann et al, 2015).
Likewise, Glaciecola agarilytica dominated an agar-degrading
community (Wietz et al., 2015) in accordance with the agarolytic
phenotype reported for this bacterium (Yong et al., 2007). Several
other genera within the Alteromonadaceae family have been
connected with agarolytic activities such as Agarivorans (Kim
et al., 2016), Gayadomonas (Chi et al., 2013), and Catenovulum
(Yan et al., 2011), however, little is known about the responsible
enzymatic systems within these taxa. Paraglaciecola hydrolytica
S661 represents a newly isolated Gammaproteobacterium of the
Alteromonadaceae family, which has the ability to degrade both
agar and carrageenan (Bech et al, 2017). These abilities have
been highlighted by the detection of various genomic systems
for polysaccharide degradation (Schultz-Johansen et al., 2016).
More insight into the enzymatic machineries of these taxonomic
groups may result in a deeper understanding of their role in
marine ecosystems.

Agars and carrageenans are major cell wall polysaccharides
in different phyla of red macroalgae. In their simplest forms,
these polysaccharides are composed of a backbone built

from disaccharide blocks (-bioses, Supplementary Figure 1)
of D-galactose and 3,6-anhydrogalactose (L-AHG in agar and
D-AHG in carrageenan) and the resulting galactan backbone is
termed agarose and B-carrageenan, respectively (Knutsen et al.,
1994). However, the galactan backbone often adapts a diverse
range of modifications including sulfation, methylation, and
pyruvation (Usov, 2011). For example, in agar from Porphyra
spp. L-AHG is replaced by L-galactose-6-sulfate; a polymer also
known as porphyran (Anderson and Rees, 1965). Likewise,
different types of carrageenans have been defined, based on
the position and number of sulfate groups along the galactan
backbone, the presence of which influences the rheological
properties and industrial utilization (Campo et al., 2009); the
most common types are k- and t-carrageenans. While industrially
exploited carrageenophyte red algae contain carrageenans with a
majority of sulfated k- and t-type (Kappaphycus and Eucheuma
spp.), most natural carrageenans are complex in structure, with
varying compositional patterns of disaccharide building blocks
along the polymeric chain. For example, furcellaran (extracted
from Furcellaria lumbricalis) is a common name for hybrid
carrageenan composed mainly of k- and B-type disaccharide
motifs (Knutsen et al., 1990; Yang et al., 2011).

According to the CAZy database (Lombard et al, 2014),
enzymes hydrolyzing agar belong to glycoside hydrolase (GH)
families GH16, GH50, GH86, GH96, GH117, and GH118,
whereas carrageenases are found in families GH16, GHS2,
GH127, GH129, and GH150 (Michel et al., 2006; Martin et al.,
2014; Ficko-Blean et al., 2017). In addition, auxiliary enzymes
such as sulfatases may assist in the degradation of sulfated algal
polysaccharides (Helbert, 2017).

The identification of PULs has been widely used in genome-
based studies to predict algal polysaccharide degradation in
marine bacteria (Mann et al, 2013; Sun et al, 2016; Zhu
et al., 2016; Gao et al., 2017). While such analyses give overall
hints about carbohydrate metabolism, the lack of characterized
close homologs for the individual proteins makes it difficult to
predict the fine substrate specificities. Thus, mining of PULs
combined with experimental validation (functional screening)
are required to advance our understanding of substrate diversities
and the detailed mechanisms used by microbes for the
breakdown of complex carbohydrates. Indeed, such an approach
has successfully been used for the discovery of new enzyme
activities targeting marine polysaccharides (Hehemann et al,
2010; Rebuffet et al., 2011; Foran et al., 2017).

Besides the understanding of their important biological
roles, oligosaccharides obtained from algal polysaccharides have
recently received increased interest due to their biomedical
potential (Hu et al., 2006; Enoki et al., 2012; Morya et al., 2012;
Kalitnik et al., 2016). In this context, novel enzymes are important
for advancing the bioconversion of algae into biologically
active compounds with potential for industrial applications. In
addition, the discovery of enzymes having novel activities can
serve as tools for structural elucidation of complex carbohydrates
(Aarstad et al., 2012).

In this study, we have investigated enzymes involved in
red algal degradation by P. hydrolytica S66' and we provide
tentative models for the catabolism of agar and carrageenan

Frontiers in Microbiology | www.frontiersin.org

May 2018 | Volume 9 | Article 839


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Schultz-Johansen et al.

Red Algal Degradation in P. hydrolytica S66"

in this marine bacterium. In line with earlier studies we
demonstrate that novel enzyme specificities can be discovered
from PULs containing unannotated genes or distant homologs
to characterized CAZymes. In particular, we report the finding
of hitherto unknown furcellaranase-active enzymes, which are
likely to represent new GH families or subfamilies within
the CAZy classification. The novel enzymes described here
may find value in new bio-based industries and advance our
understanding of the mechanisms responsible for recycling of red
algal polysaccharides in marine ecosystems.

MATERIALS AND METHODS
Data Availability

P. hydrolytica S66' was isolated and characterized in a
previous study (Bech et al., 2017). The draft genome sequence
of P. hydrolytica S66 is available from Genbank, acc. no.
LSNEO00000000 (Schultz-Johansen et al., 2016). The results
presented here are based on protein predictions and locus tags
generated by RAST (Aziz et al., 2008), and are accessible on the
RAST guest account under Genome ID 89404.4' (using login and
password ‘guest’). For convenience the RAST generated locus tag
prefix (fig|89404.4.peg.) was renamed to ‘Ph’ in the current study.

Sequence Analyses

Carbohydrate active enzymes and sulfatases were identified in
the P. hydrolytica S66° genome using Hidden Markov Model
searches against local versions of the dbCAN 5.0 (Yin et al,
2012) and Pfam (Finn et al., 2016) databases. Predicted protein
sequences were compared with homologs at NCBI using BLASTp
searches against the PDB and nr databases. Sulfatase homologs
were also compared in the SulfAtlas database’ using the built-in
BLAST function (Barbeyron et al., 2016a). Manual comparison
and synteny of bacterial genomes was assessed using the MaGe
interface® on the MicroScope platform (Vallenet et al., 2009).
N-terminal secretion signals were predicted using SignalP 4.1
(Petersen et al, 2011) and LipoP 1.0 (Juncker et al, 2003).
Multiple alignments and phylogenetic trees were constructed
using MEGAG6 (Tamura et al., 2013). The integrated ClustalW
algorithm was used for aligning GH16 protein sequences. The
alignment was manually inspected and then used to construct an
unrooted maximum likelihood phylogenetic tree based on 1,000
bootstrap iterations.

Gene Cloning and Production of
Recombinant Enzymes for Functional
Screening

Oligonucleotides used in this study are listed in Supplementary
Table 1. In general, the primers were designed to target the
full gene sequence without any predicted signal peptides. The
gene encoding Ph1586 was predicted from an ORF of ~5

http://rast.nmpdr.org
Zhttp://abims.sb-roscoff.fr/sulfatlas/
Shttp://www.genoscope.cns.fr/agc/mage

kb and consequently only the proposed catalytic region was
PCR amplified. Genomic DNA (gDNA) was extracted from
P. hydrolytica S66" as described before (Schultz-Johansen et al.,
2016) and used as template DNA in PCR reactions. PCRs
of enzyme encoding genes were carried out with Phusion
DNA polymerase (Novagen) or, for reactions with uracil-
containing primers, the Pfu-X7 polymerase (Norholm, 2010),
kindly provided by Prof. Halkier, University of Copenhagen. PCR
products were purified using the QIAquick PCR purification Kit
(Qiagen, Germany). The Ph1631 gene construct was cloned into
the Ndel and Xhol sites of a pET22b vector (Novagen). The
remaining gene constructs were inserted into vectors (pET9a-
USER-1 and pET9a-USER-2) modified for USER™ cloning
according to the procedures described by Nour-Eldin et al.
(2010). In brief, to construct the pET9a-USER-1 vector, a gene
cassette was assembled from oligonucleotides (Supplementary
Table 1) and cloned into the Ndel and BamHI sites of a linearized
pET9a vector (Novagen). The resulting pET9a-USER-1 featured
a USER compatible cloning cassette in addition to a C-terminal
octa-histidine tag, and was linearized with Pacl and nt.BbvCI
prior to cloning. The pET9a-USER-2 vector was generated as
a ‘USER fusion’ product (Geu-Flores et al., 2007) by PCR
amplification of pET9a-USER-1 using the primers specified in
Supplementary Table 1. Assembly of purified PCRs and pET9a-
USER vectors was carried out with USER™ enzyme (NEB) as
previously described (Nour-Eldin et al., 2010).

Vector constructs were transformed into E. coli TOP10 cells
and incubated overnight at 37°C on LB agar with ampicillin
(100 pg/mL) for pET22b and kanamycin (50 pg/mL) for pET-
USER constructs. Recombinant colonies were picked from plates
and cultivated in LB broth with appropriate antibiotics at 37°C
overnight with shaking. Recombinant plasmids were purified
using the MiniPrep Plasmid DNA Purification Kit (Qiagen) and
verified by DNA sequencing before production of recombinant
enzymes.

For enzyme production, recombinant plasmids were
transformed into E. coli BL21(DE3) cells (as described above).
Single colonies were picked from plates and cultivated in 20 mL
ZYP-5052 autoinduction medium (Studier, 2005) supplemented
with antibiotics for 3 days at 20°C with shaking. Cells were
collected by centrifugation and resuspended in 0.5 mL lysis
buffer (50 mM HEPES, pH = 8, 100 mM NaCl or 50 mM
Tris-HCl, pH = 8, 100 mM NaCl). For Ph1656, Ph1659,
Ph1663, and Ph1675, the lysis buffer also contained 5 mM CaCl,
and for Ph1664 the lysis buffer contained 300 mM NaCl and
5 mM MgCly. Cell lysis was performed in a FastPrep-24™
5G bead beater (MP Biomedicals) using glass beads size 212-
300 wm/425-600 pm in the ratio 1:1 (Sigma-Aldrich). After
cell disruption, the soluble and insoluble protein fractions were
separated by centrifugation.

Enzyme Reactions and Activity

Visualization

Crude recombinant cell lysates were screened for activity
against algal substrates; agar, k-carrageenan, L-carrageenan
(Sigma-Aldrich), agarose (Invitrogen, United Kingdom,
<0.351% sulfate), porphyran (prepared as described in
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Hehemann et al., 2010), and furcellaran (Est-Agar, Karla,
Estonia). Agar-type oligosaccharides were obtained from Aglyco
(Beijing, China) and L-AHG used as a standard was a kind gift
from Prof. Kyoung Heon Kim (Korea University, South Korea).
Carrageenan-type oligosaccharides were obtained from Dextra
(Reading, United Kingdom).

For a 100 pL enzyme reaction, 10 pL crude cell lysate was
added to polysaccharides (final concentration 0.05% w/v) or
oligosaccharides (2 pg/iL) in the corresponding cell lysis buffer.
Samples were incubated at 25°C overnight and degradation
products from enzymatic reactions were analyzed by thin layer
chromatography (TLC) or fluorophore-assisted-carbohydrate-
electrophoresis (FACE). TLC was performed on silica gels 60
F254 (Merck) using n-butanol/acetic acid/water (2:1:1 v/v/v) as
a running solvent and plates were developed on a hot plate
after spraying with orcinol. FACE was performed using labeling
fluorophores 8-aminonaphthalene-1,3,6-trisulfonate (ANTS) or
2-aminoacridone (AMAC) as described before (Starr et al., 1996;
Hehemann et al., 2010). Briefly, enzyme reactions were dried in a
speed-vac centrifuge and the pellets were dissolved in 2 pnL ANTS
solution (0.15 M ANTS in acetic acid/water (3:17, v/v) and 5
WL freshly prepared 1 M sodium cyanoborohydride in DMSO)
or AMAC solution (0.1 M AMAC in acetic acid/DMSO (3:17,
v/v) and 5 WL freshly prepared 1 M sodium cyanoborohydride
in water). After derivatization at 37°C for 20 h, the samples
were subjected to electrophoresis through a 6% stacking and 27%
running polyacrylamide gel at 4°C for 30 min at 15 mA followed
by 30 mA for 2 h. Fluorescently labeled oligosaccharides in the
polyacrylamide gel were visualized under UV light.

RNA Extraction and Reverse
Transcription PCR (RT-PCR)

For RNA extraction, strain S667 was grown in Minimal Marine
Medium (Thomas et al, 2011), supplemented with 2 g/L
agarose, agar, porphyran, or glucose that had been sterilized
by autoclaving. Cells were cultivated at 20°C for 5 days with
shaking (200 rpm) and total RNA was extracted using the
ZR Fungal/Bacterial RNA MiniPrep™ kit according to the
manufacturer’s instructions (Zymo Research, United States).
RNA purity and concentration were determined using a
Qubit® RNA HR Assay Kit (Invitrogen) and RNA quality
was assessed by agarose gel electrophoresis. Contaminating
DNA was removed using the DNA-free™ DNA removal kit
(Ambion) according to the manufacturer’s instructions. RNA was
checked for gDNA contamination by PCR prior to performing
cDNA synthesis. Reverse transcription was performed with
50 ng total RNA of each sample using a GoScript® Reverse
Transcription System (Promega) using non-sequence specific
primers according to manufacturer instructions. The obtained
c¢DNA was stored at —20°C and used as template in subsequent
PCR reactions. Target-specific primers were designed using CLC
(Main Workbench) software (CLC BIO, Aarhus, Denmark)
to amplify selected genes encoding enzymes predicted to be
involved in polysaccharide degradation (Supplementary Table 2).
PCRs were performed using the GoTag® DNA polymerase
(Promega) with 10 wM of each primer and 1 pL RNA or gDNA

(control) in a total reaction volume of 24 L using the following
cycling parameters: 98°C for 2 min, 30 cycles of 10 s at 98°C, 30 s
at 55°C, and 30 s at 72°C, followed by a final step at 72°C for
5 min. PCR products (4 iL) were visualized on agarose gels and
semi-quantitatively assessed. All experiments were performed
with biological triplicates.

RESULTS AND DISCUSSION

The Potential for Polysaccharide

Degradation by P. hydrolytica S667

P. hydrolytica $66" (from now on referred to as $S661) is capable
of degrading several plant- and algal-derived polysaccharides,
most notably red algal polysaccharides ranging from low-
sulfate containing agarose to sulfated agar, porphyran, and
k-carrageenan (Bech et al, 2017). These phenotypic traits
correlate with a preliminary survey of the S66T genome encoding
a large number of putative enzymes with predicted functions
related to carbohydrate utilization (Schultz-Johansen et al., 2016).
In this study, a more extensive analysis of the carbohydrate
utilization potential was carried out (Supplementary Data
Sheet 1). This revealed a total of 270 CAZy modules in
the S66T genome, 188 of which were assigned to protein
families involved in carbohydrate degradation, i.e., GHs,
polysaccharide lyases (PLs) and carbohydrate esterases (CEs).
Notably, the CAZyme potential of S66' exceeded that of another
Gammaproteobacterium P. atlantica, which is considered a
“super-degrader” (Barbeyron et al., 2016b). Additional enzymes
included 35 glycosyl transferases (GTs), 11 auxiliary activities
(AAs), and 36 unique proteins associated with 46 carbohydrate-
binding modules (CBMs). Twelve putative sulfatases were
also identified, and except for one candidate (S4 B-lactamase
family) these represented various subfamilies within the SI
formylglycine-dependent sulfatases according to the SulfAtlas
database (Barbeyron et al., 2016a). The existence of secretion
signals in all S1 sulfatases suggests a potential function against
external substrates and supports a proposed role in scavenging of
sulfated carbohydrates for most of these sulfatases.

A closer investigation of the CAZyme repertoire revealed
several candidates belonging to GH families with characterized
red algae-specific members: Eight GH16 enzymes (B-agarases,
k-carrageenases, f-porphyranases or glucanases), four
GH50 enzymes (B-agarases), one GHS82 (i-carrageenase),
two GHS86 (B-agarases or B-porphyranases), one GHI117
(a-1,3-(3,6-anhydro)-L-galactosidase), and one GHI27 (a-
1,3-(3,6-anhydro)-D-galactosidase). No representatives from
agarolytic families GH96 (a-agarases) or GH118 (B-agarases)
were identified.

All Genes for Red Algal Polysaccharide
Degradation Are Organized in a Single,

Large Gene Cluster

All CAZymes with a potential activity against red algal
polysaccharides were clustered in a contiguous genomic region
spanning ~167,000 bp (Figure 1). The GH genes in this

Frontiers in Microbiology | www.frontiersin.org

May 2018 | Volume 9 | Article 839


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Schultz-Johansen et al.

Red Algal Degradation in P. hydrolytica S66"

~

u‘?

SHisp
S gg

[ G'vcoside hydrolase [ ] sulfatase [ Regulator
[ Denhydrogenase [ Transporter [[] Other

[o}
% ¢
o = ‘?r

‘s

carrageenolytic PUL segments are shaded in yellow and green, respectively.

-nm «mm-mm--mm-«m «mm-m-m-

FIGURE 1 | Genomic organization of a ~167 kb PUL-like region in P hydrolytica sS66" encoding the proposed enzyme repertoire for complete degradation of agar
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region co-localized with transporters (TonB and TRAP),
sulfatases and dehydrogenases. Despite the absence of SusC/SusD
homologs this genomic organization resembled that of PULs in
Bacteroidetes (Martens et al., 2009). TonB dependent receptors in
this region are likely to contribute to oligosaccharide detection
and transport in analogy to the bacteroidetal SusC/SusD system
(Blanvillain et al., 2007; Thomas et al., 2012; Neumann et al.,
2015). Based on sequence-based and functional analyses, at least
two overall sub-PULSs could be assigned: one dedicated to agar
degradation (Ph1566-Ph1636) and the other responsible for
carrageenan degradation (Ph1646-Ph1681).

Agarolytic Degradation System
Homology searches against the GenBank nr database, using
proteins encoded in the PUL-like regions, predominantly
identified proteins with uncharacterized functions as the closest
relatives. Sequence comparison against characterized proteins
from PDB revealed that GHs located in the first part of the
PUL-like region (Ph1586-Ph1636) displayed sequence similarity
to characterized B-agarases (Ph1631_GH16, Ph1589_GHS50,
Ph1609_GH50, Ph1624_GH50, and Ph1636_GH50),
B-porphyranases (Ph1586_GHS86, Ph1607_GHS86) and one
®-1,3-(3,6-anhydro)-L-galactosidase (Ph1615_GH117) (Figure 1
and Supplementary Table 3). In the near upstream region, we
also identified a candidate homolog to a characterized agarolytic
pB-galactosidase (Ph1566_GH2). Ph1566_GH2 displayed 40%
sequence identity to VejABG, which has previously been shown
to release galactose from the non-reducing end of agaro-
oligosaccharides (Lee C.H. et al, 2014). RT-PCR experiments
supported an agarolytic role, since the GH genes tested in the
range Ph1586-Ph1636 (except Ph1615) were induced in response
to agarose and porphyran substrates (Supplementary Figure 2A).
The agarolytic role of six GHs was confirmed in a
preliminary functional characterization (Table 1). E. coli cell
lysates expressing the genes encoding agarolytic GHs were
incubated with agar-type substrates and enzymatic degradation
was visualized by TLC (Figure 2). TLC analysis showed
that Ph1631 degraded agarose into primarily neoagarotetraose,
with some neoagarobiose and neoagarohexaose also produced
(Figure 2A). In addition, Ph1631 also displayed activity
against porphyran (but only little, compared to agarose) and
neoagaro-oligosaccharides, releasing neoagarotetraose and a
small amount of neoagarobiose as the major products (data

not shown). This suggested that Ph1631 is a GH16 B-agarase
most likely exhibiting endolytic activity. Ph1609, Ph1624, and
Ph1636 (GH50) showed activity on agar and agarose, as well
as on neoagaro-oligosaccharides down to neoagarotetraose.
The main hydrolysis products of all three enzymes were
neoagarobiose indicating that Ph1609, Ph1624, and Ph1636
represent GH50 exo-P-agarases (Figure 2B). Ph1566 (GH2)
released galactose from the non-reducing end of odd-numbered
agaro-oligosaccharides (Figure 2C) but was unable to hydrolyze
even-numbered neo-oligosaccharides and lactose (data not
shown). This confirmed that Ph1566_GH2 shares the function
of VejABG from Vibrio sp. EJY3 which until this date was
the only report of an agarolytic GH2 B-galactosidase (Lee C.H.
et al., 2014). Finally, Ph1615 (GH117) was able to hydrolyze
neoagarobiose yielding L-AHG and galactose confirming that
Ph1615 was an a-1,3-(3,6-anhydro)-L-galactosidase (Rebuffet
etal, 2011) (Figure 2D).

Complete hydrolysis of agar into monomers results in L-AHG
and D-galactose. Interestingly, close homologs to characterized
enzymes responsible for metabolism of L-AHG (Lee S.B. et al,,
2014; Yun et al., 2015) were also identified in the PUL-like
cluster (Figure 1 and Supplementary Table 3). In both Vibrio
sp. EJY3 and P. atlantica Téc, the first two steps in L-AHG
metabolism involves an L-AHG dehydrogenase that oxidize
L-AHG to AHGA and an L-AHG cycloisomerase that isomerize
AHGA into L-KDGal (Lee S.B. et al., 2014; Yun et al., 2015).
Homologs of these enzymes (71-87% identity) are also found in
S66". In Vibrio sp. EJY3, L-KDGal is believed to enter the central
metabolism after these two steps (Yun et al., 2015), whereas in
P. atlantica, L-KDGal is further processed to KDPG by a three-
step reaction before entering the Entner-Doudoroft pathway (Lee
S.B. et al,, 2014). These three latter enzymes have homologs in
S66T (49-89% identity) and in addition (except for the KDG
kinase), the L-AHG pathways from P. atlantica and S66" share
complete synteny (Supplementary Figure 3A). Therefore, S66°
is most likely to metabolize L-AHG according to the enzymatic
pathway reported for P. atlantica T6c (Lee S.B. et al., 2014).

Based on the functional validated enzymes and sequence-
based analyses, we can account for the complete metabolic
agarose pathway in S667 (Figure 3). At least, the agarolytic
system includes an endo-acting GH16 p-agarase (Ph1631)
that produces neoagaro-oligosaccharides, which are further
processed by GH50 B-agarases (Ph1609, Ph1624, and Ph1636)
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TABLE 1 | Functionally verified enzymes encoded within the agarolytic and carrageenolytic PUL-like regions in P hydrolytica S66.

Locus tag CAZy family Substrate

Accession no. of closest characterized protein

Percent identity

Agarolytic activities

Ph1566 GH2 Agaro-oligosaccharides > DP3
Ph1609 GH50 Neoagaro-oligosaccharides > DP4
Ph1615 GH117 Neoagaro-oligosaccharides > DP2
Ph1624 GH50 Neoagaro-oligosaccharides > DP4
Ph1631 GH16 Agarose

Ph1636 GH50 Neoagaro-oligosaccharides > DP4

Carrageenolytic activities

Ph1656 GH16 (New subfamily) Furcellaran

Ph1657 GH42-like Neocarratetraose monosulfate (8-«)
Ph1663 GH16 (New subfamily) Furcellaran

Ph1664 GH16 x-carrageenan and furcellaran
Ph1675 GH16 (New subfamily) Furcellaran-oligosaccharides

AEX22320.1; Agarolytic B-galactosidase’ 40%
4BQ2_A; Exo-p-agarase? 61%
3R4Y_A; a-1,3-(3,6-anhydro)-L-galactosidase? 73%
4BQ2_A; Exo-B-agarase? 47%
3WZ1_A; p-agarase® 68%
4BQ2_A; Exo-B-agarase® 31%
3JUU_A; B-porphyranase®* 26%
5DFA _A; p-galactosidase® 18%
4ATE_A; B-porphyranase? 29%
1DYP_A; k-carrageenase® 40%
4ATE_A; B-porphyranase” 27%

Protein homologs originate from Vibrio sp. EJY3, 2Saccharophagus degradans 2-407, 3Microbulbifer thermotolerans JAMB A94', 4Zobellia galactanivorans Dsi’,

5Geobacillus stearothermophilus T6 and ®Pseudoalteromonas carrageenovora 9'.

into neoagarobiose or alternatively by a GH117 «-1,3-(3,6-
anhydro)-L-galactosidase (Ph1615) into agaro-oligosaccharides.
Eventually, the synergistic action of a GH2 agarolytic
B-galactosidase (Ph1566) and the o-1,3-(3,6-anhydro)-L-
galactosidase (Ph1615) will result in the formation of L-AHG and
D-galactose monosaccharides. Whereas, galactose presumably
enters directly into the Leloir pathway, L-AHG in $66" is further
processed by a L-AHG dehydrogenase (Ph1595) into L-AHGA,
L-AHG cycloisomerase (Ph1591) into L-KDGal, 2-keto-3-deoxy-
L-galactonate-5-dehydrogenase (Ph1592/93) into L-DDGal,
2,5-diketo-L-galactonate-5-dehydrogenase (Ph1694) into KDG,
which is phosphorylated by KDG kinase (Ph1616) and enters the
Entner-Doudoroff pathway.

Carrageenolytic Degradation System and Discovery
of a New GH16 Subfamily

The function of GHs in the region Ph1646-Ph1681 in the
PUL-like cluster was not completely obvious at first. Although
the identification of a putative k-carrageenase (Ph1664_GH16),
t-carrageenase (Ph1659_GHS82), and a-1,3-(3,6-anhydro)-D-
galactosidase (Ph1650_GHI127) immediately suggested a role
in carrageenan degradation, we identified in the same region
four candidate B-porphyranases (Ph1646_GH16, Ph1656_GHI16,
Ph1663_GH16, and Ph1675_GH16) with 26-33% sequence
identity to characterized homologs (Figure 1 and Supplementary
Table 3). Ambiguous induction patterns were observed for
these genes in S667 cells grown on agar-type substrates, and in
general for genes in the range Ph1646-Ph1675 (Supplementary
Figure 2B). No data was obtained from cells grown on
carrageenan due to gel formation on filter membranes used for
RNA extraction. The apparent co-localization of porphyranases
and carrageenases was puzzling since their corresponding
substrates are occurring in different red algae (agarophytes
and carrageenophytes), respectively. Therefore, these four
enzymes were subjected to further analyses. Members of the
GH16 family represent a wide range of enzyme activities and
consequently a phylogenetic tree was established in order to

compare their sequence-based relationship with characterized
homologs (Figure 4). Indeed, Ph1646, Ph1656, Ph1663, and
Ph1675 were unrelated to known GH16 B-porphyranases, but
more intriguingly these four enzymes formed a separate clade,
distant to all other characterized GH16 members. These enzymes
are most likely to represent a new GH16 subfamily, with not
yet defined substrate specificity. In addition, this functionally
uncharacterized group also contains other homologs identified
by BLASTp searches, all of which derive from marine bacteria.
Simultaneously, the GH16 phylogenetic analysis supported
the functional validation of Ph1631 as a B-agarase and Ph1664
as a proposed k-carrageenase. The two remaining GH16s
identified in the S66T genome (Ph1275 and Ph3268) affiliated
with characterized laminarinases (hydrolyzing brown algal
storage glucan). These were found in genomic localizations
remote to the agarolytic and carrageenolytic clusters. The
confident phylogenetic assignment of Ph1664 as a k-carrageenase
and the co-existence of a GHI127 «-1,3-(3,6-anhydro)-D-
galactosidase homolog (sharing 60-62% identity to the
characterized counterparts ZGAL_3148 and ZGAL_3150 from
Z. galactanivorans), was a first hint toward a potential substrate
for the newly discovered group of GH16s. Whereas, GH16
k-carrageenases initiate the depolymerization of k-carrageenan
(Michel et al., 2006), the recently discovered GH127 a-1,3-
(3,6-anhydro)-D-galactosidases from Z. galactanivorans are
capable of releasing D-AHG from the non-reducing end of
B-neocarrabiose saccharides, as the last step in carrageenan
depolymerization (Ficko-Blean et al., 2017). Likewise, the
substrate for Ph1646, Ph1656, Ph1663, and Ph1675 could
be carrageenans containing k- or fB-carrabiose motifs. To
test this hypothesis, an additional activity screening was
carried out using the recombinant cell lysates obtained from
E. coli clones expressing the new GH16 enzymes. Crude cell
lysates were incubated with k-carrageenan and furcellaran
(a carrageenan that consists of both k- and pB-carrabiose
motifs), and substrate degradation was visualized by FACE
(Figures 5A-D).
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FIGURE 2 | Thin-layer chromatography showing hydrolysis products released
from agarose and commercial agar-derived oligosaccharide standards by the
action of recombinant enzymes of (A) Ph1631 (GH16); (B) Ph1609, Ph1624,
and Ph1636 (GH50); (C) Ph1566 (GH2); (D) Ph1615 (GH117). Standards with
an even-numbered degree of polymerization (DP) correspond to
neoagaro-oligosaccharides, whereas those with an odd-numbered DP
correspond to agaro-oligosaccharides.

Interestingly, cell lysates of recombinant Ph1656 and Ph1663
showed endolytic activity on the k/p hybrid carrageenan, but not
with k-carrageenan (Figure 5A). This study is the first to describe
such a GH16 ‘B-carrageenase’ activity. For comparison, we also
cloned and tested a recombinant version of Ph1664, which was
a predicted k-carrageenase. In contrast to the ‘B-carrageenases,
Ph1664 degraded both furcellaran and k-carrageenan releasing
hydrolysis products corresponding to neo-k-carrabiose (k), neo-
K-carratetraose (k-k), neo-k-carrahexaose (k-k-k), and neo-
k-carraoctaose (k-k-k-k) standards (Figure 5A). Together with
the sequence based phylogenetical analysis, this experimentally
confirmed that Ph1664 is a GH16 endo-active k-carrageenase.

The ability of Ph1664 to degrade both substrates is in accordance
with another study showing that k-carrageenases are capable
of cleaving the k-carrabiose motifs in furcellaran, releasing
oligosaccharides of mixed k- and B-carrabiose nature (Correc
et al., 2012). These hybrid products migrate differently to pure
k-motive containing oligosaccharides, to a position between the
K-k, k-k-K, and k-k-k-k standards in the FACE. Likewise, the
major bands produced by furcellaran hydrolysis, using the cell
lysates containing Ph1656 and Ph1663, migrated to positions
between k-carrabiose containing standards and most probably
correspond to hybrid k/B-oligosaccharides. Having observed
activity on the polymeric furcellaran, the carrageenolytic PUL-
like cluster was re-inspected for other GH candidates likely to
possess a similar functional role. Immediately adjacent to the
Ph1656 ‘B-carrageenase’ a putative GH42-like f-galactosidase
(Ph1657_GH42-like) displaying low sequence identity (18%)
to its closest characterized homolog was identified (Table 1).
In a functional screening against the polymeric substrates
(furcellaran and k-carrageenan) recombinant Ph1657_GH42-
like was inactive, but when tested on a commercial B-k
tetrasaccharide, this substrate was indeed hydrolyzed into (B)
and (k) (Figure 5B). At first, no activity was observed on
furcellaran polysaccharide for Ph1675_GHI16, another of the
novel ‘B-carrageenase’ homologs. However, when testing this
enzyme on the commercial -k tetrasaccharide, it was found to
degrade the substrate into the corresponding B- and k-carrabiose
units (Figure 5C). In addition, Ph1675_GH16 was also capable
of further degrading the furcellaran-oligosaccharides produced
by Ph1656_GH16 (Figure 5D). This suggested that both
Ph1657_GH42-like and Ph1675_GHI16 are specific for hybrid
furcellaran oligosaccharides. An interesting aspect to note here
is the fact that this GH16 enzyme, in contrast to most GH16
enzymes, displays more activity against oligosaccharides than
on a polymer, suggesting that it might be exo-lytic instead of
endo-lytic.

Apart from the recently discovered GHI127 «-1,3-(3,6-
anhydro)-D-galactosidases (Ficko-Blean et al, 2017), the
literature is scarce on glycosidases targeting non-sulfated
B-carrageenan motifs, and to the best of our knowledge,
only one other study exists. Decades ago (McLean and
Williamson, 1981) reported the activity of an enzyme denoted
“neocarratetraose  4-O-monosulphate  p-hydrolase,”  which
was found to hydrolyze (B-k) into the resulting (B) and (k)
disaccharides similar to Ph1675_GH16 and Ph1657_GH42-like.
However, it remains unclear which of these two enzymes
from our current study that corresponds to the activity
observed by McLean and Williamson (1981), since this early
description of activity was not associated with any sequence
information.

Complete hydrolysis of carrageenan into monomers results
in D-AHG and D-galactose. Two studies have characterized
enzymes responsible for D-AHG conversion. In both P. atlantica
(Lee et al, 2016) and Z. galactanivorans (Ficko-Blean et al.,
2017) this pathway consists of a four-step enzymatic reaction
resulting in the formation of D-glyceraldehyde-3-phosphate and
pyruvate. Homologs to these four enzymes were found in
S66" and displayed between 44 and 87% sequence identities to
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FIGURE 3 | Tentative pathway for agarose degradation in P hydrolytica S66". Enzymes are indicated at each reaction step together with CAZy family if applicable.
Solid arrows represent the proposed pathway of £ hydrolytica S66" based on functional (black) and bioinformatics (gray) analyses. The dashed arrow represents an
alternative catabolic fate of L-KDGal as reported elsewhere. NAOS, neoagaro-oligosaccharides; AOS, agaro-oligosaccharides; L-AHG, 3,6-anhydro-L-galactose;
Gal, D-galactose; L-AHGA, 3,6-anhydro-L-galactonate; L-KDGal, 2-keto-3-deoxy-L-galactonate; L-DDGal, 2,5-diketo-3-deoxy- L-galactonate; KDG,

2-keto-3-deoxy-D-gluconate; KDPG, 2-keto-3-deoxy-6-phospho-D-gluconate.

the characterized counterparts from P. atlantica. In addition,
conserved gene synteny was observed for the D-AHG pathway
in all three organisms (Supplementary Figure 3B). Moreover,
four sulfatases belonging to the S1_19 sulfatase subfamily
were identified interspersed between the GHs. This subfamily
contains characterized members (Patl_0889 and Patl_0895 from
P. atlantica T6c) which cleave off the sulfate from galactose-
4-sulfate in - and k-carrageenans, respectively (Prechoux
et al, 2013, 2016). Patl 0889 shared 76% identity with the
Ph1648 sulfatase from $66° and Patl 0895 showed 83% to
Ph1677. Both Ph1648 and Ph1677 sulfatases were located in
the carrageenolytic part of the PUL-like cluster. Also, sulfatase
genes located in the PUL-like cluster were in general induced
with the increased degree of sulfatation in the substrates

tested (Supplementary Figure 2C). Altogether, this supported a
function in the removal of sulfate groups from the backbone of
carrageenan, agar and/or porphyran as reported elsewhere (Kim
et al., 2004; Prechoux et al., 2013, 2016; Wang et al., 2015).

On the basis of the current discoveries, we are able for
the first time to propose a model for furcellaran degradation
in a marine bacterium (Figure 6). In S66%, it is assumed
that the GHs in the carrageenolytic PUL-like cluster each are
specific for a particular part in furcellaran. The k-carrageenase
(Ph1664_GH16) targets the k-carrageenan part in furcellaran
releasing «k-carrageenan oligosaccharides that are further
desulfated through the action of sulfatases. The proposed
sulfatase activity remains to be established. However, a good
candidate would be Ph1677, which displays high sequence
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FIGURE 4 | Sequence-based relationship of GH16 family proteins from P. hydrolytica S66" (black triangles) and homologs obtained from public databases. Ph1646,
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Laminarinases

B-agarases

identity (83%) to a characterized endo-k-carrageenan sulfatase
(Prechoux et al., 2016). The proposed reaction product of
the action of the k-carrageenase Ph1664_GH16 together
with sulfatase Ph1677 is mono-sulfated neocarratetraose

and neocarrabiose. In addition, enzymes such as the here
described furcellaranases, Ph1656_GH16 and Ph1663_GH]16,
can hydrolyze the B-carrageenan or hybrid part of furcellaran,
releasing partially sulfated carrageenan oligosaccharides,
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fluorophore. (A) Ph1664 degrades both kappa-carrageenan (C) and furcellaran (F), whereas Ph1656 and Ph1663 are specific for furcellaran. (B) Ph1657 degrades
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e.g., mono-sulfated neocarratetraose. Further degradation of
these oligosaccharides is carried out by Ph1675_GH16 and
Ph1657_GH42-like enzymes, resulting in neocarrabiose and
sulfated neocarrabiose. The sulfated neocarrabiose is further
desulfated by Ph1677 as described above, resulting in desulfated
neocarrabiose. Finally, the Ph1650_GH127 a-1,3-(3,6-anhydro)-
D-galactosidase homolog is proposed to catalyze the reaction step
resulting in the formation of D-AHG and galactose (Figure 6).
Whereas galactose presumably enters directly into the Leloir
pathway, D-AHG in $66" is further processed by a D-AHG
dehydrogenase (Ph1678) into D-AHGA, subsequently processed
by a D-AHG cycloisomerase (Ph1679) into D-KDGal, then by a 2-
keto-3-deoxy-D-galactonate kinase (Ph1680) into D-KDPGal and
finally by a 2-keto-3-deoxy-6-phospho-D-galactonate aldolase
(Ph1681) into D-glyceraldehyde-3-phosphate and pyruvate.
The conserved organization of the D-AHG metabolic genes
in S667, P. atlantica and Z. galactanivorans (Supplementary
Figure 3B) supports recent data suggesting that this pathway
is central in carrageenolytic bacteria (Ficko-Blean et al,
2017).

Additional Polysaccharide Utilization Systems

of 66"

Although strain S66" is able to utilize porphyran as sole carbon
source for growth (Bech et al, 2017), genuine porphyranase
activity was not detected for the enzymes within the current
study. It is possible that depolymerization of porphyran could
be carried out by other uncharacterized hydrolases present in
the PUL-like clusters. Additionally, the possibility that agarose
motifs present in the porphyran substrate are cleaved by agarases
and utilized for growth cannot be ruled out. Thus, the route
for porphyran degradation in strain S667 remains to be fully
uncovered.

In contrast, S667 is unable to utilize i-carrageenan as
sole carbon source (Bech et al, 2017). Yet, a putative
L-carrageenase and L-carrageenan sulfatase was encoded in
the PUL-like cluster in S66'. Based on the screening setup
used in the current study, it was not possible to validate
the function of the putative GH82 L-carrageenase (Ph1659).
Thus, it is unclear whether this gene encodes a genuine
\-carrageenase or, analogous to the discovery of furcellaranases,
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may target a natural substrate composed of hybrid carrageenan
motifs.

Future Prospects in Enzyme Systems
Dedicated to Red Algal Polysaccharide
Degradation

It has previously been shown that expression of individual
genes in PULs may be regulated by the substrates of
the encoded enzymes (D’Elia and Salyers, 1996; Martens
et al., 2011; Hehemann et al., 2012; Thomas et al., 2012;

Ficko-Blean et al,, 2017). For instance, in Z. galactanivorans,
genes involved in degradation of agarose and porphyran
(Hehemann et al,, 2012) and k- and t-carrageenan (Ficko-Blean
et al., 2017) are induced by their polysaccharide substrates. In
order to test the regulation of the agarolytic and carrageenolytic
parts of the combined PUL-like cluster, S66° was cultivated
with various carbon sources (agarose, agar, porphyran or
glucose) and the induction pattern of several hydrolytic genes
present on the PUL-like cluster was investigated (Supplementary
Figure 2). We were unable to obtain data from cells grown with
carrageenan, probably due to gel formation on filter membranes
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used for RNA extraction. More importantly, the formation of
cell aggregates during cultivation of $667 on all the substrates
prevented optical density comparison of the growth. Instead,
this was gauged by the amount of extracted RNA, which
was comparable for all treatments (Supplementary Table 4).
Consequently, the gene regulation could only be preliminary
evaluated.

Overall, our results seem to point toward an even more
complex genetic organization of polysaccharide utilizing
systems than those reported to date (Ficko-Blean et al,
2017; Grondin et al, 2017). In the here presented case, the
co-localization of agar-specific genes with more complex
carrageenan degrading genes in the same genetic region, the
bi-directional orientation of the genes, and the preliminary
gene expression analyses suggest a succession of evolutionary
events of gene shuffling and/or horizontal gene transfer,
possibly leading to a complex cross-regulation of agarases
and carrageenases in S66'. Interestingly, this observation
is in-line with recent genome wide transcriptomic analyses
of Z. galactanivorans that show common signatures when
growing on chemically divergent polysaccharides from the
same algal phylum (Thomas et al., 2017). In our study, both
agar-specific and carrageenan-specific genes are regulated by
agar and agarose suggesting that the regulation pattern of this
PUL-like cluster might be very complex. However, due to the
technical limitations in this experiment, we do not yet have
access to regulation patterns in the presence of carrageenan
and more thorough investigations are needed in order to fully
understand the gene regulation in the complex PUL-like cluster
in S66°. We are currently testing different growth conditions
in order to prevent the formation of cell aggregates, which
would allow more comprehensive transcriptomic analyses in the
future.

The size of the PUL-like region in $66" is unusual and, to
our knowledge, one of the biggest reported to date. Thus, the
evolutionary events leading to the assembly of this PUL seem
intriguing. Although, it was outside the scope of the present study
to analyze this in detail, initial observations suggest that many
of the genes in the PUL-like region may have been horizontally
transferred from other Gammaproteobacteria. This is supported
by the presence of at least one mobile element within the PUL
and DNA/RNA-modifying genes in the flanking regions (not
shown).

Functional screening combined with phylogenetic analyses
revealed that Ph1656, Ph1663, Ph1675 and possibly Ph1646
constitute a new GH16 subfamily with substrate preference for
various stretches of furcellaran — a hybrid carrageenan composed
of k-type and non-sulfated B-type carrabiose motifs. Likewise,
Ph1657 was found to cleave a tetrasaccharide (B-k) into its
resulting disaccharide moieties. The exact functionalities are yet
to be investigated in detail, but results from the preliminarily
screening point toward a group of enzymes acting on the
non-sulfated B-carrageenan motifs (since k-carrageenan was not
degraded).

GH16 family enzymes share a B-jellyroll fold and are believed
to have evolved from a common ancestor into several individual
subfamilies with enzyme activities targeting both marine and

terrestrial substrates (Barbeyron et al., 1998; Michel et al., 2006;
Eklof et al., 2013). Thus, detailed biochemical characterization of
the novel GH16 members from P. hydrolytica S66" is of special
interest and should provide new valuable information about their
functional roles in the degradation of red algal polysaccharides,
as well as the evolutionary relationship between GH16 family
enzymes.

Considering the results presented here, it is interesting
to note that the furcellaran active GH16 and GH42-like
members are absent in the newly characterized carrageenolytic
system of Z. galactanivorans (except for a genuine GHI16
k-carrageenase). In brief, the carrageenolytic system of
Z. galactanivorans is composed of a core PUL comprising
the D-AHG metabolizing pathway, several sulfatases and o-
1,3-(3,6-anhydro)-D-galactosidases, in addition to other genes
(including endolytic carrageenases and transporters) encoded in
genomic regions outside the core PUL (Ficko-Blean et al., 2017).
On the other hand, Ficko-Blean et al. (2017) showed that GH16
and GH42-like homologs with unknown functions are found
in carrageenolytic PULs of other marine bacteria including
members of the Alteromonadaceae family to which P. hydrolytica
S66" belongs. We therefore speculate that the furcellaranase
activities demonstrated in the present study may correspond
to these uncharacterized CAZymes. If so, our findings may
contribute to a better understanding of carrageenan degradation
in marine bacteria.

In addition to the GHs described in this study, other
new enzyme activities may be found in the red algal PUL-
like clusters. In this context, a GH29 (fucosidases) and a
GH63 (glucosidases) located in the agarolytic part of the gene
cluster are interesting targets for future characterization studies,
since members of these CAZyme families are not obviously
involved in hydrolysis of red algal polysaccharides and may
therefore represent new enzyme activities. This rationale has
earlier led to the discovery of novel enzyme activities acting
on algal carbohydrates (Rebuffet et al, 2011; Ficko-Blean
et al., 2017). Thus, we expect that future research in other
protein complements in the S667 PUL-like clusters may reveal
additional functional novelties related to agar and carrageenan
degradation.
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