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ABSTRACT Marine bacteria usually contain polysaccharide utilization loci (PUL) for
metabolizing red algae polysaccharides. They are of great significance in the carbon cycle
of the marine ecosystem, as well as in supporting marine heterotrophic bacterial growth.
Here, we described the whole k -carrageenan (KC), i -carrageenan (IC), and partial l-carra-
geenan (LC) catabolic pathways in a marine Gram-negative bacterium, Flavobacterium
algicola, which is involved carrageenan polysaccharide hydrolases, oligosaccharide sulfa-
tases, oligosaccharide glycosidases, and the 3,6-anhydro-D-galactose (D-AHG) utilization-
related enzymes harbored in the carrageenan-specific PUL. In the pathways, the KC and
IC were hydrolyzed into 4-sugar-unit oligomers by specific glycoside hydrolases. Then,
the multifunctional G4S sulfatases would remove their nonreducing ends’ G4S sulfate
groups, while the i -neocarratetrose (Ni4) product would further lose the nonreducing
end of its DA2S group. Furthermore, the neocarrageenan oligosaccharides (NCOSs) with
no G4S and DA2S groups in their nonreducing ends would completely be decomposed
into D-Gal and D-AHG. Finally, the released D-AHG would enter the cytoplasmic four-step
enzymatic process, and an L-rhamnose-H1 transporter (RhaT) was preliminarily verified for
the function for transportation of D-AHG. Moreover, comparative analysis with the
reported carrageenan metabolism pathways further implied the diversity of microbial sys-
tems for utilizing the red algae carrageenan.

IMPORTANCE Carrageenan is the main polysaccharide of red macroalgae and is com-
posed of D-AHG and D-Gal. The carrageenan PUL (CarPUL)-encoded enzymes exist in
many marine bacteria for decomposing carrageenan to provide self-growth. Here,
the related enzymes in Flavobacterium algicola for metabolizing carrageenan were
characterized for describing the catabolic pathways, notably, although the specific
polysaccharide hydrolases existed that were like previous studies. A multifunctional
G4S sulfatase also existed, which was devoted to the removal of G4S or G2S sulfate
groups from three kinds of NCOSs. Additionally, the transformation of three types of
carrageenans into two monomers, D-Gal and D-AHG, occurred outside the cell with
no periplasmic reactions that existed in previously reported pathways. These results
help to clarify the diversity of marine bacteria using macroalgae polysaccharides.

KEYWORDS red algae, polysaccharides, polysaccharide utilization loci, Flavobacterium
algicola

Photosynthetic carbon sequestration by macroalgae, as one of the foundations of ma-
rine primary productivity, plays a critical role carbon cycle of the marine ecosystem

(1). Algae polysaccharides would be synthesized by taking carbon dioxide from the
atmosphere or the ocean. Additionally, with biological evolution, some marine hetero-
trophic bacteria attached to macroalgae have evolved a series of enzymes, including hy-
drolases, transporters, modifying enzymes, etc., to degrade algae polysaccharides for
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self-growth requirements, as well as releasing carbon dioxide. These enzymes are usually
present in polysaccharide utilization loci (PUL), which are adjacent and mutually adjusta-
ble (2). Thus, the polysaccharide synthesis by macroalgae and polysaccharide metabo-
lism by marine heterotrophic bacteria constitute the carbon cycle of the marine ecosys-
tem (3).

Macroalgae are classified into green, red, and brown macroalgae (4). Therein, the
red macroalgae have much higher carbohydrate content than those of brown and
green macroalgae. Moreover, the monomeric sugar yields of red macroalgae were the
highest among the three types of macroalgae (5–7). The main polysaccharides in red
algae are classified into agar and carrageenans based on their monomer composition.
Therein, carrageenans are linear sulfated polysaccharides with repeating disaccharide
subunits composed of D-galactose (D-Gal) and 3,6-anhydro-D-galactose (D-AHG), which
are alternately linked by b-1,4- and a-1,3-glycosidic linkages, respectively (8). According
to the number and position of sulfate groups, natural carrageenans are divided into
kappa (k )-, iota (i )-, and lambda (l)-carrageenan. k -Carrageenan (KC) only contains a
C-4 hydroxyl sulfated D-Gal residue (G4S), and i -carrageenan (IC) also contains a C-2
hydroxyl sulfated D-AHG residue (DA2S), while l-carrageenan (LC) contains three types
of sulfate groups, including C-2 hydroxyl sulfated D-Gal residue (G2S), DA2S, and C-6
hydroxyl sulfated D-AHG residue (DA6S), in its disaccharide unit (9–11).

The first carrageenan PUL (CarPUL) have been described in the marine bacterium
Zobellia galactanivorans DsijT (12). In this carrageenan utilization pathway, KC and IC
were transformed into b-neocarrageenan oligosaccharides (NbCOSs) with no sulfated
residues by two specific pathways, respectively. Herein, KC was first decomposed into
k -neocarrageenan oligosaccharides (NkCOSs) by a GH16 family (http://www.cazy.org/)
k -carrageenase CgkA (13), and then the sulfate group from G4S of NkCOS was removed
by an S1_7 (http://abims.sb-roscoff.fr/sulfatlas/) kCOS G4S sulfatase ZGAL_3146 to pro-
duce NBCOSs (14), while IC was first hydrolyzed into i -neocarrageenan oligosaccharides
(NiCOSs) under the coaction of three GH82 i -carrageenases (CgiA1, CgiA2, and CgiA3)
(15, 16). Furthermore, the transformation of NiCOSs products into NbCOSs was achieved
by two sulfatases. S1_19 NiCOS, G4S sulfatase ZGAL_3145 removed the G4S sulfate
group from NiCOSs, and then the DA2S sulfate group was removed by S1_17 DA2S-sul-
fatase ZGAL_3151. The further bioconversion of NbCOS into two monomers, D-AHG and
D-Gal, relied on the coaction of exo-a-3,6-anhydro-D-galactosidase (ADAG) (GH127
ZGAL_3150, GH129-like ZGAL_3152) and exo-b-galactosidase (BG) (GH2 ZGAL_3633
and ZGAL_4655). Finally, D-Gal and D-AHG were transported into the cytoplasm for
metabolism.

Also, other nonspecific KC and IC catabolic pathways have been revealed in five ma-
rine bacteria Pseudoalteromonas species (17). Different from the CarPUL in Z. galactani-
vorans DsijT, the CarPUL-encoded enzymes deployed in Pseudoalteromonas include
three GH16 endo-acting carrageenases (GH16A, -B, and -C), an endo-acting KC and IC
G4S sulfatase S1_19A, an exo-acting DA2S sulfatase S1_NC, an exo-acting G4S sulfatase
S1_19B, and a GH167 b-neocarrabiose (Nb2) releasing exo-b-galactosidases. In this
carrageenan metabolism pathway, on the one hand, KC can be hydrolyzed into
NkCOSs by GH16A/C; on the other hand, they can also be transformed into b-carra-
geenan (BC) and a-carrageenan (AC) by G4S sulfatase S1_19A. BC and AC were further
degraded into NbCOSs and a-neocarrageenan oligosaccharides (NaCOSs) under the
action of GH16B, respectively. In the periplasm, four types of neocarrageenan oligosac-
charides (NCOSs) were completely decomposed into D-Gal and D-AHG. Therein, GH167
can cut the first b-1,4-glycosidic linkage from the nonreducing end of NCOSs to release
the Nb2 motif. Thus, NbCOSs can be directly hydrolyzed by GH167, while the sulfated
NCOSs, including NkCOSs, NiCOSs, and NaCOSs, need extra steps under the action of
sulfates to generate an Nb2 nonreducing terminal; continued GH167 action would
release the Nb2 unit. However, the hydrolase activity toward Nb2 to produce monosac-
charides was not detected. This carrageenan catabolic pathway displays a completely
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different degradation model from the Z. galactanivorans DsijT, which suggested the di-
versity of carrageenan utilization pathways in these microbes.

For better illustrating this carrageenan metabolic versatility in the carrageenan-
degrading microbes, here, the marine Gram-negative bacterium Flavobacterium algi-
cola (18), which can grow with KC, IC, and LC as the sole carbon source, was selected
for further studying. We first acquire the whole genome of F. algicola. Then, the bioinfor-
matics approach was used for obtaining the CarPUL-encoding genes that may involve car-
rageenan metabolism. Furthermore, related encoded enzymes were expressed. Combined
with activity verification and biochemical analysis, the KC and IC catabolic pathway was
successfully proposed, as well as the partial LC pathway. These carrageenan metabolism
pathways are not exactly the same as previously reported pathways, which would likely
further reveal the diversity of microbial utilization systems of carrageenan.

RESULTS AND DISCUSSION
The conserved genes encode j/i/k-carrageenan-specific enzymes. The gradually

increased optical density at 600 nm (OD600) suggested the marine bacterium F. algicola
could grow with KC, IC, and LC as the sole carbon source (Fig. 1a), which indicated the
k /i/l-CarPUL may exist. Consequently, the genome of F. algicola has been sequenced
to further reveal the carrageenan utilization pathway. By using BLAST (https://blast
.ncbi.nlm.nih.gov/Blast.cgi) and BioEdit tools (19), the KC-, IC-, and LC-related gene
cluster was identified (Fig. 1b). This gene segment contains various carrageenan poly-
saccharide hydrolases (one GH16 k -carrageenase is encoded by 2976, three GH82
i -carrageenases are encoded by 2942, 2949, and 2957, and one GH150 l-carrageenase
is encoded by 2941), oligosaccharide or polysaccharide sulfatases (two S1_17 a-carra-
geenan DA2S-sulfatases are encoded by 1558 and 2064, two S1_19 IC G4S sulfatases
are encoded by 2979 and 3000, and one S1_7 KC, G4S sulfatase is encoded by 2978), ol-
igosaccharide glycosidases (one GH127 ADAG is encoded by 2977, one GH129 ADAG is
encoded by 2980, and one GH2 BG is encoded by 2975), and the D-AHG utilization-
related enzymes (D-AHG dehydrogenase is encoded by 2972, 3,6-anhydro-D-galacto-
nate cycloisomerase is encoded by 2971, 2-keto-3-deoxy-D-galactonate kinase is
encoded by 2973, and 2-keto-3-deoxy-D-galactonate aldolase is encoded by 2974). In
addition, an AraC family transcriptional regulator is encoded by 2969 located in this
segment. Additionally, this CarPUL also contains an L-rhamnose-H1 transporter (RhaT),
which is encoded by gene 2970, which was speculated as the transporter for uptake of
3,6-anhydro-L-galactose (L-AHG) in previous research (20, 21). Thus, it is inferred that
the KC, IC, and LC utilization pathways are located in the gene cluster from genes 1558
to 3000 in F. algicola.

The production of neocarrageenan oligosaccharides from hydrolyzing carrageenan.
There are a total of five GHs involved in the process of oligosaccharides production in
F. algicola, including one k -carrageenase, OUC-FaKC16A (encoded by gene 2976); one
l-carrageenase, OUC-FaLC150A (encoded by gene 2941); and three i -carrageenases,
OUC-FaLC82A (encoded by gene 2942), OUC-FaLC82B (encoded by gene 2949), and

FIG 1 (a) Growth curves of F. algicola in M9 minimal medium with additives containing 3 g/L KC, IC, or LC as the sole carbon source. (b) Genes in the
k /i /l-CarPUL were annotated by using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and BioEdit tools. Carrageenan polysaccharide hydrolases, oligosaccharide or
polysaccharide sulfatases, oligosaccharide glycosidases, D-AHG metabolism-related enzymes, and transporter are shown. KC, k -carrageenan; IC, i -carrageenan; LC,
l-carrageenan; k /i /l-CarPUL, k /i /l-carrageenan polysaccharide utilization loci; D-AHG, 3,6-anhydro-D-galactose.
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OUC-FaLC82C (encoded by gene 2957). These GHs have been successfully cloned and
expressed in Escherichia coli BL21(DE3) for exploring their main products and to further
purify them with an Ni21-nitrilotriacetic acid (NTA) column to obtain pure enzymes
(Fig. S1 in the supplemental material).

The OUC-FaKC16A was identified as k -carrageenase and shows an ;60% amino acid
(aa) sequence similarity with the characterized k -carrageenase ZgCgKA (GenBank acces-
sion no. CAZ94309.1) from Z. galactanivorans DsijT (22) (Table S1), but the sequence cov-
erage is only 68%, which indicates its novelty. Phylogenetic analysis suggested that it
belongs to the GH16 family and showed obvious affinity with the characterized k -carra-
geenases (Fig. S2). Its enzymatic properties were further studied. Our data indicate the
OUC-FaKC16A showed its highest activity at 60°C and pH 9.0 (Fig. 2a and b). Moreover,
its products from decomposing KC were detected by high-performance liquid chroma-
tography (HPLC); the results suggest that the products consisted of Nk4 and Nk2, of
which Nk4 is the main product (Fig. 2c). Mass spectrometry (MS) results further confirm
this conclusion (Fig. 2d). Furthermore, the degradation pattern of OUC-FaKC16A toward
NkCOSs and kCOSs has been analyzed. As shown in Fig. 2e, it can be concluded that
the minimum actionable substrate of OUC-FaKC16A is k -carrapentaose (k5), and its min-
imum identifiable units are Nk4 and k -carratriose (k3) from the nonreducing ends of
NkCOSs and kCOSs, respectively. Compared with the reported k -carrageenases, the
OUC-FaKC16A possessed a relatively high optimum temperature, while most of the char-
acterized k -carrageenases were below to 55°C (22–26). Meanwhile, it exhibited wide
temperature and pH reactivity. What’s more, the 24-h hydrolysate of OUC-FaKC16A con-
tained ;84% of Nk4. These results indicated that the potential of OUC-FaKC16A is
applied in functional NCOSs industry production.

FIG 2 Functional characterization of GH16 k -carrageenase OUC-FaKC16A from F. algicola. (a) Optimum temperatures of OUC-FaKC16A for hydrolyzing KC.
(b) Optimum reaction pH levels of OUC-FaKC16A for hydrolyzing KC. (c) HPLC for analyzing the main products of OUC-FaKC16A from hydrolyzing KC. (d)
MS for analyzing the end products of OUC-FaKC16A from hydrolyzing KC for 8 h. (e) HPLC for analyzing the products of OUC-FaKC16A from hydrolyzing
Nk2, Nk4, Nk8, k3, k5, and k7. (f) Scheme of the oligosaccharide degradation model of OUC-FaKC16A. KC, k -carrageenan; Nk2, k -neocarrabiose; Nk4,
k -neocarratetrose; Nk6, k -neocarrahexaose; Nk8, k -neocarraoctaose; k3, k -carratriose; k5, k -carrapentaose; k7, k -carranonaose; D-AHG, 3,6-anhydro-D-
galactose; D-Gal, D-galactose.
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In addition, the three i -carrageenases OUC-FaLC82A, OUC-FaLC82B, and OUC-
FaLC82C all belong to the GH82 family from the phylogenetic analysis with characterized
GH81, GH82, and GH83 hydrolyses (Fig. S3). Therein, OUC-FaLC82A shows an ;56% aa
sequence identity with the characterized i -carrageenase CgiB_Ce (GenPept accession
no. AGN70890.1) from the Cellulophaga sp. strain QY3 (27), while OUC-FaLC82B and
OUC-FaLC82C show;28% and;37% aa sequence identity with the characterized i -car-
rageenase CgiF (GenPept accession no. APX55175.1) from Flavobacterium sp. strain YS-
80-122, respectively (Table S1) (28). The optimal temperatures of OUC-FaLC82A, OUC-
FaLC82B, and OUC-FaLC82C were determined at 40, 45, and 60°C, while their optimal pH
levels were 6.0, 9.0, and 8.0, respectively. Furthermore, their final products from hydrolyz-
ing IC at the optimal reaction conditions were analyzed by HPLC and MS, which indicate
that OUC-FaLC82A, OUC-FaLC82B, and OUC-FaLC82C would produce Ni4 and i -neocarra-
hexaose (Ni6) during the reaction process, in which Ni4 is the main product (Fig. 3c to f).

Additionally, the l-carrageenase OUC-FaLC150A exhibits an ;45% aa sequence identity
with the two of reported l-carrageenases, which are from the bacteria Pseudoalteromonas
carrageenovora (GenPept accession no. CAL37005.1) and Pseudoalteromonas sp. strain CL19
(GenPept accession no. BAF35571.1), respectively (Table S1) (29, 30). Phylogenetic tree
results further proved that it belongs to the GH150 family (Fig. S4). Its hydrolysis products
were further detected; the HPLC and MS results suggest that it take the l-neocarratetrose
(Nl4) as the main product (Fig. S5a and b). In general, the first step of metabolizing KC, IC,
and LC in F. algicola is carried out, and KC, IC, and LC are transformed into Nk4, Ni4, and
Nl4 by three types of specific carrageenases, respectively.

The processes of removing sulfate groups in neocarrageenan oligosaccharides.
After NCOS production, the next step for catabolizing carrageenan is to remove the sulfate

FIG 3 Functional characterization of GH82 i -carrageenases OUC-FaIC82A, OUC-FaIC82B, and OUC-FaIC82C from F. algicola. (a) Optimum temperatures of OUC-
FaIC82A, OUC-FaIC82B, and OUC-FaIC82C for hydrolyzing IC. (b) Optimum reaction pH levels of OUC-FaIC82A, OUC-FaIC82B, and OUC-FaIC82C for hydrolyzing
IC. (c) HPLC for analyzing the main products of OUC-FaIC82A, OUC-FaIC82B, and OUC-FaIC82C from hydrolyzing IC. (d) MS for analyzing the end products of
OUC-FaIC82A from hydrolyzing IC for 24 h. (e) MS for analyzing the end products of OUC-FaIC82B from hydrolyzing IC for 24 h. (f) MS for analyzing the end
products of OUC-FaIC82C from hydrolyzing IC for 24 h. IC, i -carrageenan; Ni2, i -neocarrabiose; Ni4, i -neocarratetrose; Ni6, i -neocarrahexaose.
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groups for producing NbCOSs. Taking the reported sulfatases involved in the carrageenan
metabolism, from which the Z. galactanivorans DsijT and Pseudoalteromonas species (12,
17) are used as the templates for sequence alignment in the proteome of F. algicola,
results show that the OUC-S1_7A (encoded by gene 2978) exhibits an ;55% aa sequence
identity with the S1_7 KC G4S sulfatase ZGAL_3146 (GenPept accession no. CAZ97285.1)
from Z. galactanivorans DsijT. OUC-S1_19A (encoded by gene 1510) exhibits a 45% aa
sequence identity with the exo-acting G4S NkCOS sulfatase S1_19B (GenPept accession
no. KAA1157118.1) from Pseudoalteromonas fuliginea. OUC-S1_19B (encoded by gene
2979) and OUC-S1_19C (encoded by gene 3000) exhibit ;65% and ;59% aa sequence
identity with the S1_19 NiCOS G4S sulfatase ZGAL_3145 (GenPept accession no.
CAZ97284.1) from Z. galactanivorans DsijT, as well as ;53% and ;56% identity with the
KC/IC G4S sulfatase S1_19A (GenPept accession no. KAA1157105.1) from P. fuliginea,
respectively. Also, OUC-S1_17A (encoded by gene 1558) and OUC-S1_17B (encoded by
gene 2064) exhibit ;37% and ;36% aa sequence identity with the S1_17 DA2S sulfatase
ZGAL_3151 (GenPept accession no. CAZ97290.1) from Z. galactanivorans DsijT, respectively
(Table S2). To test these sulfatases’ activity, the recombinant proteins were obtained and
further purified by affinity chromatography.

The predicted KC or NkCOS G4S sulfatases, including OUC-S1_7A, OUC-S1_19A, OUC-
S1_19B, and OUC-S1_19C, have had their effects on KC or NkCOS with different degree
of polymerization (DP) verified. The results indicated that OUC-S1_19B (encoded by
gene 2979) showed activity for removing G4S sulfate groups from the mixture of Nk4
and Nk6 (Fig. 4a), while OUC-S1_19C (encoded by gene 3000) also showed activity to

FIG 4 Functional characterization of G4S sulfatase from F. algicola. (a) HPLC analysis of the activity of OUC-S1_7A and OUC-S1_19B for removing the G4S
sulfate group from the mixture of Nk4 and Nk6. (b) HPLC analysis of the activity of OUC-S1_19B for removing the G4S group from Nk2, Nk4, and Nk8. (c)
HPLC analysis of the activity of OUC-S1_19B for removing the G4S group from Nk10. (d) HPLC analysis of the activity of OUC-S1_19B for removing the G4S
sulfate group from k3 and k5. (e) MS for analyzing the desulfated products from OUC-S1_19B acting on the mixture of k4 and Nk6. (f) MS for analyzing
the desulfated products from OUC-S1_19B acting on the Nk8. G4S, C-4 hydroxyl sulfated D-Gal residue; Nk2, k -neocarrabiose; Nk4, k -neocarratetrose; Nk6,
k -neocarrahexaose; Nk8, k -neocarraoctaose.
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desulfate the G4S group of Nk6 (Fig. S6a), but its activity was obviously less than OUC-
S1_19B. Moreover, pure Nk2, k3, Nk4, k -neocarrapentaose (k5), k -neocarraoctaose
(Nk8), and k -neocarradecaose (Nk10) were used as the substrates for further activity
tests. OUC-S1_19B exhibited obvious activity toward Nk4, Nk8, and Nk10 (Fig. 4b to d),
while it had no effects on Nk2, k3, and k5 (Fig. 4b and d). Thus, these results allowed us
to understand that the substrates of G4S sulfatase OUC-S1_19B should take the D-AHG
as the nonreducing end. In order to further illustrate its action mode, the products acting
on the mixture Nk4, Nk6, and Nk8 were analyzed by MS that further proved the activity
of OUC-S1_19B for removing the G4S sulfate groups from NkCOSs (Fig. 4e and f).
Surprisingly, the MS result suggested that Nk2 also would be desulfated under the
action of excess OUC-S1_19B (Fig. S7). Moreover, it suggested that OUC-S1_19B could
only remove one G4S sulfate group to produce the products with one less sulfate group
than Nk2, Nk4, Nk6, and Nk8.

Considering the high sequence similarities of OUC-S1_19B and OUC-S1_19C with
S1_19 NiCOS G4S sulfatase ZGAL_3145 (GenBank accession no. CAZ97284.1) (Table S2),
we also tested them with Ni4 as the substrate to check their activity for removing G4S sul-
fate groups from NiCOS. HPLC results showed that the new product with a smaller molec-
ular weight (MW) was obtained after the reactions that illustrated the sulfatase activity of
OUC-S1_19B and OUC-S1_19C (Fig. 5a and Fig. S6b). OUC-S1_17A (encoded by gene 1558)
and OUC-S1_17B (encoded by gene 2064) were further tested the activity to remove the
DA2S sulfate groups; only OUC-S1_17A successfully catalyzed the formation of a smaller
new product from OUC-S1_19B-pretreated Ni4 (Fig. 5b). HPLC detected that the retention
time of the OUC-S1_17A-catalyzed product was between OUC-S1_19B-pretreated Ni4 and
Nk4, which indicated the OUC-S1_17A could only remove one DA2S group from OUC-
S1_19B-pretreated Ni4. What’s more, we also verified their catalytic ability on Ni4, but it
exhibited no effects. The results above suggest that G4S sulfatase OUC-S1_19B and DA2S
sulfatase OUC-S1_17A were involved in the process of removing sulfate groups in NiCOSs
in which the removal of G4S sulfate group relies on G4S sulfatase OUC-S1_19B as the first
step. We also tried to remove the G2S sulfate group in NlCOSs; HPLC indicated there had
produced a new product with smaller MW from Nl4 (Fig. S5c). However, the remaining
two steps for further removing the DA2S and DA6S groups have not been resolved suc-
cessfully in our research. Thus far, the processes of removing sulfate groups in NkCOS and
NiCOS have been described.

The D-AHG and D-Gal production from neocarrageenan oligosaccharides. Compared
with the monosaccharide production pathway from Z. galactanivorans DsijT, the GH127

FIG 5 Functional characterization of G4S sulfatase OUC-S1_19B and DA2S sulfatase OUC-S1_17A/B from F. algicola. (a) HPLC analysis of the activity of OUC-
S1_19B for removing the G4S sulfate group from the Ni4. (b) HPLC analysis of the activity of OUC-S1_17A and OUC-S1_17B for removing the DA2S sulfate
group from Ni4. (c) HPLC analysis of the activity of OUC-S1_17A and OUC-S1_17B for removing the DA2S sulfate group from OUC-S1_19B-treated Ni4.
G4S, C-4 hydroxyl sulfated D-Gal residue; DA2S, C-2 hydroxyl sulfated D-AHG residue; Ni4, i -neocarratetrose.
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ADAG OUC-FaBC127A (encoded by gene 2977) and GH129 OUC-FaBC129A (encoded by
gene 2980) in F. algicola were found, which exhibit ;67% and ;64% aa sequence iden-
tity with GH127 ADAG ZGAL_3150 (GenPept accession no. CAZ97289.1) and GH129-like
ADAG ZGAL_3152 (GenPept accession no. CAZ97291.1), respectively (Table S2). GH2 BG
OUC-FaGH2A (encoded by gene 2975) was selected for further in vitro assay because it is
adjacent to the predicted CarPUL. In the beginning, the mixture of Nk4 and Nk6 was
used as the substrate for OUC-FaBC127A and OUC-FaBC129A hydrolysis; HPLC showed
no product formation (Fig. 6a). However, there were new, smaller products when taking
the pretreated mixture of Nk4 and Nk6 by using OUC-S1_19B (Fig. 6b), which indicated
that OUC-S1_19B tends to remove the G4S sulfate group of nonreducing D-Gal residue.
The OUC-S1_19B-treated Nk4 was further used as their substrate; MS analysis indicated
oligosaccharides with DP3 (G-DA-G4S) and D-AHG were produced after the hydrolysis
process (Fig. 6d; Fig. S8a). Additionally, the product from Ni4 that was treated succes-
sively with OUC-S1_19B and OUC-S1_17A also can be hydrolyzed by OUC-FaBC129A
(Fig. S9), indicating that the action site of DA2S sulfate OUC-S1_17A was the first DA2S
group of NiCOSs from its nonreducing end. The above results revealed that OUC-
FaBC127A and OUC-FaBC129A tended to act on the first a-1,3-glycosidic linkage at the
nonreducing end of NCOSs with no G4S group to release D-AHG and the remaining odd-
numbered oligocarrageenans (Fig. 6g). This type of hydrolysis pattern is very similar to
that of a-neoagarobiose hydrolase (NABH) involved in the agar metabolic pathway,
which is devoted to releasing 3,6-anhydro-L-galactose (L-AHG) from the nonreducing
end of neoagarooligosaccharides (NAOSs) (31).

Furthermore, the ability of the gene 2975 encoding GH2 BG OUC-FaGH2A to release
D-Gal had been explored. The data indicated that OUC-FaGH2A was inactive on k3 and k5
(Fig. 6c and e), but it could catalyze the degradation of products from OUC-FaBC127A or

FIG 6 Functional characterization of ADAGs (OUC-FaBC127A and OUC-FaBC129A) and BG OUC-FaGH2A from F. algicola. (a) HPLC analysis of the activity of
OUC-FaBC127A and OUC-FaBC129A for hydrolyzing the mixture of Nk4 and Nk6. (b) HPLC analysis of the activity of OUC-FaBC127A and OUC-FaBC129A for
hydrolyzing the OUC-S1_19B-treated mixture of Nk4 and Nk6, and the activity of OUC-FaGH2A for acting on the products from OUC-FaBC129A hydrolysis
of OUC-S1_19B-treated mixture of Nk4 and Nk6. (c) HPLC analysis of the activity of OUC-FaGH2A for hydrolyzing k3 and k5. (d) MS analysis of the
products from OUC-FaBC127A and OUC-FaBC129A hydrolysis of the OUC-S1_19B-treated Nk4. (e) MS analysis of the activity of OUC-FaGH2A for
hydrolyzing k5. (f) MS analysis of the products from OUC-FaGH2A hydrolysis of the COS with DP3 (G-DA-G4S). (g) The reaction scheme of ADAGs (OUC-
FaBC127A and OUC-FaBC129A) toward NCOSs with no G4S group in the nonreducing end. (h) Reaction scheme of BG OUC-FaGH2A toward
oligocarrageenans with no G4S group in the nonreducing end. ADAG, a-3,6-anhydro-D-galactosidase; BG, b-galactosidase; Nk4, k -neocarratetrose; Nk6,
k -neocarrahexaose; k3, k -carratriose; k5, k -carrapentaose.
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OUC-FaBC129A, which hydrolyzed the OUC-S1_19B-pretreated mixture of Nk4 and Nk6
(Fig. 6b). Also, these results further demonstrated that the G4S sulfatase OUC-S1_19B could
obtain DA-G-DA-G4S from Nk4. The oligosaccharide with DP3 (G-DA-G4S) was further
used as a substrate for OUC-FaGH2A hydrolysis; the result suggested the DP3 was con-
verted to Nk2 (Fig. 6f) and D-Gal (Fig. S8b). All of these results allowed us to know that
OUC-FaGH2A was an exo-lytic hydrolase that acts on the first b-1,4-glycosidic linkage at
the nonreducing end of odd-numbered oligocarrageenans with no G4S group to release
D-Gal and the remaining even-numbered NCOSs (Fig. 6h).

The metabolic pathway and transportation of D-AHG. The above results demon-
strated that KC and IC could be completely transformed into D-Gal and D-AHG under
the coaction of GHs and sulfatases in F. algicola. Consequently, D-Gal and D-AHG would
further enter the in vivo metabolic pathway and be decomposed and utilized for
growth. The D-AHG metabolic pathway in carrageenan-degrading microorganisms was
initially reported by Lee et al. (32). It revealed that the D-AHG pathway was composed
of four enzymatic steps. D-AHG is first converted to 3,6-anhydro-D-galactonate (D-AHGA)
by 3,6-anhydro-D-galactose dehydrogenase (D-AHGD), and then 3,6-anhydro-D-galacto-
nate cycloisomerase (D-AHGAC) cyclizes D-AHGA into 2-keto-3-deoxy-D-galactonate
(KDGal). The remaining two steps are consistent with the DeLey-Doudoroff pathway and
D-galactonate pathway, including phosphorylation of D-KDGal and aldol cleavage of 2-
keto-3-deoxy-6-phospho-D-galactonate (D-KDPGal) via KDGal kinase and KDPGal aldolase,
respectively. Pyruvate and D-glyceraldehyde-3-phosphate (D-Gly-3-P) are eventually gen-
erated from D-AHG through the above-described pathway. Ficko-Blean et al. further
proved that the same D-AHG pathway involved four enzymes (D-AHGD ZGAL_3155,
D-AHGAC ZGAL_3156, KDGal kinase ZGAL_3154, and KDPGal aldolase ZGAL_3153) in
Z. galactanivorans by in vitro experiments (12).

By bioinformatic analysis, the putative genes related to D-AHG catabolic pathway
were found, including gene 2972 encoding D-AHGD (named FaDAD), 2971 encoding
D-AHGAC (named FaDAAC), 2973 encoding KDGal kinase (named FaKDGK), and 2974
encoding KDPGal aldolase (named FaKDPGA). They exhibit ;73%, ;55%, ;48%, and
;64% aa sequence identities with the corresponding enzymes in Z. galactanivorans,
respectively (Table S2). First, FaDAD’S oxidative activity toward D-AHG was tested, and
the HPLC and MS results suggested D-AHGA was successfully obtained with NAD1 or
NADP1 as cofactor (Fig. 7b and c), and it showed a higher activity when NAD1 existed
(Fig. 7a). Then, the activity of FaDAAC to cyclize D-AHGA for producing D-KDGal was
proven by HPLC (Fig. 7a). The D-KDPGal product of the third step was determined by
MS (Fig. 7d), which indicated phosphorylation activity of FaKDGK in the presence of
ATP. Finally, FaKDPGA could catalyze the formation of pyruvate and D-Gly-3-P from
D-KDPGal; the end products pyruvate and D-Gly-3-P were also detected by our MS
result (Fig. 7e).

Before D-AHG enters the intracellular metabolic pathway, it is required to transport
the D-AHG. Near the D-AHG metabolic gene cluster (2971 to 2974), gene 2970 was anno-
tated as sugar transporter. In the Z. galactanivorans’s CarPUL, there is a gene,
ZGAL_3157, with the same functional annotation, which exhibits a ;52% aa sequence
identity with gene 2970. Therefore, we speculate that this sugar symporter may be
dedicated to the transport of D-AHG. To verify our hypothesis, the strains BL-DA and
BL-DADRhaT, based on Gram-negative host Escherichia coli BL21(DE3), were con-
structed which carry the fragment from genes 2970 to 2974 and from genes 2971 to
2974, respectively. Then, their D-AHG utilization rates have been compared in the me-
dium with 0.5 g/L D-AHG as the sole carbon source. The HPLC results suggested that
the strain BL-DA could consume almost all D-AHG in 3 h, while BL-DADRhaT needed a
24-h consumption process. This phenomenon indicates the vital role of gene 2970
encoding RhaT in the D-AHG metabolism. In the agarose metabolic pathway of human
bacterium Bacteroides uniformis NP1, a RhaT was speculated to be committed to the
transmembrane transport of L-AHG (20). Likewise, a RhaT-encoding gene also existed
in the L-AHG metabolic cluster that may be involved in metabolizing L-AHG in marine
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bacterium Z. galactanivorans (31). Combined with our experimental results, this further
indicated the transport action of RhaT-like protein that is involved in D-AHG and L-AHG
metabolism.

The KC and IC metabolic pathways in F. algicola. Based on the bioinformatics and
biochemical data given here, the whole KC and IC and partial LC metabolic routes
could be described (Fig. 8). In the first process, the three types of carrageenan were
hydrolyzed into the corresponding NCOS of DP4 under the action of the specific poly-
saccharide hydrolases, including GH16 k -carrageenase (OUC-FaKC16A), GH82 i -carra-
geenases (OUC-FaIC82A, OUC-FaIC82B, and OUC-FaIC82C), and GH150 l-carrageenase
(OUC-FaLC150A). This process was consistent with the KC/IC catabolic pathways from
marine bacterium Z. galactanivorans. The oligosaccharides further enter the next stage
for removal of sulfate groups to produce NCOS with no sulfate groups in its nonreduc-
ing end. Therein, the Nk4 only carries one type of sulfate group that would be desul-
fated by the G4S sulfatase OUC-S1_19B, while both Ni4 and Nl4 were the substrates for
OUC-S1_19B to remove their G4S and G2S sulfate groups from the nonreducing end,
respectively, and the DA2S-sulfatase OUC-S1_17A acted on the OUC-S1_19B-treated Ni4
to remove its nonreducing end’s DA2S sulfate group. However, the sulfatases for removing
the other two types of sulfate groups in Nl4 have not been determined in this research.
Then, the NCOSs of DP4 (DA-G-DA2S-G4S and DA-G-DA-G4S) would be sequentially hydro-
lyzed to generate D-AHG and D-Gal under the alternating action of ADAGs (OUC-FaBC127A
and OUC-FaBC129A) and BG (OUC-FaGH2A), and the retained Ni2 and Nk2 would trans-
form into DP2 of DA2S-G and Nb2, respectively, under the action again of OUC-S1_19B in
which the DP2 of DA2S-G would further lose its DA2S group to produce Nb2 by OUC-
S1_17A. Then, the OUC-FaBC127A and OUC-FaBC129A completely decompose Nb2 into

FIG 7 The metabolism and transportation analyses of D-AHG. (a) Comparison of the FaDAD’s (encoded by gene 2972) oxidative activity toward D-AHG with
NAD1 or NADP1 as cofactor. (b) HPLC analysis of the activity of FaDAD for producing D-AHGA from D-AHG and FaDAAC (encoded by gene 2971) for
converting D-AHGA into D-KDGal. (c) MS analysis of D-AHGA product by using FaDAD to oxidize D-AHG. (d) MS detection of D-KDPGal production from
phosphorylation of D-KDGal using FaKDGK (encoded by gene 2973). (e) MS detection of final products pyruvate and D-Gly-3-P from a four-step enzymatic
reaction. (f) HPLC for comparing the D-AHG’s consumption by the strains BL-DA and BL-DADRhaT over time. D-AHG, 3,6-anhydro-D-galactose; D-AHGA, 3,6-
anhydro-D-galactonate; D-KDGal, 2-keto-3-deoxy-D-galactonate; D-KDPGal, 2-keto-3-deoxy-6-phospho-D-galactonate.
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D-Gal and D-AHG (Fig. 8). Finally, the released D-Gal was metabolized by the Leloir pathway;
at the same time, the D-AHG would enter the cytoplasmic four-step enzymatic process to
transform into D-Gly-3-P and pyruvate by a RhaT-like protein.

Moreover, the fermented supernatant of F. algicola collected from M9 medium with
KC as the sole carbon source was analyzed by HPLC and MS (Fig. S10). The results sug-
gested that the supernatant was composed of D-AHG, D-Gal, and Nb2. It was indicated
that the process for transforming KC into D-AHG and D-Gal occurred outside the cells,
and it was also demonstrated that the related enzymes existed in the extracellular do-
main of F. algicola. Therefore, it allowed us to know that the D-AHG and D-Gal produc-
tion from IC and LC also occurred in the extracellular environment.

The carrageenan metabolic pathways have been illustrated in marine bacteria Z.
galactanivorans DsijT and P. fuliginea (Fig. 9). In Z. galactanivorans DsijT, the specific KC
and IC catabolic routes existed, including the specific polysaccharides’ degradation
process and specific sulfate groups’ removal process, which relied on specific polysac-
charide hydrolases and specific sulfatases. In addition, the transformation of KC or IC
into NkCOSs or NiCOSs occurred outside the cell, while the removal of the sulfate
groups’ and production of monomers (D-Gal and L-AHG) occurred in the periplasm (12).
In another bacterium, P. fuliginea, the utilization of KC and IC was reliant on the non-
specific pathways based on the bifunctional hydrolases and sulfatases. Moreover, the
k -carrageenases (GH16A/C)-coding gene also existed in the CarPUL of P. fuliginea,
which suggested the k -carrageenan also can be utilized by specific pathways in P. fuli-
ginea. Furthermore, it also involved the periplasm catabolic pathway for completely

FIG 8 Schematic model of carrageenan metabolism in F. algicola. In the first process, the KC, IC, and LC were decomposed into Nk4, Ni4, and Nl4 under
the action of k -carrageenase (OUC-FaKC16A), i -carrageenases (OUC-FaIC82A, OUC-FaIC82B, and OUC-FaIC82C), and l-carrageenase (OUC-FaLC150A),
respectively. Then, the sulfate groups’ removal steps in different types of NCOSs were performed with G4S sulfatase OUC-S1_19B and DA2S sulfatase OUC-
S1_17A. Furthermore, the NCOSs with no G4S and DA2S groups of the nonreducing end would completely be decomposed into D-Gal and D-AHG under
the combined action of ADAGs (OUC-FaBC127A and OUC-FaBC129A), BG (OUC-FaGH2A), and sulfatases. Finally, the released D-Gal was metabolized by the
Leloir pathway, while D-AHG would enter the cytoplasmic four-step enzymatic process to transform into D-Gly-3-P and pyruvate by a RhaT-like protein. KC,
k -carrageenan; IC, i -carrageenan; LC, l-carrageenan; Nk4, k -neocarratetrose; Ni4, i -neocarratetrose; Nl4, l-neocarratetrose; Nk2, k -neocarrabiose; Ni2,
i -neocarrabiose; ADAG, a-3,6-anhydro-D-galactosidase; BG, b-galactosidase; D-Gal, D-galactose; D-AHG, 3,6-anhydro-D-galactose.
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hydrolyzing different types of oligosaccharides into D-Gal and D-AHG (17). In earlier
research about the red algal polysaccharide degradation pathway in the marine bacte-
rium Paraglaciecola hydrolytica S66T, n GH16 k -carrageenase and three GH16 b-carra-
geenases were proven to participate in the metabolic pathway of k /b-carrageenan.
Therein, two of the GH16 b-carrageenases, Ph1656 and Ph1663. hydrolyzed the BC or
partially sulfated furcellaran to release oligosaccharides (33). Considering the high sequence
identity (;61%) of Ph1633 with the nonspecific carrageenase GH16B from P. fuliginea, it
was speculated that Ph1663 can also act on the AC (or hybrid a/b-carrageenans).
Additionally, the protein (GenBank accession no. WP_068376979.1) with high similarity
(;69%) to the multifunctional G4S sulfatase S1_19A of P. fuliginea was also found in
P. hydrolytica S66T. Thus, the nonspecific catabolic pathways of KC and IC, consisting of poly-
saccharides’ desulfating process and sulfated polysaccharides’ degradation process, may
also be present in P. hydrolytica S66T.

Compared with Z. galactanivorans DsijT, P. fuliginea, and P. hydrolytica S66T, the car-
rageenan-utilized pathways in F. algicola displayed different characteristics, although
the specific polysaccharide hydrolases exist that are like Z. galactanivorans DsijT. A mul-
tifunctional G4S sulfatase, OUC-S1_19B, also existed that was devoted to the removal

FIG 9 Schematic model of KC and IC metabolism in Z. galactanivorans DsijT (a) and P. fuliginea PS47 (b). (a) In Z. galactanivorans DsijT, the specific KC and
IC catabolic routes existed, including the specific polysaccharides’ degradation process and specific sulfate groups’ removal process, which relied on
specific polysaccharide hydrolases and specific sulfatases. In addition, the transformation of KC or IC into NkCOSs or NiCOSs occurred outside the cell,
while the removal of the sulfate groups and production of monomers (D-Gal and L-AHG) occurred in the periplasm. (b) In another bacterium P. fuliginea
PS47, the KC and IC would be transformed into four types of NCOSs under the action of GH16A/C or the coaction of multifunctional G4S sulfatase S1_19A
and GH16B. Then, the four types of NCOS were completely decomposed into D-Gal and D-AHG. (c) Therein, GH167 can cut the first b-1,4-glycosidic linkage
from the nonreducing end of NCOSs to release the Nb2 motif. Thus, BNCOSs can be directly hydrolyzed by GH167, while the sulfated NCOSs, including
NkCOSs, NiCOSs, and NaCOSs, need extra steps under the action of sulfates to generate a Nb2 nonreducing terminal; continued GH167 action would
release the Nb2 unit. KC, k -carrageenan; IC, i -carrageenan; Nb2, b-neocarrabiose; NCOS, neocarrageenan oligosaccharides.
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of G4S sulfate groups from different types of oligocarrageenans. The same multifunc-
tional G4S sulfatase, S1_19A, had been discovered in P. fuliginea (34), but its role was
to remove the G4S sulfate groups from KC and IC polysaccharides for further decom-
posing (17). Moreover, the OUC-S1_19B also proved the capacity to desulfate the sul-
fate group from NlCOS. The partial LC-utilized route described here may help the
complete analysis of the LC degradation pathway in algal polysaccharide-degrading
bacteria. What’s more, all the processes for completely converting KC into two mono-
mers may happen in the extracellular environment of F. algicola, which is quite differ-
ent from the pathways in Z. galactanivorans DsijT and P. fuliginea.

In this study, we found that F. algicola possesses the KC, IC, and LC metabolic path-
ways that were composed of a specific polysaccharide’s degradation process and a
nonspecific sulfate group’s removal process. Furthermore, the RhaT protein involving
the transmembrane transportation of D-AHG was preliminarily studied. Our results fur-
ther reveal the diversity of microbial utilization systems of the red algae carrageenan,
which will help to understand the significant role of algal polysaccharide-degrading
bacteria in the carbon balance of the marine ecosystem.

MATERIALS ANDMETHODS
Materials. F. algicola (catalog no. 1.12076) was purchased from China General Microbiological

Culture Collection Center. The expression plasmids pET-28a(1) and pCold-SUMO have been kept in our
lab. The clone host, E. coli DH5a, and expression host, E. coli BL21(DE3), were obtained from Tsingke
Biotechnology Co., Ltd. (Beijing, China). Another expression host, RTS BL21(DE3) chaperone, was
obtained from HaiGene (Qingdao, China). The KC and IC polysaccharides were obtained commercially
from Sigma-Aldrich, and LC polysaccharide was ordered from TCI (Shanghai, China). k3, k5, k -carrano-
naose (k7), Nk2, Nk4, Nk8, and Nk10 used for HPLC analysis were purchased from Bz Oligo Biotech
(Qingdao, China).

Growth of F. algicola on j/i/k-carrageenan. F. algicola was first grown in LB (1% tryptone, 0.5%
yeast extract, and 1% NaCl) fluid medium at 25°C for 48 h. We washed the cells twice using sterilized
water and then transferred them into M9 minimal medium (0.24 g/L MgSO4, 0.011 g/L CaCl2, 3.0 g/L
Na2HPO4, 0.5 g/L NaCl, and 1.0 g/L NH4Cl) with additives (0.001 g/L vitamin, 0.001 g/L biotin, 0.05 g/L
EDTA, 0.0083 g/L FeCl3�6 H2O, 0.00084 g/L ZnCl2, 0.00013 g/L CuCl2�6H2O, 0.0001 g/L CoCl2�2H2O,
0.0001 g/L CoCl2, 0.0001 g/L H3BO3, 0.000016 g/L MnCl2�6H2O, and 0.0003 g/L Na2MoO4�H2O) containing
3 g/L KC or IC or LC as the sole carbon source at 25°C. The OD600 was determined by using a spectropho-
tometer (Thermo Scientific, USA) for drawing of growth curves.

Sequence analyses. Carbohydrate-active enzymes were identified by using DIAMOND (35) for align-
ment of amino acid sequences from F. algicola with the Carbohydrate-Active Enzymes database (CAZy).
Predicted carbohydrate-active enzymes sequences were further compared with homologs at NCBI using
BLASTp (https://blast.ncbi.nlm.nih.gov/) searches against the nonredundant (nr) databases; the closest
characterized enzyme was selected to be described in Table S1 in the supplemental material. For discov-
ering the related sulfatases, oligosaccharide glycosidases, and D-AHG utilization-related enzymes in F.
algicola, the verified sulfatases involved in the carrageenan metabolism of the Z. galactanivorans DsijT

and Pseudoalteromonas species were used as the template for sequence alignment using BioEdit tools
to find the closest sequence in the proteome of F. algicola.

In order to further prove the GHs of five carrageenases, phylogenetic analyses were performed with
MEGA version 6.0.

Gene cloning, expression, and purification of related enzymes. Genomic DNA was extracted
from F. algicola using a TIANamp bacteria DNA kit (Tiangen Biotech, Beijing, China). The related genes
were further amplified with the genomic DNA of F. algicola as a template, using the primers listed in
Table 1 and the 2� Phanta Max master mix (Vazyme, China) DNA polymerase. All the primers were syn-
thesized by BGI (Beijing, China). The plasmids pET-28a(1) and pCold-SUMO were also linearized by PCR.
The PCR products and linearized plasmids were linked by ClonExpress Ultra one-step cloning kit
(Vazyme, China) and then transformed into E. coli DH5a for obtaining the recombinant vector. Therein,
the genes 2941, 2957, and 2978 were linked to pET-28a(1), while other genes were linked to pCold-
SUMO for the prevention of inclusion bodies. The inserted genes were further confirmed by sequencing
(BGI, China). Afterward, the recombinant vectors were transformed into expression hosts; this procedure
could be divided into four different situations. In the first case, the pET-28a(1)-carrying gene 2941 or
2957 was transformed into E. coli BL21(DE3) for protein expression. In the second case, the pET-28a(1)-
carrying gene 2978 and pBAD/myc-his A Rv0712 (FGE) (Addgene; plasmid no. 16132), which encoded a
formylglycine-generating enzyme to promote sulfatase maturation, were cotransformed into E. coli BL21
(DE3) for sulfatase OUC-S1_7A expression. In the third case, each pCold-SUMO-carrying gene that was
not encoding sulfatase was transformed into RTS BL21(DE3) chaperone for soluble expression. In the
final case, each pCold-SUMO-carrying sulfatase-expressed gene and pBAD/myc-his K Rv0712 (FGE),
which was modified from pBAD/myc-his A Rv0712 (FGE) by replacing its ampicillin-encoding gene with
a kanamycin-encoding gene, were cotransformed into RTS BL21(DE3) chaperone for other sulfatases’
soluble expression.
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There are four corresponding types of expression procedures. First, for OUC-FaLC150A and OUC-
FaIC82C recombinase production, the recombinant strains were grown in LB fluid medium containing
50 mg/mL kanamycin sulfate at 37°C with agitation at 220 rpm after the OD600 reached 0.6, a final con-
centration of 0.1 mM isopropyl-1-thio-b-D-galactopyranoside (IPTG) was added into medium, and the
culture temperature was changed to 16°C for 24 h for inducing protein production. Second, the expres-
sion of sulfatase OUC-S1_7A was performed according to the procedures from previous literature (17).
Third, for OUC-FaKC16A, OUC-FaIC82A, OUC-FaIC82B, OUC-FaBC129A, OUC-FaBC129B, OUC-FaGH2A,
FaDAD, FaDAAC, FaKDGK, and FaKDPGA recombinase production, the recombinant strains were grown
in LB fluid medium containing 100 mg/mL ampicillin, 17 mg/mL chloramphenicol, and 0.5 mg/mL L-arab-
inose at 37°C with agitation at 220 rpm; 2 ng/mL tetracycline (induction of chaperone expression) was
added when the OD600 reached 0.3, and then it continued to cultivate at 37°C after the OD600 reached
0.6. A final concentration of 0.1 mM IPTG was added into medium, and the culture temperature was
changed to 16°C for 24 h for inducing protein production. Finally, for sulfatases OUC-S1_19A, OUC-
S1_19B, OUC-S1_19C, OUC-S1_17A, and OUC-S1_17B expression, it was only necessary to modify the
addition concentration of L-arabinose into 1 mg/mL for inducing formylglycine expression.

TABLE 1 Primers used in this study

Primer Sequence (59–39) Usage
1558ColdF gtaccctcgagggatccCAAGTTTCTCAATTAAAAAATAGTC Cloning gene 1558 to ligate into linearized pCold-SUMO
1558ColdR gactgcaggtcgacaagcttGTAGGTATCAGGAGCCC Cloning gene 1558 to ligate into linearized pCold-SUMO
2064ColdF cggtaccctcgagggatccCAAACTGCAAAAAAACCAAAC Cloning gene 2064 to ligate into linearized pCold-SUMO
2064ColdR ctgcaggtcgacaagcttATTAAAAGCACTGATGCG Cloning gene 2064 to ligate into linearized pCold-SUMO
2941F gtgcggccgcaagcttAAAAGCTTTCTCTAATTCCAC Cloning gene 2941 to ligate into linearized pET28a(1)
2941R aatgggtcgcggatccGCAAATGGAACTCCACC Cloning gene 2941 to ligate into linearized pET28a(1)
2942ColdF cggtaccctcgagggatccTTATGTTTTTCGCAAGACCG Cloning gene 2942 to ligate into linearized pCold-SUMO
2942ColdR agtgcggccgcaagcttTGCTTTCTCTTTTTTAACTTTTG Cloning gene 2942 to ligate into linearized pCold-SUMO
2949ColdF gtaccctcgagggatccGCTGATAATGTGTTTTATAATCC Cloning gene 2949 to ligate into linearized pCold-SUMO
2949ColdR gcaggtcgacaagcttATTATCCTTTTTTTTTTTTCCTTT Cloning gene 2949 to ligate into linearized pCold-SUMO
2957F aatgggtcgcggatccGCGCAAATTGATAAAGAGAG Cloning gene 2957 to ligate into linearized pET28a(1)
2957R gcaggtcgacaagcttTTTTTTCATTTTCTTAGTTTCTTTTG Cloning gene 2957 to ligate into linearized pET28a(1)
2971ColdF gtaccctcgagggatccATGAAAATTAAATCAATTGAATGTTTTATTC Cloning gene 2972 to ligate into linearized pCold-SUMO
2971ColdR ctgcaggtcgacaagcttTTCTTTTAAAGCAAATTTATATAATGC Cloning gene 2972 to ligate into linearized pCold-SUMO
2972ColdF ggtaccctcgagggatccATGGATTTTGGACATAAAAAATTATATATAG Cloning gene 2949 to ligate into linearized pCold-SUMO
2972ColdR ctgcaggtcgacaagcttCTATAAAGCTTTTGTAACGCG Cloning gene 2949 to ligate into linearized pCold-SUMO
2973ColdF ggtaccctcgagggatccATGAAACTTCCAAAATATTTTATTAG Cloning gene 2973 to ligate into linearized pCold-SUMO
2973ColdR ctgcaggtcgacaagcttTTATTTTTCATTAAGTACAATTATTTTC Cloning gene 2973 to ligate into linearized pCold-SUMO
2974ColdF cggtaccctcgagggatccATGAAAAATAATTCAGGATTTTCG Cloning gene 2974 to ligate into linearized pCold-SUMO
2974ColdR gactgcaggtcgacaagcttTTATTTTATTTCGTTTTTAACACGTATG Cloning gene 2974 to ligate into linearized pCold-SUMO
2975ColdF ggtaccctcgagggatccCAAAATGATTGGGAGAATGAG Cloning gene 2975 to ligate into linearized pCold-SUMO
2975ColdR gactgcaggtcgacaagcttATTCATGAAATTCATTCCG Cloning gene 2975 to ligate into linearized pCold-SUMO
2976ColdF cggtaccctcgagggatccGCGCAACATGCACC Cloning gene 2976 to ligate into linearized pCold-SUMO
2976ColdR ctgcaggtcgacaagcttCTGTATTAAAAGTTTTTGGG Cloning gene 2976 to ligate into linearized pCold-SUMO
2977ColdF ggtaccctcgagggatccCAGAATAAAGGGATTGTGG Cloning gene 2977 to ligate into linearized pCold-SUMO
2977ColdR ctgcaggtcgacaagcttATCCCAAATAATTGGCATG Cloning gene 2977 to ligate into linearized pCold-SUMO
2978F gagtgcggccgcaagcttaTTTGAAAAAACTACTTTCTGAC Cloning gene 2978 to ligate into linearized pET28a(1)
2978R caaatgggtcgcggatcctGTAGCCAAGGACAAAAAAAAC Cloning gene 2978 to ligate into linearized pET28a(1)
2979ColdF cggtaccctcgagggatccGCACAAACCTCAAAGCC Cloning gene 2979 to ligate into linearized pCold-SUMO
2979ColdR gcaggtcgacaagcttTTTTTTCTGCTTTTCAGTCC Cloning gene 2979 to ligate into linearized pCold-SUMO
2980ColdF ggtaccctcgagggatccGTAAAGGAAGGTGTAAAAC Cloning gene 2980 to ligate into linearized pCold-SUMO
2980ColdR ctgcaggtcgacaagcttTTTATAACTAACCTGAAAGTTCC Cloning gene 2980 to ligate into linearized pCold-SUMO
3000ColdF ggtaccctcgagggatccGCAAAACCAAATATTTTGG Cloning gene 3000 to ligate into linearized pCold-SUMO
3000ColdR gactgcaggtcgacaagcttATCCAACAAGAATGCTTTG Cloning gene 3000 to ligate into linearized pCold-SUMO
28aF ggatccgcgacccatttgc To linearize the plasmid pET28a(1)
28aR aagcttgcggccgcactcg To linearize the plasmid pET28a(1)
ColdF aagcttgtcgacctgcagt To linearize the plasmid pCold-SUMO
ColdR ggatccctcgagggtaccg To linearize the plasmid pCold-SUMO
2970-2974F gagctaacttacattaattAATATAGATATAAATTAGGATTCTGTTTTAG Cloning gene from 2970 to 2974 to ligate into linearized pCold-SUMO
2970-2974R cgcgatcgattatttatttTTTTAAAGGATTGTAATCAATATTATAAC Cloning gene from 2970 to 2974 to ligate into linearized pCold-SUMO
Cold-7074F aattaatgtaagttagctcactc To linearize the plasmid pCold-SUMO that only retained f1 ori, AmpR,

and ori regions
Cold-7074R aaataaataatcgatcgcg To linearize the plasmid pCold-SUMO that only retained f1 ori, AmpR,

and ori regions
Cold-7174F ctaacttacattaattAAGAATAGTATTTATATAATATAGAAC For defecting the 2970 from pCold-2970-2974 to construct pCold-

2971-2974
Cold-7174R gatttaattttcatcttaaGTTCTATATTATATAAATACTATTCTT For defecting the 2970 from pCold-2970-2974 to construct pCold-

2971-2974
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After induction, the cells were collected from centrifugation (4°C, 8,000 � g) for 15 min, resuspended
in ultrapure water, and then disrupted by sonication. Subsequently, the crude enzyme supernatant was
obtained from centrifugation (4°C, 9,000 � g) for 15 min. Then, these crude enzymes were purified with
a Ni21-NTA column in accordance with the instructions (TransGen Biotech, China). The target proteins
were eluted with gradient concentrations of imidazole (10, 20, 40, 50, 80, 120, 200, and 500 mM imidaz-
ole). Finally, the pure enzymes were obtained by using the specific size (30 and 50 kDa) of ultrafiltration
tubes for concentration and buffer replacement; meanwhile, these enzymes were analyzed by SDS-
PAGE, and their concentrations were determined using a bicinchoninic acid (BCA) protein assay kit
(Thermo Scientific, USA) with bovine serum album (BSA) as the standard.

j/i/k-carrageenase activity assays. The k -carrageenase OUC-FaKC16A and l-carrageenase OUC-
FaLC150A activity was determined by as previously described using the 3,5-dinitrosalicylic acid (DNS)
method (22, 30). Briefly, a total of 200 mL reaction volume containing 0.3% (wt/vol) substrate (KC or LC),
20 mM Tris-HCl buffer, pH 7.0, and 20 mL enzyme (OUC-FaKC16A or OUC-FaLC150A) was incubated for
30 min at optimum temperature and then boiled for 10 min for stopping the reaction. Three hundred
microliters of DNS reagent (Solarbio, China) were added into reaction volume, boiled immediately for
5 min, and then cooled in a cold-water bath. The absorbance was determined at 540 nm, and inactivated
enzyme was used as a control. One unit of enzymatic activity was defined as the amount of enzyme
required to obtain 1 mmol of reducing sugar per min.

The i -carrageenases OUC-FaIC82A, OUC-FaIC82B, and OUC-FaIC82C were determined by the para-
hydroxybenzoic acid hydrazide (pHBAH) method (36). The pHBAH chromogenic reagent was comprised
of 1 volume of 20% (wt/vol) pHBAH (Sigma, USA) dissolved in 2 M HCl and 9 volumes of 2 M NaOH. The
200-mL reaction volume contained 0.3% (wt/vol) IC, 20 mM Tris-HCl buffer, pH 7.0, and 20 mL enzyme. It
was incubated for 30 min at optimum temperature and then boiled for 10 min for stopping the reaction.
Six hundred microliters of pHBAH chromogenic reagent were added into reaction volume, boiled imme-
diately for 5 min, and then cooled in a cold-water bath. The absorbance was determined at 405 nm, and
inactivated enzyme was used as a control.

Characterization of optimum reaction conditions for j/i-carrageenases. The optimal tempera-
ture of k -carrageenase OUC-FaKC16A was determined in the temperature range of 30 to 100°C, while
the three i -carrageenases (OUC-FaIC82A, OUC-FaIC82B, and OUC-FaIC82C) were determined in the tem-
perature ranges of 30 to 65°C with 20 mM Tris-HCl buffer, pH 7.0, for incubation for 30 min. The optimal
pH levels of OUC-FaKC16A, OUC-FaIC82A, OUC-FaIC82B, and OUC-FaIC82C were determined in a pH
range of 3.0 to 10.0 by using different kinds of buffers at their optimal temperatures for 30 min. Each
reaction was performed in triplicate.

HPLC and MS methods for detecting the j/i/k-carrageenases’ products.We treated 0.3% (wt/vol)
KC with purified OUC-FaKC16A in glycine-NaOH buffer, pH 9.0, at 60°C for different times. Samples taken
over time were detected by HPLC with a Superdex 30 10/300 gel filtration column (GE Health,
Marlborough, MA, USA) with 0.2 M ammonia bicarbonate as the mobile phase at a flow rate of 0.4 mL/
min; the detector was a refractive index detector (RID) (Shimadzu, Japan). Meanwhile, the 8-h product
was analyzed by using the electrospray ionization mass spectrometry (ESI-MS) method on microTOF-Q II
equipment (Agilent, USA) in a negative mode with ion spray voltage of 4 kV and source temperature of
350°C. The products from hydrolysis of k3, k5, k7, Nk2, Nk4, and Nk8 using purified OUC-FaKC16A
were also detected by HPLC.

Also, the 24-h hydrolysis products of OUC-FaIC82A, OUC-FaIC82B, OUC-FaIC82C, and OUC-FaLC150A
were also detected by HPLC and MS as described above.

Sulfatase activity assays. Purified OUC-S1_7A, OUC-S1_19A, OUC-S1_19B, and OUC-S1_19C were
incubated with the mixture of Nk4 and Nk6 over 24 h in Tris-HCl buffer, pH 7.0, at 35°C. Afterward, the
products were analyzed by HPLC as described above. Furthermore, the reactions of purified OUC-
S1_19B with k3, k5, k7, Nk2, Nk4, Nk8, and Nk10 were analyzed by HPLC. Therein, the reaction of
OUC-S1_19B with Nk2, Nk4, Nk6, and Nk8 was also detected by MS described above.

The detection of reactions about the removal of sulfate groups from Ni4, including OUC-S1_19B act-
ing on Ni4, OUC-S1_17A acting on OUC-S1_17B with Ni4, and OUC-S1_17A and OUC-S1_17B acting on
OUC-S1_19B-treated Ni4, were performed with above-mentioned HPLC method.

a-3,6-Anhydro-D-galactosidase and b-galactosidase activity assays. Taking the mixture of Nk4
and Nk6 and OUC-S1_19B-treated mixture of Nk4 and Nk6 as the substrates for testing the hydrolysis
activity of OUC-FaBC127A and OUC-FaBC129A, the products were analyzed by the above-mentioned
HPLC and MS methods. Moreover, the reactions of OUC-FaGH2A with k3 and k5 were also detected by
the same HPLC method.

Also, the above-mentioned MS method was applied to detect the reaction of OUC-FaBC127A and
OUC-FaBC129A with OUC-S1_19B-treated pure Nk4, as well as the reaction of OUC-FaGH2A with k5 and
odd-numbered oligocarrageenan with DP3 (G-DA-G4S).

3,6-Anhydro-D-galactose dehydrogenase activity assays. A total of 200-mL reaction volume com-
posed of 0.1% (wt/vol) D-AHG (Carbosynth, England), 10 mg purified FaDAD, 20 mM Tris-HCl, pH 7.0, and
1.5 mM NAD1 or NADP1 (Solarbio, China) was incubated at 35°C for 20 min. The inactivated enzyme
was used as control, and the absorbance was determined at 340 nm. Moreover, the D-AHGA product
was also analyzed by HPLC using an Aminex HPX-87H column (Bio-Rad, USA) and 0.5 mM H2SO4 as mo-
bile phase. The column temperature was 50°C, the flow velocity was 0.5 mL/min, and the detector was a
refractive index detector (Shimadzu, Japan). It was further analyzed by the above-mentioned MS
method.

Detection of enzymatic products from FaDAAC, FaKDGK, and FaKDPGA. The purified FaDAAC
was incubated with FaDAD-treated D-AHG with NAD1 or NADP1 as cofactor at pH 7.0 and 35°C for
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20 min. The reaction mixtures were analyzed by HPLC described in the last section. Then, we took the
FaDAAC’s enzymatic product as the substrate for testing the phosphorylation activity of FaKDGK. The
200-mL reaction volume contained 100 mL FaDAAC enzymatic product, 10 mg purified FaKDGK, 20 mM
Tris-HCl, pH 7.0, and 0.97 mM adenosine 5-triphosphate (ATP) at 35°C for 20 min. The product was
derived by the above-mentioned MS method. Furthermore, the product of the final process was pre-
pared in a 200-mL reaction volume that consisted of 100 mL FaKDGK’s enzymatic product, 10 mg purified
FaKDPGA, and 20 mM Tris-HCl, pH 7.0, which was performed at 35°C for 30 min. The produced D-Gly-3-P
and pyruvate were also derived by the same MS method.

Construction of BL-DA and BL-DADRhaT strains for illustrating the transportation function of
RhaT. The plasmid pCold-SUMO was used as the backbone to link the gene fragment from 2970 to 2974,
which only retained its f1 ori, AmpR, and ori regions by PCR using designed primers (Table 1). The linear-
ized backbone and PCR product (gene fragments from 2970 to 2974) were linked by ClonExpress Ultra
one-step cloning kit. The details of construction process were described above. Then, based on the vec-
tor pCold-2970-2974, we designed primers for deleting gene 2970 to construct pCold-2971-2974. The
successfully built plasmids pCold-2970-2974 and pCold-2971-2974 were further transformed into E. coli
BL21(DE3) to construct BL-DA and BL-DADRhaT strains, respectively.

The BL-DA and BL-DADRhaT strains were first cultured in 5 mL LB liquid medium at 37°C overnight.
Before transfer into M9 minimal medium with 0.5 g/L D-AHG as the sole carbon source, the cells were
washed twice by M9 minimal medium and were made to reach the same initial OD600 of around 0.150 to
further culture at 35°C with shaking at 200 rpm. The fermented samples taken over time were analyzed
by the above-mentioned HPLC method using the Aminex HPX-87H column.

Data availability. The draft genome sequences of F. algicola were available in the NCBI Reference
Sequence database under the accession number JAJTUT010000001-JAJTUT010000006.
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