
Characterization of Multiple Alginate Lyases in a Highly Efficient
Alginate-Degrading Vibrio Strain and Its Degradation Strategy

XinxinHe,a,c YunhuiZhang,a,c XiaoleiWang,aXiaoyuZhu,a,c LeiranChen,aWeizhi Liu,aQianqianLyu,a LingmanRan,a,cHaojinCheng,a,c

Xiao-Hua Zhanga,b,c

aFrontiers Science Center for Deep Ocean Multispheres and Earth System & College of Marine Life Sciences, Ocean University of China, Qingdao, China
bLaboratory for Marine Ecology and Environmental Science, Qingdao National Laboratory for Marine Science and Technology, Qingdao, China
cInstitute of Evolution & Marine Biodiversity, Ocean University of China, Qingdao, China

Xinxin He and Yunhui Zhang contributed equally to this work. Author order was determined by the corresponding author after negotiation.

ABSTRACT Alginate is an important polysaccharide in the ocean that supports the
growth of marine microorganisms. Many widespread Vibrio species possess alginate lyases
and can utilize alginate as a carbon source, but the detailed alginate degradation mecha-
nism in Vibrio remains to be further explored. In this study, we obtained a highly efficient
alginate-degrading strain, Vibrio pelagius WXL662, with 11 alginate lyases (VpAly-I to -XI)
and further elucidated its molecular mechanism of alginate degradation. Three alginate
utilization loci (AUL) were identified in different parts of WXL662’s genome, comprising six
alginate lyases (VpAly-I, -II, -VIII, -IX, -X, and -XI) and other genes related to alginate degra-
dation. Most of the alginate-degrading genes are strongly induced when alginate is pro-
vided as the sole carbon source. Ten alginate lyases (VpAly-I to -X) had been purified and
characterized, including six from polysaccharide lyase family 7 (PL7), three from PL17, and
one from PL6. These recombinant alginate lyases existing in different cellular locations
were active at a wide temperature (10 to 50°C) and pH (4.0 to 9.0) range, with different
substrate preferences and diverse degradation products, enabling WXL662 to efficiently
utilize alginate in a changing marine environment. Importantly, outer membrane
vesicles (OMVs) can act as vectors for alginate lyases (VpAly-II, -V, and -VI) in WXL662.
Further investigations of public Vibrio genomes revealed that most alginate-degrading
vibrios possess one AUL instead of previously reported “scattered” system. These
results emphasize the specific alginate degradation strategy in Vibrio pelagius WXL662,
which can be used as a model strain to study the ecological importance of effective
alginate-degrading vibrios in the ocean.

IMPORTANCE Alginate is an important carbon source in the marine environment, and
vibrios are major alginate utilizers. Previous studies focused only on the characteristics of
individual alginate lyases in vibrios, but few of them discussed the comprehensive algi-
nate-degrading strategy. Here, we depicted the alginate utilization mechanism and its eco-
logical implications of a highly efficient alginate-degrading Vibrio strain, WXL662, which
contained 11 alginate lyases with distinct enzymatic characteristics. Importantly, unlike
other vibrios with only one alginate utilization locus (AUL) or the previously reported “scat-
tered” system, three AUL were identified in WXL662. Additionally, the involvement of outer
membrane vesicles (OMVs) in the secretion of alginate lyases is proposed for the first time.

KEYWORDS Vibrio pelegius, alginate lyases, alginate degradation mechanism, outer
membrane vesicles, OMVs

V ibrio species are ubiquitous heterotrophic bacteria with high metabolic flexibility
in the marine environment, especially in the coastal systems (1, 2). Vibrio comprises

about 10% of the readily culturable bacteria, with an average abundance of 103 to 106
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CFU L21 in estuarine and coastal waters (3). Most of them could utilize various marine
carbon sources, such as chitin, agar, alkane, and alginate, by encoding multiple poly-
saccharide lyases (PLs) to efficiently degrade these types of marine organic matter (2, 4).
Thus, Vibrio spp. may exert large impacts on marine organic carbon cycling, particularly
in marginal seas (2, 5).

Alginate is the main polysaccharide of brown algae (;40% of dry weight), consisting
of the uronic acids b-D-mannuronopyranosyl (M) and a-L-guluronopyranosyl (G) linked
by a b-1,4-glycosidic bond (6, 7). Due to the different random combinations of these
two uronic acids, alginates are divided into three forms: i.e., polyM (monomer M linked
by a b-1,4-glycosidic bond), polyG (monomer G linked by b-1,4-glycosidic bond), and
polyMG (monomers G and M randomly arranged and linked by a b-1,4-glycosidic bond)
(8). Alginate is a crucial nutrient for numerous marine heterotrophic bacteria (9, 10), and
the degradation of alginate by bacterial alginate lyases is one of the important processes
in the marine carbon cycle (11). Until now, numerous alginate lyases from Vibrio,
Sphingomonas, Pseudoalteromonas, and Pseudomonas were identified and characterized
(12). These alginate lyases degrade alginate into unsaturated oligosaccharides by cleav-
ing glycosidic bonds via a b-elimination mechanism (13). In the Carbohydrate-Active
enZYmes (CAZy) database, currently known alginate lyases are distributed in 12 PL fami-
lies (PL5, -6, -7, -14, -15, -17, -18, -31, -32, -34, -36, and -39) according to their amino acid
sequence composition and spatial structure characteristics (14).

To date, three different alginate degradation systems have been reported in bacte-
ria: the polysaccharide utilization locus (PUL) system, the “scattered” system (mainly in
Vibrio strains), and the “pit” transport system (only found in Sphingomonas sp. strain
A1) (15). Some PULs are specific alginate utilization loci (AUL) in many alginate-utilizing
bacteria, such as members within Bacteroidetes (10, 16) and Gammaproteobacteria (17).
In the PUL system, extracellular alginate lyases first depolymerize the macromolecular
alginate (18), and the resulting oligosaccharide products were subsequently trans-
ferred into the periplasmic space, where oligoalginate lyases (Oals) catalyze these oli-
gosaccharides into monomers (15). The major facilitator superfamily (MFS) transporter
or inner membrane transporter-like protein (ToaABC) transfers monomers into the
cytoplasm (CP), and KdgF catalyzes the ketonization of unsaturated monomers into
4-deoxy-L-erythro-5-hexoseulose uronate (DEH) (15, 19). DEH is converted into the final
product 2-keto-3-deoxy-6-phosphogluconate (KDPG) through multiple downstream
enzymes (DehR, KdgK, and Eda) and assimilated through the Entner-Doudoroff (ED)
pathway (10, 20, 21). Different from the PUL system, the scattered system mainly
occurs in vibrios and comprises alginate decomposition genes scattered throughout
the genome instead of in one operon (15). Besides, the scattered system employs porin
KdgMN for extracellular substrate transport but not SusC and SusD (15, 22).
Oligosaccharides in periplasm (PP) are transferred into cytoplasm directly via the inner
membrane symporter ToaABC instead of the MFS system (15). The pit system is only
found in Sphingomonas sp. strain A1, in which macromolecular alginate is incorporated
into cytoplasm directly via a superchannel consisting of a “mouth-like pit” on the outer
membrane (23).

In this study, a highly efficient alginate-degrading strain, Vibrio pelagius WXL662,
was isolated from offshore seawater in Qingdao, China, which possessed a distinct algi-
nate-degrading strategy instead of the previously reported scattered system in vibrios.
Three AUL are distributed across different regions in the genome of V. pelagius
WXL662 and cooperate to catalyze alginate. Eleven alginate lyases from strain WXL662
were identified showing diverse enzymatic properties. A novel insight into the alginate
degradation strategy of vibrios is proposed and further discussed, in which outer mem-
brane vesicles (OMVs) are detected as important vectors for alginate lyases.

RESULTS
Genes related to alginate degradation in V. pelagius WXL662. Strain WXL662

showed strong alginate-degrading activity at 16 to 37°C (see Fig. S1 in the supplemental
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material). The 16S rRNA gene sequence indicated that WXL662 showed the highest
similarity (99.29%) to Vibrio pelagius CECT4202T (GenBank ID AJ293802). Genomic analy-
sis of WXL662 revealed 11 alginate lyase-encoding genes in total (named Vpaly-I to -XI)
(Table 1). In addition, other genes involved in alginate degradation have also been iden-
tified, including the genes encoding three oligogalacturonate-specific porinins of KdgM
(N-acetylneuraminic acid outer membrane channel protein [NanC]), three 2-dehydro-3-
deoxygluconate kinases (KdgK-like proteins), three 2-dehydro-3-deoxyphosphogluco-
nate aldolases (Eda), and multiple transporters (sodium solute symporter [SSF] and the
alginate transport system, termed ToaA) (Fig. 1 and Fig. S2).

Detailed information about the 11 alginate lyases (VpAly-I to -XI) in V. pelagius WXL662
is summarized in Table 1. Six of them (VpAly-III, -VI, -VIII, -IX, -X, and -XI) showed low
sequence identity with known alginate lyases (,40%). The predicted molecular weight
(MW) of these 11 VpAlys varied between 31.82 to 65.78 kDa, and their pIs were between
4.29 and 7.01. These VpAlys belonged to four different PL families (Fig. 2). Six of them
belonged to the PL7 family, possessing either a single catalytic domain (VpAly-III, -V, and
VI), double catalytic domain (VpAly-I), or multidomain with carbohydrate-binding domain
CBM32 (VpAly-II and VpAly-IV). VpAly-VII is a PL6 alginate lyase with a single catalytic do-
main. In the PL17 family, VpAly-VIII and VpAly-IX contained a double catalytic domain,
whereas VpAly-X is a single catalytic domain alginate lyase. VpAly-XI from the PL14 family
encodes one catalytic domain. Each of the VpAly genes in the PL6 and PL7 families enco-
des a signal peptide at its N terminus, while no signal peptides were found in four VpAlys
from the PL17 and PL14 families.

The cellular localization of alginate lyases and other key enzymes in this pathway
were predicted (Table S6). Three oligoalginate lyases from PL17 (VpAly-VIII, -IX, and
VpAly-X) and one PL14 alginate lyase (VpAly-XI) were in cytoplasm (CP). VpAly-I to -VII
seemed to be secretory alginate lyases considering the signal peptides on them.
Although there is a discrepancy between different softwares when predicting the accu-
rate cellular localization of VpAly-I to -VII, we assumed that VpAly-III was in periplasm
(PP) based on the results of Cello, while the locations of other VpAlys were more likely
to be in the extracellular space (EC). For other proteins involved in alginate degrada-
tion, KdgK-like protein, Eda, and phosphoglycerate kinase were in cytoplasm (CP);
three alginate-degrading specific transporter proteins (KdgM and NanC) were in the
outer membrane (OM).

Identification of three AUL in V. pelagius WXL662. Although the pervious study
(10, 15) showed that vibrios comprise alginate decomposition genes scattered throughout
the genome instead of in one operon, we found that alginate-degrading genes in strain
WXL662 existed in clusters, forming three typical alginate utilization loci (AUL1 to -3) (Fig. 1).
AUL1 to -3 were located at the macrochromosome (chromosome I), microchromosome
(chromosome II), and a large plasmid (plasmid I), respectively. Each AUL contains genes cod-
ing for two distinct alginate lyases, multiple transporter proteins (including KdgM/NanC in
the outer membrane and ToaA in the inner membrane), and some key genes for further
hydrolyses, such as the KdgF-encoding gene, which could catalyze the ketonization of un-
saturated monomers into DEH. Differently, AUL1 has a gene encoding short-chain dehydro-
genases/reductases (SDRs) with DEH reductase activity (24), whereas another two AUL lack
this gene. In addition, AUL2 and AUL3 carry the genes that encode downstream metabolic
KdgK-like protein (2-dehydro-3-deoxygluconate kinase) and Eda (2-dehydro-3-deoxyphos-
phogluconate aldolase), respectively. KDG (2-keto-3-deoxy-D-gluconic acid) could be cata-
lyzed by KdgK (2-keto-3-deoxy-D-gluconic acid kinases) and Eda into KDPG, which can be
directly assimilated through the Entner-Doudoroff (ED) pathway. It is worth noting that
some genes, such as kduD (2-deoxy-D-gluconate 3-dehydrogenase), uxaC, and kduI (pre-
dicted 4-deoxy-L-threo-5-hexosulose-uronate ketol-isomerase) in AUL3, also play a role in
pectin degradation (25), suggesting that AUL3 may be a multifunctional locus.

Transcription of alginate degradation genes with alginate as the sole carbon
source. To explore the transcription of alginate-degrading genes, transcriptome
sequencing and quantitative reverse transcription-PCR (qRT-qPCR) were conducted on
strain WXL662 cultured in 0.6% (wt/vol) alginate and glucose mineral medium (Tables
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S7 and S8 and Fig. S2). Among the alginate-degrading genes, those coding for six
endo-type VpAlys in the PL7 family were obviously upregulated, which were responsi-
ble for converting alginate into AOS (degrees of polymerization [DP] = 3 to 6). Three
PL17 oligoalginate lyase-encoding genes as well as one PL6 and one PL14 VpAly-
encoding gene each were not differentially regulated by alginate. Additionally, three
transporter protein KdgM (NanC) genes in each AUL and genes encoding some key
enzymes related to downstream alginate metabolism, such as Kdgk-like protein and
Eda in AUL2, were also significantly upregulated (log2 fold change [FC] of >1; P ,

0.01). The KdgF- and short-chain dehydrogenase/reductase (SDR)-encoding genes in
AUL1, as well as the KdgF- and DEH ketol-isomerase-encoding genes in AUL3 were up-

FIG 1 Three AUL in the genome of strain WXL662. Numbers above the AUL are the start and end
positions in the chromosome and plasmid. SSF, sodium-solute symporter (alginate transport system, termed
ToaA); KdgF, pectin degradation protein KdgF; KdgK, KdgK-like protein (2-dehydro-3-deoxygluconokinase);
Eda, 2-dehydro-3-deoxyphosphogluconate aldolase; SDR, short-chain dehydrogenase/reductase; KdgM,
oligogalacturonate-specific porinin; NanC, N-acetylneuraminic acid outer membrane channel protein NanC;
MCP, methyl-accepting chemotaxis protein, homolog 13; STP, predicted signal-transduction protein cont-
aining cAMP-binding and CBS domains; pol III, DNA polymerase III epsilon subunit; MFS, transmembrane
transport MFS_1; LysR, transcriptional regulator, LysR family; GntR, transcriptional regulator, GntR family;
CzcA, cation efflux system protein CusA; CzcB, cobalt/zinc/cadmium efflux RND transporter, membrane
fusion protein, CzcB family; CzcC, heavy metal RND efflux outer membrane protein, CzcC family; UxaC,
uronate isomerase; IclR, bacterial transcriptional regulator IclR family; KdgR, transcriptional regulator KdgR,
KDG operon repressor; KduD, 2-deoxy-D-gluconate 3-dehydrogenase; KduI, predicted 4-deoxy-L-threo-5-
hexosulose-uronate ketol-isomerase.

FIG 2 Neighbor-joining phylogenic tree based on amino acid sequences of 11 alginate lyases (in red)
from strain WXL662 and other known alginate lyases. Bootstrap values were calculated based on
1,000 replicates. Bar, 0.2 substitution per nucleotide position. All amino acid sequences, which
belonged to families PL6, PL7, PL14, and PL17, were from the CAZymes database.
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regulated (Tables S7 and S8). Moreover, transcription of many transporters located
near alginate lyases was induced by the addition of alginate, such as the ABC trans-
porter, sodium-solute symporter (SSF) and putative alginate transport system ToaA
(26). The qRT-PCR confirmed the accuracy of the results mentioned above. Therefore,
alginate-degrading genes distributed in three AUL can be upregulated in response to
alginate, and these three AUL seems to cooperate in catabolizing alginate efficiently.
Furthermore, the transcriptional levels of genes involved in the central metabolic cycle
of the strain WXL662 were also elevated (log2 FC of >1; P , 0.01), suggesting that the
efficient utilization of alginate boosts the energy metabolism of V. pelagiusWXL662.

Alginate lyases in V. pelagius WXL662 exhibited diverse enzymatic properties.
In this study, 11 potential VpAlys were expressed in E. coli BL21(DE3), and 10 of them
(except VpAly-XI) were purified and showed alginate degradation activity. The crude
enzyme solution of recombinant enzyme VpAly-XI was active in alginate degradation,
but we failed to get purified enzyme. The detailed enzymatic property of VpAly-V was
characterized by Zhang et al. (27), and those data on other nine VpAlys were obtained
in this study. The molecular masses of the purified proteins were estimated by SDS-
PAGE (Fig. S3), which were consistent with the predicted molecular mass (Table 1).

These 10 purified recombinant VpAlys exhibited a wide range of temperature
adaptabilities, and their optimal temperatures varied between 10 and 50°C (Table 2
and Fig. S4) (27). Particularly, VpAly-VI, a potential novel member in the PL7 family,
showed an optimum temperature at 10°C as a cryogenic alginate lyase, while VpAly-VII
showed optimal activity at 50°C (Table 2 and Fig. S4) (27). The optimum pHs of these
10 VpAlys ranged between 6.0 and 8.0 (Table 2 and Fig. S5) (27). Among them, VpAly-I
preferred an acidic environment, showing optimal activity at pH 6.0 and maintaining
more than 40% enzyme activity at pH 5.0. However, VpAly-II, -III, -V, -VI, and -VII pre-
ferred an alkaline environment and showed the maximum enzymatic activity at pH 8.0.
These VpAlys responded differently to metal ions and reducing agents (Table 2 and
Fig. S6). For instance, 5 mM Zn21 increased the enzyme activity of VpAly-VIII by ;2.5-fold.
Al31, Ni21, Ca21, Zn21, Ba21, and Mg21 (at 5 mM) increased the enzyme activity of VpAly-IX
by over 2.5-fold. The broad temperature and pH range and distinct responses to environ-
mental factors shown by these alginate lyases in WXL662 could enable this strain to better
utilize alginate in a changing marine environment.

Additionally, alginate lyases in WXL662 presented distinct substrate preference.
VpAly-IX and VpAly-X preferred polyM over polyG blocks and sodium alginate as previ-
ously reported for PL17 oligoalginate lyases (28) (Table S10), while VpAly-VIII preferred
polyG over polyM blocks and sodium alginate (Table 2 and Fig. S7). Considering the
protein sequence identity to the most similar protein (AlyA3 from Zobellia galactanivor-
ans DsijT) was only 35%, VpAly-VIII could be a novel PL17 oligoalginate lyase. VpAly-
VIII showed distinct optimal pH and substrate preference (pH 6.8 and polyG) compared
with AlyA3 (pH 8 and polyM). VpAly-V preferred to catalyze polyM, whereas the other
PL7 VpAlys preferred to degrade sodium alginate (27). VpAly-VII in the PL6 family also
preferred sodium alginate. Moreover, the degradation products of these alginate lyases
were highly diverse, producing different types of alginate oligosaccharides (Table 2
and Fig. S8). VpAly-I to -VII (in PL6 and PL7) were all endo-type enzymes, producing dif-
ferent types of alginate oligosaccharides (DP = 3 to 6), while three oligoalginate lyases
from PL17 (VpAly-VIII to -X) located in cytoplasm produced only monosaccharide
(Table 2 and Fig. S8).

Outer membrane vesicles involved in the secretion of alginate lyases. Based on
the transmission electron microscopy (TEM) (Fig. S9) and AFM (Fig. S10) observation,
strain WXL662 could secrete outer membrane vesicles (OMVs) when cultured in min-
eral medium with alginate as the sole carbon source (Fig. 3). To verify whether these
OMVs function in the alginate degradation process or not, we collected and analyzed
OMVs under three different cultural conditions: 0.6% (wt/vol) alginate mineral medium,
0.6% (wt/vol) glucose mineral medium, and marine ZoBell broth (MB). Crude vesicle
components collected from the cultures in 0.6% (wt/vol) alginate mineral medium
showed an obvious difference in the coarse bands between 25.0 and 35.0 kDa (Fig. S11).
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The different bands were sequenced to verify the composition of vesicles. As shown in
Table S11, a total of 219 credible proteins were identified in this target band, including
alginate lyases VpAly-II, VpAly-V, and VpAly-VII with relatively high content (ranking 15,
16, and 42 of 219 proteins, respectively). Therefore, these three VpAlys seemed to be
secreted into the periplasm and then transported to extracellular space by OMVs. In
addition, genes encoding the three most abundant proteins in OMVs located in AUL1,
including one alginate lyase, VpAly-II, a putative biofilm-associated surface protein, and
one oligogalacturonic acid-specific porin, KdgM. Thus, it is hypothesized that AUL1
might be the key locus responsible for the extracellular degradation of alginate through
OMVs.

AUL are commonly found in the genome of the alginate-degrading Vibrio
strains. To further determined the alginate-degrading species in the genus Vibrio, a
total of 94 nearly complete Vibrio genomes were downloaded from NCBI database and
annotated in this study (Table S2). Maximum likelihood (ML) tree of these Vibrio
genomes from 18 Vibrio clades was constructed (Fig. 4). The alginate-degrading genes
were identified in a total of 25 (;26%) Vibrio strains from seven Vibrio clades (Rumoiensis,
Halioticoli, Splendidus, Mediterranei, Agarivorans, Orientalis, and Harveyi) (Fig. 4) (29–31).
The alginate-degrading genes in 21 alginate-degrading Vibrio strains existed in clusters,
with only one complete AUL in their genomes (red circle labeled in Fig. 4; Fig. S12 and
Table S9). Except for the AUL in the genomes of Vibrio owensii 1700302 and V. owensii
SH14, which lack genes encoding KdgM and NanC (the alginate-degrading specific trans-
porter proteins), other AUL contain all the genes encoding the key proteins in the alginate

FIG 3 Morphology of purified vesicle samples under different culture conditions. (A) Morphology and
internal structure of strain WXL662 cultured with alginate as the sole carbon source; (B) morphology
of pure OMVs cultured with alginate as the sole carbon source (bar, 100 nm); (C) morphology of pure
OMVs cultured in MB medium (bar, 200 nm); (D) morphology of WXL662 with glucose as the sole
carbon source, which produced no OMVs (bar, 200 nm).
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FIG 4 Maximum likelihood (ML) phylogenetic tree of 95 Vibrio genomes from 18 Vibrio clades. Genomes with alginate degradation genes
are marked with solid circles (red in the form of AUL and green for the scattered system). The genome of V. pelagius WXL662 is marked
with a star.
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degradation pathway, including multiple alginate lyases and polyM lyases (n = 2 to 10),
specific transporter KdgM and/or NanC, three types of DEH reductase, KdgF, KdgK-like pro-
tein, and Eda. For three AUL in strain WXL662, the gene organizations of AUL2 and AUL3
are similar to those of the AUL in other vibrios, while AUL1 lacks the genes coding for
KdgK-like protein and Eda (Fig. 1 and Fig. S12). However, the alginate-degrading genes in
four alginate-degrading Vibrio strains, including V. breoganii FF50, V. astriarenae HN897,
Vibrio sp. strain THAF190c, and V. halioticoli IAM 14596T, were scattered in the genomes.
These results indicated that the AUL is more commonly found in Vibrio species than the
“scattered” system of alginate-degrading genes. Most Vibrio strains possess only one AUL,
except V. pelagiusWXL662, in which three AUL have been identified.

DISCUSSION

Many widespread Vibrio species could utilize alginate as a carbon source (22, 32, 33).
Alginate-utilizing Vibrio strains encode multiple alginate lyases and own a specific strat-
egy (i.e., the scattered system) to degrade alginate (15, 22, 34). In the present study, we
described an efficient alginate degradation mechanism in V. pelagius WXL662 with iden-
tification of multiple AUL and alginate lyase-containing OMVs. Alginate lyases with
diverse enzymatic properties have been characterized, emphasizing the strong alginate
utilization ability of V. pelagius WXL662 under different conditions and the potential eco-
logical significance of such alginate-degrading vibrios.

Specific AUL in the genome of V. pelagius WXL662. AUL consisting of the algi-
nate-degrading genes are commonly found in the genome of the alginate-degrading
bacteria. For instance, the AUL in Sphingomonas sp. strain A1 consists of the genes
encoding ABC transporters, alginate binding proteins, exoalginate lyase (Aly-IV) and
three types of endoalginate lyase (Aly-I, -II, and -III) (35–39). Flavobacterium sp. strain
UMi-01 also possessed only one AUL (the length of this AUL is about 15.6 kb)-encoded
transporter SusC/SusD-like protein, two alginate lyase genes, one SDR-like enzyme
gene, and other genes necessary to degrade alginate downstream (coding for KdgF-
like protein, KdgK, and Eda) (18). However, a previous study reported that alginate
decomposition genes in Vibrio species are not colocalized in the same operon but dis-
tributed across different regions of the whole genome, as described in V. splendidus
12B01 (40), which was named as the “scattered” alginate degradation system (15).
However, we actually identified an AUL in the genome of V. splendidus 12B01 (see Fig.
S12 in the supplemental material): even though there is an alginate lyase not present
in AUL, the distribution pattern of alginate-degrading genes in the genome was still
defined as an “AUL system” in our study. We did identify the scattered system in 4 out
of 25 alginate-degrading Vibrio strains, confirming that this scattered system is not the
mainstream form for alginate degradation in vibrios.

Our results found that although the AUL are widely present in Vibrio genomes,
most vibrios contained only one AUL. In contrast, three alginate-degrading AUL
located at different positions of WXL662’s genome (AUL1 in chromosome I, AUL2 in
chromosome II, and AUL3 in plasmid I, respectively) (Fig. 1). All three AUL are capable
of degrading alginate into DEH and further generating KDG through DEH reductase,
which can be incorporated into the central metabolic cycle. The transcriptome results
with alginate as the sole carbon source showed that all genes in AUL1 were signifi-
cantly upregulated, and part of the alginate-degrading genes in AUL2 and AUL3 were
also upregulated, indicating all three AUL cooperated in the utilization of alginate by
WXL662. Multiple AUL may help Vibrio species to rapidly transcribe alginate-degrading
genes in response to alginate in the marine environment and confer higher flexibility
in the regulation of alginate degradation process.

Cooperation of diverse alginate lyases in V. pelagius WXL662. In addition to the
specific AUL in Vibrio sp. strain WXL662, this strain is also characterized by considerable
numbers of alginate lyases (VpAly-I to -XI). Many alginate-degrading bacteria encode mul-
tiple alginate lyases that collaborate to degrade alginate (22, 41–44). For instance, 12
potential alginate lyase genes that belong to the PL6, -7, -17, and -38 families were identi-
fied in the whole genome of marine bacterium Agarivorans sp. strain B2Z047 (42). Strain
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Cellulophaga algicola DSM 14237 encodes five alginate lyases, with three endolytic
enzymes and two exolytic enzymes. For vibrios, seven alginate lyases from V. splendidus
12B01 were characterized (22, 44), showing optimal activity between pH 7.5 and 8.5 and
at 16 to 35°C. In comparation, more alginate lyases were identified in WXL662, and these
lyases showed a broader optimal temperature range (10 to 50°C), indicating this strain can
efficiently degrade alginate under extremely temperature fluctuations. The wide pH and
temperature adaptations, distinct substrate preference, and cell locations of these alginate
lyases in WXL662 make it a powerful alginate utilizer in marine environments.

Previously reported alginate lyases in vibrios have been found in PL6, -7, and -17,
while PL14 alginate lyase (VpAly-XI) in vibrios was reported for the first time in this study
(Table 2 and Table S10). Some of these alginate lyases in WXL662 shared high protein
sequence identity with other alginate lyases in vibrios but varied in enzymatic activity.
For instance, VpAly-VII in the PL6 family showed 90.2% identity with AlyF in Vibrio splen-
didus OU02 (45), but the degradation products of VpAly-VII were oligosaccharides
(DP = 3 to 6), while those of AlyF were trisaccharide. The enzymatic characteristics of 91
previously studied alginate lyases from different species and protein families (PL6, -7,
-14, -17) are summarized in Table S10. Six of alginate lyases in WXL662 shared low pro-
tein sequence identity with known alginate lyases (,40%) (Table 1), and some of them
exhibited distinct enzymatic characteristics compared with their most similar enzyme or
enzymes in the same protein family. For example, VpAly-VIII in the PL17 family shared
only 35% protein sequence identity with known alginate lyases and exhibits a preference
for polyG blocks, while other previously reported PL17 oligoalginate lyases preferred
polyM or alginate (28) (Table S10). Moreover, currently reported alginate lyases of the
PL7 family exhibit an optimum temperature from 16°C to 70°C (Table S10), while VpAly-
VI showed the highest enzymatic activity at 10°C and expanded the range of optimum
temperatures of PL7 alginate lyases. Therefore, VpAly-VIII and -VI might represent novel
alginate lyases in vibrios.

OMVs assist in the alginate degradation process of strain WXL662. Vesicles pro-
duced by bacteria have a variety of biological functions, including virulence factor
transport, DNA transfer, phage interception, antibiotic and eukaryotic host defense,
cell detoxification, and communication between bacteria (46–48). Different bacteria,
including Vibrio species, could secrete OMVs in various shapes and functions. For
instance, V. vulnificus could form segmented tubular OMVs functioning as virulence
factors in the logarithmic phase, while OMVs in the plateau phase had low production
and irregular shape (49). V. shilonii with chitin degradation ability could release two
types of OMVs, with a single membrane or two membranes, which can release signal-
ing molecules and active enzymes such as chitinase to its environment (50).

In this study, we have proposed the roles of OMVs in the alginate degradation pro-
cess for the first time. The OMVs secreted by strain WXL662 have two forms: single vesi-
cle and the segmented tubular (Fig. S9C and D). The formation of OMVs in strain
WXL662 may also related to the growth state of the cell. The new generation of WXL662
cells that have just completed division cannot secrete OMVs immediately. After a period
of growth, the cytoplasm begins to spread to the edge of the cell and the OMVs begin
to form, subsequently releasing alginate lyases into the environment. Like V. shilonii,
which with its chitin degradation ability could secret OMVs that function as the conduits
of chitinase, the OMVs secreted by V. pelagius WXL662 could be a vector for several algi-
nate lyases (VpAlyII, -V, and -VII) and other components. By releasing OMVs, vibrios can
utilize alginate in the surrounding environment more efficiently. Whether OMVs are
commonly involved in the alginate metabolism of vibrios is yet to be confirmed.

Novel insights into the alginate-degrading process of Vibrio species and its ec-
ological significance. Based on our results, we elucidated the alginate degradation
process of strain WXL662 as illustrated in Fig. 5. Briefly, the process occurs as follows.
(i) The extracellular enzymes (VpAly-I, -II, -V, -IV, -VI, and -VII) are transported across the
membrane and degrade macromolecules of alginate into oligosaccharides with 3 to 6
degrees of polymerization (DP), completing the first step of alginate metabolism.
OMVs are involved in the secretion of VpAly-II, -V, and -VII. (ii) Some transporters such
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as KdgM, which is located on the outer membrane, could transport alginate oligomers
into the periplasm. The alginate lyases located in the periplasm (VpAly-III) further de-
grade oligosaccharides (DP = 3 to 6) into trisaccharides. (iii) Trisaccharide is transferred
into the cytoplasm by inner membrane transporter-like ToaABC (15). The oligoalginate
lyases (VpAly-VIII, -IX, and -X) reduce trisaccharide into monosaccharides, forming 4-deoxy-
L-erythro-5-hexoseulose uronic acid (DEH). DEH is converted into the final product 2-keto-
3-deoxy-6-phosphogluconate (KDPG) through multiple downstream enzymes (DehR,
KdgK-like protein, and Eda) and assimilated through the central metabolic cycle.

Vibrios are ubiquitous in marine environments, especially in coastal areas, and com-
prise up to 10% of the readily culturable marine bacteria in culture-based studies and

FIG 5 Alginate degradation strategy of V. pelagius WXL662. The extracellular alginate lyases (VpAly-I, -II, -V, -IV, -VI, and -VII) degrade
macromolecule alginate into oligosaccharides with 3 to 6 degrees of polymerization (DP), completing the first step of alginate metabolism.
Three alginate lyases (VpAly-II, -V, and -VII) might be transferred into the environment by outer membrane vesicles (OMVs). The specific
outer membrane transporter KdgM transfers oligosaccharides (DP = 3 to 6) into the periplasm, where VpAly-III catalyze oligosaccharides
into trisaccharides. Furthermore, abundant trisaccharides are transferred into the cytoplasm by inner membrane transporter ToaA, and the
oligoalginate lyases (VpAly-IX, -X, XI) in the cytoplasm reduced trisaccharides into monosaccharides. The monosaccharide 4-deoxy-L-erythro-
5-hexoseulose uronic acid (DEH) is converted into the final product 2-keto-3-deoxy-6-phosphogluconate (KDPG) through multiple
downstream enzymes (DehR, KdgK, and Eda) and assimilated through the central metabolic cycle.
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generally ;1% of the total bacterioplankton with culture-independent methods (2).
Vibrio strains encoding various alginate lyases are efficient utilizers of alginate in the
marine environment and promote the organic carbon cycle in the ocean. In the current
study, we found the strong alginate-degrading activity of V. pelagius WXL662 was due
to multiple alginate lyases with diverse enzymatic properties. These lyases are organ-
ized into three AUL and cooperate during the alginate degradation process. The
involvement of OMVs can also further enhance the degrading efficiency of extracellular
alginate. These results emphasized the specific alginate utilization strategy in V. pela-
giusWXL662, which may represent an ideal model to study highly efficient alginate-uti-
lizing Vibrio species.

Conclusion. In this study, we depicted the alginate utilization mechanism of a highly
efficient alginate-degrading strain of V. pelagius, WXL662. The genome of WXL662 enco-
des 11 alginate lyases and contains other genes involved in the complete degradation of
alginates. Ten of these alginate lyases (VpAly-I to -X) were purified and showed activity
at a wide range of temperatures and pHs with distinct substrate preference and degra-
dation products. Some of these alginate lyases and other alginate degradation-related
genes are organized into three AUL and can be induced with alginate as the sole carbon
source. Furthermore, OMVs were involved in the transportation of alginate lyases. These
results help us to better understand the alginate utilization process in vibrios and
emphasize the ecological importance of Vibrio species in the global carbon cycle.

MATERIALS ANDMETHODS
Strains, media, and growth conditions. V. pelagius WXL662 was isolated from the offshore sea-

water (0.3 m) in Qingdao, China (120.3183°E, 36.0618°N), in July 2015 and was routinely cultured on ma-
rine agar 2216E (MA) (Hopebio, Qingdao, China). To detect the alginate-degrading ability at different
temperatures, strain WXL662 were cultured on 0.6% sodium alginate agar plates [per L: 30 g NaCl, 7 g
K2HPO4, 3 g K2HPO4, 2 g (NH4)2SO4, 0.05 g FeSO4�7H2O, 0.1 g MgSO4�7H2O, 6 g sodium alginate] at 0, 4,
16, 28, 37, and 45°C for 7 days, and then 10% CaCl2 was poured onto the plates and the colonies were
soaked for 30 min to observe whether transparent circles appeared around the colonies. Escherichia coli
BL21(DE3) was cultured on Luria-Bertani (LB) agar at 37°C, used as a host for plasmid pET28a(1)
(Novagen, Beijing, China). The alginate used in this study was purchased from Shanghai Yuanye Bio-
Technology Co., Ltd. The substrates polyM and polyG were kindly provided by Xia Zhao at the Ocean
University of China.

Morphological characteristics of strain WXL662. The morphological characteristics of strain
WXL662 were observed using transmission electron microscopy (TEM) and atomic force microscopy (AFM).
Cells were prepared by growing at 28°C to the mid-logarithmic growth phase (optical density at 600 nm
[OD600] = 0.6) in synthetic marine ZoBell broth (MB) (per L: 5 g peptone, 1 g yeast extract, 0.1 g FePO4) and
mineral medium [per L: 30 g NaCl, 7 g K2HPO4, 3 g K2HPO4, 2 g (NH4)2SO4, 0.05 g FeSO4�7H2O, 0.1 g
MgSO4�7H2O] containing 0.6% (wt/vol) alginate and glucose as the sole carbon sources, respectively. The
cell samples were prepared as follows: 2-mL cultures were collected into a 2.5-mL Eppendorf tube and
centrifuged at 2,000 rpm for 5 min. The cells were washed with 0.85% (wt/vol) normal saline solution three
times and fixed by 10% (wt/vol) glutaraldehyde solution to avoid bacteriolysis. After negative staining
with phosphotungstic acid, the morphology of bacteria was observed by TEM (51, 52). Bacterial cultures
were applied to the dissociated mica and washed with deionized water to remove salt ions. After drying,
the samples were placed under an AFM microscope to observe the bacteria under vacuum (53).

Genome sequencing and annotation of strain WXL662. The genome sequencing and annotation of
strain WXL662 were performed according to Lin et al. (54). The extraction of total genomic DNA and whole-
genome shotgun sequencing of strain WXL662 was carried out with paired-end sequencing by HiSeq 4000
(Illumina) and long sequencing by PacBio RS II Sequencer (PacificBiosciences, Menlo Park, CA). The long
sequence was assembled using Canu v.1.1 (55), and Pilon v.1.16 (56) was used to polish PacBio assemblies
according to Illumina data. Misassemblies were identified and corrected using REAPR (57) and manual
inspection. Open reading frame (ORF) prediction and annotation were carried out using prokka 1.14-dev
(58) and the RASTtk pipeline (59) with the default setting. Gene functional annotations were performed
using Cluster of Orthologous Groups of proteins (COG) (60), GO (Gene Ontology Consortium, 2017), KEGG
(61), Pfam (62), and dbCAN (63). Detailed genomic information of V. pelagiusWXL662 is listed in Table S1.

The amino acid sequences of alginate lyases are analyzed by blastp against the Protein Data Bank
(PDB) database and SwissProt database (https://blast.ncbi.nlm.nih.gov/); the protein with the highest
similarity in either PDB or SwissProt was chosen for further analysis. The available domains and protein
annotation of alginate lyases were predicted by the SMART database (http://smart.embl-heidelberg.de/),
and the amino acid residues encoding a putative signal peptide were predicted by the SignaIP 5.0 server
(http://www.cbs.dtu.dk/services/SignalP/). Molecular weight (MW) and theoretical isoelectric point (pI)
were predicted by the ExPASy database (https://web.expasy.org/compute_pi/). The reference alginate
lyase genes using to construct the neighbor-joining phylogenic tree were randomly selected from the
CAZy database. The ClustalW software was used for multisequence comparison, and the phylogenetic
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tree was constructed by MEGA 7.0 (64). The subcellular localization of proteins was predicted by several
different computational tools as previously described by Romine (65) and Kabisch (16), using Cello (66),
PsortB (67), Phobius TM and Phobius SP (68), TMHMM (69), Bomp (70), SMART (71), Lipop (72) and Bomp
category (70).

Heterologous expression, purified and characterized, of recombinant alginate lyases. Putative
alginate lyase-encoding genes were searched from the whole-genome sequence of WXL662. The expres-
sion and purification of recombinant alginate lyases (without signal peptides) in E. coli BL21(DE3) were
performed according to Tang et al. (73) with minor modifications. Briefly, the putative gene was ampli-
fied with corresponding primer pairs (Table S3) and cloned into pET28(1). The resulting vectors were
transformed into E. coli BL21(DE3). The recombinant cells were grown in LB medium supplemented with
kanamycin (50 mg/mL) at 37°C until they reached the logarithmic phase (OD600 = 0.4 to 0.6). The
recombinant protein was induced by the addition of 0.1 mM IPTG (isopropyl-b-D-thiogalactopyranoside)
at 16°C for 12 h. Cells were harvested by centrifugation at 8,000 � g for 10 min and then washed with
Tris-HCl buffer (20 mM Tris, 50 mM NaCl [pH 8.0]). The suspensions were sonicated on ice, centrifuged at
12,000 rpm for 30 min, and filtered through a 0.22-mm-pore-size filter to remove intact cells and debris.
The sterile supernatant was loaded onto nitrilotriacetic acid (NTA)-Ni (Qiagen). Proteins were purified
according to the manufacturer’s recommendations. The purified recombinant alginate lyases were
assessed by 12% sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) according to the method of
Laemmli et al. (74).

The enzymatic activity of the recombinant alginate lyases was determined according to Thomas
et al. (8) with minor modifications. Briefly, enzyme (20 mL) was added to Tris-HCl buffer (50 mM [pH 8.0])
with 200 mM NaCl and 0.3% (wt/vol) alginate (180 mL), and then the resulting mixture was incubated at
30°C for 10 min. One unit of enzyme activity was defined as an increase of 1 OD235 unit per min. Unless
otherwise stated, 20 mL purified enzyme was added in 180 mL substrate under different conditions and
reacted for 10 min; 20 mL reaction mixture was then added to 180 mL double-distilled water (ddH2O) in
96-well plates (Corning Life Sciences, Acton, MA), and the increase of absorbance value of the reaction
system was measured within 10 min.

To determine the optimum catalysis temperature, the alginate lyase activity was measured at 10 to
60°C at different intervals. The optimal pH values of the purified alginate lyases were measured between
pH 3.0 and 10.6 using three kinds of buffer systems: 0.05 M citric acid-sodium dihydrogen phosphate
buffer (pH 3.0, 4.0, 5.0, 6.0, 6.2, 6.8, 7.0, 7.2, 7.8, and 8.0), 0.05 M Tris-HCl (pH 8.2 and 8.6), and 0.05 M gly-
cine-NaOH (pH 9.0, 10.0, and 10.6). To analyze the effects of metal ions on the activity of eight recombi-
nant alginate lyases (except Aly-VII, a polyM preference enzyme), different chemicals (Na1, K1, Ca21,
Fe31, Mn21, Al31, Co21, Ni21, Fe21, Cu21, Mg21, Zn21, EDTA, SDS, and urea) were added to the reaction
mixture at a final concentration of 1 or 10 mM. Substrate specificity of alginate lyases was tested by
measuring their activities toward polyM, polyG, and sodium alginate. To determine the oligosaccharide
compositions of the final digests, oligomers released from polyM, polyG, and sodium alginate by algi-
nate lyases were analyzed by thin-layer chromatography (TLC) (Merck, Darmstadt, Germany), and the
solvent system was 1-butanol–acetic acid–water (4:6:1 [vol/vol]). The products were visualized by heat-
ing TLC plates at 100°C for 15 min after spraying them with 10% (vol/vol) sulfuric acid in ethanol.

Transcriptomic analysis and qRT-PCR. Strain WXL662 was grown in a mineral medium containing
0.6% (wt/vol) alginate or glucose as the sole carbon source at 28°C and 170 rpm in triplicates. The cells
were collected when they reached the mid-log phase (;8 h) (Fig. S2) and frozen in liquid nitrogen im-
mediately. RNA extraction and purification, reverse transcription, library construction, and sequencing
were performed at Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai, China), according
to the manufacturer’s instructions (Illumina, San Diego, CA, USA) as follows. Briefly, total RNA was
extracted using TRIzol reagent and the genomic DNA was removed using DNase I (TaKara). The RNA-seq
transcriptome library was prepared following the TruSeq RNA sample preparation kit (Illumina, San
Diego, CA) using 2 mg of high-quality total RNA. The paired-end RNA-seq sequencing library was
sequenced with the Illumina HiSeq�TEN (2 � 150-bp read length). The processing of original images to
sequences, base calling, and quality value calculations were performed using the Illumina GA Pipeline
(version 1.6), in which 150-bp paired-end reads were obtained. A Perl program was written to select
clean reads by removing low-quality sequences, reads with more than 5% N bases (unknown bases),
and reads containing adaptor sequences. High-quality reads in each sample were mapped to the genome
of strain WXL662 using Bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml). Differentially
expressed genes (DEGs) were obtained based on the normalized FPKM (fragments per kilobase of tran-
script per million mapped reads) values in alginate- and glucose-treated samples. A false-discovery rate
(FDR) control (75) was used to correct for the P value. Genes with an FDR value of #0.05 and jlog2 FCj of
$1 were assigned as differentially expressed. Differences in gene transcription were also analyzed by the
R package EdgeR (76), which was used for differential transcript analysis and identification of DEGs.

Variations in transcription levels of 20 target genes (including housekeeping genes and alginate-
degrading genes) (Table S4) between cultures grown with 0.6% alginate mineral medium relative to those
grown with 0.6% glucose mineral medium were evaluated by quantitative RT-PCR (qRT-PCR). The total
RNA from cells was extracted as described above. The PrimeScript RT reagent kit with gDNA Eraser
(TaKaRa) was used to reverse transcribe the RNA into cDNA. qRT-PCR was performed with ABI 7500 real-
time PCR (Applied Biosystems, Foster City, CA, USA) using SYBR Premix Ex Taq (TaKaRa) and gene-specific
primers listed in Table S4. The amplification efficiencies of all primer pairs were tested using standard dilu-
tion procedures. The cycle threshold (CT) value was determined by the StepOnePlus real-time PCR system
(Thermo Fisher Scientific, Waltham, MA, USA). The fold change of gene transcription (alginate versus glu-
cose) was normalized using the housekeeping gene ftsZ as a reference.
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Preparation and detection of OMVs from WXL662. The OMVs were prepared from strain WXL662
cultured in a medium containing 0.6% alginate or glucose mineral medium and MB at 28°C to the mid-
exponential growth phase. OMVs were collected according to Li et al. (50) with minor modifications.
Liquid cultures of strain WXL662 (4 L) were collected, and the cells were pelleted by centrifugation at
8,000 rpm for 10 min at 4°C (Eppendorf F34-6-38 rotor). The supernatant was collected and filtered
through 0.22-mm-pore-size membrane filter (GVWP; Millipore) to remove the remaining bacterial cells.
The filtrate was concentrated using a Amicon Ultra15 centrifugal filter (Merck; 100-kDa cutoff), and the cul-
ture volume was reduced to about 250 mL. This concentrated supernatant was pelleted by ultracentrifuga-
tion at 100,000 � g for 2 h at 4°C (Beckman Coulter SW-41 Ti rotor). The OMVs were further purified using
an Optiprep (iodixanol; Sigma-Aldrich) density gradient centrifugation. The crude vesicle sample was
adjusted to 45% OptiPrep in a buffer containing 3% (wt/vol) NaCl and 10 mM HEPES (pH 8.0). Equal vol-
umes of 40, 35, 30, 25, 20, 15, 10, and 0% Optiprep (in the same buffer) were layered over the 1.3-mL crude
vesicle sample and centrifuged at 30,000 rpm for 6 h at 4°C (Beckman Coulter, optima XPN-100 ultracentri-
fuge, SW41 Ti rotor), and fractions of equal volume were removed sequentially from the top. The material
in each fraction was diluted 10-fold with buffer (3% NaCl with 10 mM HEPES) and pelleted in an ultracen-
trifuge (100,000 � g, 2 h, 4°C, 40,000 rpm; Hitachi P90AT rotor). The resulting pellet was resuspended in
fresh buffer and frozen at280°C.

The presence and purity of OMVs were visualized using negative staining followed by TEM (Mic JEM-
1200EX; Japan). According to the method of Laemmli et al. (74), the purified OMVs were assessed by
12% sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Compared with the purified OMV samples
under the conditions of MB and 0.6% glucose mineral cultures, the different protein bands under the
condition of 0.6% alginate mineral culture were collected and sent to Shanghai Bioengineering Co., Ltd.,
for liquid chromatography-tandem mass spectrometry (LC-MS/MS) 30-min sequencing.

Analysis of alginate-degrading genes in other Vibrio genomes. A total of 94 nearly complete
Vibrio genomes were downloaded from NCBI database (Table S5). Open reading frame (ORF) prediction
and gene annotation for these genomes were carried out using prokka v.1.14 (58) and the RASTtk online
server (59) with the default setting. The hypothetical proteins in AUL were further annotated using
SMART database (http://smart.embl-heidelberg.de/).

A maximum likelihood (ML) tree of 95 Vibrio genomes was constructed by Fasttree (77) based on sin-
gle-copy core genes identified by OrthoFinder v.2.5.4 (78). Specifically, sequences of all the single-copy
core genes were aligned by Mafft (79) and trimmed by Trimal (80). The trimmed sequences for each sin-
gle-copy core genes were concatenated by a customized script for tree construction.

Data availability. The GenBank accession numbers for alginate lyase genes Vpaly-I to Vpaly-XI are
OM743975 to OM743985, respectively. The complete genome sequences of V. pelagiusWXL662 were de-
posited in the NCBI GenBank server under accession no. PRJNA793771. The transcriptome shotgun as-
sembly project has been deposited at GenBank under accession no. PRJNA832561.
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