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Complete genome sequence and 
transcriptomic analysis of a novel 
marine strain Bacillus weihaiensis 
reveals the mechanism of brown 
algae degradation
Yueming Zhu*, Peng Chen*, Yunjuan Bao, Yan Men, Yan Zeng, Jiangang Yang, Jibin Sun & 
Yuanxia Sun

A novel marine strain representing efficient degradation ability toward brown algae was isolated, 
identified, and assigned to Bacillus weihaiensis Alg07. The alga-associated marine bacteria promote the 
nutrient cycle and perform important functions in the marine ecosystem. The de novo sequencing of 
the B. weihaiensis Alg07 genome was carried out. Results of gene annotation and carbohydrate-active 
enzyme analysis showed that the strain harbored enzymes that can completely degrade alginate and 
laminarin, which are the specific polysaccharides of brown algae. We also found genes for the utilization 
of mannitol, the major storage monosaccharide in the cell of brown algae. To understand the process 
of brown algae decomposition by B. weihaiensis Alg07, RNA-seq transcriptome analysis and qRT-PCR 
were performed. The genes involved in alginate metabolism were all up-regulated in the initial stage 
of kelp degradation, suggesting that the strain Alg07 first degrades alginate to destruct the cell wall so 
that the laminarin and mannitol are released and subsequently decomposed. The key genes involved 
in alginate and laminarin degradation were expressed in Escherichia coli and characterized. Overall, 
the model of brown algae degradation by the marine strain Alg07 was established, and novel alginate 
lyases and laminarinase were discovered.

Marine environments are not only formidable in natural conditions, but are rich in diverse polysaccharides and 
organic matter. Bacterial organisms inhabiting these environments have adapted to these hostile habitats during 
their long history of evolution. Ultimately, evolutionary adaptation confers the bacteria with the capability to 
degrade marine-specific biomass, optimize energy metabolism, and synthesize natural products.

Algae are widely distributed in marine environments and contain large amounts of polysaccharides, many of 
which are unique to seaweeds. For instance, brown algae contain carboxylated polysaccharide (alginate)1, anionic 
sulfated polysaccharide (fucoidan)2, and laminarin3, all of which are not found in land plants. Hence, numerous 
bacterial species isolated from seaweeds exhibit alga-associated lifestyle by enzymatic catabolism of algal constit-
uents. The end products of polysaccharide degradation can be further stored as energy or used for the biosynthe-
sis of other macromolecules of high economic value. For efficient utilization of carbohydrates and other nutrients, 
marine bacteria also evolved to form specialized transporter systems for the uptake of various nutrient molecules 
pertaining to marine niches. Nutrient molecules are imported into the cytoplasm or periplasm for further metab-
olism by specific enzymes in a regulated manner. Owing to the high content of polysaccharides in brown algae, 
engineered microbial platforms have also been constructed to produce biofuel using brown macroalgae4–6.

Alginate is a major component of brown algae. The content of alginate varies with species and seasons, and 
the highest content reaches to 50% in dry cell weight7. Alginate is a high-molecular-weight polymer composed of 
two types of β​-1,4-linked monosaccharides, such as β​-d-mannuronic acids and α​-l-guluronic acids. The chem-
ical linkage can form contiguous polymers of β​-d-mannuronic acids (PolyM), α​-l-guluronic acids (polyG), or 
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random heteropolymers of the two monosaccharides (PolyMG). Alginate degradation is usually initiated by 
lytic depolymerization via β​-elimination reaction involving alginate lyases8. The lytic products, oligoalginate, 
are further degraded into unsaturated monosaccharides (spontaneously rearranged into 4-deoxy-l-erythro-5
-hexoseulose uronic acid, DEH) by exo-type lyases. DEH is converted into 2-keto-3-deoxy-6-phosphogluconate 
(KDPG) via hydrogenation and phosphorylation reaction, which is catalyzed by DEH reductase and 
2-keto-3-deoxy-gluconate (KDG) kinase respectively. KDPG is cleaved into pyruvate and d-glyceraldehyde 
3-phosphate by KDPG aldolase and utilized through the Entner-Doudoroff pathway. The complete alginate met-
abolic pathway in marine bacterium has been described9.

Laminarin and mannitol are the storage saccharides of brown algae. Laminarin is a linear polysaccharide 
made up of β​-1,3-glucan with occasional β​-1,6-linked branches. Hence, laminarin can be depolymerized by 
β​-1,3-glucanases and debranching enzymes. Various β​-1,3-glucanases that can degrade laminarin have been 
found in bacteria, archaea, and eukaryotes10–13, and some of these glucanases are called laminarinase. The final 
products of hydrolysis mainly include glucose, laminaribiose, and laminaritriose14. The approaches of mannitol 
absorption and utilization by microbes are relatively clear15.

Recently, we isolated a novel Bacillus species Alg07 from the marine area of Weihai City, Shandong Province, 
China16. This strain shows extremely high extracellular activity toward alginate and extraordinary metabolic abil-
ity to degrade brown algae. Notably, phylogenetic analysis based on 16 S rRNA gene sequences suggests that Alg07 
may be a novel species within the Bacillus genus. To elucidate the metabolic capability and ecological adaptation 
of Alg07 with respect to brown algae degradation, we sequenced the complete genome of Bacillus weihaiensis  
Alg07 and performed gene annotation and carbohydrate-active enzyme (CAZyme) analysis. Furthermore, 
RNA-seq transcriptomic analysis and qRT-PCR were employed to determine the expression levels of key genes in 
brown algae degradation. The activities of key genes were also confirmed by heterologous expression and activity 
assay.

Materials and Methods
Bacterial growth condition.  LB medium was used to cultivate B. weihaiensis Alg07 for genome extrac-
tion and incubate E. coli for the expression of key genes. Carbon source utilization tests were carried out using 
a medium containing 10 g/l tryptone, 5 g/l beef extract, 3 g/l NaCl, 2 g/l Na2HPO4·12H2O, and 2.4 mg/l bromo-
thymol blue with 10 g/l monosaccharide (l-arabinose, d-xylose, d-glucose, d-fructose, d-galactose, d-mannose, 
and d-mannitol), disaccharide (maltose, sucrose, trehalose, lactose, and cellobiose), or polysaccharide (starch, 
cellulose, laminarin, agar, and agarose). To determine the differential gene expression profile of this strain with 
brown seaweed, Alg07 was cultivated in the modified Marine Broth 2216 medium containing 5 g/l tryptone, 1 g/l 
yeast extract, 5 g/l (NH4)2SO4, 19.45 g/l NaCl, 12.6 g/l MgCl2·6H2O, 6.64 g/l MgSO4·7H2O, 0.55 g/l KCl, 0.16 g/l 
NaHCO3, and 0.1 g/l ferric citrate with 10 g/l kelp powder, as well as in the medium without kelp powder as the 
control. All chemicals and reagents used in this study were of analytical grade.

Genome sequencing and gene annotation.  The genome of B. weihaiensis Alg07 was purified using a 
Bacterial DNA Kit (Omega) and sequenced on the PacBio RS II platform (Pacific Biosciences, Menlo Park, CA) 
with a post-filter mean read length of 9.3 kbp. Sequencing was performed at Wuhan Institute of Biotechnology. De 
novo assembly was performed using the Hierarchical Genome Assembly Process 2.2.0 (HGAP 2.2.0)17 workflow,  
and the complete circular genome was derived. Gene prediction and functional annotation were carried out via 
RAST (Rapid Annotation using Subsystem Technology). Genome annotation was performed by comparison 
against public databases NCBI NR18, SwissProt19, COG20, SEED21, KEGG22, and CAZy databases23.

Phylogenetic analysis.  The 16 S rRNA sequences from Bacillus species were downloaded from the Silva 
ribosomal RNA database. Only the entries with similarity >​93% were used for further analysis. Multiple sequence 
alignment of 16 S rRNA was performed using ClustalW. To reduce the influence of incomplete 16 S rRNA 
sequences from databases, the first 27 and the last 36 alignment loci were removed. The phylogenetic tree was 
constructed using Neighbor-Joining method and implemented in the Molecular Evolutionary Genetics Analysis 
(MEGA) software version 6.0. Bootstrap support values were obtained by generating 1000 replicate trees.

Transcriptomic analysis.  The total RNA of B. weihaiensis Alg07 was purified using an RNAprep pure 
Kit for cell/bacteria (Tiangen). RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Agilent 
Bioanalyzer 2100 system (Agilent Technologies). Sequencing libraries were generated using NEBNext Ultra 
Directional RNA Library Prep Kit for Illumina (NEB), and sequenced on an Illumina Hiseq 2500 platform. 
Sequencing was performed at Beijing Novogene Bioinformatics Technology Co., Ltd. The raw sequence data were 
filtered by removing reads containing adapter, reads containing poly-N, and low-quality reads. The clean reads 
were aligned with the genome of B. weihaiensis Alg07 by using Bowtie2–2.2.3. The sequencing and alignment 
of each sample were carried out in triplicate. Gene expression was quantified as reads per kilobase of coding 
sequence per million reads (RPKM) algorithm. Genes with an adjusted P-value <​ 0.05 found by DESeq were 
assigned as differentially expressed.

qRT-PCR analysis.  To confirm the RNA-Seq results and explain the process of brown algae degradation, the 
expression change of 19 genes were determined by qRT-PCR using the primers listed in Table S1. First-strand 
cDNA was synthesized from total RNA extracted after 12, 24, and 48 h incubation using HiScript II 1st Strand 
cDNA Sythesis Kit (Vazyme). cDNA was used as template for qRT-PCR with ChamQ SYBR qPCR Master Mix 
(Vazyme). The 16 s rRNA gene was used as an endogenous control. All reactions were carried out in triplicate.

Activity assay of key genes.  Key genes involved in alginate and laminarin degradation were amplified 
using the primers listed in Table S1 and cloned into the expression vector pET-21a(+​). The recombinant plasmids 
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were transformed into E.coli BL21(DE3) cells. The recombinant E. coli cells were cultured in LB medium. After 
being induced by IPTG, cells were harvested and disrupted by sonication. Supernatants were used as crude extract 
for activity assays. The activities of E. coli BL21 with the empty vector pET-21a were used as control.

To determine the activities of alginate lyase and laminarinase, 200 μ​l of appropriately diluted enzyme was 
added into 1.8 ml of Tris-HCl buffer (20 mM, pH 8.0) containing 10 g/l sodium alginate or laminarin. After incu-
bation at 40 °C for 20 min, the samples were heated in boiling water for 5 min and then cooled in cold water. The 
supernatant was analyzed by 3,5-dinitrosalicylic acid (DNS) method24.

Crude enzyme was added to Tris-HCl buffer (20 mM, pH 8.0) containing 1 g/l DEH and 1 mM NADPH to 
determine the activities of DEH reductase. Reaction was initiated by the addition of enzyme to the substrate 
solution, and reaction progress was monitored by measuring the decrease in absorbance at 340 nm caused by the 
oxidation of NADPH to NADP+.

Statistical analysis.  For the RNA-seq study, differential expression analyses of two conditions were per-
formed using the DESeq R package (1.18.0). DESeq provides statistical routines for determining differential 
expression in digital gene expression data by using a model based on the negative binomial distribution. The 
resulting P-values were adjusted using Benjamini and Hochberg’s approach for controlling the false discovery 
rate. Genes with an adjusted P-value <​ 0.05 found by DESeq were assigned as differentially expressed. For the 
qRT-PCR study, a P-value <​ 0.05 was considered statistically significant.

Nucleotide sequence accession number.  The genome sequence of B. weihaiensis Alg07 has been sub-
mitted to the GenBank (accession No. CP016020 and CP016021). The RNA-seq data have been deposited in the 
NCBI Short Read Archive (SRA) database (accession No. SRP076196).

Results
Phylogenetic analysis of the marine strain Alg07.  Phylogenetic analysis based on 16 S rRNA gene 
sequences showed that the Alg07 strain falls within the radiation cluster of Bacillus species but forms a distinct  
lineage (Fig. 1). The Alg07 strain is the most closely related to Bacillus litoralis, with similarities of 96–97%. 
Therefore, Alg07 may represent a strain type of a novel species within the genus Bacillus, and the name B. weihaiensis  
was assigned. Alg07 exhibits lower similarity (<​95%) with several other well-studied Bacillus species, such as 
Bacillus subtilis, Bacillus cereus, Bacillus licheniformis, and Bacillus megaterium, indicating its distinct genotypic 
properties when compared with these species.

Genomic properties of B. weihaiensis Alg07.  The genome of B. weihaiensis Alg07 was sequenced on 
the PacBio RS II platform. Through the HGAP method, the PacBio RS II data were de novo assembled to two 
contigs with 106.75 ×​ depth of coverage. The large contig is the chromosome of B. weihaiensis Alg07, which con-
tains 4,344,873 bp with an average G+​C content of 36.48% (Fig. 2). The small contig containing 16,403 bp forms 
an end-to-end overlap structure, which suggests that a plasmid exists in the cell of Alg07. The plasmid could 
be extracted using a plasmid extraction kit (Fig. S1). The genome encodes 4267 predicted open reading frames 
(ORFs), of which 1061 were annotated with unknown functions. A total of 11 rRNA operons and 105 tRNAs were 
found in the genome.

Mono- and disaccharide utilization.  Based on the result of gene annotation, B. weihaiensis Alg07 
might utilize various mono- and disaccharides, such as d-ribose, d-xylose, d-glucose, d-fructose, d-galactose, 
d-mannose, d-mannitol, maltose, lactose, and trehalose. Carbohydrate uptake mainly occurs through the 
ATP-binding cassette (ABC) transport system or the phosphotransferase system (PTS). The genes encoding cat-
abolic enzymes and corresponding transporters are organized in the loci and listed in Table S2. However, the 
enzymes involved in the utilization of l-arabinose, l-rhamnose, d-sorbose, and d-sorbitol are not found in the 
genome of B. weihaiensis Alg07. These annotation results were corroborated by the carbon source utilization 
tests with selected mono- and disaccharides. Mannitol, which is the major monosaccharide in brown algae cells, 
might be converted to fructose-6-phosphate by mannitol-1-phosphate 5-dehydrogenase (MPDH, gene 423) and 
funneled into the EMP pathway.

Identification of polysaccharide utilization loci using the CAZy website.  According to the results 
of carbon source utilization tests, the Alg07 strain could degrade algal polysaccharides, such as agarose, alginate, 
starch, and laminarin. To determine the key enzymes involved in polysaccharide degradation, diverse CAZymes 
in the B. weihaiensis Alg07 genome were identified, including 32 glycoside hydrolases (GHs), 31 glycosyl trans-
ferases (GTs), 3 polysaccharide lyases (PLs), 29 carbohydrate esterases (CEs) and 23 carbohydrate-binding mod-
ules (CBMs) (Table S3). As reported, alginate lyase, which is responsible for alginate degradation, belongs to 
the PL family25. Three polysaccharide lyases were found in the genome of Alg07 (Table 1), and two enzymes 
belonging to the PL15 family were annotated as oligoalginate lyases (Bw806 and Bw2030). The protein encoded 
by Bw1998 was annotated as an F5/8 type C domain protein and belonged to the PL17 family. Further domain 
detection based on PFAM database26 showed that this protein contains six domains: one heparinase II/III-like 
domain, two calcium-activated chloride channel domains, one fibronectin type III domain, one F5/8 type C 
domain, and one Gram-positive anchor domain. Moreover, based on the signal peptide prediction with SignalP 
v4.127, the potential alginate lyase is a secretory protein, whereas the potential oligoalginate lyases do not have 
any signal peptides. We suggest that the alginate lyase is secreted into the extracellular environment and cleaves 
alginate into oligoalginate which is then transported to the cell and further degraded by oligoalginate lyase.

Furthermore, α​/β​-amylase, β​-glucanase, pullulanase, and β​-glucosidase were found in the genome of B. weihaiensis  
Alg07 (Table 1). These enzymes belong to the GH family and may be involved in the hydrolysis of glucans  
(e.g. starch), laminarin, and cellulose in brown algae. The endo-β​-1,3–1,4 glucanase (Bw2859) and β​-glucanase 
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(Bw3263 and Bw3268) might be potential laminarinases that can break down the β​-1,3-glucosidic linkages, while 
pullulanases (Bw919 and Bw2732) might be responsible for removing β​-1,6-linked branches. We also found that 
the β​-glucosidase (Bw3267) and β​-glucanase precursor (Bw3268) together with an o-Glycosyl hydrolase family 
30 protein (Bw3265) and a hypothetical protein (Bw3266) were organized in a gene locus.

Transcriptomic analysis of B. weihaiensis Alg07 in kelp-containing culture.  B. weihaiensis Alg07 
was cultivated in the modified Marine Broth 2216 medium with 10 g/l kelp powder, and the alginate lyase activ-
ities of the culture supernatant were determined at different time intervals. The maximum activity was observed 
at 20 h after inoculation. Considering that mRNAs are rapidly degraded after protein translation, we extracted the 

Figure 1.  Phylogenetic tree of 16 S rRNA sequences from B. weihaiensis Alg07 and other known Bacillus 
species. The trees containing the same species were collapsed and indicated with triangles. Several well-studied 
Bacillus species are highlighted in blue frame.
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total RNA of the Alg07 cells after incubation for 12 h and used RNA-seq transcriptomic analysis to examine the 
important genes for brown algae degradation. RNA-seq analysis indicates that 104 genes displayed statistically 
significant mRNA level changes (adjusted P value <​ 0.05); 34 of the genes displayed increased transcript levels 
(Table S4), and 70 displayed decreased transcript levels (Fig. S2).

By comparing the expression values between the B. weihaiensis Alg07 cultivated with and without kelp, we 
were able to identify which genes might be involved in kelp degradation. The expression level of Bw1998 was 
significantly increased, suggesting that the enzyme might be an alginate lyase. The expression levels of genes in 
one cluster (from Bw800 to Bw807) were significantly increased, except for Bw804. This gene cluster encodes an 
ABC-type polysaccharide transport system composed of a permease (Bw800), an integral membrane protein 
(Bw801), and a substrate-binding protein (Bw802), which could transport oligoalginates into the cell. The tran-
scription of genes for the ABC transport system might be activated by a two-component system constituted by a 
response regulator (Bw803) and a sensor kinase (Bw804). The expression level of the potential oligoalginate lyase 
(Bw806) was increased, but that of Bw2030 was not changed. Bw806 is expected to be a functional oligoalginate 
lyase, which could cleave oligoalginate to generate DEH. Bw805, annotated as 3-oxoacyl-(acyl-carrier-protein) 
reductase, might act as a DEH reductase, which converts DEH into KDG. KDG could be further phosphoryl-
ated and decomposed by KDG kinase (Bw503) and KDPG aldolase (BW504), whose expression level increased. 
The expression of key genes involved in alginate assimilation and degradation was significantly induced at 12 h 
(Table 2), but those of key genes involved in laminarin and mannitol degradation showed no changes. This result 
may be explained as B. weihaiensis Alg07 decomposing only alginate to disrupt the cell wall in the initial stage of 
brown algae degradation.

qRT-PCR analysis.  Nine genes involved in alginate degradation and displaying increased transcript levels 
according to RNA-seq analysis were verified by qRT-PCR. The results were in good agreement with those from 
the RNA-seq analysis (Table 2). To further discover induced genes involved in laminarin and mannitol degra-
dation, qRT-PCR was carried out using total RNA extracted from Alg07 cells after 12, 24, and 48 h of incuba-
tion. The sample incubated for 12 h was set as the reference. Results indicate that the expression level of genes 
involved in laminarin and mannitol degradation is significantly increased in the 24 h incubation sample (Fig. 3). 
For laminarin degradation, three genes were highly induced. Bw3263 and Bw3268 function in degrading lami-
narin into oligo-laminarin, whereas the function of Bw3267 is degrading oligo-laminarin into glucose. However, 
the Bw2732 and Bw919, which were annotated as pullulanase, were expressed at a lower level, suggesting that 
these enzymes might not perform an important function in the degradation of branched laminarin. For mannitol 
degradation, the significantly increased gene was Bw421, which was annotated as mannitol-specific PTS system. 
Bw423, which was annotated as MPDH, was slightly increased. In the 48 h incubation sample, the expression 
levels of all genes except for Bw3263, Bw3268, and Bw3267 were significantly decreased. This finding suggests 
that the laminarin is not completely degraded at 48 h, perhaps because of the high content of laminarin or the low 
activities of these enzymes.

Figure 2.  Circular representation of the genome map of B. weihaiensis Alg07. The circles from the 
innermost to the outermost: Circle 1 for GC skew (G−C)/(G+​C); Circle 2 for GC content; Circle 3 for rRNA 
and tRNA; Circles 4 and 5 for protein coding genes in the reverse and forward strands respectively; Circles 6 
and 7 for N4-methylcytosine (m4C) and N6-methyladenosine (m6A) sites in CDS/rRNA/tRNA in the reverse 
and forward strands respectively; and Circle 8 for m4C and m6A sites in intergene regions.
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Heterologous expression and activity assay of key genes.  The key genes involved in the degrada-
tion of alginate and laminarin were cloned and expressed in E.coli (Fig. S3). Cell extracts were used as crude 
enzymes to determine the activities of the recombinant proteins. Bw1998 exhibited extremly high alginate lyase 
activity, and the properties of the alginate lyase were characterized in detail (Fig. S4). Alginate lyase could depo-
lymerize both polyM and polyG and completely degrade alginate into oligoalginate. The novel alginate lyase is 
a high-molecular-weight protein with multiple domains. Thus, we constructed the truncated protein containing 
only the heparinase II/III-like domain and compared its activity with the full-length protein. The results indicate 
that the truncated and full-length proteins are not significantly different, suggesting that the activity is independ-
ent of noncatalytic modules (data not shown).

We also found that Bw806 can degrade oligoalginate to monosaccharides, whereas Bw2030 cannot. These 
results are consistent with the transcriptomic analysis. Bw805 showed high activity toward purified DEH and 
NADPH. The percentages of amino acid sequence identity between the novel DEH reductase and those reported 
from Flavobacterium sp. UMI-0128 and Sphingomonas sp. A129,30 are 40.08% and 33.08% respectively. The catalytic 
tetrad Asn-Tyr-Lys-Ser and the cofactor-binding sequence motif Thr-Gly-X-X-X-Gly-X-Gly were also found in 
Bw805 (Fig. S5). The activities of potential laminarinases (Bw2859, Bw3263, and Bw3268) were determined by 
DNS method with laminarin as the substrate. All enzymes showed activity toward laminarin, with that of Bw3268 
being the highest.

Discussion
The Alg07 strain was isolated from rotting seaweed on the coast of Weihai City. The alginolytic community was 
enriched using modified Marine Broth 2216 containing sodium alginate, and the single colonies presenting high 
activity toward alginate were selected and identified. Further study found that the Alg07 strain can degrade kelp 
pieces into sludge and show good growth in the medium with kelp as the energy source. This finding indicates 
that this marine bacterium has evolved versatile abilities in degrading brown algae and adapted to the nutritional 
condition of the marine environment. Alga-associated marine bacteria perform important functions in the pro-
tection and preservation of marine ecosystems31,32. These bacteria can decompose algae that may not be degraded 

Gene ID CAZy family Annotation Substrate

1998 PL17 F5/8 type C domain protein alginate

806 PL15 oligo alginate lyase oligo alginate

2030 PL15 oligo alginate lyase oligo alginate

88 GH14 Beta-amylase (1–4)-alpha-D-glucosidic linkages to terminal 
non-reducing residues, starch

3188 GH13 Periplasmic alpha-amylase (1–4)-alpha-D-glucosidic linkages, starch

2859 GH16 Endo-beta-1,3-1,4 glucanase (Licheninase) (1–3)- or (1–4)-beta-D-glucosidic linkages, 
laminarin, lichenin

3263 GH16 Beta-glucanase precursor (1–3)-beta-D-glucosidic linkages, laminarin

3268 GH16 Beta-glucanase precursor (1–3)-beta-D-glucosidic linkages, laminarin

919 GH13 Glycogen debranching enzyme/Pullulanase (1–6)-alpha-D-glucosidic linkages, laminarin

2732 GH13 Pullulanase (1–6)-alpha-D-glucosidic linkages, laminarin

3267 GH1 Beta-glucosidase beta-D-glucosides to terminal non-reducing 
residues, laminarin, cellulose

Table 1.  Potential enzymes for algal polysaccharide degradation.

Gene ID
log2FoldChange 

(by RNA-Seq) 2−ΔΔct (by qRT-PCR) Annotation Predicted Function

1998 4.19 3.38 alginate lyase To degrade alginate into 
oligoalginate

800 6.20 5.92 ABC-type polysaccharide transport system, 
permease component

To transport oligoalginate into 
cells801 6.93 14.04 putative transport system integral membrane 

protein

802 4.24 25.82 ABC transporter, substrate-binding protein

803 — — two-component response regulator yesN
To activate ABC transport system

804 3.30 2.48 two-component system sensor kinase

805 5.99 21.69 DEH reductase To transform DEH to KDG

806 6.23 52.08 oligo alginate lyase To degrade oligoalginate into 
DEH

807 5.97 8.62 pectin degradation protein unknown

503 5.27 1.48 2-keto-3-deoxy-gluconate kinase
KDG metabolism

504 6.16 7.32 2-keto-3-deoxy-phosphogluconate aldolase

Table 2.  Induced genes involved in alginate degradation determined by RNA-Seq and qRT-PCR.
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by marine animals and convert seaweed components into storage energy (e.g. glycogen and the genes involved in 
glycogen synthesis of Alg07 are listed in Table S5) that might provide nutrients for the marine animals. Hence, the 
carbon cycle could be promoted by this kind of marine bacteria. Marine bacteria are also rich sources of various 
important biocatalysts, such as alga-specific polysaccharidases, esterases, proteases, dehalogenases, and so on33,34.

According to phylogenetic analysis, the Alg07 strain is a novel Bacillus species. Given that the strain was 
isolated in Weihai City, the strain was named as Bacillus weihaiensis Alg07. Genome sequencing and transcrip-
tome analysis of the strain were conducted to study the degradation mechanism of brown algae and discover 
novel enzymes from this marine microbe. We found novel enzymes and gene clusters (Fig. 4) involved in the 
degradation of algal polysaccharides and established the degradation model of brown algae by B. weihaiensis 
Alg07 (Fig. 5). First, the Alg07 strain was triggered to synthesize and secrete alginate lyase (Bw1998) when cul-
tured with brown algae (e.g. kelp). Alginate lyase degrades alginate into oligoalginate, which might activate 
the two-component system. As reported, the phosphorylated response regulator was predicted to promote the 
expression of the neighboring ABC transport system35,36. Consequently, the oligoalginate was transported into the 
cells and further degraded by oligoalginate lyase and DEH reductase. Together with those of the two-component 
system, genes that are responsible for oligosaccharide transport and metabolism (from oligoalginate to KDG) 
were located in gene cluster II. The genes encoding KDG kinase and KDPG aldolase were located in the cluster 
III. The two enzymes are important for the complete degradation of alginate.

Figure 3.  Expression levels of key genes in Alg07 cells after 12, 24 and 48 h incubation identified by 
qRT-PCR analysis. The 12 h incubation sample was set as the reference (RQ value was 1). RQ: Relative 
Quantification.

Figure 4.  Loci for alginate, laminarin, and mannitol utilization of B. weihaiensis Alg07. AlgL, alginate lyase; 
ABC, ABC transporter components; TCS, two-component system; DehR, DEH reductase; OlaL, oligoalginate 
lyase; KdgK, KDG kinase; KdpgA, KDPG aldolase; HP, hypothetical protein; Lam1, β​-glucosidase; Lam2, 
laminarinase; mannitol PTS, mannitol specific PTS system; MPDH, mannitol-1-phosphate 5-dehydrogenase.
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Alginate degradation might lead to the destruction of the cell wall of brown algae, causing laminarin and 
mannitol to leak out easily. The degradation processes of laminarin and mannitol are relatively simple com-
pared to those of alginate. Gene clusters IV and V show the genes involved in the degradation of laminarin and 
mannitol respectively (Fig. 4). Laminarinase and pullulanase could cleave laminarin into mono-, di-, and tri-
saccharides. Monosaccharide, namely, glucose, is taken up by the glucose-specific PTS system and metabolized 
by the EMP pathway. Di- and trisaccharides were further degraded to glucose by intracellular β​-glucosidase. 

Figure 5.  Model of brown algae degradation by B. weihaiensis Alg07. 

Figure 6.  Domain architectures of the high-molecular-weight enzymes in B. weihaiensis Alg07. Hepar_
II_III, heparinase II/III-like protein; CLAL, calcium-activated chloride channel; F5_F8_type_C, F5/8 type C 
domain; Gram_pos_anchor, Gram-positive anchor; Beta_helix, right-handed beta helix region; AMPK1_CBM, 
glycogen recognition site of AMP-activated protein kinase; CBM48, carbohydrate-binding module 48; Alpha-
amylase, α​-amylase catalytic domain; Big_2, bacterial Ig-like domain (group 2); PUD, bacterial pullanase-
associated domain.
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Mannitol is transported by the mannitol-specific PTS system and simultaneously phosphorylated to form man-
nitol 1-phosphate, which is subsequently dehydrogenated by MPDH and enters the EMP pathway.

Alginate depolymerization is the initial stage for the efficient utilization of the brown algae, therefore, the 
function of alginate lyase is crucial. Various alginate lyases from marine bacteria have been discovered37–40, 
and several of these lyases have been structurally characterized41–43. Most endolytic bacterial alginate lyases are 
assigned to families PL-5 and PL-7, whereas exolytic oligoalginate lyases are grouped into PL-15 and PL-17 fam-
ilies. Although the alginate lyase (Bw1998) from B. weihaiensis Alg07 belongs to the PL-17 family, Bw1998 could 
cleave alginate into oligosaccharides. Moreover, the sequence alignment results indicate that this protein shares 
extremely low identity with other reported alginate lyases. Interestingly, the molecular weight of this enzyme 
is very high (163 kDa), and multiple domains are found in this protein. The activity and substrate preference 
between the full-length and truncated Bw1998 showed no difference, which confirmed that the activity is due 
to the heparinase II/III-like domain. In other words, the alginate lyase is a part of the full-length protein. We 
speculate that this protein is the precursor of the alginate lyase and that the mature enzyme is formed through 
post-translational modifications. Other multi-domain proteins were likewise found in the genome of strain 
Alg07, for example, Bw2004 and Bw2732 (Fig. 6). Bw2004 was annotated as a polyguluronate lyase precursor and 
could not be classified to any PL family. However, the precursor showed activity toward alginate and preferred 
PolyM to PolyG. We also constructed the truncated protein, which only contained the beta helix region, and 
compared its activity with the full-length protein. The results are similar with those of Bw1998 (data not shown). 
Hence, two novel alginate lyases were found in the genome of the Alg07 strain. However, the results of transcrip-
tome analysis and qRT-PCR indicate that the expression of Bw2004 was not induced when the strain Alg07 was 
cultured in the medium containing kelp. Bw1998 appears to be preferentially produced by the strain because the 
enzyme showed no preference toward polyM and ployG and could degrade alginate more effectively.

In conclusion, we found the key enzymes and pathways involved in algal polysaccharide degrada-
tion in B. weihaiensis Alg07 and explained the degradation process of brown algae by the marine bacterium. 
High-molecular-weight enzymes in the strain were extraordinary and interesting. The post-translational modifi-
cation and structures of the novel alginate lyases will be characterized in our further study.
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