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ARTICLE INFO ABSTRACT

It has been reported that certain biomass-degrading bacteria can produce bioflocculant through directly utilizing
untreated biomass as carbon source. However, little is known about the synthesis mechanism of bioflocculant in
these bacteria. In this study, a biomass-degrading bacterium Pseudomonas sp. HP2 showing excellent production
ability of bioflocculant was isolated from the forest soil. The HP2 strain secreted alkali-thermo-tolerant CMCase
and xylanase, with the maximum activities of 0.06 and 1.07 U ml1™ 1 respectively, when the untreated rice straw
was used as carbon source. The maximum flocculating efficiency with the value of 92.5% was produced from
untreated rice straw by HP2 strain. Component analysis showed that this bioflocculant was abundant in the
amino acids and monosaccharides with the total contents of 384.9 and 478.3mgg ™! dry bioflocculant, re-
spectively. The most amino acid and monosaccharide in this bioflocculant were proline and rhamnose, which
accounted for 26.5% and 33.3% of total amino acids and total monosaccharides, respectively. To explore the
synthesis mechanism of bioflocculant in HP2, the genome of HP2 strain was measured by Illumina HiSeq PE150
platform. The results showed that the genome of HP2 strain possessed abundant CAZy family related genes,
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which may play an important role in biomass degradation and bioflocculant synthesis.

1. Introduction

Bioflocculants are a class of extracellular polymeric substances
(EPS), which are secreted by microorganisms during their growth. The
EPS are mainly composed by one or more of the following compounds,
including glycoproteins, polysaccharides, proteins, nucleic acids
(Salehizadeh et al., 2018; Mohammed and Dagang, 2019). Recently,
bioflocculants have been proposed as harmless and environment-
friendly compounds in various applications including wastewater
treatment, drinking water purification and microalgae harvest due to
their nontoxic and biodegradation properties (Gao et al., 2009; Guo
et al.,, 2017a). However, the high production cost of bioflocculants is
the major bottleneck for large-scale application in industry. To solve
this problem, two strategies have been proposed by microbiologists to
either screen more efficient strains or seek low-cost substrates as
growth medium (Liu et al., 2015a).

Cellulose and hemicellulose from lignocellulosic biomasses are the
most abundantly sustainable carbon source for bacteria growth (Salas
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et al., 2010). In nature, the cellulose and hemicellulose cannot be used
directly by microorganisms, but some biomass-degrading bacteria can
decompose them to short oligo-/monosaccharides outside the cell
through releasing a series of carbohydrate-active enzymes (CAZymes),
including glycoside hydrolases (GHs), carbohydrate esterases (CEs),
polysaccharide lyases (PLs), glycosyltransferases (GTs), auxiliary ac-
tivities (AA) and carbohydrate-binding domains (CBM) (Nguyen et al.,
2018; Vincent et al., 2014). Then these small molecular sugars can be
absorbed by microorganisms as an important carbon source to release
energy (Pennacchio et al., 2018). Therefore, if we can screen a biomass-
degrading bacterium with simultaneously possessing the ability of
bioflocculants production, which will make it possible to reduce the
production cost of bioflocculants through directly using lignocellulosic
biomasses as substrates for fermentation.

Recent research has found that certain biomass-degrading bacteria
can indeed produce bioflocculants via directly utilizing the raw mate-
rial of biomass as a carbon source (Guo et al., 2017a; Liu et al., 2017). A
lignocellulosic ~ enzyme-producing  bacterium  Cellulosimicrobium
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CMC
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Fig. 1. Evaluation of the hydrolysis ability of Pseudomonas sp. HP2 using untreated rice straw, CMC, or xylan as carbon source by Gram’s iodine staining. The plaques
in the center of plate indicate the bacterial size, and the halo regions indicate that carbohydrate polymers are hydrolyzed. Bar = 1 cm.
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Fig. 2. CMCase and xylanase production by Pseudomonas sp. HP2 using 0.5%
untreated rice straw, CMC and xylan as carbon source. Values represent
mean * SDs (n = 3).

cellulans 1804 isolated from corn farmland soil produce a poly-
saccharide bioflocculant through using 2.0% dry corn stover as carbon
source (Liu et al., 2015b). An alkaliphilic strain Bacillus agaradhaerens
C9 can efficiently convert untreated rice bran into bioflocculant
through secreting alkali-tolerant xylanase and cellulase (Liu et al.,
2017). Recently, we found certain bacteria belonging to Pseudomonas
spp. can also efficiently convert various untreated biomasses into bio-
flocculants through secreting CAZymes (Guo et al., 2017a, 2018).
However, the biosynthesis pathway and regulation mechanism of bio-
flocculant synthesis by these biomass-degrading bacteria are scarce due
to the lack knowledge about the genome information of them. In this
study, a CMCase and xylanase-producing bacterium Pseudomonas sp.
HP2 with the potential ability to synthesis bioflocculant was isolated
from forest soil. Then the enzymatic characteristics of CMCase and
xylanse were analyzed and the bioflocculants’ production and compo-
sition were measured. Subsequently, the genome sequences of Pseudo-
monas sp. HP2 was determined by using the high-throughput sequen-
cing technology, and the CAZy family genes and the bioflocculant
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Fig. 3. Effects of different temperature (A) and pH values (B) on CMCase and
xylanase activity in Pseudomonas sp. HP2. Values represent mean * SDs
(n = 3).

synthesis pathway were initially identified.

2. Materials and methods
2.1. Isolation of a bioflocculant-producing bacterium

The bioflocculant-producing bacteria were isolated from forest soil
(Ningbo, Zhejiang, China) according to the method of our previous
study (Guo et al., 2017a, 2018). Briefly, about 1.0 g soil samples were
inoculated in 10ml of sterile phosphate buffer saline (0.27g L™*!
KH,PO,, 1.42 g L' Na,HPO,, 8.0 g L~ ' NaCl and 0.2 g L "' KCl, pH 7.4)
and boiled for 5 min. The mixture was shaken at 30 °C and 180 rpm for
10 min. Then the 1 ml of above culture was added into 50 ml mineral
salt medium (0.1g L FeCgHs0,, 3.24¢ L MgS0O,4, 1.8 ¢ L CaCl,,
0.55g L' KCl, 0.16 g ! NaHCOs, 0.08 g L™ KBr, 0.5 g L! yeast extract,
1.5g L'! peptone, pH 7.4) containing 0.5% rice straw biomass at 30 °C
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Fig. 4. Biofocculants’ production along with time by Pseudomonas sp. HP2 using
0.5% untreated rice straw, Miscanthus and wood dust biomass as carbon source.
Values represent mean * SDs (n = 3).

with shaking at 180 rpm for 2 d. After 3 days of incubation, the fer-
mentation broths became transparent and viscous, and the rice straw
biomass was compact and settled at the bottom of flask. To isolate the
bioflocculant-producing bacteria, the supernatant was removed care-
fully and the solid residues were separated and resuspended in phos-
phate buffer saline by vortex for 30s. Then the solution was spread on
the mineral salt medium containing 0.5% rice straw biomass and 1.5%
agar by the standard serial dilution plate method. After 3 days of in-
cubation at 30 °C, all colonies were purified and cultured in 50 ml of the
mineral salt medium containing 0.5% rice straw. The fermentation
broths were collected and measure their biomass degradation ability
and flocculating efficiency. Finally, a biomass-degrading strain HP2
with simultaneously showing high flocculating activity was selected for
further study.

2.2. Biomass degradation and enzyme activity assay

The biomass degradation ability was measured on an agar plate
using rice straw biomass, carboxymethyl cellulose (CMC) or beechwood
xylan as the sole carbon source according to our previous study (Guo
et al., 2017b). Briefly, 5puL overnight-grown bacterial cultures were
dropped on an agar plate containing above mineral salt medium, 1.5%
agar, and 0.5% rice straw, CMC or xylan. After 3 days of incubation at
30°C, the biomass degradation abilities were visualized according to
the size of halos by staining the plates with Gram’s iodine solution for
3-5min.
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Table 2

Summary of sequences analysis of HP2 genome.
Description Number
Before trimming
Raw data (Mb) 929

After trimming
Clean data (Mb) 800

GC content (%) 68.62
Q20 percentage (%) 97.87
After assembly

Gene number 3878
Gene length (bp) 3,946,071
Gene average length (bp) 1018
NR annotated (%) 95.9
KEGG annotated (%) 94.5
COG annotated (%) 80.0
GO annotated (%) 66.3
SwissProt annotated (%) 43.0
Annotated in all databases (%) 29.3
Annotated in at least one databases (%) 96.2
Secretory proteins 490
CAZymes 172

The strain HP2 was cultured in above mineral salt medium con-
taining rice straw biomass, carboxymethyl cellulose (CMC) or beech-
wood xylan as the sole carbon source at 30 °C with agitation at 180 rpm.
The fermentation broths for each medium were harvested at 6, 12, 24,
36, 48, 60 and 72 h by centrifuging at 12,000 g for 3 min. The super-
natants were used to measure enzyme activity. The activities of CMCase
and xylanase were determined by detecting the release of reducing
sugars from CMC and beechwood xylan using a microplate spectro-
photometer (Epoch, BioTek Instruments, Inc., Vermont, USA) according
to the description of Guo et al (2017b). The reducing sugar content was
measured by using the 3,5-dinitrosalicylic acid (DNS) method.

2.3. Effects of pH and temperature on CMCase and xylanase activity

The fermentation broths harvested at 12h were taken to test the
effects of temperature and pH on CMCase and xylanase activities. The
temperature was set in the range of 40 °C to 80 °C at 5 °C intervals, and
the pH was surveyed ranging from 4.0 to 9.5 at intervals of 0.5. The
buffer solutions used were as follows: pH 4.0 to 7.5 in 0.05 M citrate
buffer and pH 8.5 to 9.5 in 0.05M Tris—HCI buffer.

Table 1

The amino acid and monosaccharide composition of bioflocculant produced by HP2.
Amino acids Content (mg/g bioflocculant) % of total amino acids Monosaccharides Content (mg/g bioflocculant) % of total monosaccharides
Proline 101.88 26.5 Rhamnose 159.05 333
Aspartate 41.96 10.9 Glucose 118.73 24.8
Glutamate 30.32 7.9 Mannose 96.75 20.2
Glycine 24.90 6.5 Glucuronic acid 49.85 10.4
Alanine 24.60 6.4 Galactose 29.45 6.2
Arginine 24.14 6.3 Ribose 14.13 3.0
Leucine 23.06 6.0 Fucose 4.10 0.9
Valine 17.40 4.5 Xylose 3.85 0.8
Serine 15.84 4.1 Arabinose 1.80 0.4
Threonine 15.44 4.0 Galacturonic acid 0.63 0.1
Phenylalanine 15.30 4.0 Total 478.33
Lysine 14.12 3.7
Tyrosine 13.22 3.4
Isoleucine 12.90 3.4
Cystine 4.60 1.2
Methionine 4.44 1.2
Histidine 0.78 0.2
Total 384.9




Z. Qi, et al.

Journal of Biotechnology 306 (2019) 185-192

KEGG pathway annotation

Cellular Processes

Environmental Information Processing

Genetic Information Processing

Human Diseases

Substance dependence
Neurodegenerative diseases
Infectious diseases

Immune diseases o
Endocrine and metabolic diseases
Drug_resnstance .

Cardiovascular diseases

Cancers

Metabolism

Organismal Systems

93

112

81

74

75

28

T T T T
100 150 200

Number of Gene

Fig. 5. KEGG pathway annotation of assembled genes.

2.4. Determination of flocculating efficiency

The flocculating efficiency was determined by using kaolin clay as
substrate according to the description of Guo et al. (2017a). Briefly,
100 pl of supernatant and 1.0 ml of 1.0% (w/v) CaCl, were mixed with
40 ml of 0.4% (w/v) kaolin clay suspension in a 50 ml glass-beaker, and
the solution was left to stand for 1 min after agitating at 100 rpm for
2 min at room temperature. The optical density (OD) of the upper phase
was measured at 550 nm using a microplate spectrophotometer (Epoch,
Bio Tek Instruments, Inc., Vermont, USA). The flocculating efficiency
was calculated as follows: Flocculating efficiency (%) (A —-B)/
A x 100, where A and B are the optical densities of the control and the
samples at 550 nm, respectively.

2.5. Effects of different biomass substrates on bioflocculant production

To evaluate the effects of different biomass substrates on bio-
flocculants production of HP2 strain, the strain was cultured in the
mineral salt medium including 0.5% rice straw, Miscanthus and wood
dust, respectively. The samples were collected by centrifuging at
12,000 rpm for 3 min after incubation of 12, 24, 36, 48, 60 and 72h,
and the supernatant was used to test the bioflocculant production.

2.6. Bioflocculant extraction and composition determination

The bioflocculants produced by HP2 were extracted according to
the description of Guo et al. (2017a), with some minor modification.
Briefly, HP2 strain was cultured using 0.5% rice straw biomass as
carbon source at 30 °C with shaking at 180 rpm. After 2 days of fer-
mentation, the culture was stored at 4 °C for 12 h to settle the suspended
solids. The supernatants were carefully collected and mixed with two
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volumes of pre-cooling ethanol. Then the solids were harvested by
centrifugation at 5500g for 8min, washed with 75% pre-cooling
ethanol for three times and finally lyophilized to get dry bioflocculants.
The extracted bioflocculants were frozen at -80 °C prior to analyze the
composition. The monosaccharide and amino acid compositions were
analyzed by using HPLC according to the methods of Dai et al. (2010)
and Chaisorn et al. (2016), respectively.

2.7. Genome sequencing and analysis

Genomic DNA was extracted with a Bacteria DNA kit following the
manufacturer’s instructions. The harvested DNA was quantified by a
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA) and the DNA quality was assayed with Agilent
Bioanalyzer (Agilent, Santa Clara, CA, USA). Whole-genome sequencing
was performed on the Illumina HiSeq PE150 platform. A-tailed, ligated
to paired-end adaptors and PCR amplified with a 350 bp insert was used
for the library construction at the Beijing Novogene Bioinformatics
Technology Co., Ltd. Raw data produced by Illumina HiSeq PE150
platform were initially processed to get clean data via filtering adapter
reads and low-quality reads. Then, all good quality paired reads were
assembled by using the SOAP denovo into a number of scaffolds (112).
All assembled transcripts were subjected to seven public databases,
including GO (Gene Ontology), KEGG (Kyoto Encyclopedia of Genes
and Genomes), COG (Clusters of Orthologous Groups), NR (Non-
Redundant Protein Database databases), TCDB (Transporter
Classification Database), and Swiss-Prot. A whole genome Blast search
(E-value less than le-5, minimal alignment length percentage larger
than 40%) was performed against above seven databases.
Carbohydrate-Active enzymes (CAZymes) were predicted by the
Carbohydrate-Active Enzymes Database (Levasseur et al., 2013).
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Table 3
Statistics of putative plant cell wall degradation related enzymes from the genome sequence of HP2.
CAZy family Known activity Gene No. CAZy family Known activity Gene No.
Cellulases family
GH3 B-glucosidase/B-D-xylosidase, 7 GH31 glucosidase 2
GH5 endoglucanase 1 GH94 cellobiose phosphorylase, 1
GH9 endoglucanase 1
Hemicellulases family
Xylose related enzymes
GH10 endo-1,4-beta-xylanase 1 CE1 acetyl xylan esterase 1
GH11 endo-1,4-beta-xylanase 1 CE4 acetyl xylan esterase 2
GH43 B-xylosidase 13 CBM13 binding to xylan 2
GH67 alpha-glucuronidase 1 CBM35 binding to xylan 1
Mannose related enzymes
GH2 B-mannosidase 7 GH92 a-mannosidase 3
GH47 a-mannosidase 1 GH125 exo-a-1,6-mannosidase 1
Galactose related enzymes
GH27 a-galactosidase 3 GH53 endo-B-1,4-galactanase 2
GH35 B-galactosidas 3 GH125 a-1,6-mannosidase 1
GH36 a-galactosidase 2 CMB32 binding to galactose 5
GH42 B-galactosidase 1
Arabinose related enzymes
GH51 a-L-arabinofuranosidase 1 GH127 B-L-arabinofuranosidase 1
GH121 B-L-arabinobiosidase 1
Pectinases family
PL1 pectate lyase 2 GH115 xylan a-1,2-glucuronidase 1
PL10 pectate lyase 1 CE8 pectin methylesterase 1
GH28 polygalacturonase 1 CE12 pectin acetylesterase 2
Auxiliary activity
AA6 1,4-benzoquinone reductase 1
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Fig. 6. A hypothetical model for the bioflocculant synthesis by Pseudomonas sp. HP2.
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3. Results and discussion

3.1. Biomass degradation ability and lignocellulolytic enzyme activity of
HP2

In total 15 different bacterial strains were isolated according to the
bacterial color and size from the forest soils. Then the 15 strains were
further cultured in 50 ml mineral salt medium containing 0.5% rice
straw biomass, and one isolate (HP2) simultaneously showing the
production of lignocellulolytic enzyme and flocculant efficiency was
screened to perform the next experiments. The 16S rRNA gene sequence
of HP2 had 99.9% similarity with that of Pseudomonas sp., and thus this
strain was finally identified as Pseudomonas sp. HP2 according to the
morphological and phylogenetic characteristics and the 16S rRNA gene
sequence of this strain. To evaluate its biomass degradation ability, the
strain HP2 was grown in the plate containing 0.5% CMC, xylan and rice
straw biomass. After staining using Gram’s iodine, the strain showed
large halos in CMC, xylan and rice straw biomass plates, indicating that
the strain HP2 had a good biomass degradation ability (Fig. 1). Gram’s
iodine has been reported to form a bluish-black complex with carbo-
hydrates but not with their hydrolysates (Ramesh Chand et al., 2008).
The enzyme ability assay found that the HP2 can simultaneously secret
CMCase and xylanase with the maximum abilities of 0.06 and 1.07 U
ml~?, respectively, when the rice straw was used as the sole carbon
source (Fig. 2), indicating the strain HP2 can degrade the biomass
though secreting CMCase and xylanase (Woo et al., 2014; Guo et al.,
2018). In addition, the optimal temperatures of CMCase and xylanase
were 65 °C and 60 °C, respectively, and correspondingly the optimal pH
of them were 8.5 and 6.0, respectively (Fig. 3). The optimal tempera-
ture and pH of CMCase were much higher than most bacterial CMCases,
which have an optimal temperature and pH range of 40-55°C and
4.8-7.2, respectively (Farinas et al., 2010; Sadhu and Maiti, 2013).
These results indicated that HP2 is a thermo-alkaliphilic biomass de-
gradation strain.

3.2. Bioflocculant production and its composition characteristics

Bioflocculants produced by bacteria have been widely reported to
apply in various wastewater treatment, heavy metal removal, drinking
water purification and microalgae harvest (More et al., 2014; Zhao
et al.,, 2017; Guo et al., 2018). However, the high production cost of
them severely hinders their industrial application on scale-up. Recently,
it has been reported that some bacteria like Pseudomonas sp. GO2 (Guo
et al., 2017a), Bacillus agaradhaerens C9 (Liu et al., 2017) and Cellulo-
simicrobium cellulans 1804 (Liu et al., 2015b) can produce poly-
saccharide bioflocculants via directly using various biomass as sole
carbon source, and thus reducing the production cost of bioflocculants.
In this study, a biomass degrading-bacterium HP2 was used to produce
bioflocculants by using three kinds of lignocellulosic biomasses (rice
straw, Miscanthus and wood dust) as sole carbon source. The floccu-
lating efficiencies were rapidly increased after 24 h of incubation in the
presence of three biomasses and all reached to the peak after 48 h of
incubation (Fig. 4). The highest flocculating efficiency of HP2 was
92.5% when 0.5% rice straw was used as the sole carbon source, and
the maximum value was higher than that of Bacillus agaradhaerens C9
(87.2%) and Cellulosimicrobium cellulans L804 (90.9%) when the 2.0%
rice bran and corn stover were used as the sole carbon source, respec-
tively (Liu et al., 2015b; 2017). In addition, the bioflocculant produc-
tion of HP2 strain was 1.75g L™ when 0.5% untreated rice straw was
used as carbon source. The yield of bioflocculant was lower than those
in some other bacterial strains, such as 2.41 g L™! in Serratia ficaria,
3.5g L' in Bacillus velezensis, and 5.0¢g L™' in Achromobacter xylo-
soxidans, while it was higher than those in Bacillus amyloliquefaciens,
Bacillus licheniformis and Enterobacter aerogenes, with the yields of 0.08,
0.2 and 1.3 g LY, respectively (Mohammed and Dagang, 2019).

To understand the chemical composition of the bioflocculant
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produced by HP2, the purified bioflocculant was used to determine the
amino acid and monosaccharide compositions. The results showed that
this bioflocculant was rich in the amino acids and monosaccharides
with the total contents of 384.9 and 478.3mgg™ ! dry bioflocculant
(Table 1). The amino acids were mainly composed of proline, aspartate,
glutamate, glycine, alanine, arginine and leucine with the contents of
101.9, 42.0, 30.3, 24.9, 24.6 and 24.1 mg g’1 dry bioflocculant, re-
spectively, and the monosaccharides mainly consisted of rhamnose,
glucose, mannose, glucuronic acid and galactose, with the contents of
159.1, 118.7, 96.8, 49.9 and 29.5mgg~! dry bioflocculant, respec-
tively (Table 1). This is similar with that the amino acids of protein in
bioflocculant mainly included glutamic acid, alanine acid and aspartic
acid, the total proportion of which was ranged from 25 to 42%
(Chaisorn et al., 2016; Guo et al., 2013); while the main backbone of
the polysaccharides was consisted of rhamnose, glucose, and galactose
and with uronic acids, acetyl amino sugars, and proteins as the side
chains (Yuan et al., 2010). These side chains provide abundant car-
boxyl, hydroxyl and amine groups, and thus increasing the number of
effective sites for particles’ adsorption (Maliehe et al., 2016). In addi-
tion, the proline and glutamate were reported to closely associated with
various biotic and abiotic stresses (Liang et al., 2013; Mahipant et al.,
2017), and the amino acids of proline and glutamate produced by HP2
strain accounted for 34.4% of total amino acids, indicating that HP2
strain may have a strong ability to growth under stress conditions.

3.3. The genome properties of HP2 and CAZy family genes

To investigate the metabolic pathway of bioflocculant produced by
the biomass-degrading bacterium, the whole genome of HP2 strain was
sequenced on an on the Illumina HiSeq PE150 platform. The genome
sequence was deposited to the NCBI and the accession number was
given as MK646023. According to the Illumina’s sequencing, a total of
929 Mb raw data were generated. After trimming the adaptor sequences
and removing the low-quality reads, 800 Mb clean data were obtained
with a 68.6% GC content and 97.8% Q20 percentage. Then the clean
data were assembled 3878 genes with the total length of 3,946,071 bp
and the average gene length of 1018 bp. The gene length distribution is
shown in Fig. S1. For validation of assembled genes, all gene sequences
were annotated using BLAST based on sequence similarity searches
against public databases, including the NR, KEGG, COG, GO and
SwissProt databases. The results showed that the percentages of anno-
tated genes by NR, KEGG, COG, GO and SwissProt databases were 95.9,
94.5, 80.0, 66.3 and 43.0%, respectively. A total of 96.2% genes were
annotated in at least one database, and 29.3% genes were annotated in
all databases (Table 2). According to the KEGG database, the genes
were grouped into six specific pathways, including cellular processes,
environmental information processing, genetic information processing,
human diseases, metabolism and organismal systems. The most genes
were found in the metabolic pathways, which were mainly involved in
carbohydrate metabolism (5.9%) and amino acid metabolism (5.1%)
(Fig. 5). The abundant genes of carbohydrate metabolism and amino
acid metabolism may be responsible for the production of poly-
saccharide and protein (Wu et al., 2015; Fu et al., 2016).

The CAZy family genes in genome are directly related to the
number, function and activity of CAZymes (Cantarel et al., 2009).
CAZymes mainly including GHs, GTs, CEs, PLs, AAs and CBMs, have
been known to play important roles in synthesizing, degrading and
modifying all the carbohydrates on Earth (Yin et al., 2012). The GHs,
CEs, PLs and AAs are mainly involved in the degradation of various
lignocellulosic biomass, like cellulose, hemicellulose and starch
(Terrapon et al., 2017; Park et al., 2018), and CBMs can increase their
catalysis rate of carbohydrate complexes by bringing the biocatalyst
into intimate and prolonged association with its recalcitrant substrate
(Shoseyov et al., 2006). GTs are related to the biosynthesis of oligo-
saccharides, polysaccharides and glycoconjugates through catalyzing
the formation of glycosidic linkages to form glycosides (Park et al.,
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2018). In this study, the genome sequence of Pseudomonas sp. HP2
possessed 172 CAZy family genes, which mainly consisted of 127
polysaccharide degradation related genes (96 GHs, 22 CBMs, 9 CEs, 3
PLs and 1 AA) and 45 polysaccharide synthesis related genes (Table 2
and Table S1). Among the 127 polysaccharide degradation related
genes, 75 genes were directly related to the degradation of plant cell
wall, which can be were further divided into four groups according to
their degradation function (Table 3). The first group including twelve
GHs genes, like GH3, GH5, GH9, GH31 and GH94, were closely related
to cellulose degradation. Forty-nine genes involved in hemicellulose
degradation, including 22 xylose related genes, 12 mannose related
genes, 12 galactose related genes and 3 arabinose related genes, were
classified as the second group. The third group included eight genes for
coding pectinases, such as PL1, PL10, GH28, GH115, CE8 and CE12. The
last group including 1 gene (AA6) was associated with auxiliary ac-
tivity, which is an essential component for lignin breakdown (Levasseur
et al., 2013). The abundant GHs, CEs and PLs in the genome of HP2
strain were also corresponding to the better biomass degradation, and
CMCase and xylanase activities (Figs. 1 and 2). The remaining 52
polysaccharide degradation related genes were mainly associated with
lysozyme, a-amylase, chitinase. In addition, the genome sequence of
Pseudomonas sp. HP2 contained 490 secretory proteins, which are re-
sponsible for secreting the lignocellulosic enzymes and proteins out of
the cells (Tuveng et al., 2019). These results indicated that the HP2
strain can secret various lignocellulosic enzymes to hydrolyze biomass,
and the hydrolysates can be utilized by HP2 as carbon source for
growth.

3.4. Glycoprotein bioflocculant synthesis prediction

Based on the composition characteristics of bioflocculant and
genome properties of HP2 strain, the possible bioflocculant synthesis
pathway of HP2 using biomass as carbon source was concluded as
follows (Fig. 6): first, the plant cell wall components of biomass like
cellulose, hemicellulose and pectin were hydrolyzed to mono-
saccharides by the CAZmes secreted by HP2. Second, the mono-
saccharides like glucose, xylose, mannose, galactose, etc. were used as
substrates for the synthesis of various nucleotide sugar precursors, such
as UDP-glucose, UDP-glucuronic acid and GDP-mannose, etc. through
carbohydrate metabolic pathway (Ruffing and Chen, 2006). A whole L-
Rhamnose biosynthetic pathway, which is ubiquitous and highly con-
served in both Gram-positive and Gram-negative bacteria (Giraud and
Naismith, 2000), was found in the genome of HP2 (Fig. 6 and Fig.S2),
indicating that the high rhamnose content in the bioflocculant was
highly dependent on this pathway. In addition, the nitrogen source of
culture medium was used as a substrate for synthesizing a variety of
amino acids, such as proline, aspartate, glutamate, and glycine, etc.,
through amino acid metabolic pathway (Wu, 2009). Third, the sugar
precursors were used to form the repeat units under the action of var-
ious glycosyltransferases, such as UDP-glycosyltransferases (GT1, GT5,
GT26, GT41 and GT70), GDP glycosyltransferase (GT94), and lipopo-
lysaccharide synthesis related enzymes (GT8, GT19 and GT83) (Table
S1). Then the repeated units were assembled to form exopolysacchar-
ides or were polymerized with related proteins or lipids to produce
glycoproteins or lipopolysaccharides. Finally, these exopolysaccharides,
glycoproteins and lipopolysaccharides were transported from the cy-
toplasm to the extracellular environment as a bioflocculant.

4. Conclusions

Pseudomonas sp. HP2 strain showing excellent biomass degradation
ability can simultaneously produce glycoprotein bioflocculant by di-
rectly using biomass as carbon source. The alkali-thermo- tolerant
CMCase and xylanase with the maximum activities of 0.06 and 1.07 U
ml ™!, respectively, were secreted by the HP2 strain, when the un-
treated rice straw was used as sole carbon source. Then the hydrolysates
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of untreated rice straw were used by HP2 strain to produce glycoprotein
bioflocculant, which was mainly composed by 38.5% amino acids and
47.8% monosaccharides. To investigate the molecular mechanism of
bioflocculant synthesis from biomass in HP2 strain, we analyzed the
genome of HP2 and predicted the biosynthesis pathway of bio-
flocculant. The results showed that the genome of HP2 consisted of 172
CAZy family genes including 127 polysaccharide degradation related
genes and 45 polysaccharide synthesis related genes, further indicating
that the HP2 strain can secret various lignocellulolytic enzymes to de-
grade biomass, and then use the hydrolysates as nutrition to produce
bioflocculant.
The author(s) have no conflicts of interest to declare.

Declaration of Competing Interest
The author(s) have no conflicts of interest to declare.
Acknowledgements

This work is funded by National Natural Science Foundation of
China (21801143), Public Welfare Science and Technology Plan Project
of Ningbo, China (2019C10077), General Research Project of Zhejiang
Education Department, China (Y201839299), and K.C. Wong Magna
Fund in Ningbo University.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.jbiotec.2019.10.011.

References

Cantarel, B.L., Coutinho, P.M., Corinne, R., Thomas, B., Vincent, L., Bernard, H., 2009.
The Carbohydrate-Active EnZymes database (CAZy): an expert resource for
Glycogenomics. Nucleic Acids Res. 37, 233.

Chaisorn, W., Prasertsan, P., Sompong, O., Methacanon, P., 2016. Production and char-
acterization of biopolymer as bioflocculant from thermotolerant Bacillus subtilis
WD161 in palm oil mill effluent. Int. J. Hydrogen Energ. 41 (46), 21657-21664.

Dai, J., Wu, Y., Chen, S.W., Zhu, S., Yin, H.P., Wang, M., Tang, J., 2010. Sugar compo-
sitional determination of polysaccharides from Dunaliella salina by modified RP-HPLC
method of precolumn derivatization with 1-phenyl-3-methyl-5-pyrazolone.
Carbohyd. Polym. 82 (3), 629-635.

Farinas, C.S., Loyo, M.M., Junior, A.B., Tardioli, P.W., Neto, V.B., Couri, S., 2010. Finding
stable cellulase and xylanase: evaluation of the synergistic effect of pH and tem-
perature. New Bioeth. 27, 810-815.

Fu, L., Jiang, B., Liu, J., Xin, Z., Qian, L., Hu, X., 2016. Genome sequence analysis of a
flocculant-producing bacterium, Paenibacillus shenyangensis. Biotechnol. Lett. 38
(3), 447-453.

Gao, Q., Zhu, X.H., Mu, J., Zhang, Y., Dong, X.W., 2009. Using Ruditapes philippinarum
conglutination mud to produce bioflocculant and its applications in wastewater
treatment. Bioresour. Technol. 100, 4996-5001.

Giraud, M.F., Naismith, J.H., 2000. The rhamnose pathway. Curr. Opin. Struct. Biol. 10,
687-696.

Guo, H., Hong, C., Zheng, B., Fan, L., Jiang, D., Qin, W., 2017a. Bioflocculants’ production
in a biomass-degrading bacterium using untreated corn stover as carbon source and
use of bioflocculants for microalgae harvest. Biotechnol. Biofuels 10, 306.

Guo, H., Chen, H,, Lu, F., Linklater, A., Zheng, B., Jiang, D., Qin, W., 2017b. Enzymes
produced by biomass-degrading bacteria can efficiently hydrolyze algal cell walls and
facilitate lipid extraction. Renew. Energ. 109, 195-201.

Guo, H., Hong, C., Zhang, C., Zheng, B., Jiang, D., Qin, W., 2018. Bioflocculants’ pro-
duction from a cellulase-free xylanase-producing Pseudomonas boreopolis G22 by
degrading biomass and its application in cost-effective harvest of microalgae.
Bioresour. Technol. 255, 171-179.

Guo, J., Yang, C., Zeng, G., 2013. Treatment of swine wastewater using chemically
modified zeolite and bioflocculant from activated sludge. Bioresour. Technol. 143,
289-297.

Levasseur, A., Drula, E., Lombard, V., Coutinho, P.M., Henrissat, B., 2013. Expansion of
the enzymatic repertoire of the CAZy database to integrate auxiliary redox enzymes.
Biotechnol. Biofuels 6, 41.

Liu, C., Wang, K., Jiang, J.H., Liu, W.J., Wang, J.Y., 2015a. A novel bioflocculant pro-
duced by a salt-tolerant, alkaliphilic and biofilm-forming strain Bacillus agaradhaerens
C9 and its application in harvesting Chlorella minutissina UTEX2341. Biochem. Eng.
J. 93, 166-172.

Liu, W., Zhao, C., Jiang, J., Lu, Q., Hao, Y., Wang, L., Liu, C., 2015b. Bioflocculant pro-
duction from untreated corn stover using Cellulosimicrobium cellulans L804 isolate and
its application to harvesting microalgae. Biotechnol. Biofuels 8, 170.


https://doi.org/10.1016/j.jbiotec.2019.10.011
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0005
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0005
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0005
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0010
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0010
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0010
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0015
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0015
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0015
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0015
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0020
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0020
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0020
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0025
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0025
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0025
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0030
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0030
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0030
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0035
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0035
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0040
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0040
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0040
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0045
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0045
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0045
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0050
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0050
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0050
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0050
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0055
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0055
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0055
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0060
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0060
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0060
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0065
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0065
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0065
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0065
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0070
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0070
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0070

Z. Qi, et al.

Liang, X., Zhang, L., Natarajan, S., Becker, D., 2013. Proline mechanisms of stress sur-
vival. Antioxid. Redox Sign. 19, 998-1011.

Liu, C., Hao, Y., Jiang, J., Liu, W., 2017. Valorization of untreated rice bran towards
bioflocculant using a lignocellulose-degrading strain and its use in microalgal bio-
mass harvest. Biotechnol. Biofuels 10, 90.

Mahipant, G., Paemanee, A., Roytrakul, S., Kato, J., Vangnai, A.S., 2017. The significance
of proline and glutamate on butanol chaotropic stress in Bacillus subtilis 168.
Biotechnol. Biofuels 10, 122.

Maliehe, T.S., Simonis, J., Basson, A.K., Reve, M., Ngema, S., Xaba, P.S., 2016.
Production, characterisation and flocculation mechanism of bioflocculant TMT -1
from marine Bacillus pumilus JX860616. Afr. J. Biotechnol. 15 (41), 2352-2367.

Mohammed, J.N., Dagang, W.R.Z.W., 2019. Role of cationization in bioflocculant effi-
ciency: a review. Environ. Processe. 6, 355-376.

More, T.T., Yadav, J.S.S., Yan, S., Tyagi, R.D., Surampalli, R.Y., 2014. Extracellular
polymeric substances of bacteria and their potential environmental applications. J.
Environ. Manage. 144, 1-25.

Nguyen, S.T.C., Freund, H.L., Kasanjian, J., Berlemont, R., 2018. Function, distribution,
and annotation of characterized cellulases, xylanases, and chitinases from CAZy.
Appl. Microbiol. Biotechnol. 102, 1629-1637.

Park, Y.J., Jeong, Y.U., Kong, W.S., 2018. Genome sequencing and Carbohydrate-Active
Enzyme (CAZyme) repertoire of the white rot fungus Flammulina elastica. Int. J. Mol.
Sci. 19, 2379.

Pennacchio, A., Ventorino, V., Cimini, D., Pepe, O., Schiraldi, C., Inverso, M., Faraco, V.,
2018. Isolation of new cellulase and xylanase producing strains and application to
lignocellulosic biomasses hydrolysis and succinic acid production. Bioresour.
Technol. 259, 325-333.

Ramesh Chand, K., Richa, S., Hena, D., Som, D., Arvind, G., 2008. A rapid and easy
method for the detection of microbial cellulases on agar plates using gram’s iodine.
Curr. Microbiol. 57, 503-507.

Ruffing, A., Chen, R.R., 2006. Metabolic engineering of microbes for oligosaccharide and
polysaccharide synthesis. Microb. Cell Fact. 5, 1-9.

Sadhu, S., Maiti, T.K., 2013. Cellulase production by bacteria: a review. Brit. Microbiol.
Res. J. 3, 235-258.

192

Journal of Biotechnology 306 (2019) 185-192

Salas, A.H., Gémez, S., C.A, 2010. Production of biofuels and biochemicals from lig-
nocellulosic biomass: estimation of maximum theoretical yields and efficiencies using
matrix algebra. Energ. Fuel. 24, 2657-2666.

Salehizadeh, H., Yan, N., Farnood, R., 2018. Recent advances in polysaccharide bio-based
flocculants. Biotechnol. Adv. 36 (1), 92-119.

Shoseyov, O., Shani, Z., Levy, L., 2006. Carbohydrate binding modules: biochemical
properties and novel applications. Microbiol. Mol. Biol. Rev. 70, 283-295.

Terrapon, N., Lombard, V., Drula, E., Coutinho, P.M., Henrissat, B., 2017. The CAZy
database/the carbohydrate-active enzyme (CAZy) database: principles and usage
guidelines. A Practical Guide to Using Glycomics Databases. Springer, Tokyo, pp.
117-131.

Tuveng, T.R., Eijsink, V.G.H., Arntzen, M., 2019. Proteomic detection of carbohydrate-
active enzymes (CAZymes) in microbial secretomes. Functional Proteomics. Humana
Press, New York, pp. 159-177.

Vincent, L., Hemalatha, G.R., Elodie, D., Coutinho, P.M., Bernard, H., 2014. The carbo-
hydrate-active enzymes database (CAZy) in 2013. Nucleic Acids Res. 42, 490-495.

Woo, H.L., Hazen, T.C., Simmons, B.A., Deangelis, K.M., 2014. Enzyme activities of
aerobic lignocellulolytic bacteria isolated from wet tropical forest soils. Syst. Appl.
Microbiol. 37, 60-67.

Wu, G., 2009. Amino acids: metabolism, functions, and nutrition. Amino Acids 37, 1-17.
Wu, Q., Zhu, L., Jiang, L., Xu, X., Xu, Q., Zhang, Z., Huang, H., 2015. Genome sequence of
Paenibacillus wulumugiensis sp. nov., a bioflocculant-producing species. Genome

Announc. 3, e00795-00715.

Yin, Y., Mao, X., Yang, J., Chen, X., Mao, F., Xu, Y., 2012. dbCAN: a web resource for
automated carbohydrate-active enzyme annotation. Nucleic Acids Res. 40, 445-451.

Yuan, S.J., Sun, M., Sheng, G.P., Li, Y., Li, W.W., Yao, R.S., Yu, H.Q., 2010. Identification
of key constituents and structure of the extracellular polymeric substances excreted
by Bacillus megaterium TF10 for their flocculation capacity. Environ. Sci. Technol. 45
(3), 1152-1157.

Zhao, G., Ji, S., Sun, T., Ma, F., Chen, Z., 2017. Production of bioflocculants prepared
from wastewater supernatant of anaerobic co-digestion of corn straw and molasses
wastewater treatment. BioResources 12, 1991-2003.


http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0075
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0075
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0080
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0080
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0080
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0085
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0085
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0085
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0090
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0090
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0090
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0095
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0095
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0100
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0100
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0100
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0105
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0105
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0105
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0110
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0110
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0110
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0115
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0115
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0115
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0115
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0120
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0120
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0120
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0125
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0125
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0130
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0130
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0135
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0135
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0135
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0140
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0140
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0145
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0145
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0150
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0150
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0150
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0150
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0155
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0155
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0155
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0160
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0160
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0165
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0165
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0165
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0170
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0175
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0175
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0175
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0180
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0180
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0185
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0185
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0185
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0185
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0190
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0190
http://refhub.elsevier.com/S0168-1656(19)30891-0/sbref0190

	Production of glycoprotein bioflocculant from untreated rice straw by a CAZyme-rich bacterium, Pseudomonas sp. HP2
	Introduction
	Materials and methods
	Isolation of a bioflocculant-producing bacterium
	Biomass degradation and enzyme activity assay
	Effects of pH and temperature on CMCase and xylanase activity
	Determination of flocculating efficiency
	Effects of different biomass substrates on bioflocculant production
	Bioflocculant extraction and composition determination
	Genome sequencing and analysis

	Results and discussion
	Biomass degradation ability and lignocellulolytic enzyme activity of HP2
	Bioflocculant production and its composition characteristics
	The genome properties of HP2 and CAZy family genes
	Glycoprotein bioflocculant synthesis prediction

	Conclusions
	mk:H1_16
	Acknowledgements
	Supplementary data
	References




