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a b s t r a c t
This study was the first to evaluate the treatment of cotton pulp wastewater by isolated cellulo-
lytic halotolerant bacteria. A cellulolytic halotolerant bacterium was screened from the marine mud 
domesticated by cotton pulp wastewater using Congo red staining. The strain was obtained as a 
Bacillus paralicheniformis by physiological and biochemical identification and 16S rRNA sequence 
analysis. The strain has an optimum growth salinity of 2% and can be grown using carboxymethyl-
cellulose (CMC) or corncob as a carbon source. Maximum cellulase activities of FPase 0.143 U/mL, 
CMCase 0.189 U/mL, β-glucosidase 0.158 U/mL, respectively were achieved in a pH of 6–7 and a 
temperature of 35°C with 60 h. The chemical oxygen demand removal rate of the bacterium on the 
diluted cotton pulp wastewater for 6 consecutive days was 71.8%. These results contribute to the 
development of sustainable bioprocesses approaching a biorefinery concept. These results help to 
develop sustainable biological processes in the chemical fiber industry.
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1. Introduction

Cotton pulp is one of the important raw materials for 
the chemical fiber industry. The chemical oxygen demand 
(COD) concentration of the cotton pulp wastewater gener-
ated in the production process can reach 200,000 mg/L, and 
the concentration of the integrated wastewater is 1,500–
3,000 mg/L [1]. Compared with other types of black liquor, 
cotton pulp wastewater has a deep color, high alkalinity, and 
high salt content. Its organic pollutants are complex, con-
tain a lot of cellulose, oligosaccharides, fatty alcohols, and 
few lignin [2]. The main degradation of cellulose is through 
dilute acid hydrolysis and enzymatic treatment. Enzymatic 
saccharification is considered a promising technology com-
pared to other methods [3]. The use of cellulolytic bacteria 

to consume cellulose itself as a carbon source is considered 
to be the most valuable energy substance in the future [4,5].

Insoluble cellulose macromolecular substrates are unable 
to be transported intracellularly, and most aerobic bacte-
ria and fungi achieve efficient hydrolysis of cellulose by 
secreting large amounts of free extracellular cellulose [6]. 
Cellulases are the classification of three enzymes, which 
composed of endoglucanase, exoglucanase, and β-glucosi-
dase [7]. Different enzymes act on different structural units 
and they act synergistically to cleavage β-1,4-glycosidic 
bonds in cellulose chains under mild conditions and with 
high specificity [8–10].

A certain concentration of inorganic salt is essential 
for maintaining microbial growth and plays a key role in 
adjusting osmotic pressure, maintaining cell stability and 
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promoting enzyme activity [11]. However, excessive salin-
ity has a negative impact on the internal structure of cellular 
molecules such as metabolites, extracellular polymers and 
biological enzymes [12,13]. The high-salt marine environ-
ment has proven to be a rich source of microbes containing 
industrially important enzymes. Hong et al. [14] evaluated 
50 fungi species from the marine environment and found 
that Arthrinium saccharicola exhibited FPase, CMCase, and 
β-glucosidase of 0.39, 0.38, and 1.04 U/mL. Gunny et al. 
[15] found FPase activity of a cellulolytic halophilic fungus 
Aspergillus terreus was 0.029 U/mL. Other marine-derived 
cellulolytic bacteria included Cladosporium sphaerospermum 
[16], Bacillus subtilis [17], Vibrio alginolyticus, Pseudomonas 
stutzeri and Klebsiella oxytoca [18]. The use of cotton pulp 
wastewater for cellulolytic halotolerant bacteria screening 
was not yet described in the scientific literature. Other waste-
waters such as domestic wastewater have been described 
as producers of cellulases [19,20]. In the future, the use of 
halotolerant microorganisms to treat high-salt wastewater 
is still a hot topic.

In this work, a cellulolytic halotolerant bacterium was 
screened from the marine mud acclimated to cotton pulp 
wastewater. The production capacity of three kinds of cel-
lulase under different submerged fermentation (SmF) 
conditions was studied and the optimum conditions for cel-
lulase production were determined. Then the continuous 
degradation of cotton pulp wastewater inoculated this strain 
was evaluated and expressed by the COD removal rate. 
Screening of cellulolytic halotolerant bacteria from cotton 
pulp wastewater has rarely evaluated so far.

2. Methods

2.1. Screening of cellulolytic halotolerant bacteria

Cellulolytic halotolerant bacteria isolated from Qingdao 
marine mud and diluted cotton pulp wastewater were 
screened for cellulase enzyme by Congo red staining. The 
carboxymethylcellulose (CMC) solid medium was composed 
of CMC (10 g/L), MgSO4·7H2O (0.5 g/L), KH2PO4C, Na2HPO4 
(1 g/L), peptone (10 g/L), yeast extract (1 g/L), NaCl (20 g/L), 
agar (20 g/L) and pH was 7.2–7.4. The solid medium was 
autoclaved (20 min, at 121°C) and the enriched culture solu-
tion was inoculated on CMC solid medium. After cultivat-
ing for 2 d at 30°C, strains capable of growing on CMC solid 
medium were selected and purification culture was contin-
ued. The hydrolysis zones were observed by immersing the 
plates with a 0.1% Congo red aqueous solution for 15 min 
followed by decolorizing with 1 M NaCl for 15 min [21]. The 
diameter of the hydrolysis zones (D) and the diameter of the 
strains (d) was recorded, then D/d was used as the standard 
for the primary screening.

2.2. Submerged fermentation

The SmF medium was composed of CMC (10 g/L), 
MgSO4·7H2O (0.5 g/L), KH2PO4C, Na2HPO4 (1 g/L), peptone 
(5 g/L), yeast extract (5 g/L), NaCl (20 g/L) and pH was set 
at 7.2–7.4 before autoclaved (20 min, at 121°C). The flasks 
were inoculated strains and cultured in an orbital shaker 
for 2 d at 35°C and 150 rpm.

2.3. Enzyme extraction

The liquid culture was stirred for 1 h and then filtered 
and centrifuged at 5,000 rpm for 10 min. The supernatant was 
enzyme extraction.

2.4. Measurements of cellulase activities

Cellulase activities were measured by 3,5-dinitro-
salicylic acid (DNS) method, through the concentration 
of the released reducing sugars [22,23]. Three types of 
enzyme activity were measured (i) FPase, (ii) CMCase, and 
(iii) β-glucosidase. The FPase activity unit was defined as 
the amount of enzyme required to release 1 μmol of glucose 
per minute after 1 h of enzymatic hydrolysis. Measurement 
of FPase activity which contains Whatman No. 1 filter paper 
strip, 1.0 cm × 6.0 cm (= 50 mg) was carried by 1 mL of 
crude extract and 1 mL of 10 mM phosphate buffer (pH 7.0). 
The CMCase and β-glucosidase activity unit was defined 
as the amount of enzyme required to release one μmol of 
glucose per minute after 0.5 h of enzymatic hydrolysis. For 
the measurement of CMCase activity, the assay mixture con-
tained 1 mL of crude extract and 1 mL of 1% CMC in 10 mM 
phosphate buffer (pH 7.0) was used. For the measurement of 
β-glucosidase activity, the assay mixture contained 1 mL of 
crude extract and 1 mL of 0.5% salicin in 10 mM phosphate 
buffer (pH 7.0) was used. The enzyme–substrate mixture 
was incubated at 50°C for 60, 30, and 30 min, respectively 
for FPase, CMCase, and β-glucosidase assay. The reaction 
was stopped by adding 1.5 mL of DNS, boiled vigorously 
for 5 min and cooled to make up of 25 mL. The optical absor-
bance was read at 540 nm against reagent blank using a 
spectrophotometer.

2.5. Sequencing of 16S rRNA gene

The strain was sent to Qingdao PersonalGene Technology 
Co., Ltd., (Qingdao, China) to extract DNA. The 16S rRNA 
gene fragment of this strain was amplified with the upstream 
primer of 27F and the downstream primer of 1492R. 
The similarity search was carried out in silico using BLAST 
of NCBI. Identification at the species level was defined by 
a 16S rRNA gene sequence similarity of ≥99% with the 
sequence of the type strain in GenBank.

2.6. Determination of optimal salt concentration for 
cellulase activities

In order to determine the effect of salt concentration on 
cellulase activities in the SmF medium, the dominant strain 
was cultured in 100 mL of the SmF medium. Determination 
of cellulase activities in the range of 0%–4% (w/v) NaCl.

2.7. Quantification of enzyme activities on different carbon 
sources and nitrogen sources

The dominant strain was grown in SmF medium con-
taining CMC, avicel (MCC), wheat straw, corncob and 
mixture (mixed wheat straw and corncob with 1:1) as a 
carbon source (1% w/v). Wheat straw and corncob were 
used without pre-treatment with acid or base. The strain 
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inoculated in 100 mL minimal medium containing one 
of the carbon sources and incubated at 35°C on a shaker 
at 130 rpm for 5 d Sampling was performed every 24 h 
to estimate the enzyme activity. The maximum enzyme 
activity was selected as the final result.

Nitrogen source group included (NH4)2SO4, NH4Cl, 
yeast extract, peptone and mixture (mixed yeast extract 
and peptone with 1:1) (1% w/v). Determination of cellulase 
activities by the above method.

2.8. Improved cellulose production in SmF

The influence of pH, temperature, and cultivation time 
in cellulase production during the growth of the dominant 
strain was evaluated. The cultivation time studied was 
12–96 h (intervals of 12 h), the pH range was 5–9 and the 
temperature range was 25°C–50°C (intervals of 5°C).

2.9. Wastewater degradation performance

The dominant strain was inoculated with a 10% inocu-
lum into a flask containing 100 mL of diluted cotton pulp 
wastewater. The flask was incubated at optimum conditions 
of enzyme production for 6 d and COD concentration was 
measured every day.

3. Results and discussion

3.1. Screening and identification of cellulolytic halotolerant 
bacterium

Bacterial communities play an important role in the 
carbon cycle in the ocean [24]. A total of 8 halotolerant 
strains were subjected for the cellulose activity and 5 strains 
showed hydrolysis zones. The hydrolysis zone diameter 
(D) and strain diameter (d) were measured and the value of 
D/d was calculated (Table 1). The larger the D/d ratio, the 
higher the enzyme production capacity of the strain and 
the stronger the ability to degrade cellulose. Although the 
No.1 strain had a faster growth rate (maximum d value), 
its ability to degrade cellulose was so poor. The larger D/d 
values were showed in the No.2, No.4, and No.5 strain. 
Further rescreening was required due to large errors in 
visual observation and measurement.

Table 2 shows all five strains have enzymes of different 
components to degrade cellulose. Further, No.5 strain was 
screened for the study as it showed high production of extra-
cellular enzymes. Through characterized morphologically 
and biochemically, dominated bacterial as a gram-positive. 
The surface of the colony was smooth, the center was milky 

white and the edges were pale yellow. Comparative 16S 
rRNA gene sequences analyses showed that 100% similar-
ity with Bacillus paralicheniformis (Table 3) and therefore 
classified as Bacillus sp., belongs to phylum Firmicutes, class 
Bacilli, Order Bacillales, and family Bacillaceae.

3.2. Effect of NaCl concentration on cellulase production

Different NaCl concentration of SmF from 0.5% to 4% 
(w/v) were tested to determine the level of NaCl concentra-
tion for the maximum production of cellulolytic halotolerant 
bacteria.

The optimum NaCl concentration of medium for 
FPase and β-glucosidase production was found to be 2% 
(w/v) and the highest CMCase activity was observed at 
3% (w/v) (Fig. 1). On the whole, cellulases produced by 
Bacillus paralicheniformis was increased up to 2% (w/v), and 
it started to decrease gradually when the concentration was 
increased from 2.0% to 4.0% (w/v) thus indicating that the 
optimum NaCl concentration was at 2.0% (w/v). The syn-
thesis of this enzyme may be related to optimal growth at 
the optimum salt concentration [25]. In a high-salt environ-
ment, the separation of bacteria from the plasmolysis led 
to death and the enzyme content decreased. Similar results 
appeared in previous reports that salt may be indispens-
able for bacterial growth and enzyme production of halo-
philic bacteria [26]. The results showed that NaCl is one of 
the important components of the marine bacterial growth 
medium, which affects the activity of marine bacterial 
cellulases.

3.3. Effect of different carbon sources on cellulases production

The dominant bacterium was inoculated to some inex-
pensive cellulosic materials like wheat straw and corncob 
as the only carbon source. Bacillus paralicheniformis showed 
the greatest activity of FPase, CMCase, and β-glucosidase 
with a corncob, CMC, and corncob followed by CMC, corn-
cob, and CMC (Fig. 2). The adsorption trend of cellulase 
was different during the hydrolysis of different substrates 
[27]. Corncob could be effectively degraded by various 
marine bacteria [28]. It has been reported that CMC as the 
substrate induces the production of cellulase via activating 
cellulase activator molecule to regulate the protein and even-
tually degrade cellulose [29]. Wheat straw pretreated with 
acid or alkali is used for cellulase production and also for 
simultaneous saccharification and fermentation to produce 
bioethanol [30,31]. In addition, acid/base treatment has 

Table 1
CMC-Na hydrolytic ability of strains

Strain D value (cm) d value (cm) D/d

No.1 0.90 0.80 1.13
No.2 0.40 0.20 2.00
No.3 0.70 0.50 1.40
No.4 0.60 0.25 2.40
No.5 0.30 0.25 2.00

Table 2
Cellulase activities of strains

Strain FPase  
(U/mL)

CMCase 
(U/mL)

β-glucosidase  
(U/mL)

No.1 0.036 ± 0.003 0.029 ± 0.008 0.031 ± 0.007
No.2 0.039 ± 0.002 0.023 ± 0.003 0.024 ± 0.003
No.3 0.037 ± 0.001 0.021 ± 0.002 0.032 ± 0.002
No.4 0.035 ± 0.001 0.019 ± 0.002 0.021 ± 0.003
No.5 0.136 ± 0.007 0.123 ± 0.006 0.103 ± 0.006
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Table 3
16S rRNA partial sequence of Bacillus paralicheniformis

Bacillus paralicheniformis strain BRM043907 16S ribosomal RNA gene, partial sequence
Sequence ID: MH305356.1; Length: 1514; Number of matches: 1
Related information
Range 1: 16 to 1471

Score Expect Identities Gaps Strand

2689 bits (1456)  0.0 1456/1456 (100%)  0/1456 (0%) Plus/Minus
CTTCGGCGGCTGGCTCCAAAAGGTTACCTCACCGACTTCGGGTGTTACAAACTCTCGTGG
TGTGACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACCGCGGCATGCTGATCCGCGA
TTACTAGCGATTCCAGCTTCACGCAGTCGAGTTGCAGACTGCGATCCGAACTGAGAACAG
ATTTGTGGGATTGGCTTAGCCTCGCGGCTTCGCTGCCCTTTGTTCTGCCCATTGTAGCAC
GTGTGTAGCCCAGGTCATAAGGGGCATGATGATTTGACGTCATCCCCACCTTCCTCCGGT
TTGTCACCGGCAGTCACCTTAGAGTGCCCAACTGAATGCTGGCAACTAAGATCAAGGGTT
GCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAACCATGCACC
ACCTGTCACTCTGCCCCCGAAGGGGAAGCCCTATCTCTAGGGTTGTCAGAGGATGTCAAG
ACCTGGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGG
CCCCCGTCAATTCCTTTGAGTTTCAGTCTTGCGACCGTACTCCCCAGGCGGAGTGCTTAA
TGCGTTTGCTGCAGCACTAAAGGGCGGAAACCCTCTAACACTTAGCACTCATCGTTTACG
GCGTGGACTACCAGGGTATCTAATCCTGTTCGCTCCCCACGCTTTCGCGCCTCAGCGTCA
GTTACAGACCAGAGAGTCGCCTTCGCCACTGGTGTTCCTCCACATCTCTACGCATTTCAC
CGCTACACGTGGAATTCCACTCTCCTCTTCTGCACTCAAGTTCCCCAGTTTCCAATGACC
CTCCCCGGTTGAGCCGGGGGCTTTCACATCAGACTTAAGAAACCGCCTGCGCGCGCTTTA
CGCCCAATAATTCCGGACAACGCTTGCCACCTACGTATTACCGCGGCTGCTGGCACGTAG
TTAGCCGTGGCTTTCTGGTTAGGTACCGTCAAGGTACCGCCCTATTCGAACGGTACTTGT
TCTTCCCTAACAACAGAGTTTTACGATCCGAAAACCTTCATCACTCACGCGGCGTTGCTC
CGTCAGACTTTCGTCCATTGCGGAAGATTCCCTACTGCTGCCTCCCGTAGGAGTCTGGGC
CGTGTCTCAGTCCCAGTGTGGCCGATCACCCTCTCAGGTCGGCTACGCATCGTTGCCTTG
GTGAGCCGTTACCTCACCAACTAGCTAATGCGCCGCGGGTCCATCTGTAAGTGGTAGCTA
AAAGCCACCTTTTATAATTGAACCATGCGGTTCAATCAAGCATCCGGTATTAGCCCCGGT
TTCCCGGAGTTATCCCAGTCTTACAGGCAGGTTACCCACGTGTTACTCACCCGTCCGCCG
CTGACATCAGGGAGCAAGCTCCCATCTGTCCGCTCGACTTGCATGTATTAGGCACGCCGC
CAGCGTTCGTCCTGAG

Fig. 1. Cellulase activities of cellulase produced by Bacillus parali-
cheniformis in the SmF containing different NaCl concentrations.

Fig. 2. Cellulase activities produced by Bacillus paralicheniformis 
in the SmF containing different carbon sources.
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adverse effects on the environment. The screened bacterial 
isolates have the ability to bind cellulose biomass without 
acid/base treatment, and the ability to produce cellulase effi-
ciently would be a competing approach in business.

3.4. Effect of different nitrogen source on cellulases production

According to Fig. 3, yeast extract provided the high-
est cellulase activities (FPase 0.144 ± 0.012 U/mL: CMCase 
0.145 ± 0.005 U/mL; β-glucosidase 0.137 ± 0.004 U/mL), which 
were 1.4, 1.2, and 1.4 times obtained with cellulase activities 
provided by mixture (FPase 0.103 ± 0.002 U/mL: CMCase 
0.123 ± 0.014 U/mL; β-glucosidase 0.101 ± 0.006 U/mL), which 
were the formulation of SmF medium. Other studies showed 
that peptone can provide the highest cellulase activities, and 
urea will inhibit the production of the enzyme [32]. So, yeast 
extract was used in future research.

3.5. Effect of cultivation time on cellulases production

Once the ability of Bacillus paralicheniformis to produce 
cellulases was determined, the optimal culture conditions 
for bacterium as a cellulase producer were studied. The opti-
mum cultivation period for Bacillus paralicheniformis was 
48–60 h. CMCase and β-glucosidase reached a maximum 
value of 0.183 and 0.157 U/mL respectively at 60 h, and the 
activity of FPase reached a maximum value of 0.141 U/mL 
at 48 h (Fig. 4). The incubation time was generally shorter 
than the 2–21 d found in the literature [33,34]. After 72 h, 
the cellulase activities began to decrease significantly. The 
relative activities of CMCase and β-glucosidase were 78.5% 
and 88.6% at 84 h, and FPase relative activity was 88.7% at 
96 h. After 96 h, cellulase activities were maintained at a 
stable stage, which may be the decomposition of cellulose to 
produce glucose and fibrinose. Because of catabolite repres-
sion, enzymes are no longer consumed and cellulose is no 
longer broken down. Studies were shown that glucose and 
fibrinose are considered to have negative effects on cellulase 
production [35]. In order to maximize the use of cellulose 
and produce cellulase with stronger enzymatic activity, it 

is necessary to remove the cellobiose and glucose produced 
to maintain the growth level of Bacillus to provide uninter-
rupted stress conditions to stimulate higher cellulase pro-
duction [36,37].

3.6. Effect of initial pH on cellulases production

Adjusting the initial pH of the SmF medium between 5 
and 9 resulted in different types of cellulases tested exhibit-
ing different regular patterns. The CMCase activity showed 
almost the same activity value over the entire pH range, 
even with a relative activity of 75.8% at a pH of 9. The opti-
mum pH for FPase and β-glucosidase activities were 6 and 
7 respectively, and the relative activities under acidic condi-
tions were only 20.1% and 19.5% (Fig. 5). Bacillus paralicheni-
formis was more suitable for growth under weak alkaline 
conditions, and the three types of cellulases can maintain 
a relative activity of about 61.9% to 88.0% in the pH range 
of 7–9. Salinivibrio sp. strain NTU-05 [38], Gracilibacillus sp. 

Fig. 3. Cellulase activities produced by Bacillus paralicheniformis 
in the SmF containing different nitrogen sources.

Fig. 5. Cellulase activities produced by Bacillus paralicheniformis 
with different initial pH in SmF.

Fig. 4. Cellulase activities produced by Bacillus paralicheniformis 
along with the cultivation period in SmF.
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SK1 [26] and Bacillus sp. L1 [39] also showed similar extreme 
halotolerance. Another study found that cellulases from 
M. racemosus CBMAI 847 exhibited two optimal pH values 
(5 and 8) [40]. Marine-derived fungus Cladosporium sphaero-
spermum achieved good cellulase production when the 
pH of the medium was adjusted to 4 [16]. Therefore, these 
reports showed that marine strains can biosynthesis cel-
lulases under both acidic and alkaline conditions. Extreme 
pH condition also affects the binding of enzymes and sub-
strates. Strong acids and bases inhibit the metabolic capacity 
of the strain and weaken the ability of the strain to degrade 
cellulose.

3.7. Effect of temperature on cellulases production

The temperature was one of the important factors affect-
ing the enzymatic reaction. Increasing the temperature can 
accelerate the rate of movement between molecules, and the 
probability of collision between molecules becomes larger, 
thereby accelerating the rate of reaction. However, higher 
temperatures caused the enzyme protein to be gradually 
denatured and inactivated, thereby reducing the rate of 
enzymatic reaction [41]. The FPase activity showed good 
relative activity between 25°C and 45°C, which optimum 
activity reached 0.14 U/mL at 45°C and the relative activ-
ity between 35°C and 45°C was above 90%. CMCase activity 
has the widest temperature adaptability, maintaining 80% 
relative activity between 30°C and 50°C and reaching a max-
imum at 35°C. The β-glucosidase was sensitive to tempera-
ture and the optimum temperature was 35°C (Fig. 6). The 
relative activity of three types of cellulases during the test 
was maintained at more than 50%. In general, the optimal 
temperature for Bacillus is found in the range of 30°C–45°C, 
which can be explained by the fact that the strain is a meso-
philic microorganism with better growth between 20°C and 
40°C. In general, the optimal temperature for Bacillus para-
licheniformis was found in the range of 30°C–45°C, which 
can be explained by the fact that the strain was a mesophilic 
microorganism with better growth between 20°C and 40°C 

[42]. CMCase with thermal stability had great potential 
for reducing production costs and increasing volumetric 
productivity. The speed and efficiency of the first step of 
CMCase catalyzing cellulose hydrolysis was critical to the 
success of the entire process [43].

3.8. Degradation performance of COD

According to the above experiment, the optimal produc-
tion conditions of the cellulases were obtained. Inoculation 
of Bacillus paralicheniformis in the optimal SmF medium, the 
three cellulase activities can be obtained as follows: FPase 
0.143 U/mL, CMCase 0.189 U/mL, β-glucosidase 0.158 U/mL. 
The wastewater was treated with diluted cotton pulp waste-
water (2% salinity, 1,900 mg/L COD) as experimental water, 
and the treated water was continuously measured for 6 d. 
Bacillus paralicheniformis has a good treatment efficiency for 
diluted cotton pulp wastewater, and the highest treatment 
efficiency reached 71.8% on the 6th day (Fig. 7). It is reported 
that internal circulation anaerobic reactor better treated diluted 
cotton pulp wastewater with solute chemical oxygen demand 
concentration of 3,500 mg/L, the removal rate reached 68% [5].

4. Conclusion

Bacillus paralicheniformis was found to efficiently utilized 
marine mud and cotton pulp wastewater produced cellu-
lases. To explore the production of cellulases by bacteria in 
SmF under different conditions. The isolated cellulolytic 
halotolerant bacterium showed thermo-stability and alkali 
resistance. The optimal cellulose (FPase 0.143 U/mL, CMCase 
0.189 U/mL, β-glucosidase 0.158 U/mL) production can be 
obtained under optimal conditions using CMC and corncob 
as the carbon source. The COD removal rate of the bacterium 
on the diluted cotton pulp wastewater for 6 consecutive days 
was 71.8%.
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