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Abstract: Cellulose represents the most abundant component of plant biomass on earth; it is degraded
by cellulases, specific enzymes produced by microorganisms. However, cellulases of bacterial origin
attract more interest due to their natural diversity and ability to inhabit a variety of niches, allowing
the selection of cellulolytic strains resistant to environmental stresses. The screening of the cellulolytic
activity of 398 bacteria isolated from various ecosystems in Algeria (cave, ruins, chott, thermal station,
and rhizosphere of arid and semi-arid regions) was performed by the appearance of a hydrolysis
zone on carboxymethylcellulose (CMC) medium. The cellulase activity on CMC (1%) broth allowed
to select 26 strains among which 12 had the best activity (0.3 U/mL to 2.2 U/mL). Optimization of
physicochemical parameters (salinity: 0–1 M NaCl; pH: 3, 4, 7, 9, and 11; temperature: 30, 45, and
50 ◦C; PEG8000: 0 and 30%) involved in growth and cellulose production showed that the majority of
strains were mesophilic, neutrophilic, or alkali- tolerant and tolerant to 30% of PEG8000. The cellulase
activity and stability under different stress allowed to retain five strains, which the most efficient.
Based on the 16S-rRNA sequencing results, they belonged to the genus Bacillus. The physicochemical
properties of cellulases (crude extract) showed a CMCase active over a wide range of pH (4 to 11),
optimal at 50 ◦C and 60 ◦C. The inhibiting salinity effect on the activity was not detected and was
negligible on the enzymatic stability. The residual CMCase activity remained between 40 and 70% in
a temperature range between 40 and 70 ◦C, was stable over a wide range of saline concentrations
(0–2000 mM), and was weakly affected at 30% of PEG8000. The crude enzyme extract was able to
hydrolyze both soluble and insoluble cellulosic substrates. The evaluation of the hydrolysis capacity
of lignocellulosic waste revealed the ability of tested strains to degrade wheat bran, barley bran, and
corncob. In addition, the enzyme showed significant multi-stress resistance on solid and liquid media.
By these characteristics, these cellulolytic bacteria could be attractive to be used in various industrial
and biotechnology applications.

Keywords: cellulolytic bacteria; carboxymethylcellulose; cellulase activity; enzymatic stability;
multi-stress tolerance

1. Introduction

Each year, approximately 998 million tons of lignocellulosic waste are generated
by agricultural activities [1,2]. In terrestrial environments, Lignocellulose is the main
product of photosynthesis and represents on average the most abundant renewable plant
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biomass bio-resource in the world [3]. Lignocellulosic material is mainly composed of three
structural polymers, namely cellulose, hemicellulose, and lignin, and is one of the best
options as an ecological raw material of industrial and biotechnological interest, as it is
both inexpensive and easily available [4,5]. Their valorization reduces the use of fossil
fuels and preserves the natural environment [6]. Several methods are available for the
pretreatment of lignocellulose, namely physical, chemical, and biological methods. The
application of microorganisms or microbial enzymes for the pretreatment of lignocellulosic
materials is very attractive and has attracted huge attention from the industry. This
interest would be attributed to the results of the application of lignocellulosic biomass
for the production of bioethanol by enzymatic hydrolysis as a sustainable alternative
to fossil fuels [7]. Cellulose hydrolysis includes a group of enzymes (β-glucosidases,
endoglucanases, and exoglucanases) known as cellulase, which breaks β-1,4-glycosidic
links synergistically while releasing glucose molecules [7]. According to global enzyme
market reports, cellulase is the most demanded enzyme, thus covering around 20% of
the global market [8]. In the United States, the cellulase market has grown exponentially
and reached USD 400 million per year [9]. Cellulase is increasingly applied in various
fields, namely health, where it is used as a treatment for biofilms produced by Pseudomonas
as an alternative to antibiotics [10]; the textile industry (bio-washing, biopolishing, bio-
stonewashing, and bleaching of denim) [11]; biotechnology (production of bioethanol and
valorization of lignocellulosic material); the paper industry (bio-bleaching and elimination
of ink); and the foods and beverages industry (production of fruit juices and enhancement
of aromas and flavors). Cellulase is also used to produce detergents and cleaning and
washing agents [10,11].

Several microorganisms can produce cellulases: including fungi, bacteria, and acti-
nomycetes. Currently, the majority of laboratory and commercial cellulases are obtained
from fungi: mainly Trichoderma, Aspergillus, and Penicillium due to their high enzymatic
activity and hydrolysis capacity [12,13]. However, cellulases of bacterial origin are more
attractive due to the natural diversity and high growth rate of the bacteria that secrete
them. More importantly, bacteria inhabit a wide variety of environmental niches capable
of selecting cellulolytic strains that are extremely resistant to environmental stresses [3].
Moreover, these strains often produce enzymes that are stable under extreme conditions.
Many bacterial genera are characterized in the literature as extracellular cellulase producers,
including Acetivibrio, Alteromonas, Bacillus, Clostridium, Cellulomonas, and Ruminococcus [13].
The genus Bacillus remains the most studied and the most cited [14]. The species of this
genus are isolated from a wide variety of environmental niches allowing them to resist
physico-chemical stresses and are thus promising producers of alkalophilic, thermophilic,
psychrophilic, acidophilic, and halophilic cellulolytic enzymes [15]. Moreover, Bacillus
spp. are among the most attractive bacteria in industrial biotechnology; in particular, for
the production of cellulases, they are generally easily and quickly culturable, have very
few nutritional requirements, and produce large quantities of enzymes. In addition, great
efforts have been devoted recently to the identification of strains of extremophilic Bacillus:
halophiles, thermophiles, psychrophiles, acidophiles and alkalophiles, xerophiles, and their
genes involved in the production of cellulases [16]. The objectives of this study were to
evaluate the cellulase activity of bacteria isolated from various environmental biotopes, to
optimize certain physico-chemical factors involved in the production of cellulase, then to
determine the stability of the enzyme against multiple physico-chemical factors, and to
evaluate the capacity of the enzyme to degrade certain cellulosic substrates, which proves
useful for its subsequent industrial application.

2. Results
2.1. Screening for Cellulase-Producing Strains

The characterization of cellulase activity was carried out on 398 isolates from various
environments. A rate of 6.5% (n = 26/398) (Table 1) of the tested isolates expressed CMCase
activity, with enzymatic indexes varying between 0.34 and 5.2. The analysis of variance of
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the effect of strain on cellulase production was significant at p ≤ 0.05 (Figure 1). The isolates
B6, Ba8, B6, HOT4, and P1 showed significant cellulase production with a maximum in P1
revealed by Congo red solution and B6 and HOT4 revealed by Lugol’s solution. However,
the other isolates showed appreciable or negligible cellulase activity. The effect of the
revelation solution was also significant. Indeed, the Ei (Enzymatic index) obtained by
Lugol’s solution were better than those obtained by Congo red solution (Figure 2).

Table 1. Selected bacterial isolates (n = 26) with cellulase activity from various environments.

Bacterial Isolates Sampling Sites Number of Active Strains (%)

P1, T10, L4, N4 Archaeological site (rocks and Roman ruins) of Djemila-Setif 4/70 (5.71)
EP8, ET11, ET12, RK2, RT10 Rhizosphere of Terfez (Boussaada region) 5/80 (6.25)

B1,B6, B10, B25 Wheat rhizosphere soil (Setif region) 4/20 (20)
Ba1, Ba8, Ba13 Wheat rhizosphere soil (Boussaada region) 3/11 (27)

D4, D6, D12 Barley rhizosphere soil (Djelfa region) 3/9 (33.3)
E17, C16 The marvelous cave (Jijel region) 2/200 (1)

HOT1, HOT2, HOT3, HOT4, HOT5 Thermal spring of Hammam Ouled Tebben-Setif 5/8 (62.5)
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Figure 1. Enzymatic index of CMCase activity in CMC agar (1%) of the 26 isolates revealed by Congo
red and Lugol solutions. The results are expressed as the mean ± standard error of the values of the
enzymatic indexes in duplicate. The effects of the revelators corresponding to each treatment and not
sharing the same letters are significantly different according to Tukey’s post hoc HSD test.

2.2. Evaluation of the Enzymatic Activity

The quantification of the enzymatic activity (U/mL), in liquid medium was carried
out on the 26 cellulase-producing isolates. Almost half of the isolates (n = 12) expressed
significant enzymatic activity (from 0.3 to 2.2 U/mL). These were Ba8, Ba13, D4, HOT1,
HOT2, HOT3, HOT4, EP8, ET11, ET12, RK2, and RT10, while the others had very low (B1,
B6, B10, B25, D6, HOT5, HOT6, E17, and P1) or no (Ba1, C16, T10, L4, and N4) enzymatic
activity (Figure 3).
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Figure 2. Illustration of CMC hydrolysis zones by the tested isolates (Ba13, D4, D12, EP8, ET11, ET12,
HOT1, HOT2, HOT3, HOT4, RK2, and RT10) revealed by Congo red and Lugol solutions.

2.3. Effect of Physicochemical Parameters on Bacterial Growth and Cellulase Production

The study of the effect of physico-chemical parameters on bacterial growth and cel-
lulase production was carried out on 12 isolates selected according to their enzymatic
performance in liquid medium.
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Figure 3. CMCase activity in CMC broth (1%) of the 26 isolates tested. Results are expressed as
mean-standard error of duplicate OD values. The cellulase activities corresponding to each treatment
and not sharing the same letters are significantly different according to Tukey’s post hoc HSD test.

2.3.1. Effect of pH on Bacterial Growth

The effect of culture medium pH on bacterial growth was significant at p ≤ 0.05. All
the isolates were neutrophilic and moderately alkalo-tolerant (pH 9). It should be noted that
the strongly acidic and basic pH inhibited the growth of all the bacteria tested (Figure S1).

2.3.2. Effect of pH on Cellulase Production

The effect of culture medium pH on cellulase production was significant at p ≤ 0.05.
Cellulase activity was optimal at neutral pH for all isolates. Some isolates (HOT3, HOT4,
and ET12) produced significant CMCase at pH 9. The others, although showing visible
growth on CMC medium, synthesized very small quantities of this enzyme (Figure 4).

2.3.3. Effect of Temperature on Bacterial Growth

The effect of heat treatment was selective (Figure S2). Indeed, bacterial growth at
45 ◦C and 50 ◦C decreased significantly compared to the optimal temperature of 30 ◦C for
the majority of isolates. However, four isolates, one isolated from the thermal waters of
Hammam Ouled Tebben (HOT1) and the other three from the rhizosphere of Terfez (EP8,
ET11, and ET12), had optimal growth temperatures of 45 ◦C and 50 ◦C, respectively.

2.3.4. Effect of Temperature on Cellulase Production

The effect of incubation temperature on cellulase production revealed that the majority
of the tested isolates were able to produce cellulase with stable cellulase activity at high
temperatures of 45 ◦C and 50 ◦C. However, the synthesis of this enzyme for Ba13, D12,
HOT3, and HOT4 bacteria was inhibited by heat stress (Figure 5).
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Figure 4. Effect of pH on the production of CMCase in CMC broth (1%) of the 12 isolates tested. The
results are expressed as the mean-standard error of the values of the enzymatic units in duplicate.
The effects of acid and alkaline concentrations corresponding to each treatment and not sharing the
same letters are significantly different according to Tukey’s post hoc HSD test.

2.3.5. Effect of Salinity on Bacterial Growth

The inhibiting effect of culture medium salinity on bacterial growth was visible
(p ≤ 0.05) from 400 mM NaCl. However, Ba13, D4, D12, HOT1, HOT2, ET11, ET12, RK2,
and RT10 were able to grow at this level of salinity. The isolates HOT1 and RT10 were
tolerant to NaCl concentrations ranging from 800 to 1000 mM (Figure S3).

2.3.6. Effect of Salinity on Cellulase Production

The effect of salt stress on cellulase production was significant at p ≤ 0.05. Half of
the isolates were capable of cellulase synthesis at high salinity levels of 400 to 800 mM
NaCl. However, at 1000 mM, isolates HOT1, EP8, ET11, and RT10 showed a low but
non-negligible enzymatic activity (Figure 6).

2.3.7. Effect of Water Activity (aw) on Bacterial Growth

The effect of water activity on the bacterial growth of the 12 isolates was determined
by adding increasing levels of PEG8000 to the liquid CMC medium incubated at 30 ◦C/72 h.
All isolates were able to grow at PEG8000 concentrations up to 30%. It should be noted that
EP8, RK2, and RT10 developed better at 30% PEG8000 than at 0% (Figure S4).
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Figure 5. Effect of temperature on the production of CMCase in CMC broth (1%) of the 12 isolates
tested. The results are expressed as the mean-standard error of the values of the enzymatic units in
duplicate. The production temperature effects corresponding to each treatment and not sharing the
same letters are significantly different according to Tukey’s post hoc HSD test.

2.3.8. Effect of Water Activity on Cellulase Production

The effect of water stress on the production of cellulase was determined by measuring
the enzymatic activity. The production of cellulase clearly decreased at 30% of PEG8000
for the majority of the tested isolates except for HOT1, which produced enzyme normally
(Figure 7). However, D4 showed no cellulase activity at 30% of PEG8000.

In order to select the most efficient bacteria with the best stress-tolerance abilities of
the combined effect of pH, temperature, salinity, and PEG8000, strains HOT1, HOT2, EP8,
ET11, and ET12 were chosen for molecular identification and for the study of enzymatic
activity and stability (Figure 8).

2.4. Molecular Identification of Bacterial Strains and Their Phylogenetic Positions

The phylogenetic tree based on the comparison of the 16S-rDNA sequences of the
strains with the similar sequences strains available in the databases (GenBank) allowed to
confirm that all the strains belonged to Bacillus genus (Figure S5). The HOT1 isolate was
identified as B. velezensis; HOT2, EP8, and ET11 belonged to B. subtilis; while ET12 and
RK2 belonged to B. mojavensis and B. cereus, respectively. Their sequences were submitted
in GenBank, and accession numbers were implied in the tree. LC521988 Lactobacillus
hokkaidonensis strain JCM was used as outgroup.
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Figure 6. Effect of NaCl concentration on the production of CMCase in CMC broth (1%) of the
12 isolates tested. The results are expressed as the mean-standard error of the values of the enzymatic
units in duplicate. The effects of saline concentration of production corresponding to each treatment
and not sharing the same letters are significantly different according to Tukey’s post hoc HSD test.

2.5. Effect of Physico-Chemical Parameters on Cellulase Activity and Stability
2.5.1. Effect of pH on Cellulase Activity and Stability

The impact of varying pH values on enzyme activity and stability was remarkable.
This enzyme was active in a wide range of pH ranging from 4 to 11, with an optimum at
pH 8, but it was inactive at pH 3. The residual activity was also strongly maintained under
the influence of this same parameter or according to the strains tested. Further, 50% to 83%
of the cellulase activity was preserved at pH 4 and approximately 70% at pH 7 (Figure S6).

2.5.2. Effect of Temperature on Cellulase Activity and Stability

The influence of temperature on enzymatic activity and stability was studied at increas-
ing temperatures ranging from 30 to 70 ◦C. The CMCase activity values were remarkable
at the different temperatures studied and reached their maximum levels at 50 ◦C and 60 ◦C
for all the strains. Concerning the stability expressed in residual enzymatic activity, it was
optimal at 40 ◦C and 50 ◦C with a relative activity of 70%, and it was remarkably preserved
and notable at 70 ◦C, where all the strains kept more than 40% of residual activity (Figure S7).
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Figure 7. Effect of water stress on the production of CMCase in CMC broth (1%) of the 12 isolates
tested. The results are expressed as the mean-standard error of the values of the enzymatic unit in
duplicate. The effects of the PEG8000 concentrations corresponding to each treatment and not sharing
the same letters are significantly different according to Tukey’s post hoc HSD test.

2.5.3. Effect of Salinity on Cellulase Activity and Stability

The effect of salinity on cellulase activity and stability was significant at p ≤ 0.05. The
cellulases synthesized by the selected strains showed potential for CMC degradation under
considerably high salinities up to 2000 mM (Figure S8). The residual cellulase activity was
stable at 500 mM and remained high (70% of the initial activity) at 2000 mM with a stability
for the HOT1 strain of more than 80% under the effect of this concentration of NaCl.

2.5.4. Effect of Water Activity (aw) on Cellulase Activity and Stability

The evaluation of the influence of the lack of water availability in the medium by
the presence of PEG8000 at 30% was not effective on the initial and residual activity of the
enzyme. However, the enzymatic stability was maintained and varied from 40 to 75%
depending on the isolates in the presence or absence of PEG8000 (Figure S9).

2.6. Hydrolysis of Different Substrates

The substrate specificity was determined by incubating the crude enzyme extract with
different substrates. The analysis of the variance of the hydrolysis of the different substrates
was significant at p ≤ 0.05. The enzyme extract had a significantly high activity with
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CMC (from 1.13 U/mL to 1.6 U/mL) and wheat bran. This enzyme extract was capable
of hydrolyzing insoluble (crystalline) cellulosic substrates such as fiber cellulose and filter
paper. In addition, the degradation power of cellulose and filter paper was similar for all
strains (Figure 9).
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Catalysts 2022, 12, x FOR PEER REVIEW 11 of 32 
 

 

2.5.3. Effect of Salinity on Cellulase Activity and Stability 

The effect of salinity on cellulase activity and stability was significant at p ≤ 0.05. The 

cellulases synthesized by the selected strains showed potential for CMC degradation un-

der considerably high salinities up to 2000 mM (Figure S8). The residual cellulase activity 

was stable at 500 mM and remained high (70% of the initial activity) at 2000 mM with a 

stability for the HOT1 strain of more than 80% under the effect of this concentration of 

NaCl. 

2.5.4. Effect of Water Activity (aw) on Cellulase Activity and Stability 

The evaluation of the influence of the lack of water availability in the medium by the 

presence of PEG8000 at 30% was not effective on the initial and residual activity of the en-

zyme. However, the enzymatic stability was maintained and varied from 40 to 75% de-

pending on the isolates in the presence or absence of PEG8000 (Figure S9). 

2.6. Hydrolysis of Different Substrates 

The substrate specificity was determined by incubating the crude enzyme extract 

with different substrates. The analysis of the variance of the hydrolysis of the different 

substrates was significant at p ≤ 0.05. The enzyme extract had a significantly high activity 

with CMC (from 1.13 U/mL to 1.6 U/mL) and wheat bran. This enzyme extract was capa-

ble of hydrolyzing insoluble (crystalline) cellulosic substrates such as fiber cellulose and 

filter paper. In addition, the degradation power of cellulose and filter paper was similar 

for all strains (Figure 9). 

 

Figure 9. Cellulase activity on different substrates of the strains tested. The results are expressed as 

the mean-standard error of the values of the enzymatic unit in duplicate. The cellulase activities on 

different substrates corresponding to each treatment and not sharing the same letters are signifi-

cantly different according to Tukey’s post hoc HSD test. 

  

Figure 9. Cellulase activity on different substrates of the strains tested. The results are expressed as
the mean-standard error of the values of the enzymatic unit in duplicate. The cellulase activities on
different substrates corresponding to each treatment and not sharing the same letters are significantly
different according to Tukey’s post hoc HSD test.
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2.7. Estimation of Total Sugars

The analysis of variance of the amount of total sugars was not significant; all the
isolates produce approximate amounts of total sugars (from 335 µg/mL to 450 µg/mL)
(Figure 10).
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2.8. Estimation of Total Proteins

The analysis of variance of the quantity of total proteins was significant at p ≤ 0.05.
HOT1, EP8, and ET12 produce similar amounts of protein (from 1505 µg/mL to 1676 µg/mL)
(Figure 11).
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2.9. Effect of Multiple Stress on the Growth and Production of Cellulase on Solid Medium

The influence of a single stress, double stress, and multiple stress on the production of
cellulase in solid medium was significant at p ≤ 0.05. In addition, the analysis of variance
showed a significant difference in the revelator effect, thus confirming that the Enzymatic
index obtained by Lugol’s solution were better than those obtained by Congo red solution
(Figures 12–14). The production of the enzyme was maintained under pH 9, while the
temperature and the salinity strongly influenced this production except for the strain EP8,
which showed a better production compared to the control. Thus, pH 9 combined with
400 mM NaCl did not impact the Ei, whereas a decrease was observed with the other
two double stresses. The triple stress also influenced the production of cellulases on solid
medium except for ET11, which has been shown to be very resistant (Figure 15).
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Figure 12. Illustration of the CMC hydrolysis zone by the strains tested in the presence of a single
stress revealed by Congo red and Lugol solutions.

2.10. Effect of Multiple Stress on the Growth and Production of Cellulase on Liquid Medium

The effect of multiple stress on bacterial growth and cellulase production was signifi-
cant at p ≤ 0.05 (Figure 16). HOT1 has shown itself to be insensitive to pH 9, to 400 mM
NaCl, and to their combination, where it showed an optimum of growth at 400 mM NaCl,
while HOT2 was very resistant to all stresses and showed an OD of 0.71 at pH 9 and in
the presence of 400 mM NaCl. However, the effect of stress was not significant on EP8,
ET11, and ET12. It should be noted that ET11 was completely inhibited under the effect of
triple stress. The production of the enzyme was also strongly maintained for all the strains
(Figure 17).

2.11. Effect of Various Cellulosic Substrates on Cellulase Production

The analysis of variance of the ability of the strains to degrade certain lignocellulosic
substrates demonstrated that wheat bran was the most digestible substrate by all the strains
where degradation of more than 53% was observed, while barley bran was degraded from
37% to 47% (Figure 18A).
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Figure 14. Illustration of the CMC hydrolysis zone by the strains tested in the presence of triple stress
revealed by Congo red and Lugol solutions.
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Figure 15. Effect of multiple stress on cellulase production on solid medium. The results are expressed
as the mean-standard error of the values of the enzymatic indexes in duplicate. The effects of the
revelators corresponding to each treatment and not sharing the same letters are significantly different
according to Tukey’s post hoc HSD test.
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Figure 16. Effect of multiple stresses on bacterial growth in liquid medium. Results are expressed as
mean-standard error of duplicate OD values. The stresses effect corresponding to each treatment and
not sharing the same letters are significantly different according to Tukey’s post hoc HSD test.
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Figure 17. Effect of multiple stresses (A: temperature ‘50 ◦C’, pH 9 and 400 mM NaCl separately;
B: pH 9 + temperature ‘50 ◦C’, pH 9 + 400 mM NaCl and temperature ‘50 ◦C’ + 400 mM NaCl;
C: temperature ‘50 ◦C’+ pH 9 + 400 mM NaCl) on cellulase production in liquid medium. The results
are expressed as the mean-standard error of the values of the enzymatic unit in duplicate. The effects
of the stresses corresponding to each treatment and not sharing the same letters are significantly
different according to Tukey’s post hoc HSD test.
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Low degradation was observed with corncob. Estimation of the total proteins pro-
duced from each of the substrates revealed that significant amounts were produced from
wheat bran up to 888 µg/mL produced by the ET11 strain, while non-significant variable
amounts were produced from barley bran and corncob, which varied between 131 µg/mL
and 353 µg/mL (Figure 18B). Thus, very appreciable cellulase activities were observed
by HOT2 and EP8 for wheat bran and by EP8 and ET11 for barley bran but decreased
considerably with corncob (Figure 18C). The highest specific activity was recorded by
HOT2 with wheat bran, but very low values were observed with corncob for all the strains
(Figure 18D). Appreciable amounts of biomass were obtained with wheat bran and barley
bran but more or less low with corncob (Figure 18E).

3. Discussion

Due to widespread applications, cellulase is produced by many industries around the
world. Despite the enormous use of natural cellulosic sources, there are abundant amounts
of cellulose that are not being exploited and that could be used more effectively. In this
context, more research is needed for cost-effective and economically feasible production of
cellulases allowing wider applicability in different processes. The use of enzymes obtained
from microorganisms could open new ways to convert complex polysaccharides into
fermentable sugars and cause an increase in the efficiency of the hydrolysis of lignocellulosic
biomass. Analysis of our results on the production of cellulase by bacterial isolates showed
that out of the 398 strains tested, only 26 showed areas of hydrolysis around the revealed
colonies. These bacteria therefore possess cellulases capable of degrading CMC. These
cellulases are endoglucanases and β-glucosidases since CMC is a soluble cellulose [17]. The
production capacity of isolates is explained by the adaptation of this bacteria to their biotope.
According to our results, only 1% of the strains (n = 200) coming from the marvelous cave of
Jijel, consisting mainly of mineral material, have cellulase abilities. Among the other strains,
consisting of actinobacteria isolated from the archeological site of Djemila (data not shown)
(n = 70), bacteria isolated from the rhizosphere of Terfez (n= 80), or barley and wheat soils
(n = 40) and bacteria isolated from the thermal spring of Ouled Tebben (n = 8), only 5.7%,
6.25%, 25%, and 62.5%, respectively, have cellulase activities. Since cellulases are inducible
enzymes, they are synthesized by microorganisms during their growth on lignocellulosic
materials [18]. The growth or the presence of cellulolytic bacteria in the rhizosphere can be
explained by the richness of these environments in organic matter brought by lignocellulosic
residues of plants and animals [19]. Moreover, the rhizosphere or the rhizospheric soil can
be abundant in bacteria having an arsenal of hydrolytic enzymes [19].

The sampling carried out at the level of the thermal spring of Ouled Tebben allowed
the isolation of only eight bacterial strains, five of which were cellulase positive, and the
presence of a reduced bacterial population is explained by the high temperature of the
thermal waters. These natural high-temperature environments will certainly influence the
resident microbial flora; the microorganisms able to grow and survive in these environments
where the temperature exceeds 50 ◦C are thermotolerant or thermophilic [20]. A similar
study demonstrated that only 16% of the bacteria isolated from the hot springs of western
Algeria have cellulases; this type of unexploited biotope could constitute a promising
source of thermophilic enzymes of great industrial importance [21].

Although actinobacteria can dominate the microbial communities of archaeological
sites and historical monuments, and their beneficial presence is implicated in the preserva-
tion and bio-conservation of these sites [22], their cellulolytic potential is rarely established.
Antonelli et al. [23] revealed, through new sequencing technologies, the presence of bacte-
ria with cellulolytic capacities from archaeological sites in Italy, the majority of which are
non-culturable.

A recent study by Houfani et al. [24] showed the richness of cellulolytic bacteria in
different Algerian terrestrial and aquatic ecosystems, such as soils and thermal waters.
Bacterial communities were characterized by high-throughput 16S amplicon sequencing
followed by in silico prediction of their functional potential. The highest lignocellulolytic
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activity was recorded in forest and garden soils, while activities in agricultural, arid, and
desert soils were generally low. Proteobacteria, Firmicutes, and Actinobacteria phyla
dominated all soils.

However, the results of the primary screening have shown that the Lugol’s solution
gives better revelation compared to the Congo red solution. The intensity of the black-bluish
complex and the clarity of the hydrolysis zone give better contrast color and yield easily
measurable diameters [25]. In addition to the high toxicity of Congo red, the handling time
is also remarkable: the revelation by Lugol’s solution requires only 5 min of contact and
does not require washing, while the Congo red solution remains at least 20 min between
coloring and discoloration with NaCl [25]. However, it should be noted that revelation
by Lugol’s solution may lead to false-positive results. It has been reported that amylase
activity of certain bacteria and fungi due to the presence of starch in bacteriological agar
may give rise to areas hydrolysis around the colonies even in the absence of cellulase
activity [26].

Enzyme activity varies by species. Our results indicated that isolates from the Terfez
rhizosphere and those from thermal waters performed best with a CMCase activity of
0.7 to 2.2 U/mL. These results should be compared with those of Maryam et al. [27],
who indicated that the CMCasic activity is 1.99 U/mL for B. cellulosillyticus and lower by
0.07 U/mL for B. subtilis AS3 [28]. However, other strains of Bacillus are capable of having a
higher endoglucanase activity, from 7.3 U/mL to 9.1 U/mL [29]. It should be noted that no
strain of actinobacteria showed cellulase activity on CMC-based liquid medium, and this
can be explained by the slow growth and nutritional requirements of these microorganisms.

The optimization of physico-chemical factors is a key step in the success of enzymatic
processes, as defining the optimum of each variable allows increased performance and
better production [30].

Temperature, medium pH, salinity, and water activity are critical parameters that con-
trol the growth and production of enzymes by microorganisms, and their effects generally
differ from one organism to another [31]. The pH of the medium is a very important factor
that controls the production of cellulase [31]. All the strains studied were neutrophils or
moderately alkalo-tolerant (pH 7–9). The cellulase activity was optimal at neutral pH for
all the strains and varied between 0.3U/mL and 1.8 U/mL. Among them, HOT3, HOT4,
and ET12 produced a CMCase at pH 9 in an appreciable way by manifesting a CMCase
activity of 1.8 U/mL, 1.3 U/mL, and 0.8 U/mL, respectively. Although the others showed
visible growth on CMC medium, they synthesized very small quantities of this enzyme.
Moreover, it is well-established that most cellulases produced by microorganisms have a
better production between pH values of 6 to 9 [32]. Other studies report that the optimum
pH for the production of this enzyme by the B. pumilus EWBCM1 strain is 6, with an activity
reaching 0.25 U/mL [33]. It should also be noted that the strongly acidic and basic pH
inhibits the growth of all the bacteria tested. These results are similar to those reported by
Shankar and Isaiarasu [33].

Temperature influences the growth and production of extracellular enzymes by modi-
fying the physical properties of the cell membrane [32]. This physiological parameter is
essential to determine because beyond its optimal value, bacterial cells are killed, and their
metabolites are damaged, and below that, their metabolism is inactivated [34]. The optimal
growth temperature and cellulase activity depend on the strain and the isolation site. All
the strains studied were mesophilic and had a CMCase activity varying between 0.38 U/mL
and 1.4 U/mL at 30 ◦C. However, the majority of strains from the Terfez rhizosphere (EP8,
ET11, ET12, RK2, and RT10) and thermal waters (HOT1 and HOT2) were thermotolerant,
and their optimal cellulase activities (1.2 U/mL and 1.44 U/mL) were at 45 ◦C and 50 ◦C.
Many studies place the optimum temperature for growth and production of the enzyme
of cellulolytic bacteria at 40 ◦C. Thus, Shankar and Isaiarasu [33] showed that B. pumilus
EWBCM1 exhibits optimal but weaker activity (0.24 U/mL) at this temperature, which de-
creases sharply at 60 ◦C (0.02 U/mL). These results were confirmed by Immanuel et al. [35],
revealing that cellulolytic bacteria belonging to genera Cellulomonas, Bacillus, and Micrococ-
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cus produce endoglucanase at maximum levels at 40 ◦C. However, these observations are
not to be generalized, as certain strains of Pseudomonas fluorescens have optimal cellulase
capacities at 35 ◦C [32]. The same is true for B. pumilus EWBCM1, which has a CMCase
activity of 0.27 U/mL at 37 ◦C [33], whereas in other strains of Bacillus, such as B. halodurans
CAS 1, the optimum temperatures for cellulase growth and production are at 55 ◦C and 60
◦C, respectively [36].

Growth on culture media containing 400 mM and 800 mM NaCl concentrations was
observed in strains Ba13, D4, D12, HOT1, HOT2, EP8, ET11, ET12, RK2, and RT10. These
can be qualified according to Kushner [37] as halotolerant. However, HOT1 and RT10 were
tolerant to 1000 mM with an enzymatic activity of 0.7 U/mL and 0.55 U/mL, respectively.
Half of the strains were able to synthesize the cellulase enzyme at high salinity levels of
400–800 mM NaCl. This is the case for most aerobic or facultative aero-anaerobic and
salt-tolerant bacterial isolates from different habitats, such as saline lakes and estuarine
waters capable of producing cellulase at these saline concentrations [38]. Indeed, it has been
established that B. pumilus has maximum cellulotic power at 2.5% NaCl (about 400 mM) [33],
while a strain of Gracilibacillus sp. reaches maximum production at 10% NaCl [39].

The response of water activity effect on bacterial growth and on the production of
cellulase in the presence of 30% PEG8000 indicated osmo-tolerance and residual production
of the enzyme for all the strains tested with an optimum at 1.22 U/mL of HOT1. Drought
tolerance is a faculty possessed by Gram-positive and Gram-negative bacteria. PGPR strains
Klebsiella sp., Enterobacter ludwigii, and Flavobacterium sp. isolated from wheat rhizosphere
have the ability to grow at 12% up to 20% PEG8000 [40]. Others from the waters and
belonging to the species B. cereus, B. subtilis, and Serratia sp. grow well in media containing
50% PEG8000 [41]. As for the production of cellulase in the presence of this hyperosmotic
agent, it should be noted that no previous study in the scientific literature on the effect
of physico-chemical factors mentions this agent. However, it is crucial to determine the
quantity of water available and to control the “aw” for a good enzyme production [33].

The effect of pH on the activity of the cellulases produced was examined at various pH
values ranging from 3 to 11. The optimum pH for cellulase activity was 1.8 U/mL at pH 8
for strains HOT1, EP8, and ET11 and at pH4 for HOT2 and ET12 with activity of 1.75 U/mL.
Residual activity was also strongly maintained under the influence of this same parameter
where, depending on the strains tested, 50% to 83% (1.1 U/mL to 1.65 U/mL) of cellulase
activity was preserved at pH 4 and approximately 70% (1.4 U/mL) at pH 7. This result
is consistent with those found with different strains of Bacillus [42]. Indeed, according to
Dos Santos et al. [43], more than 60% residual activity is maintained at pH 4. Cellulases are
generally stable over a wide range of pH ranging from 5 to 10. Recently, many researchers
have tried to exploit microbes for the isolation of thermostable alkaline enzymes due to
their considerable industrial potential. Given this, higher temperature and pH stability
found with purified cellulases could be useful for challenging industrial applications [44].

The effect of temperature on enzymatic activity was determined over a wide temper-
ature range (30–70 ◦C) with optimal activity at 40 ◦C and 50 ◦C for all strains. However,
EP8 was the most efficient at all the temperatures tested, with an activity around 1.7 U/mL.
Concerning the stability expressed in residual enzymatic activity, it was optimal at 40 ◦C
and 50 ◦C, with a relative activity of 0.8–1.4 U/mL with all strains; it was also appreciable at
70 ◦C, where a residual activity of 0.7 U/mL was noted. These results on cellulase activity
and stability are mixed compared to those reported by many authors. Indeed, according
to Dos Santos et al. [43], the total activity is optimal at 60 ◦C for a strain of Bacillus sp.
isolated from marine environment, and the enzymatic stability is also preserved up to 40%
at 70 ◦C. These data are similar to those of our study. On the other hand, in other works, the
enzymatic activity and stability under the thermal effect are greater at higher temperatures
at 75 ◦C in Anobacillus flavithermus isolated from thermal waters [45].

The limiting effect of the increasing contents of NaCl (0–2000 mM) on the activity
and the stability of the cellulases of the tested strains was negligible. Indeed, the strains
retained a high enzymatic power (1.6–1.82 U/mL) at all salinity levels. The halo-stability
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showed that the crude cellulase extracts were 70% stable at 500 mM and that they retained
a level of 80% of their initial activity even at 2000 mM, exceptionally with HOT1, HOT2,
and ET11. It should be noted that these results on the activity of our extracts are much
higher than those described by many authors. The latter, working on CMCase purified
from a strain of Bacillus, showed that this enzyme retains only 34% of its activity at 30%
NaCl [36], while most cellulases reported to date were only stable between 5% and 20%
NaCl [46,47]. The characteristics of this enzyme with high salt tolerance are important for
future applications in various biotechnological processes that depend on high salinity or
osmotic pressures [36].

The evaluation of the influence of the lack of water availability by the presence of
PEG8000 at 30% was not effective on the initial and residual activity of the enzyme, which was
1.7 U/mL. However, the enzymatic stability was maintained and fluctuated from 40 to 75%
(0.68 U/mL to 1.2 U/mL) depending on the strains in the presence or absence of PEG8000.

The substrate specificity was determined by incubating the crude enzyme extract
with different substrates. The enzymes studied had a significant activity with the CMC
for all the strains and varied between 1.1 U/mL and 1.6 U/mL. An activity was also
measured on wheat bran (lignocellulosic waste) that varied from 1.1 U/mL to 1.5 U/mL.
The substrate specificity of cellulases is an issue that has altered the view of synergy
between distinct enzyme molecules to achieve cellulose hydrolysis [48]. Enzymes with
overlapping specificities have been reported. The ability to degrade crystalline cellulose
was commonly considered synonymous with exoglucanases. It has been demonstrated that
the endoglucanases of Bacillus sp. and fungi exhibiting avicelase and filter paper hydrolysis
(FPase) activities in addition to CMCase activity can do so with the help of an exo-activity
residing in the same molecule [49].

The FPase activity was evaluated between 1U/mL and 1.3 U/mL. An appreciable
activity of 0.55 U/mL to 0.8 U/mL was measured on cellulose (powder + cotton fiber). This
is probably due to a certain affinity of the enzymatic extract towards powdered cellulose.
From these results, it seems more appropriate to refer to this enzyme as an endo- and
exo- type of cellulose [17]. It should also be noted that adsorption of the enzyme onto
cellulose is essential for solubilization [50]. A previous study showed that a fragment of
the C-terminus of the full-length endoglucanase gene product plays an important role
in the interaction of the enzyme with the insoluble substrate [51]. Soluble substrates
including low-DP (degree of polymerization) celluloses can be dissolved in water due
to their chemical substitutions. Ion-substituted carboxymethylcellulose (CMC) is often
used to determine the activity of endoglucanase, called CMCase, because endoglucanases
cleave intramolecular β-1,4-glucosidic bonds in a random fashion, resulting in a dramatic
reduction in DP of the CMC [9]. Insoluble cellulose-containing substrates for cellulase
activity assays including nearly pure celluloses (cotton fiber, Whatman filter paper, bacterial
cellulose, microcrystalline, and amorphous cellulose) are water-insoluble celluloses. Cotton
fiber is made from natural cotton after removal of impurities such as wax, pectin, and
colored matter [52]. Whatman filter paper no. 1 is made from long-staple cotton pulp [53].

The concentration of total sugars varied relatively in the same way for all the strains,
and it varied from 335 µg/mL to 450 µg/mL; these monomeric sugars are produced from
the hydrolysis of the substrate (CMC), which reflects that this substrate is highly digestible by
the strains tested. The estimate of the total sugar content in a culture supernatant on medium
containing lignocellulosic materials from a strain of B. cellulosilyticus is 179.84 mg/mL [27].

Total protein concentration varied relatively in the same way for the five strains
studied. The contents of this product varied from 1505–1676 µg/mL, and they were
remarkably higher than those obtained by Roussos and Raimbault [54] from a liquid
culture Trichoderma harzianum, by Palma et al. [55] on a culture of Bjerkandera sp. in liquid
medium based on glucose and peptone, and by Ladeira et al. [56] on the supernatant of
cultures of Bacillus sp. SMIA2 in sugar cane bagasse. The proteins can come partly from
the complex lignocellulosic biomass (e.g., wheat bran) or from cells after lysis and can
also constitute different enzymes secreted to digest the substrate. Although expensive
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purification procedures may be required to remove them, most industrial enzymes are
consumed in the presence of impurities from culture supernatants [56].

The effect of multiple stresses on growth and cellulase production was studied at
pH 9, 400 mM NaCl, and 50 ◦C. The results of this study revealed that the growth and
the production of cellulases of the five bacterial isolates were not affected by the presence
of 400 mM NaCl in the culture medium since the cellulase activities in the presence of
this stress were better than those obtained from the NaCl-free medium ranging from
1.887 U/mL to 2.179 U/mL. The incubation temperature also had no effect on growth
or cellulase excretion, especially for the HOT2 strain, which had a growth optimum of
50 ◦C. A similar result was obtained with pH 9, where no strain was sensitive to this
effect. The analysis of the effect of double and triple stress revealed that none of the
combinations influenced the growth of the isolates except for the ET11 strain, which did
not show any growth under the effect of the three stresses; the combination of the two
factors pH 9 and 400 mM NaCl was optimal for the growth of HOT1 and HOT2. Thus, the
results of the multi-stress showed that the double and the triple stress did not influence the
production of cellulase and that all the strains were moderate thermo-alkalo-halophiles.
This physiological characteristic makes these strains effective candidates for the recovery
of agricultural waste.

The capacity of the five strains studied to degrade certain lignocellulosic substrates
was evaluated by determining the quantity of degraded substrate, quantity of proteins
and biomass produced, and the enzymatic and specific activities. Our results indicated a
moderate hydrolysis capacity of barley bran with rates ranging from 37.33% to 47.33% after
three days of incubation; this hydrolysis made it possible to produce relatively high rates of
protein with a better production of 888.5 µg/mL by strain ET11. This degradation indicated
that the tested strains possess the barley bran hydrolysis enzymes, namely cellulases,
amylases, xylanases, and hemicellulases, given that barley bran is rich in cellulose, starch,
hemicellulose, and arabinoxylan [57,58]. However, its high insoluble fiber content and the
presence of lignin in its composition prevent it from being further degraded. This finding
correlates with the cellulase activity of the strains, which varied between 1.021 U/mL and
2.098 U/mL except for the ET12 strain, which gives a low activity of 0.521 U/mL and with
the specific activity levels that were relatively low. This result is comparable to that of
Mihajlovski et al. [59], who obtained a CMCase activity of 0.405 U/mL from a culture with
barley bran as a carbon source. Estimation of the amount of biomass produced indicates
that barley bran could be a good carbon source for bacterial cultures as well as for the
production of hydrolytic enzymes.

For the hydrolysis of wheat bran, our strains were found to be very effective in the
degradation of this substrate, with degradation ranging from 53.33% to 61.33%, with better
degradation recorded by ET11; a similar result was reported by Vu et al. [60], who observed
that Bacillus strains caused a loss of wheat bran mass ranging from 54% to 60% after
7 days of incubation. This confirms the observation of the presence of a cellulolytic and
hemicellulolytic enzymatic complex in the culture supernatant, considering that wheat
is composed of 50% carbohydrates, of which cellulose and hemicellulose constitute more
than 70% [61]. However, the quantity of proteins produced was appreciable for all the
strains; these proteins released in the medium normally contain the enzymes of hydrolysis
including the cellulases, the latter showing relatively high enzymatic activities with a better
activity of 3.055 U/mL by the EP8 strain. These results correlate with the specific activity,
thus indicating the effectiveness of the cellulases produced in large quantities in just 72 h. In
addition, since wheat bran is digestible, it made it possible to produce significant amounts
of biomass by all the strains.

The analysis of the corncob degradation capacity showed that all the strains had a
low hydrolysis capacity on this substrate, with a maximum rate of 16.66% observed by the
EP8 strain. This result affirms that no enzymatic treatment is able to effectively hydrolyze
corncob given its characteristic composition of a complex of cellulose and hemicellulose,
which are coated by a recalcitrant matrix of lignin composed of phenolic macromolecules;
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the latter decreases access of hydrolytic enzymes to celluloses and hemicelluloses and
requires physicochemical pre-treatment to degrade it [62]. Thus, the reduction in the
quantity of proteins and cellulases produced was remarkable and led to a significant
decrease in specific activity. Concerning the microbial biomass, our results indicated
significant quantities ranging from 0.025–0.05 g.

4. Materials and Methods
4.1. Biological Material

The study of cellulase activity was performed on seven collections of bacterial isolates
(n = 398) from various ecological niches. The bacterial isolates were a collection of the
Laboratory of Applied Microbiology (University Ferhat Abbas, Setif, Algeria) (Table 2).

Table 2. Number of bacterial isolates recovered from different sampling sites.

Sampling Sites Sampling Site Coordinates Number of Isolates

Archaeological site (rocks and Roman ruins) of Djemila-Setif 36.319096, 5.736135 70
Rhizosphere of Terfez (Boussaada region) 35.217234, 4.273263 80

Wheat rhizosphere soil (Setif region) 36.316769, 5.448367 20
Wheat rhizosphere soil (Boussaada region) 35.348036, 4.408568 11

Barley rhizosphere soil (Djelfa region) 35.062900, 3.535154 9
The marvelous cave (Jijel region) 36.667344, 5.475292 200

Thermal spring of Hammam Ouled Tebben-Setif 35.787571, 5.123604 8

4.2. Screening for Cellulase-Producing Isolates

All the bacterial strains were screened for their cellulolytic activity on solid medium.
The procedure was performed by spotting 2 µL of the bacterial culture on 1% (w/v) car-
boxymethylcellulose (CMC) agar incubated at 30 ◦C/72 h [63]. Lugol’s solution (iodine
1%) and Congo red solution (1%) were used to reveal the CMC hydrolysis zone, which
appeared around the colony spontaneously after the addition of iodine solution, but the
revelation of the cellulase activity with Congo red solution required 15 min followed by
discoloration with a NaCl solution (1M) for 10 min. To indicate the cellulose activity, the
diameter of clear zones around colonies on CMC agar was measured, and the enzymatic
index (Ei) was determined according to Ferbiyanto et al. [64] by the following formula:

Ei = (Halo diameter-colony diameter)/colony diameter

4.3. Cellulase Production on Liquid Medium

Cellulase production in a liquid medium was performed to evaluate the ability of
efficient bacterial isolates selected (n = 26) to produce the enzyme. First, 100 µL of the
bacterial cultures on LB (Luria Bertani) broth, incubated at 30 ◦C/24 h, were inoculated in
tubes containing 10 mL of (1%) CMC broth and then incubated at 30 ◦C/72 h under stirring.
The cultures were centrifuged (5000 rpm/10 min). The supernatant containing the crude
enzyme was stored at 4 ◦C for subsequent analysis [33].

4.4. Evaluation of Cellulase Activity

CMCase activity was determined by the 3,5-dinitrosalicylic acid (DNS) method by
measuring the amount of reducing sugars released [65]. The reaction mixture was prepared
by mixing 2 mL of supernatant with 1 mL of acetate buffer (50 mM, pH 4) containing CMC
(1%). After incubation at 50 ◦C/30 min, the reaction was stopped by adding 2 mL of DNS
reagent, followed by boiling for 5 min and cooling to stabilize the color. The optical density
(OD) of the samples was read at 540 nm. One unit (U) of enzyme activity was defined as
the amount of enzyme releasing 1 µmol of reducing sugar per minute using glucose as a
standard [66].
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4.5. Effect of Physico-Chemical Parameters on Bacterial Growth and Cellulase Production Capacity

Based on the results obtained, selected strains (n = 12) were assessed for their optimum
bacterial growth and cellulose activity under various abiotic stresses. Bacterial growth was
determined by measuring the OD at 630 nm, and the production of cellulase was estimated
by determining the enzymatic activity using the DNS method as described previously.

4.5.1. pH

The influence of the pH variation of the culture medium on bacterial growth and
cellulase production capacity was tested in CMC liquid medium adjusted to values of 3, 4,
7, 9, and 11. The cultures were incubated at 30 ◦C for 72 h.

4.5.2. Temperature

To determine the effect of temperature stress on the growth of the isolates studied and
the production of enzyme, the incubation of the cultures in CMC medium was carried out
at 30 ◦C, 45 ◦C, and 50 ◦C for 72 h.

4.5.3. Salinity

The effect of salt stress on bacterial growth and cellulase production was determined in
CMC medium at increasing NaCl concentrations of 0, 400, 800, and 1000 mM and incubated
at 30◦ C/72 h.

4.5.4. Water activity (aw)

The effect of aw on cellulase growth and production was evaluated by adding polyethy-
lene glycol (PEG8000) at concentrations of 0% and 30%. The cultures were incubated, as
before, at 30 ◦C/72 h.

5. Effect of Physico-Chemical Parameters on Cellulase Activity and Stability

According to the results of the ability to grow and produce cellulase under different
physicochemical conditions, five isolates were chosen to study their enzymatic activity and
stability under multiple stress parameters.

5.1. pH

TThe influence of pH variation on the activity and stability of CMCase was evaluated
at pH values ranging from 3 to 11 using the following buffers: acetate buffers (pH 3), citrate
buffer (pH 4–6), phosphate buffer (pH 7–11), and glycine buffer (pH 9–10). The effect of pH
on enzyme stability was determined by incubating the enzymes with the appropriate pH
buffer (3 to 11) for one hour at room temperature. The residual activity was assayed by the
standard method of DNS.

5.1.1. Temperature

The effect of temperature on enzyme activity and stability was determined at different
temperatures (30–70 ◦C). The enzymatic activity was tested in acetate buffer (pH 4) in the
presence of 1% of CMC, while the stability of the enzyme was evaluated for 60 min in the
same buffer free of this substrate. Then, the residual activity of the CMCase was measured,
under the same conditions described above, by the standard DNS method.

5.1.2. Salinity

The optimal NaCl concentration for CMCase activity was determined by incubat-
ing the enzyme with a buffer solution containing 1% CMC for 30 min at different NaCl
concentrations (0–2000 mM). Enzyme stability was assessed by incubating the enzyme in
CMC-free buffer at the same NaCl concentrations for one hour at room temperature. After
adding 1% CMC, the DNS method was used for residual CMCase activity assay.
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5.1.3. Water Activity (aw)

The effect of water activity on CMCase activity was evaluated by adding polyethylene
glycol (PEG8000) at two concentrations (0% and 30%). CMCase stability was estimated by
incubating the enzyme in the absence of CMC in buffer containing different concentrations
of polyethylene glycol (PEG8000) for 30 min at 50 ◦C. The standard DNS method was used
to measure glucose release.

5.2. Molecular Identification of the Selected Isolates

The five bacterial isolates were phylogenetically identified. DNA extraction, amplifica-
tion and sequencing were performed according to Kerbab et al. [67]. Phylogenetic analyses
were realized according to Mefteh et al. [68].

5.3. Hydrolysis of Different Substrates

The objective of this study was to evaluate the ability of this crude enzyme to hydrolyze
different cellulosic substrates. The substrates tested were addition to CMC, powdered
cellulose, wheat bran, and filter paper (Whatman No 40). A volume of 2 mL of supernatant
was mixed with 1 mL of pH 4 acetate buffer containing 1% of each following substrates
(cellulose powder, CMC, or wheat bran) and incubated at 50 ◦C/30 min. Concerning the
filter paper, pieces of size (1×6 cm) corresponding to 50 mg were immersed in the same
volume of buffer supplemented with 2 mL of supernatant. Incubation was carried out at
50 ◦C/60 min. The dosage of reducing sugars was carried out by the DNS method with
glucose as a reference.

5.4. Estimation of Total Sugars

The total sugars were determined according to the method of Dubois et al. [69], the
principle of which is based on the following reaction: concentrated sulfuric acid added
causes, when hot, the departure of several molecules of water from the sugars. This
dehydration is accompanied by the formation of a hydroxy-methylfurfural (HMF) in the
case of hexose and of a furfural in the case of a pentose. These compounds condense
with phenol to give colored complexes (yellow-orange). The intensity of the coloration is
proportional to the concentration of the oases. The reaction mixture was composed of 1 mL
of the sample, 1 mL of a 5% phenol solution, and 5 mL of sulfuric acid. The optical density
was measured at 490 nm. The values obtained were expressed into glucose concentrations
by reference to a previously established calibration curve.

5.5. Estimated of Total Proteins

The assay of total proteins in the enzymatic extracts was carried out according to the
method of Lowry et al. [70]. The principle of this method was based on the blue coloration
developed by proteins following a reaction between Folin’s reagent and amino acids. First,
5 mL of the reaction mixture (Lowry reagent) were added to 1 mL of the sample and
0.5 mL of Folin’s reagent diluted to 1

2 . The intensity of the coloration was proportional
to the protein concentration contained in the extracts after incubation for 30 min at room
temperature and protected from light. Absorbance was read at 750 nm. The concentration
was determined by reference to a calibration curve with BSA (bovine serum albumin).

5.6. Effect of Multiple Stress on Growth and Cellulase Production on Solid Medium

The influence of multiple stresses on cellulolytic activity in a solid medium was
determined on a CMC medium adjusted to pH 9, 400 mM NaCl, and incubated at 50 ◦C.
Demonstration of cellulolytic activity was carried out by spotting 2 µL of the bacterial
culture on CMC agar. Lugol’s solution and Congo red solution (1%) were used to reveal
the CMC hydrolysis zone that appeared around the colony, and the enzymatic index
was calculated as previously described. The enzymatic indices of single stress and the
combination of two and three stresses were compared to a control.
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5.7. Effect of Multiple Stress on Growth and Cellulase Production on Liquid Medium

The multiple stress tolerance of the strains in a liquid medium and their ability to
produce cellulases was evaluated by inoculating 100 µL of the bacterial suspension in
10 mL of CMC broth (1%) adjusted to pH 9 and 400 mM of NaCl incubated at 50 ◦C/72 h
under constant stirring. The bacterial growth was determined by measuring the OD at
630 nm. The cultures were centrifuged (5000 rpm/10 min), and the supernatant containing
the crude enzyme was used to determine the enzyme activity using the DNS method.

5.8. Effect of Various Cellulosic Substrates on the Production of Cellulases

The evaluation of the capacity of the strains to degrade various cellulosic substrates and
to produce cellulases was carried out by replacing the CMC by 1% of wheat bran, 1% of barley
bran, and 1% of corncob; the incubation was carried out at 30 ◦C/72 h under constant agita-
tion. After incubation, the cultures were first filtered to recover the non-degraded substrate,
which was then washed and dried at 30 ◦C and weighed daily until obtaining a constant
weight to determine the percentage of degradation. The cultures were then centrifuged at
5000 rpm/15 min, the pellet was dried at 30 ◦C and weighed daily until obtaining a constant
weight to determine the amount of biomass, and the supernatant containing the enzyme and
the proteins was used to determine the enzyme activity and protein concentration, which
were estimated as previously described. The specific activity was calculated according to
Islam and Roy [71] as follows: enzyme unit (U/mL)/protein (mg).

5.9. Statistical Analysis

All experiments were performed in duplicate, with results expressed as mean ± standard
deviation (SD); statistical analysis of data was performed using IBM-SPSS v. 24, and two-way
ANOVA was used to identify variance between different treatments. Results were considered
significant when p-values were less than 0.05. Post hoc comparison tests of Tukey’s HSD test
were performed when a significant difference was found.

6. Conclusions

Microorganisms are very attractive for their immense potential production of cel-
lulases. Screening of the cellulase activity of 398 various isolates allowed to select five
high-performance strains belonging to the genus Bacillus. The physicochemical properties
of cellulases (crude extract) showed a CMCase active over a wide range of pH (4 to 11),
which was optimal at 50 ◦C and 60 ◦C. The residual CMCase activity remained between
40 and 70% in a temperature range between 40 and 70 ◦C and was stable over a wide
range of saline concentrations (0–2000 mM) and weakly affected by PEG8000. The enzy-
matic extract of our isolates was able to hydrolyze soluble and insoluble substrates and
appeared to be a mixture of endo and exo-cellulase type. Our isolates showed interesting
multiple-stress-tolerance properties and were moderately thermo-alkalo-halotolerant. The
significant potential of selected Bacillus strains to use lignocellulosic residues as a carbon
source has led to increased production of CMCases; therefore, these isolates can be used as
an eco-friendly source for biofuel and bioethanol production.

Further studies on purification, characterization of cellulase, identification of genes
involved in its production and stability, and its large-scale production and application in
different commercial fields constitute an interesting strategy. The purified cellulase can
be used for various purposes in detergent industries, food industries, and pharmaceutical
industries. Continued research on enzymatic engineering of cellulase after purification and
its investigation on genetic level seems fully interesting to boost production and enzyme
stability. Various studies have been made for the improvement of the stability of the enzyme
or the search for a stable enzyme. High activity and stability of cellulase enzymes between
neutral and alkaline pH and at high temperatures will be useful in various industrial and
biotechnology applications.
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