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Objectives: Thermal and pH stabilities are extremely important for the application of pectate lyase. In this
study, we aimed to obtain a strain that is able to produce pectate lyase with good pH stability.
Methods: In this study, screening for pectate lyase was performed using plate assays. Fermentation
parameters for pectate lyase production were optimized utilizing a single variable optimization. To get
insight into the pectate lyase, its enzyme property, purification, identification, and application were per-
formed.
Results: Bacillus altitudinis CAS-WZS-08, producing pectate lyase with good pH stability, was isolated. The
optimal fermentation conditions of CAS-WZS-08 are 4 g/L pectin, 20 g/L yeast extract, 2% inoculum size,
pH 7.0, and 33 �C, which the production of pectate lyase can reach up to 0.71 ± 0.001 U/mL. The optimal
pH and temperature of the pectate lyase were 10.0 and 60 �C, respectively. Stored at 4 �C, the pectate
lyase was able to keep its full enzyme activity for 24 h under a wide range of pH (4.0–10.0) condition.
With pH 10.0, this pectate lyase was stable under 30-45 �C. In addition, it can be activated by Mn2+,
Cu2+, Co2+, and Ca2+, while inhibited by Fe3+, Ba2+, and Mg2+. Later, the electrophoretic pure protein
was acquired through ammonium sulfate precipitation, cation exchange column, and Sephadex G-75.
Liquid chromatography tandem-mass spectrometry (LC/MS-MS) further confirmed that the purified pro-
tein was pectate lyase with a molecular weight of � 40 kDa. At last, the result of pectate lyase in extract-
ing apple juice demonstrated that it has an excellent juice extraction ability.
Conclusion: This study provides an excellent pH-stable pectate lyase with good thermal stability that is a
potential candidate for industrial applications.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Enzymes, catalyzing substances to products specifically and in
an environmentally friendly manner, have an extensive range of
applications (Uzuner and Cekmecelioglu, 2019). Pectate lyase plays
a significant role in current industries, such as paper making,
wastewater treatment, textile processing, wine clarification, ani-
mal feed industry, and coffee or tea fermentation (Hugouvieux-
Cotte-Pattat, et al., 2014; Wu, et al., 2020). The catalytic attributes
and stability of pectate lyase in various physio-chemical environ-
ments are significant for their commercialization (Xiang, et al.,
2019). In particular, the temperature stability and pH stability
are extremely vital for its application. For example, the degum-
ming process is usually executed at a temperature from 40 �C to
70 �C and in alkaline pH conditions (8–11) (Bekli, et al., 2019;
Wu et al., 2020).

The methods for obtaining pH stability of pectate lyase includ-
ing immobilization, rational protein design or directed enzyme
evolution, isolation newly strains, and so on. Through these meth-
ods, some studies on the pH stability have been reported with
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promising results. Ran et al., (2017) immobilized alkaline poly-
galacturonate lyase to the surface of bacterial polyhydroxyalka-
noate nanogranules, enhancing the thermostability and pH
stability under certain conditions. Rational protein design and
directed enzyme evolution were reported in improving the stabil-
ity of pectate lyase (Zhou and Wang, 2021). Screening new strains
for obtaining special enzyme is another efficient method due to the
abundant microbial resources. Zhou et al., (2017) reported the B.
subtilis PB1with a broad pH stability from pH 5 to pH 11, maintain-
ing 80% relative enzyme activity after 2 h. Sasaki et al., (2015)
screened a strain of Georgenia muralis JAM 3H7-3 that could pro-
duce the pectate lyase with an optimal pH of 10.0 and was stable
at pH 6.5–11.0. Therefore, screening pectate lyase with good stabil-
ity is great significance for the practical application of enzymes.

In this study, an excellent pH-stable pectate lyase with good
thermal stability, secreting from Bacillus altitudinis CAS-WZS-08,
was reported. CAS-WZS-08 was preserved in China General Micro-
biological Culture Collection Center (CGMCC NO. 22763). The cul-
ture medium and conditions were optimized using single-factor
analysis for obtaining higher production. Enzyme property and
purification were performed in a subsequent study. Finally, the
pectate lyase was displayed through sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and detected using LC-
MS/MS. This study provides an excellent pH-stable pectate lyase
with good thermal stability. It also provides candidate for research-
ing the mechanism of pH stability in the future.
2. Materials and methods

2.1. Media and reagents

Isolation medium: pectin (galacturonic acid � 74.0%, Shanghai
Macklin Biochemical Co., Ltd.) 2 g/L, (NH4)2SO4 10 g/L, NaCl 2 g/L,
KH2PO4 0.3 g/L, K2HPO4 1.0 g/L, MgSO4 0.3 g/L, FeSO4 0.1 g/L, agar
15 g/L, pH 7.0, sterilized at 115 �C for 30 min. Primary fermentation
medium: pectin 2 g/L, (NH4)2SO4 10 g/L, NaCl 2 g/L, KH2PO4 0.3 g/L,
K2HPO4 1.0 g/L, MgSO4 0.3 g/L, FeSO4 0.1 g/L, pH 7.0, sterilized at
115 �C for 30 min. Regents were purchased from Sinopharm Chem-
ical Reagent Co., Ltd. Shanghai, China.
2.2. Isolation and identification of strain

2.2.1. Isolation the strains
Samples were gathered from the tobacco leaf conserved in the

laboratory, and rotting leaves were acquired from the park of Qing-
dao Institute of Bioenergy and Process Biotechnology. The ability of
strain to secrete pectate lyase was measured using congo red and
NaCl for measuring the Hc value (Prajapati, et al., 2021). Each mea-
surement was carried in triplicate.
2.2.2. Identification of strain
The strain was identified according to the 16S rRNA gene

sequence and tested the biochemical characteristics using micro-
bial biochemical identification tubes (Qingdao Hope Bio-
Technology Co., Ltd., China), including the voges-proskauer (V-P),
citrate, propionate, D-xylose, L-arabinose, D-mannose, gelatin liq-
uefaction, 7% NaCl, nitrate reduction, amylolysis, resistance to
antibiotics (Ampicillin 100 ug/mL; Chloramphenicol 34 ug/mL;
Kanamycin 35 ug/mL; Spectinomycin 50 ug/mL), and gram stain-
ing. The temperature and pH range of strain growth were studied
under diverse temperature and pH. The phylogenetic tree was con-
structed through MEGA 7.0 (Kumar, et al., 2016) using the
neighbor-joining method and 1000 bootstrap analysis.
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2.3. Determination the enzyme activity

Enzyme activity was measured using the 3, 5-dinitrosalicylic
acid (DNS) method. To obtain the crude enzyme, 1.0 mL of freshly
grown culture was centrifuged at 10, 000 rpm for 10 min. The sub-
strate was prepared by mixing 0.1% (w/v) pectin in Glycine-NaOH
buffer (50 mmol/L). The control experiment was prepared using a
deactivated enzyme (100 �C, 5 min) instead of the normal pectate
lyase. The supernatant (10 ll) was mixed with 500 ll substrate
and incubated at 60 �C for 30 min. Adding the DNS solution
(500 ll), then boiled the reaction mixture 5 min for detecting the
absorbance at 540 nm. Enzyme activity (U/mL) is defined as the
amount of enzyme required to catalyze the substrate to form
1 lmol of galacturonic acid per minute under the given conditions.

2.4. Effects of fermentation parameter

To obtain a higher enzyme activity, fermentation parameters,
including pectin concentration, nitrogen types, nitrogen concentra-
tion, the initial pH of the media, inoculum size, and culture tem-
perature, were determined step by step using single-factor
analysis at one time (El-Ghomary, et al., 2021). The pectin concen-
tration was designed for 2, 4, 6, 8, and 10 g/L. Nitrogen types,
including urea, NH4Cl, (NH4)2SO4, yeast extract, tryptone, and beef
powder, were measured at 10 g/L. In nitrogen concentration, seven
concentrations were designed, including 4, 8, 12, 16, 20, and 24 g/L.
Initial pH of the media was set to 5, 6, 7, 8, 9, and 10. Moreover, the
inoculum size (v/v), including 1%, 2%, 3%, 4%, 5%, 6%, and 7%, were
performed. Experiments were performed in triplicate (n = 3). Sta-
tistical analysis was carried out using analysis of variance in SAS
studio. The p-values were compared to the significance level of
5% and used to determine the significance.

2.5. Characterization of enzyme property

Regarding the enzyme properties, the optimum temperature
and stability in temperature, the optimum reaction pH and pH sta-
bility, the effects of metal ions on enzyme activity, and effects of
buffer concentration were organized.

The optimum temperature was determined from 45 to 60 �C
(tested in interval of 5 �C) in Glycine-NaOH (50 mmol/L, pH 9.0).
To determine the temperature stability, the crude enzyme was
preincubated at 30 �C, 35 �C, 40 �C, 45 �C, 50 �C, 55 �C, and 60 �C,
determining the remaining enzyme activity. The optimum pH
was determined at 60 �C for 30 min in different buffers
(50 mmol/L) with pH from 3.0 to 10.5, including Na2HPO4-Citric
acid, KH2PO4-NaOH, Tris-HCl, and Glycine-NaOH (Jadhav and
Pathak, 2019). The pH stability was determined by measuring the
relative enzyme activity (Jalil and Ibrahim, 2021) after the enzyme
incubation at 4 �C at different pH buffer from 3.0 to 10.0. The
enzyme activity without preincubation was defined as 100%. Metal
ion influences were calculated through 1 mM K+, Ca2+, Mg2+, Zn2+,
Mn2+, Cu2+, Ni2+, Fe2+, Fe3+, Ba2+, and Co2+ in the reaction mixture.
The buffer concentrations were set as 0, 50, 100, and 200 mmol/L
to determine the influence of buffer concentrations.

2.6. Purification of pectate lyase

To obtain the purified enzyme, several purification methods
were evaluated in this study. First, the ammonium sulfate precip-
itation was deployed with supernatant. The saturation of ammo-
nium sulfate, containing 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,
and 100%, was applied. Subsequently, the ion exchanger column
(HiTrap SP HP, 5 mL) was applied to obtain purified pectate lyase
using low-pressure liquid chromatography (2001-A-I, Shanghai
Jiapeng). Then, liner gradient elution was carried out at



Fig. 2. The phylogenetic tree of Bacillus altitudinis CAS-WZS-08.

Table 1
Physiological and biochemical characteristics
of CAS-WZS-08.

Biochemical Test Results

V-P –
Citrate –
Propionate –
D-xylose –
L-arabinose +
D-mannose +
Gelatin liquefaction +
7% NaCl +
Nitrate reduction +
Amylolysis –
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0.8 mL/min, and collection was carried out using a separator. After
that, the sample was purified through Sephadex G-75 with pH 7.2
(Tris-HCl, 50 mmol/L) at 0.3 mL/min. Each tube was collected after
10 min.

Protein content was measured by BCA (bovine serum albumin)
standard curve. The weight and purity of pectate lyase were mea-
sured using SDS-PAGE (X. Zheng et al., 2020).

2.7. Identification of pectate lyase through LC-MS/MS

The signal bond was cut off from the SDS-PAGE gel and sub-
jected to LC-MS/MS (Vogeser and Parhofer, 2007) analysis by Bei-
jing BGI Technology Co., Ltd. The top 23 charge ions from each
scan were selected for MS/MS (tandem-mass spectrometry) analy-
sis. Subsequently, MASCOT 2.2 (Matrix Science, London, UK) was
applied to search the MS/MS spectrum and identify the protein
by searching the Uniport.

2.8. Application of pectate lyase in extraction of apple juice

Two grams of apple pulp were incubated with 5 mL of partially
pure pectate lyase for 1 h at 50 �C. Apple juice was acquired by cen-
trifugation at 5,000 rpm for 30 min. After cooling at room temper-
ature, the volume of supernatant and the weight of residue
acquired were assessed (Rahman, et al., 2020).
Ampicillin, 100 ug/mL S
Kanamycin 35 ug/mL S
Chloramphenicol, 34 ug/mL S
Spectinomycin 50 ug/mL S
Gram staining +

Note: ‘+’ means positive, ‘-’ means negative.
‘S’ means sensitive.
3. Results

3.1. Screening of strains for pectate lyase

Through the primary and secondary screening, five strains were
obtained, including CAS-WZS-08, MEI-2–27, MEI-2–29, CAS-MEI-
2–33, and CAS-07, showing in Fig. 1. The CAS-WZS-08 strain had
a higher Hc value than others and was selected for further studies.

3.2. Phylogenetic tree and characteristics of the strain

Phylogenetic tree of CAS-WZS-08 was shown in Fig. 2. It had
96% similarity to B. altitudinis 41KF2b T. 23 MN543854.1:1–1423.
The sequence of the 16S rDNA was deposited in GenBank, with
SUB11024406 CAS-WZS-08 OM462373. The physiological and bio-
chemical characteristics were shown in Table 1. L-arabinose, D-
mannose, gelatin liquefaction, nitrate reduction, and gram staining
were positive, it also could grow under 7% NaCl. Other tests were
negative, including V-P, citrate, propionate, D-xylose, and
amylolysis. Antimicrobial susceptibility tests demonstrated that
CAS-WZS-08 was susceptible to ampicillin, chloramphenicol,
kanamycin, and spectinomycin.
Fig. 1. Hc value in pectin isolation medium.
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3.3. Growth characteristic of CAS-WZS-08

The strain grows in a range of pH 5.0 to pH 10.0. The highest
biomass was 4.75 ± 0.12 at pH 7.0, while it was markedly inhibited
at pH 10.0 (Fig. 3a). The influence of temperature shown that the
CAS-WZS-08 grown better at 33 �C (Fig. 3b).
3.4. Optimization of fermentation conditions

The results of fermentation parameter were shown in Fig. 4,
including the pectin concentration, nitrogen source, nitrogen con-
centration, medium pH, inoculum size, and culture temperature.
Pectate lyase activity was highest (0.064 ± 0.002 U/mL) at 4 g/L
pectin than other (Fig. 4a). Yeast extract, with 0.263 ± 0.013 U/
mL enzyme activity, was better than the tested media (Fig. 4b).
Organic nitrogen sources were better than inorganic nitrogen in
the experiments. The enzyme activity was enhanced 4.1-fold com-
pared to that under a 4 g/L pectin concentration. The influence of
yeast extract concentration on pectin lyase activity shown that
the enzyme activity increased gradually from 4 g/L to 20 g/L. The
highest enzyme activity was 0.54 ± 0.017 U/mL at 20 g/L
(Fig. 4c). The effects of medium pH shown the enzyme activity
reached 0.69 ± 0.040 U/mL at pH 7.0 (Fig. 4d). Subsequently, the
influence of inoculum size on enzyme activity was shown in
Fig. 4e, and the highest enzyme activity was obtained with
0.79 ± 0.001 U/mL at 2% (v/v). Finally, the influences of culture
temperature from 27 �C to 47 �C were shown in Fig. 4f. The enzyme
was no significant difference in enzyme activity between 27 �C and
40 �C, otherwise, it was significantly declined with the temperature
exceeded 44 �C.



Fig. 3. The growth of CAS-WZS-08. (a). Growth under different pH conditions; (b). Growth under different temperatures.
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3.5. Enzyme properties

Enzyme properties were shown in Fig. 5. Under the experiment,
the pectate lyase increased gradually with increasing temperature
until 60 �C (Fig. 5a). The results of different pH buffer on enzyme
activity demonstrated that it was an alkaline pectate lyase, with
the highest enzyme activity occurred in pH 10.0 (Fig. 5b). The
activity was also affected by the category of the buffer. The Tris-
HCl was more suitable for pectate lyase activity than KH2PO4-
NaOH and Glycine-NaOH. Enzyme activity was activated by
Mn2+, Cu2+, Co2+, and Ca2+. Especially in the Mn2+ condition, the
enzyme activity was 2.11-fold that of the control. It was inhibited
by Fe3+, Ba2+, and Mg2+, especially Fe3+, in which the pectate lyase
activity was only 18% of the control. K+, Zn2+, Ni2+, and Fe2+ have
little effect on enzyme activity (Fig. 5c). The enzyme activity was
also affected by buffer concentration, and the highest activity
occurred at 50 mmol/L (Fig. 5d). Temperature stability demon-
strated that it was stable at 30-50 �C, especially since the enzyme
activity was not affected at 30 �C and 35 �C after 180 min (Fig. 5e).

Pectate lyase has a wide range of stability from pH 4.0–10.0 at
4 �C, maintaining 100% relative enzyme activity after 24 h incuba-
tion (Fig. 5f). The studies on the stability of pectate lyase were
summarized in Table 2, including isolation and heterogeneous
expression in bacteria.

3.6. Purification and characterization of pectate lyase

To obtain purified pectate lyase, ammonium sulfate fractional
precipitation, cation exchange column, and Sephadex G-75 were
applied (Fig. 6). The pectate lyase activity was markedly decreased
when the ammonium sulfate saturation reached 50% in the super-
natant (Fig. 6a). When the saturation reached 70%, the pectate
lyase activity diminished to 0 in the supernatant, while the relative
activity in the corresponding precipitation reached 93.17%
(Fig. 6a). Ultimately, the saturation of ammonium sulfate precipita-
tion was determined to be 50%-70% (Fig. 6a). Subsequently, the
crude enzyme was further purified by cation exchange column
and Sephadex G-75 (Fig. 6b, 6c). The collection tubes were detected
through enzyme activity and SDS-PAGE (Fig. 6d). In the purification
process, the enzyme activity and protein content were measured as
shown in Table 3. The 1.5 L fermentation liquid was obtained
under optimal fermentation conditions, with 927.71 U total
enzyme activity and 12936.72 lg protein content. After ammo-
nium sulfate precipitation, 50 mL dialysate was obtained with
221.41 U and 245.30 lg protein. After cation exchange column,
the total enzyme activity was 65.09 U with 61.33 lg protein con-
tent, and the purification factor was 14.80 with 29.39% yield. After
Sephadex G-75, 18.54 U total activity was obtained in 7.51 lg
4

protein with 34.41 purification factor. The purification steps were
shown in Fig. 6d with � 37 kDa. LC/MS-MS results showed that
the molecular weight of the pectate lyase was 40 kDa with the
accession NO. Q56806, which was consistent with the SDS-PAGE
results. The matched proteins with a prot-score � 32 were
selected, and their detail information were listed in Table S1.

3.7. Application of pectate lyase in extraction of apple juice

Many studies have investigated the effect of pectinase on the
yield of fruit juice, including diverse of treatment conditions, the
enzyme concentration, and the kinds of enzyme. In this work, the
apple juice yield (treated by pectate lyase) increased by 8.29% com-
pared with untreated. The enzyme hydrolysis the pectin of cell
wall, releasing the sap inside the cells of pulp, increasing the juice
yield (Sharma et al., 2017). The results showed that pulp treated
with pectate lyase exhibited better pressing characteristics
(Table 4). The weight of residue reduced considerably after enzyme
therapy of apple pulp as contrasted with controlling. Rahman et al.
(2020) reported that apple juice yield increased by 11.54% through
the pectinase, secreting from Bacillus subtilis subsp. Makebe et al.,
(2020) reported the treatment conditions of soursop pulp using
pectinase, including enzyme concentration, temperature, and time,
with the 75.20% yield. Mohanty et al., (2018) reported that palm
was treated with pectinase and cellulase, and the juice yield
reached 87.9 ± 0.66% under optimized conditions. To get better
result in the latter studies, the treatment conditions of pectate
lyase still need more detailed study.

4. Discussion

4.1. The production of pectate lyase in strain

The production capacity of screened strain was an important
parameter (Rebello et al., 2017). In this study, the fermentation
condition for higher pectate lyase activity was determined, with
activities ranging from 0.03 ± 0.01 U/mL to 0.79 ± 0.001 U/mL. Nev-
ertheless, compared with previous studies, the production should
be optimized for higher yield. A pectin-rich substrate, such as
lemon peel, wheat bran, and orange bagasse, should be utilized
instead of pure pectin (Muslim, et al., 2015, Ferreira, et al., 2010).
Thite et al., (2020) reported the strain to generate the xylanase
and pectinase with four different agro-waste biomasses. The pecti-
nase activity was 220–280 units using the citrus peel. Li et al.,
(2020) reported that the highest yield of pectinase produced by
A. niger NRRL 322 was 9.5 U/mL using soybean hull. Jadhav
(2019) screened the B. licheniformis UNP-1 with the 55.2 U/mL
pectinase activity. However, the studies on pectate lyase



Fig. 4. The optimum condition of CAS-WZS-08 for pectate lyase activity. (a). Pectin concentration. (b). Nitrogen source. (c). Yeast extract concentration. (d). Medium pH. (e).
Inoculum size. (f). Cultivation temperature. Note: Identical letters indicate a lack of significant difference.
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production using agricultural wastes or industrial wastes were
limited. To obtain a relatively high fermentation yield, the method
of response surface design was used. For example, plackett burman
design and central composite design were carried out for optimiza-
tion of pectate lyase production in B. subtilis PB1 with 19.50 ± 0.28
U/ml activity (Zhou et al., 2017). In the latter study, the higher pec-
tate lyase activity from CAS-WZS-08 might be researched using
statistical methods.

4.2. Property of the pectate lyase

Temperature and the pH determine the changes in enzyme
activity collectively. The collision between enzyme and sub-
5

strate was encouraged due to the temperature increased,
increasing enzyme activity. However, when a certain limitation
was reached, the tertiary structure of the protein was damaged,
destroying the enzyme activity (Peterson, et al., 2007). Alkaline
pectate lyase is generally applied in textile refining, wastewater
treatment, and tea or coffee fermentation (Wu et al., 2020;
Zheng et al., 2021). The stability of pectate lyase is extremely
important for its application. Zhou et al., (2017) reported the
pectate lyase maintained 90% relative activity at 50 �C after
2 h. Prajapati et al., (2021) reported the pectate lyase was
stable at pH 4.0–10.0, with 80% relative enzyme activity after
3 h. Zhou et al., (2017) isolated B. subtilis PB1 strain at pH
5 � 11 after 2 h. In this study, the pectate lyase has a wide



Fig. 5. Pectate lyase properties of CAS-WZS-08. (a). Optimal temperature. (b). Optimal buffer pH. (c). Metal ions. (d). Buffer concentration. (e). Temperature stability. (f). pH
stability.
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range of stability from pH 4.0–10.0 at 4 �C. The pH stability not
only has a great advantage for storage but also has a wide
selection in purification. This result is also a basis for research-
ing the mechanism of pH stability to further enhance the stabil-
ity of industrial enzymes.

Among the different roles that metal ions can play in the cat-
alytic event, the most common is their ability to orient the sub-
strate correctly for the reaction, exchange electrons in redox
reactions, and stabilize negative charges (Prejanò, et al., 2020).
Bacterial pectate lyase works predominantly requires Ca2+ ions,
which could acidify the C5 proton of galacturonic acid binding
to the + 1 subsite of pectate lyase (Bekli et al., 2019; Zheng,
et al., 2021). Ca2+ also was important for pectate lyase producing
with CAS-WZS-08.
6

5. Conclusion

In this study, a pH-stable alkaline pectate lyase with good ther-
mal stability was obtained. It has broad pH stability between pH
4.0 and pH 10.0. This alkaline pectate lyase had the highest enzyme
activity at 60 �C, pH 10.0. In addition, the pectate lyase was acti-
vated by Mn2+, Cu2+, Co2+, and Ca2+, but was inhibited by Fe3+,
Ba2+, and Mg2+. This study provided a new strain that generated
a fairly pH-stable alkaline pectate lyase. At last, the results of pec-
tate lyase application in extracting apple juice demonstrated that it
has an excellent juice extraction ability. All the results indicated
that the enzyme is not only a potential candidate for researching
the mechanism of pH stability to further enhance the stability of
industrial enzymes, but also for industrial applications.



Table 2
Pectate lyase properties with acid-base stability and thermal stability in previous studies.

Organism Optimal
Tm

Temperature stability Optimal
pH

pH stability Reference

Isolation B. subtilis PB1 50 �C 50 �C � 2h � 90% 9.5 pH 5.0–11.0 � 2 h � 80% (M. Zhou et al., 2017)
Georgenia muralis JAM 3H7-3 50 �C / 10.0 pH 6.5–11.0 � 40 �C � 1h (Sasaki et al., 2015)
B. tequilensis SV11 60 �C 50 �C � 24 h � 50% 9.0 pH 11.0 � 24 h � 75% (Chiliveri and Linga, 2014)
B. pumilus BK2 70 �C 30 �C � 75 h � 50% 8.5 / (Klug-Santner et al., 2006)
CAS-WZS-08 60 �C 50 �C � 3h � 65.39% 10.0 pH 4.0–

10.0 � 4 �C � 24 h � 100%
This study

Heterogeneous
expression

E. coli (Paenibacillus sp. 0602
G241A)

67.5 �C 60 �C � 61.86 min � 50% / / (Zhou and Wang, 2021)

E. coli (Paenibacillus polymyxa
KF-1)

40 �C 40 �C � 60 min > 50% 10.0 pH 5.00–11.0 � 25 �C (Y. Yuan et al., 2019)

E. coli (Antarctic
bacterium)

30 �C 40 �C � 10 min � 0% 10.0 pH 9–10.5 � 4 �C � 70% (Tang et al., 2019)

A. luchuensis var. saitoi 30 �C 60 �C � 60 min � 71% 8.0 pH 6–
12 � 4 �C � 24 h � 80%

(Kamijo et al., 2019)

E. coli (Paenibacillus polymyxa
KF-1)

50 �C < 50 �C 9.0 pH 5.0–11.0 � 24 h � 50% (Yan et al., 2018)

E. coli (Bacillus clausii) 70 �C 75 �C � 30 min � 140% 10.0 pH 6.5–
11.5 � 30 �C � 6h � 80%

(C. Zhou, Xue, & Ma, 2017)

P. pastoris (Volvariella
volvacea)

60 �C 40 �C � 1h � 60% 10.0 pH 4.0–
11.0 � 4 �C � 24 h � 80%

(Shi, Hu, Zheng, Long, &
Ding, 2015)

E. coli (Paenibacillus sp. 0602) 65 �C 50 �C � 9h � 50% 9.8 pH 7.1–
11.6 � 45 �C � 1h � 80%

(X. Li et al., 2014)

E. coli (Streptomyces sp. S27) 60 �C 50 �C 10.0 pH 7.0–
12.0 � 37 �C � 1h � 55%

(P. Yuan et al., 2012)

B. subtilis WB600 (Bacillus
subtilis)

50 �C 50 �C � 2h � 65% 9.0 pH 7.0–10.0 � 80% (Liu et al., 2012)

Note: ‘‘/” means not mentioned.

Fig. 6. Purification of pectate lyase from CAS-WZS-08. (a). Ammonium sulfate fractional precipitation. (b). Cation exchange column. (c). Sephadex G �75. (d). SDS-PAGE. M:
Marker, 1: Fermentation liquid. 2. Ammonium sulfate precipitation. 3: Cation exchange column. 4. Sephadex G �75.

Table 3
Purification of extracellular alkaline protease from CAS-WZS-08.

Total activity (U) Total protein (lg) Specific activity (U/mg) Purification fold Yield (%)

Fermentation liquid 927.71 12936.72 71.71 1
Ammonium sulfate 221.41 245.30 902.61 12.59 23.87
Cation exchange column (pH 6.0) 65.09 61.33 1061.27 14.80 29.39
Sephadex G-75 18.54 7.52 2467.437 34.41 28.48
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Table 4
Extraction of juice from treated and untreated apple pulp.

Apple juice extraction

Untreated Treated by pectate lyase

Volume of pulp (mL) 7.00 7.00
Volume of juice (mL) 5.79 ± 0.06 6.37 ± 0.03
Weight of residue (g) 0.61 ± 0.01 0.31 ± 0.01
Juice yield (%) 82.71% 91.00%
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