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Production, statistical
optimization, and functional
characterization of alkali stable
pectate lyase of Paenibacillus lactis
PKC5 for use in juice clarification

Priyanka Sheladiya?, Chintan Kapadia'*’, Vimal Prajapati?, Hesham Ali El Enshasy®**,
Roslinda Abd Malek?, Najat Marraiki®, Nouf S. S. Zaghloul’ & R. Z. Sayyed®™*

Pectate lyase is a hydrolytic enzyme used by diverse industries to clarify food. The enzyme occupies a
25% share of the total enzyme used in food industries, and their demand is increasing gradually. Most
of the enzymes in the market belong to the fungal origin and take more time to produce with high
viscosity in the fermentation medium, limiting its use. The bacteria belonging to the genus Bacillus
have vast potential to produce diverse metabolites of industrial importance. The present experiment
aimed to isolate pectate lyase-producing bacteria that can tolerate an alkaline environment at
moderate temperatures. Bacillus subtilis PKC2, Bacillus licheniformis PKC4, Paenibacillus lactis

PKC5, and Bacillus sonorensis ADCN produced pectate lyase. The Paenibacillus lactis PKC5 gave the
highest protein at 48 h of incubation that was partially purified using 80% acetone and ammonium
sulphate. Purification with 80% acetone resulted in a good enzyme yield with higher activity. SDS-
PAGE revealed the presence of 44 kDa molecular weight of purified enzyme. The purified enzyme
exhibits stability at diverse temperature and pH ranges, the maximum at 50 °C and 8.0 pH. The metal
ions such as Mg?*, Zn?*, Fe?*, and Co?** significantly positively affect enzyme activity, while increasing
the metal ion concentration to 5 mM showed detrimental effects on the enzyme activity. The organic
solvents such as methanol and chloroform at 25% final concentration improved the enzyme activity.
On the other hand, detergent showed inhibitory effects at 0.05% and 1% concentration. Pectate
lyase from Paenibacillus lactis PKC5 had Km and Vmax values as 8.90 mg/ml and 4.578 pmol/ml/min.
The Plackett-Burman and CCD designs were used to identify the significant process parameters, and
optimum concentrations were found to be pectin (5 gm%) and ammonium sulphate (0.3 gm%). During
incubation with pectate lyase, the clarity percentage of the grape juice, apple juice, and orange juice
was 60.37%, 59.36%, and 49.91%, respectively.

Pectin and pertinacious materials are the matrices of D-galacturonic acid joined by a-(1-4)-linkage and major
components of the middle lamella of plant tissues'. It comprises various carbohydrates viz, arabinose, rhamnose,
xylose, and galactose joined to the acidic backbone and accounts for almost 4% weight of the fresh fruits and
major constituents of fruits, fibers, and vegetables®. The apple, carrot, and citrus fruits have the highest percent-
ages of pectin, ranging from 32.0 to 35.0%". Their peel and pulp contain significant portions of pectin, which
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provide strength and stability to the tissue*. The pectin parts must be removed from the pulp and peeled for
industrial application.

Pectate lyase (PL) (E.C. 4.2.2.2.) is an enzyme that catalyzes the f-elimination of de-esterified pectin made up
of acidic a-1-4 linked polygalactosyluronic; this results in the formation of unsaturated 4,5-d-galacturonate as
the end product via transelimination®. The enzyme belongs to the PL1 family that does not require galacturonic
acid residues’ methyl esterification. Pectate lyase of PL9 and PL1 family act exogenously and endogenously,
respectively®. Pectate lyase of the PL1 family produced by bacteria is the most studied endo-acting enzyme. .
Polygalacturonase is the most abundant pectinolytic enzyme which hydrolyses a-1, 4-glycosidic bonds in pectic
substances’.

Pectin degrading enzymes like Polygalacturonase, pectate lyase, and pectin methyl esterases are produced
predominantly by Bacillus sp. And have been reported by various researchers®!!. However, many researchers
have not explored Paenibacillus lactis for its pectate degrading ability, which could be a suitable candidate for
juice clarification.

Enzymes are the main components for the textile, pulp, pharmaceutical, paper, and food industries. The
food and beverage processing enzyme market size was around 1417.7 million USD in 2020 and would likely
reach 1657.3 million USD by 2027. Of these food enzymes, pectinase or pectate lyase accounts for 25% market
share, and these enzymes are produced by microbial fermentation. Pectate lyase enzymes are used in different
applications like extraction and clarification of the fruit juices'>'®, degumming of fibers', bleaching of paper
pulp??, coffee and tea fermentation'®, and oil extraction!”. Alkaline pectate lyase is usually produced by bacteria
but made by some filamentous fungi and yeasts'®. Marketable enzymes producing bacterial strains are always
favored over fungal strains due to ease of fermentation procedure, purification process, scale-up, knowledge of
strain handling and improvements, and cheap source of nutrients'.

Pectin is broken down by applying the enzymes to the fruit pulp; thus, the viscosity decreases due to soften-
ing and solubilization of the fruit pulps and increasing clarification. The traditional methods of clarifying pectin
involve various steps such as centrifugation separation, which sometimes leads to a change in the taste and aroma
of the juice. Moreover, it involves a higher cost than the enzymatic process. The industrial application always
demands a cost-efficient method; thus, enzyme manufacturer wants the product optimization condition to be
standardized with low input cost and better purity. The pectate lyase enzymes with low production costs is still a
new experiment area. An essential aspect during cost reduction may be succeeded by using high yielding strains,
optimal fermentation environments, and inexpensive raw materials as a carbon and nitrogen source for growing
microorganisms. The conventional method relies on optimizing culture media by altering a single component
that seems laborious, leads to an error during analysis, and cannot infer the interaction effects of components.
Therefore, Response surface methodology (RSM) plays an essential role in determining the interaction effects
of each component with a limited number of flasks. This gives accurate results with concurrent analysis of every
component. The present experiment also extended the finding by performing RSM to determine the cheapest
source of raw materials for the highest pectate lyase activity under assay conditions.

Material and methods

Sample collection and screening of microorganisms. The soil samples were collected from the high
saline area around Dandi seashore, Navsari, India. The samples were serially diluted to 10* to 10° and spread on
the Luria-Bertani (LB) agar plates (pH 9.0) followed by incubating at 37 °C for 48 h. Different colonies were
selected based on their colony morphology and subculture on LB media plates. The distinct and well separated
organisms were streak on to primary screening plates (PSP) containing NaNO; 0.5%, KCI 0.05%, MgSO4 0.05%,
K,HPO, 0.1%, tryptone 0.05%, pectin 1%, and Agar 1.5% (pH 9.0) and incubated at 37 °C for 48 h. One of the
incubated plates from each organism was flooded with iodine-potassium iodine solution. The clear zone around
the colonies indicated the pectate lyase producers. The colonies were re-streaked and again screened to further
confirm the pectate lyase activity. The overnight grown culture with pectate lyase activity was maintained as
glycerol stock (50%) and stored at —20 °C for further use.

Molecular characterization of selected bacteria. The potential isolates were further studied for Phy-
logenetic analysis using 16S rRNA sequencing. Briefly, the genomic DNA was isolated by suspending organisms
in Lysozyme-SDS-Proteinase K (LSP) buffer and incubated at two successive temperatures of 37 °C and 65 °C for
30 min. each followed by purification. The samples were observed on 1% agarose gel. The 10 ng of genomic DNA
was amplified with 1 Picomole 27F primer (5 AGAGTTTGATCCTGGCTCAG3’), 1 Picomole 1492R primer (5’
TACCTTGTTACGACTT 3’), 2 pl of assay buffer (10x), 1 unit of Taq DNA polymerase, 250 uM dNTP mix. The
amplified product was resolved on 1.5% agarose gel and purified using a DNA purification kit (SLS Research Ltd.
Surat, India). The fragmentswere sequenced at SLS Research Ltd. Surat, India, and submitted to the NCBI using
Banklt to assign accession numbers (https://www.ncbi.nlm.nih.gov). The neighbor-joining method developed a
phylogeny tree using the Molecular Evolutionary Genetics Analysis software (MEGA 7) tool®.

Estimation of pectate lyase activity. The pectate lyase activity was measured by incubating 100 pl of
crude Protein with 900 pl of assay buffer containing pectin 1% at 50 °C for 10 min. The amount of galactu-
ronic acid released under assay conditions was estimated following the Dinitrosalicylic acid (DNSA) method?'.
The absorbance of the reaction was measured at 540 nm on a spectrophotometer (Model UV-2600; Shimadzu,
Japan). The pectate lyase activity was determined by comparing the values with the standard graph prepared
from the known concentration of galacturonic acid. The total protein was measured using the Lowry method?*
by considering absorbance at 650 nm. The standard graph was prepared using bovine serum albumin as stand-
ard. One unit of pectate lyase activity was monitored by the amount of enzyme required to liberate 1 umol of
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Variables | Components (gm%) | + -
X1 Pectin 1.0 0.25
X2 NaNO; 2.0 0.25
X3 (NH,),S0, 50 |1.0
X4 Tryptone 2.0 0.50
X5 MgSO, 03 |0.05
X6 KH,PO, 1.0 |0.05
X7 K,HPO, 1.0 |0.05
X8 CaCl, 0.25 |0.01
X9 FeSO, 0.5 0.1

Table 1. Media components and their levels for the Plackett-Burman experiments.

galacturonic acid per ml per minute under assay conditions (1U =1 umol/ml/min). Specific activity was defined
by the enzyme unit per milligram (mg) of Protein.

Preparation of inoculum and production media. The overnight grown culture was monitored for
their absorbance. The suitably diluted culture with OD 0.1 at 600 nm was transferred to a 150 ml flask contain-
ing 50 ml PSP production media. The inoculated flasks were incubated at 180 rpm at 37 °C. After incubation of
48 h, production media was centrifuged at 8000 rpm for 20 min at 4 °C for removal of microbial cells and debris.
The supernatant was collected and used as a crude enzyme source for further characterization.

Protein extraction and partial purification of the enzyme. The crude protein extracted from the
procedure, as mentioned earlier, was further purified using two different methods. The crude protein was mixed
with three volumes of ice-cold 80% acetone and 60% (w/v) Ammonium sulphate separately. Then, the mixture
was kept at 4 °C overnight, followed by centrifugation at 8000 rpm for 15 min. The precipitate of crude proteins
was suspended with 0.1 M Tris buffer (pH 8.5). The protein samples were dialyzed three times at lower tempera-
tures by repeatedly changing the buffer. This step provides partially purified enzymes.

Biochemical and functional characterization of pectate lyase determination of optimum pH,
temperature, and substrate concentration. The reaction mixture containing partial purified enzyme
and substrate was incubated at different temperatures (30 °C, 37 °C, 50 °C, 60 °C, and 70 °C) for 20 min. Simi-
larly, the substrate was dissolved in various buffer (0.1 M sodium phosphate buffer for pH 6.0 and 7.0, 0.1 M
Tris buffer for pH 8.0, 9.0, and 10.0) and incubated with purified enzyme for 20 min. The reaction product was
evaluated by the DNS method. Enzyme was incubated with different concentration of substrate (0.1%, 0.5%,
1.0%, 1.5%, 2.0%, 2.5%, and 3.0%) to determine K, and V,,, of the enzyme using Michaelis—-Menten equation.
The plot of 1/V versus 1/S was used to get optimum substrate concentration for better enzyme activity.

Effect of metal ions, inhibitors, and organic solvents on enzyme activity. To study the effect of
various activators and inhibitors on the activity of the enzyme, the pectate lyase was incubated for 1 h with 1 mM
and 5 mM concentrations of different metal ions such as Ca®*, Cu?*, Co?*, Mg**, Mn*', Zn**, Fe**, Hg**, Na’*
and Ba?'. Following the incubation, the enzyme activity was measured under standard assay conditions. The
organic solvents such as acetone, ethanol, DMSO, isopropanol, chloroform, and methanol at 25% final concen-
trationwere mixed with partially purified enzyme for 4 h; effects were evaluated as a change in relative enzyme
activity. The relative activity (%) was determined by dividing the enzyme activity in the presence of mentioned
compounds to the enzyme activity in control. Similarly, various detergents including SDS w/v (1%), tween 20,
EDTA, and  mercaptoethanol in v/v (1%) were incubated with partially purified enzymes for 1 h followed by
their activity evaluation under standard assay condition.

Molecular weight analysis using SDS PAGE. The molecular weight of the partially purified enzyme
was determined by performing 12% sodium dodecyl sulfate-Polyacrylamide gel electrophoresis (SDS-PAGE)
at 25 mA in the presence of Tris-Glycine buffer. The isolated protein bands were stained using CBB dye (0.25%
Coomassie Brilliant Blue R-250, 50% methanol, and 10% glacial acetic acid) for 3-4 h, followed by the de-stain-
ing solution containing 50% methanol and 10% glacial acetic acid. The molecular weight was compared with
known standard loaded in the first lane.

Statistical optimization of pectate lyase production. Assessing the significant media components for
pectate lyase production using Plackett-Burman [PB] methodology. The significant media components were
screened for the Pectate lyase production by the multifactorial PB design®. The variables included in the study
are pectin, NaNO;, (NH,),SO,, tryptone, MgSO,, KH,PO,, K,HPO,, CaCl,, and FeSO,, and their respective
higher (+) and lower (-) concentrations for PBD are presented in Table 1.
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Level of the components adopted

for CCD
Variables -a -1 |0 +1 | +a
Pectin -043 |05 275 |5 5.93

Ammonium sulphate | -0.25 | 0.3 |1.65 |3 3.55

Table 2. Level of the significant media component chosen for the RSM-CCD experiment.

Total 12 runs design having nine media components and two dummies for their higher and lower concentra-
tion considered for the experiment were depicted in Table 5, 6. Entire experiments were carried out in a 25 ml
media system in a 250 ml Erlenmeyer flask.

The 0.1 OD of the culture was inoculated, followed by incubation for 48 h at 37 °C. After incubation, the
enzyme was harvested, and pectate lyase production was evaluated using standard assay and represented as (tmol/
ml/min. The Plackett-Burman design is of first-order reaction, and the effect of each variable on the pectate lyase
production was determined. The standard error (SE) and the significances (p-value) of each variable concerning
their concentration were also calculated to identify the essential media components that drive the Pectate lyase
production. The variables with confidence levels greater than 99% were only considered to influence the enzyme
production significantly.

Level optimization of the screened components using response surface central composite design (RSM-CCD).  The
central composite design was adopted to observe the interactive effects of the media components, which were
found significant in the Plackett- Burman design (Table 5, 6). The minimum and maximum values of the sig-
nificant variable for the RSM-CCD experiment were decided from the Placket-Burman experiment. The five
different pectin and ammonium sulphate levels were considered to enhance pectate lyase production using Pae-
nibacillus lactis PKC5 through the CCD experiment and are depicted in Table 2.

CCD is a factorial design where the optimal response of the system is depicted in the form of counterplots
depending on linear or quadratic effects of the key components and is also supported by the model equation.
CCD comprises two F factorial points, 2 axial points (+«), and natural center points. The entire experiments
were outlined using Design Expert Software, v10 (Stat- Ease Inc; USA). A total of 14 experimental runs (Table 8)
were designed having a varying level of two media components, i.e., pectin and ammonium sulphate, keeping the
rest of the experimental condition constant (Table 9). The experiment was conducted in a 50 ml media system in
the 250 ml of Erlenmeyer flasks followed by incubation for 48 h at 37 °C. The enzyme production was estimated
using the standard assay procedure as described earlier.

Application of pectate lyase for clarification of various juices (% clarity). Fresh apple, orange, and grapefruit
juices were collected from the market and incubated at 65 C for 45 min to inactivate the enzymes and then
stored at 4 “C. The juices were treated with partially purified pectate lyase (1U/ml) and incubated at 50 “C for
1 h. enzyme additionThe juice without adding enzyme was considered as a control and assayed under the same
condition as the sample. Following the incubation, the juices (test and control) were incubated at 85 °C for 5 min
to stop the reactions. The juice clarity was determined by tacking absorbance at 440, 520, and 660 nm for apple
juice, 420, 520, and 660 nm for grape juice, and 660 and 540 nm for the orange juice®*.

ODofuntreatedjuice — ODoftreatedJuice
ODofuntreatedjuice

Clarity (%) = x 100

where, OD of Untreated Juice is the sample with no enzyme and incubation at 50 °C, OD of Treated Juice is a
sample with enzyme Incubated at 50 °C.

Results

Screening of bacteria. Most of the previous reports showed pectate lyase belongs to fungi origin, and less
number of papers deals with the alkaline Bacteria as a source of enzyme. The present study aimed to isolate and
screen alkaline bacteria for their potential to cleave pectate under alkaline conditions and media optimization
using RSM and characterization of partially purified enzymes. The present experiment was initiated by collect-
ing rhizospheric soil from the plants viz. Citrus aurantifolia, Syzygium cumini, and the hybrid Kinnow mandarin.
There were initially 50 distinguished colonies observed on the plates. Out of these isolates, only four isolates were
found to be most pectinolytic by iodine assay and observed as a clear zone around the colony (Fig. 1). The colony
diameter, as well as the hydrolytic zone, was calculated after 48 h of incubation. The two organisms named PK2
and PK5 gave similar and highest zone of lysis (Table 3).

Molecular analysis of selected microbes. The four organisms, PK2, PK4, PK5, and ADCN, were fur-
ther characterized at the molecular level using 16S rRNA gene sequences obtained from SLS research Pvt. Ltd.
The sequences were aligned to the NCBI database using the BLAST tool and showed above 90% homology with
Bacillus spec. In the database. The nucleotide sequences of the respective organism were submitted to the Gen-
eBank using the Banklt tool to obtain accession numbers. The Phylogenetic tree (Supplementary Figure Sla, S1b,
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Figure 1. Zone of Pectin hydrolysis on PSP agar medium of isolate (a) Bacillus licheniformis PKC4, Centre (b)
Bacillus subtilis PKC2, (c) Paenibacillus lactis PKC5 after Gram’s iodine staining.

Bacterial strain Colony diameter (mm) | Zone pf pectin hydrolysis (mm)
Bacillus subtilis PKC2 5.0 10.0

Bacillus licheniformis PKC4 | 4.0 7.0

Paenibacillus lactis PKC5 3.0 10.0

Table 3. Colony diameter and zone of hydrolysis.

=== Bacillus subtilis === Bacillus licheniformis
Paenibacillus === Bacillus sonorensis
0.14
0.12
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0.08
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Pectinase ((umol/ml/min)

pH

Figure 2. Effect of various pH on the activity of pectinase.

Slc, and S1d) was constructed using the neighbor-joining method through the MEGA 7.0 tool by considering 16
closely related sequences that appeared during local alignment from GeneBank Database.

The bootstrap consensus tree obtained from 1000 replicates and evolutionary distances were analyzed using
the maximum composite Likelihood method. The numbers mentioned at the nodes are considered bootstrap
support values of the tree obtained by 1000 inferred replications. The gaps and missing values were ignored dur-
ing the analysis. The Bacillus subtilis PKC2, Bacillus licheniformis PKC4, and Bacillus Sonorensis ADCN formed
distinct clades among the sequences taken for the analysis and thus could be considered as new strains. The
results indicated that Paenibacillus lactis PKC5 showed 100% similarity with Paenibacillus lactis strain MB1871
in Phylogenetic analysis.

Production of pectate lyase and activity determination. The four organisms were further evaluated
based on pectate lyase activity at diverse Temperatures and pH. The Bacillus subtilis PKC2 showed the high-
est activity at pH 9.0 and kept its 98.25% and 99.12% activity at pH 7.0 and pH 8.0, respectively while, 61.04%
activity was observed at pH 10.0. Bacillus licheniformis PKC4, Paenibacillus lactis PKC5, and Bacillus Sonorensis
ADCN gave the highest enzyme activity at pH 8.0 (Fig. 2). Further increase in pH had a negative impact on its
activity.
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Figure 3. Effect of temperature on the activity of pectinase.

Purification step Total Vol. (mL) | Total protein (mg) | Total activity (U) | Specific activity (U/mg) | Yield (%) | Purity fold
Crude broth 50 33 63.5 1.92 100 1

Acetone 20 7.36 23.19 3.15 36.52 1.64
(NH4),S0, 20 10.6 24.40 2.30 38.43 1.20
Dialyzed acetone 10 0.72 21.58 29.97 33.98 15.61
Dialyzed (NH,),SO, 10 1.2 18.96 15.80 29.85 8.23

Table 4. The partial purification summary of alkaline Pectate lyase.

The Pectate lyase activity from Paenibacillus lactis PKC5 was observed to be 88.24%, 89.00%, 95.80%, and
92.44% at pH 6.0, 7.0, 9.0, and 10.0 respectively. The stability of enzymes at different pH was considered advanta-
geous for their industrial application; hence Paenibacillus lactis PKC5 was selected for further characterization
and applications. Pectate lyase activities from all the isolates were examined for their optimum temperature of
pectin hydrolysis. The enzyme showed activity between 30 and 70 °C and was found to be maximum at 50 °C.
There was a slight decrease in the enzyme activity of Paenibacillus lactis PKC5 with changes in the temperature
and keeps 79.03% activity at 30 °C and 58.06% activity at 70 °C (Fig. 3). A similar pattern of activity at diverse
conditions was observed from the different organisms under study. Therefore, the enzyme Pectate lyase from
Paenibacillus lactis PKC5 was moderately thermotolerant and alkaline.

Enzyme purification. The enzyme production was carried out in the PSP media with 1% pectin as a sole
carbon source in an orbital shaker incubator for 48 h. The media from incubated flask were centrifuged at
8000 rpm for 15 min to obtain cell-free supernatant. The supernatant was considered a crude enzyme and par-
tially purified using two separate methods. The purification summary of pectate lyase is mentioned in Table 4.
It was inferred from the table that the acetone method gave 7.36 mg protein while ammonium sulphate based
purification yielded 10.6 mg protein. The dialyzed sample also showed the same trend of purification. There was
not much difference in the total activity, but specific activity was higher with acetone (29.97 U/mg) based puri-
fication step compared to ammonium sulphate method (15.80 U/mg). This table and the purification summary
values indicated that the acetone-based method had decent advantages over the ammonium sulphate method
for active enzyme purification. The partially purified enzyme was further evaluated for its biochemical and func-
tional characterization.

Biochemical and functional characterization of pectate lyase. Effects of substrate concentrations,
michaelis—-menten constant (Km) and Vmax. The enzyme activity was increased as soon as the substrate con-
centration increased to 2-3% pectin. Further increases in the pectin exhibited little hike in the activity, and thus
enzymes active site was occupied (Fig. 4). The enzyme was incubated with different substrate concentrations,
and reaction products were analyzed by released of galacturonic acid. The regression coefficient R* was 0.970,
indicating positive correlations between experimental parameters. The non-regression analysis of the reaction
gave the enzyme kinetic values viz. Km as 8.90 mg/ml and Vmax as 4.578 umol/ml/min (Fig. 5).

Effect of metal ions, inhibitors, and organic solvents on pectate lyase activity. There was a significant increase
in the pectate lyase activity upon incubation with Co*", Mg*, Zn**, Fe*"; in particular, Mg*" ions increased
activity by 268.46%, while Ca?*, Cu**, Mn?*, Hg?*, Na?*, and Ba®" reduced its activity at 1 mM concentration.
Increasing metal ion concentrations to 5 mM reduced the enzyme activity by 20% to 30% from their 1 mM
counterpart (Fig. 6). Thus, 1 mM concentration of some metal ions could be a cofactor for the enzyme-catalyzed
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Figure 4. Effect of substrate-level on pectinase activity.
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Figure 5. Michaelis—-Menten kinetics.
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Figure 6. Effect of various metal ions at 1 mM and 5 mM concentrations on pectate lyase activity of
Paenibacillus lactis PKC5.

reaction. Without adding any components like metal ions, organic solvents, and detergents, the enzyme activity
was considered 100%. The enzyme activity was enhanced by 129.97% in methanol (25%) and 105.82% in chloro-
form (25%), while the other organic solvents viz. Acetone, Ethanol, DMSO (Dimethyl sulphoxide), isopropanol
decreased enzyme activity during 4 h of incubation. In the presence of isopropanol and acetone, the enzyme
has retained 96% of its activity (Fig. 7). The enzyme activity was also affected by inhibitors at various concentra-
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Figure 7. Effect of different organic solvents on pectate Lyase activity from Paenibacillus lactis PKC5.
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Figure 8. Effect of different detergents on pectate lyase activity from Paenibacillus lactis PKC5.

tions. The 1% concentration of inhibitors such as SDS, EDTA, and  mercaptoethanol reduces enzyme activity;
in particular, p mercaptoethanol decreased activity by 55% while Tween 20 showed an increase in the activity by
114.00% (Fig. 8). The 0.5% of mentioned inhibitors have a more predominant impact on enzyme activity as the
higher concentration could have a role in simplifying Protein’s three-dimensional structure for better activity.
Apart from p Mercaptoethanol, all the inhibitors showed 20-35% lower activity at 0.5% concentration.

SDS-PAGE analysis. SDS-PAGE of the partially purified samples was carried out to determine the purity
and molecular weight of the Pectate lyase withhe molecular protein marker in the range from14.2 to 94.7 kDa.
SDS-PAGE analysis of pectate lyase showed a molecular mass of approximately 44 kDa (Fig. 9) for pectate lyase.

Evaluating the significant media components through PBD and their level optimization using
RSM-CCD. The screenings of the significant variables which induce the pectate lyase production were evalu-
ated using ANOVA of the Plackett-Burman experiment. The entire experimental run comprises 12 sets where
X1-X9 were variables, and X10-X11 were dummy. Here, the positive and negative sign of Exi (concentration
effect of tested variables) shows the influence of the variable on pectate lyase yields. Positive (Exi value) indi-
cates the influence of a particular component is more significant at high concentration, while a negative (Exi
value) means the influence of variable is more significant at low concentration. In the present investigation two-
variable, i.e., pectin (X1) and ammonium sulphate (X3), are selected for further level optimization strategy using
RSM-CCD as they showed >95% of confidence. In comparison, the rest of 7 components have not shown >95%
of confidence in ANOVA. The effect (Exi), txi, p-value, and (%) confidence level of each component is shown in
Tables 5, 6.

Plackett-Burman’s design screened the significant media components, but the combined effect of those vari-
ables was determined using the response surface central composite design (RSM-CCD). The experiment was
conducted in 14 runs set up under optimized conditions as described in Table 7, and the pectate lyase production
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Figure 9. SDS-polyacrylamide gel electrophoresis of pectate lyase from Paenibacillus lactis PKC5.

1 1.25 2.00 1 2 03 0.05 1 0.01 0.1 + - 02210
2 0.25 2.00 5 0.5 0.3 1 1 0.01 0.1 - + 0.0200
3 1.25 025 5 2 0.05 1 1 025 0.1 - - 0.0754
4 025 2.00 1 2 03 1 0.05 025 0.5 - - 0.0465
5 025 025 5 0.5 03 0.05 1 025 0.5 + - 0.0100
6 025 025 1 2 0.05 1 1 0.01 0.5 + + 0.0398
7 1.25 025 1 0.5 03 1 0.05 025 0.1 + + 0.1432
8 1.25 2.00 1 0.5 0.05 0.05 1 0.25 0.5 - + 0.1850
9 1.25 2.00 5 0.5 0.05 1 0.05 0.01 0.5 + - 0.1309
10 025 2.00 5 2 0.05 0.05 0.05 0.25 0.1 + + 0.0333
11 1.25 025 5 2 03 0.05 0.05 0.01 0.5 - + 0.1629
12 0.25 0.25 1 0.5 0.05 0.05 0.05 0.01 0.1 - - 0.0376
Table 5. Plackett-Burman design matrix where X1, X2.....X9 indicate a number of variables chosen for the
study and D1, D2 are dummies for the 12 runs multifactorial design.
I T R O e g e
X1 Pectin 0.121853 | 0.0095 |13.54 0.005 99.4589
X2 | NaNO, 0.028001 |0.0095 |3.11  |0.090 | 91.03636
X3 | (NH,),S0, |-0.04009 |0.0095 |-445 [0.047 |95.31181
X4 Tryptone 0.008703 | 0.0095 | 0.97 0.436 56.44336
X5 | MgSO, 0.016927 |0.0095 |1.88  |0.201 | 79.92596
X6 |KH,PO, |-0.00054 |0.0095 |-0.06 |0.958 |4.209175
X7 |KHPO, |-0.03234 |0.0095 |-3.59 |0.069 |93.05148
X8 CaCl, -0.01978 | 0.0095 | -2.20 0.159 84.0923
X9 | FeSO, 0.007425 | 0.0095 |0.83  |0.496 | 50.39125
Table 6. Analysis of variance for Plackett-Burman design (PBD).
response was recorded. The experimental response was evaluated using multiple regression analysis through a
quadratic model, and the polynomial equation was used for obtaining the maximum pectate lyase production -
Y = 0.237841 4 0.376193 x A+ 0.011604 x B — 0.0912 x AB + 0.158294 x A% 4 0.04875 x B?
where Y is the response factor (Pectate lyase production; pmol/ml/min), A is pectin (gm%); B is ammonium
sulphate (gm%).
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Factor 1 Factor 2 Response 1

RunNo | A:pectin (gm%) | B: ammonium sulphate (3m%) | Pectinase activity (umol/ml/min)
1 0.50 0.30 0.0282

2 5.00 0.30 1.0090

3 0.50 3.00 0.1730

4 5.00 3.00 0.7890

5 -0.43 1.65 00

6 5.93 1.65 0.9990

7 2.75 -0.25 0.2210

8 2.75 3.55 0.3398

9 2.75 1.65 0.1990

10 2.75 1.65 0.2793

11 2.75 1.65 0.2677

12 2.75 1.65 0.2010

13 2.75 1.65 0.3010

14 2.75 1.65 0.1790

Table 7. Design matrix of 14 runs generated through RSM-CCD (Design-Expert software V10).

Source Sum of squares | df | Mean square | F-value | p-value Prob>F

Model 1.361486 5 0.272297 44.73552 | 1.23E-05 Significant
A-pectin 1.132169 1 1.132169 186.0033 | 8.04E-07 Significant
B-ammonium sulphate 0.001077 1 0.001077 0.176967 | 0.685066

AB 0.033267 1 0.033267 5.465455 | 0.047576 Significant
A? 0.185036 1 0.185036 30.39942 | 0.000565 Significant
B? 0.01755 1 0.01755 2.883277 | 0.127935

Residual 0.048695 8 0.006087

Lack of fit 0.035764 3 0.011921 4.609583 | 0.0666 Not significant
Pure error 0.012931 5 0.002586

Cor total 1.410181 13

Table 8. ANOVA for response surface quadratic model for the pectate lyase production.

The results obtained from the analysis of variance (ANOVA) for investigation of the obtained model accuracy
are presented in Table 8.

In the quadratic model, the calculated amount of experimental F is way more than its critical amount in the
level of significance (95%), which suggests the model’s significance. Also, the value of P is related to the models,
which are less than 0.05 (on the significance level of 95%) that is indicative of the model’s efficiency for the predic-
tion of experimental results. The Model F-value of 44.74 implies that the model is significant. Values of "Prob > F"
less than 0.0500 indicate model terms are significant. In this case, A, AB, A% are significant model terms. The
"Lack of Fit F-value" of 4.61 implies there is a 6.66% chance that a "Lack of Fit F-value" this large could occur due
to noise, and here in our data set, Lack of fit is found to be non-significant, which is indirectly indicating that the
obtain data fit to the model is very well ordered. The multiple correlation coefficient (R?) value near 1 indicates
a better correlation between the predicted and observed values. The "Pred R-Squared" of 0.8065 is in reason-
able agreement with the "Adj R-Squared" of 0.9439, while the R-Squared was found to be 0.97. "Adeq Precision"
measures the signal-to-noise ratio. A ratio greater than 4 is desirable, and the presented experiment yielded a
ratio of 21.939 indicates an adequate signal. This model can be used to navigate the design space.

3D response surface (and contour) plots were examined, and their impact was estimated to check the interac-
tion between diverse variables and their effect on enzyme production. The primary purpose of response surface
plots is to delineate two factors at a time while maintaining other factors at fixed levels. The interactive effect of
the selected parameters, i.e., pectin and ammonium sulphate, to maximize the pectate lyase production were
evaluated and depicted in the response surface plot and contour plot (Fig. 10).

It was observed that both the components at their lower level did not show any notable effect to uplift the
Pectate lyase production. It was also observed that keeping the pectin at its lower level and gradually increasing
the ammonium sulfate concentration did not significantly affect the Pectate lyase production.

Moreover, ammonium sulphate at its higher selected level and pectin at its higher level with a concomitant
increase in the ammonium sulphate can uplift the pectate lyase production to a certain extent. However, maxi-
mum enhancement in the Pectate lyase production was only observed when ammonium sulphate was kept at its
lower level and pectin concentration at its higher level, as depicted in Fig. 10.
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Figure 10. Contour plot (A) and response surface plot (B) of the interactive effect of ammonium sulphate and
pectin on the Pectate lyase production by Paenibacillus lactis PKC5.

Clarity (%) Apple juice | Orange juice | Grape juice
Acetone purified 59.36 49.91 60.37
Ammonium sulphate purified | 59.17 51.18 60.18

Table 9. Effect of pectate lyase enzyme on clarification of juices.

Validation of the quadratic model. Validation of the level of pectin and ammonium sulphate predicted
by the response surface model in the production medium was carried out. The optimum concentrations of pec-
tin and ammonium sulphate were predicted to be 5 gm% and 0.3 gm%, respectively, through the model graph.
The predicted yield of Pectate lyase obtained from the model using these optimum concentrations of the two
components was 0.91 U/ml. During the validation experiments, the actual Pectate lyase production was 1.20 U/
ml, which is higher than the predicted value. Therefore, this response surface model was reliable for predicting
higher Pectate lyase production by Paenibacillus lactis PKC5.

Effect of pectate lyase on clarification of fruits juices. The clarity percentage of the grape juice, apple
juice, and orange juice was 60.37%, 59.36%, and 49.91%, respectively, under the mentioned assay condition

(Table 9). The higher clarification percentage indicated that the enzyme could be helpful for juice preparation at
the commercial level (Fig. 11).
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Figure 11. Application of Pectate lyase for fruit juice clarification Left, Centre, and Right.

Discussion

The present study aimed to determine the potent alkaline pectate lyase for their application in food industries. The
soil samples were collected from the rhizospheres, and they contained diverse microbes with different enzymatic
potential®®. These soil microbes play an essential role in community management around the roots, maintaining
soil fertility, and assisting in uptake nutrients®®. The soil contains complex plants tissues that are hydrolyzed by
the microbes by excreting pectinolytic enzymes. The alkaline pectinolytic enzymes have an immense industrial
application such as in the paper and pulp industry for better printability, pectic waste?’, degumming and scour-
ing of textile materials?, tea fermentation, and removal of the coffee seed coat.

The Bacillus was the predominant genera found in the initial screening, and it was well-reviewed by Kavuthodi
and Sebastian®. The Paenibacillus lactis PKC5 showed the highest hydrolysis zone in 1% pectin screening
medium; hence pectate lyase from this organism was further characterized. Moreover, there were few previous
reports indicated that Paenibacillus genus as a source of pectinase® .

The organisms showed optimum growth at 37 °C indicated their mesophilic nature. The Paenibacillus lactis
PKC5 produced maximum enzyme activity after 48 h of incubation, which signifies their possible use in indus-
tries. A shorter production cycle gives a significant cost advantage, and more cycles could be run per unit time.
Another reason could be the accumulation of waste material and the utilization of media ingredients for growth.
The pectin was used as the sole carbon source. The Pectate lyase from the Bacillus subtilis PKC2, Bacillus licheni-
formis PKC4, Paenibacillus lactis PKC5, and Bacillus Sonorensis ADCN showed pH stability and remains active
between pH 6.0 and pH 10.0. The Pectate lyase of Paenibacillus lactis PKC5 was selected for further analysis due
to the reason that it can withstand a wide pH range from neutral to alkaline and maintain 88.00% (1.05 pmol/ml/
min) to 92.00% (1.10 pmol/ml/min) activity respectively with optimum activity at pH 8.0 (1.19 pmol/ml/min).
Therefore, all organisms were potential candidates for pectate lyase, but pH plays a significant role in enzyme
activity for industrial application; thus, Paenibacillus lactis PKC5 was selected. On the other hand, Bacillus subtilis
PKC2, Bacillus licheniformis PKC4, and Bacillus Sonorensis ADCN were found to show better stability between
temperatures from 30 (90%) to 70 °C (78%) compared to Paenibacillus lactis PKC5. The pectate lyase from Pae-
nibacillus lactis PKC5 showed 0.98 pmol/ml/min enzyme activity at 30 °C and 0.72 pmol/ml/min activity at 70 °C
respectively, while optimum activity was observed at 50 °C (1.24 pmol/ml/min). Therefore, the enzyme Pectate
lyase from Paenibacillus lactis PKC5 was considered thermotolerant and alkaline. Akhinyemi®! has also carried
out similar experiments by considering Bacillus megaterium, Bacillus bataviensis, and Paenibacillus sp. and found
that Bacillus species showed optimum activity at pH 8.0 and 60 °C. At the same time, Paenibacillus sp. exhibited
its activity at pH 6.5 at 40 °C. However, the result obtained in the experiment was in accordance with the result
of other studies with slight divergence in the temperature and pH optima, which indicated that Paenibacillus sp.
might require a different reaction environment®*-*. The previous finding in Bacillus species'** supported the
present result of alkaline pectate lyase with moderate thermophilic nature.

The purified enzyme was used to incubate with different concentrations of the substrate to determine the
saturation point of the enzyme by the substrate. For the industrial application, lower Km value and higher Vmax
are always advantageous as Km reflects the enzyme’s affinity towards its substrate. Pectate lyase from Paenibacil-
lus lactis PKC5 had Km and Vmax values as 8.90 mg/ml and 4.578 pmol/ml/min, respectively. It was inferred
from the present results that little enzyme is sufficient to hydrolyze a large quantity of substrates until it is all site
has been occupied. It was concluded from the present results that little enzyme is sufficient to hydrolyze a large
quantity of substrates until its all site has been occupied. Manal*® reported the K, and V,,, was 0.772 mg/ml and
7.936 umol/ml/min respectively from Paenibacillus lactis NRC1. Ouattara® reported that Pel-22 from Bacillus
pumilus BS22 had Km of 0.45 mg/ml and Vmax of 1.41 pmol/ml/min.

Scientific Reports |

(2022) 12:7564 | https://doi.org/10.1038/s41598-022-11022-0 nature portfolio



www.nature.com/scientificreports/

Similarly, pectinase produced by Bacillus subtilis strain Btk 27 had Km and Vmax values of 1.88 mg/ml and
Vmax 149.6 IU, respectively®. The partially purified Pectate lyase from Paenibacillus lactis PKC5 was subjected
to SDS PAGE analysis and found to be 44,000 Da, similar to the molecular weight reported from Paenibacillus
Xylanolyticus 2-6L3%* and reported by most of the Pectate lyase from bacterial origin. Likewise, Pectinase from
Paenibacillus lactis NRC1 was seen as 45.00 KDa band by SDS PAGE*.

In contrast, Akinyemi®! showed that the molecular weight of pectinase purified from Paenibacillus sp. is
29,512 Da which was less than reported by the present paper. Moreover, pectinase from Bacillus cereus and B.
licheniformis showed a lower molecular weight of 38,304.27 Da*’. Metal ions act as cofactors and require the
action of catalyst, and thus considered as metalloenzyme. They also maintain the active conformation of the
enzyme to carry out the enzyme-catalyzed reaction. The present study at one mM final concentration of Co*",
Mg?*, Zn**, and Fe?* has significantly improved enzyme activity several-fold. The Mg** ion even at 5 mM showed
improved activity while Cu?* at 5 mM concentration stimulates the pectate lyase activity. A similar study was
conducted by Oumer and Abate®® using Bacillus subtilis strain Btk27 and reported that Pectinase activity was
improved by adding metal ions viz. Mg?*, Zn**, Co**, and Fe?*. Moreover, Khatri*! reported that pectinase activity
from the Aspergillus flavus was greatly affected by the addition of Ca®* and fairly by Na*, Pb*?, and Zn?*. These
results indicated that enzymes from different sources require various metal ions at particular concentrations to
carry out the activity. Moreover, the evolution of the enzyme also determines the metal ion requirement at the
active site as organisms are evolved as per the environment around them for better growth and tend to modify
their pathways or enzymes.

On the other hand, Sunnotel and Nigam** found that the Ca?* metal has an influential role on pectinase
from Bacillus sp. KSMp576. Metal ions like Na* and K* improved pectinase activity produced by Paenibacillus
sp. While Zn?** and Mn2* reduced the activity of enzyme®! However, these results are contrary to the observa-
tion obtained in the present study. Anggraini*’ concluded that 2 and 4 mM concentrations of Mg** stimulate
the pectinase activity while higher concentrations up to 10 mM act as inhibitors. Likewise, the stability of the
industrial enzyme in the presence of organic solvents and detergents are the most noticeable features for their
diverse applications. In the present study, Pectate lyase activity was inhibited by adding SDS, EDTA Tween 20,
and mercaptoethanol. Only Tween-20 has a significant impact on enzyme activity at higher concentrations. This
could be due to changes in the secondary and tertiary conformation of proteins which alters their conformation
and makes the enzyme more conformational suitable for catalysis. Similarly, an organic solvent such as metha-
nol chloroform stimulates the enzyme activity, while acetone and isopropanol have almost negligible impact on
the enzyme activity. Similar results for stimulation of pectinase activity in the presence of EDTA, Trixton-100,
Tween-20, and Tween-80 were obtained with the pectinase from Bacillus sp.3>*%,

The experiment was initiated with only single carbon sources as previous results on single-factor analysis
showed that including any other carbon sources leads to the catabolic repression, and microbe’s utilized readily
available simple carbon sources than complex*. The results obtained through the present experiment confirm
that pectin is the sole requirement as a carbon source and need most for the pectate lyase production. Several
researchers obtained similar results with a higher concentration of pectin in the media?**”*%. The carbon source
(NH,),SO, and initial pH were the most important factors in developing PGL and pectin lyase during submerged
fermentation®. It also stated that the C:N ratio and pH were the most important factors influencing pectate lyase
development®, and that lactose, tryptone, and (NH,),SO, had a significant impact on pectate lyase activity''.
Nitrogen is the most important element required for synthesizing various biomolecules. The addition of optimum
and suitable Nitrogen supplements results in the higher biomass with significant protein production.

Moreover, among the nitrogen supplements viz. NaNO; ammonium sulphate (NH,SO,), tryptone, only
ammonium sulphate (NH,SO,) at 0.3 gm% increased pectate lyase production to 1.0 U/ml. Oumer and Abate
obtained similar results, and Sarvamangala®® and Dayanand®’ stated that ammonium sulfate (NH,SO,) and
ammonium nitrate (NH,NO;) increased pectinase productivity under solid-state fermentation.

The most important aspects of any industry are the cost-benefit ratio. The bacterial enzymes are cheap sources
for the clarification purpose with ease of availability and purification. The apple juice is the second most utilized
fruit juice®*. The recovery of the juice, reduction in turbidity, increase in the total soluble solids and antioxidants
after enzymatic treatments would be on the positive side compared to mechanical methods of juice clarification
while keeping color, flavor, and nutritional properties. The pectin polymer present in the raw juices makes the
juice viscous and fussy, which is unlikely from the consumer’s point of view. The present experiment proved
to help reduce the turbidity by increasing the clarity by 60.00% to 49.91% for different juices with one hour of
incubation. These clarity percentages would also be helpful during the filtration process.

Swain et al* reported the yield of carrot juice with better clarity was obtained while increasing incubation time
till 8 h. Bhardwaj and Garg™ reported that 2 h incubation gave 45.3 and 49.9% carrot juice yield. The other study
with little different aspects of enzyme concentration was also supported to our results as a higher concentration
of enzyme exhibited better juice clarification®. Demir® studied alkaline Pectate lyase of Brevibacillus borstelensis
(P35) for their application for juice clarification and inferred that 2 h incubation was enough to get clear juice.

Conclusion

Pectate lyase of bacterial origin is gaining industrial signiuficance over the fungal pectinases as they are produced
in relatively shorter incunation period, with less viscocity, and exhibit more activity than fungal pectinase. Pec-
tinases are frequently employed to clarify fruit juices under alkaline and high-temperature conditions. Bacillus
spp. has a great potential to produce pectinases. However, industrial application demands a thermostable and
alkali stable enzyme that is not affected by the inhibitors. The present experiment reported pectate lyase pro-
duction from Bacillus subtilis PKC2, Bacillus licheniformis PKC4, Paenibacillus lactis PKC5, and Bacillus sono-
rensis ADCN. We report Paenibacillus lactis PKC5 as a potent producer of pectate lyase. This isolate produced
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maximum enzyme in a shorter incubation period of 48 h compared to 54-72 h of incubation required by other
organisms. The enzyme was purified with 80% ammonium sulphate, giving a good enzyme yield with higher
activity. SDS-PAGE revealed 44 kDa molecular weight of purified enzyme. The purified enzyme exhibited ther-
mostability up to 50 °C temperature and stability at 8.0 pH. The 5 mM concentration of metal ions and 25%
(v/v) organic solvents significantly enhanced the enzyme activity. While detergent showed inhibitory effects. The
media optimization with a higher concentration of carbon sources with a lower protein concentration was found
to be optimal for maximum enzyme production. Earlier work suggested using various media components for
optimum production of the enzyme. At the same time, the present study reports pectin and ammonium sulfate as
the significant components for the higher yield of the enzyme, thus reducing the cost of enzyme production. The
Km (8.90 mg/ml) and Vmax (4.578 umol/ml/min) showed better substrate affinity. The purified enzyme resulted
in significant clarification of juices; for grape juice, apple juice, and orange juice, the clarification was 60.37%,
59.36%, and 49.91%, respectively. The isolated pectate lyase clarified the juice up to 60% in an h of incubation,
vis-a-vis 50% juice clarification obtained in 2-8 h incubation as reported by others.
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