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Abstract: This study aimed to isolate salt-tolerant pectinolytic bacteria from the rhizosphere of a
salt marsh plant and utilize their pectinases for the clarification of detox juice preparation. Sixteen
halophilic bacterial strains were isolated from the rhizospheric soil of Arthrocnemum macrostachyum.
The isolates were screened for pectinase activity, and two strains, ASA21 and ASA29, exhibited
the highest pectinase production in the presence of 2.5% NaCl, reaching 13.3 and 14.1 IU mL−1,
respectively. The strains were identified as Bacillus paralicheniformis and Paenibacillus sp. by 16S rDNA
sequencing and phylogenetic analysis. Growth kinetics and pectinase production studies revealed
that both strains produced pectinase during the log phase, with ASA29 demonstrating higher growth
and pectinase titers. The pectinase from ASA29 exhibited enhanced activity in the presence of 3%
NaCl. The pectinases from both strains were applied for the clarification of detox juice prepared from
beetroot, carrots, and apples. The use of 20 IU mL−1 pectinase from ASA29 for 2–3 h yielded > 96%
juice with high total phenolic content and antioxidant activities. This study highlights the potential of
salt-tolerant pectinolytic bacteria from the rhizosphere for biotechnological applications, particularly
in the clarification of juices with high salt content.

Keywords: antioxidant activities; detox juices; salt tolerance; total phenolics

1. Introduction

The rhizosphere is a soil region that has direct contact with the plant root system
and hence receives various metabolites from plants and microorganisms. Therefore, it
is a unique ecosystem where plants and microbes demonstrate a complex set of interac-
tions [1]. This unique ecosystem harbors diversified microbial strains that utilize plant
metabolites present in the root exudates [2]. Some of these plant-derived compounds
can modulate the microbial system by acting as signal molecules [3]. The survival of a
particular microbial species depends on the type of plant, its growth stage and soil con-
ditions [4]; nonetheless, rhizospheric soil is rich in members of the phyla Proteobacteria,
Actinobacteria, Bacteroidetes, and Firmicutes [5]. In addition, a high degree of spatial and
temporal heterogeneity is also observed across root zones, rhizoplanes, and rhizosphere
soil [6]. Lately, metagenomic studies affirmed the role of unidentified and uncultured
microbial strains in the degradation of various substrates, including xenobiotics, plastics,
and plant cell wall components [7]. In this context, bacterial species belonging to the genera
Bacillus, Anoxybacillus, and Streptomyces have been reported for their ability to degrade
plant biomass composed of lignin, cellulose, xylan and pectin [8].

Among rhizospheric bacteria, Bacillus paralicheniformis, a Gram-positive, spore-forming
bacterium, has been reported to produce various extracellular enzymes [9] including
cellulase, hemicellulase, and pectinase [10]. The cellulase from B. paralicheniformis acts
synergistically with hemicellulases and hence can degrade plant biomass efficiently [11,12].
In the rhizosphere, this degradation of cellulosic and hemicellulosic contents renders the
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nutrients available to the plant, thereby enhancing plant growth [13]. However, pectinase
production by this organism has been less frequently reported.

Another significant rhizospheric bacterial genus includes Paenibacillus, which has been
reported for its wide-ranging metabolic capabilities [14]. The diversified activities exhib-
ited by the members of this genus include nitrogen fixation, the production of bioactive
compounds such as antibiotics, enzymes, and plant growth-promoting substances and the
degradation of organic matter [15,16]. Paenibacillus species demonstrate their degradative
potential by exhibiting various enzymes, including a complex cellulase system composed of
endoglucanases, exoglucanases (cellobiohydrolases), and β-glucosidases [17]. It is believed
that the rhizosphere lifestyle of this organism has bestowed it with the ability to degrade
and assimilate complex plant materials [18]. Pectinolytic strains of Paenibacillus were re-
ported previously for their application to improve the firmness of pineapple cubes [19],
improve the clarification of grape, apple and orange juices [20] and extract pectin from
apple pomace [21].

Pectin is an important component of plant biomass, particularly in softwoods and
fruit peels. In addition to its various applications, the presence of high levels of structural
constituents, such as pectin complexes in fruits and vegetable, impedes the extraction of
their juices. Therefore, pectin removal is essential to improve extraction efficiency and
to enhance clarification [22]. The enzymatic removal of pectin is popular and reportedly
efficient because it maintains the high quality of the product [23,24]. Pectinase treatment
results in a higher juice yield, the preservation of nutritional content, and enhanced produc-
tion efficiency [25]. Pectinases cleave glycosidic bonds in polygalacturonic acid or related
substrates and primarily release galacturonic acid and other compounds [26].

Pectinases from yeasts and molds hold the major share of the pectinase market, par-
ticularly for their applications in fruit juice clarification [27] where this enzyme degrades
suspended particles of pectic compounds and improves juice clarity [28]. This pectinolytic
treatment of juice imparts a high level of total soluble solids (TSSs) and sugars and enhances
color [11]. This juice treatment process depends on various factors; however, enzyme load-
ing remains a chief contributing factor [11]. The use of pectinases for a mix of fruit and
vegetable juice has been described less frequently [25], particularly for vegetables contain-
ing high salt concentrations due to the salt sensitivity of the enzymes [23,25]. Considering
their health benefits, fruit–vegetable mix juices are gaining popularity, owing to their unique
‘detox’ properties. As halophilic bacteria and salt-tolerant pectinases are not abundant [25],
therefore, this study aimed to isolate salt-tolerant pectinolytic bacteria from the rhizospheric
region of a salt marsh plant and to use pectinases from these bacteria for the clarification of
a detox preparation comprising beetroot, carrot, and apple. Pectinase has not been utilized
previously for the preparation of a mix or detox juice. It is imperative to consider the high
salt concentration in beetroot that necessitates the use of salt-tolerant pectinase.

2. Methods
2.1. Reagents and Chemicals

All the chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and Daejung (Siheung-si, Republic of Korea). The chemicals were of analytical grade.
Microbiological media were procured from Oxoid (Basingstoke, UK).

2.2. Isolation of Bacteria from Rhizospheric Soil

Halophilic bacterial strains were isolated from rhizospheric soil around the thick vege-
tation of Arthrocnemum macrostachyum near the coastal area of Karachi (map coordinates
27.096003, 65.831598). Soil samples were collected from the upper 15 cm layer around
the root zone of healthy plants using sterile tools. The samples were stored at 4 ◦C and
shipped to the laboratory within 24 h. A 10 g portion of each soil sample was suspended
in 90 mL of sterile phosphate-buffered saline (PBS) and vortexed for 10 min to dislodge
bacteria from soil particles. The suspension was serially diluted up to 10−6 in sterile PBS,
and 100 µL aliquots from each dilution were spread onto nutrient agar plates and incubated
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at 30 ◦C for 24–48 h. Distinct bacterial colonies were selected based on their morphological
characteristics for further purification and testing. The isolated bacterial strains were stored
in (50%) glycerol stock at −20 ◦C.

2.3. Screening for Pectinase Activity

The isolated bacteria were screened for pectinase activity on pectin agar plates. The
plates were prepared by adding 0.5% (w/v) citrus pectin to nutrient agar. The bacterial
isolates were inoculated onto the plates and incubated at 30 ◦C for 48 h. After incubation,
the plates were flooded with 1% (w/v) ruthenium red solution for 15 min. The formation
of clear zones around the colonies indicated pectinase activity. The pectinolytic index (CI)
was calculated by dividing the diameter of the clear zone by that of the bacterial colonies.

2.4. Molecular Identification Through 16S rDNA Sequencing

Two promising strains, ASA21 and ASA29, were identified by sequencing their 16S
ribosomal rRNA genes. Bacterial genomic DNA was extracted using a commercial DNA
extraction kit following the manufacturer’s instructions. The 16S rDNA region was am-
plified by PCR using universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and
1492R (5′-GGTTACCTTGTTACGACTT-3′). The PCR conditions were set as follows: initial
denaturation at 95 ◦C for 5 min, followed by 35 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s,
and 72 ◦C for 90 s, with a final extension at 72 ◦C for 7 min. The amplified products
were purified and sequenced. The obtained sequences were compared against the NCBI
GenBank database using the BLASTn tool to identify their closest relatives.

2.5. Phylogenetic Analysis

The 16S rDNA sequences of the bacterial isolates were aligned with reference se-
quences from related species obtained from GenBank. Mega 11 software was used to
construct the phylogenetic tree. The alignment of these sequences was performed using
ClustalW and maximum likelihood was created with 1000 bootstrap replications. The
Kimura-2-parameter was used as an evolutionary model.

2.6. Investigating Salt Tolerance

The salt tolerance of the bacterial isolates was assessed by growing them in nutrient
broth supplemented with varying concentrations of NaCl. The isolates were incubated
at 30 ◦C for 24 h, and growth was monitored by measuring the optical density at 600 nm
(OD600) using a spectrophotometer. Salt tolerance was determined by comparing growth at
different NaCl concentrations to the control (0% NaCl).

The salt tolerance of the pectinase enzyme produced by the selected strains was also
evaluated. Pectinase preparations were incubated in buffer solutions containing different
NaCl concentrations at 37 ◦C for 1 h. Residual pectinase activity was measured using the
dinitrosalicylic acid (DNS) method [29].

2.7. Growth and Pectinase Production Kinetics

The growth kinetics of the selected bacterial strain were studied in a defined medium
(Hassan et al., 2023 [26]) containing 1% (w/v) pectin as the sole carbon source. The bacterial
culture was inoculated by maintaining 0.3 OD600 in 100 mL of medium and incubated at
30 ◦C with shaking at 150 rpm. Samples were taken at regular intervals, and growth was
monitored by measuring the OD600. The specific growth rate (µ) was also calculated. The
collected aliquots were centrifuged, and the supernatant was assayed for pectinase activity.
A plot of OD600 or pectinase IU mL−1 against time was used to determine the growth
phases, µ and volumetric productivity (IU L−1 h−1) of pectinase.

2.8. Juice Preparation

Beetroot, carrots, and apples were purchased from the local market. These materials
were inspected for physical damage or apparent microbial degradation. Intact vegetables
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and fruits were packed in sealed containers until use. The juice was extracted following
a previously reported method [30]. The dust and other impurities present in vegetables
or fruit were removed by washing with tap water. The ingredients were cut into pieces,
and the juice was extracted using a commercial blender (Panasonic, Hanoi, Vietnam) with
400 mL of purified (RO) water. The juice samples were stored in screw-capped bottles. To
homogenize the juice, a domestic eggbeater (Panasonic) was used. Aliquots of well-mixed
juice (20 mL) were collected every minute and transferred to screw-capped bottles. The
juices were supplemented with 10 or 20 IU mL−1 of pectinase and kept at 30 ◦C for 2 or 3 h.
The control samples were treated with a volume of distilled water equivalent to the enzyme
loading. Afterwards, the samples were pasteurized at 90 ◦C for 5 min to halt pectinase
activity and denature it. All juices were kept in a refrigerator until analysis.

2.9. Characterization of Detox Juice Formulation
2.9.1. Juice Yield

Juice yield (%) was estimated using the following equation:

Yield (%) = m2×C/m1×(100−w) × 100%

where m1 is the smash weight (g), m2 is the weight of vegetables and fruit (g), C represents
the concentration of solvable compounds in the juice, % (w/w) and w denotes the moistness
of the initial content (%).

2.9.2. Total Soluble Solids (◦Bx)

An Antago RX-5000 digital refractometer (Tokyo, Japan) was used to estimate the total
dissolved solids in the juice. The equipment was calibrated using distilled water at 0 ◦Bx,
and the test solutions were analyzed to obtain degrees Brix (◦Bx) representing dissolved
solids (%).

2.9.3. Estimation of Total Phenolic Content

The total phenolic content (TPC) was determined using the Folin–Ciocalteu method.
To extract total phenolics [30], 5 mL of the juice sample was mixed with 20 mL of 1.2 M

HCl in 50% methanol. The mixture was incubated in the dark at 60 ◦C with shaking for 2 h.
The supernatant was collected by centrifuging the contents at 3000 g for 15 min and stored
at −20 ◦C.

The total phenolic content in the detox preparation was measured using the Folin–
Ciocalteu (FC) assay. Briefly, the juice (100 µL) was mixed with 2 mL distilled water, 200 µL
Folin–Ciocalteu reagent (Sigma-Aldrich), and 600 µL 20% sodium carbonate. The contents
were blended for homogeneity, and the volume was made up to 5 mL using distilled
water. The well-mixed solution was maintained at 50 ◦C for 30 min. The absorbance at a
wavelength of 725 nm was noted using a UV–visible spectrophotometer. In the process of
standard preparation, Gallic acid 0.01 to 0.05 mg mL−1 (Merck, Rahway, NJ, USA) prepared
in 1.2 M hydrochloric acid methanolic solution was used to prepare control tubes. The
phenolic content was expressed as milligrams of gallic acid equivalents (mgGAE) per
100 mL of juice.

2.9.4. Estimation of Free Radical Scavenging Activity

The free radical scavenging activity of the juice sample was determined using two
different methods, that is, DPPH and ABTS assays.

Briefly, DPPH solution was prepared (0.033%) and mixed with the juice in an equi-
volume quantity. The mixture was placed at room temperature in the dark for 30 min. The
absorbance at 517 nm was determined using a UV–visible spectrophotometer (Shimadzu
1780, Kyoto, Japan) with methanol as the blank. The IC50 value of each juice extract was
determined. The percentage of free radical scavenging activity was calculated using the
following formula:



Microorganisms 2024, 12, 2162 5 of 15

Percent Scavenging activity = Absorbance of control − Absorbance of sample/Absorbance of control × 100

The antioxidant potential of the juice was also determined by ABTS reducing activity.
The juice sample (100 µL) was mixed with 5 mL of 7 mM ABTS, and the mixture was kept
at room temperature for 5–7 min. The absorbance of the mixture was measured at 734 nm
against a blank. The IC50 value for each juice extract was also calculated.

2.10. Statistical Analysis

All experiments are performed in triplicate and the data are presented as the mean.
The standard deviation of the data was calculated using Origin Lab 2024 software (Origin
Lab (Northampton, MA, USA). To determine the effect of pectinase units and the time of
treatment on juice parameters, two-way ANOVA was employed using SPSS version 21.

3. Results

The rhizosphere hosts metabolically diversified bacteria that find various biotechno-
logical applications. The rhizosphere region around the halophytes is even differently
enriched and found to be a source of salt-tolerant bacterial species. This study focused on
obtaining salt-tolerant pectinolytic bacteria for prospects in industrial applications.

3.1. Isolation and Screening of Halophilic Bacterial Strains for Pectinase Production

In all, 16 halophilic colonies were isolated from the rhizospheric region. The presence
of distinct colonies in the presence of salt indicated the salt tolerance of the isolated species.
The isolates were initially tested for pectinase production in the absence of salt. The strains
that exhibited pectinase production in the plate assay were further screened for pectinase
production in the presence of increasing salt concentrations. Four of the isolates (AA1,
AA4, AA5 and AA11) did not exhibit any pectinolytic activity; therefore, they were not
tested further. The 12 isolates were grown in the presence of varying salt concentrations in
mineral medium containing pectin, and pectinase activity was assayed.

Among all the isolates, isolates ASA21 and ASA29 exhibited the highest pectinase
production in the presence of 2.5% NaCl, reaching 13.3 and 14.1 IU mL−1, respectively
(Table 1). The rest of the isolates produced pectinase either in the presence of 1.5% NaCl
or the titers remained low (<2 IU mL−1). Indeed, pectinase production was not detected
in many isolates in the presence of salt concentrations of 2.5% or higher. Hence, isolates
ASA21 and ASA29 were used for further experiments.

Table 1. Pectinase production in the presence of varying amounts of NaCl.

Isolate
Pectinase Production (IU mL−1) in Mineral Salt Medium Containing NaCl (%)

0 1.0 1.5 2.0 2.5 3.0

ASA3 3.7
(±0.21)

4.1
(±0.18)

1.8
(±0.11)

0.6
(±0.47)

0
(±0)

0
(±0)

ASA8 7.8
(±0.42)

6.5
(±0.09)

7.1
(±0.68)

2.8
(±0.54)

1.2
(±0.21)

0
(±0)

ASA9 1.2
(±0.27)

0.7
(±0.06)

0.5
(±0.01)

0
(±0)

0
(±0)

0
(±0)

ASA14 6.1
(±0.31)

5.8
(±0.47)

2.1
(±0.08)

0.6
(±0.11)

0
(±0)

0
(±0)

ASA19 2.1
(±0.17)

4.1
(±0.19)

3.9
(±0.26)

1.2
(±0.19)

0.9
(±0.10)

0.5
(±0.03)

ASA20 5.3
(±0.22)

3.1
(±0.25)

2.5
(±0.38)

0.6
(±0.17)

0
(±0)

0
(±0)
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Table 1. Cont.

Isolate
Pectinase Production (IU mL−1) in Mineral Salt Medium Containing NaCl (%)

0 1.0 1.5 2.0 2.5 3.0

ASA21 11.8
(±0.86)

12.1
(±1.01)

12.6
(±0.87)

11.9
(±0.90)

13.3
(±0.71)

8.2
(±0.76)

ASA22 9.1
(±0.98)

8.5
(±0.77)

8.2
(±1.1)

9.2
(±0.76)

6.3
(±0.78)

2.4
(±0.55)

ASA24 6.1
(±0.91)

5.1
(±0.28)

3.2
(±0.41)

3.1
(±0.78)

2.7
(±0.01)

1.1
(±0.12)

ASA26 1.1
(±0.12)

1.8
(±0.17)

2.1
(±0.29)

2.4
(±0.34)

0.6
(±0.47)

0
(±0)

ASA29 13.2
(±0.08)

13.9
(±0.92)

13.9
(±0.71)

13.5
(±0.77)

14.1
(±0.85)

10.2
(±0.11)

ASA31 4.5
(±0.59)

4.1
(±0.72)

4.1
(±0.46)

3.5
(±0.13)

3.1
(±0.31)

1.7
(±0.19)

3.2. Identification of Promising Strains

As strains ASA21 and ASA29 were promising pectinase-producing strains, they were
identified through the amplification of 16S rDNA and phylogenetic analysis. The sequence
data of strain ASA21 (Table S1, Supplementary File) was submitted with an accession
number of PQ345390.1. Phylogenetic analysis revealed its clade with Paenibacillus species
(Figure 1). Strain ASA21 was found to be closely associated with strains CC-SYL446 and
CC-CFT747 of Paenibacillus sp., which were isolated from agricultural soil and yogurt,
respectively.
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Strain ASA29 (accession number PQ345389.1) was identified as B. paralicheniformis. The
nucleotide sequence of the 16S ribosomal RNA of this strain is given in Supplementary Table S2.
Phylogenetic analysis revealed its close association with several strains of the same species
including J28TS7, J22 and ZP1, which were isolated from Japanese honey, Pakistan honey
and Serbia honey, respectively (Figure 2).
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3.3. Growth and Pectinase Production Kinetics in Presence of Salt

The isolates ASA21 and ASA29 demonstrated different behavior in salt-containing
medium; however, a growth-linked production of pectinase was evident in both the isolates.
The commencement of the log phase of the strain ASA21 was delayed for 3.3 h in salt-
containing medium compared to 4 h (Figure 3) in minimal medium without salt (Figure 4).
This indicated that the isolate was well adapted to grow in the presence of salt. In both
media, pectinase production commenced in the early log phase and peaked in the late log
phase, indicating the growth-associated expression of pectinase.

Strain ASA29 exhibited slightly different behavior, as pectinase production was de-
layed until the mid-log phase; however, it quickly reached its peak, producing more
than 25 IU mL−1 in mineral salt medium containing 2.5% sodium chloride (Figure 5) and
~21 IU mL−1 in the absence of sodium chloride (Figure 6). Nonetheless, strain ASA29
demonstrated higher growth and pectinase titers than strain ASA21.
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The specific growth rate was higher in salt-containing medium for both strains (Table 2).
Nonetheless, strain ASA29 was a fast grower with a growth rate of 0.08 h−1. The volumetric
productivity (Qp) of the two strains was also compared in the presence and absence of salt.
Strain ASA29 demonstrated the highest productivity (925.9 IU L−1 h−1) in the presence
of salt, affirming the halophilic nature of the strain (Table 2). The strain also manifested
higher productivity (640 IU L−1 h−1) in the presence of salt.

Table 2. Specific growth rate (µ) and volumetric productivity (Qp) of pectinase by the strains ASA21
and ASA29 in mineral salt medium containing 2.5% NaCl and without NaCl.

Strain
µ in Mineral Salt Medium (h−1) Qp (IU L−1 h−1) in the Mineral Salt Medium

Without NaCl With 2.5% NaCl Without NaCl With 2.5% NaCl

ASA21 0.069
(±0.001)

0.081
(±0.001)

560
(±35)

640
(±51)

ASA29 0.83
(±0.002)

0.088
(±0.001)

625
(±45)

925.9
(±32)

3.4. Effect of Salt Concentration on Pectinase Activity Caused by Strains ASA21 and ASA29

To investigate the impact of different concentrations of NaCl on the activity of the
pectinase of strains ASA21 and ASA29, the crude enzyme preparations were dialyzed sepa-
rately, and the IU mL−1 of pectinase was considered 100%. The varying salt concentrations
were added separately to each preparation, and pectinase activity was determined. The
pectinase activity of ASA21 was not enhanced by increasing the salt concentrations in the
reaction mixture, although it tolerated up to 2.5–3% of salt (Figure 7). A further increase in
salt concentration remarkably reduced the pectinase activity of ASA21.
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The pectinase of strain ASA29, however, exhibited a different pattern as its activity
increased with an increase in salt concentration up to 3%. The activity was enhanced 1.5 fold
in the presence of 3% NaCl. However, a decrease of 35–40% in activity was observed when
the salt concentration was further increased.

3.5. Clarification of Beetroot, Carrot and Apple Mix Juice

The application of 10 IU mL−1 pectinase of strain AA21 for 2 h yielded 43.8% yield
(Table 3), which increased to more than 80% either by increasing the units of the enzyme to
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20 or by increasing the duration to 3 h. The total phenolic content increased to a maximum
of 44.8 mg/100 mL when 20 IU of pectinase was applied for 3 h. The antioxidant activities
remained high when 20 units of pectinase were applied for 2 h and increased slightly
when the juice clarification was extended for 3 h. The effect of pectinase units on strain
ASA21 and the time of treatment was also investigated using two-way ANOVA (Table S3,
Supplementary Material). The analysis showed that pectinase units and the time of treat-
ment had a significant effect both individually and combined (Table S4, Supplementary
Material). The juice attributes including yield, Brix value, and TPC were significantly af-
fected by the pectinase units and the time of treatment (Table S5, Supplementary Material).
Conversely, ABTS values remained insignificant when subjected to the combined effect of
pectinase and the time of treatment.

Table 3. The effects of pectinase units from strain ASA21, the time of processing on the juice yield,
total solids, total phenolic content (TPC), and antioxidant potential (presented as ABTS and DPPH).
The control sample was processed without pectinase (0 units).

Pectinase Units Time Duration
(min) Juice Yield (%) Total Soluble

Solids (◦Bx)
TPC
(mgGAE/100mL) ABTS (IC50) DPPH

(IC50)

10 120 43.8
(±1.5)

12
(±1.01)

31.6
(±2.7)

40
(±3.1)

50
(±2.8)

10 180 81.4
(±7.1)

18
(±1.0)

42.3
(±2.7)

60
(±3.1)

55
(±4.1)

20 120 82.3
(±7.3)

20
(±1.9)

43.9
(±1.9)

70
(±3.5)

60
(±2.8)

20 180 81.1
(±6.0)

19
(±1.7)

44.8
(±3.7)

80
(±5.0)

60
(±3.5)

0 120 42.5
(±2.7)

8
(±0.9)

21.3
(±1.1)

35
(±1.8)

38
(±1.4)

0 180 43.8
(±3.5)

9
(±0.8)

22.7
(±1.8)

37
(±2.6)

38
(±1.9)

Pectinase from strain AA29 performed better than AA21 when applied for juice clarifi-
cation. In this case, the impact of the enzyme loading was evident as the use of 20 IU mL−1

yielded >96% of the juice either used for 2 or 3 h. This yield was concomitant with the high
total phenolic content and antioxidant activity (Table 4). For this enzyme, the clarification
reaction with 20 IU mL−1 for 2 h appeared to be better than the other combinations.

Table 4. The effects of pectinase units from strain ASA29, the time of processing on the juice yield,
total solids, total phenolic content (TPC), and antioxidant potential (presented as ABTS and DPPH).
The control sample was processed without pectinase (0 units).

Pectinase Units Time Duration
(min) Juice Yield (%) Total Soluble

Solids (◦Bx)
TPC
(mgGAE/100mL)

ABTS
(IC50)

DPPH
(IC50)

10 120 65.7
(±4.8)

15
(±0.6)

45.7
(±2.2)

70
(±4.8)

70
(±3.4)

10 180 81.3
(±7.2)

24
(±3.5)

52.9
(±5.8)

80
(±7.4)

75
(±4.9)

20 120 96.4
(±6.1)

26
(±1.9)

54.2
(±5.6)

100
(±0.5)

100
(±0)

20 180 97.8
(±3.1)

27
(±0.8)

52.9
(±7.1)

100
(±0)

90
(±0.2)

0 120 42.5
(±2.7)

8
(±0.9)

21.3
(±1.1)

35
(±1.8)

38
(±1.4)

0 180 43.8
(±3.5)

9
(±0.8)

22.7
(±1.8)

37
(±2.6)

38
(±1.9)
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The effect of dependent variables (pectinase from ASA29 and the time of treatment),
individually and combined, was also investigated using two-way ANOVA (Table S6,
Supplementary Material). Both variables had significant effect on the process of juice
clarification (Table S7, Supplementary Material). All the juice attributes other than the
antioxidant potential were significantly affected by the combined effect of pectinase and
time (Table S8, Supplementary Material).

4. Discussion

The rhizosphere is a metabolically diversified region and has been proven to be a rich
source of novel bacterial strains. The rhizosphere of halophytes, particularly salt marshes,
has been reported to inhabit microbial strains capable of producing industrially important
enzymes. This study reported the isolation of salt-tolerant bacterial species from the rhi-
zosphere region of a salt marsh plant. Salt-tolerant strains have received more attention
for their prospects in biotechnological applications and saline agriculture. Tirry et al. [31]
isolated four salt-tolerant plant growth-promoting strains and reported a positive impact of
these strains on the salt tolerance and cultivation of the plant Medicago sativa, indicating the
potential use of salt-tolerant species in promoting the growth of glycophytes in brackish
land. In this study, promising salt-tolerant strains with the ability to produce pectinase were
identified as B. paralicheniformis and Paenibacillus sp. B. paralicheniformis, a Gram-positive
facultative anaerobic motile bacterium, has been differentiated from other closely related
Bacillus species such as B. licheniformis and B. sonorensis on the basis of genetic clusters
and has been described for its versatile biotechnological applications [32,33]. Rhizosphere
has been reported as its habitat; for instance, B. paralicheniformis 2R5 was isolated from
the canola rhizosphere and was reported to have plant growth-promoting abilities [34].
Through genomic analysis, Ngom et al. [35] reported the presence of genes in B. paralicheni-
formis responsible for the degradation of various hemicellulosic moieties, including xylan
and pectin. Rahman et al. [36] used polygalacturonase from this organism for the degum-
ming of ramie fiber. In this study, the strain ASA29 of B. paralicheniformis demonstrated salt
tolerance with the ability to produce pectinase in salt-containing medium.

Paenibacillus species have also been reported in the rhizospheric region. Da Silva et al. [37]
adopted the denaturing gradient gel electrophoresis (DGGE) approach to investigate the
diversity of Paenibacillus sp. in maize rhizosphere and discerned the presence of differ-
ent Paenibacillus species in this region. Various authors have reported nitrogen fixation
and other plant growth-promoting properties of Paenibacillus species [38,39]. Pectinase
production from this organism has also been described [40,41]. In this study, the rhi-
zospheric strain, ASA21 of Paenibacillus sp., showed its ability to produce pectinase in
salt-containing medium.

This study reported the production of pectinase in the log phase with a Qp of 925 and
640 IU L−1 h−1 pectinase in the presence of 2.5% salt. Previously, the maximum cell density
of B. paralicheniformis was reported in 28 h, with the highest productivity (Qp) of alkaline
phosphatase in 181.78 U L−1 h−1 [42]; a change in volumetric productivity was observed
with a change in pH and nutrients.

Our study demonstrated that strains ASA21 and ASA29 remain for 2–5 h in the lag
phase of their growth in the presence or absence of salt. In another study, a lag phase of
10 h for B. paralicheniformis was reported in the presence or absence of selenite when the
OD600 of the culture was traced and the strain followed a ~10 h log phase, as indicated by a
rapid increase in the absorbance [43]; however, this growth was noticeably slowed down
when the medium was supplemented with more than 1% NaCl. Conversely, the strains
studied here demonstrated considerable growth, even in presence of 2.5% salt, indicating
the salt-tolerant nature of these bacterial strains. A high salt tolerance in B. licheniformis
strain was reported by Zhang et al. [44] for an esterase-producing strain.

The variation in the duration of the growth phases has also been reported previously
by Li et al. [45], when the growth kinetics of a gamma-glutamyl peptide-producing strain
of B. paralicheniformis was found to vary slightly with a change in the growth medium. The
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organism remained in the log phase for a day, followed by a 3–4-day-long stationary phase.
This difference can be attributed to the presence of media components, particularly trace
elements. In comparison to this reported strain, strain ASA29 appeared as a fast-growing
organism, attaining its peak growth in less than 48 h, even in the presence of salt.

Gummadi et al. [46] isolated a salt-tolerant yeast, Debaromyces nepalensis NCYC3413,
from a rotten apple; the pectinase from this yeast exhibited optimal activity in presence
of 2M NaCl. The salt tolerance of the yeast strain showed its ability to sustain a toxic
effect, possibly due to a modified Na/K channel. The salt tolerance exhibited by the
pectinase of ASA21 and ASA29 may be attributed to their tertiary structure; however, this
conclusion needs further investigation. Salt-tolerant enzymes find various biotechnological
applications; for instance, De Paula et al. [47] reported laccase from salt-tolerant fungal
strains for the degradation of textile effluent. Therefore, pectinases from ASA21 and ASA29
warrant further investigations to widen their prospects in industries.

An esterase from a salt-tolerant strain exhibited optimal activity in the presence
of 3.5 M NaCl, and the authors linked the presence of more alpha-helices and fewer
beta-sheets to this novel salt-tolerance [48]. In this study, pectinase from ASA29 was
activated in the presence of salt and showed maximum activity in the presence of 2.5% salt.
However, the mechanism involved in salt tolerance needs to be investigated at the protein
level. Nonetheless, pectinases that can withstand extreme conditions, such as high salt
concentrations, are of particular interest for various industrial applications, including the
production of prebiotics, the retting of plant fibers and tea and coffee fermentation [48,49].

In this study, 20 IU mL−1 of pectinase from AA29 yielded >96% of the mixed juice
when the process was carried out for 2–3 h. This yield was better than that reported by
Mahto et al. [23] for a 79.25, 72.76 and 61.24% clarification of sweet lime, pineapple and
lime juices, respectively, using pectinase from a mutant strain of B. subtilis. However, in
this study, we also observed an improvement in the antioxidant potential of the juice,
with a significant quantity of total phenolics. Bioactive compounds such as total phe-
nolics present in juices can boost the immune system and have been reported to have
cardio-protecting effects. Previously, Vasconcellos et al. [50] reported 3.7 mg g−1 of total
phenolics in beetroot juice [51]. Total phenolics in beetroot can be categorized as phenolic
acids and flavonoids [52]. However, the amount of these bioactive compounds varies
greatly, depending on the variety of fruits or vegetables, ripening stage, and extraction
process [52,53]. Therefore, a mix of juices is desirable to obtain a blend of different bioac-
tive compounds. Indeed, it has been reported that juices extracted from a mix of fruits
exhibit higher antioxidant potential than juices from a single source [54]. This study also
reported the antioxidant potential of mixed juice extracted using pectinase preparations.
However, a complete chemical analysis is required to identify the compounds responsible
for these activities.

5. Conclusions

The rhizosphere of the salt marsh plant Arthrocnemum macrostachyum exhibited a
promising source of salt-tolerant pectinolytic bacteria. Paenibacillus sp. ASA21 Bacillus
licheniformis ASA29 are fast growing strains that can resist 2.5% salt and produce salt-
tolerant pectinase. The tolerance of pectinase to salt supports its application in the clarifi-
cation of mixed juice preparations. The pectinases from these two strains improved the
extraction of a mixed or detox juice composed of beetroot, apple and carrot. The pectinase-
mediated treatment of the juice improved the yield from 42 to 90%, total phenol contents
from 22 to 52 mgGAE/100 mL, and antioxidant potential. The analysis of the juice for the
identification of these bioactive compounds can provide insights for the future applications
of these juices.
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effect of pectinase units of strain ASA21 and time duration of juice parameters. Table S4. Multivariate
tests performed to investigate the effect of individual and combined factors for the treatment of juice
by the pectinase of strain ASA21. Table S5. Effect of pectinase from ASA21 and treatment time on
juice yield, Brix values, total phenol content (TPC), antioxidant potential (as ABTS and DPPH values).
Table S6. Data analyzed to investigate effect of pectinase units of strain ASA29 and time duration
of juice parameters. Table S7. Multivariate tests performed to investigate the effect of individual
and combined factors for the treatment of juice by the pectinase of strain ASA29. Table S8. Effect
of pectinase from ASA29 and treatment time on juice yield, Brix values, total phenol content (TPC),
antioxidant potential (as ABTS and DPPH values).

Author Contributions: A.S.A.: conceptualization, methodology, investigation, formal analysis,
writing—editing final draft; O.M.A.: writing initial draft, data curation; S.S.A. (Seham Saeed
Alzahrani), data curation, investigation; S.S.A. (Seham Sater Alhelaify): data curation. All authors
have read and agreed to the published version of the manuscript.

Funding: The funding was obtained from Taif University via the Dean of Graduate Research and
Scientific Research.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: The authors acknowledge the assistance of Muhammad Sohail in the collection
of samples. The authors also acknowledge the financial assistance by Taif University through the
Dean of Graduate Research and Scientific Research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Philippot, L.; Raaijmakers, J.M.; Lemanceau, P.; van der Putten, W.H. Going back to the roots: The microbial ecology of the

rhizosphere. Nat. Rev. Microbiol. 2013, 11, 789–799. [CrossRef] [PubMed]
2. Bulgarelli, D.; Rott, M.; Schlaeppi, K.; Ver Loren van Themaat, E.; Ahmadinejad, N.; Assenza, F.; Schulze-Lefert, P. Revealing

structure and assembly cues for Arabidopsis root-inhabiting bacterial microbiota. Nature 2012, 488, 91–95. [CrossRef]
3. Huang, X.F.; Chaparro, J.M.; Reardon, K.F.; Zhang, R.; Shen, Q.; Vivanco, J.M. Rhizosphere interactions: Root exudates, microbes,

and microbial communities. Botany 2014, 92, 267–275. [CrossRef]
4. Chaparro, J.M.; Badri, D.V.; Bakker, M.G.; Sugiyama, A.; Manter, D.K.; Vivanco, J.M. Root exudation of phytochemicals in

Arabidopsis follows specific patterns that are developmentally programmed and correlate with soil microbial functions. PLoS
ONE 2014, 8, e55731.

5. Edwards, J.; Johnson, C.; Santos-Medellín, C.; Lurie, E.; Podishetty, N.K.; Bhatnagar, S.; Dangl, J.L. Structure, variation, and
assembly of the root-associated microbiomes of rice. Proc. Natl. Acad. Sci. USA 2015, 112, E911–E920. [CrossRef]

6. Lundberg, D.S.; Lebeis, S.L.; Paredes, S.H.; Yourstone, S.; Gehring, J.; Malfatti, S.; Dangl, J.L. Defining the core Arabidopsis
thaliana root microbiome. Nature 2015, 488, 86–90. [CrossRef]

7. Fitzpatrick, C.R.; Copeland, J.; Wang, P.W.; Guttman, D.S.; Kotanen, P.M.; Johnson, M.T. Assembly and ecological function of the
root microbiome across angiosperm plant species. Proc. Natl. Acad. Sci. USA 2015, 115, E1157–E1165. [CrossRef]

8. Mendes, R.; Garbeva, P.; Raaijmakers, J.M. The rhizosphere microbiome: Significance of plant beneficial, plant pathogenic, and
human pathogenic microorganisms. FEMS Microbiol. Rev. 2013, 37, 634–663. [CrossRef]

9. Subramaniyan, S.; Prema, P. Biotechnology of microbial xylanases: Enzymology, molecular biology, and application. Crit. Rev.
Biotechnol. 2002, 22, 33–64. [CrossRef]

10. Liu, X.; Yu, L.; Han, J.; Wang, J.; Wang, J. Complete genome sequence of Bacillus paralicheniformis MDJK30, a plant growth-
promoting Rhizobacterium with multiple beneficial traits. J. Biotechnol. 2020, 310, 23–27.

11. Sharma, H.P.; Patel, H.; Sugandha. Enzymatic added extraction and clarification of fruit juices—A review. Crit. Rev. Food Sci.
Nutr. 2017, 57, 1215–1227. [CrossRef] [PubMed]

12. Bhattacharya, A.; Chattopadhyay, P.; Pan, D.; Patra, S.; Bhattacharyya, P.; Paul, A.K.; Mitra, S. Enhancement of plant growth
and suppression of Phytophthora capsici by the rhizosphere bacterium Bacillus paralicheniformis in vitro and in field conditions.
Microbiol. Res. 2020, 234, 126422.

13. Wang, C.; Dong, D.; Wang, H.; Müller, K.; Qin, Y.; Wang, H.; Wu, W. Xylan degradation by a consortium of Cellulomonas, Bacillus,
and Aspergillus: Impact on the fate of polychlorinated biphenyls in soil. J. Hazard. Mater. 2020, 388, 121775.

14. Rybakova, D.; Mancinelli, R.; Wikström, M.; Birch-Jensen, A.S.; Postma, J.; Ehlers, R.U.; Berg, G. The role of Paenibacillus sp. in
rhizosphere microbiome functioning. Microb. Ecol. 2017, 74, 947–960.

https://www.mdpi.com/article/10.3390/microorganisms12112162/s1
https://www.mdpi.com/article/10.3390/microorganisms12112162/s1
https://doi.org/10.1038/nrmicro3109
https://www.ncbi.nlm.nih.gov/pubmed/24056930
https://doi.org/10.1038/nature11336
https://doi.org/10.1139/cjb-2013-0225
https://doi.org/10.1073/pnas.1414592112
https://doi.org/10.1038/nature11237
https://doi.org/10.1073/pnas.1717617115
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.1080/07388550290789450
https://doi.org/10.1080/10408398.2014.977434
https://www.ncbi.nlm.nih.gov/pubmed/26731188


Microorganisms 2024, 12, 2162 14 of 15

15. Grady, E.N.; MacDonald, J.; Liu, L.; Richman, A.; Yuan, Z.C. Current knowledge and perspectives of Paenibacillus: A review.
Microb. Cell Factories 2016, 15, 203. [CrossRef]

16. Raza, W.; Yuan, J.; Ling, N.; Huang, Q.; Shen, Q. Production of volatile organic compounds by an antagonistic strain Paenibacillus
polymyxa WR-2 in the presence of root exudates and their antifungal activity against Fusarium oxysporum. Appl. Soil Ecol. 2015, 96,
52–59. [CrossRef]

17. Lynd, L.R.; Weimer, P.J.; van Zyl, W.H.; Pretorius, I.S. Microbial cellulose utilization: Fundamentals and biotechnology. Microbiol.
Mol. Biol. Rev. 2002, 66, 506–577. [CrossRef]

18. Dennis, P.G.; Miller, A.J.; Hirsch, P.R. Are root exudates more important than other sources of rhizodeposits in structuring
rhizosphere bacterial communities? FEMS Microbiol. Ecol. 2010, 72, 313–327. [CrossRef] [PubMed]

19. Zhong, L.; Wang, X.; Fan, L.; Ye, X.; Li, Z.; Cui, Z.; Huang, Y. Characterization of an acidic pectin methylesterase from Paenibacillus
xylanexedens and its application in fruit processing. Protein Expr. Purif. 2021, 179, 105798. [CrossRef]

20. Sheladiya, P.; Kapadia, C.; Prajapati, V.; Ali El Enshasy, H.; Abd Malek, R.; Marraiki, N.; Zaghloul, N.S.S.; Sayyed, R.Z. Production,
statistical optimization, and functional characterization of alkali stable pectate lyase of Paenibacillus lactis PKC5 for use in juice
clarification. Sci. Rep 2022, 12, 7564. [CrossRef]

21. Zhang, J.; Zhao, L.; Gao, B.; Wei, W.; Wang, H.; Xie, J. Protopectinase production by Paenibacillus polymyxa Z6 and its application
in pectin extraction from apple pomace. Food Process. Preserv. 2017, 42, e13367. [CrossRef]

22. García, N.M.; Cely, N.M.; Méndez, P.A. Study of the Pectinase Production from Soursop and Cherimoya Pulp for Agro-Industrial
Waste Reduction in Colombia. Waste Biomass Valor. 2024, 15, 6357–6365. [CrossRef]

23. Mahto, R.B.; Yadav, M.; Muthuraj, M.; Sharma, A.K.; Bhunia, B. Biochemical properties and application of a novel pectinase from
a mutant strain of Bacillus subtilis. Biomass Conv. Bioref. 2023, 13, 10463–10474. [CrossRef]

24. Battisti, J.A.; Rocha, G.B.; Rasbold, L.M.; Delai, V.M.; Costa, M.S.S.M.; Kadowaki, M.K.; da Conceição Silva, J.L.; Simão, R.C.G.;
Bifano, T.D.; Maller, A. Purification, biochemical characterization, and biotechnological applications of a multifunctional enzyme
from the Thermoascus aurantiacus PI3S3 strain. Sci. Rep. 2024, 29, 5037. [CrossRef]

25. Haile, S.; Ayele, A. Pectinase from Microorganisms and Its Industrial Applications. Sci. World J. 2022, 2022, 1881305. [CrossRef]
26. Hassan, M.; Ejaz, U.; Rashid, R.; Moin, S.F.; Gulzar, S.; Sohail, M.; Hassan, K.A.; Alswat, A.S.; El-Bahy, Z.M. Utilization of wild

Cressa cretica biomass for pectinase production from a halo-thermotolerant bacterium. Biotechnol. J. 2023, 18, 2200477. [CrossRef]
[PubMed]

27. Aslam, F.; Ansari, A.; Aman, A.; Baloch, G.; Nisar, G.; Baloch, A.H.; Rehman, H.U. Production of commercially important enzymes
from Bacillus licheniformis KIBGE-IB3 using date fruit wastes as substrate. J. Genet. Eng. Biotechnol. 2020, 18, 46. [CrossRef]

28. Tapre, A.R.; Jain, R.K. Pectinases: Enzymes for fruit processing industry. Int. Food Res. J. 2014, 21, 447–453.
29. Miller, G.L. Use of dinitrosalicylic acid reagent for determination of reducing sugar. Anal. Chem. 1959, 31, 426–428. [CrossRef]
30. Nguyen, C.L.; Nguyen, H.V.H. The quality of mulberry juice as affected by enzyme treatments. Beverages 2018, 4, 41. [CrossRef]
31. Tirry, N.; Kouchou, A.; Laghmari, G.; Lemjereb, M.; Hnadi, H.; Amrani, K.; Bahafid, W.; El Ghachtouli, N. Improved salinity

tolerance of Medicago sativa and soil enzyme activities by PGPR. Biocatal. Agric. Biotechnol. 2021, 31, 101914. [CrossRef]
32. Du, Y.; Ma, J.; Yin, Z.; Liu, K.; Yao, G.; Xu, W.; Fan, L.; Du, B.; Ding, Y.; Wang, C. Comparative genomic analysis of Bacillus

paralicheniformis MDJK30 with its closely related species reveals an evolutionary relationship between B. paralicheniformis and B.
licheniformis. BMC Genom. 2019, 20, 283. [CrossRef] [PubMed]

33. Asif, M.; Li-Qun, Z.; Zeng, Q.; Atiq, M.; Ahmad, K.; Tariq, A.; Al-Ansari, N.; Blom, J.; Fenske, L.; Alodaini, H.A.; et al.
Comprehensive genomic analysis of Bacillus paralicheniformis strain BP9, pan-genomic and genetic basis of biocontrol mechanism.
Comput. Struct. Biotechnol. J. 2023, 3, 4647–4662. [CrossRef]
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