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ABSTRACT

Pectinolytic enzymes are used in the food industry for the extraction, clarification and filtration of fruit juice and wine. Depending on
their mode of action, these enzymes are classified into two major groups, namely: esterases (methylesterase) and depolymerases
(polygalacturonase and lyase). Among the methods for their preparation, fermentation is the most used, and its application depends upon
knowledge of the strain’s requirements; many parameters are taken into consideration most of which relate to the strain used.
Knowledge and control of these parameters are required for optimal production of these enzymes. Many microorganisms (Aspergillus
niger; Kluyveromyces marxianus; Trichoderma viride BITRS-1001; Bacillus licheniformis; Saccharomyces pastorianus etc.) have
already been studied and we suggested that there is a possibility of producing these enzymes using the microorganisms employed for the
retting of cassava. This review provides a wealth of knowledge on the production of pectinolytic enzymes, using different substrates and
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microorganisms.
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INTRODUCTION

The fermentation of cassava (retting) is characterized by the activity of certain
microorganisms which produce pectinolytic enzymes (EP). Investigating the
fermentation of cassava leaves for the production of Ntoba mbodi,
Mokemiabeka et al., (2011) showed that the softening of cassava leaves resulted
from the enzymatic processes which occurred during fermentation. These
changes occur due to the activity of cellulases and pectinases, and extend over the
first 48 hours of the fermentation of cassava leaves (Padonou, 2010;
Mokemiabeka et al., 2011). These enzymes are produced by microorganisms
during the process and many of these microorganisms are also present during the
fermentation of cassava roots (Brauman et al., 1995; Amoa-Awua et al., 1996).
A good knowledge of these microorganisms will not only shorten the
fermentation of cassava but also contribute to standardize this process.

Indeed, pectinolytic enzymes are known for their role in the hydrolysis of pectic
substances present in plant tissues (Sharma et al., 2013; Whitaker, 1990). They
belong to a group of enzymes of great industrial importance and are positioned
prominently in the global market of industrial enzymes; this expanding market is
experiencing a recovery, reaching over 2 billion euros each year (Charnock &
McCleary, 2005). These enzymes have many applications and are used in both
the food industry and in non-food industries where they are produced from
various substrates (Prathyusha & Suneetha, 2011; Sandri et al., 2011; Ribiero
et al., 2010). Among the substrates used for their production, there are bagasse
from sugar cane, wheat bran, apple peel and lemon (De Gregorio et al., 2002;
Rezazadeh Bari et al., 2010; Botella et al., 2007; Murad & Azzaz, 2011).
Various methods are used to obtain these enzymes from vegetable raw materials
or microorganisms. However, the processes employing microorganisms have a
twofold advantage, being environmentally friendly and constituting a very
convenient source (Boumendjel et al., 2009) for their production. Research
conducted in the past has shown that the microorganisms used are varied and
included many bacteria, yeasts and mold.

This paper aims to investigate the production of pectinolytic enzymes, using
different substrates and microorganisms, highlighting the opportunity of
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producing pectinases from retting microorganisms as an alternative worth
exploring.

PECTINOLYTIC ENZYMES

Pectinolytic enzymes (EP) are enzymes capable of acting on galacturonic pectic
substances (Combo et al., 2011). Pectinolytic enzymes gather Pectin esterase,
Polygalacturonase and Pectin Lyase. Depending on their mode of action, it has
been distinguished that Pectin Esterase (PE) release methanol; polygalacturonase
(PG) and Pectin Lyase (PL) hydrolyze galacturonic acid and produce small
polymers. However, authors (Campos, 1993; Combo et al., 2011) have only
investigated two major groups (figurel): the group of Pectin Esterase which
attack methyl ester bonds and the group of Depolymerase, which operate on the
a-(1-4) glycosidic bond (Bekhouche et al., 2006).

Polymethylgalacturonase
Pectin lyase

Polygalacturonase
Pectate lyase

Depolymer

Rhamnogalacturonase
Rhamnogalacturane lyase

Pectinases

Pectin methylesterase
Esterases

Pectin acetylesterase

Figure 1 Classification of different pectinolytic enzymes
Classification of the mode of action of pectinolytic enzymes

Depolymerases are classified into four categories: polygalacturonase (PG),
polymethylgalacturonase (PMG), lyase polygalacturonate (PGL) and lyase
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polymethylgalacturonate (PMLG) (Combo et al. 2011). PGs are involved in the
hydrolysis of the pectic substances and belong to the endo-PG (EC 3.2.1.15) and
exo-PG (EC 3.2.1.67) group. Their reaction (figure 2) may be carried out either at
random along the string or at the end of the chain causing a lowering of the
viscosity, which enables distinguishing between endo- and exo-polygalacturonase
(Thibault, 1982). With an exo-PG, for example, the lowering of the viscosity is
observed after breaking 20% of the glycosidic linkages (Baron & Thibault,
1985; Combo et al., 2011). Endo-PG are present in some plants, especially in
fruit but are also produced by various microorganisms such as bacteria and fungi.
Exo-PG is less frequent and is produced by some bacteria and fungi. The other
subclasses of depolymerases are lyases or transeliminases which are enzymes that
break the glycosidic linkage (-CO-) through the mechanism of B-elimination.
Their depolymerizing action causes the release of unsaturated uronides and small
oligomers (Baron & Thibault, 1985). PGL (Lyase Polygalacturonate) are
produced by some bacteria and pathogenic fungi in which endo-PGL is the most
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abundant form. On the other hand, PGL are produced by Aspergillus japonicus,
Penicillium paxilli and Pichia pinus. PGL is activated by Ca®* ions and, in some
cases, by other divalent ions such as Mg®, Mn? and conversely, they are
inhibited by the chelating agent EDTA. PMGL are the only depolymerases able
to damage High Methylated pectin (HM pectin) without the prior action of other
enzymes (Jayani et al., 2005). Pectin esterases catalyze the hydrolysis of ester
bonds of highly methylated pectins, resulting in the release of methanol and
polygalacturonic acid. PE exist as depolymerases in many plants, but they are
also produced by yeasts, fungi and some bacteria (Combo et al., 2012). The PE
of plant, certain methyl esters and pectic acids are better known than those of
fungal and bacterial origin. Their optimal pH is between 7 and 8, while the fungal
and bacterial PE is more active at a pH between 4 and 5 (Martos et al., 2013).
PE is inhibited by either increasing the number of free carboxyl along the
demethylated polygalacturonic chains or by the side chains of neutral sugars in
the pectin molecule.
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PE: pectin esterase, PG: polygalacturonase, PMG: polymethylgalacturonase, PGL: polygalacturonate lyase, PMLG: polymethylgalacturonate lyase,
Source : (Combo et al., 2011)

Figure 2 Different pectinolytic enzymes and their mode of action

APPLICATION OF PECTINOLYTIC ENZYMES IN INDUSTRIES

The largest industrial application of pectinolytic enzymes (EP) is in the extraction
and clarification of fruit juices. In this industry, pectins contribute to lower the
viscosity and turbidity of the juice. When a mixture of PE and amylase was used
to clarify the juice, it contributed to a reduction in the filtration time of up to 50%
(Blanco et al., 1999) and an increase in the juice extraction yield. These results
were reported for the treatment of banana pulp, grapes and apples (Kaur et al.,
2004). A combination of EP with cellulase, arabinase and xylanase, contributed
to strengthen the efficiency of the pressing for the extraction of fruit juice
(Gailing et al., 2000) in which 100% of the extraction yield was obtained for
cellulose (Alkorta et al., 1998). Furthermore, another application of EP is
vacuum infusion which has commercial application and is applied to soften the
skin of citrus fruit before removal. In the future, it could be extended to replace
the manual work of canned segments during industrial production (Baker &
Wicker, 1996). EP also has applications in biotechnology, degumming fibers in
combination with xylanases as an ecological alternative (Kapoor et al., 2001).
When EP is used in the pulp and paper industry, it is essentially to facilitate the
filtration process. The water is evacuated during the process by using a cloth
filter with large holes.

During modern papermaking, alkaline peroxides are used for pulp bleaching and
the solubilization of polysaccharides (Pasha et al., 2013); among these
polysaccharides pectins or polygalacturonic acids rank first. The degradation of
polygalacturonic acids strongly depends on the degree of polymerization.
Pectinolytic enzymes are used to depolymerize the galacturonic acid polymers
and lower the cationic demand of pectin solutions (Reid & Ricard, 2000).
Pectinolytic enzymes are also used in the fermentation of coffee to remove the
mucilage of coffee beans; the microorganisms used in this method are bacteria
(lactic bacteria) and yeasts belonging to the genus Saccharomyces (Ciza, 2001).
It is important to note that in this method, the pectinolytic enzymes are used for
limiting the occurrence of undesirable substances.

Production of pectinolytic enzymes

The development of microbiology allowed a better understanding of the systems
that govern microbial enzyme synthesis. The industrial production of enzymes is
based on the fermentation process. The main advantages of enzymes produced
via fermentation compared with enzymes from an extraction process are:
production which is independent of seasonal and geographical constraints, the
possibility of using cheap raw materials, production yields can be increased
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significantly by microbial strain improvement and optimization of fermentation
conditions (Pasha et al., 2013). Furthermore, enzymes of microbial origin have
various properties and characteristics, the advantages of which outweigh the
disadvantages associated with fermentation industries (heavy investment, energy
consumption, contamination etc.) (Mojsov, 2013).

Use of microorganisms for the production of pectinolytic enzymes

These characteristics explain their use in current technologies. Bacteria and fungi
are mostly used for enzyme production using the fermentation process (Tablel).
Among the bacteria, certain genera namely Bacillus, Lactobacillus, Pediococcus
and Leuconostoc are known to be effective during the fermentation process
(Bekhouche et al., 2006; Sakellaris et al., 1988). Lactobacillus plantarum was
used to produce an extracellular polygalacturonase by Sakellaris et al., (1988);
the maximum enzyme production was obtained from MRS medium,
supplemented with glucose and methylated pectin using low concentrations
ranging from 0 to 5% and 1 to 5%, at 27°C and pH 6 - 8. Moreover, maximum
polygalacturonase activity was reached at 30 °C at a pH of 4-5 with 5¢/I glucose
and 15g/1 of pectin (i.e. Wpectine / Wgiucose = 3). However, using Leuconostoc sp.
LLn1, Bekhouche et al., (2006) obtained a smaller production of extracellular
polygalacturonase (0.17 U/ml without glucose) versus 29 U/ml obtained with
159/l of glucose using Lactobacillus plantarum at 30° C and a pH of 4 to 5.
These studies also showed that Mg?* and Mn?* ions were required in the medium
for an increase in enzyme activity. In another study, conducted by Juven et al.,
(1985), Leuconostoc mesenteroides was used to reduce the viscosity of the
tomato juice. In vitro tests showed that the supernatant obtained from the culture
of these cells was active on the highly methylated pectin, but inactive on pectin
exhibiting a low degree of methylation and polygalacturonic acid. Furthermore,
no pectin esterase activity was detected. However, these studies showed that
lactic bacteria are low producers of EP compared with Bacillus strains. Sharma
& Satyanarayana (2012) have experimented using Bacillus pumilus dcsrl for
the production of a thermostable and highly alkaline pectinase. These studies
were conducted using solid fermentation with agricultural residues such as
sesame, oil meals, wheat bran and citrus pectin. The fermentation lasted for 144
hours at 40°C and pH 9; the enzyme obtained from this study was important as it
has enabled an improvement of the method of treating ramie fibers. During the
fermentation of cassava leaves for the production of Ntoba mbodi, researchers
observed a softening at the end of the fermentation process. This phenomenon
(softening sheets) could be explained by the action of microorganisms such as
Bacillus macerans, Bacillus subtilis, Bacillus cereus, Staphylococcus xylosus and
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Erwinia spp., which are known to cause degradation of the cell wall of cassava
leaves (Jayani et al., 2005; Louembé et al., 2002). However, this study didn’t
identify these strains as responsible for this activity, even though pectinolytic
activities were measured during the process. In addition, other studies conducted
on eucalyptus kraft pulp (Ahlawat et al., 2007) showed a very high level of the

production of pectinases and xylanases, which were alkalophilic and
thermostable, from newly isolated Bacillus subtilis and Bacillus pumilus strains
respectively.

Table 1 Some microorganisms used for the production of pectinolytic enzymes

Microorganisms Enzymes produced References

Bacillus sp. PL (Tohru et al., 1999)
Aspergillus niger PG, PL et PE (Mondal et al., 2004)
Aspergillus niger PE, PG (Berovic & Ostroversnik, 1997)
Aspergillus niger PC5 Endopectinases (Bari et al., 2010)
Lactobacillus PG, PL (Karam & Belarbi, 2005)
Lactic acid bacteria Pectinases (Vidhyasagar et al., 2013)
Bacillus licheniformis PG, PL, PE (Rehman et al., 2013)
Aspergillus niger NCIN548 Pectinases (Kumar et al., 2011)
Kluyveromyces marxianus PG, PE (Gummadi & Panda, 2003)
Penicillium oxalicum PG, PL, PE (Ciza, 2001)

Kluyveromyces marxianus PG, PL, PE (Campos, 1993)
Aspergillus niger NRClami PG (Esawy et al., 2013)
Trichoderma viride BITRS-1001 PG (Juwon et al., 2012)

PG : Polygalacturonase ; PL : Pectin Lyase ; PE: Pectin Esterase

EP production was carried out under SSF (Solid State Fermentation) using
combinations of cheap agricultural residues to minimize the cost of production.
Among the various substrates tested, the best production yield of pectinolytic
enzymes and xylanase was observed using a combination of wheat bran and
citrus waste (6592 U/g dry substrate) supplemented with 4% yeast extract,
incubated at 37°C for 72 h and pH 7.0, and using deionized water as a moistening
agent. The effect of these enzymes on biobleaching of eucalyptus pulp kraft was

determined. The two enzymes (xylanase and pectinase) showed stability over a
wide pH range of 6 to 10 and temperatures of 55-70°C. The bleaching efficiency
of EP and xylanase on kraft pulp was maximal after 150 minutes at 60°C.
However, some authors restricted the production of EP to fungi. Fortunately,
studies on these strains showed that they actually produced a wide range of these
enzymes, which is not often the case with bacteria. An inspection of Table 2
shows that fungi are the species mostly used in the production of these enzymes.

Table 2 Physical properties of some microorganisms producing pectinolytic enzymes

Microorganisms Enzymes produced Optimal pH Optimal Temperature References

Amycolata sp. PGL 10,25 30-35 (Bruhlmann, 1995)

Bacillus sp. PGL 8,0 70 (Takao et al., 2000)
Saccharomyces pastorianus PG 4,2 50 (Astapovich & Ryabaya, 1997)
S. cerevisiae Endo PG 4,5 45 (Blanco et al., 1997)

P. oxalicum PG, PMG 3-9 45-55 (Ciza, 2001)

B. licheniformis - 10 45 (Rehman et al., 2013)

Bacillus PL 10,5 50-55 (Tohru et al., 1999)

PG : Polygalacturonase ; PL : Pectin Lyase ; PMG: Polymethylgalacturonase; PGL: Lyase polygalacturonate;

Among the fungi used for the production of pectinolytic enzymes, Aspergillus is
the most studied and best known, resulting from extensive work on the
Aspergillus niger species in order to improve its performance. Indeed (Antier et
al., 1993), the fermentation of coffee pulp by Aspergillus niger and its mutant
strain showed that the use of mutants had the advantage of improving the
enzymatic activity during the fermentation process. This advantage led Akbar et
al., (2013) to assess the ability of Aspergillus carbonarius to produce exo-
pectinase using a submerged fermentation process; the study showed that this
strain was very productive. Using physical or chemical mutagens (UV irradiation,
colchicine, hydrogen peroxide and ethidium bromide), the research team was able
to increase the potential production of pectinolytic enzymes by the strain. The
mutants were selected based on enzyme activity, growth rate and morphology,
and exhibiting an increase in enzyme production. All surviving mutants were
quantitatively evaluated after the first mutagenic treatment. The stability of the
best mutants was tested by repeated radiation exposure to obtain the third
generation mutants. These mutants were tested to quantify their production of
pectinolytic enzymes. Among all the mutants, only one showed a maximal
pectinase production of 65U/ml compared with the others. According to the
literature, the wild strain, A. carbonarius, exhibited little activity. This requires a
study of the various parameters that may influence the enzymatic activity of
microorganisms.

Control parameters of the production of pectinolytic enzymes

Many parameters are taken into account in the production of the microbial
enzymes and are related to the type of microorganism employed. Most recent
studies have addressed the medium composition and the physical parameters for
enzyme stabilization and production optimization.

279

The influence of medium composition

The medium composition parameters that are monitored include: nitrogen
composition, glucose/sucrose composition, minerals and inoculum. Indeed,
soluble sugars can affect the synthesis of EP. Ciza (2001), studying the
stimulatory or repressor effect of glucose on the enzymatic synthesis of the strain
P. oxalicum, observed a high production of enzymes (PG, PME and PL) for
glucose concentrations ranging between 0.5 and 1.0%, and keeping the pectin
concentration (DM = 71%) at 2%. Moreover, any variation of these two factors
(glucose concentration and pectin/pectic acid) should be a ratio (w/w pectin or
pectic acid/glucose), varying between 2 and 4, as high concentrations (> 1.0%) of
glucose repress PME and PG activity levels, which have been found to decrease
considerably. However, for the detection of pectinolytic activity in Bacillus
licheniformis KIBGE - IB21, Rehman et al., (2013), did not add glucose to the
basal medium, nevertheless they observed pectinolytic activity in the strain.
Esawy et al., (2013) used lemon peels as a unique carbon source to immobilize
the Aspergillus niger NRClami strain to produce pectinolytic enzymes with
industrial applications. However, for some strains an inductor is required to
stimulate the production of these activities; sucrose may be sometimes replace
glucose in this function. Thus, during the work of Juwon & Ogunmolu (2011)
investigating the production of polygalacturonase by Trichoderma viride-1001
BITRS using submerged fermentation, the sucrose concentration was 0.2% and
the pH of the medium was maintained at 6.0. Furthermore, an analysis of the
effect of four different carbon sources (fructose, sucrose, maltose and lactose)
after 24 hours of culture revealed a maximum activity of fructose at 3033U/ml
versus 2816.7 U/ml for sucrose. This study also showed that four days were
sufficient to follow enzyme Kinetics as at the end of the 10-day culture, the
maximum pectinolytic activity was obtained after 3 days, but between the 4th and
10th day, the activities were very low.

Nitrogen also affects the synthesis of pectinolytic enzymes. Indeed, the nitrogen
source is the second most important parameter, after carbon, which significantly
influences the production of biomass and metabolites (Ciza, 2001). According to
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Guiraud (1998), the most assimilable form of nitrogen by microorganisms is the
ammonium form; this explains the high values recorded by Ciza (2001) with
(NH,) 2S0,4 and (NH4) 2HPO,. However, it should be noted that organic nitrogen
(peptone) can also help to maximize the production of pectinolytic enzymes.
However, the experiments of Ciza (2001) on P. oxalicum showed that the
combination of two nitrogen sources only improved the PG activity to the
detriment of PMEs and PL activities. In contrast, the sole use of yeast extract was
found to improve PG and PL production. By combining the yeast extract with
KNO;, Rehman et al., (2013) produced pectinolytic enzymes with Bacillus
licheniformis KIBGE-IB21 at pH 7 and after only 48 h of culture. Another no less
important component of the medium is the source of inorganic phosphorous, the
presence of which in the medium is necessary for the synthesis of biomass and
metabolites. This element is heavily involved in energy metabolism and the
synthesis of nucleic acids. One of the forms in which phosphorus improves the
enzymatic synthesis is the association with potassium (K,HPO,) or with sodium
(Na;HPO,). Finally, it is important to know the concentration of inoculum prior
to the production of pectinolytic enzymes in the fermenter due to the problems of
heat transfer and materials related to the particular morphology of the mycelium,
which itself depends on the culture conditions. The mycelium can grow as long
connected hyphae or as compact balls; both forms influence the viscosity of the
culture medium and consequently influence microbial metabolism. During his
studies on the strain P. oxalicum, Ciza (2001) showed that the inoculum
concentration should be between 10° and 10° spores/100ml culture medium to
promote a significant production of pectinolytic activity. It should be noted that
all of these production conditions could be applied for solid and liquid
fermentation. However, previous studies have shown that maximum enzyme
production can be achieved by solid fermentation after only 96 hours for PMEs
and PL, 120h for PG, and 144h against for all three activities in liquid
fermentation (Solis-Pereira et al., 1993).

Influence of physicals parameters of the medium

The physical parameters which influence enzyme synthesis are aeration, pH and
temperature. By studying the effects of aeration levels on the synthesis and
excretion of pectinolytic enzymes, Ciza (2001) obtained higher levels of activity
with culture volumes of 50 ml in 1000 ml flasks; the production kinetics were
conducted in flasks without agitation. The flasks were fitted with a perforated
plastic lid (2cm) and the orifices were closed with hydrophobic cotton. Microbial
development and metabolism are also dependent on the pH and temperature of
the medium, and many studies have shown that stability of the enzyme product is
a function of these two factors. Hence, to enable a good understanding of
enzymatic activity, investigations into the stability of the pH conditions of the
strain as well as temperature are necessary. Table 3 shows the optimum pH and
temperature for a few microorganisms.

CONCLUSION

Pectinolytic enzymes are mainly produced by fermentation using microorganisms
such as bacteria, yeasts and molds. Many studies have been conducted on the
genera Aspergillus, Bacillus and Saccharomyces; in addition, the production of
pectinolytic enzymes using fungi has also been investigated. However, very few
studies have shown the ability of lactic bacteria to produce these enzymes.
Polygalacturonase was produced in experiments with some strains of
lactobacillus; these studies showed the ability to produce these enzymes from
this species, although the amount of enzyme produced is low. Lactobacillus is
one of the most represented species observed during the fermentation of cassava
and many authors have demonstrated their role in this process. Are
microorganisms isolated from cassava fermentation capable of producing
polygalacturonase? Our current studies on the microorganisms involved in
cassava retting will enable the determination of which microorganisms are
capable of producing this activity.

Acknowledgement: Sincere thanks to the University of Liege for funding this
project.
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