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ABSTRACT

Pectinases are widely distributed in higher plants and microorganisms. They are today one of
the upcoming enzyvmes of the commercial sector. It has been estimated that microbial pectinases
account for 25% of the global food enzymes sales. Microbial pectinases can be produced from
bacteria including actinomycetes, yeast and fungi. Aspergillus niger is the most commonly used
fungal species for industrial production of pectinolytic enzymes. Among industrial applications of
pectinases are using these enzymes as an animal feed supplementation. This usage of pectinases
for rummnant’s feed production can reduces the feed wviscosity, which increases absorption of
nutrients, liberates nutrients, either by hydrolysis of non-bicdegradable fibers or by liberating
nutrients blocked by these fibers and reduces the amount. of faeces. This study deals with types and
classification of pectinclytic enzymes, their mode of action, production techniques and the methods
of activity assay. Furthermore, it provides a bird’s eye view of the possible applications of these
enzymes in ruminant nutrition.

Key words: Microbial pectinases production, submerged fermentation, solid state fermentation,
pectinases activity assay, ruminant nutrition

INTRODUCTION

Pectinases or pectinalytic enzymes are today one of the upcoming enzymes of the commercial
sector. It has been reported that microbial pectinases account for 25% of the global food enzymes
sales (Jayani et al., 2005). Primarily, these enzymes are a heterogeneous group of related enzymes
that hydrolyze the pectic substances, present mostly in plants.

Pectinolytic enzymes are widely distributed in higher plants and micreorganisms (Whitaker,
1990). They are of prime importance for plants as they help in cell wall extension (Ward and
Moe-Young, 1989) and softening of some plant tissues during maturation and storage (Sakai, 1992;
Aguilar and Huirton, 1990). They also aid in maintaining ecological balance by causing
decomposition and recycling of waste plant materials (Jayani ef al., 2005).

Microbial production of pectinases has been extensively studied during recent years
(Kashyap ef al., 2001; Torres ef al., 2006). Pectinase production has been reported from bacteria
including actinomycetes (Cao et al., 1992; Bruhlmann et al., 1994; Beg et al., 2000), yeast
(Blanco et @l., 1999; Reid and Ricard, 2000) and fungi (Elegadoe and Fujie, 1994; Huang and
Mahoney, 1999). However, almost all the commercial preparations of pectinases are produced from
fungal sources (Singh et al., 1999), Aspergtlius niger is the most commonly used fungal species for
industrial production of pectinolytic enzymes (Naidu and Panda, 1998; Gummadi and Panda,
2003).
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Fig. 1: Primary structure of pectic substances (Rexova’-Benkova’and Markovie”, 1976)

Higher cost of the production is perhaps the major constraint in commercialization of new
sources of enzymes. Though, using high yielding strains, optimal fermentation conditions and
cheap raw materials as a carbon source can reduce the cost of enzyme production for subsequent
applications in industrial processes. Among industrial applications of pectinases are using these
enzymes as an animal feed supplementation. This usage of pectinases for ruminant's feed
production can reduces the feed wiscosity, which increases absorption of nutrients, liberates
nutrients, either by hydrolysis of non-biodegradable fibers or by liberating nutrients blocked by
these fibers and reduces the amount of faeces (Hoondal et al., 2002).

This study mainly concentrates on the types and classification of pectinolytic enzymes, their
mode of action, production techniques and the methods of activity assay. It also provides a bird’s
eve view of the possible applications of these enzymes in ruminant nutrition.

THE SUBSTRATE

Pectic substance 1s the generic name used for the compounds that are acted upon by the
pectinolytic enzymes. They are high molecular weight, negatively charged, acidic, complex
glycosidic macromolecules (polysaccharides) that are present in the plant kingdom. They are
present as the major components of middle lamella between the cells in the form of calcium pectate
and magnesium pectate (Jayan et al., 2005).

Chemically, pectic substances are essentially branched hetercopolysaccharides containing
between a few hundred and about one thousand building blocks per molecule, with a backbone
consisting of galacturonic acid residues part of which are methylesteritied. The pectin
molecule (Fig. 1) is generally agreed to consist of a chain structure of axial-axial E-(1, 4)-linked
D-galacturonic acid units, containing blocks of I.-rhamnoese rich regions, with mainly arabinose,
galactose and xylose as side chains. The carboxyl groups of the galacturonic acid are partly
esterified by methyl groups and partly or completely neutralized by sodium, potassium or
ammonium ions. Some of the hydroxyl groups on C, and C; may be acetylated (Pilnik and Voragen,
1970).

The American Chemical Society classified pectic substances into four main types as reported by
Alkorta et al. (1998) as follows:

+ Protopectin is the water insoluble pectic substance present in intact tissue. Protopectin on
restricted hydrolysis yields pectin or pectic acids

*  Pectic acid is the scluble polymer of galacturcnans that containg negligible amount of methoxyl
groups Normal or acid salts of pectic acid are called pectates

* Pectinic acids is the polygalacturonan chain that contains >0 and <75% methylated
galacturonate units. Normal or acid salts of pectinic acid are referred to as pectinates
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¢ Pectin (Polymethyl galacturonate) 1s the polymeric material in which, at least, 75% of the
carboxyl groups of the galacturonate units are esterified with methanoel. It confers rigidity on
cell wall when it 1s bound to cellulose in the cell wall

THE PECTINASES
The pectinases may be divided in three broader groups as reported by Sakai (1992) and
Palomaki and Saarilahti (1997) as follows:

¢ Protopectinases: Degrade the insoluble protopectin and give rise to highly polymerized
soluble pectin

« Esterases: Catalyze the de-esterification of pectin by the removal of methoxy esters

¢  Depolymerases: Catalyze the hydrolytic cleavage of the «-(1-4)-glycosidic bonds in the
D-galacturonic acid moieties of the pectic substances

Depolymerases act on pectic substances by two different mechanisms, hydrolysis, in which they
catalyze the hydrolytic cleavage with the introduction of water across the oxygen bridge and trans-
elimination lysis, in which they break the glycosidic bond by a trans-elimination reaction without
any participation of water molecule (Fig. 2) (Albersheim et al., 1960; Codner, 2001). Depolymerases
can be subdivided into four different categories, depending on the preference of enzyme for the
substrate, the mechanism of cleavage and the splitting of the glycosidic bonds (Rexova’™-Benkova
and Markovie, 1976).

Polygalacturonase and polymethylgalacturonase breakdown pectate and pectin, respectively
by the mechanism of hydrolysis. However, polygalacturonate lyase and polymethylgalacturonate
lyase breakdown pectate and pectin by p elimination, respectively. Depending upon the pattern of
action, 1.e., random or terminal, these enzymes are termed as Endo or Exo enzymes, respectively.
During the course of investigations and research conducted in recent years, the above classification
of pectinalytic enzymes has slowly become cbsolete. A more recent and elaborated classification of
these enzymes has been provided in Table 1 (Rexova’-Benkova and Markovie, 1976; Ward and
Mooe-Young, 1989; Whitaker, 1990; Kashyap et al., 2001).

Protopectinases: The enzyme that catalyzes the sclubilization of protopectin was originally
named protopectinase by Brinton et al. (1927). Pectinosinase is also synonymous with
protopectinase (PPase). Protopectinase catalyzes the following reaction:

Protopectn + ILO — 2% Pectin

(Insoluble) {Soluble)

PPases are classified into two types, on the basis of their reaction mechanism (Sakai and
Okushima, 1982; Sakamoto ef al., 1994). A-tvype PPases react with the inner site, ie., the
polygalacturonic acid region of protopectin, whereas B-type PPases react on the outer site, 1.e., on
the polysaccharide chains that may connect the polygalacturonic acid chain and cell wall
constituents.

A-type PFPase are found in the culture filtrates of yeast and yeast-like fungi. They have been
isolated from Kluyveromyces fragilis IFO 0288, Galactomyces reeser 1. and Trichosporon
penicillatum SNO 3 and are referred to as PPase-F, -L and -3, respectively (Whitaker,1990). B-type
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Fig. 2. Enzymatic mode of action of the most frequent depolymerases on the pectin molecule.
PMGL: Polymethylgalacturonate lyase (pectin lyase); PMG: Polymethylgalacturcnase
{(pectin hydrolase); PMGE: Polymethylgalacturonate esterase (pectinesterase);
PGL: Polygalacturcnate lyase (pectate lyase); PC: Polygalacturonase (pectate hydrolase).
(Serra et al., 1992)
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PPases have been reported in Bacillus subtilis IFO 12113 (Sakal and Ozaki, 1988), B. subtilis
IF0O3134 (Sakai and Sakamoto, 1990) and Trametes sp. (Sakai et @l., 1993) and are referred to as
PPase-B, -C and -T, respectively. B-type PPases have also been found in the culture filtrate of a
wide range of Baeillus sp. (Sakai, 1992),

Ppase activity 1s assayed by measuring the amount of pectic substance liberated from
protopectin by the carbazole-sulphuric acid method (Siebert and Anteo, 1946). The pectin
concentration is measured as D-galacturconic acid from its standard curve. One unit of PPase
activity is defined as the enzyme that liberates pectic substance corresponding to 1 mmol of
Dgalacturonic acid per millilitre of reaction mixture under assay conditions.

Polygalacturonases: Polygalacturonases (PGases) are the pectinolytic enzymes that catalyze the
hydrolytic cleavage of the polygalacturonic acid chain with the introduction of water across the
oxygen bridge. They are the most extensively studied among the family of pectinolytic enzymes.
The PGases involved in the hydrolysis of pectic substances are ende-PGase (E.C. 3.2.1.15) and
exo-PGase (K.C. 3.2.1.687) (Table 1). PGases have the biclogical, functional and technical
applications in food processing and plant-fungal interactions.

Endo-PGases are widely distributed among fungi, bacteria and many yeasts (Luh and Phaff,
1951). They are also found in higher plants and some plant parasitic nematedes (Sakai et al.,
1993). They have been reported in many micreorganisms, including Aureobasidium pullulans
(Sakai and Takaocka, 1984), Rhizoctonia solant Kuhn (Marcus et al., 1986), Fusarium montliforme
{(De Lorenzo et al., 1987), Neurospora crassa (Polizell et al, 1991), [Rhizopus stolonifer
(Manachini et al., 1987), Aspergillus sp. (Nagai et al., 2000), Thermomyces lanuginosus (Kumar
and Palamvelu, 1999), Peacilomyces clavisporus (Souza et al., 2003). Kndo-PGases have also been
cloned and genetically studied in a large number of microbial species (Laing and Pretorius, 1993;
Naumov et al., 2001). In contrast, exo-PGases occur less frequently. They have been reported
in Erwinia carotovora (Palomaki and Saarilahti, 1997), Agrobacterium itumefaciens
{Rodrigues-Falenzuela et al., 1991), Beacieroides thetatotamicron (Tierny et al., 1994),
K. chrysanthemi (FKobayashi, et «l.,, 2001), Alternaria malt (Nozaki et al., 1997), Fusarium
oxvsporum (Maceira ef al., 1997), Ralstonia solanacearum (Huang and Allen, 1997), Bactllus sp.
(Kobayashi ef al., 2001). Exo-PGases can be distinguished into two types: fungal exo-PQGases,
which produce monogalacturenic acid as the main end product and the bacterial exo-PGases, which
produce digalacturonic acid as the main end product (Sakai ef af., 1993). Occurrence of PGases in
plants has also been reported (Pressey and Avants, 1973; Alonso et al., 2003).

PGase activity is determined on the basis of measuring, during the course of the reaction: (1)
the rate of increase in number of reducing groups and (2) the decrease in viscosity of the substrate
solution {(Rexova’-Benkova and Markovie, 1976). The amount of reducing sugar can be readily
measurad by colorimetric methods like 3, B-dinitrosalicylate reagent method (Miller, 1959} and the
arsenomolybdate-copper reagent method (Nelson, 1944; Collmer et al., 1988), One unit of enzyme
activity 1s defined as the enzyme that releases 1 mmol/mL/min galacturonic acid under standard
assay conditions.

Viscosity reduction measurements have also found widespread use in determining the PGase
activity (Roboz ef al., 1952):

To-Tt

% reduction in viscosity =
To-Tw
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Enzyme Action mechanism Action pattern Primary substrate Product

Esterase

1. Pectin methyl esterase Hydrolysis Random Pectin Pectic acid + methanol

Depolymerizing enzymes

a. Hydrolases

1. Protopectinases Hydrolysis Random Protopectin Pectin

2. Endopolygalacturonase Hydrolysis Random Pectic acid Oligogal actironates

3. Exopolygalacturonase Hydrolysis Terminal Pectic acid Monogalacturonates

4. Exopolygalacturonan- Hydrolysis Penultimate Pectic acid Digalacturonates

digalacturono hydrolase bonds

6. Ad:b Unsaturated Hydrolysis Terminal Ad:b Unsaturated

oligogalacturonate Galacturonate monogalacturonates and

hydrolases saturated m-1)

8. Endopolymethyl- Hydrolysis Terminal Highly esterified Oligogalacturonates

galacturonases pectin

b. Lyases

1. Endopolygalacturonase lyase Trans- Random Pectic acid Unsaturated
elimination oligogalacturonates

2. Kxopolygalacturonase lyase Trans- Penultimate Pectic acid Unsaturated
elimination bonds digalactironates

3. Oligo-D- Trans- Terminal Unsaturated Unsaturated

galactosiduronate lyase elimination digalacturonates monogalacturonates

4. Endopolymethyl-D- Trans- Random Unsaturated Unsaturated

galactosiduronate lyase elimination poly-(methxl-D- methyloligogalacturonates

digalacturonates)
5. Exopolymethyl-D- Trans- Terminal Unsatiurated Unsaturated
galactosiduronate lyase elimination poly-(methyl-D- methylmonogalacturonates

digalacturonates)

where, To, Tt and Tw represent the flow rate (in a capillary viscometer) in seconds for the reaction
mixture without enzyme, the test mixture and water, respectively. The unit of enzyme activity is
mostly selected as the amount of enzyme required for attaining a certain decrease of viscosity per
unit time. However, this method has met with limited success. There is no direct correlation between
viscosity reduction and number of glycosidic bonds hydrolyzed. PGase activity can also be
determined by the cup-plate method (Dingle et af., 1953). Cups are cut out from the solidified agar
containing the substrate and are filled with the enzyme solution. After lapse of a certain period of
time, the zones of degraded substrate are stained with iodine and quantified.

Lyases: Lyases (or transeliminases) perform non-hydrolytic breakdown of pectates or pectinates,
characterized by a trans-eliminative split of the pectic polymer (Sakai et al., 1993). The lyases break
the glycosidic linkages at C-4 and simultaneously eliminate H from C-5, producing a D 4.5
unsaturated products (Codner, 2001; Albersheim et al., 1960).

Livases can be classified into following types on the basis of the pattern of action and the
substrate acted upon by them (Table 1):

{I) Endopolygalacturonate lyase (EndoPGL, KE.C. 4.2.2.2); (II) exopolygalacturonate lyase
(ExoPGL, E.C. 4.2.2.9); (III) endopolymethylgalacturonate lyvase (EndoePMGL, E.C. 4.2.2.10); (IV)
exopolymethylgalacturonate lyase (KxoFPMGL).

The reactions catalyzed by lyases can be illustrated as follows:
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Polygalacturonate ﬁb A4:5 unsturated galacturonates

Polymethylgalacturonate M‘b unsaturated methyloligogalacturonates

Polygalacturonate lyases (Pectate lyases or PGLs) are produced by many bacteria and some
pathogenie fungi with endo-PGLs being more abundant than exo-PGLs. PGLs have been isolated
from bacteria and fungi associated with food spoilage and soft rot. They have been reported in
Colletotrichum lindemuthionum (Wijesundera et al., 1984), Bacteroides thetaiotaomicron
{(McCarthy et al., 1985), Frwinia carofovora (Kotoujansky, 1987), Amucala sp. (Bruhlmann, 1995),
Pseudomonas syringae pv. Glycinea (Margo et al., 1994), Colletotrichum magna (Wattad ef al.,
1995), K. chrysanthemt (Favey et al., 1992; Shevchik et al., 1997), Bacillus sp. (Kobayashi et al.,
1999; Takao et al., 2001), Bacillus sp. DT-7 (Kashyap et al., 2000), C. gloeosporioides
(Yakoby et al., 2000; Drori ef al., 2003)

Very few reports on the production of polymethylgalacturonate lyases (pectin lyases or PMGLs)
have been reported in literature. They have been reported to be produced by Aspergilius japonicus
(Ishii and Yokotsuka, 1975), Penicillium paxtilt (Szajer and Szajer, 1982, 1985), Penicillium sp.
{(Ihaz Borras et al., 1987, Alana et al., 1990, Sapunova ef al., 1995), Pythium splendens
(Chen et al., 1998) Pichia pinus (Mcharib et al., 2000), Aspergillus sp. (Sunnotel and Nigam,
2002), Thermoascus auratntacus (Martins et al., 2002).

The most convenient method of following the activity of lyases is to measure the increase in
absorbance at 235 nm due to formation of the A4:5 double bonds produced at the non-reducing
ends of the unsaturated products (Albersheim, 1966; Whitaker, 1990; Liao ef al., 1999). The molar
extinction coefficients for PGL and PMGL are 4.6x10° and 5.5x10%M/em, respectively. One unit of
enzyme activity is defined as the amount of enzyme that releases 1 mmol of unsaturated product
per minute under assay conditions. Eeducing group methods (Miller, 1959; Collmer ef al., 1988) are
also useful in determining the lyase activity. Viscosity reduction method (Roboz et al., 1952), in
conjunction with a reducing group method or along with intermediate product analysis by HPLC
or GC, can be used to distinguish between endo-and exo-splitting enzymes (Albersheim, 1966),

Pectinesterase: Pectinesterase (PE, Pectin pectlylhydrelase, E.C. 3.1.1.11), often referred to as
pectinmethylesterase, pectase, pectin methoxylase, pectin demethoxylase and pectolipase, 1s a
carboxylic acid esterase and belongs to the hydrolase group of enzymes (Whitaker, 1984), It
catalyzes the deesterification of methyl ester linkages of galacturonan backbone of pectic substances
to release acidic pecting and methanol (Cosgrove, 1997). The resulting pectin is then acted upon by
polygalacturonases and lyases (Sakai ef al., 1993; Prade ef al., 1999). The mode of action of PE
varies according to its origin (Micheli, 2001). Fungal PEs act by a multi-chain mechanism, removing
the methyl groups at random. In contrast, plant PEs tends to act either at the non-reducing end
or next to a free carboxyl group and proceed along the molecule by a single chain mechanism. The
reaction catalyzed by PE can be represented as follows (Forster, 1988):

Pectin +*nH,0 — Pectate +*nC.H,0H

PE activity is implicated in cell wall metabelism including cell growth, fruit ripening, abscission,
senescence and pathogenesis (Gaffe ef al., 1997; Dorokhov et al., 1999). Commercially PE can be
used for protecting and improving the texture and firmness of several processed fruits and
vegetables as well as in the extraction and clarification of fruit juices (Fayyaz et al., 1993). PE 1s
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found in plants, plant pathogenic bacteria and fungi (Hasunuma et al., 2003). It has been reported
in Rhodotorula sp. (Vaughan et al., 1989), Phytophthora infestans (Forster, 1988), Krwinia
chrysanthemi B341 (Pitkanen et al., 1992), Saccharomyces cerevisiae {(Gainvors ef al., 1994),
Lachnospira pectinoschiza (Cornick et al., 1994), Pseudomonas solanacearum (Schell et al., 1994),
Aspergillus niger (Maldonado et «l., 1994; Maldenado and de Saad,1998), Lactobacillus lactis
subsp. Cremoris (Karam and Belarbi, 1995), Penicillium frequentans (Kawano ef al., 1999),
. chrysanthemi 3604 (Laurent et «l., 2000), Fenicillium occitanis (Hadj-Taieb et al., 2002),
A. japonicus (Semenova ef al., 2003) and others. There are many reports of cccurrence of PE in
plants, viz., Carica papaya (Fayyaz et al., 1993; Innocenzo and Lajalo, 2001), Lycopersicum
esculentum (Warrilow et al., 1994), Prunus malus (Macdonald and Evans, 1996), Vitis vinifera
{Corredig et al., 2000), Citrus sp. (Arias and Burns, 2002), Pouteria sapota (Arenas-Ocampo ef al.,
2008) and Malpighia glabra L. (Assis et al., 2004),

PE activity is most readily followed by gel diffusion assay, as described by Downie ef al. (1998).
Inereased binding of ruthenium red to pectin, as the number of methyl esters attached to the pectin
decreases, 1s used as the basis of the assay. The unit of activity in nanoc-or picokatals 1s calculated,
based on the standard curve generated from the log-transformed commercial enzyme activity
versus stained zone diameter. The sensitivity, specificity and simplicity of this PE assay are superior
to all others. PE activity can also be measured by using a pH stat because icnization of the carboxyl
group of the product releases a proton, which causes a change in pH (Whitaker, 1984).

MICROBIAL PECTINASES PRODUCTION

In developing nations, there is noticeable growth of food and feed processing industries, leading
to an increase in the demand for pectic enzymes. Unfortunately, many of these nations depend
largely on imported pectinase, which has become more expensive because of higher cost of foreign
exchange. Therefore, with a view of improving the utilization of horticultural product in the
depressed economy of a nation like KEgypt, it is necessary to carry out research on the production

of pectic enzymes locally.

Microbial pectinases production techniques: There were two fermentation techniques we can
use for pectinases production, as many other enzymes (Murad and Foda, 1992) these techniques
are Solid State Fermentation (55F) and submerged fermentation (SmE).

Solid state fermentation is defined as the cultivation of microorganisms on moist solid supports,
either on inert carriers or on insoluble substrates that can be used as carbon and energy source.
This process occurs in the absence or near absence of free water in the space between substrate
particles. In this system, water is present in the solid substrate whose capacity for liquid retention
varies with the type of material (Lonsane et «l.,, 1985, Pandey ef al., 2001). In contrast, in
submerged fermentation (SmkF) the nutrents and microorganisms are both submerged in water
{Grigelmo-Migeul and Martin-Belloso, 1998).

Approximately 90% of all industrial enzymes are produced in SmF, frequently using specifically
optimized, genetically manipulated microorganisms. In this respect SmF processing offers an
insurmeuntable advantage over SSF. On the other hand, almost all these enzymes could also be
produced in SSF using wild-type microorganisms (Filer, 2001; Pandey et af., 2001). Interestingly,
fungi, yeasts and bacteria that were tested in SSF in recent decades exhibited different metabolic

strategies under conditions of solid state and submerged fermentation.
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Table 2: Biotechnological advantages of Solid State Fermentation (SSF) against submerged technology (SmF) (Holker et al., 2004)

Advantages Consequences Problems to be solved

Biological advantages
Low water demand Liess waste water Building of moisture gradients

High concentration of the end product  Lower downstream costs

Catabolite repression significantly Fermentation in the
lower or missing presence of glucose
Utilisation of solid substrate High concentration of the Building of substrate gradients
growth substrates Building of pH gradients
Lower sterility demands Mixed cultures of fermenting
microorganisms

Solid support. for microorganism

Simulation of the natural environment  Better performance of cultivated

MiCcroorganisms
Fermentation of water-insoluble
solid substrates
Mixed culture of microorganisms Synergism of metabolic performance
Processing advantages
High-volume productivity Smaller fermenter volumes
Low energy demand for heating Building of temperature gradients
Easy aeration Building of oxygen gradients on a large scale
Utilisation of otherwise Cheap and abundant carbon sources
unusable carbon sources
No anti-foam chemicals No lost of microorganisms during fermentation

The aim of S5F is to bring the cultivated fungi or bacteria into tight contact with the insoluble
substrate and thus to achieve the highest substrate concentrations for fermentation. This
technology results, only on a small scale, in several processing advantages of significant potential
economic and ecological importance as compared with SmF (Table 2).

However, there are also several disadvantages of SSF, which have discouraged use of this
technique for industrial production. The main cbstructions are due mainly to the build-up of
gradients of temperature, pH, maisture, substrate concentration or CO, during cultivation, which
are difficult to control under limited water availability. It has become clear (as mentioned in nearly
every review cited) that the cost-factor for the production of bulk-ware enzymes in most cases favors
S5F over SmFE. The low estimated costs of SSF are due to the rather traditional preferential claim
of B5F, viz. SSF utilises complex, heterogenous agricultural wastes as substrates and uses low-cost,
technology regarding sterility and regulation demands. However, attempts to reduce costs progress
in SSF because of the strongly increased diversity in SSF research.

There is ne consensus on the methods, the microorganisms or the substrates used, that would
allow comparison with other cultivation technologies. The broad spectrum of substrates used
represents an especially severe problem. As already mentioned, one great advantage of SSF has
always been the possibility of using substrates that are abundant, cheap and not applicable to SmkF.
However, regardless of the differences in process up-scaling, the scientific and technelogical impact,
of research data is difficult to compare when results are obtained with different microorganisms
producing different products and using a wvast variety of substrates (Rafae ef al., 20086;
Abd El-5alam et al., 1994). There are many substrates could be used as, pineapple, mixed fruit,
maosmi waste, arange bagasse, mango waste, corn tegument, almond meal, apple pomace, molasses,

banana peels, amaranth grain, eucalyptus kraft pulp, coffee residues and some food industry
wastes (Heolker et al., 2004; Murad, 1998).
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To facilitate comparison of results, the use of inert substrates as solid supports 1s becoming
increasingly important (Gautam et al., 2002; Ooijkaas et al., 2000). Surprisingly, biological
parameters, such as the stability of the produced enzymes at high temperature or extreme pH, have
also been reported to be better in SSF (Deschamps and Huet, 1985; Acuna-Arguelles et al., 1995).
Capability repression or protein degradation by proteases severe problems in SmF were often
reduced or absent in SSF' (Pereira ef al., 1993; Aguilar et ¢l., 2001). In contrast, much less research
has been carried out to evaluate the metabolic differences of microorganisms when cultivated in

SSE or SmF.

The factors affecting microbial pectinases production: Environmental and nutritional
factors are known to have marked effects on enzyme production by micreoorganisms. There are,
therefore, variations in optimum conditions for pectic enzyme production. Some of the cultural
factors that affect the production of pectic enzymes are presented in this study.

Initial pH of growth medium: According to Shoichi ef al. (1985) the initial pH of the medium has
a great effect on the growth of the organism, on the membrane permeability, also on the
biosynthesis and stability of the enzymes (Murad, 1998; Murad and Salem, 2001). Optimum
production of pectic enzymes from many moulds has been reported to be within the acidic pH range
{Zetelaki-Horvath, 1980; Shin et «al., 1983). Zheng and Shetty (1999), reported that,
polygalacturonase produced from Leniéinus edodes has a relatively lower optimum pH (pH 5.0) in
addition, Piccoli-Valle et al. (2001) observed that a high polygalacturonase and pectin esterase
activity was showed by P. griseoroseum in more acid pH of 4.5 and 5. Also, Silva et al. (2002) found
that F. viridicatum showed maximum production of polygalacturonase and pectinlyase at a pH of
4.5 and 5, respectively. Fawole and Odunfa (2003) reported that the optimum pectolytic activity
observed was at pH 5. Phutela ef al. (2005) concluded that the thermophilic fungt 4. fumigatus
Fres expressed maximum pectinase (1116 Ug-1) activity at pH 4.0 while polygalacturonase was
active at pH 5.0 (1270 Ug-1). Also, Debing et al. (2005) found that the pH 6.5 was the optimal pH
for pectinase production from A. niger by solid state fermentation. Reda et al. (2008) found that the
polygalacturonase productivity by Bactllus firmus-1-10104 reached its maximum at initial pH 6.0
and 6.2, Rasheedha ef al. (2010) found that F. chrysogenum exhibited maximum polygalacturcenase
production at initial pH of 6.5. However, the mechanism by which the pH acts on the production

pectic enzyme 18 not known.

Incubation period: The time of fermentation had a profound effect on microbial product
formation (Murad and Foda, 1992; Murad, 1998; Murad and Salem, 2001). Maximum production
of pectic enzyme from different moulds varies from 1 to 6 days (Ghildyal et «l, 1981)
Castilho ef al. (2000) reported that the highest polygalacturonase activities were obtained by
A. niger after 70 h of fermentation perioed. In addition, Fawole and Odunfa (2003) reported that
optimum production of pectinmethylesterase was obtained after 4 days of fermentation under
submerged fermentation condition. Moreover, Sarvamangala and Dayanand (2006) cbserved a
gradual increase in the production of pectinase from deseeded sunflower head by A. niger after
72 h of fermentation peried in submerged and up to 96 h in solid-state conditions. Reda et al. (2008)
found that the level of polygalacturonase increased gradually with increasing the incubation period

up to a maximum of 96 h by Bacillus firmus-1-10104 under solid state fermentation conditions.
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Nitrogen source: The effects of organie and inorganic nitrogen sources on the production of
pectinase were extensively studied. The observations of Hours et al. (1988) suggested that lower
levels of (NH,50, (0.16%), or K,HPQ, (0.1%) added to the growth medium as inorganic nitrogen
sources did not influence pectinase vield. In addition Galiotou-Panayotou and Kapantai (1993)
observed that ammonium phosphate and ammonium sulphate did influence production of pectinase
positively but also recorded the inhibitory effects of ammonium nitrate and potassium nitrate on
pectinase production. Moreover, Sarvamangala and Dayanand (2008) revealed that both
ammonium phosphate and ammoenium sulphate did influence production of pectinase positively in
both submerged and solid-state conditions. In contrast, Sapunova (1990} found that ammonium
salts stimulated the pectinclytic enzyme production in A. allicceus BIM-82. Moreover,
Sapunova ef al. (1997) has also observed that (NH,),80, stimulated pectinase synthesis, as in its
absence fungus displayed a slight proteclytic activity and did not produce extracellular pectinases.
In addition, Fawole and Odunfa (2003) found that ammonium sulphate and ammonium nitrate
were good nitrogen sources for pectic enzyme production from A. niger while glycine and
tryptophan did not support enzyme production. Also, Phutela ef al. (2005) reported that (NH )50,
stimulated pectinase production, as in its absence fungus displayed a slight proteclytic activity and
did not produce extracellular pectinases. Phutela ef al. (2005) found that the presence of yeast
extract + (NH,), SO, in growth medium supported maximal production of pectinase (925 Ug™)
followed by malt sprouts + (NH,),S0, (785 Ug ™), which also supported maximal polygalacturonase
activity (938 Ug-1). In addition, Rasheedha ef al. (2010) found that ammonium sulphate has
enhanced the production of F. chrysegenum pectinase,

On the other hand, report of Aguilar et al. (1991) showed yeast extract {(organic nitrogen
source) as the best inducer of exopectinases by Aspergillus sp. Moreover Kashyap ef al. (2003)
found that, yeast extract, peptone and ammonium chloride were found to enhance pectinase
production up to 24% and addition of glycine, urea and ammonium nitrate inhibited pectinase
production. Also, Reda ef al. (2008) found that the maximum value of polygalacturcnase
productivity by Bacillus firmus-1-10104 reached up to 350 U mL ™" in the presence of peptone as
a nitrogen source in the growth medium. In addition, Vivek et al. (2010) found that organic
nitrogen sources showed higher endo, exo pectinases activities than inorganic nitrogen sources. Also
the increasing trend in the enzymes activity with the increase in nitrogen source content was
observed in the case of organic nitrogen sources while decreasing trend observed for inorganic
nitrogen sources. Soybean meal (4%) showed the maximum Exopectinase activity of 5128 [U g™
and endo-pectinase activity of 793 TU g,

Carbon source: An adequate supply of carbon as energy source is critical for optimum growth
affecting the growth of organism and its metabolism. Aguilar and Huitron (1987) reported that the
production of pectic enzymes from many moulds 1s known to be enhanced by the presence of pectic
substrates in the medium. Fawole and Odunfa (2003) found that pectin and polygalacturenic acid
promoted the production of pectic enzyme and they observed the lack of pectolytic activity in
cultures with glucose as sole carbon source reflects the inducible nature of pectic enzyme from the
strain of 4. niger. However, when different concentrations of glucese were added to the medium
containing pectin, production of pectic enzymes was inhibited at high glucose concentration while
low glucose concentrations (0.5% w/v) stimulated enzyme production Also, the reducing sugar
content of the culture filtrate increased with increase in the amount of glucose added to the growth
medium. The ability of high concentrations of glucese in the medium to meet growth requirement,
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of the organism probably made the breakdown of pectin in the medium unnecessary or minmimal
and thus the low pectic activities observed in cultures. Phutela ef al. (2005) stated that wheat bran
supperted maximum pectinase production (589 U g') while pure pectin give the maximum
production of pelygalacturonase (642 U g™'). Sarvamangala and Dayanand (2006) reported that
glucose (4-6%) increase the production of pectinase in submerged condition whereas 6-8% sucrose
gives better yield of pectinase in solid-state condition. Reda et al. (2008) reported that Selanum
tuberosum (8T) peels was the best carbon source for polygalacturonase production by Bacillus
firmus-1-10104 under solid state condition.

PURIFICATION OF MICROBIAL PECTINASES

In order to characterize and study the properties of microbial pectinases the enzymes must be
purified. Important purification methods for the iscolation of different pectinases are briefly
summarized in this section. Pectinases from various sources of microorganisms have heen purified
to homogeneity. An exo-PG has been separated from mycelial extracts of Aspergillus niger by
eluting from DEAE cellulose with 0.2 M sodium acetate buffer at pH 4.6, Purification was efficient
with 209-fold increase in specific activity with a recovery of 8.6% and the enzyme displayed its full
activity only in the presence of Hg, ions (Mill, 1966a). A second PG was isolated with 205-fold
increase in specifie activity with a recovery of 1%.These two PGs are differentiated by their
optimum pH and PG IT was not inhibited by chelating agents and did not require Hg2_ for activity
(Mill, 1966b}.

Benkova and Slezarik (1966) developed a purification strategy for the isclation of extracellular
PMG, PG and PE. The enzyme was salted out with ammonium sulphate and precipitated with
ethanol after gel filtration through Sephadex (3-25. Repeated chromatography on DEAE-cellulose
column yielded a homogeneous preparation of enzyme. Exo-PG, Endo-PG and pectinesterase have
been separated from the culture filtrate of Trichoderma reesei by Sephadex chromatography
{(Markovic ef al., 1985). Polygalacturonase from Rhizopus stolonifer has been purified up to 10-fold
by ethanol precipitation followed by CM-Sepharose 6B ion exchange chromatography and gel
filtration by Sephadex G-100 (Manachini et «l, 1987). PG and PL (pectinlyase) from
Aureobasidium pullulans LV10 have been separated by CMSepharose 6B followed by column
chromatography (DEAE-cellulose column) and gel filtration on Sephadex G-100 (Manachini ef al.,
1988). PG and PL (pectinlyase) have been separated into PG I and PG IT and PL T and PL TI,
respectively. Pectatelyase (PGL) was synthesized by Amyeolata species and the extracellular crude
enzyme has been purified to homogeneity by both cation and anion exchange columns and
hydrophobic interaction chromatography (Bruhlmann, 1995). It has been observed that
purification resulted in a 4-fold increase in specific activity with 37% recovery. Pectinases from
Clostridium aectobutylicum ID 91-36 a UV mutant, has been purified by cation exchange
chromatography on a Sepharose column by eluting with NaCl (Seethaler and Hartmeier, 1992).

Endopectate lyase synthesized by Bacillus macerans has been purified by ammonium sulphate
precipitation followed by DEAE-Sephadex A-50 chromatography and CM-cellulofine
chromatography (Miyazaki, 1991). Similarly endopectate lyase I_{IV have been isolated from the
culture filtrate of Krwinia carctovora by CM Sepharose CL 6B chromatography, Sephadex S-200
gel filtration and 1soelectric focusing (Tanabe ef al., 1984). Kobayashi et al. (2001) purified the first
bacterial; exo-PG from Baecillus sp. strain KSM-P443 to homogeneity. This enzyme releases
exclusively mono-glacturonic acid from polygalacturcnic acid (PGA), di-, tri-, tetra-and
penta-galacturonic acids. They also determined the N-terminal sequence and concluded that no
sequence matched with other pectinases reported to-date.
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An extracelluar endo-PG produced by Aspergillus awamori IFO 4033 was purified homogeneity
using cation-exchange and size-exclusion chromatographic columns (Nagai ef ., 2000),
Sakamoto ef al. (1994) isolated protopectinase-N (PPN) and protopectinase-R (PPR) from the
culture filtrate of Bacillus subtilis IFC3134. These enzymes have been purified by hydrophobic
interaction chromatography on butyl-toyopearl 650 M, cation exchange chromatography on
CMtoyopearl6h0 M and gel filtration on sepharose 12HE. These enzymes have been found to be
stable over a wide range of pH and temperature. Endopectate lyase produced by Krwinia
caratovare FERM P-7576 has been selectively co-sedimented with an extracellularly produced
lipopolysaccharide lipid complex (Fukoka ef al., 1990). The cell free broth was precipitated and the
enzyme separated by gel chromatography with a specific activity of 710 U mg™ of protein.
Co-sedimentation has been affected by pH and ionic strength. Denis ef al. (1990) studied the effect
of shear stress on purification of five isozymes of pectate lyase produced by Erwinia chryvsanthemi
3937 in ultrafiltration equipment. Activity was not affected during 7 h of pumping and 36% activity
was lost after 25 000 passes.

New affinity matrices have been developed for the purification of pectinases, which possess
better mechanical and chemical stability than those cross-linked one with pectic acid
{(Lobarzewski et al. 1985). The culture filtrate was desalted on a Sephadex (-25 column. The
supports used were silanized controlled pore glass, silica gel silanized with 5-aminopropyl
triethoxysilane. All supports were activated with 3-(3-dimethylaminopropyl) carbodiimide and best,
results were obtained with silanized controlled pore glass. Gupta et al. (1996) developed an affinity
precipitation technique for separation of selective proteins using heterobifunctional ligands. They
used a soluble form of the ligand for affinity binding and then precipitation was induced for
separating the protein complex. Alginate was used as successful ligand for pectinases. Wu et al.
(2000) studied the partitioning behavior of endo-PG and total protein from Kluveromyces
marxianus culture broth in polyethylene glycol (PE(G) and PEG-potassium phosphate aqueous
two-phase systems (ATPS). Both enzyme and total protein partitioned into the bottom phase in both
systems. Since, the enzyme protein content in the total protein of the fermentation broth was
higher, they proposed that separating endo-PG was concentration rather than separation.

An efficient concentration was achieved using ATES with pelymer recycling and dialysis.
Immobilized metal ion affinity pelysulphone hollow-fiber membranes with a high capacity for
protein adsorption were tested for commercial pectic enzyme fractionation (Camperi et af., 2000).
The flow through (unbound) fraction has higher activity for pectinlyase and PE was retained on
the column. Similarly, Savary (2001) developed a rapid and simple method to separate PE from PG
and other pectinases in potato enzyme preparations using perfusion chromatography (Poros HS).
PE was eluted at low salt concentrations (-/80 mM NaCl) and PG at high salt concentrations
{(-/1300 mM NaCl). The development of such columns leoks promising for economical purification
strategies for pectinases. A literature survey showed that extensive work has been carried out on
the purification of PG. FPE and PGL and less attention has been focused on PMG protopectinases
and oligogalacturonases.

RUMINANT AND MICROBIAL PECTINASES

Ruminants have an extensive array of microbial enzymes produced in the rumen and these
enzymes play an important role in the ruminant digestive process. Pectinolytic activity in the
rumen arises from protozoal, fungal and bacterial sources, one of the major pectinolytic bacterial
species inhabiting the rumen, Lachnospira multiparus, produces a pectin lyase and a pectin
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methylesterase (Silley, 1985). Ruminal fungi and protozoa also express one or more of these
enzymes (Orpin, 1984; Chesson and Forsberg, 1988; Bonhomme, 1990),

On the other hand, specific enzyme preparations have become valuable tools for economically
improving digestive processes in the ruminant (Gado et al., 2009; Murad et al., 2009; Azzaz, 2009),
Use supplemental enzymes in the rumen may be important since the digestibility of organic matter
in the rumen does not reach 100% and even small changes in digestibility can influence the
efficiency of ruminal fermentations. As a result, many strategies have been developed to stimulate
the digestion of the fibrous components in ruminant feeds. One particularly promising technology
is supplementation of fibrolytic enzymes (Cellulases, xylanases and pectinases) to ruminant’s diets
(Selinger et «l., 1996). Although extensive studies were carried out to investigate the effects of
cellulases and xylanases supplementation to ruminant diets on their productivity, study effects of
pectinases supplementation to ruminant diets is lacking. Hoondal et al. (2002) reported that use
of pectinases as ruminant's feed supplementation can reduces the feed viscosity, which increases
absorption of nutrients, liberates nutrients, either by hydrolysis of non-biodegradable fibers or by
liberating nutrients blocked by these fibers and reduces the amount of faeces. In addition,
Jacob ef al. (2008) reported that the reducing sugar level was increasing gradually for banana fiber
treatment with polygalacturonase indicating the effectiveness of the treatment and it was evident.
from the photographs that the cells were separated after treatment as a result of pectin hydrolysis.
This may be reflecting the importance of use pectinases as a fiber degrading enzymes in amimal
feed production.

To date, little is known about the way that exogenous fibrolytic enzymes improve feed by rumen
microorganisms. Several potential modes of action have been proposed. These include: a) increase
in microbial colonization of feed particles. Yang ef el. (1999), enhancing attachment and/or improve
access to the cell wall matrix by ruminal microorganisms and by doing so, accelerate the rate of
digestion {(Nsereko ef al., 2000) enhancing the hydrolytic capacity of the rumen due to added
enzyme activities and for synergy with rumen microbial enzymes (Morgavi ef al., 2000). Also to
date, it has not been possible to predict the effectiveness of enzyme products for ruminants based
on their enzymatic activities because the effectiveness of enzyme products is highly variable
{Colombatto ef al., 2003). Part of this variability may be due to the types and activities of enzyme,
which can vary widely depending on the source organism, growth substrate and culture conditions
employed, type of diet fed to animals, enzyme application method and even the level of amimal
productivity (Beauchemin ef al., 2003). Lineweaver and Jansen (1951) study effect of low and high
concentration of pectic substances (citrus pulp) on polygalacturonase activity in steer's rumen fluid
(in vitro). They found that polygalacturonase activity in steer's rumen fluid increased by ten folds
compared with basal diet and there was no significant difference in polygalacturcnase activity
between the low and high level of citrus pulp. Both levels reached about the same maximum
activity of 2,000 units mL™) and returned to about 200 units on the basal diet. This ten fold
increase 1n activity of polygalacturonase activity attributed te citrus pulp suggests that the
formation of extracellular polygalacturonase was induced by the increase in total pectic substances
in the diet.

Finally, we recommended in this study giving more attention to production of microbial
pectinases and more attention to their application especially in animal feed production,
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