
Pectinases 

Ernesto Favela-Torres, Cristobal Aguilar, 
Juan Carlos Contreras-Esquivel and 
Gustavo Viniegra-Gonzalez 

1. INTRODUCTION 
Pectinases are a group of at least seven different enzymatic activities that contribute to the breakdown of 

pectin from a variety of plants. Pectin is a structural polysaccharide found in primary cell wall and middle 

lamella of fruits and vegetables. Pectin has a complex structure; the predominant structure consists of 

homopolymeric partially methylated poly-a-(1,4)-galacturonic acid. Sections of a-(1,2)-L-rhamnosyl- a

(1,4)-D-galacturonosyl containing branch-points with L-arabinose and D-galactose can be incorporated in 

the main polymeric chain. Pectin may also contain residues ofD-glucuronic acid, D-apiose, D-xylose and L

fucose attached to poly- a-(1,4)-D-galacturonic acid sections (Perez et al. 2003). As other enzymes, pectinases 

contained in natural ingredients have been used long time ago, e.g. the production of coffee and chocolate, 

where pectinases produced by wild microorganisms improved the fermentation step to remove grain mucilage. 

Pectinases are very useful to determine the structural characteristics of pectic substances and to prepare 

plant cell protoplasts for studies of genetic engineering (Shubakov & El'kina 2002). Due to its ability to 

degrade cell wall, pectinases have been used in juice and wine processing for the last 70 years. They are 

extensively used in food industry to increase juice yields, to accelerate juice clarification and to produce juice 
concentrates from grapes, berries, pears, apples, carrots, beets, green peppers and citrus fruits. Pectinases 

are also used to increase the colour of juices, promoting antioxidants formation and favour the extraction of 
colour, flavour components and fermentable sugars when added to grapes of musts during wine production. 

Removal of the inner wall of lotus seed, garlic, almond and peanut is also carried out by pectinases. Pectinase 

world-wide consumption is above 7 x 106 tons per year. 

2. SOURCE AND TYPE OF PECTINASES 
Although plants and microorganisms produce them, the most common source of commercial pectinases 

is the filamentous fungus Aspergillus sp. that produces a complex of pectinolytic enzymes, including the 

de-esterifying and chain-splitting enzymes. They are also obtained from tomatoes and oranges. 

According to the reaction mechanisms, pectinases splitting homopolymeric partially methylated poly-a

( 1,4) galacturonic acid (homogalacturonan) can be classified as: i) esterases, ii) hydrolytic depolymerases, 

and iii) eliminative depolymerases (Table 1). Pectinases degrading hairy regions (rhamnogalacturonan I) 

are not described in this chapter, but they have been described by Voragen et al. (2003) and include 

rhamnogalacturonan-hydrolases and lyases. 
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Table 1. Classification of pectinases from enzyme nomenclature 

Name 

Pectinesterase 

Polygalacturonase 

Galacturan 1,4-a-galacturonidase 

Exopoly-a-galacturonosidase 

Endo-pectatelyase 

Exo-pectatelyase 

Endo-Pectinlyase 

2.1. Pectinesterase 

EC number 

3.1.1.11 

3.2.1.15 

3.2.1.67 

3.2.1.82 

4.2.2.2 

4.2.2.9 

4.2.2.10 

Reaction type 

Hydrolysis of carboxylic ester 

Hydrolysis of O-glycosyl bond 

Hydrolysis of O-glycosyl bond 

Hydrolysis of O-glycosyl bond 

Elimination (C-O bond cleavage) 

Elimination (C-O bond cleavage) 

Elimination (C-O bond cleavage) 

Pectinesterase (E.C. 3.1.1.11) is an enzyme that catalyses the hydrolysis of methylated carboxylic ester 
groups in pectin into pectic acid and methanol. It is used in the treatment of certain foodstuffs and can 
be produced by a wide variety of plants and micro-organisms. Table 2 presents some of the micro
organisms producing pectinesterase. 

Although pectin is the natural substrate of pectin esterase, methyl pectate (Versteeg 1979) and methylated 
oligogalacturonides (Shevchik et al. 1996) have also been used as substrates. Pectinesterase activity is 
stimulated by (NH4) 2SO4 (Versteeg 1979), Mg2+, NaCl (Lim et al. 1983) and inhibited by Cu2+, Hg2+ (Lim 
et al. 1983), D-galacturonate, polygalacturonate (Pitkanen. et al. 1992) and pectate (Markovic et al. 
1985). Studies carried out on pectinesterase immobilisation revealed a 5-fold increase in Km value after 
immobilisation (Markovic et al. 1985). The immobilised enzyme did not act on pectin with a high 
esterification degree and presents lower activity than the free enzyme. Table 3 presents the optimal 
values of pH and temperature of pectinesterases produced by different microorganisms. Plant 
pectinesterases release a methoxyl group adjacent to a free galacturonic acid and slide along the 
homogalacturonan to produce pectins with blocks of free carboxyl groups, whilst fungal pectinesterases 
saponify methyl esters in more or less random fashion (Ralet et al. 2002). 

2.2. Polygalacturonase 
Endo-polygalacturonases (E.C. 3.2.1.15) are important enzymes in fruit ripening and in fungal and 
bacterial attack on plants and are used in treatment of certain vegetables such as tubers, apples, etc. The 
enzymatic reaction involves random hydrolysis of O-glycosyl bonds in 1,4-a-D-galactosyluronic linkages 
in homogalacturonans. Most of the studies dealing with endo-polygalacturonase characteristics have 
been carried out with strains of Aspergillus, (particularly, A. niger), Erwinia carotovora and Saccharomyces 
fragilis. However, several plant pathogenic and saprophytic fungi and bacteria have also been studied. 
Table 4 lists some of the microorganisms reported as endo-polygalacturonase producers. 

Homogalacturonan is the natural substrate of endo-polygalacturonases. However, a wide variety of 
oligogalacturonides are used as substrates, producing several products, depending on the nature of 
substrate. For example, molecules containing two or more monomers of galacturonate act as substrate 
for this enzyme. Soluble (homogalacturonan and methylated homogalacturonan) and insoluble (protopectin) 
substrates can be used as inducers for microbial endo-polygalacturonases. Hydrolysis of a-D-
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Table 2. Microorganisms producing pectinesterases 

Microorganism 

Aspergillus carbonarius 

Aspergi/lus foetidus 

Aspergillus japonicus 

Aspergillus kawachii 

Aspergillus niger 

References 

Versteeg 1979 

Markovic & Machova 
1985 

Versteeg 1979 

Contreras-Esquivel 2003 

Versteeg 1979 

Lobarzewski et al. 1985 

Aspergillus oryzae Ueda et al. 1982 

Lim et al. 1983 

Kitamoto et al. 1999 

Aureobasidium pullulans Manachini et al. 1988 

Botryosphaeria ribis 

Botrytis cinerea 

Versteeg 1979 

Versteeg 1979 

Chaetomium globosum Versteeg 1979 

Clostridium multifermentans Versteeg 1979 

Colletotrichum trifolii Versteeg 1979 

Corticium rolfsii Yoshihara et al. 1977 

Microorganism 

Corynebacterium sp. 

Erwinia chrysanthemi 

Fusarium oxysporum 

Fusarium roseum 

Gibberella sp 

References 

Versteeg 1979 

Heikinheimo et al. 1991, 
Pitkanen et al. 1992, 
Shevchik et al. 1996 

Versteeg 1979 

Versteeg 1979 

Versteeg 1979 

Kluyveromyces fragilis 

Penicillium chrysogenum 

Versteeg 1979 

Versteeg 1979 

Pseudomonas solanacearum Versteeg 1979 

Saccharomyces cerevisiae Gainvors et al. 1994 

Torulopsis candida 

Trichoderma lignorum 

Trichoderma reesei 

Xanthomonas 
malvacearum 

Versteeg 1979 

Versteeg 1979 

Markovic et al. 1985 

Versteeg 1979 

Table 3. Optimal values of pH and temperature for activity of microbial pectinesterases 

Micro-organism Jfl Temperature (°C) References 

Aspergillus foetidus 4.8 52 Markovic et al. 1985 

Aspergillus oryzae 8.2 50 Lim et al. 1983 

Aureobasidium pullulans 4.5 50 Manachini et al. 1988 

Erwinia chrysanthemi 7.5 40 Shevchik et al. 1996 

galacturonosyl-(1,4)-O- a.-D-galacturonate has been reported for the endo-polygalacturonases produced 
by Botrytis cinerea andAspergillus niger (Deuel & Stutz 1958). Endo-polygalacturonase activity produced 
by Rhizapus stolonifer was stimulated by Co2+, Fe3+, Mg2+ (Manachini et al. 1987) and was inhibited by 
Ba2+, Hg 2+, Mn2+ and Zn2+ (Manachini et al. I 987, Trescott & Tampion 1974 ). Other endo
polygalacturonases were also inhibited by Ag+, Ba2+and Ca2+, Cd2+, Co2+, Hg2+, Mn2+ and Pb2+ (Sakai et 
al. 1982, 1984, Lim et al. l 980). Values of Km of endo-polygalacturonases decrease as the number of 
monomers into the galacturonide oligomer increases. Endo-polygalacturonases produced by some bacteria, 
yeast and fungi has been in the range of O.OlmM<Km<l2.5mM. The physiological significance of this 
variability is not yet understood. 
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Table 4. Microorganisms producing endo-polygalacturonases 

Microorganism 

A.1pergillus foetidus 

Aspergillus japonicus 

Agrobacterium vitis 

Aspergillus aculeatus 

Aspergillus alleaceus 

AJpergillus aureus 

Aspergillus kawachii 

Aspergillus niger 

Aureobasidium pullulans 

Bacillus mesentericus 

Bacillus sp. 
Bmryris cinerea 

C/ostridium felsineum 

Corticium rolfsii 

Erwinia carotovora 

Erwinia chrysanthemi 

Fusarium monoliforme 

Fusarium oxysporum 

References 

Deuel & Stutz 1958 

Schejter & Marcus 1988 
Ishii & Yokotsuka 1972 

Herlache et al. 1997 

Foda et al. 1984 

Sreenath et al. 1986 

Deuel & Stutz 1958 

Contreras-Esquivel 2003 

Cooke et al. 1976 
Heinrichova & Rexova

Benkova 1977 
Heinrichova & Dzurova 1981 

Raab 1992 
van Santen et al. 1999 
Parenicova et al. 2000 

Sakai & Takoka 1985 

Deuel & Stutz 1958 

Horikoshi 1972 
Deuel & Stutz 1958 

Deuel & Stutz 1958 

Tagawa and Kaji 1988 

Ried & Collmer 1986 
Saarilahti et al. 1990 

Lei et al. 1992 
Herlache et al. 1997 

Palomaeki & Saarilahti 1997 
Pickersgill et al. 1998 
Pickersgill et al. 1999 

Collmer et al. 1988 
Ried & Collmer 1986 

Deuel & Stutz 1958 
Caprari et al. 1996 

Strand et al. 1976 
di Pietro & Roncero 1996 

Microorganism References 

Galactomyces reesei Sakai & Yoshitake 1984 

Kluyveromyces marxianus Sakai et al. 1984 

Mucor pusillus Foda et al. 1984 

Neurospora crassa Deuel & Stutz 1958 

Penicillium capsulatum Gillespie & Coughlan 1989 
Gillespie et al. 1990 

Penicillium expansum Deuel & Stutz 1958 

Penicilliumfrequentans De Fatima-Borin et al. 1996 

Pseudomonas Ofuya 1984 
solanacearum 

Rhizopus arrhizus 

Rhizopus stolonifer 

Rhizopus tritici 
Saccharomyces cerevisiae 

Saccharomyces fragilis 

Sclerotinia sclerotiorum 

Trichoderma koningii 

Trichoderma reesei 

Verticillium albo-atrum 

Schejter & Marcus 1988 

Manachini et al. 1987 
Trescott & Tampion 1974 

Deuel & Stutz 1958 
Blanco et al. 1994 
Blanco et al. 1998 
Hirose et al. 1999 

Gainvors et al. 2000 

Lim et al 1980 

Oliva et al. 1999 
Fraissinet-Tachet et al. 1995 

Schejter & Marcus 1988 
Fanelli et al. 1978 

Tagawa & Kaji 1988 

Markovic et al. 1985 

Schejter & Marcus 1988 

Verticillium dahliae Deuel & Stutz 1958 
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Table 5. Km values of some endopolygalacturonases. 

Microorganism Substrate Km (mM) References 

Aspergillus niger (1,4-a-D-galacturonaide)z 3.67 Heinrichova & Dzurova 1981 

Galactomyces reessii ( 1,4-a-D-galacturonaide )2 3.98 Sakai & Yoshitake 1984 

Trichosporun penicillatum ( 1,4-a-D-galacturonaide ), 4.26 Sakai et al 1982 

Aspergillus niger ( 1,4-a-D-galacturonaide )2 12.5 Heinrichova & Rexova-Benkova 1977 

Aspergillus niger ( 1,4-a-D-galacturonaide )z 1.82 Heinrichova & Dzurova 1981 

Trichosporun penicillatum ( 1,4-a-D-galacturonaide )z 2.2 Sakai et al I 982 

Aspergillus niger ( 1,4-a-D-galacturonaide )2 3.31 Heinrichova & Rexova-Benkova 1977 

Galactomyces reessii ( I ,4-a-D-galacturonaide ), 0.71 Sakai & Yoshitake 1984 

Trichosporun penicillatum (1,4-a-D-galacturonaide )2 0.87 Sakai et at 1982 

Aspergillus niger ( 1,4-a-D-galacturonaide )2 0.89 Heinrichova & Dzurova 1981 

Aspergillus niger ( 1,4-a-D-galacturonaide )z 1.85 Heinrichova & Rexova-Benkova 1977 

Aspergillus niger ( 1,4-a-D-galacturonaide )2 0.7 Heinrichova & Dzurova 1981 

Aspergillus niger Pectate 0.01 Heinrichova & Rexona-Benkova 1977 

Trichosporun penicillatum Polygalacturonic acid 0.04 Sakai et al 1982 

Aspergillus niger Polygalacturonic acid 0.34 Heinrichova & Dzurova 1981 

Depending on the type of microorganisms, endo-polygalacturonases have a wide range of optimal pH 
and temperature values (Table 6). Such variability may be useful for special conditions to be applied at 
industrial operations and may be the justification for looking at biodiversity as a source of special strains 
for such industrial applications. 

Table 6. Optimal values of pH and temperature and molecular weight for 
endopolygalacturonases produced by some microorganisms 

Microorganism pH Temperature Molecular References 
(OC) weight 

(kDa) 

Aspergillus aculeatus 3.0 60 Foda et al. 1984 

Aspergillus niger 5.0 40 46 Heinrichova & Rexova-Benkova 1977 
Clostridium thennosulfurogenes 5.5 75 320 Schink & Zeikus 1983 

Erwinia carotovora 5.5 37 Lei et al. 1992 
Saarilahti et al. 1990 

Kluyveromyces marxianus 5.0 60 44 Hirose et al. 1999 

Mucor pusillus 4.5 50 Foda et al. 1984 

Penicillium capsulatum 4.7 52 51.6 Gillespie & Coughlan 1989 
Gillespie et al. 1990 

Saccharomyces cerevisiae 6.0 45 45 Hirose et al. 1999 
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Table 7. Optimal values of pH and temperature for activity of exo-polygalacturonases 
produced by some microorganisms 

Microorganism JiI Temperature (°C) References 

Fusarium oxysporum 5.6 60 Vasquez et al. 1993 

Aspergillus niger 5.2 45 Heinrichova & Rexova-
Benkova 1976 

Geotrichum lactis 5.0 40 Pardo et al. 1991 

Pardo & Gacto 1992 

Fusarium oxysporum 5.0 40 Martfnez et al. 1991 

Table 8. Bacteria and fungi producing endo-pectatelyase 

Microorganism 

Bacteria 
Bacillus subtilis 

Bacteroides thetaiotaomicron 

Erwinia carotovora 

Pseudomonas solanacearum 

Streptomyces nitrosporeus 

Thermoanaerobacter italicus 

Thermomonospora fusca 

Xanthomonas campestris 

Fungi 
Fusarium oxysporum 

Fusarium solani 

Penicillium oxalicum 

2.3. Exo-polygatacturonases 

References 

Nasser et al. 1990 
Nasser et al. 1993 

Sakamoto et al. 1994 

McCarthy et al. 1985 

Sugiura et al. 1984 
Ried & Collmer 1986 

Lei et al. 1987 
Yoshida et al. 1991 

McMillan et al. 1992 
Heikinheimo et al. 1995 

Ofuya 1984 

Sato & Kaji 1977,1980 

Kozianowsky et al. 1997 

Stutzenberger 1987 

Nasuno & Starr 1967 

Huertas-Gonzalez et al. 1999 

Crawford & Kolattukudy 1987 
Guo et al. l 995a,b 

Guo et al. 1996 

Ikotun 1984 

Galacturan 1,4-a-galacturonidases (E.C. 3.2.1.67) are enzymes that degrade polygalacturonan by 
hydrolysis of the glycosidic bonds from the non-reducing ends yielding the corresponding 1,4- a-D
galacturonide and galacturonic acid. They are produced by a wide variety of plants and microorganisms. 
Strains of fungi such as Aspergillus, Colletotrichum, Fusarium, Geotrichum, Penicillium and Trichodenna 
have been used for biochemical characterisation of these enzymes. They are also produced by some 
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bacterial strains of the genus Bacillus and Butyrivibrio. Although the natural substrates of exo
polygalacturonases are pectic acid and pectin, these enzymes have a preference for oligogalacturonates 
and present activity with some arabinogalactans. The exo-polygalacturonase was inhibited by Ca2+ 

(Vasquez et al. 1993), glucose (Pardo et al. 1991, Pardo & Gacto 1992) and D-galactopyranuronic acid 
(Kester et al. 1996, 1999). When (1,4 )- a-D-(galacturonide )" was used as substrate with n = 2 to 7, the 
exo-polygalacturonase activity of Aspergillus tubingensis showed preference for the high molecular 
weight molecules (Km = 1.44 and 0.32 mM for n = 2 and n = 7, respectively). The optimum pH for 
activity of these enzymes is below 7 and has been 3.0 as minimum for polygalacturonase produced by 
the plant pathogen fungal Colletotrichum capsici. The specific activity of the exo-polygalacturonase 
produced by this fungus was near to 25 times higher than that produced by Aspergillus niger (Behere et 
al. 1993). Table 7 presents the optimal values of pH and temperature of exo-polygalacturonases produced 
by different microorganisms. 

2.4. Exo-poly-a-galacturonosidases 
Exo-polygalacturonosidases (E.C. 3.2.1.82) hydrolyse the pectic acid from the non-reducing end, releasing 
digalacturonates. These enzymes are produced by bacterial strains such as Clostridium 
thermosaccharolyticum ( van Rijssel et al. 1993 ), E,winia carotovora (Kegoya et al. I 984 ), E. chrysanthemi 
(Ried & Collmer, 1985), Pseudomonas sp. (Hatanaka & Imamura, 1974), Ralstonia solanacearum (Huang 
& Allen, 1997) and Selenomonas ruminantum (Heinrichova et al. 1989). Their natural substrate is pectin 
and has Km values as high as 1159 mM measured with trigalacturonate for the enzyme produced by 
Selenomonas ruminantum (Heinrichova et al. 1989). 

2.5. Endo-pectatelyases 
Endo-pectatelyases (EC 4.2.2.2) do eliminative cleavages of pectate at the C-O bonds to give 
oligosaccharides with 4-deoxy- a-D-gluc-4-enuronosyl groups at their non-reducing ends resulting in 
formation of products with a double bond between C-4 and C-5. A wide variety of bacteria and some 
groups of plants and phytopathogenic fungi produce these enzymes. The enzyme production was 
constitutive in Bacillus sp. and Fusarium solani, but was induced by pectin or pectic acid in E. anoideae 
(Kamimiya et al. 1977). Its production by B. subtilis was repressed by glucose (Sakamoto et al. 1994). 
Table 8 presents some of the bacteria and fungi that produce this enzymatic activity. 

Table 9. Molecular weight, pH and temperature optimal values for endo-pectatelyases 
produced by some microorganisms 

Microorganism K.n(mM) JfI Temperature (°C) References 

Bacillus macerans 45000 9.0 60 Kamimiya et al. 1977 

Bacillus subtilis 32000 8.0 60 Sakamoto et al. 1994 

Colletotrichum gloesporioides 39000 8.9 35 Wattad et al. 1994 

Erwinia anoideae 36000 9.0 35 Kamimiya et al. 1977 

Streptomyces nitrosporeus 39000 9.3 5 Sato & Kaji 1977 

Thermoanaerobacter itallicus 148000 9.0 80 Kozianowsky et al. 1997 
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Table 10. Microorganisms producingendo-pectinlyases 

Micro-organism References Micro-organism References 

Bacteria Aspergillus niger Mayans et al. 1997 
Kester & Visser 1994 
Hanisch et al. 1978 

Bacillus sp. Jong-Chon et al. 1998 Aspergillus oryzae Lim et al. 1983 

Erwinia aroideae Kamimiya et al. 1974 Aspergillus sojae Ishii & Yokotsuka 1972 

Erwinia carotovora Itoh et al. 1982 Colletotrichum Wijesundera et al. 1984 
lindemuthianum 

Lachnospira multipara Silley 1986 Fusarium oxysporum Guevara et al. 1996 

Pseudomonas fluorescens Schlemmer et al. 1987 Penicillium expansum Silva et al. 1993 

Pseudomonas marginalis Sone et al. 1988 Penicillium italicum Alana et al. 1991 
Nikaidou et al. 1995 

Fungi Penicillium paxilli Szajer & Szajer 1982 
Aspergillus japonicus Ishii & Yokotsuka 1972 Rhizoctonia solani Bugbee 1990 

Dinnella et al. 1995 

Oligogalacturonates, pectate, pectic acid, polypectate, polygalacturonic acid and pectin are used as 
substrates of endo-pectatelyase. The endo-pectatelyase activity required Ca2+ and was stimulated by 
Mg2+ (Sato & Kaji 1977, Briihlmann 1995), Mn2+ (Kobayashi et al. 1999, Miyazaki 1991, Guo et al. 
1995a,b) and Sr2+ (Kobayashi et al. 1999, Brtihlmann 1995); it was inhibited by several metal ions such 
as Mn2+, Mg2+, Cu2+ (Sugiura et al. 1984), Ba2+, Cd2+ (Kamimiya et al. 1977, Sakamoto et al. 1994) and 
Ca2+ (Tardy et al. 1997). The Km values of the enzyme produced by Streptomyces nitrosporeus for penta, 
tetra and trigalacturonic acids were 0.23, 0.19 and 1.5 mM, respectively (Sato & Kaji 1977). Endo
pectatelyase has maximal activities at alkaline pH values. Table 9 shows the molecular weight and the 
optimal pH and temperature values for endo-pectatelyase activities produced by different microorganisms. 

2.6. Exo-pectatelyases 
Exo-pectatelyases (E.C.4.2.2.9) do eliminative cleavages at the C-O bonds of 4-(4-deoxy- a-D-galact-
4-enuronosyl)-D-galacturonate at the reducing end of unesterified pectin. These enzymes are produced 
by Clostridium mult(fermentans (Macmillan & Phaff 1966, Miller & Macmillan 1970, Macmillan & 
Vaughn 1964 ), Erwinia chrysanthemi (Shevchik et al. 1998, l 999a,b ), E. carotovora (Ikeda et al. 1984, 
Kego ya et al. 1984 ), Streptomyces nitrosporeus (Sato & Kaji 1979) and S. massasporeus (Sato & Kaji 
1980). Low molecular weight galacturonates are better substrate than polygalacturonate (Shevchik et al. 
1999a). The exo-pectatelyase produced by C. multifermentans was inactive with pectin of high methoxyl 
content (Macmillan & Vaughn 1964). Production of exo-pectatelyase by S. massasporeus required Ca2+ 
and was stimulated by Mn2+ and Sr2+ (Sato & Kaji I 980). Ba2+, Ca2+, Mg2+, Mn2+ and Sr2+ stimulated exo
pectatelyase from C. multifermentans (Macmillan & Phaff 1966). Mn+2 also stimulated exo-pectatelyase 
production by E. chrysanthemi (Shevchik et al. 1999a). Ba2+, Cu2+, Hg2+ and Mg2+ inhibited the enzyme 
activity (Hatanaka & Ozawa 1972, 1973, Ikeda et al. 1984 ). The exo-pectatelyase produced by E. 



Pectinases 281 

Table 11. Effect of metal ions on pectinlyase activity 

Microorganism Stimulated by 

Aspergillus japonicus Ca2+ 

Aspergillus niger Ca2+,Na+ 

Aspergillus oryzae Ca2+, Cu2+, Hg2+, Mg2+ 

Aspergillus sojae 

Bacillus sp. 

Colletotrichum 
lindemuthianum 

Erwinia areideae 

Fusarium oxysporum 

Penicillium expansurn 

Ca2+ 

Ca2+ 

Ba2+,Ca2+,Co2+, 
Mg2+, Mn2+, Sr2+ 

Ca2+ 

Inhibited by 

Hg2+ 
Mg2+, Mn2+, Na+ 

Co2+, Fe2+,Hg2+, 

Mn2+, Zn2+ 

Ca2+ 

References 

Ishii & Yokotsuka 1975 

Kester & Visser 1994 

Lim et al. 1983 

Ishii & Yokotsukal 972 

Jong-Chon et al. 1998 

Wijesundera et al. 1984 

Kamimiya et al. 1974 

Guevara et al. 1996 

Silva et al. 1993 

Table 12. Characteristics of pectinlyases produced by different micro-organisms 

Microorganism JlI Temperature (0 C) Molecular References 
weight (kDa) 

Aspergillus japonicus 6.0 55 32 Ishii & Yokotsuka 1975 

Aspergillus oryzae 8.5 5 34 Lim et al. 1983 

Aspergillus sojae 7.0 32 Ishii & Yokotsuka 1972 

Bacillus sp. 6.0 40 52 Jong-Chong et al. 1998 

Colletotrichum 9.3 27 Wijesundera et al. 1984 
lindemuthianum 

Erwinia aroideae 8.0 40 28 Kamimiya et al. 1974 

Penicillium expansum 7.0 4 36.5 Silva et al. 1993 

Pseudomonas marginalis 8.5 32 Sone et al. 1988 

carotovora had Km value as low as 1.3 µM with polygalacturonate (Ikeda et al. 1984). The pH and 
temperature optimal values for these enzymes are from 8.5 to 9.5 and 40 to 45°C, respectively. Molecular 
weights of 39 kDa and 54 kDa were found by gel filtration for the exo-pectatelyases produced by S. 
nitrosporeus and S. massasporeus, respectively (Sato & Kaji 1979, 1980). 

2.7. Endo-pectinlyases 
Endo-pectinlyases (E.C. 4.2.2.10) or pectinlyases give oligosaccharides with terminal 4-deoxy-6-methyl
a-D-galact-4-enuronosyl groups by eliminative cleavage of pectin. They are produced by some bacterial 
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and fungal strains (Table IO). Endo-pectinlyases produced by A. japonicus (Ishii & Yokotsuka 1975, 
Dinnella et al. 1995) and A. niger (Kester & Visser 1994, Mayans et al. 1997) have been studied and 
characterised. 

Pectin, polygalacturonic acid, methoxylated pectic acid and polymethylpolygalacturonate methyl glycoside 
are used as substrate by the pectinlyases. The enzyme produced by A. niger was stimulated by Ca2+ and 
Na+ (Kester & Visser 1994) and was inhibited by acetate, formate, propionate, iso-butyrate and butyrate. 
The soluble enzyme had a pH optima of 5.2 (Hanisch et al. 1978) and a molecular weight around 35.5 
kDa. Table 11 presents the stimulatory and inhibitory effect of some metal ions on pectinlyases produced 
by several microorganisms. 

Km values for the different pectinlyases have been generally estimated with citrus pectin as substrate, 
obtaining values of 3.2 mg/mL for Pseudomonas fluorescens (Schlemmer et al. I 987) and 15.0 mg/mL 
for Penicillium italicum. When pectin was used as substrate, K"' values of 1.36, 2.5 and 9.0 mg/mL 
were obtained with pectin lyases from A. oryzae (Lim et al. 1983), Penicillium paxilli (Szajer & Szajer 
1982) and P. expansum (Silva et al. 1993), respectively. Optimal pH values from 5 to 9.8 have been 
reported. Table 12 presents some of the characteristics of pectinlyases produced by different 
microorganisms. 

3. PRODUCTION OF PECTINASES 
Pectinases are produced by a few microorganisms and strains of A. niger, A. oryzae and A. aculeatus 
are mainly used. Other species such as Penicillium expansum are also used for pectinase production at 
industrial scale. Pectinase production at large scale is carried out mainly by submerged culture (deep
tank process), although solid-state fermentation (SSF) is also used. 

3.1 Submerged fermentation 
Industrial fermentors for submerged fermentation (SmF) have volumes from 20 to several hundred 
cubic meters. Since most of the microorganisms used for pectinases production are aerobic, air 
must be supplied at rates from 0. I to 2.0 vvm. Oxygen transfer from the gas phase to the liquid 
phase is enhanced by mechanical or airlift agitation of the culture medium and agitation helps to 
maintain homogeneous conditions of pH, temperature and dissolved oxygen in the broth. Pectinases 
production by a mutant strain of A. niger growing in a culture medium with sugar beet slices 
supplemented with malt extract and mineral salts was strongly influenced by the oxygen uptake 
rate (Zetelaki-Horvath & Vas 1981 ). While growth was stimulated at an oxygen uptake rate (OUR) 
of I 00 mmol/Lh, pectinesterase, endo-polygalacturonase and pectinlyases production was stimulated 
at OUR values of 13, 49 and 60 mmol/Lh, respectively. However, the macerating activity, due to 
pectinesterase and endo-polygalacturonase activities, gave two maximal values at 12 and 14 mmol/ 
Lh. On the other hand, some yeast strains such as Kluyveromyces marxianus produced nine 
isoenzymes forms of endo-polygalacturonases growing under anaerobic conditions with glucose 
as sole carbon source (Harsa et al. 1993). Most of the pectinases are inducible enzymes that 
require the presence of the inducer to be synthesised. Although pectin is the natural inducer for 
pectinases production, its elevated cost makes difficult its use at industrial level. A number of 
agricultural products containing pectin and other polysaccharides have been used for pectinase 
production. Depending on the raw material used as source of inducer and carbon, the culture 
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medium needs to be supplemented with minerals to improve the microbial growth and enzymes 
production. Ammonium sulphate is widely used as nitrogen source. Macro elements such as P, K, Mg 
are generally supplemented as KH2PO4 and MgSO4 and micro elements such as Mo, Zn, Fe, Mn and 
Co are added as mineral salts at low concentrations (below 0.05%, w/w). A comparative study of 
polygalacturonases production by A. niger and P. dierckxii from different pectin sources showed 
that sugar beet pectin (at 10 g/L) was the most active inducer and ammonium sulphate the best 
source of nitrogen for polygalacturonase production by both the strains (Shubakov & El'kina 
2002). The use of a mixture of sugar beet pulp and alkaline extracted sugar beet pulp instead of 
sugar beet pulp alone slightly increased the polygalacturonase production by Trichoderma reesei (Olsson 
et al. 2003). 

As stated above although pectinases production by fungi has been mostly inducible, a constitutive 
exo-pectinase was produced by Aspergillus sp. CH-Y- I 043 grown on glucose, sucrose, fructose, 
glycerol and galacturonic acid (Aguilar & Huitron 1990). Pectinases production by Aspergillus sp. 
(Solis et al. 1990, Aguilar & Huitron 1987) and Neurospora crassa (Polizeli et al. 1991) was 
induced by pectin and repressed by glucose and by the degradation products of pectin. In contrast, 
Erwinia carotovora (Tsumuyu, 1977) produced a pectatelyase that was induced by the breakdown 
products of pectic acid. The complexities of the regulatory mechanisms involved on pectinase 
production require permanent programs for the selection of catabolic resistant strains. However, 
technological aspects such as fed-batch cultures or solid- state fermentation can be used to minimise 
the catabolic repression by glucose or by the breakdown products of pectin (Solfs-Pereira et al. 
1993, Dfaz-Godfnez et al. 200 l ). 

3.2. Solid-state fermentation 
Solid-state fermentation (SSF) used for the production of polygalacturonases by A. niger with 
sugar cane bagasse as solid support showed that endo-polygalacturonase and exo-polygalacturonase 
productivities were 18.8 and 4.5 higher in SSF than in SmF (Solfs-Pereira et al. 1993). Apparently, 
the regulatory phenomena such as induction-repression related to pectinases synthesis by A. niger 
are different in the two types of fermentation (Solis-Pereira et al. 1993). The use of sugar cane 
bagasse as a sole carbon source allowed higher production (6-fold) of pectinesterase and 
polygalacturonase by A. niger in SSF as compared with that obtained in submerged fermentation. 
Moreover, glucose addition improved pectinase production in SSF but it was decreased in submerged 
fermentation (Maldonado & Strasser 1998). Similar results were obtained with polyurethane (as 
inert support) and a culture medium containing pectin as carbon source, showing that protease 
production is lower in SSF than in SmF (Dfaz-Godfnez et al. 2001 ). However, Morita and Fujio 
( 1999) compared specific polygalacturonase activities from Rhizopus sp. MKU 18 of a metal-ion
regulated liquid medium and a wheat bran solid medium. Their work suggested that some advantages 
can be found in producing polygalacturonase by metal-ion-regulated liquid medium. The use of 
washed sugar cane bagasse as support, impregnated with a defined culture medium showed that 
pectinases produced by SSF were more stable at pH and temperature than those produced by SmF 
(Acuii.a-Argtielles et al. 1995). Although pectinases production at low water activity (aw) values 
was lower than that obtained at high aw values, the specific activity increased up to 4.5 times in 
SSF (Acuii.a-Argtielles et al. 1994 ). Polygalacturonase production by thermophilic Thermoascus 
aurantiacus by SSF using a mixture of sugar cane bagasse and orange bagasse (1: I) at different 
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culture conditions (pH, substrate moisture and temperature) was highest at pH 5, substrate moisture 
70% and 50°C (Martins et al. 2003). 

4. PECTINASE ASSAYS 

4.1. Pectinesterases 
Pectinesterase activity can be estimated by automatic or manual titration of the H+ produced by the 
reaction in a solution containing the enzyme and its substrate. To 10 mL of 0.5% (w/v) pectin in 0.1 M 
NaCl, 2 mL of the enzyme solution is added. The pH is adjusted to 4.5 with 0.1 M NaOH and the mixture 
is incubated for 65 min at 35 °C (Maldonado & Strasser de Saad 1998). Pectinesterase activity is 
measured by determining the carboxyl groups released by titration with 0.02 N NaOH. Pectinesterese 
activity from plant sources is usually determined at pH 7.5 (Rexova-Benkova & Slezarik 1966), but 
fungal pectinesterases are assayed at pH 4.5. The activity is expressed as the number of milliequivalents 
of methyl ester groups cleaved by enzyme per min. Pectins with degrees of esterification above 65% 
have been used to determine pectinesterase activity. Pectinesterase activity can be determined in a pH
stat at pH 4.0 to 7.7 (Whitaker 1984). Free methanol can be also measured by gas chromatography and 
used to assay the enzyme activity (Versteeg 1979). Pectinesterase activity can also be estimated 
spectrophotometrically by monitoring the colour changes of the indicator dye added to the reaction 
mixture (Vilarifio et al. 1993 ). 

4.2. Hydrolytic depolymerases 
Enzymatic activities such as endo- and exo-polygalacturonase and endo and exo-polymethylgalacturonases 
are usually assayed by the release of reducing groups or by the reduction of viscosity of a solution 
containing pectin (Solfs et al. 1990), sodium pectate (Aguilar and Huitron 1986) or polygalacturonic acid 
(Manachini et al. 1988) as substrate. The endo-PG activity of the filtrate is determined by adding 2 ml of 
filtrate to 8 ml of a I% (w/v) apple pectin solution and measuring the viscosity in a viscometer. One 
endo-polygalacturonase activity unit (U) is defined as the quantity of enzyme, which caused a reduction 
in viscosity of 50% in 30 min of reaction under standard conditions (Dartora et al. 2002). To measure 
the release of reducing sugars, 0.3 mL of the enzymatic solution is added to a solution containing l mL 
of 0.9% of substrate and 0.7 mL of buffer; samples are incubated at 45°C for 30 min and the reducing 
groups determined by a colorimetric method (see below). One exo polygalacturonase activity unit is 
defined as the amount of enzyme that liberates l mmol of reducing group per minute (So Ifs-Pereira et al. 
1993). The reaction mixture for the hydrolytic depolymerising enzymes contains from 0.2% (Miyairi et 
al. 1985) to 1 .0% (Kumar and Lonsane 1988) of substrate and are carried out at temperatures from 30°C 
(Miyairi et al. 1985) to 50°C (Zetelaki 1976) and pH values from 3.8 (Zetelaki 1976) to 5.5 (Manachini 
et al. 1988). Different sources of pectin can be used as substrate for determination of these enzymatic 
activities. The Miller ( 1959) and Somogyi-Nelson (Somogyi 1952) reagents are used to measure released 
reducing groups. The exo-poly-a-D-galacturonosidase activity is assayed in a reaction mixture containing 
0.5% D-galacturonan at pH 6.0 (Collmer et al. 1982). In order to inhibit eliminative activities, 2mM 
EDTA is added to the reaction mixture. The amount of released reducing groups is estimated by the 
arsenomolybdate method (Nelson 1944). The thiobarbituric acid assay (Ayers et al. 1966) is used to 
check if the pectolytic activity was due to transelimination action and/or to hydrolase activity. The 
occurrence of peaks at 510 and 550 nm is indicative of the presence of hydrolase and lyase activities 
respectively (Manachini et al. 1988). 
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4.3. Eliminative depolymerases 
Pectinlyase and pectatelyase are assayed spectrophotometrically by monitoring the increase in absorbance 
at 235 nm of a solution containing from 0.25% to I% of substrate. The reaction mixture containing 1 mL 
of substrate and 0.5 mL of enzyme solutions is incubated at 30°C for 60 min. The reaction is stopped by 
adding 3.5 mL of 0.5 M HCI. One unit of eliminative depolymerase activity is defined as the amount of 
enzyme that releases I µmo] of 4,5 unsaturated digalacturonic acid per minute. A molar extintion coefficient 
of 5550 M·1 cm·1 is used for this calculation (Manachini et al. 1988). The enzymatic reaction is carried 
out at pH values from 5.5 (Manachini et al. 1988) to 9.0 (Durrands & Cooper 1988) and temperatures 
from 30°C to 35°C. Since calcium is an activator of these enzymatic activities, 10·4 M CaCl2 is added to 
the reaction mixture (Tsuyumu 1979). Before the spectrophotometrical determination, excess of the 
substrate and the enzyme can be precipitated, adding successively 0.6mL of a 9% solution of ZnSO4, 

9mL of Hp and 0.6mL of a 0.5N solution of NaOH. The mixture is shaken vigorously and centrifuged 
for 15 min at 8000 rpm, then subjected to photometry at 235 nm. (Bravova et al. 1982). For pectatelyase 
determination, pectin with a low methoxyl content or polygalacturonate can be used as substrate, whilst 
high methylated pectin is used for pectinlyase determination. Molar extinction coefficients of 4600 M· 1 

cm·1 and 5500 M· 1 cm· 1 are used to calculate the pectatelyase and the pectinlyase activities, respectively. 
These enzymatic activities can be also colorimetrically assayed after reaction with thiobarobituric acid, 
being one unit of pectinlyase defined as the amount of enzyme which creates I nM of unsaturated 
product (4-dehydro-5-ketouronic acid) per min (Szajer & Szajer 1982). 

5. PURIFICATION OF PECTINASES 
Pectinases produced by different microorganisms have been purified (partially or to homogeneity). The 
first purification/concentration step involves precipitation with ammonium sulphate or with ethanol. 
Ultrafiltration is also employed to concentrate the enzymatic extract followed by different steps of gel 
filtration, affinity or ion exchange chromatography, which may produce a homogeneous preparation of 
the enzymes present in the extract. 

An enzymatic preparation from A. niger containing five endo-polygalacturonases and one exo
polygalacturonase was purified by affinity chromatography, followed by chromatofocusing and gel 
permeation chromatography. The exo-polygalacturonases were purified to homogeneity and endo
polygalacturonase was partially purified (Kester & Visser, 1990). Three endo-polygalacturonases produced 
by A. carbonarius were isolated to apparent homogeneity by molecular sieve chromatography on 
Sephacryl S-200 followed by ion exchange chromatography on CM Sephadex and gel filtration on 
Sephadex G-50 (Devi & Rao, 1996). Endo-polygalacturonase I from Stereum purpureum was purified to 
homogeneity by ion exchange chromatography on CM-52 followed by gel filtration on Sephadex G-100 
(Miyairi et al. 1985). An enzymatic extract produced by Neurospora crassa was precipitated by ethanol, 
followed by chromatography on Biogel P-60. The pooled fractions were applied to a DEAE-cellulose 
column and finally applied to a CM-cellulose column. Polygalacturonase was eluted as a single peak with 
a purification factor of 56.14. Pectatelyase and pectinlyase eluted in three fractions with purification 
factors from 5 to 21 (Polizeli et al. 1991 ). Cross flow filtration was used to concentrate the endo
polygalacturonase present in the filtrated culture broth of Mucor flavus. The dialysed concentrate was 
purified to homogeneity by two ion-exchange chromatography steps on CM-Sepharose CL-6B (Gadre 
et al. 2003). An exo-polygalacturonatelyase produced by Bacillus sp. was purified to homogeneity by 
salting-out with ammonium sulphate followed by gel filtration on Superose 12 HRl0/39, hydrophobic 
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interaction chromatography on a Phenyl-Superose HR5/5 column and ion exchange chromatography on 
a Mono-Q- HRS/5 column. The final yield and purification factor were 20% and 45.4%, respectively 
(Singh et al. 1999). An aqueous two-phase system (polyethyleneglycol/potassium phosphate) was used 
to purify 4 different pectinolytic activities from a commercial enzyme preparation (Lima et al. 2002). 
The best purification factors were observed in the upper phase for the systems containing high molecular 
weight polyethyleneglycol without NaCl, obtaining a purification factor of 5.49, 16.28, 16.64 and 14.27 
for exo-polygalacturonase, endo-polygalacturonase, pectinesterase and pectinlyase, respectively. 

6. CONCLUSIONS 
Microbial pectinases are complex group of polymer-splitting enzymes that breakdown homogalacturonan 
and rhamnogalacturonan pectin-regions. They are widely used as aid processing in food industries. 
However, the fields of new industrial and analytical applications are being extended in recent years 
making necessary to study more deeply into these enzymes. Although extensive studies have been 
carried out on the production of microbial pectinases under various conditions from different carbon 
sources employing different microbial species and fermentation systems, yet there is not yet a 
comprehensive set of models of pectinase regulation. Apparently much is yet to be understood on 
kinetic studies in fermentors for pectinase production in SSF as SSF could be potential tool for its 
commercial production with better economic feasibility. The regulatory phenomenon such as induction
repression or activation-inhibition could be different in submerged culture and SSF. Similary, it is necessary 
to carry out efforts to understand the importance of enzymes related to the degradation or modification 
of hairy regions and those enzymes considered as accessories. 

7. PERSPECTIVES 
From the description as above, it would be worth to peruse the production of pectinases related to the 
degradation of rhamnogalacturonan region and those considered as accessories. More work is needed 
on bioreactor kinetics to analyse the whole process: Since, high concentrations of carbon source inhibit 
enzyme synthesis in submerged fermentation, it could be worth to explore the production using fed 
batch fermentation with the corresponding optimisation studies. Continuous production process is yet 
another aspect to explore. Furthermore, the fact that pectinase production by SSF is not strongly 
repressed by carbon sources makes this field an attractive way to produce pectinases. It should also be 
stressed that literature on high cell density cultivation for pectinases production is not available. Further 
studies on design of level reactors for the production of pectinases can be attempted. An interesting 
opportunity is the production of pectinases by SSF of these enzymes using genetically modified strains 
suitable to SSF conditions. 



Pectinases 287 

References 

Acufia-Argiielles ME, Gutierrez-Rojas M, Viniegra-Gonzalez G & Favela-Torres E, 1995, Production and 
properties of three pectinolytic activities produced by Aspergillus niger in submerged and solid-state 
fermentation, Applied Microbiology and Biotechnology, 43, 808-814 

Acuii.a-Argiielles ME, Gutierrez-Rojas M, Viniegra-Gonzalez G & Favela-Torres E, 1994, Effect of water 
activity on exo-pectinase production by Aspergillus niger CH4 on solid state fermentation, Biotechnology 
Letters, 16, 1, 23-28 

Aguilar G & Huitron C, 1986, Application of fed-batch cultures in the production of extracellular pectinases by 
Aspergillus sp., Enzyme and Microbial Technology, 9, 541-546 

Aguilar G & Huitron C, 1990, Constitutive exo-pectinase produced by Aspergillus sp. CH-Y- I 043 on different 
carbon source, Biotechnology Letters, 12, 9, 655-660 

Aguilar G, & Huitron C, 1987, Stimulation of the production of extracellular pectinolytic activities of Aspergillus 
sp. by galacturonic acid and glucose addition, Enzyme and Microbial Technology, 9, 690-696 

Alana A, Llama MJ & Serra JL, 1991, Purification and some properties of the pectin lyase from Penicillium 
italicum, FEBS Letters, 280,335-340 

Ayers WA, Papavizas GC & Diem AF, 1966, Polygalacturonate trans-eliminase and polygalacturonase 
production by Rhizoctonia solani, Phytopathology, 56, 1006-1011 

Behere A, Satyanarayan V & Pawal-Desai SR, 1993, Separation and limited characterization of three 
polygalacturonases from Aspergillus niger, Enzyme and Microbial Technology, 15, I 58-161 

Blanco P, Sieiro C, Diaz A & Villa TG, 1994, Production and partial characterization of an endopolygalacturonase 
from Saccharomyces cerevisiae, Canadian Journal of Microbiology, 40, 974-977 

Blanco P, Sieiro NM, Reboredo NM & Villa TG, 1998, Cloning, molecular characterization, and expression of 
an endo-polygalacturonase-encoding gene from Saccharomyces cerevisiae IM I-Sb, FEMS Microbiology Letters, 
164,249-255 

Bravova GB, Kalunyants KA & Samoilova MV, 1982, Characteristics of pectolytic enzyme preparations from 
Clostridium pectinofermentans 15, All-Union Scientific-Research Institute of Bioengineering, Moscow, 
translated from Prikladnaya Biokhimiya Mikrobiologiya, 20, I, 69-73 

Briihlmann F, 1995, Purification and characterization of an extracellular pectate lyase from an Amyco/ata sp, 
Applied and Environmental Microbiology, 61, 3580-3585 

Bugbee WM, 1990, Purification and characteristics of pectin lyase from Rhizoctonia solani, Physiological and 
Molecular Plant Pathology, 36, 15-25 

Caprari C, Mattei B, Basile ML, Salvi G, Crescenzi V, de Lorenzo G & Cervone F, 1996, Mutagenesis of 
endopolygalacturonase from Fusarium moniliforme: histidine residue 234 is critical for enzymatic and macerating 
activities and not for binding to polygalacturonase-inhibiting protein (PIGIP), Molecular Plant-Microbe 
Interactions, 9, 617-624 

Collmer A, Ried JL & Mount MS, 1988, Assay methods for pectic enzymes, Methods in Enzymology, 161, 329-
335 



288 Enzyme Technology 

Collmer A, Whalen CH, Beer SV & Bateman DF, 1982, An exo-poly-alpha-D-galacturonosidase implicated in 
the regulation of extracellular pectate Iyase production in Erwinia chrysanthemi, Journal of Bacteriology, 626-
634 

Contreras-Esquivel JC, 2003, Purification and partial characterization of polygalacturonases from Aspergillus 
kawachii, PhD thesis, Universidad Nacional de La Plata, La Plata, Argentina 

Cooke RD, Ferber CEM & Kanagasabapathy L, 1976, Purification and characterisation of polygalacturonases 
from a commercial Aspergillus niger preparation, Biochimica and Biophysica Acta, 452, 440-451 

Crawford MS & Kolattukudy PE, 1987, Pectate lyase from Fusarium solanif sp. pisi: purification, characterization, 
in vitro translation of the mRNA, and involvement in pathogenicity, Archives of Biochemistry and Biophysics, 
258, 196-205 

Dartora AB, Bertolin TE, Bilibio D, Silveira MM & Costa JA, 2002, Evaluation of filamentous fungi and 
inducers for the production of endo-polygalacturonase by Solid State Fermentation, Verlag der Zeitschrift for 
Naturforchung, Tubingen, 666-672. 

De Fatima-Borio M, Said S & Fonseca MJV, 1996, Purification and biochemical characterization of an extracellular 
endopolygalacturonase from Penicillium frequentans, Journal of Agricultural and Food Chemistry, 44, 1616-
1620 

Deuel H & Stutz E, 1958, Pectic substances and pectic enzymes, Advances in Enzymology and Related 
Subjects of Biochemistry, 20, 341-382 

Devi NA & Rao GA, 1996, Fractionation, purification and preliminary characterisation of polygalacturonases 
produced by Aspergillus carbonarius, Enzyme and Microbial Technology, 18, I, 59-65 

di Pietro A & Roncero MIG, 1996, Endogalacturonase from Fusarium oxysporumf sp. lycopersici: purification, 
characterization, and production during infection of tomato plants, Phytopathology, 86, 1324-1330 

Diaz-Godinez G, Soriano-Santos J, Augur C & Viniegra-Gonzalez G, 2001, Exopectinases produced by 
Aspergillus niger in solid state and submerged fermentation: a comparative study, Journal of Industrial 
Microbiology and Biotechnology, 26, 271-275 

Dinnella C, Lanzarini G & Ercolessi P, 1995, Preparation and properties of an immobilized soluble-insoluble 
pectinlyase, Process Biochemistry, 30, 151-157 

Durrands PK & Cooper RM, 1988, Development and analysis of pectic screening media for use in the detection 
of pectinase mutants, Applied Microbiology and Biotechnology, 28, 463-467 

Fanelli C, Cacace MG & Cervone F, 1978, Purification and properties of two polygalacturonases from Trichoderma 
koningii, Journal of General Microbiology, 104, 305-309 

Foda MS, Rizk IRS, Gibriel AY & Basha SI, 1984, Biochemical properties of polygalacturonase, produced by 
Aspergillus aculeatus and Mucor pusillus, Zentralblatt fur Mikrobiologie, 139, 463-469 

Fraissinet-Tachet L, Reymond-Cotton P & Fevre M, 1995, Characterization of a multigene family encoding an 
endopolygalacturonase in Sclerotinia sclerotiorum, Current Genetics, 29, 96-99 

Gadre RV, Van Driesschr G, Beeumen JV & Bhat MK, 2003, Purification, characterisation and mode of action 
of an endo-polygalacturonase from the psycrophilic fungus Mucor flavus, Enzyme and Microbial Technology, 
32,321-330 



Pectinases 289 

Gainvors A, Frezier V, Lemaresquier H, Lequart C, Aigle M & Belarbi A, 1994, Detection of polygalacturonase, 
pectin-lyase and pectin-esterase activities in a Saccharomyces cerevisiae strain, Yeast, 10, 1311-13 I 9 

Gainvors A, Nedjaoum N, Gognies S, Muzart M, Nedjma M & Belarbi A, 2000, Purification and characterization 
of acidic endo-polygalacturonase encoded by the PGL 1-1 gene from Saccharomyces cerevisiae, FEMS 
Microbiology Letters, 183, 131-135 

Gillespie AM & Coughlan MP, 1989, The pectin-degrading system of Penicillium capsulatum: characterization 
of an extracellular polygalacturonase from solid-state cultures, Biochemical Society Transaction, 17, 384-385 

Gillespie AM, Cook K & Coughlan MP, 1990, Characterization of an endopolygalacturonase produced by 
solid-state cultures of the aerobic fungus Penicillium capsulatum, Journal of Biotechnology, 13, 279-292 

Guevara MA, Gonzalez-Jaen MT & Estevez P, 1996, Pectin lyase from Fusarium oxysporum f sp. radicis 
lycopersici: purification and characterization, Progress in Biotechnology, 14, 747-760 

Guo W, Gonzales-Candelas L & Kolattukudy PE, 1995b, Cloning of a new pectate lyase gene pelC from 
Fusarium solani f sp. pisi (Nectria haematococca, mating type VI) and characterization of the gene product 
expressed in Pichia pastoris, Archives of Biochemistry and Biophysics, 323, 352-360 

Guo W, Gonzalez-Candelas L & Kolattukudy PE, 1995a, Cloning of a novel constitutively expressed pectate 
lyase gene pelB from Fusarium solani f sp. pisi (Nectria haematococca, mating type Vl) and characterization 
of the gene product expressed in Pichia pastoris, Journal of Bacteriology, 177, 7070-7077 

Guo W, Gonzalez-Candelas L & Kolattukudy PE, 1996, Identification of a novel pelD gene expressed uniquely 
in plant by Fusarium solani f sp. pisi (Nectria haematococca, mating type VI) and characterization of its 
protein product as an endo-pectate lyase, Archives of Biochemistry and Biophysics, 332, 305-312 

Hanisch WH, Rickard PAD & Nyo S, 1978, Poly(methoxygalacturonide) lyase immobilized via titanium onto 
solid supports, Biotechnology and Bioengineering, 20, 95-106 

Harsa S, Zaror CA & Pyle DL, 1993, Adsorption of Kluyveromyces marxianus pectinase on CM-Sephadex 
Gels, Enzyme and Microbial Technology, 15, 906-915 

Hatanaka C & Imamura T, 1974, Production of an exopolygalacturonase liberating digalacturonic acid by a 
Pseudomonas, Agricultural and Biological Chemistry, 38, 2267-2269 

Hatanaka C & Ozawa J, 1972, Exopectic acid transeliminase of an Erwinia, Agricultural and Biological Chemistry, 
36, 2307-2313 

Hatanaka C & Ozawa J, 1973, Effect of metal ions on activity of exopectic acid transeliminase of Erwinia .1p., 
Agricultural and Biological Chemistry, 37, 593-597 

Heikinheimo R, Flego D, Pirhonen M, Karlsson MB, Eriksson A, Maee A, Koiv V & Paiva EP, 1995, 
Characterization of a novel pectate Iyase from Erwinia carotovora subsp. carotovora, Molecular Plant-Microbe 
Interactions, 8, 207-217 

Heikinheimo R, Hemil H, Pakkanen R & Paiva I, 1991, Production of pectin methylesterase from Erwinia 
chrysanthemi 8374 in Bacillus subtilis, Applied Microbiology and Biotechnology, 35, 51-55 

Heinrichova K & Dzurova M, 198 J, Purification, characterization and mode of effect of another endo-D
galacturonase from Aspergillus niger, Collection of Czechoslovak Chemical Communications, 46, 3145-3156 



290 Enzyme Technology 

Heinrichova K & Rexova-Benkova L, 1976, Purification and characterization of an extracellular exo-D
galacturonanase of Aspergillus niger, Biochimica and Biophysica Acta, 422, 349-356 

Heinrichova K & Rexova-Benkova L, I 977, Purification and characterization of another D-galacturonase from 
Aspergillus niger, Collection of Czechoslovak Chemical Communications, 42, 2569-2576 

Heinrichova K, Wojciechowicz M & Ziolecki A, 1989, The pectinolytic enzyme of Selenomonas ruminantium, 
Journal of Applied Bacteriology, 66, 169-174 

Herlache TC, Hotchkiss AT, Burr TJ & Collmer A, 1997, Characterization of the Agrobacterium vitis pheA 
gene and comparison of the encoded polygalacturonase with the homologous enzymes from Erwinia carotovora 
and Ralstonia solanacearum, Applied and Environmental Microbiology, 63, 338-346 

Hirose N, Kishida M, Kawasaki H & Sakai T, 1999, Purification and characterization of an endo
polygalacturonase from a mutant of Saccharomyces cerevisiae, Bioscience Biotechnology and Biochemistry, 
63, 1100-1103 

Horikoshi K, 1972, Production of alkaline enzymes by alkalophilic microorganisms, Agricultural and Biological 
Chemistry, 36, 285-293 

Huang Q & Allen C, 1997, An exo-poly-alpha-D-galacturonosidase, pehB, is required for wild-type virulence 
of Ralstonia solanacearum, Journal of Bacteriology, 179, 7369-7378 

Huertas-Gonzalez MD, Ruiz-Roldan MC, Roncero MIG & diPietro A, 1999, Cloning and characterization of 
pll encoding an in planta-secreted pectate lyase of Fusarium oxysporum, Current Genetics, 35, 36-40 

Ikeda S, Kegoya Y & Hatanaka C, 1984, Effect of chelating agents on exopolygalacturonate Iyase of Erwinia 
carotovora subsp. carotovora, Agricultural and Biological Chemistry, 48, 2777-2782 

Ikotun T, 1984, Isolation, purification and assay of the macerating enzyme produced by Penicillium oxalicum 
Curie and Thom, Zeitschrift fur Allgemeine Mikrobiologie, 24, 247-252 

Ishii S & Yokotsuka T, 1972, Purification and properties of endo-polygalacturonase from Aspergillus japonicus, 
Agricultural and Biological Chemistry, 36, 1885-1893 

Ishii S & Yokotsuka T, 1972, Purification and properties of pectin trans-eliminase from Aspergillus sojae, 
Agricultural and Biological Chemistry, 36, 146-153 

Ishii S & Yokotsuka T, 1975, Purification and properties of pectin Iyase from Aspergillus japonicus, Agricultural 
and Biological Chemistry, 39, 313-321 

Itoh Y, Sugiura J, Izaki K & Takahashi H, 1982, Enzymological and immunological properties of pectin Iyases 
from bacteriocinogenic strains of Erwinia carotovora, Agricultural and Biological Chemistry, 46, 199-205 

Jong-Chon K, Kim HY & Choi YJ, 1998, Production and characterization of acid-stable pectin lyase from 
Bacillus sp. PN33, Journal of Microbiology and Biotechnology, 8, 353-360 

Kamimiya S, ltho Y, Izaki K & Takahashi H, 1977, Purification and properties of a pectate lyase in Erwinia 
aroideae, Agricultural and Biological Chemistry, 41, 975-98 I 

Kamimiya S, Nishiya T, Izaki K & Takahashi H, 1974, Purification and properties of a pectin trans-eliminase in 
Erwinia aroideae formed in the presence of naldixic acid, Agricultural and Biological Chemistry, 38, 1071-1078 



Pectinases 291 

Kegoya Y, Masuda, H & Hatanaka C, 1984, Secretion of an exo-poly-alpha-D-galacturonosidase by Erwinia 
carotovora during the early logarithmic growth phase, Agricultural and Biological Chemistry, 48, 1911-1912 

Kegoya Y, Setoguchi M, Yokohiki K & Hatanaka C, 1984, Affinity chromatography of exopolygalactururonate 
lyase from Erwinia carotovora subsp. carotovora, Agricultural and Biological Chemistry, 48, 1055-1060 

Kester UC & Visser J, 1990, Purification and characterization of polygalacturonases produced by the hyphal 
Aspergillus niger, Biotechnology and Applied Biochemistry, 12, 2, 150-160 

Kester HCM & Visser J, 1994, Purification and characterization of pectin lyase B, a novel pectinolytic enzyme 
from Aspergillus niger, FEMS Microbiology Letters, 120, 63-68 

Kester HCM, Benen JAE & Visser J, 1999, The exopolygalacturonase from Aspergillus tubingensis is also 
active on xylogalacturonan, Biotechnology and Applied Biochemistry, 30, 53-57 

Kester HCM, Kosters-Van Someren MA, Mueller Y & Visser J, 1996, Primary structure and characterization 
of an exopolygalacturonase from Aspergillus tubingensis, European Journal of Biochemistry, 240, 738-746 

Kitamoto N, Okada H, Yoshino S, Ohmiya K & Tsukagoshi N, 1999, Pectin methylesterase gene (pmeA) from 
Aspergillus oryzae KBN616: its sequence analysis and overexpression, and characterization of the gene product, 
Bioscience Biotechnology and Biochemistry, 63, 120-124 

Kobayashi T, Hatada Y, Higaki N, Lusterio DD, Ozawa T, Koike K, Kawai S & Ito S, 1999, Enzymatic properties 
and deduced amino acid sequence of a high-alkaline pectate lyase from an alkaliphilic Bacillus isolate, Biochimica 
and Biophysica Acta, 1427, 145-154 

Kozianowsky G, Canganella F, Rainey FA, Hippe H & Antranikian G, 1997, Purification and characterization of 
thermostable pectate-lyases from a newly isolated thermophilic bacterium, Thermoanaerobacter italicus sp. 
nov, Extremophiles, 1, 171-182 

Kumar PKR & Lonsane BK, 1988, Batch and fed-batch solid-state fermentations: kinetics of cell growth, 
hydrolytic enzymes production, and giberellic acid production, Process Biochemistry, 43-47 

Lei SP, Lin UC, Wang SS, Higaki P & Wilcox G, 1992, Characterization of the Erwinia carotovora peh gene 
and its product polygalacturonase, Gene, 117, 119-124 

Lei SP, Lin UC, Wang SS, Callaway J & Wilcox G, 1987, Characterization of the Erwinia carotovora pelB 
gene and its product pectate lyase, Journal of Bacteriology, 169, 4379-4383 

Lim J, Yamasaki Y, Suzuki Y & Ozawa J, 1980, Multiple forms of endo-polygalacturonase from Saccharomyces 
fragilis, Agricultural and Biological Chemistry, 44, 473-480 

Lim JY, Fujio Y & Ueda S, 1983, Purification and characterization of pectinesterase and pectin Iyase from 
Aspergillus oryzae A-3, Journal of Applied Biochemistry, 5, 91-98 

Lima AS, Alegre RM & Meirelles JA, 2002, Partitioning of pectinolytic enzymes in polyethyleneglycol/ 
potassium phosphate aqueous two-phase system, Carbohydrate Polymers, 50, I, 63-68 

Lobarzewski J, Fiedurek J, Ginalska G & Wolski T, 1985, New matrices for the purification of pectinases by 
affinity chromatography, Biochemical and Biophysical Research Communications, 131, 666-674 

Macmillan JD & Phaff HJ, 1966, Exopolygalacturonate lyase from Clostridium multifermentans. II. Further 
purification and exopolygalacturonate lyase and pectinesterase from Clostridium multifermentans, Methods 
in Enzymology, 8, 632-635 



292 Enzyme Technology 

Macmillan JD & Vaughn RH, 1964, Purification and properties of a polygalacturonic acid-trans-eliminase 
produced by Clostridium multifermentans, Biochemistry, 3, 564-572 

Maldonado MC & Strasser de Saad AM, 1998, Production of pectinesterase and polygalacturonase by 
Aspergillus niger in submerged and solid state systems, Journal of Industrial Microbiology and Biotechnology, 
20, 34-38 

Manachini PL, Fortina MG & Parini C, I 987, Purification and properties of an endopolygalacturonase produced 
by Rhizapus stolonifer, Biotechnology Letters, 9, 219-224 

Manachini PL, Parini C & Fortina MG, 1988, Pectic enzymes from Aureobasidium pullulans LV 10, Enzyme 
and Microbial Technology, I 0, 682-685 

Markovic O & Machova E, 1985, Immobilization of pectin esterase from tomatoes and Aspergillus foetidus on 
various supports, Collection of Czechoslovak Chemical Communications, 50, 2021-2027 

Markovic 0, Slezarik A & Labudova I, 1985, Purification and characterization of pectinesterase and 
polygalacturonase from Trichoderma reesei, FEMS Microbiology Letters, 27, 267-271 

Martinez MJ. Alconada MT, Gillen F, Vasquez C & Reyes F, 1991, Pectic activities from Fusarium oxysporum 
f sp. melonis: Purification and characterization of an exopolygalacturonase, FEMS Microbiology Letters, 8 I, 
145-150 

Martins FS, Silva D, Da Silva R & Gomes E, 2003, Production of thermostable pectinases from thermophilic 
Thermoascus aurantiacus by solid state fermentation of sugar cane and orange bagasse, 25 th Symposium on 
Biotechnology for fuels and chemicals, Breckenridge, Colorado, USA. 

Mayans 0, Scott M, Connerton I, Gravesen T, Benen J, Visser J, Pickersgill R & Jenkins J, 1997, Two 
crystal structures of pectin lyase A from Aspergillus reveal a pH driven conformational change and striking 
divergence in the substrate-binding clefts of pectin and pectate Iyases, Structure, 5, 677-689 

McCarthy RE, Kotarsky SF & Salyers AA, 1985, Location and characteristics of enzymes involved in the 
breakdown of polygalacturonic acid by Bacteroides thetaiotaomicron, Journal of Bacteriology, 161, 493-499 

McMillan GP, Johnston DJ & Perombelon MCM, 1992, Purification to homogeneity of extracellular 
polygalacturonase and isoenzymes of pectate Iyase of Erwinia carotovora subsp. atroseptica by column 
chromatography, Journal of Applied Bacteriology, 73, 83-86 

Miller GL, 1959, Use of dinitrosalicylic reagent for detennination of reducing sugars, Analytical Biochemistry, 31, 
426-428 

Miller L & Macmillan JD, 1970, Mode of action of pectic enzymes. II. Further purification of exopolygalacturonate 
lyase and pectinesterase from Clostridium multifermentans, Journal of Bacteriology, 102, 72-78 

Miyairi K, Okuno T & Sawai K, 1985, Purification and properties of endopolygalacturonase I from Stereum 
purpureum, a factor inducing silver-leaf symptoms on apple trees, Agricultural and Biological Chemistry, 49, 4, 
I l I l-1118 

Miyazaki Y, 1991, Purification and characterization of endo-pectate lyase from Bacillus macerans, Agricultural 
and Biological Chemistry, 55, 25-30 

Morita H & Fujio Y, 1999, Polygalacturonase production of Rhizapus sp. MKU 18 using a metal-ion-regulated 
liquid medium, Journal of General and Applied Microbiology, 45, 199-201 



Pectinases 293 

Nasser W, Awade AC, Reverchon S & Robert-Baudouy J, 1993, Pectate lyase from Bacillus subtilis: molecular 
characterization of the gene, and properties of the cloned enzyme, FEBS Letters, 335, 319-326 

Nasser W, Chalet F & Robert-Baudouy J, 1990, Purification and characterization of extracellular pectate lyase 
from Bacillus subtilis, Biochimie, 72, 689-695 

Nasuno S & Starr MP, 1967, Polygalacturonic acid trans-eliminase of Xanthomonas campestris, Biochemical 
Journal, 104, 178-185 

Nelson N, 1944, A photometric adaptation of the Somogyi method for the determination of glucose, Journal of Biological 
Chemistry, 153, 378-380 

Nikaidou N, Naganuma T, Kamio Y & haki K, 1995, Production, purification, and properties of a pectin lyase from 
Pseudomonas marginalis N6301, Bioscience Biotechnology and Biochemistry, 59, 323-324 

Ofuya CO, 1984, Physical properties of pectic polysaccharidases of Pseudomonas solanacearum from Nigeria, Current 
Microbiology, IO, 141-146 

Oliva C, Regente M, Feldman M & de la Canal L, 1999, Purification and characterization of an endopolygalacturonase 
produced by Sclerotinia sclerotiorum, Biologia Plantarum, 42, 609-614 

Olsson L, Christensen TMIE, Hansen KP & Palmqvist EA, 2003, Influence of the carbon source on production of 
cellulases, hemicellulases and pectinases by Trichodenna reesei Rut C-30, Enzyme and Microbial Technology, 33, 612-619 

Palomaeki T & Saarilahti ITT, 1997, Isolation and characterization of new C-terminal substitution mutations affecting 
secretion of polygalacturonase in Envinia carotovora ssp. carotovora, FEBS Letters, 400, 122-126 

Pardo C & Gacto M, 1992, Production and properties of a nexopolygalacturonic acid hydrolase from Geotrichwn lactis, 
Microbios, 71, 193-202 

Pardo C, Lapena MA & Gacto M, 1991, Purification and characterization of an extracellular exopolygalacturonase from 
Geotrichwn lactis, Canadian Journal of Microbiology, 37, 974-977 

Parenicova L, Kester HCM, Benen JAE & V~r J, 2000, Characterization of a novel endopolygalacturonase from 
Aspergillus niger with unique kinetic properties, FEBS Letters, 467, 333-336 

Perez S, Rodriguez-Carvajal MA & Doco T, 2003, A complex plant cell wall polysaccharide: marnnogalacturonan II. A 
structure in quest of a function, Biochimie, 85, 109-121 

Pickersgill R, Scott M, Smith D, Worboys K & Jenkins J, 1999, Crystallization and preliminary crystallographic analysis 
of the endo-polygalacturonase from Envinia carotovora ssp. carotovora, Acta Crystallographica Section D, 55, 320-322 

Pickersgill R, Smith D, Worboys K & Jenkins J, 1998, Crystal structure of polygalacturonase from Envinia carotovora 
ssp. carotovora, Journal of Biological Chemistry, 273, 24660-24664 

Pitkiinen K, Heikinheimo R & Pakkanen R, 1992, Purification and characterization of Envihia chrysanthemi B374 pectin 
methylestera.<;e produced by Bacillus subtilis, Enzyme and Microbial Technology, 14, 832-836 

Poli7.eli MLTM, Joao AJ & Terenzi HF, 1991, Pectinase production by Neurospora crassa: purification and biochemical 
characterization of extracellular polygalacturonase activity, Journal of General Microbiology, 137, 1815-
1823 

Raab B, 1992, Characterization of endopolygalacturonase (EC 3.2.1.15) from Aspergillus niger as 
glycoprotein by electrophoretic methods and lectin affino-blotting, Electrophoresis, 13, 807-808 



294 Enzyme Technology 

Ralet MC, Bonin E & ThibaultJF, 2002, Pectins, In Biopolymers, Vol 6: Polysaccharides II, Polysaccharides from Eukaryotes, 
EJ Vandamme, S De Baets & A SteinbUchel (eds), Wtley-VCH, New Yolk, pp345-380 

Rexova-Benkova L & Slezarik A, 1966, Isolation of extracellular pectolytic enzymes produced by Aspergillus niger, 
Collection of Czechoslovak Chemical Communications, 3 I, 122- I 29 

Ried JL & Collmer A, 1985, Activity stain for rapid characterization of pectic enzymes in isoelectric focusing and sodium 
dodecyl sulfate-polyacrylamide gels, Applied and Environmental Microbiology, 50, 615-622 

Ried JL & Collmer A, I 986, Comparison of pectic enzymes produced by Erwinia chrysanthemi, Erwinia carotovora 
subsp. carotovora, and Erwinia carotovora subsp. atroseptica, Applied and Environmental Microbiology, 52, 305-310 

Saarilahti HT, Heino P, Pakkanen R, Kalkkinen N, Paiva I & Paiva ET, I 990, Structural analysis of the pehA gene and 
characterization of its protein product, endopolygalacturonase, of Erwinia carotovora subspecies carotovora, Molecular 
Microbiology, 4, 1037-1044 

Sakai T & Takaoka A, I 985, Purification, crystallization, and some properties of endo-polygalacturonase from 
Aureobasidium pullulans, Agricultural and Biological Chemistry, 49, 449-458 

Sakai T & Yoshitake S, I 984, Purification and some properties of a protopectin-solubilizing enzyme from Galactomyces 
reesei strain L, Agricultural and Biological Chemistry, 48, I 94 I -I 950 

Sakai T, Okushima M & Sawada M, 1982, Some properties of endo-polygalacturonase from Trichosporon penicillatum 
SN0-3, Agricultural and Biological Chemistry, 46, 2223-2231 

Sakai T, Okushima M & Yoshitake S, I 984, Purification, crystallization and some properties of endopolygalacturonase 
from Kluyveromyces fragilis, Agricultural and Biological Chemistry, 48, 1951-1961 

Sakamoto T, Hours RA & Sakai T, 1994, Purification, characterization, and production of two pectic transeliminases with 
protopectinase activity from Bacillus subtilis, Bioscience Biotechnology and Biochemistry, 58, 353-358 

Sato M & Kaji A, 1977, Purification and properties of pectate lyase produced by Streptomyces nitrosporeus, Agricultural 
and Biological Chemistry, 41, 2193-2197 

Sato M & Kaji A, 1979, Further properties of the new type of exopolygalacturonate lyase from Streptomyces nitrosporeus, 
Agricultural and Biological Chemistry, 43, 1547-1551 

Sato M & Kaji A, 1980, Another pectate lyase produced by Streptomyces nitrosporeus, Agricultural and Biological 
Chemistry,44, 1345-1349 

Sato M & Kaji A, 1980, Exopolygalacturonate lyase produced by Streptomyces massasporeus, Agricultural and Biological 
Chemistry,44, 717-721 

Schejter A & Marcus L, I 988, Isozymes of pectinesterase and polygalacturonase from Botrytis cinerea Pers., Methods 
in Enzymology, 161, 366-373 

Schink B & Zeikus JG, 1983, Characterization of pectinolytic enzymes of Clostridium thermosulfarogenes, FEMS 
Microbiology Letters, 17, 295-298 

Schlemmer AF, Ware CF & Keen NT, 1987, Purification and characterization of a pectin lyase produced by Pseudomonas 
fluorescens W5 I, Journal of Bacteriology, 169, 4493-4498 

Shevchik V, Scott M, Mayans O & Jenkins J, 1998, Crystallization and preliminary X-ray analysis of a member of a new 
family of pectate Iyases, PeIL from Erwinia chrysanthemi, Acta Crystallographica Section D, 54, 419-422 



Pectinases 295 

Shevchik VE, Condemine G, Hugouvieux-Cotte-Pattat N & Robert-Baudouy J, 1996, Characterization of pectin 
methylesterase B, an outer membrane lipoprotein of Erwinia chrysanthemi 3937, Molecular Microbiology, 19, 
455-466 

Shevchik VE, Condemine G, Robert-Baudouy J & Hugouvieux-Cotte-Pattat N, 1999b, The exopolygalacturonate lyase 
Pe!W and the oligogalacturonate lyase Ogl, two cytoplasmic enzymes of pectin catabolism in Erwinia chrysanthemi 3937, 
Journal ofBacteriology, 181, 3912-3919 

Shevchik VE, Kester HCM, BenenJAE, Vis.-,er J, Robert-Baudouy J & Hugouvieux-Cotte-PattatN, 1999a, Characterization 
of the exopolygalacturonate lyase Pe!X of Erwinia chrysanthemi 3937, Journal of Bacteriology, 181, 1652-1663 

Shubakov AA & El'kina EA, 2002, Production of polygalacturonases by filamentous fungi Aspergillus niger ACM F-1119 
and Penicillium dierckxii ACIM F-152, Chemistry and Computational Simulations, Butlerov Communications, 7, 65-68 

Silley P, 1986, The production and properties of a crude pectin lyase from wch,wspira multiparus, Letters in Applied 
Microbiology, 2, 29-31 

Silva 00, Attwood MM & Tempest DW, 1993, Partial purification and properties of pectin lyase from Penicillium expansum, 
World Journal of Microbiology and Biotechnology, 9, 574-578 

Singh SA, Plattner H & Diekmann H, 1999, Exopolygalacturonate lyase from a thermophilic Bacillus sp., Enzyme and 
Microbial Technology, 25, 420-425 

Solis S, Flores ME & Huitron C, 1990, Isolation of endopolygalacturona~e hyperproducing mutants of Aspergillus sp. 
CH-Y-1043, Biotechnology Letters, 12, IO, 751-756 

Solis-Pereira S, Favela-Torres E, Viniegra-Gmmilez G, & Gutierrez-Rojas M, 1993, Effects of different carbon sources 
on the synthesis of pectinase by Aspergillus niger in submerged and solid state fermentations, Applied Microbiology and 
Biotechnology, 39, 36-41 

Somogyi M, 1952, Notes on sugar determination, Journal of Biological Chemistry, 195, I 9-23 

Sone H, Sugiura J, Itoh Y, Izaki K & Takahshi H, 1988, Production and properties of pectin lyase in Pseudomonas 
marginalis induced by mitomycin C, Agricultural and Biological Chemistry, 52, 3205-3207 

Sreenath HK, Kogel F & Radola BJ, 1986, Macerating properties of a commercial pectinase on carrot and celery, Journal 
of Fermentation Technology, 64, 37-44 

Strand LL, Corden ME & MacDonald DL, 1976, Characterization of two endopolygalacturonase isozymes produced by 
Fusarium oxysporum f sp. lycopersici, Biochimica and Biophysica Acta, 429, 870-883 

Stut7.enberger FJ, 1987, Inducible thermoalkalophilic polygalacturonate Iyase from Thermomonospora fusca, Journal 
ofBacteriology, 169, 2774-2780 

Sugiura J, Yasuda M, Kamimiya S, Izaki K & Takahashi H, 1984, Purification and properties of two pectate 
lyases produced by Erwinia carotovora, Journal of General and Applied Microbiology, 30, 167-175 

Szajer I & Szajer Cz, 1982, Pectin lyase of Penicillium paxilli, Biotechnology Letters, 4, 9, 549-552 

Thgawa K & Kaji A, 1988, Polygalacturonase from Cortcium rolfsii, Methods in Enzymology, 161, 361-365 

Tardy F, Nasser W, Robert-Baudouy J & Hugouvieux-Cotte-Pattat N, 1997, Comparative analysis of the five 
major Erwinia chrysanthemi pectate lyases: enzyme characteristics and potential inhibitors, Journal of 
Bacteriology, 179, 2503-251 l 



296 Enzyme Technology 

Trescott AS & Tampion J, 1974, Properties of the endopolygalacturonase secreted by Rhizopus stolonifer, Journal of 
General Microbiology, 80, 401-409 

Tuuyumu S, 1977, Inducer of pectic acid lyase in Erwinia carotovora, Nature, 269, 237-238 

Tuuyumu S, 1979, Self~atabolite repression of pectate lyase in Erwinia carotovora, Journal of Bacteriology, 137, 2, 1035-
1036 

Ueda S, Fujio Y & Lim HY, 1982, Production and some properties of pectic enzymes from Aspergillus orywe A-3, Journal 
of Applied Biochemistry, 4, 524-532 

van Rijswl M, Gerwig GJ & Hansen TA, 1993, Isolation and characterisation of an extracellular glycosylated protein 
complex from Clostridium thermosacchalyticum with pectin methylesterase and polygalacturonate hydrolase activity, 
Applied and Environmental Microbiology, 59, 828-836 

van Santen Y, Benen JAE, Schroer KH, Kalk KH, Annand S, Visser J & Dijkstra BW, 1999, A crystal structure of 
endopolygalacturonase II from Aspergillus niger and identification of active site residues by site-directed mutagenesis, 
Journal ofBiological Chemistry, 274, 30474-30480 

VlNfuez C, Patino B & Martinez MJ, 1993, Purification and characterization of an exopolygalacturonase produced by 
Fusarium oxyspornmf sp. radicis lycopersici, FEMS Microbiology Letters, 10, 193-196 

Versteeg C, 1979, Pectinesterases from the orange fruit - their purification, general characteristics and juice cloud destabili:zating 
properties, Versl. Landbouwkd. Onderz. (Agric. Res. Rep.), 892, 1-109, In Brenda, The Comprehensive Enzyme Information 
System, http://www.brenda.uni-koeln.de 

Vdarifio C, Giorgio JF, Hours RA & Cascone 0, 1993, Spectrophotometric method for fungal pectinesterase activity 
determination, Food Science and Technology, 26, 107-110 

Voragen F, Schols H & Visser R, 2003, Advances in pectin and pectinase research, Kluwer Academic Publishers, Boston. 

Wattad C, Dinoor A & Prusky D, 1994, Purification of pectate Iyase produced by Colletotrichum gloeosporioides and its 
inhibition by epicatechin: a possible factor involved in the resistance of unripe avocado fruits to anthracnose, Molecular 
Plant-Microbe Interactions, 7, 293-297 

Whitaker JR, I 984, Pectic substances, pectic enzymes and haz.e formation in fruit juices, Enzyme and Microbial Technology, 
6,341-349 

Wijesundera RLC, Bailey JA & Byrde RJW, 1984, Production of pectin lyase by Colletotrichum lindemuthianum in 
culture and in infected bean (Phaseolus vulgaris) tissue, Journal of General Microbiology, 130, 285-290 

Yoshida A, Ito K, Kamio Y & moo K, 199 I, Purification and properties of pectate lyase III of Erwinia carotovora Er, 
Agricultural and Biological Chemistry, 55, 601-602 

Yoshihara 0, Matsuo T & Kaji A, 1977, Purification and properties of acid pectinesterase from Corticium rolfsii, Agricultural 
and Biological Chemistry, 41, 2335-2341 

Zetelaki K, 1976, Optimal carbon source concentration for the pectolytic enzyme formation of Aspergilli, 
Process Biochemistry, 11-18 

Zetelaki-Horvath K & Vas K, 198 I, Effect of oxygen transfer rate on the composition of the pectolytic enzyme 
complex of Aspergillus niger, Biotechnology and Bioengineering, 23, 2231-2241. 


