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3.1 Introduction
Nowadays, the bioprocesses based on the utilization of renewable raw materials probably

make a major contribution to sustainable development. However, it is not enough just to

develop more eco-friendly processes; sustainability also requires economic and social

justification [1,2]. According to Yang [3], a bioprocess consists mainly of raw material,

pretreatment, fermentation, downstream processing, and purification. Furthermore, the

actualbioprocess isbasicallydependenton the substrateandorganismsusedand thenature

and applications of the final product [3]. In a specific case, the development of a bioprocess

for traditional industrial enzymes production has progressed significantly. Additionally, a

large number of industrial processes in the areas of food processing, beverage production,

animal feed, leather, textiles, detergents, biofuel, pulp paper, fats/oils, and organic synthesis

utilize enzymes [4,5]. Moreover, developments in biotechnology are yielding new applica-

tions for enzymes. Deswal et al. [5] mentioned that enzymes play an important role in

improving productivity and the cost of product formation in the bioprocess.

Pectinase is an important enzyme that finds application in many food-processing

industries and the microbial pectinases have been reported to account for 25% of the

global food enzymes sales, and majority of them are from fungal sources [6]. The pectinase

enzymes are a complex system of proteins, which include hydrolases, lyases, and oxidases,

that play important roles in the degradation or modification of pectin substances and are

favorable for particular processes, for example, in the extraction and clarification of fruit

juices and inwineproduction [7,8]. On the other hand, the productionof pectinases is based

on two bioprocesses, solid-state fermentation and submerged fermentation, and originates

from fungi, especially Aspergillus niger. These days, the production of pectinase is done

industrially and thus can be considered a consolidated bioprocess. This chapter focuses on

the development of a consolidated bioprocess for pectinase production, and updated

*Corresponding Author.

Current Developments in Biotechnology and Bioengineering: Production, Isolation and Purification of Industrial Products

http://dx.doi.org/10.1016/B978-0-444-63662-1.00003-8 47
Copyright © 2017 Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/B978-0-444-63662-1.00003-8


information is presented on pectic substances, pectinase classification, pectinase assays,

pectinaseproductionprocesses (rawmaterials, carbonsources,microorganisms, systemsof

production by solid-state and submerged fermentation, types of bioreactors), downstream

processes, purification methods, and technoeconomic analysis of pectinase production.

3.2 Pectic Substances
Pectic substances are galacturonic acid-containing polysaccharides assembled in the

plant cell wall and middle lamella together with other structural biopolymers such as

cellulose, hemicelluloses, proteins, and lignin. These acidic substances may be associ-

ated with the plant cell-wall components through physical, covalent, or ionic bonding

and/or hydrogen bonds [9]. Water-soluble pectic substances are extracted with water,

whereas covalent pectic substances are released into the aqueous medium by the use of

cleaving agents such as chemical, enzymatic, or physical treatments. Chelating agents

are used to obtain ionically bonded pectic substances.

The main components of pectic substances are D-galacturonic acid with varying

extent of methyl-esterified carboxyl groups. The other minor components are a variety of

neutral sugars such as rhamnose, galactose, arabinose, apiose, fucose, glucose,

mannose, and xylose and ulosonic acid derivatives. Ferulic acids are common residues,

which are linked to the neutral sugars of side chains of sugar beet pectin [10]. The

chemical structure of pectins mainly consists of galacturonans (homogalacturonan,

rhamnogalacturonan II, and xylogalacturonan) and rhamnogalacturonan I [11]. Most

pectic substances comprise straight “smooth” and ramified “hairy” regions [12]. The

smooth regions consist of a linear homogalacturonan backbone, whereas the hairy re-

gions consist of a rhamnogalacturonan backbone with side branches of arabinogalactan

or galactan of varying length. Detailed information on the elaborate model of pectin

structure can be found in several reviews [9,13,14].

3.3 Pectinase Classification
Pectinases can be divided into depolymerizing and deesterifying enzymes following

criteria such as cleavage type of glycoside linkages, reaction mechanisms (exo- or endo-

types), and esterification degree. Furthermore, deesterifying enzymes are classified ac-

cording to type of ester group (methyl, acetyl, or feruloyl ester). Deesterifying enzymes

comprise pectin methylesterase, pectin acetylesterase, ferulic acid esterase, and rham-

nogalacturonan acetylesterase. Other pectinases are the oxidases (i.e., galacturonic acid

oxidase) and those responsible for the metabolism of degradation products of pectin.

Such classification refers to the mode of action of pectinases on water-soluble sub-

strates. Table 3.1 shows a general classification of pectinases according to the

International Commission of Enzymes.

Traditionally breaking down of pectic substances was done through the use of

well-known pectic enzymes (pectin methylesterase, polygalacturonase, pectin lyase,

etc.) able to degrade only the smooth regions [11]. Pectic enzymes occur in higher plants

and are produced by microorganisms. Several new enzymes have now been reported,
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which degrade parts of the hairy region, such as rhamnogalacturonan hydrolase,

rhamnogalacturonan lyase, etc. [12,15]. Based on the chemical structure of pectic sub-

stances, pectinases are classified by the structural region that cleaves along the pectin

molecule. Nomenclature, properties, and characteristics of classical and new pectic

enzymes are discussed in several reviews [14]. In the past pectinases were described only

as those enzymes that acted on homogalacturonan chains. However, several enzymes

that act on rhamnogalacturonan I chains have now been described.

3.4 Pectinase Assays
Depolymerizing pectinases release reducing sugars. Several colorimetric methods

have been used to evaluate the reducing sugars generated by cleavage of pectic

Table 3.1 Modern Classification of Pectic Enzymes

Enzyme Common Name
EC
Code

Glycosyl
Hydrolase
Family Main Products or Action Mode

Hydrolases

Esterases Pectin methylesterase 3.1.1.11 8 Low methoxyl HG þ methanol
Pectin acetylesterase 3.1.1.6 HG deacetylated þ acetic acid
Rhamnogalacturonan
acetylesterase

12 RG deacetylated þ acetic acid

Feruloyl esterase RG þ ferulic acid
Glucosidases Endopolygalacturonase 3.2.1.15 Oligogalacturonates þ galacturonic acid

Exopolygalacturonase 3.2.1.67 Galacturonic acid, digalacturonate
Rhamnogalacturonan
hydrolase

Random hydrolysis of linkages between
galacturonic acid and rhamnose on RG

Rhamnogalacturonan
galacturonic hydrolase

Random hydrolysis of linkages between
galacturonic acid and rhamnose on RG

Rhamnogalacturonan
rhamnohydrolase

Release end rhamnose linked to
galacturonic acid on RG (exohydrolysis)

Xylogalacturonan
hydrolase

Release xylose from XG

Endogalactanase 53
a-Galactosidase 3.2.1.22 27, 36 Remove residues of galactose
b-Galactosidase 3.2.1.23 35 Remove residues of galactose
Endoarabinase Random hydrolysis of arabans
a-L-arabinofuranosidase 51, 54 Remove residues of arabinose

Lyases

Pectin lyase 4.2.2.10 Unsaturated methyloligogalacturonates
Pectate lyase 4.2.2.2 Unsaturated oligogalacturonates
Rhamnogalacturonan
lyase

Random hydrolysis of RG

Oxidases

Galacturonic oxidase Oxidation of galacturonic acid

HG, homogalacturonan; RG, rhamnogalacturonan; XG, xylogalacturonan.
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polysaccharides based on the reduction of an oxidation agent by the reducing sugars

[16]. The most frequently used methods to estimate the generated reducing sugars

from polysaccharides are the colorimetric NelsoneSomogyi and dinitrosalicylic acid

procedures [16]. The reducing-sugar colorimetric assays have been adapted to

microassays using microtiter plates [16]. A new colorimetric assay for quantifying

endopectinase utilizes ruthenium red as a detection reagent in a liquid medium re-

action [17].

Rapid screening methods to assay pectinolytic depolymerizing activities in a cup-

plate or microplate reader are available by using chromogenic pectic substances.

Table 3.2 shows the insoluble and insoluble chromogenic pectic polysaccharides used to

detect specific enzymatic activities such as pectinases, rhamnogalacturonan-degrading

enzymes, and/or accessory pectinolytic enzymes (arabinases and/or galactanases).

Early studies of chromogenic pectic polysaccharides were developed with pectins for

assaying total endopectinase activity [18,19]. Dalboge et al. [20] used chromogenic-

specific pectic polysaccharides for screening and expression cloning of fungal enzyme

genes of industrial relevance. Visualization of pectic enzymes with specific soluble

chromogenic substrates in gel electrophoresis or isoelectrofocusing has been described

[15]. Table 3.3 shows a range of water-soluble polysaccharides for pectinolytic assay with

specific pectic polysaccharides.

The pectin methylesterase assay comprises evaluation of released methanol from

high-methoxylated pectin by colorimetric or chromatographic methods [21]. Another

common practice is evaluating the generated carboxylic acid from methoxylated

pectin by manual or automatic alkaline titration. Continuous spectrophotometric as-

says for pectin methylesterase activity are also available [22,23]. Pectin acetylesterase

[24] and rhamnogalacturonan acetylesterase activities are indirectly evaluated after

analysis of released acetic acid by colorimetric or chromatographic methods [25]. A

wide variety of cup-plate and zymogram methods are offered for assay pectin meth-

ylesterase [26,27].

Table 3.2 Soluble and Insoluble Chromogenic Pectic Polysaccharides for Assay of
Pectinolytic Enzymes

Name Water Solubility Enzyme Manufacturer/References

Azo-galactan (potato) Soluble Endogalactanase Megazyme, Ireland
Azo-galactan (potato) Soluble Endogalactanase SigmaeAldrich, USA
Azo-rhamnogalacturonan (soy) Soluble Endorhamnogalacturonase Megazyme, Ireland
DISANED pectina Soluble Endopectinase Friend and Chang [18]
Red arabinan (sugar beet) Soluble Endoarabinase Megazyme, Ireland
Azurine arabinan Insoluble Endoarabinase Megazyme, Ireland
Azurine galactan Insoluble Endogalactase Megazyme, Ireland
Azurine rhamnogalacturonan Insoluble Endorhamnogalacturonase Megazyme, Ireland

aAzo dye N-[1-[4-[(3,6-disulfo-l-naphthyl)azo]- naphthyl]]ethylenediamine.
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3.5 Pectinase Production Processes
The production of pectic enzymes is in high demand at the industrial level to satisfy a lot

of determined requirements. Great amounts of agro-industrial waste rich in poly-

saccharides, such as pectic substances, are produced worldwide. Some of these wastes

are used for the production of pectin. Purified pectic enzymes have been proposed for

extracting and modifying pectin. Currently, pectin is extracted at the industrial scale by

physicochemical methods, but new biotechnological (microbial and enzymatic) alter-

natives are being developed.

Pectinases are produced by several microorganisms; particularly, fungal strains are

known as good producers. Fungi such as Aspergillus and Penicillium are also used for

pectinase production at the industrial scale, which is carried out mainly by submerged

fermentation (SmF), although solid-state fermentation (SSF) is also used. A list of several

bacteria and fungi used to produce pectic enzymes is shown in Table 3.4.

For most microbial bioprocesses used for pectinase enzyme production, the use of

pectin-rich materials is a common practice because such materials act as inducers of the

pectinolytic complex. However, it is well known that in the presence of high sugar

concentration the expression of associated genes is catabolically repressed; and the fed-

batch system is an excellent alternative to avoid this biochemical phenomenon [51].

Table 3.5 summarizes recent advances in pectic enzyme production, showing the new

microorganisms used as sources of these kinds of biocatalysts, the fermentation system

evaluated, the most popular bioreactors, and the most common substrates.

3.5.1 Raw Materials for Pectinase Production

Common pectinase enzymes have been produced for more than 3 decades and can be

obtained by either SmF or SSF [87e89]. Fungal pectic enzymes are possibly the most

used commercially, and for their production, pectin-rich materials are used as the source

of needed inducers of these biocatalysts. These materials can be agricultural by-products

Table 3.3 Water-Soluble Nonchromogenic Pectic Substrates

Substrate Characteristics Suitable for Pectinase Seller

Pectin (citrus/apple) High methoxylated Pectin methylesterase
Polygalacturonase
Pectin lyase

SigmaeAldrich

Pectin (citrus/apple) Low methoxylated Polygalacturonase
Pectate lyase

Megazyme

Pectin (sugar beet) Acetylated Pectin acetylesterase
Polygalacturonic acid (citrus) Nonmethoxylated Polygalacturonase

Pectate lyase
Megazyme

Rhamnogalacturonan I (soy) Free arabinogalactan Rhamnogalacturonan-degrading enzymes Megazyme
Rhamnogalacturonan I (potato) Free arabinogalactan Rhamnogalacturonan-degrading enzymes Megazyme
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such as cassava fibrous waste, wheat bran, apple pomace, corn barn, citrus waste, coffee

pulp, sugarcane bagasse, and raw starch from cassava tuber [7,90e99].

3.5.2 Submerged Fermentation

At the industrial level, SmF is carried out at volumes from 20 to several hundred cubic

meters. Because most of the microorganisms used for pectinase production are aerobic,

air must be supplied at rates from 0.1 to 2.0 vvm. Oxygen transfer from the gas phase to

the liquid phase is enhanced by mechanical or air-lift agitation of the culture medium,

and agitation helps to maintain homogeneous conditions of pH, temperature, and dis-

solved oxygen in the broth.

Zetelaki-Horvath and Vas [100] reported that pectic enzyme 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.

Whereas growth was stimulated at an oxygen uptake rate of 100 mmol/L/h, pectin

Table 3.4 Microorganisms Producing Pectic Enzymes

Microorganism PME PGase e-PPLase PLase References

Bacteria

Bacillus subtilis Nasser et al. [28]
Bacteroides thetaiotaomicron McCarthy et al. [29]
Erwinia chrysanthemi Shevchik et al. [30]
Lachnospira multipara Silley [31]
Thermoanaerobacter italicus Kozianowski et al. [32]

Fungi

Aspergillus aculeatus Foda et al. [33]
Aspergillus alliaceus Sreenath et al. [34]
Aspergillus kawachii Contreras-Esquivel [35]
Aspergillus niger Kester and Visser [36]
Aspergillus oryzae Kitamoto et al. [37]
Colletotrichum lindemuthianum Wijesundera et al. [38]
Corticium rolfsii Tagawa and Kaji [39]
Fusarium oxysporum Huertas-González et al. [40]
Fusarium solani Guo et al. [41]
Kluyveromyces marxianus Sakai et al. [42]
Penicillium capsulatum Gillespie et al. [43]
Penicillium frequentans De Fatima-Borin et al. [44]
Rhizoctonia solani Bugbee [45]
Rhizopus stolonifer Manachini et al. [46]
Saccharomyces cerevisiae Gainvors et al. [47]
Saccharomyces fragilis Lim et al. [48]
Sclerotinia sclerotiorum Oliva et al. [49]
Fusarium oxysporum di Pietro and Roncero [50]

e-PPLase, endo-pectate lyase; PGase, polygalacturonase; PLase, pectate lyase; PME, pectin methylesterase.
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Table 3.5 Summary of Advances in Pectinase Enzyme Production by Solid-State Fermentation and Submerged
Fermentation

Pectic Enzyme Microorganism
Culture
System Bioreactor Substrate References

PGase and PME Aspergillus niger SmF and
SSF

Flask Apple pectin and rice bran Fawole and Odunfa [52]

PGase Trichoderma reesei Rut C-30 SSF Bioreactors
manufactured
at home

Beetroot Olsson et al. [53]

Thermostable alkaline
pectinase

Bacillus sp. SSF Erlenmeyer
flask

Wheat bran, rice bran, and
pomace

Raj-Kashyap et al. [54]

Endo-PGase Paecilomyces clavisporus SmF and
SSF

Erlenmeyer
flask

Manachini solution (0.9%
K2HPO4, 0.1% (NH4)2SO4,
0.01% MgSO4 7H2O, 0.09%
and 0.1% yeast extract) and
wheat bran with citrus
pectin

Souza et al. [55]

Endo-PGase A. niger SSF NR Citrus peel Dhillon et al. [56]
PGase Sporotrichum thermophile SmF Yeast extract and citrus

pectin
Kaur et al. [57]

Exo- and endo-PGase A. niger SSF Erlenmeyer
flask

Sugar beet pulp Bai et al. [58]

Alkaline pectinase Streptomyces SmF and
SSF

Erlenmeyer
flask

Horokoshi medium and
wheat bran

Kuhad et al. [59]

PME Aspergillus flavus SmF NR Agarose with pectin Mellon et al. [60]
PME Cryptococcus cylindricus and

Mrakia frigida
SmF NR Pectin Nakagawa et al. [61]

PGase Bacillus gibsonii S-2 SSF Erlenmeyer
flask

Sugar beet pulp Li et al. [62]

Endo- and exo-PGase
and PLase

Penicillium viridicatum RFC3 SmF Erlenmeyer
flask and
polypropylene
boxes
20 � 30 cm

Orange bagasse and wheat
bran

Silva et al. [63]

Continued

C
h
a
p
ter

3
�
P
e
c
tin

o
ly
tic

E
n
zy
m
e
s

5
3



Table 3.5 Summary of Advances in Pectinase Enzyme Production by Solid-State Fermentation and Submerged
Fermentationdcont’d

Pectic Enzyme Microorganism
Culture
System Bioreactor Substrate References

PGase Paenibacillus sp. BP-23 and
Bacillus sp. BP-7

SmF Nutritive broth, 1% glucose,
polygalacturonic acid or
citrus pectin

Soriano et al. [64]

Endo-PGase Kluyveromyces marxianus
CCT3171

SSF Packed-bed
reactor

Porous silicate glass (glucose)
and cellulosic support

Almeida et al. [65]

PGase Kluyveromyces wickerhamii and
Stephanoascus smithiae

SmF Glucose Silva et al. [66]

Exo- and endo-PGase A. niger DMF27 SmF and
SSF

Erlenmeyer
flask and glass
bottles

(NH4)2SO4, 0.1%;
MgSO4 7H2O, 0.5%;
KH2PO4, 0.5%; FeSO4 7H2O,
0.0005%, and 8 g sunflower
head powder

Patil et al. [67]

Exo- and endo-PGase A. niger SmF and
SSF

Erlenmeyer
flask and glass
containers

(NH4)2SO4, 0.1%;
MgSO4 7H2O, 0.5%;
KH2PO4, 0.5%; FeSO4 7H2O,
0.0005%, and lemon peel,
sorghum, and sunflower
powder

Patil and Dayanand [68]

PGase A. niger SSF Petri dishes Wheat bran and rice
dextrose

Debing et al. [69]

PGase A. niger SSF Erlenmeyer
flask

Orange peel Nighojkar et al. [70]

Xylanase and PGase Aspergillus awamori SSF Petri dishes Grape marc Botella et al. [71]
Xylanase and
thermostable
alkalophilic pectinase

Bacillus subtilis and Bacillus
pumilus

SSF Erlenmeyer
flask

Wheat bran Ahlawat et al. [72]

PGase Aspergillus sojae ATCC 20235 SSF Erlenmeyer
flask

Corn (crushed, flour corn
and cob corn)

Ustok et al. [73]

PGase A. niger SSF Erlenmeyer
flask

Wheat bran, beet bagasse,
and minerals

Dinu et al. [74]
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Endoglucanase,
xylanase, PGase

Fusarium oxysporum, A. niger,
Neurospora crassa, Penicillium
decumbens

SSF Erlenmeyer
flask

Orange peel Mamma et al. [75]

Exo-PGase B. subtilis RCK SSF Erlenmeyer
flask

Wheat bran Gupta et al. [76]

PGase and
polymethylgalacturonase

Aspergillus foetidus SSF NR Beetroot pulp and wheat
bran

Taskin and Eltem [77]

PLase and e-PPLase Debaryomyces nepalensis SmF Batch Galactose and lemon peel Gummandi and Kumar [78]
PGase Aspergillus oryzae SmF Stirred tank

and airlift
Wheat bran, citrus pectin Fontana et al. [79]

Exo-PGase Thermomucor indicae-
seudaticae N31

SmF and
SSF

Erlenmeyer
flask

Citrus pectin, wheat bran,
sugarcane bagasse, and
orange bagasse

Martin et al. [80]

PGase A. niger SSF Horizontal
drum

Citrus peel Rodríguez-Fernández et al. [81]

PGase Pseudozyma sp. SPJ SSF Erlenmeyer
flask

Citrus peel Sharma et al. [82]

Polymethylgalacturonase Aspergillus spp. SSF Erlenmeyer
flask

Wheat bran and orange peel Heerd et al. [83]

PGase A. niger SSF NR Wheat bran and mosambi
peel

Khan et al. [84]

PLase Oidiodendron echinulatum
MTCC 1356

SSF Erlenmeyer
flask

Wheat bran, sugarcane
bagasse

Yadav et al. [85]

PGase A. niger LFP-1 SSF Erlenmeyer
flask

Pomelo peel Darah et al. [86]

PGase A. niger Aa-20 SSF Column-tray
bioreactor

Peel pomace Ruiz et al. [7]

e-PPLase, endopecatelyan pectate lyase; PGase, polygalacturonase; PLase, pectate lyase; PME, pectin methyl esterase; SSF, solid-state fermentation; SmF, submerged fermentation.
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esterase, endopolygalacturonase, and pectin lyase production was stimulated at oxygen

uptake rates of 13, 49, and 60 mmol/L/h, respectively. However, the macerating activity,

due to pectin esterase and endopolygalacturonase activities, gave two maximal values at

12 and 14 mmol/L/h. On the other hand, some yeast strains such as Kluyveromyces

marxianus produced nine isoenzyme forms of endopolygalacturonase when growing

under anaerobic conditions with glucose as the sole carbon source [101].

Most of the pectinases are inducible enzymes that require the presence of an inducer

to be synthesized. Although pectin is the natural inducer for pectinase production, its

elevated cost makes it difficult to use at the industrial level. A number of agricultural

products containing pectin and other polysaccharides have been used for pectinase

production [7,102,103]. Depending on the raw material used as the source of inducer and

carbon, the culture medium needs to be supplemented with minerals to improve the

microbial growth and enzyme production. Ammonium sulfate is widely used as a ni-

trogen source. Macroelements such as P, K, and Mg are generally supplemented as

KH2PO4 and MgSO4 and microelements 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 poly-

galacturonase production by A. niger and Penicillium dierckxii from different pectin

sources showed that sugar beet pectin (at 10 g/L) was the most active inducer and

ammonium sulfate the best source of nitrogen for polygalacturonase production by both

strains [104]. 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 produc-

tion by Trichoderma reesei [53].

As stated above, although pectinase production by fungi has been mostly inducible, a

constitutive exopectinase was produced by Aspergillus sp. CH-Y-1043 grown on glucose,

sucrose, fructose, glycerol, and galacturonic acid [51]. Pectinase production by

Aspergillus sp. and Neurospora crassa was induced by pectin and repressed by glucose

and by the degradation products of pectin [105,106]. In contrast, Erwinia carotovora

produced a pectic acid lyase that was induced by the breakdown products of pectic acid

[107]. The complexities of the regulatory mechanisms involved in pectinase production

require permanent programs for the selection of catabolic-resistant strains. However,

technological aspects such as fed-batch cultures or SSF can be used to minimize the

catabolic repression by glucose or by the breakdown products of pectin [105,108].

3.5.3 Solid-State Fermentation

SSF used for the production of polygalacturonases by A. niger with sugarcane bagasse as

solid support showed that endopolygalacturonase and exopolygalacturonase pro-

ductivities were 18.8 and 4.5 times higher in SSF than in SmF [105]. Apparently, regu-

latory phenomena such as inductionerepression related to pectinase synthesis by

A. niger are different in the two types of fermentation [105]. The use of sugarcane bagasse

as a sole carbon source allowed higher production of pectin esterase and poly-

galacturonase by A. niger in SSF compared with that obtained in SmF. Moreover, glucose
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addition improved pectinase production in SSF but it was decreased in SmF [96]. Similar

results were obtained with polyurethane (as inert support) and a culture medium con-

taining pectin as the carbon source, showing that protease production is lower in SSF

than in SmF [108]. However, Morita and Fujio [109] compared the specific poly-

galacturonase activities from Rhizopus sp. MKU 18 in a metal-ion-regulated liquid

medium and a solid wheat bran medium. Their work suggested that some advantages

could be found in producing polygalacturonase in the metal-ion-regulated liquid me-

dium. The use of sugar from cane bagasse as support, impregnated with a defined

culture medium, showed that pectinases produced by SSF were more stable at higher pH

and temperature than those produced by SmF [98]. Although pectinase 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 [89]. Polygalacturonase production by ther-

mophilic Thermoascus aurantiacus by SSF was optimized using a mixture of sugar from

cane bagasse and orange bagasse at a ratio of 1:1 at pH 5, with substrate moisture of 70%

and temperature of 50�C [110].

3.5.4 Bioreactors for Pectinase Production

Microbial production of pectic enzymes can be achieved in several kinds of bioreactors

for SmF and SSF in which free and immobilized microbial cells can be used. However,

for each culture system there are technological advantages and disadvantages associated

with control of the bioprocess, environmental conditions, culture medium and microbial

strain, etc.

Similar to other types of biotechnological production, cultures for pectic enzymes can

be carried out by using various cultivation modes (batch, fed-batch, repeated-batch, or

continuous with or without biomass recycling) in various bioreactor types (stirred-tank

bioreactor, packed-bed, fluid-bed, or various types of tubular and drum bioreactors).

Most reports on pectic enzyme production using SmF include the use of shake-flasks,

stirred tanks, or internal- and external-loop air-lift bioreactors; however, for this kind of

cultivation few innovations have been reported in past years.

On the other hand, there has been a renewed interest in SSF because of the

high productivity of metabolites produced through this bioprocess [7,111]. The use of

traditional trays, columns, bags, and horizontal tanks has been widely employed for the

production of enzymes and other metabolites. Since 2000, very few, but innovative and

promising, bioreactors have been reported, including the Growtek bioreactor, the column

tray, the gas double-dynamic bioreactor, and a continuouslymixed bioreactor [7,111e114].

Several modern alternatives for the design of novel bioprocesses can be applied to the

production of pectic enzymes; among these are the use of cell immobilization, which

offers numerous advantages over normal suspended cultures, such as cell stability,

higher cell densities, enhanced fermentation productivity, and feasibility of continuous

processing. The use of surface adhesion culture is another biotechnological strategy for

the production of fungal enzymes.

Chapter 3 � Pectinolytic Enzymes 57



In this chapter we describe the last contribution to the topic of pectinase production

by Ruiz et al. [7]. They reported the design of an SSF process for the production of

pectinase by A. niger Aa-20, using lemon peel pomace as the support and carbon source

in a solid-state bioreactor. The SSF process was operated in a new column-tray biore-

actor producing high levels of fungal pectinase activity, being described as a very

promising process.

Casciatori et al. [115] reported the use of orange pulp and peel for pectinase and

phytase production by SSF in a fixed-bed bioreactor, demonstrating its hygroscopic

properties as a support and that it can be used as a substrate in SSF for the biosynthesis

of pectinase, controlling the microbial metabolism, which is strongly affected by the

moisture content. This work therefore provides significant new information, particularly

interesting for engineers dealing with design and scaling up of SSF bioreactors. Maciel

et al. [116] reported polygalacturonase production in a fixed-bed reactor operated under

various operational conditions: immobilized cells without aeration, immobilized cells

with aeration, immobilized cells with aeration and added pectin, and free cells with

aeration. They reported that the highest exo- and endopolygalacturonase activities were

obtained with immobilized cells of A. niger URM 5162 without aeration, and the process

allowed enzyme production in a fixed-bed bioreactor.

3.6 Downstream and Purification Methods
The downstream stage of enzyme production is responsible for about 70% of the final

cost of the product in industrial processes and is often identified as the process

bottleneck; therefore, continuous scientific research has been focused on optimizing the

unit operations to minimize the number of steps necessary to maximize the product

recovery at a specified concentration and purity. The most relevant phases in down-

stream design that are needed to follow the upstream stage are recovery, isolation, and

purification. However, enzyme isolation and purification require complex, multistep

operations, using significant amounts of chemical and auxiliary material [117e119].

A brief description of recent studies and advances in downstream processing for

pectinase purification is provided next.

3.6.1 Pectinase Enzyme Recovery

Earlier it was described that pectinases are principally produced by plants and by mi-

crobial sources, mainly from filamentous fungi, yeasts, and filamentous and nonfila-

mentous bacteria.

For that reason the first step in the downstream process is the recovery of the up-

stream fraction containing the target enzyme. Actually, pectinases produced by micro-

bial sources are principally expressed as extracellular biomolecules; for that reason the

culture broth is separated from the biomass to eliminate the majority of the insoluble

contaminants. For SmF the most common preliminary step for biomass elimination is
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filtration. In contrast, because of the low water content of the SSF process, it is necessary

to add distilled water or buffer over the solid support to obtain the enzymatic extract

before the elimination of insoluble contaminants (biomass and support) by filtration.

3.6.2 Isolation and Concentration Methods

The pectinase crude extract solution obtained after the preliminary separation is

commonly concentrated by the addition of saline solutions and dialysis and ultrafil-

tration procedures. These techniques have the advantages of being simple, rapid, and

economical; however, it is necessary to optimize the isolation conditions to avoid protein

denaturation and loss of enzymatic activity.

The use of ultrafiltration techniques as the only concentration step has been

demonstrated to be inefficient at eliminating contaminants able to cause possible

enzymatic inhibition. Duque Jaramillo et al. [119] evaluated the production of Aspergillus

oryzae pectinase by the fermentation of passion fruit peel. The obtained crude extract

was concentrated by ultrafiltration with a 10-kDa cutoff-point membrane. The results

showed that, although the concentrated product showed a high enzymatic activity, the

final extract contained colorful pigments associated with passion fruit phenolic com-

pounds that can affect the pectinase viability, especially in concentrated broth.

Alkaline pectinase produced by Bacillus subtilis 7576 has been selectively isolated

using centrifugation, ultrafiltration, and ammonium sulfate precipitation [120]. The re-

covery rate of crude enzymatic extract by ultrafiltration membrane (cutoff 10 kDa) was

73.3%, and the specific activity was 259.7 U/mg; after fractional salting out, the recovery

rate was up to 62.9%, and the specific activity was 1084 U/mg.

Moreover, ammonium sulfate fractionation was also used to concentrate an extra-

cellular pectin lyase (PL) secreted by Fusarium decemcellulare MTCC 2079 under SSF

and an exp-polygalacturonases (PG) from a soil isolate produced by SmF of Paecilomyces

variotii. The procedure was followed by an overnight dialysis against water or buffer

[121,122]. Li et al. [123] showed the relevant effect of applied ammonium sulfate satu-

ration as the first step in the isolation of a Bacillus clausii PL; the total enzyme recovery

was over than 57.6% and the specific activity increased from 6.6 to 15.2 U/mg.

Silva et al. [124] reported the concentration of pectinolytic enzyme obtained from

Penicillium viridicatum RFC by SSF using kaolin (hydrated aluminum silicate, Caulin) to

remove the pigments and some of the protein with a short incubation time (10 min). The

supernatant phase obtained after centrifugation was dialyzed and then concentrated by

ultrafiltration (10-kDa cutoff). The kaolin treatment showed a successful effect on crude

enzyme solution decolorization; 71.0% of the total protein was removed, with a loss of

only 16% of the enzyme activity.

3.6.3 Pectinase Purification

Pectinases from various microorganisms have been purified to homogeneity, after

the enzyme concentration step, with the purpose of characterizing and studying the
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properties of these microbial enzymes. Purification of pectinases has been realized by

combinations of chromatography procedures (i.e., ion exchange and gel filtration). The

efficiency of the final pectinase yield and specific activity increase depends on the

selection of the proper column characteristics and chromatographic conditions

[125e127].

Yadav et al. [121] applied two-step sequential chromatographic techniques in com-

bination with dialysis to purify an F. decemcellulareMTCC PL. The enzymatic extract was

loaded on a CM-cellulose (CMC) support and a Sephadex G-100 column. The purifica-

tion procedure resulted in 6.8-fold purification and 2.5% yield. A similar procedure of

sequential CMC size-exclusion and Sephadex ion-exchange chromatography was fol-

lowed to purify an exo-PG from P. variotii with a 41.91-fold increase and recovery yield

of 26.90% [122], a PG from Penicillium sp. with a final isolation up to 12-fold [128], and a

Streptomyces lydicus PG with a yield of 57.1% and a purification fold of 54.9 [129].

Moreover, a DEAEeSepharose CL-4B anion chromatography exchange and gel filtration

by Sephadex-G75 column was also tested in the purification of alkaline pectinase from

B. subtilis, with results up to 2.5-fold of the crude enzyme [123].

There are also reports of the use of a single chromatographic technique with high

recovery yields of pectinase activity, such as the research carried out by Silva et al. [124],

with the utilization of Sephadex G50 column to elute an exo-PG from P. viridicatum

RFC3. The purification was efficient, with a 31-fold increase in specific activity and a

final yield of 6.5%. Pedrolli and Carmona [130] also described the DEAEeSephadex A-50

anion-exchange column as the only chromatographic method to purify an Aspergillus

giganteus PG. Castruita-Domı́nguez et al. [131] evaluated the utilization of a nickel-

charged agarose affinity chromatography column to purify a Pichia pastoris recombi-

nant polygalacturonase. The eluted recombinant PG preserved more than 60% of the

maximum enzymatic activity.

PL purification has been widely studied by the evaluation of various combinations of

chromatographic columns. Li et al. [123] isolated to apparent homogeneity a PL from a

B. clausii strain and estimated that in the DEAEeSepharose Fast Flow column, most of

the enzyme activity was present in the first protein peak, reaching a specific activity of

49.5 U/mg and a recovery yield of 12.1%; this behavior was confirmed with gel-filtration

chromatography by the presence of the majority of the activity in the first protein peak.

The final purified enzyme showed a specific activity of 297.1 U/mg and a yield of 5.5%.

Yadav et al. [132] reported that the extracellular PL from Aspergillus terricola was purified

by a DEAE cellulose column. The active fractions obtained after ion-exchange chro-

matography were concentrated by ultrafiltration and dialysis and then loaded on a

Sephadex G-100 column. After the final purification step, most of the activity was present

in a single protein peak, indicating that the enzyme preparation was relatively pure. The

specific activity went up to 4.08 IU/mg, and the recovery was 45.79%. The use of DEAE

cellulose and Sephadex G-100 columns was also reported by Fawzi [133] in the SSF

production of PL from Geobacillus stearothermophilus Ah22 with a 40.77-fold increase in

specific activity. In contrast, PL produced by G. stearothermophilus Ah22 was purified to
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40.8-fold by a DEAE cellulose anion-exchange column followed by gel-filtration

Sephadex G-100 chromatography [134].

Pectin methylesterase (PME) isolation from fruit extract has been studied to

determine the enzyme’s stability and kinetic characterization. A PME extracted from

guava fruit (Psidium guajava L.) was partially purified by gel filtration on Sephadex

G-100 and the highest specific activity peak showed a 104-fold purification of PME

compared to the values obtained for the crude extract [135]. Rodrigo et al. [136]

studied the isolation of crude tomato PME extract by the use of a cation-exchange

column. The elution profile for the enzyme extract showed the PME activity in the

first eluted phase.

An evaluation of emerging nonchromatographic separation techniques for pectinase

purification has been provided by Dogan and Tari [137], with the development of a

three-phase partitioned (TPP) bioseparation system. An exo-PG produced by Aspergillus

sojae ATCC 20235 was purified by this one-step technique. A TTP separation system was

based on the combination of various concentrations of ammonium sulfate saturation

with various enzyme extract/tert-butanol ratios. The best results were obtained at 30%

saturation of ammonium sulfate and 1:1 (v/v) ratio of crude extract to tert-butanol, with

6.7-fold purification and 25.5% recovery.

As of this writing, the most recent advances in this area were carried out by Duque

Jaramillo et al. [119]. They reported an aqueous two-phase micellar system for extrac-

tion/prepurification of the pectinase produced by A. oryzae, without the presence of

activity loss. The developed system was based on the coexistence curve of the Triton

X-114/buffer system; the micellar concentrations were separated by a gradual temper-

ature increase to reach a cloudy solution indicating the onset of phase separation,

defined as cloud temperature, at which the micelle-rich (larger) cells remained in the

bottom phase and the micelle-poor cells migrated to the top phase. Therefore, pectinase

enzyme was found in the top phase, and the contaminants partitioned to the bottom

phase, probably because of the hydrophobic character of the phase.

Moreover, Mehrnoush et al. [138] studied another novel method for pectinase puri-

fication denominated as an aqueous organic-phase system (AOPS). The aqueous-based

solution is based on the polarity differences between organic solvents and salts; the

manipulation of concentrations and volumes between these solutions allows the for-

mation of the two-phase separation. Thus, the hydrophobic interaction between the

enzyme and the organic solvent leads to the desirable partition to the top phase and the

salting-out effect in the bottom phase. Based on this system, the purification factor of

pectinase enzyme was 11.7, with a yield of 97.1%, achieved in an AOPS of 19% (w/w)

ethanol and 22% (w/w) potassium.

3.7 Technoeconomic Analysis of Pectinase Production
In the scale-up of bioprocesses, the cost estimation is an important factor that should be

taken into account for determining whether the process is economically viable and
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industrially applicable. With respect to the technoeconomic analysis of pectinase pro-

duction via SSF or SmF, only a few analyses have been reported.

In a work by Nakkeeran et al. [139], they developed a technoeconomic study on

the production of polygalacturonases by Aspergillus carbonarius using SmF and SSF.

They studied the downstream processing, including an integrated membrane pro-

cess and other types of alginate affinity precipitation. Fig. 3.1 shows a diagram of

polygalacturonase production using an integrated membrane process and Fig. 3.2

shows a diagram of alginate affinity precipitation, in both cases for SmF. It is

important to mention that the diagram of alginate affinity precipitation was also

applied to SSF.

As mentioned earlier the downstream stage for enzyme production is responsible for

about 70% of the final cost, therefore it is important to study various configurations.

Nakkeeran et al. [139] reported that for a production of 30 kL purified polygalacturonase,

the downstream processing cost was 47% lower using an integrated membrane process

compared to the alginate affinity precipitation process. Moreover, the total capital in-

vestment was lower for SmF using an integrated membrane process compared with SmF

and SSF using an alginate affinity precipitation process. Another important aspect,

FIGURE 3.1 Diagram of polygalacturonase production using submerged fermentation with an integrated membrane
system. Reprinted from Nakkeeran E, Gowthaman MK, Umesh-Kumar S, Subramanian R. Techno-economic analysis
of processes for Aspergillus carbonarius polygalacturonase production. Journal of Bioscience and Bioengineering
113(5):643e40. Copyright (2012), with permission from Elsevier.
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mentioned by Nakkeeran et al. [139], is that it is more appropriate to evaluate the

enzyme yield and productivity in terms of carbon source. Additionally, they concluded

that the downstream process costs are far more than the upstream process costs.

3.8 Conclusions and Perspectives
In this chapter, the development and progress in the production of pectinases shows

innovations in all aspects of the process as raw material, technologies of fermentation,

downstream processes, and technoeconomic analysis. In general and from the operating

point of view, the production of pectinase could be considered a consolidated bio-

process, because this enzyme is produced industrially and has wide applications, mainly

in the food industry. Depending on the operational conditions (carbon source or

inducer, microorganism, SmF, SSF, downstream process) different types of pectinases

FIGURE 3.2 Diagram of polygalacturonase production using submerged fermentation with an alginate affinity
precipitation system. Reprinted from Nakkeeran E, Gowthaman MK, Umesh-Kumar S, Subramanian R. Techno-
economic analysis of processes for Aspergillus carbonarius polygalacturonase production. Journal of Bioscience
and Bioengineering 113(5):643e40. Copyright (2012), with permission from Elsevier.
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can be produced. In addition, the technoeconomic studies are important to analyze the

industrial feasibility of the bioprocess. Moreover, the engineering processes (fermenta-

tion technologies/downstream) and the genetics will play important roles in improving

the consolidated bioprocess of pectinase production.

References
[1] Steffens MA, Fraga ES, Bogle IDL. Multicriteria process synthesis for generating sustainable and

economic bioprocesses. Computers and Chemical Engineering 1999;23:1455e67.
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