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1Introduction

Polyphenol oxidases (PPOs) are nuclear-encoded, copper-containing enzymes with 
diverse phylogenetic distribution among plants, animals, fungi, and bacteria (Yoruk 
and Marshall 2003; Mayer 2006). In addition to their ubiquitous nature, PPOs are 
reported in several plant tissues (Vamos-Vigyazo 1981; Sherman et al. 1991, 1995; 
Yoruk and Marshall 2003). Interestingly, multigene families have been reported for 
several plant PPOs, but not much is known about their specific biological functions 
(Anderson et al. 2006). PPOs are often referred to as tyrosinase, phenolase, catecho-
lase, cresolase, polyphenolase, or catechol oxidase (Whitaker 1994, 1996; Yoruk 
and Marshall 2003). PPOs are also sometimes differentiated into monophenol 
monooxygenase (EC 1.14.18.1) and diphenol:oxygen oxidoreductase (EC 1.10.3.2) 
for enzyme nomenclature purposes (Mayer 2006), but in this book, the common 
term polyphenol oxidase (PPO) will be used. Plant PPOs are implicated in different 
biological roles, but they are best known for their involvement in the undesirable 
browning of plant products. The undesirable browning reaction has attracted atten-
tion of researchers especially plant breeders, plant physiologists, and food scien-
tists. The oxidation of phenolic compounds by PPOs to o-quinones followed by 
their nonenzymatic polymerization or condensation with nucleophiles leads to 
undesirable discoloration of plant products (Mathew and Parpia 1971; Vamos-
Vigyazo 1981; Whitaker 1995; Yoruk and Marshall 2003). Interestingly, browning 
reaction may be useful, viz., in fermentation process of tea (Subramanian et  al. 
1999) or protein preservation in forage crops (Lee et al. 2004; Sullivan and Hatfield 
2006). But mostly the oxidative discoloration observed in several plant-based prod-
ucts is considered negative since they cause deterioration of quality by altering the 
product’s organoleptic and nutritional properties (Vamos-Vigyazo 1981; Mathies 
and Whitaker 1984; Zawistowski et al. 1991; Martinez and Whitaker 1995). Further, 
the discoloration of food products negatively impacts the consumer acceptance, 
storage/shelf life, and their value.

The active site of the enzyme consists of two copper atoms each with three con-
served histidine residues (Lerch 1983; Huber et al. 1985). Although a sequential 
mechanism of binding of substrates is indicated, the order of removal products is 
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not fully understood (Wilcox et  al. 1985; Janovitz-Klapp et  al. 1990; Whitaker 
1994). PPOs can catalyze two different reactions: (i) o-hydroxylation of monophe-
nols (monophenolase activity) and (ii) oxidation of diphenols to o-quinones (diphe-
nolase activity; Mason 1957; Mayer and Harel 1979; Janovitz-Klapp et al. 1990). 
Some plant PPOs exhibit both types of activities, while others have either of the 
activities (Yoruk and Marshall 2003). But usually the diphenolase activity is the 
predominant form in higher plants. Some discrepancies in reaction properties of 
PPOs have been reported but were later shown to be due to differences in extraction/
purification procedures or assay methods utilized (Sanchez-Ferrer et  al. 1989b; 
Wesche-Ebeling and Montgomery 1990; Espin et al. 1997). Accurate determination 
of PPO activity is very crucial to study its properties and function, since peroxidase 
(EC 1.11.1.7) also can catalyze the oxidation of o-diphenols to o-quinones in pres-
ence of hydrogen peroxidase (Vamos-Vigyazo 1981; Miller et  al. 1990; Nicolas 
et  al. 1994; Richard-Forget and Guillard 1997). Some methods are suggested to 
detect/reduce the peroxidase interference (Mayer and Harel 1979; Nicolas et  al. 
1994; Richard-Forget and Guillard 1997). Different methods that quantify oxygen 
consumption, color formation, and product formation are available to determine the 
PPO activity (Yoruk and Marshall 2003).

The properties of PPOs have been extensively studied in several plant species, 
and they vary accordingly. Though the plant PPOs are nuclear encoded, they are 
plastidial enzymes. The synthesis and transport of plant PPOs to chloroplasts, their 
actual site, are complex processes, but it has the features of import of nuclear-
encoded proteins to their respective organelles (Mayer 2006). Interestingly, the 
location of fungal PPOs is not yet clear, though it appears to be cytoplasmic. Rast 
et al. (2003) reported that at least some fungal PPOs are cell wall bound, i.e., in the 
extracellular matrix. Multiple forms of PPOs have been found in several plant spe-
cies. These multiple forms exhibit distinct differences in their physicochemical and 
enzymatic properties. Despite the available evidence, there are some conflicting 
reports regarding the number of molecular forms of PPOs in some species/tissue. 
Production of artifacts, interconversion among the PPO forms, hormonal induction, 
and attachment of phenolic products or carbohydrates could result in multiple iso-
forms of PPOs (Yoruk and Marshall 2003).

The primary substrates of PPOs are different phenolic compounds; the concen-
tration and types of phenols (mono-/di-/triphenols) vary significantly in plants. 
Substrate specificity of PPOs also varied with species and variety. Some phenolic 
substrates like catechol are major substrates in different crops like field bean, apple, 
and peach (Paul and Gowda 2000; Zhou et al. 1993; Flurkey and Jen 1980). Another 
important physiochemical property that varies significantly with different factors 
including plant source is the pH optimum (4.0–8.0). It is interesting to note that 
some PPOs (field bean, 4.0) show narrow pH optimum, while others (lettuce, 5.0–
8.0) have a wider pH range (Yoruk and Marshall 2003). Multiple pH optima have 
also been observed in some plant species. Temperature is another key factor that 
considerably affects the PPO activity. The optimum temperature varies widely but 
is mostly in the range of 20–45  °C with a few exceptions like strawberry and 

1  Introduction



3

cucumber (50  °C; Serradell et  al. 2000; Miller et  al. 1990). Thermal stability of 
PPOs depends upon several factors including temperature and exposure time.

Several of the plant and fungal PPOs characterized were observed to be latent 
(van Gelder et al. 1997; Mayer 2006), and these are not involved in catalyzing phe-
nols. The extent of latency of plant PPOs varies widely with species and tissues. The 
latent PPOs can be activated by different methods, like acid and base treatment 
(Kenten 1957), frost and aging (Lieberei and Biehl 1978, Meyer and Biehl 1980), 
alcohols (Guillard and Richard-Forget 1997; Espin and Wichers 1999; Onsa et al. 
2000), mild heat treatment (Sheptovitsky and Brudvig 1996), and exposure to strong 
detergents (van Gelder et al. 1997; Chazarra et al. 2001; Okot-Kotber et al. 2002; 
Jukanti et al. 2003). Sodium dodecyl sulfate (SDS) has been extensively used for 
activation of latent PPOs in several plant species (Sanchez-Ferrer et al. 1989a, b, 
1990; Moore and Flurkey 1990; Jimenez and Garcia-Carmona 1996; Laveda et al. 
2000; Jukanti et al. 2003). Additionally, PPOs (both plant and fungal) have also been 
activated by partial proteolytic degradation (Gandía-Herrero et  al. 2005; Jukanti 
et al. 2006; Mayer 2006). Several studies were conducted to understand the mecha-
nism of proteolytic activation (Robinson and Dry 1992; Rathjen and Robinson 1992; 
Dry and Robinson 1994). The molecular weight of different forms of plant PPOs is 
in the range of 32–200 kDa but majority of them in the range of 35–70 kDa (Flurkey 
1986; Sherman et al. 1991; Van Gelder et al. 1997; Yoruk and Marshall 2003).

Enzymatic browning caused by PPOs has significant economic impact on plant 
products (cereal, fruit, and vegetables) and seafood like shrimp/lobsters, thereby 
necessitating its control. Over the years, several compounds and approaches have 
been identified that control or prevent the enzymatic browning. Though several 
inhibitors or approaches are available, their effectiveness varies; therefore, specific 
control is required for a particular/individual PPO system (Ferrar and Walker 1996). 
Physical treatments like heating, freezing, and refrigeration could be used as alter-
native methods to control adverse browning (Ashie et al. 1996; Kim et al. 2000). 
Food safety is a major concern while using inhibitors to control browning reaction 
as some of them could be harmful. Therefore, identification of natural inhibitors 
specifically in the case of fruits and vegetables is very important. Some natural 
inhibitors like honey (Chen et al. 2000) and few others have been shown to be prom-
ising, but they are yet to be used on a commercial scale. But controlled level of PPO 
expression through DNA-/RNA-based strategies is the safest and most promising 
approach to reduce/control the browning reaction without any adverse health con-
cerns. Advanced molecular tools have been utilized in manipulating the expression 
levels of PPOs; these studies will be discussed in detail in other chapters.

A role in plant defense is often been suggested for plant PPOs due to their induc-
tion upon wounding, pathogen attack, or insect infestation in addition to various 
abiotic/biotic stresses or various signaling compounds (Constabel et  al. 1995; 
Thipyapong and Steffens 1997; Maki and Morohashi 2006). Despite PPOs’ impli-
cation in plant defense mechanisms, most part of the early research focused on cor-
relative studies. But recent progress has enabled in deciphering and understanding 
at least some molecular mechanisms of PPO action in important functions including 
plant defense (e.g., Thipyapong et al. 2004a). With recent advances in molecular 
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techniques, it is now possible to study/examine the role of specific PPO genes in 
response to injury, pest/pathogen attack, or abiotic stresses. Further, in some recent 
studies, the PPO expression levels were manipulated to study the PPO action or 
mechanisms to pathogen attack, water stress, and salinity (Thipyapong et al. 2004a 
[plant defense], b [water stress]; Liang et al. 2006). Induction of PPO has also been 
reported in fungi upon bacterial infection (Soler-Rivas et  al. 2000). There is no 
doubt that these studies have given some insights of PPO action, but there is still no 
direct explanation for the underlying mechanism(s).

In plants, PPOs are mostly known for their role in unacceptable browning of 
products and to some extent for involvement in plant defense. However, precisely 
what roles do these enzymes play in plant metabolism is still very unclear. Majority 
of the characterized plant PPOs have diphenolase/catechol oxidase activity, but 
some have monophenolase/tyrosinase activity (Sullivan 2015). Though it was sug-
gested that PPOs could be involved in production of caffeic acid from p-coumaric 
acid due to the tyrosinase activity (Vaughan and Butt 1969), it was later proved to 
be otherwise (Schoch et al. 2001; Franke et al. 2002). However, due to the occur-
rence of multiple forms of PPOs in several species, it is possible that PPOs are 
capable of performing important roles in plant metabolism. Some recent studies 
have demonstrated the possible role of PPOs in specific cases including (i) betalain 
biosynthesis (Gandia-Herrero and Garcia-Carmona 2013), (ii) tyrosine metabolism 
(Araji et al. 2014), (iii) lignin biosynthesis (Cho et al. 2003), and (iv) aurone biosyn-
thesis (Sato et al. 2001). Additionally, the availability of different advanced analyses 
(genomic, transcriptomic, metabolomic, and proteomic) can help in studying and 
understanding the role(s) and function of PPOs in plants and other organisms.

In addition to plants, PPOs are also reported in seafood products like shrimp 
(Simpson et al. 1988; Rolle et al. 1991; Chen et al. 1997) and lobster (Chen et al. 
1991a; Ali et al. 1994). Enzymatic browning also called as melanosis is a major 
concern in these economically important products as they are highly vulnerable to 
browning reaction. PPO inhibition studies have been a major area of research in the 
seafood products (Chen et  al. 1991b, 1993; Kim et  al. 2000). The seafood like 
shrimp is treated with chemical preservatives/melanosis inhibitors (e.g., sulfites) in 
the processing facilities to control the undesirable enzymatic reaction and extend 
their shelf life (Montero et al. 2001). Kim et al. (2000) described PPOs in seafood 
and their impact on quality. Animal PPOs are involved in the biosynthesis of mela-
nin, the pigment of hair and skin (Hill 1992). Additionally, they are responsible for 
cuticular hardening, wound healing, and defense reactions in crustaceans and 
insects (Ferrer et al. 1989; Gillespie et al. 1997; Sugumaran 1998).

The first report of PPOs was by Bertrand (1896), and since then there have been 
several hundred papers addressing different aspects of PPOs. Detailed work on 
PPOs was made possible due to the pioneering work of Keilin and Mann (1938) and 
Kubowitz (1938) with regard to enzyme isolation. Later it was Mason (1956, 1966) 
who described the structure, possible functions, and importance of number of cop-
per atoms at the active site. He also stated the necessity to understand the nature of 
PPO isozymes and monophenolase/diphenolase activity. Now it is an established 
fact that both monophenolase and diphenolase activities are the features of PPOs. 
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Several comprehensive reviews on plant PPOs including Mayer and Harel (1979), 
Steffens et  al. (1994), Yoruk and Marshall (2003), and Mayer (2006) have been 
published. The authors have reviewed and discussed the various attributes including 
functions, structure, multiplicity, induction, and molecular properties of PPO. The 
latest review by Sullivan (2015) discussed the specific role of PPOs in biosynthesis 
of metabolites through both monophenolase and diphenolase activities. Although 
significant new observations regarding the different aspects of PPOs have been elu-
cidated, certain problems like the function (including the mechanism), location, 
expression, in vivo activation, and molecular control have not yet been unambigu-
ously resolved. Hence, the major focus of future work should be to understand the 
mechanisms/function and comparatively less to studies on presence of PPOs in a 
species. The use of advanced biological tools coupled with newer approaches (tran-
scriptomic, proteomic, and metabolomic) will definitely aid in effectively address-
ing the pertinent problems of PPOs in the near future. In this book, I have made a 
sincere effort in presenting the different attributes of PPOs in a most comprehensive 
way by including the latest findings about plant PPOs in particular.
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