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Abstract
Ripening of fruit is very important process but in some fruits, early ripening leads to a great damage during long distance transportation.
There are various biochemical changes taking place during ripening such as changes in respiration, aroma, flavor, ethylene production
and activity of cell wall degrading enzymes. Pectin methylesterase is one of  the  cell  wall  degrading  enzymes,  which  acts  on  pectin,
(a primary cell wall constituent) and releases methanol and hydrogen ions. The present compilation includes the studies on biochemical
and molecular characterization of pectin methylesterase from Musa  acuminata  (banana). This study also deals with the in  silico  study
reflecting inhibition of enzyme activity in context to delayed ripening in banana. It mainly deals with the identification of a PME1 gene
from Grand nain variety of banana, the expression of which is related to the process of ripening. Using cross species analysis, researchers
found that banana has maximum homology with carrot. The validation and verification of the designed model has been performed and
found to be of good quality and further used for docking studies. Docking results suggested that green tea catechin and salicin were the
best inhibitors having good interaction energies which bind at third motif, Asp381 residue on active site of PME in Musa acuminata. It
was found that green tea catechin was better than salicin probably because of being a natural inhibitor, antioxidant and thus inhibiting
the activity of PME. Salicin is a chemical compound that inhibits ripening at some specific concentrations only, although the binding
energies of both the inhibitors have been monitored to be approximately same. The information of binding sites of ligand provides new
insights into the predictable functioning of relevant protein.
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INTRODUCTION

Fruits are important nutritional food for balanced diet in
humans and play pivotal role for providing various regulating
factors, which are essential for health. Among fruits, banana is
one of the most important staple foods for people to supply
the nutritional value.

Banana plant is an herbaceous, monocotyledon and
perennial, belongings to Musaceae family1. The genome of
banana is commonly triploid having AAA type e.g., Cavendish
and having property of parthenocarpic2. Bananas are of two
types, which are available throughout the year, namely the
dessert banana and plantains3. The origin of dessert banana is
Indo-Malaysia, whereas plantain are originated in East, West
and Central Africa4-6. The genomes of different varieties vary
from diploid to triploid6. Dessert bananas belong to AAA
group like Gros Michel and Cavendish1,7, while plantain
belongs to AAB group. Due to the susceptibility of Panama
disease, Gros Michael variety having been the most popular
earlier was replaced by Cavendish group4,8,9.

On the basis of banana production, the top producing
countries are India, Brazil, Ecuador, China and Philippines.
Bananas are rich sources of carbohydrates, vitamin C, vitamin
B6 and potassium1. The ripe pulp and peel of banana fruit
contain norepinephrine, dopamine and serotonin2. Dopamine
and norepinephrine help in rising blood pressure, while gastric
secretion is decreased by serotonin. Banana plants can also be
used as an ornamental plant and for fibre6. There are certain
other uses of different parts of banana such as food wrapping
in large leaves of banana plant and stem for the purpose of
flooring in some countries8.

During the ripening, fruit can be classified as climacteric
or non-climacteric on the basis of their respiratory property.
The rate of respiration and ethylene synthesis increases in
climacteric fruits such as apple, banana and tomato. In
contrast,  there  is  not  a  sudden  increase  in  respiration  and
also in ethylene synthesis in non-climacteric fruits such as
citrus, cherry and strawberry.

PLANT CELL WALL AND ITS COMPOSITION

Cell wall is the outermost covering of a plant cell. It is the
most important and distinguishing characteristic of plant cell.
Animal cell lacks the cell wall and hence these cells are more
flexible required for movement and locomotion. The plant cell
wall plays various vital roles such as (i) Protection of all
intracellular components, (ii) Providing rigidity and texture to
the plant cell, containing a medium for transport and
circulation  of   water,    minerals    and    other     nutrients   and

(iii) Resistance to the entry of pathogens to protect the plant
from various infections and diseases. The thickness and
composition of the cell wall may vary significantly. 

The cell wall consists of three types of layers, namely
middle lamella, primary cell wall and secondary cell wall.
Middle lamella is the first layer formed during cell division. It
is the outermost wall of the cell and establishes connections
to the adjacent cells. The composition of this layer is mainly
the pectic components and proteins. After the formation of
middle lamella, there is a synthesis of primary cell wall, which
consists of rigid cellulose microfibrils present in the matrix of
pectic compounds, hemicellulose and glycoproteins. After cell
enlargement, secondary cell wall is formed, which is the most
rigid and thus providing strength. It is composed of cellulose,
hemicellulose and lignin.

The principle components of the plant cell wall are the
polysaccharides. These polysaccharides are made up by the
polymerization of sugar molecules by glycosidic linkages. In
plant cell, various polysaccharides chains are integrated to
each other and form a network. Plant cell wall consists of
mainly three types of polysaccharides, namely, cellulose,
hemicellulose and pectic substances. Besides, some structural
proteins are also present.

Cellulose: Cellulose is crystalline, formed by the aggregation
of fibers by $-1, 4 linked glucan chains2. These cellulose fibers
are responsible for providing the extensive strength. In
cellulose, the $-D-glucose are linked by glycosidic linkages of
C-1 of one residue to the C-4 of second adjacent residue. It
consists of nearly 1,000-10,000 $-D-glucose  residues. It is the
major component of primary and secondary cell wall. In
cellulose, hydrogen bonds are responsible for micro fiber
formation and millions of micro fibers are interconnected to
form fibers containing millions of hydrogen bonds having very
high bonding energy that provides the basis of high tensile
strength of cellulose3.

Hemicellulose: Hemicellulose is mainly present in primary cell
wall. It is also observed in secondary cell wall. It is a
polysaccharide, which constitutes a large number of sugars
like xylose, arabinose and mannose. Hemicellulose along with
xylose sugar called as xyloglucans whereas with arabinose
known  as  arabinoglucans.  The  molecules  of hemicelluloses
are hydrophilic in nature. The backbone of all hemicelluloses
contains straight $-1, 4 linkages. The chain of hemicelluloses
does not extend self-aggregation like in cellulose due to some
structural  features  and  thus  is  not  available  for  hydrogen
inter-chain  bonding.  The  chain  of  hemicelluloses  cannot
self-aggregate to form fibers like in cellulose but sometime
can form bonded with each other10,11.

2



Asian J. Biotechnol., 9 (1): 1-23, 2017

Structural proteins: The primary cell wall contains various
proteins. Glycoproteins are known to contain carbohydrates
side chain. In the composition of cell wall protein,
hydroxyproline amino acid is present abundantly.
Glycoproteins  are water soluble and can form hydrogen
bonds with cell wall polysaccharides10. Proline and lysine are
also high in cell wall protein. The peptide chain contains
positive charge due to the presence of  of  lysine residue,3NH

which binds with the negative charged groups on pectic acid.
The other example of structural cell wall protein is extensin,
which can form covalent interactions with other extension
proteins by tyrosine amino acid residue. The presence of thick
and hard cell wall is also due to the rich content of extensin
and the concentration of this protein changes with
development11.

Pectic substances: A group of closely related polysaccharides
present in the plant cell wall is called as pectic substances or
pectin. Pectin is mainly responsible for the rigidity of tissue. It
is a complex macromolecule composed of about 17 different
monosaccharides with different linkages12,13. It contributes a
major role in cell wall formation14. Pectic substances are made
up about one-third of dry substances of primary cell wall of
fruits and vegetables and a large proportion of middle
lamella15. In middle lamella pectic concentration is the highest
and then gradual decreases from primary cell wall to
secondary and then plasma membrane16.

The mechanical strength of the cell wall and adhesion
between the cells are provided by the pectic substances17.
Several properties of cell wall like porosity, surface charge, pH
and ion balance are influenced by pectin and so important in
ion transport in the cell wall18. They are also known to
participate in activating the defense mechanism as they
remove    the     accumulation     of     phytoalexin     having
anti-microbial activity19. It also helps in the induction of
lignifications20 and accumulation of protease inhibitors in
plants. In food products such as jam, yoghurt, drinks, fruit milk
drinks and ice-cream, pectin is frequently used as a thickening,
gelling and stabilizing agent21. A large proportion of pectin
used in food industry is obtained from the source of citrus or
apple peel isolated at high temperature and low pH and is a
hamogalacturonan22. It has been studied that the soup of
carrot contains pectin derived oligosaccharides, which
prevents various pathogenic microorganisms to get attached
to intestinal mucosa in vitro and it is an important step in
pathogenesis of gastrointestinal infection23,24. Pectins have
immune regulatory effects in intestine to alter the activity of
microbes and thus changing  the  morphology  of  the  wall  of

small intestine25,26 to decrease the level of blood cholesterol27

and the glucose absorption in the serum of diabetic and obese
patients28.

Water insoluble pectic substances are known as
protopectin. A chain of polygalacturonic acid with low content
of methoxyl group called as pectic acid whereas with high
methoxyl content is called as pectinic acid. Pectin is a water
soluble pectinic acid of different methyl ester group.
Sometimes pectin is used in place of pectic substances. The
predominant component of pectin is D-galacturonic acid
(GalA) residue linked by " (1-4) linkages, on which varying
proportion of acid groups are present as methoxyl ester28. The
homogalacturonan regions are called as “Smooth region”
whereas the highly branched part is referred to as ‘hairy’ or
ramified region, in which many neutral sugars are present.
There are various pectin structural elements containing the
same repeating unit but the structure and number of these
units varies29-31. Some pectin structural elements are discussed
in this study.

Homogalacturonan (HG): The main type of pectin in the cell
wall is homogalacturonan constituting about 60% of the total
pectin32,33. The backbone of HG  is  made  up  of  a  polymer  of
"-1,4 linked GalA residue34. In this backbone, the GalA may be
mthyl esterified35 at C-6 and O-acetylated at O-2 or O-336.
Methyl esterification of pectin is related to changes its
structure.   The   molecules    of    HG    are    interspersed    with
L-rhamnose residue, which results in a kink37.

Xylogalacturonan: Xylogalacturonan results by the
substitution of HG with $-D-Xylp-(1->3) single unit side
chain37-39. In XGA, a part of GalA residue is methyl esterified
and among the substituted and un-substituted  GalA residue,
these methylesters are distributed equally38,40. The XGA is
mainly found in reproductive tissues like fruits and seeds37,38.
Recently, it has been documented that XGA is present in many
tissues of Arabidopsis  thaliana41.

Rhamnogalacturonan I (RGI): The backbone of RGI consists
of  (->2)-"-L-rhap-(1->4)-"-D-GalpA(1->)18.  The  pectin
oligosaccharides molecules in sugar beet contain a chain of
length upto 20 residues alternating Rha and GalA units. In RGI,
the rhamnosyl residue molecule can be substituted at O-4
with the side chain of neutral sugar42. The side chain is
composed of galactosyl or arabinosyl residue. The GalA
residue of RGI are presumably not methyl esterified because
RGI is not degraded under $ eliminative condition43, but a
fraction  of  RGI  has  been  reported  to   contain   40%   methyl
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esters44. In RGI, the GalA residues may be highly O-acetylated
on O-2 or O-3 position45,46. Highly branched region of pectin
are known as ‘hairy’ or ‘ramified’ region.

Rhamnogalacturonan II (RGII): The RGII is likely to be
released by the action of endopolygalacturonase (PG) and is
much conserved structure in plant kingdom. The structure of
RGII is characterized by a distinct region within HG, which
contains cluster of four different side chains with peculiar
sugar residues. These side chains are attached to HG fragment
of about 9 GalA residue and some of them are methyl
esterified12,32,47.

Arabinan  and  arabigalacturonan:  The  backbone  of
arabinan  composed   of   1,5   linked   "-L-Araf-(1->2)-"-L-
Araf-(1->3)  or  "-L-Araf-(1->3)-"-L-Araf-(1->3)   side   chain12.
Arabinogalacturonan is of two types, namely AGI and AGII. The
AGI  is  composed  of  a  1,4  linked  $-D-Galp  backbone  with
"-L-Araf residues attached to O-3 of the galactosyl residue12,45.
The chain of AGI can be terminated with "-L-Arap-(1->4) at
the non-reducing end48.

The chain AGII consists of 1,3 linked $-D-Galp backbone
alongwith the side chain of "-L-Araf-(1->6)-($-D-Galp-(1->6)n,
where n = 1,2 or 3 (1, 3, 54). The AGII is also associated with
proteins of about 3-8% called as arabinogalactans proteins
(AGPs). The protein region is mainly consists of proline,
hydroxyproline, alanine, serine and threonine49. Pectin andAGII
are fractionated partially as it is difficult to separate those50. It
has been reported that a small fraction of carrot tap root cell
wall AGPs is linked to pectin51.

CELL WALL DISAGGREGATION AND PROCESSING
OF FRUIT SOFTENING

The amount of pectins is higher than proteins in fruit cell
wall. Pectins are major constituents of primary cell wall and
middle lamella52. A network of pectins is present in between
the spaces of cellulose and hemicelluloses cross linkages52.
Pectins are group of heteropolysaccharides containing
galacturonic acid. The structure of galacturonic acid may be
linear known as homogalacturonan or branched called as
rhamnogalacturonans.

The cell wall disintegration takes place due to the
solubilization of pectins and hemicelluloses. Diverse groups of
cell wall modifying proteins are involved in dismantling of
polysaccharides. This class of proteins is localized in cell wall
called as expansins53. The role of expansion proteins  has  been

monitored in disrupting the hydrogen bonds between
cellulose and xyloglucans54. Thus, in fruit softening, expansion
proteins also play a key role55.

Fruits are very important for providing various essential
nutrients for normal human health. Fruit softening is one of
the most significant indicators of ripening. Fruit softening is a
developmental program during ripening, which results in
changing the texture56. The process of fruit softening is
generally due to the effects of various modifications in cell
wall, which results in the loss of rigidity, ultimately affecting
their texture. During ripening, various biochemical events take
place such as (i) Chlorophyll degradation, leading to yellowing
of the peel, (ii) Starch conversion into sugars and (iii) Change
in flavor and aroma. Ripening of fruit is also regulated by the
production of ethylene. The quality of fruits and vegetables
are also maintained by calcium57. It plays an important role in
firming  the  fruit  by  $-elimination.  Tissue   softening  is  also
due to the decrease in intermolecular bonding between
polymers  of  the  cell   wall.  The  modification  of  fruit  cell
wall is  greatly  achieved  b y  the  activity  of  hydrolytic  or  cell
wall  degrading  enzymes  such  as  polygalacturonase  (PG),
pectin methylesterase   (PME),   Pectate   Lyase  (PL),
rhamnogalacturonase  (RGase).

Softening of fruit involves generally cell wall loosening
accompanied by depolymerization of hemicelluloses and
action of polygalacturonase and other cell wall degrading
enzymes52.

CELL WALL DEGRADING ENZYMES

During ripening, softening of fruit is related to changes in
the composition of cell wall due to various factors, mainly,
pectin degradation by hydrolytic enzyme. There are some cell
wall degrading enzymes such as PG, PME, PL, RGase, arabinase
and galactanase, involved in pectin solubilization. The
principle hydrolytic enzymes are PME and PG.

The PME is mainly involved in de-esterification by
removing methanol from C-6 position of galacturonic acid of
pectins. The activity of PME was observed in fruits such as
apple, banana, grape, tomato, strawberry58. The PME removes
methyl esters, which are then depolymerized by PG and
results in reduction of tissue rigidity and adhesiveness59. Fruit
firmness is increased by the action of PME due to the
demethylation of endogenous pectins and subsequent
chelation of divalent cations by ionized carboxyl groups on
adjacent pectic acids60. The PME is found in both plants and
micro-organisms61.  The  PME  occurs  in  both  exogenous  and

4



Asian J. Biotechnol., 9 (1): 1-23, 2017

endogenous forms. In fungi, PME acts on homogalactuonans
randomly whereas linearly in plants62. The degree of methyl
esterification of pectin and pH are responsible for PME activity.
There are many isoforms of PME encoded by multigene
family63,64. At acidic pH, some isoforms can act randomly but at
alkaline pH, act linearly. PG is mainly responsible for
solubilization of pectins. It causes depolymerization by
hydrolysing "-1,4 glycosidic bonds present in galacturonic
acid. The activity of PG is increased during ripening by the
presence  of  soluble  pectins65.  The  PME  is  responsible  for
de-esterification followed by action of PG on de-esterified
portion of galacturonan. In climacteric fruits, an increase in PG
activity during ripening is corelated with the maximum loss of
rigidity or firmness66. For the study of textural regulation in
fruit ripening, PG was the first to be cloned from tomato by
transforming with PG antisense, which results in increase in
texture quality, ultimately their shelf-life increasing67.

Pectate Lyase (PL) is also a hydrolytic enzyme, which plays
an important  role  in  breaking  the  glycosidic  bond by trans
$-elimination. Rhamnogalacturonase (RGase) catalyzes the
hydrolysis of glycosidic bond between galacturonic acid and
rhamnose in RG chain46. Cellulases as well as hemicellulases
are also involved in fruit softening.

BIOCHEMICAL CHANGES DURING RIPENING

The key feature in fruit deterioration is the rate of fruit
softening. The shelf life of fruits becomes shorter on excessive
softening and leads to a huge damage during transportation
and storage. In tomato fruit, a large number of genes have
been reported to be involved in degradation of cell wall. The
suppression genes encoding the cell wall degrading enzymes
such as PG, PME, PL and $-glucanase do not have a major
effect on firmness68,69. About 40% of tomato fruit softening is
achieved by down-regulating TBG4$-galactosidase gene70.
Cell wall proteins known as expansins disrupting hydrogen
bonds between cellulose microfibrils and polysaccharides lead
to cell wall loosening. A protein in tomato fruit is expressed in
fruit ripening is encoded by LeExp1 (tomato expansin1) gene.
There is a strong reduction of softening throughout ripening
due to the down-regulation by changing glycan interface,
facilitating the access of cell wall hydrolases71. Strawberry,
which is a non-climacteric fruit, becomes firmer and reduces
softening by suppression of pectatelyase m-RNA72. Many
genes are involved in fruit softening, encoding various cell
wall degrading enzymes and non-enzymatic proteins. Each of
proteins and their isoforms play a significant role in textural
changes and fruit softening.

There are several factors involved in the attractiveness of
fruit. One of the important examples of such factor is
pigments, which accumulate in the skin during the process of
ripening, in some climacteric fruits73. Pigments are known to
accumulate in the pulp tissue too. Carotenoids and
anthocyanins are the most important pigments of fruit
because they also involve as source of vitamin A and
antioxidant compounds for human health. Carotenoids consist
of carotenes like lycopene and $-carotene and xanthophylls
like lutein. They are obtained from terpenoids and synthesized
at a high rate in the fruit during transition from chloroplast to
chromoplast. Several genes have been cloned and are
involved in the synthesis of carotenoids74. On the other hand,
anthocyanins belong to the flavonoid subclass of phenolic
compounds. 

Many genes and their enzymes of flavonoid biosynthetic
pathway have been isolated and characterized75.
Anthocyanins are important for wine quality in grapes.
Ethylene stimulates the colouration of berry and is involved in
the regulation of anthocyanin biosynthesis genes76. There are
various factors and signals, which affect the anthocyanin
accumulation and gene expression, including photochrome
and light. Many stresses such as low temperature and
wounding are also involved77. The quality of fruits and
vegetables are strongly affected by aroma volatiles. Aroma is
a complex mixture of large number of compounds. Each
product has a different aroma. Most important classes of
aroma are monoterpenes, sesquiterpenes and compounds
derived from lipids, sugars and amino acids. The rate of
ripening and duration of storage life and other ripening
processes in climacteric fruit is controlled by the ethylene.
Therefore, various efforts have been made to increase the
shelf life of fruits by generating the genotype of incidently
reduced ethylene synthesis, because ethylene regulates
various genes of aroma biosynthesis78.

Ripening involves the transition from an inedible state of
fruit to the prerequisite characteristics of food quality79. It
involves a series of various physiological changes in mature
plant organ. When an appropriate level of ethylene is reached
in mature cells, initiation of ripening takes place80. During the
ripening of fruit, there are various biochemical changes to
occur81 and are as follows.

Cell membrane changes: There are a number of vital roles of
membranes such as energy transfer, hormone binding, signal
transduction, interaction between plant and pathogens and
transport of ions and other solute molecules. Membranes are
thin,  flexible  and  sheet  like  structures  enclosing  all  the  cell
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organelle82. Membranes are made up of lipid bilayer in which
the integral and peripheral proteins are embedded83.
Phospholipids can freely rotate in this fluid mosaic of
membrane and the fluidity is influenced by the presence of
sterols and proteins. Fluidity of membrane also enhances by
increasing the content of unsaturated fatty acids.

During the ripening of banana fruit, the content of
unsaturated fatty acids decreases in the pulp and peel, which
results in increase in microviscosity82,83. During senescence,
there are some visible changes in lipid bilayer such as
degradation of lipids, which leads to impaired functioning.
Bilayer may exist in different phases. It can change from a
liquid to a solid or gel phase. On ripening of fruit the
permeability of the membrane is changed and thus
responsible for the leakage of solutes leading to an increase in
free space. It has been reported that there is an increase in
membrane permeability of banana pulp as a post climacteric
respiration event84. As banana fruit ripens, the leakage of ions
becomes increasing. There are some harmful changes in
membrane during the senescence such as the content of
phospholipids and proteins decreases and an increase in
saturated: unsaturated fatty acid ratio. An increase in short
chain fatty acids like octanoic, nonanoic and decanoic acid has
been observed to correlate to an increase in ethylene
sensitivity in banana ripening fruit and petals of petunia84.

Respiratory changes: In plants, the process of respiration
includes the breakdown of complex molecules like starch,
sugar and acids into simpler molecules CO2 and H2O85. Certain
pathways are known to involve in the complete process of
respiration are glycolysis, citric  acid  cycle  or  TCA  cycle,
pentose phosphate pathway and an Electron Transport Chain
(ETC)83.

Glycolytic pathway is the first step in process of
respiration and occurs in the cytosol of cell. In glycolytic
pathway, glucose molecule is broken down into two
molecules of pyruvate as shown in Fig. 1. The key enzyme in
this pathway is phosphofructokinase (PFK) that breaks
fructose-1,6-bisphosphate into two molecules of trioses85.
During glycolysis, the net gain is of two molecules of ATP and
two molecules of NADH. The overall glycolytic pathway can be
summarized as follows:

Glucose+2ADP+2Pi+2NAD+ ÷ 2 pyruvate+2ATP+2NADH+2H++2H2O

Additionally, TCA cycle also known as citric acid cycle,
occurring in mitochondria of the cell has been known to be
connected with respiratory phenomenon while fruit ripening
and  softening.  In  this   cycle,   the   pyruvate   from   glycolytic

Fig. 1: Graph of climacteric pattern of respiration on ripening
of fruit

pathway is broken down to CO2 in various steps. This pathway
involves the generation of one ATP molecule. Three molecules
of NAD are reduced to NADH and one molecule of FAD to
FADH2

83,86.

Electron transport chain: This metabolic chain takes place in
the cristae of mitochondria. It involves the transfer of
hydrogen atoms from organic acids in TCA cycle and
production of ATP from NADH2 and FADH2. Each NADH2

molecule gives 3 ATP molecules whereas each FADH2

molecule produces only two ATP molecules. The function of
ETC is known to trap energy in a usable form and also recycle
NAD and FAD, required for the functioning of various
pathways. The binding of cyanide to the iron atom of
cytochrome oxidase inhibits the electron transport system86.
In some plants such as banana and avocado, cyanide resistant
respiration can occur by the action of an alternative oxidase.
In this pathway, the electron transport from NADH to
ubiquinone followed by their transfer to a flavoprotein and
then to the alternate oxidase and then ultimately to oxygen,
to form water. Only one molecule of ATP is generated through
this process instead of three. Energy is not conserved and
mostly  releases  in  the  form  of  heat. A  higher rate  of
respiration  is  related  to  more  perishable85. An  increase  in
the temperature of commodity due to the heat released by
respiration causes an increase in metabolism rate and
decrease in longevity.

Respiration in climacteric fruits: A climacteric pattern of
respiration is seen in some fruits during the process of
ripening83. There are four phases of climacteric pattern of
respiration i.e., pre-climacteric, climacteric, climacteric peak
and post-climacteric87 (Fig. 1). This respiration profile of
climacteric fruit is related with the release of high level of CO2

and production of ethylene during ripening. The climacteric
pattern of respiration is exhibited by banana in four phases.
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In pre-climacteric phase, the color of fruit is green, hard in
texture, inedible and contains a high content of starch and the
rate of respiration is low. During climacteric phase, the flavor
of fruit starts to develop by conversion of starch into sugars.
The texture starts to become soft and less chlorophyll is
visible. The rate of respiration becomes maximum at
climacteric peak and at this stage, the fruit is right for
consumption. At the post climacteric phase, there is a
decrease in the rate of respiration and the fruit becomes
overripe. At this stage the fruit is tasteless and the pulp turns
to mealy.

Color changes: The color changes are first visual indication of
ripening and thus determine the eating quality88. Banana
ripening is also related with the color changes i.e., from green
to yellow and then turns to brown on over ripening. The color
changes in banana starts in the center of fruit and then
proceeds towards the edge88. Changes in fruit color are mainly
due to the presence of pigments located in chloroplast,
chromoplast and vacuoles of the cell88.  Anthocyanin pigments
are water soluble and present in vacuoles whereas the
carotenoids pigments are water insoluble and located in
chromoplas88. The peel color of banana changes due to the
presence of several pigments such as chlorophylls, carotenes
and xanthophylls located in chloroplast and chromoplast.

On ripening of fruit, the color changes are related with the
chlorophyll breakdown and the unmasking of carotenoid
pigments83. On rise of climacteric phase, the activity of
chlorophyllase increases to breakdown of chlorophyll. In
addition, there are some other factors playing a vital role in
changing the color of fruit such as light, temperature, oxygen
and time of harvest. It is not mandatory that color change is
always an indication of ripening of fruit e.g., in apples83.

Changes in organic acids during ripening: The flavor of the
fruit is also associated with organic acids. On fruit ripening,
concentration of some specific organic acids decreases and
thus leads to decrease in acidity83,86. Malic acid, oxalic and citric
acid are mainly present in banana ripening. The main
component of organic acid in fruits like banana, apple, cherry,
peach and pears is malic acid83,86. On banana ripening the level
of malic acid increases, while there is a metabolism of oxalic
acid and due to their role in TCA respiratory cycle as the
substrate, there is a loss of acidity83,86.

Carbohydrate changes: Starch is the main storage form of
carbohydrates in green banana comprising about 20-25% of
weight of the tissue pulp89. When the fruit starts to ripen, the
starch   is  hydrolyzed  and  converted   into  free   sugars,   with

remaining only 1-2% starch in the ripe fruits. The content of
ripen banana consists of 60% sucrose, 14% fructose and 20%
glucose. Due to the presence of these sugar molecules,
edibility of fruit increases and thus is responsible for the sweet
flavor of fruit. When the starch is degraded into sugars, the
activity of starch biosynthesis enzymes decreases whereas the
enzymes involved in starch hydrolysis increase89. The
conversion of starch into sugar is catalysed by the activity of
enzymes, namely, amylases and starch phosphorylase. In
banana, the breakdown of starch is catalysed by starch
phosphorylase rather than amylase89.

Production of aroma components during ripening: At the
time of ripening of fruit, their characteristic aroma is produced
by the complex mixture of volatile compounds90. A certain
number of volatile compounds are produced by each fruit
such as at least 200-350 are produced by a ripe banana90. After
duration of 4 days of climacteric respiration, volatiles are
produced. Aroma occurring during the course of fruit ripening
is due to the presence of various classes of volatiles such as
aldehyde, ketones, esters, terpenoids and sulphur containing
compounds90. Stimulation of synthesis of these compounds
takes place on exposure of banana fruit to exogenous
ethylene. As fruit ripens, there is a gradual increase in the
complexity and concentration of volatile compounds91. In
banana fruit, main volatile compounds are esters, alcohols,
phenols, aldehyde and ketones. These volatile compounds are
obtained from amino acid and fatty acid (Fig. 2). About 70% of
esters are present in volatile compounds, in which the
predominating fractions are of acetates and butyrates. The
production of aroma compounds is decreased by providing
the chilling injury91.

Ethylene: A Russian plant physiologist Dimitry Neljubov
discovered the effect of ethylene on plant tissue92. The
chemical formula of ethylene is C2H4 with molecular weight83

28.5. Under normal conditions, it is present in the gaseous
state and helps in the regulation of plant growth,
development and senescence93. Ethylene is commercially
available in compounds such as ethephon and ethrel, which
is used to ripen fruit like bananas, tomatoes, apples and pear93.
There are some sources of ethylene present in atmosphere
such as from combustion engines or heaters in the form of
fumes, smoke, natural gas leaks93. Ethylene is also produced
naturally in all plant organs such as roots, stem, leaves, buds,
tubers, bulbs and flowers94. Production of ethylene can also be
stimulated as a result of biotic and abiotic stresses. Ethylene is
responsible for ripening and  also  plays  an  important  role  in
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Fig. 2: Pathway illustrating the production of aroma compounds

the activities of adventitious root formation, flower induction,
fruit abscission, flower opening and senescence of leaf and
flower94. At all developmental stages of fruit, the ethylene is
present at low concentration but during the ripening of
climacteric fruit, the activity of ethylene becomes more
dominant. The release of ethylene into the plant tissue is
responsible for a change in fruit quality such as color, texture
and flavor95. For production of ethylene in plants, there are
two systems, namely system 1 and system 2. System 1 is
present throughout the development in both climacteric as
well as non-climacteric fruit whereas system 2 is activated
during ripening in climacteric fruit. Ethylene possesses the
autocatalysis property and thus can stimulate its own
synthesis. Through autocatalysis, the tissue can synthesize
large amount of ethylene in response to application of low
concentration of this gaseous hydrocarbon. Ethylene present
in the atmosphere or in plant tissue is responsible for positive
feedback and thus results in increased production of this
hormone96.

First ethylene responsive genes isolated from tomato,
include genes encoding cell wall degradation, pigment
synthesis and ethylene production. On the basis of expression
studies  it  reveals  that  ethylene  responsive  genes  can  be
up-regulated, down-regulated or transiently induced
following hormonal treatment for short duration encourages
the view that ethylene can act as positive or negative
regulator of gene expression97,98. Many of the regulatory
proteins encoded by early ethylene responsive genes involved
in various processes such as transduction pathways,
regulation of transcriptional or post-transcriptional factors,
shows that ethylene control operates in a complex multilevel.
It has been documented that ethylene have several effects on
different developmental processes such as germination,
abiotic stress response, fruit ripening, abscission of leaves, root
nodulation, programmed cell death and pathogen attack99,100.

To understand various roles of ethylene responses to
plant, there is a signal transduction pathway. The first
transcription regulator is an EIN3. So, it can be concluded that
the diversity of ethylene responses may arise from the
expression of Ethylene Response Factors (ERFs), transcription
regulator proteins present at the downstream of EIN3. The
ERFs are involved in the largest families of transcription factors
in plants101 and thus are available for different channels of
hormone signaling for a variety of responses102. A conserved
motif of cis-acting element called as GCC box is present in the
promoter  of   ethylene   responsive   genes,   upon   which
trans-acting factors encoded by ERF genes are bound. The
ERFs belong to a large multigene family, which contains
diverse binding activities and multifunctionality.

Fruit ripening processes involve complex multi-hormonal
control and are genetically regulated processes. The effect of
phytohormones on plant development consists of a chain of
signal transduction pathways, known to activate specific
transcription factors and ultimately regulate the expression of
target genes, shown in Fig. 3.

CELL WALL HYDROLASES

On the ripening of fruit, firmness decreases and osmotic
properties of the cell also vary. The loss of firmness is also
resulted due changes in cell wall polysaccharides103. There are
some chemical changes in the cell wall which focus mainly on
changes in pectic substances103. Pectins are present in the
form of  polysaccharides, which are easily soluble in water and
hence get de-esterified and depolymerized by certain
enzymatic reactions. The addition of Ca2+ ions is related to
decrease of textural softening due to having an ability to form
calcium bridges between pectic polysaccharides chain103. The
reduction   in   fruit   firmness   is   due   to   acid   hydrolysis   of
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Fig. 3: Hormonal dependent transcription regulation of fruit ripening104

glycosidic bonds in the cell wall. The most stable linkage in
between galacturonan in pectin is glycosidic103. The hydrolysis
of galacturonans is faster in acidic pH as compared to neutral
sugars because the uronic acid residues are lost whereas
neutral sugars are not and they are bound with the pectin103.

Thus, in acidic conditions, the fruit softening during
ripening is due to hydrolysis of pectin105. There is a gradual
solubilization of protopectin to form pectin, which leads to
loss of firmness on ripening of fruit. 

During the process of ripening of fruit after pectin
solubilization, depolymerization and de-esterification take
place. By the action of carbohydrate hydrolyzing enzymes, the
composition of cell wall changes, thus resulting in fruit
softening. Many of these hydrolytic enzymes are present in
low level and are constitutive throughout the fruit
development105, but mostly the activity of these enzymes are
increased on fruit ripening. Among all hydrolytic enzymes,
fruit softening is mainly due to pectin degrading enzymes and
results in loss of firmness. An increase in the activity of
polygalacturonase relates with the ripening of fruit105. After
the activation of polygalacturonase (PG), pectin polymers are
solubilised, because this enzyme helps in the breakdown of
insoluble complex polysaccharides by reducing the chain
length interconnection by calcium106.

During ripening, the changes in pectin occur in many
fruits like strawberry107, kiwifruit108, apricot109 and olive fruit110.
There  is  a  positive  relationship   between   the   presence   of

polygalacturonase and fruit softening observed in many fruits
like papaya110 and mango111. Activities of PG and PME have
been reported to increase in peach, tomato and pear65.
Process of solubilisation of polyuronide is different in apple
and strawberry due to the absence of endo-PG28. The activity
of PG was not detected in plum fruit112. Although PG is
important for pectin degradation but it is not only the factor
for tissue softening during ripening113. The hydrolysis of
neutral sugar side chains helps in weakening the network of
polymerization of cell wall and contributes to the textural
softening114. Antisense RNA technology is a new approach to
elucidate the role of enzymes in cell wall degradation
responsible for fruit softening. This was the first molecular
approach concerning with delaying of fruit ripening115.
Firmness and shelf life of tomatoes can be increased by
suppression of PG gene with antisense RNA technology. The
suppression of PME in tomatoes results in increase in solid
content68. The genes coding for PG, PME and other enzymes
have been cloned in tomato113 and in other fruits115. Pectin
degrading enzymes are of various types on the basis of their
mode of action. Some cell wall hydrolytic enzymes are
pectatelyase, polygalacturonase, pectin methylesterase,
rhamnogalacturonase and arabinase.

Polygalacturonase (PG): The main enzyme responsible for
pectin dissolution in  vivo  is  polygalacturonase  enzyme116.  It
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plays an important role in hydrolysis of pectic acid or
galacturonic acid by hydrolyzing "-1,4-glycosidic bonds
between them. The PGs are divided into two forms on the
basis  of  their  mode  of  action  i.e., exo-PG and an endo-PG.
Exo-PG is responsible for the hydrolysis of glycosidic bonds
between the de-esterified galacturonans from non-reducing
end, resulting in release of galacturonic acid as main
product116. Degree of polymerization depicts the rate of
hydrolysis and with increase in molecular size of substrate, it
increases116. Exo-PG helps in producing large reducing groups.
Pectate degradation does not occur by the activity of this
enzyme. So, it is not involved in fruit ripening. Endo-PG plays
an important role in ripening as it causes the depolymerization
of pectic acid randomly. As the length of the chain decreases,
the rate of hydrolysis also decreases.

During ripening of fruit, the rate and extent of textural
softening is directly related to the composition of PG i.e., if an
-endo or both -endo and -exo PG are present, a significant
softening takes place and if only -exo PG is present, restricted
softening occurs117. The PG is responsible for the dissolution of
middle lamella. On ripening, presence of soluble pectin results
by increased activity of PG28. The PG acts on glycosidic bonds
of de-esterified galacturonan chain. The PG was first observed
in ripen tomato and it is the richest source of
polygalacturonase enzyme106. It has been reported that at the
climacteric stage, the activity of PG is increased in mango118,
capsicum116 and banana119. At the time of ripening, the texture
of climacteric fruit changes and a rapid increase in
polygalacturonase is directly related to the maximum loss of
firmness66. The purification and characterization of PG as well
as biochemical specificity of isoenzymes of PG were reported
from banana120,121 and strawberry107.

Pectatelyase   (PL):   The   PL   enzyme,    also    known    as
trans-eliminase,   breaks    the     glycosidic     bond    by   trans
$-elimination. It removes hydrogen from C4 and C5 position
of   the     aglycone     of     substrate122.     Pectin    undergoes
de-esterification in  alkaline  medium  and  then  degrades  by
$-elimination reaction. PL catalyses the cleavage of
deesterified  or   esterified   galacturonate   units   by   a  trans
$-elimination of hydrogen from the C4 and C5 positions of
galacturonic acid. The PL  also  exists  in two  forms  i.e., exo-PL

lyase acting from the non-reducing end, whereas endo-PL
lyase acts randomly on de-esterified galacturonans.

Arabinase: This enzyme is of two types, namely,
arabinofuranosidase    (EC    3.2.1.55)    and   endo-arabinase
(EC 3.2.2.99). It increases the polymer-polymer interaction and
decreases the degree of branching122. Endo-arabinase acts on
linear arabinan randomly resulting in the production of short
length oligomers. On the other hand, arabinofuranosidase is
responsible for  degrading  branched  chain  into  linear chain
of arabinan by splitting of terminal "-1,3 linked
arabinofuranosyl  side  chains  and  then   breaks   "-1,5  links
at the non-reducing end of linear arabinan. This enzyme
hydrolyses  the  non-reducing   group   from  a  large  number
of  polysaccharides   containing   arabinose   such  as
arabinogalactans, arabinoxylans and arabinans.

Rhamnogalacturonase (RGase): This enzyme catalysed the
hydrolysis of glycosidic bonds between galacturonic acid and
rhamnose units in RG backbone, the “Hairy regions” of many
fruit pectins31. The products are the alternating units of
galacturonic  acid   and   rhamnose    units.    It    forms   the
non-reducing end31.  The  activity  of  RGase  increases  when
the  side  chains  are  removed   and   the   esters   group   are
de-esterified31.   The   activity   of    RGase    is    interrupted   by
o-acetyl  group.   So,   they   perform   with
rhamnogalacturonan acetylesterase, which removes the acetyl
group from hairy portion of pectin28. The activity of RGase is
more on de-esterified pectin31. Thus, for the intense activity of
glycanase such as PG and RGase, de-esterification of pectin is
the most important step which is catalysed by the enzyme
pectin methylesterase (PME).

Pectin methylesterase (PME): The PME (EC 3.1.1.11) is a
pectinase enzyme, which acts on pectin substrate. On the
basis of mode of action on pectin substrate, pectinases
classified into two groups are deesterifying and
depolymerizing  enzymes123,124.  The  PME  catalyzes  the
demethyl esterification of pectin and liberated carboxyl
groups and methanol (Fig. 4).

The PME removes methanol from highly esterified pectins
and convert them into low ester pectin,  which  becomes  later

Fig. 4: PME causes de-esterification of pectin125
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hydrolysed by PG, attacking glycosidic linkages next to a free
carboxyl groups126. Depolymerizing enzymes are known to act
on different forms of pectin such as polygalacturonase (PG),
pectatelyase (PL). The backbone of pectin consists of a smooth
homogalacturonan, (1à4) linked "-D-galacturonic acid, which
is methyl esterified at C-6 position. The PME is also related to
increase in the firmness of fruits and vegetables by
demethylation of endogenous pectin and chelation of
divalent cations by ionized carboxyl groups on adjacent pectic
acids60. The activity of PME has been detected in some
bacteria, fungi, yeast and higher plants. The PME has been
identified in several higher plants such as apple, banana, citrus
(lime, orange, grape fruit), mango, papaya, cherry, berries,
grape, pear, plum, beans, carrot, cauliflower, onion, pea,
potato, radish and tomato127.

In the cell wall of dicot plants, about 35% of the dry
weight consists of pectin. There are two phenomena involved
in the firming effect of pectin in tissues i.e., the formation of
free carboxyl groups in fresh tissue, which increases the
strength of calcium binding between polymers of pectin while
in heated tissue, calcium binding strength is increased but
there is a decrease in the susceptibility of pectin to
depolymerization by $-elimination. Generally the optimum pH
for plants and bacteria is between 6 and 8 whereas some
fungal   PME   have   been   to   show   pH   optima  between128

4 and 6.
The expression and characterization of PME in coffee fruit

have been studied comprehensively129. Enzymatic activity of
PME has been measured at different stages of maturation in
coffee fruit, which showing PME activity to be increased
progressively from the beginning of ripening process129. Five
isoforms of PME have been identified in coffee and the
transcription level of CaPME4 has been observed to increase
in pericarp whereas decrease in endosperm129. The expression
of CaPME4 transcript was effective in branches roots and
flower tissues, indicating that it plays a significant role in
pectin degradation and contributes to fruit softening.
Recently,  the  continuum  electrostatic  calculations  have
been observed on the molecular dynamics  trajectory  of  a
PME-HG-disaccharide complex130. It has been reported that
when methyl ester group of disaccharide were arranged at the
carboxylate product of demethyl esterification, a net
unidirectional sliding of disaccharide model was observed
along the binding groove of enzyme130. It was also shown that
during the translocation, the changes in electrostatic binding
energies and protein dynamics reflect the mechanism of
rectifying Brownian motion of enzymes130.

The PME has been reported in all higher plants
particularly in citrus fruits131. It can also be produced by some
pathogenic bacteria and fungi132. The PME is a cell  wall  bound

enzyme and exists in two or more isoforms in higher plants
but have different molecular weight, biochemical activity,
physical and chemical characteristics133. The kinetic properties
of enzymes are highly affected by the source e.g., the removal
of pectin methyl ester group linearly by plants PMEs and
bacterial PMEs from Erwinia chrysanthemi. In this type of
action pattern, the binding of enzyme responsible for
conversion of all subsequent substrate sites on the polymer
chain, whereas fungal PMEs from Aspergillus niger  acted on
pectin with multiple chain mechanism. In this pattern, for each
complex of enzyme and substrate molecules, the enzyme
catalyses  limited  number  of  substrate  site  randomly134. It
was  reported  that  acidic  PMEs  were  related  with  random
de-esterification, whereas alkaline PMEs being related with
linear de-esterification135. The mode of de-esterification of PME
depends on the degree of methyl esterification of pectin and
pH of the medium125.

Mode of action and regulation of PME: It has already been
reported that the various isoforms of PME detected in cell
walls are encoded by multigene family125. The sequencing of
Arabidopsis  genome, involves in the identification of 67 genes
in relation with PME136. The PME genes encode some peptide
motifs as pre-pro-proteins. The pre- region behaves as a signal
peptide, which is essential for the targeting of proteins into
the endoplasmic reticulum. Secretion of pro-PME leads to the
apoplasm through the cis, medial and transgolgi cisternae and
in the cell wall, only mature PME i.e., without pro-region is
found. Through the study of systematic sequencing of
Arabidopsis  genome136, PME genes can be classified into two
groups. The first group of gene consists of only two or three
introns and a long pro-region whereas the genes of other
group contain five or six introns and a small or non-existant
pro-region125.  These  two  groups  of  PME  are  designated  as
type I and type II respectively.

The structure of type II sequence is closely resembled to
PMEs, occurring in pathogenic organisms, namely, bacteria,
fungi, which are responsible in cell wall soaking during plant
infection. It has been stated that cell wall extracted PMEs do
not  have  a  pro-region137. In  mature  PME,  the  cleavage  of
pro-region might occur in early or before excretion of mature
PME or later into the apoplasm. The role of pro-region is
exactly not known but there are some possible hypotheses. It
may be involved in the biological functions of PMEs, in PMEs
targeting and as an intramolecular chaperones, which help in
protein folding or conformational change of PME138 or may be
involved in the inhibition of enzyme activity137. The isoforms
of PME, which are involved in microsporogenesis and pollen
tube growth are type II related to bacterial PME138.
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The mode of action of PME after integration into the cell
wall is different. The main accepted hypothesis states that
PMEs acts on homogalacturonan either randomly (as in fungi)
or linearly (as in plants) along the chain of pectins137,138. When
PMEs act on homogalacturonans randomly, demethyl
esterification releases proton, which promotes the activity of
endopolygalacturonases (endo-PG)137 and results in cell wall
loosening. On the other hand, when PMEs act on
homogalacturonans linearly, it produces blocks of free
carboxyl groups, which interacts with calcium and creating a
pectate gel137. The activity of endo-PG is limited in this gel and
hence contributes to cell wall stiffening. The random
demethylesterification depends on acidic PMEs while linear
demethylesterification depends on alkaline PME138.

FUNCTIONS OF PME

In plant growth: There are various physiological processes of
vegetative and reproductive plant development, in which
PMEs play important role such as in cell wall extension and
stiffening139, separation of cellular compartments140,
germination of seed141, leaf growth142, growth of internode
stem143, elongation of root tip144, dehiscence of dry fruit and in
fruit ripening145-148. In tomato fruit, the activity of PME changes
to modify the cell wall structure of the pericarp52. The PME is
also involved in wood development. There are five different
PME encoded genes, which are highly expressed in the xylem
tissues of Arabidopsis. A large number of transcripts encoded
by PME gene are found in poplar wood forming tissues149 and
is tightly regulated within the cambial meristem tissue. The
PME is also involved in the regulation of length of fibre by
improving the cellular adhesion between the fibres and hence
their apical elongation is inhibited. PME also plays a major role
in modification of pectin in xylem during secondary wall
deposition with the help of polygalacturonases and
pectatelyases149,150.     The     significant     role     of     PME     is
de-esterification   of   HGA,   which   is   essential   for   the
lignifications of xylem, e.g., de-esterified  HGA  calcium  bridge
is bound with peroxidase class III, which may start the
polymerization of lignin151. PME helps in the de-esterification
of HGA and ultimately initiates the process of lignifications at
cell junctions in woody tissues152. Pectin molecules interact
with lignin and affect their polymerization in  vitro,  which
depicts  the  function  of  PME  in  regulating  such  interactions
in  vivo.  The PME plays a significant role in reproductive
development mainly in pollen formation and in pollen tube
growth153. It has been shown that QUARTET1 is encoded by
AT5G5590 in Arabidopsis  is expressed in pollen and helps in
the separation of pollen tetrad during floral development and
when it is expressed in E. coli,  it  has  PME  activity154.

It has been suggested that in tobacco plant the control of
degree of pectin esterification control oscillatory pollen tube
growth155,156. In some symbiotic stages, various pollen specific
PME proteins are present in roots, which are observed by the
study of polar tip growth in the development of pollen tube
and during rhizobial infestation of medicago, by the presence
of infection threads157. The expression of PMEs, which are
nodule specific as well as plant tissue specific having different
similarities during the development of nodules, with higher
activity in primordial than in mature nodules157,158.

In plant defense system: There is a physical barrier between
internal compartments of plant cell and environment, plant
defense mechanism or response is related with changes in cell
wall159. It has been revealed that the expression of about 75%
PME sequences in  Arabidopsis  differ  in  their  response  to
both biotic and abiotic stresses e.g., the regulation of some
PME  transcripts  is  by  wounding,  ethylene160,  cold161,
oligogalacturonides (OGAs)162 and phloem feeding insects162.
In over-expressing plant lines and in antisense, the activity of
PME has been observed to up and down and the change in
degree of methylesterification (DM) of pectin have been
related with changes in susceptibility of plants to pathogens
and abiotic stresses163,164. The PMEs may be involved either
directly by the interaction with virulence factors or indirectly
by catalyzing the reaction products. The functional plant PME
binding is required to the Movement Proteins (MPs) of some
viruses for the transport of them to the  new  cells  with the
help  of  plasmodesmata165.  Generally  PMEs are related with
cell  wall  embedded  plasmodesmata,  MPs  co  localize with
plasmodesmata and PME like proteins bind to MPs but the
mechanism that allows PME for viral movement is not clear.
The activity of PME enzyme produces three types of
compounds, which are involved in defense mechanism in
plants.

The  first  one  is  the  production   of  methanol  that  has
been observed in the interaction between plant and
herbivores166,167. The rapid increases in the release of methanol
have been observed in tobacco after wounding and in the
presence of oral secretions of caterpillars, they get enhanced,
which leads to the activity as well as expression of PME
becomes up regulated168. As the activity of PME depends on
pH, the release of methanol is also pH dependent. The
methanol may either diffuse out or may be broken down into
formate, but act as a substrate for the enzyme formate
dehydrogenase, which is up regulated by environmental
stresses such as cold, wounding, drought in leaves of potato169

and by the spray  of  methanol.  The  regulation  of  PME  genes
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have also been found byaphids present in phloem of celery168

that spectacles that the methanol produced by PME plays a
role in the signaling of plant stress.

Secondly, the activity of PME leads to release of carboxylic
group, a negatively charged particle and protons in the matrix
of pectin144, which modifies the charge of cell wall, pH of
apoplasm and the activity of proteins of apoplasm. By the
activity of PME, negatively charges produced, that facilitates
the binding of cations, which either inhibits or favors the
growth of plant depending on conditions144. It has been
shown that the activity of PME can also change the content of
aluminium, which is a toxic metal in soil that inhibits the
elongation of roots163. With the help of this study, it has been
shown that the amount of aluminium in plant increases on the
over-expression of PME activity which results in the decrease
in degree of pectin methylesterification. Like other cations,
namely, calcium or magnesium, aluminium is also capable to
enhance the activity of PME in vivo. The high activity of PME in
cell wall results in the high amount of unmethylesterified HGA,
which has been positively related with susceptibility of plants
to biotic and abiotic stresses163.

Finally,  third  category  includes  various  compounds,
which are derived from pectin, involving in plant defense
system. The glycosidic bonds of polygalacturonic acid can be
cleaved by glycosidic hydrolases e.g., polygalacturonases
which allows the action of pectatelyase and formation of
oligogalacturonic acid. The pectin might be depolymerizing
by  pectin  lyases  through  breaking  the  bonds  between
methylesterified  galacturonide residues. The defense of plants
induced by oligogalcturonides has been studied and its
affectivity depends on the degree of oligogalacturonide
methylesterification159,162. By the activity of PME, there is an
acidification of apoplasm, which leads to the formation of
oligogalacturonides by pectolytic enzymes. Exogenous  
pectolytic   enzymes   are    also   involved   in plant-pathogen
interactions. There are various secretions by pests and
pathogens of various enzymes including PME through plants
when attack by bacteria, fungi and insects138,159,170 e.g., a
pathogenicity has been determined by the functional PME
from the bacteria Botrytis  cinerea171. From cell wall digest of
T. aestivum,  there is a release of dimmers or trimers of
galacturonic acid which are endogenous suppressor of
defense mechanism. So, in the interactions of plant and
pathogens, some compounds, derived from HGA, act as
elicitors while others participate as defense suppressors,
depending on the pectolytic enzymes involved159,162,172. The
susceptibility of a plant to the stress may be modulated by the
mode of PME action. Patterns of methylesterification of HGA
are found to be significantly  variations  in  between  stem  rust

fungus resistant, in which blockwise distribution of methyl
esters takes place and susceptible lines of wheat, in which
non-blockwise distribution occurs.

The activity of PME is significant for the virulence of
necrotrophic fungal pathogen Botrytis cinerea. The  PMEs from
Arabidopsis thaliana are involved in Pathogen Triggered
Immunity (PTI) and immune responses to Alternaria
brassicicola, a necrotrophic fungus and to Pseudomonas
syringae bacteria173. It has been reported that after the
inoculation with either pathogen and during PTI, the activity
of plant PME is increased173. The activity of pathogen induced
PME does not necessitate ethylene signaling but depending
on Jasmonic Acid (JA) signaling173. About 66 PME genes have
been reported in Arabidopsis, suggesting the extensive
genetic redundancy.

It has been studied that during the interaction of
Fusarium and banana, PME modifies the pectin174. Currently
two varieties of bananas have been studied for the expression
and activity of PME in such a way that one variety is highly
resistant whereas other one is highly susceptible to
Fusarium174.  It has been observed that before the treatment
of pathogen, the activity of PME is higher in resistant cultivar
than susceptible cultivar174. It was also showed that when the
plants were wounded, there was a significant increase in the
expression of PME and a decrease in degree of
methylesterification in susceptible cultivar but not in the
resistant variety174.

In pollen tube growth: When pollen tube growth media along
with  orange  peel  PME  was  studied,  the  results  showed
that  the  supply  of  exogenous  PME   inhibited   the   growth
in vitro154,156,175 and cause the apical cell wall thickening and
dissipation of the intracellular tip-focused Ca2+ gradient155,156.
On  the  exposure  of  pollen  tubes  with  the  enhanced
activities  of  extracellular  PME  changes  the  apical
methylesterified pectins into deesterified forms175, which
ultimately form a calcium pectate gel at the tip, preventing
elongation and causing cell wall thickening. Thus, these results
indicate  that  the  composition  of  pectin  by PME  is  an
important component in controlling the growth of pollen tube
at the apex. When various mutant tubes grown in  vitro,  they
burst by decrease in the overall activity of PME, which leads to
an imbalance of apical wall and results in failure to resist the
internal turgor pressure. The in  vivo  growth of mutant pollen
tubes initially are not affected on the surface of stigma cells
but  the  growth  is  rapidly  decreased  in  the style.  The  rate
of  pollen  tube  growth  oscillates   between   in   vitro176  and
in vivo177. At the tip, the mechanism of regulation of PME
activity consists of a negative feedback, where the locally
generated  pH  decreases  by  the  release   of   protons   during
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de-esterification,   reducing   the   activity   of   PME.
Polygalacturonases and pectatelyase enzymes are also
expected to be activated at low pH. The synergistic effect of
inactivating PME and activating PG and PL causes the
loosening of cell wall, facilitating a growth pulse. Due to the
saturation of negative charges, there is an increase in pH and
responsible for reactivation of PME and further inactivation of
PG and PL, which leads to stiffening of apical wall and results
in decrease in growth rate. Thus, pectin associated enzymes
with PME, play a significant role in controlling oscillations in
the growth of pollen tube177.

There are a number of evidences in the support of this
hypothesis. One of them is the thickness of pollen tubes in lily
where the frequency of oscillations is shown to be same as
growth, becomes more thickened in anticipation of increase
of growth rate176. In other case, the transcript of PG and PL are
highly expressed in pollen of Arabidopsis178 that performs a
role in pollen germination and tube growth. It has been
reported that the pollen germination and tube growth is
stimulated by the application of PG from Aspergillus niger 175.
Besides the regulation of PME activity is controlled by
endogenous oscillation of intracellular H+. There are two
domains in pollen tubes, which oscillate in pH intensity i.e., at
the apex, acidic domain while at the base, an alkaline band of
clear zone179. At the apex, the acidic tip is maintained by the
influx of proton whereas by the efflux of proton, alkaline band
is to be maintained through the action of proton ATPase
located in the cell membrane. Due to the fluxes of these
protons, the pH of specific cell wall region is affected and thus
probably influencing the PME activity in these regions. 

Some specific proteases may be activated by the change
in pH, which processes the pro-region and releases the active
PME domain. It has been observed that at the tip of pollen
tube there is an intracellular Ca2+ gradient and its
concentration also oscillates. This gradient can be maintained
by the influx of Ca2+ from extracellular region across the
plasma membrane. Thus, it has been concluded that through
the same activated cation channels, both Ca2+ and H+ can
enter at the tip176. These generated ion fluxes may affect the
activity of PME.

MOLECULAR MECHANISM AND SIGNAL TRANSDUCTION
DURING FRUIT RIPENING

The development of fruit requires a network of interacting
genes and signaling pathways. Fruit ripening constitutes
several biochemical processes, including change in color,
sugar, acidity, texture and aroma and are important for the
quality of fruit. At the end stages of ripening, some changes

occur, which are related with the senescence caused
membrane destruction and leads to cell death. Thus, fruit
ripening can be assumed as the first step of programmed cell
death. During fruit ripening, all biochemical as well as
physiological changes take place by the coordinated
expression of fruit ripening related genes. This includes
encoding the genes for enzymes responsible for biochemical
and physiological changes, functioning of regulatory proteins
involving in signaling pathways and in the machinery of
transcription ultimately regulating the expression of gene. The
genetically regulated process of fruit ripening involves the
activation of a large number of primary and secondary
metabolic pathways, which involve in sensory and nutritional
quality of fruit. The complete process of expression of ripening
related genes are under control of hormonal and
environmental signals, in which ethylene plays a significant
role. 

The overall molecular pathways during the process of
ripening are shown in Fig. 5. There are two different systems
for ethylene biosynthesis. System 1 is related with the low
production of ethylene in pre-climacteric stage of climacteric
fruit  and   is   present   throughout   the   development   of
non-climacteric fruit. On the other hand, system 2 is an
autostimulated large production of ethylene and known as
“Autocatalytic synthesis” and is specific for climacteric fruit.
Thus, in climacteric and non-climacteric fruits, the major
difference  in  relation  with  ethylene  is   the  presence  or
absence  of  autocatalytic  ethylene  production88. In  ethylene
biosynthesis process, two main enzymes involved are ACC
synthase (ACS), which converts SAM into ACC and ACC
Oxidase (ACO), converting ACC into ethylene. The ACS and
ACO genes are encoded  by  multigene  family of 9 and 5
members respectively in tomato, along with their differentially
expressions in fruit ripening and development180.

It was also studied that LeACO1 and LeACO4 genes are
up-regulated at the time of ripening and continue being
active throughout the process. The LeACO3 shows a transient
activation, while LeACS6 and LeACS1A are expressed at the
pre climacteric stage of system 1, LeACS4 and LeACS1A are
most active genes at the time of transition of ripening180,181.
LeACS4 expresses highly during climacteric phase and the
expression of LeACS1A declines. At the time of ripening, the
increased production of ethylene results in the induction of
LeACS2 and the expression of LeACS6 and LeACS1A inhibit.
Thus, ACS gene can be considered as critical for the switch
from system 1 of pre-climacteric stage to system 2 of
climacteric stage182. By using an antisense strategy in
transgenic plants, down-regulating ACO and ACS genes is
required  for  ethylene  to  trigger  the  ripening   of  climacteric
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Fig. 5: Molecular mechanism controlling the ripening of climacteric fruit182

fruit. In tomato,  delayed  ripening  was  monitored  by
ethylene-suppressed lines183 and in other fruits such as
apple184 and melon185. In some climacteric fruit such as melon,
ethylene-independent ripening pathway leads to softening,
flesh color and accumulation of sugar occurs in ethylene
suppressed fruit186. Based on these results, it has been
concluded that climacteric (ethylene dependent) and non-
climacteric (ethylene independent) regulation coexist in
climacteric fruit187. In grape and berries, the supply of an
exogenous ethylene stimulates the expression of genes
related with the production of anthocyanin and involves in the
regulation of vascular flux, acid content and some steps of
volatile aroma synthesis188.

Ethylene perception has been shown on the model plant
Arabidopsis and molecular genetics are implemented. The
ethylene receptor genes were obtained by positional
cloning189. The first isolated plant hormone receptor was
ethylene receptor, reflecting towards the other components
involving in ethylene transduction pathway189. The ethylene
receptors are encoded by small multigene family, e.g., in
tomato, six genes have been isolated for ethylene receptors,
which  are  found  to  be  expressed  in  all  tissues  of plant.
Out of these six genes, three genes show a net increase on
ripening  whereas  two  genes  are  expressed constitutively.
It  has  been  demonstrated  in  recent  studies  that during
fruit  ripening,  ethylene  receptors  are  degraded  rapidly  and

the rate of transcription remains high and that level of
receptor determines the timing of ripening181.

In tomato fruit, the suppression of ethylene receptor
LeETR4 leads to early ripening181. Another important
component of ethylene signaling is CTR1 gene (Constitutive
Triple Response), isolated first from Arabidopsis acts as a
negative regulator of ethylene transduction pathway181. First
isolated gene from fruit tissue of tomato has been recognized
as CTR1 gene (S-1 CTR1)190 and its transcripts levels are known
to be up-regulated during fruit ripening with increase in
ethylene production.

BIOCHEMICAL AND in silico  CHARACTERIZATION PECTIN
METHYLESTERASE FROM G9 VARIETY OF Musa acuminata

FOR DELAYED RIPENING

Amongst important cell wall degrading enzymes, pectin
methylesterase (PME) has been known to act as a cell wall
hydrolyzing enzyme,   responsible  for  demethylesterification
of cell wall polygalacturonan. A recent study has been
successfully accomplished on the biochemical and molecular
characterization    of   PME   from   Grand  nain   variety   of
Musa  acuminata  (banana)191. This  study  also  deals  with  the
in silico  study reflecting inhibition of PME activity in context
to  delayed  ripening   in   banana.   It   mainly   deals   with   the
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identification of a PME1 gene from Grand nain variety of
banana. The expression of this gene is related with the process
of ripening. The expression of PME1 gene was observed  to  be
peaked on 3rd day in ethylene treated samples of banana but
the activity in untreated samples called control was rather
slow and then there was a sudden decrease in their activity in
both treated as well as untreated samples191. With the help of
in silico study, authors observed that banana has maximum
homology with carrot by using cross species analysis192. The
designed model has been reported to be of good quality on
the basis of its verification and validation and thus appropriate
for docking. The information of binding sites of ligand
provides new insights into the predictable functioning of
relevant protein193.

CONCLUSION AND FUTURE RECOMMENDATIONS

How to delay fruit ripening is an important biological
interest. During transport the fruits get harmed due to their
early ripening. On fruit ripening there are many biochemical
changes takes place like respiration, ethylene production and
activity of cell wall degrading enzymes etc. There are many cell
wall degrading enzymes which play an important role in fruit
ripening namely PME, PG, PL etc. The PME is one of the cell
wall degrading enzymes which act on pectin (a primary cell
wall constituent) and releases methanol and hydrogen ions.
Using cross species analysis, we found that banana has
maximum homology with carrot. The validation and
verification of the designed model has been performed and
found that it is good quality model. This model is further used
for docking studies. Knowledge about the site at which a
ligand binds provides an important clue for predicting the
function of a protein and is also often a prerequisite for
performing  docking  computations  in  virtual  drug design
and screening. Docking results suggested that green tea
catechin and salicin are the best inhibitors having good
interaction energies which binds at third motif i.e., Asp381
residue on  active  site  of  PME  in  Musa   acuminata.  It  was
found that green  tea  catechin  is  better  than  salicin because
it is  a  natural  inhibitor,  antioxidant  and  inhibits  the  activity
of PME whereas salicin is a chemical compound inhibits
ripening  at  some   specific   concentration   only,   although
the  binding  energies  of  both  the  inhibitors  have
approximately similar. This review study provides new insights
into increasing the more availability of banana through
delaying its ripening by inhibiting especially the activity of
pectin methylesterase.

SIGNIFICANT STATEMENT

The major significance of this study is how to delay fruit
ripening is an important biological interest. Never-the-less, this
study   provides   new   insights   into     increasing    the    more
availability of banana through delaying its ripening by
inhibiting especially the activity of pectin methylesterase.
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