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Abstract

Six fractions from mushrooms (MFs), as cytoplasmpioteins (F1), cell
membrane proteins (F2), alkali-soluble cell wall@ns (F3a), cell wall proteins (F3b),
cell wall beta-glucans (F4a), and chitin (F4b) afiek fractions from both apples (AFs)
and cucumbers (CFs), as cytoplasmic proteins (€dl),membrane proteins (F2), cell
wall proteins (F3), pectic substances (F4), antlilosle (F5) were extracted and analyzed
for their neutral carbohydrates, proteins, aminasugaterial, soluble phenolics, and
pectic substances. The dominant compounds consitee following: proteins in MF1,
proteins and neutral polysaccharides in MF2, negméysaccharides in MF3a, neutral
polysaccharides in MF3b, neutral polysaccharided ahitinous material in MF4a,
neutral polysaccharides and chitinous material F4b! pectic substances in AF1, AF2
and AF4, proteins in AF3, neutral polysaccharideAF5; proteins in CF1, CF2, and
CF3; pectic substances in CF4, and neutral polysamtes in CF5.

Experiments for binding calcium (Cafto fraction solids were performed in 10
mM Tris-HCI buffer (pH 7.0). The calcium-binding macity was obtained by both lon
Selective Electrode (ISE) and Inductively CoupléasPha Mass Spectrometry (ICP-MS)
measurements. The results indicated that calciumdiing capacity of fractions differed
significantly in the order of MF1>MF2>MF3a MF3b>MF4b~MF4a for mushroom
fractions. AF2 and AF4 showed higher binding cafyattian AF1 and AF5 for apple
fractions. For cucumber, CF1, CF2, and CF4 showeleh binding capacity than CF3
and CFb5.

The results revealed that calcium was bound byjradtions, but those fractions

dominantly composed of cytoplasmic proteins (MH1J aell membrane proteins (MF2)

\
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in mushroom fractions, pectic substances (AF4) egld membrane proteins (AF2) in
apple fractions, cytoplasmic proteins (CF1), cefirnbbrane proteins (CF2), and pectic
substances (CF4) in cucumber fractions possessgterhicapacities. The binding of
calcium to the biopolymers was further investigatgdsothermal Titration Calorimetry
(ITC) using pectin and bovine serum albumin (BSAhe results confirmed that
interaction of calcium with pectic substances playsprimary role in firmness
improvement. However, data also indicated thatraugons between calcium and
cytoplasmic and/ or membrane proteins may congilbatthe firmness improvement in

calcium-treated mushrooms, apples, and cucumbers.

Vi
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Chapter 1 Literature Review

1.1 Introduction

Botanically, fruits are defined as the ripened @scontaining seeds; mushrooms
are microorganisms belonging to the fungal kingdand there is no botanical definition
for vegetables. However, in discipline of food scie, fruits are generally defined as
those botanical fruits that are edible and sweegjetables are referred to as the edible
parts of plants which can be fruits, leaves, seéctsand mushrooms are considered to be
vegetables. In this text, food science descriptiares employed, but mushrooms are
considered to be a separate group from vegetables.

Fruits, vegetables and mushrooms are vital comgeradrthe human diet and are
indispensable sources of fibers, antioxidantsmiitg, proteins, and minerals (Chang and
Miles 1999; Prasanna and others 2007). Consumputicsufficient amounts of fruits,
vegetables, and mushrooms can prevent major dsssasé as heart disease, high blood
pressure, cancers, vision loss and diabetes (Beaalel and others 1999; Prasanna and
others 2007). Moreover, mushrooms can also progigat nutraceutical values, e.g.
antitumor and enhanced immune response (Chang aled 1B099). Unlike other food
products, fruits, vegetables, and mushrooms ariealp consumed as parts of living
organisms. During and after harvest, they are gqidde to physical, chemical, and
microbiological spoilage, which significantly imgacthe quality and shelf-life, with
softening being one of the most undesirable typesguality degradation. Thus,

maintaining firmness is one of the major issuesfifesh and processed products such as
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white button mushrooms and pickled cucumbers (Bu686; Brady 1987; Beelman
and others 1987(a); Watada and Qi 1999).

Many studies have been conducted to improve theemstahding of the
mechanism of softening and to develop effective svyy retard it. It is believed that
texture of fruits, vegetables and mushrooms is dantly determined by cellular
morphology, composition, and cell turgor pressiiteavaiah and others 1988; McGarry
and Burton 1994). Large amounts of pectin in ptaitwalls have been shown to play a
critical role in maintaining the integrity of plamell anatomy. The primary cause of
texture loss in plant-based products is the losscalf morphology resulting from
depolymerization and solubilization of pectin (Waid and others 1997; Willats and
others 2001; Prasanna and others 2007). Previmeanegh has also indicated that
degradation of other polymers such as starch, redluliose and cellulose may also be
involved in texture loss of fruits such as citrugldananas (Sanchez-Romero and others
1998; Prasanna and others 2007). In mushroomsprtheary polymers involved with
softening may be the glucans, chitin, and/or pratevhich has dominant role is still
being debated (Zivanovic and others 2000; Zivanawid Buescher 2004). In addition to
cell walls, cell membranes in many tissue-basedidoare also believed to play an
important role in preventing texture loss by preswy cell turgor loss (Poovaiah and
others 1988; Picchioni and others 1995; 1998; H&Z005).

A large number of factors affect the texture ofitBuand vegetables including
environmental condition during growth; practicahypiological, and genetic factors;
post-harvest treatments and storage conditions $SE8R9). Various approaches have
been researched and applied to prevent texturandssits, vegetables and mushrooms,

2
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such as controlled atmosphere (CA), low temperaamd calcium salt treatment (Smock
1979; Poovaiah 1986; Okereke and others 1987). gntbeam, calcium treatment has
been a successful practice adopted by the foodsinddue to low cost and multiple extra
benefits such as reduced physiological disordemying, rate of ethylene production,
and enhanced resistance to pathogen infection (tukiad Beelman 1998; Martin-Diana
and others 2007). The importance of preservingqtiadity of these products by calcium
treatment is important not only to fresh produad, ddso to processed products (Gu and
others 1999; Zivanovic and Buescher 2004; Martiadai and others 2007). It is
significant that quality improvement of calciumdted products has been demonstrated
by both instrumental analyses and sensory evalu@®ao and others 2007).

It is generally accepted that calcium ions formserbnkages between pectin
molecules via an “egg-box” model protecting peétom hydrolysis thus preserving cell
structure (Poovaiah and others 1988). Neverthelassy researchers have shown that
calcium ions can also effectively improve the fiesa of mushrooms in which pectic
substances do not exist (Kukura and Beelman 199%andvic and others 2000;
Philippoussis and others 2001). As a result, theothesis of this research is that the
possible sites for calcium binding in mushroomdude cell wall polymers, membrane
proteins and phospholipids, as well as cytoplasulable and/or insoluble proteins. The
same mechanism may be involved in plant cells @s sifects to the “egg-box” model.
This research is designed to determine potentighpers and sites of calcium binding in
plant and mushroom cells through ianvitro calcium binding to apple, cucumber, and
mushroom fractions which represent macromolecutas different locations in cells. A
full understanding of mechanisms by which calciuffeds firmness in these food

3
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products would ultimately contribute to the apgiica of calcium in texture

improvement.

1.2 Roleof texturein quality of fruits, vegetables and mushrooms

Bourne defines that “the texture properties of adf@are that group of physical
characteristics that are sensed by the feelingpoth, are related to the deformation,
disintegration and flow of the food under the aggtiion of a force, and are measured
objectively by functions of force, time and distahcHe states that the texture is
composed of several parameters including mechanigabmetrical and chemical
characteristics (Bourne 1980). Texture of foodngpartant in evaluating quality and
determining consumer acceptability. Tests reveal tonsumers are more sensitive to
differences in texture than to those in taste, #uedtexture positively contributes to the
enjoyment of eating (Shewfelt 1999; Szczesniak-%wgka 2002). Due to increased
awareness of their health benefits, the consumputidruits, vegetables, and mushrooms,
especially as minimally processed products has grapidly in recent years (Martin-
Diana and others 2007). As expected, texture paoreps an important factor in
determining consumer acceptability to these pra(i€onopacka and Plocharski 2004).
However, the consumption of these products is échiby their short shelf-life and rapid
deterioration, in which texture loss is one of {mmary causes of reduced quality

(Burton 1986; Brady 1987; Beelman and others 198¥{dlats and others 2001).
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1.3 Cdl components and the texture in fruits, vegetables, and
mushrooms

Texture of fruits, vegetables and mushrooms iseketl to be primarily
determined by cellular morphology, chemical composj and cell turgor pressure
(Poovaiah and others 1988; McGarry and Burton 1984;is and others 2003). Plant and
fungal cells are composed of cell wall, cell memeraand cytoplasm. Inside the
cytoplasm, there are large vacuoles, nucleoli, eus;l and many other organelles. The
large vacuole and organelles are also surroundeddmyuble layer membrane (Crang and
Vasseilyev 2002). The cell wall and cell membrareerbeen recognized as crucial
components for maintaining desirable textural cti@rsstics of fruits, vegetables, and
mushrooms (Poovaiah and others 1988; McGarry andoBul994), while organelle
membranes may also play a role in quality mainteegiKukura and Beelman 1998).

Chemical composition of apple, cucumber, and mushrssue is given ifable 1.1.

1.3.1 Cdll wall

The cell wall serves a similar purpose in fruiteggtables and mushrooms. Its
main function is in maintaining size and shape ha tell, tissue texture, mechanical
support, restriction of osmotic distention, proimet and cell-to-cell communication
(Ainsworth and Sussman 1965 ; Farkas 1985; Heradih others 1995; Brett and
Waldron 1996). However, plants and fungi have dgtcell wall chemical compositions

and architectures.
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Table 1.1 - Composition of apples, cucumbers, and mushrooms.

Composition Apple Cucumber Mushroom
Moisture content (% fresh tissue) 8667 96.73 92.43
Proteins (% fresh tissue) 027 0.59' 3.09
Carbohydrates (% fresh tissue) 1276  2.16 3.28
Cellulose (% fresh tissue) 0%52 0.16 N/A
Total sugar (% fresh tissue) 10%10 1.3¢ 1.65
Pectin (% fresh tissue) 0389 0.22 N/A
Lipids (% fresh tissue) 0.13 0.16' 0.34
Calcium (mg/100g fresh tissue) &5 14 F
Cell wall (mg/g fresh tissue) fo 14.3 13.5
Protein (% DW cell wall) 0.91 N/A 8.3
Neutral polysaccharide (% DW cell wall) 771 53.2¢ 47.58
Calcium (% DW cell wall) 04 0.5 N/A
Pectin (% DW cell wall) 22°9 24.6' N/A
Chitin (% DW cell wall) N/A N/A 35.3

DW represents dry weight; N/A represents not abélaSuperscripted letters represent
the references as follows: a, USDA nutritional date (USDA, National Agricultural
Research Service); b, (Sherz and Senser 2000)Tahiags and others 1993); d,

(McFeeters and Lovdal 1987); e, (Hammomd 1979Mé&ndoza and others 1987)
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1.3.1.1 Céll wall of plant cells

The plant cell wall is composed of cell middle ldlaeprimary cell wall, and in some
cases secondary cell wall, from outer to inter, gepectively. The cell middle lamella,
the outermost layer, binds adjacent cells and ramistcell-to-cell adhesion and tissue
coherence. The primary cell wall is composed ofkeleton of cellulose microfibrils
embedded in a gel-like matrix with hemicellulospsctic substances, proteins, and in
some cases, lignin. The secondary wall is madeeltdlose, hemicellulose and lignin;
however, it is not common in fruit and vegetableducts (Heredia and others 1995;
Brett and Waldron 1996).

Pectic substances are abundant in the primaryeadlland middle lamella. They
are composed ofu-1, 4-linked galacturonic acid units with variousgdees of
esterification (DE). The polygalacturonic backboise occasionally interrupted with
rhamnose and side chains consisting of xylose, ctysda, and arabinose. Pectic
substances serve a variety of functions includmgrolling wall porosity, providing cell-
to-cell adhesion, deposition, slippage and extensfacellulosic-glycan network (Willats
and others 2001). It has also been establishedidot plant cells that cross-linked low-
ester pectic homogalacturonans are most abund#me imiddle lamella, especially in the
“reinforcing zone” located at the point of maximwell stress in dicot plant cells (Jarvis
and others 2003). Most pectic substances are wateble; the water insoluble pectin
fractions can be extracted by chelating agents, acalkali (Van Burn 1979).

Other than pectic substances, cellulose, hemiosillignin, and proteins are

also present at high levels. Cellulose, the lealsiode component, is a large lindar 1,
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4 glucan that forms a stiff net-work of crystallimecrofibrils due to extensive hydrogen
bonds. The microfibrils are responsible for cellivs&rength and rigidity. Hemicellulose
is a group of alkali soluble neutral sugars builglucose, galactose, rhamnose, xylose,
mannose and other sugar molecules in the cell Waky are usually branched, short
chain polymers with random amorphous structuresaddition to carbohydrates, cell
walls contain a variety of proteins classified irstiouctural and nonstructural proteins.
One type of structural protein is a glycoproteiochrin hydroxyproline. Nonstructural
proteins are mainly enzyme mediating reactions ity alter wall composition. Lignin
is a polymer of phenolic compounds but is usuatlspnt extremely low levels in most
consumable parts of fruits and vegetables (Van Bl@79; Heredia and others 1995;
Brett and Waldron 1996). In Poaceas plants, thegliecross-linking of arabinoxylans

is dominant in “reinforce zones” (Jarvis and otHz063).

1.3.1.2 Fungal cell wall

Similar to plant cell walls, fungal cell walls alshave layered ultrastructural
features based on cell wall components, and itosposed of chitin microfibrils
embedded in protein, principally protein, glycopiatreticulum with glucans merging
into protein, and mixed glucan layers from innemtder cell (Farkas 1985). However,
the chemical composition is distinct from that ddr cell wall. Fungal cell walls are
composed primarily of neutral polysaccharides, ichéand proteins (Peberdy 1990).
Different from plant cell walls, they usually do tnoontain pectic substances and

cellulose (Ainsworth and Sussman 1965 ; Griffin 409
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The polysaccharides in fungi may be classified itwo groups: skeletal and
matrix polysaccharides. The primary skeletal comstits of fungal cells wall are chitin
and B-1, 3 glucan. Chitin is & -1, 4 linked acetyl-glucosamine homopolymer with
highly developed hydrogen bonds. Similarly to delse, it is water-insoluble and highly
crystallized giving rigidity to the cell. Chitin d8-1, 3 glucan often occur as a complex
possibly due to the covalent peptide links betweem-acetylated amino groups in chitin
and the reducing ends of glucan (Farkas 1985; Wessel others 1990). The matrix
polysaccharides of wall are usually amorphous hlljgcrystalline, and mainly-soluble.
They fill the space between skeletal polysacchamdgofibrils serving as “cementing”
substances. Glucan mucilage, a highly bran@éd3/1, 6 glucan forms an extracellular
amorphous gel holding hyphae together during matedrowth but becomes less
apparent during fruit body development (Angeli-Paal Eyme 1978; Farkas 1985).
Another amorphous matrix compound in fungal tissuglycoprotein. The carbohydrate
portion of glycoprotein may vary from a single sug¢@a a polysaccharide chain. They
hold wall polysaccharides by linkages between théa group of amino acids and the
reducing ends of polysaccharides. Some of thesmpgigteins may also act as enzymes

modulating cell wall synthesis and hydrolysis (el 985; Ruia-Herrera 1992).

1.3.2 Softening associated with cell wall

1.3.2.1 Softening of fruits and vegetables associated with cell wall

Cell wall autolysis has been recognized as a mhanpmenon in texture loss,
which is followed by expanded intercellular spdoesening of cell microfibrils, and cell
separation (Poovaiah and others 1988). Such teldaseis considered to be mainly due

9
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to the degradation of biopolymers in the cell wald middle lamella, and pectic
substances are recognized as the most crucial ceenfminvolved in softening of plant-
based products (Picchioni and others 1998; Prasamth@thers 2007). It has been found
that the soluble pectic fraction increases uposug@ssoftening, and it is believed that
depolymerization and solubilization of pectic salostes in the cell wall play a key role in
fruit ripening and the texture loss during storamel processing (McFeeters 1992,
Waldron and others 1997; Chardonnet and others)2003

Pectic substances can be depolymerized by a varfethemical reactions, e.g.,
alkaline/acid/enzyme-catalyzed de-esterificatiopdrblysis of glycosidic bonds bg-
elimination, acid and enzyme catalyspsElimination takes place under pH > 4.5 in
pectin with higher DE, usually during the cooking heating process (Sila and others
2006). However, under natural physiological pH, yene-catalyzed depolymerization
takes a lead role in most fruits and vegetablesadwstorage and processing (Van Burn
1979; McFeeters 1992). Therefore, pectin-degradingymes substantially play vital
roles in tissue softening, and it is generally ptee that pectin methylesterase (PME)
and polygalacturonases (PGs) are primarily respte$or pectin degradation. PME is a
wall-bound enzyme functioning in de-esterificatioh polygalacturonic polymers. The
de-esterified pectin appears to be digested ebgiPGs. PGs hydrolyze thel, 4-linked
glycosidic linkages in pectic substances. Two typesoftening-related PGs have been
identified: endo-PG digesting pectin chain randomtyl exo-PG digesting pecin chain
from the non-reducing end (Prasanna and others)2007

Even though other components such as cellulose,ckéufose, lignin, and
proteins apparently remain unchanged in most pdased products upon softening

10
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(Poovaiah and others 1988; Waldron and others 188Ifats and others 2001), there are
reports suggesting that they are involved in pestdst softening as well (Sanchez-

Romero and others 1998; Prasanna and others 2007).

1.3.2.2 Softening of mushrooms associated with cell wall

The softening of mushrooms has not been studie@éxéensively as that of
vegetables and fruits. Nevertheless, similar tontpleexture loss, the softening of
mushrooms is strongly correlated with cell morplgl@nd increased solubility of cell
wall polymers. Significantly decreased tissue séffs has been determined during post-
harvest of mushrooms (McGarry and Burton 1994). ngka in mushroom tissue
morphology followed by cell collapse and autolyld to the formation of large void
spaces and losses of cellular content, resultirigxture degradation (Evered and Burton
1995). A positive relationship between solids cohtnd firmness has also been found
(Beelman and others 1987(b)). Additionally, musinnsotend to become softer and
tougher during storage. This softening may be ahbsereduced-intercellular space and
may be associated with degradation of certain polgisarides and proteins, while the
toughness may be related to increased amountsitof chcell walls (Hammomd 1979;

Zivanovic and others 2000; Zivanovic and Buescli€42.

1.3.3 Cdl membrane

Plants and fungi have bilayered membranes compotedtypical continuous
bilayer of lipid molecules interspersed with prateiforming a fluid mosaic. They are
known to act as a semi-permeable barrier and regthie internal chemical environment

of cytoplasm and organelles. The lipid bilayer pde¢ basic membrane structure, and

11

www.manaraa.com



individual lipid molecules can diffuse within lipidilayers. Protein molecules function as
the transporting specific molecules, catalyzing roeme-associated reactions, signal
transduction, and structural links (Alberts andeogh2002).

The most abundant membrane lipids are phosphsliggenerally, membrane
phospholipids consist of two hydrophobic fatty asyde tails and a hydrophilic head
group which consists of either phosphate alone ophaphorylated head. The
hydrophobic chains are present in the interior, gxedhydrophilic head is present in the
exterior in the membrane arrangements (Briskin 1998erts and others 2002). The
composition of lipid and temperature of the envimamt affects the fluidity of lipid
layers thus affecting some membrane-associatedrenagtivities (Poovaiah and others
1988). In addition to phospholipids, membranes atsatain cholesterol and glycolipids
but at a lower level. Membrane proteins exist itmmpact globular arrangements
immersed in lipid bilayers. They can be classi@adperipheral or integral proteins based
on their arrangements and locations. The peripha@tieins are associated with lipid
head group or other proteins on the surface of mana The integral proteins are
amphiphilic embedded into the membrane. Compared lipads and proteins,
carbohydrates represent just a minor portion of brames. Membrane carbohydrates are
mostly associated with proteins and lipids, knows glycoprotein and glycolipids,
respectively (Briskin 1994). The composition of ghecontents in membrane varies
depending on cellular membrane origin. Generalingdl membranes tend to have

higher carbohydrate content compared with plantembranes (Griffin 1994).
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1.3.4 Softening associated with cell membrane

Although no direct association between cell membralteration and softening
has been reported, evident correlation between lissmembrane integrity and
senescence has been observed, which is the praiteqeii softening in fruits (Poovaiah
and others 1988). The loss of cell membrane irtyegmay induce an increased
membrane permeability contributing to softening timehe loss of cell turgor pressure,
one of the factors determining the texture of &uitegetables, and mushrooms (Beelman
and others 1987(a); Poovaiah and others 1988; MgG@ad Burton 1994; Waldron and
others 1997). Membrane integrity directly relatesits lipid and protein content, and
decreased membrane protein and altered lipid cbimiesenesced fruits and plants has
been reviewed (Poovaiah and others 1988). On tier biand, activity of texture-related
enzymes may be regulated by cell membrane micrommwient, e.g., increased
microviscosity results in an increased membranexd@nzyme activity (Poovaiah 1986).
However, in mushrooms, Braaksma et al find thatcaigh membrane proteins decreased,
the ratio of sterol to phospholipids and fluiditl/lposomes was unaffected by storage,
and they concluded that mushroom senescence ipandent of membrane composition

(Braaksma and others 1994).

1.4 M echanism of calcium-induced firmness

Calcium has an essential role in plant structure @evelopment. Before being
absorbed by plants, calcium regulates the uptakeord and adjusts the pH of soil
(Quintero 1991). Once in the plant system, calcipanticipates in polarity growth,

secretion, hormonal actions, cell division, catortransport, photosynthesis, gene
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expression, and many other processes. Most of tlesetions are achieved by
interacting with calcium-related proteins such asd@lmodulin which is the best known
calcium- binding proteins (White and Broadley 200Bhe Ca-calmodulin complex is
known to regulate enzymes such as adenosine tpphats decomposition enzyme
(ATPases), oxidoreductases, and protein kinasef&ci&d or excessive calcium content
causes more than thirty calcium-related physiokgtisorders in plants (White and
Broadley 2003; Hepler 2005). Besides these funstiabout 60% of calcium is located
in the cell wall where pectic substances are abuinalad calcium is known to perform a
crucial role in determining cell structure and grigy, cell-to-cell adhesion, and tissue
coherence (Poovaiah and others 1988).

Similar to its role in plants, calcium generally ntagbutes to mushroom
physiology by being involved in transporting amiads, ions, and sugar; simulation of
tip growth and fruiting; increasing mycelia produiy; protecting the cell from
microbial contamination and damage, and improviotprcand texture. It is located
within mostl cell organelles of fungi (Morales aRdiiz-Herrera 1989; Yan and others

2002).

1.4.1 Current protocolsto research mechanisms of calcium-induced firmness

Several approaches have been applied to explorent#ehanisms of calcium-
induced firmness in fruits, vegetables and mushsooBenerally, the improvement of
firmness is examined by texture analysis, usuallyeaetration test in which puncture
force reflects the firmness (Zivanovic and othe@®®. Thein vivo microscopy-based

observation is the most direct and simple way taemened the cell anatomy
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modification in calcium-treated tissues (Poovaiall athers 1988; Evered and Burton
1995; Quiles and others 2004). Fre€'Gand/or bound calcium have also been tracked
by fluorescent dye, X-ray analysis, atomic absorptspectrometry, and potassium
antimonite precipitation (Betoret and others 200A)so, localization and possible
calcium-induced conformation change of pectin h&deen studied by enzyme-gold
complex, immunolabeling, ingenious fluorescent probationic colloidal gold probe
(Roy and others 1994; Jarvis and others 2003).

Many in vitro experiments are performed to investigate the atltar of overall
chemical composition, enzymatic activity, and aaicicontent (Geduspan and Peng 1986;
Poovaiah and others 1988; Pagel and Heitefuss X3®&donnet and others 2003). Cell
wall fraction extraction and analysis is extensivemployed in researching the
association between calcium-induced chemical cortiposlteration and firmness. Most
often, fresh tissue of apples, cucumbers, or mashsas extracted with alcohol and total
alcohol insoluble solids (AIS) are considered to rhainly composed of cell wall
macromolecules (Selvendran 1975; Howard and Buedd89; Zivanovic and Buescher
2004). The basis for this assumption is that altahsoluble cytoplasmic and cell
membrane compounds are low in proportion to tot#b.AHowever, depending on
species, the contamination from cytoplasmic prateind the loss of cell wall alcohol-
soluble content can cause a deviation from truaes(Selvendran 1975). The extracted
cell wall content is analyzed for its chemical camsition including polysaccharides,
proteins, pectic substances, and calcium. Pechistances are often divided into 3 to 4
fractions based on its solubility properties aslaxged earlier (Howard and Buescher
1990).
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1.4.2 Calcium-induced firmness associated with cell wall

1.4.2.1 Calcium-induced firmness associated with plant cell wall

A reduced degradation of the cell wall followinglagam treatment has been
observed by microanalysis and calcium is mainhated in the cell wall and intercellular
spaces (Glenn and Poovaiah 1990; Roy and otherd; 1®&oret and others 2005;
Alandes and others 2006). Further investigationh@ithemical composition of calcium-
treated fruits and vegetables revealed that caleua® mainly involved in the reduction
of soluble pectin substances in cell walls (Halvand Buescher 1990; Chardonnet and
others 2003; Manganaris and others 2007).

It is generally accepted that calcium acts as alént cation bridge cross-linking
carboxyl groups of pectic substances via an “egg-lmoodel preventing solublization
and hydrolysis of pectic polymers and strengthetinggplant cell wall resulting in fimer
texture in fresh and thermally processed fruits agktables (Poovaiah and others 1988).
Pectic substances tend to cross link in the presehcalcium due to their non-esterified
carboxyl groups. This cross-linking results in eéo pectin solubility and firmer texture
of plant cells and is favored by a low percentaigete. Therefore, activating endogenous
or adding exogenous PME can effectively enhancaniss. Thus, pre-cooked french
fries and fungal PME-infused eggplants showed radfir texture (Bartolome and Hoff
1972; Banjongsinsiri and others 2004). However, dug-box” complex may also hinder
the hydrolysis of pectic substances. Excessivestiri@iaction of pectic substances is
inhibited by calcium addition which may lower thecassibility of PME to methoxyl

residues and this is proposed as the major effeittd retention of firmness of thermally
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processed plant-based products (Hudson and Bued&&6; Howard and Buescher
1990). In calcium-treated pickles, the delay ofceah addition does not result in the
same texture improvement as that of addition befoeemal processing. The possible
explanation is that elevated temperature also a&etsv PGs causing extensive
depolymeration, and delay of calcium addition may be capable of aiding firmness
(Buescher and Hudson 1986). Furthermore, intemagtibetween calcium ions and
macromolecules other than pectin could also camiilio cell wall firmness (Hepler
2005). Ferreira et al found that calcium and maigimesons are electrostatically involved
in the macromolecular aggregation of conglutingutae seed storage proteins (Ferreira
and others 2003).

It has also been suggested that maintenance aticaltssociated firmness may
be possible through modulating the activity of cetll hydrolysis-related enzymes
(Poovaiah and others 1988). Calcium increases Pdttg, and increased PME activity
results in decreased pectin solubility due to enbdncalcium-binding to de-esterified
galacturonic acid units (Anthon and others 200®nsgquently, th@-elimination, which
is highly dependent on the higher DE of pectinnisbited as well (Sila and others 2006).
However, other reports indicated that the PME #gtiwas negatively related to tissue
calcium concentration (Sams and Conway 1993).s leported that Exo-PG does not
show much effect on pectin solubility and can bgvated by calcium ions, whereas,
Endo-PG has a pronounced influence on softeningsaimthibited by calcium ions (Pagel
and Heitefuss 1990; Prasanna and others 2007)dditian to PME and PGgj}-D-
galactosidase which degrades the pectic substamceshows lower activity in calcium-
treated golden delicious apples (Siddiqui and BehdE995).

17

www.manaraa.com



1.4.2.2 Calcium-induced firmness associated with mushroom cell wall

Compared to plants, fewer studies have been repoetgarding the mechanisms
of calcium-induced firmness in mushrooms. The ré&dacof water-soluble proteins and
polysaccharides has been observed in thermallyepsetl mushrooms after calcium
treatment (Zivanovic and Buescher 2004). Cell wafl8otrytis cinerea after calcium
treatments become thicker, and calcium conteneaszd (Chardonnet and others 1999).
As mentioned previously, the mushroom cell wallcemposed mainly of neutral
polysaccharides, chitin, and proteins in which eotm exists (Peberdy 1990). Therefore,
the role of calcium in improving mushroom firmnesspossibly in formation of cross-
links between proteins and/ or polysaccharidesrdtien pectin that results in reduction
of solubility of cell wall components (Beelman awthers 1987(b); Zivanovic and

Buescher 2004).

1.4.3 Calcium-induced firmness associated with cell membranes

Calcium is not only important for cell wall structubut has pronounced effects
on membrane integrity which consequently impactsnbrane permeability and cell
turgor pressure. Calcium can bind to negativelyrgb@ heads of phospholipids, and
stabilize lipid bilayers, thus providing structurattegrity to cellular membranes
(Poovaiah and others 1988; Hepler 2005). Poovaidhothers have reviewed the effects
of calcium on reduction of membrane fluidity, miciscosity, and permeability, and
believe that reduced permeability was caused bygiwatlinduced shrinkage of the
membrane surface of plant cells (Poovaiah and th@88). A retarded firmness loss in

calcium-infiltrated apples fruits has been obsenad this effect is related to delayed
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galactolipid degradation in cell membranes whichyniacrease the rate of sterol
conjugation contributing to cell membrane integiiBicchioni and others 1995; 1998).
Another report also indicates that calcium treatinreduces lipase activity in fresh cut
cantaloupe melon, which can prevent the degradafiomembrane lipids (Lamikanra and
Watson 2004). On the other hand, it is believed i interaction between calcium and
membrane proteins may also be associated with amaing cell texture by modulating
cell wall synthase or calcium-calmodulin-regulapgdcesses (Poovaiah and others 1988).
In mushrooms, there is not direct evidence reggrdaalcium-induced firmness
associated with mushroom membranes. However, Kulama others indicate that
reduction in browning of calcium-treated mushroommsdue to increased stability of
vacular membranes preventing tyrosinase from miwitl its phenolic substrates which

are normally isolated in the vacuoles (Kukura aeeélBian 1998).

1.5 Current application of calcium in maintaining firmness

1.5.1 General methodsin maintaining firmness

Favorable texture can be achieved by many produqti@ctices, e.g., proper
sunlight, low growing temperature, calcium and MNidihylaminosuccinamic acid
treatment, harvest at proper stage of maturity,gerktic breeding (Sams 1999). Texture
of peaches, apples and strawberries differ sigmtiy among cultivars and many plant
breeding programs are carried out to modify theniptaxture (Kader and others 1982;
Smith and Stow 1985; Shaw and others 1987). Apdst-harvest practices, storage of
fruits, vegetables, and mushrooms at refrigeragmaperature is the first step and the

most common procedure to extend shelf life. Unadd condition, ripening, softening,
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color changes, respiration, moisture loss, undel&nametabolic process, and spoilage are
effectively retarded (Hardenburg and others 198&wever, for long term storage, the
growth of insects and pathogens cannot be effigigmmevented (Wills and others 1989).
Another option for maintaining fruit quality is cwwalled atmosphere (CA) storage by
modifying the gas composition of the storage atrhesp. CA storage delays softening
due to the biochemical and physiological changeh @8 reduced-aspiration, ethylene
production, and pathogen-induced decay (Sams amwv&y 1985; Kader 1992).
However, CA storage is expensive and not alwayslabla (Thompson 1992). Heat
treatment at 38 °C before storage effectively naan@d the firmness of apple fruits by
modulating firmness-related enzyme activity (Klamd others 1990). Another approach
is calcium treatment, and its role in decreasirtestng is well documented and adopted
by industry (Guthrie 1984; Sams and Conway 1993itiM&®iana and others 2007). The
combination of calcium and heating treatment has &leen researched in apple fruits
and pickles (Buescher and Hudson 1986; Whitakeroémers 1997).

Additionally, it appears that other cations sushnaagnesium, aluminum, and
strontium are less effective than calcium in agplés (Conway and Sams 1987; Sams
1999). Investigations of inhibition of tissue softey by various cations showed that
calcium poses the highest efficiency in improvingumber and apple texture (Conway
and Sams 1987; McFeeters and Fleming 1989). Howgemtin does not show the
highest binding affinity to calcium among variowions byin vitro binding examination
(Kohn 1987). Compared to other cations, the eftéatalcium in improving firmness

may be due to unique electronic or size charatiesi®f the calcium ion, or there are
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other specific calcium ion binding sites relatedédwsture other than carboxyl groups in

pectin (McFeeters and Fleming 1989).

1.5.2 Calcium application

1.5.2.1 Calcium application in fruits and vegetables

Calcium salts have been applied widely to impriireness of various fruits and
vegetables both in fresh and processed productslications of calcium salts in whole
apple fruits demonstrate that pre and post-hartresttments with calcium salts can
effectively increase the calcium content and delsy senescence, resulting in firmer,
higher quality fruits (Sams and Conway 1993). $ibatontributes to reduced respiration,
ethylene production, physiological disorder, arsk rof salt-related injuries (Sams and
Conway 1984). After calcium treatment the applét$rare less susceptible to pathogen
grown during storage (Conway and others 1988; ®obiad others 1993). Increased
firmness after calcium treatment has also beenrebden numerous fresh fruits such as
honeydew, strawberry, grapefruit and peaches (NHiana and others 2007). The
processed products treated with calcium also appeare acceptable in color and
firmness, e.g., applesauce produced from calcigate¢d apples shows higher viscosity
and lighter color (Quintero 1991; Manganaris antecd 2005). In vegetables, calcium
has been applied to fresh eggplant, carrots, igelettuce, hot pepper, and diced
tomatoes with significantly increased firmness (flaDiana and others 2007).
Additionally, calcium has been successfully usenprove firmness of pickles. A direct
effect has been observed when cucumber pickles weated with calcium solution
before thermal processing (Buescher and Hudson)1979
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1.5.2.2 Calcium application in mushrooms

Although the chemical composition of mushroomsfedd# from fruits and
vegetables, mushroom firmness also significantlgréases with calcium treatment.
Calcium-induced firmness along with retarded therapg and browning, extended shelf-
life, and fortified calcium content has been achg\by adding calcium to the casing
layer, irrigation water, and washing solution (Gie¢h1984; Okereke and others 1987,
Beelman and others 1987(b)). It has been shownirthgation with calcium chloride
solution does not affect the protein and totalagién content, but calcium content can be
doubled in mushroom tissue (Simons and Beelmam ;1B88Imam and Simons 1996;
Miklus and Beelman 1996). Firmness of blanched estdrted mushroom increases
significantly with the addition of calcium chloride irrigation water (Simons and
Beelmam 1995). Additionally, canned mushrooms bexdirmer and tougher with
increased product yield by adding 5 and 25 mM aatcchloride in the brine (Zivanovic

and Buescher 2004).

1.5.2.3 Typeof calcium salts

Different forms of calcium such as calcium chlorid@lcium lactate, calcium
phosphate, calcium propionate, and calcium glueohatve been examined to improve
the firmness of fruits, vegetables, and mushroduhertin-Diana and others 2007). The
use of calcium chloride is dominant in industryt ius associated with bitterness and
off-flavors due to residual chlorine remaining ihet products. Sensory evaluation
indicates that a calcium chloride concentrationvab®00 g/ g dry weight apple tissue

may affect sensory acceptability of applesauce €Sand Conway 1993). Dipping of
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fresh-cut cantaloupe and immersion of apple slinesiore than 1% calcium chloride
solution resulted in apparent bitterness of flaftarna-Guzméan and others 1999; Sham
and others 2001). Instead, the use of calcium tla@ad calcium gluconate can avoid
bitterness and residual flavor (Conway and Samg1Q@&iintero 1991; Manganaris and

others 2005; Martin-Diana and others 2007).

1.5.2.4 Approachesin calcium application

Methods including pre- and post-harvest calciumatinents have been developed
to improve firmness in food products. Generallyeefive pre-harvest treatments include
adding calcium salt in growth media and sprays [(Bae and others 1987(b); Quintero
1991; Simons and Beelmam 1995). The concentraticzalocium salt solution for pre-
harvest treatment generally is around 0.1-1% (Baeland others 1987(b); Siddiqui and
Bangerth 1995; Philippoussis and others 2001).-Rarstest treatments include adding
calcium in water for dipping, washing, vacuum/ greg/ hydrocooling infiltration,
coating or a combination of these techniques (Mdbdiana and others 2007). Fruits
dipped in approximately 1-5% calcium chloride hasteown firmer texture (Luna-
Guzman and others 1999), but salt-related injury beacaused if high concentrations of
calcium salt (greater than 1000 pg/g dry tissuepaias on the surface (Sams and
Conway 1993; Forcherio 1994). The concentratiortal€ium salts used in a washing
solution generally ranges from 0.5-3.0% (Martin4idiaand others 2007). Pressure
infiltration is the most effective method currgntised in fruits and vegetables, and the
concentration of calcium solution varies from 886 (Forcherio 1994; Martin-Diana and

others 2007). Increases of calcium content in $rboy pressure infiltration are two to
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three times greater than that by spray and dipsngSand Conway 1993). A lower
concentration of calcium salts (about 0.1-0.5%)sed in the brine of pickles and canned
mushrooms (Guillou and others 1992; Zivanovic aneédther 2004). The pH of calcium
solution generally ranges from 5.5 to 6.5 (Martila and others 2007). However,
McFeeters and Fleming found that in the inhibitioh cucumber mesocarp tissue
softening, effectiveness increases with decreabedner pH < 5, which may be due to
the B-elimination at higher pH (McFeeters and Flemin@1)9 Adding calcium during or
before warm temperature treatment strengthens ithengy effects, but it can not be
fulfilled if the calcium was added after temperattneating (Buescher and Hudson 1986;

Martin-Diana and others 2007).
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Chapter 2 Mechanism of Calcium-Induced Firmnessin
M ushrooms (Agaricus bisporus)
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2.1 Abstract

Calcium treatment has been widely applied in tredfondustry to improve the
texture of fruits and vegetables. This practicdbased on the well established pectin-
calcium cross-linking mechanism. It has also beseduto improve the texture of
mushroom products in which no pectic material exi$he objective of this study was to
investigate the mechanism of texture improvememhushrooms by calcium treatments
through arin vitro calcium binding.

Six fractions (MFs), as cytoplasmic proteins (Fdgll membrane proteins (F2),
alkali-soluble cell wall glucans (F3a), cell waliogeins (F3b), cell walp-glucans (F4a),
and chitin (F4b) were extracted by a stepwise o from Agaricus bisporus cap
tissue and analyzed for total carbohydrates, prstecchitinous material, soluble
phenolics, and pectic substances. The determinedndnt compounds in each fraction
were as follows: proteins in MF1, proteins and redypolysaccharides in MF2, neutral
polysaccharides in MF3a, neutral polysaccharideglk3b, neutral polysaccharides and
chitinous material in MF4a, neutral polysaccharidad chitinous material in MF4bn
vitro binding of calcium (CaG) to fraction solids was performed in 10 mM Tris{HC
buffer (pH 7.0). The concentration of free?Can the binding solution was monitored
with an lon Selective Electrode (ISE) and totalctah bound by fractions was
determined by Inductively Coupled Plasma Mass S3pedtry (ICP-MS). ISE
measurements showed the binding of calcium by sahdeach fraction solid reached
plateau within 30 mins and stayed at that leveirduthe following 20 hrs. Both ISE and

ICP-MS measurements indicated that average bindapgcity of fractions to calcium
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differed significantly and were in the order of MiF2>MF3a> MF3b>MF4b~MF4a.

The results revealed that calcium was bound byratitions, but cytoplasmic and cell
membrane proteins possessed higher capacities;atimd) that interactions between
calcium and protein molecules might result in amproved texture in calcium-treated

mushrooms.

2.2 Introduction

Mushrooms are important agricultural products wavide with numerous
valuable nutritional and medical compounds (Chand ®liles 1999). In the United
States, the white button mushroom. (bisporus) is the most popular with total
consumption of 827 million pounds in 2006-07 (USDMgtional Agricultural Statistics
Service, 2006-2007). However, the production andsamption of mushrooms have
been limited by their short shelf-life and low pésirvest quality, which are primarily
caused by a number of deteriorative events, gdperalerred to as senescence and
characterized by discoloration, tissue softeniogs lof flavor, increase in toughness, and
advancing maturing (Burton and others 1995). Amtmgm, discoloration and tissue
softening are the most detrimental damage to reghfand processed mushrooms (De la
Plaza and others 1995).

Gene differential expression, changes of enzymigigcand cellular morphology
have been examined also they relate to senesceocespes (Burton and others 1995;
Screenivasaprasad and Burton 1995; Zivanovic amet®2000). It is believed that tissue
discoloration is caused by increased activity diypleenol oxidase (PPOs: laccases and

tyrosinases), especially tyrosinases, or increasgubsure of enzymes to phenolic
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substrates resulting from the damage of membrametste (Smith and others 1993;
Jolivet and others 1998). Compared to discoloratinsufficient knowledge has been
accumulated regarding the internal/ external factbat influence texture and how these
factors can be controlled. It was determined tisaue stiffness rapidly decreased during
post-harvest storage at 5 or 18 °C (McGarry andtddurl994). Changes of tissue
morphology, cell collapse and autolysis led to tbemation of large void spaces
between cells and loss of cellular content, resglin degradation of texture (Evered and
Burton 1995). Additionally, mushroom softness wasifively associated with protein
and polysaccharide degradation, and tissue towsghmas related to chitin synthesis after
harvest (Zivanovic and others 2000). Although pgrotdegradation occurred in cell
membranes, the ratio of sterol to phospholipidsfandity of liposomes were unaffected
by the storage; and therefore, composition of memdbdipids may be independent of
senescence (Braaksma and others 1994). In contiegitadation of both proteins and
lipids in cell membranes was observed in planeseence (Poovaiah and others 1988).
Many studies have demonstrated that quality atigwf mushrooms can be
ameliorated by calcium salt treatments. Additioncafcium salt to the casing layer or
irrigation water can significantly improve the ptstrvest quality and processing
characteristics of mushrooms, especially their rc@lod texture (Okereke and others
1987; Beelman and others 1987(b); Simons and Beelf85; Kukura and others 1998;
Philippoussis and others 2001). However, ther@isarrelation between calcium content
and initial firmness at harvest (Beelman and otlH€87(b); Kukura and others 1998).
Mushroom softening and cap opening can also bedexldby washing mushrooms with
0.1% calcium chloride (Beelman and others 1987. (@gnned mushrooms become
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firmer and tougher with addition of 5 and 25 mM atain chloride in the brine
(Zivanovic and Buescher 2004). Contradictory efect calcium on mushroom yield
have been reported. Beelman et al showed thatl yigls negatively influenced by
calcium chloride treatment during growth, while idotontent significantly increased
(Beelman and others 1987(b)). However, anotherysindicates that the yield and
average weight were not significantly affected bgdiion of calcium chloride
(Diamantopoulou and Philippoussis 2001). Moreoitehas been shown that irrigation
with 0.3% calcium chloride solution had no impantgroteins and total nitrogen content
but increased calcium content of fresh mushroonmad®s and Beelman 1995; Miklus
and Beelman 1996). Nevertheless, the effects ofwraltreatments on mushroom texture
improvement have been well documented (Guthrie 18&&lman and others 1987(b);
Philippoussis and others 2001).

Similar to plants, calcium generally functions iromoting spore germination,
sexual reproduction, nutrient uptake and biopolyswerthetase activity, simulating tip
and polarization growth and fruiting, protectingorh microbial contamination and
damaging, and maintaining wall rigidification, ti€scolor and texture (Pitt and Ugalde
1984; Ruiz-Herrera 1992; Chiu and others 1998)s Itocated within nearly all cell
organelles of fungi (Morales and Ruiz-Herrera 198Q)kura and others indicated that
reduction of browning by calcium treatments wassea by the increased stability of
vacuole membranes in preventing tyrosinase fromingixvith its phenolic substrates
which is normally isolated in the vacuoles (Kukarad others 1998). This is probably a
result of calcium interacting with negatively chedgohospholipids and/ or proteins in the
cell membrane matrix. Studies have documented aiucalinduced shrinkage of
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membrane surface, decrease of fluidity and perrigabidelayed galactolipid
degradation (Poovaiah and others 1988; Picchiashioéimers 1995).

The softening of plant tissue is believed to reltdedepolymerization and
solubilization of pectic substances in the cell lvaald middle lamella (Waldron and
others 1997). Calcium is well known to significgntmprove firmness in fruits and
vegetables by cross-linking pectic substances gir@n “egg-box” model, consequently
reducing solubility of pectic substances in thel eall (Poovaiah and others 1988).
However, mushroom cell walls are mainly composecdhaitral polysaccharides, chitin
and proteins with minor amount of chitosan, galsatoine polymers, melanin and lipids
in which no pectin exists (Peberdy 1990). Thereftine role of calcium in mushroom
firmness is possibly due to its interaction witlogeins and/ or polysaccharides other than
pectin that consequently reduces solubility of cgdicromolecules and elevates firmness
(Beelman and others 1987 (a); Zivanovic and Buaszb@4). The objective of this study
was to investigate the mechanism of texture impreav@ in mushrooms with calcium
treatments. Fractions representing different catlplrts in cap tissue were extracted by a
stepwise approach, and calcium-binding capacityeath fraction was determined
vitro. This data may help in the optimization of calciuapplications to improve

mushroom quality.

2.3 Experimental Details

2.3.1 Sour ce of mushrooms

Whole fresh white common mushrooms were grown at Mushroom Test

Demonstration Facility at the Pennsylvania Statévéhsity Campus (University Park,
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PA). The mushrooms were harvested at “close cagesand shipped in cool state to the
experimental laboratory. Cap tissue, free of qligl skins, was immediately cut into
cubes upon arrival and kept in the freezer at @Quftil extraction and lyophilization.

The dry weight of freshly cut cubes was determigevimetrically with triplication.

2.3.2 Stepwise extraction of mushroom cap tissue

Six fractions were extracted with a stepwise pracedas shown ifrigure 2.1.
Semi-thawed cap tissue was first homogenized im#0 Tris-HCI buffer (pH 7.0, 1:1
w/v) with a Waring commercial blender (Dynamics gorNew Hartfor, CT) at high
level for 5 mins and centrifuged at 1000 g, 4 °€30 mins (Sorval RC 5B Plus, Kendro
Inc. Newtown, CT). The pellet was re-extracted eweith the same buffer and all the
supernatants were combined, precipitated with ethdimal concentration of 80%) at 4
°C overnight, and centrifuged at 13000g, 4 °C foma@ns. Fraction precipitaté-{) was
extensively washed with acetone and vacuum driedogth temperature.

The pellet remained after F1 extraction was resnded in 1.0 M NacCl
containing 0.1% TritonX-100 (1:2 w/v) and sonicatggower 3 for 3 mins in an ice bath
(1s on/1s off, Sonicator 3000, Misonix, NY). Thenmated sample was homogenized by
a polytron (Polytron PT 10/3Brinkman Instruments, Inc. Westbury, NY) at powevd|
8 for 3 mins, stirred at 4 °C for 1 hr at powerde8 (Model PC-420, Corning Inc.
Lowell, MA), and centrifuged at 2000 g, 4 °C for 80ns. The residual pellet was re-
extracted twice with the same buffer, and all sopgnts were combined and
precipitated with ethanol. Fraction precipitak) was obtained by the same procedure

as F1.
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Figure 2.1 - Flow chart of fractions stepwise extraction fréubisporus cap tissues
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The residual pellet after F2 extraction was re-eandpd in 1.0 M NaOH (1:5 w/v),
homogenized by Polytron at power level 8 for 3 marsd shaken in a reciprocal shaking
water bath (Precision Scientific, Cambridge, MA)1&20 rpm, 60 °C for 1 hr. After
centrifugation at 2,000 g, 4 °C for 30 mins, thdgtavas twice washed with d.i. water
(2:1 wiv), and all supernatants were combined. Goetb supernatants and residual
pellets re-suspended in d.i. water were both nkzgdhand dialyzed through molecular
porous membrane tubing (cutoff 6,000-8,000) agathst water at 4 °C for 24 hrs.
Dialyzed samples were lyophilized and divided itwto equal parts.

Two parts from the supernatant were separatelyispended in 20 mM acetate
buffer (pH 5.0 1:25 w/v). One part was digestedflnygal protease fromi\spergillus
oryzae (200 U per gram freeze-dried sample, Sigma, Stid,ddO), and the other part
was digested by pullulanase froBacillus acidopullulyticus (270 U per gram freeze-
dried sample, Sigma, St. Louis, MO) apdjlucanase fronAspergillus niger (45 U per
gram freeze-dried sample, Sigma, St. Louis, MOyeBied samples were precipitated by
ethanol, and fraction precipitateS3@ and F3b) were obtained by the same procedure
described earlier.

The pellet was divided into two portions, and pmr8 were separately re-
suspended in 20 mM Tris-HCI buffer (pH 7.2, 1:40vwDne part was digested by
lysozyme from chicken egg white (5% in freeze-dsadple, Sigma, St. Louis, MO) and
chitinase from3treptomyces griseus (8 U per gram freeze-dried sample, Sigma, St.4,oui
MO). Another part was re-suspended in 20 mM acdiaféer (pH 5.0, 1:40 w/v) and

digested by end@-1, 3 (4)-glucanse frorRenicillium (6 U per gram freeze dried sample,
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Sigma, St. Louis, MO). Digested samples were prtgd, and fraction precipitates

(F4a and F4b) were obtained by the previously described procedu

2.3.3 Analysis of fractions

Total polysaccharides were determined by Anthrosegent (Fairbairn 1953)
after 5 mg fraction solids were suspended in 0.5dmlLwater and sonicated for 10 mins,
using glucose as standards. Proteins were detedmiitie Bradford reagent following the
product protocol (Sigma, St. Louis, MO). The 6 magcfion solids were soaked with 2
mL 1 M NaOH and shaken in water bath at 60 °C fomdns; bovine serum albumin
(BSA) was used as standard. The chitinous mater&img fractions was released with 6
M HCI in a vacuum hydrolysis tube at 110 °C forr3 land determined by 3-methyl-2-
benzothiazolone hydrazone hydrochloride (MBTH) dobetric assay with glucosamine
chloride as standard (Wu and others 2004). Totalb$® phenolic compounds in 10 mg
fractions were extracted by 2 mL 80% methanol at@@or 2.5 hrs and determined with
Folin-Ciocalteau reagent (Sigma, St. Louis, MOngsgallic acid as standard (Singleton
and Rossi 1965). A 7.5 mg sample was digested @otitentrated 80, and pectic
substances were determined with m-hydroxydiphesiylgigalacturonic acid as standard

(Kintner and Buren 1982).

2.3.4 Calcium binding experiment

Lyophilized cap tissue was ground with a Thomasewimill (Thomas Co.,
Philadelphia, PA), and the dried fraction powdemsravground with a tissue grinder

(Kontes Duall®, Kontes Glass Co. Vineland, NJ). Finely ground gias) passed through
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a 250um sieve, were used for vitro binding. Calcium chloride (0.1 M standard
solution, Fisher Scientific Inc. Atlanta, GA) wased as calcium source.

To monitor kinetics of calcium binding to mushrotissue powder, powder (0.1—
1g) was thoroughly mixed with 50 mL 10 mM Tris-H®uffer (pH 7.0) and a
predetermined amount of 0.1 M calcium chloride (055 mL ) was added and shaken
on a Labquake shaker (Barnstead/Thermolyne, Dubugwe) at 23 or 35 °C. The same
tissue powder suspensions (without adding calcibharicle) were used as blanks. At a
designated time, 4 mL slurry was taken out andreld with Whatman No. 4 filter paper.
The 2.5 mL supernatant was diluted with HPLC wateto 25 mL, and the concentration
of free ionic calcium in supernatant was determinéth calcium ISE (Accumet, model
13-620-536, Hudson, MA). The electrode was conmegtgh an Excel XL 50 meter
(Accumet, Hudson, MA). To further determine bouattmm by tissue powder, a similar
set of tissue powder suspensions was preparedf@a® b€&he 15 mL slurry was filtered,
and solids were washed with HPLC water three tiamel freeze dried after binding for
0.5, 5, and 20 hrs, respectively. Approximatelynz® powders were digested with 5 mL
concentrated HNO(ACS reagent, Sigma, St. Louis, MO) by a Microwaygstem
(Advanced Microwave Labstation, Milestone. Inc., iime, CT) and diluted with acid
solution (2% HNQ + 0.5% HCI) before ICP-MS analysis. Bound calciwas then
determined by ICP-MS (Agilent 7500 series, Agil€ethnologies, Santa Clara, CA).

For fraction binding experiments, 80 mg fractiamwaler was mixed with 20 mL
10 mM Tris-HCI buffer (pH 7.0) and shaken on a Ladke shaker for 1 hr at room
temperature. 400 pL 0.1 M calcium chloride was sghently added and continuously
shaken at room temperature. The same fraction poswspensions in buffer without
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addition of calcium chloride were prepared for lB&nTotal free ionic calcium in

solutions was directly monitored with calcium ISEpeedetermined times by immersing
an electrode in the binding solution. After 20 telsirry was precipitated in 80% ethanol
and centrifuged at 13,000 g for 20 mins. The pelies washed with 80% ethanol 3 times

and freeze dried. The total bound calcium in tekepwas determined by ICP-MS.

2.3.5 Calculation and statistical analysis
The calcium bound by sample solids was calculatedduations (1), (2) in ISE
and (3) in ICP-MS.

free[Ca** ]in bindingsolution- free[Ca* ]in control
initial exogenoufCa* ]in bindingsolution

(1)

Decreasef free[Ca* ]=1-

initial exogenou€a mass decreasef free Ca’*
samplemass

(2)

Boundcalcium(mgCa/gsample¥

Boundcalcium(mgCa/gsample)=[Ca* ]in sample [Ca** ]in control (3)
Results were analyzed using SAS program 9.13 (Sdsitute Inc, 2003).
Experiments were repeated twice and significanfeddhces among treatments was

determined by Duncan’s multiple range test (P<0.05)

2.4 Results and Discussion

2.4.1 Extraction yield of fractions

As shown inTable 2.1, the total mass of extracted fractions was 37.37% of cap

tissue on dry weight (DW) basis, 2.33% on freshghei This is slightly lower than

42

www.manaraa.com



Table 2.1 - Characteristic and composition of fractions from A. bisporus cap tissue

Chemical compositions

Yield mg/g
Fraction Color % DW fraction mg/g DW tissue
DW tissue
PR PO CH TSP PS PR PO CH TSP PS

MF1 light grey  99.05+4.85 39.63+3.82.54+1.61 3.35+0.35 0.331#0.11 2.14+0.1439.15+2.61 7.50+1.80 3.33+0.440.33+0.102.12+0.05
MF2 black 11.16+1.77 15.87+1.864.36+2.133.81+0.91 0.44+0.12 N/A 1.76+0.22 1.58+0.21 0.43+0.18.05+0.02 N/A
MF3a light yellow 25.17+1.52 1.25+0.17 44.10+4.7/8211+0.62 0.61+0.20 N/A 0.3240.06 11.08+1.081.54+0.17 0.16+0.06 N/A
MF3b light yellow 24.45+0.10 1.9810.28 40.86+1.0846+0.44 0.53+0.20 N/A 0.48+0.07 9.99+0.25 1.58+0.10.13+0.05 N/A
MF4a light yellow 92.00+9.59 1.50+0.16 40.46+4.25.82+3.110.31+0.17 9.45+0.12 1.27+0.12 34.37+5.0&€1.80+1.980.26+0.158.69+0.01
MF4b ivory 121.894+6.11 0.68+0.12 33.59+1.485.31+3.340.22+0.10 N/A 0.80+0.23 38.79+6.5740.81+7.980.26+0.14 N/A
Total 373.74+9.71 43.78+2.57103.32+9.8169.49+6.991.18+0.45

% total yield

11.72+0.827.65+2.9318.60+2.080.32+0.12

Values are average + standard deviation (n=3); Bg¥asents dry cap tissue, DW factor was 6.25+0.3@8h weight of cap tissue;

PR — Protein; PO — Neutral polysaccharides; CH Hi®us material; TSP — Total soluble phenolic compds; PS — Pectic

substances; N/A represents samples were not demi
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3.01%, reported by Zivanovic et al. (Zivanovic dddescher 2004) and may be due to
the variation of mushroom source and/ or differemceextraction procedures. In the
eport, the authors blended mushroom tissue witbhalcand the pellet was collected as
AIS. The extraction yields of each fraction randexm 11.16 to 121.89 mg/g DW cap
tissue and were in the order of MF4b>MF1>MF4a>MRAA&3b>MF2. Total extracts as
the alcohol insoluble substance (AIS) in cap tissawtually consisted of 26.50%
cytoplasmic content (MF1), 2.99% cell membrane eon{MF2), and 70.51% cell wall

compounds (CW) (MF3a+ MF3b+ MF4a + MF4b).

2.4.2 Chemical composition of fractions

According to the experimental design, expected giliengg compositions in each
extracted fraction would be cytoplasmic proteindM&1l, membrane proteins in MF2,
alkali-soluble cell wall glucans in MF3a, cell waltoteins in MF3b, cell walp-glucans
in MF4a, and chitinous material in MF4b respectvdlhe actual prevailing composition
from chemical composition analysis were as follopraiteins (39.63%) in MF1, proteins
(15.87%) and neutral polysaccharides (14.36%) in2MIReutral polysaccharides
(44.10%) in MF3a, neutral polysaccharides (40.8@%0)F3b, neutral polysaccharides
(40.46%) and chitin (25.82%) in MF4a, neutral palysharides (33.59%) and chitin
(35.31%) in MF4b Table 2.1). The results showed that the extraction procedvas
quite effective for MF1 and MF3a in which the arsidyresults matched well with the
expected values. However, in the remaining frastidhe prevailing components did not
match exactly with the expectation, e.g., in membrprotein MF2, almost equal amount

of proteins and neutral polysaccharides were obthiit may be caused by the fact that
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membrane proteins are mostly present in the formglydoproteins in mushroom cells
(Farkas 1985; Ruiz-Herrera 1992). In the case oSMFaction, supposedly cell wall
proteins, large amount of neutral polysaccharidesevobtained, that may be due to the
fact the level of proteins in mushroom cell walislow and these proteins are tightly
bound to cell wall glucan (Ruiz-Herrera 1992). Thélulanase an@-glucanase used in
the extraction were not effective in hydrolysis pblysaccharides and resulted in
essentially the same composition of fractions M&Bd MF3b Table 2.1). High levels

of chitin in MF4a and equal amounts of neutral palycharides and chitin in MF4b
suggested incomplete enzymatic hydrolysis in thetions even after increased enzyme
amount and extended hydrolysis time were appliethénexperiments. This may be due
to the fact that glucan and chitin are covalenihkedd in the cell wall matrix which
prevented the attack by enzymes (Sietsma and V¢e&88ll). Since there were other
undetermined contents such as lipids and minet@i3% recovery was not obtained for

all fractions.

2.4.3 Chemical composition in cap tissue

As shown inTable 2.1, the total AIS extracts consisted of 11.72% prwtei
27.65% neutral polysaccharides and 18.60% chitihichv was similar to previously
reported values of 12.0%, 33.0% and 16.7% (Zivanoamd Buescher 2004). By
calculating the composition based on 1 g DW caguésit contained 43.74 mg proteins,
103.32 mg neutral polysaccharides, 69.49 mg chisnmaterials and 1.18 mg total
soluble phenolics, which were lower than overaéiroical composition reported: 24-35%

crude protein, 44-54% of nitrogen free carbohydratnd 51-63% total carbohydrates
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based on DW tissue(Chang and Miles 1999; Mattildh athers 2002). This was because
the extraction procedure only extracted the AlISteoty in which alcohol soluble
compounds were not included and thus not determifedteins were the primary
compounds in cytoplasm (MF1) which consisted of nodghe protein in AIS extracts.
Proteins and neutral polysaccharides were the damircomponents in the cell
membrane (MF2). In cell wall (CW) extracts, pro&(PR), neutral polysaccharides (PO)
and chitinous material (CH) were 1.01% (PR/CW),78% (PO/CW) and 24.94%
(CH/CW), respectively. These values for neutralypatcharides and chitin content were
close to 43% and 34% calculated from previoushoreg but protein content was much
lower than 9.9% (Hammomd 1979). The differing pioteontent might be caused by a
difference in protein extraction and determinatimethods. Hammomd extracted cell
wall content by collecting the residuals after hgewizing tissue with Tirs-HCI and
NaCl solutions, and the proteins were determined.d®yry’s method. The results also
showed that the amount of the alkali-insoluble tases (MF4a +MF4b) were higher
than that of alkali-soluble one (MF3a +MF3b) inlcekll. The alkali-insoluble wall
material consists mainly of (1-BHD/ (1-6) - p-D-glucan and chitin. The alkali-soluble
wall materials consist mainly of proteins and ghgacontaininga-1, 3 /1,4 linkage

(Farkas 1985).

2.4.4 Fraction discoloration

All freeze-dried fractions had various levels ofablorations as shown ihable
2.1. MF1 and MF2 were light gray and black; MF3a, MEBid MF4a were light yellow;

MF4b was ivory. The chemical composition analysisld be used to explain the fraction
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discoloration. The discoloration in fresh mushrotissue is mainly due to the oxidation
of phenolic constitutes; e.g., L-tyrosine, L-3,4wgdroxyphenylalanine(L-Dopa),
glutaminyl-4-hydroxybenzene (GHB) and c-glutamiByd-dihydroxybenzene (GDHB)
into quinones catalyzed by PPOs, especially tyessn The quinones then polymerize
into brown melanin pigments (Jolivet and others5)9®revious reports state that PPOs
are mainly bound to membranes in plants even thakgHocation of mushroom PPOs
still remains unclear (Jolivet and others 1998)heéDtresearchers also observed the
degradation of membrane proteins during mushroomessence (Braaksma and others
1994). Loss of membrane integrity during senescehas may result in the mixing of
tyrosinases with their substrates. MF2, being tikekt fraction, contains high levels of
proteins and relatively high levels of phenolic @orts in which high levels of proteins
may be an indication of higher PPOs content anakivel high phenolics, which could
promote enzymatic discoloration reaction. The MFaction containing high protein
content exhibited darker color than the rest ottfoans dominantly containing glucans

and chitin.

2.4.5 Experimental parameter s affecting calcium binding to tissue powder

Pachect al. revealed that pH, ratio of €ato-samples, temperature and type of
binding buffers, may impact the binding capacitysamples to calcium ions (Pacheco
and others 1999). Many acidic groups are un-dissediat lower pH with fewer free
binding sites available for calcium ions. Furthemdogenously bound calcium may be
released with pH changes (Luccia and Kunkel 200®)proximate pH of fresh

mushrooms is 6.0 - 6.7 (US FDA/CFSAN 2008: ApproxienpH of foods and food
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products). In this experiment, a consistent pH aaseved by using Tris-HCI buffer (pH
7.0). The influence of potential endogenous frakiom ions was subtracted using a
blank binding solution without adding exogenou<itath ions.

Figure 2.2 shows the calcium binding kinetics at differenf G@-powder ratios
based on ISE measurements. All four ratios demaiestrsimilar binding kinetics trends.
The binding occurred immediately after adding aattichloride. A sharp increase in
binding was observed during the first 30 mins. Bha&urated binding level then stayed
consistent during the next 5 hrs and slightly fhated in the following 15 hrs. The
amounts of bound calcium by mushroom powder detethby ICP-MS and ISE at 0.5,
5 and 20 hrs are shownkigure 2.3. The ISE measurements after 20 hrs showed that the
level of bound calcium was the highest at a rati@:®0, but the values at this ratio had
the largest standard deviations. Such significéiférénce was not observed in the ICP-
MS data. Among these three ratios, 1:50 gave th& nunsistent results in both ISE and
ICP-MS determinations and was selected as a stamato for all future experiments.

The effect of ambient temperature on binding capaeas tested at 23 and 35 °C.
The ISE results indicated that binding capacitg&fC was higher that at 35 °C, whereas
ICP-MS measurements showed no differerfagure 2.4). A previous study of calcium
binding to food proteins showed that binding cafyadncreased only when the
temperature was above 35 °C (Wallace and Satt€d@&)1 The effect of calcium on
retarding the loss of firmness in thermal processedhrooms also suggested that high
temperature does not hinder the binding of calcitoncompounds in mushroom

(Zivanovic and Buescher 2004). Based on our restlle following experiments were
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Figure 2.2 - Calcium binding kinetics t@\. bisporus cap tissue powder with different
Cd*-to-powder (w/w) ratios (by ISE). Experiments wererformed in 50 mL 10 mM
Tris-HCI buffer at 23 °C; 1: 250 = 1% powder + 0100 c&" 1:100 = 2% powder +

0.02% CA"; 1:50 = 1% powder + 0.02% €a1:10 = 0.2% powder + 0.02% €a
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Figure 2.3 - Effects of C4'-to-powder (w/w) ratio on calcium binding o bisporus cap
tissue powder. Experiments were performed in 501@ImM Trish-HCI buffer at 23 °C;
1:100 = 2% powder + 0.02% &a 1:50 = 1% powder + 0.02% &a 1:10 = 0.2%

powder + 0.02% C&; Bars represents standard deviation (n=2).
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consequently carried out at €do-powder ratio 1: 50 during 20 hrs binding tinte2a

°C.

2.4.6 Calcium binding to fractions

The binding kinetics and capacity of calcium toled@ction obtained by ISE
measurements is shown kingure 2.5. Six fractions showed similar binding trends. The
binding occurred immediately after addition of @ao chloride to the suspension, and
plateau was reached within 30 mins. After that tithe binding curves leveled off with
some small fluctuations. The binding kinetics rdgdathat all six fractions bound
calcium in a similar trend but with different bimdi capacity: MF1 was consistently the
highest, followed by MF2, and MF4a was the low&hding curves of MF3a, MF3b
and MF4b overlapped occasionally and did not shigwificant difference. Comparisons
at 20 hrs binding indicated that the binding catyadiffered significantly in the order of
MF1>MF2>MF3a>MF3b>MF4b>MF4a and values ranged from 3.09 to 7.70 mfg Ca
DW fraction solids.

Data for endogenous calcium before the binding expnt, calcium level in
blank control, and total calcium after binding detmed by ICP-MS procedure are
presented ifTable 2.2. Total amount of calcium in mushroom tissue wasscient with
reported results (Hartman and others 2000). Thekbténding procedure caused a slight
release of endogenous calcium in fractions F4aFHi and a slight increase in tissue
powder. Therefore, the ethanol precipitation stefually concentrated the calcium in
tissue powder because macromolecules with boundiucal were collected and

determined, whereas small molecules were lost, lwhiso suggested that the most of
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Table2.2 - Calcium in A. bisporus cap tissue powder and fractions (by ICP-MS).

Calcium (mg/g DW sample)

Source
Before binding Blank Calcium binding
Tissue powder 0.02 0.23+0.05 6.49+0.66
MF1 0.84 1.00+0.14 20.17+6.77
MF2 N/A 2.00+0.01 18.99+10.77
MF3a N/A 0.43+0.04 5.76+0.14
MF3b N/A 1.02+0.02 5.62+0.60
MF4a 0.72 0.17+0.01 2.59+0.00
MF4b 0.24 0.10+0.00 2.71+0.22

Values are average tstandard deviation (n=2) exadpes of before binding; N/A

represents the samples were not tested
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calcium was present as bound form to macromolectlewever, in the case of fractions
which are already macromolecules with bound calcitihe blank binding reduced
calcium level by washing it off over 20 hrs duritige experiment. Nevertheless, total
exogenous calcium was much higher than the originatentration in all samples. The
amounts of exogenous calcium bound by fractidgagure 2.6) were thus obtained by
subtracting endogenous calcium in the blank frotaltoalcium in the fraction. MF1
showed highest binding capacity with a value oflI9ng Ca/g fraction solids. MF2 was
next to MF1 with value of 16.94 mg/g. MF4a showedsést calcium binding capacity
(2.42 mg/g). Calcium bound by fractions from bo8Eland ICP-MS measurements are
shown inFigure 2.6 to compare two measurement methods. As it can &e, ske two
methods gave similar binding capacity trends anmsixdractions. However, the ICP-MS
measurements gave higher binding capacity values tinat of ISE measurements. This
might be caused by the interference of particled ssmme chemical compounds in ISE
measurements. Free ionic calcium adsorbed at thiacsuof the particles during
collection of the binding slurry might also resirt higher calcium content in ICP-MS
measurements.

In plants, pectic substances are the primary maaiesules that bind calcium that
retards tissue softening. Previous reports haveodstrated that there are no pectic
substances in mushroom tissue (Ainsworth and Sussi®&5). The MF1, showing
highest calcium-binding capacity, and MF4a, showmgest calcium-binding capacity,
were analyzed for pectic substances. The reshlisvesd that very little amounts of
pectic substances existed in each fraction, whatlidcbe the result of interference from
other compounds, e.g., chitin. Around 1.5% of pewatas detected during calorimetric
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determination of pectic substances while usingrclais materials. Based on the chemical
composition, MF1 and MF2 fractions, in which cytaplic proteins and membrane
proteins were dominant, respectively, showed sigamitly higher binding capacity to
calcium than the remaining fractions. Protein galhgrcan interact with oppositely
charged ions through amino acid residues (Pachedoothers 1999). According to
amino acid composition, negatively charged aminmsag¢aspartic acid and glutamic
acid) were 29% of overall amino acids in mushro@sue, and positively charged amino
acid . (histidine, lysine, and arginine) only 13%attila and others 2002). This may
address the higher calcium binding potential of Mfatl MF2 in our study. A previous
study suggested that the occurrence of cross-linkihproteins through G& bridges
resulted in reduced total soluble content in mushraells, although protein contents
was not affected by irrigation of calcium chlori(f®imons and Beelman 1995). Wong
and Cheung also showed that a high protein levet b the main factor for high
calcium binding capacity to mushroom fibers (Womgl £heung 2005). In addition to
MF1 and MF2, the binding experiments also indicateat the rest of the four fractions,
mainly consisting of glucans and chitin also showeattium-binding capacity. Simple
physical adsorption could be the case. Thus, puvsvatudies regarding calcium binding
to fibers have concluded that neutral compound$ sag cellulose, methyl-cellulose
hemicellulose and psyllium could bind calcium i@l this binding was simply a result
of an adsorption phenomenon (Torre and others 12®2ria and Kunkel 2002).
However, other compounds such as chitosan andslipithe fractions may bind calcium
to some extent. It has been reported that chit@saninteract with certain metal ions
including calcium(Vold and others 2003).Thus, feesinogroups of deacylated units of
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chitin are most probable sites for calcium bindimgnushroom cell walls. The binding of
calcium to compounds in mushrooms is complicatedi r@main unclear. Calcium may
bind to calcium-binding proteins, negative residudspolysaccharides or proteins.
Binding may take place by ion exchange, chelatemm] adsorption (Vold and others
2003; Wong and Cheung 2005). However, considehrgéxture improvement, the most
possible mechanisms would be calcium-induced dioksig of polymers or activity

alteration of softening related enzymes. Presamdiess have identified proteins as the
most potential macromolecules involved in calciumding and determined their location
in mushroom cells. Possible polymer-calcium comesexeed to be characterized to
further confirm the potential function of calcium retarding mushroom softening. The
additional study on calcium-binding to BSA was penfied by calorimetric analysis to

determine binding energy between protein and cal¢@hapter 4).

2.5 Conclusion

To understand the mechanism of calcium-induced n@ss in mushrooms,
calcium binding was investigateth vitro with mushroom tissue powder and cell
fractions. The dominant compounds in the extrafitections were as follows: proteins in
MF1, proteins and neutral polysaccharides in MFjtral polysaccharides in MF3a,
neutral polysaccharides in MF3b, neutral polysaddea and chitin in MF4a, neutral
polysaccharides and chitin in MF4b. Calcium bindaagpacity of the fraction solids was
saturated within 30 mins. It was temperature indelat but was affected by the ¢éo-
solids ratio. Binding capacity of calcium to frawts varied significantly in the order of

MF1>MF2>MF3a> MF3b>MF4b~MF4a. The results revealed that calcium wasndo
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by all fractions, but those dominantly composedcgfoplasmic and cell membrane
proteins showed the highest capacity, which pravidérong evidence that calcium
possibly interacts with proteins in mushrooms t@rave their firmness. This data may

help in optimizing calcium applications in improvents of mushroom quality.
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Chapter 3 Interaction of Calcium with Apple and Cucumber
Macromolecular Extracts
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3.1 Abstract

Calcium can effectively enhance the firmness oit$rand vegetables by cross-
linking pectin through the “egg-box” model. Howeyaew studies suggest that pectin
cross-linking may be insufficient to explain thexttee improvement after calcium
treatment. This study was conducted to investigateractions of calcium with
macromolecular extracts from apple and cucumbesugisin order to improve the
understanding of calcium-induced firmness in fraisl vegetables.

Five macromolecular fractions: cytoplasmic protefiraction 1 (F1), cell
membrane protein fraction 2 (F2), cell wall protéiaction 3 (F3), pectin fraction 4 (F4),
and cellulose (F5) were stepwise-extracted fromleamortical (AFs) and cucumber
mesocarp tissues (CFs), and analyzed for their iantompositions. The actual
dominant macromolecules in apple extracts wereolews: pectic substances in AF1,
AF2 and AF4, proteins in AF3, and neutral polysacides in AF5. Dominant
macromolecules in cucumber extracts were as follgasteins in CF1, CF2, and CF3;
pectic substances in CF4, and neutral polysacatmiid F5.In vitro binding of calcium
(CaCb) by fraction solids was performed in 10 mM Tris-Ha@uffer (pH 7.0). Bound
calcium was determined by a calcium selective sdedet (ISE) and an Inductively
Coupled Plasma Mass Spectrometer (ICP-MS). Caldimding capacity of all tested
fraction solids from apples reached plateau witOrmins; AF2 and AF4 showed higher
binding capacity than AF1 and AF5. For cucumbectfoms, the plateau was reached in 1
hr; CF1, CF2, and CF4 showed higher binding capdbin CF3 and CF5. Therefore,

calcium was bound by all tested fractions, but ¢hfractions dominantly composed of

64

www.manaraa.com



pectic substances, cytoplamic proteins and membpasteins exhibited higher binding
capacity. These results show that although intemaaif calcium with pectic substances
plays a primary role in enhancement of firmnesspl#ssues, interactions between
calcium and cytoplasmic and membrane proteins tals® place and possibly contribute

to texture alteration.

3.2 Introduction

Calcium treatment has been widely practiced in fined industry to retard
firmness loss in fresh and processed fruits ancttaddes (Poovaiah 1986; Guillou and
others 1992; Banjongsinsiri and others 2004; Alarated others 2006; Martin-Diana and
others 2007). The effects of temperature, type@mtentration of calcium salt, pH and
treatment methods were extensively studied andewead (Martin-Diana and others
2007). Considerable efforts have also been diretbeélucidate the mechanisms of
calcium in maintaining firmness. It is generallycapted that tissue firmness is mainly
determined by the structure of the cell wall antl oeddle lamella, in which pectic
substances are abundant. Softening is induced plymlay degradation of pectic
substances through enzymatic depolymerization, @msequently the dissolution of
degraded pectic substances leads to loss of ce#ttoadhesion and tissue coherence
(Poovaiah and others 1988; Waldron and others 198Ifats and others 2001). Pectin
methylesterase (PME) and polygalacturonases (P@gha key enzymes involved. PME
is a cell wall bound enzyme that causes pectinstierification, and PGs cleave(1-4)
glycosidic bonds of pectin randomly or from the weducing end (Prasanna and others

2007). Degradation of other biopolymers in cell alsuch as hemicellulose and
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cellulose, may be involved in excessive texturs las well (Sanchez-Romero and others
1998; Prasanna and others 2007). Calcium ion peofdant-based food products from
softening by cross-linking pectin through dissaethtarboxyl groups or non-esterified
galacturonic acid units, as described in the “egg-bmodel. The cross-linked complex
not only directly prevents the loss of cell andstis coherence but also hinders the
degradation of pectic substances by reducing aibiitysby hydrolyses (Poovaiah and
others 1988). Additionally, calcium may directlyfeadt the activity of enzymes involved
in pectin degradation, although contradictory ressutave been found in term of
increasing or decreasing of enzyme activity (Poalvaand others 1988; Pagel and
Heitefuss 1990; Siddiqui and Bangerth 1995; Ricd athers 2007). Recent studies
showed that calcium treatment effectively improvkd firmness of mushrooms which
have no pectin, which suggests that other biopotgnmeay also interact with calcium
ions and contribute to improvement of the firmngd4iklus and Beelman 1996;
Zivanovic and Buescher 2004; Hepler 2005).

Calcium is important in maintaining plant cell wattucture and has pronounced
effects on structure and function of cell membrambjch may be associated with
firmness as well. A well preserved cell membramacstire prevents cell turgor loss and
benefits firmness maintenance (Poovaiah and oth®88; Sajnin and others 2003).
Calcium binds with negatively charged “head” oidg and/or acidic amino acid residues
of membrane proteins (Hepler 2005). As a resuluidity, microviscosity, and
permeability of membranes decrease with additiorcaltium, and it is believed that
reduced permeability was caused by calcium-indsteohkage of the membrane surface
of plant cells by interacting with membrane lipi@ovaiah and others 1988). Retarded
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softening in calcium-infiltrated apples has beeseasbed, and this effect was related to
delayed galactolipid degradation in cell membramdsch could increase the sterol
conjugation contributing to cell membrane integ(@tcchioni and others 1995; 1998). It
is postulated that activity of cell membrane enzgynie affected either by calcium—
induced alteration of membrane microenvironmenydirect interaction with calcium,
which may consequently affect the texture (Kauss$ @hers 1983; Poovaiah and others
1988). Lamikanra and Watson also found that lipaserity was inhibited by calcium
addition in fresh-cut cantaloupe melon (Lamikarmd &/atson 2004). In addition to the
effects on the cell wall and cell membranes, cafcheduces the rate of ethylene and
carbon dioxide evolution, increases ascorbic aarell and retards the loss of chlorophyll
(Glenn and others 1988).

Many studies have been carried out to investigateiuum-induced firmness in
various fruit and vegetable products such as appteswberries, peaches, hot peppers,
diced tomatoes, mushrooms (Miklus and Beelman 1BE6tin-Diana and others 2007).
In order to explore the mechanism of calcium in rioying firmness, researchers
primarily focused on calcium content and distribati enzyme activity, chemical
composition, and microstructure of products (Glamd Poovaiah 1990; Roy and others
1994; Chardonnet and others 2003; Banjongsinsili @athers 2004; Quiles and others
2004; Betoret and others 2005; Sila and others R00@le has been done to further
identify macromolecules other than pectin with pdigd to interact with calcium to
improve firmness. This is the first study conducten in vitro identify these
macromolecules in order to extend our understandfrgffects of calcium on texture of
plant-based products.
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3.3 Experimental Details

3.3.1 Sour ce of applesand cucumbers

‘Golden Delicious’ applesMalus domestica) and cucumbergCucumis sativus L)
were purchased from a local grocery store. Thé gfetbe entire fruit was removed to a
depth of around 2 mm with a peeler. The mesocogppfoximately 6 mm thickness was
cut into cubes and kept in the freezer at - 40°tll artraction. The dry weight of freshly
cut cubes was determined gravimetrically with tagtion.

3.3.2 Stepwise extraction of apple and cucumber tissue

Five fractions were stepwise extracted followingracedure depicted iRigure
3.1. Semi-thawed tissue was homogenized in 40 mM H@s-buffer (pH 7.0, 1:1 w/v)
with a Waring commercial blender (Dynamics CorpwNeéartfor, CT) at high level for 5
mins and centrifuged at 3,000 g, 4°C for 30 miner¢8l RC 5B Plus, Kendro Inc.
Newtown, CT). The pellet was twice re-extracted hwihe same buffer and all
supernatants were combined, precipitated with 8G#@ar®l at 4°C overnight and
centrifuged at 13,000 g, 4°C for 20 mins. The p#ate, cytoplamic proteins fraction
(F1) was extensively washed with 80% ethanol and &ekied.

The pellet after F1 extraction was re-suspendetl.OnM NaCl containing 0.1%
TritonX-100 (1:2 w/v) and sonicated at power 3 3omins in an ice bath (1s on/1s off,
Sonicator 3000, Misonix, NY). The sonicated sampbs homogenized by a polytron
(Polytron PT 10/38Brinkman Instruments Inc. Westbury, NY) at powevele8 for 3
mins, stirred at 4°C for 1 hr at power level 8w stir plate (Model PC-420, Corning
Inc. Lowell, MA), and centrifuged at 3,000 g, 4°@ 80 mins. The residual pellet was

twice re-extracted with the same buffer and allesnptants were combined and
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Figure 3.1 - Flow chart of fraction stepwise extraction froppée and cucumber tissue.
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precipitated with 80% ethanol. The precipitate| oe#mbrane proteins fractiokZ), was
obtained by the same procedure as for F1 preparatio

The remaining pellet after F2 extraction was thenddd into two equal parts.
One part was re-suspended in 1.0 M NaOH (1:5 vismpnogenized by Polytron at power
level 8 for 3 mins, shaken in water bath at 120,r6@7C for 1hr, and centrifuged at 3000
g, 4°C for 30 mins. The residual pellet was washeth d.i. water (1:1 w/v) and
centrifuged twice, and all supernatants were coethidialyzed (molecular weight cutoff
6,000-8,000 Da) against d.i. water at 4°C for 2¢l. fiihe dialyzed solution was adjusted
to a pH of 4.8 - 5.0 and digested by pectinase fispergillus japonicus (0.15 %
pectinase in dialyzed solution, w/v, Sigma, St. ispMMO). The digested solution was
precipitated, and the precipitate, cell wall progeifraction E3), was obtained by the
same procedure as for F1.

The other part of the pellet after F2 extractiorswe-suspended in 10 mM HCI
(2:5 w/v) and adjusted to pH 3. The solution waslrblyzed with pepsin (0.01 mg
pepsin/ml solution, Fisher Scientific Inc., Atlant&A), and the hydrolyzate was
centrifuged at 3000 g, 4°C for 30 mins. The peliets washed with d.i. water and
centrifuged again. All supernatants were combinedutralized with NaOH, and
precipitated; and the precipitate, pectin substarfcaction F4), was obtained by the
previously described procedure.

The residual pellet after F4 extraction was extahg washed with d.i. water,
centrifuged at 3,000 g, 4°C for 20 mins and twieemashed. The pellet was washed with

80% ethanol and twice centrifuged. The residudlulose fraction E5), was freeze dried.
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3.3.3 Analysis of fractions

Neutral polysaccharides were determined by Anthn@agent (Fairbairn 1953)
using glucose as standard. 5 mg fraction solideveerspended in 0.5 mL d.i. water,
sonicated (1510R-MT, Branson, USA) for 10 mins pdo5 mL reagent was added.
Proteins were determined with Bradford reagenbfeihg the product protocol (Sigma,
St. Louis, MO). 6 mg fraction solids were extracteth 2 mL 1 M NaOH, shaken in
water bath at 60°C for 30 mins, and bovine serdrarain (BSA) was used as standard. 6
mg fraction solids was hydrolyzed with 6 M HCI incuum hydrolysis tube at 110°C for
3 hrs and aminosugar was determined by 3-methyztithiazolone hydrazone
hydrochloride (MBTH) colorimetric assay using glsamine chloride as standard (Wu
and others 2004). Total soluble phenolics in 10 fmagtions were extracted by 80%
methanol at 80°C for 2.5 hrs and determined withnFGiocalteau reagent (Sigma, St.
Louis, MO) using gallic acid as standard (Singledoil Rossi 1965). Pectic substances in
7.5 mg sample were hydrolyzed with concentrate®® and determined with m-
hydroxydiphenyl using galacturonic acid as standKrdtner and Van 1982).
3.3.4 Calcium binding experiment

Lyophilized apple cortical tissue and cucumber roego tissue cubes were
ground with a Thomas Wiley mill (Thomas Co., Phdhhia, PA) and lyophilized
fractions were ground with a tissue grinder (Koriemll ®, Kontes Glass Co. Vineland,
NJ). Finely ground samples of apple and cucumbaphilized tissue and fractions were
passed though a 250 pum sieve priomteitro binding with calcium chloride as calcium

source (0.1 M standard solution, Fisher Scienlifez, Atlanta, GA).
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Calcium binding to fraction solids was determinadf@lowing: 100 mg fraction
powder was mixed with 25 mL 10 mM Tris-HCI buffg@H{ 7.0) and shaken on Labquake
shaker (Barnstead/Thermolyne, Dubuque, lowa) for &t room temperature. 500uL 0.1
M calcium chloride was then added and suspensioh agatinuously shaken at room
temperature for 20 hrs. Same fraction powder suspes without addition of calcium
chloride were prepared as blanks. Total free i@alcium in solution was determined
with an ionic selective electrode (ISE, model 1®8&36, Accumet, Hudson, MA)
connected with Excel XL 50 meter (Accumet, Hudsd) at predetermined times by
immersing the electrode in the binding solutionteAf20 hrs, slurry was precipitated in
80% ethanol and centrifuged at 13,000 g for 20 niline pellet was washed three times
with 80% ethanol and freeze dried. Approximately m§ dried powder was digested
with 5 mL concentrated HN§YACS reagent, Sigma, St. Louis, MO) by a Microwave
System (Advanced Microwave Labstation, Milestome.,|Monroe, CT) and diluted with
acid solution (2% HN@ + 0.5% HCI, v/v). The diluted solution was subgttto an
Inductively-Coupled Plasma Mass Spectrometer (IC®-Mgilent 7500 series, Agilent
Technologies, Santa Clara, CA) to analyze the taldium in the pellet using argon as
carrier and plasma gas.

Calcium binding to apple and cucumber tissue powaer determined as follows:
500 mg tissue powder was thoroughly mixed with 30 X0 mM Tris-HCI buffer (pH
7.0), and 2.5 mL 0.1 M calcium chloride was addeakeng on Labquake shaker at room
temperature. The same tissue powder suspensionsuviadding calcium chloride were
used as blanks. Free calcium ion in the bindingtsm was monitored with ISE meter at
predetermined time as for fractions. After bindR@ hrs, the pellet was collected by the
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previously described procedure and freeze driedtalToalcium in samples was
determined by ICP-MS by the same procedure agdotions.

3.3.5 Calculation and statistical analysis

The calcium bound by sample solids was calculayeeduations (1), (2) in ISE

measurement and (3) in ICP-MS, respectively.

free[Ca* ]in bindingsolution- free[Ca®* ]in control

Decreasef free[Ca®* ] =1- = —_— : 1)
initial exogenougCa“ ]in bindingsolution
Boundcalcium({mgCalgsampl egc|n|t|al exogenou€a mass decreasef free Ca’ 2)
sampleamass
Boundcalcium(mgCa/gsample)=[Ca* ]in sample [Ca** ]in control 3)

Results were analyzed using SAS program 9.13 (S#s8tute Inc, 2003).
Experiments were repeated twice and significarfiedthces among treatments was

determined by Duncan’s multiple range test (P<0.05)

3.4 Results and Discussion

3.4.1Yield of applefractions
The total yield of all extracted fractions repretsgg alcohol insoluble solids

(AIS) was 96.04 mg/g dry weight (DW) tissue. Theatoextracts were composed of
11.22% cytoplasmic content (AF1), 3.01% cell membreontent (AF2) and 85.76% cell
wall contents (AF3+AF4+AF5)Table 3.1). The low-molecular-weight carbohydrates
including sorbitol, glucose, sucrose, and fructosbjch make up about 70% of dry
weigh of apple tissue (Mikael and others 2000) wes¢ during extraction and might be
the reason for the low yield of total extracts. dlatell wall content was 8.24% of DW

cortical tissue, which was slightly lower than theeviously reported value of around
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Table 3.1 - Fraction characteristics from Golden Delicious apple cortical tissue.

Chemical composition

Yield mg/g
Fraction  Color % DW fraction mag/g DW tissue
DW tissue
PS PO PR AM TSP PS PO PR AM TSP
AF1 light brown10.78+1.6425.35+3.8520.26+1.77 7.94+1.24 5.52+0.220.43+0.03 2.73#0.41 2.18+0.19 0.86+0.13 0.59+0.02 0.05%+0.00
AF2 light brown 2.894+0.57 27.05+4.096.77+2.1411.21+1.02 5.88+0.34 0.27+£0.02 0.784#0.12 0.48+0.06 0.32+0.0290.17+0.01 0.01+0.00
AF3 brown 0.24+0.07 18.67+1.8715.02' 26.00+2.37 7.53 1.08+0.28 0.04+0.00 0.04 0.06+0.01 0.02 <0.01
AF4 gray 4.50+0.82 54.27+4.38.82+0.53 3.66+0.17 6.20+0.720.68+0.13 2.44+0.20 0.85+0.02 0.16+0.01 0.28+0.03 0.03%+0.01
AF5 white  77.62+4.5424.24+1.3864.76+2.72 1.64+0.10 3.92+0.420.16+0.01 18.82+1.0742.50+2.11 1.27+0.08 3.05+0.33 0.12+0.01
Total 96.04+2.30 24.82+1.81 46.05+2.26 2.68+0.23 4.11+0.38 0.21+0.01
% total yield 25.84+1.41 47.9743.09 2.79+0.25 4.27+0.47 0.22+0.02

Tissue

87.70+0.4®17.64+36.18 15.27+1.62 19.70+4.82 4.06+0.30

Values are average + standard deviation (n=3) éxndf8 fraction ? where no replication was conducted; DW representsveight;

DW factor was 14.73 + 0.35% of fresh weight fortmal tissue; PS — Pectic substances, PO — Nequbtgbaccharides, PR — Protein,

AM - Aminosugars, TSP — Total soluble phenolic commpds; Total carbohydrates was determined.
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10% (Siddiqui and Bangerth 1995; Chardonnet andretR003). The extraction yields of
each fraction were in the order of AF5>AF1>AF4>ARES and ranged from 0.24 to
77.62 mg/g DW cortical tissud @ble 3.1). Negligible amounts of AF3 were obtained in
this study, which was probably due to limited amtooh protein in cell wall or the
condensed cell wall structure prevented the reledgwoteins (Chardonnet and others
2003).
3.4.2 Chemical composition of apple fractions

The dominant macromolecules in apple fractions wase follows: pectic
substances in AF1, AF2 and AF4, proteins in AF3] aautral polysaccharides in AF5
(Table 3.1). In all fractions, aminosugars and total solutenolics existed at very low
levels, while pectic substances and neutral pobfsaides were present in considerable
amounts. Pectic substances can be extracted frbrwaleand cell middle lamella with
several solvents including water, chelating agealisali, and acid (Heredia and others
1995), although some fractions are not completelytde even in HCI (Kalapathy and
Proctor 2001). Therefore, it is no surprise pestibstances were present in all fractions.
Nevertheless, the AF1l, AF2, and AF3 fractions, agnito extract proteins, had
considerably higher protein content than fractiéiigl and AF5, which were designed to
obtain pectin and cellulose, respectively.
3.4.3 Chemical composition of apple cortical tissue

In cytoplasmic (AF1) and cell membrane (AF2) parspall abalyzed chemical
compounds were presented in similar low levels ¢d@aseDW cortical tissueT(@ble 3.1).
In the cell wall portion (AF3+AF4+AF5), neutral lgysaccharides, pectic substances,
and proteins were 52.72%, 25.88%, and 1.81%, réspBG which was consistent with
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previous reports (Siddiqui and Bangerth 1995; Chianét and others 2003). When
composition of fractions is calculated based on0Vyg cortical tissue, total extracts were
composed of 46.05 mg polysaccharides, 24.82 mgcpsebstances, 2.68 mg proteins,
4.11 mg chitinuous material, and 0.21 mg total Bi@yphenolics Table 3.1). However,
chemical analysis of un-extracted freeze-driedicalrttissue powder revealed that 1 g
DW cortical tissue contained 617.64 mg total cagfoates, 87.70 mg pectic substances,
15.27 mg proteins, 19.70 mg aminosugars, and 4d@6éital soluble phenolics. The large
difference between values calculated from fractiand directly determined from tissue
powder was mainly due to the loss of substancesbkolin alcohol such as low-
molecular-weight carbohydrates, amino acids, amtgieptides etc. (Mikael and others
2000). Our results indicated that alcohol soluldebohydrates in cortical tissue were
573.59 mg/g DW cortical tissue, which was similar 360 mg/g DW cortical tissue
calculated from a previously report (Chardonnet attetrs 2003).
3.4.4 Discoloration of applefractions

All fractions appeared discolored after extractmmd freeze-drying: AF1 and
AF2 were light brown, AF3 was brown, AF4 was gragd AF5 was whiteT{able 3.1).
Browning of apple tissue is mainly caused by oxatatof polyphenols catalyzed by
polyphenol oxidase (PPO) (Toivonen and Brummell800Uhe brown color of the AF3
fraction was probably caused by the presence dfitifeest level of phenolic compounds.
AF1 and AF2 fractions with relatively high protesontent appeared light brown, while
AF4 and AFS5 fractions with low protein but high psdccharide content had the lightest
color. Although the discoloration was apparentlgazsated with the protein content, it
could not be prevented even when lyophilization egslied for drying.
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3.4.5Yidd of cucumber fractions

Yield of cucumber fractions was in the order of CF5>CF1>CFH24>CF3 and
ranged from 14.18 to 111.12 mg/g DW mesocarp tigsable 3.2). The combined total
extract yield was 220.36 mg is consisted of 25.%3%0plasm (CF1), 12.77% membrane
(CF2), and 63.71% cell wall contents (CF3+CF4+CHhg cell wall content was 140.39
mg/g DW mesocarp tissue, which was lower than 24ggnbW pickled cucumbers
tissue calculated from a previously report (McFeetnd Lovdal 1987). This could be
caused by the difference of cucumber variety artdaetion method. In the report, the
mesocarp tissue was blended with 95% alcohol ardadivAlS were considered as cell
wall content. However, the cell wall content in aesults only refers sum of fractions
CF3, CF4, and CF5. The total weight of fractionrasts from cucumber tissue was much
higher than that extracted from apple tissue. TWas possibly because alcohol soluble
substances are at lower levels in cucumber mesdsaye (350 mg/g DW, calculated
from previous report) compared to that in appldicaltissue (560 mg/g DW, calculated
from previous report) (Chardonnet and others 2@b&ng and others 2004).
3.4.6 Chemical composition of cucumber fractions

Similar to apple fractions, aminosugars and tadélsle phenolics were detected
at low levels in all fractions. As expected, peditstances and neutral polysaccharides
were present in all fractions in considerable answwhile significantly higher levels of
proteins were found in CF1, CF2, and CF3 than it @Rd CF5. The results also
indicated that much higher amounts of proteins weesent in the cucumber extracts
than in apple extracts. The dominant compoundsaictibns were proteins in CF1, CF2,
and CF3, pectic substances in CF4, cellulose in CF5
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Table 3.2 - Fraction characteristics from cucumber mesocar p tissue

Chemical composition

Eraction Color Yield mg/g % DW fraction mg/g DW tissue
DW tissue
PS PO PR AM TSP PS PO PR AM TSP
CF1 yellow-gray 56.55+1.25 9.01+1.64 17.52+3.237.04+2.91 2.6740.51 0.25+0.27 5.1+0.93 9.92+1.820.96+1.651.51+0.29 0.14+0.15
CF2 light yellow 28.14+10.46 11.23+1.2715.7042.97 41.28+5.14 2.73+0.49 0.21+0.163.15+0.36 4.41+0.8311.60+1.440.77+0.14 0.06+0.04
CF3 lightgray 14.18+5.88 25.34+12.84.03+14.8214.82+10.323.99+0.81 0.1940.121.97+0.09 4.41+2.10 6.36+1.46 0.57+0.12 0.03+0.02
CF4 lightgray 15.09+2.95 28.36+5.025.25+6.65 7.40+0.90 6.02+1.39 0.54+0.5@.28+0.76 3.81+1.00 1.12+0.14 0.91+0.21 0.08+0.08
CF5 white  111.12+13.3619.794+2.12 47.37+8.00 6.02+1.57 3.24+0.63 0.17+0.121.99+2.3%52.63+8.896.69+1.74 3.60+0.70 0.18+0.16
Total 220.36+23.83 36.49+2.5875.18+8.546.74+3.407.35+1.09 0.4940.22

%total yield

16.12+2.183.81+5.8320.39+2.423.28+0.63 0.22+0.10

Values are average + standard deviation (n=3); Bg¥asents dry weight, DW factor was 4.05 * 0.088sHrweight for mesocarp

tissue; PS — Pectic substances, PO — Neutral mpalyaedes, PR — Proteins, AM - Aminosugars, TSPtallsoluble phenolic

compounds.
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3.4.7 Chemical composition of cucumber mesocarp tissue

Calculated based oh g of dry mesocarp tissue, the extraction yieldédt9 mg
pectic substances, 75.18 mg neutral polysaccharidés4 mg proteins, 7.35 mg
aminosugars and 0.49 mg total soluble phenoliable 3.2). Expressed on fresh weigh
of mesocarp tissue, 1 g fresh tissue yielded 1.48pettic substances, 3.04 mg neutral
polysaccharides, and 1.89 mg proteins. The neptigsaccharide and pectic substances
contents were lower than 3.52 and 7.6 mg previotegpprted by McFeeters and Lovdal
(McFeeters and Lovdal 1987). These variations wessibly caused by the differences
in experimental materials, extraction and analysesthods. In the report, sugars and
galacturonic acid in overall AIS which was mentidnearlier were determined by gas
chromatographic analysis and calculated based esh ftissue weight. Overall protein
content in cucumbers was much higher than thataetdd from apples, which was
consistent with the values from USDA nutritionatalzase (USDA, National Agricultural
Research Service). Based on yield of cell wall Dovtipn (CF3+CF4+CF5), cell wall
content contained 10.09% protein, 43.34% neutrdysaccharides and 20.11% pectic
substances, in which the pectic substances wejlktlgliiower than the reported value of
28.8% in pickled cucumbers (Howard and Bueschef)L99
3.4.8 Discoloration of cucumber fractions

Slight darkening of fraction solidsas developed upon the extractidralfle 3.2).
F1 appeared the darkest with yellow-gray color, l&iCF5 was the lightest white.
Similar to the extracts from apples, the fractiovith higher protein and/ or phenolics

content showed darker color than the fractionsaiamtg high neutral polysaccharides
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and pectic substances. Interestingly, even thohglticumber extract in total had higher
combined protein and phenolics content, and higiietein content in CF1, CF2, and
CF3 than that of apples, all fractions from cucunmtssue darkened to less extent than
that of apple fractions. This indicates differentposition and types of phenolics and
proteins in apples and cucumbers.
3.4.9 Calcium binding to apple fractions

The binding kinetics and capacity of calcium to lapfractions from ISE
measurements are depicted Rigure 3.2. AF3 was not used in binding experiments
because limited amount of the sample was obtaiRedr other fractions demonstrated
similar binding trends but with different bindingamacity: binding capacities of all
fractions reached plateaus after addition of catcalnloride within 10 mins and stayed at
similar levels thereafter. At 20 hrs’ binding, tb@pacities of AF1, AF2 and AF4 slightly
decreased but slightly increased in F5. Compariabr20 hrs showed that binding
capacity differed significantly in the order of ARAAF2>AF5>AF1 and the values
ranged from 3.08 to 6.32 mg Ca/g fraction solids.

Endogenous calcium before the binding process,gammus calcium in the blank
and total calcium after binding determined by ICIS-Brocedure are shown Trable 3.3.
The total endogenous calcium concentration in appteie was 0.14 mg/g DW sample,
which was slightly lower than the previously regartvalue of around 0.25 mg/g in the
same variety of apple(Chardonnet and others 2008%. variation possibly results from
the difference in apple source. Before bindingigh hevel of calcium existed in AF1 and

AF4 fraction solids, which indicated that calciumsivassociated with macromolecules in
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Figure 3.2 - Calcium binding kinetics to fractions from Golderl@ious apple cortical
tissue (by ISE). Experiments were performed in 2518 mM Tris-HCI buffer at 23 °C
with C&*-to-powder ratio 1:50 (w/w); Bars represent stadddeviation (n=2); Values at

20 hrs with different letters were statisticallgmsificant different (Duncan’s comparison

P<0.05).
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Table 3.3 - Calcium in Golden Delicious apple cortical tissue powder and fractions

(by ICP-MYS).
Calcium (mg/g sample)
Source
Before binding Blank After binding
Apple powder 0.14 0.99+0.07 6.24+0.09
AF1 2.25 2.85+0.26 11.14+0.45
AF2 0.90 1.23+0.07 12.61+0.39
AF3 N/A N/A N/A
AF4 1.32 1.72+0.07 11.93+0.08
AF5 0.06 0.13+0.03 5.71+0.22

Values are average + standard deviation (n=2) éxbepvalues before binding; N/A

samples were not determined
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cytoplasm and pectic substances. Aftewitro binding with calcium chloride, the total

bound calcium in tissue was 6.24 mg/g DW tissués Was much higher than the value

of 1-2 mg/g apple tissue treated by calcium irdtibn in vivo with whole fruits during

storage (Chardonnet and others 2003).

Amounts of calcium bound by fractions after 20 hisding obtained from ISE
and ICP-MS measurements are displayeigure 3.3. Amounts of bound calcium by
fractions obtained by ICP-MS varied significantlynda were in the order of
AF2>AF4>AF1>FA5 ranging from 5.58 to 11.38 mg Céfaction solids. The values of
AFl, AF2, and AF4 obtained by ICP-MS were much bkigthan that by ISE. Such
variation may be caused by particle or compouneriaetence with ISE electrode or free
ionic calcium was trapped in pellets during preeipon of slurry for ICP-MS test. Even
though the absolute values for bound calcium difietween the methods used, the trend
is similar and indicated that AF2 and AF4 have bighinding potential than AF1 and
AF5.

3.4.10 Calcium binding to cucumber fractions.

The binding kinetics and capacity of calcium by wmber fractions obtained by
ISE measurements are shownFigure 3.4. Neither replication nor blank were run for
CF3 and CF4 due to shortage of extracted sampliésfivd fractions demonstrated
similar binding trends with different binding capées. Binding capacity of all five
fractions reached plateau one hour after additfaralzium chloride and stayed at similar
levels thereafter; the binding capacities of CFE2CCF3 and CF4 slightly decreased at

20 hrs, but slightly increased in CF2; comparisb®Ghrs showed that binding capacity
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Figure 3.3 - Calcium binding to fractions from Golden Delicioaggple cortical tissue.
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differed significantly in the order of CEF2CF2>CF4CF3>CF5 and the values ranged
from 3.52 to 8.34 mg Ca/g fraction solids.

The endogenous calcium in cucumber tissue wasrigh&a/g DW tissuel(able
3.4), which was around ten times higher than in apigkue Table 3.3). This ratio was
consistent with USDA database for nutritional valuef food (USDA, National
Agricultural Research Service), but values we detkare lower for both cucumbers and
apples. The endogenous calcium in cucumbers andsjgpreported to be around 4 and
0.4 mg Ca/g DW tissue without peel and seeds, otspéy (USDA, National
Agricultural Research Service). As shownTiable 3.4, endogenous calcium in CF1, CF2,
CF3 and CF4 fractions before binding was at higbeels compared to that of apple
tissue. This implies that calcium content in cucembvas naturally higher, or the
cucumber was already treated with calcium befole. $e& for tissue powder, surprising
increases in calcium content were determined irtrotsnafter 20 hrs of mixing cucumber
powder in the buffer although no calcium was addsohce only alcohol insoluble
content in tissue powder was collected for ICP-M&ednination, it seems that most of
the calcium is bound by the alcohol insoluble comqus and ethanol precipitation
concentrated calcium. However, the binding procedaused marginal increases of total
calcium concentration in fraction blanks becausk fedctions were obtained by
precipitation with ethanol during extraction. Wel diot observe high endogenous free
C&* concentration in ISE blank suspension (data notvs), which also implied that
most endogenous calcium might be present as a blmundas ISE determines the free
Cd" released from tissue powder in the solution. Higltium content in CF1 indicated
that cytoplasm polymers had higher affinity to aate.
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Table 3.4 - Calcium in cucumber mesocar p tissue powder and fractions (by | CP-

MS).
Calcium (mg/g sample)
Source
Before binding Blank After binding
Cucumber powder 1.53 14.73+0.90 35.08+3.30
CF1 28.36+10.80 35.50+0.12 44.02+2.96
CF2 7.29+2.75 8.16+0.46 14.61+2.52
CF3 4.38 N/A 6.22
CF4 2.22+0.80 N/A 18.69
CF5 0.0610.01 0.11+0.07 5.95+0.22

Values were average + standard deviation (n=2)mxedues with no standard

deviations; N/A represented samples were not déteahn
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The exogenous calcium bound by cucumber fractiodsp@wders obtained by ICP-MS
measurement is presentedHigure 3.5. As there was no blank for CF3 and CF4, the
exogenous bound calcium was calculated by subtigatitie calcium before binding from
total calcium after binding in these two fractionstead of calcium in the blank. Since
the results showed the level of calcium in the blarostly was close to the calcium
before binding in cucumber fractionBgble 3.4), the slight change in calculation should
be negligible. Binding capacity of the fractionsrevén the order of
FA>CFPCF2>CF5>CF3 with the range of 1.84 to 16.47 mg Ca/g fracsolid, but only
the value for F4 was significantly higher than tast of fractions. Although ICP-MS and
ISE did not show the same trends in binding capaCFE1, CF2 and CF4 did show
higher binding potential than CF3 and CF5 in bo#asurements. Much higher value
was obtained with ICP-MS compared to ISE for CFd/Imch pectic substances were

dominant.

The calcium analysis for apple and cucumber samgégsonstrated increased
calcium content after addition of exogenous calcidmis is consistent with previous
studies which reported that application of calcisaits could increase calcium content in
fruits and vegetables. The total calcium conterdartical tissue of apples infiltrated with
2% calcium chloride after harvest increased byndes (Chardonnet and others 2003).
Calcium content in cucumber pickles increased byn8s when brine contained 100 mM
calcium chloride (Buescher and Hudson 1986).

3.4.11 Effect of fraction composition and calcium-binding
Evaluation of each fraction’s composition and thaebility to bind calcium

revealed the relationdships in both apples androbeus. Thus, fractions that bound the
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highest amounts of calcium, AF4 and AF2 from appdesl CF4, CF2, and CF1 from
cucumbers had highest level of pectic substances(Bpples and cucumbers), cell
membrane proteins (F2 in apples and cucumbers)ggonglasmic proteins (F1 in apples
and cucumbers). Fractions that bound calcium thst|&AF5 and AF1 for apples, and
CF5 and CF3 for cucumbers were mainly composee@laflose (F5 in apples and
cucumbers), had low levels of pectins and protéM<l in apples), or were mainly
composed of cell wall proteins (CF3 in cucumbers).

Overall results indicated that the F4 fractiormihich pectin was the dominant
compound showed higher binding potential to calctinan all other fractions. This re-
confirmed the role of pectin in calcium-inducednfiress in plant-based products
(Poovaiah and others 1988). In addition, this stiodyd that cell membrane proteins and
cell cytoplasmic proteins also interacted with aatt. Previous research also has found
that calcium could interact with membrane proteind cause protein pattern changes in
apple fruits (Poovaiah and others 1988). Additibnairactions mainly consisting of
cellulose also showed come affinity for calciumspwhich may be attributed to physical
adsorption, as reported for calcium binding to udele, methyl-cellulose hemicellulose

and psyllium (Torre and others 1992; Luccia and k&h2002).

3.5 Conclusion

The involvement of different macromolecules fronplepand cucumber tissues in
calcium binding was explored bw vitro calcium binding with apple cortical and
cucumber mesocarp tissue powder and stepwise extbds. The dominant compounds

in the extracted fractions from apple are as folopectic substances in F1, F2, and F4,
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protein in F3, and polysaccharide in F5. F2 andsk@wed higher binding capacity than
F1 and F5. The dominant compounds in the fractivosm cucumber are as follows:
proteins in F1, F2, and F3. pectic substances jmpblsaccharide in F5. F1, F2 and F4
showed higher binding capacity than F3 and F5. Resndicated that calcium was
bound by all fractions from both apple and cucumhbssues, but those fractions
dominantly composed of pectic substances, membpaoiin or cytoplasmic protein
showed higher binding capacity. The results cordiointhe important role of pectic
substances in calcium-induced firmness in both wiogr and apple. However, cell
membrane, cytoplasm proteins may be involved a$ duel to the high level interaction

between calcium ions and these macromolecules \adx$an this study.
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Chapter 4 Isothermal Titration Calorimetry Analysis of
Calcium-Binding to Pectin and BSA
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4.1 Abstract

The binding behaviors of pectin and bovine serubumlin to calcium were
investigated by Isothermal Titration Calorimetry@). Both polymers showed binding
capacity to calcium with different isothermal patte and different calcium-binding
capacities, indicating that interactions betwednigm and biopolymers from vegetables,
fruits, and mushrooms can be researched with theo&ilTC technique to further

understand the mechanism regarding the texturatedf calcium on these products.

4.2 Introduction

Isothermal Titration Calorimetry (ITC), which caneasure enthalpyA#),
entropy AS°), free energy AG°), association constant constant (K) upon the reacti
occurring between metal and polymers, has beenlyiglmployed in studying metal-
polymer interactions, (Wilcox, 2008). Interactionfscalcium with food substances such
as pectin and proteins have been invstigated by(FaDg and others 2008).

In previous studies, we quantitatively investigatdee calcium binding to
macromolecular extracts from apples, cucumbers, anghrooms, and important
information about calcium binding to the extractstaned by ITC may facilitate the
understanding of the role of calcium in tissue figes improvement. As proteins and
pectic substance fractions extracted previouslyvglothe highest capacity for binding
with calcium ions, in this experiment we were tgyimo preliminarily characterize
calcium-binding to pectin and bovine serum albufB®A) using ITC and gather data
for further studies on calcium-binding to extradt®m apples, cucumbers, and

mushrooms.
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4.3 Material and Methods

4.3.1 Materials

Pectin, BSA, calcium chloride (Cafl and potassium chloride (KCI) were

purchased from Sigma (St. Louis, MO).

4.3.2 1TC Experiment

Pectin, BSA, CaG| and KCI were separately dispersed in a 10 mM-H@4
buffer (pH 7.0) and stirred overnight to ensure ptate dissolution. The titration
calorimetry measurements were performed with a TAMtitration calorimeter (TA
Instrument Inc. USA) at 25 °C. Aliquots (8 -10 pdf) CaCL/ KCI ligand solution (25-
100 mM) were sequentially titrated into 3 mL reantcell initially containing 2.7 mL of
either 10 mM Tris-HCI buffer (pH 7.0) or sample wbns (0.2%-6.7% w/v). A total of
25-30 injections were performed for each measurémath an interval of 10 mins
between two successive injections, and the stirspged was 60 rpm for all the
experiments. Binding constant (K), binding entha{pid), and accumulative heat were

analyzed by TAM assistant software (TA Instrumemnt USA).

4.4 Results and Discussion

4.4.1 Calcium binding to pectin

The ITC thermograph for the sequential injection of @81 CaC} into 0.2%

pectin (w/v) solution is displayed Figure4.1 - A. The heat flow peak, which indicates
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Figure 4.1 - ITC data for CaGl binding to pectin (0.2% citrus pectin, 10mM Tri&H
buffer, pH 7.0, 8ul* 30 injections). A: 25mM Caglinto pectin; B: Dilution effect
(25mM CaC} into Tris-HCI buffer); C: Viscosity effect (Therfit 6 injections with
100mM CaC}, the rest 24 injections with Tris-HCI buffer); @ccumulative heat of
CaCl into pectin (after deduction of dilution and visdg effect, volume represents the

added CagG).
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the heat release at each injection, increasedimjghtion of CaClin the first 4 titrations,
then decreased and achieved a flatted stage imdjcdte saturation of binding. The
dilution effect of calcium into buffer was obtaindwy using corresponding blank
experiment as shown Figure 4.1 - B. It showed the whole pattern was flatted. However,
the dilution effect of around 3 uW was not equalthe peak value of 7 pW after
saturation of binding. This might be caused byramaased viscosity of pectin solution or
other side effects after addition of CaGWhich was then examined by initially titrating
100 mM CaClinto 0.2% pectin (w/v) solution then the Tris-HGIfter (Figure 4.1 - C).

It showed around 6 pW heat released. Neverthdlesgombination of dilution and other
side effects (around 7 pW) could not be obtainedsimyply summing the individual
values (around 9 pW). In the present experimerg, hleat accumulated from the
interaction between Cagand pectin was calculated by subtracting the coatlmn of
dilution and other side effects (7 pW) upon tiwatishown inFigure 4.1 - D. The
binding saturation was achieved after 15 injectiGarsund 150 pL Cag), at which the
weight ratio between calcium and pectin was aroR8dmg Ca /g pectin solids. The
accumulated heat after calcium-binding was satdratas around 1.2 mJ. Additional
study on KCI binding to pectin was performed to pame it with calcium binding to
pectin showing irFigure 4.2 - A. Corresponding blank experiment was showRigure
4.2 - B. Similar patterns were obtained between KCI bigdim pectin and its blank, and
the pattern of KCI into pectin was distinctly diféel from CaCl binding to pectin.
Because the molecular weight of source pectin vasdatermined, the thermodynamic

parameters were not calculated.
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Figure 4.2 - ITC data for KCI titration into pectin at 25 °C &0 mM Tris-HCI buffer

(pH 7.0). A: 50mM KCI titration into 0.2% pectin;:Bilution effect (50mM KCI

titration into Tirs-HCI buffer).
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The results showed a weak binding between calcinchpgectin. The pattern of
CaCb binding to pectin obtained in our experiment wéferent from that obtained by
Fang and others using acetate buffer (pH 5.0). ddtéern they got was starting from
decrease, then increase, decrease, and satur&émg €t al., 2008). This difference
might be caused by different binding buffer anddectin source and concentration. The
comparison between CaCind KCI binding to pectin suggested the interaxcbetween

Cca* and pectin was significantly different from theéeiraction between Kand pectin.

4.4.2 Calcium binding to BSA

Figure 4.3 - A displays thermograph of the 25 mM Ca@irated into 6.7% BSA.
The pattern indicated that a regular shape of é&athcurve occurred under the current
system. The accumulated heat after subtractingithgon effect was shown iRigure
4.3 -C. The binding saturation was achieved after addingund 70 pL CaGlwith
accumulated heat of around 42 mJ. The weight Hticalcium-binding was around 0.4
mg Ca/g BSA solids. As the molecular weight of B&As known, the data was fitted to
calculate the thermodynamic parameters for theraot®n Figure 4.3 - B, D). The
results showed that binding between BSA and calcivas exothermic and strong

(k~10%). The binding ratio of BSA to calcium based on enebncentration is around 1: 6.

45 Conclusions

The binding behaviors of pectin and BSA upon additiof calcium were
investigated by ITC under the system that was usgutevious experiments for fraction
binding from cucumbers, apples, and mushrooms (10frd-HCI, pH 7.0). Both

polymers showed binding capacity to calcium wittiedent isothermal patterns. The
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Figure 4.3 - ITC data for 25 mM CagGlitration into 6.7% BSA at 25 °C in 10 mM Tris-
HCI buffer (pH 7.0) with 10uL* 25 injections: A: CaGlinto BSA; B: Fitted model for
thermodynamic parameters calculation; C: Accumdldteat after deduction of dilution

effect; D: Thermodynamic parameter by fitting model
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isotherm curve was different from regular bindingwes in calcium-binding to pectin.
The binding capacity was around 28 mg Ca/g pediiils The isotherm curve obtained
from BSA was regular with calcium-binding capaaitfy0.4 mg Ca/g BSA solids. The
parameters obtained were consistent with previep®rted values regarding calcium
binding to other proteins. It revealed that furthesearch could be carried out using ITC
to elucidate the interaction of calcium to macroecoles in vegetables, fruits, and

mushrooms for fully understanding calcium-induciechfiess in these products.
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Chapter 5 Conclusions

To fully understand the mechanism of calcium-indld@mness in fruits,
vegetables, and mushrooms, potential macromole@néssites involved in calcium-
binding were investigated by vitro calcium-binding with tissue extracts from apple,
cucumbers, and mushrooms. Different fractions wstepwise extracted and the
dominant compounds in the each fraction were: dgwpic proteins in MF1, cell
membrane proteins and polysaccharides in MF2, cedll alkaline soluble
polysaccharides in MF3a and MF3b, cell wall alkalimsoluble polysaccharides and
chitin in MF4a and MF4b in mushroom fractions; pecubstances in AF1, AF2, and
AF4, cell wall proteins in AF3, cell wall cellulosen AF5 for apple fractions;
Cytoplasmic proteins, cell membrane proteins, eall proteins in CF1l, CF2, CF3,
respectively, cell wall pectic substances in CFedl, wall cellulose in CF5 for cucumber
fractions. The calcium-binding to extracted franaevealed that calcium was bound by
all fractions from all three materials, but thosacfions dominant composed of pectic
substances, membrane protein and cytoplasmic psyteiowed higher binding capacity.

Considering chemical composition and calcium bigdicapacity for each
fraction, the potential biopolymers and sites thaght contribute to the textural property
improvements by calcium treatment in apples, cuamhband mushrooms identified
with following specific conclusions:

1. Pectic substances play an important role iniwad-induced firmness in both

cucumbers and apples, which confirms previouslgtéegg-box” model.
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2. The possible sites and macromolecules for caldinding in mushrooms
include cytoplasmic and cell membrane proteins.

3. Cell membrane proteins from apples and cucumiaeis cytoplasmic proteins
from cucumbers also showed high calcium-bindingacép, which is consistent with
what has been observed in mushrooms and suggdbtmembrane and cytoplasmic
proteins may contribute to calcium-induced firmnessside effects to the “egg-box”
model.

This study identified cytoplasmic and cell membramteins as the most
potential macromolecules involved in calcium-birgliother than pectic substances.
However, the binding of calcium to compounds impdaand mushrooms is complicated
and remains unclear. Calcium may bind to calciultatee proteins, and negatively
charged residues of polysaccharides and proteinmsdir®) may take place by ion
exchange, chelation, and adsorption. High calciumiibg capacity of isolated fractions
alone can not explain the contribution of calciumtexture improvement. Considering
the effects of calcium on firmness improvement, sgade biopolymer-calcium
complexes, and the influence of the complexes dhnsieroenvironment need to be

characterized to fully explain the function of gata in softening retardation.
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