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1. Introduction

The potato (Solanum tuberosum), as a living organism, requires specific

environmental conditions following its harvest to ensure that quality of the tuber can be

maintained. The two primary determinants of quality and yield of tubers from storage

are the tuber's reducing sugars' content and how well the tuber retains moisture

(Burton, 1989). Various changes occur within the complex structure of the tuber during

storage, including enzymatic conversion of starch to reducing sugars, a process

accelerated by lowering temperature (Pritchard and Adam, 1994) and moisture loss to

the outside environment, a process accelerated by low relative hurnidity, which cause

reduction of turgor in the tuber.

The process of making a French fry involves the following unit operations:

washing, peeling, preheating, cutting, blanching, drying, frying and freezing. Heat

applied to the tubers and the strips through hot water baths and through frying allows

for texture and colour development (Lingle, 1988; Andersson et al^,1994).

The desired French fry resulting from this combination of unit operations has a

crisp exterior, mealy interior and uniform golden colour. The blanching operation, a

brief heat treatment performed by immersing potato strips in hot water (Lingle, 1988;

Andersson et al., 1994), is an important step in achieving the desired quality attributes.

Blanching is performed to inactivate enz¡rmes and to leach out surface sugars (Kaymak

and Kincal, 1994) to ensure uniform colour in the finished product. Starch undergoes

gelatinization during blanching contributing to the texture of the final fry. Pectin methyl

esterase, activated during preheating, is now deactivated to prevent toughness in the
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finished fry, and capillaries for moisture removal in the next stage drying are developed

(Lamberg et a1.,1990; Van Arsdel, 1973).

The structural changes occurring during blanching give rise to a difference in the

mechanical properties of the potato parenchyma (Andersson et al. 1994). Many

techniques have been used to measure the mechanical properties of potato tissues. Small

strain rheometric techniques have the advantage that delicate structures are not affected

by the small stresses used to probe the mechanical properties. In addition, normal force

measurements can be performed concurrently with shear measurements, allowing

additional information on changes in mechanical properties associated with thermal

effects to be determined.

The objective of the following study was to investigate the effects of raw material

quality measured by turgor pressure and the blanching operation on the mechanical

properties of the blanched product (since this has a significant effect on the finished

quality of French fües). A series of rheological tests were carried out on locally grown

potatoes to relate the effect of varying turgor pressure to the resulting texture and to

investigate the role of starch in the blanching operation.



2.Literatare Review

2.1 French Fry Processing

Commercial potato production in Manitoba is 2"d largest in Canada, second

Prince Edward Island. 40-50% of all of Canada's frozen French fües are processed

Manitob a (Manitob a D ep afi ment o f A gri cultar e 20 02) .

2.1.1 The Market

Consumption of frozen potato products in Canada has been showing a decline over

the period of 1993 to 2003 (Fehr, 2005). This puts extra pressure on French fry

processors to ensure delivery of a high-quality, consistent product to their customers.

2.1.2 Quality objectives during processing (good colour and texture)

Evaluation of French fried potatoes is often based upon 2 important quality attributes,

colour and texture (Talburt et al.,l98l). The fry should be firm and break evenly when

bent (Burton, 1989) while exhibiting a crisp outer shell and mealy interior (Talburt et

al., 1987; Du Pont et al., 1992). Colour varies from light cream to golden brown and

should be uniform along the length of the fry (Talburt et al.,1987).

2.I.3 The unit operations

The commercial French fry process is made up of several unit operations, each one

having an important effect on finished product quality, but also influencing the next unit

operation. For a standard peeled French fry, potatoes are washed, peeled, preheated,

cut, blanched, dried, fried and frozen.

The enzyme pectin methyl esterase (PME) can be found in many fresh fruits and

vegetables, including potatoes (Reeve 1972). Once activated, the enzpe causes

demethylation of pectic polysaccharide chains (Tijskens et a1.,1998). Cross-linking by

to

in
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calcium can occur resulting in firm structure in the potato. The theory behind

preheating is that by interlocking the PME chains less breakage and less shattering of

the French fry strips will occur during the cutting process (Bartolome and Hoff, I9l2).

The blanching operation is a brief heat treatment performed by immersing potato

strips in hot water for various lengths of time (Lingle, 1988; Andersson et a1., 1994).

The intent of the blanching step is to remove sugars from the strips, inactivate enzymes

and develop the texture of the strips. Starch gelalinization and pectin degradation occur,

allowing for the desired mealy texture to develop (Van Arsdel,1973).

Time and temperature conditions during blanching are dependent on the desired

quality attribute in the finished product. High temperature short time (HTST) blanching

may be utilized to facilitate texture development, while low temperature long time

(LTLT) blanching may be utilized to allow for longer leaching time of reducing sugars.

These treatments, HTST and LTLT may be used in combination.

Dryrng is a heat treatment applied to blanched potato strips to gradually remove

moisture to the desired solids content (Lingle, 1988). The prior unit operation of

blanching has facilitated the gelatinization of starch and through starch swelling it

pushes outward on the cell walls. This outward force from swelling starch makes the

cells rounded and swollen and creates channels through which the moisture can escape

the potato structure (Van Arsdel,1973).

Frying is performed on the fries to develop a crisp outer shell. It allows for further

moisture to be removed from the potato strip, on the surface, causing the crisp shell, and

for the uptake of oil which adds flavour to the f,rnished fry (Saguy and Pinthus, 1995).

Along with shell development the frying process can affect the overall finished colour
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of the resulting fries. The reaction by which colour is developed is the Maillard

reaction, a multi stage chemical reaction starting with an interaction between a free

amino group and an aldose or ketose group of a reducing sugar to form a glycosylamine

(Baltes, 1982). The glycosylamine then undergoes rearrangement by an Amadori

reaffangement to yield an aldoseamine or ketoseamine These compounds are degraded

to diketoseamine sugars which are then degraded to yield amino compounds. Brown

pigments develop from these amino compounds (Baltes, 1982). Glycosylamine can

also undergo Strecker degradation which also results in brown pigment and bitter

flavour compounds.

2.1.4 Importance of blanching to quality

Blanching is an important unit operation due to its effects on finished texture and

colour. Inactivation of enzyrnes such as polyphenol oxidase (PPO) in the blanch

prevents after cooking darkening in the finished strip. The removal of reducing sugar in

the blancher also removes the substrates required for the Maillard reaction in the fryer.

Sugars are not evenly distributed throughout the potato, and therefore are unevenly

distributed throughout the strip as well. Blanching removes these sugars so that the

finished colour is an even golden brown.

2.2Potato Structure

2.2.1 Macrostructure

The potato is an underground stem known as a tuber. Potato tubers develop at

the end of swollen underground stem structures, rhizomes or stolons, and serve as

energy storage for a potato plant.
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Potato tubers are made up of several principal structural features including the

periderm, cortex, vascular ring, pith, and the vascular storage parenchyrna. The

periderm, or outer tissue, reduces the tuber's susceptibility to wounds or skinning injury

after harvest. The cortex is tissue mainly composed of parenchyma cells which extend

between the periderm and vascular tissue of the tuber. The vascular tissue is composed

of conducting cells and transports water and energy molecules (eg. starch) throughout

the tuber. The pith, which tends to be soft or spongy, consists of parenchyma cells. It is

located in the center of the tuber.

2.2.2 Microstructure of Parenchyrna

Structural components of parenchyrna cells provide structure and organization to

the cell, consisting of a primary cell wall and membrane bound protoplasm (Ilker and

Szczesniak, 1990). The typical make up of cell walls and middle lamella of potato cells

is 60% pectic polysaccharides, 28o/o cellulose, 10olo hemicellulose and 2%o glycoproteins

(van Dijk, et aL.2002).

Pectin plays an important role in determining the texture of both fresh and

processed vegetable products (van drjk and Tijskens, 2000). Pectin is made up of linear

and branched regions ( De Vries, et al, 1982). The linear regions consist of a backbone

of galacturonic acid with intermittent insertions of rhamnose (van Dijk, et al. 2002).

Rhamnose sugars in the pectin backbone confer flexibility to the structure (Jarvis,

1984). The galacturonic acid backbone may carry methyl, acetyl, or phenolic groups

(van Dijk, et al.2002; Fry, 1986). These promote solubility and gelling of pectin by

preventing cross-linking of the polymer (Jarvis, 1984). Pectin cross-linking occurs

through ester bonds to other pectic molecules, hemicellulose, cellulose or protein (van



7

Dijk, et al. 2002). In the primary cell wall the branched regions of the pectin molecule

are present in higher proportions and provide mechanical strength to the cell wall (van

Dijk, et al. 2002), while in the middle lamella the linear regions of pectin are present

and act as intercellular adhesives (Jarvis, 1982) acting as the glue which holds the cells

together.

Cellulose consists of linear chains of glucose molecules stabilized by intra- and

intermolecular hydrogen bonds. Cellulose provides mechanical strength to the cell wall

(Shomer and Levy, 1 988).

Hemicelluose is sirnilar in structure to cellulose, but is less complex.

Hemicellulose is made up of polysaccharides derived from arabinose, xylose, glucose,

galactose and mannose.

Glycoproteins are attached to the rhamnogalacturonan backbone of pectin

through the pectin sidechains (Fry, 1986). The carbohydrate fraction of glycoproteins is

composed of arabinose and galactose sugars (Cassab and Varner, 1988).

The protoplasm consist of a nucleus, cytoplasm and vacuoles. The cytoplasm is

primarily made up of starch and water. Vacuoles contain cell sap which exerts turgor

pressure on the cells of raw potato (Newcomb, 1980).

Entry of water into the vacuole causes the vacuole to expand and press

cytoplasm content against the cell wall, creating turgor pressure and firming of

cellular structure (Niklas, 1 989).

Starch is synthesized biochemical and stored in individual packets called

granules. The granules are located within the cell matrix and function as stored energy.

Starch is made up of repeating units of glucose and occurs as either as amylose, an

the

the
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alpha 1-4 linked linear chain, or as amylopectin, consisting of an amylose backbone

with beta 1-6 branch points. Potato starch has an average amylose/amylopectin ratio of

25:75.

2.2.3 Changes in structure during storage

Tubers undergo changes during storage. Moisture loss in tubers occurs naturally

during storage due to the physiological processes of respiration and transpiration (Braue

et à1, 1983). Excessive moisture loss after harvest is usually prevented by

preconditioning of tubers during which tubers are exposed to high temperatures (15"C)

and high relative humidity (85-90%) for approximately 14 days (Pritchard and Adam,

1e92).

Cellular components also undergo structural changes during periods of extended

storage. An increase in total number of small-sized starch granules was reported during

a7?-week storage period at 8"C (Golachowski, 1985). The increase was attributed to

enzymatic hydrolysis of large granules during storage. The vacuolar membrane

disintegrates during prolonged storage of tubers. This disintegration affects the

turgidity of parenchyma cells (Brusewitz et al., 1989).

Falk et al in 1958 reported that elastic modulus increased with increased turgor

for biological materials. As moisture loss occurs during storage, intercellular turgor

pressure decreases and with less pressure being exerted on cell walls, they can be

described as less stiff or flaccid. Over time it has been reported that cell turgor pressure

decreases and cell wall stiffness increases (Brusewitz et aL,1989).



MANUSCRIPT #1

Effects of Blanching Conditions on the Physical Properties of Potatoes

ABSTRACT

Understanding the relationships between raw material properties and how those

raw materials should be optimally processed is vital for enhanced utilization of potatoes

(Solanum tuberosum). Our objective was to investigate the effect of starch swelling

properties on the textural response of processed potatoes (cv. Russet Burbank).

Potatoes of high and low solids content were selected from a batch of tubers in two

growing seasons. Excoriated and whole potato cylinders were excised. Three

blanching conditions were selected: standard, low temperature long time (LTLT), and

high temperature short time (HTST). After blanching, the textural response of the

cylinders was measured in compression. Modulus values of the excoriated cylinders

were substantially lower than would be expected from a sirnple reduction in the

cylinders' cross-sectional area. Blanching conditions also had a significant effect on the

modulus values for the whole and excoriated cylinders. Hunterlab L (lightness) values

of the resulting French fries were also monitored, but treatments were not statistically

significantly different. The blanching operation is thus an important element for

controlling product texture, even for tubers whose colour quality is such that extensive

blanching is not required.

INTRODUCTION

Commercial potato production in the province of Manitoba is the second largest

in Canada, sutpassed only by Prince Edward Island. The vast majority of the crop is
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processed into frozen French fries, and as a result 40-50% of all of Canada's frozen

French fries are processed in Manitoba (Manitoba Department of Agriculture, 2002). It

is Manitoba's ability to produce high quality processed potato products that has

encouraged growth in this industry, with another processing plant having opened in the

spring of 2003. Two important quality characteristics when evaluating French füed

potatoes are colour and texture (Talburt et al., 1987). Desirable textural attributes of a

French îry are a crisp outer crust and a mealy interior (Talburt et al.,1987; Du Pont et

al., 1992). Mealy texture is one in which cells are easily friable (Bohler et al., 1986).

The French fry should also be firm and break evenly when bent (Burton, 1989). The

colour of the ideal French fry varies from light cream to a golden brown and the colour

should be uniform along the fry (Talburt et a1.,1987).

Texture in the final product is a complex phenomenon influenced by the

properties of the raw material (Agblor and Scanlon,2002) and the processing conditions

employed (Agblor and Scanlon, 2000). Interactions between free water, the amount of

starch and other tuber components, as well as the chosen conditions of specific

processing operations all affect the measured textural characteristics (Jarvis et al., 1981;

Blahovec and Esmir, 2001).

In commercial French fry processing, the blanching operation is a brief heat

treatment perfonned by immersing potato strips in hot water for various lengths of time

after the tubers have been cut into strips (Lingle, 1988; Andersson et al., 1994). The

primary purpose of blanching is to inactivate enzymes and to leach out surface sugars

(Kaymak and Kincal, 1994). Blanching also has an enorTnous effect on the texture of

the fry as it gelatinizes starch (Lamberg et al., 1990), alters pectin structure and



11

facilitates moisture removal during the drying stage in French fry production (Van

Arsdel, 1913). Conditions during blanching can be altered to affect the resulting colour

and texture of the fües. These conditions must be adjusted according to the

characteristics of the incoming raw material in order to optimize colour and texture and

to attain uniformity in quality of the final product.

The objectives of this study were to investigate the effect of starch swelling

pressure on blanched potato texture and to determine the effects of different processing

regimes on the textural quality of potatoes of different characteristics sourced from the

same growth location.

MATERIALS AND METHODS

A single batch of commercially grown potatoes obtained from the 2000 crop

year was randomly divided into two groups and stored at temperatures of 8 and 20"C.

Tubers remained at these temperatures until selected for analysis during the months of

October 2000 through January 2001. A second batch of potatoes from the 2001 crop

year was then treated in the same way and utilized in analyses during the months of

February 2001 through May 2001.

Potatoes of high and low solids content were individually selected from the two

temperature chambers. Potatoes having specific gravities greater than or equal to I.094

were classified as the high solids group, while tubers of specific gravities less than or

equal to 1.087 belonged to the low solids goup.

Whole and excoriated potato cylinders with a diameter of 30mm and a height of

30mm were prepared. Excoriated samples were further prepared by removing a smaller

cylinder with a diameter of 15 mm from the centre of the whole cylinders. Half of the
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samples were treated with 7Yo marnitol solution for 12 hours prior to blanching to

remove water from the potato cells. The removal of water from the potato cells was

performed to rnodify the turgor pressure of the potato cells in those tubers soaked inTo/o

mannitol.

Unifonn French fry strips were cut, using a French fry knife block, from the

same groups of tubers used to prepare cylinders for textural analysis. The strips were

subjected to the same blanching regimes as the cylinders in order that the effect of

processing regime on fry colour may be monitored by measuring the Hunterlab

lightness (L) value following deep fat frying in canola oil.

Three blanching regimes were chosen and performed using two open-jacket

thermostat controlled steam kettles. Cylinders were immersed into the hot water using

small individual mesh baskets. The order in which the processing was performed was

determined randomly for the first trial and this order was adhered to throughout the

remaining trials. Standard conditions involved immersing the potato cylinders at

79.4oC for 3 minutes and then transferring the cylinders to a second blanch at 74"C for

8 minutes. A low temperature long time (LTLT) regime was performed in which

cylinders were immersed in a bath at 62"C for 16 minutes. A high temperature short

time (HTST) regime involved the immersion of the cylinders into a 90'C blancher for 3

minutes. Intemal temperature of the samples was measured using a thermocouple

inserted into the center, or as close to the remaining center in the case of the cored

samples. The thermocouple temperature rffas monitored throughout each of the

blanching regimes for a whole and cored sample.
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Following blanching, the cylinders were allowed to cool to room temperature in

individual airtight containers. The textural response (modulus) of the blanched potato

cylinders was measured in compression using a Lloyd texturometer within four hours of

the initial blanching.

A factorial design was used as the experimental design. Statistical analyses

were performed using the SAS computer program, Version 8 (SAS Institute Inc., Cary,

NC). Analysis of variance was performed using the general linear model (GLM)

procedure and differences between treatments were determined by Tukey's studentized

range (p<0.05).

RESULTS AND DISCUSSION

Effects of Cylinder Type on the Textural Response

The results of textural analysis on the cored and whole cylinders are shown in

Table 1. Even after the modulus values of the cored samples have been adjusted for the

amount of area removed (multiplied by 413), the moduli for the cored cylinders are still

significantly less than for the whole samples.

Table 1. Results of textural analysis on whole and excoriated potato cylinders.l

Potato cylinder Young's modulus (MPa)
Whole 2.600
Cored 1.68

lModulus of 
"or"d " to pennit direct

comparison to the whole cylinders.
n Within a column, mean values followed by the same letters are not significantly
different from one another þf0.05).

The initial hypothesis was that the cored samples would be stiffer than the whole

samples based on the theory that starch swelling pressure (Jarvis et al., 1992; Agblor

and Scanlon, 1998) would weaken the overall structure of the middle lamella (Niklas,
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1988). By removing the core from the cylinder, the extent of weakening of the

properties of the blanched cylinder by starch swelling pressure would be lessened

(Jarvis et al., 1992). There are several reasons why this hypothesis is not tenable and

why the modulus of the cored samples is reduced. The surface area ratio for cored to

whole cylinders is larger so that cells containing swollen starch granules of the cored

cylinders are able to slough off from both sides into the water bath. In addition, access

of hot water to inner and outer portions of the sample allows for pectin breakdown to

occur faster, and ions such as calcium and magnesium, which can form strengthening

complexes with pectic polysaccharides and stabilize the pectin (Loh and Breene, 1982),

are released and leached out of the sample. Therefore, they are not available to form

strengthening complexes.

Differences in solids content of tubers had no effect on the modulus values of

the cylinders. It would be expected, based on the hypothesis of starch swelling

pressure, that samples with high starch content would have been weakened (Jarvis et

aI., 1992) and hence have a lower modulus.

Effects of Blanching Conditions on Textural Quality of Whole Potato Cylinders

As shown in Table 2, textural results showed that whole samples blanched under

high temperature short time conditions maintained the greatest stiffness. Standard and

LTLT conditions produced Young's modulus values which were not significantly

different from one another. Part of the reason for the significantly stiffer HTST samples

is that their interior had not been adequately 'cooked', with their intemal temperature

only attaining 50oC by 3 minutes. Therefore the high temperature short time samples
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had not had sufficient time for heat to facilitate the degradation of pectin or for the

gelatinisation of starch to occur near the centre of these cylinders.

Table 2. Effects of blanching conditions on textural quality of whole potato cylinders.

u Within a column, mean values followed by the same letters are not significantly
different from one another (pS 0.05).

Figure 1 shows the Young's modulus values for each blanching regime over the

storage months for each of the crop years. The 2000 crop year shows a definite decline

in the stiffness of the cylinders over the months of October through January, whereas

the 2001 crop modulus changes little with time. The 2000 tubers had been stored for

much longer than those used from 200I, and were a year old at the time of analysis.

Blanchins conditions Youns's modulus lMPa
ature short time I 2.71^

re lons time I 2.54
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Fig. 1. Comparison of Young's modulus against months in storage of whole samples
stored at 8oC for each of the three blanching conditions: standard (n,r), high
temperature short time (4,À), low temperature long time (o,r). Open sl.rnbols
represent 2000 crop year, closed symbols represent 2001 crop year.

Effects of Blanching Conditions on Textural Quality of Cored Potato Cylinders

As shown in Table 3, textural results showed that cored samples blanched under

high temperature short time conditions maintained the highest storage modulus value.

As with the whole samples, the Standard and LTLT conditions produced Young's

modulus values which were not significantly different from one another. The high

temperature short time samples, although at a high temperature, did not allow suffrcient

time pectin degradation.
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Table 3. Effects of blanching conditions on textural quality of excoriated potato
cylinders.

Blanching conditions Young's modulus (MPa)
High temperafure short time 7.74u

Standard
owithin 

a column, mean values followed by the same letters are not significantly
different from one another þf0.05).

The standard blanching has a total of eleven minutes of thermal treatment at an

intermediate temperature (74-80'C). This time-temperature regime would result in

starch gelatinization occurring throughout the cored structure and the lower temperature

range results in less pectin degradation (Reeve, l9l2). The high temperature short time

blanch with a temperature at 90oC causes active breakdown of the pectic polysaccharide

substances (Kawabata et al., 1916), however the short duration for which the samples

are immersed (3 minutes) does not allow for extensive degradation of pectin to occur.

The low temperature long time blanch also results in substantial degradation of pectin

as increasing the time exposure to heat increases the extent of breakdown of pectic

components by beta-elimination (Hughes et a1.,I975; Kunzek et al., 1999).

Results of Blanching Conditions on Fry Colour

It is assumed that improved colour of French fries is associated with higher L-

values (Habib and Brown, 1956). No significant differences were observed between

blanching treatments and between fries made from tubers stored at 8oC and 20"C

(results not shown). Figure 2 shows the comparison of Hunterlab L-values against

storage time of samples stored at 8"C for each of the three blanching conditions. The

results show slight differences between the 2000 and 2001 crop year, with the colour of
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Fig. 2. Comparison of Hunter Lab L-value against months in storage of potato samples
stored at 8oC for each of the three blanching conditions: standard (n,r), high
temperature short time (4,Ä), low temperature long time (o,o). Open syrnbols
represent 2000 crop year, closed s1.rnbols represent 2001 crop year.

CONCLUSIONS

Although differences were seen between the textural response of cored and

whole potato samples the effects of starch swelling pressure were not clearly evident as

reasons for these differences. The blanching conditions chosen do change the

mechanical properties of the samples: the extent of reduction in the stiffness of

cylinders was a function of the temperature and time of thermal treatment during
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blanching. Differences in stiffness were surmised to arise from differences in pectin

degradation. For the batches of potatoes used and the blanching conditions employed,

colour quality of the fries was not affected by variation in processing treatments.
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MANUSCRIPT #2

Effects of Turgor on Textural Reponses of Tubers

ABSTRACT

Changes in turgor pressure are associated with prolonged storage and increased

age of potatoes (Solønum tuberosum). By manipulating the turgor pressure of potatoes

grown in the same location during the same crop year, the effects of climate, age and

inherent structural degradation are minimized. By eliminating potential interactions

based on climate, growth location and parameters and age, textural responses of tubers

may then be evaluated based on turgor. Our objectives were to carry out a range of

rheological tests on tubers at different extents ofturgor pressure (fresh, flaccid, turgid)

and determine the influence that turgor has on textural characteristics. Small strain

oscillatory analyses were conducted on 5mm thick samples 20 mm in diameter. As

expected, turgor pressure had a significant effect on the modulus values of the turgid,

fresh and flaccid samples. Turgor also had a significant effect on tan delta (õ), with

greatest energy losses seen in fresh and flaccid samples. Thus, turgor pressure plays an

important role in influencing textural attributes of tubers independent of cellular

degradation associated with extended storage.

INTRODUCTION

A key factor in the evaluation of food product quality is food texture. Although

consumer evaluation of perceived food quality is subjective, much of what is

determined by consumers is based on the rheological behaviour of the foods. For

example, produce firmness is evaluated at the grocery store based on deformation
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resulting from physical pressure applied by hands and fingers. In the potato processing

industry a test referred to as the 'bite test' is utilized to evaluate the degree of blanch

that the potato strip has undergone. The strips are masticated and attributes such as raw

starch flavour, crunchiness and bite resistance are evaluated.

Rheology, the science concerned with deformation and flow of matter, provides

a means by which to quantiff these subjective perceptions and evaluation criteria. A

knowledge and understanding of rheology and mechanical properties of foods is

important in the food processing industry. The design of processes for quality control,

the ability to predict the impact that storage may have on a product, and the

understanding of a product's texture can all be improved by increasing this knowledge.

Just as the component make up of tubers influences textural changes of potatoes,

so do changes in intercellular turgor pressure (Scanlon et al., 1996). ln order to

understand and rnanipulate specific textural attributes of plant material, an

understanding of the relationship between texture and structure must be gained

(Alvarez, et al., 2000). The potato processing industry utilizes tubers with varying

textural and structural characteristics and strives to influence these tubers, through unit

operations, to produce a high quality, highly uniform finished product. Chosen

conditions of specific processing operations all affect the measured textural

characteristics (Jarvis et al., 1981; Blahovec and Esmir 2001).

The objectives of the current study were to carry out a range of rheological tests

on locally grown potatoes at different extents of turgor pressure (fresh, flaccid and

turgid) and to relate these stages to their textural responses.
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MATERIALS AND METHODS

A single batch of commercially grown potatoes (Solanum tuberosum cv.

'Russet Burbank') were obtained from a single growth location near'Winkler, Manitoba

and stored at 8oC in a controlled relative humidity environment (85-90%). Specific

gravity of individual tubers was determined by weighing each individual tuber in air

and then in water. The tubers were then put into storage where they remained at 8oC

until selected for analysis during the months of Novernber and December. Potatoes

ranging in specific gravity from 1.063 to I.07J werc selected for analysis.

Preparation of Potato Flesh Discs used in Stress Sweep Oscillatory Testing

Slices 5mm in thickness were cut lengthwise along the tuber using a Bron slicer

(model Mandoline). Discs were cut frorn the slices at the stem end using a core borer of

20 mm in diameter. To avoid dryrng of the tuber and subsequent samples, each slice

was cut, the disc cored and then placed into an assigned treatment prior to the next slice

and disc being prepared.

One third of the samples were soaked in mannitol solution (7o/o,0.38M) for 15

hours at room temperature to modify turgor pressure by removing water from the potato

cells. One third of the samples were sliced and soaked in distilled water for 15 hours at

room temperature prior to analysis. Discs were placed in labeled containers containing

25mL of mannitol solution or 25 mL of water per sample. The final third of the samples

were sliced fresh directly prior to analysis.

The time required for measuring the mechanical properties varied from

approximately 6 minutes to 12 minutes depending on whether the samples were relaxed

on the rheometer for 0 or 6 minutes prior to analysis. Because of this, samples were cut
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and soaked at successive intervals of either 6 rninutes or 12 minutes to ensure equal

mannitol and water soaking time was achieved prior to analysis.

The thickness of each disc at four points around the disc was measured using

digital calipers just prior to analysis.

Stress Sweep Oscillatory Testing

An 4R2000 Rheometer with a stainless steel parallel plate geometry was used

for stress sweep oscillatory testing. The diameter of the upper plate was 20 mm. To

prevent drying of discs a solvent trap was placed around the samples.

Rheological measurements were obtained using the oscillatory mode. All

measurements were conducted at 22"C. Samples were relaxed under the applied

normal force for a period of either 0 minutes or 6 minutes prior to analysis. Values for

the storage (G') and loss (G") rnoduli, tan delta, and normal force were obtained using

the 4R2000 software.

Design of Experiment

Four normal forces (2.5, 2.0,2.5, 4.0N) were selected and applied randomly to

samples in a full factorial design. Preliminary experiments determined the linear

viscoelastic regions for the tuber samples based on turgor pressure. Based on these

initial experiments oscillatory procedures were selected for each turgor pressure and

applied normal force (Table 4). Normal forces were monitored at the beginning of

oscillation, throughout oscillation and following o scillation.

Statistical analyses were performed using the SAS computer program, Version 8

(SAS Institute Inc., Cary, NC). Analysis of variance was performed using the general
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linear model (GLM) procedure and differences between treatments were determined by

Tukey' s studentized range (p<0.05).

Table 4. Torque applied to samples at varying turgor pressure and normal force.
Normal Force Applied Torque Applied Torque Applied Torque
Applied (N) (pN.m): (pN.m): (pN.m):

Fresh Samples Mannitol Samples Water Samples
2.5 500 to 2000 250-1 s00 30-300
3.0 250-2000 30-2000 s0-200
3.5 2s0-2000 l 0-500 50-200
4.0 s00-2000 30-200 50-200

RESULTS AND DISCUSSION

Small Strain Oscillatory Shear Results

Effect of turgor pressure

Differences in turgor pressure exerted a significant effect on the stiffness of the

samples (Table 5). Overall, the storage modulus (G') values were higher than the loss

modulus values (G"), with the values being highest for samples soaked in water,

followed by fresh samples and fìnally by those samples soaked in mannitol (7%).

Table 5. Effect of turgor pressure on storage (G') and loss modulus (G").
Treatment of Sample Storage modulus (G') (kPa) Loss modulus (G") (kPa)
Water 764.0u + 243.9 100.9' + 31.9
Fresh 427.1o + 97 .1 7l.gb +23.4
Mannitol 279.9" + 80.3 46.0" + Il.6
u Within a column, mean values followed by the same letters are not significantly
different from one another (p<0.05).

Turgor pressure alters the water potential of the cell, which is influenced both by

the solutes dissolved in the cell sap and by the pressure exefted on the cell (Ramana &

Taylor, 1994). The results presented here agree with those presented by Falk et al. in

1958 that reported that elastic moduli increased with increased turgor for bioiogical
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materials. An increase in turgor pressure, due to soaking tuber samples in water,

imposes an internal pressure on the cell walls causing them to stiffen (Niklas, 1989) and

increases the storage modulus of the tissue.

Likewise, the loss of fluid as a result of treatment with l%o marnitol made the

samples less stiff and decreased the values of the storage and loss moduli.

The fresh samples had significantly lower values of G' and G" than the water-

soaked samples and significantly higher values than the mannitol treated samples.

Table 6 shows the values for delta (ô) for each of the sample treatments. The

highest relative loss of energy occurred in the fresh samples and the mannitol treated

samples. These treatments caused a significantly higher loss of energy than those

samples soaked in water. It is expected that the mannitol treated samples would have

become more compressible (Calzada & Peleg, 1989) due to a loss of fluid, and therefore

more susceptible to structural rearrangements that would lead to greater energy losses.

However, the fresh samples would have been expected to have ô values significantly

higher than the water treated samples and significantly lower than the mannitol treated

samples. The results for the ô indicate that although the fresh samples exhibited greater

stiffness than the dehydrated mannitol samples (Table 5) they were similar in their

inability to recover energy after shearing.

Table 6. Effect of furgor pressure on delta (ô).

Treatment of Sample delta (ô)

Fresh r0.20
Mannitol g.4u

Water 7.6
o Within a column, mean values followed by the same letters are not significantly
different from one another (p<0.05).
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Samples with the highest turgor pressure and fresh samples maintained the

highest normalized normal force throughout shearing (Table 7). Due to compression

there is a decrease in cell volume and therefore an increase in internal pressure and

stiffness of the samples (Gibson & Ashby, 1988).

Table 7. Effect of turgor pressure on notmalized applied nonnal force (FNuun/FNuoori"a).

Treatment of Samples (F¡uun/F¡uoo¡¡"¿)

Water 0.72u +0.08
Fresh 0.67^ t 0.09
Mannitol 0.61" + 0.11
u Within a column, mean values followed by the same letters are not significantly
different from one another (p<0.05).

The samples treated with mannitol lack fluid, so upon compression by the

rheometer geometry there is not sufficient fluid rnovernent within the sample, or

increased pressure resulting from the decreased cell volume. Therefore, without

internal turgor pressure to support the applied normal force, the cell wall structure is

unable to maintain the applied normal force throughout shearing.

Fresh samples - Effect of relaxation and applied normal force

The values for delta (ô) were higher for those samples relaxed for 0 minutes

compared to those relaxed for 6 minutes prior to oscillatory analysis (Table 5).

Table 8. Effect of relaxation time on delta for fresh samples.
Relaxation time (minutes) delta (õ) (desrees)

9.7 50

g.3go
u Mean values followed by the same letters are not significantly different from one
another (p<0.05).

A higher ô value means that less of the strain energy was recovered by the

sample, but rather dissipated as heat. Therefore, relaxation of the samples for 6 minutes

essentially makes them more elastic and able to recover from shearing as they have a
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lower relative loss of energy. A volume change may occur as the cells are compressed

prior to analysis which exerts additional pressure on the cell walls (Gibson & Ashby,

1988) and makes the samples stiff. If relaxation time is increased, however, it is

possible that cell wall stiffness may be weakened by distension due to increased turgor

pressure (Taiz, 1984; Gao et al., 1989) caused by cellular compression.

There were no significant differences in the values of the storage modulus (G')

or loss modulus (G") for either time of relaxation. However, the ratio of these moduli

was affected by relaxation time.

The applied nonnal forces showed significant effects on the values of ô that

were obtained during shearing of the samples (Table 6). Samples compressed under

2.5N and 4.0N had higher ô than those samples compressed under 3.0N and 3.5N. As

with relaxation time, perhaps increased compression of the cells during analysis results

in a lower relative loss of energy as the samples are stiffer due to increased internal

pressure (Gibson & Ashby, 1988).

Table 9. Results of applied normal force on delta for fresh samples.
Normal Force (N) delta (õ)
2.5 10.6u

4.0 g.g5u'b

3.0 9.77b

3.5 7.95
o Within a column, mean values followed by the same letters are not significantly
different from one another (p<0.05).

The 4.0N result is anomalous in that it is not in the higher stressor group. This

is perhaps indicative that this higher stress has disrupted the structure, leading to a

weakening of the tissue, hence less elastic response.
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Statistical analysis of ô revealed that there is an interaction seen between

relaxation time and the applied normal force for fresh samples. This result indicates

that the length of time a sample is compressed prior to analysis, and by what force the

sample is compressed will affect the degree of elasticity of the sample.

Table 10 shows the results of applied normal forces on the storage modulus (G')

of the tuber samples. Those samples to which higher normal forces were applied had

greater storage modulus values. Stiffer samples may be due to an increase in internal

pressure on the cell walls due to a change in cell volume upon compression (Gibson &

Ashby, 1988), causing the shear stiffness to increase. These results are similar to those

reported by Peterson & Hall in 1974 in which higher modulus values corresponded to

higher pre-loading.

Table 10. Results of applied normal force on storage modulus.
Normal Force (N) Storage modulus (G') (kPa)
4.0 517^ .-331
3.5 5l4u'a +229
3.0 4J3u'o + 235
2.5 391f t202
u Mean values followed
another (p<0.05).

by the same letters are not significantly different from one

Flaccid samples - Effect of relaxation and applied normal force

Statistical analysis of the mannitol data revealed that there were no significant

observations with regards to relaxation or applied normal forces. The exception of this

data was an identified interaction between relaxation time and applied normal force for

the normalized initial and final recorded normal forces. An interaction indicates that the

time of relaxation and the degree of applied normal force has an effect on the

rheological behaviour of the samples. It would be expected that longer periods of
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relaxation would have lower initial and final normal force values. A lack of internal

turgor pressure due to soaking in mannitol decreases a sample's ability to resist

compression (Calzada & Peleg, 1918) and so the effect of relaxation on a sample prior

to oscillation was not seen.

Turgid samples - Effect of relaxation and applied normal force

Statistical analysis revealed that there was only one significant observation with

regards to relaxation. There was no significant effect of applied normal force on õ or

storage modulus for turgid samples. Table 11 shows that water-soaked samples

subjected to no relaxation time maintained a higher normalized initial normal force than

those samples relaxed for 6 minutes. An increase in turgor pressure has been shown to

increase tissue stiffness (Brusewitz et a1., 1989; Gao et al., 1989). This result suggests

that prolonged application of stress (6 minutes of relaxation) versus no application of

stress (0 minutes of relaxation) on a turgid structure may cause further distension in the

sample structure therefore weakening or even rupturing cell walls (Taiz, 1984; Gao et

al., 1989). A weakening or disruption of the structure makes the sample structure

unable to maintain the initial normal force applied.

Table 11. Effect of relaxation time on normalizedinttial normal force for water-soaked
samples.
Relaxation time (minutes) Normalized Initial Normal Force (FNi/FNr)

0.814 + 0.08
0.73b + 0.05

u Mean values followed by
another (p<0.05).

the same letters are not significantly different frorn one
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CONCLUSIONS

Differences in the elastic response of samples of different turgor pressures

indicate that higher turgor pressure allows samples to maintain higher storage moduli.

Relaxation times of 0 minutes and 6 minutes showed differences with the results

showing that longer relaxation time may weaken or rupture cell walls. Higher normal

force applied to the samples resulted in a lower relative loss of energy indicating that

compression of the samples can influence their ability to rnaintain their structural

arrangement.
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MANUSCRIPT #3

Effects of temperature on texture of cooked potatoes

ABSTRACT

Cooking of potato tissue affects textural qualities of potatoes. Individual components of

tuber tissue undergo specific changes at different temperatures. The objectives of this

study were to monitor structural changes in potato texture throughout a "cooking trial".

A temperature ramp was applied to sarnples of potato parenchyma equilibrated to

different turgor pressures (fresh, flaccid, turgid). Turgor had a significant effect on the

storage modulus of the tuber samples, especially at the point where large changes in the

structure of starch and pectin are expected. Measurements of the normal force exerted

by the potato on the rheometer fixture were qualitatively sirnilar to storage modulus

measurements.

INTRODUCTION

Cooking of potato tissue alters textural attributes of the final product (Mittal

1994). The method, or methods, one chooses to cook the tissue is based on the desired

textural attributes in the end product. The textural qualities of the final potato product

result from subtle changes to each individual tuber component that take place

throughout the cooking process (Hoff and Castro 1969). The rate at which specific

components are altered, and to what extent, makes each cooking method unique

(Donovan 1979,Lamberg and Olsson 1989). In the French fry industry, for example,

preheating, blanching, drying and frying are thermal processes (cooking methods)

applied to the product to achieve the desired effect (Bartolome and Hoff 1972, Lingle

1988, Singh 1995).



32

In these thermal processes, various structures in the potato tissue will be affected

at different temperatures. For example, in raising the temperature of the sample from

25"C to 90oC, membrane damage (Jarvis et al. 1992), starch gelatinization (Donovan

7979,Lamberg and Olsson 1989), and pectin degradation (Loh and Breene 1982) will

progressively occur. These changes in structure will affect the mechanical properties of

the potato tissue (Hoff and Castro 1969).

The objective of the current experiment was to carry out rheological testing over

the course of a temperature ramp, with the view of monitoring the effect of specific

structural changes on potato texture throughout the "cookin g tnal" .

MATERIALS AND METHODS

Potatoes from a single batch of those commercially grown at Winkler, Manitoba

were utilized in this set of experiments. They were kept under relative humidity of 85-

90%o at 8"C. Weights in air and water were determined for each potato, allowing for

calculation of each individual tuber's specific gravity. Tubers were stored until selected

foranalysisinDecember2002. Potatoesintherangeof 1.063 tol.0ll wereselected

for analysis.

Preparation of Potato Flesh Discs used

Slices 5mm in thickness were cut

(model Mandoline). Discs were cut from

20mm in diameter.

in Temperature Ramp Experiments

lengthwise along the tuber using a Bron slicer

the slices at the stem end using a core borer of

One third of the samples were soaked in mannitol solution (7%,0.38M) for 15

hours at room temperature to modify turgor pressure by removingwater from the potato

cells.



JJ

One third of the samples were sliced and soaked in distilled water for 15 hours

at room temperature prior to analysis. Discs were placed in labeled containers

containing 25 mL of solution or 25 mL of water per sample.

The final third of the samples were sliced fresh directly prior to analysis.

Temperature Ramp Experiments

Just prior to placement onto the rheometer, sample thickness was measured with

calipers at four points around the disc. Samples were placed onto the rheometer and the

geometry lowered until the gap value measured by the rheometer was equal to the

thickness of the sarnple. Any normal force exhibited here was zeroedprior to beginning

the oscillatory testing.

A temperature ramp during oscillation was applied to the samples using a Peltier

plate method in which the lower plate of the parallel plate geometry was heated at 1

degree Celsius per minute. 'Water 
continuously circulating through the geometry acts as

a heat source to facilitate the Peltier effect (Texas Instruments, 2000). Seven values

were chosen at which values for G', G", tan delta and normal force were recorded

(Table 1). The experiment was delayed by the rheometer until the temperature of the

sample stabilized to 25"C to ensure an equal starting temperature for each sample.

Table 12. Temperature value at which data was obtained during temperature ramp
experiments.

Room temperature
50 Membrane damage begins; beginning stages of starch

gelatinization

66 Starch is gelatinized
70 Pectin degradation

60

80

Temperature Reason for selecting temperature

90 Samples are considered cooked
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Statistical analyses were performed using the SAS computer program, Version 8

(SAS Institute Inc., Cary, NC). Analysis of variance was performed using the general

linear model (GLM) procedure and differences between treatments were determined by

Tukey' s studentized range (p<0.05).

RESULTS AND DISCUSSION

Turgor pressure has a significant effect on the storage (G') and loss (G") moduli

values; this is seen at each temperature documented throughout the temperature ramp

(Fig.3).

Each level of turgor reached their greatest value of G' at different temperatures

as shown in Figure 3. Turgid, water-soaked samples showed the highest G' at room

temperature. A slight decline in G' is seen between 50'C and 66"C. At 70.C and

above the turgid samples showed a marked decrease in G'.
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Fig. 3. Storage modulus values (G') at each temperature for varying turgor pressures:
fresh (r), mannitol (A), water (r).

Force applied to cooked potatoes causes elongation and stretching of the cells,

followed by cell wall rupture and cell relaxation (Illker and Szczesniak 1990).

The force exerted onto the cell walls of the turgid samples by starch

gelatinization is in addition to that already present from excess water. The decrease in

G' that is observed is due to cell separation which occurs as the temperature increase

causes breakdown of pectic substances of the cell walls and middle lamellae (Reeve

1917). Cells under excess pressure may also rupture their cell walls, and thus result in a

sharp decline of G'.

Fresh samples show a gradual increase in G' for much of the temperature ramp

(Fig' 3). At 60'C, as gelatinization and swelling of starch granules exerts pressure on

66'G
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the cell walls, an increase in G' is seen. At 70"C, pectin degradation allows for cell

separation (Reeve 1977) and G' values begin a slight decrease to levels just below those

seen prior to heating the samples.

Samples dehydrated in rnannitol are the only group to show a marked peak in G'

(Fig. 3). This peak occurs at 80oC. Due to lack of moisture for starch gelatinizatíon,

excess turgor pressure exerted on the potato parenchyrna's cellular assembly is not a

contributing factor to cellular separation and rupture as at other levels of turgor.

The normal force maintained by each sample was monitored throughout the

temperature ramp. The results seen for these values as a function of temperature are not

identical to those seen for G', but are similar in their trends (Fig. a). Turgid samples

show a marked decrease in Fn aft.er 66"C, so that the interpretation of the effect of

turgor pressure on G' is substantiated by these normal force results. Fresh samples

show a slight increase and gradual decrease across the temperature ramp. Flaccid

samples, however, show a steady increase in normal force exerted onto the geometry.

This increase in normal force exertion is due to the cells of the flaccid samples

maintaining their cell wall strucfure. The lack of starch gelatinization due to

dehydration of the samples as opposed to the cell separation and possible rupture

displayed in the turgid and fresh samples.
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CONCLUSIONS

Turgor pressure was shown to influence the response of samples throughout the

cooking treatment. Application of heat to samples causes changes to the internal

components of the potato: pectin begins to degrade allowing for cells to separate from

one another and starch begins to gelatinize exerting pressure on cell walls. The effects

ofpectin degradation and starch gelatinization cause an overall decrease in the storage

modulus for all turgor pressures. The point at which the modulus decreases is dependent

on the extent of turgor in the sample.
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GENERAL DISCUSSION AND CONCLUSIONS

Utilization of potatoes in food processing requires an understanding of how the

raw material is best processed. A major step in French fry processing is blanching

where there is development of intemal texture in the potato strip. The blanching process

consists of imrnersing the potato strips in hot water to allow for the gelatinization of

starch and degradation of pectin. By using different temperature and time treatments,

differences in potato structure can be brought about by the blanching operation.

During the study of blanching treatments, cylindrical samples, both cored and

whole, were treated to three different blanching conditions; a low temperature long

time, a high temperature short time, and a combination of high temperature short time

and low temperature for a longer period of time. Whole cylinders were found to

maintain higher shear storage modulus values than cored cylinders. The surfac e area

ratio for cored to whole cylinders is larger so that cells containing swollen starch

granules of the cored cylinders are able to slough off from both sides into the blancher

vessel. Internal temperature of the cored samples would have been higher at a faster

rate than those of the whole cylinders causing the pectin to break down faster (Loh and

Breene, 1982).

The cored cylinders showed high modulus values at the intermediate blanch

temperature. The HTST and LTLT treatments both facilitate active pectin breakdown

due to high temperatures (HTST) and long exposure to heat (LTLT). Whole samples

showed no significant difference between the standard blanch and the LTLT while for

the HTST treatment, there was not sufficient time exposure to the heat for the internal

temperature of the cylinders to exceed 50oC.
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Small strain oscillatory shear was applied to tuber samples of differing turgor

pressure in the second set of experiments. Turgor pressure exerts a significant effect on

the stiffness of the samples. Increases in turgor pressure, due to soaking samples in

water, increase the stiffness of the sample by imposing pressure on the internal cell wall

structure (Niklas, 1989). Those samples soaked in mannitol exhibited less turgor and

decreased the value of the storage and loss rnoduli.

The third set of experiments involved the application of heat to samples of

differing turgor pressure and observing the storage and loss moduli for each temperature

increment. Turgid and flaccid samples show a decrease in the storage modulus at and

above 70"C. Starch gelatinization occurs at 60'C causing starch granules to swell and

exerl pressure on cell walls. At70"C, pectin degradation occurs, causing cell separation

and it is at this temperature that we see a decrease in storage modulus. Flaccid samples,

though, with a lack of moisture to provide for extensive starch gelatinization, show a

peak in the storage modulus at 80'C. A lack of exertion on cell wall and lack of cell

separation make them more able to withstand shearing.
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