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ABSTRACT: Knowledge of the textural properties of processing tomatoes is crucial to ensuing product accept-
ability; measurement, control, and optimization of these properties through judicious selection of varieties and
control of unit operations results in products that the consumer prefers. It is important to first define the terms
texture, rheology, consistency, and viscosity prior to discussing principles of their measurement. The textural
properties of processing tomatoes may be measured using both sensory and objective tests, and the latter may be
either destructive or nondestructive in nature. The unique anatomy of tomato fruit (peel, pericarp, columella, and
locules) in part dictates the method of texture measurement. Numerous factors, including variety, maturity, genetic
modification, cultural particles, and environmental conditions, processing conditions, and calcium addition affect
the textural integrity of tomatoes. Textural properties of raw tomatoes and most processed tomato products are
reviewed in this article.
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I. INTRODUCTION Il. TEXTURAL PROPERTIES, VISCOSITY,
AND CONSISTENCY

Tomatoes are unique fruit vegetables com-
posed of varied types of tissues that play a critical According to Bourne (Bourne, 1982), tie-
role in the perception of texture. Tomato products tural propertiesof a food are the “group of physi-
represent an increasing proportion of the U.S. dietcal characteristics that arise from the structural
and provide an essential source of Vitamin C, elements of the food are sensed by the feeling of
potassium, and antioxidants (primarily lycopene). touch, are related to the deformation, disintegra-
Two-thirds of the total world production of toma- tion, and flow of the food under a force, and are
toes is processed (Johannessen, 1993), and applmeasured objectively by functions of mass, time,
cation of thermal preservation treatments signifi- and distance”. The terms texture, rheology, con-
cantly affects product firmness, viscosity, and sistency, and viscosity are often used interchange-
consistency. California produced 93% of the U.S. ably, despite the fact that they describe properties
processing tomato volume in 1994 (USDA, 1971), that are somewhat different. In practice the term
and it is estimated that 60 to 65% of the world texture is used primarily with reference to solid or
production of processing tomatoes is concentratedsemi-solid foods such as whole peeled and diced
in California and ltaly (Hobson and Grierson, tomatoes, rather than liquidRheologymay be
1993). The objective of the review is to briefly defined as the study of deformation and flow of
discuss textural properties and tomato biology, matter or the response of materials to stress
review sensory and objective methods of measur-(Bourne, 1993). Rheology is a science that in-
ing texture, and evaluate the textural properties ofvolves evaluation of foods and other materials
raw tomatoes and processed tomato products. that are both solid (do not flow) and liquid (flow).
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Consistencyrefers to non-Newtonian fluids or meaning that “the unit may disintegrate upon
semi-solids (sauces, purees, pastes) with suspendeldandling, has evidence of sloughing or has ragged
particles and dissolved long chain molecules. Theedges, and has lost ability to hold its shape.”
termviscosityis used primarily to describe liquid Knowledge of textural properties of processed
foods such as tomato juice and is defined as “thetomatoes is crucial to ensure product acceptabil-
internal friction of a fluid or its tendency to resist ity; their measurement, control, and optimization
flow” (Bourne, 1982). Viscosity and consistency through judicious selection of varieties and con-
differ from texture in that the latter typically re- trol of unit operations will result in products that
quires forces greater than gravity to effect flow or the consumer prefers. Many tomato processors
deformation. Raw and processed tomatoes mayinterested in producing high-quality products have
be described in terms of their general rheological implemented company standards that go above
or textural properties, which include consistency and beyond those specified by the U.S. Depart-
and viscosity. ment of Agriculture.
Although the term texture generally applies
to solids and semi-solids and viscosity to liquids,
very few foods are strictly solid or liquid in na- 1ll. PRINCIPLES OF MEASUREMENT OF
ture. Most foods areiscoelastic implying that TEXTURAL PROPERTIES OF
they exhibit combined properties of ideal liquids, TOMATOES
which demonstrate only viscosity (flow), and ideal
solids, which exhibit only elasticity (deforma- Textural properties may serve as an indicator
tion). Tomatoes, for example, are typical of plant of maturity or processability to the food processor
materials which contain a significant amount of and of eating quality to the consumer. The mea-
water and other liquid-soluble materials sur- surement of tomato texture is not as straightfor-
rounded by semi-solid cell wall and pectic middle ward as one might imagine, in part because of the
lamella materials. In addition, plant materials number and diversity of physical and sensory
contain a certain amount of gas dispersed bothproperties falling under the designation of texture
intra- and intercellularly. Tomatoes are approxi- and in part because of the discontinuous and var-
mately 93 to 95% water and 5 to 7% total solids, ied nature of tomato tissues themselves. The
the latter comprised of roughly 80 to 90% soluble measurement of textural properties may employ
and 10 to 20% insoluble solids (Wolcott, 1982). either objective or sensory evaluation or prefer-
The greatest contributor to the consistency of to- ably a combination of the two, and may be ac-
mato products are the insoluble solids. companied by an evaluation of tomato micro-
U.S. Standards of Identity for various tomato structure. In order to predict consumer response
products loosely define consistency with refer- to texture via objective tests, one must first corre-
ence to fluid or semisolid products as “the viscos- late sensory evaluation results with the results of
ity of the product and the tendency to hold its objective tests (Bourne, 1979). Procedures for
liquid portion in suspension” (Gould, 1992). Ob- sensory analysis of textural properties, the prin-
servations of free liquid separation and flow in a ciples of objective texture tests (nondestructive
Bostwick consistometer are the specific indices and destructive) and the correlation of these two
utilized for the consistency of fluid and semi- important types of evaluation is reviewed.
solid products. Standards of identity for solid to-
mato products such as canned whole peeled and
diced tomatoes define another textural property, A. Sensory Analysis
character, as the “degree of firmness normally
found when tomatoes have been processed using The sensory perception of textural properties
good manufacturing practices” (Gould, 1992). occurs directly through the tactile (touch) and
Cooked tomato products that are excessively softkinesthetic (movement) senses and indirectly
or mushy are considered lacking in character. through the senses of vision and hearing (Bourne,
Excessively soft products are further defined as 1993). Unlike color and flavor, humans do not
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have specific sensory receptors for texture. Tex-rate of force application on tomatoes ranged
ture sensations may be organized into (Szczesniakrom 1456 to 95,568 g/s in females and 1536 to
et al., 1963; Bourne, 1993): mechanical charac-14,392 g/s for males.

teristics (reaction of the food to stress), geometri-

cal characteristics (feeling of the size, shape and

arrangements of food patrticles), and other charac-B. Objective Measurement

teristics (relating to the sensations of moisture, fat

and oil in the mouth. Instrumental or objective methods of texture

Based on the structural integrity of horticul- evaluation can be grouped into three classes
tural tissues, consumers usually describe fruit and(Szczesniak et al., 1963): fundamental, empirical,
vegetable products as either “juicy” or “pulpy” and imitative tests. Fundamental tests measure
(Bourne, 1983). In unripe tissues where the middle properties that are familiar to engineers (e.g.,
lamella is strong and rupture occurs through cell strength, Poisson’s ratio, and various moduli such
walls, biting into the product releases cell con- as Young’s modulus, Shear modulus, and Bulk
tents into the mouth and a juicy sensation results.modulus [Bourne, 1978]). Fundamental tests may
In senescent or processed tissues the middlecorrelate poorly to sensory judgments, and they
lamella is weakened and a mixture of crushed are limited in that they measure only one property
cells, juice, and soft cell wall parts are released onof what is typically a multiparameter attribute
biting, imparting a pulpy sensation. (Bourne, 1994).

Methods used to evaluate changes in texture  Empirical tests cover a wide range of simple
typically fall into three general categories: differ- and rapid tests, including puncture, compression,
ence; preference, including relative-to-ideal, and extrusion, shear, and others, which measure one
attribute methods (Jack et al., 1995). In recentor more textural properties and are commonly
years, the development of the sensory textureused in quality control applications (Bourne, 1994).
profile has afforded scientists with a more com- Experience teaches us that these types of tests
prehensive technique for measurement of the tex-correlate well with sensory judgments, but we
tural properties of foods. In this method, a panel usually have little or no fundamental understand-
is trained using reference standards to scale andng of the test. Most methods used for evaluation
guantitatively measure all of the textural proper- of the textural properties of tomatoes are empiri-
ties experienced during complete mastication of cal or semiempirical, in part due to the opera-
the food. Using a trained descriptive panel, our tional difficulties inherent to texture measure-
laboratory recently collaborated with sensory sci- ments, but also because of the nonhomogeneous,
entists on generation of a list of tomato texture discontinuous, and anisotropic nature of tomatoes
descriptors (Table 1) for diced tomatoes. themselves (Jackman, 1995).

Sensory tests are typically destructive and Finally, imitative tests are those that utilize
empirical, although methods that involve a gentle instruments in an attempt to mimic what occurs in
squeeze between the fingers and do not involvethe mouth as the food is masticated. In many
measurable deformation may be considered non-cases, results from imitative tests also correlate
destructive. Voisey (Voisey and Crete, 1973) de- well with sensory judgments, but again we may
veloped a method for measuring the force andnot have fundamental knowledge of the test prin-
application rate by which untrained males and ciples. In choosing an objective test for measur-
females squeezed fruits and vegetables with theing textural properties, one must first determine
fingers. It was noted that the way in which a which specific textural properties are of interest,
product was squeezed appeared to provide a perthen evaluate which objective test(s) will best
sonality index and that individual panelists were measure those properties, and finally correlate
very consistent. The panel as a whole, however,results to sensory analysis prior to predicting con-
showed quite a bit of variability, with the varia- sumer response.
tion in rate of force application being even higher The most commonly used methods for the
than that in the applied force. Panel variability for evaluation of textural properties are those that
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apply large deforming forces (e.g., via puncture bending. In most cases solid food is subjected to
or compression) and are therefore destructive.tensile, compressive, or shear stress (force per
Because of the empirical nature of these tests,unit area), resulting in a change in dimensions
however, they do not provide us with an under- such as length and strain (unit change due to
standing of food microstructure or force-defor- stress) (Jackman, 1995). Stress is a function of
mation and failure mechanisms at the cellular not only force but also the rate at which it is
level (Jackman and Stanley, 1992). Recently, thereapplied and generally stress increases with appli-
has been a resurgence of interest in nondestruceation rate. The texture of horticultural products
tive tests that rely on well-defined fundamental in particular is typically evaluated using one of
principles and thereby may provide a better un- the destructive methods listed in Table 2.
derstanding of tomato tissue microstructure
and the forces that lead to tissue failure. Both
destructive and nondestructive tests are describeda. Puncture
below.
The puncture test, which is a force measuring
method that has the dimensions mass, length, and
1. Destructive Tests time, is probably the most frequently used method
for textural evaluation. It consists of measuring
Bourne has reviewed objective methods for the force and/or deformation required to push a
measuring textural properties of foods (Bourne, probe or punch into a food to a depth that causes
1966); Bourne, 1980; Bourne, 1993) and classi- irreversible damage or failure (Jackman, 1995).
fied them on the basis of the variable(s) being The photograph (Figure 1) illustrates use of a
measured (e.g., force, distance, time, energy, ra-5-mm flat head stainless steel cylindrical probe to
tio, multiple, chemical, and miscellaneous). The measure maximum force required to penetrate a
primary difference in the force-measuring instru- tomato pericarp disk. Puncture force depends on
ments is the geometry of the test cell that holdstwo different properties of the sample (e.g., com-
the sample and applies a force to it (puncture, pressive and shear strengths) and on both the
compression, shear, extrusion, etc.) (Bourne, probe area and perimeter.
1993). Szczesniak and Bourne (1969) stated that  Convenient, hand-held puncture or pressure
with soft foods texture is generally measured by testers have been used by horticulturists in the
a viscosity test, with foods of intermediate firm- field and laboratory for many years. Puncture
ness by a deformation test, foods of high firmnessprobes of a specific diameter may also be easily
by puncture, and those of very high firmness by fitted to laboratory scale instruments such as the

TABLE 2
Destructive Methods Used for Evaluation of Horticultural Crop
Texture

1. Force measuring
a. Puncture, e.g., Magness-Taylor Pressure Tester, Maturometer
b. Extrusion, e.g., Shear Press,Tenderometer
c. Crushing
2. Distance measuring
a. Deformation
b. Acoustic spectrometer
3. Multiple measuring (Texture Profile Analysis) e.g., Instron, G. F. Texturometer,
Shear Press with recorder, Ottawa Texture Measuring System

From Bourne, M. C., Hort. Sci., 15, 1, 1980. With permission.
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FIGURE 1. Puncture testing of a tomato pericarp disk.
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Maturometer, the Instron, and the Texture Tech-test may not be sensitive enough to determine
nologies TA-XT2 machine for more controlled differences in textural properties of processed
measurements; the agreement between hand testetematoes.
and the Instron, at least, is quite good (Bourne, Jackman et al. (Jackman et al., 1990) and
1980). Marangoni et al. (Marangoni et al., 1995) also
Our laboratory has successfully carried out found that small differences in tomato firmness
puncture tests on both tissue disks obtained frominduced by chilling injury were detectable using
the equatorial region of tomato pericarp and single puncture tests of whole fruit and compression of
6.35-mm-thick slices taken from tomato fruit at pericarp disks but were unmeasurable using flat
the equator. Pericarp tissue disks were obtainedplate compression of whole fruit. The three tests
using a 20-mm cork borer and were evaluatedyielded typical force-deformation curves that were
skin side down using a 5-mm probe. For slice particular to each method (Figure 2). Tomatoes
evaluation it was necessary to use a 2.5-mm-evaluated using the flat plate compression method
diameter flat-tipped cylindrical probe and a 500- were placed in an axial (vertical) orientation, and
kg load cell for measurement of outer pericarp, the relative firmness or strength of the shoulder
radial arm, and columella tissues. area in particular may account for the insensitiv-
ity of the method. In these studies, the authors
also determined that firmness values (force/length)
b. Flat Plate Compression were more sensitive in detecting treatment differ-
ences than peak force values.
Flat plate compression is a technique very
similar to that of puncture, except that the perim-
eter effect is eliminated through the use of flat c¢. Extrusion
plates of an area exceeding that of the sample.
This test may be used in either a destructive or  Extrusion tests are another example of a force-
nondestructive manner. Flat plate compression ismeasuring test in which units are expressed as
assumed to be nondestructive when restricted tomass, length, and time. A number of different test
less than the elastic limit of 3% strain; however, cells, including the standard shear-compression
in some cases permanent damage may occur. Simieell (or Shear Press) and the back extrusion cell,
lar to the puncture test, this is a force-measuringhave been designed for the measurement of extru-
method with the dimensions mass, length, andsion behavior (Voisey, 1970). Although use of
time. shear-compression cells involves primarily extru-
In ripening fresh market tomatoes, (Jackman, sion, some compression and shear also take place.
1995) found that total area under the curve to In this test, a specific weight of sample material is
failure, maximum force to failure, and initial firm- loaded into a test cell that has horizontal slots at
ness decreased to a constant and minimum valuehe top and bottom. A series of blades passes
fairly quickly (e.g., within the first week of ripen-  through the cell, extruding, shearing, and com-
ing to the pink stage). Our laboratory has carried pressing the sample material. Figure 3 illustrates
out flat plate compression evaluation of tomato the method for evaluation of a 200-g sample of
pericarp disks using a flat 7.6-cm-diameter probe. diced tomatoes using the Shear Press. Voisey
Raw and lightly processed (e.g., steam peeled)(Voisey, 1970) found that both Kramer shear and
tissue displayed a distinct failure peak on a force- wire shear extrusion cells were effective tools in
deformation curve. However, as tissues softened,force measurements of particulate tomato prod-
this peak disappeared, thus a strict comparison ofucts. Szczesniak et al. (Szczesniak et al., 1970)
failure forces was not possible. In this instance, found that, depending on the sample, in most
force-deformation curves may be probed for force foods the ratio of maximum force per gram of
values at 20% strain, which is well below the sample weight decreased as sample weight in-
failure peak in raw and lightly processed fruit. It creased; therefore, they advised that sample weight
should be noted that the flat plate compressionbe kept constant during extrusion testing.
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FIGURE 2. Typical force-deformation curves for flat-plate compression (top), constant area compression (center)

and puncture (bottom) of individual tomatoes. (From Jackman, R. L. and Stanley, D. W., Hort Science, 25, July
1990.)

d. Multiple Measuring Instruments (e.g., Brabender, Shear Press, General Foods

Texturometer, Instron Universal Testing Machine

Early models of texture evaluation instruments and Ottawa Texture Measuring System) were
were restricted to “one-point” determinations, but designed to use a recorder and measure the com-

in the 1960s and thereafter several instrumentsplete history of a number of force-deformation
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FIGURE 3. Shear press evaluation of diced tomatoes.
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variables. These instruments are generally veryThe insoluble materials present in these products
constant and reproducible, capable of being usedmay include intact and broken or crushed cells,
with relatively high force, and adaptable to sev- cell fragments, and long-chain polymers of lig-
eral test cells or probes. The only disadvantage tonin, cellulose, hemicellulose, and water-insoluble
their use is that they are expensive, require somepectic materials. These suspended particles are
maintenance, and are generally too large to behighly hydrated and occupy a relatively large
taken to the field. Texture profile analysis (TPA) volume but contain very little solid material
is one example of an imitative test that involves (Kertesz and Loconti, 1944). The consistency of
double compression of a small cube of food andtomato and many other horticultural products is
allows one to obtain the following parameters: influenced by the presence of both intact cells and
fracturability, hardness, cohesiveness (area undercell fragments, the pectic substances on their sur-
compression portion of both curves), adhesive- faces, and both soluble pectin and suspended par-
ness, springiness, gumminess (hardnesshe- ticles in the serum. Investigators at the University
siveness), and chewiness (Qgumminespringi- of California, Davis (Marsh et al., 1980) found
ness). that consistency depended primarily on the ratio
of water-insoluble solids to total solids, rather
than serum viscosity, but serum viscosity did have
e. Drained Weight an effect on the locus of the tomato paste concen-
tration curve. In many cases, the importance of
Drained weight measurements are relatively either consistency or viscosity measurements is
gross indicators of the textural properties of whole dictated by the tomato product being manufac-
peeled, diced, chopped, and crushed tomato prodtured.
ucts. This method does not in fact measure tex-  Mohr (Mohr, 1987) compared several objec-
tural properties but a secondary effect, which is tive tomato juice consistency methods for de-
weight loss following handling or processing. This pendability and correlation to sensory ratings by
method (21 CFR 155.190) consists of opening trained judges. These methods included Bostwick
and pouring an individual can of product over a consistometer, Brookfield viscometer, Efflux-tube
U.S. Standard Number 2 circular sieve (11.3-mm viscometer, Ottawa Texture Measuring System
or 0.446-in opening), waiting for 30 s and then (OTMS), and Cannon-Fenske viscometer. The
weighing both the filtered liquid volume and the Bostwick consistometer and OTMS (maximum
residual solid weight. In the case of sliced and force value) were found to be the most reliable
diced tomatoes, a U.S. Standard Number 8 (2.362-and correlated well (r = —0.91 and 0.82, respec-
mm or 0.093-in opening) circular sieve is used. tively) with sensory ratings. Bostwick consistency
The Italian Official Methods of Analysis (Foreste, values for tomato juice also correlated well (r =
1989) is quite similar and defines drained weight 0.84) with those for concentrated 14% total solids
of canned whole peeled (and also diced) productspuree. The author recommended that due to its
as the product that remains after 30 s draining onsimplicity, versatility, and low cost, Bostwick
a sieve with holes of 2.8 mm 2.8 mm. High  consistometers be used for routine analyses of
drained weight values are desirable and are in-tomato products.
dicative of tissue moisture retention, juiciness,
and relatively greater firmness.
i. Bostwick and Adams Consistometers
The Bostwick consistometer (USDA, 1971)
f. Consistency was developed by E. P. Bostwick specifically for
the measurement of tomato puree and paste con-
The term consistency applies to non- sistency. It is the most frequently used consis-
Newtonian fluids with suspended particles and tency measurement device in the tomato industry
dissolved long chain molecules and is typically today. The Bostwick method involves measure-
measured by the spread or flow of the product. ment of the distance a material flows under its
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FIGURE 4. Concentration of two newly developed tomato cultivars. (From Marsh, G. L. et al., J. Food Sci., 45, 3,
1980.)

own weight along a level surface in a specified be possible to predict apparent viscosity for ho-
amount of time. The consistometer itself is com- mogenous fluids and fluid suspensions using a
posed of a stainless steel trough with a samplesingle Bostwick measurement.
reservoir at one end, which is closed off by a gate ~ The Adams consistometer (or Tuc cream corn
that can be opened almost instantaneously. meter) is similar in principle to the Bostwick, and
Marsh (Marsh et al., 1980) found that the rate measurements from each correlate quite well
of change of Bostwick consistency in tomato juice (Gould, 1992). This rapid method measures the
during concentration is a logarithmic function of distance a semifluid food flows across a plate in
the change in either total or natural tomato soluble a standard time. A clear hard plastic square that is
solids (NTSS) content (Figure 4). As concentra- leveled by means of adjustable legs is inscribed
tion of tomato products increases to greater thanon the underside with concentric circles. A cone
15° Brix, use of the Bostwick consistometer is no containing the product is placed in the center of
longer valid because flows are on the order of 1 the plate, filled, and gently lifted. The diameter of
cm or less. Recently, McCarthy and Seymour the product flow is measured along at least two
(McCarthy and Seymour, 1993; McCarthy and axes at right angles to each other.
Seymour, 1994) evaluated the effects of the
Bostwick width to height ratio on extent of flow
and established a relationship between theii. Blotter Test
Bostwick measurement and fluid properties. In The Blotter test is a simple, rapid visual mea-
all cases, the extent of flow was greater in wider surement that can be easily adapted for quality
consistometers due to relatively less drag exertedcontrol purposes. A spoonful of tomato product is
on the fluid by the side walls. Using gravity cur- dropped onto a blotter (or filter paper) and al-
rent analysis, these researchers stated that it majowed to stand for a given amount of time, usually
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3 min (Gould, 1992). Results can be standardizederties (e.g., liquid rather than suspended solids) of
using products of varying quality and target gradestomato puree than the Bostwick and Adams
may be established. If the product penetrates theconsistometers and the Blotter test.
blotter, leaving a wide ring of colorless liquid
around the red center, the consistency of the prod-
uct is determined to be low. If, on the other hand, iii. Serum Separation
the tomato product does not readily penetrate the  The serum separation (syneresis) test is an-
blotter and there is only a narrow ring of colorless other rapid method commonly used for quality
liquid, the product is of high consistency. control purposes by the tomato processing indus-
In 1953, the consistency of tomato puree was try. This test consists of placing a specified amount
evaluated by Davis et al. (Davis et al., 1953) of tomato product into a filter cone lined with
using a variety of methods (i.e., Bostwick cheesecloth. The fluid from the product is al-
consistometer, Adams consistometer, Stormerlowed to drain into a graduated cylinder for a
viscometer, Efflux-tube viscometer, and the Blot- certain amount of time, typically 5 min, and the
ter test). The Blotter test was found to correlate volume is measured. Caradec and Nelson (Caradec
fairly well with the Bostwick (r = 0.75) and the and Nelson, 1985) found a strong inverse rela-
Adams (r = —0.73) but poorly with the other two tionship (r = —0.86) between serum separation
methods. Correlations between the Bostwick and and precipitate weight ratio (Figure 5), which was
Adams (r = —0.94) consistometers and betweendetermined by calculating the relative weight of
the Stormer and Efflux tube viscometers (r = the precipitate obtained by centrifuging a weighed
0.91) were likewise very good. Therefore, the sample for 30 min at 12,8009 (4°C). Although
authors concluded that the Stormer and Efflux the serum separation method is fairly widespread
tube viscometers measured different viscous prop-in its use, in a comparison of this method with the
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FIGURE 5. Correlation of serum separation to serum viscosity and precipitate weight ratio. (From Caradec, P. L.
and Nelson, P. E., J. Food Sci., 50, 1985.)
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Bostwick carried out in our laboratory, results for plied to pull the sample through the capillary arm,
the same tomato sauce product were poorly cor-and flow time through a specific length of the
related (r = 0.42). It may be that the gravitational narrow-bore glass is measured. This type of in-
force exerted during the analysis causes expul-strument is relatively inexpensive, fairly precise
sion of serum that would typically remain en- and easy to operate and is suitable as a quality
trapped within the product matrix. Therefore, use control instrument. Marsh et al. (Marsh et al.,
of this method may lead one to conclude that 1980) found that serum viscosity was a major
product consistency is poorer than it is actually. factor in determining the locus of the tomato paste
concentration curve.
The behavior of fluids has been characterized
g. Viscosity using nuclear magnetic resonance (NMR) veloc-
ity spectrum measurements (Seymour et al., 1995).
Viscosity (1) has been defined earlier in this The velocity probability distribution function is
section as the internal friction of a fluid or its measured with a velocity phase encoding NMR
tendency to resist flow. Tomato products do not technique, and it is possible to distinguish be-
generally follow simple Newtonian fluid models tween materials exhibiting Newtonian, shear-thin-
in which the relationship between shear stress anching, and yield stress (Bingham) flow behavior.
shear rate are linear. Rather, tomato products aréA 6.2% (wt.) solids tomato juice product was
typically shear-thinning or pseudoplastic fluids in characterized by these authors as having shear-
which the apparent viscosity decreases with in- thinning behavior and, in the model system used,
creasing shear rate. In many instances a measuri was possible to monitor juice viscosity on-line.
of tomato serum viscosity is a good index of
overall product consistency and provides a mea-
sure of the severity of process operations. Analy- 2. Nondestructive Tests
sis of serum viscosity is particularly important in
the manufacture of products such as tomato juice  Tests that apply a small amount of deforma-
and ketchup, where good color and flavor quality tion or force traditionally have been termed “non-
are a requirement. Tomato serum contains 4 todestructive,” although Jackman and Stanley
7% dissolved solids, which include primarily sug- (Jackman and Stanley, 1995) hold that this clas-
ars, acids, salt, and pectic substances. sification may be misleading. Plant tissues, in-
For viscosity determination of tomato juice cluding tomatoes, posses both elastic (time-
or relatively thin (e.g., low suspended particle independent) and viscous (time-dependent)
concentration) samples, it is common to use glasscharacteristics, and it may be argued that no ap-
capillary, tube, concentric cylinder or cone and plication of deformation or force over a measur-
plate viscometers. The most commonly used in- able period of time is truly nondestructive. In-
strument for tomato viscosity measurement is thedeed, following compression a portion of the
Ostwald glass capillary viscometer. Stormer and energy invested is irrecoverable due to internal
Brookfield viscometers have also been used for friction and irreversible structural modifications
tomato products, but these instruments are typi-(Peleg, 1980). Nonetheless, a number of instru-
cally expensive and require additional expertise mental procedures for evaluation of the textural
to operate, thus prohibiting their use for routine properties of tomatoes are commonly considered
quality analysis. nondestructive, and these are described briefly in
The serum viscosity measurement involves the following section. While nondestructive tech-
separation of serum from paste by either filtration niques may not necessarily correlate well with
or centrifugation, then a standard volume is sensory evaluations, because the deforming force
pipetted into a wide-bore arm of the viscometer is generally less than 3% strain and therefore does
that is held in a vertical plane in a constant tem- not induce tissue failure, they provide essential
perature (typically 25 to 3C) bath. After tem-  information regarding tomato tissue structure and
perature equilibration is achieved, suction is ap- composition and allow for a better understanding
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of the mechanism(s) responsible for tissue fail- ods for quantifying the human “finger feel”, or

ure. Nondestructive tests have been used for regentle squeeze applied by consumers to whole
peated measures on the same unit, theoreticallyfresh market tomatoes. A method similar to that
without a change in the character of the tissue. developed by Bourne (above) was compared with

a new method using the Instron Universal Testing
Machine, and sensory rankings of a controlled

1. Flat Plate Compression

population were used as a reference standard.

Ripe, undamaged fruit were grouped by sensory
Bourne utilized small-magnitude deformation analysis into five firmness categories (Hard, Very
or strain tests in order to repeatedly evaluate theFirm, Firm, Firm with Give, and Soft), and fur-
deformability of two varieties of fresh market ther ranked within each category from most to
tomatoes as they ripened (Bourne, 1973). Smallleast firm. The quantitative methods were as fol-
strain was defined either as less than 25% absolows:

lute compression or less than 50% of the rupture

(Bourne, 1979). A low-cost penetrometer was fit- 1.

ted with a flat plastic disc that was allowed to fall
freely for a set time, after which the distance
fallen was measured. The use of this small-mag-

nitude deformation method (commonly termed 2.

flat plate compression) was effective in discrimi-
nating between the two varieties in terms of initial
softness and storage stability as determined by
change in deformation (Figure 18). In this ex-
ample it was desirable to resolve two samples of
similar deformability, and the use of small de-
forming forces was more sensitive than the use of
large strains.

Jackman (Jackman, 1995) has noted that flat3.

plate compression measurements of whole tomato
fruit may reflect a combination of compression,
shearing, and tension and may not be very sensi-

tive to tissue properties per se. In such a test4.

factors such as fruit size, shape and turgor, vis-
cosity and content of locular fluid, number of
ribs, and total amount and structural integrity of
columellar tissue, pericarp thickness, and skin
integrity all influence the measured value. In-
deed, if successive compressions are carried out,

Modified penetrometer deformation. A 500-g
weight was applied (radially) for a constant
time period and deformation was measured
(mm) for a single point.

Instron axial (vertical) deformation. Fruits
were subjected to axial compression of an
initial pre-load of 0.1 kg and subsequently
to a total load of 1.0 kg. Resultant delta
deformation was measured in millimeters.
One data point per fruit was taken. (This
variation was included because historically
most whole fruit firmness studies have been
in axial mode.)

Instron radial (horizontal) deformation
(n=4). Same procedure as 2, except four
data points per fruit were taken at’46ta-
tions along the equator.

Instron radial deformation (n = 1). Thisis a
subset of procedure 3, where the first data
point (from original n = 4 data set) for each
fruit is case 1, and the second data point per
fruit is case 2.

A custom brace to gently hold tomatoes in a

the stress-strain relationship indicates that an in-radial position was designed and the Instron
creased force is required to reach the same strairmethod employed a flat disk probe, 3 in. in diam-
level until the internal tissue structure reaches aeter, and a 2 kg load cell. The diameter at each
steady-state condition. Although this method does position was measured and recorded prior to com-
appear to result in irrecoverable changes in apression. The crosshead moved at a constant speed
situation where a nondestructive test and/or re-of 20 mm/min. Spearman’s Rho, which is a mea-
peated measures are required, flat plate compressure of linear association between ranks of vari-
sion of whole tomatoes may impart useful infor- ables, similar to the linear regression for paramet-
mation if used with caution. ric statistics, was utilized for analysis of the data.
Recently, our laboratory was asked to carry The five variations of the small magnitude defor-
out a validation study to compare potential meth- mation test under investigation were compared in
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terms of total range in deformation values, and
range for each sensory category, category aver-
age, and Spearman’s Rho value vs. sensory aver-
age. Results are shown in Table 3 and are summa-
rized as follows:

differentiated with the Instron radial, n = 4

data. Additionally, the standard deviations for

the modified penetrometer method were quite
large, especially when compared with the

Instron data.

* Spearman’s Rho: Statistical tables show that
rho is significant at the 90% level if equal to
0.175, and significant at the 95% level if equal
to 0.786. Virtually all categories were signifi-
cant at 95% for Instron radial, n = 4. Only one
category was significant (at 90%) for the modi-
fied penetrometer method.

» Total Range (mm): A wide range is most desir-
able, suggesting the method can clearly differ-
entiate between hard and soft fruit. The Instron
radial (n = 4) method had the greatest total
range (5.143 mm). The modified penetrometer
deformation method had the least range (1.85
mm).

e Category Range (mm): This comparison re- The new Instron method of radial deforma-
vealed that the modified penetrometer method tion, n = 4, was clearly able to distinguish be-
could not distinguish between the first two tween tomato fruit firmness in these categories.
firmness categories. Category ranges were theThe new method was superior to the modified
widest for Instron radial, n = 4, and least wide penetrometer deformation test in every compari-
for the modified penetrometer deformation son made (total ranges, standard deviations,
method and the Instron axial method. Spearman’s Rho, etc.). The axial data were some

e Category Averages and Standard Deviations what better than the modified penetrometer defor-
(mm): These data were evaluated along with mation data, but still had a narrow total range and
the scatter plots of all the data for each method.overall poor correlations with Spearman’s Rho
Despite significant overlap between categories test. This mode of deformation does not correlate
for all methods, the same fruit were more clearly to “finger feel” as well as the radial mode does, as

TABLE 3
Deformation Values Obtained Using Five Different Flat Plate Compression Tests

Modified
penetrometer n=4 n=1casel n =1 case 2
deformation Instron axial Instron radial  Instron radial Instron radial

Total range (mm) 1.85 2.700 5.143 4.902 4.691
Category ranges (mm)

Hard 0.09 0.210 0.752 0.511 0.421
Very firm 0.00 0.900 1.594 1.173 0.717
Firm 0.70 1.350 3.098 2.466 2.887
Firm w/ give 1.82 1.950 3.008 2.737 2.526
Soft 1.60 1.020 2.067 1.534 1.383
Category average (Std dev)

Hard 0.01 (0.03) 0.477 (0.088) 0.859 (0.164)  0.926 (0.149) 0.932 (0.149)
Very firm 0.00 (0.00) 0.782 (0.303) 1.540 (0.385) 1.757 (0.421) 1.569 (0.240)
Firm 0.16 (0.25) 1.293 (0.597) 2.361 (0.748)  2.513 (0.874) 2.552 (1.073)
Firm w/ give 0.84 (0.54) 1.662 (0.616) 3.556 (0.762)  3.951 (0.953) 3.752 (0.979)
Soft 0.79 (0.47) 2.128 (0.335) 3.756 (0.512)  4.015 (0.481) 3.835 (0.395)
Spearman’s Rho vs. sensory average

Hard 0.286 -0.223 0.714 0.098 0.295
Very firm 0.509 0.393 0.991 0.554 0.938
Firm 0.616 0.786 0.848 0.723 0.598
Firm w/ give 0.762 0.762 0.929 0.762 0.952
Soft 0.220 0.268 0.792 0.839 0.613
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was expected. Practically, evaluating four data oscillation, acoustic, or sonic) methods and both
points per fruit was time consuming and could be sensory and destructive compression and punc-
expensive if it were to be used as a quality control ture tests (Abbott et al., 1995; Abbott et al., 1992).
measure. Reducing the sampling base was not Stephenson et al. (Stephenson et al., 1973)
without some cost, but the single point data ex- utilized a tuned vibrator to excite three varieties
tracted from the n = 4 data set was still superior of tomatoes to determine whether distinctly dif-
to both the modified penetrometer deformation ferent resonant bandwidths existed for red ripe

method and the Instron axial method. and green tomatoes. All three varieties of ripe
fruit exhibited sharp resonant peaks between 200

2. Resonance (Dynamic Oscillation, and 400 Hz, and one quite firm variety (Red

Vibration, or Sonic Transmission) Rock) had a second peak at 1050 Hz. No signifi-

cant peaks were exhibited by any ripe variety at

Resonance theory has its basis in dynamicsfrequencies greater than 1300 Hz. Green fruit of
and is founded on the fact that any body that all varieties had resonant peaks between 300 and
possesses both mass and elasticity is capable 0860 Hz and large amplitude peaks at higher fre-
vibrating. Free vibration may be exhibited at one quencies from 1340 to 2100 Hz. Therefore, the
or more frequencies and is dependent on the speauthors concluded that vibrational response in the
cific physicomechanical properties of the food bandwidth of 1400 to 2000 Hz could be applied to
itself. On the other hand, forced vibration over a detect and sort green fruit. Saltveit (Saltveit et al.,
range of frequencies results when an external forcel985) found that the frequency and amplitude of
is applied periodically (Jackman et al., in press) sounds produced by struck green tomato fruit
and a series of resonance peaks may be observedorrelated with days to reach the breaker maturity
The two lowest frequencies correlate with fruit stage.
firmness and overall elastic behavior, and stiff- Jackman has utilized dynamic oscillation tech-
ness factors are commonly used as indices ofniques to evaluate the oscillatory strain and vis-
textural quality (Jackman and Stanley, 1995; Pelegcoelastic parameters of excised tomato discs in
et al., 1990). order to determine the effects of turgor pressure

For an elastic solid, shear stress is in phaseand chilling on structure and failure mechanisms
with strain, but for a Newtonian fluid the shear (Jackman etal., 1992; Jackman and Stanley, 1992;
stress is 90out of phase with the strain. In vis- Jackman et al., in press). Tomato tissue resonance
coelastic fluids or foods, the shear stress lagsbehavior has been compared to more traditional
behind the strain by an angle of difference (@), or large deformation (e.g., destructive) measure-
raw phase angle, that lies betweeénabd 90. ments, such as puncture and flat plate compres-
Resonance tests may be used to measure solidion (Jackman and Stanley, 1992; Jackman et al.,
samples of known dimensions or liquid samples in press). Significant correlations were observed
placed in a container with standard dimensions. between resonance frequency and the logarithm
The sample is subjected to repeated small sinu-of compression parameters, especially the param-
soidal deformations that are nondestructive andeters associated with tissue failure (Table 4).
do not cause fracture (Bourne, 1993). Therefore, Jackman et al. (Jackman et al., in press)

Pioneering efforts in the development of vi- suggest that it might be possible to use one instru-
bration techniques for evaluation of fruit and veg- ment over a range of frequencies to predict tissue
etable texture were made by Abbott et al. (Abbott compression behavior merely by measuring reso-
et al., 1968) and Finney and Norris (Finney and nance frequency Jf
Norris, 1968; Finney, 1972) in the late 1960s.
Using vibrational responses in the frequency range
from 20 to 10,000 Hz it was deemed possible to 3. Creep Compliance
separate fruit by maturity and textural properties.
In studies carried out primarily on apples, numer- Recently, Jackman and Stanley (Jackman and
ous investigators have since found good correla-Stanley, 1995) utilized creep tests to estimate
tion between resonance (also termed dynamicseparate elastic, viscoelastic, and viscous flow
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TABLE 4
Semilog Relationship between Tomato Pericarp
Frequency and Compression Tests

Regression equation Regression coefficient 2 (r?)
f, = —3.387 +17.042 (log o)) 0.572*
f, =—21.701 + 18.836 (log E,,) 0.649*
f, =—35.671 +20.956 (log D,) 0.767*
f, = —6.870 +12.546 (log O..,,) 0.832**
f,= 1.874 +10.095 (log E) 0.838**

Note: Abbreviations: f,, frequency; o, bioyield strength; E,,, ap-
parent elastic modulus; D, failure deformability modulus;
0o failure strength; E, toughness.

a Significance levels: * = P < 0.05; * = P < 0.01.

From Jackman, R. L. et al., J. Texture Studies, in press.

characteristics in excised pericarp disks from freshdecreases in initial stress, minimum and maxi-
market tomatoes. This method of evaluation is mum stress-relaxation times could be used to pre-
similar to that previously used in dynamic oscilla- dict losses of both tissue viscosity and elasticity.
tion studies, in which a controlled stress rheom- These authors found that pectin solubilization,
eter with parallel plate geometry was the test depolymerization of xyloglucans, and changes in
instrument. A constant torsional stress of 150 Pacell wall polysaccharide fractions were all con-
was applied to the tissue disc, and its strain re-tributors to alterations in the physical properties
sponse was monitored over time. On the basis ofmeasured using techniques based on stress-relax-
creep tests, the physico-mechanical behavior ofation.
tomato pericarp tissue was shown to fit a 6-ele-
ment Burgers model (Jackman and Stanley, 1995)
and was defined in terms of four separate compli- C. Microstructural Evaluation
ances (strain/stress). These compliances and their
contributions to overall compliance of fresh mar- The textural properties of food products are
ket tomato tissues during ripening and storagedictated to a large degree by the structural orga-
were stated to be as follows: an instantaneousnization of component anatomical parts. We have
elastic compliance; a slow-rate viscoelastic com- seen in tomatoes, for example, that there is a wide
pliance; a fast-rate viscoelastic compliance and adiversity in tissue types, including skin, pericarp,
steady-state viscous flow compliance. The au-locules, columella, and radial arms. The use of
thors went on to attribute elements of this model microscopic and other techniques to study food
to general plant cell wall structures given the structure and the way in which this arrangement
biochemical changes that they are known to incur of tissue types relates to both sensory and instru-
during tomato fruit ripening. mental measurements of texture has increased
Sakurai and Nevins (Sakurai and Nevins, dramatically in the last 2 decades.
1993) utilized a novel method of applying stress Very little work was published on the corre-
to tomato pericarp disks via a conical probe to alation between fruit and vegetable structure and
depth of 0.6 mm, then employed a strain gauge totexture prior to 1940, and even those studies con-
measure deflection of an arm calibrated accord-centrated primarily on comparative morphology.
ing to the load. Mature red tissues were comparedReeve (Reeve, 1970) was one of the first to point
with green, and it was determined that significant out that interrelationships between tissue struc-
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ture and composition contribute to a large range  Total solids (TS) represent all the solid com-
of textural qualities in fresh and processed fruits ponents of the tomato (approx. 5 to 7% by weight),
and vegetables. He noted that the size and shapexcluding the seeds and skin. Total solids are
of cells, cellular outgrowths, and the natural depo- measured by calculating the ratio of tomato prod-
sition of materials on the external surfaces of cells uct weight to its weight after removing the water
influenced textural appearance. Reeve found thatby drying in a vacuum oven (Lamb, 1977). Con-
small cells with few or tiny intercellular spaces versely, one may derive moisture content (ex-
formed a compact texture, while large cells that cluding seeds and skin) as the percentage weight
often had large intercellular spaces formed a coarseemoved by drying. Water-soluble solids (e.g.,
or spongy texture. He postulated that differenceslow MW compounds) present in tomatoes com-
in pectic constituents as well as differences in the prise 80 to 90% of the total solids content and
total amount of cell wall materials per unit tissue include sugars, organic acids, amino acids, soluble
volume should correlate with differences in soft- pectins, and mineral salts. Soluble solids (SS) is
ness and overall textural appearance. determined in the same way by vacuum drying
More recently, Stanley has been one of the serum separated by centrifuging and filtering out
key players in evaluation of microstructural ele- the insoluble material.
ments of food products and their relation to tex- For quality control purposes, it is easier and
tural properties, and he has categorized variousfaster to determine natural tomato soluble solids
techniques used in this field (Table 5) (Stanley, (NTSS) or°Brix in tomato serum by refractome-
1987). Low power examination is the best for ter. “Natural” implies the tomato soluble solids
discerning interacting elements, but often more without added salt and the NTSS Brix value is
than one technique is required for a complete a useful index of concentration and an indication
picture of microstructural organization. of consistency. Although NTSS values closely
approximate the water-soluble solid content ob-
tained by drying, they are not a measure of the
D. Chemical Methods actual sugar content and are not related in a con-
stant manner to total solids across varieties. NTSS
The textural properties of tomatoes may also or °Brix values are typically 0.2 to 0.4 units higher
be evaluated in terms of their component parts,than SS values obtained by drying for juice
the most important of which include total and samples, and are even more skewed for higher
insoluble solids, soluble pectins, size of insoluble solids samples (Wolcott, 1982).
polymers, and both degree of polymerization and Water-insoluble solids (WIS) content repre-
degree of esterification of insoluble polymers. In sents the higher MW cell wall and middle lamella
addition, the activity of texture-affecting enzymes components that are important determinates of
such as pectin methylesterase, polygalacturonasegonsistency. WIS are determined by difference,
and cellulases may be measured. These methodwhich is by subtracting the percent water-soluble

are described briefly. solids from the percent total solids. The proce-
dure used by Lamb (Lamb, 1977) is typically
1. Total, Water-Soluble, and Water- utilized:

Insoluble Solids
WIS = 100 (Total Solids — Soluble Solids)/

When speaking of tomato products, it is im- 100 — Soluble Solids
portant to distinguish between total solids, water-
soluble (or just “soluble”) solids, and water-in- WIS may also be determined by filtering the prod-
soluble solids. The tomato processing industry uct, washing to remove water-soluble compounds,
has a tendency to refer merely to “solids”, and in drying and weighing the insoluble residue. Good
most cases soluble solids are implied; however,agreement has been found by UCD researchers
the terminology can be confusing to the unen- between the two methods, but the difference
lightened. method is much faster and easier.
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To compensate for variations in total solids be carried out using the versene-pectinase carba-
between varieties, WIS values are most appropri-zole method developed in 1952 by McCready and
ately expressed as a ratio or percentage (e.g.McComb (McCready and McComb, 1952). This
WIS/TS). When multiplied by 100, this ratio ex- method involves extraction of all pectic substances
presses the percentage of water-soluble solids inin fruit tissue at pH 7 and below with mild heat-
the total solids fraction of the sample. UCD stud- ing, followed by determination and characteriza-
ies carried out from 1974 to 1980, the period in tion of total pectic substances such as anhydro-
which breeders were selecting firmer varieties of uronic acid. Fresh tissue is blender with 95%
tomatoes, showed that varietal changes resultedethyl alcohol, filtered, and the ethyl alcohol con-
in a WIS/TS increase from 9 to 19% (Wolcott, taining the sugars is discarded. Then the pulp is
1982). WIS content markedly affects consistency washed twice with 75% ethyl alcohol, and the
and the rate of change of Bostwick consistency cations and sequestered and the pectin deesterified
with a change of soluble solids during concentra- by adding 0.5% versene solution (ethylenedi-
tion. Marsh et al. (Marsh et al., 1980) illustrated amine-tetraacetic acid tetrasodium salt) at pH 11.5
(Figure 6) the importance of the WIS/TS ratio by and holding at 25C for 30 min. The solution is
plotting 4 years of results for WIS/TS against the acidified to pH 5 to 5.5 with acetic acid, pectinase
slope (b) of the Bostwick vs. NTSS concentration is added and the solution stirred for 1 h, diluted
curve (see Figure 4). These authors found that theand filtered. Deesterified galacturonide or poly-
higher the WIS/TS ratio for a tomato product, the mer are added to the solution, and aliquots are
greater the Bostwick consistency at any given measured colorimetrically with carbazole reagant.
level of TS or NTSS. Total pectin in tomato serum may be deter-
mined by taking serum obtained from serum vis-
cosity measurements (e.g., centrifuged at*600

2. Total Pectin for 30 min and filtered through Whatman No. 90
paper), pipetting this into a centrifuge tube and

Total pectin content may be evaluated in both then adding 30 ml of 95% ethanol and eight drops
tomato pulp and tomato serum. Pulp analysis may0.5 N HCI. The solution is mixed and centrifuged
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FIGURE 6. Relationship between slope of concentration curve and WIS/TS ration. (From Marsh, G. L. et al., J.
Food Sci., 45, 3, 1980.)
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for 20 min at 10,000 rpm (12,1009) at 34F et al., 1991). The isolated pectins are fractionated
according to the method of Luh and Daoud (Luh by passing them through a series of three col-
and Daoud, 1971). The supernatant is decantedumns: a WatengBondagel E-high, Waters E-100,
and the residue washed once with 30 ml 95% and a Synchropak GPC-100. Column effluent de-
ethanol and twice with 30 ml of 70% ethanol. tection is performed using a refractive index de-
Twenty-five ml of 0.05 N NaOH are added to tector. Molecular weight determination of the
residue, and it is allowed to stand 1 h. Then pectic fractions eluted is carried out using a tech-
the mixture is diluted with distilled water to nique of low-speed sedimentation-equilibrium
500 ml, and 2 ml of the resulting solution is used (Seymour and Harding, 1987).

for analysis by the F$O,-carbazole method

(McCready and McComb, 1952).

4. Enzymes
3. Cell Wall and Middle Lamella Polygalacturonase (PG) is assayed by incuba-
Polymers tion of enzyme extracts with a solution of

polygalacturonic acid at the optimum pH and tem-

Tomato polymers may be further evaluated perature for enzyme action. Blanks are prepared
by extracting cell wall material, chromatographing by previous boiling of the reaction mixtures be-
isolated pectins and determining the degree offore addition of substrate (Pressey, 1986). After
polymerization (DP) and degree of esterification appropriate incubation periods, aliquots are taken
(DE) of component polymers. Cell wall material for analysis of reducing groups using disodium
(CWM) may be prepared by heat inactivation in 2,2 bicinchoninate (McFeeters, 1980).
50% ethanol, which serves to inactivate constitu- Pectin esterase (PE) measurement focuses on
tive enzymes and protect pectins fr@relimina- the principle that ester bonds of the substrate
tion reactions (Koch and Nevins, 1989). The evalu- polygalacturonic acid methyl ester are hydrolyzed,
ation of DE may be carried out after dehydrating and acid groups are released, causing a lowering
the CWM with acetone, followed by vacuum dry- of pH. This assay is based on the color change of
ing. ldentification of galacturonic acid is per- the pH indicator, bromothymol blue, during the
formed after reduction of carboxyl groups, and reaction catalyzed by PE. As the pH is lowered,
the conversion of galacturonic acid to galactose isbromothymol blue changes color, which can be
verified by gas-liquid chromatography of alditol monitored spectrophotometrically (Hagerman and
acetates. Austin, 1986).

In order to calculate DP, which reflects aver-
age polymer size, it is necessary to analyze the
sample for pectin content and galacturonic acid 5. Alcohol-Insoluble Solids
reducing groups. DP is equal to the moles of
galacturonic acid residues divided by the moles Determination of alcohol-insoluble solids
of uronic reducing groups. Pectin concentration (AlS) is a good indication of maturity and texture
may be determined using the meta-hydroxy- in some horticultural products. In tomatoes, alco-
diphenyl assay (Blumenkrantz and Asboe-Hansen,hol-insoluble solids include: protein (8%), pectic
1973), and the quantification of galacturonic acid substances (7%), hemicellulose (4%), and cellu-
reducing endgroups can be carried out accordinglose (6%) dry matter (Davies and Hobson, 1981).
to Sajjaanantakul et al. (Sajjaanantakul et al., The method (Association of Official Analytical
1989). Chemists Method 32.006) for evaluation of AIS

Isolated polyuronides may be chrom- involves blending tomatoes in 80% alcohol, fil-
atographed using gel filtration on a Sephacryl tering on a vacuum filter, washing with additional
S-400 column (Seymour and Harding, 1987), and 80% alcohol, drying and weighing the residue.
more complete fractionation may be achieved Janoria and Rhodes (1974) found that AIS
through the procedure of Fishman et al. (Fishmancontent of fresh market tomato fruit was highly
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correlated with viscosity, as measured by a One difficulty frequently encountered in cor-
Brookfield viscometer on microwaved samples. relating instrumental and sensory results is poor
Correlation coefficient values, based on 12 culti- definition of the textural property being measured.
vars, were r = 0.94 for whole fruit extracted with In addition, when correlating instrumental and
75% ethanol. Investigators separated fruit into sensory results, one must consider differences in
three anatomical tissues, outer and inner pericarpsample variability or reproducibility (greater with
and locular contents and found the correlation of instrumental than sensory analysis) and the sensi-
AIS with viscosity was high for outer pericarp, r tivity of both instrumental and human sensors.
= 0.93, and inner pericarp, r = 0.78, but low for The sensitivity of a sensory panel is usually bet-
locular contents, r = 0.18. A principal component ter, but if there is great scatter (low reproducibil-
analysis indicated that fruit size, shape and firm- ity) in sensory ratings, differences may not be
ness, total solids, proportion of outer and inner significant (Kapsalis and Moskowitz, 1977). It is
pericarp, and locular contents were not highly important to realize the limits of correlation of
associated with either AIS or viscosity. each approach. Szczesniak (1979) found that, with
It was noted that AIS is a small fraction of the different foods, optimum agreement between sen-
total solid content of tomato juice, yet it accounts sory and objective evaluation occurs at different
for a significant variation in juice viscosity. For force/percent compression values, illustrating the
example, the range of AIS in the 12 varieties importance of initial testing to set test parameters.
studied in this trial was 2.9 to 7.4% of total solid The literature contains relatively few well-
content, but its coefficient of determinatiod) (r conducted studies of textural properties that cor-
with viscosity was estimated to be 0.88 (Janoria relate sensory analysis results with those of ob-
and Rhodes, 1974). In terms of breeding poten-jective methods. There are even fewer examples
tial, an increase in the weight proportion of outer relating sensory evaluation to microstructural or
pericarp may not result in an increase in the AIS chemical analyses. In most cases, methods are
(outer) or AIS (whole) content because the per- compared by statistical analysis of the results and
centage outer pericarp was found to vary indepen-simple calculation of correlation coefficients.
dently of AIS (outer and whole). Kader et al. (Kader et al., 1978) evaluated two
objective methods (one destructive, one nonde-
structive) and a sensory judgment of fresh market

E. Correlation of Sensory Methods with tomato firmness. The UC fruit firmness tester was
Objective, Microstructural and Chemical utilized for the destructive puncture-type test and
Methods, and Criteria for Method a nondestructive compression method based on
Selection pressing two steel balls against the sides of the

tomato and measuring deformation was also used.
Although sensory methods are preferred be- These methods were compared with the sensory
cause of their strong correlation with consumer method of feeling fruit with the fingers along the
judgments, objective instrumental or chemical equatorial diameter of the fruit with specific at-
methods are often faster and less expensive. Fotention to measurements being made over the
this reason, many scientists use objective meth-locules rather than the radial walls. Sensory scores
ods to evaluate textural properties. In the final were highly correlated with both nondestructive
analysis, however, objective methods of textural deformation measurements (r = —0.81) and de-
property evaluation must correlate well with sen- structive pressure test values (r = 0.79). In addi-
sory judgments. Szczesniak (1987) cites the fol- tion, the two objective tests correlated fairly well
lowing as reasons researchers seek correlationsfr = —0.75) with each other. Table 6 illustrates the
(1) need for quality control instruments; (2) de- agreement obtained between the three methods.
sire to predict consumer response; (3) desire to  Gormley and Keppel (Gormley and Keppel,
understand what is being perceived by sensory1976) measured whole fresh market tomato fruit
test; and (4) need to develop improved instrumen-firmness with a modified shear press by com-
tal test methods that will ultimately duplicate sen- pressing (radially) individual fruit by 5 mm be-
sory evaluation. tween two flat surfaces. This deformation resulted
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TABLE 6
Relationship between Subjective and Objective Firmness
Measurements for Whole Tomato Fruit Firmness

Deformation (mm) UC fruit firmness
Subjective firmness at 1 s using a 2.2 N tester reading (kg) with
score and class compressive force a 7.9 mm plunger
6 = Very firm 0.8+04 2.18 £ 0.48
5 = Firm 13+05 1.81 +0.39
4 = Fairly firm 16 +0.6 1.27 £ 0.27
3 = Soft 23+0.6 1.00 + 0.20
2 = Very soft 27+03 0.73 £ 0.25

From Kader, A. A., J. Amer. Soc. Hort. Sci., 103, 1, 1978.

in firmness readings of 1700 to 550 g, depending Bourne (Bourne, 1993) as a guide to method se-
on the age of the fruit. A 12-member sensory lection:

panel of individuals experienced in tomato pro-

duction and marketing was asked to rank fruitin 1.  Purpose: routine quality assurance or a re-
order (1 to 10) from firmest to softest on the basis search tool?

of finger feel. The rank correlation coefficient 2. Nature of product: liquid, solid, viscoelas-
between tomato firmness as measured by finger tic, homogeneous, or heterogeneous?

feel and shear press was 0.988. The break pointir8.  Cost: capital equipment cost, including op-

fruit firmness between suitability and nonsuit- eration and maintenance; cost of training,
ability for sale at the retail level was taken at and maintaining a sensory texture panel?
680 g, while that for tomatoes usable in the home,4.  Time: results needed immediately for deci-
that is, capable of being sliced easily, was 540 g. sion making (e.g., quality assurance) or more
The relationship between sensory attributes long-term evaluation?
and objective measurements of fresh market to-5.  Location: used in field, processing plant, or
mato quality was also investigated by Resurreccion on the laboratory bench?
and Shewfelt (Resurreccion and Shewfelt, 1985).6. Nature of sensory evaluation method used
Nineteen different sensory and objective variables by people: is the product typically squeezed,
were evaluated and Table 7 illustrates how the cut by incisors, crushed between molars,
data were first simplified by clustering groups of rolled with tongue, etc.?

variables into nonoverlapping clusters. Analysis
of individual factors found that sensory tomato After reviewing all of the above criteria, one
color measurements were highly correlated with will hopefully be left with two or three potential
objective color measurements L and-tdoa (r = test principles, which should be tested over the
—0.66,P < 0.0001) and whole fruit firmness as full range of textures normally encountered in the
measured by a penetrometer (r = —-0.B1< food and correlated with sensory evaluation
0.0001). It is interesting to note that the only (Bourne, 1993). Using statistical analysis to evalu-
objective measures that correlated with sensoryate the results should identify which principle and
analysis were firmness and color. instrument are the best for a certain product. Fi-
Table 8 summarizes the methods describednally, test conditions must be established and stan-
above which may be applied to characterization dardized such that they give the strongest distinc-
of the textural properties of tomatoes. Faced tion between different samples.
with what may seem to be an overwhelming In terms of the evaluation of textural proper-
number of choices, it is useful to review the fol- ties of processing tomatoes, liquid and semi-solid
lowing criteria, which have been adapted from tomato products such as juice, sauce, and paste
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TABLE 7
Cluster Structure and Factor Pattern of Sensory and
Objective Measures of Postharvest Quality

Type of

Variable measurement 2  Cluster (R? Factor ®
L (0] 1 0.92 1
tan ! b/a (@] 0.87 1
Firmness (@] 0.81 1
Color S 0.63 1(-)
“Tomato-like” S 2 0.85 2
“Overall” flavor S 0.77 2
Sweetness S 0.59 2
Preference S 0.49 2
Juiciness S 0.43 2
Acidity S 0.10 6
Soluble solids (@] 3 0.89 3
Moisture (@) 0.81 3()
Weight (0] 0.30 3,4 (-)
“Off-flavor” S 0.11 6
Ripening method (@) 4 0.72 4
AE (@] 0.54 4
Ascorbic acid (@) 0.43 3,4
pH (@] 5 0.70 5
Titratable acidity (@) 0.70 50)

a2 O = objective measure; S = sensory measure.
b Variables with rotated loadings > 0.35 for a factor. Negative
loadings are indicated by (-).

From Resurreccion, A. V. and Shewfelt, R. L., J. Food Sci., 50, 1985.
With permission.

historically have been evaluated in terms of their puncture test for evaluation of either raw or pro-
viscosity, consistency, and chemical composition cessed tomato products.

(e.g., TS, SS, WIS, pectins). In-plant quality-as- The textural quality of processing tomatoes is
surance practices routinely involve measurementrarely evaluated on incoming loads, in general
of diluted paste or juice Bostwick, soluble solids, processed product texture is measured after the
and perhaps total solids and serum viscosity.fact. In addition, although varieties may be pro-
Evaluation of the textural properties of more solid cessed separately, the raw material is rarely sorted
products such as diced, crushed, and whole peeledor textural quality or maturity differences prior
tomatoes is still in its relative infancy. With con- to processing. Following bulk production of a
sumer attraction to salsa and ethnic foods and theproduct such as diced tomatoes, textural proper-
subsequent rise in market share in the diced to-ties may be evaluated at the time of remanufacture
mato category, textural integrity has become aor formulation of higher value products, but at
significant factor in quality assessment. In prac- this point it is impossible to recover losses in
tice, as a quality control tool the tomato industry textural integrity. In order to distinguish higher
frequently uses methods of texture evaluation thatvalue products containing diced, crushed, or whole
are quite subjective and often involve visual ex- peel tomatoes, it would behoove the processor to
amination and/or probing or squeezing with the institute routine methods for evaluation of the
fingers. A scant few companies presently use textural properties of raw and processed products.
objective methods such as the Shear Press oPerhaps if standards were better defined and less
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subjective more attention would be paid to tex- Tomato shape varies greatly, depending on the
tural integrity. On the other hand, efforts to opti- cultivars; commonly fruits are elongated or pear-
mize the textural properties of tomato products like, oblate, or spherical. Typically, processing
will offer a marketing advantage to savvy proces- tomatoes are pear shaped; it is common to find
Sors. globular and oblong fruits. However, the diver-
sity of fruit shapes are exemplified in Figure 8,
which presents 12 cultivars of tomatoes used by
IV. TOMATO BIOLOGY Janoria and Rhodes (1974) for tomato juice prepa-
ration.
The commercially cultivated forms of tomato
belong to the specidsycopersicon esculentum,
Mill. In 1893 in the U.S., as the result of a tariff B. Tomato Anatomy
dispute, the tomato was officially proclaimed by
the Supreme Court a vegetable (Margen and Let-  The tomato is a fleshy fruit, specifically, a
ter, 1992). Nevertheless, botanically the tomato isberry. Most of the flesh or juicy tissue of the
a fruit of the genud.ycopersicon mature fruit is derived from the placenta (Fahn,
Transversal sections of a tomato fruit reveal 1974); the placenta constitutes the ovule-bearing
from 2 to 25 locules (Salunkhe et al., 1974). Most region of the ovary of the flower (Esau, 1953). In
of the world’'s tomatoes, including processing the tomato, as in many but not all fleshy fruits, the
tomatoes (cultivars used for canning, freezing, mature ovary wall (the pericarp) is not highly
drying, etc.) are grown under nonlimiting light differentiated, and a distinct exocarp, mesocarp,
conditions for most of the year. Under these con- and endocarp are lacking. Figure 9 is a diagram of
ditions, multilocular fruit (Figure 7) can be easily atransverse section of a mature tomato fruit show-
grown (Davies and Hobson, 1981). ing the various structures and regions. Pericarp
includes the skin, peripheral pericarp, radial arms,
and columella.
A. Tomato Shape and Size Tomato “skin” or peel is composed of a thin
layer of heavily cutinized epidermal cells and two
The shape of an individual tomato fruit is or more layers of relatively small, flattened cells
largely genetically determined, with some influ- referred to by some authors as hypodermal cells
ence of environmental and nutritional conditions. (Chu and Thompson, 1972; Reeve, 1970). Cells

FIGURE 7. Multilocular fruit grown under nonlimiting light conditions. (From Davies, J. N. and Hobson, G. E., Crit.
Rev. Food Sci. Nutr., 15, 3, 1981.)
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FIGURE 8. Variation in fruit shape and size of 12 cultivars. (From Janoria, M. P. and Rhodes, A. M., Euphytica,
23, 1974.)
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Skin
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FIGURE 9. Internal structure of a tomato fruit.

of the skin are thicker walled than the paren- dral; both cell size and cell shape vary. Those
chyma cells of the main portion of the pericarp. cells beneath the skin (Figure 10A) and adjacent
Lining the locules is a layer of thin-walled cells, to the inner epidermis lining the locules
which constitutes the inner epidermis (Esau, 1953;(Figure 10B) are much smaller than cells in the
Fahn, 1974; Gould, 1992). central portion of the peripheral pericarp. Periph-
Cells located in the main portion of the peri- eral pericarp parenchyma cells of mature green
carp (central part of the peripheral pericarp; seetomatoes measure 300 to 500 m or more across;
Figure 9) are much larger than skin cells; they their cytoplasm appears as a thin layer that sur-
have thin walls and are separated by many inter-rounds a central vacuole, and the cell walls are
cellular spaces. Often pericarp cells are polyhe-relatively thick (Grierson and Kader, 1986). In
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FIGURE 10. Electron micrograph of tomato cells.

the micrographs of ripe processing tomato pre-instead presses against these structures. While
sented in Figure 10A,B some of the largest cells firm and compact at first, the intruding parenchy-
are over 700 m across. Vascular bundles are distmatous tissue becomes gelatinous with fruit matu-
tributed throughout the pericarp. They run from ration, as cell walls thin and eventually rupture to
the stem end to the blossom end in both the peproduce the locular gel (Brecht, 1987; Davies and
ripheral pericarp and the columella (Davies and Hobson, 1981; Salunkhe et al., 1974).

Hobson, 1981). Locular cavities of the ripe to- The overall thickness of the pericarp was
mato fruit are filled with a jelly-like material and determined in 10 cultivars of processing tomatoes
seeds. In the early stages of development, thegrown in California (Barrett and Garcia, 1996);
tomato fruit locules are filled by an outward growth results are presented in Table 9. Pericarp wall
of parenchymatous placental cells and the seedghickness does not necessarily increase with fruit
are surrounded by them. This tissue is not fusedweight; in some cultivars, small fruit may have
with either the adjacent pericarp or the seeds, butquite thick walls. There is a large variation of
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TABLE 9
Variation of Fruit Weight and Pericarp Thickness of Ten
Processing Tomatoes at Three Maturity Stages

Fruit weight (g) Wall thickness (mm)

Maturity
Variety stage min —max Average min — max Average
BOS 8066 R 65-115 92.8 5.3-7.8 6.9
(Orsetti) R+2 43-114 70.0 5.0-7.1 6.0
R+3 50-104 76.1 4.8-6.2 55
Brigade R 60-86 73.2 6.2-8.6 7.3
(Asgrow) R+2 63-87 75.7 5.1-84 7.4
R+3 66—-80 73.5 5.9-7.5 6.8
FM 9208 R 64-93 80.8 5.9-9.4 7.7
(Ferry Morse) R+2 57-82 72.7 6.9-9.6 8.2
R+3 54-104 78.7 5.9-8.6 7.2
H 3044 R 45-82 62.1 4.4-8.2 6.1
(Heinz) R+2 44-84 67.5 49-75 6.2
R+3 49-81 65.5 3.5-6.5 55
H 8892 R 62—-89 74.7 5.7-8.8 7.0
(Heinz) R+2 63-78 70.3 5.2-6.8 6.0
R+3 58-105 81.3 5.7-8.8 7.2
H 9280 R 50-106 72.8 5.2-9.3 7.0
(Heinz) R+2 57-93 72.0 5.8-8.1 6.9
R+3 49-138 74.2 5.1-7.9 6.9
LaRossa R 71-105 83.0 6.5-9.4 7.6
(Rogers) R+2 53-91 70.0 6.2-7.9 7.2
R+3 50-112 76.1 5.9-8.4 7.0
Sun 6117 R 70-127 88.0 51-7.4 6.7
(Sun Seeds) R+2 78-116 93.4 5.9-8.0 7.0
R+3 61-91 77.8 5.4-7.3 6.6
Halley 3155 R 85-130 100.9 6.2-9.1 8.1
(Orsetti) R+2 61-96 83.4 5.8-8.1 7.3
HyPeel 45 R 68-105 91.3 6.6-8.9 7.6
(Peto Seed) R+2 43-79 62.8 6.1-7.6 7.0

Note: All tomatoes were grown simultaneously and under the same agronomic
conditions. R = red stage/USDA stage 6; R + 2 = 2 weeks after red stage;
R + 3 = 3 weeks after red stage.

pericarp thickness in the same cultivar and matu- Knowledge of tomato anatomy is a prerequi-
rity stage. As shown in Table 9 fruit of the culti- site to accurate sampling for texture evaluation. A
var H 3044 had pericarp between 3.5 to 8.2 mm structural feature that has to be considered when
thick, considering the three maturity stages to- texture measurements, such as whole fruit defor-
gether; that was the highest variation (186%) of mation, are to be performed is the presence of
pericarp thickness observed. Moreover, the matu-radial arms of pericarp (Figure 9). Both the num-
rity stage and fruit weight do not seem to consis- ber of radial arms present, as well as their thick-
tently affect the variation of pericarp thickness; ness, are expected to impart resistance to fruit
some of the thinnest pericarp walls were found deformation, while the locular cavities, which are
among the ripest (Red + 3 weeks) fruit of the filled with jelly in the ripe fruit, are much less
cultivars BOS 8066 and H 3044. For 6 of the 10 resistant to deformation.

cultivars studied, the pericarp thickness decreased  In evaluating whole fruit deformation (uniaxial
(7.9 to 20%) with maturity; therefore, there may compression), it is important to be conscious of
be a genetic effect on pericarp thickness. the position of the radial arms. The stresses that
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occur in tomatoes during this type of test are not formation) and softening of the pericarp (observed
evenly distributed due to geometrical factors that as a decrease in pericarp wall density; graininess)
result from structural nonuniformity. In our stud- can be seen in NMR images. Yet NMR imaging

ies we have chosen either to arbitrarily position is not applicable to sorting of mature green toma-
fruit and evaluate deformation every°4®r to toes due to the length of time required to produce
studiously avoid radial arms in evaluation. the image.

It is somewhat common practice to trim pieces Other nondestructive techniques have been
of tissue (cylinders, disks), in particular pericarp studied with the purpose of determining fruit
tissue, in order to perform texture measurements.maturity, among them X-ray computed tomogra-
It is important to highlight the natural variation of phy (Brecht, 1991), transmission of sound (Abbott
cell size, as seen in Figure 10A and B. In trim- et al., 1968; Saltveit et al., 1985), changes in
ming we eliminate some structures that might the vibrational response of the fruit (Stephenson
offer more or less resistance in a puncture test.et al., 1973), transmission of visible light
Also, in trimmed samples it becomes more diffi- (Worthington et al., 1973), and delayed light
cult to perform tests observing the same orienta-emission (Abbott et al., 1986; Chuma et al., 1982).
tion of the tissue, which might create nonrepro-
ducible results. As a general rule, we consider
trimming a nonrecommended practice. D. Tomato Ripening

Ripening of tomato fruit involves dramatic
C. Tomato Classification changes in color, texture, aroma, flavor, and
composition. At the onset of ripening, follow-

According to the U.S. Standards USDA, 1975, ing a rise in ethylene production, respiration
fresh market tomatoes are classified on the basidegins to increase and initial color changes occur
of color, into six ripening stages (see Table 10). In in the locular region; chlorophyll is replaced by
California processing tomatoes are typically har- carotenoids, mainly lycopene. Tomatoes typi-
vested when 90% of the field is at the red stage cally ripen from the “inside-out”, that is, inter-

Examination of internal morphology of sliced nal color development and tissue softening pre-
fruit can also be used to assess maturity of maturecede changes in external color and firmness,
green tomatoes. Observation of locular gel for- and ripening progresses from the central col-
mation allows classify green tomatoes in four umella region down to the blossom end and up
physiological stages, as described in Table 11. to the stem scar. At the breaker and light-red

Tomato fruit maturity has also been deter- stagesu- andp-carotene reach peak concentra-
mined nondestructively with nuclear magnetic tions; in the ripe fruit lycopene accounts for 50
resonance imaging, NMR (Saltveit, 1991). to 76% of the total carotenoid pigments (Davies
Changes in the locular content (liquefation or gel and Hobson, 1981).

TABLE 10

USDA Tomato Classes

Score Class Description

1 Green Fruit surface completely green, varying from light to dark green

2 Breaker  First appearance of external change in color; pink, red, or tannish yellow color on not more

than 10% of fruit surface

3 Turning Over 10% but not more than 30% fruit surface is red, pink, or tannish yellow
4 Pink Over 30% but not more than 60% pinkish or red

5 Light red Over 60% surface shows pinkish-red or red, but not more than 90% red

6 Red Over 90% red; desirable table ripeness

Note: All percentages refer to both color distribution and intensity.
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TABLE 11
Scoring of Mature Green Tomatoes by Examination
of Sliced Fruit

Score Gel formation Locule color change
M1 None None
M2 At least in one locule, None
but not all locules
M3 All locules None
M4 All locules Red in one or more locules

Modified from Brecht, 1987; Shewfelt and Prussia, 1993.

Ultrastructural studies revealed important chilling, and freezing stresses. The effects of va-
changes during ripening at the cell wall-middle riety, maturity, cultural, and environmental fac-
lamella level. Initially, there is solubilization of tors on textural properties are discussed in greater
the cell wall; as ripening continues the wall solu- detail in this section.
bilization is more extensive, leading to fragile It should be noted here that, in growing to-
walls in very ripe fruit. mato plants, the destination of labile assimilates

Production of aroma and flavor compounds (dry matter) from leaves and other sources of
also occur during ripening; more than 200 vola- supply to growing tomato fruits changes during
tile constituents have been described. A major plant growth (Atherton and Rudich, 1986). The
contribution to the tomato taste is imparted by the source/sink relationship of supply and demand
accumulation of sugars (48% of dry matter in ripe for assimilates is dynamic and complex and is
tomato) and the presence of organic acids (13%strongly influenced by environmental conditions.
of dry matter), mainly citric (9% of dry matter). Competition exists between developing fruit, stem,
Pectic polysaccharides, which represent approx.and roots, and also between trusses and between
35% of the cell wall composition, correspond to fruit on the same truss. Therefore, on any one
7% of the ripe tomato fruit (dry basis) (Grierson plant, ripening of an individual tomato fruit will
and Kader, 1986). depend on its location on a specific truss, the

location(s) of assimilate sources, and environ-
mental conditions.

V. TEXTURAL PROPERTIES OF RAW Varietal differences exist between the time

TOMATOES period from which proximal fruit on the first truss
(crown set) are ripe, to the time when the least

A. Factors Affecting Tomato Texture competitive fruit (typically distal fruit on top truss)

are ripe. Because of the fact that tomatoes do not
Factors that affect the textural properties of change color significantly once they have reached
processing tomatoes may be categorized as eithethe red ripe stage (Barrett and Garcia, in prepara-
production-related or tissue-specific factors. Pro- tion) it is difficult to discern by eye maturity
duction-related factors have been discussed bydifferences in fruit on a single plant. Tomato pro-
Bourne (Bourne, 1983) and Jackman (Jackman,cessors typically harvest a field at “90% red ripe”,
1995) and include: (1) cultivar or variety, (2) which means that, due to different patterns in
maturity at harvest and degree of ripeness, (3)assimilate distribution in a single plant, some fruit
cultural practices, including use and type of fertil- may have reached the red ripe stage a full 2 to 3
izer, application of certain hormones, amount of weeks prior to the least competitive fruit. This
water and degree of sun exposure, and (4) envi-physiological reality means that the processor
ronmental stresses on the tomato plant prior toinherits a raw material of nonhomogeneous matu-
harvesting, such as drought, salinization, water, rity even prior to its leaving the field. In addition,
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it explains in part the large variability in red ripe ing of equatorial slices from the same fruit. The
tomato texture observed in most scientific stud- objective of the study was to determine the con-
ies. tribution of three distinct anatomical regions (peri-
Tissue-specific or structure related factors carp, columella, and radial arms) to the overall
(Jackman, 1995) that affect the textural propertiestextural properties of whole fruit. Slice analysis
of tomatoes include the following: (1) chemical of the specific anatomical tissues, and correlation
composition of the cell wall, and spatial organiza- with whole fruit texture are discussed in the next
tion and interaction of the constituent macromol- section, while whole fruit measurement is high-
ecules in the formation of this structure; (2) activ- lighted here. Thirty-six tomato varieties were
ity of softening-related enzymes such as evaluated, and, to maintain confidentiality, the
polygalacturonase, pectin methyl esterase andvarieties were arbitrarily coded with letters from
various hyrolases; (3) turgor pressure, as dictatedA through CC. Twelve of the varieties were picked
by water status, presence of salt gradients and/ogreen and allowed to ripen in air, and these are
cell membrane integrity; (4) cell shape and size designated by a (G) following the variety code.
distribution; larger cells tend to have greater strain Of these twelve, eight were also picked red ripe;
in their walls and are thus somewhat more sus-therefore, a comparison of textural properties is
ceptible to cracking or fracture after application possible.
of an external load or with increasing turgor; (5) Whole fruit samples were placed in the cus-
the amount and distribution of intercellular spaces; tom brace described above (see discussion of flat
and (6) the proportion and arrangement of spe-plate compression in radial mode, n = 4) and
cialized tissues such as vascular, epidermal, andsubjected to an initial preload of 0.1 kg and total
locular tissues. In addition, the temperature at theload of 1.0 kg. Resultant delta deformation (de-
time of testing critically affects firmness of both formation at maximum load — deformation at
raw and processed products (Bourne, 1982; 1986)preload) was recorded in mm. Figure 11 is a
therefore, measurements should be conducted irscatter plot of delta displacement vs. fruit ranking
a narrow temperature range. from firmest to softest fruit. This plot shows the
Due to the scarcity of data reported in the spread of the data by variety as well as clustering
literature on processing varieties, studies on freshand outliers. ANOVA testing (one factor) of this
market tomato varieties will supplement the fol- data set (mean delta displacement vs. fruit firm-
lowing discussion. The authors realize that pro- ness ranking) was significant at p = 0.0001, and
duction conditions, and in particular ripening re- results of LSD testing (p = 0.05) of multiple
gimes for fresh market and processing tomato comparisons are summarized in Table 12.
varieties are quite different, but the two genetic Although the spread in the data for each va-
variants do share many similarities. Therefore, it riety and each individual fruit within a variety is
is of interest to review research on fresh market not insignificant, to some extent this reflects nor-
varieties in addition and reference will be clearly mal variation in biological systems. In addition, a

made as to tomato type in the discussion. decision was made to take four readings per fruit
at 45 rotations, and the starting point was ran-
B. Textural Properties of Red Ripe domly chosen to simulate consumer evaluation at
Whole Tomatoes and Specific point of purchase. It is obvious that measure-
Anatomical Tissues ments made by compression over radial arms will
give different results (firmer, therefore smaller
1. Whole tomatoes delta displacement) than those made over large

locules (softer, therefore larger delta displace-

Recently, our laboratory carried out compara- ment). A consequence of this decision is a rela-
tive varietal evaluations on red ripe fresh market tively high standard deviation.

tomatoes, using the Instron Universal Testing Despite the relatively high standard devia-

Machine for nondestructive flat plate compres- tion, the data set could be divided into 20 statis-

sion of whole fruit and destructive puncture test- tically different groups. It was possible to assign
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FIGURE 11. Scatter plot of delta displacement vs. sensory ranking for whole tomato fruit.

sensory “finger feel” categories, based on the red ripe yielded interesting results. Of the eight,
correlations determined earlier in the validation in five cases the green fruit were firmer than the
study (see discussion in flat plate compressionred, in one case the green fruit was softer than the
section above) between delta deformation valuesred, and in two cases the green and red fruit did
and sensory finger feel. The average values (mm)not differ significantly in firmness.
and standard deviations of delta deformation for
each category were determined to be as follows:

2. Specific Anatomical Tissues

1. Hard 0.859 (0.164)

2. Very firm 1.540 (0.385) a. Pericarp Tissue

3. Firm 2.361 (0.748)

4, Firm with give 3.556 (0.762) In an effort to standardize measurements of
5. Soft 3.756 (0.512) textural properties, many investigators have con-

centrated on evaluation of pericarp tissue, typi-
Comparison of the eight varieties that were cally taken from the equatorial region of the to-
both picked green and allowed to ripen and picked mato. Pericarp disks are commonly obtained using
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TABLE 12
Whole Tomato Fruit Rankings by Nondestructive Flat Plate Compression
and Sensory Analysis

Arbitrary ~ Whole fruit Mean delta
variety firmness displacement
code ranking LSD Results (mm) Finger feel categories
A(G) 1 A 1.64 Very firm, Firm
B(G) 2 B 1.96 Firm
C(G) 3 BC 2.06 Firm
D 4 BC 2.21 Firm
E 5 BC 2.22 Firm
A 6 BC 2.26 Firm
G 7 CD 2.31 Firm
H(G) 8 DE 2.60 Firm
I 9 E 2.65 Firm
J 10 EF 2.77 Firm
K(G) 11 FG 3.04 Firm, Firm w/give
L 12 GH 3.08 Firm, Firm w/give
M(G) 13 GHI 3.16 Firm w/give
N 14 GHIJ 3.21 Firm w/give
O(G) 15 GHIJK 3.33 Firm w/give, soft
P 16 HIJKL 3.38 Firm w/give, soft
H 17 IJKL 3.39 Firm w/give, soft
Q 18 IJKLM 341 Firm wi/give, soft
R(G) 19 IJKLM 3.44 Firm w/give, soft
S(G) 20 JKLMN 3.46 Firm w/give, soft
S 21 JKLMNO 3.47 Firm w/give, soft
T 22 JKLMNOP 3.50 Firm w/give, soft
U 23 JKLMNOP 3.51 Firm w/give, soft
Y, 24 KLMNOPQ 3.60 Firm wi/give, soft
K 25 LMNOPQ 3.67 Firm w/give, soft
W 26 LMNOPQ 3.67 Firm w/give, soft
X 27 MNOPQ 3.70 Firm w/give, soft
Y 28 NOPQR 3.74 Firm wi/give, soft
z 29 OPQR 3.76 Firm wi/give, soft
(0] 30 PQR 3.78 Firm w/give, soft
M 31 POR 3.79 Firm w/give, soft
AA(G) 32 QR 3.82 Firm w/give, soft
AA 33 QR 3.85 Firm w/give, soft
BB 34 RS 4.03 Firm w/give, soft
V(G) 35 S 4.31 Soft
CcC 36 T 5.00 Soft

a cork borer after cutting the whole fruit open During the last 6 years, a tremendous amount

axially and removing the internal columella, ra- of excellent work has been carried out by Jackman
dial arm, placental, and locular tissues. In our and Stanley at the University of Guelph, utilizing

laboratory we have consciously chosen not to fresh market tomato pericarp tissue disks as a
trim pericarp disks to a standard thickness, be-model system (Jackman, 1995; Jackman et al.,
cause of the differing cell types and sizes that 1992; Jackman and Stanley, 1992; Jackman and
naturally exist in the pericarp. Stanley, 1992; Jackman and Stanley, 1995;
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Jackman and Stanley, 1995; Jackman et al., inevaluations on raw controls on approximately half
press). Based on creep tests and analysis of chilleaf the process days, but values ranged from
tomato fruit (Jackman and Stanley, 1995), the 19,760+ 539 g to 26,29@& 312 g. Attempts to
authors were able to effectively consolidate mecha-correlate raw control data obtained from the three
nisms of tomato softening into one fundamentally different texture methods utilized were unsatis-
solid physico-mechanical model. Their conclu- factory, and correlation coefficients h&d/alues
sions are discussed below and summarized inof only 0.13 to 0.35. This may indicate either the
Table 13. variability in raw material texture or the fact that
Recently, we carried out an evaluation of the each of the three tests utilized may be evaluating
effects of thermal processing on diced tomato slightly different textural properties. In this case,
textural integrity that involved evaluation of “raw it is important to further investigate the properties
control” samples for comparison on each day of evaluated and the limitations in sensitivy inherent
processing. The experimental design was basedo each test.
on two replicates of the entire process and toma-  Although all subsequent process effects were
toes for each process replicate were obtained fromevaluated compared with the raw control har-
separate fields that matured approximately 10 dvested from the same field on that particular pro-
apart. Textural properties were measured usingcess day, due to the variability in raw control
three different procedures, puncture, compression firmness values process effects were often insig-
and Shear Press. It is interesting to examine thenificant. As a result of this variability in the raw
textural heterogeneity of the raw control tomato material, our laboratory conducted a study the
pericarp disks that were taken from red ripe toma- following year to determine the effect of maturity
toes grown in the same field and were carefully on red color development and textural properties,
sorted such that hue angles were in a tight rangeamong other attributes, in seven tomato varieties
from 36 to 40. (Barrett and Garcia, in preparation). It was found
The range in raw control peak force values that once the red ripe stage was achieved, tomato
obtained using the puncture test (Figure 12) oncolor did not deviate significantly, even though
red ripe fruit harvested from both fields over an fruit was overmature; therefore, color was not a
approximate 3 week period was 551186 g to  sensitive indicator once red ripe maturity was
967+ 351 g. Compression test values (Figure 13) reached. Tomato fruit firmness did, however,
ranged from a low of 345% 1580 g to a high of change with maturity and decreased as tomatoes
6100+ 1560 g. Due to the lack of available fruit, ripened from a peak force range of 353 to 661 g
it was only possible to carry out Shear Pressat the pink stage to 199 to 303 g at the red ripe

TABLE 13
Mechanisms Involved in the Softening of Tomatoes 2

Contribution to

Textural parameter Mechanism Softening (%)
Instantaneous elasticity Turgor pressure 20-35
Primary wall strength (esp. cellulose) —>b
Viscoelastic properties  Hemicellulose composition 10-15
Pectin composition 20-35
Steady-state viscous Increased wall fluidity due to 20-35
behavior Exosmosis®

Breakdown of cell wall and/or
middle lamellar polymers

a  Modified from Jackman, R. L. and Stanley, D. W., 1995.

b No evidence for contribution to softening.
¢ May be considered as a component of turgor pressure.
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Puncture Summary of Raw Control
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FIGURE 12. Firmness of raw control tomatoes as evaluated by puncture tests.

stage, and 189 to 240 g at the overmature stage Holt (Holt, 1970) used an Instron fitted with
(Figure 14). a puncture probe to evaluate the different ana-

tomical tissues of ripening tomatoes (Figure 15).

He found that, as tomatoes ripened, the structural
b. Other Anatomical Tissues components changed in different ways. The pri-

mary peaks observed corresponded to the skin

The tissue in the stem scar region plays a vital followed by a plateau where the probe passed

role in support of the fruit structure and typically through the pericarp (flesh), then a smaller inner
is the most firm and the least developed in termsepidermis peak. As the probe entered the locular
of color. Because of physiological differences in area of the tomato, a constant low force was also
ripening rate, different anatomical regions of the obtained. The authors observed that force required
tomato will have varying degrees of textural in- to penetrate the skin was higher in unripe toma-
tegrity. It is important to keep this variability in  toes and that inner epidermis peak and pericarp
mind when sampling tomatoes for experimenta- plateau force values were also higher in unripe
tion, and to realize that this inherent variability in tomatoes. Pericarp and inner epidermis strength
any single tomato will dictate to some degree the decreased rapidly during the green to late color
range of textural properties one may encounter inbreak stages and then slowed while skin strength
both raw and processed tomatoes. fell more progressively.
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Compression Summary for Raw Controls
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FIGURE 13. Firmness of raw control tomatoes as evaluated by compression tests.

Saltveit (Saltveit, 1991) noted that the alter- deformation based characteristics of texture with
ation in the firmness and consistency of the locu- insoluble protopectin content. A whole fruit punc-
lar tissue is not detectable by most common meth-ture test was utilized to obtain the following mea-
ods of nondestructive texture measurement, but itsurements: (1) deformation, distance (mm) of
could be discerned using NMR imaging (see dis- probe travel from first contact with the tomato
cussion above). No external changes in color orfruit surface to the bioyield point; (2) pericarp
appearance could be detected between the maturstrength, the force (N) at bioyield; (3) locular
green 1 and 3 stages, and there was no significantesistance, the residual force following bioyield;
difference in firmness, as determined by flat plate (4) firmness, the maximum slope of the force
compression (Table 14). Significant changes in deformation curve; (5) compliance, the deforma-
whole fruit firmness did, however, occur with tion per unit pericarp strength and (6) toughness,
ripening. An increase in the NMR image intensity the total energy consumed during puncture, or the
of the locular region, indicating increased water area under the force-deformation curve. Fruit size
content due to liquefaction, and more ‘graininess’ had a significant effect on deformation, pericarp
in the pericarp wall due to decreased density oc-strength and toughness values but not on locular
curred as a result of tomato ripening (Figure 16). resistance, compliance, and firmness. Pericarp

In 1988, Adegoroye et al. (Adegoroye et al., strength, locular resistance and firmness decreased
1988) reported on the correlation of six force- with ripening (Table 15), but toughness was un-
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FIGURE 15. Instron force-distance curve for penetration through different anatomical regions of the tomato. (From
Holt, C., J. Texture Studies, 1, 1970.)

affected. While all six force-deformation charac- existed between compliance and protopectin
teristics measured were significantly correlated (r = —0.88). Both epicarp strength and firmness
with protopectin content, the highest correlation correlated well with compliance; therefore, the
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TABLE 14
Comparison of Subjective External and Internal Attributes of
Tomato Fruit

External  Internal nl
Maturity color maturity C ,H,/(gh) MICO,/(gh) Firmness
Red-ripe 6~ -y 9.8 av 245D 1.8 za
Turning 3 - 57b 239b 1.6 ab
Breaker 2 - 26¢c 28.8 a 13b
Mature-green 1 3 04d 179 c 0.8c
Mature-green 1 1 0.03 e 11.7d 0.7c

w

Means within each column followed by the same letter are not significantly
different by Duncan’s multiple range test. P = 0.05.

External color subjectively rated as mature-green equals 1, breaker equals 2,
turning equals 3, pink equals 4, red-ripe equals 6.

Internal maturity sujectively rated on firmness of locular tissue and color of
seeds with 1 being green, firm tissue and seeds cut with sharp knife, and 3
being green, reddish tissue with seeds not cut by knife.

Firmness was measured as the displacement in mm of a 500 g weight resting
on the fruit for 10 s.

From Saltveit, M., Postharvest Bio. and Tech., 1, 1991.

FIGURE 16. Comparison between photographs (left) and NMR (right) images of mature green (MG) tomatoes at
two stages of development: (A) MG1 and (B) MG3. (From Saltveit, M. E., Postharvest Biol. Technology, 1, 1991.)
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TABLE 15
Force-Deformation Characteristics and Protopectin Content of Tomato Fruits at
Different Stages of Ripeness and Their Correlation

Deforma-  Epicarp Locular Compli- Tough- Protopec-
tion strength resist- ance Firmness ness tin (mg %

Factor (mm) (N) tance (N) (MmmN %)  (Nmm-%) (N mm) AUA)*
Ripeness
Mature-green 12.032 2.65¢ 0.50¢ 4,532 0.22¢ 15.842 20.5¢
Turning 12.672 2.72¢ 0.40¢ 4.662 0.21°¢ 16.922 20.0¢
Pink 14.91° 2.04b 0.13° 7.29v 0.14° 15.172 18.3v
Firm-ripe 18.16¢ 1.712 0.082 10.55¢ 0.0952 15.412 10.12
Correlation coefficient (R)
Protopectin —0.61** 0.79** 0.83* —0.88** 0.86** 0.53** —
Compliance 0.72*  —0.91** —0.84** — —0.99** —0.59** —0.88**

* AUA = Anhydrouronic acid
** Significant at P = 0.01.

Note: Figures in the column with different superscripts are significantly different (P < 0.01) according to
Duncan’s multiple range test.

From Adegoroye, A. S. et al., J. Food Sci. Technol., 25, 2, 1988.

authors concluded that pericarp strength was a  In conjunction with the whole fruit evalua-
good parameter to evaluate in quick tests. In thetion described above, recently our laboratory car-
case of fruit of varying sizes, locular resistance ried out puncture testing of tomato slices using a
was a more sensitive measure. method similar to that of Hall (Hall, 1987), which
Hall (Hall, 1987) evaluated the firmness of was described previously (Figure 17). The objec-
outer (opposite the locules), radial (outer tissue tive of the study was to determine the contribu-
opposite radial arms) and inner (columella) peri- tion of three distinct anatomical regions: pericarp,
carp tissues of several cultivars of fresh market columella, and radial arms, to the overall textural
tomatoes at different stages of maturity. Trans- properties of whole fruit. Thirty-three of the origi-
verse slices were taken midway between the blos-nal varieties were picked red ripe, and five vari-
som and stem ends and a 4.9-mm flat cylindrical eties were also picked green and allowed to ripen
probe was utilized for puncturing the various tis- in air (“G” following the sample code).
sues. Tissue firmness in three fresh market culti-  Simple linear regressions between mean maxi-
vars, ‘Walter’, ‘Flora-Dade’, and ‘MH-1" was mum force for each tissue vs. whole fruit firmness
compared 6 d after ripening mature green fruit at ranking were performed. This analysis provided
20°C. Hall found that cultivars differed in the an indication as to how much each tissue contrib-
relative firmness of the tissues evaluated (Table uted to overall whole fruit firmness. We expected
16), with ‘Walter’ being the least firm overall. In and found an inverse relationship between punc-
addition, while the inner pericarp (columella) tis- ture force and delta deformation data. Maximum
sue was the least firm in ‘Flora-Dade’ and ‘MH- force values from each of the three tissues tested
1’ cultivars, the inner pericarp was softest in vs. whole fruit firmness all had ai & 0.40,
‘Walter’. This study is of interest because it is the suggesting that none of the tissues alone could
first reported use an instrumental texture methodfully predict the firmness of whole fruit. How-
to discriminate ripening in different anatomical ever, when all tissues were taken together in a
tissues of tomatoes. multiple regression, thé mcreased to 0.51.
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TABLE 16
Firmness of Three Fruit Tissues of Three
Tomato Cultivars Ripened at 20 °C 6 Days

Newtons
Tissue
Cultivar
Cultivar Outer Radial Inner means Z
Walter 2.0 1.2 1.5 1.63 A
Flora-Dade 2.6 2.4 2.3 2.46 B
MH-1 3.2 2.9 2.4 2.81B

Tissue meansY 2.60A 2.25AB 2.06B —

zy Mean separation by Duncan’s multiple range test, 1%
level.

From Hall, C. B., J. Amer. Soc. Hort. Sci., 112, 4, 1987.

FIGURE 17. Puncture analysis of different anatomical tissues in tomato slices

These results suggest that contributions of gression % did not approach 1.00. When data
each tissue were not additive, and parallel tissuefrom the radial arms was plotted vs. data from the
softening may have occurred, as the multiple re- outer pericarp, thé+ 0.925, suggesting that these
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two tissues soften simultaneously and predict eachtant factors influencing the textural properties of
other very well. However, when data from the processing tomatoes. With the design of the me-
columella tissue was plotted vs. radial arm data chanical tomato harvester in the late 1960s, to-
the P value was only 0.49, suggesting that the two mato breeders were required to develop varieties
tissues do not predict each other well. This would that would withstand the additional rough han-
corroborate the theory that columella tissue soft- dling incurred during harvest. Thicker pericarp
ens first, followed by softening of outer tissues walls, more pericarp tissue, and fewer locules
from the blossom end up to the stem scar. Inensured the structural integrity of tomato fruit,
comparing the firmness of different tomato tis- and correspondingly resulted in increased the in-
sues, Hall (Hall, 1987) found no interaction of soluble solids content such that improvements
tissue type and cultivar, but did not attempt to were realized in consistency.
correlate the firmness of different tissues with Gould (Gould, 1992) suggested considering
each other or compare them to whole fruit mea- the following guidelines when developing and
surements. using new varieties for processing:

It is not surprising that the tomato slice tissue
analysis did not fully predict whole fruit firmness. 1. Varieties should be uniform in setting fruit

The deformation test used for whole fruit subjects and in ripening with ability to set fruits over
intact fruit to a simple, unidirectional stress, but a wide range of temperature and climatic
this stress is distributed through a nonsymmetri- conditions.

cal, irregular system of anatomical tissues and 2. Varieties should be fully resistant to all to-
locular spaces. The spaces allow the fruit to flex mato diseases, insects, and disorders.

and deform differently than it would if it were 3. New cultivars must be adaptable to mechani-
solid. Puncture testing is much more tissue spe- cal harvesting and bulk handling.

cific and is a destructive test, while whole fruit 4. All tomatoes for processing must be free
deformation is nondestructive. Nonetheless, valu- from blossom end scars and cracking.

able information concerning variable softening of 5. Tomatoes must be stemless when removed
different anatomica tissues, and the ability to cor- from the vine with stem scars less than 0.25
relate whole fruit and specific tissue softening in (6 mm) in diameter. Further the stem scar
was obtained from this study. should not brown during processing.

The contribution of locular material to the 6. Tomatoes for peeling should be round to
textural properties of tomatoes is at present an oval in shape, but shape may vary for juice
unknown. Measurement of the locular material is or crushing and products manufacture.
difficult, and often highly subjective, unless one 7. Fruit size should be uniform with no fruit
uses a sophisticated technique such as NMR im- smaller than 50 g and none larger than 90 g.
aging (see discussion above) or physically re- 8. Tomato total solids content should be in
moves the material and subjects it to either con- excess of 5.5% and preferably upward to
sistency or viscosity determination. Recently, we 8.5%.
evaluated a number of processing tomato variet- 9. Tomato soluble solids content (Brix value)
ies at different stages of maturity, subjectively should be in excess of 4.5% and preferably
evaluated the state of the gel (e.g., hard to soft), upward to 7.5%.
physically removed and weighed it and expressed10. Tomato water-insoluble solids content
this as a percentage of whole fruit weight (Barrett should be in excess of 1% and increasing
and Garcia, in preparation). proportionally with total solids content.

11. Tomatoes should have a high acid (citric)
content (minimum of 0.35% and up to

C. Effects of Variety and Maturity 0.55%).
12. Tomatoes should have a low pH value (maxi-
Both tomato variety and the stage of maturity mum of 4.4 and preferably all fruits with a
at which the fruit is picked are extremely impor- pH of 4.2 or less).
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13.

14.

15.

16.

17.

Tomatoes should be high in Vitamin C con- ies meet all of the criteria stipulated. Since the
tent (in excess of 20 mg/100 Q). 1970s the California League of Food Processors
Tomatoes for canning should have skin or has supported research conducted by the Dept. of
peel that removes easily and completely Food Science at the University of California, which
without stripping. Also, they should remain is focused on evaluation of new tomato breeding
firm and whole (depending on style) after lines. Materials showing potential as processing
processing. varieties are annually submitted by seed compa-
Tomatoes for juice manufacture should have nies to replicated and observational trials that are
a thick consistency (GOSUC value of 50 or conducted in five different counties throughout
more) after manufacture and the juice should California. Following the advent of the mechani-
not separate while in the can or jar during cal harvester, it was noted in studies carried out in
shelf life. the UCD Dept. of Food Science and Technology
All tomatoes for processing should have a that Bostwick values decreased. Combined county
bright red glossy color after processing, re- averages for quality evaluation of replicated trials
gardless of the processed product. carried out in five California counties in 1996 are
All tomatoes have typical tomato flavor presented in Table 17.
before and after processing with no bitter- Marsh et al. (Marsh et al., 1968) evaluated the
ness or stringent flavor. effects of harvest maturity on the consistency of
concentrated tomato products and found that with

The list prepared by Gould is a good general some varieties, maturity had a significant effect

guideline, but unfortunately relatively few variet- on the viscosity of paste. An increase in total

TABLE 17
Combined California County Averages for Tomato Quality Evaluation
(Fresno, San Joaquin, Stanislaus, Sutter and Yolo)

Predicted

Avg. Paste

Bost- % Citric Bost- Paste Catsup
Variety Counties  °Brix pH wick acid  wick yield yield
AB 4077 All 53 451 1458 0.279 45 379 895
APT 127 All 5.2 4.56 1575 0.270 4.8 370 853
ATPX 270 All 4.8 4.59 1492 0.235 3.8 343 853
BOS 528 All 5.0 4.59 1472 0.259 4.1 359 873
CXD 181 All 5.0 4.60 16.54 0.265 4.9 354 814
H 8892 All 4.9 4.53 1341 0.272 3.2 349 915
H 9382 All2 5.2 4.58 13.39 0.284 3.7 371 929
H9497 All 4.9 4.62 1529 0259 4.1 349 846
Halley 3155  All 5.4 4.50 1483 0.328 4.8 386 893
HMX 4878 All 5.0 4.64 16.57 0.236 5.0 360 818
HyPeel 108  All2 5.2 4.58 17.13 0.261 5.5 371 813
HyPeel 153  All 5.6 4.58 1545 0.277 53 397 883

PSX 32212 All2 5.4 4.51 13.87 0.319 43 387 926
RPT 1294 SJ, St, 53 4.66 1521 0.249 438 377 888

Su, Y
RPT 1478 All 4.9 457 13.32 0.247 3.1 349 918
Sun 6200 Alla 5.0 4.55 14.21 0.261 3.8 359 891
Sun 6216 All 51 4.55 14.12 0.247 3.9 365 902

Overall averages 5.1 4.57 1490 0.268 4.3 366 877

2 One replicate in one county.

Copyright © 1998, CRC Press LLC — Files may be downloaded for personal use only. Reproduction of this material without

the consent of the publisher is prohibited.

217



solids occurs during the maturation of tomatoes Recently, our laboratory carried out a study
from the below color (Agtron E reading 68 to of the effects of variety and maturity on the tex-
100) to the well-colored (Agtron E reading 0 to tural properties of processing tomatoes. Textural
46) stages with serum viscosity remaining un- properties of raw fruit were evaluated using both
changed or actually decreasing. Because con-{uncture tests on pericarp disks and Shear Press
sistency measurements are proportional to bothmeasurements on bulk dice samples. Results of
the total solid content and the serum viscosity the puncture tests were presented earlier (Figure
of the raw material, these may lead to a con-12). Raw fruit texture (measured in grams force)
founding of results. Paste samples were storedwas obviously highest at the pink stage, but de-
at ambient conditions for 2 and 4 months, and clined as tomatoes matured. In some varieties
the authors concluded that the effect of matu- there was a rapid decline in firmness between the
rity on the tendency towards gelation was vari- red ripe and overmature stages, while in others
ety dependent. firmness was fairly constant. Because firmness
Studies carried out in our laboratory during generally declined with maturity, early harvest or
the 1995 and 1996 season show that both varietyperhaps sorting of fruit by maturity would benefit
and maturity significantly affect raw tomato tex- textural integrity.
ture, paste consistency, and serum viscosity and  Bourne (Bourne, 1973) utilized a nondestruc-
the texture of cooked diced tomatoes. In general,tive flat plate compression method with a modi-
texture, consistency, and serum viscosity declinefied penetrometer to evaluate the deformation of
with increasing maturity; however, some variet- two fresh market tomato varieties that were picked
ies “hold” their integrity better than others as they green-ripe and held in a ripening room at 18.3
mature in the field. Ease of peel removal is en- for 17 d. Figure 18 illustrates that the varieties
hanced with maturity, and the number of flags or differed tremendously in terms of absolute defor-
peel remnants remaining on the tomato following mation values and the change in deformation as
the peel operation is reduced in mature fruit. Thereripening progressed. The Heinz variety, which is
is a tradeoff when selecting harvest maturity for relatively firm, showed a deformation range from
whole peel and diced tomatoes between mainte-approximately 0.3 to 0.5 mm, while the softer
nance of textural integrity and ease of peel re- New Yorker variety ranged from about 0.5 to
moval. 1.3 mm during the 17-d period. In both cases,
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FIGURE 18. Deformation changes in two varieties of fresh market tomatoes during ripening and storage. (From
Bourne, M. C., J. Food Sci., 38, 1973.)
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deformation values were relatively constant after type test to evaluate textural properties. Cal Ace
12 d of storage. The X on the graph marks the daytomatoes were picked at various stages of ripe-
when the first pink coloration appeared on the ness: (1) mature green, (2) breaker, (3) turning,
blossom end. (4) pink, (5) light red, and (6) red. Tomato firm-
Another study of the textural properties of ness declined significantly as ripening progressed,
fresh market tomatoes at various stages of ripe-as indicated by both compression (Figure 19) and
ness was carried out by Kader et al. (Kader et al.,puncture tests (Figure 20).
1978). The authors utilized both a nondestructive It is interesting to compare absolute deforma-
compression method and a destructive puncture-tion values obtained in the nondestructive study
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1 2 3 4 5 6
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FIGURE 19. Firmness of tomatoes during ripening as evaluated using the compression test. (From Kader, A. A.

et al., J. Am. Soc. Hort. Sci., 103, 1978.)
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FIGURE 20. Firmness of tomatoes during ripening as evaluated using the puncture test. (From Kader, A. A. et al.,
J. Am. Soc. Hort. Sci., 103, 1978.)

carried out in our laboratory on red ripe whole mode determination, use of the custom brace and
fresh market tomatoes (see discussion above) ta more sensitive instrument (e.g., Instron) for
those previously reported for nondestructive mea- evaluation of textural properties of tomatoes.
surements by Bourne (Bourne, 1973) and Kader  Jackman and Stanley (Jackman and Stanley,
et al. (Kader et al., 1978), as described above.1992) found that both puncture and flat plate
Bourne found that the range in axial mode defor- compression of mature green and red ripe tomato
mation values during ripening (green to red ripe) pericarp disks resulted in a typical force-deforma-
of two different varieties was 0.3 to 1.3 mm, as tion curve (Figure 21). The authors found that, in
obtained with a modified penetrometer. Kader et normal tomato fruit ripening, most of the param-
al. used a different nondestructive technique in eters associated with this curve decrease to a con-
radial mode and correlated this to finger feel cat- stant and minimum value. Through careful data
egories for light red and red ripe fruit, which analysis and visual examinations of pericarp disks,
ranged from 0.8 mm (very firm) to 2.7 mm (very it was possible to conclude that failure mecha-
soft). Our own range of values, as obtained on rednisms varied in mature green and red ripe tissues.
ripe fruit using the Instron in radial mode, ranged Failure in mature green fruit appeared to occur
from 0.9 mm (hard) to 3.8 mm (soft). The greater through a sequential mechanism involving cell
range and therefore increased sensitivity obtainedrelaxation and concomitant fluid migration from
in our study may have been due to both radial cells, followed by cell rupture. In red ripe tissues,
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FIGURE 21. Typical force-deformation curve for whole tomatoes. (From Jackman, R. L. and Stanley, D. W., J.
Texture Studies, 23, 1992.)

failure was less distinct and the dominant mode able fashion controlled almost exclusively by

was concluded to be middle lamella degradation ambient temperature because internal levels of

and cell de-bonding, with cells remaining intact. endogenously produced ethylene are near satura-

This transition in failure mode is depicted in Fig- tion levels (Saltveit, 1991).

ure 22 (Jackman and Stanley, 1995). At the other end of the spectrum, tomatoes
are also sensitive to freezing {€) and chilling
temperatures (above 2@ and below 12%)

D. Effects of Cultural Practices and (Grierson and Kader, 1986). Symptoms of freez-
Environmental Conditions ing injury include a water-soaked appearance,

softening, and drying of the gelatinous locular
1. Temperature material. The severity of chilling injury depends

on the exposure temperature and time. Chilling is

In an excellent review on tomatoes, Davies more likely to occur in green rather than red ripe
and Hobson (Davies and Hobson, 1981) reportedtomatoes, but symptoms are more noticeable after
that tomato fruit firmness is strongly affected by transfer to ripening temperatures. Symptoms of
environmental conditions. Ethylene production, chilling injury include failure in fruit ripening,
polygalacturonase activity, lycopene, and caro- irregular ripening, premature softening, surface
tenoid synthesis are all inhibited at temperaturespitting, seed browning, and increased decay.
in the range of 30 to 4C. These authors stated Jackman and Stanley (Jackman and Stanley,
that high-temperature tolerance varies among1995) used a creep compliance method to evalu-
varieties and with the temperature and time of ate the influence of normal ripening and chilling
exposure. In tolerant fresh market varieties, high- stress on the viscoelastic properties of fresh mar-
temperature injury was still reversible after up to ket tomato pericarp tissue. Creep behavior was
2 d at 40C, 4 d at 35C, or 6 d at 3tC if the measured on tissue from fruit stored at@2
tomatoes were transferred to optimum ripening (nonchilled) and 8C (chilled) for 28 d, or at®&
temperatures (20 to 26). for 16 d prior to transfer to 2€ for an additional

In terms of tomato ripening, growing tem- 12 d (prechilled). The authors evaluated four sepa-
peratures have a significant effect on ripening rate compliances (see preceding discussion on
rate. Once ripening has been initiated and breakercreep method) and found that each increased
stage attained, ripening progresses in a predict-steadily during ripening and contributed to the

Copyright © 1998, CRC Press LLC — Files may be downloaded for personal use only. Reproduction of this material without

the consent of the publisher is prohibited.

221



Cell relaxation !
and rupture ,

;

1

T
'

Cell
de-bonding

A
Y

- —

Force (N)

'
'
1
|
‘
]
|
|
]
|
|
(
1
|
'
|
'
1
1
|
'
|
|
'
i
|
|
i
|
|
|
'
|
|
|
'
1
|
|

Ripening time

FIGURE 22. Transition in failure mode in tomatoes during ripening from mature green to red ripe stages. (From
Jackman, R. L. and Stanley, D. W., Trends Food Sci. Technol., 6, 1995.)

overall softening of nonchilled and prechilled tis- in fruit that had been chilled previously. Jackman
sue but did not change during chilling of tomato and Stanley concluded that loss of turgor, break-
fruit. down of polyuronides and an overall increase in
The largest amount of change occurred in the cell wall fluidity each contributed 25 to 30% to
slow-rate viscoelastic (corresponding to break- tomato tissue softening, and the decline in mo-
down of pectic materials) and steady-state vis- lecular weight size distribution of hemicelluloses
cous (related to exosmosis and wall fluidity) prop- was thought to add another 10 to 15%. These
erties, and the rate of these alterations was fasteresults corroborated conclusions reached in an
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earlier study by the same authors, using puncturefruit growth period (Salter, 1958). Fruit size, sugar
and dynamic oscillation tests (Jackman and concentration, and acidity have also been shown
Stanley, 1992). to increase in glass house studies when plants are
Table 13 summarizes the conclusions reachedfed a nutrient solution with high electrical con-
concerning mechanisms of tomato softening. This ductivity (e.g., salt concentration). Under these
study is pivotal in that it correlates an instrumen- conditions, dry matter accumulation rather than
tal measurement of textural properties with physi- water was affected and both sugar concentration
cochemical changes occurring during tomato soft- and acidity were increased. Water absorption re-
ening. In addition, it illustrates the significant sults in individual cell expansion, which causes
roles that turgor and ripening or processing in- internal turgor pressure to increase. In immature
duced changes in pectin and hemicellulose poly-cells, turgor pressure goes up in relation to both
mer composition play in maintenance of textural water uptake and the strength of cell walls, which
properties. counteract and balance the internal pressure
Mealiness is an undesirable physiological buildup. On a larger scale, cell size increases are
condition that may occur in chilled tomatoes and responsible for fruit expansion and may lead to
leaves the fruit lacking juiciness and flavor, ex- undesirable cracking of the skin, especially in
hibiting a dry, soft texture even though the mois- cases of water stress.
ture content is the same as non-chilled fruit of the Turgor pressure generally declines as cell wall
same age (Jackman and Stanley, 1995). Thentegrity progressively weakens, primarily at the
mechanism involves a chilling-induced increase red ripe and overmature stages in tomatoes. Tur-
in cytosol membrane leakage and loss of ions orgor pressure has a significant effect on tomato
water, which may then bind to deesterified pectin cell wall stress, strain, and elasticity. Jackman et
regions or be physically entrapped in the wall al. (Jackman et al., 1992) found the osmotic po-
matrix. After transfer to non-chilling tempera- tential and turgor pressure of fresh market tomato
ture, polygalacturonase may hydrolyze glycosidic pericarp tissue to be —0.360.08 MPa and 0.20
bonds and cells de-bond rather than rupturing. MPa, respectively. If turgor pressure was increased
The resultant texture is perceived as mealy be-above normal levels, cell wall extensibility and
cause cells are no longer turgid and do not releaselasticity became limiting and cell wall stiffness
the internal fluids normally associated with the increased. Additional deformation or force ap-
perception of juiciness. The de-bonding could be plied to such prestressed tissue resulted in failure
related to the findings of van Marle et &lan due to cell rupture, much as in the case of mature
Marle et al., 1997) in a comparison of raw and green tissues. Decreasing turgor pressure to less
cooked potato varieties. After cooking, both mealy than that of normal tissue, however, led to an
and nonmealy potato varieties lost more un- increase in viscoelasticity and tissue failure re-
branched than branched pectin through solubili- sulted from cell de-bonding, similar to that seen
zation to the cooking media. Nevertheless, pro-in red ripe tissues. The authors concluded that,
longed cooking (15 min) led to solubilization of although the effects of turgor pressure on textural
more branched, more methylated, and more acetyproperties were significant, they could not be held
lated pectic polysaccharides in the mealy cv. thanaccountable for all ripening-related softening
in the nonmealy. Marangoni et al. (Marangoni et changes in tomatoes. In a later study they con-
al., 1995) found that chilling-associated softening cluded that turgor-related changes were respon-
correlated [ < 0.05) with higher initial extracted sible for 25 to 30% of tomato softening (Jackman
pectin methylesterase activity. and Stanley, 1995).
The three most important nutrients to tomato
development and therefore textural integrity are
2. Water and Nutrients nitrogen, phosphorous, and potassium. Nitrogen
may influence both fruit quality and harvest ma-
Tomato fruit size is dramatically influenced turity. Some reports indicate that high rates of
by water and water stress will result in a shorter nitrogen application may result in lower soluble
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solids and more blotchy ripening, more yellow polymer constituents of the cell wall (Tucker,
eye and poorer machinability (Zobel, 1966 [printed 1993).
Dec. 1976]). Phosphorous affects fruit quality by The plant cell wall is a very complex struc-
stimulating root growth, promoting a sturdy stem ture, and to date is not completely understood. A
and healthy foliage. Potassium is important to good review of its composition and a recent model
tomato fruit acidity, color, and shape (Atherton of the cell wall was presented by Carpita and
and Rudich, 1986). Potassium represents 85% ofGibeaut (1993). It is suggested that the cell wall
the total cation composition of tomatoes, and atis constituted of three interacting domains. One is
high fruit levels acidity increases and color and the cellulose-xyloglucan (hemicellulose) frame-
shape improve. At low potassium levels, the work, which is embedded in a second domain of
growth period of the tomato fruit is shortened and pectic polysaccharides. The structural proteins
fruit will be both smaller and less dense. constitute the third domain (Carpita and Gibeaut,
Although addition of calcium salts to peeled 1993). The approximate proportion of these ma-
fruit is known to improve firmness (see discus- jor polymers in the cell wall of the tomato fruit is:
sion below), most studies of the application of 30% of cellulose, 30% of hemicellulose; 35% of
calcium fertilizer during production have not de- pectic polysaccharides, and glycoproteins and
termined an improvement in textural properties. phenolic compounds make up the balance of the
Even when applied in excessive amounts, Sayrewall (Jackman and Stanley, 1995).
et al. (Sayre et al., 1940) found no definite effect Generally, textural modifications observed in
on the firmness of the harvested and canned fruit.intact fruits and vegetables are attributed to me-
In addition, calcium concentration in the fruit tabolism of the cell wall and middle lamella poly-
harvested from fields with calcium application mers. In the ripening associated softening of to-
was the same as that normally present in toma-mato fruit, changes in the composition and
toes. solubility of cell wall polysaccharides appear to
play a major role (Seymour et al., 1987). The
major widely reported changes in wall structure
E. Ripening Associated Softening of tomato are an increase in soluble polyuronides
and a loss of galactose and arabinose residues
The textural characteristics of a particular plant (Gross, 1984; Gross and Wallner, 1979; Wallner
tissue are dependent on the cell turgor; cell and Bloom, 1977). Carrington and Pressey (1996)
anatomy (shape, size); proportion of intercellular suggested that galactosidase Il activity correlates
spaces; the chemical composition of the cell wall with the net loss of galactosyl residues. During
and middle lamella, as well as the spacial arrange-ipening of tomato fruit soluble polyuronides are
ment of all the polymers constituent of the whole released from the pectic fraction of the cell wall.
wall structure. Fruit texture is affected by many Huber (1983a) reported a marked increase of low-
factors, such as fruit variety; ripening stage at molecular-weight polyuronides; their weight av-
harvest; agronomic practices; and postharvesterage decreases from ca. 160,000 to 96,000
handling conditions (Bourne, 1980). For whole (Seymour and Harding, 1987). The loss of
tomato fruit, texture depends not only on flesh pectin integrity during tomato ripening has been
firmness, but it is also influenced by skin tough- implicated as the predominant component of soft-
ness and the ratio of pericarp/locular material, ening.
which is dependent on cultivar type (Grierson and Endo-polygalacturonase (endo-PG) hydroly-
Kader, 1986). Shackel et §1991) suggested that ses the a-(1-4) link between two adjacent galac-
some aspects of tomato softening are the result ofuronic acid residues within a polygalacturonic
turgor loss as well as (instead of) changes in theacid. Endo-PG is absent in green tomato fruit; it
wall integrity. Fruit softening can be a conse- appears at the onset of ripening and its activity
guence of loss of turgor (such as occurs in dehy-increases dramatically during ripening. Exo-po-
dration), breakdown of starch (as happens duringlygalacturonase activity has been detected in green
ripening of the banana fruit), or degradation of tomatoes, however, it comprises only a small frac-
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tion of the total polygalacturonase activity in rip- larly. Consequently, it is now believed that PG is
ening and it is not likely to play a significant role either unnecessary or insufficient to mediate to-
in softening (Giovannoni, 1992). mato fruit softening. It has been suggested that
As endo-polygalacturonase (PG) is more ac- PG may be primarily involved with “over-soften-
tive in degrading nonesterified than methyl-es- ing” observed later in tomato ripening (Gross,
terified pectin, this suggests the involvement of 1990). In addition, transgenic tomato fruits with
another enzyme in the softening process: pectinestreduced levels (less than 10% of the control) of
erase. Pectinesterase (PE) carries out demethoxyPE have been produced (Tieman et al., 1992).
lation at the C6 position of galacturonate methyl Juice prepared from those fruits contain pectins
esters of the pectin molecule. Through the actionof much higher molecular weight than pectins
of PE, sites may be generated for subsequent PGsolated from juice of control fruits (Thakur et al.,
attack, in a synergistic mode of actidn.vitro 1996). Also, the degree of esterification (DE) was
studies carried out by Pressey and Avants (1982)affected; juice prepared by cold break showed a
showed that the presence of PE enhances th®E of 14% for the control and DE of 51% for the
ability of PG to solubilize polyuronide. However, transgenic fruit. Transgenic fruits showed also a
the authors reported that the degree of esterifica-decrease in EDTA-soluble pectins and an increase
tion is a critical factor in the solubilization of the in soluble solids (Tieman et al., 1992). Moreover,
cell wall, and that esterification slightly lower transgenic tomato ripening mutair expressing
than 47% seems to be optimum. Evaluation of a PG gene showed pectin solubilization and hy-
total PE activity during the ripening of tomato drolysis, but not fruit softening (Giovannoni et
fruit has been reported to remain constantal., 1989).
(Sawamura et al., 1978), to increase (Tucker et  Cell wall hydrolases other than pectinases
al., 1982), or to decrease (Pressey and Avants(Hobson, 1968; Huber, 1985; Wallner and Walker,
1972). Tucker (1993) suggested that these dis-1975) have been examined and their possible role
crepancies in total PE activity can be related to in the softening process investigated. Pressey
the use of different tomato cultivars; moreover, (1989) described an en@mannanase extracted
total PE activity does not reflect possible changesfrom ripe tomato fruit that hydrolysed-man-
of individual isoforms of the enzyme. Both PG nans, which role remains unknown.
and PE occur in multiple forms in tomato fruit, Huber (1983b) also reported an increase of
such as isozymes PG1, PG2A, and PG2B (Ali andlow-molecular-weight hemicelluloses after ripen-
Brady, 1982), and PE1 and PE2 (Pressey andng of tomato fruit, while usually cellulose shows
Avants, 1972; Tucker et al., 1982). no sign of depolymerization. It has been sug-
According to Seymour et al. (1987; Seymour gested that hemicellulose fractions may form
et al., 1987), it is clear that the extent to which bridges between adjacent cellulose fibrils
solubilization and depolymerization of pectins (Hayashi, 1989). If this is true, a possible cause of
occurin vivois not the same ags vitro. It is also fruit softening would be hydrolysis of such
suggested that the main restriction on polyuronide bridges.
solubilization is the extent of PE actiam vivo. Maclachlan and Brady (1992) provided evi-
Despite the correlation of increased PG activity dence for the existence of multiple forms of 1,4-
with degradation of polyuronides, other mecha- [B-glucanases in ripening tomato fruit. These en-
nisms must be involved in softening, as some zymes can also be considered as candidates for
softening of tomato fruit occurs early in ripening contributing to softening because their activities
prior to detectable PG activity (Hall, 1987). increase when softening occurs more rapidly. At
Recently, with the use of antisense RNA tech- least three enzymes with activity on carboxym-
nology, transgenic plants expressing markedly ethylcellulose, CMCases, were detected in ex-
reduced levels (less than 1% of normal) of po- tracts of tomato fruit. The CMCases are more
lygalacturonase failed to result in the expected concentrated in the locules (Figure 9) of fully ripe
reduction of fruit softening (Sheehy et al., 1988). fruit than in the pericarp. In addition, two
Transformed and normal tomatoes softened simi-xyloglucanases, XGases, were detected. A latent
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oligosaccharide activatable XGase was most con-and lines were produced with fruit that had PG
centrated in pink (breaker) pericarp tissue and anlevels reduced by more than 99%. Analysis of
endogenous XGase in green pericarp. field grown material demonstrated a significant
Kim et al.(1991) reported that during tomato improvement in firmness of the raw fruit, as mea-
ripening there is a decrease in cell wall galactosyl sured by flat plate compression, and a decrease in
residues that they supposed is most likely due tosoftening during storage of fresh market fruit rela-
an increased rate of galactosyl solublilization from tive to nontransgenic controls. However, it was
the cell wall. An exo-1(4)-6-galactose from to-  also noted that fruit lacking 99% of normal PG
mato fruit cell wall has been isolated [Pressey, activity still soften over time, although more slowly
1983]) and shown to be highly active against its than nontransgenic controls.
native substrates, and its activity increases 4-fold  Transformed and control lines were processed
between the mature green and ripe stages (Carewnd evaporated to 10.8rix paste at 88 and
et al., 1995). then evaluated for a number of typical attributes.
The dogma had been that textural changesAlthough Ostwald viscometer measurements in-
occur as polygalacturonase hydrolyses cell wall dicated a significant increase in the serum viscos-
pectins (Gross, 1990), because of the evident in-ity of processed juice and paste, it is of interest to
crease in the activity of the enzyme endo-polyga- note that no other processing characteristic was
lacturonase simultaneously with the increase in significantly affected by transformation. The au-
soluble polyuronides (Hobson, 1965). This expla- thors suggest that the increase in serum viscosity
nation was challenged by the results obtainedmay be due to almost complete elimination of
from the transgenic plants expressing reducedPG-catalyzed pectin breakdown. However, this
levels of PG and PE. It has yet to be determinedstudy was one of the first to indicate that genetic
how ripening associated softening is controlled. manipulation of one single enzyme, polygalactu-
ronase, may not be sufficient for elimination of
softening in fresh or processed tomatoes.
F. Effects of Genetic Manipulation Another group with Zeneca Plant Science also
modified a fresh market tomato cultivar by the
Over the last 10 to 15 years a great deal of expression of antisense RNA to polygalacturonse
work has been dedicated to the use of transgeni@and obtained plants with <1% of normal PG ac-
tomatoes for more precise definition of the role(s) tivity (Schuch et al., 1991). No significant differ-
of certain enzymes in the tomato softening pro- ences were found in samples collected at the
cess. Transformation of antisense gene constructdreaker stage and processed by either cold or hot
for both polygalacturonase (PG) and pectinest- break. After color development, however, the cold
erase (PE) has advantages over the use of ripenbreak samples showed decreased of 45 to 48% in
ing mutants, which may exert pleiotropic effects Bostwick values in the transformed lines. While
on overall ripening behavior (Kramer et al., 1992). these investigators reported that serum viscosity
To date, significant improvements in textural prop- and cold break juice consistency were higher in
erties do appear to have resulted from these getransformed fruit, there was no significant im-
netic manipulations, while differences in general provement in raw fruit firmness. In addition, the
appearance, color, and flavor are not obvious. Inauthors found no significant difference in hot break
the following discussion transformations involv- consistency or any other processing characteris-
ing antisense PG and PME constructs are reviewedtics.
Two points should be made regarding the
texture evaluation procedures used in this study.
1. Polygalacturonase The method of firmness evaluation utilized in-
volved axial compression of the fruit with 9.8N
Kramer et al. (Kramer et al., 1992) of Calgene, force for 3 s. It was noted earlier that axial mea-
Inc., transformed fresh market and processingsurements do not correlate well with sensory fin-
tomato genotypes with an antisense PG construcger feel, and the structural integrity of the fruit
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may constrict deformation except in the case of 220 for serum viscosity, and about 50 for precipi-
soft fruit, therefore radial measurements were tate weight ratio (Table 18). In addition, ketchup

recommended. Secondly, Bostwick measurementsprepared from transgenic fruit juice had a lower
were made on °“Brix juice, presumably in the Bostwick value, reduced serum separation, and
standard stainless steel trough that is only de-higher serum viscosity when compared with the
signed for paste evaluation. Use of this apparatuswild-type product.

for juice samples is inappropriate; therefore, in- The authors were unable to explain the exact
vestigators at the University of California de- mechanism of solids level increase in transgenic
signed a longer trough specifically for juices a juice, however it was noted that low levels of

number of years ago. PME in the raw fruit led to a 20 to 40% increase
in the degree of pectin methoxylation (Thakur et
2. Pectin Methylesterase al., 1996). In addition, raw fruit had higher mo-

lecular weight pectins, both factors which other

In a later publication, Schuch, 1994 reported authors have found to result in greater consis-
that transformed tomatoes with 10% pectinest- tency (Kramer et al., 1992; Schuch et al., 1991;
erase (PE) activity had also been investigated byKertesz and Loconti, 1944). It may be that the
the Zeneca group. The major difference obtain- highly esterified pectins did not break down as
able in low PE tomatoes was a significant in- easily or adhere to the cell wall, or that the in-
crease in serum viscosity, which the author attrib- creased degree of methylation was sufficient for
uted to a greater degree of methylation in soluble PG inhibition.
pectins. Although an improvement in Bostwick
consistency was also reported, no data were given
for either serum viscosity or Bostwick measure- G. Thermal Processing Associated
ments, therefore, it is difficult to assess the data. Softening

Itis interesting to note that in both the Calgene
and Zeneca investigations, both transformed PG  Inraw produce physiological processes main-
and PE lines appear to affect serum viscosity to atain cell turgor pressure, which imparts textural
greater degree than consistency. Luh and Daouccharacteristics, such as crispness among others, to
(1971) found similar affects on viscosity, and to fruit and vegetables. As a consequence of thermal
a lesser extent on consistency, as a result of therprocessing the hydrostatic pressure responsible
mal processing. These observations point out thefor maintaining turgor is absent in processed plant
complexity associated with tomato product con- tissues, and usually they are softer than the origi-
sistency and the inadequacy of the assumptionnal raw produce (Bourne, 1989). The chemical
that a enzyme may be individually responsible for changes affecting texture that take place during
softening. In addition, the work on genetic ma- thermal processing affect the constituents of the
nipulation may further corroborate the model for cell wall and middle lamella, mainly the pectic
tomato softening proposed by Jackman and Stanleypolysaccharides.
(1995), which suggest that changes in pectin, hemi- ~ The textural changes that tomatoes can un-
cellulose, and wall fluidity are the largest con- dergo during processing can be enzymatic and/or
tributors. chemical. The vast literature on the enzymes that

In a recent study (Thakur et al., 1996), juice may be involved in ripening associated softening
made from trangenic tomatoes with less than 10%gives an important background information to
of wild-type Rutgers fruit pectin methylesterase study the textural changes that occur during the
(PME) activity was significantly better in quality. processing of tomato.
Tomatoes were processed under cold break, hot Fishman et al. (Fishman et al., 1989; Fishman
break, and microwave heating procedures hadet al., 1986) suggested that tomato cell wall pec-
percentage increases in juice quality ranging be-tins behave as if they are an aggregated mosaic,
tween 5.1 to 5.3 for total solids, 3.8 to 6.1 for held together, at least partially, by noncovalent
soluble solids, 70 to 80 for efflux viscosity, 180 to interactions. This raises the possibility of pectin
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TABLE 18

Quality Characteristics of Tomato Juice from Wild Type and

Transgenic Fruit

Genotype 2
Processing 3781"

Variable condition ° Rutgers 3781" Azygous Homozygous
Total solids Cold 6.83 + 0.09 6.84 + 0.03 7.18 £ 0.03¢
(% Fr. wt) Hot 7.36 £ 0/13 7.07 £ 0.08 7.74 £ 0.05¢

MW 6.91 £ 0.03 6.60 + 0.14¢ 7.28 £ 0.044
Soluble solids Cold 6.18 £ 0.10 6.09 + 0.08 6.56 + 0.044
(% Fr. wt.) Hot 6.63 £ 0.15 6.60 £ 0.5 6.96 + 0.06¢

MW 6.33 + 0.04 6.15 + 0.06¢ 6.57 + 0.04¢
Precipitate Cold 9.25 +0.13 9.51 + 0.33 13.56 + 0.18¢
Weight ratio Hot 10.67 + 0.13 11.04 £ 0.21 15.51 +0.13¢

MW 11.22 + 0.22 9.73 £ 0.07e 16.66 + 0.26¢
Serum Cold 73.33 £0.23 73.75 £ 0.53 219.66 £ 10.21¢
Viscosity Hot 93.33+242 103.91 + 2.07¢ 262.91 £ 10.75¢
(Sec) MW 77.33 £ 0.59 74.75 + 0.16¢ 258.58 + 14.90¢
Efflux Cold 28.00 + 1.04 28.11 +1.12 43.17 £ 4.50¢
Viscostiy Hot 30.67 £ 1.04 31.04 +1.21 58.16 + 2.30°
(Sec) MW 29.11+2.11  29.16 + 1.07 50.28 + 1.72¢
pH Cold 4.25 £ 0.02 4.28 £ 0.01 4.35 +0.023¢

Hot 4.28 £ 0.01 4.27 £0.01 4.33 +£0.01¢

MW 4.27 £ 0.02 4.21 + 0.01¢ 4.35 + 0.024
Acidity Cold 0.49 + 0.01 0.53 + 0.03¢ 0.50+0.01
(% citric acid) Hot 0.53 +0.01 0.55 + 0.01¢ 0.53+0.01

MW 0.51 £0.01 0.57 £ 0.01¢ 0.50£0.01

a  3781" Azogous and 3781” Homozygous represent the segregated progenies of
transformant 3781” containing 0 and 2 copies of the introduced PME antisense
RNA gene, respectively.

b Cold, hot and MW represent cold-break, hot-break and break after microwaving
tomatoes, respectively.

¢ Significantly different from Rutgers (P < 0.05).

4 Significantly different from Rutgers (P < 0.01).

e Significantly different from Rutgers (P < 0.001).

From Thakur et al., J. Food Sci., 61, 1, 1996.

depolymerization through a nonenzymatic mecha- heat treatment required to ensure safety of the
nism of deaggregation. product. At low pH values pectin depolymeriza-

Heating brings major change in the firmness tion occurs through an acid-catalyzed hydrolysis
of vegetables, for example, the softening accom-mechanism. Deesterification can also occur by an
panied by solubilization and depolymerization of acid-catalyzed mechanism. Both below and above
pectin, which can be excessive in the processingpH 4, depolymerization and deesterification oc-
of low-acid vegetables. After the loss of turgor cur simultaneously, the rate of deesterification
brought by blanching, the remaining mechanical being higher than the rate of depolymerization
properties of the tissue depend on the structure,(BeMiller, 1986). For many vegetables, pH val-
arrangement, and chemical composition of the ues are above 5; under these conditions pectin
cell wall (Van Buren, 1979). Less desirable tex- depolymerization occurs througifeelimination
tural properties are frequently associated with type of reaction, catalyzed by hydroxyl ions, and
canned fruits and vegetables due to the length ofinhibited by demethoxylation of pectins.
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Although softening is usually associated with reaction (Sajjaanantakul et al., 1989; Van Buren
processing, enzyme-catalyzed changes of pecticand Pitifer, 1992).
polysaccharides have also been related to a firm-  In a comparison of the firmness of snap beans
ing effect in precooked fruits and vegetables. This that had been canned with salt (salt cook) or were
firming effect by precooking or blanching in- added of salt after canning (salt soak), Van Buren
volves activation of PME, deesterification of pec- (1986) found that the use of NaCl in the canning
tin, and further formation of crosslinkages of pec- media contributed to softer cooked beans than
tic polysaccharides through bridges with Ca or when water was the canning media. The ability of
Mg. Enhanced retention of fruit firmness has been monovalent salts to increase the softness apart
reported after removal from storage of apples thatfrom heating may be related to ‘€alisplace-
had been heated (38/4 d) before storage. Al- ment. Decrease of canned bean firmness caused
though enzymatic activity increased similarly in by the presence of salts can be a consequence of
both unheated and heated stored apples, the treatdabth displacement of Gawhich takes place apart
fruit softened much less than the unheated. Wa-from cooking, and pectin solubilization, which
ter- and CDTA-soluble pectin had a decrease inrequires cooking.
their DE in both heated and unheated samples
(Klein et al., 1995). Frozen then thawed carrots
exhibited decrease in firmness, but carrots thatH. Effects of Added Calcium Salts
were preheated (8G/2 h) then cooked retained
firmer texture than raw or cooked carrots Thermal treatment results in a loss of textural
(Fuchigami et al., 1995). Mohamed and Hussein integrity; therefore, many processed tomato prod-
(1994) reported that a low temperature long-time ucts in which integrity is desirable (i.e., whole
blanching (70C/20 m) associated with a calcium peeled tomatoes, sliced, wedged, diced, and
treatment significantly improved the texture of crushed tomatoes) are improved by the addition
rehydrated dried carrots compared with carrots of small amounts of calcium salts, which act as
submitted to a HTST blanching (13 m). firming agents. Because calcium is a divalent
Canning green beans and carrots after extendedation, it is able to bind free carboxyl groups on
blanching and addition of calcium and/or acid adjacent pectin polymers and bridge them, thereby
resulted in firmer products. Results showed evi- creating a more stable three-dimensional network
dence of intact middle lamella in firmer beans, and imparting additional firmness to the tissue.
while cell separation was observed in softer The addition of calcium salts to tomatoes causes
samples (Stanley et al., 1995). Textural changesthe formation of a calcium pectate gel, which
of snap bean pods during cooking have been atsupports the tissues and minimizes tomato
tributed to a deesterification of pectin molecules softening.
by PME during precooking steps, and further for- The FDA has approved use of the following
mation of Ca or Mg pectates, resulting in tissue salts as firming agents: purified calcium chloride,
firmness (Chang et al., 1996). However, Stolle- calcium sulfate, calcium citrate, mono-calcium
Smits and collaborators (1995) suggested that thephosphate, or any two or more of these in concen-
overall decrease of degree of methylation after trations, not to exceed 0.045% except for diced,
sterilization of green beans is more likely caused wedged, or sliced tomatoes and not to exceed
by a B-elimination mechanism. Also, in model 0.08% calcium by weight in the finished canned
studies it was shown that the solubilization of tomatoes (21 CFR 155.190, 1994). Italian stan-
pectin of potato cell walls boiled at pH 6.1 is by dards for addition of calcium is 100 mg/kg (or
ap-elimination degradation (Keijbets et al., 1976). 1000 ppm), which is higher than the 800 mg/kg
Alkali soak prior to cooking is effective in retard- allowed in the U.S. In diced, wedged, or sliced
ing tissue softening due to a decreased degree ofomato products the FDA Standard of Identity
esterification of the pectin, and consequently areads that the amount of calcium added may not
reduced susceptibility of the deesterified pectin to be more than 0.1% of the weight of the finished
depolymerization throughf&elimination type of ~ food. The addition of a firming agent must be
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declared on the label. Calcium chloride is the tential of peeling whole fruit in boiling Cagl
most commonly added salt, and typically it is solutions was evaluated, it was found that al-
used in the form of special tablets, or as a solutionthough drained weight increased with dipping time,
of sodium chloride-calcium chloride dissolved in calcium uptake and firmness increases were not
tomato juice. uniform between dipping time intervals (Stephens
Kertesz et al. (Kertesz et al., 1940) carried out et al., 1973). Peeling in hot calcium solutions,
many of the pioneering studies of the effects of therefore, was eventually not recommended due
calcium salt addition on the firmness of canned to the difficulty in controlling the amount of cal-
whole peeled tomatoes. In an exceptionally well- cium uptake and the need for constant supervi-
conducted series of experiments, these investigasion to prevent excessive tomato softening.
tors compared the relative merits of three meth- Determination of calcium content in the dip-
ods of calcium chloride (Cagtreatment: calcium  ping experiments conducted by Kertesz et al.
chloride dips prior to canning, calcium chloride (Kertesz et al., 1940) indicated that in order to
dissolved in tomato juice and added to cans, orcause a desirable increase in firmness the calcium
incorporation into salt tablets. Because these earlycontent must be increased by approximately 100
experiments formed the basis for current prac- to 300 ppm. These investigators evaluated samples
tices of calcification, they are reviewed in some produced all over the U.S. and found the follow-
detalil. ing natural calcium contents of drained whole
In initial studies, peeled fruit were dipped for tomatoes: California, 57 ppm; Delaware, 92 ppm;
1, 5, and 10 min into solutions of 1, 5, and 10% Indiana, 51 ppm; Maryland, 63 ppm; New York,
CaCl,. Although drained weight increased sub- 61 ppm; and Pennsylvania, 73 ppm. Although the
stantially, no consistent increase could be notednatural variation was considerable, none of the
from treatments longer than a 1 min dip in 5% samples tested reached 100 ppm; therefore, supple-
CaCl, (Table 19). Indeed, bitterness and a leath- mentation was deemed desirable.
ery texture was noted when tomatoes were dipped  Experiments conducted by Kertesz et al. on
5 min in 5% CaCl and in 10% CagGlsolutions  dissolving calcium chloride in tomato juice in-
tomatoes were considered tough and had whitevolved use of range from 6 to 24.8 grains of
precipitate on their surfaces. The authors claimedCacCl, which is equivalent to 0.39 to 1.56 g CaCl
that the bitter flavor of CaGWas not a significant  or 0.141 to 0.562 g Ca, in each can. The best
factor, because textural quality (e.qg., leatheriness)results, in terms of drained weight and percentage
usually developed in samples treated with exces-of tomatoes remaining whole, were obtained with
sive amounts of Caglat lower concentrations 12 to 18 grains (0.282 to 0.421g Cal/can). This
than those at which the bitter flavor became ap- method of application, however, suffers from the
parent. requirement for a fairly pure salt, and it has been
However, in a second set of dipping experi- found (Kertesz et al., 1940) that only about one-
ments, CaGlconcentrations were decreased to 1, third to one-half of the added calcium is utilized
2.5 and 5%. The best results were obtained withwith the rest remaining in the juice. In the case of
1% solution dips for 5, 10, or 15 min or 2.5% dipping applications, because the Caldles not
solutions for 2.5 min. It was noted that rates of actually enter the can it is possible to use com-
calcium uptake (Figure 23) in any concentration mercial grades of calcium chloride, which are
dip solution did not increase significantly after much cheaper.
the first 2 to 3 min of dipping. Based on these In evaluating the last method of Ca@ppli-
results, the authors suggested a treatment for 2 tacation, which utilized salt tablets added directly
3 min in a 2% CaGkolution. to the can, the following amounts gave the best
Although the amount of calcium uptake in- results: In the case of firm fruit, 7.5 grains; in the
creased with the warmer dip solutions, this prac- case of soft fruit, 10 grains; and in the case of very
tice was not recommended because the solutiorsoft fruit, 12.5 grains per No. 2 size can (Kertesz
temperature would have to be carefully controlled et al., 1940). Although this was the easiest means
and tomatoes were observed to soften more inof adding CaCl it is quite hygroscopic and tablets
warmer solutions. In a later study where the po- containing this compound and table salt deteriorate
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Inorease in the calclum content of tomatoes, p.p.m.

S I 1
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FIGURE 23. Calcium taken up by tomatoes dipped in calcium chloride solutions. (From Kertesz, Z. I. et al.,
Technical Bulletin, 252, New York State Agricultural Experiment Station, 4, 1940.)

very quickly in the open air. Tablets containing ness will significantly affect ease of peeling,
anhydrous CaGhnd sodium chloride in the ap- wholeness, and drained weight of the final prod-
propriate amounts are available today, but it is uct. Specifications for whole peeled canned to-
necessary to package them in moisture-proof con-matoes are covered by USDA Standards for Grades
tainers and to open them just prior to use (Gould,and by FDA Standards of Identity, Quality, and
1992). After an evaluation of effect on textural Fill of Container. The grade of canned tomatoes
properties, cost and ease of use, Kertesz et alis based on drained weight, character, color, whole-
recommended the method of Ca@ddition by ness, flavor and odor, and defects. According to
dipping in solutions of 2% for 2 to 3 min. Later U.S. Standards for Grades of Canned Tomatoes,
studies with calcification are reviewed below in U.S. Grade A or U.S. Fancy canned tomatoes
conjunction with specific processed tomato prod- must have a drained weight not less than 66% of
ucts. Today it is general practice to add calcium the capacity of the container; U.S. Grade B or
chloride or sodium chloride-calcium chloride tab- U.S. Extra Standard must have a drained weight
lets when filling into individual cans and to dis- of not less than 58% of the capacity of the con-
solve tablets into tomato juice in which tomato tainer, and U.S. Standard or Grade C canned to-
products are dipped when packing in drums. matoes must have a drained weight of not less
than 50% of the capacity of the container (Gould,
1992). Drained weight is significantly affected by

VIl. TEXTURAL PROPERTIES OF tomato variety and maturity, initial raw textural

PROCESSED TOMATO PRODUCTS quality, process conditions, and fill weight. Aver-
age minimum drained weight requirements for

A. Whole Peeled Tomatoes meeting U.S. grades for all styles of canned and
stewed tomatoes are specified.

1. Grades and Standards Character requirements are specified in a simi-

lar way for A, B, and C grades of whole peeled,
Textural integrity is a vital determinant of the stewed, halved, wedged, diced, and sliced toma-
quality of canned whole peeled tomatoes. Firm- toes. For all products, Grade A is required to have
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“good” character; Grade B “reasonably good char- cient peel removal. In the 1970s a move began
acter”, and Grade C “fairly good character”. Char- away from the use of lye due to waste disposal
acter is defined as “degree of firmness normally problems, lower product recovery, and the com-
found when tomatoes have been processed usinglexity of recovering peel and pulp tissue. During
good manufacturing practices as defined in 21 this period a number of studies were carried out to
CFR part 110" (Gould, 1992). Cooked tomato investigate the use of hot calcium chloride solu-
products which are excessively soft or mushy aretions (Stephens et al., 1973), application of freeze-
considered lacking in character. Excessively soft heating (Leonard and Winters, 1974; Thomas et
products are further defined as meaning that “theal., 1978), high-pressure or superheated steam
unit may disintegrate upon handling, has evidenceand flame or infrared treatments on peeling effi-
of sloughing or has ragged edges, and has lostiency (Weaver et al., 1980). In recent years, the
ability to hold its shape”. The following are more application of high-pressure steam (7 to 10 bar)
specific definitions from the U.S. Standards: for short dwell times (5 to 15 s) in combination
with mechanical peel eliminators has replaced lye
1. Good character: Products, with the excep- peeling operations in most tomato processing
tion of diced tomatoes, in which not more operations (Corey, 1986).
than 15 percent by count are excessively Efficiency of peel removal by high-pressure
soft or mushy. In diced tomatoes, not more steam has been shown to depend on steam pres-
than 15 percent by weight are excessively sure, dwell time, variety, and presence disorders
soft or mushy. such as yellow shoulder disorder (YSD) (Corey,
2.  Reasonably good characterProducts, with ~ 1986). Subjecting the tomato to too much heat
the exception of diced tomatoes, in which may result in softening and/or removal of exces-
not more than 25% by count are excessively sive amounts of tomato pericarp and a reduction
soft or mushy. In diced tomatoes, not more in yield. Optimization of the peeling operation to
than 25% by weight are excessively soft or achieve adequate peel loosening without exces-
mushy. sive yield loss is a challenge and depends to a
3. Fairly good character: Products, with the large part on tomato variety, maturity, and fruit
exception of diced tomatoes, in which more size. Tomato processors should be aware of the
than 25% by count are excessively soft or genetic identity of incoming raw fruit and deter-
mushy. In diced tomatoes, more than 25% mine the optimum combination of steam pressure
by weight are excessively soft or mushy. and dwell time to maximize product recovery,
throughput, and quality.
In a study comparing steam exposure at high
2. Peeling Operation (4.34 bar) and low (2.81 bar) pressures, whole
tomato recovery decreased with increasing steam
One of the first unit operations involved in pressure and dwell time in two processing tomato
whole peeled tomato production is peeling. The varieties. Recovery ranged from 64.8 to 77.8%,
objective of the peeling operation is to split or and quantity of adhering peel ranged from 385 to
crack the tomato peel to a sufficient degree that1866 mg/kg fruit for nine varieties steam peeled
the peel will be subsequently removed when the at 4.4 bar (Corey, 1986). Equations for the predic-
tomato passes over mechanical peel eliminatorstion of percent recovery and quantity of adhering
typically a rubber disc roller followed by a pinch peel as functions of steam pressure, dwell time,
roller bed. In the early 1900s, tomatoes were and percent YSD were developed for two pro-
blanched in ambient pressure steam or in boiling cessing varieties.
water, immersed or sprayed with cold water to The ease with which tomatoes are peeled may
crack the skin, and then the peel was removed bybe correlated to their susceptibility to skin crack-
hand (Corey, 1986). Beginning in the 1960s, the ing, an undesirable characteristic that may occur
use of hot lye (sodium hydroxide or caustic) so- during fruit growth as a result of water stress.
lutions and peeling aids allowed for more effi- Indeed, some investigators have concluded that
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the epidermis is the single most important com- ever, firm fruit were found to be significantly
ponent of the tomato as related to mechanical(P < 0.05) higher in drained weight, Agtron E-5
strength (Murase and Merva, 1977). Voisey et al. color readings, total acidity, sodium hexa-
(Voisey et al., 1970) found that the strength of metaphosphate-soluble, and sodium hydroxide-
tomato skin and resistance to cracking was notsoluble pectic substances, and lower in pH, soluble
governed by skin thickness, but rather by skin solids, soluble solids/acid ratio, and water-soluble
strength and its ability to stretch. These authorspectin than soft and unsorted fruits (Tables 20 and
compared different cultivars of tomatoes with 21).
varying susceptibility to cracking and through Drained weight differences were thought to
microscopy determined that the penetration of thebe due to less cell rupture and leakage of cell
cutinized outer layer into the outer cells of the contents to cover liquid in the firmer, possibly
skin could be correlated to skin strength. less mature fruit (Wahem, 1988). The texture of
the canned tomatoes, as evaluated by a sensory
panel, was negatively correlated (-0.936) with
3. Thermal Processing Operations total water-soluble pectin and positively corre-
lated with sodium hexametaphosphate-soluble
In 1988, Wahem (Wahem, 1988) conducted a (0.934) and sodium hydroxide-soluble (0.959)
study in which raw processing tomatoes were pectic substances. In addition, the texture of canned
sorted by firmness and the effects on the physical,tomatoes was highly correlated (0.922) with the
chemical, and sensory characteristics of canneddrained weight of the product. Water-soluble and
whole peeled tomato products were evaluated. Asalt-soluble differences in pectic substances were
commercial vibratory sorter was used to sort fruit, suggested to reflect solubilization of pectic mate-
which were then lye peeled and canned. Unfortu- rials with ripening. The fact that color of the soft
nately, the study did not utilize any objective fruit was significantly more red than that of the
method of textural evaluation to verify differ- firm fruit supports the suggestion that the latter

ences in “soft”, “firm”, and “unsorted” fruit. How-  were less mature.

TABLE 20
Effects of Degree of Firmness on Quality Attributes of Canned
Whole Peeled Tomatoes

Avg. of individual cultivars

Quality factors Unsorted Soft Firm L.S.D.
% Drained weight 66.70 B 66.25 C 67.65 A 0.11
Color (Agtron E-5) 44.50 B 29.75 C 63.50 A 2.24
pH of fruits 4.28 B 4.32 A 425C 0.01
pH of cover liquids 428 B 432 A 425 C 0.01
% Total acidity of fruits 0.34B 0.32C 0.36 A 0.01
% Total acidity of cover liquids 0.34 B 0.32C 0.36 A 0.01
% Soluble solids of fruits 3.43B 3.57 A 3.19C 0.12
% Soluble solids of cover liquids 3.43 B 357 A 3.19C 0.12
Soluble solids/acid ratio 10.21 B 1133 A 8.98 C 0.42
Mg ascorbic acid 12.07 A 11.90 A 12.20 A —

Note: For each quality factor, values in the same row followed with the samletter
are not significantly different (P < 0.05).

From Wahem, I. A., J. Food Quality, 11, 1988.
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TABLE 21
Effects of Degree of Firmness on Pectic Substances of Canned
Whole Peeled Tomatoes

Avg. of individual cultivars

Pectic substances Unsorted Soft Firm L.S.D.
% Total pectin 0.27 A 0.27 A 0.27 A —
% of total pectin

Water-soluble in cover liquids 23.10 B 26.26 A 16.49C 2.56
Water-soluble in fruits 33.31 B 35,78 A 30.17C 1.45
3Na,0: 3P,0s-soluble in fruits 26.34 B 24.18C 3053 A 2.14
NaOH-soluble in fruits 17.24 B 13.78 C 2281 A 1.64

Note: For each pectic fraction, values in the same row followed with the samletter
are not significantly different (P < 0.05).

From Wahem, I. A., J. Food Quality, 11, 1988.

B. Stewed Tomatoes Legislators in both the U.S. and European
countries commonly use drained weight mea-
In the manufacture of canned stewed toma- surements as one of the few quality parameters
toes, not as much care as taken in whole peeledhat may stand up to scrutiny in evaluation of the
processing is required during peeling, as the to-consistency of diced, chopped, or crushed toma-
matoes are broken or cut into sections for this toes. Drained weight requirements for these prod-
product. However, a high standard grade of toma-ucts are as stipulated for whole peeled tomatoes,
toes is generally used for this pack and someexcept for the case of individual no. 2 1/2 or
processors prefer to use extra standard gradesmaller cans of diced product that do not meet
While it is desirable to have the tomatoes in sec-the average drained weight requirements. In a
tions or small pieces, maintenance of textural in- diced product not more than 0.5 ounce may be

tegrity is critical (Lopez, 1996). lower than the minimum average, whereas in
other styles not more than 0.7 ounces may be

C. Diced, Chopped, and Crushed lower.

Tomatoes The selection of the appropriate tomato vari-
ety for processing is crucial to producing chopped

1. Grades and Standards or dice pieces of the highest textural integrity and

the most intense red color. Textural integrity is

In 1991, salsa replaced ketchup as the top-even more important than with the more commi-
selling condiment in the U.S., opening the flood- nuted tomato products, and variety plays a sig-
gates to salsa and salsa-related food manufacturnificant role. Typical dice sizes produced include
ing. Although the demand for diced, chopped, the following: 1x 1 x 1 in® (25 x 25 x 25 mn?),
and crushed tomatoes as ingredients in productsl x 3/4x 3/4 ir? (25x 19x 19 mn¥), 1/2x 3/8 x
such as pizza sauce, spaghetti sauce, and salsa hag8 in® (13x 9.5x 9.5 mng), 1/2x 1/2x 1/2 ir?
risen astronomically during the last decade, Stan-(13x 13x 13 mn#), 5/8x 5/8[15/8 irf (16 x 16 x
dards of Identity have yet to be defined by the 16 mn#), and others. Choice of chopped, crushed,
FDA for these product types. They are typically or dice size will depend on the characteristics of
graded according to the same standards that wer¢he final product to which the dice ingredients are
developed for canned whole peeled tomatoes;added but will be limited by the need to ensure
however, some countries do not even regulateadequate heat penetration into the dice pieces
these products. during thermal processing.
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2. Definition of Quality (r=0.61). Poor correlations were found between
drained weight and Bostwick consistency
In recent years, a number of excellent publi- (r = —-0.37), drained weight and pectic acid (r =
cations concerning diced tomato product quality 0.20), and drained weight and protopectin (r =
have come out of Italian laboratories (Castaldo et0.35).
al., 1995; Castaldo et al., 1995; Porretta, 1993; Porretta et al. (1992) compared the profiles
Porretta et al., 1992; Porretta et al., 1995; Porrettaof tomato pulps with the highest and lowest
etal., 1992; Porretta et al., 1993). The Italians usequality, as determined by- andL-lactic acid,
the term “pulp” to describe crushed, diced, or total acidity, and volatile acidity contents, be-
chopped tomatoes with about 30% tomato juice cause these parameters were thought to be re-
as packing medium, whereas U.S. standards oflated to possible causes of spoilage, raw material
identity define pulp differently (see discussion conditions, and color of serum (browning in-
below). Because the Italian pulp products are es-dex). Figures 24 and 25 illustrate that the best
sentially diced tomatoes with topping juice, their pulps were also higher in sensory viscosity,
quality and processed conditions are discussed inBostwick consistency, and pectic material con-
this section rather than under the formulated prod-tent, but not necessarily higher in drained weight.
ucts discussion. The authors did not comment on the ranges of
In 1992, Poretta et al. (1992; 1993) evaluated attribute values obtained, but used discriminant
the quality of commercially formulated tomato analysis (Porretta et al., 1993) to classify com-
pulp using quantitative descriptive analysis (QDA) mercial samples according to attributes that
techniques. Tomato pulp produced by eight Euro- showed significant differences, for example,
pean processors was characterized in terms of thelrained weight, pulp and juice Bostwick consis-
following physical, chemical, and sensorial prop- tency, color (L, a and b values), pH, soluble
erties: % drained weight, color, consistency, vola- solids, total solids, serum color, fructose, acetic
tile acidity, color of serum, total acidity, pH, total acid, and glutamic acid.
solids, o- and L-lactic acid, glutamic, monohy-
drate citric and acetic acid, sodium chloride, glu-
cose and fructose, pectin, and sensory properties3. Addition of Calcium Salts
(acid taste, natural taste, homogeneity of redness,
and viscosity). Unfortunately, the authors did not The addition of calcium salts results in a sig-
specifically define the pulp products in terms of nificant improvement in the textural properties of
processing method, variety or dice size used, ordiced tomatoes. The effects of calcium salts on
other specifications; therefore, it is difficult to tomato products in general was discussed earlier.
compare products. Nevertheless, Table 22 illus-In work carried out in our laboratory, the effects
trates the ranges, maximum, minimum, and otherof dipping 1/2" diced tomatoes in various concen-
statistical values for the eight products evaluated.trations of calcium chloride (0, 0.5% and 1.0%)
From the textural properties point of view, it for 3 min were evaluated (Barrett and Garcia, in
is interesting to note in particular the range in preparation). Processing variety Halley 3155 to-
percent drained weight, pulp and juice Bostwick, matoes were steam peeled (Z56r 30 s), diced,
total solids, pectic materials, and sensory viscos-dipped, and drained for 1 min, then triplicate
ity score. It would appear that the tomato products 200-g samples were evaluated for maximum force
analyzed by these authors suffered from a lack ofusing a shear press cell fitted to an Instron Uni-
standardization. When the various attributes wereversal Testing Machine. All force values were
compared statistically, the highest correlations expressed as a ratio of raw control firmness, and
existed between the following texture-related at- it is clear from Figure 26 that dipping in 0.5%
tributes (Porretta et al., 1992): sensory vis- CaCl, resulted in an approximately 50% increase
cosity and drained weight (r = 0.92), protopectin in firmness. No additional benefit was obtained
and pectates (r = 0.77), pectic acid and pectateg§rom increasing the CaGtoncentration from 0.5
(r = 0.69), and sensory viscosity and pectatesto 1.0%.
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TABLE 22
Results of Physical, Chemical, and Sensory Analyses of Tomato Puree

Acetic Glutamic Pectic
acid, g/kg acid, g/lkg  Diacetyl, AMC, Glucose, HMF, acids,

TS TS mg/kg a/kg g/kg TS mg/kg AlS, g/kg g/kg TS
Range 2.60 30.37 7.60 0.69 206.70 4.36 396.30 20.00
Minimum 0.40 21.30 0.00 0.01 90.80 0.00 408.89 12.00
Maximum 3.00 51.65 7.60 0.70 297.50 4.36 805.22 32.00
Mean 1.40 33.79 181 0.19 141.50 0.79 594.00 20.00
SDa 0.30 8.02 2.34 0.19 44.50 1.60 100.12 6.00
Median 1.10 31.75 0.66 0.11 131.20 0.00 593.10 16.00
F ratio? 4.01° 42.70° 11.00° 5.01° 5.44pb 2.90 ns 11.1° 19.3°

Pectates, Protopec-  Drained

o/kg tins, g/kg weight, Bostwick  Bostwick
TS TS % pulp juice L a. b,
Range 31.00 5.00 31.80 7.00 8.50 341 7.91 1.82
Minimum 7.00 2.00 64.80 0.00 1.00 23.57 23.91 12.76
Maximum 39.00 7.00 96.60 7.00 9.50 26.98 31.82 14.58
Mean 17.00 4.00 79.65 3.77 5.57 25.71 29.70 13.87
SDa 8.00 1.20 9.35 2.20 2.60 0.92 2.05 0.21
Median 16.00 4.00 77.66 4.25 6.50 25.95 30.36 13.97
F ratio? 32.20° 5.40b 29.10° 9.70° 13.500 4.14b 5.25b 3.87°
Volatile Total Sodium  Fructose, Total
acidity, acidity, chloried, o/kg solids, Color of
alb, pH o/kg TS g/kg TS g/kg TS TS o/kg serum
Range 0.52 0.34 56.50 41.70 107.72 189.20 42.40 0.17
Minimum 1.84 4.12 0.90 49.80 6.14 94.50 50.00 0.19
Maximum 2.36 4.46 57.41 91.50 113.87 283.70 92.40 0.36
Mean 2.14 4.30 20.80 67.20 31.80 151.00 71.00 0.22
SDa 0.12 0.30 15.37 9.90 28.17 45.80 11.90 0.04
Median 2.17 4.30 13.21 66.30 22.56 135.60 68.80 0.26
F ratio? 5.00° 9.00° 118.00° 32.60° 3174.00° 419.00° 108.00° 5.18°
Soluble Citric Natural
L-Lactic p-lactic solids, acid, g/kg Acidity taste Color Viscosity
acid, g/kg acid, g/kg o/kg TS (sensory) (sensory) (sensory) (sensory)
Range 0.53 0.64 41.00 89.65 8.00 8.00 8.00 8.00
Minimum 0.00 0.00 45.00 20.51 1.00 1.00 1.00 1.00
Maximum 0.53 0.64 86.00 110.16 9.00 9.00 9.00 9.00
Mean 0.16 0.11 64.00 55.82 5.20 4.60 6.50 5.15
SDa 0.17 0.17 11.90 16.64 2.25 1.10 3.00 2.34
Median 0.07 0.94 62.30 55.91 5.50 5.40 5.50 5.45
F ratio? 14.90° 9.90° 178.00° 230.00° 9.28P 2.61 ns 20.10° 19.18°

a  Between groups.
b p < 0.05; ns = not significant.

Note: From Porretta, S. et al., Food Chemistry, 47, 1993.
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FIGURE 24. Profiles of tomato pulps with the highest quality. Key to polar coordinate scales: 1 = drained weight;
2 = sodium chloride; 3 = glucose; 4 = fructose; 5 = a /b, 6 = p-lactic acid; 7 = L-lactic acid; 8 = total acidity; 9 = volatile
acidity; 10 = color of serum; 11 = Bostwick consistency; 12 = natural taste; 13 = acid taste; 14 = pectic acid; 15 =
protopectin; 16 = viscosity (sensorial); 17 = pectates. The shaded area represents the mean QDA profile. (From
Porretta, S. et al., Lebensmittel Wissenschaft and Technologie, 25, 5, 1992.)

FIGURE 25. Profiles of tomato pulps with the highest quality. Key to polar coordinate scales: 1 = drained weight;
2 = sodium chloride; 3 = glucose; 4 = fructose; 5 = a /b , 6 = p-lactic acid; 7 = L-lactic acid; 8 = total acidity; 9 = volatile
acidity; 10 = color of serum; 11 = Bostwick consistency; 12 = natural taste; 13 = acid taste; 14 = pectic acid; 15 =
protopectin; 16 = viscosity (sensorial); 17 = pectates. The shaded area represents the mean QDA profile. (From
Porretta, S. et al., Lebensmittel Wissenschaft and Technologie, 25, 5, 1992.)

Floros et al. (1992) carried out a comprehen- temperature (35 5¢°, and 65C), and treatment
sive study on raw diced tomatoes in which GaCl time (0.5, 2.0, and 3.5 min) were evaluated. The
concentration (0.05, 0.75, and 1.45%), solution relative merit of each treatment combination was
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FIGURE 26. Textural modification in diced tomatoes by addition of calcium chloride.

evaluated in terms of calcium uptake, firmness tion, temperature of dipping solution and contact
(shear press), and pH. Calcium content and treattime, on attributes is presented in Table 23.
ment time were highly significant factors, but Calcium concentration was the most impor-
these authors found that temperature had no sigtant variable; however, contrary to results deter-
nificant effect on the process of calcium uptake or mined by Floros, temperature of the dipping solu-
firming. Response surface methodology was usedtion did also affect some quality attributes. Pectate
to determine that optimal conditions for produc- concentration, drained weight, pH, total acidity,
tion of diced tomatoes with less than 800 ppm calcium content in both dices, and final product
calcium utilized approximately 0.43% Ca&hd and sensory properties were all significantly af-
a 3.5-min treatment time. fected by calcium concentration. In most cases
In a recent study (Porretta et al., 1995) quite the higher the calcium concentration the better the
similar to that conducted by Floros et al. (1992), quality attribute; however, sensory acceptability
the effect of calcium concentration (0.05 to 1.05% limited the addition of calcium concentrations
CacCl), temperature of dipping solution (40 to above 0.7% (0.75 mg Kgin the final product).
60°C), and contact time (1 to 5 min) on calcium Increasing dipping solution temperature resulted
uptake, physico-chemical parameters, and sen-n increased drained weight and calcium content
sory attributes of canned diced tomatoes werein both dices and final product. The authors did
evaluated using response surface methodologynot note a deleterious effect of temperature on the
Analysis of variance results for the overall effect textural integrity of dices. Contact time had a
of the three process variables, Ca@incentra-  significant overall effect on calcium uptake, but
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only a slight effect on pH, color, total acidity, even better results were obtained with solutions
drained weight, and pectin content. Optimal con- containing a combination of 400 to 800 mg/l of
ditions suggested were a dip in 0.75% Gdoi calcium and about 5 U/ml of PME for contact
1 min at a temperature no greater thariC40 times of no longer than 15 min. The consistency

(Porretta et al., 1995). of these products was almost 300 times higher
In another recently reported Italian investiga- than that of the non-treated product (Figure 28).
tion, Castaldo et al. (Castaldo et al., 1995) im- In a subsequent study, Castaldo et al. (Castaldo

mersed tomato dice in pH 7.5 saline solutions et al., 1995) used a slightly lower pH solution (pH
containing up to 800 mg/l of calcium, with and 6.5) and higher PME activity levels in order to
without the addition of the enzyme pectin optimize the effect of added enzyme and calcium
methylesterase (PME), for times up to 30 min. on dice texture. The PME activity added to the
Use of the pH 7.5 solutions alone resulted in calcifying solutions ranged from 0 to 30 U/ml,
significant improvements in both product consis- and the contact time from 0 to 30 min. The high-
tency (texture evaluation by shear press) andest consistency increase was observed in the range
drained weight (Figure 27). The authors suggestedof added PME from 6 to 12 U/ml (Figure 29). The
that improved textural properties were a conse-authors found that too much additional enzyme
guence of increased activity of endogenous pectinactivity was undesirable; however, possibly re-
methylesterase, which is known to have an opti- sulting in more extensive deesterification of the
mal activity in the alkaline pH region. However, pectic fractions and consequent tissue lysis.
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Since the early 1940s researchers have knowrsolids an drained weight were significantly lower
about calcium-associated firming, and this effect in UF-treated products; therefore, commercial ap-
is specific to calcium and not necessarily to other plication may not be desirable. Drained weights
divalent cations. De Giorgi et al. (De Giorgi etal., may have been lowered due to the reduction in
1994) used a shear press fitted to an Instron tolow MW pectic materials, which may increase
measure the effects of both CaQWgCl,, and drained weight due to their physical adherence to
their combination on the mechanical properties of diced particulates. Perhaps the use of a lower MW
tomato dice. Although both are divalent ions, cutoff UF membrane in order to retain more
calcium salts (up to 500 mg/kg) significantly soluble pectins would have resulted in better over-
improved the textural properties of diced toma- all textural properties.
toes, while magnesium salts did not.

4. Thermal Processing Operations D. Tomato Pulp or Puree

Until about 1990 there was very little in the 1. Grades and Standards
scientific literature concerning optimal process-
ing and quality parameters for these types of prod-  Tomato pulp or puree is covered by USDA
ucts, most likely because their success was soStandards for Grades and by an FDA Standard of
rapid. Recently, a number of well-conducted stud- Identity. This product must contain at least 8.0%
ies have been carried out both in the U.S. andtomato solids, but less than 24.0% of salt-free
Europe and these are reviewed. Diced, choppedtomato solids. Although puree grade is based pri-
and crushed products are subjected to both highmarily on color and absence of defects, the prod-
temperatures and shear stresses as they pasgt description does define “fine” and “coarse”
through pumps, pipes, strainers, valves, pressur{puree texture. Fine texture means a smooth, uni-
ized tanks, and fillers. In addition, Gould (Gould, form finish, while coarse is defined as coarse with
1992) estimated that 80% of the diced tomatoesa slightly grainy finish. There are two general
processed today are bulk processed and thermallytypes of tomato pulp, one made from whole toma-
or aseptically filled into cans and drums for later toes and the other made from tomato byproducts
remanufacture. Textural integrity of the final for- such as the skins and cores from canning toma-
mulated product therefore will be dictated by ther- toes or the partially extracted tomatoes from the
mal and mechanical abuses experienced both ifTmanufacture of tomato juice (Gould, 1992).
the initial bulk processing and during re- Italy, which is the second largest producer of
manufacture. tomato puree, does not mention this product in

In a novel study, Porretta et al. (Porretta et al., their food regulations (Porretta, 1993), but evalu-
1992) evaluated the characteristics of tomato pulpates puree quality by many of the same proce-
(crushed or diced tomatoes with about 30% to- dures used for paste (i.e., total solids, pH, total
mato juice as packing medium) canned with to- acidity, volatile acidity, color, salt, fructose, and
mato juice enriched by ultrafiltration (UF) as a glucose). Commercial Italian tomato puree, or
packing medium and compared this to those us-“passato”, typically contains no less than 6% but
ing conventional vacuum-concentrated juice. UF less than 18% natural tomato solids. Mold counts
does not heat application and removes only watercommonly permissible in tomato puree are the
and low MW solids; therefore, it was thought to same as those allowed for high-quality paste prod-
have potential in removing the compounds that ucts, for example, 70% by the European Commu-
may cause syneresis on storage. After 4 to 6 monthsity and 50% by Italian standards.
storage, packing mediums in which 20 and 37%
serum reduction had been accomplished by UF
were found to be superior in color, reduction of 2. Definition of Quality
browning, and Bostwick consistency. However,
acidity and volatiles were lower, probably due to Porretta (Porretta, 1993) evaluated a number
the removal of low MW solids. In addition, total of physicochemical properties of commercial to-
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mato puree (8 to Brix) and correlated these 3. Thermal Processing Operations

with typical sensory attributes. Puree samples were

obtained from five traditional and five organic Luh and Daoud (Luh and Daoud, 1971) evalu-
European processors, and all samples had a moléted the effect of break temperature and holding
content between 14 to 46%, which was less thantime on the chemical and physical properties of
both the European Community and Italian limits. canned tomato pulp and on the activity of polyga-
Only one organically produced sample showed lacturonase (PG) and pectin esterase (PE). Both
traces of pesticide residues. It is interesting to seegross viscosity (measured by Brookfield viscom-
the range in physical, chemical, and sensory at-eter) and serum viscosity (measured by Ostwald
tributes obtained from the 10 puree products. In viscometer) of the canned tomato pulp increased
terms of the texture-related properties evaluated,and total pulp and serum pectin decreased as the
there was a significant correlation between total break temperature was raised from 1@024C0F.
solids and soluble solids (r = 0.96), a weak corre- The effect of break temperature on both gross and
lation between Bostwick consistency and pectatesserum viscosity was much greater than that of
(r = -0.60), and a poor correlation between holding time (Figures 30 and 31). The authors
Bostwick consistency and sensory viscosity as- explained these results in terms of inactivation of
sessment (r = 0.22). The author claimed that clus-pectic enzymes at higher break temperatures and
ter analysis revealed the existence of two distinctlonger holding periods. Pectinesterase (PE) and
subgroups, traditionally and organically produced polygalacturonase (PG) activity decreased sig-
tomato puree, but did not specify the qualitative nificantly as break temperature and holding time
differences. increased (Table 24). For both enzymes there was
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FIGURE 30. Effect of break temperature and holding time on serum viscosity of canned tomato pulp. (From Luh,
B. S. and Daoud, H. N., J. Food Sci., 36, 1971.)
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FIGURE 31. Effect of break temperature and holding time on consistency of canned tomato pulp. (From Luh, B.
S. and Daoud, H. N., J. Food Sci., 36, 1971.)

a critical temperature required for inactivation, pectic enzymes reported previously by Luh and

for example, 18%F for 15 s for PE and 22B for Daoud were much shorter than those required in

15 s for PG. their study, which evaluated crushed tomato
In a later study, Heil et al. determined the homogenates. It was suggested that extraction and

heat-resistance parameters of endogenous pectinemoval of enzymes from their natural environ-

esterase and polygalacturonase enzymes prepareshent, which may include the presence of protec-

from tomato homogenates (Heil et al., 1989). The tive compounds, may be the difference.

addition of 0.44% (pH 3.76) gluconic acid as an

acidulant reduced the heat resistance of pectin

esterase and eliminated gel formation in cannedE. Tomato Juice

whole peeled tomatoes. However, heat inactiva-

tion of tomato PG was not significantly affected 1. Grades and Standards

by the addition of up to 1.65% by wt gluconic

acid. Both pectic enzymes in canned whole peeled  Canned tomato juice is covered by USDA

tomatoes packed in juice in 383406 cans were  Standards for Grades and by the FDA Standard of

inactivated in 35 min at 98’€ and 101.7C, 26 Identity, Quality, and Fill of Container. Tomato

min at 110.6C, and 25 min at 118@. These juice grades are determined by color, consistency,

authors noted that inactivation times for extracted defects, flavor, and soluble solids content. In this
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case, consistency is defined as the viscosity of the2.
juice, including the degree of separation of the
insoluble solids (Gould, 1992). Grade A is re-
quired to have “good” consistency, while Grade

TABLE 24
Effect of Break Temperature and Holding Time on PE and PG
Activity in Tomato Pulp

Enzyme activity

PE activity PG activity
% loss in

Treatment viscosity per Retention
Code temp. and time (PEU) 4 min %
26 240°F-87 s None None None
27 240°F-58 s None None None
28 240°F-36 s None None None
29 240°F-15 s None None None
30 220°F-87 s None None None
31 220°F-58 s None None None
32 220°F-36 s None None None
33 220°F-15 s None None None
34 200°F-87 s None 0.50 3.54
35 200°F-58 s None 0.56 3.97
36 200°F-36 s None 0.61 4.32
37 200°F-15 s None 0.66 4.68
38 180°F-87 s None 0.96 6.81
39 180°F-58 s 1.23 8.72
40 180°F-36 s None 1.51 10.71
41 180°F-15 s None 1.70 12.06
42 160°F-87 s 3.68 x 103 3.24 22.99
43 160°F-58 s 4.00 x 103 4.12 29.24
44 160°F-36 s 472 x 1073 5.56 39.46
45 160°F-15 s 6.24 x 103 6.25 44.35
46 140°F-87 s 412 x 103 5.69 40.38
47 140°F-58 s 4.20 x 103 7.18 50.95
48 140°F-36 s 476 x 103 7.76 55.07
49 140°F-15 s 5.56 x 103 8.46 60.04
50 Cold break 19.60 x 103 11.75 83.39
Raw Frozen tomato 26.24 x 103 14.09 100.00

raw material

From Luh, B. S. and Daoud, H. N., J. Food Sci., 36, 1971.

Reasonably good consistencluice flows
readily, has a normal amount of insoluble
tomato solids in suspension, and there is not
a market degree of solids separation.

B should be of “reasonably good consistency”.
The following are more specific definitions from

the U.S. Standards:

1.

Good consistencytuice flows readily, has a

2. Thermal Process Operations

In juice and other tomato products with a

normal amount of insoluble tomato solids in relatively low WIS content (approximately 1%),
suspension, and there is little solids separa-the textural properties are determined not only by

tion.

the WIS/TS ratio, but also by the characteristics
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of the WIS particles (Whittenberger and Nutting, cases, product may be held in evaporation sys-
1957) and the serum viscosity (Marsh et al., 1980).tems for 3 to 4 h at various temperatures, and may
Tomato juice serum behaves as a Newtonian lig-spend minutes at temperatures as high asCL10
uid (Tanglertpaibul and Rao, 1987), but as total (Caradec and Nelson, 1985). As discussed above,
solids content increases it more non-Newtonian, Luh and Daoud (Luh and Daoud, 1971) found
probably due to the presence of soluble pectins.that both consistency and serum viscosity are
In 1944, Kertesz and Loconti (Kertesz and improved when higher break temperatures are
Loconti, 1944) stated quite accurately that amongused. Caradec and Nelson (Caradec and Nelson,
the properties that determine the commercial value1985) determined serum viscosity of canned to-
of canned tomato juice, consistency seems to bemato juice that was processed af@2102C,
the least understood. The interplay between pec-and 112C. Heat treatments applied for 2 h sig-
tic substances and cellulosic wall materials in nificantly affected serum viscosity, with the°&
tomato consistency was first described by process showing a 17 to 30% loss of serum vis-
Whittenberger and Nutting (Whittenberger and cosity and the 11Z process a 67 to 82% loss,
Nutting, 1957; Whittenberger and Nutting, 1958), depending on the tomato variety.
who found that the more finely divided the cellu- Xu et al. (Xu et al., 1986) evaluated the
losic wall materials, the thicker the consistency of rheological properties of both juice and paste
the juice, providing the pectin substances had notproduced from three varieties at break tempera-
been degraded by too much by processing. Thistures of 88, 96°, and 107C. A Weissenberg
applied also to pastes in which the pH was held atrheogoniometer was fitted with a cone and plate
the proper levels during manufacture. Reeve et al.for tomato juice evaluation and with two flat par-
(Reeve et al., 1959) found that in “puff-dried” allel plates for measurement of paste viscosity.
tomato juice, a high frequency of intact cells ap- These authors found that apparent viscosity de-
peared to be important to maintaining a stable pended both on tomato variety and process tem-
suspension when the powder was reconstituted tgperature, with the highest viscosity achieved
a juice. The degree of comminution and thermal through use of the 10T break temperature
treatment applied to paste significantly affects (Table 25). It was suggested that both pectic en-
paste consistency. zymes were still active at 96, while a tempera-
Sometimes tomato juice is homogenized to ture of 107C was sufficient for inactivation and
generate a product of thicker consistency and tohence improved pectin retention and viscosity.
prevent settling of the solids. However, the ho- Tomato juice was canned and exposed to process-
mogenization step is usually eliminated, particu- ing temperatures of 82, 102C, and 112C.
larly when hot break juice is being processed. Serum viscosity was measured after 30, 60, and
Thakur et al. (Thakur et al., 1995) found that 120 min at each temperature. Heat treatment af-
pressurized homogenization (up to 3000 psi) of fected serum viscosity. A temperature of@2
tomato juice at room temperature {€3 resulted  applied for 2 h resulted in a 17 to 30% loss of
in increased consistency and reduced serum sepaserum viscosity depending on the cultivar. Treat-
ration in hot and cold break juice. The magnitudes ment at 112C applied for 2 h caused 67 to 82%
of change in cold break juice were smaller than loss, again depending on the cultivar.
those in hot break juice, and increasing pressur-  Juice samples were also evaluated for micro-
ization temperature resulted in only a small in- structural differences and samples processed at
crease in consistency. The authors contributedlower temperatures had coarser cell wall debris
increased consistency to the shredding, stirring,than those processed at 107which appeared as
and breaking actions induced by pressurized ho-a much finer network. Paste samples processed
mogenization, which resulted in more linear cell from 107C hot break juice also seemed to have
walls and reduced particle size. a finer, more highly disrupted cell structure than
The rheological properties of tomato juice, those produced from lower temperature break
puree, and paste are strongly affected by the therjuice. The authors noted that, in addition to differ-
mal treatment during hot or cold break. In some ences in cellular debris, more soluble pectin ap-
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TABLE 25

Power Law Parameters Consistency Index and Flow
Index in Tomato Juice Processed from 4 Cultivars at
3 Different Break Temperatures

Break temperature °C

85 96 107

Cultivar ka n k n k n

E6203 72.44 0.174 83.17 0.160 14791 0.151
FM785 63.09 0.188 7244 0.194 117.48 0.149
Murietta  60.25 0.176 69.18 0.174 91.20 0.132
H2152 41.68 0.208 72.44 0.183 134.89 0.113

a  The units of k are 101 N.s"/m2.

From Xu, S-Y et al. J. of Food Sci., 51, 2, 1986.

peared to have leached out of cells in the high-tropic behavior and has a yield stress. Mathemati-
temperature break juice. These pectins seemed t@al models have been designed to characterize the
have coated collapsed cell walls, perhaps allow-flow behavior of tomato concentrate (Rao, 1987),
ing for more water binding and improved consis- which according to Rao may be described satis-
tency. Rha (Rha, 1978) suggested that the presfactorily by the power law model (Rao et al.,
ence of pectic substances on the outside of cells1981). In a fairly large study, Rao et al. evaluated
creates a sticky, charged, and adhesive surfacehe flow properties of over 70 pastes made from
and may result in an increase in hydrodynamic four tomato varieties. The apparent viscosity
volume and thereby consistency. It is interesting (100 s?, 25°C) of the concentrates of each variety
to note that high break temperatures may causewas proportional to the 2.5 power of the concen-
the same structural changes as those observed itration (% total solids). The authors also found
homogenization (Whittenberger and Nutting, thatthe consistency index of the power law model
1957; Ouden, 1995), that is, a more highly dis- also showed a power dependence on the concen-
rupted cell structure and improved consistency. tration (Rao et al.,, 1981). Recently, McCarthy
and Seymour (1994) compared experimental mea-

F. Tomato Paste surements for tomato sauce and other power law
fluids to theoretical predictions. Although the flow
1. Grades and Standards behavior of tomato sauce differed significantly

from other homogeneous fluids evaluated, it was
Tomato paste is covered by USDA Standards possible to obtain a linear relationship when length
for Grades and by FDA Standards of Identity and was plotted vs. tinté.
Quiality. As with tomato puree, the grade for paste The concentration of tomato juice to paste
is based primarily on color and absence of de-effects the physical properties of the end product
fects; however, “fine” and “coarse” texture are and although alternative technologies have been

defined as described above. proposed, evaporation is still the most common
technology today. Harper and El Sahrigi (1965)
2. Thermal Process Operations found a relationship between apparent viscosity

at 500 se¢, concentration and temperature for an
Tomato paste or concentrate exhibits shearevaporated tomato juice sample. They found that
thinning (Tanglertpaibul and Rao, 1987) and thixo- shear rate increased from 500 to 800'ses total
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solids increased from 12.8 to 30%. In an interest- apparent Bostwick values increased to 9.5, 10.9,
ing approach, they attempted to reduce serumand 11.2 NTSS, respectively. In addition, Bostwick
separation by removing juice insoluble solids by values increased significantly after samples were
centrifugation, concentrating the serum by evapo- canned and stored for 3 months. The authors sug-
ration to 658Brix, and reconstituting the various gested that desiccation of the water-insoluble sol-
components. Unfortunately, apparent viscosities ids and inability to resorb water to the same de-
of the reconstituted samples were found to begree as originally present were the reasons for
only one-third that of the corresponding original their observations. To improve resorption, they
concentrates. incorporated a heat treatment (30 min at°@)0
Mannheim and Kopelman (1964) obtained after dilution of the paste to 12% NTSS.
similar results when they compared whole juice Recently, Ouden (1995) also found that de-
evaporation and serum evaporation after separagree of paste concentration had a significant ef-
tion of the pulp by centrifugation. However, juice fect on the apparent viscosity of diluted,
was obtained using cold break {&) tempera- nonhomogenized suspensions. Figure 32 illustrates
tures; therefore, pectic enzymes were most prob-that the apparent viscosity of suspensions made
ably active. The differences observed in apparentfrom a 30Brix concentrate was about 35% of that
viscosity were suggested to be due to the centrifu-of the suspension prepared form the original
gation step, which may have crushed cells and4.9°Brix juice. Ouden proposed that chemical
reduced structural integrity, but it is more likely changes may occur in tomato cells during con-
that the action of pectic enzymes reduced consis-centration that affect resorption of water. Indeed,
tency. in another unpublished thesis by the same group,
Tanglertpaibul and Rao (1987) used a more Heutink (1986) found that solubilization of highly
carefully designed experimental plan to compare esterified pectin occurred during hot break pro-
the apparent viscosities of pastes made by thecessing and resulted in a corresponding decrease
traditional method of hot break juice evaporation in WIS pectin. However, WIS/TS ratios remained
(JE) to those obtained by serum evaporation (SE)the same during processing and the author was
or reverse osmosis (SRO). Although apparentunable to clarify a chemical change in the cell
viscosities of SRO and SE concentrates were notwalls that would cause dilution loss.
significantly different at low concentrations, at Homogenization is known to increase appar-
higher concentrations the viscosity of the less ent viscosity (Whittenberger and Nutting, 1957),
temperature-affected SRO pastes was higher. Thend in the same thesis, Ouden found that the
apparent viscosities of pastes made by evaporaapparent viscosity of nonhomogenized tomato
tion of hot break tomato juice were always lower suspensions made from°8Jix concentrate was
than those obtained by centrifugation followed by about 65% lower than the original juice (Ouden,
either evaporation or reverse osmosis of the sepa1995). After homogenization, however, the dif-
rated serum and remixing. Therefore, there mayference was only about 10 to 15% (Figure 5A and
be improvements in textural properties realized B from above). The author attributed the decrease
through separation of tomato juice serum and in viscosity of nonhomogenized suspensions to a
preferably non-thermal concentration, followed decrease in diameter of tomato particles due to
by recombination with pulp. the concentration process. Nonhomogenized sus-
A number of investigators have noted a “di- pensions showed a significantly greater increase
lution loss” on rehydration of concentrated to- in serum separation during storage, which was
mato paste. Marsh et al. (1977) used Bostwick thought to be caused by uniaxial compression of
measurements to show that concentrating paste tahe network under its own weight. Ouden (1995)
higher°Brix values resulted in lower consistency suggested that serum separation might continue
when the paste was subsequently diluted to 12%until the gravitational force was counterbalanced
NTSS. Table 26 illustrates that, as an originally by the product of the uniaxial compression modu-
8.6 Bostwick (12% NTSS) juice was diluted from lus of the network and the deformation gradient.
15to 20, 21 to 25 and >25 NTSS concentrate, theWhen tomato suspensions were homogenized, an
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A. Apparent viscosity and B. G' as a function of °Brix of the concentrates before dilution
to a suspension with 0.65% WIS, non-hgomogenized (w) and homogenized (a).

FIGURE 32. Apparent viscosity and storage modulus as a function of °Brix of concentrates. (Ouden, den, F. W. C.,
Physico-chemical stability of tomato products, Unpublished dissertation, Agricultural University, Wageningen, The
Netherlands, 1995.)

increase in storage modulus (G’) was observedG. Formulated Products
and particle settling was retarded.

Tanglertpaibul and Rao (1987) measured shearl. Salsa, Pizza, and Spaghetti Sauces
rate-shear stress relationships in tomato pastes
made from juices that were produced using the Salsa, pizza, and spaghetti sauces have not
following finisher screen openings (FSO): 0.020, been defined by the FDA, or is there a voluntary
0.027, 0.033, and 0.045 in. Although paste appar-U.S. grade standard established for them. Pizza
ent viscosity at a shear rate of 100generally  sauce is generally evaporated to a specific gravity
increased with increasing FSO, use of the 0.027-of approximately 1.035 or to a consistency of 6 to
in screen resulted in the highest apparent viscos-8 on a Bostwick consistometer when measured
ity. The authors suggested that in choosing anhot.
optimal screen size one desires an increased sur-
face area of small particles without excluding
large particles that would result in a decrease in2. Catsup
gross viscosity. The smallest screen used in this
study (0.020 in) may have eliminated most of the a. Grades and Standards
large particles; therefore, the slighter larger screen  Tomato ketchup or catsup is covered by USDA
size (0.027 in) resulted in better overall textural Standards for Grades and by an FDA Standard of
properties. Identity. Only a product made from whole toma-
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toes may be called catsup without qualification. ids), Extra Standard to have a specific gravity of
Pulp quality determines the final product quality at least 1.13 (corresponding to 29% total solids),
and in inferior grades of catsup made from poor and Fancy ketchup must have a specific gravity of
pulp, the flavor of the pulp must be overcome by at least 1.15 (about 33% total solids).
added spices. The grade is based on color, consis-
tency, absence of defects, and flavor. In this case
consistency is defined as the viscosity of the prod- b. Thermal Process Operations
uct, and the tendency to hold its liquid portion in
suspension. Grade A and B are defined as having Tomato catsup quality is dictated to a large
“good consistency”, while Grade C should be of degree by its consistency and the degree of serum
“fairly good consistency” (Gould, 1992). The fol- separation that occurs. Marsh et al. (Marsh et al.,
lowing are more specific definitions from the U.S. 1979) found that the consistency and serum sepa-
Standards: ration in catsup were unrelated quality attributes.
Consistency was directly dependent on tomato
1. Good consistencyCatsup shows not more pulp WIS/TS ratio, while serum separation was
than a slight separation of free liquid when found to depend on the break temperature used.
poured on a flat grading tray, is not exces- Table 27 indicates the dramatic differences in
sively stiff, and flows not less than 3 cm but serum viscosity resulting from hot break vs. cold
not more than 7 cm in 30 s at°#Din a break juice. It was determined that retention of at
Bostwick consistometer. least 80% of the raw tomato serum viscosity was
2. Reasonably good consisten&atsup may  required for minimal serum flow.
show noticeable but not excessive separa-
tion of free liquid when poured on a flat
grading tray, is not excessively stiff, and 3. Chili Sauce
flows not less than 2 cm but not more than
10 cm in 30 s at 2@« in a Bostwick Chili sauce differs from catsup in that the
consistometer. tomatoes are peeled, cored and chopped as for
canning, however the seeds are not removed. Chili
Although the Standard of Identity for catsup sauce generally contains more sugar and onions
does not specify a minimum concentration, the than catsup (Gould, 1992), and may be hotter due
U.S. Standards for Grades of Ketchup require to the addition of cayenne pepper. Whereas cat-
Standard ketchup to have a specific gravity of at sup and paste manufacture may utilize small to-
least 1.11 (corresponding to about 25% total sol- matoes, chili sauce production typically utilizes

TABLE 26
Effect of Concentration on the Bostwick Values Determined After Dilution
to 12 NTSS
Diluted from Diluted from Diluted from
True Bostwick  concentrate in the concentrate in the concentrate above
12 NTSS 15to 20 NTSS range 21 to 25 NTSS range  the 25 NTSS range
8.6 9.5 10.9 11.2
8.2 8.0 9.2 10.3
6.7 7.0 7.6 8.3
5.3 6.3 7.0 7.5
2.5 3.0 3.2 3.9

From Marsh, G. I. et al., J. Food Processing and Preservation, 1, 1977.
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large to medium-sized tomatoes, depending onDr. Robert Jackman of the University of Guelph

processor preference. Cooking and handling arein critically reviewing this manuscript. We ac-

the same as for ketchup, but the finishing opera-knowledge the collaboration of Ms. Charlene We

tion is eliminated and the final product has more and Dr. J. X. Guinard in generation of the sensory

of a chunky texture than catsup. texture ballot (Table 1), and Dr. J. Jernstedt for
Chili sauce has not been defined and there-her suggestions on anatomical terminology. Fi-

fore all of the ingredients must be stated on thenally, we would like to acknowledge the hard

label. A voluntary U.S. grade standard does exist;work and diligence of Ms. Jean Seay in editing

howeve, and grade is based on color, consistencyand proofing the final manuiscript.

character, absence of defects, and flavor. Both A

and C grades are specified, with Grade A chili

sauce being of “good consistency” and Grade CREFERENCES

being only of “fairly good consistency”. The fol-

lowing are more specific definitions from the U.S. Abbott, J. A., Affeldt, H. A., and Liljedahl, L. A. 1992,
Standards: Firmness measurement of stored ‘Delicious’ apples by
sensory methods, Magness-Taylor and sonic transmis-

1 nsistenceav i h sion.J. Amer. Soc. Hort. Sci11_7(4)590—595. _
Good consiste Cyeavy bodied sauce that, Abbott, J. A., Bachman, G. S., Childers, N. F., Fitzgerald,

when emptied from the container to a flat J. V., and Matusik, F. J. 1968. Sonic techniques for
surface, forms a moderately mounded mass  measuring texture of fruits and vegetabkmsod Tech-
and shows not more than a slight separation nology, 22:101-112.
of free liquid at the edges of the mass. Abbott, J. A., Massie, D. R., Upchurch, B. L., and Hruschka,
2. Faiy good consistencySauce that,when ", 1965 Nendesiucive seic frness mecsure
: " i : -
emptied from the container to a flat surface, 1466 PP ’
may tend to level itself or show a moderate appott, 3. A., Norris, K. H., and Watada, A. E. 1986. Matu-
separation of free liquid at the edges of the rity and chilling stress of tomato fruit measured by
mass but is not excessively stiff or exces- nondestructive DLE and optical techniquésrtScience

sively liquid. 21(3):128. _
Adegoroye, A. S., Jolliffe, P. A., and Tung, M. A. 1988.

. . - Instrumental measures of texture of tomato fruit and
In addition to consistency, character attributes their correlation with protopectin content: Effect of fruit

are also defined for chili sauce. In this case, char- ;¢ and stage of ripenedsFd. Sci. Techngl5(2)72—
acter refers to the degree of disintegration of the 74,

tomatoes or the tenderness and texture of theAli, Z. M. and Brady, C. J. 1982. Purification and character-
other added ingredients. Definitions have been  ization of polygalacturonase of tomato fruiast. J.
established for Grade A chili sauce, which should ,_Plant Physiol. 9:155-159,

I Atherton, J. G. E. and Rudich, J. 1986e tomato croplst
be of “good character” or Grade C, which is only ed Chapman and Hall, London, -

“fairly good character”. The following are more parrett, D. M. and Garcia, E. L. 1996. Report to the Califor-

specific definitions from the U.S. Standards: nia League of Food Processors (unpublished).
Barrett, D. M. and Garcia, E. L. In preparation. Varietal and
1. Good character:Product does not have a maturity effects on texture of processed diced tomatoes.

finely comminuted appearance and that on- BeMiller, J. N. 1_986. An mtr_oductlon to pectins: structure
and properties. InChemistry and function of pectins

ion, celery, and other ingredients are tender, Fishman, M. L. and Jen, J. J., Eds., Vol. ACS Symp.

reasonably firm, or crisp in texture. Ser. 310, pp. 2-12. American Chemical Society, Wash-
2. Fairly good consistencyProduct may be ington, D.C.

finely comminuted and other vegetable in- Blumenkrantz, N. and Asboe-Hansen, G. 1973. A new method

gredients may be only fairly tender. for quantitative determination of uronic acidsnal.

Biochem, 54:484.
Bourne, M. C. 1966. Measure of compression and shear
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