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Shrimp is the most valued shellfish product in the United States, and is highly
perishable with post mortem metabolic changes that are deteriorative to its shelf-life. The
objective of this research was to utilize GC-MS Gas Chromatography-Mass Spectrometry
(GC-MS), Gas Chromatography Olfactometry (GCO), and sensory analysis to determine
if the relationships exist between consumer acceptability, sensory descriptors and shelf-
life of ready-to-eat shrimp.

Three different cooking and packaging treatments were utilized: 63°C/15 s,
85°C/5 min, and 93°C/5 min for vacuum, MAP and aerobic packaging treatments, and
stored at 2°C+1 for 1, 3, 5, 6, 10, 15, 25, and 50 days or until the product was found
unacceptable by a trained sensory panel.

For Consumer acceptability (Day 3), the 85°C vacuum and 85°C MAP (Modified

Atmosphere Packaging) shrimp were preferred (P < 0.05) over other treatments that were



evaluated. The aroma active compounds that were identified using GC-MS and GCO
consisted of one amine (trimethylamine), five aldehydes (3-methyl butanal, pentanal,
hexanal, heptenal, geranial), one organic acid (butyric acid), two sulfur containing
compounds (methional, dimethyltrisulfide), one pyrazine (methyl pyrazine) (amine), two
alcohols (2-nonen-1-ol, 4 ethyl guaiacol), and one hydrocarbon (camphene). Results
showed that for most of the packaging-temperature combinations, even beyond Day 25,
the MAP product had fewer compounds and odors associated with spoilage than the
aerobic and vacuum packaged products. This was consistent with the descriptive analysis
data for which both the 85°C MAP and 93°C MAP treatment products had a longer shelf-
life than vacuum treatment products, which had shelf-lives of 15 to 21 Days. The shelf-
life of the cooked RTE shrimp that was MAP packaged and cooked at either 85 °C or
93°C was between 39 and 42 Days at 2°C. Research indicates that processors of medium
gulf brown shrimp could utilize 85°C/5min with MAP due to the shelf-life of the product
and the elevated pleasantness scores when compared to the 93°C/5min treatment

throughout the shelf-life of the product.
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CHAPTER I

INTRODUCTION

Shrimp is the most valued shellfish product in the United States. The production,
consumption, and the imports of shrimp have consistently increased over the past few
years (Sloan, 2005; USDA, 2010; USDA, 2006). In 2004, the United States imported
1.14 billion pounds of shrimp, despite market uncertainty that was caused by a trade
dispute between United States and the world's leading shrimp exporters. This import
volume was 29 million pounds greater than the imports in 2003 (United States Marine
Shrimp Farming Program, 2005), and remained relatively constant from 2005-2010
(USDA, 2010). The United States Department of Agriculture estimated that the per capita
consumption of sea-food would increase by 26% between 2000 and 2020 (Sloan, 2005).
In 2000, United States shrimp imports reached 761 million pounds and the value of
shrimp imports was $3.8 billion, a 20 percent increase from the previous year (USDA,
2001). According to USDA (2010), the total United States shrimp imports in the last few
years, have remained relatively constant ($3.9 billion in 2007, $4.1 billion 3.9 in 2008,
$3.8 billion in 2009).

On average, Americans consumed 15.6 pounds of fish and shellfish in the year
2000, which was an increase of about 2.3 percent over the 15.4 pounds consumed in 1999

(Agri-food Canada, 2001; USDA, 2006). The annual consumption of fish and shell fish in



2007 was 4.9 billion pounds, which corresponds to 16.3 pounds per capita (NOAA,
2008). The shrimp industry in Mississippi is valued at 400 million dollars (Burrage et al.,
2001). In 1996, 79% of United States shrimp was produced in Gulf and South Atlantic
states (Erdogdu et al., 1999).

Due to high demand, high cost, and the high rate of imports, it is very important
to understand the relationship between quality and shelf-life of shrimp. It is also
important to devise a standardized and practical model to determine the shelf-life of
Ready-to-Eat (RTE) shrimp. Presently, there is minimal research that has been reported
on the acceptability, flavor development, sensory attributes, and packaging of RTE
shrimp.

Shrimp is highly perishable in nature since unlike other crustaceans, it does not
survive harvesting, and the post mortem metabolic changes that occur are deteriorative to
its shelf-life (Ray, 1996). Also, shrimp are rich in non-protein compounds such as free
amino acids and trimethylamine oxide (TMAOQO), which enhance microbial spoilage (Ray,
1996; Lopez-Caballero et al., 2002). Spoilage can also occur due to mishandling of the
shrimp in retail freezer cabinets, thus negatively affecting the sensory quality (Bak et al.,
1999). Qualitative changes in shrimp occur due to oxygen exposure in the package, and
light, and temperature fluctuations (Bak et al., 1999). Therefore, quality and safety of
RTE shrimp depends on controlling both the growth of microorganisms and enzyme
degradation through packaging and appropriate storage conditions (Dalgaard and
Joregnsen, 2000).

According to Mulak et al. (1994), the final cook temperature for sea-foods should

be above 62°C to destroy the reference bacterium Pseudomonas paucimobilis. The U.S.
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Food and Drug Administration has recommended a time/temperature treatment of
63°C/15 s to eliminate Listeria monocytogenes and Vibrio vulnificus (FDA, 1999; FDA,
2001a). For a 6-log cycle reduction of Vibrio cholera, the final cook temperature for
shrimp should be at least 85°C for 3.7 min for large shrimp (36-45 shrimp/0.45 kg), and
at least 85°C for 2.2 min for medium shrimp (46-55 shrimp/0.45 kg) (Erdogdu et al.,
1999; Robinson, 1997). Therefore, a final cook temperature of at least 85°C for 2.2
minutes should be used to render the product safe for consumption. Also, FDA has
recommended a temperature of 93°C/5 min to inactivate Clostridium botulinum type B
bacteria, spores, and toxin (FDA, 2001b). Thus, the literature provides 3 temperature/time
processing treatments for RTE shrimp (63°C/15s, 85°C/5 min, and 93°C/5 min) that can
be evaluated for shelf-life.

Instrumental and sensory analyses are effective tools for the determination of
qualitative changes in shrimp. For instrumental analysis, headspace analysis coupled with
gas chromatography is a very useful technique for detection of volatile compounds from
a food sample (Bak et al., 1999). Solid phase Microextraction (SPME) is an efficient
technique that is commonly used to concentrate headspace volatiles (Miller and Stuart,
1999). Mass Spectrometry (MS) is a highly selective and sensitive analytical tool that can
help identify molecular compounds. The MS identifies volatile compounds through use
of a database or a library search with high selectivity (Amirav, 2001). The MS can be
utilized as a detector with a GC in order to determine the quality of shrimp through
compound identification and relative quantification over the shelf-life of the product.
This analysis can be used to determine the shelf-life of shrimp, which occurs when one or

more sensory attributes reaches an undesirable state (Singh, 1994). A common method
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used to evaluate shelf-life is the determination of changes in quality characteristics over a
period of time (Singh, 1994). However, sensory testing is ultimately used to determine
the end of product shelf-life. Although much work has been performed to predict the
shelf-life based on quality attribute changes over a period of time, none of these attributes
has been directly correlated with sensory acceptability.

Quality in terms of sensory analysis, or the consumer acceptability of the product,
is defined as the complex set of sensory characteristics of appearance, odor, taste, and
texture, which are maximally acceptable to consumers (York and Sereda, 1994). For
sensory analysis, shrimp should be evaluated for odor, taste, texture and appearance (Bak
et al., 1999). The present research was designed to determine how sensory descriptive
attributes relate to the consumer preference of cooked RTE shrimp. Simultaneous
instrumental analysis and sensory studies were performed over time, and the point at
which the trained panel determined that the sample was unacceptable was related to the
results of the instrumental analyses. The objectives of this study were to utilize GC-MS,
GCO, trained sensory analysis and instrumental methods to determine the relationship
between consumer acceptability, sensory descriptors and shelf-life of RTE shrimp, and to
determine the feasibility of producing a safe RTE shrimp product that could be utilized in
the industry. It was hypothesized that the vacuum and MAP treated shrimp would have
similar shelf-lives for the same time-temperature treatments, and it would be greater than
the aerobic packaged shrimp. In addition, the shrimp cooked at 85°C and 93°C would
yield a greater shelf-life than the 63°C cooked shrimp for all the packaging treatments,
and the 93°C treatment would yield a greater shelf-life than the 85°C product. It was also

hypothesized that the volatile compounds responsible for the spoilage of shrimp over
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time would be the same for all temperature-packaging treatments, even though their

shelf-lives would differ.



CHAPTER II

LITERATURE REVIEW

Shrimp

Shrimp are crustaceans that belong to the Decapoda order. This order also
includes hermit and true crabs, crayfish and lobsters. The decapods have a full carapace
(a shield covering the head) and five pairs of walking legs. The first three pairs, also
called the thoracic appendages, are modified for feeding and are known as maxillipeds
(Cascorbi, 2004). The term “prawn” is often used to describe fresh water shrimp or large
saltwater shrimp. There are nearly 8,500 species of decapods, and among them are more
than 2,000 shrimp species worldwide that are available in variable sizes (Wallace, 1997).
However, only a few species are harvested. These specific species of shrimp are
harvested because they are relatively large (2-10 cm), travel in groups, and can be caught
in bulk. Only 40 of the 2,000 species meet these criteria and are harvested commercially.

Shrimp are produced in every tropical as well as sub-tropical country in the world
that has an ocean in its geographical proximity. Historically, shrimp have been caught
wild from the near shore tropical areas, but due to excessive catching and thus depletion
of shrimp, coastal farming of shrimp has been used to suffice for the deficit, especially in
the developing countries of southeast Asia, the Indian subcontinent, and central America

(Haby, 2003). Shrimp that are harvested for commercial use can be divided into three



major groups: coldwater (northern), warm water (tropical), and southern. Most of the
world’s shrimp that are wild caught consists of either cold or warm water species, and
warm water species make up about 80% of the world’s wild catch (Haby, 2003).

From 1979 to 1999, the harvesting of tropical shrimp grew from 1.9 to 4.3 billion
pounds (shell on, tails) throughout the world. According to 2003 data, the annual United
States domestic production of shrimp was approximately 200 million pounds. Other
shrimp is imported to suffice for the growing demand of consumers (Haby, 2003).
According to United States Marine Shrimp Farming Program report (2005), 1.1 billion
pounds of shrimp was imported in 2004, an increase of 29 million pounds from the
previous year. Different types of shrimp as per their origin and characteristics are given
different designations, and scientific (and common) names. Some of the commonly found

warm water shrimp species are listed in the table below, and a few of them are shown in

Figure 2.1.

Table 2.1: Warm water Shrimp commonly harvested for food production

Scientific Name

Common Name

[Habitat

\Penaeus megalops

Rock shrimp

'Warm water Atlantic

\Siconia brevirostris

Rock shrimp

'Warm water Atlantic

\Penaeus braziliensis

Red shrimp, Royal red shrimp

'Warm water Atlantic

\Penaeus vannamei

'White shrimp, Pacific white shrimp,
Vanna white shrimp

'Warm water Pacific

\Penaeus setiferus

White shrimp, Atlantic white shrimp

'Warm water Atlantic, Gulf-Mexico

\Penaeus aztecus

Brown shrimp

'Warm water Atlantic, Gulf-Mexico

\Penaeus duorarum

Pink shrimp, Pink penaeid shrimp

'Warm water Atlantic, Gulf-Mexico

\Penaeus monodon

Black tiger prawn

Southern Pacific

\Penaeus esculents

Tiger prawn, Australian tiger prawn

Southern Pacific

\Penaeus semisculatus

Tiger prawn, Australian tiger prawn

Southern Pacific

\Penaeus chinensis

White shrimp, Chinese white shrimp

|Asia

Source.: Cascorbi, 2004




Warmwater Shrimps
(The Penaeids)

Penaeus’ setiferus, the Atlantic white shrimp.

Siconia brevirostris, the Atlantic rock shrimp.

Figure 2.1 Different varieties of warm water shrimp

Source: Cascorbi, 2004

Packaging Methods

Vacuum Packaging

Vacuum packaging is a type of reduced oxygen packaging (ROP). In general, air
is about 21% of oxygen, so any packaging with less than 21 % oxygen is called ROP
(Olga, 2001). The first commercial “vac-bag” was made in the early 1960’s (Cavanagh,
1997). Vacuum packaging means removing or reducing air (>99 %) from a package with

low permeability to oxygen, thus creating vacuum and hermetically sealing the package
8



(Heidmann Soccol et al., 2003). The gaseous atmosphere of the package is reduced, but it
is again altered during storage. This happens due to a 10-20% increase in CO; that is
produced by microorganisms. This CO, may help inhibit the growth of microorganisms.
So, this hermetically sealed packaging that creates a near perfect vacuum can create a
significantly anaerobic environment that prevents the growth of aerobic spoilage
organisms that are generally gram negative bacteria such as Pseudomonas and aerobic
yeast and molds. These organisms are responsible for off odors, slime and texture
changes that can be prevented by an anaerobic environment. This packaging method can
also prevent degradation that is caused by oxidative processes in food products,
especially foods containing fats and oils. It can also prevent color deterioration in raw
meats that is caused by the presence of oxygen. This allows an extended shelf-life for
foods in the distribution chain. However, the problem with this type of packaging is that
there is the potential for the presence of the anaerobic bacteria Clostridium botulinum

unless it is stored below 3.3°C (Christiansen and Foster, 1965).

Modified Atmosphere Packaging (MAP)

Modified atmosphere packaging (MAP) is similar to vacuum packaging. The air
inside the package is replaced by another gas or a combination of gases that are different
from the air that is contained inside the package. These gases include carbon dioxide
(COy), oxygen (0Oy), and Nitrogen (N;). Carbon dioxide is the most commonly used gas
in MAP (Heidmann Soccol et al., 2003). The benefits of using CO, for storage of meats,
poultry, and fish have been known for more than 100 years. For sea-food, the beneficial

effects have been studied and reported by scientists as early as in the 1930’s
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(Lannelongue et al., 1982). Carbon dioxide is soluble in water as well as in lipids, which
is one of the main reasons for its bacteriostatic property. The bacteriostatic effect is
dependent on the CO, concentration used, the type of food, temperature of storage, and
the initial population.

Many studies have been performed regarding the beneficial effects of CO, on the
quality of raw shrimp, but minimal studies have been reported on the effects of modified
atmosphere packaging on ready-to-eat (RTE) shrimp (Sivertsvik and Birkeland, 2006;
Mejlholm et al., 2004). In a study performed on whole cooked shrimp, a CO, enriched
environment increased the shelf-life by 200% as compared to shrimp on ice that was
exposed to air (Sivertsvik and Birkeland, 2006). In a study performed by Dalgaard et al.
(2003), the increase in storage temperature dramatically reduced the shelf-life of MAP
stored shrimp samples. Therefore, packaging and temperature are key factors in the shelf-
life of shrimp.

The effectiveness of MAP is dependent on the amount of CO, that is available to
dissolve into the given food and is measured by the partial pressure of the gas inside the
package and the ratio of gas to product volume (g/p). A g/p ratio of 2-3 for MAP
packaging would generally ensure availability of enough CO; for bacteriostatic activity
and optimum CO, to prevent package collapse (Sivertsvik and Birkeland, 2006).
Packaging collapse can occur in food products that have high concentrations of moisture
and/or fats such as beef, fish and poultry. In these foods, an excessive absorption of CO,
leads to the collapse of the package (Heidmann Soccol et al., 2003).

When the CO, concentration is greater than 60 %, an increase in water loss occurs

as the gas dissolves on the muscle surface. This is due to a reduced pH that decreases the
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ability of proteins to bind water, leading to decreased juiciness and undesirable texture.
For the industry, a low g/p ratio is desirable as it yields increased packaging efficiency.

The solubility of CO, increases at lower temperature and higher partial and total
pressures. Sufficient CO, concentrations can be dissolved in the product prior to
packaging (1-2 hours). This method is known as soluble gas stabilization or SGS and can
prevent the package collapse even at a low g/p ratio without compromising the quality of
the food in the package (Sivertsvik and Birkeland, 2006).

Nitrogen gas can also be used for MAP. It is an inert gas that has low solubility in
water and lipids. It removes oxygen out of the package, which inhibits oxidative rancidity
and the growth of aerobic organisms. Nitrogen has a low solubility when compared to
CO,, so it can be used as a filling gas, and thus prevents the collapse of packages
(Heidmann Soccol et al., 2003).

Some researchers support and encourage the use of oxygen in MAP, suggesting
that it reduces the exudation in fish during storage (Heidmann Soccol et al., 2003).
However, this is highly debated. Use of O, supports the growth of aerobic bacteria. It
may also cause oxidative rancidity in sea-food allowing the formation of low molecular

weight aldehydes, ketones, alcohols, and acids.

Active Packaging

Active packaging is an intelligent system in which interaction exists between the
package and food and/or the internal gas atmosphere. Active packaging provides a high
quality and safe product that maintains the nutritional quality of the food and inhibits the

growth of the pathogenic and spoilage causing microorganisms (Ozdemir and Floros,
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2004). The market for active packaging systems is increasing rapidly with a current
worldwide market of $50 million.

The presence of oxygen causes rancidity and early microbial spoilage, which
contributes to off-flavor development, odor development, nutritional loss, and
unacceptable color and texture. One active packaging method called oxygen scavengers,
absorbs the oxygen and provides an alternative to the conventional vacuum and gas
flushing packaging systems. Moreover, such packaging is inexpensive and thus
economically feasible. The oxygen scavenging systems usually involve enzymatic
scavenging of oxygen or the chemical oxidation of iron. The latter is achieved by using a
sachet containing iron that is oxidized to form iron oxide. The amount used in the sachet
is governed by the oxygen present in the environment as well as the food system. These
systems can be used in high and low moisture foods, lipid containing foods, refrigerated
or frozen conditions, and microwavable packages. Oxygen scavenging sachets are safe
for use in packaging systems but are not safe for consumption and require the label "Do
not eat" in the United States.

Some other types of oxygen scavenging systems include absorption and emission
of carbon dioxide, moisture absorption, ethylene absorption and emission, antimicrobial
release, antioxidant release, flavor absorption or release, light absorption or regulation,
temperature control, gas permeation or breathing, insect repellant, etc (Ozdemir and

Floros, 2004).
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Volatile Extraction Techniques

Head Space Analysis

Analyzing the volatile compounds in a solid matrix is very difficult but very
important. This may include analysis of solid foods, plant materials, environmental
waste, polymers and many such materials (Pfannkoch and Whitecavage, 2000). A very
basic and simple method for the direct analysis of compounds with very little or no
sample preparation is head space analysis. Head space analysis refers to the separation of

volatiles from a liquid or solid prior to gas chromatographic analysis.

Static Head Space Technique

In this technique, a liquid or solid sample is placed into a vial, sealed, and heated
to a specific temperature. Many of the components that are volatile at or below the pre-set
temperature escape from the sample to form a gaseous "headspace" above the sample.
The term "static headspace" refers to the sealed environment in which the out gassed
products are collected. After a certain period of time, the headspace gas is extracted from
the vial and injected into a gas chromatograph, which separates the various components
of the sample based on size and/or polarity. Static headspace is an ideal choice for
volatile compounds, such as residual solvents or low molecular weight additives. The
sensitivity for static headspace is typically in the sub-microgram range; however, this is
dependent on the volatility of the compounds. Other concentration and extraction
techniques such as liquid-liquid extraction, purge and trap, solid phase extraction, and

simultaneous distillation techniques have been used in the past, but they are either very
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time consuming, involve expensive solvents, or are not very sensitive (Supelco, 1998;
Pfannkoch and Whitecavage, 2000).

This static head space technique is also used in other disciplines such as forensic,
fragrance, pharmaceutical, environmental and polymer compound analysis (Miller and
Stuart, 1999). The equilibrium between a solid or liquid sample and the headspace in a
closed environment can be explained by Henry’s Law (Miller and Stuart, 1999). When
equilibrium conditions are reached, a gas tight syringe can be used to pull out the
headspace and inject it in the Gas Chromatograph (GC). However, a food matrix is a
complex and delicate combination of flavor compounds some of which are in very
miniscule concentrations and may not be extracted out unless the sample is concentrated.
An extraction temperature above the boiling points of all the analytes can also be used.
But the problem is that some of the analytes have very high boiling points that are not
feasible to use. In addition, volatile compounds are often trapped within the food matrix

and are not easily released from the system.

Dynamic Head Space Technique

This technique utilizes a "purge and trap" method to collect and concentrate out
gassed materials for analysis by GC. In this method, the sample is often purged with ultra
pure nitrogen while it is heated in a Teflon vessel. As the nitrogen stream exits the vessel,
it passes through a thermal desorption tube that is filled with an adsorbent material. The
out gassed products are collected onto the adsorbent material. Following the
predetermined collection time, the tubes are transferred to a thermal desorption unit
which is inline with the gas chromatograph (GC) (Pfannkoch and Whitecavage, 2000).
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The thermal desorption unit heats the individual tubes while a flow of gas is applied
through the tube. The collected materials are flushed from the sorbent material and
collected onto a cold trap within the thermal desorption unit. After the entire sample has
been purged from the sample tube and collected on the cold trap, the cold trap is rapidly
heated. The collected materials are then swept from the cold trap into the GC for analysis
as a volatile material. The typical sensitivity for compounds analyzed by Dynamic

Headspace is nanogram per gram.

Solid Phase Micro Extraction

Solid phase microextraction is a technique that can be used for the rapid
extraction or pre-concentration of volatile and semi-volatile organic compounds
(Harmon, 1997). It is a solvent free extraction technique based on adsorption and
desorption of the analytes and can substantially reduce analysis time and sample
manipulation time (Vazquez-Landaverde et al., 2005; Vazquez-Landaverde et al., 2006;
Chin et al., 1996). This technique was developed by scientists at the University of
Waterloo, Ontario, Canada (Supelco, 1998; Pawliszyn, 2000). It provides linear results
over wide concentrations of analytes (up to parts per trillion).

SPME is applied to many fields of food science including flavor chemistry and
food analysis. It was initially developed for pollutants in water. It has been used in the
analysis of volatiles in cheese, beer, wine, milk, fish sauce (Pham et al., 2008a), dry cured
ham (Pham et al., 2008b) and various food products (Baek and Kim, 2004). It consists of
a 1 cm long fused silica fiber coated on the stationary phase and mounted on a fiber
holding assembly.
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SPME utilizes a small fused silica fiber that is usually coated with a polymer
phase (Pawliszyn, 1999). Organic analytes adhere and adsorb reversibly to the coating of
the fiber. The adsorption equilibrium is attained somewhere between 2 and 30 minutes. It
is independent on the form of the matrix, and can be applied to a wide variety of volatile
and semi-volatiles that may be solid, liquid or gas (Koziel et al., 1999; Hussam et al.,
2002; Yang and Tsai, 2002).

The selectivity of the fiber can be adjusted by altering the type of phase or the
thickness, which can be adjusted in accordance to the type and characteristics of the
analytes. The amount of analyte that is adsorbed by the fiber is dependant on the
thickness of the stationary phase coating and the distribution constant for the analyte. The
total extraction time is the amount of time that is required for the precise extraction of the
analyte that has the highest distribution constant (Supelco, 1998). As a general rule, the
distribution constant is directly proportional to the molecular weight and boiling point of
the analyte. For the extraction of volatile compounds, a thick phase coating is required,
whereas, for adsorption and desorption of semi volatiles, a thin coating is preferred. The
selectivity or the analyte recovery in accordance to the type of compounds (less volatile
or more volatile) can be adjusted by altering the pH, agitation, or addition of salt
(Supelco, 1998).

During equilibration, each component of the extraction process will function
differently according to its polarity, volatility, volume of sample or headspace, partition
coefficient of organic and water portion, rate of agitation, pH and temperature of the
solution (Harmon, 1997). Full or entire equilibration is not required for high accuracy and

precision, but consistent sampling time, vial size, volume of sample, depth of the fiber
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inside the wvial, etc. are essential. The equilibrium is attained more quickly in the
headspace when compared to immersion SPME. This is because there is no liquid present
to hinder the diffusion and thus adsorption of the analytes on the stationary phase.
Though, immersion SPME is more sensitive than headspace SPME for the analytes that
are present mainly in the liquid and vice versa.

Addition of an electrolyte, such as salt, to the sample generally increases the
adsorption of analytes in both immersion and headspace SPME. For higher sensitivity in
the headspace SPME, the sample headspace should be as small as practically feasible
(Zang and Pawliszyn, 1993).

In the SPME apparatus, a syringe like device with an outer septum piercing
needle and a plunger houses a fused silica fiber coated with a stationary phase (Harmon,
1997). The fiber is made up of a fused silica material coated with a polymeric liquid
phase, such as polydimethylsiloxane (PDMS) or polyacrylate (PA) (Kataoka et al., 2000).
The fiber is fastened into the end of a fine stainless steel tube that is contained within a
syringe-like device and protected by an outer stainless steel needle. The fiber can be
inserted into the sample matrix (aqueous sample) or the gaseous phase or headspace.

To sample liquids, the fiber is directly inserted into the liquid solution. Analytes
are partitioned between the stationary phase coating and the gas phase when equilibrium
conditions are attained. After the analytes are adsorbed on to the fiber, the syringe
assembly is inserted into the injection port of a gas chromatograph where the analytes are
thermally desorbed from the fiber and cold trapped on the head of the capillary column

(Eisert and Pawliszyn, 1997; Pawliszyn, 2000).
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Originally, SPME fibers used thermally activated polyamide films and uncoated
fused silica as the extracting phase. Benzene, toluene, ethyl benzene, and xylene are also
able to absorb on the bare silica fiber. Various kinds of coatings have become
commercially available, like polydimethylsiloxane (PDMS), polyacrylate (PA),
polydimethylsiloxane/divinylbenzene (DVB), carboxen/PDMS, and Carbowax/template
resin fibers.

Among fibers, PDMS and PA coatings are the most well studied and
characterized coatings. The coating is chosen based on the polarity of the analyte. PDMS
is less polar than PA, so it is widely used for the extraction of non-polar compounds such
as substituted benzene and poly-aromatic hydrocarbons. For polar compounds like
ketones and alcohols, polar coatings like PA and carbowax work better. The fibers coated
with thicker films require longer amounts of time to achieve equilibrium but might
provide higher sensitivity due to the greater mass of the analytes adsorbed. A fiber coated
with 85 pum film of PA is available for the extraction of more polar compounds (Harmon,
1997). In one experiment, the polyacrylate fiber extracted more target compounds than
the PDMS coated fiber. However, other studies suggested that a combination of
PDMS/DVB was able to recover volatiles from various chemical classes. This implies
that that the use of a DVB/CAR/PDMS combination may yield better results which was

demonstrated in a study performed on orange juice extracts (Rega et al., 2003).

Gas Chromatography
Chromatography is a separation method that is used to separate closely related

components in complex mixtures. In all chromatographic separations, the sample is
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transported in a mobile phase that can be a gas, liquid, or supercritical fluid. The mobile
phase is then forced through an immiscible stationary phase that is either fixed in place in
a column or on a solid surface (Skoog et al., 1997).

In gas chromatography (GC), the sample is vaporized and introduced into the
head of a chromatographic column. Elution of the analyte or the compound of interest is
induced by the flow of an inert gaseous mobile phase through the stationary phase.
Commonly used gases are helium, hydrogen, argon, and nitrogen. The gas used for the
mobile phase should be pure. Any impurities that are present may produce spurious
peaks. Furthermore, the presence of oxygen in the carrier gas can lead to decreased
column performance by inducing deterioration of the stationary phase (Simpson, 1970).

Under a given set of operating conditions, a constant volume of gas is required to
elute a component from the column. This volume that is measured from the point of
injection to the projection of the peak maximum on the time axis is called the retention
volume. Unlike most other types of chromatographic techniques, the mobile phase does
not interact with molecules of the analyte and the only function of the mobile phase is to
transport the analyte through the column. It is based upon the principle that when a solute
is distributed between two phases, under given conditions of temperature and pressure,
the ratio of the concentration of the solute in the stationary phase to the concentration of
the solute in the mobile phase is defined as K, the distribution or partition coefficient
(Simpson, 1970).

The rate at which solute molecules pass through the column depends upon their
affinity for the stationary phase. Molecules with a stronger affinity for the stationary

phase are retained longer than those whose affinity is weak. If a solute has no affinity for
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the stationary phase (e.g. air) and the column is operated at a temperature in excess of the
solute’s boiling point, then that solute will pass through the column at the same flow as
the carrier gas (Simpson, 1970).

The stationary phases may be classified as polar, non-polar or selective. The
selection of the stationary phase is based on the concept of “like dissolves like,” and
hence the best stationary phase would be the one that has similar chemical groups to the
solute (Simpson, 1970). Non-polar solutes are best separated on a non-polar stationary
phase. In a non-polar stationary phase, polar solutes are eluted much more rapidly than
non-polar solutes with equivalent boiling points. This is due to the loss of attractive
forces or dipole-dipole interactions that exist between molecules of a polar solute that is
diluted in a non-polar stationary phase (Simpson, 1970).

The ideal case for GC occurs when a mixture of solutes is placed at the head of a
chromatographic column and elution is allowed to proceed. The resulting chromatogram
reveals a series of narrow peaks with widths that are dependent on the initial distribution
of the sample at the head of the column (Simpson, 1970). Several detectors are available
for gas chromatographs including the Flame Ionization Detector (FID), the Flame
Photometric Detector (FPD), the Electron Capture Detector (ECD), the Mass Selective
Detector (MSD), and the Thermal Conductivity Detector (TCD).

GC has been widely used in the extraction and elucidation of volatiles in a variety
of food products. Bak et al. (1999) used headspace GC for the characterization of
volatiles in cold water shrimp. The volatile profile of shrimp was found to be highly
variable. After 5-6 Days of storage, compounds like hexanal and 2-hexenal have been

identified in salt water sea-food. These compounds are aldehydes that contribute green
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plant like or grassy aroma (Hognadottir, 1999). Compounds that give iodine-like flavors
in shrimp are related to high levels of 2, 6-dibromophenol (Lindsay, 1990). This
compound, along with 2,4,6-tribromophenol contributes iodine, shrimp, crab, and sea salt
like flavor to shrimp muscle tissue (Lindsay, 1990). In water solutions, these compounds
contribute phenolic or medicinal notes. The major volatile compounds in the headspace
of prawns and shrimp after 8 Days of storage on ice were found to be trimethylamine,
methyl disulfide, carbon disulfide, methyl sulfide, and ethyl butyrate. The majority of the
compounds listed above are formed by bacterial breakdown of amino acids in the muscle
(Chinivasagam et al., 1998). Trimethylamineoxide is converted to trimethylamine by
bacteria (Lopez-Caballero et al., 2002). Dimethyl sulfide and methyl mercaptan are
formed in shrimp due to microbial breakdown, and heptenal originates from the
degradation of lipids due to autoxidation. Heptenal contributes painty, linseed-like
aromas to foods at high concentrations and cardboardy aroma at low concentrations. It
may also contribute to cold-boiled potato aroma, and though it may not smell fishy, it
enhances burnt and fishy odors (Hognadottir, 1999).

One alcohol that is an important contributor to sea-food aroma is 1-penten-3-ol
(rancid), which has also been found in blue crab and oysters and has been suggested to be
formed by autoxidation of unsaturated fatty acids (Sakakibara et al., 1988). 2-
Butoxyethanol (spicy/woody) has been found in shrimp and crayfish tail meat (Vejaphan
et al., 1988). The compound 1-Octen-3-ol (mushroom) was widely found in shrimp and
both fresh and salt water fish (Josephson et al., 1984). The ketone, 2,3-butanedione was
found in shrimp, cooked shrimp and spiny lobster with tails (Chung and Cadwallader,
1994; Cadwallader et al., 1995). This along with other ketones contributed to the sweet,
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fruity and floral aroma and flavor of crustaceans (Cha et al., 1992). The methyl ketones in
shellfish (like 2-pentanone and 2-heptanone) are likely formed due to beta oxidation that
is followed by decarboxylation (Lindsay, 1990).

Pyrazines contribute to the flavor of fermented shrimp (Choi and Kato, 1983) and
cooked crab (Chung and Cadwallader, 1993). Pyrazines in proteinaceous food contribute
to boiled odor (Kawai et al., 1991). Acetylpyrazines give pleasant popcorn like odor to

cooked lobster tail meat and shrimp (Cadwallader et al., 1995).

Flame lonization Detector

The FID is one of the most useful and widely utilized detectors in GC. It is
generally acceptable for most applications of gas chromatography due to its high
sensitivity, good stability, and ability to produce a linear response (Dickes and Nicholas,
1976). A burner, which produces a flame, ignites the organic molecules from the column
by mixing hydrogen with air.

The flame jet is often employed as an electrode, and a metallic loop or cylinder
that surrounds the flame serves as the other collector electrode. Most organic compounds,
when pyrolyzed at the temperature of a hydrogen/air flame, produce ions and electrons
that can conduct electricity through the flame. A potential of a few hundred volts is
applied across the burner tip and a collector electrode is located above the flame (Skoog
et al., 1997). Thus, the thermally induced ionization of an eluted component changes the
electrical resistance of the flame, and the resulting current (~107A) at the collection
electrode is amplified by a high impedance operational amplifier for measurements
(Skoog et al., 1997).
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When the applied voltage is small (less than 5 volts/cm), the flame obeys Ohm’s
Law. The current is determined by the migration rate of ions, which is proportional to the
field (Littlewood, 1970). When the applied voltage is large, all available ions arrive at the
electrodes, so that further increases in voltage do not increase the current. This region of
saturation occurs between 10 volts/cm and at least a several hundred volts/cm
(Littlewood, 1970). At higher voltages, the result is a rapid increase in current followed
by a discharge. Hydrogen flame detectors are operated in the saturation region, and the
voltage applied to the electrodes is usually 200-300 volts.

The number of ions produced is roughly proportional to the number of reduced
carbon atoms in the flame. Since the flame ionization detector responds to the number of
carbon atoms entering the detector per unit of time, it is mass sensitive, rather than
concentration sensitive. Furthermore, the detector is specific for carbon atoms. Functional
groups such as carbonyls, alcohols, halogens and amines yield very few ions in the flame.
The FID is also insensitive to combustible gases such as H,O, carbon dioxide, sulfur
dioxide and nitrogen dioxide. The insensitivity of the FID to water makes it particularly
useful for the detection of pollutants in natural water samples (Skoog et al., 1997). The
FID gives high sensitivity (about 107> g/s), a large linear response range, and low noise
(Skoog et al., 1997). The FID is very sensitive and efficient in detecting carbon based
compounds. Therefore, it is very useful in determining the aroma active compounds in a

food matrix.
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Flame Photometric Detector

Flame photometric detectors (FPD) have extremely high selectivity and adequate
sensitivity for phosphorus and sulfur. This attribute makes FPD suitable for the analysis
of sample solutions that contain large amounts of co-extractives since the chromatograms
that are produced are virtually free from background interference (Dickes and Nicholas,
1976). Thus, the application of this detector to the analysis of pesticide residues in food
stuffs has the advantage that there is no need for extensive clean-up prior to
chromatography due to its high specificity.

Besides the analysis of pesticide residues, other sulfur determinations are of
importance in the food industry. Sulfur-containing compounds are often found in small
concentrations as contaminants, and the FPD is the only detector sensitive enough for
their direct determination without concentrating the sample. The detector can also be
specific to other hetero-ions. This is only attained by sacrificing its high sensitivity. The
minimum detectable quantities of sulfur and phosphorus with the Brody and Chaney
detector are 200 pg and 40 pg respectively (Dickes and Nicholas, 1976).

The FPD is virtually a combination of a FID and an optical system that consists of
a filter and a very sensitive low-noise photo multiplier that is used to monitor the
chemiluminescent emission above the hydrogen-rich, hydrogen-air flame. This maximum
occurs at 526 nm for phosphorus, while the filter for sulfur determination has a similar
maximum at 394 nm. Both filters are narrow-band interference filters.

This detector is noted for its stability, requiring infrequent calibrations and
adjustments. This stability is most likely due to its insensitivity towards pressure and

temperature fluctuations. Volatile sulfur compounds are responsible for sulfur off-odors
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in a lot of foods including milk and shrimp. However, their high reactive nature and low
sensory threshold makes it very difficult for them to be analyzed. The pulse flame
photometric detector (pFPD) helps resolve this problem. Some of the important sulfur
containing compounds in foods are carbon disulfide, dimethyl sulfide, dimethyl trisulfide,
methional and methanethiol (Chung and Cadwallader, 1993; Cadwallader et al., 1995;

Hognadottir, 1999).

Gas Chromatography Mass Spectrometry

Gas Chromatography can be utilized to separate volatile and semi-volatile
compounds from a mixture with great resolution, but it cannot identify the individual
components that have been separated. On the other hand, the mass spectrometer can
provide detailed structural information on most compounds such that they can be
tentatively identified. Therefore, combining the two analytical instruments was suggested
soon after the development of Gas chromatographs in the mid-1950’s (Hites, 1997).

Both techniques are compatible since the sample is in the vapor phase, and both
techniques deal with comparable amounts of sample (less than 1 ng). Mass spectrometry
is often known as the gold standard of analytical chemistry techniques. No other method
can provide a similar combination of general utility, response time, and detection
sensitivity (Zondlo and Bomse, 2005). This technique is based upon the movement of a
charged particle (ion), in an electric or magnetic field. The mass to charge ratio (m/z) of
the ion, which is the charge of an electron, affects this motion (Skoog et al., 1997; Van

Bramer, 1998).
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A variety of ionization techniques are used for mass spectrometry. Most
ionization techniques excite the neutral analyte molecule. This molecule in turn ejects an
electron and forms a radical cation. Techniques such as electron ionization and chemical
ionization are only suitable for gas phase ionization. Fast atom bombardment, secondary
ion mass spectrometry, electrospray, and matrix assisted laser desorption are used to
ionize condensed phase samples (Van Bramer, 1998). The energy of this ionization is
very important since it controls the amount of fragmentation observed in the mass
spectrum.

Among the ionization techniques, Electron lonization (EI) is most commonly
used for mass spectrometry. Even though the mass spectra that are produced by EI are
very reproducible and are widely used for spectral libraries, EI causes extensive
fragmentation so that the molecular ion is not observed for many compounds (Van
Bramer, 1998). There are several other ionization methods like field desorption,
electrospray, and MALDI. Plasma desorption was used to analyze high molecular weight
compounds before the development of MALDI and electrospray, but it is very complex
and has not found widespread application. Resonance lonization Mass Spectrometry
(RIMS) is used for selective atomic and molecular ionization (Van Bramer, 1998). Once
the ions are formed, they are accelerated into the mass analyzer via an electric field. The
mass analyzer separates these ions according to their m/z value. The selection of a mass
analyzer depends upon the resolution, mass range, scan rate and detection limits required
for the particular implementation.

Analyzers may be continuous or pulsed. Continuous analyzers include quadrupole

filters and magnetic sectors. These analyzers are similar to a filter or a monochromator
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that is used for optical spectroscopy. They transmit a single selected m/z to the detector
and the mass spectrum is obtained by scanning the analyzer so that different mass to
charge ratio ions are detected. In practice, almost all GC-MS today is done on quadrupole
or ion trap instruments (Hites, 1997). These instruments are relatively inexpensive and
are simple to control by a computer. The major factor influencing the cost of a
quadrupole or ion-trap based GC-MS system is the ionization methods available on the
instrument and the mass range of the mass spectrometer. Simple quadrupole or ion trap
instruments that use only electron impact ionization and have a mass range of 20 to 700
cost about $50,000. Those capable of both positive and negative chemical ionization and
with mass ranges of 20 to 2000 cost about $200,000 (Hites, 1997). Some of the
applications of MS include quantitating pesticides in water, steroids in athletes,
determining metals parts per quadrillion in water samples, carbon dating and
determination of volatile compound profiles in food products (Van Bramer, 1998). One
of the few drawbacks of MS is that only compounds with vapor pressures exceeding
about 10-10 torr can be analyzed (Hites, 1997). Also, determining positional substitution
on aromatic rings is often difficult. Certain isomeric compounds cannot be distinguished

by mass spectrometry, but they can often be separated chromatographically (Hites, 1997).

Gas Chromatography Olfactometry

Soon after GC was invented, chemists who were interested in studying odors
began to sniff GC effluent to determine the odor associated with volatile compounds. In
1971, the first true GC-Olfactometer that combined humid air with the GC effluent was
utilized (Mayol and Acree, 2001). The development of Gas Chromatography—
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Olfactometry (GCO) as a quantitative bioassay led to the recognition that fewer than a
thousand compounds are in the pallet of odors that make up the olfactory stimulants that
are found in food and fragrance (Mayol and Acree, 2001).

The GCO is the collection of techniques that combine olfactometry or the use of
human detectors to access odor activity in defined air streams with the gas
chromatographic separation of volatiles. During GCO, an extract or distilled sample from
the food matrix is injected into a GC that has been modified with an olfactometer at the
detector end. A human panelist sits at the olfactometer outlet and records the odors
associated with the volatiles in the humid air stream. Data that is produced by GCO has a
qualitative component in which the sniffer describes the nature of his perception. This
usually involves the association of the precept with a word or group of words, though
pictures have also been used (Mayol and Acree, 2001).

It is well documented that training the sniffer with chemicals and standard
vocabularies will result in a reproducible result for Days to weeks (Cain, 1979). People
can be trained to consistently identify smells if they are standardized periodically. There
are also quantitative components that can be extracted from the behavior of the sniffers.
The GCO measures a compound’s contribution to the overall flavor of a food or beverage
and combines gas chromatographic separation with sensory analysis (uses the human
nose as a detector). This technique works well because it determines which volatile
compounds that are separated by the GC possess an odor (aroma activity).

For many flavor components of high sensory potency, GCO represents the only
useful detection method, since the concentrations usually encountered in the headspace

above foods are too low to be quantified or even detected by an instrument such as a
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flame ionization detector (McGorrin and Leland, 1994). The human nose is often more
sensitive than any physical detector, and GC-O exhibits powerful capabilities that can be
applied to flavors and perfumes, as well as to any odoriferous product (Pollien et al.,
1997). The use of GCO helps identify and quantify the important trace constituents in
complex flavors. The GCO has evolved as an analytical method for characterizing
odorants in natural products and foods (Mayol and Acree, 2001).

The GCO is not only a clear and indispensable tool for discriminating between
relevant and non-relevant volatile compounds, but it also provides greater sensitivity than
other methods. “Flavor” is not simply the sum of volatiles that can be measured, by
means of GC-FID or other detectors, but rather a subset of the sensory-relevant volatiles.
GCO therefore provides an important additional detection tool in flavor research.

Headspace (HS)-GCO is complementary to descriptive sensory analysis as a
technique that evaluates overall flavor attributes. Therefore, the HS-GCO of a volatile
flavor in the food matrix can be used to determine descriptors for sensory analysis,
specifically for those descriptors that are correlated with components of high aroma
intensity in GCO (McGorrin and Leland, 1994).

Depending on how data are evaluated, GCO can be classified into three
categories: the time intensity method, the detection method, and the dilution method.
Many odor active compounds that are in foods are present in minuscule amounts, but are
major contributors to the overall flavor profile of the food. Such compounds are very
difficult and sometimes impossible to detect by physical detectors. The GCO uses the

human nose as a detector and thus resolves this issue.
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Osme

This method was developed since dilution techniques have been widely criticized
for the reason that they are based on the concept of an odor unit, which is inconsistent
with psychophysical laws (Hanaoka et al., 2000). In the dilution method, the concept of
odor unit as a measure of relative odor intensity is based on two major assumptions that
are contrary to present psychophysical theories of odor perception (Abbott et al., 1993).

First, the use of an odor unit number assumes that there is a linear relationship
between the perceived intensity of a compound and its concentration. This assumption
has been proven invalid both by Fechner and Steven’s Laws. These laws demonstrate that
there is a logarithmic or power relationship between these two variables (Abbott et al.,
1993). Secondly, the assumption that the increase in slopes of perceived intensity vs.
concentration is equal for all odorants is also invalid. It has been demonstrated by many
authors (Cain, 1969; Lafford et al., 1974; Patte et al., 1975; Laing et al., 1978) that the
value of this slope differs for different compounds (Abbott et al., 1993). Due to this
phenomenon, the order of the relative intensity of two compounds with the same
threshold value does not necessarily correspond to their relative concentration in the same
mixture.

Furthermore, AEDA and CHARM are very time-consuming methods since
successive dilution evaluations are needed until no more odor is detected. The original
Osme (meaning “smell” in Greek) technique involved a panel of four persons. The

average coefficient of variation of each panelist was found to be 9-13% (Debonneville et

al., 2002).
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McDaniel developed Osme to measure the perceived odor intensity of a
compound eluting from a GC (Guen et al., 2000). Four assessors sniffed the non-diluted
extract on four replicates. Intensities were then averaged, which led to a consensus
OSMEGRAM. This method is different from CHARM analysis and AEDA in that Osme
is not based on odor detection thresholds but on odor intensity. Unlike GCO dilution
analysis techniques, only one concentration of extract is required with Osme. This can be
the naturally occurring concentration of headspace volatiles present at equilibrium
conditions in a sealed vial ideally suited for use with solid phase microextraction
(SPME), or, like AEDA and CHARM analysis, it may utilize a liquid extract. Osme is
based on sensory analysis principles. It utilizes a cross-modal matching technique, a
concept based on Stevens’s Power Law (Fu et al., 2002). Cross modal matching refers to
matching the intensity of one attribute, such as aroma intensity, to that of another
attribute such as perception of visual length.

For Osme analysis, panelists are trained to utilize a 0-15 point scale to rate the
intensities of eluting aroma-active components in a manner consistent with line scales, a
frequently utilized sensory evaluation method. Osme is also a time-intensity approach (Fu
et al., 2002). For example, it measures the time of aroma component elution from the GC
and the aroma intensity with Tmax, Imax, and AUC denoting time of maximum aroma
intensity, maximum aroma intensity, and the area under the curve. Osme has been
successfully used to identify odorant and odorant contributions in orange juice
(Bazemore et al., 2003b), fermented bamboo shoots (Fu et al., 2002), wines (Miranda-
Lopez et al., 1992), Gala apples (Da Silva et al., 1994), grapefruit juice, cooked mussels
(Guen et al., 2000), fish sauce (Pham et al., 2008a), and dry cured ham (Pham et al.,
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2008b). Osme has also been utilized to measure the aroma activity of vanillin in citrus

juices (Goodner et al., 2000).

Detection Frequency

From the injection of a single dilution level, the percentage of panelists who
detect an odor is composed over the whole duration of the GC run. Units of olfactometry
peak heights and areas have been called NIF (nasal impact frequency) and SNIF (surface
of nasal impact frequency (Debonneville et al., 2002). Because of this, the detection
frequency method is entitled GC-“SNIF” (Pollien et al., 1997). Data treatment is based on
detection frequency, rather than on perceived intensity or successive dilutions as used in
other approaches. Repeatability appears satisfactory, and independent panels are even
able to generate similar aromagrams, without training prior to the analysis (Pollien et al.,
1997). However, this method has several drawbacks. It is a time consuming technique,
and quantification is only satisfactory for a simple solution of volatiles. For a complex

aroma, only a rough estimate can be obtained.

Dilution Methods

The dilution methods can be divided into two sub-categories: aroma extract
dilution analysis (AEDA) and CHARM (combined hedonic aroma response
measurement) analysis. AEDA and CHARM analysis are basically the same method
since both are based on the threshold of volatile compounds (Da Silva et al., 1994). They
are based on GCO of an aroma extract that is diluted until no odor is detected at the

sniffing port. Both Charm Analysis and AEDA are bioassays for determining the odor

32



activity of compounds by sniffing GC effluent from a series of diluted extracts (Fu et al.,
2002). Olfactometry dilution analysis techniques are used to identify aroma active
components in foods and provide an understanding of the contributions of aroma impact
compounds to the overall flavor of the food (Fu et al., 2002).

The principal difference between the two methods is that CHARM analysis
measures the dilution value over the entire time the compounds elute as CHARM values,

whereas AEDA simply determines the maximum dilution value (Guen et al., 2000).

Aroma Extract Dilution Analysis (AEDA)

Due to its simplicity, AEDA is the most frequently used method for the screening
of flavor impact compounds (Ferreira et al., 2002). In this technique, the flavor extract is
sequentially diluted (following a rate R, R: 2, 3, 5, or 10) and each dilution is analyzed by
a small number of judges utilizing GCO. The flavor dilution (FD) of an odorant
corresponds to the maximum dilution at which that odorant can be perceived by at least
one of the judges. In other words, a compound present (perceived) at the lowest dilution
is responsible for greater flavor contributions. Numerically, if the last dilution at which
compound C was perceived was P (where P usually is 0,1,2...n), its FD is R” , where R is
the dilution rate and P is the last dilution at which the compound was perceived. When
several judges are used in a study, the maximum FD is usually provided as the FD factor
of that compound.

To avoid gaps in coincident responses, Schieberle recommended for AEDA to be
performed within two Days (Debonneville et al., 2002). However, since only one or two

panelists normally perform AEDA, this recommendation does not prevent a lack of
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perception due to specific anosmia (anosmia is the inability to smell certain compounds).
AEDA does not require any sophisticated equipment. This simplicity also limits its
applicability since no recordable signal is generated during elution. In other words,
CHARM accounts for a clear area under the curve (AUC), and AEDA does not.
Therefore, data cannot be computed into a continuous function of time (Pollien et al.,

1997).

Charm Analysis

In the CHARM analysis, similar to AEDA, an extract of an aroma is injected in
increasing dilutions until the panelist is unable to smell any odor at the column outlet
(Debonneville et al., 2002). A signal is generated and recorded during the whole
chromatographic run, allowing computer calculations. The CHARM analysis is a reliable
method that is effective at screening foods to determine impact odorants (Pollien et al.,
1997). Its quantitative use requires replication of the sniffing runs by at least three trained

panelists (Pollien et al., 1997).

Preference Mapping

Preference mapping helps researchers understand and evaluate the descriptive
sensory attributes that govern and affect the preferences of the consumers. It is commonly
used when it is required to compare and relate the sensory descriptive and consumer
analysis data (Bak et al., 1999; Young et al., 2003; Xiong and Meullenet, 2004;

Thompson et al., 2004; Lawlor and Delahunty, 2000; Kleef et al., 2006). Preference
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mapping is a widely used marketing research tool, not just because of its applicability in
addressing marketing problems, but also for product improvement (Kleef et al., 2006).
The two types of preference mapping include internal and external preference
mapping. Internal preference mapping is a principal component analysis of the hedonic
scores (observations) and the variables (consumers), while external preference mapping
uses regression on the individual consumer preferences on the first two principal
components across products. Internal preference mapping utilizes only the consumer
analysis data to explain consumer product preferences, while external mapping correlates
the consumer data to the sensory descriptive data or the instrumental analysis data (Xiong
and Meullenet, 2004). Both of these methods have been used widely for a number of

different products (Young et al., 2003; Thompson et al., 2004).

Principal Component Analysis

Principal Component Analysis is a statistical technique that is used to reduce the
dimensionality of data sets for the purpose of recognition, compression, or both (Calvo et
al., 2006). It is an initial step in the multivariate analysis for calculating the principal
components of a data set that aids for the discriminative independence from redundant
information (Heyer and Schloerb, 1997). This multivariate statistical analysis method is
applicable in quantitative descriptive analysis data to reduce the set of dependant
variables to a smaller set of underlying variables based on patterns of correlation among
the original variables. The data that is thus obtained can be applied to profile specific
product characteristics, to compare and contrast similar products based on attributes that

are important to consumers, and to alter product characteristics to increase market share
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for a set of products (Chapman et al., 2001). One of the other goals of PCA is to explain
maximum possible variance even with the smallest number of variables (Calvo et al.,
20006).

PCA reduces the number of linear combinations of variables that are necessary to
explain the variation for many responses that are of interest to a researcher. In
mathematical terms, “n” correlated random variables transform to a set of “d <n”
uncorrelated variables. These variables are linear combinations of the original variables
that can be utilized for expressing the data in a reduced form (Calvo et al., 2006). This
technique is also useful as a data visualization method due to the above advantage.

Recently, simple PCA have been proposed to handle conditions where data

dimensionality is high or there is time constraint, to exemplify, in real-time systems

(Calvo et al., 2006).

Cluster Analysis

Clustering and classification methods are among the most important techniques in
multivariate analysis (Fraley and Raftery, 2007). Clustering means partitioning data into
groups and sub-groups when the number of sub-groups and other information relating
their composition is unknown (Fraley and Raftery, 1998). The Hierarchical clustering
algorithms create a dendrogram, which is a tree block structure that contains a k-block set
partition for each value of k between 1 and #n, n being the number of data points to be
clustered, allowing the analyst to choose a particular cluster (Davidson and Ravi, 2005).
Clustering methods can range from heuristic to those having formal procedures. Either

these methods generally follow a hierarchical plan, or have observations relocated among
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tentative clusters. The hierarchical methods proceed in stages producing a sequence of
partitions. Each partition corresponds to a different number of clusters (Fraley and
Raftery, 1998). These clusters can either be agglomerative (groups that are merged), or
divisive (one or more groups are split at each stage). At each stage of hierarchical
clustering, the splitting or merging is selected to optimize some criterion (Fraley and
Raftery, 1998).

Schilling and Coggins (2007) used cluster analysis to group consumers based on
their product preferences and liking in four consumer-oriented studies. They found this
statistical tool effective in determining the variations in consumer preferences. They also
inferred that this technique can improve the interpretation of consumer sensory data and

has significant applications in research that involves a sensory component.
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CHAPTER III

MATERIALS AND METHODS

Gulf Brown Shrimp

Medium Gulf Brown Shrimp (Penaeus aztecus) tails (raw, headless shrimp with
intact exoskeleton) of 31-35 count were used for this research. The 34 kg of shrimp
procured for each replication were individually quick frozen (IQF) on the fishing vessel
without the addition of preservatives. For the three different replications, the shrimp were
procured from two different processors located at two different Texas locations (JBS
Packaging Co. Inc., Port Arthur, TX, and Colorado River Seafood, Matagorda, TX). This
was done primarily due to the availability pattern of shrimp during that time of year, but
also to obtain a composite sample of the different regions along the Gulf of Mexico coast
of Texas. The IQF fresh shrimp were labeled and stored frozen (-20°C) at the Department

of Food Science, Nutrition, and Health Promotion, Mississippi State University until use.

Cooking and Packaging of Shrimp

The frozen shrimp were thawed, 600 grams at a time, in a stainless steel container
under running tap water at ambient temperature for 10 min. For packaging treatments,
300 grams of shrimp were placed into each 10x25 cm (CN30, Sealed Air, Duncan, SC)

plastic bag. For each temperature and time combination (example 85°C Day 10), six bags
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were used; two bags for each of the packaging treatments (vacuum, MAP and aerobic).
Out of the two bags, one was used for GCO and GCMS analyses, while the second bag
was used for sensory descriptive analysis. A TURBOVAC type 320-ST-S (Inject Star of
the America’s Inc., Brookfield, CT) machine was used for modified atmosphere and
vacuum packaging. Carbon dioxide gas for modified atmosphere packaging was obtained
from Airgas (West Point, MS). For MAP, 35% CO», 15 % O, and 50 % N, was used. For
vacuum and modified atmosphere packaging, the shrimp were packaged in the same bags
in which they were cooked. Shrimp destined for storage in aerobic condition (1 gal.
Ziploc easy zipper, S.C. Johnson & Son, Inc., Racine, WI) were cooked in MAP bags and
then transferred to the breathable bags. This was because the breathable bags do not
retain food grade quality during cooking.

Three different cooking temperatures were utilized to compare shrimp
deterioration and shelf-life for each packaging treatment. Cooking temperatures were
63°C/15 s, 85°C/5 min, and 93°C/5 min (FDA, 1999; FDA, 2001a; FDA, 2001b). Bagged
shrimp, five bags for each cooking cycle, were cooked by immersion in a water filled pot
that was placed on a stove to attain the above mentioned internal temperature for the
specified time. A wooden cutting board was placed diagonally in the cook pot to keep the
bags submerged into the water during the entire cooking time. The volume of the cook
pot was 586 cu. inch, which accounts to roughly 10 liters of water. The pot was filled
with 9.5 liters of water each time that shrimp was cooked. The internal temperature of the
shrimp was measured by immersing an extra bag of shrimp in the cook pot, with identical
weight to that of the other bags. The temperature probe was inserted at the center of the

largest visible shrimp, which was kept at the center of the package. Once the temperature
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of the center of the shrimp reached the required temperature, it was held for the specific
required time. To ensure that the required temperature was maintained during holding,
the knob on the stove was occasionally simmered, which was standardized by trial and
error. The temperature was measured using a stainless steel digital thermometer (Fisher
Scientific, Model # 15-077-11, Control Company, Friendswood, TX). The packaged and
cooked shrimp were immediately transferred to a temperature controlled incubator that
was maintained at 2°C+1 for 50 Days and evaluated at Days 1, 3, 5, 6, 10, 15, 25, and 50
or until the product was rated as unacceptable by a trained sensory panel. The initial
selection for the Days (Day 1 to Day 50) of evaluation were primarily based on trial and

error at a point where the shrimp were visibly rendered unsuitable for consumption.

Static Head Space Analysis by SPME

Shrimp samples (300 g each bag) from each storage time (from Day 1 to Day 50)
were weighed and ground using a food processor along with distilled deionized water
(w/w) that was weighed to 50 percent the weight of the shrimp sample. Ten grams of
slurry was transferred into pre-cleaned 40 ml amber glass vials (Supelco, 1998), along
with 5 grams of table salt (Sodium Chloride). Ruiz et al. (2003) used increasing
concentrations (up to 20%), at 50°C, and found an increased response in terms of
extraction of compounds as sodium chloride concentration increased. Different
concentrations of salt were used in the current study and it was determined that 50% salt
gave an increased response in terms of concentration and thus extraction of head space

volatiles.
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Salt was added because the inorganic salt enhances the activity coefficients of the
volatile compounds thereby increasing the concentration of headspace vapour. The other
reason for adding the salt was because it equalizes the activity coefficient of analytes in
different matrices (Zuba et al., 2001; De Schutter et al., 2008).

A magnetic stirring bar (diameter 8 mm x length 13 mm, magnetic octagonal bar;
Fisher, Pittsburgh, PA) was placed in the vial for adequate mixing of the sample. The
sample quantity (10g) was selected to provide enough space in the vial for the volatiles to
concentrate in the headspace. The vials were capped with a 22 mm Teflon faced silicone
septa (Supelco, 1998). The samples were placed on a thermostatic heating block (Reacti-
therm Heating/Stirring Module, Pierce Biotechnology Inc., Rockford, IL) for 30 min at
37 °C with constant stirring using a magnetic octagonal stirring bar (8mm diameter x
13mm length, Fisher, Pittsburgh, PA) for equilibration of headspace volatiles. The
temperature was standardized after using different temperature time combinations as trial
and error for optimum extraction of volatiles. A SPME fiber (2cm-50/30pum
DVB/Carboxen/PDMS StableFlex) was baked at 270 °C for 1 h prior to use for the first
time the fiber was used. The fiber was then exposed to the headspace volatile compounds

in the vial for 15 min for adsorption of the volatiles on to the fiber.

SPME/Gas Chromatography Olfactometry (SPME-GCO)

Three individuals from the flavor chemistry and muscle foods chemistry
laboratory, Department of Food Science, Nutrition, and Health Promotion, Mississippi
State University, were trained in SPME-GCO Osme analysis of shrimp for more than 25

hours. This training was achieved by asking the individuals to sniff the volatile
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compounds from RTE shrimp that elute through the sniff port of the GCO. Samples
stored for various times were utilized to familiarize panelists with varying odors and
intensities. The GCO used was a Varian 3400 GC (Varian Instrumental, Walnut Creek,
CA) with an extended stainless steel insulated sniff port with a glass funnel at the end.
Humidified and heated air was passed through the sniffing port at 30mL/min. The column
used was a DB-5 capillary column (J&W Scientific, Folsom, CA), 30m x 0.25 mm i.d.,
0.25-pum film thickness. The GC conditions were as follows: injector temperature of 250
°C; column flow of 1.1mL/min; initial oven temperature of 50 °C for 2 min hold time
with 18°C/min ramp rate to 250 °C and hold for 1 min; equilibration time of 0.5 minutes.
Total run time was 14.11 min. The panelists rated the odor intensity on a 0-15 scale
potentiometer that produces peaks according to the duration and intensity of odor, where
0 indicates no odor and 15 indicates the highest perceived odor intensity. The Osmegram
for perceived odor intensities from panelists were generated by an OSME program
(Computer Science Department, Mississippi State, MS). In addition, another individual
recorded the type of odor perceived, intensity of the odor, and the retention time as the
sniffer audibly relayed this information. The GCO analyses were carried out on the same

days that the GC-MS analyses were performed.

Gas Chromatography/Mass Spectrometry (GCMS) Analysis

The GC-MS utilized in this experiment was a Varian 3900 GC equipped with a
Saturn 2100T Mass Selective Detector (Varian Instrumental, Walnut Creek, CA). The
column that was utilized was a DB-5 (non-polar) capillary column (J&W Scientific,

Folsom, CA), 30m x 0.25 mm i.d., 0.25-um film thickness. Operating conditions were as
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follows: injector temperature of 250 °C; column flow of 1.1mL/min; initial oven
temperature of 50 °C for 2 min hold time with 18°C /min ramp rate to 250 °C and 1 min
hold time; pulse pressure of 1.48 kg/cm®. and equilibration time of 0.5 minutes. Total run
time was 14.11 minutes. Ultra high purity helium (Airgas, West point, MS) gas was used
as the carrier gas for the experiment. The MSD conditions were as follows: Interface
temperature 250°C; electron impact mode; energy 70 eV; mass range 33-350 a.m.u.; scan
rate 2.2 scans/s; transfer interface line temperature 280°C; emission current 10 pamps.
The flow rate of the carrier gas was 1.1mL/min. The volatile compounds were identified
using the NIST 02 Mass Spectral Database. The GC-MS analyses were done at
intermittent Days between 1 through 50 for vacuum, modified atmosphere, and aerobic
packaged samples. Identification of the aroma impact compounds was based on a
comparison of mass spectra identified with spectra present in the NIST02 Mass Spectral
Database (NIST, Maryland; purchased from Varian Inc.), comparison of linear retention
indices and aroma quality perceived at the sniffing port with authentic standards (Sigma-
Aldrich Chemical Co., Milwaukee, WI) and comparison of linear retention indices and
the aroma quality perceived at the sniffing port with literature. The following chemical
standards were obtained to verify gas chromatographic results: pentanal, hexanal, butyric
acid, methional, methyl pyrazine, heptanal, camphene, dimethyl trisulfide, 2-nonen-1-ol,

4 ethylguaiacol, geranial.

Descriptive Trained Sensory Panel
A trained sensory panel (n=6) was utilized to conduct descriptive analysis of

shrimp in this study. The panel was trained for 20 hours, using shrimp samples and
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references. The attributes were measured and standardized over a period of time starting
from Day one to the point of time where the sample became unacceptable for
consumption for all the packaging-temperature treatments. The aroma was measured over
time for the different packaging and temperature treatments both in terms of cooking
temperature and storage time. The panelists rated all attributes on a 0 to 15 point
horizontal scale. The aroma characteristics included fishy, cardboard/wet paper towel,
briny, oxidized, sulfury, eggy, metallic, chlorine, and freshness/acceptability. These
characteristics were selected by the panelists during training. For the purpose of training,
the shrimp stored at different times at 2 °C were presented to the panel. The panelists
determined the different aroma characteristics by describing the most prominent aromas
during a particular storage time. The panelists were asked individually if they were able
to identify those particular aromas and those who were unable to consistently identify
them three different times, were excluded from the panel. Once the panel was
successfully able to repeat the identification of odors, they were trained to standardize the
intensity of the different aromas. For actual testing, 125 ml capacity FEP (fluorinated
ethylene propylene) sniff bottles (Nalgene®, Apogent Technologies, NY, USA) were
utilized. Shrimp from each package (300 g) was ground and 25 grams of shrimp was
transferred into each sniff bottles. The bottles were wrapped in aluminum foil to prevent
the volatile odors from escaping, and were placed in a water bath that was maintained at
60 °C for 30 min for the volatiles to accumulate in the headspace. The 25 g were used to
ensure the availability of enough headspace for the volatiles. The bottles were labeled
with a three-digit code and were presented to the panelists in random order to avoid any

bias. For these descriptors, 0 indicates the absence of any odor, and 15 indicates the
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highest intensity of odor for all the attributes except acceptability. On the 15-point scale,
7.5 and less was considered unacceptable. For freshness/acceptability, a score of 7.5 or
greater was considered acceptable. The descriptive panel was conducted from Day 1 up
to Day 50 for the MAP, Vacuum and the aerobic packaged samples. Each
sample/treatment that was determined as unacceptable by the trained descriptive panel
was no longer evaluated. Three replications were used for the descriptive analysis.
Additionally, a fourth replication that covered just the acceptability attribute was used

from Day 1 through Day 50 to confirm the end of shelf-life.

Consumer Acceptability

Consumer panels were conducted at Day 3 for the vacuum, MAP, and aerobic
packaged shrimp samples. The treatments evaluated were 85°C vacuum, 85°C MAP,
85°C aerobic, 93°C aerobic, and 63°C aerobic. The aerobic packaging conditions were
considered to be the most vulnerable due to the possible presence and growth of aerobic
bacteria, so all of the temperature treatments were evaluated. Shrimp were reheated to
60°C and two shrimp were placed each into plastic cups with lids (Sweetheart Portion
Cups 28g capacity, Owings Mills, Maryland). The samples were labeled with a random
3-digit number and the sample order was randomized on the score sheet to avoid bias.
This was performed for all three replications.

Consumer acceptability of RTE shrimp was determined by evaluating the aroma
of shrimp since it would not be feasible to ask the panelist to consume the sample without
performing a thorough microbial analysis for Clostridium botulinum. Though the samples

were adequately cooked and would be safe for consumption, the microbiological data to
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back up the safety concerns was not available. Also, there was no information about the
number of Days after which the microbial deterioration for the aerobically packaged
samples would begin. The panelists evaluated the samples using a 9-point hedonic scale.
The categories for this hedonic scale were 1-extremely dislike, 2-dislike very much, 3-
dislike moderately, 4-dislike slightly, 5-neither neither like nor dislike, 6-like slightly, 7-
like moderately, 8-like very much, 9-like extremely (Meilgaard et al., 2007). The analysis
was performed at the Garrison Sensory Evaluation Lab, Mississippi State University.
Each of the three panels that were conducted consisted of at least 50 untrained
panelists that were randomly recruited from Mississippi State University. The primary
investigators were certified by the Institutional Review Board of the Regulatory
Compliance (IRB#05-264), and all the test procedures were in compliance with human

subject testing regulations.

Statistical Analysis

A randomized complete block design with a factorial arrangement was used to
analyze the effects (p<0.05) of different cooking (63 °C/15 sec, 85 °C for 5 min and 93
°C for 5 min) and packaging (MAP, vacuum and aerobic) methods on the volatile
compound profile, sensory descriptors and shelf-life of shrimp treatments over time (1 to
50 Days). The Fishers Protected Least Significant Difference (LSD) test was used to
separate the treatment means (P<0.05) when differences existed.

A randomized complete block design was used to determine differences (P<0.05)
among selected shrimp treatments with respect to consumer acceptability. The Least

Significant Difference (LSD) test was used to separate the treatment means (P<0.05)
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when differences existed. The agglomerative hierarchical clustering method was used to
separate the consumers into different groups based on their preferences and liking of
shrimp (XLStat, 2007). Consumers were clustered together based on their liking for
shrimp by agglomerative hierarchical clustering using the Euclidian distance and Ward’s
Method as aggregation criterion. Randomized complete block designs were utilized to
differentiate (P<0.05) among shrimp treatments within each cluster. When significant
differences occurred among treatments within a cluster, the Least Significant Difference
(LSD) test was performed to separate the treatment means. The descriptive analysis data
and volatile compound profiles of shrimp were evaluated using principal component
analysis (Statistical Analysis Software, version 9.1, SAS® Institute, NC) to understand
how volatile compound composition and sensory attributes change over storage time as

well as how that relates to product acceptability.
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CHAPTER 1V

RESULTS AND DISCUSSION

GC Analysis

The odors eluting out of the gas chromatograph-olfactometer (GCO) were noted
and the corresponding retention times were converted to retention indices using the
following formula: LRI=100((t-tn/tn+1-tn)+n). In addition, authentic standard
compounds were injected into to the GCO and a GCO-FID to verify compounds and
odors using the sniff port and retention indices from the FID detector.

The GCMS analysis for shrimp yielded more than 30 volatile compounds, of
which 13 compounds were identified as the main contributors to the aroma of shrimp
through GCO analysis. The aroma profile consisted of one amine (trimethylamine), five
aldehydes (3-methyl butanal, pentanal, hexanal, heptenal, geranial), one organic acid
(butyric acid), two sulfur containing compounds (methional, dimethyltrisulfide), one
pyrazine (methyl pyrazine), two alcohols (2-nonen-1-ol, 4-ethyl guaiacol) and one
hydrocarbon (camphene).

Tables 2, 3, and 4 show the retention time and indices along with aroma
descriptors and intensity for the thirteen aroma active compounds. The MAP and vacuum
treatments for Day 15 were compared to aerobic samples for Day 3. This was done

because the aerobic samples were spoiled by Day 6, and the volatile chemical profile of

48



Day 3 aerobic was relatively comparable to Day 15 of the vacuum and MAP samples
with respect to freshness and period within the shelf-life of the product. The retention
indices of all compounds matched very closely to literature (Lee et al., 2001, Acree and
Heinrich, 2004).

For the vacuum treatment, trimethylamine, butyric acid and dimethyltrisulfide had
higher aroma intensities than the other aroma impact compounds (Table 2). It is evident
that for all compounds except 2-nonen-1-ol, the 85°C treatment had lower aroma
intensities than the 63 °C and 93 °C treatments. In addition, the 93°C treatment contained
volatile compounds (4-ethyl guaicol is an exception), with more intense odors than both
the 85°C and 63°C treatments. Unlike the vacuum treatment, neither the MAP nor
aerobic treatments showed any clear trend in terms of which temperature treatment had
the highest or least odor intensity associated with their aroma active compounds (Tables
3, 4). However, it was seen that overall, the aroma compounds present in the aerobic
treatments had less intense odors than the shrimp samples from the other two packaging
treatments.

Trimethylamine is produced by the thermal decomposition of choline, betaine,
methionine, or trimethylamine oxide during cooking. However, it is most probable that it
was formed from the trimethylamine oxide that is present in the shrimp (Lee et al., 2001).
Bazemore et al. (2003a), reported that four bacteria (Chryseomonas luteola, Serratia
marcescens, Pseudomonas fluorescens, and Brevudimonas sp.) induce the formation of
trimethylamine in shrimp, which gives a fishy odor that is associated with a lack of
freshness in sea-food. Trimethylamine is formed by the bacterial reduction of

trimethylamine oxide. At low concentrations, this compound contributes a crab like note
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to lobster meat (Cadwallader et al., 1995). Trimethylamine is associated with off flavor
production in fish and shrimp due to its odor and low odor threshold, and is also
recognized as an important contributor to boiled crab aroma (Josephson et al., 1984;
Spurvey et al., 1998).

Alcohols are formed by the decomposition of secondary hydroperoxides of fatty
acids (Tanchotikul and Hsieh, 1989), oxidation of fatty acids by lipoxygenase (Suzuki et
al., 1990), oxidative decomposition of fat, and the reduction of carbonyls to alcohols (Pan
and Kuo, 1994). Alcohols (2-nonen-1-ol, 4-ethyl guaiacol) were minor contributors to the
aroma of shrimp, but 4-ethyl guaiacol had a distinct spicy note that was persistent and
consistent throughout all of the analyses. This is consistent with literature that describes
alcohols as a group of compounds that have minimal contributions towards food flavors
due to their high odor thresholds, unless they are present at high concentrations (Heath
and Reineccius, 1986). Both alcohols had a sweet melon and sweet and spicy note, which
is consistent with previous literature that states that these compounds have fragrant and
earthy odors (Cadwallader et al., 1995). Guaiacol has been identified as one of the
odorants of cooked lobster tail meat (Lee et al., 2001), but has not been previously
identified in shrimp.

The odor thresholds for aldehydes are generally lower than alcohols, and therefore
often prevent some of the odor and flavor compounds that are in foods from contributing
to the flavor of the food product, even when the aldehydes are only present in trace
amounts (Hsieh et al., 1989). 3-Methyl butanal contributes a green plant like aroma and
has previously been identified in crayfish tail and pasteurized crab meat (Hsieh et al.,

1989). It is also a well known strecker aldehyde that is derived from the amino acid,
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leucine. Hexanal, which has a green, grassy aroma, contributes to oxidized and warmed
over flavor in meats, and is often used as an indicator of product oxidation and shelf-life
(Kerler and Grosch, 1996). Despite the fact that aldehydes have a low threshold, these
compounds did not contribute intense aromas. However, the number of aldehyde
compounds was greater than any other group of aroma active compounds in the shrimp.
Since other very low threshold compounds such as trimethylamine and sulfur compounds
were present in the shrimp samples, the odor intensities of the aldehydes may have been
perceived as less intense than in other muscle food products that have been stored over
time.

Butyric acid is a carboxylic acid that has a very potent and offensive odor.
Although, not much has been written about it in context to shrimp, it contributes to the
flavor of oxidized meat products such as fish sauce and dry cured ham (Pham et al.,
2008a; Pham et al., 2008b). Butyric acid (baby vomit odor) can also be produced by the
same bacteria that lead to the formation of trimethylamine (Bazemore et al., 2003a). With
the exception of the aerobic treatment, the intensity of butyric acid was among the third
highest of all of the aroma compounds that were present in the shrimp.

Though dimethyltrisulfide is a strecker degradation compound of methionine, it is
generally formed by thermal degradation in seafood (Lee et al., 2001). The four bacteria
that were previously mentioned in the formation of trimethylamine also produce sulfur
compounds such as dimethyltrisulfide (cabbage, cat urine), methanethiol (garbage),
dimethyldisulfide (onion), and thiophene (skunky) (Bazemore et al., 2003a). Straight
chain and heterocyclic sulfur containing compounds have been identified in the volatile
profile of krill, shrimp, and crab, and they produce both desirable and undesirable odors,
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depending on the concentration that is present (Spurvey et al., 1998). Dimethyldisulfide
and dimethyltrisulfide are found in thermally processed crustaceans like prawn, crab
meat, crayfish, shrimp, and oysters. They have a low threshold value, and therefore affect
the overall aroma of the foods in which they are present (Spurvey et al., 1998). Their
odors have been described as cabbage, onion (Vejaphan et al., 1988) and eggy (Spurvey
et al., 1998). Dimethyltrisulfide was the compound with the highest aroma intensity in all
packaging method/temperature treatment combinations.

Pyrazines are important flavor contributors in many cooked and roasted foods
because they are usually present in large quantities and have very low flavor thresholds
(Spurvey et al.,, 1998). Previous research has indicated that amino acids and
carbohydrates are important precursors for pyrazines in non enzymatic browning
reactions (Maga, 1982). Another study suggests that sugars react with amines in the
formation of alpha amino carbonyls, which condense to form pyrazines (Wong and
Bernhard, 1988). These compounds contribute to the flavor of boiled crayfish (Vejaphan
et al., 1988), cooked crab (Chung and Cadwallader, 1993), fermented shrimp (Choi and
Kato, 1983), and roasted shrimp (Spurvey et al., 1998). Methyl pyrazine was identified to
have a roasted, nutty, meaty aroma in boiled crayfish tail meat and the hepatopancreas
(Vejaphan et al., 1988; Hsieh et al., 1989). Pyrazines are known to give popcorn like odor
to lobster meat (Cadwallader et al., 1995) and cooked crab meat (Chung and
Cadwallader, 1993).

Tables 5, 6, 7 contain the GCMS peak areas. For packing method/cooking method
combinations. All of the aroma active compounds that were detected using GCO were not
detected using the GCMS for all treatments. This indicates that the volatile compounds
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that are present in the shrimp in fresh and spoiled products can exist in the products at
low concentrations and still contribute odor to the food product. The tables show that
there is an absence of significant differences in almost all of the treatments with the
exception of the 93°C vacuum and 93°C MAP treatments. The standard deviation here
indicates that there is variability within peak areas within treatments from replication to
replication. There is a large numerical difference between the peak areas for different
temperature treatments within each packaging treatment, but there is no statistical
difference at alpha=0.05. The standard error of means were calculated which indicated
large variability among samples but did not indicate the impact of volatile compound
concentration on product quality and shelf-life. Therefore, principal components analysis
was conducted to further determine the relationship between aroma active compound

peak area and packaging and cooking treatments.
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Table 4.1: Odor active compounds, their retention indices, and the corresponding aroma descriptors identified in the vacuum

packaged Shrimp on day 15 using SPME-GCMS, SPME-GCO, and SPME-GC-FID

Reter11tion Compound® |Retention Ir31dex Retention4|ndex Method of s . Aroma Aroma Intensity (Day 15)"
Time (Literature) (Sample) Identification Descriptors 63 °C 85°C [93°C
2.40 Trimethylamine 329, <500 <500 ad fishy,sulfury,putrid 8.2 7.0 9.2
2.9 3 Methylbutanal 641,651 634 a,d Almond, malt, putrid 7.0 5.0 6.0
3.91 Pentanal 732 740 a,b,cd chlorine/pungent 5.2 2.8 5.3
4.86 Hexanal 808 809 a,b,c,d Green 3.0 2.0 3.0
Butyric acid 820 a,b,c,d \vitamin,urine,rancid-
5.05 826 cheese 6.5 5.3 8.5
6.02 Methional 909 916 b,c,d baked potato 2.0 2.2 4.3
6.2 Methyl pyrazine 828 834 b,cd Popcorn 2.0 5.7 6.7
6.26 Heptenal 957 943 a,b,cd Rancid 1.0 2.0 1.0
6.36 Camphene 953 949 a,b,cd camphor/sweet 1.0 1.0 1.0
Dimethyl trisulfide 970,974 a,b,c,d sulfur, burnt rubber
6.81 993 cabbage 9.0 7.7 9.7
7.56 Unknown 1070 1074 c,d fragrant/floral 1.0 2.0 0.0
7.90 2-Nonen-1-ol 1109,1149 1111 ab,cd melon, cucumber 1.3 3.7 5.0
9.44 4 Ethylguaiacol 1287 1290 b,c.d spice/clove 6.2 2.7 5.8
9.51 Geranial 1277 1298 b,c,d peppery powder 5.0 4.0 5.0

'Time taken in chronological order for the compounds to elute from the DB5 capillary column
*Compounds eluting out of the DB5 capillary column/identified by retention indices from literature order of retention time'

Retention indices as found from literature

*Retention times calculated for compounds eluting out of a DB5 capillary column (30m x 0.25 um thickness, J&W scientific) using
gas chromatograph equipped with a sniff port and a flame ionization detector
>Compounds/odors identified using a) GC-MS using the NISTO02 library, b) Retention indices calculated by using aroma eluting out
of GCO and authentic standards using formula for linear retention index, ¢) Retention indices calculated by using aroma eluting out

a

of GCO as compared to reference literature using formula for linear retention index, d) Odors perceived at the GCO sniff port
%Aroma as perceived at the GCO sniff port by at least two of the three panelists
’ Average aroma intensity for the packaging treatment at Day 15 for the three different temperature treatments




Table 4.2: Odor active compounds, their retention indices, and the corresponding aroma descriptors in the aerobically packaged

Shrimp on day 3 using SPME-GCMS, SPME-GCO, and SPME-GC-FID

Reter11tion , Retention Ir3'1dex Retention4|ndex Methgd of s . . Aroma Aroma Intensity (Day 3)’
Time Compound (Literature) (Sample) Identification Descriptors 63 °C 85 °C 93 °C
2.40 Trimethylamine 329, <500 <500 a,d fishy,sulfury,putrid 6.7 5.3 6.5
2.9 3 Methylbutanal 641,651 634 a,d IAlImond, malt, putrid 0.0 3.0 2.5
3.91 Pentanal 732 740 a,b,cd chlorine/pungent 1.8 0.7 0.0
4.86 Hexanal 808 809 a,b,cd Green 4.0 3.0 3.0
Butyric acid 820 a,b,c,d vitamin,urine,rancid-
5.05 826 cheese 2.0 4.7 5.2
6.02 Methional 909 916 b,c,d baked potato 0.0 2.8 1.7
6.2 Methyl pyrazine 828 834 b,cd Popcorn 3.5 2.0 2.0
6.26 Heptenal 957 943 a,b,c,d Rancid 5.0 4.0 5.0
6.36 Camphene 953 949 a,b,c,d camphor/sweet 1.0 2.0 1.0
Dimethyl trisulfide 970,974 a,b,c,d sulfur, burnt rubber
6.81 993 cabbage 8.7 8.3 7.7
7.56 Unknown 1070 1074 cd fragrant/floral 2.3 1.3 1.5
& 7.90 2-Nonen-1-ol 1109,1149 1111 a,b,c,d melon, cucumber 3.0 3.2 1.7
9.44 4 Ethylguaiacol 1287 1290 b,c,d spice/clove 6.3 4.3 1.7
9.51 Geranial 1277 1298 b,cd peppery powder 0.0 1.7 1.8

'Time taken in chronological order for the compounds to elute from the DB5 capillary column

*Compounds eluting out of the DB5 capillary column/identified by retention indices from literature order of retention time'
JRetention indices as found from literature

*Retention times calculated for compounds eluting out of a DB5 capillary column (30m x 0.25 um thickness, J&W scientific) using
a gas chromatograph equipped with a sniff port and a flame ionization detector

>Compounds/odors identified using a) GC-MS using the NISTO02 library, b) Retention indices calculated by using aroma eluting out
of GCO and authentic standards using formula for linear retention index, ¢) Retention indices calculated by using aroma eluting out
of GCO as compared to reference literature using formula for linear retention index, d) Odors perceived at the GCO sniff port
%Aroma as perceived at the GCO sniff port by at least two of the three panelists

’Average aroma intensity for the packaging treatment at Day 3 for the three different temperature treatments



Table 4.3: Odor active compounds, their retention indices, and the corresponding aroma descriptors in the MAP packaged Shrimp
on day 15 using SPME-GCMS, SPME-GCO, and SPME-GC-FID

Reter11tion Compound® |Retention Ir3'1dex Retention4 Index Method of s [Aroma Descriptors® Aroma Intensity (Day 15)"
Time (Literature) (Sample) Identification 63 °C 35 °C 93 °C
2.40 Trimethylamine 329, <500 <500 a,d Fishy,sulfury,putrid 57 6.5 7.3
2.9 3 Methylbutanal 641,651 634 a,d IAlImond, malt, putrid 4.3 0.0 4.2
3.91 Pentanal 732 740 a,b,cd chlorine/pungent 3.8 4.5 3.5
4.86 Hexanal 808 809 a,b,cd Green 2.0 1.0 2.0
Butyric acid 820 a,b,c,d vitamin,urine,rancid-
5.05 826 cheese 6.5 6.7 4.8
6.02 Methional 909 916 b,cd baked potato 2.5 2.8 5.5
6.2 Methyl pyrazine 828 834 b,cd Popcorn 3.8 3.8 4.8
6.26 Heptenal 957 943 a,b,c,d Rancid 0.0 0.0 0.0
6.36 Camphene 953 949 a,b,c,d camphor/sweet 1.0 0.0 0.0
Dimethyl trisulfide 970,974 a,b,c,d sulfur, burnt rubber
6.81 993 cabbage 8.3 9.3 8.8
7.56 Unknown 1070 1074 cd fragrant/floral 0.0 4.0 1.7
5\" 7.90 2-Nonen-1-ol 1109,1149 1111 a,b,c,d melon, cucumber 4.2 3.7 4.3
9.44 4 Ethylguaiacol 1287 1290 b,c,d Spice/clove 7.5 5.7 4.5
9.51 Geranial 1277 1298 b,c,d peppery powder 1.2 1.8 1.5

'Time taken in chronological order for the compounds to elute from the DB5 capillary column

*Compounds eluting out of the DB5 capillary column/identified by retention indices from literature order of retention time'
*Retention indices as found from literature

*Retention times calculated for compounds eluting out of a DB5 capillary column (30m x 0.25 um thickness, J&W scientific) using
a gas chromatograph equipped with a sniff port and a flame ionization detector

>Compounds/odors identified using a) GC-MS using the NISTO02 library, b) Retention indices calculated by using aroma eluting out
of GCO and authentic standards using formula for linear retention index, ¢) Retention indices calculated by using aroma eluting out
of GCO as compared to reference literature using formula for linear retention index, d) Odors perceived at the GCO sniff port
%Aroma as perceived at the GCO sniff port by at least two of the three panelists

" Average aroma intensity for the packaging treatment at Day 15 for the three different temperature treatments



Table 4.4: GCMS mean peak areas for aroma impact compounds found in the vacuum packaged shrimp that was cooked to different internal
temperatures and stored over time at 2 °C.

63°C (total ion count/10°) 85°C (total ion count/10°) 93 °C (total ion count/10°)
Day Day [Day Day Day

Day1 |10 15 25 SEM | Day1 |10 Day 15 |Day 25 | Day 50 | SEM |Day1 [10 Day 15| Day 25 |Day50 | SEM
Trimethylamine 7.6 3.7 17.0 8.6 2.8 6.2 1.3 9.9 8.8 9.8 1.6 2.3 0.6 5.5 9.4 8.6 1.72
3methylbutanal | 0.16 2.6 1.7 1.9 0.5 1.2 0.1 0.2 1.6 0.7 0.3 0.7b | 0.2b | 1.4ab | 1.9ab | 4.7a | 0.79
Pentanal 0.0 0.2 0.2 0.3 0.1 0.6 0.2 1.1 0.3 0.9 0.2 0.4 0.2 0.8 3.5 3.6 0.76
Hexanal 0.3a | 0.0b | 0.0b | 0.0b 0.1 0.3 0.0 0.7 0.1 0.7 0.1 0.0 0.2 0.6 2.9 3.1 0.68
Butyric acid 0.2 0.2 0.8 0.9 0.2 0.3 1.1 2.3 1.4 0.6 0.3 0.4 0.7 1.1 0.3 0.0 0.19
Camphene 1.2 0.1 1.9 0.6 0.4 1.5 0.0 2.0 0.4 0.3 0.4 1.1 0.0 0.0 1.0 4.0 0.73
DMTS 0.0 0.0 0.1 0.2 0 0.0 0.1 0.0 0.3 0.1 0.1 0.0 0.2 0.2 0.1 0.3 0.05
2-Nonen-1-ol 0.0a | 0.0 0.0 0.0 0 0.0 2.6 0.0 1.7 0.0 0.5 0.1 2.4 2.7 5.4 1.9 0.85

(9] . .
2 % treatment means with the same superscript letter within each cooking temperature are not different (P>0.05).
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Table 4.5: GCMS peak areas for aroma impact compounds found in the aerobic packaged shrimp that was cooked to different internal
temperatures and stored over time at 2 °C.

63°C (total ion count/10°)

85 °C (total ion count/10°)

93 °C (total ion count/10°)

Day1 [Day3 |Day5 |Day6 [SEM |[Day1 |Day3 |Day5 Day 6 [SEM Day1 Day3 |Day5 |[Day6 [|SEM
Trimethylamine .7 5.6 1.6 10.7 2.03[16.9a B.9a [2.8ab 0.2b 3.66 8.2 18.8 6.8 12.8 2.71
3methylbutanal 0.1 0.6 1.5 .4 0.96[1.9 1.3 1.0 0.4 0.31 [1.7 1.2 3.4 1.3 0.51
Pentanal 0.0 0.0 0.0 0.0 0.00[1.1 1.1a |11 1.1 0.32 [1.2 1.4a .5 1.6 0.29
Hexanal 0.0 0.2 0.1 0.0 0.25[1.4a [0.2b [0.4b 0.0b 0.35 B.9 0.9 0.3 0.2 0.41
Butyric acid 0.3 0.0 0.0 0.1 0.070.5 0.0 0.0 0.0 0.12 0.3 0.9 1.0 0.0 0.24
Camphene 0.0 0.7 0.5 0.0 0.18[1.3 0.7 0.0 0.7 0.27 BB.6 1.4 0.6 0.5 0.72
DMTS 0.0 0.0 0.0 1.3 0.330.0 0.0 0.0 0.0 0.0 [0.0 0.0 0.4 0.0 0.10
2-Nonen-1-ol 1.3 0.0 0.0 0.6 0.316.5 0.0 7.4 2.8 1.71 N.7 0.0 0.3 1.8 0.47

b treatment means with the same superscript letter within each cooking temperature are not different (P>0.05).
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Table 4.6: GCMS peak areas for aroma impact compounds found in the Modified Atmosphere Packaged (MAP) shrimp that was cooked to
different internal temperatures and stored over time at 2 °C.

63°C (total ion count/10°) 85 °C (total ion count/10°) 93 °C (total ion count/10°)

Day1|Day10|Day15|Day25| SEM|Day1|Day10|Day15|Day25|Day50| SEM|Day1 |Day10|Day15|Day25|Day50| SEM

Trimethylaminel 8.3 | 41 1194 ] 08 |41 1191 09 | 34 | 29 | 81 | 1.5 |1.2ab] 0.0b | 0.7b | 3.6a |2.2ab| 0.8

[3methylbutanall 0.8 | 0.6 | 0.2 | 9a [23 |17 [ 04 | 09 | 17 | 05 [0.3 |1.3a]|0.0b [0.5ab| 1.4a | 0.1b |0.32

Pentanal 10/ 08 |15 100 |03f04]|]03 |05 )07 |35 |08[10]00]06 |O05]11]0.23

Hexanal 0.3 | 0.1 00 |00 |01]05]02 )00 )]02]54113]00]00]04]29 |78 [179

Butyric acid 03]07 (07 ]09 |0O1|]05]10 |30 |09 |05 )|06|00f[04 ]05]00]05 (012

Camphene 19103 109 |1 09 103 ]0.0b]0.0b |1.6a |0.6ab]| 0.0b | 0.4 |3.2a| 0.0b |0.8ab|1.1ab|1.8ab|0.37

[2-Nonen-1-ol | 0.0 | 0.0 | 06 | 0.0 |02 100 | 23 | 1.5 | 00 | 65 |12 ]10.0 ] 0.0 | 0.0 | 1.8 |10.2a]|2.44

“treatment means with the same superscript letter within each cooking temperature are not different (P>0.05).



Principal Components Analysis of GC-MS and GC-O Data

The PCA bi-plots for the GCMS data are show in figure 2-4. The two dimensional
bi-plot for the vacuum treatments explained 78% of variability among treatment
combinations, with PC-1 and PC-2 accounting for 49% and 29% of the treatment
variation (Figure 2). The two dimensional bi-plot for the MAP treatments explained 67%
of the treatment variation, with PC-1 and PC-2 explaining 40% and 27% of the treatment
variation (Figure 3). The two dimensional bi-plot for the aerobic treatment explained
62% of the treatment variation, with PC-1 and PC-2 explaining 37% and 25% of the

variation in the model (Figure 4).

Storage Time Effects on Volatile Compound Composition

For the vacuum treatment that was cooked to 63°C, (Figure 2), relatively small
peak areas were present for volatile compounds at between 1 and 25 days of storage.
Trimethylamine was the only compound with much variability for the 63 C vacuum
treatment and increased in peak area from day 1 to day 15 but then decreased in peak area
from day 15 to day 25. However, for the GCO bi-plot, odor intensities were more intense
for the 63 C treatments for the 15 and 25 day packaged samples (Figure 3). The 15 day
samples were described as having higher odor intensities for cardboardy, vitamin, and
cooked rice odors, while the 25 day packaged samples were described by having higher
odor intensities that were not very pleasant such as green, fishy and dirty socks (Figure
3). For the MAP samples that were heated to an internal temperature of 63 C, there were
relatively small peak areas with minimal variation among storage times of 1, 10 and 15
days (Figure 4). However, after 25 days of storage, the 63 C treatment could be
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differentiated from other storage times due to higher peak areas of DMTS and
3methylbutanal (Figure 4). In addition, the MAP treatment that was cooked to 63°C had
higher odor intensities for green (hexanal), fishy (trimethylamine), vitamin/dirty socks
(butyric acid), and garlic/sulfur (DMTS) after 25 days of storage when compared to
shorter storage times (Figure 5). Dimethyltrisulfide and 3-methyl butanal have very low
thresholds, and have the ability to overshadow the presence of other aroma compounds in
muscle food products (Spurvey et al., 1998; Hsieh et al., 1989). For the aerobic treatment,
no spoilage compounds were present with high peak areas until Day 5 (Figure 6).
However, on Day 6, samples had higher peak areas for dimethyltrisulfide and 3-
methylbutanal, which is similar to the results for the MAP /63 °C treatment after 25 days
of storage. In addition, the 63 °C aerobic treatment had higher relative peak areas for
trimethylamine, pentanal, heaxanal and butyric acid when compared to other treatments
(Figure 6). The GCO results for the same temperature treatments showed that until Day
10, the vacuum samples (figure 3) had minimal odors present which was similar to the
GCMS results. By Day 15, more intense odors were present (cooked rice, chlorine,
vitamin, and spicy) which are associated with the following compounds: pentanal, butyric
acid, and 4-ethylguaiacol. The Day 25 treatment contained higher concentrations of
compounds with offensive odors (medicinal, fishy, garlic, dirty socks) such as butyric
acid, trimethylamine, and dimethyltrisulfide (Figure 2). One of the reasons for
dimethyltrisulfide and some other compounds not showing up on the GCMS but the
associated aroma (which was confirmed by running authentic standards, literature and
retention indices) being perceived on the GCO is because the human nose is much more
sensitive than any physical detector (Marsili, 2007). This could be why the 63°C vacuum
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samples were spoiled along with the 63°C MAP on Day 25, and yet the spoilage
compounds were not detected in high concentrations (peak areas) through GCMS
analysis on that particular day.

For the 85°C and 93°C vacuum treatments, peak areas were relatively small
through 15 days of storage (Figure 2). In addition, the 85°C treatments volatile
composition was similar at day 1 through day 50. However, nonenol, hexanal, and 3-
methyl butanal were higher after both 25 and 50 days of storage for the 93°C vacuum
treatment when compared to other treatments This indicates that these compounds are
associated with the end of shelf-life for the 93°C treatment, but that the end of shelf-life
of the 85°C treatment could not be determined from this data. In addition, similarly to the
GC-MS data, the GCO data indicates that high odor intensities for green, buttery
popcorn, dirty socks, garlic/sulfur and fishy differentiate the 93°C 25 and 50 day samples
from other 93°C vacuum treatments.

The MAP samples (Figure 5) had minimal odors identified using the GCO on Day
10, but on Day 15 and 25 they had more chlorine, green, spicy and dirty socks odors that
relate to increased concentrations of pentanal, hexanal, 4-ethylguaiacol and
dimethyltrisulfide. For the 85°C and 93°C MAP treatments, the samples became spoiled
between 25 and 50 days of storage according to descriptive data (Table 8). After 50 days
of storage, the MAP 85°C and MAP 93°C samples could be differentiated from other
treatments through elevated peak areas for 2-nonen-1-ol and hexanal (Figure 5). The
aerobic samples had minimal GCO odors (cooked rice) on Day 1 and 5, but many odors
were detected on Day 6 (chlorine, fishy, vitamin, dirty socks, buttery popcorn, fennel,

spicy, green) which could be indicative of spoilage.
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Figure 4.1. Principal Component Analysis Bi-plot for GCMS (Vacuum) aroma active compounds of Gulf Brown Shrimp for the

different cooking temperature-storage treatments
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Figure 4.2. Principal Component Analysis Bi-plot for GCO (Vacuum) aroma descriptors of Gulf Brown Shrimp for the different
cooking temperature-storage treatments
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Figure 4.3. Principal Component Analysis Bi-plot for GCMS (MAP) aroma active compounds of Gulf Brown Shrimp for the
different cooking temperature-storage treatments
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Figure 4.5. Principal Component Analysis Bi-Plot for GCMS (Aerobic) aroma active compounds of Gulf Brown Shrimp for the
different cooking temperature-storage treatments
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Descriptive Analysis

Table 8 shows the mean descriptive analysis scores for the different aroma
attributes of shrimp throughout their shelf-life. The main three aroma descriptors
identified by the trained panel were fishy, briny and sulfury. The fishy aroma, which may
be attributed to trimethylamine, was present in all acrobic, MAP and vacuum treatments.
The fishy aroma increased in MAP and vacuum treatments at 85 °C and 93 °C as storage
time increased but did not directly relate to the end of shelf-life. The aerobic treatment
showed an acceptable score until Day 6 for all three cooking temperature treatments.

These results were consistent for both the briny and sulfury aroma as well.
Overall, these attributes were considered less important except for observing the increase
or decrease of a particular aroma and its relevance to the end of shelf-life. The most
important consideration was the use of a pleasantness score. This was a 0 to 15 score,
which was used to describe the pleasantness of the aroma, which was better termed as
freshness or acceptability. An aroma score of below 7.5 was considered unacceptable,
while a score of 7.5 or higher was considered acceptable. Table 9 shows the acceptability
of shrimp that was stored from day 15 through day 45 for different packaging/endpoint
temperature combinations. It is evident that the vacuum samples had a shorter shelf-life
than the MAP treatments. The aerobic packaging treatment was not considered for
comparison since all aerobic samples were rated unacceptable after Day 6 by the
descriptive panel. The 63°C and 93°C vacuum treatments had shelf-lives of 15 Days
followed by the 85°C vacuum treatment, which had a shelf-life of 21 Days. Similar to the
vacuum treatment, the MAP treatment at 63°C had the shortest shelf-life (27 Days) when

compared to the other two temperature treatments. By Day 42, the odor of both the 85°C
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and 93°C MAP treatments was unacceptable. Until Day 39, both temperature treatments
were rated acceptable by the descriptive panel. Therefore, the MAP 85°C and 93°C had

shelf-lives between 39 and 42 Days.
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Table 4.7: Mean Descriptive analysis aroma scores of cooked RTE shrimp measured at
different days through the end of shelf-life for different packaging and
temperature treatments

Attribute Day Vacuum MAP Aerobic
85°C | 93°C |85°C |93°C |[63°C |85°C |93°C
Fishy* 3 - - - - 3.5% 3.1% 3%
5 - - - - 3.7° 2.8 2%
6 - - - - 2.3%° 2.7 2.8
25 3® 28%° [21® [24% - - -
50 - 17° |- 2.3% - - -
Briny* 3 - - - - 3.4 [36% 3.5%°
5 _ _ _ _ 3 3abc 3.86b 3 2abc
6 - - - - 2.3° 3.1 [ 3.9°
25 3.2 [ 39® [27™ [35° |- - -
50 - 1.9° |- 3.8%° - - -
Sulfury* 3 - - - - 3.0° 2.1° 3.3°
5 - - - - 4.0° 4.2%® 2.3°
6 - - - - 2.4° 2.9° 3.1°
25 3.4° 4.0° |24° 2.6° - - -
50 - 6.7° |- 2.8° - - -
Pleasantness** 3 - - - - 8.4 | g 5p? 8.1
5 - - - - 7.0% 8.2 110.5°
6 - - - - 9.1%° [ 8507 |g6™™
25 6.3° 6.4° [7.6° |87 |- - -
50 - 29° |- 7.3 |- - -

abedNumbers with the same letters are not significantly different from each other

* 0 indicates the absence of any odor, and 15 indicate the highest intensity of odor.
On the 15-point scale, 7.5 and above score sample were considered as unacceptable.
**For pleasantness, a score of 7.5 or greater was considered acceptable
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Table 4.8: Mean descriptive analysis acceptability scores for cooked RTE shrimp
measured at different days through the end of shelf-life for different
packaging and temperature treatments

Days Treatment
63°CMAP 63°C 93°C MAP | 85°C MAP 85°C 93°C
Vacuum Vacuum Vacuum
15 9.5%° 8.5 e 9.6% 11.3° 8.6 7.6 5%
18 9.4%° 7.1°9 9.6% 10.9° 7.9Pc%9 6.49"
21 9.35bcd - 9.2§bcd 8 échdeT 7.8bcdefg 5.1 ]
24 9.7 8.6 9.6 35 2.7F
27 gébcdéf 8.5bcdéfg 9.4%0 . :
30 3.4 9.5 8,070
33 7 6cdéfg 9 Zeﬂ)cd
36 8.2bcdéfg 8.5bcdéfg
39 81 bcdefg 8:5bcdefg
42 74519 7.2%10
45 7 .45 6.9%

a-k The numbers with same alphabets are not significantly different from each other

%
The shaded portion indicates end of shelf-life
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Consumer Analysis

The data in Table 11 shows the significant differences (P<0.05) among
treatments. On average, the consumers liked all the samples either slightly or moderately.
The results show that the 85°C vacuum treatment was preferred (P<0.05) over the 63°C
and 85 °C aerobic treatments, but apart from that no other differences (P>0.05) where
observed. The mean scores give us valuable information about the overall acceptability of
the samples, but it does not provide information on the liking or preference of shrimp for
individual panelists or a group of panelists. For this reason, agglomerative hierarchical
clustering was used to explain the liking patterns of consumers.

Agglomerative hierarchical clustering (AHC) was used to separate panelists into
different groups according to their overall liking and preference of shrimp treatments. A
dendrogram and dissimilarity plot was used as a reference to truncate the number of
clusters (groups). Accordingly, the consumers were divided into 5 different clusters
(Table 12). The first cluster (11%) liked the 85°C MAP and 93°C Aerobic treatments
slightly and moderately, and there was no difference (P>0.05) between these two
treatments. In addition, panelists from this cluster did not like the 85°C Aerobic, 63°C
Aerobic, and 85°C Vacuum treatments, and preferred (P<0.05) the 93°C Aerobic
treatment over these treatments. These consumers appeared to like shrimp that was the
most heat processed. The second cluster (21%) slightly liked the 85°C Vacuum
treatment, but in general did not like shrimp. The third cluster (16%) liked all
packaging/temperature treatments for the shrimp. They liked all the packaging and
cooking treatments at least moderately, while they liked the 85°C Vacuum, 85°C
Aerobic, 63°C Aerobic and 93°C Aerobic very much. These consumers preferred all
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other treatments over 85°C M, but still found it highly acceptable. The fourth cluster
(24%) of consumers did not like shrimp that was cooked at a low temperature (63°C A).
These consumers liked all other shrimp samples but preferred (P<0.05) the 85°C Vacuum
and 93°C Aerobic samples over other treatments. This reveals that consumers in this
group like shrimp that is processed to 93°C and samples that are vacuum packaged. The
fifth cluster (28%) consists of the greatest number of panelists. These consumers all liked
shrimp but did not like the 93°C A as much as most of the other treatments. In addition,
these panelists preferred (P<0.05) the MAP 85°C treatment over the vacuum packaged
treatment.

Comparison of the results to the GCO and GC-MS treatments showed that for
85°C vacuum, even at Day 10 (Day 3 was not performed) had small peak areas for aroma
impact compounds for the GCMS and minimal odors identified by the GCO. This relates
and conforms with the consumer acceptability data where most of the panelists preferred
this treatment. For the 85°C MAP treatment, both the GCO and GCMS, indicates the
presence of minimal compounds and odors. This is consistent with the consumer
acceptability results since almost 80% of consumers liked this treatment at least slightly
or moderately. The 93°C aerobic treatment showed the presence of many compounds like
butyric acid, trimethylamine, pentanal, and hexanal, some of which may suggest either
spoilage or undesirable odors. This was confirmed by the GCO analysis where this
treatment produced compounds that have potentially offensive odors such as garlic,
medicinal, dirty socks, and baked potato. The consumer acceptability results do not show
a significant decrease in acceptability, but the percentage of consumers that liked it

moderately or very much was lower than the 85°C vacuum and 85°C MAP treatments.
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For the 85°C aerobic treatment, there was only one compound present in the GCMS that
had an unpleasant odor (hexanal). Even in the GCO there were minimal odors present.
The consumer study revealed that about 70 percent of consumers liked this treatment at
least slightly or more. Though this treatment was not liked more than the above
treatments, it was liked better than the 63°C aerobic treatment. For the 63°C aerobic
treatment, though there were hardly any compounds or odors associated with it in the
GCO or GCMS, many of the consumers did not like this treatment. So, the consumers in
this study liked the shrimp that were cooked at a temperature higher than 63°C better than
the ones cooked at 63°C. Table 13 shows the comparison of various packaging-
temperature treatment combinations and the overall preference of the consumers. It is
clearly evident from the results that a greater number of consumers indicated that the
85°C vacuum treatment was acceptable when compared to the other treatments. It was
also evident that the 63°C aerobic treatment was liked by fewer consumers than any other

of the other treatments.
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Table 4.9: Retention times of the standard alkanes (C5 through C 16) measured using a

GC-FID
Carbon No | retention time

500 -

600 2.98
700 3.32
800 4.76
900 5.85
1000 6.88
1100 7.81
1200 8.67
1300 9.53
1400 10.37
1500 12.10
1600 13.99

Table 4.10: Overall mean consumer acceptability scores of untrained panelists (n=150)
for the different temperature-packaging treatments

Temperature Packaging Condition Mean Consumer Acceptability
Scores (1-9)*

85 °C Vacuum 6.6°

93 °C Aerobic 6.3

85 °C Modified Atmosphere Packaging 6.2%°

63 °C Aerobic 6.1°

85 °C Aerobic 6.0°

*®The scores with the same alphabet in each cluster are not significantly different from
each other (P> 0.05).
“Numbers indicate the scores based on a 9 point hedonic scale where 1=dislike extremely,
2=dislike slightly, 3=dislike moderately, 4=dislike slightly, 5=neither like nor dislike,
6=like slightly, 7=like moderately, 8=like very much, 9=like extremely.
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Table 4.11: Cluster analysis data for consumer acceptance of cooked RTE shrimp using
a 9-point Hedonic Scale showing the mean scores of the panelists in each

cluster

85°C 85°C 85°C 93°C 63°C
Cluster % Panelist | Vacuum MAP Aerobic | Aerobic | Aerobic
Cluster1 11 3.5° 6.2% 5.3 7.2° 4.3
Cluster2 21 5.9 4.3° 4.3° 4.4 5.2%
Cluster3 16 7.7° 6.8° 7.6° 7.8° 7.4°
Cluster4 24 7.3 6.0° 5.9 7.1° 4.8°
Cluster5 28 6.7"° 7.3° 6.9%° 6.2° 7.2%

*The numbers indicate the scores based on a 9 point hedonic scale where 1=dislike
extremely, 2=dislike slightly, 3=dislike moderately, 4=dislike slightly, 5=neither like nor
dislike, 6=like slightly, 7=like moderately, 8=like very much, 9=like extremely.

*The scores with the same alphabet in each cluster are not significantly different from
each other

Table 4.12: Results from Cluster Analysis for consumer acceptance showing the number
and percentage of panelists that liked/disliked a particular temperature-
packaging treatment for the cooked RTE shrimp

Number of Panelists
Treatment Dislike Like Slightly Like Moderately Like Very Much
85°C Vacuum 16 (11%) 32 (21%) 78 (52%) 24 (16%)
85°C MAP 32 (21%) 52 (35%) 66 (44%) 0 (0%)
93°C Aerobic 32 (21%) 58 (39%) 36 (24%) 24 (16%)
85°C Aerobic 48 (32%) 36 (24%) 42 (28%) 24 (16%)
63°C Aerobic 84 (56%) 0 (0%) 66 (44%) 0 (0%)
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CHAPTER V

CONCLUSIONS

It was hypothesized that the vacuum and MAP treated shrimp would have similar
shelf-lives for the same time-temperature treatments, and it would be greater than the
aerobic packaged shrimp. This hypothesis was rejected in part because the MAP
treatment yielded a greater shelf-life than the vacuum treatment. However, both MAP and
vacuum packaged treatments had longer shelf-lives than the aerobic treatment, and so
that hypothesis was accepted.

In addition, the hypothesis that the shrimp cooked at 85°C and 93°C would yield a
greater shelf-life than the 63°C cooked shrimp for all the packaging treatments was found
true and was accepted, and that the 93°C treatment would yield a greater shelf-life than
the 85°C product did not hold true and was rejected. It was also hypothesized that the
volatile compounds responsible for the spoilage of shrimp over time would be the same
for shrimp from all temperature-packaging treatment even though they have different
shelf-lives, and this hypothesis was accepted.

An overview of the GCMS, GCO, descriptive and consumer analysis gives a
better and broader understanding of the acceptability and shelf-life of the cooked RTE
shrimp. On Day 3, the 85°C vacuum and 85°C MAP treatments were preferred by a

higher percentage of consumers than the other treatments. The GC-MS and GCO results
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demonstrate that for most of the packaging temperature combinations, even beyond Day
25, the MAP showed the presence of fewer compounds, and more importantly fewer
odors associated with spoilage compounds. This was consistent with the descriptive
analysis data, which shows that the MAP treatment (both 85°C and 93°C) had the longest
shelf-life (greater than 39 days) of any treatment, while the vacuum 85°C had a shelf-life
of 21 days, and the shelf-life of the 93°C vacuum packaged samples was less than 18
days. Results revealed that the shelf-life of the cooked RTE shrimp that was MAP and
cooked at 85°C and 93°C was between 39 and 42 Days. This indicates that MAP and
vacuum packaging could potentially be utilized to package RTE shrimp if it can be
proven that no pathogenic bacteria such as Clostridium botulinum can survive and grow
in the samples.

The microbiological evaluation of the cooked RTE shrimp was beyond the scope
of this research. There is a lot of literature available for both the volatile profile and the
microbial profile of crustaceans. However, a study that combines the present research
with the evaluation of microbiological quality of RTE shrimp would help identify the
specific compounds that trigger the onset of spoilage and ultimately the end of shelf-life.
In addition, a parallel study of the anaerobic and microaerophilic bacteria in the vacuum
and MAP would help identify any microorganisms related to the spoilage and safety of
the vacuum and MAP treatments, especially Clostridium botulinum type E.

It is recommended from the results of this research that processors of RTE
medium gulf brown shrimp utilize 85°C/5min with MAP due to the shelf-life (39 days)
of the product and the elevated numerical pleasantness scores when compared to the
93°C/5min treatment after 15 and 18 days of product storage at 2 °C.
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Figure A.1. Dendrogram showing different clusters in which the consumers were grouped based on the difference in the

consumer acceptability scores for Gulf Brown Shrimp



Sensory Evaluation Panelist Response Sheet

Please perform this test as described:

You are given a set of portion cups with different numbers.

Date:

Compare the number on the cups with the numbers in the table below.

Open cup near to your nose, and note both the aroma and color of the sample.

Rate the sample by placing a check in the box for the descriptors that best describe it.

Please DO NOT consume the sample.

OVERALL AROMA OF THE SAMPLE:

316

915

443

221

877

Like extremely

Like very much

Like moderately

Like slightly

Neither like or dislike

Dislike slightly

Dislike moderately

Dislike very much

Dislike extremely

OVERALL COLOR OF THE SAMPLE:

316

915

443

221

877

Like extremely

Like very much

Like moderately

Like slightly

Neither like or dislike

Dislike slightly

Dislike moderately

Dislike very much

Dislike extremely

Figure A.2. Consumer acceptability score sheet
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Date:

Rep 1

Name:

Descriptive Analysis for Aroma of Shrimp

Instructions:

You are given three sniff bottles each with a 3-digit number on it

Squeeze the bottle to perceive the aroma of shrimp

Rate the aroma on a 0 to 15 scale based on the attributes in the table below

For pleasantness, 0 is least acceptable and 15 is most acceptable

For all the other attributes, O is the absence and 15 is the most intense aroma

For pleasantness, any score below 7.5 suggest unacceptable aroma and any score of 7.5 or

above suggest acceptable aroma

940 855 372

Fishy

Cardboardy/wet paper towel
Briny

Oxidized

Sulfur/Eggy
Pleasant/unpleasant
Metallic

Earthy

Other aroma perceived

Figure A.3. Descriptive analysis score sheet
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