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Summary
Oysters have long been prized for their oceanic flavours and high nutritional value. As a
result of their popularity, coupled with ideal growing environments, the cultured oyster
industry now represents 10% of the overall value of Australia’s aquaculture sector.
However, as with most seafood, shucked oysters have a relatively short shelf-life and
economic losses across the supply chain from wastage associated with spoilage can be
significant. Consequently, it is critical to understand spoilage processes and have the
ability to assess the remaining shelf-life of the product to ensure that only fresh products
are supplied to consumers. The main aim of this thesis is to determine the spoilage
processes of Australian half shell oysters (Pacific and Sydney rock oysters) and evaluate
the usefulness of rapid analytical techniques to determine remaining shelf-life and thus
underpin the development of new value added oyster products. The work undertaken has
provided a detailed insight into the spoilage processes of half shell oysters during storage
at 4 °C and has identified several novel methodologies to assess the shelf-life of oysters.
Pyrosequencing of the bacterial 16S rRNA gene was used in combination with
microbial culture, assessment of pH and odour analysis to assess spoilage of stored half
shell oysters. These data revealed growth of psychrotrophic bacteria and an unexpectedly
fluctuating pH profile. During storage, Pseudoalteromonas and Vibrio species became
dominant. While there were significant differences in bacterial profiles between oyster
species and storage time, the bacterial profiles became more similar during storage
indicating a common spoilage profile.
Changes in the volatile composition of oysters during storage were assessed by gas
chromatography-mass spectrometry with the specific aim of identifying marker
compounds for assessing remaining shelf-life. The fresh volatile profile was comprised of
volatiles that exhibit cucumber, green and grass-like odours. These compounds persisted
throughout storage and were likely masked by the emergence of spoilage volatiles. Two
compounds were detected, including the potential bacterial metabolite 3-octanone, which
were considered promising for prediction of oyster freshness. Dimethyl disulphide, which
produces a putrid onion-like aroma, was also identified as a spoilage marker for oysters.
However, the rapid appearance of this compound from previously undetectable levels
means that it is unlikely to be useful for estimating remaining shelf-life.
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The use of instrumental methods such as Digital Image Analysis and Near-infrared
Reflectance Spectroscopy (NIRS) to objectively characterise changes in freshness of half
shell oysters during storage was assessed. Multivariate calibrations using partial least
squares regression were successfully developed for days of storage and odour with the
latter being influenced by near-infrared wavelengths typically associated with aromatic
compounds. However, the surface colour of oyster meat was found to be a poor indicator
of freshness. NIRS was also used as an investigative tool to explore changes in oysters
during storage. The raw spectra were dominated by water and fatty acid-associated bands.
The analysis indicated that a physical or chemical interaction may be taking place within
the oysters at or near Day 3, likely associated with transfer of liquids between oyster
tissues. The method also demonstrated a significant role of N-H related compounds
throughout storage.
Finally, preliminary work was undertaken to assess the usefulness of modified
atmosphere packaging to extend the shelf-life of half shell oysters. The atmospheric mixes
containing elevated levels of carbon dioxide successfully controlled microbial growth in
the packaged oysters. However, informal sensory analysis identified a detrimental flavour
likely associated with dissolution of carbon dioxide into the water and lipid phases of the
oysters.
This thesis has developed several strategies to understand spoilage and assess the
shelf-life of oysters. These techniques will be valuable in the future development of novel
value added oyster products. Further, the approaches utilised here can be used as a
framework for assessing shelf-life of other Australian seafood products.
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Chapter 1: Introduction
Preface
The purpose of this chapter is to provide background information about oyster biology and
provide a brief history of oysters in Australia. Current farming and marketing techniques
are discussed, as is the need for thorough knowledge of product shelf-life. A brief
description of microbiological, chemical and enzymatic spoilage is provided, as is a
summary of techniques available for shelf-life analysis of seafood with specific reference
to oysters. Possible mechanisms to extend the shelf-life of oysters are also discussed.
Lastly, the aims of this thesis are presented.

1.1 Oysters
The term oyster is used to describe a soft bodied animal of phylum Mollusca that is
contained within two dorsally hinged calcified valves (Spencer, 2007). The shell valves,
which are predominantly composed of calcium carbonate, are cupped on one side (left
valve) and flat on the other (right valve) (Gosling, 2007a). Photographs of the exterior shell
of the Pacific oyster, Crassostrea gigas, are provided in Figure 1.1. The soft body is
comprised of the internal organs of the animal which are enveloped within a thick tissue
layer called the mantle (Gosling, 2007b). A diagram showing the internal components of
an oyster is provided in Figure 1.2. As with most bivalves, the adductor muscle of oysters
is composed of two main sections: the ‘quick’ and the ‘slow’ acting components (Spencer,
2007). The translucent ‘quick’ component is responsible for rapid closure of the shell,
while the opaque ‘slow’ part of the muscle can maintain shell closure for long periods in
conditions such as intertidal exposure (Spencer, 2007). Like most molluscs, they possess
an open circulatory system where the haemolymph is distributed via a network of sinuses
(Schmitt et al., 2012).
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Figure 1.1: Photographs of external shell of Crassostrea gigas.

Figure 1.2: Diagram showing main internal anatomical components of Crassostrea gigas.
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The distinctive features of C. gigas are an elongated, tear drop shape, a heavily
frilled shell, valves of similar size with one deeply cupped, an exterior shell that is often
whitish and can have purple or red patches, an interior surface that is opalescent and can
have mauve or brown patches and a black mantle (Yearsley and Last, 1999; Gosling,
2007a). The Sydney rock oyster, Saccostrea glomerata, has valves of unequal size and
shape and an exterior that is either a grey-white, dark purple or blue (Yearsley and Last,
1999). The interior shell surface is chalky and white with either purple or blue colour
patches and a mantle that is pale in colour (Yearsley and Last, 1999). In comparison to
S. glomerata and C. gigas, the shell of the Native oyster, Ostrea angasi, is more rounded
with an outer surface that is either purple-green, olive-brown or grey (Yearsley and Last,
1999).
Recent work undertaken by Padula et al. (2012) evaluated the compositional
profiles of Australian oysters and other types of seafood. The work demonstrated that
C. gigas, S. glomerata and O. angasi all possess a fatty acid profile dominated by
polyunsaturated fatty acids. The compositional profiles indicated that oysters are a good
dietary source of the nutritionally beneficial omega-3 fatty acids eicosapentaenoic acid and
docosahexaenoic acid. All three oyster species were found to be good dietary sources of
magnesium, while S. glomerata was also found to be a good source of iodine and selenium
and O. angasi was identified as being a good source of phosphorus and selenium. Oysters,
and other molluscan shellfish, differ to crustaceans and fish whereby the carbohydrate,
present in the form of glycogen, is used as the main energy reserve rather than lipids
(Ashie et al., 1996; Jay et al., 2005). Brown (2011) evaluated glycogen in C. gigas and S.
glomerata over a 2 year period and reported a mean wet meat weight concentration of
2.63% ±1.48 SD (Range 0.45–6.27).
Oysters exhibit a reproductive cycle that changes throughout the year in line with
environmental parameters. For C. gigas, this cycle begins with initiation of gametogenesis,
followed by an active gametogenesis stage, then maturity and spawning phases followed
by a re-absorption phase (Enriquez-Diaz et al., 2009). The concentration of glycogen
changes in line with this reproductive cycle. For C. gigas cultured in South Australia,
glycogen increases throughout winter and autumn months and decreases dramatically
following a spawning event during summer (Li et al., 2009). The concentration of
glycogen peaks just prior to initiation of gametogenesis (Mason and Nell, 1995);
gametogenesis is associated with increased lipid and protein at the expense of glycogen
(Berthelin et al., 2000). A study by Mason and Nell (1995) indicated that in New South
3

Wales, C. gigas spawns earlier than S. glomerata and that the consequent depletion of
energy reserves was more dramatic for C. gigas; likely due to the serial spawning nature of
S. glomerata.
In oysters, the gill complex fulfils two purposes: respiration and feeding. Water is
moved through the mantle cavity and across the gills for respiration and at the same time
suspended particles in the water column are captured within mucous layers in ciliary tracts
on the surface of the gills; a strategy referred to as suspension or filter feeding (Gosling,
2007c). The captured food particles are transported along a ciliated food groove to the
labial palps where they are either passed onto the mouth (anterior of the palps) for
digestion or rejected as pseudofaeces and expelled via the exhalant flow (Spencer, 2007).
Phytoplankton are considered to be the main prey items of oysters, however marine seston
can present a complex array of food types for potential consumption (Barille et al., 1997).
Oysters also consume bacteria and organic matter (Newell, 1979), with the latter
particularly prevalent in estuarine environments (Barille et al., 1997). The filter feeding
action of oysters can accumulate biotoxins from harmful algae, pathogenic bacteria and
viruses that can represent significant risk to human health (Richards, 1987; Hlady and
Klontz, 1996; Toyofuku, 2006). These risks are not considered further in this thesis as the
focus is on spoilage.
Due to their feeding strategy, the microbial communities of oysters usually reflect
the organisms present in their harvest areas (Schmitt et al., 2012). Counts from freshly
harvested shellfish are variable in line with environmental conditions and can range from ≤
3 log10 CFU per gram in cold water to ≥ 6 log10 CFU per gram in warm waters (Feldhusen,
2000; ICMSF, 2005). The bacteria reported in molluscan shellfish are similar to those
found in freshly harvested fish from the same regions, although Vibrio are usually more
prominent (ICMSF, 2005). The following bacteria have been reported in fresh oysters:
Pseudomonas, Vibrio, Shewanella (Cao et al., 2009a; Prapaiwong et al., 2009),
Alcaligenes,

Enterobacteriaceae,

Moraxella,

Acinetobacter,

Flavobacterium,

Corynebacterium, Staphylococcus, Micrococcus, Lactic acid bacteria, Bacillus (Cao et al.,
2009a), Serratia, Proteus and Clostridium (Jay et al., 2005).
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1.2 History of oysters in Australia
Oysters have long been prized for their delicate flavours and ocean aromas. Indeed, even
within Australia, the consumption of oysters is not a new phenomenon and dates back to
aboriginal populations 30-40,000 years ago (Smith, 1985). Analysis of middens has shown
that oysters comprised part of the diet of the coastal aboriginal communities with oyster
shells representing a core component of some middens (Bailey, 1975; Sullivan, 1984). At
Ballina in New South Wales (NSW), middens up to 400 m long and 4 m high have
accumulated over the last 2,000 years. In this northern NSW location, the oyster shells
were predominantly composed (98%) of S. glomerata (formerly S. commercialis) (Bailey,
1975); whereas a midden analysis at Pambula Lake in southern NSW revealed the majority
of the oysters shells were from native oysters (O. angasi) (flat oysters) and that S.
glomerata only represented 5% of the overall deposit of the midden (Sullivan, 1984).
Dredge fishing for oysters occurred in Queensland, NSW, South Australia and
Tasmania from the early colonist days (Smith, 1985; Olsen, 1994; Nell, 2001). However,
by around the turn of the 19th century, the natural O. angasi stocks were largely depleted
(Olsen, 1994; Nell, 2001) and S. glomerata had also been heavily fished in NSW
(Roughley, 1922). Early attempts (Ca 1870) to culture oysters in Australia, using a Frenchstyled system of drains and channels as fattening grounds, were largely unsuccessful
(Roughley, 1922). The first successful attempts to culture oysters on a commercial scale in
Australia occurred in 1896 where lease holders placed stone, logs or sticks into settlement
areas to collect S. glomerata spat for later relaying to fattening areas (Roughley, 1922)
forming the basic technique that is still employed in NSW today (O'Connor and Dove,
2009). C. gigas were first imported to Australia in 1947 from Japan into Western Australia
and Tasmania (Thomson, 1952), whilst the Western Australian stock failed, those in
Tasmania flourished and formed sustainable populations (Thomson, 1959). In 1968, C.
gigas were introduced into South Australia (SA) from Tasmanian stocks into Kangaroo
Island, Coobowie and Coffin Bay for farming (Olsen, 1994).

1.3 Current Australian cultured oyster industry
The Australian oyster sector has now emerged as a significant industry; in 2010/2011 it
was valued at nearly 99 million Australian dollars, representing approximately 10% of the
overall value of Australia’s aquaculture sector (Skirtun et al., 2012). The value and
production figures for the industry for the period 2000 – 2011 are provided in Figure 1.3.
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The bulk of production occurs in New South Wales, Tasmania and South Australia;
production values in these states in 2010/2011 were valued at approximately 38.3, 23.5 and
36.5 million AUD respectively (Skirtun et al., 2012).

17000

100000

Value ($,000)
Tonnes

90000

16000
15000
14000
13000

80000

12000

70000

Tonnes

Value ($AUD,000)

110000

11000
60000

10000
9000

00
-0
01 1
-0
02 2
-0
03 3
-0
04 4
-0
05 5
-0
06 6
-0
07 7
-0
08 8
-0
09 9
-1
10 0
-1
1

50000

Year

Figure 1.3: Value and production volume for the Australian oyster industry
2000-2011.Generated from data provided by Skirtun et al. (2012).

There are two main species of oysters cultured in Australia: S. glomerata and C.
gigas and to a much lesser extent O. angasi. C. gigas represents 65% of production
Australia wide, while S. glomerata represents 34% and O. angasi only 1% (personal
communication by Rachel King, Executive Officer, Oysters Australia). In NSW the bulk of
production is of S. glomerata (87% of production) and to a lesser extent C. gigas (12% of
production) (Livingstone, 2013). In South Australia and Tasmania, nearly all cultured
oysters are C. gigas. The main oyster production areas in Australia are shown in Figure
1.4.
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Figure 1.4: Major oyster production areas in Australia (in red).

Nearly all C. gigas are hatchery reared animals whereas supply of juveniles of S.
glomerata includes a combination of natural settlement spat and hatchery reared stock;
although the proportion of hatchery reared S. glomerata spat used has increased in line
with increased spat availability (O'Connor and Dove, 2009). Research at the Port Stephens
Fishery Institute has underpinned an increase in hatchery-sourced supply of juvenile O.
angasi and these efforts have underpinned the resurgence of this oyster in Australia
(O'Connor and Dove, 2009); although as previously cited, this oyster still only represents a
very small proportion of overall production.
In Australia, oysters are predominantly sold as fresh live product to the food service
sector (53%) and to a lesser extent through fish mongers (37%), major retailer (7%) and a
small proportion is sold to export markets 3% (Anon, 2009b). When oysters are presented
to consumers in Australia, they are normally on the half shell with the meat turned to
expose the cupped side (Figure 1.5). The Australian edible oyster business plan 2009-2014
identified that a major limitation to growth of the industry was accessing new market
segments and driving increased consumer demand (Anon, 2009a). The report identified
that a key strategy should be to encourage the development of new oyster products that
increase the consumer offerings. Potentially, packaged oysters that possess longer shelflives may allow access into new markets.
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Figure 1.5: Photograph of a shucked Pacific oyster (Crassotrea gigas) (left) and a
shucked Sydney rock oyster (Saccostrea glomerata) (right). Meats have been turned to
expose the cupped side, as per Australian retail practice. Sydney rock oyster photograph
provided by R. King, Oysters Australia.

1.4 Seafood spoilage
Nearly all foods begin to deteriorate upon harvest due to a combination of metabolic
activities of microbiota, enzymatic reactions and biochemical reactions, all of which may
also interact with each other (Moir, 2001). Spoilage can be considered as the point when a
food product becomes unsuitable for consumption as judged by sensory evaluation due to
objectionable odours or flavours, colour loss, changes in texture, formation of slime, gases
or other physical changes (Moir, 2001; Gram, 2009). The exact pathways of spoilage are
flexible and are dictated by the chemical composition of the food and the storage
conditions that are applied (Ashie et al., 1996). In this thesis, the term freshness is used to
describe the attributes of seafood (odour, taste, texture and appearance) that are associated
with seafood immediately following harvest.
The shelf-life of fresh seafood is, in the main, shorter in comparison to most
terrestrial foods as they generally possess increased levels of free nitrogen, a high muscle
pH and a microbiota dominated by psychrotrophic bacteria (Gram and Huss, 1996; Gram
and Dalgaard, 2002; Jay et al., 2005; Slattery, 2009). The reduced shelf-life for most
seafood is an important factor for the seafood industry as the economic costs of wastage of
spoiled food products can be significant. It has been estimated that in the United States
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during 2003 that approximately 30% of fish and shellfish was discarded between the point
of harvest and consumption (Sperber, 2009). There is also concomitant loss of consumer
confidence due to exposure to objectionable odours and flavours (Nychas et al., 2007).
Thus, it is critical to understand spoilage processes and have the ability to assess the
remaining shelf-life of the product to minimise wastage and ensure that only fresh products
are supplied to consumers. In addition to economic losses, there is also unnecessary carbon
dioxide emissions from the production and processing of foods that are not consumed
(Gustavsson et al., 2011); these emissions are attracting increased attention internationally.
While there is an extensive body of research considering the food safety
implications of oysters, there is little work dedicated to spoilage and shelf-life assessments
of oysters. Factors relating to the food safety status of a product do not generally relate to
organoleptic shelf-life; a spoiled fish may present no risk to a consumer and the reverse is
also true (Nychas et al., 2007; Gram, 2009). What follows is a brief description of the
general aspects of microbiological, enzymatic and chemical spoilage processes of seafood.
More detailed information on oyster spoilage is provided under Section 1.5.

1.4.1 Microbial spoilage

The biochemical profile of seafood contains compounds such as free amino acids, volatile
nitrogenous compounds, ammonia and trimethylamine-oxide (Ashie et al., 1996). Upon
death, the innate immunity system that controls resident and pathogenic microbiota ceases
to function and these compounds make ideal substrates for the growth of most
heterotrophic bacteria (ICMSF, 2005; Schmitt et al., 2012). The growth and metabolic
activities of these microorganisms can result in the development of off-odours and
flavours, discolouration, texture changes and slime formation (Ashie et al., 1996; Gram,
2009).
The proportion of organisms that result in spoilage form a very small proportion of
the initial microbiota (Ashie et al., 1996); during storage, these organisms become
abundant due to the selective action of storage conditions, microbial activities and changes
in biochemical composition (Naum et al., 2008). Combinations of the above factors
determine which bacterial species will become abundant. Those that actually contribute to
the emergence of undesirable organoleptic qualities are referred to as specific spoilage
organisms (SSO). The most commonly identified SSO of iced and cold stored fish are from
the genera Shewanella, Pseudomonas and Photobacterium (Ashie et al., 1996; Gram and
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Dalgaard, 2002; ICMSF, 2005). The importance of the latter was not realised until more
recently as it is inactivated by some standard microbiological techniques (Dalgaard et al.,
1997; ICMSF, 2005). Both Shewanella and Photobacterium are capable of reducing
trimethylamine-oxide to trimethylamine (TMA); a compound that is responsible for fishy
odours that are often associated with spoiled seafood (Gram and Dalgaard, 2002).
Pseudomonas is responsible for the production of fruity, rotten, sulphydryl odours and
flavours (Gram and Huss, 1996).
As previously mentioned, oysters possess high levels of glycogen in comparison to
other seafoods. This differing physiological profile results in a changed spoilage pattern
from other seafood types whereby glycogen is fermented to organic acids by saccharolytic
and fermentative bacteria (Fernandez-Piquer et al., 2012; ICMSF, 2005; Jay et al., 2005;
Zhang et al., 2009) with lactobacilli, streptococci and yeasts dominating the later stages of
spoilage (Fieger and Novak, 1961; Shiflett et al., 1966; Jay et al., 2005). For this reason, a
decline in the pH of oyster meats has long been considered to relate to oyster freshness;
Hunter and Linden (1923) first suggested that pH could be used to estimate freshness and
that oysters with shell liquor with a pH below 5 were usually spoiled, whereas a pH of 6.1
to 5.6 represented a zone where oysters were changing from good to sour. The work of
Liuzzo et al. (1975) confirmed that the declining pH of oyster meat and liquor may make a
suitable index of freshness.

1.4.2 Enzymatic spoilage

Enzymes are a natural component in the edible tissues of seafood and play an important
role in the post harvest quality of seafood (Haard, 2002). Whilst the final stages of shelflife are often associated with degradation associated with microbial activities, the initial
losses of freshness associated attributes are usually due to the autolytic action of
endogenous enzymes (Ashie et al., 1996). It should be noted that some of these enzymes
also result in beneficial changes in seafood such as the development of desirable tastes and
textures (Nielsen and Nielsen, 2012).
The action of endogenous enzymes can impact physical characteristics and texture
post-mortem. Adenosine-5'-triphosphate (ATP) is the main nucleotide that is present in
fish muscle and represents a ready source of energy (Nielsen and Nielsen, 2012). In postmortem fish, it is gradually depleted by membrane and endogenous enzymes; a process
which ultimately results in the formation of adenosine diphosphate (ADP) and reduced pH
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(Nielsen and Nielsen, 2012). The catabolism of ATP to ADP is followed by successive
reactions resulting in nucleotide degradation. The following reaction pathway is facilitated
by a series of enzymes: ATP → ADP → adenosine monophosphate (AMP) → inosine
monophosphate (IMP) → inosine (HXR) → hypoxanthine (HX) → xanthine → uric acid
(Ashie et al., 1996). Sensory analysis with a hedonic flavour rating system has established
a relationship between IMP and HX levels whereby increased level of IMP correlated with
more favourable hedonic scores and increased HX level corresponded to less favourable
scores (Fletcher et al., 1990). IMP has been associated with the pleasant flavour of meat or
fresh seafood (Ashie et al., 1996; Nielsen and Nielsen, 2012), whereas HX is known to
impart a bitter flavour (Hughes and Jones, 1966).
Seafood is well known for its abundance of polyunsaturated fatty acids. During
storage, these polyunsaturated fatty acids can become subject to oxidation, which can lead
to the development of unfavourable odours and flavours (German et al., 1985). It was
originally considered that this occurred solely due to non-enzymatic action (German et al.,
1985; Ashie et al., 1996). However, it is now believed that this, at least in part, is
facilitated by enzymes (German et al., 1985; McDonald and Hultin, 1987).
In addition to the aforementioned impacts on taste during post-harvest storage,
enzymes are also capable of catalysing trimethylamine-oxide to dimethylamine and
formaldehyde, particularly in frozen fish (Nielsen and Nielsen, 2012). Dimethylamine
imparts a milder odour than TMA, whereas formaldehyde can affect meat texture resulting
in toughness, stringiness, loss of juiciness and increased drip loss (Nielsen and Nielsen,
2012).

1.4.3 Chemical spoilage

The most common forms of chemical spoilage are oxidative processes, which lead to
deterioration of foods during storage due to rancidity, texture changes and detrimental
colour affects. Lipid oxidation is a major cause of quality deterioration in chilled and
frozen fatty seafood due to the high level of polyunsaturated fatty acids (Refsgaard et al.,
1998). It occurs through autoxidation, photooxidation and as already stated, enzymatic
pathways. Autoxidation is the most common pathway and is a direct reaction of oxygen
with organic compounds such as long chain unsaturated fatty acids, which triggers a free
radical chain reaction (Frankel, 1988). This oxidation can have a significant impact on the
development of off-flavours and off-odour (Frankel, 1988). Lipid oxidation products can
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also interact with other biochemical compounds resulting in protein denaturation, texture
changes, darkening of colour and nutritional losses (Fernández et al., 1997; Baron et al.,
2007; Shahidi and Zhong, 2010).

1.5 Techniques to assess oyster spoilage
Controlled time-temperature storage experiments can be used to yield information on the
causes of post-harvest spoilage and this information could potentially benefit industry by
minimising economic losses associated with wastage (Olafsdottir et al., 1997; Nychas et
al., 2007; Nychas et al., 2008). This information can also be used to develop rapid
analytical methods to measure loss of freshness and spoilage with the aim of providing
only high-quality fresh products to the consumer (Nychas et al., 2008), a result that will be
of benefit to the oyster industry. What follows is a description of common techniques
available to assess oyster freshness in controlled storage experiments.

1.5.1 Sensory

Sensory evaluation of spoilage has been reported as the most appropriate indicator of
spoilage for shucked oysters (ICMSF, 2005). Sensory analysis is a rapid tool that can be
used to assess attributes associated with the freshness of seafood and importantly, it can
yield specific information on consumer perception of product (Hyldig and Green-Petersen,
2004). Sensory tests can be either objective testing through the use of a trained panel or
subjective, which usually involves the use of a consumer panel (Nielsen et al., 2002). A
trained panel involves the use of panellists that are selected based on their skills of
consistently assessing sensory characteristics whereas a consumer panel is normally
comprised of large numbers of panellists that often have no specific knowledge of the
product attributes being assessed.
A quality index method (QIM) is a sensory method for estimating remaining shelflife of raw seafood using defined characteristics (Martinsdottir, 2002) that is useful in an
industry-based setting. This technique is based on a method originally described by
Bremner (1985) where the characteristics targeted by these methods change throughout
storage due to deterioration of freshness. Characteristics assessed are attributes such as gill
colour, odour and flesh texture. Scores from each attribute, usually scored from 0 (fresh) to
3 (deteriorated), are summed to form the total sensory score (Martinsdottir, 2002); the
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lower the score, the fresher the fish. A correctly developed QIM will increase linearly with
storage time (Martinsdottir, 2002). These methods are advantageous as they are quick to
undertake (once developed), can predict shelf-life and are suitable for use by industry
(Nielsen et al., 2002). Importantly, the QIMs usually take species-specific differences into
account, and as a result, it is necessary for individual QIMs to be developed for each
species. Due to the efficiency and usefulness of these methods, they are used
internationally by food processing factories, auction facilities and also in research institutes
(Hyldig and Green-Petersen, 2004). A QIM for C. gigas grown in the United States was
described by He et al. (2002); a description of this QIM is provided in Table 1.1. This QIM
method has subsequently been used by other authors (Hu et al., 2008; Cao et al., 2009a;
Cao et al., 2009b; Rong et al., 2010). To date, the method has not been assessed for use
with C. gigas that have been cultured in Australia or with S. glomerata.
Table 1.1: Freshness guide for Crassostrea gigas described by He et al. (2002).

Score

1

2

3

4

Odour

Hay/crisp

Strong seaweed

Spoiled with
slight sour
smell

Sour and putrid

Body Colour

Cream white

White, a few

Tan/ beige

Brown, many

striations

some striations

striations

Liquid

Clear

Clear with
Clear, large
small amount of amount of
debris
debris

Cloudy

Texture

Firm and elastic

Soft and less
elastic

Slightly mushy

Mushy

Mantle

Strong colour-

Slight fading

Mostly faded

Faded

Filaments well
defined

Filaments less
defined

Filaments
poorly defined

Filaments

Pale white,
translucent

Light gray,
translucent

Light gray,
partially opaque

White, opaque

brown/black
Gill

Adductor

undefined
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1.5.2 Microbiological techniques
1.5.2.1 Microbial culture

Standard plate counts can be used to assess the aerobic growth of culturable organisms.
This technique is commonly used to assess microbial growth in seafood; although, it
should be noted that growth of the actual organisms responsible for microbial spoilage is
often not clear within the growth curve (Gram and Huss, 1996). For an anaerobic plate
count (useful for analysis of modified atmosphere packaged product), plates can be
incubated in an anaerobic chamber. Isolates can be collected and later identified to provide
further information on the types of bacteria present on the basis of their biochemical
profiles (Boone et al., 2005). Marine microorganisms are predominantly halotolerant and
able to grow over a wide range of salinity, but display optimal growth at sodium chloride
(NaCl) concentrations of 1–3% (ICMSF, 2005). Thus, the use of standard plate count
media can underestimate counts of microorganisms taken from marine bivalves and a
media supplemented with either seawater, 1-3% NaCl or a marine agar should be used.
Selective media can also be used to quickly assess growth of different bacterial
groups for seafood. Counts of presumptive Shewanella species are normally estimated by
the pour plate technique in Lyngby Iron Agar (Gram et al., 1987; Atlas, 1997) at 46 °C
with a 5 mL molten overlay. Black colonies are assumed to be Shewanella or Shewanellalike bacteria. Counts of Pseudomonas species can be estimated by the spread plate
technique using Pseudomonas Cetrimide Fucidin Cephaloridine (CFC) Agar and incubated
for 48 hours. Counts of lactic acid bacteria can be estimated by pour plate technique using
MRS agar at 46 °C with a 5 mL overlay of molten (46 °C) de Man, Rogosa, Sharpe (MRS)
agar and incubated for 72 hours. Despite its recognised importance as a seafood spoilage
organism, there is currently no microbiological medium available for the determination of
P. phosphoreum. However, Dalgaard et al., (1996) described a conductance method using
incubation under CO2 to increase selectivity towards CO2 resistant P. phosphoreum. The
presence of luminescent bacteria can also be rudimentarily estimated by viewing standard
plate counts in the dark.
There are a few studies that describe microbiological spoilage of shucked oysters
during refrigerated storage using culture-based techniques. A study by Hood et al. (1983)
assessed the effects of storage on the microbial profile of whole-live and shucked meats
from the Eastern oyster, Crassostrea virginica. The authors reported significantly higher
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counts in the shucked meats during storage and attributed the higher counts to the removal
of antimicrobial compounds via the washing process. Earlier work on C. gigas indicated
that the surface of internal body components of healthy oysters are free from bacteria,
likely due to high flow rates of water across internal organs creating unfavourable
conditions for microbial growth (Garland et al., 1982). Whereas, the surface of spoiled
oysters had been colonised by diverse bacteria that the authors suggested may be due to a
failure of synergistic antimicrobial activities (Garland et al., 1982).
Cao et al. (2009b) also used culture-based techniques to assess changes in
community structure of the bacterial profile of shucked C. gigas during storage at various
temperatures (0, 5 and 10 °C). They reported that Pseudomonas and Vibrio as the most
dominant bacteria in spoiled oysters for all storage temperatures and that all storage
temperatures resulted in a declining pH profile. Lesser bacterial constituents at spoilage
included Enterobacteriaceae, Moraxella, Flavobacterium, Micrococcus, lactic acid
bacteria and Bacillus (Cao et al., 2009b). Another study by the same authors (Cao et al.,
2009a) revealed a similar profile of bacteria after 12 days of storage at 5 °C.

1.5.2.2 DNA sequencing and culture independent techniques

Molecular techniques for identifying isolated bacteria can be ideal as they are, in
comparison to biochemical methods, rapid and improve upon the identification accuracy
(Patel, 2001). The 16S rRNA gene is considered an ideal target for identification using
sequencing as it is present in all bacteria, the function of the gene remains constant (less
chance of selected changes) (Woese, 1987) and at 1,500 bp is large enough to contain
statistically relevant information (Patel, 2001); although, the entire gene does not need to
be sequenced to achieve a species-level identification (Patel, 2001). Sequences are
considered to be the same species if they group at greater than 97% sequence similarity,
the same genus at >95% similarity, the same family/class at >90% similarity and the same
phyla at >80% similarity (Schloss and Handelsman, 2004).
While culture-based techniques are a common tool for evaluating the
microbiological quality of foods, only a small proportion of overall bacteria are culturable
and these techniques may offer reduced information over culture-independent techniques
(Pace, 1997). Indeed, when microbial plate counts of oysters were compared to counts
obtained by epifluorescence microscopy, the latter method achieved counts 105 times
higher than those obtained using the agar-based approach despite using a marine agar to
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increase recovery (Romero and Espejo, 2001).

The authors considered that a large

proportion of the un-culturable bacteria were likely to be non-viable as a result of oyster
digestive processes. However, they also suggested that these bacteria could also be in a
viable, but non-culturable state due to the low water temperatures (12-14°C). Another
disadvantage of agar-based methods is that incubation temperatures and reagents contained
within the culture media generate a bias towards certain bacterial groups and do not give
an indication of the true microbial diversity (Amann et al., 1995).
Three studies have utilised culture–independent techniques to assess microbial
spoilage of oysters to date (Romero et al., 2002b; Fernandez-Piquer et al., 2012; Chen et
al., In press). An evaluation of bacteria in spoiled Chilean oysters, Tiostrea chilensis, used
restriction fragment length polymorphism analysis to assess oysters held at 18 °C for up to
100 hours post-harvest. Pseudoalteromonas was identified as the most abundant bacterium
present in the storage profile. Fernandez-Piquer et al. (2012) used a terminal restricted
length polymorphism (TRFLP) approach combined with a clonal library to assess changes
in community structures of whole-live C. gigas stored at various temperatures (4, 15 and
30 °C). That work identified Psychrilyobacter, a marine member of Fusobacterium, as the
dominant bacterium at both 4 and 30 °C, while a poorly described bacteria, most close in
similarity to Alkaliflexus was dominant at 15 °C. A recent study by Chen et al. (In press)
used denaturing gradient gel electrophoresis of polymerase chain reaction (PCR)
amplicons to assess changes in the main bacterial groups present in shucked C. gigas gill
tissue during storage at 4, 10 and 20 °C. The work identified a dominance of lactic acid
bacteria in the spoiled samples and Lactobacillus curvatus was considered by the authors
to be the main spoilage bacterium in the oyster gills stored at 4 and 10 °C. The prevalence
of lactic acid bacteria was in line with declining tissue pH reported in the study. Species
identified in the spoilage profile at 20 °C included Leuconostoc, Cytophaga, Lactococcus,
Pseudoalteromonas, Enterococcus, Clostridium and Fusobacteria. For oysters stored at
10 °C, the following genera were detected: Lactococcus, Lactobacillus, Weissella and
Clostridium, whereas, at 4 °C Lactococcus, Weissella, Enterobacter and Aeromonas were
detected in the samples. These data show significant variation in the microbiological
spoilage profile between studies; likely dependent on the microbial communities present in
harvest waters and the conditions applied to the oysters post-harvest.
Pyrosequencing is a recently developed technique that has revolutionised the field
of DNA sequencing and can be used for assessing microbial diversity (Margulies et al.,
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2005; Hamady et al., 2008). This technique can be used to reveal increased depth of
coverage that would not be possible to achieve using clonal libraries and TRFLP due to
practical and cost implications (Lauber et al., 2009). To date, no culture-independent
studies of this type have been used to assess the spoilage of shucked oyster meats in the
half-shell and to the author’s knowledge no studies have been reported where
pyrosequencing has been used to assess the microbial diversity of oysters. Identification of
the predominant microorganisms responsible for microbial spoilage using this technique
may allow the development of rapid assays, such as species-specific real-time PCR assays
that target spoilage organisms to estimate remaining shelf-life.

1.5.3 Traditional biochemical measures of freshness
1.5.3.1 Measurement of trimethylamine and other volatile bases

TMA has commonly been used as an indicator of decomposition of seafood as it
contributes to typical fishy odours that become apparent during storage and is formed via
the reduction of trimethylamine-oxide by some psychrotolerant bacteria such as
Shewanella and Photobacterium (Gram and Dalgaard, 2002). Methodologies for the
determination and use of this compound for quality analysis have been comprehensively
reviewed by Howgate (2010a) and Howgate (2010b). Chromatographic techniques are now
commonly utilised for the detection of TMA and other volatile bases (Iglesias and Medina,
2008; Chung and Chan, 2009; Zhang et al., 2009). However, it should be noted that in
most cases the determination of TMA and other volatile bases is only useful for
demonstrating that the product has already spoiled and is likely unsuitable for consumption
(Howgate, 2010b).

The occurrence of trimethylamine-oxide and TMA in Australian

oysters has not been reported. Also, the reduction of trimethylamine-oxide to TMA is
dependent on the bacterial communities present and may change with season and location
(Gram and Dalgaard, 2002).

1.5.3.2 Thiobarbituric Acid Reactive Substances (TBARS)

The Thiobarbituric Acid Reactive Substances (TBARS) test is widely used to assess lipid
oxidation, which is commonly associated with seafood spoilage. It is a colourmetric
determination of a pink colour that develops between 2-thiobarbituric acid (TBA) and TBA
reactive substances (Almandós et al., 1986). It has been demonstrated to increase during
storage of fresh and frozen oysters (Jeong et al., 1990; Hatate and Kochi, 1992; Cruz17

Romero et al., 2008a; Cruz-Romero et al., 2008b). Although, it should be noted that
oysters are low in fat in comparison to some other seafoods (Padula et al., 2012) and are
less susceptible to rancidity associated with lipid oxidation (Ashton, 2002).

1.5.3.3 K-factor

The K-value and a similar index known as the adenylate energy charge are used as
indicators of freshness by measuring nucleotide degradation (Saito et al., 1959). They are
calculated by quantifying ATP and its breakdown products ADP, IMP, HXR and HX. An
index is then developed by comparing the concentration of these compounds at harvest to
those present at spoilage (Vázquez-Ortiz et al., 1997). It has previously been used with C.
gigas subjected to iced and frozen storage, with studies concluding that the adenylate
energy charge was suitable for use as a freshness index for oysters stored in this manner
(Yokoyama et al., 1992; Wang et al., 2007). This technique requires specialist equipment
and may be a difficult technique to apply in an industry setting.

1.5.4 Gas chromatography-mass spectrometry

The volatile components of seafood form in the live animal, at slaughter, during processing
and during storage (Josephson, 1991). The volatile profile of a food product generated by
gas chromatography-mass spectrometry (GC-MS) can be considered to be a chemical
fingerprint of a food (Bianchi et al., 2007). Moreover, changes in volatile compounds
associated with loss of freshness and spoilage can be used as an indicator to predict shelflife (Olafsdottir et al., 1997).
Various techniques can be used to extract the volatile compounds from samples
prior to loading to the GC. However, the predominant methods used with seafood include
static headspace, dynamic headspace and solid phase micro extraction (SPME).
Advantages of static headspace include ease of use, ease of automation, and rapidity as
there is no need to manipulate or extract the sample (Frankel, 1988). Dynamic headspace
sampling provides increased detection of volatile and semi-volatile compounds and uses
lower extraction temperatures than the static headspace method (Frankel, 1988; Overton
and Manura, 1995). However, in recent years, SPME has been increasingly used for the
evaluation of volatile compounds of seafood (Duflos et al., 2005; Iglesias et al., 2007;
Sarnoski et al., 2010; Leduc et al., 2012). The reason that the use of this extraction method
has proliferated since its initial description by Arthur and Pawliszyn (1990) is that it is fast,
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solvent free, easily automated (Iglesias et al., 2009) and has similar sensitivity compared to
exhaustive extraction methods (Bojko et al., 2012).
Whilst the volatile aroma of fresh oysters has been assessed by several authors
(Josephson et al., 1985; Piveteau et al., 2000; Pennarun et al., 2002a, b; Fratini et al., 2012)
there has been less attention given to changes in volatiles that can be associated with loss
of freshness during storage (Zhang et al., 2009; Fratini et al., 2013). Fratini et al. (2013)
evaluated the effects of storage of whole live C. gigas using SPME-GC-MS. However,
when oysters are stored live, the animal holds the shell tightly closed and conditions
become increasingly anoxic (Cook, 1991) and the volatile profile of shucked oysters
during storage may be different to that of live oysters. The volatile profile of fresh and
spoiled shucked C. gigas was examined by Zhang et al. (2009). They characterised the
volatile profile of fresh and spoiled oyster meats using both steam distillation and SPME as
extraction methods prior to GC-MS. However, samples were only collected when oysters
were either freshly harvested or completely spoiled with no samples collected in between.
As a result, it is unknown if the changes detected in spoiled samples occurred as a result of
slow gradual changes or they appeared rapidly at the end of storage. Further, the aroma of
oysters is strongly related to their fatty acid composition (Piveteau et al., 1999) and the
fatty acid profile of oysters is known to differ in line with the oyster diet (Soudant et al.,
1999). Further work is warranted to assess the volatile profile of Australian oysters to
identify compounds that could potentially be used as a freshness index.

1.5.5 Near-infrared spectroscopy

The complex near-infrared (NIR) spectrum (800-2500 nm) of a food sample is related to its
molecular vibrational aspects and represents the unique physical and chemical properties
of the sample (Workman and Weyer, 2008). Since the 1960s, Near-infrared-Reflectance
Spectroscopy (NIRS) has increasingly been utilised in various agricultural industries in
routine measurements (Dufour, 2008). The use of this technique has expanded rapidly due
to advances in instrumentation, chemometric software and data pre-processing techniques
that have contributed to the ability to analyse wet materials (Griggs et al., 1999; Murray
and Cowe, 2004). Further, it is a low cost, rapid technique (once established) that can
assess various quality aspects simultaneously (Workman, 1993). In many cases the test can
be non-destructive (Workman, 1993). The use of NIRS with seafood was recently
reviewed by (Cozzolino and Murray, 2012). For oysters, two studies have considered the
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usefulness of NIRS for use in the oyster industry (Brown, 2011; Brown et al., 2012),
leading to useful calibrations for moisture, total fat, protein and glycogen content of C.
gigas and S. glomerata for use in selective breeding trials requiring large numbers of
samples.
Lin et al. (2006) used short wave regions of the NIR spectrum (600 to 1100 nm) to
assess freshness of Rainbow trout (Oncorhynchus mykiss). The authors successfully
developed a principal component model that could separate fish stored for differing times
indicating that the identified spectral region could be used to detect the biochemical
breakdown and changes caused by the activities of spoilage microflora in fish. They also
successfully developed a partial least squares calibration that could predict microbial loads.
Consequently, NIRS could potentially be used to assess the freshness of oysters and be
used as a rapid screening tool for large volumes of product. Further, as the NIR spectrum
represents the unique physical and chemical properties of the sample, it can be used for
interpreting biological changes that occur during storage and may reveal detailed
information on these processes (Workman and Weyer, 2008).

1.5.6 Analysis of colour

The visual characteristics of a product are usually the first attributes that a consumer
perceives. Attributes such as colour can be paramount to product acceptance as consumers
can associate colour with flavour and freshness as it often correlates with physical,
chemical and sensory aspects of the food (Leon et al., 2006; Pedreschi et al., 2006). Colour
can be measured using either basic sensory analysis, specifically designed instruments and
by Digital Image Analysis (DIA). DIA using standard photographic equipment can capture
extremely detailed information over a large surface area. Considering that the gonad and
adductor colour of oysters has been reported to change throughout storage (He et al., 2002)
it may represent a useful, cost effective yet objective tool for the analysis of colour
degradation of oysters during storage.
The use of DIA in seafood has been limited, though it has been utilised in other
foods for analysis of detrimental colour development such as browning of potato chips
during cooking (Pedreschi et al., 2006), discolouration of beef during storage (Larrain et
al., 2008) and enzymatic browning of vegetables (Zhou et al., 2004). Images are collected
using a standard digital camera under a controlled light source that is not impacted by
surrounding light using the longest exposure setting possible. Images can then be exported
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to third party software such as Adobe Photoshop®; either the whole product or specific
sections can be selected and the CIE L*a*b* colour values (CIE, 1976) of the selection
estimated using the Average Blur tool. Image segmentation algorithms have also been
developed for high throughput analysis that are less labour intensive and can rapidly
increase the speed of data collection (Kang and Sabarez, 2009).

1.6 Shelf-life extension
The shelf-life of an oyster is short (several days) once the animal has been shucked and
death occurs. This short shelf-life presents a barrier for the Australian oyster industry in
accessing new markets that demand products with longer shelf-lives. Internationally,
several approaches have been undertaken to extend the shelf-life of oysters, while
maintaining the raw appearance of the product. Extensive research has focused on High
Pressure Processing (HPP) of oysters as it is a simple, well accepted processing technique
that can be used to delay the onset of spoilage in foods and also separates the adductor
muscles from oyster shells (He et al., 2001). It is increasingly being utilised in commercial
settings for products such as seafood, fruits and vegetables, juices and processed meats as
it offers several advantages over other processing techniques such as thermal processing
(Murchie et al., 2005; Grove et al., 2006; Trejo Araya et al., 2009). However, the level of
capital expenditure to install this technology is high and likely beyond that of a standard
oyster processor (Martin et al., 2007). Research into freezing of oysters as a means to
extend shelf-life has also been undertaken. This has included assessing the affects of
antioxidants on shelf-life (Jeong et al., 1990) and also measuring changes in quality
attributes during extended frozen storage (Balasundari et al., 1997a; Balasundari et al.,
1997b). However, there is an increasing trend to consume seafood that has not been frozen
(Speranza et al., 2009). Modified atmosphere packaging (MAP) is a technique that can
extend the shelf-life of fresh foods, while preserving the raw appearance, texture and
odours. The technique could also add value to the industry by increasing the price point per
unit as it provides consumer friendly packaging and combined with the extension of shelflife these aspects can attract a premium price. The potential use of this application for
oysters has not been adequately assessed.
MAP generally refers to packing a food product within an enclosed chamber where
a manipulation of atmospheric gases is applied to extend the shelf-life (Jay et al., 2005).
Three gases are predominantly used: carbon dioxide (CO2), oxygen (O2) and nitrogen (N2)
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(Church, 1994; Jay et al., 2005). CO2 inhibits the growth of moulds, yeasts and highly
aerobic bacteria by extending the lag phase and reducing growth rates during the
exponential phase (Genigeorgis, 1985; Kostaki et al., 2009). Gram-negative bacteria are
regarded to be more sensitive to CO2 than Gram-positive bacteria, with pseudomonads
amongst the most susceptible (Molin, 1983). In contrast, obligate anaerobes (especially
Clostridium), lactic acid bacteria and possibly other facultative anaerobes are highly
resistant to CO2 (Molin, 1983; Genigeorgis, 1985). Moreover, CO2 tolerant strains of the
Gram-negative seafood spoilage organism, P. phosphoreum, have been reported (Dalgaard
et al., 1997). CO2 is highly soluble in lipids and water. Once dissolved it results in a drop
in surface pH and in high moisture foods can lead to pack collapse due to its dissolution
creating a partial vacuum within the chamber (Church, 1994; Sivertsvik et al., 2002b). The
decrease in pH affects the water-holding capacity of the flesh and therefore, may result in
increased drip loss from the product (Reddy et al., 1992). Oxygen is advantageous in red
meat packs as it maintains myoglobin in its oxygenated form, oxymyoglobin (Ferioli et al.,
2008). However, increased levels of O2 can also result in increased oxidation of lipids,
cholesterol and proteins (Ferioli et al., 2008). In products where oxidation can be
problematic, oxygen can be replaced with N2 in MAP packs as it is an inert tasteless gas
that has low solubility in lipids and water and thus is often used to counteract the effect of
pack collapse due to CO2 (ICMSF, 2005). Each product type must be assessed to ascertain
the most suitable mixture and concentration of gases to extend shelf-life (Reddy et al.,
1992).
The literature concerning the advantages of MAP treatments for bivalve shellfish is
extremely limited and is predominantly focused on mussels. It has been suggested that live
mussels be stored in a mixture of 75% O2/25% N2 to extend shelf-life by 48-72 hours,
although negligible changes in the quality indices used in that study suggest a possibly
longer shelf-life (Pastoriza et al., 2004). Furthermore, quality evaluations were only
undertaken using one gas mixture that was selected solely based on low mortality rates and
did not contain the microbial inhibitor CO2. A MAP treatment of 80% CO2/20% N2 has
been identified by several authors as the most appropriate atmosphere for storage of
shucked Mediterranean mussels, Mytilus galloprovincialis, as it results in the lowest
microbial counts and most favourable scores for biochemical indicators of quality and
sensory analysis (Goulas et al., 2005; Caglak et al., 2008; Goulas, 2008). Only one study
involving MAP treatment of oysters has been reported and the authors examined combined
treatments with HPP and differing packaging strategies (Cruz-Romero et al., 2008a). Only
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one MAP treatment was evaluated (40% CO2/60% N2) on live and HPP processed C.
gigas. That treatment resulted in reduced microbial counts, more favourable scores for
biochemical indicators of quality. To date, no studies have been undertaken to evaluate the
effects of a wide range of MAP treatments on either whole or shucked oysters. Potentially,
it may represent a cost-effective processing technique for extending the useful shelf-life of
half shell oyster products.

1.7 Conclusions
This review has identified wastage associated with spoilage as a significant issue for the
Australian oyster industry. Potentially, controlled storage trials using oysters may allow the
development of indicators to measure loss of freshness and spoilage with the aim of
minimising wastage and providing only high-quality products to the consumer. Research
into spoilage of oysters is limited; likely due to a focus on food safety-based issues with
this product. Several techniques have been identified that can be used to assess spoilage of
oysters and potentially used to develop indicators that can rapidly assess storage duration.
Further, the Australian oyster industry is looking for opportunities to remove
barriers and develop ways to access new market segments and driving increased consumer
demand.

Potentially, packaged seafood products with longer shelf-lives could open

avenues into new markets. Any new techniques for measuring the quality attributes of
oysters could potentially be used to underpin shelf-life assessments for new products.

1.8 Thesis objectives
Aim

To determine the spoilage processes of half shell Australian oysters (C. gigas and
S. glomerata) to minimise wastage and underpin the development of new oyster products
with longer shelf-lives.

Sub aims

1. To identify potential spoilage organisms of Australian oysters.
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2. To establish whether some rapid and objective analytical approaches can evaluate
the freshness and shelf-life of shucked Australian oysters.
3. To identify the feasibility for modified atmosphere packaging to extend the shelflife of half shell oysters.
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Chapter 2: A microbial spoilage profile of
half shell oysters
Preface
The first stage of the work undertaken as part of this project aimed to assess the microbial
spoilage profile of C. gigas and S. glomerata using a 16S rRNA pyrosequencing approach.
Initial attempts used microbial culture to capture information on several different groups of
bacteria through the use of selective agars (data not shown). The pH of oyster meat was
also assessed during storage as was the QIM described by He et al. (2002) (data not
shown); both were used to show that loss of freshness was occurring during the storage
trial and give relevance to the microbial growth curves. Although each trial was repeated
several times for C. gigas and S. glomerata reflecting various stages of their reproductive
cycle, the culture techniques did not clearly identify a group of bacteria that might be
associated with spoilage. Further, the QIM was not well suited to the oysters assessed as
only two attributes (odour and to a lesser extent the liquid appearance) of the seven that
were described showed consistent changes throughout storage associated with degradation
of freshness. The remaining five attributes showed either little change (body colour,
adductor colour and gill filaments), were impacted by natural variability between
individual oysters (mantle and texture) or were impacted by the reproductive stage of the
animal (texture). Thus, the full QIM was not used in any subsequent work. As a final set of
experiments, the microbial culture experiments were repeated and compared to 16S rRNA
pyrosequencing to reveal detail on the microbial spoilage profile. Consideration was given
to the identification of bacterial species that could be used to assess shelf-life.
The following chapter describes the final experiments and provides detailed
information on the microbial spoilage of half-shell oysters. The details for the submitted
manuscript are as follows:

Madigan, T.L., Bott, N.J., Torok, V.A., Percy, N.J., Carragher, J.F., de Barros Lopes,
M.A., Kiermeier, A., Submitted, (minor changes requested). A microbial spoilage profile
of half shell Pacific oysters (Crassostrea gigas) and Sydney rock oysters (Saccostrea
glomerata). Food Microbiology.
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A microbial spoilage profile of half shell Pacific oysters (Crassostrea gigas)
and Sydney rock oysters (Saccostrea glomerata)
2.1 Abstract
This study aimed to assess bacterial spoilage of half shell Pacific and Sydney rock oysters
during storage using microbial culture and 16S rRNA pyrosequencing. Odour and pH of
oyster meats were also investigated. Estimation of microbiological counts by microbial
culture highlighted growth of psychrotrophic bacteria. During storage, odour scores (a
score describing deterioration of fresh odours where a score of 1 is fresh and 4 is
completely spoiled) increased from 1.0 to 3.0 for Pacific oysters and from 1.3 to 3.4 for
Sydney rock oysters. pH results obtained for both species fluctuated during storage (range
6.28 to 6.73) with an overall increase at end of storage. Pyrosequencing revealed that the
majority of bacteria at Day 0 represented taxa from amongst the Proteobacteria,
Tenericutes and Spirochaetes that have not been cultured and systematically described.
During storage, Proteobacteria became abundant with Pseudoalteromonas and Vibrio
found to be dominant in both oyster species at Day 7. Analysis of the pyrosequencing data
showed significant differences in bacterial profiles between oyster species and storage time
(both P=0.001). As oysters spoiled, bacterial profiles between oyster species became more
similar indicating a common spoilage profile. Data presented here provides detailed insight
into the changing bacterial profile of shucked oysters during storage and has identified two
genera, Pseudoalteromonas and Vibrio, as being important in spoilage of shucked oysters.

2.2 Introduction
Freshly shucked oysters, like most seafood, have a shorter shelf-life in comparison to
terrestrial foods as they possess increased levels of free nitrogen, a high muscle pH and a
microbiota dominated by psychrotrophic bacteria (Gram and Huss, 1996; Gram and
Dalgaard, 2002; Slattery, 2009) Wastage associated with spoiled products can be
significant and there is also concomitant loss of consumer confidence due to exposure to
objectionable odours and flavours (Nychas et al., 2007). Thus, to maintain a favourable
public perception it is critical to understand spoilage processes and have the ability to
assess the remaining shelf-life of the product to ensure that only fresh products are
supplied to consumers.
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Spoilage of fresh oysters is complex, but generally includes metabolic activities of
microbial organisms and biochemical reactions such as oxidation or enzyme activity
(Ashie et al., 1996). Storage conditions and biochemical composition will dictate which of
these will dominate the spoilage process (Ashie et al., 1996). Importantly, spoilage patterns
of molluscan shellfish differ to most species of seafood as they contain high levels of
carbohydrate in the form of glycogen. This physiological difference results in a changed
spoilage pattern where glycogen is fermented to organic acids by saccharolytic and
fermentative bacteria (ICMSF, 2005; Zhang et al., 2009; Fernandez-Piquer et al., 2012).
Thus, decreasing pH of oyster meats has been used in several studies as an indicator of
decomposition since it was first suggested by Hunter and Linden (1923). They suggested
that oysters with shell liquor with a pH below 5 were usually spoiled, whereas a pH of 6.1
to 5.6 represented a zone where oysters were changing from good to sour. The microbial
profile of fresh oysters likely changes in line with microbial communities present in
harvest waters and often includes Vibrio spp. (Cook, 1991; ICMSF, 2005). However, as
spoilage proceeds, Pseudomonas and Vibrio spp. have been reported to become more
abundant in the profile, with enterococci, lactobacilli, and yeasts dominating the later
stages (Jay et al., 2005; Cao et al., 2009b).
To date, there are scant detailed evaluations of microbiological spoilage of shucked
oysters during refrigerated storage. A study by Hood et al. (1983) assessed the affects of
storage on the microbial profile of shucked meats from the Eastern oyster (Crassostrea
virginica) and a later study by Cao et al. (2009b) assessed the impact of various storage
temperatures on the microbial profile of the Pacific oyster (Crassostrea gigas). Both of
these studies utilised microbial culture techniques using either various microbiological
media or biochemical identification of selected isolates from non-selective agar. However,
one disadvantage of agar-based methods is that incubation temperatures and reagents
contained within culture media generate a bias towards certain bacterial groups and do not
give an indication of the true microbial diversity (Amann et al., 1995). In a study of fresh
Chilean oysters (Tiostrea chilensis), Romero and Espejo (2001) obtained counts by
epifluorescence microscopy and reported counts 105 times higher over those obtained
using an agar-based approach. Whilst culture-independent approaches have been employed
in freshly harvested oysters and have been used to assess the impact of storage on the
microbial profile of whole live oysters (Hernandez-Zarate and Olmos-Soto, 2006; La
Valley et al., 2009; Trabal et al., 2009; Green and Barnes, 2010; Fernandez-Piquer et al.,
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2012), no studies of this type have been used to assess changes in bacterial communities of
shucked oyster meats during storage.
The aim of this study was to assess the spoilage profile of half shell Pacific oysters
(Crassostrea gigas) and Sydney rock oysters (Saccostrea glomerata) using 16S rRNA
pyrosequencing to determine changes in the bacterial profile and identify any potential
specific spoilage organisms for oysters. These profiles will provide detailed insight into the
microbial ecology of shucked oysters during refrigerated storage. To provide context to the
16S rRNA pyrosequencing profiles, a microbial culture approach was used together with
sensory evaluation and pH analysis.

2.3 Materials and methods
2.3.1 Oysters, processing and storage

Pacific oysters were harvested from a commercial oyster farm in the Coffin Bay harvesting
region (34° 33' S, 135° 21' E) in South Australia on 30th May 2012. Oysters were of a
consistent size grade (mean shell length 6.6 cm (sd=0.26)). The live oysters were packed in
Styrofoam packaging and shipped overnight by refrigerated road transport (~8 °C) as per
standard industry practice for Pacific oysters. Oysters were processed immediately upon
receipt. Sydney rock oysters were harvested from a commercial oyster farm in the Camden
Haven harvesting region (31° 39' S, 159° 42' E) in New South Wales, Australia on 19th
June 2012. Oysters were of a consistent size grade (mean shell length 6.8 cm (sd=0.53)).
The live oysters were packed in Styrofoam packaging and shipped by road transport
(~12 °C for 48 hours). Once received, oysters were stored overnight at 10 °C (as per
standard industry practice for Sydney rock oysters) before processing.
For processing, oysters were scrubbed under running potable water and shucked by
separating the adductor muscles from both valves. They were then gently rinsed under
running potable water to remove debris and the meat turned to expose the cupped side.
Oysters were placed in compostable corn starch oyster trays (JMP Holdings Pty Ltd,
Victoria, Australia) (12 oysters per tray) and placed within unsealed polyethylene/nylon
pouches (Tailored Packaging, Rhodes Waterside, New South Wales, Australia) with the
end of the bag folded to prevent dehydration. Once processed, all oysters were stored at
4 °C until analysis for up to seven days.
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2.3.2 Microbiological testing

On each day of the storage trial three replicate samples were collected for microbiological
analysis. For each replicate, six oysters were aseptically removed from the half shell. The
meat and intra-valvular liquor were diluted 1:1 (w/w) with sterile peptone saline solution
(PSS) [1% (w/v) Bacto peptone (Oxoid Ltd, Basingstoke, England), 0.85% (w/v) NaCl at
pH 7 after sterilisation] and homogenised in a peristaltic homogeniser for one minute
resulting in a 1 in 2 dilution. A 20 g subsample was then further diluted 1:5 with PSS in a
sterile stomacher bag and homogenised for one minute resulting in a 1:10 dilution. Serial
decimal dilutions were then prepared as required using 9 mL PSS (Oxoid) as a diluent and
inoculated onto various microbiological media.
For Aerobic Standard Plate Counts, dilutions were spread onto Tryptone Soy Agar
(Oxoid) supplemented with 1% (w/v) NaCl and incubated for 48 hours. For hydrogen
sulphide producing bacteria (Shewanella and Shewanella-like), diluents were spread onto
Lyngby Iron Agar (Atlas, 1997) with a 5 mL overlay of molten Lyngby Iron Agar (at
46 °C) and incubated for 96 hours. For presumptive Pseudomonas counts, diluents were
spread onto Cetrimide Fucidin Cephaloridine (CFC) Pseudomonas agar (Oxoid) and
incubated for 48 hours. For presumptive Vibrio counts, diluents were spread onto
Thiosulphate Citrate Bile Sucrose (TCBS) medium (Oxoid) and incubated for 48 hours.
For presumptive yeast counts, diluents were spread onto Dichloran Rose-Bengal
Chloramphenicol (DRBC) agar (Oxoid) and incubated for 120 hours. Growth of suspected
yeast colonies on DRBC agar was confirmed by morphology using a compound
microscope. For counts of presumptive lactic acid bacteria, pour plates were prepared
using de Man, Rogosa, Sharpe (MRS) agar (Oxoid) at 46 °C with a 5 mL overlay of molten
(46 °C) MRS agar and incubated for 72 hours under the AnaeroGen W-Zip compact
system (Oxoid). All counts were estimated via colony counts multiplied by the appropriate
dilution factor following incubation at 25 °C. The limit of detection for all spread plates
was 100 CFU per gram and 10 CFU per gram for pour plates.

2.3.3 16S rRNA pyrosequencing

Samples for pyrosequencing were collected from both oyster species on Days 0, 3 and 7.
On each sample day, aliquots (1.5 mL) were collected from the initial 1 in 2 dilution
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described above from each of the three replicate samples (a total of 18 aliquots). Aliquots
were stored at -80 °C until further analysis.
For DNA extraction, 200 µL of the thawed aliquot was processed using the
FastDNA™ 2 mL Spin Kit for Soil (MP Biomedicals, California, United States of
America) as per the manufacturer’s protocol. A Precellys®24 (Bertin Technologies,
France) homogeniser was used for bead beating for 30 seconds at 6000 rpm. Resultant
extracts were assessed for quality by gel electrophoresis and used as DNA templates for
further analysis.
Amplicons of approximately 600 bp were amplified from the hypervariable
flanking regions V1–V3 of the 16S rRNA gene using the forward primer (5'
AGAGTTTGATCMTGG 3' (Lane, 1991)) and reverse primer (5' TTACCGCGGCTGCT
3') (taken and adapted from (La Valley et al., 2009)). Each forward primer was adapted
with multiplex identifiers to allow identification of individual samples in pooled
sequencing runs. All primers were adapted with either the “Primer A” (forward) or “Primer
B” (reverse) sequence of the emPCR Amplification System (available at http://454.com/)
to allow for hybridising to 454 GS-Junior DNA capture beads (454 Life Sciences - Roche
Diagnostics, Basel, Switzerland). Each PCR reaction consisted of 2 µL of DNA template,
1.25 U of FastStart Taq DNA Polymerase (Roche, Penzberg, Upper Bavaria, Germany), 1
× FastStart High Fidelity Reaction Buffer #2 (Roche), 0.2 mM dNTP mix (Invitrogen,
California, United States of America), 0.4 µM forward primer, 0.4 µM reverse primer in a
25µL total reaction volume. Reactions were carried out in a Maxygene Gradient
Thermocycler 1000 (Axygen, California, United States of America) with the following
amplification conditions: 95 °C for 5 min; 30 cycles of 95 °C for 45 sec, 40 °C for 45 sec,
72 °C for 30 sec; final extension at 72 °C for 10 min. To quantify the level of
amplification, 2 µL of each PCR amplicon were visualised on a 1% agarose gel containing
1 × GelRed™ (Biotium, California, United States of America).
Pyrosequencing was carried out using the GS Junior system (454 Life Sciences Roche Diagnostics, Australia) as per the Laboratory Method Manuals - GS Junior
Titanium Series for Amplicon Library Preparation, emPCR Amplification (Lib-L) and
Sequencing (available at http://454.com/). QIIME version 1.4 (Caporaso et al., 2010) was
used to process 16S rRNA pyrosequencing data by removing any low quality (quality
scores <25) or ambiguous reads, deleting reads with less that 200 bp or greater than
1000 bp, removing sequencing primer, assigning multiplex reads to samples and
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generating a table of Operational Taxonomic Units (OTU) grouped at 97% sequence
similarity. The OTU table was filtered to reduce noise in the dataset by removing OTUs
that were present in less than 10 sequence reads and less than two samples (reducing the
number of OTUs for further analysis from 4,389 to 550). A representative sequence for
each OTU was selected using QIIME 1.4 following PyNAST alignment. To identify the
most abundant OTUs for both oyster species on Days 0, 3 and 7, the top ten OTUs from
each replicate were identified and collated to form a list of abundant OTUs. OTUs were
considered to be dominant if they represented 5% or more of sequences in any sample
subjected to pyrosequencing. Representative sequences of abundant OTUs were assessed
using the National Centre for Biotechnology Information (NCBI) nucleotide Basic Local
Alignment

Search

Tool

(BLAST)

(Altschul

et

al.,

1990)

(available

at

http://blast.ncbi.nlm.nih.gov/Blast.cgi) searching within available 16S rRNA bacterial and
archaeal sequences. BLAST searches were also undertaken using the Nucleotide
Collection (nr/nt) database when required to compare sequences to those reported for
uncultured bacteria. The BLAST identifications to genus level can only be considered as
tentative as some groups are poorly defined by 16S rRNA sequences (Naum et al., 2008).
Sequences are considered to be of the same species if they group at greater than 97%
similarity, genus at >95% similarity, family/class at >90% similarity and phyla at >80%
similarity (Schloss and Handelsman, 2004).
Representative sequences of abundant species were deposited in the NCBI
GenBank sequence database (available at http://www.ncbi.nlm.nih.gov/genbank/) under
accession numbers KC109831 to KC109932.

2.3.4 Sensory

Sensory analysis was undertaken on all days except for Days 2 and 3 for Pacific oysters
and Days 1 and 2 for Sydney rock oysters. On each day of analysis, five to eight panellists
assessed oysters using the odour attributes described by He et al. (2002). Oysters
possessing sea/crisp odours were awarded an odour score of one, a strong seaweed odour a
score of two, spoiled with slight putrid smell a score of three and strong putrid a score of
four. Oysters were presented in a dedicated sensory laboratory under a white light and
housed in sections of black corn starch oyster trays. Each panellist assessed three different
oysters. The panellists, who worked in the area of food analysis, had repeatedly practiced
the use of this odour scale until competent in its use prior to this study.
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2.3.5 pH analysis

Samples were held at room temperature for 30 minutes to allow the temperature to
equilibrate prior to pH analysis. The meat and liquor of six oysters was homogenised
together using a Waring blender (Waring Laboratory Science, Connecticut, United States
of America) on a low setting for 30 seconds. A 10 g subsample was then diluted 1:10
(w/w) with reverse osmosis water in a clean Waring blender and homogenised for 30
seconds and analysed using a Eutech 510 pH meter (Thermo Fisher Scientific, Madison,
United States of America) fitted with a pH electrode (IJ44C, Ionode, Queensland,
Australia). Prior to each analysis, the instrument was subjected to a three point calibration
using room temperature calibration solutions.

2.3.6 Statistical analysis

For microbial culture data, odour scores and pH results, the open-source statistical software
R, version 2.15.2 (R Core Team, 2012) was used for graphing and generating Loess
smoothing curves (Cleveland et al., 1992), which were used to show general trends.
The 16S rRNA pyrosequencing data were subjected to multivariate analysis using
PRIMER 6 and PERMANOVA+β1 (PRIMER-E Ltd, Plymouth, England). Bray-Curtis
measures of similarity (Bray and Curtis, 1957) were calculated to examine similarities
between oyster bacterial communities from pyrosequencing OTU data matrices, following
standardization and fourth root transformation. Analysis of similarity (ANOSIM) (Clarke,
1993) was used to test if oyster bacterial communities were significantly different between
oyster species and among sampling times. The R-statistic value describes the extent of
similarity between each pair in the ANOSIM analysis with a range of values from zero to
one, with values close to unity indicating that the two groups are entirely separate and a
zero value indicating that there is no difference between the groups. Similarity percentages
(SIMPER) (Clarke, 1993) analyses were done to determine bacterial community similarity
within factors, as well as between factors. Unconstrained ordinations were plotted to
graphically illustrate the relationships between oyster bacterial communities using
principal coordinate analysis (PCO) (Gower, 1966). The relative proximity of the points is
related to the degree of similarity in the microbial structure.

32

2.4 Results
2.4.1 Microbial culture of oyster homogenates

Microbial culture techniques were used to estimate counts on various microbiological
media for each day of storage for both oyster types (Figure 2.1). For Pacific oysters, mean
log10 standard plate counts per gram increased by 2.8 across storage and by 3.6 for Sydney
rock oysters. For counts of presumptive Vibrio spp., mean log10 counts per gram for Pacific
Oysters increased by 2.6 and by 2.2 for Sydney rock oysters. Mean log10 counts per gram
of hydrogen sulphide producing bacteria (Shewanella and Shewanella-like bacteria)
increased by 3.1 for Pacific and Sydney rock oysters. Pseudomonas spp. (mean log10
counts per gram), by 2 for Pacific oysters and by 1 for Sydney rock oysters across the
storage period. Counts of presumptive lactic acid bacteria were similar across storage with
marginal decreases for Pacific oysters (log10 0.1 per gram) and Sydney rock oysters (log10
0.2 per gram). Only a single yeast colony was detected in the current study (in Pacific
oysters at Day 7). In general, the typical lag, growth and stationary phases of bacterial
populations were not apparent in the growth curves from any plating media, except for
counts of hydrogen sulphide producing bacteria on Lyngby Iron Agar for Sydney rock
oysters where these phases were notable.

2.4.2 pH

The pH of oyster meat was recorded for each day of storage for both oyster species. The
pH changed over time with a similar trend for both oyster species (Figure 2.2). The pH of
oyster meat initially increased, followed by a slight decrease before again increasing after
Day 6. For Pacific oysters, the mean pH increased from 6.29 at Day 0 to 6.43 at Day 7. For
Sydney rock oysters, the mean pH increased from 6.43 at Day 0 to 6.72 at Day 7.

2.4.3 Sensory evaluation

The odour of oysters was analysed throughout both storage trials to assess degradation of
product. Mean odour scores increased from 1.0 at Day 0 to 3.0 at Day 7 for Pacific oysters
and from 1.3 to 3.4 for Sydney rock oysters indicating that spoiled putrid odours were
apparent in both species by end of storage (Figure 2.3).
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Figure 2.1: Log10 counts per gram of oyster meat and liquor for Aerobic Standard Plate
Counts (SPC), lactic acid bacteria (LAB), presumptive counts of Vibrio, Shewanella (H2S)
and Pseudomonas (Pseudo.) estimated from Pacific (PO) and Sydney rock oysters (SRO)
over the storage period. Fitted lines are Loess curves.
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Figure 2.2: pH values for Pacific oysters (PO) and Sydney rock oysters (SRO) over the
storage period. Fitted lines are Loess curves.

Figure 2.3: Odour scores for Pacific oysters (PO) and Sydney rock oysters (SRO) over
the storage period. Fitted lines are Loess curves.

2.4.4 16S rRNA pyrosequencing

Pyrosequencing of bacterial 16S rRNA was undertaken to assess diversity in microbial
communities of Pacific and Sydney rock oysters during storage. Pyrosequencing yielded
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112,624 sequences (after quality trimming) from the 18 oyster samples analysed. The
minimum sequence reads per sample was 1,325, the maximum was 17,355 and the mean
number of reads was 6,256. At the phyla level (Figure 2.4), the bacterial profile of fresh
Pacific oysters was dominated by Proteobacteria (58%) and Tenericutes (42%). The initial
profile of fresh Sydney rock oysters was similar to Pacific oysters, although Proteobacteria
(14%) represented a smaller proportion of the profile with increased abundance of
Tenericutes (53%) and Spirochetes (27%). However, by Day 7 the microbial profiles of
spoiled Pacific and Sydney rock oysters were nearly exclusively dominated by
Proteobacteria (95% and 99% respectively).

Figure 2.4: Percentage profiles of bacteria at the phyla level for Pacific (PO) and Sydney
rock oysters (SRO) over the storage period for each replicate (a, b and c).Tenericutes are
represented in light grey, Spirochaetes in dark grey, Proteobacteria in white and
remaining phyla are grouped in black.

The percentage profiles of abundant OTUs for each day of storage and oyster
species are reported in Table 2.1, together with the closest phylogenetic classification by
NCBI nucleotide BLAST. These abundant OTUs represent the 10 highest contributing
OTUs in terms of sequence reads for each replicate sample from both oyster species on
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Days 0, 3 and 7. Some OTUs were amongst the 10 highest in more than one sample. The
total percentage reads from these abundant OTUs in each sample ranged from 68.1 to
91.7% of total reads indicating that these sequences dominated the overall bacterial
communities in each sample. At the OTU level, the bacterial profile of fresh Pacific oysters
was dominated by OTUs that were most closely related to Prosthecomicrobium,
Mycoplasma, Helicobacter and Terasakiella representing 28.1, 28.8, 10.1 and 9.4% of the
sequence reads respectively (Table 2.1). At Day 7, Pacific oysters were dominated by
OTUs that were most closely related to Vibrio, Arcobacter, and Pseudoalteromonas
representing 15.1, 13.7 and 6.9% of sequence reads respectively (Table 2.1). The microbial
profile of fresh Sydney rock oysters was dominated by OTUs that were most closely
related to Mycoplasma, Spirochaeta and Haloplasma representing 33.4, 13.9 and 23.6 % of
sequence reads respectively (Table 2.1). The microbial profile of spoiled Sydney rock
oysters (Day 7) was dominated by OTUs that were most closely related to
Pseudoalteromonas, Vibrio and Colwellia representing 37.2, 15.1 and 5.0 % of sequence
reads respectively (Table 2.1). The OTUs identified as Pseudoalteromonas (615) and
Vibrio (3918) were the same OTUs for both Pacific and Sydney Rock oysters.
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Table 2.1: The abundant operational taxonomic units (OTU) from Pacific (PO) and Sydney rock oysters (SRO) during storage at 4 °C for up to 7
days.
OTU

(allocated

Closest BLAST match^

Max

(Accession number)

Id

Mean* percentage sequence reads (standard deviation)

Accession number)

PO-D0

PO-D3

PO-D7

SRO-D0

SRO-D3

SRO-D7

712 (KC109851)

Aliivibrio wodanis (NR_028881)

99

0.0 (0.0)

1.6 (1.2)

1.4 (0.5)

0.0 (0.0)

0.0 (0.0)

0.3 (0.3)

1412 (KC109865)

Amphritea atlantica (NR_042455)

95

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.9 (0.7)

0.3 (0.5)

0.0 (0.0)

1756 (KC109860)

Amphritea atlantica (NR_042455)

93

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

1.5 (1.1)

0.9 (1.2)

0.0 (0.0)

4117 (KC109856)

Arcobacter mytili (NR_044549)

89

0.0 (0.0)

0.1 (0.1)

1.6 (1.6)

0.0 (0.0)

0.0 (0.0)

0.1 (0.0)

780 (KC109854)

Arcobacter nitrofigilis (NR_025906)

91

0.0 (0.0)

0.1 (0.0)

1.0 (0.8)

0.0 (0.0)

0.0 (0.0)

0.1 (0.0)

1313 (KC109852)

Arcobacter nitrofigilis (NR_025906)

90

0.2 (0.2)

0.9 (0.6)

13.7 (12.8)

0.0 (0.0)

0.0 (0.0)

0.1 (0.0)

1622 (KC109859)

Arcobacter nitrofigilis (NR_025906)

90

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.3 (0.6)

0.1 (0.0)

0.0 (0.0)
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4366 (KC109864)

Arcobacter nitrofigilis (NR_025906)

93

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

2.6 (4.5)

0.0 (0.0)

0.0 (0.0)

3982 (KC109849)

Colwellia aestuarii (NR_043509)

99

0.0 (0.0)

2.6 (2.5)

1.3 (0.8)

0.0 (0.0)

2.7 (0.5)

5.0 (2.3)

1536 (KC109857)

Ferrimonas kyonanensis (NR_041387)

94

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.7 (0.9)

0.0 (0.0)

0.0 (0.0)

2976 (KC109855)

Fusibacter paucivorans (NR_024886)

85

0.0 (0.1)

0.0 (0.0)

1.4 (2.4)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

1574 (KC109858)

Haloplasma contractile (NR_044362)

83

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

13.9 (12.9)

23.7 (8.4)

0.1 (0.1)

2875 (KC109839)

Helicobacter rodentium(NR_026074)

91

10.1 (5.4)

3.1 (1.5)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

1589 (KC109842)

Marispirillum indicum (NR_044545)

92

0.9 (0.2)

0.0 (0.0)

0.0 (0.0)

0.0 (0.1)

0.0 (0.0)

0.0 (0.0)

3119 (KC109841)

Mycoplasma anatis (NR_025176)

86

0.5 (0.8)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

3222 (KC109863)

Mycoplasma anatis (NR_025176)

85

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.5 (0.6)

0.3 (0.1)

0.0 (0.0)

911 (KC109833)

Mycoplasma columborale (NR_025179)

86

2.4 (1.4)

0.9 (0.4)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

2629 (KC109837)

Mycoplasma columborale (NR_025179)

86

2.5 (1.1)

2.0 (0.9)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

39

2968 (KC109840)

Mycoplasma leonicaptivi (NR_025965)

85

14.1 (7.0)

8.2 (3.5)

0.1 (0.1)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

893 (KC109832)

Mycoplasma moatsii (NR_025186)

86

7.3 (3.4)

2.3 (0.8)

0.1 (0.0)

33.4 (17.4)

15.8 (7.8)

0.1 (0.1)

4214 (KC109931)

Mycoplasma moatsii (NR_025186)

86

2.0 (0.4)

0.8 (0.7)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

4315 (KC109868)

Mycoplasma moatsii (NR_025186)

86

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

2.5 (3.2)

1.2 (0.8)

0.0 (0.0)

3927 (KC109867)

Mycoplasma mobile (NR_044671)

85

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

1.6 (1.4)

0.7 (1.1)

0.0 (0.0)

2593 (KC109836)

Prochlorococcus marinus (NR_028762)

97

1.4 (0.8)

0.2 (0.2)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

2729 (KC109838)

Prosthecomicrobium pneumaticum (NR_040791)

91

28.1 (26.7)

15.9 (26.1)

0.0 (0.1)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

615 (KC109844)

Pseudoalteromonas agarivorans (NR_025509)

100

0.2 (0.0)

8.5 (3.8)

6.9 (3.9)

1.3 (0.7)

12.1 (3.8)

30.4 (4.3)

207 (KC109872)

Pseudoalteromonas arctica (NR_043959)

97

0.0 (0.0)

0.0 (0.0)

0.3 (0.2)

0.0 (0.0)

0.0 (0.0)

1.0 (0.5)

3487 (KC109876)

Pseudoalteromonas arctica (NR_043959)

95

0.0 (0.0)

0.0 (0.0)

0.3 (0.1)

0.0 (0.0)

0.0 (0.0)

0.9 (0.3)

1833 (KC109846)

Pseudoalteromonas tetraodonis (NR_041787)

99

0.2 (0.2)

3.9 (2.6)

2.2 (2.6)

0.3 (0.3)

2.7 (1.8)

6.8 (1.9)
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2667 (KC109874)

Pseudoalteromonas tetraodonis (NR_041787)

97

0.0 (0.0)

0.2 (0.3)

0.2 (0.3)

0.0 (0.0)

0.0 (0.0)

0.5 (0.4)

3322 (KC109875)

Pseudoalteromonas tetraodonis (NR_041787)

96

0.0 (0.0)

0.0 (0.0)

0.4 (0.4)

0.0 (0.0)

0.0 (0.0)

0.9 (0.2)

2722 (KC109847)

Psychrilyobacter atlanticus(NR_042997)

98

0.1 (0.1)

3.0 (0.2)

2.2 (0.7)

1.5 (1.9)

1.3 (1.9)

0.1 (0.1)

2898 (KC109850)

Psychromonas japonica (NR_041603)

97

0.0 (0.1)

2.2 (0.9)

4.4 (3.1)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

3510 (KC109853)

Psychromonas macrocephali (NR_041605)

96

0.0 (0.0)

0.9 (0.3)

1.5 (1.4)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

3068 (KC109843)

Rheinheimera perlucida (NR_042487)

88

1.1 (0.1)

0.2 (0.1)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

1837 (KC109869)

Shewanella colwelliana (NR_043074)

100

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.5 (0.2)

3.8 (2.9)

1.6 (1.3)

3244 (KC109873)

Shewanella colwelliana (NR_043074)

97

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.8 (0.4)

2414 (KC109861)

Spirochaeta Americana (NR_028820)

84

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

23.6 (7.2)

10.3 (8.0)

0.1 (0.1)

3099 (KC109862)

Spirochaeta coccoides (NR_042260)

83

0.0 (0.1)

0.0 (0.0)

0.0 (0.0)

3.7 (5.6)

0.1 (0.1)

0.1 (0.1)

1563 (KC109866)

Spirochaeta halophila (NR_044756)

82

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.6 (0.3)

0.2 (0.2)

0.0 (0.0)
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4218 (KC109932)

Spirochaeta halophila (NR_044756)

81

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.7 (0.2)

0.3 (0.2)

0.0 (0.0)

1994 (KC109870)

Spiroplasma velocicrescens (NR_025713)

86

0.0 (0.0)

0.0 (0.0)

0.0 (0.0)

0.6 (0.4)

0.2 (0.2)

0.0 (0.0)

925 (KC109834)

Terasakiella pusilla (NR_024656)

88

9.4 (3.5)

1.2 (0.4)

0.0 (0.0)

0.1 (0.0)

0.0 (0.0)

0.0 (0.0)

3918 (KC109848)

Vibrio gigantis (NR_044079)

99

0.8 (0.2)

6.3 (2.5)

15.1 (3.5)

0.3 (0.2)

8.9 (7.9)

15.1 (4.5)

4278 (KC109877)

Vibrio gigantis (NR_044079)

97

0.2 (0.1)

0.6 (0.2)

0.4 (0.7)

0.0 (0.0)

0.0 (0.0)

0.7 (0.6)

3654 (KC109919)

Vibrio gigantis (NR_044079)

97

0.0 (0.0)

0.1 (0.0)

1.5 (0.7)

0.0 (0.0)

0.0 (0.0)

4.2 (1.0)

1737 (KC109845)

Vibrio lentus (NR_028926)

96

0.1 (0.0)

2.3 (0.8)

4.4 (0.4)

0.0 (0.0)

1.1 (0.6)

2.5 (0.4)

605 (KC109871)

Vibrio tapetis (NR_026361)

98

0.0 (0.0)

0.9 (0.3)

0.3 (0.0)

0.4 (0.2)

1.9 (0.8)

0.7 (0.2)

1131 (KC109835)

Vibrio tasmaniensi (NR_036929)

99

0.9 (1.1)

3.2 (1.3)

4.6 (1.7)

0.0 (0.0)

1.3 (1.0)

2.1 (0.2)

84.0

74.9

68.1

91.7

90.7

75.5

Total percentage
Note: Some OTUs occurred in multiples days of storage and oyster species

^ Identified using the nucleotide Basic Local Alignment Search Tool (BLAST) searching within available 16S ribosomal RNA bacterial and archaeal sequences.
*

Mean of 3 replicates

Text highlighted in bold indicates that that OTU is present at 5% or more of overall OTUs in at least one sample or replicate.
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Multivariate statistical analysis of the 16S rRNA pyrosequencing data showed that
there were significant differences in bacterial community profiles between the Pacific and
Sydney Rock oysters (Global R=0.988, P=0.001), irrespective of storage time.
Furthermore, significant differences (Global R=1, P=0.001) in bacterial profiles associated
with storage time were also observed regardless of the oyster species, with significant pairwise differences noted among each of the three time points investigated (P=0.001). This
distinct separation in bacterial communities associated with oyster species and storage time
is demonstrated in the PCO presented in Figure 2.5. SIMPER analysis showed that the
overall bacterial profiles of Pacific and Sydney Rock oysters were 34.7% similar. For each
time point investigated, bacterial profiles within oyster species were 30.2 to 32.7% similar.
As the oysters spoiled, their bacterial profiles became distinct from those observed in fresh
oysters. Bacterial communities between the Day 0 and 3 oysters were 47.9 to 53.7%
similar, while those of Day 0 and 7 oysters were only 16.2 to 18.1% similar. Furthermore,
as the oysters spoiled, the bacterial profiles between oyster species became more similar
indicating a common spoilage profile. Pacific and Sydney Rock oysters showed 17.5%,
35.4% and 51.1% similarity at Days 0, 3 and 7 respectively.
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Figure 2.5: Principal Coordinate analysis plot of Pacific (light grey) and Sydney rock
oysters (dark grey) for Days 0 (triangles), 3 (circles) and 7 (squares). Overlaid onto the
plot are vectors representing the OTUs identified as dominant, indicating the association
of OTUs with storage time and oyster species.

2.5 Discussion
The data presented here provide a detailed insight into the changing bacterial profile of
these Pacific and Sydney rock oysters (each harvested on a single occasion) during storage
at 4 °C. Microbial culture revealed growth on Aerobic Standard Plate Counts and growth
of presumptive Vibrio spp. and hydrogen sulphide producing bacteria. Odour scores were
consistent with spoilage and could be linked to increases of bacteria capable of causing off
odours associated with spoiled seafood. The presence of these bacteria was confirmed by
16S rRNA pyrosequencing. 16S rRNA pyrosequencing also revealed the presence of
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diverse bacterial communities that were distinct between freshly harvested Pacific and
Sydney rock oysters and were dominated by taxa that have not been cultured and
systematically described. During the course of spoilage, several bacterial species
proliferated and became dominant in both Pacific and Sydney rock oysters. The minimal
changes in pH were consistent with low counts of lactic acid bacteria identified by
microbial culture (a result supported by the 16S rRNA pyrosequencing data) and were not
a good indicator of spoilage in this instance.
Results from microbial culture of oyster homogenates indicated that bacterial
growth occurred during storage at 4 °C in both oyster species, highlighting the presence of
psychrotrophic bacteria (Cook, 1991). The proliferation of bacteria evidenced in the
Aerobic Standard Plate Counts was likely assisted by the process of lightly rinsing the
meat after shucking as this may remove inhibitory compounds such as mucosa on the
surface of the oysters (Garland et al., 1982; Hood et al., 1983); although this technique is
used commercially and is representative of standard industry practice as it removes shell
grit created from the shucking process. The increase in Vibrio spp., which was identified
by both microbial culture and 16S rRNA pyrosequencing, is in agreement with earlier
reports that these species are associated with spoilage in oysters (ICMSF, 2005; Cao et al.,
2009b). Some Vibrio spp. are capable of reducing trimethylamine-oxide to trimethylamine
(Barrett and Kwan, 1985); a compound that is responsible for “fishy” odours associated
with seafood spoilage. Similarly, hydrogen sulphide producing bacteria also proliferated
during storage, particularly in Sydney rock oysters. Shewanella was identified by 16S
rRNA pyrosequencing in both Pacific and Sydney rock oysters with increasing abundance
associated with storage period, although in Pacific oysters, this organism was found to be
less abundant. These bacteria are well known specific spoilage organisms and are also
capable of reducing trimethylamine-oxide to trimethylamine (Gram and Huss, 1996;
Howgate, 2010a, b).
Lactobacilli have been widely reported to be associated with the final stages of
oyster spoilage (ICMSF, 2005; Jay et al., 2005; Cao et al., 2009b). Counts of lactic acid
bacteria on MRS reported in the present study were slightly above the level of detection for
Pacific oysters for the whole duration of storage and were only marginally higher in
Sydney rock oysters where they decreased during storage. However, 16S rRNA
pyrosequencing did not identify any lactobacilli from either Pacific or Sydney rock oysters,
indicating that the low counts of bacteria that grew on MRS agar were unlikely to be
lactobacilli. Streptococcus was present at extremely low sequence reads, as were
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Micrococcus and Staphylococcus (data not shown), which are likewise capable of growth
on MRS agar. Similarly, yeasts have also been reported in association with the later stages
of spoilage in oysters (Jay et al., 2005). However, counts of yeasts were below the level of
detection in all but one sample in the present study. The apparent absence of lactobacilli
and yeasts may partly explain the unusual pH profile reported here; although other
saccharolytic bacteria were present, such as Psychrilyobacter and Polynucleobacter
(Gosink et al., 1998; Zhao et al., 2009). The pH results reported in this study differ to other
reports that suggest that the pH of oysters decreases during storage (Hunter and Linden,
1923; Cook, 1991; Jay et al., 2005). It is generally accepted that this acidification is due to
fermentation of glycogen to organic acids by saccharolytic and fermentative organisms
(ICMSF, 2005; Jay et al., 2005; Zhang et al., 2009; Fernandez-Piquer et al., 2012). When
live oysters are stored, the shell is held tightly closed and conditions become increasingly
anoxic due to respiration of both the oyster and microbes contained within the shell (Cook,
1991). The overall increase in pH reported here indicates that for the fermentative process
to occur, the combination of high levels of glycogen, anoxic conditions and the presence of
saccharolytic organisms may be required.
Growth of Pseudomonas was identified throughout storage by the microbial culture
technique. However, this was not reflected by 16S rRNA pyrosequencing where it was
only identified at very low abundance and these reads decreased during storage (data not
shown). The reason for this disparity is unclear, but may be due to growth of another
organism on the selective medium; Shewanella putrefaciens has been reported to grow
from inoculums of fish on Pseudomonas CFC medium (Tryfinopoulou et al., 2001).
Shewanella was detected by 16S rRNA pyrosequencing at low copy numbers.
The 16S rRNA pyrosequencing revealed an increasing abundance of Proteobacteria
in both oyster species indicating that a large shift in the bacterial community had occurred
and different bacterial groups became abundant during storage, possibly due to the
selective action of storage conditions, microbial activities and changes in biochemical
composition and immunity (Ashie et al., 1996; Naum et al., 2008; Schmitt et al., 2012).
These results differ to those reported by Fernandez-Piquer et al. (2012) who evaluated the
microbial spoilage profile of live whole shell Pacific oysters and Green and Barnes (2010)
who assessed the bacterial diversity of freshly harvested Sydney rock oysters. In the earlier
Pacific oyster study, the bacterial profile of spoiled oysters (stored at 4 °C for eight days)
was dominated by Fusobacteria and to a lesser extent Proteobacteria. A major difference
between the findings might be explained by the more rapid cessation of the innate
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immunity system that controls resident and pathogenic microbiota when the oysters were
shucked (Schmitt et al., 2012). Notably, no bacteria from the genera Pseudoalteromonas or
Vibrio were detected throughout the Fernandez-Piquer et al. (2012) study whereas multiple
OTUs from these genera were detected in all Pacific oyster samples in the current study. In
the earlier Sydney rock study, Tenericutes and Alphaproteobacteria dominated the
bacterial profile immediately following harvest whereas in the present study,
Alphaproteobacteria were only a minor component of fresh oysters (0.27% of OTUs). The
disparity between the results for Pacific oysters during storage may be due to anoxic
conditions associated with shell closure (Cook, 1991). For Sydney rock oysters, the
disparity in fresh oysters could be due to the earlier Sydney rock oyster study only
targeting bacterial communities of the digestive gland rather than the whole animal.
The bacterial profiles of fresh oysters were dominated by isolates most similar to
Mycoplasma,

Helicobacter,

Spirochaeta,

Prosthecomicrobium,

Haloplasma

and

Terasakiella. Mycoplasma has previously been reported in Pacific and Sydney rock oysters
(Fernandez-Piquer et al., 2012; Green and Barnes, 2010). In the present work, multiple
OTUs (893, 911, 2629, 2968, 3119, 3222, 3927, 4214 and 4315) with 85-86% similarity to
Mycoplasma were detected in both Pacific and Sydney rock oysters. The low similarity
matches of these OTUs with cultured and typed bacteria indicate that these OTUs likely
represent undescribed taxa at the family level (Schloss and Handelsman, 2004).
Interestingly these OTUs showed similarity to uncharacterised bacterial sequences reported
by Fernandez-Piquer et al. (Fernandez-Piquer et al., 2012) (99%) and Green and Barnes
(2010) (97%). Similarly, OTUs 1563 2414, 3099, and 4218 shared 99% similarity to OTUs
reported by Fernandez-Piquer et al. (Fernandez-Piquer et al., 2012). These OTUs were
most closely related to Spirochaeta (81-84% match) - free living, facultative anaerobes that
have also previously been reported in oysters (Leschine et al., 2007; Green and Barnes,
2010; Fernandez-Piquer et al., 2012). OTU 2875 likely represents a genus most closely
related to Helicobacter (89% match). Whilst best known for their association with ulcers,
Helicobacter have also been previously isolated from seawater, planktonic organisms and
seafood (Cellini et al., 2004; Nwe et al., 2009). The low similarity match (91%) of OTU
2875 with systematically described bacteria indicates that this OTU most likely represents
an undescribed taxon at the genus level and is distinct to Helicobacter (Schloss and
Handelsman, 2004). Prosthecomicrobium, Haloplasma and Terasakiella have all
previously been reported from marine environments (Satomi et al., 2002; Antunes et al.,
2008; Fernandez-Piquer et al., 2012); as with other OTUs that dominated the microbiota of
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fresh Pacific oysters, the percentage matches with cultured and described bacteria for these
three OTUs (925 1574 and, 2729) were also low (83-91%). In summary, these data
indicate that the majority of bacteria in fresh Pacific and Sydney rock oysters represent
undescribed taxa at either the class or genus level (Schloss and Handelsman, 2004).
The bacterial profiles of spoiled oysters were dominated by Arcobacter, Colwellia,
Pseudoalteromonas and Vibrio. Although not featured in the dominant sequences, it is
worth noting that several genera (Shewanella, Photobacterium and Pseudomonas) that are
well known spoilage organisms in many types of seafood (Gram and Huss, 1996), did
occur in the sequence reads of both Pacific and Sydney rock oysters at low numbers at end
of storage. OTU 1313, which was most closely matched to Arcobacter (90%), was
predominantly present in spoiled Pacific oysters. Arcobacter are similar to Campylobacter,
but differ in that they are capable of aerobic growth (Vandamme et al., 1991). They have
been reported in association with warm-blooded terrestrial animals, in marine
environments, in seafood and have also been reported to be abundant in Chilean oysters
(Tiostrea chilensis) (González et al., 2000; Romero et al., 2002a; Fera et al., 2004; Pati et
al., 2010). Fernandez-Piquer et al. (2012) also reported an OTU most closely related to
Arcobacter that shared 99% similarity to OTU 1313. Some species of this genus are
considered to be emerging human pathogens (Assanta et al., 2002; Ho et al., 2006);
however, the low percentage match (90%) reported here indicates that this OTU is likely
distinct to Arcobacter (Schloss and Handelsman, 2004).
Two OTUs (615 and 1833) that were most closely related to Pseudoalteromonas
agarivorans and P. tetraodonis (100 and 99% similarity matches respectively) were found
to increase during storage in both Pacific and Sydney rock oysters. This genus has
previously been identified as being the most abundant in live Chilean oysters (Tiostrea
chilensis) at end of storage at 18 °C (Romero et al., 2002b). Taken together, these data
indicate that this genus may represent an ideal target for the development of a PCR assay
to objectively assess the freshness of oysters and provide information on remaining shelflife. This is despite the disparity of the microenvironment in the Chilean oysters (becoming
increasingly anoxic due to extended shell closure and stored at 18 °C) and the present
study. Further work is warranted to establish the presence of this genus during storage in
other harvest locations and oyster types to assess this potential.
OTU 3918, which was most similar to Vibrio gigantis (99% similarity match), also
increased throughout storage at 4 °C in both Pacific and Sydney rock oysters. The majority
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of Vibrio spp. are not capable of growth at 4 °C (Noguerola and Blanch, 2008); although,
V. gigantis and V. crassostrea, both of which were found to be 99% similar to OTU 3918,
are psychrophilic (Noguerola and Blanch, 2008). Similarly to Pseudoalteromonas, the
increase in reads noted for this OTU indicates that there is potential to develop a PCR
assay to target this OTU as a freshness indicator for oysters; particularly in light of the
previous associations with Vibrio and oyster spoilage that have been reported (Cao et al.,
2009; ICMSF, 2005).
Further work is required to evaluate if these bacteria are specific spoilage
organisms of oysters. An earlier study by Zhang et al. (2009) using Gas ChromatographyMass Spectrometry (GC-MS) has identified several volatile metabolites that could
contribute to the spoiled odour of oysters including organic acids, dimethyl disulphide,
indole and trimethylamine. GC-MS could be used in combination with any developed PCR
techniques in future works to undertake an in-depth analysis of the metabolic action of
these bacteria in oysters during storage. If PCR methods are developed, they should be
validated against oysters harvested over a range of seasons, from differing harvest
locations and storage conditions to ensure that these genera are useful indicators in a wider
context.

2.6 Conclusion
This work has demonstrated that the bacterial profile of freshly harvested oysters is
diverse, distinct between the two oyster types analysed and dominated by taxa that have
not been cultured and systematically described. As the freshness of oysters deteriorated the
bacterial profiles obtained from each of the oyster types became more similar indicating a
common spoilage profile. This analysis has identified two genera as being important in the
spoilage profile of both Pacific and Sydney rock oysters: Pseudoalteromonas and Vibrio.
These genera formed a small proportion of the initial microbiota and proliferated to
become dominant during storage of the shucked product at 4 °C under aerobic conditions.
While these genera became abundant, their exact role in spoilage remains unclear. Further
work is required to isolate these bacteria and ascertain if they are specific spoilage
organisms or merely associated with spoilage. Nevertheless, their occurrence in both oyster
types indicates that either of these genera may make suitable indicators for oyster
freshness. Further work is warranted to assess this potential.
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Chapter 3: Changes in the volatile
compounds of half shell oysters during
storage
Preface
The work detailed in the previous chapter used microbial culture and 16S rRNA
pyrosequencing as an approach to attempt to establish the main spoilage organisms of half
shell oysters. This chapter used a GC-MS approach to assess the volatile composition of C.
gigas during storage to identify information on any microbial related metabolites that may
arise due to microbiological spoilage. Further, the assessment of the volatile composition
of seafood can also reveal detailed information on chemical changes that may occur during
storage such as the development of oxidation products from polyunsaturated fatty acids. As
with other chapters of this thesis, thought was given to identifying suitable indices of
quality that could be used to assess shelf-life. The details of the submitted manuscript are
as follows:

Madigan, T., Wilkinson, K., Kiermeier, A., Carragher, J., de Barros Lopes, M., Tan, J.,
Cozzolino, D., Submitted. Changes in the volatile compounds of half shell Pacific Oysters,
Crassostrea gigas, during storage: Evaluation and prediction of shelf-life. Food Research
International.

50

Changes in the volatile compounds of half shell Pacific Oysters, Crassostrea
gigas, during storage: Evaluation and prediction
3.1 Abstract
Volatiles contribute to the development of characteristic aromas associated with fresh
seafood and also result in spoilage aromas typical of spoiled seafood. This study used
headspace Solid Phase Micro Extraction-Gas Chromatography-Mass Spectrometry to
assess changes in the composition of volatiles from shucked Pacific oysters during chilled
storage to identify marker compounds that could be used as freshness indicators. Several
compounds were identified that likely contributed to the aroma of fresh oysters. To assess
predictive capability, data were analyzed for consistent changes over storage duration and
from this two peaks were identified as potentially useful as freshness indicators: an unidentified peak at 9.03 minutes and 3-octanone. Dimethyl disulphide was identified as a
spoilage marker for oysters, although it may not be useful for estimating shelf-life. A
Partial Least Squares regression model developed using all chromatographic data resulted
in an R2 value of 0.72. This work offers two alternate, but complementary methods to
predict shelf-life of chilled half-shell Pacific oysters cultured in Australia.

3.2 Introduction
Seafood aromas are formed through enzyme-mediated conversion of lipids to volatile
compounds and the formation of secondary oxidation products such as aldehydes, ketones,
free fatty acids and alcohols (Kim and Cadwallader, 2011). These volatiles can contribute
to the development of the characteristic aromas and flavours associated with fresh seafood
(Kim and Cadwallader, 2011; Sohn and Ohshima, 2011). The enzymatic conversion of
some sulphur and nitrogen containing compounds to volatiles such as dimethyl sulphide
and trimethylamine can also contribute to odours that are typical of spoiled seafood
(Howgate, 2010a; Kim and Cadwallader, 2011). Quantification of these specific volatiles
can therefore be used as an indicator to predict product shelf-life (Olafsdottir et al., 1997).
In recent

years, solid phase microextraction (SPME) coupled to gas

chromatography-mass spectrometry (GC-MS) has increasingly been used for qualitative
and quantitative analysis of the volatile compounds present in seafood (Duflos et al., 2005;
Iglesias et al., 2007; Soncin et al., 2009; Sarnoski et al., 2010; Maqsood and Benjakul,
51

2011; Miyasaki et al., 2011; Leduc et al., 2012). GC derived data can also be related with
sensory attributes, thereby serving as markers for aroma and flavour development (Frankel,
1988). The use of SPME has proliferated since its initial development by Arthur and
Pawliszyn (1990) as a rapid, solvent free and automated sampling method (Iglesias et al.,
2009). SPME offers similar sensitivity to exhaustive extraction methods (Bojko et al.,
2012) and the volatile profiles obtained by SPME-GC-MS provide chemical fingerprints of
foods and beverages (Bianchi et al., 2007).
Chemometrics is a powerful statistical field of study for interpreting large complex
data sets (Massart et al., 1997). In particular, the technique has greatly advanced fields
such as vibrational spectroscopy (near and mid infrared) and it is increasingly being
applied within the field of separation science (Hopke, 2003; Smyth and Cozzolino, 2013).
Partial Least Squares (PLS) regression is a chemometric application used to develop
predictive calibrations for analysis of unknown samples based on training sets in which a
dependent variable is modelled using latent variables (Hopke, 2003; Ribeiro et al., 2009;
Smyth and Cozzolino, 2013). SPME-GC-MS and PLS regression have previously been
used to predict the age of Cognac (Watts et al., 2003) and potentially these techniques
could similarly be used to develop a rapid method for objective measurement of the shelflife of oysters.
The aim of this study was to quantify changes in the composition of volatiles from
shucked Australian Pacific oysters (Crassostrea gigas) during chilled storage using SPMEGC-MS; with particular consideration given to the identification of marker compounds that
could be used as freshness indicators to predict shelf-life. Finally, the potential use of
oyster volatile composition for predicting elapsed days of storage was investigated using
multivariate regression.

3.3 Materials and methods
3.3.1 Oyster collection, processing and storage

Pacific oysters (Crassostrea gigas) were harvested from a commercial oyster farm in the
Coffin Bay harvesting region (34° 33' S, 135° 21' E) in South Australia on the 2nd and 4th
of July 2012. Oysters collected on the different harvesting occasions were from the same
intertidal location and were the same size grade (i.e. shell length of 8.01 cm ± 0.59 SD).
Live oysters were shipped overnight by refrigerated road transport (~8 °C) and on receipt
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(on the 3rd and 5th July) processed using a style typical of Australian industry practice.
Briefly, oysters were scrubbed under running potable water and processed by separating
the adductor muscles from both valves using a commercial style oyster knife. Shell debris
was removed by gently rinsing the meat under running potable water (without removing it
from the shell) and then the meat was turned to expose the cupped side. Shucked oysters
were stored on the half shell in compostable corn starch oyster trays (JMP Holdings Pty
Ltd, Victoria, Australia). Trays were placed within unsealed plastic pouches with the end
of the bag folded to prevent dehydration and held at 4 °C for seven days post-shucking;
being the upper limit of shelf-life based on a previous study (Madigan et al., 2013).
Samples (6 replicate oysters) were analyzed on 0, 1, 2 and 3 days post shucking
after the first harvesting occasion and 1, 4, 5, 6 and 7 days post shucking after the second
harvesting occasion. Each sample comprised a single oyster that was individually
homogenised with a WiseTis® Homogenizer (Wisd Laboratory Instruments, Wertheim,
Germany) at 2000 rpm for 30 seconds. Each homogenate was transferred to a 5 mL
polypropylene screw cap tube, which was immediately stored at -80 °C prior to further
analysis.

3.3.2 Qualitative volatile analysis

For analysis of volatiles, homogenised oyster samples were thawed and approximately
4.0 g of homogenate transferred into a 50 mL screw cap tube containing 4.0 g of saturated
sodium chloride solution. The exact weight of oyster transferred was accurately weighed
for data adjustment. Samples were randomised according to sequences generated at
http://www.random.org/.
Headspace SPME-GC-MS was used to analyze volatile compounds according to a
previously described method (Zhang et al., 2009) using an Agilent 6890-N gas
chromatograph (Agilent Technologies, Palo Alto, California, USA) equipped with a
Gerstel MPS-2 Multipurpose Sampler (Gerstel, Mühlheim/Ruhr, Germany) and coupled to
an Agilent 5973-N mass selective detector (Agilent Technologies). The multipurpose
sampler

was

operated

in

polydimethylsiloxane/divinylbenzene

SPME

mode

(PDMS/DVB)

with

65 µm

a

24

gauge

SPME

fibre

(Agilent

Technologies). Extraction of volatiles was undertaken using agitation (250 rpm) for 30 min
at 40 °C following a 5 min pre-incubation step. The injection temperature was 250 °C in
splitless mode for 1 min. An Agilent Technologies HP-5MS 30 m column (0.25 mm,
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0.25 µm) was used for separation using high purity helium used as a carrier gas (BOC
Gases, Adelaide) at a flow rate of 1 mL/min. Initial oven temperature was 40 °C for 3 min,
then increased at a ramp rate of 10 °C/min to 280 °C and held for 10 min. The temperature
of the transfer line was 280 °C. Positive ion electron impact spectra at 70 eV were recorded
in the scan mode in the range of m/z 20-350.
Volatile compounds were tentatively identified by comparing their mass spectra to
the National Institute of Standards and Technology (NIST) and Wiley mass spectral
libraries. Compounds were considered identified at an 85% match or higher to the mass
spectra of known compounds. Cyclohexanal was used as an internal control, however, it
was not found to increase consistency between replicates across all compounds and was
not used to adjust the data. Compounds were semi-quantified using relative units (peak
area divided by 105).

3.3.3 Statistical Analysis

All data analyses were performed in the statistical software package R (R Core Team,
version 2.15.2) (R Core Team, 2012). To assess for a significant differences between
harvesting occasions, ANOVA of the summed compounds was undertaken in a random
effects model, with harvest batch as the random effect. Linear and quadratic regression
models were fitted to the chromatographic data of each compound over time (from Day 0
to Day 7) and the regression curves plotted. The significance of the linear and quadratic
day effects were tested at the 5% significance level and standard diagnostic plots used to
assess the goodness-of-fit of the models. The coefficient of determination (R2) was also
used to assess how well the linear and quadratic curves modelled the data.

3.3.4 Chemometric analysis

All compositional data (peak areas for identified and non-identified compounds) were
imported into The Unscrambler X software (X CAMO ASA, Oslo, Norway) for
chemometric analysis. Both Principal Component Analysis (PCA) and PLS regression
were performed with full cross validation (leave one out). Pre-processing was only utilised
for the PCA using mean area normalisation; no outliers were removed. The optimum
number of terms was indicated by the lowest number of factors that gave the minimum
value of the prediction residual error sum of squares (PRESS) in cross validation in order
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to avoid over fitting in the models. During PLS, modelling the optimal number of terms to
be included in the calibration models was determined as having the lowest standard error
of cross validation (SECV).

3.4 Results and discussion
3.4.1 Composition of volatiles of oysters

The aroma of oysters is strongly related to their fatty acid composition (Piveteau et al.,
1999). For oysters, a large component of the fatty acid profile is composed of
polyunsaturated fatty acids, which are particularly susceptible to oxidation and conversion
to fatty acid hydroperoxides (Josephson, 1991; Pennarun et al., 2002b). These
intermediates are then converted to volatiles that contribute to the distinct odours of fresh
oysters (Josephson, 1991; Pennarun et al., 2002b; Fratini et al., 2012). Lipid peroxidation
can also lead to the development of alcohol and carbonyl compounds that can be
responsible for odours that are characteristic of seafood (Josephson, 1991). The fresh
aroma profile of Pacific oysters harvested from South Australia has been described as
“fresh clean ocean with cucumber and fresh fish notes” (Smyth and Mayze, 2013). This
description is consistent with the volatile compounds reported in this study that likely
contributed to the fresh aroma of these oysters.
A total of 115 compounds were detected in the volatile profile of Pacific oysters.
The summed area of all volatile peaks did not show any change in pattern throughout
storage (data not shown). An ANOVA of the summed volatiles indicated that there were
no significant differences between days (P=0.9). Analysis of batch effects of summed
volatiles for each day from the dual harvest using a random-intercept, random-slope model
of area against days for the two batches indicated that there was no significant difference
between the trends/slopes of the two batches (P=0.96).
A total of 40 of the compounds were tentatively identified according to their mass
spectral profiles. The concentrations of each of these compounds were monitored
throughout storage and are reported in Table 3.1. Aldehydes and alkenes represented the
main chemical classes identified, each with 10 identified compounds. Lesser constituents
included alcohols with five identified compounds, five aromatic compounds, four ketones,
three esters, two sulphur compounds and one alkyne.
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The largest GC peak occurred at 8.76 minutes, but could not be identified based on
the mass spectral pattern. The peak area for this compound over all days of storage ranged
from 26-30% (mean=28%) of the summed concentration of all volatiles. Of the oyster
volatiles that were identified, the most abundant was 1-octen-3-ol whose concentration
ranged from 12 to 15% (mean=14%) of all summed volatiles on each day of storage. This
compound is formed by the oxidation of linoleic acid and has been associated with
mushroom odours (Piveteau et al., 2000). Zhang et al. (2009) reported 1-octen-3-ol as the
largest identified peak in their study of Pacific oysters and it has also been reported in
oysters elsewhere (Piveteau et al., 2000; Pennarun et al., 2002a).
One compound detected, (E,Z)-2,6-nonadienal, has previously been reported in
oysters (Piveteau et al., 2000; Pennarun et al., 2002b; Zhang et al., 2009; Fratini et al.,
2013) and exhibits an odour similar to that of cucumber when assessed by GC–Olfactory
(Pennarun et al., 2002b; Venkateshwarlu et al., 2004). (E)-2-nonenal, also detected here,
has likewise been reported to have a cucumber-like odour (Venkateshwarlu et al., 2004).
Several compounds were detected that had previously been established as possessing either
green or grass odours including 1-penten-3-one, hexanal (Piveteau et al., 2000), (E)-2pentenal (Pennarun et al., 2002b) and (Z)-2-penten-1-ol (Venkateshwarlu et al., 2004).
Other identified compounds where an odour has previously been attributed include
dimethyl sulphide (crustacean/sulphur), octanal (citrus) (Piveteau et al., 2000), benzene
(milky/buttery), 1-penten-3-ol (plastic/leather), 1-pentanol (fruity), (E)-2-octenal (burnt
mushroom), 2-nonanone (fresh/sweet) (Venkateshwarlu et al., 2004), heptanal (boiled
potato), 1-octen-3-ol (mushroom/geranium/plant-like) (Josephson et al., 1985; Jonsdottir et
al., 2008), 3-octanone (mushroom) (Zhang et al., 2009), 2-hexanal (bitter almond) and 3,5,octadiene-2-one (milky/candy) (Gu et al., 2013).

56

Table 3.1: Concentrations (relative units) of volatile compounds identified in Pacific oysters throughout storage.
R.T.*

Compound

Day 0

Day 1

Day 2

Day 3

Day 4

Day 5

Day 6

Day 7

1.83

Dimethyl sulphide

738 (244)#

696 (370)

891 (323)

1337 (514)

384 (193)

578 (307)

906 (272)

1074 (509)

2.72

3-Methyl-butanal

37 (22)

60 (34)

49 (18)

51 (23)

71 (19)

67 (38)

94 (63)

54 (36)

2.80

Benzene

0 (0)

2 (4)

0 (0)

1 (2)

6 (5)

1 (3)

6 (3)

3 (4)

3.06

1-Penten-3-ol

334 (92)

335 (48)

213 (105)

317 (70)

275 (73)

238 (55)

244 (133)

270 (46)

3.15

1-Penten-3-one

37 (24)

28 (12)

25 (16)

31 (32)

30 (19)

30 (20)

36 (12)

36 (11)

3.56

Ethyl propanoate

0 (0)

20 (12)

51 (15)

57 (34)

46 (26)

44 (33)

41 (29)

39 (17)

4.12

Dimethyl disulphide

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

24 (18)

39 (19)

4.35

2-Pentenal,(E)-

87 (33)

76 (27)

65 (13)

63 (11)

70 (27)

91 (37)

87 (12)

85 (22)

4.60

1-Pentanol

37 (16)

58 (12)

63 (10)

66 (15)

57 (18)

37 (17)

40 (17)

39 (16)
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4.67

(Z)-2-Penten-1-ol

89 (19)

75 (15)

50 (11)

71 (13)

51 (27)

61 (12)

60 (32)

55 (18)

5.24

Hexanal

61 (12)

85 (27)

72 (14)

88 (33)

105 (71)

83 (41)

78 (9)

73 (24)

5.36

2, Octene,(E)

7 (11)

14 (8)

8 (10)

11 (14)

17 (15)

12 (13)

13 (15)

7 (8)

5.51

(Z,Z)-3,5,-Octadiene

97 (43)

122 (34)

106 (32)

131 (91)

126 (61)

98 (50)

110 (71)

85 (26)

5.65

2,4, Octadiene

99 (39)

132 (48)

108 (33)

130 (86)

121 (54)

95 (55)

108 (68)

80 (26)

6.36

2-Hexenal

43 (11)

46 (15)

48 (9)

50 (16)

52 (24)

42 (14)

43 (5)

43 (10)

6.42

3-Hexen-1-ol

2 (6)

3 (7)

3 (8)

3 (7)

0 (0)

0 (0)

0 (0)

0 (0)

6.86

1,3,-trans,5-cis-Octatriene

127 (112)

70 (69)

72 (44)

50 (25)

82 (28)

110 (47)

58 (18)

64 (36)

7.38

Heptanal

0 (0)

0 (0)

8 (20)

27 (30)

0 (0)

51 (70)

0 (0)

0 (0)

7.42

Methoxy-phenyl-oxime

66 (18)

65 (23)

52 (26)

34 (42)

79 (22)

42 (47)

85 (37)

80 (28)

7.68

Phenol, 3-ethyl

21 (10)

28 (11)

25 (13)

29 (12)

26 (16)

20 (15)

25 (7)

20 (12)
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7.93

(E,E,E)-2,4,6-Octatriene

2 (4)

0 (0)

0 (0)

0 (0)

0 (0)

2 (4)

0 (0)

0 (0)

8.84

1-Octen-3-ol

1921 (425)

1907 (318)

1882 (387)

1674 (444)

2173 (488)

2107 (772)

1864 (220)

1895 (554)

8.96

3-Octanone

98 (45)

103 (20)

134 (54)

129 (30)

173 (46)

157 (49)

259 (71)

288 (37)

9.25

Octanal

126 (29)

159 (79)

175 (41)

156 (57)

268 (152)

205 (123)

131 (37)

143 (56)

9.99

Benzeneacetaldehyde

45 (18)

42 (17)

37 (15)

33 (9)

54 (26)

50 (12)

36 (8)

36 (19)

10.21

(E)-2-Octenal

360 (147)

332 (153)

239 (132)

241 (117)

462 (270)

593 (399)

276 (105)

195 (249)

10.44

1-Hepten-6-yne

288 (318)

97 (68)

65 (22)

145 (141)

113 (80)

114 (84)

83 (117)

93 (142)

10.77

2-Nonanone

50 (7)

62 (11)

79 (23)

78 (24)

103 (49)

64 (26)

59 (10)

62 (25)

10.81

3,5,-Octadiene-2-one

34 (9)

47 (24)

53 (18)

57 (26)

87 (58)

66 (52)

36 (14)

46 (28)

11.78

(E,Z)-2,6-Nonadienal

550 (265)

478 (366)

614 (351)

343 (82)

596 (229)

792 (471)

374 (199)

540 (309)

11.87

(E)-2-Nonenal

82 (40)

78 (58)

90 (50)

43 (23)

91 (63)

138 (79)

48 (35)

90 (66)

59

12.32

1-Dodecene

46 (16)

45 (19)

73 (48)

75 (42)

73 (61)

108 (34)

59 (13)

48 (33)

13.39

(Z)-2-Decenal

29 (8)

35 (14)

39 (9)

35 (14)

57 (24)

44 (25)

30 (11)

34 (18)

13.90

Indole

0 (0)

0 (0)

0 (0)

3 (6)

0 (0)

0 (0)

3 (7)

17 (23)

15.14

(E)-2-Tetradecene

46 (15)

40 (21)

73 (53)

69 (68)

50 (71)

110 (49)

42 (20)

49 (42)

15.56

α-gurjenene

5 (7)

4 (7)

13 (7)

11 (6)

1 (4)

2 (4)

0 (0)

2 (5)

16.25

Aromadendrene

20 (3)

14 (11)

26 (6)

23 (3)

19 (10)

14 (12)

5 (8)

7 (12)

17.64

1-Hexadecene

7 (11)

12 (12)

22 (20)

25 (25)

13 (17)

36 (26)

14 (14)

19 (25)

19.90

Ethyl tetradecanoate

2 (5)

9 (10)

43 (21)

30 (21)

22 (23)

22 (14)

7 (11)

15 (13)

21.93

Ethyl hexadecanoate

0 (0)

3 (7)

38 (25)

20 (18)

25 (26)

5 (8)

6 (10)

8 (12)

*

R.T. is retention time

#

Bracketed number is standard deviation of 6 replicate oysters.

60

Two important sulphur-containing aroma compounds were detected in this study:
dimethyl sulphide and dimethyl disulphide. Dimethyl sulphide is thought to result from
amino acid degradation (Piveteau et al., 2000; Zhang et al., 2009) and its presence in
oysters has been reported in several previous studies (Josephson et al., 1985; Pennarun et
al., 2002b; Piveteau et al., 2000; Zhang et al., 2009). However, some algae, including
Isochrysis galbana, are known sources of dimethyl sulphide (Li et al., 2010) and so the
presence of this compound may also be diet related. Dimethyl disulphide has been reported
to be associated with bacterial degradation products (Tanchotikul and Hsieh, 1989) and
exhibits a putrid and onion-like odour (Olafsdottir and Kristbergsson, 2006). In this study,
dimethyl disulphide was only detected in oysters after 6 days of storage, i.e. in oysters that
exhibited obvious putrid aromas that were clearly apparent. These data indicate that the last
stages of spoilage in these Pacific oysters may have been predominantly microbiological in
nature. This is further confirmed by the appearance of low levels of indole, which is also
associated with the action of bacteria, at this time (Snellings et al., 2003). However, in
contrast to the results of Zhang et al. (2009), trimethylamine (a volatile compound
commonly associated with bacterial degradation of seafood) was not detected in this study,
indicating variation in the spoilage patterns between studies (Gram and Huss, 1996).
Several other studies have utilised SPME-GC-MS to evaluate the volatile profile of
oysters. Zhang et al. (2009) also used a 65 µm PDMS/DVB SPME fibre in their analysis of
Pacific oysters harvested from China. In that study a total of 34 compounds were
identified, with alkenes representing the largest class of compounds. Of the 34 identified
compounds, only 10 were common to the present study. Fratini et al. (2012) and (2013)
utilised a 75µm Carboxen™/Polydimethylsiloxane (CAR/PDMS) SMPE fibre to study the
volatile composition of Pacific oysters and Ostrea edulis. They identified aldehydes as the
predominant chemical class in both Pacific oysters and Ostrea edulis amongst a total of 28
and 22 compounds that were identified respectively. A notable difference is that
Fratini et al. did not identify any alkenes, whereas they represented a large proportion of
the identified peaks in both the present study and that by Zhang and colleagues (2009). It is
likely that this disparity is due to the differences in extraction temperature used (40 °C in
the present study versus 80 °C in the Fratini et al. studies) as it is known that increased
extraction temperature can decrease recovery of analytes (Kudlejova et al., 2012). The
disparity may also be associated with differences associated with the fibre; the
CAR/PDMS fibre is recommended by the manufacturer for gases and low molecular
weight compounds (MW 30-225) whereas the PDMS/DVB fibre is recommended by the
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manufacturer for volatiles, amines and nitro-aromatic compounds (MW 50-300).
Interestingly, only one compound, 1-penten-3-ol, was common to all studies where
SPME-GC-MS has been used to assess oyster volatiles.

3.4.2 Evaluation of potential freshness indices

This work aimed to identify volatile compounds that could potentially be used as indicators
of freshness in Pacific oysters. Consistent changes in levels of the compounds with storage
duration were of primary interest. Consequently, linear and quadratic regression analysis of
the peak areas (relative units) of all volatile compounds (including unidentified
compounds) was undertaken to assess for patterns throughout storage. The regression
plots, residual plots and P-values were used for interpretation.
A total of 8 compounds were found to have a significant, positive linear trend, 5
compounds were found to have a significant negative linear trend and 36 compounds were
identified as having significant quadratic terms. Evaluation of the residual plots (data not
shown) for random scatter and constant spread indicated that of the 8 compounds identified
to have a significant positive linear trend only three compounds should be further
investigated: 3-methyl-butanal, ethyl propanoate and the unidentified peaks at

9.78

minutes (Figure 3.1). The R2 values for these compounds were 0.08, 0.15, and 0.23
respectively. Whilst the regressions shown in Figure 3.1 were found to be statistically
significant, their practical significance is questionable as the range of data within a day is
highly variable – as evidenced by extremely low R2 values for these compounds. The
remaining compounds identified as significant resulted in plots that did not show any
consistent trend and were not considered useful for prediction (e.g. the unidentified peak at
2.79 minutes shown in Figure 3.1). The majority of compounds that were not linear
showed variable results between replicates from an individual day. Oysters can be highly
variable in terms of their reproductive stage and biochemical composition so it is possible
that this disparity is simply a function of natural variability in oysters. Of the compounds
displaying a significant negative trend, none showed a consistent pattern that could be used
for prediction. As decomposition of Pacific oysters proceeds, there is a change in sensory
properties, i.e. fresh oceanic, cucumber and melon-like characteristics change to seaweed
type odours, then eventually pungent, putrid odours become apparent as spoilage occurs
(He et al., 2002; Piveteau et al., 2000). The data presented here suggest that the volatile
compounds responsible for the fresh oyster aromas actually remained relatively constant
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during storage, but were masked by the emergence of spoilage volatiles. Visual assessment
of the scatter plots of the 35 compounds identified that only two compounds were
potentially useful for prediction: 3-octanone and the unidentified peak at 9.03 minutes.
Both of which were highly correlated (0.92) with each other.

Figure 3.1: Linear regression plots for 3-methyl-butanal (A), ethyl propanoate (B), the
unidentified peak at 9.78 minutes (C) and the unidentified peak at 2.79 minutes (D).

The regression for the unidentified peak at 9.03 minutes (Figure 3.2) resulted in an
2

R value of 0.56 using the quadratic model. Jonsdottir et al. (2008) suggested that an ideal
freshness indicator should be present throughout storage and display a clear increasing or
decreasing trend that correlates with storage time. Whilst this unidentified peak fulfils
these criteria, the R2 value is low and further work would be required to identify this
compound and to establish an appropriate internal standard for use in subsequent
quantitative analysis.
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The regression for 3-octanone (Figure 3.2) resulted in an R2 value of 0.67 when a
quadratic model was applied to this data. This C8 compound has a relatively high olfactory
detection threshold value (50 µg/kg) compared to other volatiles derived from enzyme
hydrolysis of fatty acids in seafood (Josephson, 1991). 3-Octanone has been found in
mushrooms (De Pinho et al., 2008; Zhang et al., 2008), truffles (Cullere et al., 2013) and
has been reported to be linked with some strains of Pseudomonas fragi involved in the
spoilage of beef (Ercolini et al., 2010), as a microbial metabolite in rough rice (Salvador et
al., 2013) and in producing musty dry odours in sorghum (Vazquez-Araujo et al., 2011).
The changes in 3-octanone observed during storage of half-shell oysters in the present
study make it an ideal freshness indicator, i.e. it is present throughout storage and it’s
concentration changes as a function of storage duration (Jonsdottir et al., 2008). Although
the predictive power (R2 value) can be considered low, the use of an isotopically labelled
internal standard may improve quantification and therefore the predictive power of this
regression. Zhang, Li et al. (2009) also reported increased levels of 3-octanone during
oyster storage. However, the work presented here extends their work by identifying
3-octanone as a promising indicator of shelf-life. Nevertheless, additional work is needed
to relate this compound to sensory attributes of individual oysters during storage and
establish the applicability of 3-octanone as a freshness indicator in a wider setting. This
includes an evaluation of the influence of storage temperature on the accumulation of
3-octanone during storage.
Dimethyl disulphide was found to have a highly significant quadratic term
(P<0.01). The regression plot for this compound is provided in Figure 3.2; however, the
data may be better suited to an exponential model. Nevertheless, whilst this compound is
an ideal marker for confirming oyster spoilage, the rapid accumulation of this compound
after 6 days of storage, from previously undetectable levels means it cannot be used to
estimate remaining shelf-life. This same concern exists for the use of trimethylamine and
total volatile base-nitrogen as freshness indicators, i.e. they are only useful for confirming
product spoilage (Howgate, 2010b). However, improved detection, for example by
alternate extraction steps prior to injection into the GC port or the use of a sulphur-specific
detector (Lopez et al., 2007) may enable dimethyl disulphide to be used as a freshness
indicator. Indeed, a SPME-GC pulsed flame photometric detection system has been
demonstrated to be useful for the detection of this compound for the assessment of
detrimental off-flavours in wine (Fang and Qian, 2005).
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Figure 3.2: Quadratic regression plots for 3-octanone (A) the unidentified peak at 9.032
minutes (B) and dimethyl disulphide (C).

3.4.3 Chemometric analysis of oyster volatiles during storage

PCA was performed using SPME-GC-MS data to identify differences between fresh (Day
0) and spoiled oysters (Day 7). The first 3 principal components (PC) explained 83% of the
variation in the GC-MS data; PC1 explained 50%, PC2 explained 25% and PC3 explained
8%. PC1 versus PC3 is presented in Figure 3.3 and shows clear separation indicating that
the GC-MS volatile fingerprint contained sufficient information to differentiate samples.
The loadings for PC1 are presented in Figure 3.4. Interpretation of the loadings plot
indicated that the separation of Day 0 and Day 7 samples was largely influenced by the unidentified compounds (i.e. Peaks 41, 44, 54, 73 and 99 with retention times of 8.38, 8.49,
9.78, 11.15 and 13.52 minutes, respectively). When SPME-GC-MS data from all days of
storage was assessed using PCA, there was no clear separation of oyster samples by
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storage duration, which implies that the compositional changes that occur during storage
are both complex and variable between individual oysters.

Figure 3.3: Principal component analysis of fresh (Day 0) and spoiled oysters (Day 7).

Figure 3.4: Loadings plot for PC1 of principal component analysis of fresh (Day 0) and
(Day 7) spoiled oysters.
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PLS regression was developed using GC-MS data from all days of storage; no data
pre-processing techniques were applied. The results of this calibration were as follows:
R2=0.72, standard error of prediction=1.29 relative units, slope=0.72 relative units and the
optimum number of terms in the PLS model was five. These results indicate that there was
sufficient latent information within the GC-MS data to explain 72% of the variability. The
loading of the optimum PLS term is provided in Figure 3.5. The GC-MS peaks that most
influenced the calibration were: Peaks 6, 47, 58, 62, 79, 88, 102, 106 and 107 occurring at
3.06, 8.84, 10.18, 10.44, 11.78, 12.32, 13.83, 14.38 and 14.50 minutes respectively. The
identified compounds that influenced the calibration included 1-penten-3-ol, 1-octen-3-ol,
1-hepten-6-yne, (E,E)-2,6-nonadienal and 1-dodecene. These results demonstrated that
PLS can model the effects of storage. Potentially, the calibration could be improved by
using isotopically labelled internal standards for the quantification of compounds which
influenced the PLS model. Importantly, this calibration could be used to inform the
development of an instrumental sensor that is rapid, relatively low cost and specific to the
analysis of oysters. From a practical perspective, the SPME-GC-MS data holds sufficient
information to screen large volumes of oysters using the developed method to assess
remaining shelf-life.

Figure 3.5: Loadings plot of optimum term (factor 5) of partial least squares regression for
days of storage.
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3.5 Conclusion
This work has identified that the volatile aroma of fresh oysters is comprised of several
compounds that exhibit cucumber and green odours. These volatiles are likely formed
through the oxidation of polyunsaturated fatty acids. Linear and quadratic regression
identified 3-octanone as a potential indicator of spoilage, although further work is required
to improve this calibration. Dimethyl disulphide was identified as a compound that could
be used to identify product that has spoiled and is therefore unfit for consumption. It was
demonstrated that PLS regression could be used to develop a predictive calibration based
on SPME-GC-MS data. As such, this work offers two alternate, but complementary
methods for predicting remaining shelf-life of half shell Australian Pacific oysters.
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Chapter 4: The use of instrumental
methods to assess freshness of half shell
oysters
Preface
The two preceding chapters assessed the microbiological and chemical spoilage patterns
that emerged during storage of half shell oysters. Chapter 3 used a preliminary
SPME-GC-MS analysis to identify potential spoilage metabolites that could be used to
assess shelf-life. While this technique is very powerful and is capable of fully quantitative
methodologies, it requires expensive equipment that is usually only found in specialist
laboratories. In light of this, it is not currently appropriate for immediate uptake by
industry. The main aim of this chapter was to identify instrumental methods that might
prove useful to the oyster sector for assessing shelf-life. Colour was assessed as it had
previously been reported to change throughout storage and it can be paramount to product
acceptance as consumers can associate colour with flavour and freshness. Near-infrared
reflectance spectroscopy was selected for its ease of use and earlier reports of successful
calibrations for freshness attributes of fish. Further, portable near-infrared spectroscopy
instruments are becoming increasingly available due to improvements in the technology.
These portable instruments are appropriate for use during processing, storage or point of
sale. The details of the published study are as follows:

Madigan, T., Kiermeier, A., Carragher, J., de Barros Lopes, M., Cozzolino, D., 2013. The
use of rapid instrumental methods to assess freshness of half shell Pacific oysters,
Crassostrea gigas: A feasibility study. Innovative Food Science and Emerging
Technologies 19, 204-209.
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The use of rapid instrumental methods to assess freshness of half shell
Pacific oysters, Crassostrea gigas: a feasibility study

4.1 Abstract
This study aimed to assess the feasibility of the use of instrumental methods such as
Digital Image Analysis (DIA) and Near-infrared Reflectance Spectroscopy (NIRS) to
objectively characterise changes in freshness (shelf-life) of half shell Pacific oysters,
Crassostrea gigas. Oysters were stored in air under PVC film for five days at 4 ºC. On a
daily basis, oysters were photographed with a digital camera, spectra were collected using
a Fourier transform NIR spectrometer in reflectance mode and odour analysed by a sensory
panel. Calibrations based on NIRS were successfully developed for days of storage
(R2=0.8, RER=5.37) and odour (R2=0.77, RER=7.77) with the latter being influenced by
wavelengths typically associated with aromatic compounds. However, colour (derived
from digital images) was found to be a poor indicator of freshness. This work has
demonstrated the feasibility of NIRS as an objective measure of oyster freshness.

4.2 Introduction
When an oyster is shucked, death ultimately occurs, innate body defences cease and tissue
decomposition is initiated (Ashie et al., 1996). The decomposition profile is complex and
occurs via metabolic activities of microbial organisms as well as through biochemical
reactions such as oxidation and autolytic enzyme activity (Ashie et al., 1996). As
decomposition proceeds, there is a change in the volatile characteristics of oysters from
sea, cucumber and melon-like characteristics that are savoured by consumers, to the
development of seaweed type odours. Eventually sour aroma notes will emerge and
strengthen until pungent putrid odours are apparent (He et al., 2002; Zhang et al., 2009).
Traditionally, microbiological, biochemical and sensory assessment have been used
to assess oyster shelf-life (Ashie et al., 1996; He et al., 2002; Aaraas et al., 2004; Cao et al.,
2009b; Zhang et al., 2009). However biochemical and microbiological techniques are time
consuming and sensory panels, specifically trained for seafood, are expensive to establish
and often difficult for industry to access. Further, these techniques are often only useful
for identifying product that has already reached spoilage rather than assessing remaining
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shelf-life (Howgate, 2010b). Thus, there is a need for an objective measure of oyster
freshness using rapid techniques.
The visual characteristics of a product are usually the first sensation that a
consumer perceives. Attributes, such as colour, can be vital for product acceptance as
consumers can associate colour with flavour and freshness as it often correlates with
physical, chemical and sensory aspects of food (Leon et al., 2006; Pedreschi et al., 2006).
Glycogen, the main energy reserve in oysters, imparts a smooth creamy colour and texture
across the oyster gonad and mantle (Allen and Downing, 1991; Mason and Nell, 1995).
The colour of gonad tissues has been reported to change during storage from creamy white
to yellow and tan as oysters approach the final stages of spoilage (He et al., 2002). Thus,
Digital Image Analysis (DIA) using standard photographic equipment that can capture
extremely detailed information over a large surface area may be a useful, cost effective and
objective tool for oyster wholesalers and retailers to assess the freshness of their product.
In addition, image segmentation algorithms have been developed that can rapidly increase
the speed of data collection (Kang and Sabarez, 2009). DIA has been utilised in the
analysis of foods with issues such as browning of potato chips during cooking (Pedreschi
et al., 2006), discolouration of beef during storage (Larrain et al., 2008) and enzymatic
browning of vegetables (Zhou et al., 2004).
Near-infrared Reflectance Spectroscopy (NIRS) is a versatile technique that has
been applied to many agricultural products. The usefulness of NIRS in the analysis of
foods, including high moisture content foods such as fish and seafood, has been greatly
assisted by the introduction of powerful mathematical techniques referred to as
chemometrics (Deaville and Flinn, 2000; McClure, 2003; Nicolai et al., 2007; Karoui et
al., 2010). The combination of these techniques has resulted in a system that is used as a
low cost, rapid and flexible tool in many industries (Benito et al., 2008). It has proven to be
useful in seafood analysis in several areas including proximate analysis (e.g. protein, fat,
moisture, ash and vitamins), measuring pigment concentration, discriminating between
fresh and thawed product and evaluating shelf-life (Uddin and Okazaki, 2010). To date,
two studies have considered the usefulness of NIRS for use in the oyster industry. Brown
(2011) developed useful calibrations for moisture, total fat, protein and glycogen content of
oysters using NIR regions of the spectra for use in compositional analysis to underpin large
selective breeding trials requiring large volumes of analysis. The effects of homogenisation
and storage on the NIR spectra of oysters were assessed by Madigan et al. (2012). The
authors suggest that oysters need to be homogenised and that data pre-processing
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(extended multiplicative scatter correction) should be applied to maximise the usefulness
of the spectra. The work also highlights an important role of moisture movement during
storage. Potentially, NIRS might provide an objective measure for freshness for oysters.
The aim of this paper is to assess the feasibility of DIA and NIRS to objectively
characterise freshness (shelf-life) of half shell Pacific oysters, Crassostrea gigas. Changes
in moisture content are also considered as this was identified in earlier work as an
important factor during storage.

4.3 Materials and methods
4.3.1 Sample collection and processing

Pacific oysters were harvested from a commercial oyster farm in the Smoky Bay
harvesting region (34° 33' 26"S, 135° 21' 32"E) in South Australia, on the 7th and 10th of
February 2011. Oysters collected on the two different harvesting occasions were from the
same intertidal location and were of the same size grade (shell length 9.2 cm (± 0.46 SD)).
The live oysters were packed in hessian sacking and shipped overnight by refrigerated road
transport (~8 °C). Upon receipt (8th and 11th Feb), oysters were scrubbed under running
potable water and processed by separating the adductor muscles from both valves. They
were then gently rinsed under running potable water to remove debris and the meat turned
to expose the cupped side. Shucked oyster meats were kept on the half shell (as per
Australian retail practice) and stored in compostable corn starch oyster trays (JMP
Holdings Pty Ltd, Victoria, Australia). Trays were placed within unsealed plastic pouches
with the end of the bag folded to prevent dehydration and held at 4 °C up to and inclusive
of five days post shucking. A five day storage period was used in this study as this was
considered to be the longest period that half shell oysters would be retained in a
commercial setting.

4.3.2 Sampling protocol overview

On each day of analysis, a total of 18 oysters were analysed. Each oyster was assessed
using DIA, NIRS and an estimation of moisture content. In addition, a total of nine of these
oysters were assessed by sensory analysis. The reduced number of oysters for sensory
analysis was used to minimise panellist fatigue. A different batch of 18 oysters was used
on each day of storage. Analysis was undertaken on Days 0, 1, 2 and 3 for oysters collected
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on the first harvesting occasion and on Days 3, 4 and 5 on the second harvesting occasion.
Dual harvesting occasions allowed for sensory panellists to be available on each sampling
day.

4.3.3 Digital image analysis

Digital images of the cupped side of 18 individual oysters were collected in triplicate on
each sampling day using a Canon D400 digital camera (Tokyo, Japan) in a custom made
light box, which was impervious to exterior light and fitted with two 45 cm 16 watt
daylight fluorescent tubes. Images were taken in manual mode as follows: ISO 100, neutral
colour setting, custom white balance set to a white colour card, 0.4 second exposure and
f36 aperture. Photos were imported into the Gimp software (Version 2.6) and the ‘Scissors
Select’ tool was used to select a) the whole oyster and b) the gonad (the area immediately
anterior of the adductor muscle incorporating the gonad and a portion of the mantle). The
Sample Average Colour script (http://registry.gimp.org/node/16678) was used to obtain the
average RGB colour values and these were used to generate 100 × 100 pixel colour tiles in
JPG format (*.jpg) for each individual oyster for later analysis.

4.3.4 Near-infrared reflectance spectroscopy

The spectra of 18 individual oysters were collected on each sampling day. Spectra were
collected from a total of 126 oysters. The sample presentation method followed that of
(Madigan et al., 2012) for homogenised oysters. Briefly, oyster meats were removed from
the shells, patted dry with paper towel and individually homogenised with a WiseTis®
Homogenizer (Wisd Laboratory Instruments, Wertheim, Germany) at 2000 rpm for 30
seconds. Homogenates (~5 mL) were transferred to glass vials, loaded in an autosampler
(AutosamplerRS for Antaris II FT- NIR) and spectra collected in reflectance mode using a
FT-NIR Thermo Antaris® II (Thermo Fisher Scientific, Madison, USA) spectrometer
equipped with a Helium/Neon laser and interfaced with a personal computer. The samples
were analysed using an integrated sphere coupled with an InGaAs detector (Thermo Fisher
Scientific, Madison, USA). The spectra were computed at 4 cm−1 resolution between 3800
and 12000 cm−1 (833 to 2630 nm). An internal Spectralon® disk was used as reference.
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4.3.5 Chemometrics

Spectra were exported from the Thermo Antaris® II collection software in GRAMS format
(*.spc) into The Unscrambler software (X CAMO ASA, Oslo, Norway) for chemometric
analysis. Extended multiplicative scatter correction (EMSC) was used as a pre-processing
method. Partial least squares regression (PLS) was performed with full cross validation
(leave one out). The optimum numbers of terms in the PLS models were indicated by the
lowest number of factors that gave the minimum value of the prediction residual error sum
of squares (PRESS) in cross validation in order to avoid over fitting in the models. The
maximum number of terms used to develop the calibration equation was 10 in all cases.
The ratio of the standard error of cross validation (SECV) to the standard deviation (RPD
value) was used as a simple statistic to evaluate the SECV in terms of the of the reference
data (calculated as the standard deviation of the reference values divided by the SECV)
(Williams, 2001). Similarly, the ratio of the error range (RER) was used to standardise the
SECV to the error range in the reference data (calculated as range of reference values
divided by the SECV) (Williams, 2001).

4.3.6 Sensory

On each day of the shelf-life trial, seven to eight panellists assessed the same nine oysters
using the odour attributes described by He et al. (2002) (Table 4.1). Oysters were presented
in black corn starch oyster trays. Panellists, who worked in the area of food analysis, had
repeatedly practiced the use of this odour scale until competent in its use prior to this
study. Human ethics approval was obtained for the work (P056/10). The order of
assessment for each oyster was randomised for each panellist. The mean odour values for
each oyster were used for further analysis.
Table 4.1: Attributes used to describe oyster odour. Taken from He et al. (2002).

Attribute

Sea/crisp

Strong seaweed

Spoiled with

Strong putrid

slight putrid

smell

smell

Score

1

2

3

4
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4.3.7 Moisture analysis

Immediately following collection of spectra, homogenates were placed in 5 mL plastic
screw cap tubes and snap frozen in liquid nitrogen. Samples were then stored at -80 ºC
until further analysis. Moisture content of individual oysters was estimated by drying ~1 g
of defrosted sample at 100 ºC in duplicate until constant weight. The mean percentage of
weight loss was recorded as moisture content for each sample.

4.3.8 Statistical analysis

All data analyses were performed in the statistical software package R (Version 2.14.1).
RGB colour values of generated tiles were converted to the CIE L*a*b* colour space
described by the Commission Internationale d’Eclairage in 1976 using the convertColor
function in R (CIE, 1976; R Core Team, 2012). Mean L*a*b* values from triplicate
images were used for further analysis. Linear mixed effects models were fitted using the
nlme package (Pinheiro et al., 2011) to the various response variables, e.g. moisture, where
the two batches of oysters were treated as random effects and days were fitted as fixed
effects. Models with day effects as factors (different mean for each day) or as linear
(straight line) effects were fitted – models were compared using the Bayesian Information
Criterion (lower values of the BIC are preferable). When different day means were
preferable over a linear trend, then differences were assessed for significance using a
pairwise comparison approach using the multcomp package (Hothorn et al., 2008). Models
were examined for fit using standard model diagnostics, i.e. residuals plot and normal
scores plot. The lmmfit package (Maj, 2011) was used to calculate likelihood ratio based
R2 values for the mixed effects models.

4.4 Results and discussion
4.4.1 Moisture analysis

Moisture content for samples analysed are presented in Figure 4.1. There were no
significant differences found between days of storage. The estimated standard deviation in
moisture between batches was 0.00015% indicating that there was little difference in mean
moisture content between the two batches. Oysters stored for 3, 4 and 5 days generally
possessed marginally lower moisture than those stored for 1 or 2 days and more variability
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in moisture was apparent at Day 0. The results are in line with those reported by other
authors (He et al., 2002; Cruz-Romero et al., 2007; Brown, 2011). An earlier study of the
NIR spectra of oysters during storage reported an unexpected behaviour (non-linear) of
moisture around Day 3 of storage (Madigan et al., 2012). The moisture results reported
here indicate that the non-linear spectral behaviour was likely associated with movement
and compartmentalisation of moisture within oyster tissues rather than loss and reabsorption of liquid.
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Figure 4.1: Box plots of mean moisture scores for oysters stored for up to five days..No
significant differences were found between days

4.4.2 Sensory analysis

Results of odour scores for stored oysters are presented in Figure 4.2. The linear trend
model fitted the mean score for each oyster better (BIC=50.4) than a more general model
which allows for each day to differ in a non-linear fashion (BIC=5 5.0). Although the
model fitted the data well, on Day 2, two potential outliers created an anomaly in the data.
However, no reason could be identified to justify their exclusion from the analysis. The
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estimated standard deviation in odour score between the two harvesting occasions
(batches) was 0.16 indicating that batches varied little in terms of odour. The mean odour
score on Day 0 (intercept) was 1.18 and this increased by 0.22 units per day, on average.
Consequently, when using the model the mean odour score by Day 5 was predicted to be
2.28. This indicates that decomposition of oysters occurred throughout the study period but
no completely spoiled oysters were detected in the study.

Odour score

2.5

2.0

1.5

1.0
0

1

2

3

4

5

Days of storage

Figure 4.2: Box plots of mean odour scores for oysters stored for five days.

4.4.3 Digital image analysis

The CIE L*a*b* colour space was selected for use as it is the most common colour space
used in food analysis. In this colour space, the L* value is a measure of lightness (from 0 to
100), a* is a measure of green and magenta (negative values indicate green and positive
values magenta) and b* is a measure of blue and yellow (negative values indicate blue and
positive values yellow). A uniform change in L*a*b* values should equate to a uniform
change in visual appearance (McCaig, 2002; Leon et al., 2006). Colour results (L*a*b*
values) for stored oysters are provided in Table 4.2. There were significant linear increases
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in L* values for both whole oysters (P<0.001) and gonad sections (P=0.031). The a*
values differed between days, but without a discernible pattern, and in consideration of the
possible range of a* values, these mean fluctuations (all less than 1.4 units) were of no
practical significance. There were no significant differences in b* values throughout the
storage period in whole oysters (P=0.3542) and gonad sections (P=0.3839). For whole
oysters, the estimates of standard deviations between the two harvesting occasions where
0.00021, 0.28, and 0.000058 for L*, a* and b* models and for gonad sections the
corresponding values were 1.00, 0.20, and 0.000078, respectively. While the standard
deviations for L* (whole oysters only) and for a* (whole and gonad) were at most 50% of
the residual variability (not shown), their size is still small in terms of practical importance.
The slight increase in L* values is in keeping with the first stage of oyster
degradation suggested by (He et al., 2002), where colour of oyster gonads change from
creamy white to white prior to becoming tan in colour as spoilage proceeds. However, in
this study, there were no consistent changes in a* or b* values indicating that there was no
change towards a tan colour during storage. The lack of gross colour changes in these
oysters is potentially due to differing biochemical composition or possibly the storage time
not being sufficient for the colour change to be apparent. However, sensory analysis of
shucked and stored Pacific oysters undertaken previously within our laboratory (data not
shown) indicated that there were no apparent changes in colour despite the presence of
strong putrid odours. Whilst small, but significant changes occurred in L* values during
storage in this study, the residual variability was large. The small R2 value of 0.2 implies
that inverse prediction is not possible, i.e. given a value for L*, differentiation between
storage period is not possible, unless the value of L* is at the extreme of the values
observed here. Further, it is difficult to extrapolate L* values as a measure of freshness to
oysters outside of this study as the creamy white appearance of oysters changes in line with
gametogenesis (Allen and Downing, 1991; Mason and Nell, 1995). Collectively, this
indicates that colour is not an appropriate method for use in estimating storage time or
freshness of shucked Pacific oysters that were grown in Australia. However, the gross
visual changes associated with gametogenesis are indicative of textural and flavour
changes (Allen and Downing, 1991; Mason and Nell, 1995). Thus, the DIA method
utilised here may be better suited to assessing gross colour changes associated with
gametogenesis with the aim of developing objective classification scales for potential
eating quality based on L*a*b* values.
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Table 4.2: Mean CIE L*a*b* values for stored oysters. Bracketed value is standard
deviation.

Day L* whole

a* whole

b* whole

L* gonad

a* gonad

b* gonad

0

33.52 (2.81) -1.78 (0.42) 11.28 (1.00)

37.33 (2.62) -1.13 (0.42) 13.52 (1.12)

1

35.40 (2.18) -1.12 (0.68) 11.49 ( 1.10) 38.32 (2.57) -0.55 (0.92) 13.53 (1.27)

2

34.53 (2.15) -1.23 (0.45) 11.51 (0.98)

37.22 (1.59) -0.94 (0.50) 12.97 (1.08)

3

35.60 (2.24) -1.90 (0.53) 11.44 (0.86)

38.73 (2.02) -1.43 (0.54) 13.16 (1.08)

4

37.25 (2.16) -0.71 (0.56) 11.19 (1.02)

40.47 (1.86) -0.10 (0.81) 12.93 (1.33)

5

37.75 (1.80) -1.01 (0.51) 11.86 (0.54)

40.84 (2.39) -0.71 (0.48) 13.48 (1.17)

All

35.66 (2.56) -1.38 (0.68) 11.46 (0.93)

38.81 (2.50) -0.90 (0.76) 13.25 (1.17)

4.4.4 Prediction of odour, days of storage and colour from NIR spectra

PLS regression was used in an attempt to predict quality attributes of oysters using nearinfrared spectra as an objective measurement. PLS calibrations were developed for odour,
days of storage, L* gonad and L* whole. Summary statistics relevant to calibrations are
reported in Table 4.3. Calibration and cross validation statistics are reported in Table 4.4.
Whilst other pre-treatment methods were assessed, such as 2nd derivative and standard
normal variate, only EMSC results are reported here as other treatments did not improve
upon EMSC alone.
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Table 4.3: Summary statistics for odour and colour (L*).

Characteristic Number of

Mean

Range

Standard deviation

samples

Odour

63

1.75

1 to 2.71

0.40

Whole L*

126

35.66

28.97 to 40.68

2.56

Gonad L*

126

38.81

32.21 to 44.85

2.50

Table 4.4: Cross validation statistics for odour, days of storage and colour (L*).
Characteristic

n

R2

Odour

52#

0.77 0.22

0.63

-0.009 1.82

7.77

6

Days of storage 113 0.80 0.93

0.68

0.017

1.71

5.37

7

Whole L*

61

0.59 1.50

0.69

0.054

1.71

7.80

7

Gonad L*

82

0.48 1.68

0.58

-0.132 1.48

7.52

6

#

SECV Slope Bias

RPD RER PLS terms

a reduced number of samples was used for sensory analysis.

Abbreviations used: n number; R2 coefficient of determination of calibration; SECV
standard error of cross-validation, RPD ratio of SECV to standard deviation, RER ratio of
SECV to the error range, PLS partial least squares.

Reports of the ability to predict colour based only on the NIR regions of the spectra
are conflicting with some authors who reported successful calibrations (Leroy et al., 2003;
Pillonel et al., 2007), while others did not (Abeni and Bergoglio, 2001; Dalle Zotte et al.,
2006). Therefore, we used L*a*b* values to establish if a relationship between surface
colour of oysters and NIR spectra could be established. Calibrations were developed for L*
of whole oysters (R2=0.59) and L* of gonad sections, although the latter resulted in a lower
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R2 value (R2=0.48). However, more than 30% of samples were identified and deleted as
outliers (Hotelling’s T2 statistic) indicating that NIRS may not be suitable for this type of
analysis. Calibrations for a* or b* values were not successful. Loadings from the optimum
PLS calibration for L* for whole oysters (Figure 4.3) were influenced around the following
wavelengths: 1380 nm (O-H associated with water), 1425 nm (N-H), 1881 nm (O-H), 1948
nm (O-H), 2212 (N-H associated with ammonia in water), 2309 nm (C-H associated with
lipids) (Weyer and Lo, 2002; Murray and Cowe, 2004; Workman and Weyer, 2008; Uddin
and Okazaki, 2010).
The inability to develop robust calibrations for all colour values may be associated
with the exclusion of visible regions of the spectra containing important spectral
information (a* and b*) (Leroy et al., 2003; Liu et al., 2004). Note that the FT-NIR
instrument used in this study only covers the NIR region between 833 to 2630 nm. The use
of either the visible region (400-700 nm) or a combination of the visible and near-infrared
regions (400-2500 nm) have proven useful in the development of calibrations for L*a*b*
values for meat products previously (Liu et al., 2003; Liu et al., 2004; Xing et al., 2007).
Thus, it may be necessary to also include visible areas of the spectrum to improve
predictive ability. In addition, the calibration may also have been impacted by the narrow
range of colour values in the reference data (Liu et al., 2004; Larrain et al., 2008).
Nevertheless, these results are similar to other studies where an increased ability to predict
L* over a* and b* values were reported (Leroy et al., 2003; Andres et al., 2008). In this
instance, the correlations achieved for L* are possibly associated with the concentration of
fat and glycogen within oysters as these can be predicted using the NIR region and are
known to change the visual appearance of oysters (Allen and Downing, 1991; Mason and
Nell, 1995; Andres et al., 2008; Prieto et al., 2008; Brown, 2011).
A PLS calibration model that predicted days of storage for oysters in this study
with an R2 value of 0.80 and a SECV of 0.93 was developed. The predictive ability of the
calibration is potentially related to the underlying interactions of biological processes that
occur during storage such as metabolic activities of microbial organisms and oxidation of
fatty acids (Ellekjaer et al., 1994; Ashie et al., 1996; Warm et al., 2001; Zhang et al.,
2009). The loadings from the optimum PLS calibration for days of storage (Figure 4.3)
showed maxima and minima in regions around 1380 nm (O-H associated with water), 1700
nm (CH2 overtone associated with fatty acids/fat), 1869 nm (O-H associated with water),
1937 nm (O-H associated with water), 2048 nm (N-H amides/proteins); 2136 nm (N-H)
and 2233 nm (C-H and N-H combinations) (Weyer and Lo, 2002; Murray and Cowe, 2004;
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Workman and Weyer, 2008; Uddin and Okazaki, 2010). The success of this calibration is
extremely promising as it allows for estimation of remaining shelf-life and is not reliant on
a sensory panel or a wet chemistry method to develop the calibration. Further it represents
an improvement on traditional assessment methods that are often only suitable for
identifying product that has already spoiled (Howgate, 2010b).
A PLS calibration model that predicted odour of oysters with an R2 value of 0.77
and a SECV of 0.22 was also developed. The success of this calibration is also promising;
particularly in light of the poor calibrations for odour based on NIR spectra reported
previously in other food products (Ellekjaer et al., 1994; Brondum et al., 2000; Warm et
al., 2001; Karoui et al., 2006). Of the earlier reports, the calibration statistics for aroma
intensity of Emmental cheeses (R2 0.6, RPD 1.62, RER 7.00) was the most favourable;
highlighting the success of the calibration developed here. As reported in other studies that
relate to the prediction of sensory traits using NIR, the use of average scores from the
sensory panel gave SECV values that were similar (but lower) to the standard deviation
(Sorensen and Jepsen, 1998; Cozzolino et al., 2005; Karoui et al., 2006). Nevertheless,
odour perception of food is amongst the first attributes perceived by the consumer and
based on the R2 and RER values (0.77 and 7.77) this calibration may be particularly useful
for objective screening of large volumes of oysters. The loadings for the optimum odour
calibration (Figure 4.3) were similar to days of storage except for clear differences at 1469
nm (O-H) and 1680 nm (C-H associated with aromatic compounds) suggesting that the
NIR calibration developed using the sensory panel data is identifying actual odour changes
and not simply measuring storage time (Workman and Weyer, 2008). The relationship
between NIR spectra and sensory data in the aromatic region can be confirmed by reports
that stated 36% of the difference in the profile of volatile compounds of stored oysters can
be related with compounds such as 1,3-diethenyl benzene and 2,5-octadeine (Zhang et al.,
2009).
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Figure 4.3: Optimum partial least squares loadings from calibrations for days of storage,
odour and L* of whole oysters.

In this study, cross validation was used as tool to assess predictive ability. The
work has demonstrated the feasibility for the use of NIR to assess the quality of oysters in
terms of odour and days of storage. To build upon this feasibility study, further work is
required using oysters from differing growing regions and harvest times to validate the
method (Williams and Norris, 2001; Dardenne, 2010).

4.5 Conclusion
Work presented here has demonstrated that prediction of freshness of stored half shell
oysters in terms of days of storage and odour is feasible using rapid instrumental methods
such as NIRS. However, colour has been demonstrated to be a poor indicator of freshness
of shucked Pacific oysters that were grown in Australia. The DIA method utilised here
may be better suited to developing objective classification scales for gross colour changes
associated with gametogenesis to define potential eating quality. Further work is planned
that validates the NIRS calibrations developed here and will also evaluate if other sensory
attributes of oysters such as texture, mouth feel and flavour of oysters can be predicted
using NIRS and chemometrics.
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Chapter 5: The effect of homogenisation
and storage on the near-infrared spectra
of half shell oysters
Preface
The preceding chapter utilised near-infrared reflectance spectroscopy in combination with
multivariate regression to develop predictive calibrations for potential use in predicting
shelf-life. In this chapter the technique is utilised as an investigative tool to yield
information on changes in the physical and chemical properties of the sample that are
taking place in the oysters at a molecular level during storage. This may give further
insight into the processes associated with the spoilage of oysters revealed by the
assessments of microbial and chemical spoilage patterns undertaken in Chapters two and
three of this thesis. The effect of sample presentation to the instrument was also
considered. The details for the published manuscript are as follows:

Madigan, T., Kiermeier, A., de Barros Lopes, M., Cozzolino, D., 2012. The effect of
homogenisation and storage on the near-infrared spectra of half shell Pacific oysters
(Crassostrea gigas). Food Analytical Methods 5, 995-1002.
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The effect of homogenisation and storage on the near-infrared spectra of
half shell Pacific Oysters (Crassostrea gigas)

5.1 Abstract
The effect of sample homogenisation and storage on the near-infrared spectra of Pacific
Oysters (Crassostrea gigas) has been assessed. On each day of storage (Days 0, 3 and 5),
spectra were collected using a fourier transform near-infrared reflectance spectrometer in
reflectance mode between 833 and 2630 nm from whole (n=20) and homogenised oysters
(n=20). The raw spectra were dominated by water and fatty acid associated bands. Linear
regression analysis of the water associated absorbance bands occurring at 1942 nm
indicated that a physical or chemical interaction may be taking place within the oysters at
or near Day 3, likely associated with transfer of liquids to and from oyster tissues. Oneway ANOVA of principal component scores and extended multiplicative scatter correction
highlighted the water regions (O-H bonds) in whole oysters and the importance of N-H
related compounds in homogenised oysters throughout storage. These findings indicate the
potential usefulness of NIR spectroscopy to monitor and evaluate degradation of oysters
over time.

5.2 Introduction
Freshly harvested oysters are savoured by consumers for their cucumber and melon-like
aromas and flavours, together with characteristic aromas of the sea and a firm, elastic
texture (Josephson et al., 1985; He et al., 2002). However, retailers are increasingly
demanding that products possess long shelf-lives. Thus, an understanding of product
spoilage is needed to estimate remaining shelf-life in order to minimise wastage and
increase profits. The spoilage of oysters is complex and occurs via metabolic activities of
microbial organisms as well as through biochemical reactions such as oxidation and
enzyme activity (Ashie et al., 1996). Traditional methods to evaluate spoilage of oysters
include microbial, biochemical and sensory evaluation techniques (Ashie et al., 1996; He
et al., 2002; Aaraas et al., 2004; Cao et al., 2009b). However, these techniques and
methods are either time consuming or require specialist sensory panels and therefore novel
rapid approaches are required.
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Near-infrared reflectance (NIR) spectroscopy is currently utilised as a low cost,
rapid and flexible tool in many industries (Benito et al., 2008). Powerful mathematical
techniques referred to as chemometrics have greatly increased the effectiveness of
spectroscopy methods, particularly in high moisture content foods such as horticultural
products, meat, fish and seafood (Deaville and Flinn, 2000; McClure, 2003; Nicolai et al.,
2007; Karoui et al., 2010). Several NIR spectroscopy based techniques have been shown to
be useful in the seafood industry, such as proximate analysis (e.g. protein, fat, moisture,
ash and vitamins), measuring pigment concentration, discriminating between fresh and
thawed product and evaluating shelf-life (Uddin and Okazaki, 2010). However, with regard
to shelf-life evaluation, detailed analysis of chemical/structural constituents should be
undertaken to define the mechanisms of spoilage such as degradation and functionality loss
(Carmona et al. 2010). This information may allow the development of NIR spectroscopy
based indicators of remaining shelf-life and possibly target efforts to extend shelf-life of
products (Carmona et al. 2010).
A key step in the development of robust NIR calibration models is to select a
suitable means of sample presentation (Murray and Cowe 2004). With dry materials,
sample presentation often includes grinding or homogenisation of the sample as
homogenised presentation can lead to increased performance of the calibration model
(Williams 2001, Guy et al. 2011). However, in high throughput systems the processing of
the sample can be time consuming and the presentation of a sample in its original state may
be preferable. Often when a new method based in NIR is defined, much attention and
effort is dedicated to calibration development, mathematical treatment, algorithms and less
attention is dedicated to define the best sample presentation for the intended purpose.
The presentation of wet samples in NIR spectroscopy can be problematic as the
occurrence of water within pores leads to less refraction at boundaries and deeper light
penetration in high moisture tissues (Murray and Cowe 2004). Additionally, the rapid
absorption coefficient of water at longer wavelengths means that excessively wet samples
can present serious measurement issues above 1400 nm (Murray and Cowe 2004).
However, advances in instrumentation, chemometric software and data pre-processing
techniques have contributed to the ability to minimise interference of water in the analysis
of wet materials (Griggs et al. 1999, Murray and Cowe 2004).
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The aim of this work is to assess and quantify the effects of sample homogenisation
and time of storage on the NIR spectra from aerobically stored half shell oysters to assist in
understanding the spoilage mechanisms of Pacific oysters (Crassostrea gigas).

5.3 Materials and methods
Pacific Oysters were harvested from the Coffin Bay harvesting region (34° 33' 26"S, 135°
21' 32"E) in South Australia, Australia on 30 July 2010. Live oysters, of marketable quality
and an average shell length of 8.9 cm (± 0.4 SD) were packed in hessian sacking and
shipped overnight by refrigerated road transport (~8 °C). Upon receipt, oysters were
processed by separating the adductor muscles from both valves. They were then gently
rinsed under running potable water to remove debris and the meat turned to expose the
cupped side. Shucked oyster meats were kept on the half shell (as per Australian retail
practice) and stored in plastic oyster trays. Trays were placed within unsealed plastic
vacuum pouches with the end of the bag folded to prevent dehydration. Oysters were
stored at 4 °C until spoiled and the spectra of 20 individual oysters collected on each
sampling day (Days 0, 3 and 5 of storage). Oysters collected at Day 7 were clearly spoiled
and not included in the analysis. Oyster meats were removed from oyster shells, gently
patted dry with paper towel to remove free surface liquid and placed cupped side down
into the sampling vessel.
Spectra of whole oysters (n=60) were collected in reflectance mode using a rotating
circular quartz cup in a FT-NIR Thermo Antaris® II (Thermo Fisher Scientific, Madison,
USA) spectrometer interfaced with a personal computer equipped with a Helium/Neon
laser. The samples were analysed using an integrated sphere coupled with an InGaAs
detector (Thermo Fisher Scientific, Madison, USA). The spectra were computed at 4 cm−1
resolution between 3800 and 12,000 cm−1 (833 to 2630 nm). An internal Spectralon® disk
was used as reference. Once whole spectra were collected in reflectance mode, oysters
were individually homogenised with a WiseTis® Homogenizer (Wisd Laboratory
Instruments, Wertheim, Germany) at 2000 rpm for 30 seconds. Homogenates (Ca 5 mL)
were transferred to glass vials, loaded to an autosampler (AutosamplerRS for Antaris II
FT- NIR) and spectra collected as per whole oysters.
Spectra were exported from the Thermo Antaris® II collection software in GRAMS
format (*.spc) into The Unscrambler software (9.5 CAMO ASA, Oslo, Norway) for
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chemometric analysis. Principal component analysis (PCA) was performed with full cross
validation (leave one out). The optimum numbers of terms in the PCA models were
indicated by the lowest number of factors that gave the minimum value of the prediction
residual error sum of squares (PRESS) in cross validation in order to avoid over fitting in
the models. The R software (version 2.13.1) was used to fit linear and quadratic curves to
the spectral data over time. The significance of the quadratic effects was assessed using a ttest and a significance level of 0.05. Model fits used standard model diagnostic plots.
Extended multiplicative scatter correction (EMSC) was used as pre-processing method.
The second derivative was obtained using the Savitsky-Golay derivative (20 data point
smoothing) (Hruschka, 2001).
Score values from the PCA models were analysed statistically to quantify the
proportions of the total spectral variability explained by experimental factors such as
processing (whole or homogenised) and storage (D0, D3 and D5). After PCA analysis, the
score values from the principal components (PCs), which accounted for more than 90% of
the total spectral variability, were analysed using analysis of variance (ANOVA) (JMP,
USA) and compared using least squares (P<0.05).

5.4 Results and discussion
5.4.1 Spectral interpretation

Four distinct absorption bands dominated the NIR spectrum in similar positions for both
whole and homogenised oysters (marked A to D in Figure 5.1). In whole oysters, the
absorption bands occurred (respectively from A to D) at 1942 nm (O-H overtone
associated with water), 1791 nm (CH2 overtone associated with fatty acids/fat), 1457 nm
(O-H overtone associated with water) and 1205 nm (O-H overtone associated with water)
(Weyer and Lo, 2002; Murray and Cowe, 2004; Workman and Weyer, 2008; Uddin and
Okazaki, 2010). Mean absorbance values are presented in Table 5.1.
In homogenised oysters, bands occurred at slightly different absorbance values, but
similar wavelengths: 1861 nm (O-H), 1735 nm (CH2), 1413 nm (O-H) and 1168 nm (O-H)
(Figure 5.1, Table 5.1) (Weyer and Lo, 2002; Murray and Cowe, 2004; Workman and
Weyer, 2008; Uddin and Okazaki, 2010). The strong dominance of O-H water bonds
within the spectra is associated with the high moisture content of oysters, which can range
from 75-89% (Cruz-Romero et al., 2004; Cruz-Romero et al., 2007; Brown, 2011). These
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regions can also be associated with water interacting with amino acids, fatty acids and
other complex biological macromolecules within oysters (Uddin and Okazaki 2010). The
positions of these absorbance bands are comparable to those reported by Brown (2011),
where large water associated absorbance bands at 1940 nm (O-H) and 1965 nm (O-H)
dominated the spectra of Pacific Oysters. It is well known that as absorbance is a
logarithmic measure, a value of 1.0 indicates that 10% of the radiation has been detected, a
value of 2.0 indicates that 1% of the radiation has been detected and a value of 3.0
indicates that only 0.1% of the radiation has been detected (Murray and Cowe 2004).
Consequently, in high moisture samples, presentation is critical as large water associated
absorbance bands can mask signals of lesser organic constituents and can have a
significant effect on the accuracy of any NIR calibration model (Murata and Sakaguchi,
1986; Murray and Cowe, 2004; Cozzolino et al., 2006).
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Figure 5.1: Mean raw absorbance spectra for whole (A) and homogenised (B) oysters
stored for 0, 3 and 5 days.

90

Table 5.1: Mean absorbance values observed at specific wavelengths for whole and
homogenised oysters.
Wavelength (nm)

Type

Day 0

Day 3

Day 5

1942

whole

2.1

2.15

2.14

1791

whole

1.65

1.58

1.56

1457

whole

1.9

1.89

1.88

1205

whole

1.05

0.98

0.94

1861

homogenised

2.09

2.02

2.05

1735

homogenised

1.48

1.45

1.43

1413

homogenised

1.81

1.76

1.76

1168

homogenised

0.88

0.87

0.85

To evaluate for trends within the raw NIR spectral data, linear regression plots
were generated using absorbance values at the positions of the dominant spectral bands
(Figures 5.2 and 5.3). Higher absorbance values were apparent for whole oysters in
comparison to homogenised oysters; an effect also noted in lamb and beef muscle samples
when the raw spectra of ground and intact samples were analysed using NIR spectroscopy
(Cozzolino et al., 2002; Guy et al., 2011). The biological structure of oysters, which are
consumed whole, is distinctly different to muscle foods in that only the adductor muscle
possess fibres (Gosling, 2007b). Furthermore, there are distinct components within the
body meat such as gills, mantle and a reflective membrane encased gonad. In this instance,
the light scattering effect associated with macroscopic surface reflectance and possibly
birefringence associated with fibres of the adductor muscle likely contributed to the
increased energy reflectance values observed.
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Figure 5.2: Linear regressions (dashed line) for main spectral bands detected in whole
oysters. Plot (a) is absorbance band located at 1942 nm (O-H). Plot (b) is absorbance
band located at 1791nm (CH2). Plot (c) is absorbance located at 1457 nm (O-H). Plot (d)
is absorbance located at 1205 nm (OH). Dotted line (where included) is regression line
with outliers removed.
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Figure 5.3: Linear regressions (dashed line) for main spectral bands detected in
homogenised oysters. Plot (a) is absorbance band located at 1861 nm (O-H). Plot (b) is
absorbance band located at 1735 nm (CH2). Plot (c) is absorbance located at 1413 nm
(O-H). Plot (d) is absorbance located at 1168 nm (OH).

Assessment for quadratic effects indicated that absorbance values generally tended
to decrease linearly throughout storage (Figures 5.2 and 5.3). This is potentially associated
with moisture loss, changes in the state of water, changes in the fatty acid profile and/or
oxidation of fatty acids and lipids (Rychener et al., 1985; Songsaeng et al., 2009; Uddin
and Okazaki, 2010) . However, the absorbance associated with the dominant water band in
whole (1942 nm) and homogenised (1861 nm) oysters showed significant quadratic terms
(P=0.0496 and P=0.045 respectively) and were distinct between whole and homogenised
oysters. Although, there was considerable variability between samples due to the intrinsic
biological variability between individual oysters. Further, for whole oysters, it should be
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noted that several outliers at Day 3 impacted the analysis at 1791, 1457 and 1205 nm
(Figure 5.2). These outliers were the same individual oysters at each of these absorbance
bands. Removal of these observations from the analysis results in significant quadratic
relationships between days for 1791 and 1205 nm absorbance bands for whole oysters,
indicating that caution is needed in using a whole oyster sample presentation format. This
can be explained by a combination of factors such as high moisture content, presence of
residual water on the surface of whole oysters and changes that occurred during storage
(e.g. fatty acid oxidation and changes in the state of water associated with protein
interactions) as reported by other authors (Jeong et al., 1990; Songsaeng et al., 2009; Uddin
and Okazaki, 2010; Brown, 2011). In this study, the 1942 nm wavelength was extremely
flattened and distorted at the band heads and most of the photons at high absorbance are
from specular reflectance. However, the non-linear trend of this data within a treatment
type (whole or homogenised) indicates that a combination of physical (e.g. as a result of
light scattering) and chemical interactions (e.g. changes in either the state of water or fatty
acid profiles) may be taking place within the oysters at or near Day 3 (this interesting result
was confirmed in a later study (data not shown)). This indicates a need for caution with
regard to any spectral interpretation associated with this region. In shucked oysters,
moisture content is lost when adductor muscles are cut from their shells and blood is
secreted in the form of clear haemolymph (Rychener et al., 1985). Further, in this study,
the industry practice of rinsing the shucked oysters in fresh water was followed. With this
procedure, water can be retained within the shell, leading to moisture being slowly
absorbed back into the meat and potentially explaining the non-linear trend observed.
Buzin et al. (2011) also reported a slight, but not significant, increase in fresh flesh weight
of whole shell oysters stored at 3ºC for four days, indicating that some changes in
compartmentalisation of moisture and absorption had likely occurred. However, after four
days a significant decrease in fresh weight of oysters was observed during storage of whole
live product, likely due to transfer of water from flesh to the intervalvular liquor (Buzin et
al., 2011).
The second derivative of the NIR spectra was used to allow increased interpretation
by removal of non-horizontal baseline shifts, separation of overlapping absorbances and
improving peak resolution (Hruschka 2001). Figure 5.4 shows the second derivative of the
mean spectrum for whole and homogenised oysters. Absorption bands in the second
derivative of the mean spectrum for whole oysters occurred in the following regions or
positions: 2368 to 2298 (CH2 combinations) associated with either fatty acids or amino
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acids, 2058 (N-H from protein), 1893 (O-H) associated with proteins, both 1777 (C-H) and
1709 (C-H) associated with lipids and fatty acids, 1465 (secondary amine), 1403 (O-H)
and 1345 (O-H) mainly associated with water (Weyer and Lo, 2002; Murray and Cowe,
2004; Workman and Weyer, 2008; Uddin and Okazaki, 2010). Absorption bands in the
second derivative of the mean spectrum for homogenised oysters occurred in the following
regions or positions: 2262 to 2199 (C-H combinations) associated with either fatty acids or
amino acids, 1970 (O-H) associated with water, 1826 (O-H/N-H) and 1648 (N-H)
associated either with water or compounds containing nitrogen, 1717 (CH) associated with
lipids and fatty acids, 1425 (O-H) (water) and 1366 to 1309 nm (N-H) (Weyer and Lo,
2002; Murray and Cowe, 2004; Workman and Weyer, 2008; Uddin and Okazaki, 2010).
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Figure 5.4: The 2nd derivative absorbance spectra for Whole (A) and Homogenised (B)
oysters stored for 0, 3 and 5 days.
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5.4.2 Interpretation of principal component analysis of whole oysters

Results of the one-way ANOVA of the NIR scores for whole oysters and EMSC treated
data are shown in Table 5.2. For the NIR raw spectra, the first two principal components
(PC) explained 99% of the variance. The PCA loadings (not shown) indicated that water
and N-H (ammonia in water) explained 93% of the spectral variation in the NIR raw
spectra while PC2, which is associated with water, explained 6%. No statistically
significant differences were found between days in PC1, whereas in PC2, Day 0 was
significantly different to Days 3 and 5.
For NIR scores of whole oysters pre-processed with EMSC, PC1 (water and N-H)
and PC2 (water) explained 81% and 16% of the variation respectively. Significant
differences were found in both PCs indicating that the data pre-treatment has an effect on
the interpretation of the spectra. NIR spectra of biological samples are extremely complex
due to a scattering of diffuse reflected light associated with the micro-structure of the
matrix from physical and chemical attributes such as molecular interactions (Rinnan et al.,
2009). EMSC techniques can improve the linear relationships between spectra and analytes
of interest (Rinnan et al., 2009). Significant differences in water associated regions for both
raw and treated data again highlight the importance of moisture movement in oyster tissues
throughout storage, particularly around Day 3.
Table 5.2: Analysis of variance of the first two principal component scores from the raw
spectra of whole oysters and from the spectra of whole oysters subjected to extended
multiplicative scatter correction (EMSC).
Whole raw

Whole EMSC

Day
PC1

(water

and PC2 (OH)

NH)

PC1

(water

and PC2 (OH)

NH)

D0

1.875a

-0.40a

0.329a

-0.186a

D3

-0.547a

0.184b

0.017ab

0.201b

D5

-1.514a

0.256b

-0.038b

0.004ab

PC: Principal component.
Levels within columns with differing superscript numbers are significantly different (p<0.05).
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Figure 5.5: Loadings of the first three principal components for Whole (A) and
Homogenised (B) oysters.

5.4.3 Interpretation of principal component analysis of homogenised oysters

Results of the one-way ANOVA of the NIR scores for homogenised oysters are shown in
Table 5.3. PCA of raw spectral data collected from homogenised samples explained 99%
of the spectral variation for both raw and pre-processed spectra in the first three PCs. The
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third PC was likely required due to the homogenisation process increasing the detection of
chemical information. The PCA loadings (not shown) indicated that PC1 (water and N-H
region) explained 80% of the spectral variation and PC2 and PC3, both regions associated
with water, explained 18% and 1% respectively. Statistically significant differences
between days were found in all PCs.
Table 5.3: Analysis of variance of the first three principal component scores from the raw
spectra of homogenised oysters and from the treated spectra of homogenised oysters
using extended multiplicative scatter correction (EMSC).

Homogenised raw

Homogenised EMSC

Day
PC1 (N-H)

PC2(O-H)

PC3(O-H)

PC1 (O-H) PC2 (N-H)

PC3(CH2)

D0

0.944a

0.13a

-0.09a

-0.018ab

-0.07a

-0.016a

D3

-0.32b

-0.47b

0.108b

-0.131a

0.022b

0.014a

D5

-0.615b

0.30a

-0.013ab

0.150b

0.05c

0.002a

PC: Principal component.
Levels within columns with differing superscript numbers are significantly different (p<0.05).

Similar results were obtained for spectral data of homogenised oysters treated by
EMSC. PC1 (O-H) explained 93% of variation, whilst PC2 (N-H) and PC3 (CH2
associated with fatty acids/fats) both explained 3%. Significant differences were only noted
in the first two PCs, with PC2 having statistically significant differences between all days
of storage. Of particular interest was the finding that changes in a region of the spectra
related to amines (2208 nm) were significantly different between all days of storage.
In order to demonstrate the effect of storage and processing on the NIR spectra, the
loadings derived from the PCA from both whole and homogenised oysters were analysed
and are presented in Figure 5.5. Similar wavelengths as described above were observed.
For whole oysters the main loadings were observed around the water regions (O-H bonds)
indicating the importance of moisture effect on whole oysters. When we disrupted the
tissue through the homogenisation process and applied EMSC, other components of the
matrix were noted in the NIR spectra in regions associated with lipids and fatty acids
(around 1700 nm) and compounds containing nitrogen (around 2200 nm).
The role of amines, particularly trimethylamine, is of particular interest as they
contribute to typical fishy and ammonia-like odours that become apparent during the
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spoilage of fresh fish (Gram and Dalgaard, 2002). Trimethylamine is formed via the
reduction of trimethylamine oxide (TMAO), a compound present in most marine fish, by
bacteria such as Aeromonas spp., psychrotolerant Enterobacteriaceae, Photobacterium
phosphoreum, Shewanella spp. and Vibrio spp. (Gram and Dalgaard 2002). It has
previously been reported to increase during storage of oysters and mussel meats (Goulas et
al., 2005; Caglak et al., 2008; Goulas, 2008; Rafrafi and Uglow, 2009; Zhang et al., 2009).
However, tertiary amines have no N-H functionality but instead produce a single peak in
the combination band region at 1260-1270 nm (Weyer and Lo, 2002; Workman and
Weyer, 2008). However, no significant absorbance band was detected in this region.
Dimethylamine is also associated with spoilage of seafood, although the synthesis of this
secondary amine by enzymatic breakdown of TMAO is usually only associated with frozen
storage of seafood (Jay et al., 2005). Potentially, this wavelength region (2208 nm) may be
associated with breakdown products from free amino acids such as biogenic amines (Gram
and Dalgaard 2002) or ammonia, which is one of the main volatile bases found in spoiled
seafood (Howgate 2010a). Notably, fatty acids also factored within the first three PCs in
homogenised oysters treated with EMSC, indicating that the data pre-treatment combined
with homogenisation increased spectral information in regions other than water. Although,
no significant differences were noted between days of storage, suggesting that oxidation of
these fatty acids or changes in the fatty acid profile was likely minimal across the storage
period.

5.5 Conclusion
Whilst there is a concern of potential loss of chemical information and loss of time
associated with homogenisation of the sample, the work presented here demonstrated that
despite advances in instrumentation and software allowing evaluation of high moisture
samples, caution is required in the use of a whole oyster sample presentation format. This
finding is likely due to the light scattering effect associated with macroscopic surface
reflectance and possibly birefringence. Further, the increased spectral information that was
available in homogenised and EMSC treated data indicated that these steps are required.
Analysis

of

spectral

data

has

highlighted

the

importance

of

moisture/water

compartmentalisation and movement within oysters and volatile NH related compounds
such as amines and ammonia for future work. These findings indicate the potential
usefulness of NIR spectroscopy to monitor and evaluate degradation of oysters over time.
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Chapter 6: Modified atmosphere
packaging of half oysters: a feasibility
study
Preface
Chapter 1 of this thesis identified spoilage associated wastage as a significant issue for the
oyster sector. Thus, Chapters 2 to 5 are devoted to gaining knowledge on the spoilage
processes of half shell oysters and to identify ways of assessing spoilage to minimise
wastage. This chapter considers a practical approach to extending the shelf-life of oysters
to allow retailers more time to sell the product. High pressure processing was initially of
interest as part of this project as a means of extending shelf-life. However, the extent of
capital expenditure for this equipment is considered outside the scope of normal industry
investment. Indeed, the only commercial venture in Australia using high pressure
processing of oysters was ultimately unsuccessful. Consequently, modified atmosphere
packaging was considered a more achievable technology for industry, and a feasibility
study is undertaken here. Standard plate counts had been demonstrated to increase by
nearly 3 logs during refrigerated storage for seven days (Chapter 2); thus, plate counts
were also used here to show the bacteriostatic effect of the modified atmospheric
treatments. Whilst changes to the surface colour of oysters during storage have been
demonstrated to be minimal (Chapter 4), the developed methodology of image analysis
was used here to assess the impact, if any, of the modified atmospheric treatments on the
colour of oysters. Surface pH was used in this work, rather than whole homogenised meat
(as used in Chapter 2), to demonstrate acidification of the meat surface by CO2. Sensory
(meat odour and liquor) was used to provide context to the microbial counts. The details of
the submitted paper are as follows:

Madigan, T., Cozzolino, D., Carragher, J., de Barros Lopes, M., Kiermeier, A., Submitted.
Modified atmosphere packaging of half shell Pacific Oysters: a feasibility study. Food and
Bioprocess Technology.
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Modified atmosphere packaging of half shell Pacific oysters (Crassostrea
gigas): a feasibility study

6.1 Abstract
Like most fresh seafood, the shelf-life of refrigerated oysters is short in comparison to
terrestrial foods. Thus, any extension in shelf-life by processing may allow the access of
products into new markets. Modified atmosphere packaging may represent a cost-effective
processing technique for extending the useful shelf-life of half shell oyster products. The
aim of this study was to assess the effects of the varying atmospheric mixes
(30% CO2/70% N2, 50% CO2/50% N2, 70% CO2/30% N2, and 80% O2/20% CO2) on the
microbiota, pH, meat colour and sensory characteristics (odour and opacity of shell liquid)
of half shell Pacific oysters (Crassostrea gigas) during storage compared to an atmospheric
air control. All atmospheric treatments reduced bacterial growth during storage and
resulted in a drop in surface pH compared to the Control oysters. Analysis of the surface
colour of the oysters (CIE L*a*b* values) during storage indicated that there was minimal
impact from the modified atmosphere treatments that were applied. A consumer tasting
panel (n=15) identified that there were no clear flavour issues associated when using
atmospheric treatments up to 50% CO2. However, further work using a descriptive sensory
panel that is trained in flavour analysis is required to identify threshold levels for
noticeable flavours associated with higher levels of atmospheric CO2. Based
predominantly on the microbial results, the 30% CO2/70% N2 mixture was the most
appropriate atmospheric mix for packaging of half shell oysters.

6.2 Introduction
Oysters are valued as a flavoursome and highly nutritious food, particularly as they provide
an abundance of nutritionally important minerals and possess a fatty acid profile dominated
by beneficial polyunsaturated fatty acids (Orban et al., 2004). Like most fresh seafood, the
shelf-life of oysters is short in comparison to many terrestrial foods as the meat generally
possesses increased levels of free nitrogen, a high muscle pH and a microbiota dominated
by psychrotrophic bacteria (Ashie et al., 1996; Gram and Huss, 1996; Gram and Dalgaard,
2002; Jay et al., 2005; Slattery, 2009). A short shelf-life can minimise market
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opportunities, and thus, any extension in shelf-life by processing may allow the access of
products into new markets (Rhodehamel, 1992; Cao et al., 2009a).
Several approaches to extending the shelf-life of oysters have been undertaken. The
majority of work has centred on the use of high pressure processing (HPP), and this
technology is now used commercially (see Murchie et al. (2005) for a detailed review).
The commercial benefits of HPP are to automatically separate the meats from the shell
(He et al., 2002) and to inactivate microorganisms and enzymes, thereby extending shelflife while retaining flavours and sensory characteristics of the raw food (Murchie et al.,
2005; Grove et al., 2006; Trejo Araya et al., 2009). Nevertheless, the level of capital
expenditure to install this technology is high and likely beyond that of a standard oyster
processor (Martin et al., 2007), particularly in light of the relatively low monetary value of
oysters in comparison to some types of seafood.
Convenience and simplicity are important aspects for consumers (Ohlsson, 1994)
and minimally processed, ready-to-eat half shell oysters may offer an increased appeal to
consumers in a retail environment. Modified atmosphere packaging (MAP) has previously
been demonstrated to be useful in extending the shelf-life of other seafood products while
retaining the characteristics of the un-processed product (Özogull et al., 2004; Goulas et
al., 2005; Speranza et al., 2009). Potentially, it may represent a cost-effective processing
technique for extending the shelf-life of half shell oyster product.
MAP generally refers to packing a food product within an enclosed chamber where
a manipulation of atmospheric gases (mixtures of carbon dioxide (CO2), oxygen (O2) and
nitrogen (N2)) is applied to extend the shelf-life (Jay et al., 2005). CO2 inhibits the growth
of some moulds, yeasts and highly aerobic bacteria by extending the lag phase and
reducing growth rates during the exponential phase (Genigeorgis, 1985; Kostaki et al.,
2009). O2 can be used to suppress growth of anaerobic bacteria and can also be used to
maintain colour in red meat products; although in some products such as fish and bacon, it
can promote oxidative rancidity (Church, 1994). For such products, O2 can be replaced
with N2, used as an inert filling gas, to minimise oxidative activity (Sivertsvik et al.,
2002b; Pastoriza et al., 2004). When developing MAP solutions, each product type must be
individually assessed to ascertain the most suitable mixture and concentration of gases to
extend the shelf-life (Reddy et al., 1992).
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The aim of this study was to evaluate the effect of various modified atmospheric
mixtures on the microbiota, pH, meat colour and sensory characteristics (odour and
opacity of shell liquid) of half shell Pacific oysters (Crassostrea gigas) during storage.

6.3 Materials and methods
6.3.1 Oysters, processing and packaging

Pacific oysters were harvested from a commercial oyster farm in the Coffin Bay harvesting
region (34° 33' 26"S, 135° 21' 32"E) in South Australia. Oysters were harvested on the
16th and 30th August 2011 for Trials 1 and 2, respectively. Oysters used in the two trials
were from the same intertidal location and were of the same size grade (shell length 7.1 cm
(± 0.44 SD)). The live oysters were packed in hessian sacking and shipped overnight by
refrigerated road transport (~8 °C). Upon receipt, oysters were scrubbed under running
potable water and shucked by separating the adductor muscles from both valves using a
manual oyster knife. They were then gently rinsed under running potable water to remove
debris and the meat turned to expose the cupped side as per Australian commercial
practice.
For Trial 1, oysters were randomly allocated to three groups. Control group oysters
were placed in compostable corn starch oyster trays (JMP Holdings Pty Ltd, Victoria,
Australia) (12 oysters per tray; total of 27 trays) and each tray placed within an unsealed
polyethylene/nylon pouch (supplied by Tailored Packaging, Rhodes Waterside, New South
Wales, Australia, code VAC1814) with the end of the bag folded to prevent dehydration.
Two MAP treatments were used: 70% CO2/30% N2 (Treatment 1) and 20% CO2/80% O2
(Treatment 2). For both MAP treatments, MAP specific barrier trays (BTO2/55 Alto
Packaging Ltd, Hastings, New Zealand) were used with oyster trays trimmed to fit as
inserts to provide a stable platform and prevent spillage of oyster liquor during handling
and storage. A total of 6 half shell oysters were added to each tray and packed using a
VC999 TS300(N) MAP packaging machine (Inauen Group, Herisau, Switzerland) with an
oxygen barrier film (1050/550 Lidstock, Cryovac Sealed Air Corporation, Duncan, South
Carolina) (40 trays each for Treatments 1 and 2). For Trial 2, the same packaging system
was again utilised. However, two different modified gas mixtures were assessed:
50% CO2/50% N2 (Treatment 3) and 30% CO2/70% N2 (Treatment 4). A total of 10 trays
were packaged each for Treatments 3 and 4. Another group of Control oysters were packed
in the same manner as Trial 1 with a total of 6 trays packed. For both shelf-life trials,
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oysters were stored at 4 °C after packing. Prior to opening for testing, MAP treated packs
were assessed using an Oxybaby® (Witt-Gasetechnik, Witten, Germany) gas analyser to
confirm that no diffusion of gas had occurred through the packaging.

6.3.2 Microbiological testing

In Trial 1, triplicate samples (each sample representing a single MAP tray or six Control
group oysters) were collected for microbial analysis on Days 1, 2, 5, 7 and 9. For each
replicate, oysters and any intra-valvular liquor were aseptically removed from the half
shell. The pooled meat and intra-valvular liquor were diluted 1:1 (w/w) with sterile
peptone saline solution (PSS) [1% (w/w) Bacto peptone (Oxoid Ltd, Basingstoke,
England), 0.85% (w/v) NaCl at pH 7 after sterilisation] and homogenised in a peristaltic
homogeniser for one minute resulting in a 1 in 2 dilution. A 20 g subsample was then
further diluted 1:5 with PSS in a sterile stomacher bag and homogenised for one minute
resulting in a 1:10 dilution. For total aerobic counts, serial decimal dilutions were prepared
as required using 9 mL PSS (Oxoid) as a diluent and inoculated (0.1 mL) onto tryptone soy
agar (Oxoid) supplemented with 1% (w/v) NaCl. Total anaerobic counts were estimated
via inoculation as above; however, plates were retained within an AnaeroGen W-Zip
compact system (Oxoid). Both aerobic and anaerobic counts were estimated via colony
counts following incubation at 25 °C for 72 hours.
In Trial 2, oysters were assessed in triplicate for total aerobic and anaerobic counts
as for Trial 1 on Day 1 and Day 7.

6.3.3 Sensory

In Trial 1, sensory analysis was undertaken on Days 0, 2, 5, 7 and 9. All sensory analyses
were undertaken in a dedicated sensory laboratory under a white light. On each day of
analysis, six to eight panellists were individually presented with a different group of 3
oysters from each treatment and asked to assess the odour of the meat and liquid separately
as described by He et al. (2002) (Table 6.1). Samples were coded using randomised 3 digit
numbers and the order of assessment for each set of oysters randomised for each panellist.
The panellists, who worked in the area of food analysis, had repeatedly practiced use of
this odour and liquid scale until competent in its use prior to this study. Sensory analysis
was not undertaken on Control oysters on Day 9 as these oysters were completely spoiled.
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In Trial 2, oyster meat odour and liquor were assessed as per Trial 1 on Day 8 only.
In addition, a limited consumer study (n=15 people, all oyster consumers) was undertaken
in a dedicated sensory laboratory on Day 1 to ascertain if any noticeable flavours were
apparent. Oysters were presented in black cornstarch trays under a white light, and
panellists were asked to consume an oyster from each Treatment and score them using a 9
point hedonic scale. Samples were coded using randomised 3 digit numbers, and the order
of assessment for each set of oysters was randomised for each panellist.
Table 6.1: Attributes used to describe the odour of oyster meat liquor during the shelf-life
trials. Adapted from He et al. (2002).

Score

1

2

3

4

Odour

Sea/crisp

Strong seaweed

Spoiled with

Strong putrid

slight putrid

smell

smell

Clear

Liquid

Clear with small Clear, large
amount debris

Cloudy

amount of debris

6.3.4 pH analysis

In Trial 1, the surface pH of 6 individual oysters from each treatment was analysed on
Days 2, 5, 7 and 9. Measurements were taken in randomised order across treatments using
a Eutech 510 pH meter (Thermo Fisher Scientific, Madison, USA) with a flat probe by
placing the surface of the probe on the gonad of each oyster. The instrument was calibrated
to pH 4, 7 and 10 prior to use on each day of analysis.
In Trial 2, the surface pH of 6 individual oysters from each treatment was analysed
on Day 7 as per Trial 1.

6.3.5 Colour

In Trial 1, digital images of the cupped side of 10 individual oysters from each treatment
were taken on Days 2, 5, 7 and 9 using a Canon D400 digital camera (Tokyo, Japan) in a
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custom made light box, which was impervious to exterior light and fitted with two 45 cm
16 watt daylight fluorescent tubes. Images were taken in manual mode as follows: ISO
100, neutral colour setting, custom white balance set to a white colour card, 0.4 second
exposure and f36 aperture. Photos were imported into the Gimp software (Version 2.6),
and the ‘Scissors Select’ tool was used to select the entire surface of the oyster’s cupped
side. The Sample Average Colour script (http://registry.gimp.org/node/16678) was used to
obtain the average RGB colour values and these were used to generate 100 × 100 pixel
colour tiles in JPG format (*.jpg) for each individual oyster for later analysis. Colour
analysis was not undertaken on Control oysters on Day 9 as these oysters were completely
spoiled.

6.3.6 Statistical analysis

All data analyses were performed in the statistical software package R (Version 2.15.1).
RGB colour values of generated tiles were converted to the CIE L*a*b* colour space
described by the Commission Internationale d’Eclairage in 1976 using the convertColor
function in R (CIE, 1976; R Core Team, 2012). A mean value for each of the CIE L*a*b*
values was estimated from three replicate images of each oyster and used for further
analysis.
For Trial 1, changes in log10 aerobic count, log10 anaerobic count, pH and colour
values over time were analysed using polynomial regression models (initial degree of
polynomial was determined from exploratory data analysis), allowing for differences
between MAP treatments. It is acknowledged that these models are not in the form of
traditional sigmoidal curves associated with the growth of microbes – however, these
models provide reasonable empirical approximations to the growth curve during the
observed storage duration. Parsimonious models were developed by eliminating marginal
highest order terms, one at a time, using a significance level of 0.05. Changes in sensory
attributes (scores for meat odour and opacity of liquid) over time were assessed using
linear mixed effects models, where panellists were allowed to vary randomly. The fixed
effects part of the model was again quadratic in nature and was allowed to differ between
MAP treatments. Marginal fixed effects terms were removed, one at a time, using a
significance level of 0.05. For colour, differences in the mean response between treatments
were assessed using a one-way Analysis of Variance.
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For Trial 2, differences in the mean response for aerobic count, anaerobic count,
pH, meat odour and liquid score between treatments were assessed using a one-way
Analysis of Variance. All models were checked for an appropriate fit using standard
diagnostic plots.

6.4 Results
6.4.1 Trial 1
6.4.1.1 Microbiology

The total aerobic plate counts were estimated during storage from oysters subjected to the
Control treatment and Treatments 1 and 2; these counts are reported in Figure 6.1.
Microbial growth occurred in all treatments, although, a different quadratic curve was
required for each treatment (P-value<0.001; see Table 6.2), indicating an effect of
treatment. Indeed, by Day 9, aerobic counts had increased from 6.0 (Day 1) to 6.4, 7.1 and

Aerobic count (log 10 cfu/g)

8.5 log10 CFU per gram in Treatments 1, 2 and Control respectively (Figure 6.1).
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Figure 6.1: Total aerobic log10 counts per gram for half shell Control oysters and oysters
subjected to MAP Treatments 1 (70% CO2/30% N2) and 2 (80% O2/20% CO2) over 9 days
of storage. Fitted lines are regression lines.
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Total anaerobic counts were also estimated during storage for oysters subjected to
the experimental treatments (Control and Treatments 1 and 2). These counts are reported in
Figure 6.2 and are similar to those reported for the aerobic counts (P-value<0.001; Table
6.2). After nine days of storage, the anaerobic counts had increased from 6.0 to 6.3, 7.0 and

Anaerobic count (log10 cfu/g)

8.3 log10 counts per gram in Treatments 1, 2 and Control oysters respectively.
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Figure 6.2: Total anaerobic log10 counts per gram for half shell Control oysters and
oysters subjected to MAP Treatments 1 (70% CO2/30% N2) and 2 (80% O2/20% CO2)
over 9 days of storage. Fitted lines are regression lines.
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Table 6.2: Statistical results of model assessments for Trial 1
Attribute

Treatment

Y- Intercept (Day Linear

Quadratic

O)

Aerobic count 0

5.309

0.693

-0.038

1

6.344

-0.173

0.019

2

5.727

0.169

-0.002

0

5.394

0.703

-0.043

1

6.377

-0.186

0.020

2

5.980

0.000

0.013

0

7.577

1

6.582

-0.243

0.022

2

7.220

Liquid score

0, 1, 2

0.148

0.066

-

Odour score

0, 1, 2

0.996

0.134

-

(log10 CFU/g)

Anaerobic
count
(log10 CFU/g)

pH

6.4.1.2 pH

The surface pH of oyster meat was recorded on Days 2, 5, 7 and 9. These results fluctuated
throughout storage in all treatments and the pH was lower, in line with increasing
concentrations of CO2. The quadratic component was required in the model
(P-value<0.001) though only intercepts differed between treatments (Table 6.2). Treatment
1 oysters had the lowest pH, followed by Treatment 2 oysters and then the Controls
(Figure 6.3).
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Figure 6.3: Surface pH values for half shell Control oysters and oysters subjected to MAP
Treatments 1 (70% CO2/30% N2) and 2 (80% O2/20% CO2) over 9 days of storage. Fitted
lines are Loess curves.

6.4.1.3 Colour

All CIE L*a*b* values fluctuated marginally over storage time and between treatments
(Table 6.3). For CIE L* values, there were no significant differences between treatments
(P=0.504), although, there were significant differences between days (P-value=0.004) and
there was an interaction between treatment and days (P-value=0.008). For CIE a* values,
there were slight, but significant differences between treatments, between days and also
significant interactions between treatments and days (all P-values<0.001). For CIE b*
values, there was again only slight differences between values and there were no
significant differences between treatments (P-value=0.082) or days (P-value=0.077);
although there was a significant interaction of treatments and days (P-value=0.03).
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Table 6.3: CIE L*a*b* values for half shell Control oysters and oysters subjected to MAP
Treatments 1 (70% CO2/30% N2) and 2 (80% O2/20% CO2) over 9 days of storage.
CIE value

Group

2

5

7

9

L*

Control

48 (1.6)#

43.7 (3)

46.8 (3.1)

N.A.

Treatment 1

47.3 (1.4)

47.4 (3.4)

44.8 (2.7)

48.2 (2.3)

Treatment 2

46.4 (1.6)

48 (6.1)

44.1 (3.5)

49 (2.2)

Control

-1.3(0.5)

-2.5(0.8)

-1.9(0.3)

N.A

Treatment 1

-1.9(0.2)

-1.1(0.5)

-2(0.6)

-0.5(0.3)

Treatment 2

-2.2(0.6)

-1.8(0.6)

-2.7(0.6)

-1.6(0.4)

Control

15.3 (1)

13.6 (1.6)

14.3( 1.5)

N.A

Treatment 1

14.1 (1.7)

13.8 (1.1)

15.2 (1.2)

13.2 (1.7)

Treatment 2

13.3 (1.2)

13.1 (1.3)

13.8 (1.9)

14.2 (1.4)

a*

b*

#

Bracketed number is standard deviation from 10 individual oysters.

6.4.1.4 Sensory evaluation

The meat odour and liquid opacity of oysters were analysed throughout storage to assess
degradation of product. Odour scores and liquid scores are presented in Figures 6.4 and
6.5, respectively. These sensory attributes did not differ significantly between treatments
(P-value=0.32 and 0.67 for meat odour and liquid opacity, respectively), although both
resulted in significant increases in score (P-value=0.001 and P-value<0.001, respectively)
over the storage duration, indicating that degradation of product occurred during storage. A
quadratic component was not required (P-value=0.47 and 0.66, respectively). Informal
tasting by 4 knowledgeable panellists on Day 1 (data not shown) indicated that Treatment
1 (70% CO2/30 N2) had imparted a detrimental “sherbet-like” flavour to the oysters.
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Figure 6.4: Meat odour scores for half shell Control oysters and oysters subjected to MAP
Treatments 1 (70% CO2/30% N2) and 2 (80% O2/20% CO2) over 9 days of storage.
Individual data points are results of individual panellists; results are jittered to indicate
multiple panellists who gave the same response. Fitted lines are regression lines.
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Figure 6.5: Liquid opacity scores for half shell Control oysters and oysters subjected to
MAP Treatments 1 (70% CO2/30% N2) and 2 (80% O2/20% CO2) over 9 days of storage.
Individual data points are results of individual panellists; results are jittered to indicate
multiple panellists who gave the same response. Fitted lines are regression lines.
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6.4.1.5 Gas analysis

On Day 11 of Trial 1, the packaging headspace was sampled to establish if changes had
occurred in the gas profile across the storage period due to either dissolution of CO2 and/or
diffusion through the packaging. For the 70% CO2/30% N2 treatment, the samples still
retained 65.77 % CO2 (+/-SD 3.76) (note: the analysing unit used did not meter N2). For
the 20% CO2/80% O2 treatment, the samples retained 19.26% CO2 (+/-SD 3.19) and 75.6
% O2 (+/-SD 3.19).

6.4.2 Trial 2

Due to the detrimental flavours associated with high CO2 identified in Trial 1, a second
more focussed trial was undertaken to establish if a similar bacteriostatic effect could be
achieved using lower concentrations of CO2. In this trial, a targeted approach, based on
results of Trial 1, was utilised where differences between treatments were assessed near the
end of the shelf-life (Days 7 and 8) only.

6.4.2.1 Microbiology

Aerobic and anaerobic counts were estimated for experimental treatments on Days 1 and 7
(Figures 6.6 and 6.7 for aerobic and anaerobic counts respectively). Using the model, the
increase in aerobic counts was largest (2.63 log10 CFU/g) for Control oysters compared to
increases of only 0.56 and 0.52 log10 CFU/g for Treatments 3 and 4 oysters respectively
(Table 6.4). Similar increases were noted for anaerobic counts of Control oysters; however,
Treatments 3 and 4 increased by 0.8 and 0.14 log10 CFU/g (Table 6.4). The mean log10
aerobic and anaerobic counts were significantly higher in all treatments by Day 7
compared to Day 1 (P-value<0.001) demonstrating that bacterial growth had occurred in
all experimental treatments. The aerobic and anaerobic counts for the Control oysters were
significantly different to Treatments 3 and 4 (P-values=0.003 and 0.01 respectively) on
Day 7 whereas Treatments 3 and 4 were not significantly different to each other (Pvalue=0.99 and 0.94 for aerobic and anaerobic counts respectively).
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Aerobic count (log 10 cfu/g)
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Figure 6.6: Box plots of total aerobic log10 counts per gram for Control oysters and
oysters subjected to Treatments 3 (50% CO2/50% N2) and 4 (30% CO2/70% N2) on Day 7
of chilled storage.
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Figure 6.7: Box plots of total anaerobic log10 counts per gram of oyster for Control oysters
and oysters subjected to Treatments 3 (50% CO2/50% N2) and 4 (30% CO2/70% N2) on
Day 7 of chilled storage.
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Table 6.4: Statistical results of model assessments for Trial 2.
Treat Aerobic

0

Aerobic

Anaerobic

Anaerobic

pH

Liquid

Odour

count

count

count

count

Day 7

Day 8

Day 8

Day 0

Day 7

Day 0

Day 7

5.775

8.407

5.748

8.254

7.51

3.13

3.00

3

6.341

6.577

6.28

1.29

1.50

4

6.295

5.885

6.36

1.50

2.13

6.4.2.2 pH

The surface pH of oyster meat was recorded on Day 7. The differences in mean pH values
were significant between the treatments (P-value<0.001), although Treatments 3 and 4
were similar at 1.23 and 1.15 units lower on average than the Control oysters with a pH
value of 7.51 (Figure 6.8, Table 6.4). Treatments 3 and 4 were not significantly different to
each other (P-value<0.001), although both were significantly different to the Control
oysters (P-value<0.001).

8.0

pH

7.5

7.0

6.5

6.0

Day 7
Control

Day 7
3

Day 7
4

Treatment

Figure 6.8: Box plots of pH values for Control oysters and oysters subjected to
Treatments 3 (50% CO2/50% N2) and 4 (30% CO2/70% N2) on Day 7 of chilled storage.
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6.4.2.3 Sensory

At Day 8, mean meat odour and liquid scores were significantly different between the
treatments (P-value=0.011 and <0.001 respectively). In both cases, MAP treated oysters
were scored significantly lower (better) than Control oysters (Figures 6.9 and 6.10 for meat
odour and liquid scores respectively, Table 6.4). For odour, Control oysters were
significantly different from Treatment 3 (P-value=0.0092) but there was no significant
difference from Treatment 4 (P-value=0.1287). Treatments 3 and 4 were not significantly
different from each other (P-value=0.1778). For liquid, Control oysters were significantly
different to Treatments 3 and 4 (both P-values<0.001). Results of the consumer study
indicated that there was no significant difference (P-value=0.756) in the acceptability of
flavour between the MAP treatments and the Control oysters on Day 1. The mean hedonic
scores for oyster acceptability were 6.6, 6.1 and 6.3 for Control oysters, Treatment 3 and
Treatment 4, respectively, (data not shown). One panellist reported a slight tangy taste in
both MAP treatments.

4.0

Odour Score

3.5

3.0

2.5

2.0
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1.0
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Day 8
3

Day 8
4
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Figure 6.9: Box plots of meat odour scores for Control oysters and oysters subjected to
Treatments 3 (50% CO2/50% N2) and 4 (30% CO2/70% N2) on Day 8 of chilled storage.
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Figure 6.10: Box plots of liquid opacity scores for Control oysters and oysters subjected
to Treatments 3 (50% CO2/50% N2) and 4 (30% CO2/70% N2) on Day 8 of chilled storage.

6.5 Discussion
Despite numerous studies assessing the benefits of MAP for improving the appearance and
prolonging the shelf-life of seafood, there is very little information available regarding the
bacteriostatic effect of MAP on the shelf-life of shucked oysters. In this study, a range of
MAP treatments that all included the bacteriostatic agent CO2 were assessed, and for the
first time. It has been demonstrated that this packaging system is highly effective at
extending the microbial shelf-life of Pacific oysters as evidenced by low bacterial growth
in comparison to Control oysters. This extended shelf-life of half shell oysters may allow
producers to increase profitability by accessing new consumers and markets.
The modified atmosphere packaging system used here maintained high levels of
CO2 in the headspace throughout storage. The slight changes in the gas composition within
each pack as measured by the gas analyser were likely associated with dissolution of CO2
into the water and lipid phases and also utilisation of O2 by bacteria and the oyster tissues.
Preliminary trials had established that deep trays were required as any abrasion on the
barrier layer of the film by oysters resulted in destruction of the headspace seal. For
commercial uptake, it may be advisable to use a film where the barrier layer is encased
between two protective layers.
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In this study, all MAP treatments assessed showed a clear bacteriostatic effect
associated with CO2 estimated by both aerobic and anaerobic total plate counts. At Day 7,
mean log10 CFU/g counts were lower and in line with increasing concentrations of CO2 in
both Trials 1 and 2. These results demonstrate the efficacy of this packaging strategy at
controlling the growth of microorganisms in half shell Australian Pacific oysters. The
limited microbial growth suggests that the seafood spoilage organism Photobacterium
phosphoreum, a well known cause of spoilage in MAP fish products, was not an active
spoilage organism in these oysters as it is a bacterium that can grow readily in a high CO2
environment (Dalgaard et al., 1997). The similarity between the aerobic and anaerobic
counts suggests that the majority of culturable bacteria in oysters stored under MAP
conditions were likely facultative anaerobes; similar results were reported by Cruz-Romero
et al. (2008a). Surprisingly, growth in anaerobic organisms occurred during storage in the
high oxygen packaging of Treatment 2 - above that of the anaerobic treatment. However,
this is also likely due to the presence of facultative anaerobes.
Several studies have evaluated the effects of atmospheric mixes on the shelf-life of
shucked mussels, Mytilus galloprovincialis (Goulas et al., 2005; Caglak et al., 2008;
Goulas, 2008). These studies also reported suppression of growth with increasing
concentrations of CO2. A high O2 environment (75%) has previously been found to extend
the shelf-life of live mussels (Pastoriza et al., 2004). For this reason, Treatment 2 (80%
O2/20% CO2) was included in this trial as it was thought that the animals may not die
immediately following shucking and that this gas mixture had been found to be successful
for extending the shelf-life of live packed mussels. The microbial growth in this treatment
during storage demonstrated that this atmospheric mix was clearly less effective here than
the CO2/N2 mixtures as bacterial growth was higher at the end of shelf-life.
CO2 is soluble in water and lipids, resulting in a drop in surface pH (Genigeorgis,
1985; Church, 1994; Sivertsvik et al., 2002a). This effect was also noted in this study by
the decreasing pH measured on the surface of the oysters in line with increasing
concentration of CO2. Even under an atmosphere of air, the pH of oyster meat has been
reported to decrease during storage (He et al., 2002; Cao et al., 2009b). It is considered that
this acidification is due to fermentation of glycogen to organic acids by saccharolytic and
fermentative organisms (ICMSF, 2005; Jay et al., 2005; Zhang et al., 2009; FernandezPiquer et al., 2012). Hunter and Linden (1923) suggested that due to the fermentative
nature of oyster spoilage, oysters with shell liquor with a pH below 5 were usually spoiled
whereas a pH of 5.6 to 6.1 represented a zone where oysters were changing from good to
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sour. It was later confirmed that increasing levels of organoleptic spoilage also correlated
with decreasing pH of oyster meats (Liuzzo et al., 1975). However, despite the presence of
putrid odours in Control oysters in this study, the surface pH of oysters remained above 6.7
for the 9 days of storage. In earlier work on modified atmosphere packaging of oysters
(Cruz-Romero et al., 2008a), no reduction in pH was reported in the oyster flesh in
comparison to the aerobically stored and vacuum packed live oysters despite a
bacteriostatic effect being achieved. The disparity between studies is potentially an artefact
of the methodologies used as surface pH was assessed in the present study whereas ground
oyster meat and liquor were used in the earlier work.
Whilst there were significant changes detected for CIE L*a*b* values, the results
for each value did not show a discernable pattern. Considering the overall range of values
possible in this colour scale in comparison to the slight fluctuations seen here, these
changes in mean values are likely of little practical significance. Consequently, the data
presented here demonstrated that there was minimal impact upon the surface colour of
oysters even when a high oxygen environment (Treatment 2) was applied.
From the informal tasting undertaken in Trial 1 on Day 1, it was clear that the high
levels of CO2 within the headspace imparted a sherbet-like flavour to the product; a
phenomenon that is sometimes associated with MAP packed fatty fish (Sivertsvik et al.,
2002a; Sivertsvik et al., 2002b). However, the consumer study undertaken in Trial 2, with
lower concentrations of CO2, indicated that there were no obvious detrimental flavours
with either MAP treatments, although one panellist did comment they detected a “fizzy
flavour”. To confirm this result, a larger consumer study should be undertaken as part of
any product development work to be sure that no detrimental flavours are detectable by
consumers. Alternatively, a descriptive sensory panel that is trained in flavour analysis
could be used to detect subtle differences from various gas mixtures throughout storage to
ascertain the threshold concentration for detrimental flavour development and the
dynamics of this flavour throughout storage. Interestingly, MAP treatments using similarly
high levels of CO2 to Treatment 1 were identified as the most appropriate atmosphere for
storage of shucked mussels, Mytilus galloprovincialis as they resulted in the lowest
microbial counts and most favourable scores for biochemical indicators of quality and
sensory analysis (Goulas et al., 2005; Caglak et al., 2008; Goulas, 2008). However, flavour
analysis undertaken in these studies used cooked mussels. In this instance, it is possible
that consumption of the product in a raw format has lead to detection of unacceptable
flavours (Sivertsvik et al., 2002a; Sivertsvik et al., 2002b), indicating a potential issue for
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this packaging/product combination. Consequently, this processing technique may still be
useful for ready-to-cook value added oyster products. In light of the potential flavour
issues that have been identified, it is advisable to select an atmospheric mix with the lowest
CO2 concentration that still controls microbial growth. From the results achieved here, the
30% CO2/70% N2 mixture was considered most appropriate for further work. Further work
should include consideration of the potential for growth of human pathogens in this
anaerobic environment.

6.6 Conclusion
The results reported here demonstrate, for the first time, that it is feasible to extend the
shelf-life of half shell oysters using MAP. All modified atmosphere treatments slowed the
onset of microbial growth and suggest that, when optimised, MAP may offer an
opportunity to increase profitability by accessing new markets and customers. However,
further work using a descriptive sensory panel that is trained in flavour analysis is required
to identify threshold levels for flavours associated with high levels of atmospheric CO2.
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Chapter 7: Combined discussion and
conclusions
7.1 Introduction
The Australian oyster industry faces significant financial barriers from rising production
costs and the impact of disease is also becoming an increasing concern with the recent
advent of Pacific oyster mortality syndrome in Australia. These issues are set against a
period of stagnating growth in demand for oysters combined with a price point that is
already considered high on a weight to weight basis with other meat protein foods (Anon,
2009a). Cost pressures at the wholesale and retail level can also result in small profit
margins for these businesses (Anon, 2009b), thus the issue of wastage (including unsold or
discounted product) in the supply chain can be a significant additional burden on the
sector. Further, if consumers are consistently exposed to poor quality product, it could
reduce an already stagnant demand.
Whilst there is an extensive body of research detailing the food safety implications
associated with consumption of oysters, there has been substantially less work undertaken
that assesses the spoilage and shelf-life of oysters. This work aimed to evaluate spoilage of
half shell Australian oysters to obtain a better understanding of the spoilage processes.
Also, to develop freshness indices that can be used to minimise wastage and underpin the
development of new oyster products with longer shelf-lives in the future. A
multidisciplinary approach was undertaken to address this research question. Particular
reference was also given to the identification of techniques that could be used to rapidly
and objectively assess spoilage and storage time of half shell oysters stored at 4 °C within
the context that an ideal indicator of shelf-life should be present throughout storage and
display a clear increasing or decreasing trend that correlates with storage time. This work
has generated significant new knowledge regarding the spoilage of Australian cultured
oysters, and resulted in a promising packaging strategy to extend the shelf-life of oysters.

122

7.2 Findings and implications
7.2.1 Sensory and colour analysis of oysters

A major objective of the current work was to develop a rapid method to objectively assess
the freshness of oysters. Sensory analysis is a rapid tool that can be used to assess
attributes associated with the freshness of seafood and importantly, it can yield specific
information on consumer perception of product (Hyldig and Green-Petersen, 2004).
However, the evaluation of oyster freshness by sensory methods can be difficult due to
intrinsic variations apparent between oysters (Aaraas et al., 2004). Care should be taken to
avoid panellists who dislike oysters as they need to be able to objectively assess each
sample on its merit without consideration of whether they find the normal fresh odours
offensive (Aaraas et al., 2004). Further, sensory panels specifically trained for seafood are
expensive to establish and often difficult for industry to access. In contrast, QIM are
considered useful in an industry-based setting, whereby fish inspectors, quality assurance
officers, and factory staff can be trained in their use and the technique is now used worldwide. One early intention in this PhD project was to utilise the QIM described by He et al.
(2002) for C. gigas. Of the characteristics described in the QIM, only the meat odour scale
and, to a lesser extent, the liquid appearance scale were demonstrated to change
consistently as a result of deterioration of freshness, indicating that the QIM was not suited
to the C. gigas and S. glomerata assessed here. In consideration that only two of the seven
attributes showed consistent changes associated with storage time, the full QIM was not
used in any subsequent work.
Two key attributes of the He et al. (2002) QIM method were meat (body) and
adductor colour. For the oyster body scale, a colour change from creamy white, to
tan/beige and finally to brown was suggested to occur as spoilage proceeds. The adductor
was suggested to change from pale white and translucent to light grey and eventually
becoming white and opaque. Colour was specifically assessed as part of this study as it was
thought that instrumental analysis of colour may be a cheap, readily available and objective
technology for the oyster sector to use in assessing freshness of product. Images collected
by a standard digital camera were used to analyse colour changes throughout storage.
Whilst small, but significant changes occurred in L* values during storage, the residual
variability was large and the results of this analysis indicated that colour was a poor index
of oyster freshness in this instance. However, the method of acquiring the CIE L*a*b*
values by digital camera was considered useful with the suggestion that it might be
appropriate for use in developing objective classification scales for potential eating quality.
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7.2.2 The pH of oysters

A declining pH of oyster meats and liquor has long been considered to relate to oyster
freshness. It was first suggested by Hunter and Linden (1923) that oysters (species not
reported) with a shell liquor pH below 5 were usually spoiled, whereas a pH of 6.1 to 5.6
represented a zone where oysters were changing from good to sour. Indeed, Fieger and
Novak (1961) suggested that the continued drop in pH made the spoilage of Pacific oysters
distinct to that of fish which display a different pH profile during storage as fish have
relatively little glycogen in the flesh. The work of Liuzzo et al. (1975) also confirmed that
the declining pH of oyster meat (species not reported) or liquor would make a suitable
index of freshness. It was considered that the measurement of pH would be ideal for use by
the oyster sector for objectively assessing the freshness of oysters as pH meters are widely
available and the analysis is low in cost.
However, the pH profiles reported here fluctuated throughout storage and resulted
in an overall increase at end of storage; a similar trend was noted for both oyster species.
The pH of oyster meat initially increased, followed by a slight decrease before again
increasing after Day 6. For Pacific oysters, the mean pH increased from 6.29 at Day 0 to
6.43 at Day 7. For Sydney rock oysters, the mean pH increased from 6.43 at Day 0 to 6.72
at Day 7. The 16S rRNA pyrosequencing showed an absence of Lactobacilli and very low
levels of Streptococcus in both oyster species and microbial culture indicated a very low
level of yeasts. All of these microorganisms have been reported to be dominant in the last
stages of oyster spoilage and have been associated with the decline in pH (Fieger and
Novak, 1961; Shiflett et al., 1966; Jay et al., 2005). The approach used for assessing the pH
oysters using the homogenised oyster meat has been used by other authors where a
declining pH was noted (He et al., 2002; Cao et al., 2009b), so it is unlikely that the
unusual pH profile is an effect of the approach used (whole meat). The surface pH
collected for the individual gonads of the oysters used to prepare the pH results described
above were also recorded. While the surface pH was higher, there was no consistent trend
throughout storage for the mean results for each day of storage. Regrettably,
pyrosequencing was only utilised on Days 0, 3 and 7 of the controlled storage trials
reported in Chapter 2 and utilising this approach on other days may have helped elucidate
the causes of the substantial pH fluctuations around Day 6 and 7. The overall increase in
pH at the end of storage reported here indicates that for the drop in pH to occur, the
combination of high levels of glycogen and the presence of organisms capable of breaking
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it down to form acids may be required. The results reported here are in contrast to what is
generally accepted and are one of the notable findings of this research.

7.2.3 Microbial culture

The microbial culture techniques showed bacterial growth profiles that were similar
between C. gigas and S. glomerata. The initial mean standard aerobic plate counts were
5.71 and 5.17 log10 CFU per gram for C. gigas and S. glomerata respectively; a result that
could be considered high in relation to most reports for freshly harvested oysters (range
~2.8 to 5.54 log10 per gram) (He et al., 2002; Linton et al., 2003; Cruz-Romero et al.,
2008b; Cao et al., 2009a; Cao et al., 2009b; Prapaiwong et al., 2009). The International
Commission on Microbiological Specifications for Foods recommends microbiological
criteria for raw shellfish (Anon, 1986). They suggest a limit of 5.5×105 CFU per gram of
shellfish meat (at an incubation temperature of 25 °C, the same incubation temperature as
used here). If this guidance value was applied to the present work, C. gigas would have
been in violation at the point of shucking and S. glomerata would have been rejected at
Day 2 despite both species being fresh and of marketable quality. However, it should be
noted that the media used in the present study was supplemented with 1% NaCl, which
would have slightly increased counts. Nevertheless, these data highlight the implication of
applying these standards to bivalve molluscs, as the bacterial load at harvest will depend
on the harvest waters, seasonal effects and depuration practices and may not relate to the
safety or freshness of the oysters. Nevertheless, the high counts at the end of storage of
over 8.5 log10 CFU per gram are typical of counts associated with microbial spoilage
(Gram and Huss, 1996) and occurred at a time when spoilage odours had increased. These
spoilage counts were either similar to other reports (Hood et al., 1983; Cao et al., 2009a;
Cao et al., 2009b) or slightly higher than counts reported in other studies at the end of
storage (He et al., 2002; Linton et al., 2003).
It is considered that the microbiological spoilage of oysters is largely associated
with the proliferation of certain species including Shewanella, Pseudomonas and Vibrio
with Lactic acid bacteria and yeasts dominating the final stages (Fieger and Novak, 1961;
Shiflett et al., 1966; Brown and McMeekin, 1977; Jay et al., 2005; Cao et al., 2009b). The
selective agars used in this study were based on these earlier reports. However, there was
little growth of Lactic acid bacteria and yeasts in half shell oysters during cold storage in
this study. In contrast there was growth on the Pseudomonas CFC agar, particularly for
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C. gigas. However, the presence of this genus could not be confirmed by 16S rRNA
pyrosequencing undertaken directly on the 1:10 dilutions from the same samples; growth
of bacteria other than Pseudomonas on this media has previously been reported
(Tryfinopoulou et al., 2001). Further identification of the colonies on CFC and other
selective agars may have provided clues to the discrepancies between the two techniques.

7.2.4 16S rRNA pyrosequencing

Pyrosequencing has now become the primary tool for bacterial community analysis. The
rapid uptake of the technology is largely due to the ability to undertake sequencing to a
level of coverage of microbial diversity that was not achievable prior to the development of
these platforms (Petrosino et al., 2009). In addition, subsequent development of
bioinformatic tools for handling and extracting information from the large datasets has
assisted the uptake of the technique (Petrosino et al., 2009). Further, as with all cultureindependent methods, it reveals a wealth of bacterial diversity over that identified by
standard culture techniques (Romero and Espejo, 2001). There were some initial concerns
by the scientific community on using the short sequences achieved (approximately 100 bp
per read) using the first generation of this equipment for accurate phylogenetic
classification (Petrosino et al., 2009). However, newer instruments such as the 454 Life
Sciences GS Junior system (as used in this study) are capable of generating up to 500 bp
per read. Consequently, these techniques are generally considered as an appropriate tool
for studying the field of food microbiology – particularly as it reveals information on nonculturable organisms. However, to date the use of this technique for assessing the spoilage
of foods has been limited and while the technology is increasingly accessible, the challenge
may lie in understanding the practical implications of the findings and relating them to
biological changes in the food product.
In this study, pyrosequencing of the 16S rRNA gene was used in combination with
microbial culture, assessment of pH and odour analysis to assess spoilage of oysters. The
pyrosequencing technique revealed the presence of diverse bacterial communities. They
were distinct between freshly harvested Pacific and Sydney rock oysters and were
dominated by taxa that have not been cultured and systematically described, although
several OTUs showed high levels of sequence similarity to those reported in earlier work
in C. gigas and S. glomerata (Green and Barnes, 2010; Fernandez-Piquer et al., 2012).
During storage, Pseudoalteromonas and Vibrio species became dominant in the microbial
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spoilage profile of C. gigas and S. glomerata and when all OTUs were considered, the
bacterial profiles became more similar during storage between the two species, indicating a
common spoilage profile. The proliferation of Pseudoalteromonas and Vibrio throughout
storage indicates that it may be possible to develop freshness indicators, based on PCR,
that are applicable to both species of oysters. However, from the data reported here, it is
unclear if they are actually responsible for spoilage-related odours or are merely abundant
in the spoilage profile. This concept is discussed further in Section 7.3 as potential further
work. The genera identified as dominant in the spoilage profile by pyrosequencing in the
present work are distinct to those identified by Fernandez-Piquer et al. (2012), who also
used a culture-independent technique in their study of live, whole C. gigas during storage.
Those oysters were harvested from Tasmania, compared to oysters harvested from South
Australian growing waters in the present study, and one of their experimental groups was
also stored at 4 °C – the same storage temperature used in this study. It is unclear if this
disparity between identified bacteria at end of storage is caused by the use of whole shell,
live animals in the earlier study, seasonal effects, geographic effects or a combination of
these.

7.2.5 Solid phase microextraction-gas chromatography-mass spectrometry

The volatile profile of a food product generated by GC-MS can be considered to be its
chemical fingerprint (Bianchi et al., 2007) that can correlate to sensory analysis, and serves
as a marker for flavour and odour development (Frankel, 1988). This technique is
particularly useful in assessing spoilage as it can provide information on both the
development of microbial-related metabolites and also on chemical spoilage such as the
oxidation of polyunsaturated fatty acids.
Qualitative changes in the volatile composition of oysters during storage were
assessed with the specific aim of identifying marker compounds and multivariate
methodologies for assessing shelf-life. Several compounds were detected that likely
contributed to the fresh aromas of C. gigas, including 1-octen-3-ol, (E,Z)-2,6-nonadienal,
1-penten-3-one and hexanal. These compounds are known to provide mushroom,
cucumber and green or grass-like aromas respectively when assessed by gas
chromatography-olfactory (Piveteau et al., 2000; Pennarun et al., 2002b; Venkateshwarlu
et al., 2004). The concentrations of the compounds reported here suggest that the volatile
compounds responsible for the fresh oyster aromas remained relatively constant during
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storage, but were masked by the emergence of spoilage volatiles. Two compounds were
detected, including the potential bacterial metabolite 3-octanone, which were considered
promising for prediction. Dimethyl disulphide, which produces a putrid onion-like aroma,
was also identified as a spoilage marker for oysters. However, the rapid appearance of this
compound from previously undetectable levels means that it is unlikely to be useful for
estimating remaining shelf-life. Increases in both 3-octanone and dimethyl disulphide at
the end of shelf-life had previously been reported by Zhang et al., (2009) in their study of
shucked C. gigas. However, the work presented here extends their findings by identifying
the usefulness of 3-octanone as a spoilage indicator based on the clear increasing trend that
was related to storage time. Trimethylamine, a compound commonly associated with the
spoilage of fish, was not detected in any oyster samples in this study, whereas Zhang et al.
(2009) reported this compound in their oysters at the end of storage using the same
methods, indicating a likely difference in spoilage bacteria between the studies. Further,
the amount of trimethylamine-oxide available for use may also be less in Australian
oysters and this would limit the formation of trimethylamine. The use of PLS regression
based on SPME-GC-MS data has indentified that 72% of the variability in the raw
chromatographic data could be explained by storage time. Whilst there has been a
proliferation of the use of SPME-GC-MS to assess the freshness of seafood, the application
of PLS regression has been limited and this is the first attempt to apply the combination of
these techniques to oysters. The predictive power of the calibration achieved here
(R2=0.72) is slightly less than those achieved for smoked salmon in earlier studies
(Jorgensen et al., 2001; Jonsdottir et al., 2008). In the earlier studies, volatile composition
determined by GC-MS, extracted using dynamic headspace or purge and trap, was used in
PLS regression to model sensory scores and calibrations with a predictive power of
R2=0.82 were achieved in both earlier studies.

7.2.6 Near-infrared reflectance spectroscopy

Near-infrared Reflectance Spectroscopy (NIRS) is a relatively low cost methodology that
once established is an extremely rapid technique that is capable of assessing various
quality aspects simultaneously; in many cases in a non-destructive manner (Workman,
1993). The increasing availability of this technology, coupled with the simplicity of using
an established calibration (set up in an instrument for scanning with immediate results),
means that it could be an ideal indicator for freshness of oysters.
128

NIRS was used to interpret changes in the spectral profile during spoilage to reveal
information on the spoilage process of half shell oysters. The work was also aimed to
define optimum sample presentation and data treatment methods for future work. Analysis
of the raw spectra of intact oyster meat and homogenised tissues showed that water and
fatty acid associated bands dominated the gross spectral features. Linear regression
analysis of the water-associated absorbance band occurring at 1942 nm indicated that a
physical or chemical interaction may be taking place within the oysters at or near Day 3
and that this may be associated with transfer of water between different oyster tissues.
PCA analysis showed that there was increased chemical information available from
homogenised oyster meats when extended multiplicative scatter correction had been
applied to the spectral data as a pre-treatment. This methodology was applied to oysters in
subsequent work to assess the use of NIRS to objectively characterise changes in freshness
of half shell oysters during storage. Multivariate calibrations using PLS regression based
on NIRS data were successfully developed for days of storage and odour with the
calibration for odour being influenced by wavelengths typically associated with aromatic
compounds. The R2 values and the ratios of the standard error of cross validation to the
error range (RER) derived from these calibrations indicate that these calibrations are
suitable for objective screening of large volumes of oysters. Increased sample inputs into
the model may improve the calibrations achieved here.
The results achieved here, where no oxidation was detected in the oysters during
storage, are disparate to those obtained using the SPME-GC-MS approach. Two possible
reasons could explain this anomaly: firstly the oysters were harvested on two separate
occasions and this disparity may be a result of changing fatty acid profiles associated with
different algal populations present in the growing waters at time-of-harvest; or secondly,
the sensitivity of the SPME-GC-MS method may have resulted in the difference as in
SPME, analytes are partitioned onto the fibre prior to insertion to the GC port, achieving a
sensitivity similar to exhaustive extraction methods (Bojko et al., 2012).

7.2.7 Modified atmosphere packaging of oysters

Oysters are often considered a special occasion meal and consumers in Australia generally
do not buy oysters for home consumption (Anon, 2009a). Diversification into new product
styles with a longer shelf-life that target the home market may develop increased market
opportunity for oyster producers and processors. Further, these packaged products may
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reduce wastage in the processing and retail sectors as the longer shelf-life provides more
time to sell products while still in premium condition. In addition, the use of packaged half
shell products removes issues associated with transport of live product, which can
occasionally result in large mortalities and substantial financial losses. From a consumer
perspective, packaged half shell product allows for increased convenience from the drip
free packaging and allows for simple home-based preparation with surety regarding the
shelf-life. Taken together, these aspects ‘add value’ to the industry as the new product
styles can attract a price premium and increase sales overall. Thus, a feasibility study to
assess the potential of applying MAP to oyster products was also undertaken. All MAP
treatments tested provided a bacteriostatic affect in comparison to the aerobically stored
controls, demonstrating the spoilage related organisms were likely susceptible to CO2.
Microbial counts at end of storage in MAP treated oysters (except when 20% CO2/80% O2
was used) were similar to counts reported for Day 2 of the aerobically stored Control
oysters. It was found that the most ideal gas mixture for further work was 30% CO2/70%
N2 as this concentration of CO2 adequately controlled microbial growth. Although,
Treatments 3 (50% CO2/50% N2) and 4 (30% CO2/70% N2) both resulted in similar
aerobic counts between treatments indicating that the threshold CO2 concentration had not
been reached in the present study and it may be possible to slightly lower the CO2
concentration further to still achieve a useful shelf-life extension and limit any detrimental
effects on flavour; particularly as higher concentrations can result in increased drip loss
and should be avoided if possible (Church, 1994). Whilst CO2 may result in detrimental
flavours at high concentrations, it is possible that this only applies to the raw product
(Sivertsvik et al., 2002a). Recent advances in commercially available packaging
technologies such as MYLAR® COOK films from DuPont Teijin Films™, which allow
MAP products to be cooked without the need to remove the packaging films, could
potentially be used to overcome any detrimental flavours. Further, they would allow the
addition of other ingredients to develop ready-to-cook products for home consumption or
as catering packs.

7.3 Further work
Whilst this work has provided extensive new detailed information on the spoilage
processes of half shell Australian oysters, there is still work to be undertaken to build on
these results.
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The genera Pseudoalteromonas and Vibrio were identified as being dominant in the
spoilage profile of both C. gigas and S. glomerata, but additional work is required to
evaluate if these bacteria are actually the specific organisms responsible for the spoilage of
oysters. Thus, if culturable, these bacteria should be isolated from agar plates and
identified to species level. Further, they should then be used in inoculation experiments
together with sensory analysis to assess if typical spoilage compounds emerge over time;
headspace SPME-GC-MS could also be used for this purpose (Ercolini et al., 2010). While
sterile oyster meat would be the most ideal substrate for this work, the internal edible body
components of oysters (unlike fish) include bacteria and sterility would be difficult to
achieve while maintaining the raw characteristics of the product. Consequently, filter
sterilised press juice may be more achievable (Lerke et al., 1963). If the sensory profile and
the volatile compounds are similar to that of spoiled oysters, then it could reasonably be
assumed that these are indeed the specific spoilage organisms, which could lead to the
development of rapid real-time PCR methods for quantification of these bacteria during
storage. The impact of temperature abuse on these bacteria can then be assessed and used
to determine their role and consistency in spoilage across seasons. This in turn could allow
the use of predictive growth models for determining remaining shelf-life based on a given
temperature profile (Dalgaard, 2002).
Additional work is needed to better understand the unexpected pH profile identified
in the current work. This could be achieved through controlled storage trials where the pH
and the microbiota of whole live oysters are compared to that of half shell oysters during
storage. Further, the data could be compared to data generated from oysters where the pH
does decline during storage using 16S rRNA pyrosequencing and culture techniques to
elucidate the factors that contribute to the pH decline.
Schmitt et al. (2012) noted that it is unclear if there is a host-specific microflora for
individual oyster species at harvest, or whether differences in bacterial communities are
solely attributable to differences in harvest waters. Whilst the work presented in this study
highlighted disparate bacterial communities in freshly harvested oysters, the experimental
design did not address the question raised by Schmitt et al. (2012). Further work should be
undertaken that targets different oyster species harvested from the same growing waters
from an area such as Port Stephens, in New South Wales, Australia where multiple oyster
species are cultured in the same location.
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The qualitative evaluation of the volatile profile of C. gigas undertaken here has
identified two compounds that may be of use for assessing the shelf-life of oysters using
linear regression: 3-octanone and an unidentified peak. Of prime importance is the
confirmation of 3-octanone and dimethyl disulphide using standard compounds to confirm
their tentative identifications. Further, the identification of the unknown peak (at 9.032
minutes) is key to improving upon the results achieved here. The first step to elucidate this
unknown compound is to determine the authentic molecular mass. This can be
accomplished through the application of soft ionisation conditions to retain molecular
structure (Abate et al., 2010). Recently, gas chromatography/time of flight mass
spectrometry has been shown to be useful for the assessment of unknown chromatographic
peaks (Abate et al., 2010; Portoles et al., 2011). Once a potential identity has been
established and pure compounds sourced, spiked oyster tissues can be assessed by SPMEGC-MS to confirm retention times with those of currently unidentified peaks to confirm
identity. Isotopically labelled internal standards should be used for these compounds to
develop fully quantitative methods and establish if the predictive power of the linear
regressions achieved here could be improved. In addition, using sensory scores from
individual oysters may also increase predictive ability of the linear regressions; this aspect
may also improve the predictive power of the developed PLS regression as the approach
has proven successful for smoked salmon (Jorgensen et al., 2001; Jonsdottir et al., 2008).
The usefulness of 3-octanone as a freshness indicator should be assessed across a variety of
seasons, as the seasonal changes in microalgae may change the fatty acid profile and
resultant volatile compounds (Soudant et al., 1999). Further, the potential use of this
compound should also be considered across a range of temperatures that could be expected
during standard storage and also potential abuse temperatures. This information could be
used to underpin the development of chemical-based models that predict shelf-life based
on a known temperature profile. In addition, if these compounds are shown to be useful in
wider sense, they could be used to inform sensor design for the development of a hand held
sensor that could be more useful in an industry setting such as an electronic nose (Miyasaki
et al., 2011). The experimental framework applied here could also be used for S. glomerata
to investigate if 3-octanone could be an applicable freshness indicator for this species also.
It is also of particular interest to establish if trimethylamine is formed in detectable levels
during spoilage of S. glomerata as that information has not been identified during this
work. Lastly, a novel use of the SPME-GC-MS method used here for oysters would be to
consider if oysters harvested from geographic regions possess different volatile aroma
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characteristics and use this information to underpin the development of regional branding
of product.
In a study of beef under various atmospheres during storage by Ercolini et al.
(2011), the authors employed both pyrosequencing and an analysis of volatile compounds
to reveal detailed information on the effect of microbial growth. Such an approach would
be useful to employ in future work on the spoilage of seafood. As stated by Nychas et al.
(2007), knowledge of the metabolites that arise from specific microorganisms, their effect
on product characteristics and the effects of microbial interactions together with growth
rates can be used collectively to the benefit of industry for decisions on processing and sale
of product.
Additional work should be undertaken with NIRS using validation sets to fully
assess the potential of the PLS calibrations developed for odour and days of storage for
C. gigas against large numbers of samples from different locations. The calibrations should
also be assessed for S. glomerata. A comparison of the information gathered by NIR and
SPME-GC-MS from the same oysters would also be of interest. As with other
methodologies discussed above, the developed calibrations should be assessed against a
variety of temperatures indicative of temperature abuse. Another potential way forward
would be to use several different types of data such as NIR, SPME-GC-MS and microbial
data (including pyrosequencing) together in a single multivariate model for use in
prediction.
Finally, the work undertaken evaluating the use of MAP for oysters has shown
potential advantages from its use and some of the basic research needs have been
addressed. However, from a commercial perspective, it is important to collect further
information for developing product specifications to maintain the consistency of product.
Importantly, the calculation of the gas to product ratios and changes in headspace gases
throughout storage should be determined. These can be used as points of reference as
changes to these values can affect the shelf-life that is ultimately achieved (Sivertsvik et
al., 2002a).
The approach used in the feasibility study of MAP treated oysters used aerobic and
anaerobic plate counts to compare effects on microbial growth. It would be of interest to
study the changes in microbial communities and growth rates that occur under different
atmospheres in more detail and 16S rRNA pyrosequencing would provide detailed
information in this regard. Further, it is important to point out that the growth of human
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pathogens was not considered as part of the present work. However, considering the
potential risk of consuming oysters raw, future experimental designs should utilise
challenge testing to assess the growth potential of the human pathogens Listeria and
Clostridium to establish whether these pathogens can grow to harmful levels prior to
organoleptic spoilage of the product (Huss, 1997). Particularly in consideration that
Clostridium and Listeria are known to occur as part of the natural biota of seafood and
have been reported to grow in modified atmosphere packaged products (Huss, 1997;
Gibson et al., 2000; Jay et al., 2005; Mejlholm et al., 2005).

7.4 Conclusion
This work has generated some original insights into the complex spoilage of oysters. A
potential packaging approach to extend the shelf-life of oysters was also evaluated. This
thesis has developed several strategies to understand spoilage and assess the shelf-life of
oysters and these techniques will be valuable in the development of novel value added
oyster products. Further, the approaches utilised here can be used as a framework for
assessing the shelf-life of other Australian seafood products. The work has identified the
following new information on spoilage of half shell oysters stored at 4 °C:
•

An unusual pH profile has been identified where there was no consistent decline
throughout storage.

•

Pseudoalteromonas and Vibrio have been identified as being important in the
spoilage profile, although their exact role in spoilage is yet to be confirmed.

•

Although the presence of 3-octanone and dimethyl disulphide have been reported
previously in spoiled C. gigas, the work undertaken here extends these findings as
it has demonstrated that 3-octanone is an ideal indicator for freshness based on its
presence throughout storage and clear increasing trend in concentration that relates
to storage time.

•

The use of NIRS as an investigative tool has highlighted the importance of
movement of moisture in C. gigas and that this may be associated with transfer of
liquids between oyster tissue compartments. The importance of nitrogen related
compounds during storage was also highlighted.
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•

Colour has been demonstrated as a poor indicator of freshness, despite a previously
described quality index method using this as a core attribute.

•

Multivariate calibration models were developed for C. gigas for odour scores and
days of storage using NIRS.

•

The assessment of MAP using atmospheric treatments that included elevated
concentrations of carbon dioxide has demonstrated that this packaging technique
can significantly inhibit bacterial growth in oysters during storage, thereby
extending shelf-life by several days.
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