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ABSTRACT

An investigation was designed and conducted for the
purpose of evaluating the feasibility of low—-dose gamma
radiation processing of shrimp at sea using the first port-
able on-shipboard irradiator developed for this purpose.

The irradiation unit was installed aboard the U. S.
Bureau of Commercial Fisheries research vessel Oregon, and
shrimping cruises were conducted in Atlantic and Gulf of
Mexico shrimping grounds. Irradiation, handling, storage
and transportation procedures were developed which were
compatible with the nature of the product.

After irradiation and ice-storage aboard ship, the
shrimp were transported to the Louisiana State University
Department of Food Science and Technology Laboratories for
chemical, physical, microbiological and organoleptic
testing.

Results demonstrated thé on-shipboard irradiated
shrimp to be superior to shfimp irradiated after ice-
storage of 4 days, and to the non-irradiated, iced-stored
control.

The on-shipboard irradiator was later removed from the
Oregon, and relocated at a dockside site in Grand Isle,
Louisiana. Shrimp were purchased through commercial
channels from shrimpers who could ascertain that the pro-

duct was not more than 5 hours out of the water. These
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shrimp were packaged, irradiated immediately and returned
to the Department of Food Science and Technology for subse-
quent testing.

A field test involving 1500 servicemen as judges was
conducted at Fort Lee, Virginia with dockside irradiated
and non—irradiated shrimp.

Results indicated that dockside irradiated shrimp,
while lower in overall quality than on-shipboard irradiated
shrimp, as measured by laboratory and sensory methods, are
superior in these attributes, and remain palatable longer
under iced-storage than shrimp receiving no radiation treat-
ment.

It must ke emphasized that the procedures employed for
obtaining fresh shrimp, the method of handling and storing,
and the time of holding prior to irradiation, are factors
involved in ascertaining the keeping qualities after irradi-
ation. Quality of shrimp is not improved by radiation
pasteurization, and it should be understood that only pro-
ducts of high initial quality can be preserved successfully.
When these methods are employed commercially, shrimp of
inferior grade or those which have been out of the water for
several days should be sold locally as soon as possible,

and should not be subjected to irradiation treatment.
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INTRODUCTION

Present day marketing of shrimp has éecome complex
because centers of consumption are increasingly removed
from centers of production. Maintenance of high quality in
shrimp during transit, distribution and retailing has
become a problem of increasing importance.

Gamma irradiation with doses in the 100 to 300 Krad
range has been shown to retard the growth of spoilage
organisms such as bacteria, yeasts and fungi for appreciable
periods of time (27,54). Objectionable radiation side
effects, such as flavor change and alteration of texture and
color, are generally small and usually undetectable in the
aforementioned dose range (35,47). Hence, low dose radia-
tion processing has been extensively considered to be a
useful tool for extending the storage life of shrimp, par-
ticularly when used in conjunction with refrigerated storage
and auxiliary methods of preservation (29,38,40,46).

In order to exert its most beneficial effects, irradi-
ation of sﬁrimp must be conducted when the product is in
its freshest state, i.e., as soon as possible after catch-
ing. 1Irradiation cannot reverse damage which has already
occurred in the product, but it can retard its potential
deterioration. Previous work has been done in this area,

but only with fixed irradiators located miles from coastal



shrimping areas. Utilizing this technique, the shrimp as
received for irradiation may have already been in the pre-
liminary stages of decomposition, and thus irradiation
éould not exhibit its utmost potential. This, no doubt,
was due to the fact that the shrimp had been out of the
water for a number of hours and had been ice-stored in the
holds of the shrimping vessel.

Experiments during the past several years at Louisiana
State University have shown that the ice-storage life of
shrimp can be extended for at least 10 days or even longer
with low dose gamma irradiation as measured by chemical,
microbiological and organoleptic criteria.

Earlier shellfish studies in these laboratories also
confirmed the belief that irradiation should take place as
soon after catching as possible, since a reduction of
microbial counts on either semi-processed or unprocessed
shellfish is obtained before the microbial load becomes
great, and before much deterioration of the product has
occurred.,

The ultimate goal of these investigations was to
develop the process for use on commercial vessels while
also showing that shrimp subjected to irradiation and ice-
storage immediately after catching, are superior to shrimp
irradiated after decomposition has begun, and to the non-
irradiated product. This was accomplished successfully

through the use of an on-shipboard irradiator which was



installed aboard the research vessel Oregon, and later at
a dockside location.

While on-shipboard irradiation of shrimp is an expen-
sive process when unit construction and installation costs
are considered, the over-all cost of this operation is
justified when the cost of shrimp in the consumer outlets
of the nation is considered. A general survey of these
outlets has shown a selling price spread from $1.00 to $2.00
per pound. This high selling price of shrimp can be
attributed to two factors: the high demand in virtually
every marketing area of the United States, and the poor

keeping qualities of unprocessed shrimp.



REVIEW OF LITERATURE

Radiation pasteurization of foods may be defined as
the subjection of foods to high-energy rays, usually in
‘doses inadequate to sterilize them, but sufficient to
enhance their refrigerated life in a wholesome condition.
This term is borrowed from the conventional mild thermal
processing of liquid foods or beverages to enhance their
keeping qualities, and to destroy non-sporeforming patho-
genic microorganisms. It should be noted that the two
processes are not comparable; therefore, the term radia-
tion pasteurization, or radiapasteurization, may be mis-
leading, but is not necessarily incorrect since the same
end is achieved by two different means.

Pasteurization of liquid foods and beverages origi-
nated from the classical work of Louis Pasteur in the
1860's. Pasteur demonstrated that spoilage of wines could
be prevented by mild heating of these beverages for a few
moments. The primary goal achieved was the prevention or
retardation of spoilage.

Although there is some general relationship between
thermal resistance and radiation resistance among bacteria,
there are many exceptions; therefore, the two processes

cannot be readily compared. Thus far, studies on radiation



pasteurization have been concerned primarily with enhance-
ment of shelf-life of foods, and there has been logic to
these aims, since most efforts have been devoted to foods
that would be severely damaged or altered by even minimal
thermal processing.

In the United States, much attention was paid to
radiation pasteurization of foods becuase this was con-
sidered to be the most likely and imminent application of
the new technique. However, later emphasis was placed upon
radiation sterilization of foods, because of its potential
usefulness, not only to the consumer, but for the preserva-
tion of rations for the armed forces (13). Since some of
the problems concerning off-flavor and odor production
encountered with sterilization were not solved as quickly
as anticipated, a renewed interest appears to be taking
place with respect to radiation pasteurization.

Two dose ranges have been proposed in the literature
for the radiation pasteurization of foods. One range is
approximately 100 to 200 Krads, and has been employed
experimentally for some of the most sensitive high-protein
foods, such as red meats. The other range lies between 50
and 100 Krad, and has been employed for foods such as
fruits and vegetables to destroy vegetative bacteria in the
foods (41,42). These ranges have been established, not
upon the basis of the resistance of the indigenous flora,

but upon the relative sensitivity of the respective foods



to radiation damage. Fresh beef is one of the foods most
sensitive to high energy radiations, but it is also one of
the foods in which a new preservation technique is most
needed. Doses as low as 50 Krad result in flavor changes
that can be detected by a few trained individuals. Doses
above 200 Krad intensify these off-flavors to such an
extent that they may become noticeable to a much higher
percentage of consumers (9). Unfortunately, flavor evalu-
ations depend upon subjective methods, and therefore it is
difficult to establish a practical upper dose limit. At
present, there are four major categories of radiation treat-
ment used in food preservation:

1. Sprout inhibition;

2. Insect de—-infestation:

3. Pasteurization; and

4, Sterilization.

Sprout inhibition is best obtained ip root crops when
doses of 7.5 Krad are given followed by storage of the
tubers at 41°F. and 85% relative humidity. Insect de-
infestation is accomplished with 50 Krad, and provisions
must be made to prevent re-infestation of the commodities
by suitable packaging materials. The moisture content of
the material to be de-infested is important; mold growth
occurs in high moisture foods (12). Radiation pasteuriza-
tion of animal tissue is accomplished at dose levels of

less than 1.0 Mrad (55). Most conventional packaging



materials are serviceable for such treatments, but it must
be understood that the commodities so treated will not be
sterile, and cannot be stored safely at room temperature
for prolonged periods of time. They require temperatures
near 32°F. Fruit pasteurization can be obtained with 150
Krads when suitably packaged and subsequently cold-stored
(11). Radiation sterilization has three considerations:

1. Enzyme inactivation accomplished by heating;

2. Destruction of microorganisms; and

3. Prevention of reinfection accomplished by packing.

The sterilizing dose persently established from stud-

ies with spores of Clostridium botulinum, type E, is 4.5

Mrads (3). It must be assured that all portions of all
containers to be sterilized must have received this minimum
dose to safeguard the public health. Suitable packaging
must be included in radiation sterilized products and pro-
cess specifications.

Containers found suitable for irradiation include the
commercial tin-plated can which is enameled on interior
surfaces in accordance with specific product requirements.
Alumihum and flexible packaging materials are also suit-
able.

Radiation must be applied in such a manner that in-
duced radioactivity by free-radical formation is minimized.
Foods processed in accordance with presently available

technology yield products which have induced activity far



less than the amounts commonly found in water and food-
stuffs in many localities.

Although radiation pasteurization of foods is an
extremely promising supplementary method of preserving
refrigeraéed foods, more informatibn is required on cer-
tain aspects before its potentialities can be fully under-
stood. These aspects are:

l. The mechanism of lethal action of ionizing radia-
tion on microorganisms;

2. The frequency and significance of radiation-
resistant mutants that may occur;

3. Public health aspects; and
4. The mechanisms of production of radiation-induced

off-flavors and odors in some foods.

Biochemical Characteristics of Shrimp

Certain biochemical characteristics appear to be com-
mon to all shellfish, and influence their deterioration in
a decisive and related way. As a whole, they contain far
greater amounts of free amino acids than do fish. This
facilitates bacterial growth and presumably explains the
rapid spoilage, which is so evident in most shellfish (43,
57,58).

Shellfish, in general, are subject to types of micro-
bial spoilage similar to those for fish. Many pertinent
publications are available which summarize such classes of
bacteria present in shellfish, but only a few convey

sufficient information as to cultural characteristics and



strain differentiation. This lack of thorough identifica-
tion makes comparison of research data very difficult.
Early investigétions were mostly public health projects
designed to ascertain the role of shellfish as carriers of
infectuous microorganisms. Later studies were made to
determine the types of microorganisms normally associated
with shellfish and their environment, and in some cases
with their role in decomposition under various conditions.

Shrimp die wvery soon after catching, and differ basi-
cally in this respect from lobster, crabs, and crayfish.
Deteriorative changes, consequently begin earlier in shrimp,
while the other commercially important crustaceans remain
alive for a considerable time after catching, and should
even be alive when cooking or processing is started.

Nearly all shrimp are handled raw. Soon after the
shrimp are landed on deck, they generally die. Microbial
spoilage starts immediately through marine bacteria on the
surface or through microorganisms which happen to contami-
nate the shriﬁp on deck, in handling and washing. Fish
and other marine organisms caught along with the shrimp may
smear them with slime and exuded intestinal contents,
thereby further adding to the contamination. A 1958 report
summarized approved handling procedures and keeping problems

of shrimp (4).

The prevention of deterioration in the quality of the

shrimp involves two distinct problems, namely, maintaining



10

low numbers of detrimental microorganisms and the control of
oxidations, chiefly of phenols, into melanins. This re-
action is catalyzed by specific tissue enzymes (phenolases)
and results in the appearance of black zones or spots at

the edges of the shell segments of the flesh (6).

The dark color is produced by melanin pigments which
form on the internal shell surfaces or, in advanced stages,
on the underlying tissues (22). These pigments are pro-
duced by an oxidative reaction involving the action of
tyrosinase on tyrosine. The reaction is catalyzed by cop-
per and other metallic ions (21). Such formation of black
spot has been observed on all species of shrimp landed
from water contiguous to North America. Earlier assumptions
that this discoloration was connected with microbial
activities are definitely ruled out (1l). Similar reactions
are reported from most other crustacean shellfish. A
recent comprehensive study confirms the concept of this
black spotting as a non-microbial phenomenon (230).

Limited research has been reported on the numbers or
species of bacteria found on fresh shrimp. Clark and
MacNaughton (15) stated that shrimp should be iﬁhediately
deheaded, washed and iced as quickly as possible, since the
dark liquid in the stomach contains partially digested
plant and animal material which readily decomposes. They

stressed that this liquid and the surface slime must be

removed by thorough washing before icing.



When whole or headless shrimp are washed with sea
water, there is a reduction in the bacterial count (26).
Bacterial counts on headless unwashed shrimp are somewhat
lower than on whole shrimp from the same catch. Removal of
the heads reduces the count greatly, the heads carrying
approximately 75% of the bacteria (24). The bacterial counts
of freshly caught and deheaded shrimp are largely deter-

mined by the bacteria and debris adhering to the surface.

Quality Evaluation of Shrimp

Much effort has been expended in attempts to establish
objective quality tests for shrimp. Such tests would be of
immeasurable value to the shrimp industry in the distribu-
tion and processing of individual catches of shrimp accord-
ing to their expected storage life. Subjective sensory
measurements have been used almost exclusively in the
determination of shrimp quality (25).

During the first few days of ice storage the shrimp
flavor may be described as "fresh" and slightly sweet.
There then follows a period in which the sweet flavor dis-
appears and the taste becomes "flat"; however, off-flavors
associated with spoilage are not present during this
period. Finally, the shrimp undergo a sharp change in
flavor indicative of spoilage. These three general flavor
changes have been substantiated by experienced taste panel
personnel through repeated organoleptic studies with ice-

stored shrimp.
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Attempts have been made to correlate the organoleptic
stages in shrimp deterioration with chemical and bacterio-
logical changes. Chemical determinations were made for
amino nitrogen, trimethylamine nitrogen and volatile acids.
Bacteriological examination consisted of determining total
plate counts, total E. coli and total fecal E. coli (25).

Values for both trimethylamine nitrogen and volatile
acids were found to be of limited value as indices, in that
values for both tests remained relatively constant for an
initial period of about 14 days and then increased signifi-
cantly; however, these inéreases lagged somewhat behind a
similar increase in total bacterial plate count. Amino
nitrogen determinations showed the most promise as a quality
measurement of the ice-stored shrimp. These values de-
creased in magnitude as the length of storage time increased.

Several reviews have appeared in the literature con-
cerning biochemical changes in fish during ice storage (2,
48,49,53), and these contain information which is generally
also applicable to changes in iced-stored shrimp. Most
investigators believe that spoilage of such shrimp is caused
mainly by bacterial enzymes, but autolytic changes are
definitely important (37). A sudden increase in bacterial
load is often taken to indicate onset of spoilage in fish,
and comparisons with organoleptic changes in shrimp show the
similar relationships (22). Bacterial counts alone, how-
ever, are unreliable in differentiation of various degrada-

tion stages of shrimp.
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Some investigators consider tests for ammonia unrelia-
ble as indicators of bacterial spoilage of fish (45,48), and
there is no general agreement concerning ammonia content as
a quality index for these products. Studies conducted by
Fieger et al. (24) showed that Néssler nitrogen increases
slightly with the onset of spoilage and then rapidly as
spoilage progresses. These investigators were unable to
suggest a definite spoilage index for Nessler nitrogen.

Beatty and Collins (10) found similar changes in amino
nitrogen values in their studies on press juice from cod
tissue. The decreases approximately equalled the increases
in ammonia nitrogen leading these investigators to suggest
that bacterial deamination of amino aicds liberated from
tissue protein would account for such results. Campbell
and Williams (14), in studies with shrimp, and Sigurdsson
(48) in studies with herring obtained increases in amino
nitrogen during refrigerated storage. It has been suggested
that these differences can possibly be explained on the
basis of different protein degradation products. It is
also possible that the rapid association of amino groups
with denatured protein molecules mask them from detection
by the procedure employed (7).

Bailey et al. (7) reviewed chemical, physical, and
microbiological tests useful for determining the relative
quality of ice-stored shrimp. They classified the accept-

able tests into three categories: (a) those indicating
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definite changes in prime quality; (b) those signifying the
onset of spoilage; and (c) other applicable tests for
determining reiative quality.

One of the chemical tests surveyed pH changes during
the prime quality period. These changes were due in large
part to changes in lactic acid content. Lactic acid values
increased initially and then decreased. This initial in-
crease was attributed to the rapid breakdown of carbohydrates.
Collins (16) reported a similar increase in the lactic acid
content of press juice of cod but could not correlate the
increase with glycolytic breakdown alone. Other workers
have also failed to obtain accurate balances between glyco-
gen decreases and lactic acid increase (34,51). After four
days' storage, the lactic acid in shrimp was being oxi-
dized faster than it was produced, resulting in a rapid de-
crease of this constituent. This was followed by a less
rapid decrease for the remainder of the storage period.

Watson (59) postulated that lactic acid in the pre-
sence of trimethylamine oxide reacted to form carbon
dioxide, water, and trimethylamine, and also demostrated
the disappearance of lactic acid and appearance of carbon

dioxide and trimethylamine in a reducing Achromobacter

suspension incubated with lactic acid and trimethylamine
oxide. Collins (16) also found that both acetic acid and
carbon dioxide increases concomitantly with decreases in

lactic acid as further evidence for the operation of this



reaction during the ice storage of fish. These changes are
possibly applicable to shrimp deteriorét;on, but other
mechanisms are also operative since lactic acid does not
decrease appreciably during the period of rapid rise in
trimethylamine.

Among the numerous degradative processes in seafood,
proteolysis is prevalent. Holding shrimp at 32°F. or 20°F.
~generally results in a much reduced rate of protein break-
down. 'Simiiarly, keeping shrimp at ambient temperature
prior to ice storage involves an increased protein decompo-
sition with the release of amino acids, and the subsequent
rapid conversion of the latter to melanin through the action
of the phenolases. ©Novak and Fieger (39) have shown in-
creases in certain free amino acids during ice storage.
Simidu and Hujita (49,50) clearly established in no less
than ten commercial shrimp varieties whose flavor is
related to the amino nitrogen content, particularly of the
monoamino group. More than half of this was represented by
glycine, which gradually declined in amount during storage.
This decidedly reduces palatability.

Duggan and Strasburger (l7) postulated two principal
types of decomposition in raw shrimp. One of these, the
putrefactive type, occurs when shrimp, before icing, are
exposed for a time at a temperature favorable for bacterial
growth. This breakdown is characterized by the appearance

of indole, presumably formed from tryptophan through

15
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bacterial action. No indole has been found in fresh shrimp.
Once started, this type of decomposition proceeds fairly
rapidly even though the shrimp are subsequently well iced.
The ammonical type of decomposition is necessarily slow and
is characterized by free ammonia odor, in addition to

other odors commonly associated with protein decomposition.

Indole has been recommended as a reliable indicator of
spoilage of the raw material prior to freezing or canning
(17). It has been commonly used as a criterion of inferior
sanitation in processing plants or deterioration in stor-
age prior to final processing (8). Lartigue et al. (33)
evaluated the indole and trimethylamine tests for oyster
quality. These investigators found that while the indole
tests developed by Clark et al. (15) and the trimethylamine
test of Dyer (18) were sensitive and capable of detecting
microgram quantities of these compounds, they could not be
used as indices of oyster spoilage since the values showed
no definite pattern of change during storage of the oysters.
Spinelli et al. (52) have concluded that trimethylamine is
unsatisfactory as an index for flavor changes in irradiated
king crab meat.

The preceeding literature review adds validity to the
need for development of additional objective methods to
measure deterioration of shrimp and other shellfish. While
indole, trimethylamine, and ammonia production are excel-

lent indicators of gross spoilage of shrimp, they are of
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limited value as gauges of marginal deterioration or as
indicators of relative gquality.

Industry-wide standards of shellfish quality have not
been established because there are no satisfactory methods
by which deteriorative changes can be accurately and quanti-
tativelylmeasured. The oldest and still most widespread
means of evaluating the acceptability and edibility of

shrimp are the senses of smell and taste.



EXPERIMENTAL METHODS AND MATERIALS

In June, 1965, a United States Atomic Energy Commission
research grant was awarded to the Department of Food Science
and Technology for the installation, management, and opera-
tion of a portable on-shipboard irradiator. Since an
irradiator of this type was never available previously,
much ;nvestigation into possible radiation sources, shield-
ing, construction materials and methods, and mechanics of
such a system was necessary before a satisfactory installa-
tion could be achieved (Figure 1).

Upon approval of the design by the U.S.A.E.C., a con-
tract was awarded to Radiation Facilities, Inc., Lodi, New
Jersey, for its construction.

A survey of shrimping concerns along the Gulf Coast

indicated that shrimping vessels capable of accommodating
a crew of scientists for extended periods were generally
unavailable to us during the prime shrimping seasons.
Such a vessel, the Oregon, was located through the United
States Bureau of Commercial Fisheries. However, due to
preVious commitments in foreign countries, the Oregon was
only available for use on this project from October thréugh
December, 1966. A contract which provided for the use of
the ship and its crew of ten was agreed to in June, 1966.

The Oregon is a steel-hull vessel which was con-

structed in the early 1940's, and was used primarily as a
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tuna boat in a fleet based on the West Coast. 1In the mid
1950's, it was purchased by the U.S.B.C.F., and converted
to a research vessel-trawler to be used primarily in making
migration checks on varieties of sea life throughout the
Atlantic Ocean and Gulf of Mexico. The Oregon is based at
St. Simon's Island, Georgia,’and is now used for explora-
tory fishing and gear research. The overall length is 100
feet, beam length is 26 feet, and draft and gross tonnage
are 10 feet and 219 tons, respectively. The main engine is
an Enterprise diesel with a horsepower rating of 600 h.p.,
a cruising speed of 9.0 knots, and a cruising range of 500
mileé.

Since numerous modifications of the vessel were neces-
sary before it could accommodate the irradiation unit, many
conferences were conducted with U.S.B.C.F. officials in
order to determine the nature, feasibility, and cost of
these changes, and to outline a time schedule for the
shrimping operations. A contract was awarded to the
Jacksonville (Florida) Shipyards for the modification of
the Oregon, and for the installation of the unit aboard
the ship. All plans and movements required approval by
the appropriate federal and state agencies involved, and
in addition, the following instructions were necessary in
order to comply with regulations set forth by the U.S.
Atomic Energy Commission:

1. Cut out center of the brine water tank top, about
8 feet wide by full length of the tank.



