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ABSTRACT
The aim of this study was to determine the time for a 3-log CFU/g outgrowth of Staphylococcus aureus and its toxin
production in previously frozen precooked tuna meat (albacore [Thunnus alalunga] prepared as loin, chunk, and flake or skipjack
[Katsuwonus pelamis] prepared as chunk and flake) held either at 21 or 278C. A five-strain cocktail of enterotoxin-producing S.
aureus was surface inoculated with ~103 CFU/g onto tuna samples. The experimental time–temperature conditions were
designed to mimic common industry holding conditions. After a 3-h incubation at 378C, inoculated samples were individually
vacuum sealed and stored at 208C for 4 weeks. Following frozen storage, samples were thawed to the target temperature (21 or
278C) and then incubated aerobically. Growth of S. aureus in tuna was then monitored using Baird Parker agar; simultaneously,
aerobic plate counts, enterotoxin production, and sensory profile (color and odor) were determined. The results showed that the
time for a 3-log CFU/g increase was .20 h at 218C and 8 to 12 h at 278C for albacore, with toxin production observed at 14 to 16
h at 218C and at 8 h at 278C. A 3-log CFU/g increase for skipjack occurred at 22 to 24 h at 218C and at 10 to 14 h at 278C. The
toxin production in skipjack started at 20 to 22 h at 218C and at 8 to 10 h at 278C. Toxin production was observed before a 3-log
increase was achieved in albacore samples at 218C. Under all conditions, toxins were detected when the cell density of S. aureus
was 6 log CFU/g. Overall, significantly faster S. aureus growth was observed in albacore compared with skipjack (P , 0.05),
possibly owing to differences in sample composition (e.g., pH and salt content). The data developed from this study can be used
by the tuna industry to model the growth and enterotoxin production of S. aureus and to design manufacturing controls that
ensure food safety.
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Canned tuna is commonly produced from precooked
tuna mixed with edible oils, brine, water, or sauces in cans.
Typically, eviscerated whole tuna are precooked to facilitate
cleaning, that is, the manual separation of the meat from the
skin and bones (20). There are no known cases of
staphylococcal food poisoning associated with canned tuna.
However, despite the use of pertinent sanitation control
procedures during cleaning, there is the potential for
contamination and subsequent growth of Staphylococcus
aureus on the precooked meat before canning owing to the
manual cleaning process. Although the canning process will
destroy the pathogen, its enterotoxins are thermostable (13,
17, 30). Therefore, to control for this potential hazard, time–
temperature control measures should be considered as part
of a robust risk management process that also includes
effective sanitation and good manufacturing practices.
S. aureus is a foodborne pathogen capable of causing
illness through the ingestion of preformed heat-stable
staphylococcal enterotoxins (SEs). It is one of the leading
* Author for correspondence. Tel: 202-639-5973; Fax: 202-6395991; E-mail: akataoka@gmaonline.org.

causes of foodborne illness in the United States; the Centers
for Disease Control and Prevention estimates that ~240,000
illnesses occur annually (25). S. aureus is gram positive,
ubiquitous in the environment, and capable of aerobic and
anaerobic growth from 7 to 47.88C (30). It is also tolerant of
high salt and sugar and can grow at relatively low water
activity (aw), with growth observed at aw values ranging
from 0.83 to 0.99 (30). Humans can be carriers of S. aureus,
and contamination of foods can occur through handling or
via environmental or animal contact. This microorganism
grows well in most prepared food, including meats,
vegetables, fruits, pastries, and milk products (1). Staphylococcal poisoning is generally associated with foods
undergoing extensive manual handling, improper time–
temperature control, or both. Staphylococcal poisoning
occurs after ingestion of foods containing extracellular
SEs; ~25% of S. aureus strains isolated from foods produce
enterotoxins (3, 4, 22). The intoxication dose of SEs is still
unclear and seems to be affected by individual susceptibility;
however, it is suggested to be less than 1.0 lg, and generally
this toxin level is reached when S. aureus populations
exceed 5 log CFU/g (30).
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MATERIALS AND METHODS
Bacterial strains and culture conditions. Five strains of S.
aureus capable of producing enterotoxins were used: N-5014, N5018, ATCC 13566, ATCC 13565, and N-5017. With the
exception of N-5017, these strains were selected because they
were used in studies by Wu and Su (32, 33) that evaluated S.
aureus growth and enterotoxin production in tuna meat under
different conditions. However, one strain (ATCC 25923) used in
their studies did not produce enterotoxins in culture broth or
inoculated fish (as detected by VIDAS SET2 test assay
[bioMérieux, Inc., Marcy l’Etoile, France] described in ‘‘Toxin
analysis’’) in our preliminary analysis; therefore, it was replaced
with strain N-5017. Each working culture was made from a 808C
stock culture in tryptic soy broth (TSB; Difco, BD, Sparks, MD)
supplemented with 20% glycerol and maintained on tryptic soy
agar (TSA; Difco, BD) slants stored at 4 6 18C. The working
cultures were transferred monthly for up to 3 months. A loopful of
each isolate was transferred into an individual test tube (10 ml of

621

TSB) and incubated at 35 6 18C for 24 h followed by a transfer
(10 ll) of enriched culture into 10 ml of fresh TSB in a test tube
and incubation at 35 6 18C for 16 h (stationary-phase cells). Each
culture was harvested by centrifugation at 3,000 3 g at 58C for 20
min (SORVALL RC-5B Plus centrifuge, Sorvall, Newtown, CT).
The supernatant was discarded and pelleted cells were resuspended
and pooled in 50 ml of sterile phosphate-buffered saline to produce
a multistrain cocktail suspension. The cell concentration in the
cocktail suspension was analyzed at least twice through enumeration onto TSA, and it was ~9 log CFU/ml. The cocktail
suspension was further diluted in Butterfield phosphate buffer to
achieve an inoculum level of 103 CFU/g in a sample. The ability of
each strain to produce enterotoxin in broth culture or in fish was
verified with VIDAS SET2 assay as described in ‘‘Toxin analysis.’’
Sample preparation and sample evaluation. All precooked
and frozen tuna samples were prepared in existing commercial
operations by using customary procedures to ensure an effective
cook and thorough freezing to ensure a solid core. Two tuna
species, albacore (Thunnus alalunga) and skipjack (Katsuwonus
pelamis), were received in different preparation forms (albacore as
loin, flake, or chunk; skipjack as chunk or flake). The samples were
shipped in coolers overnight and were frozen solid when received.
The samples were stored at 208C upon delivery until cut. Tuna
samples of 50 to 55 g were generated by cutting the still-frozen
tuna with a table saw (Ryobi Sliding Miter Saw with Laser, model
TSS102L, Ryobi Ltd., Anderson, SC). The cut samples (approximate dimensions of 2 by 2 by 1 in. [5.08 by 5.08 by 2.54 cm])
were weighed to ensure correct sample weight and tightly wrapped
in bulk with aluminum foil and stored at 208C until further
experiments. Uninoculated tuna samples were analyzed for pH, aw,
moisture (AOAC 950.46; AOAC International, 1950), fat (AOAC
960.39A; 1960), and salt (AOAC 971.27; 1976). The pH was
determined using a pH meter (Accumet Research AR 20, Fisher
Scientific, Pittsburgh, PA), and the aw was measured with a water
activity meter (AquaLab 4TEV, Decagon Devices, Inc., Pullman,
WA). The uninoculated samples also were evaluated for APC and
S. aureus (see ‘‘Microbial analysis’’).
Sample inoculation and holding conditions. The cut
samples (50 to 55 g) were removed from the freezer and were
laid in a single layer on a plastic tray in a refrigerator (5 to 78C)
overnight to thaw, and then the samples were brought to 358C in an
incubator at 38 6 18C. As soon as the internal temperature of a fish
sample had reached 358C (3 to 3.5 h), the samples were unwrapped
and laid in single layer on a sterile plastic tray with a lid (Plastic
Instrument Box [17 1/2 by 7 3/4 by 2 3/8 in.], Medi-Dose, Inc./
EPS, Inc., Ivyland, PA) and surface inoculated with S. aureus by
spotting 100 ll of the culture cocktail as five spots (~20 ll per
spot) onto the top surface of each sample to create a contamination
level of ~103 CFU/g. APC and S. aureus counts were conducted
immediately after inoculation by using duplicate samples as stated
below. All inoculated samples were held in a biological safety
cabinet for ~5 min to allow the inoculum to be absorbed onto
samples. Then, the samples were loosely covered with a lid and
held at 37 6 18C for 3 h to mimic the exposure of the tuna to
elevated temperatures during the cleaning step after precooking.
After the incubation of the inoculated samples at 37 6 18C, they
were packed individually in sterile Whirl-Pak bags (Nasco, Fort
Atkinson, WI) and then vacuum packaged with a vacuum sealer
(VacMaster commercial vacuum sealer VP-321, VacMaster,
Pleasant Hill Grain, NE). Two samples were also enumerated at
this point, and then the remaining samples were held at 208C for 4
weeks until growth experiments were initiated.
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Although several types of SEs have been recognized
(A through J), 95% of staphylococcal poisoning outbreaks
are caused by SEA through SEE (7). A screen of 125
enterotoxic strains of S. aureus isolated from meat and milk
products showed that most of the isolates produced SED
(33.6%), SEA (18.4%), SEC (15.2%), and SEB (6.4%)
(21). A study by Asao et al. (2) on an extensive outbreak
(13,420 illnesses) of staphylococcal food poisoning due to
low-fat milk in Japan reported that SEA was responsible
for the outbreak. The detected levels in low-fat milk and
the powdered skim milk were low at 0.38 lg/ml and ~3.7
ng/g, respectively, resulting in an estimated total intake of
20 to 100 ng of SEA on average. SEs are highly heat
resistant, especially in food matrices, and they cannot be
inactivated by cooking or retorting (16, 29). One reported
case of foodborne outbreak associated with S. aureus in the
United States was caused by commercially sterile canned
mushrooms (17). SEs are also resistant to most proteolytic
enzymes (i.e. pepsin, trypsin); thus, their structure and
activity are not affected by gastric juices during or after
digestion (16). Therefore, food safety programs should
focus on prevention of enterotoxin formation when the
hazard is reasonably likely to occur as a result of the
presence of S. aureus under conditions where growth is
possible.
The current study was designed to reflect common
commercial practices using times and temperatures typical
for processing canned tuna from frozen loins. The
generalized processing flow includes cleaning tuna meat,
frozen storage, and thawing, followed by staging and can
filling, which may be carried out at a processing facility at
ambient temperature (8). The objective of this study was to
measure the growth of enterotoxin-producing S. aureus in
prefrozen cooked tuna meat inoculated with S. aureus and
held at 21 or 278C, which reflects the processing facility’s
ambient temperature. The study measured the time for a 3log CFU/g increase of S. aureus, while monitoring for toxin
production, and concurrent increases in aerobic plate counts
(APCs). The determination on time to reach a 3-log increase
of S. aureus for the growth study is recommended in the
challenge study guidelines of the U.S. Food and Drug
Administration (FDA) (31).
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bath by using a paperclip hung from a metal bar. In this
temperature profile study, the internal temperature of a fish
sample was monitored using a digital thermometer (Traceable
model 15-077-8, Fisher Scientific) positioned at the center of the
fish to determine the length of time required to bring the sample
from 208C to the desired incubation temperature. The time to
reach to the desired temperatures was within a range of 15 to 60
min. The length varied depending on the number of required
samples used for a specific experiment (minimum of 6 bags to
maximum of 18 bags) and the desired temperature (e.g. ~25 min
was needed to reach 218C when thawing 16 bags of skipjack
samples).

Microbial analysis. Each 50-g sample was hand massaged in
a sterile Whirl-Pak bag for ~60 s and then mixed with a sterile
spoon for 60 to 120 s to thoroughly break up and mix the sample.
Twenty-five grams of the sample was reserved for toxin analysis.
Then, the remaining 25-g sample was placed into a filtered WhirlPak bag and diluted 1:10 with Butterfield phosphate buffer for
microbial analysis. The samples were homogenized for 15 s
(Pulsifier, Microgen Bioproducts, Ltd., Camberley, UK). If
necessary the samples were serially diluted in Butterfield
phosphate buffer. One hundred microliters of the diluted sample
was surface plated onto TSA to enumerate APC and onto Baird
Parker agar (Oxoid Ltd., Hampshire, UK) to enumerate S. aureus.
Plates were incubated at 37 6 18C for 48 h. TSA plates were
counted with a Q-counter (Spiral Biotech, Norwood, MA), and
Baird Parker agar plates were counted manually. Typical S. aureus
colonies formed on the Baird Parker agar plates were confirmed by
Fisher HealthCare Sure-Vue SELECT Latex Slide Agglutination
test kit and Staph Latex test kit (Fisher HealthCare Inc., Houston,
TX) as described in the FDA’s Bacteriological Analytical Manual
(27).
Toxin analysis. Twenty-five grams of the sample was
removed from well-homogenized samples as stated above and
tested for toxin by using the VIDAS SET2 assay following the
FDA’s Bacteriological Analytical Manual (28). This method is
able to detect seven forms of enterotoxins (SEA, SEB, SEC1,2,3,
SED, and SEE), with a detection limit of 0.25 ng/ml (5).
Temperature profile study for thawing samples in a water
bath. To determine the time needed for the frozen samples to
reach 21 or 278C, a temperature profile study was conducted.
Frozen uninoculated samples were thawed in a temperaturecontrolled water bath (model W45, Thermo Haake, Karlsruhe,
Germany) set at either 22.5 or 28.58C (i.e., samples that were held
at 218C for outgrowth were defrosted at 22.58C). Each sample bag
containing a cut fish sample (50 to 55 g) was hung in the water

Sensory analysis. The color and odor of the samples were
assessed at each sampling time on the inoculated samples by
using untrained panelists. The samples were graded on a
simplified 5-point hedonic scale at each sampling point to
monitor spoilage, where 1 ¼ neither like nor dislike, 2 ¼ dislike
slightly, 3 ¼ dislike moderately, 4 ¼ dislike very much, and 5 ¼
dislike extremely.
Data analysis. All experiments were conducted in triplicate
(n ¼ 3), with two duplicate samples per test point. Data were
converted to log CFU per gram. The time for a 3-log outgrowth of
S. aureus was calculated, with the time zero set at the time after
water bath defrosting when the sample reached either 21 or 278C. If
the time to toxin production was different among the three
replicates, the earliest time among the three replicates was used to
denote the time to toxin production. Statistical data analyses were
conducted with MINITAB statistical software (Release 8 extended,
Minitab, Inc., State College, PA). The response variable in the
statistical model was the counts (log CFU per gram). The effects of
fish types and preparation were determined using the analysis of
variance general linear model. Differences between mean values
were considered significant at P , 0.05. Time to reach 3-log
increase of S. aureus in each sample was compared against a
calculation on time for 3-log outgrowth of S. aureus made from the
U.S. Department of Agriculture (USDA) Pathogen Modeling
Program (PMP) by using the same pH and NaCl (percentage)
concentration for each sample type for skipjack. For albacore
samples, the lowest concentration of NaCl (0.5%) with the PMP
was used. Other conditions used were aerobic, broth culture, and
sodium nitrite (0%).
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FIGURE 1. Experimental overview.

S. aureus growth study and detection of enterotoxin in
tuna samples. The experimental design is shown in Figure 1.
Inoculated samples were stored at 208C for 4 weeks to imitate
industry practices. Inoculated frozen cut fish samples still
individually sealed in Whirl-Pak bags were thawed in a water
bath set at either 22.58C for the 218C growth study or at 28.58C for
the 278C growth study as stated above. Uninoculated fish samples
were used to monitor an internal temperature of the sample during
the thawing process, and all samples were removed from the water
bath as soon as the internal temperature of the sample reached the
target temperature (21 or 278C). Each sample bag was dried and
surface disinfected and then aseptically cut open and moved to an
incubator set at the desired temperature (21 or 278C). APC and S.
aureus counts were conducted at time zero, when the fish samples
reached the target temperature, and then every 2 h after incubation
started using two duplicate samples. The microbiological analysis
was continued until SEs were detected at three consecutive
sampling points. APC and S. aureus counts were performed as
described in ‘‘Microbial analysis.’’
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TABLE 1. Characteristics of albacore and skipjack tuna meata
Fish type

pH

aw

Moisture (%)

Salt (%)

Fat (%)

Albacore
Loin
Chunk
Flake

6.3 6 0.055
6.0 6 0.032
6.6 6 0.040

0.9870 6 0.0038
0.9870 6 0.0037
0.9883 6 0.0024

67.65
66.29
69.25

0.16
0.15
0.16

1.13
2.64
3.55

Skipjack
Chunk
Flake

5.8 6 0.006
5.6 6 0.012

0.9774 6 0.0046
0.9679 6 0.0018

66.69
64.69

0.72
1.74

0.30
1.52

a

Samples were tested in triplicate.

Proximate analysis. The tuna meat characteristics (pH,
aw, moisture content, and total salt and fat) are presented in
Table 1. The pH of albacore (6.0 to 6.6) was slightly higher
than that of skipjack (5.6 to 5.8). The aw of all samples was
high, with slightly higher values in albacore. In general, the
moisture of the albacore was slightly higher than that of
skipjack. The skipjack had a higher percentage of salt
(NaCl) than albacore, with skipjack flake showing the
highest salt content (1.74%). The fat content differed
between fish type and preparation.
APC and S. aureus in uninoculated samples. The
average population of background microflora in each tuna
sample ranged from 2.6 to 3.8 log CFU/g (Table 2). There
was some variation in the population depending on sample
type. Generally, flake samples had higher counts. S. aureus
was not observed in any samples (detection limit 10 CFU/g).
Incubation of inoculated samples. After the tuna was
inoculated, it was held at 378C for 3 h (this time frame is
referred to as preincubation). There was a 0.4 to 1.0 log
CFU/g increase of S. aureus and a 0.3 to 1.1 log CFU/g
increase of APC during the 3-h preincubation (Table 3).
Effect of freezing temperature on S. aureus. The
current study showed that freezing at 208C for 4 weeks had
little effect on S. aureus population or APC in tuna. There
was no change in S. aureus or APC populations after a 4week frozen storage period (average 0.1 and 0.2 CFU/g
increase, respectively; data not shown).
TABLE 2. Microbiological analysis of uninoculated tuna samplesa
Fish type

APC (log CFU/g)

S. aureus (log CFU/g)

Albacore
Loin
Chunk
Flake

3.2 6 0.42
2.6 6 0.09
3.6 6 0.77

,0.4
,0.4
,0.4

Skipjack
Chunk
Flake

2.8 6 1.26
3.8 6 0.91

,0.4
,0.4

a

Values are reported as mean 6 standard deviation (n  3).

Growth of S. aureus. For the growth study at 218C,
counts of S. aureus at time zero (after thawing, as soon as
the samples reached an internal temperature of 218C) ranged
from 3.5 to 4.1 log CFU/g in albacore and 3.5 log CFU/g in
skipjack (Fig. 2). Growth at 218C followed typical bacterial
growth kinetics; there was a short lag phase followed by
exponential growth and then a stationary phase (Fig. 2). A 3log CFU/g increase did not occur in albacore samples before
the three consecutive positive toxin results occurred and
growth plateaued at ~6 log CFU/g within 16 to 20 h (Table
4). S. aureus reached a 3 log CFU/g increase in skipjack
samples at 22 h (chunk) and 24 h (flake) (Table 4).
For the growth study at 278C, counts of S. aureus at
time zero (as soon as the samples reached an internal
temperature of 278C) ranged from 3.7 to 4.2 log CFU/g in
albacore and 3.6 log CFU/g in skipjack (Fig. 3). Growth at
278C followed typical bacterial growth kinetics; there was a
short lag phase (skipjack samples only) followed by
exponential growth and then a stationary phase (Fig. 3).
Albacore supported rapid growth of S. aureus, and the lag
phase was not captured in the current study. A 3-log CFU/g
increase occurred within 8 to 12 h in albacore samples and
within 10 to 14 h in skipjack samples. Overall, albacore
facilitated faster growth for S. aureus than skipjack, and the
difference was significant at both 21 and 278C (P , 0.05).
SE. At 218C, toxin production was observed within 14
to 16 h for albacore, a faster time than the 20 to 22 h
required in skipjack. In skipjack samples, toxin production
occurred ~2 h before observing a 3-log increase. As
mentioned, a 3-log CFU/g increase was not observed when
albacore was held at 218C; however, toxin production
correlated with the time that the growth transitioned from the
exponential phase to the stationary phase. In both albacore
and skipjack, toxin production was detected when S. aureus
cell density was close to or exceeded 6 log CFU/g. At 278C,
toxin production was observed within 8 h in albacore and
within 8 to 10 h in skipjack. It is interesting to note the wide
gap in time between a 3-log increase (14 h) and toxin
production (8 h) in skipjack chunk samples. In both albacore
and skipjack, toxin production was detected when S. aureus
cell density approached or exceeded 6 log CFU/g at 278C, as
observed at 218C. The time for toxin production was faster
in albacore at 218C, but there was no difference between
time for toxin production in albacore or skipjack held at
278C.
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TABLE 3. Change in total plate count and S. aureus during preincubation for 3 h at 378 Ca
Albacore
Plate count

Skipjack

Time (h)

Loin

Chunk

Flake

Chunk

Flake

APC

0
3

S. aureus

0
3

3.5
4.6
(1.1)b
2.9
3.9
(1.0)

3.7
4.1
(0.4)
2.9
3.4
(0.5)

4.2
5.0
(0.8)
3.0
3.8
(0.8)

3.3
3.7
(0.4)
3.1
3.5
(0.4)

3.9
4.1
(0.3)
3.0
3.6
(0.6)

a
b

Values are presented in log CFU per gram. Samples were inoculated with S. aureus at ~103 CFU/g and held at 378C.
Values in parentheses are increase (log CFU per gram).

Comparison to predictions from PMP. Table 4
includes the predictions on time for 3 log CFU/ml outgrowth
of S. aureus made from the USDA PMP. For the conditions
comparable to albacore samples, the PMP predicted a time
for 3 log CFU/ml outgrowth of S. aureus, generally faster
than the results observed in albacore samples. The
differences were .1.2 to 3.2 h at 218C and within 0.2 to
2.6 h at 278C, except for albacore flake that had a difference
.5 h. For the condition similar to skipjack samples, the
PMP predicted a time for 3 log CFU/ml outgrowth of S.
aureus, generally slower than experimental results for
skipjack samples demonstrated in the current study, except
chunk samples at 278C had a 2.8-h faster PMP prediction
than the experimental result. For other skipjack samples, the

differences were 2.4 to 3.2 h, although flake at 218C
displayed a 7.8-h difference.

Sensory analysis. Sensory analysis was conducted by
untrained panelists using the 5-point hedonic scale described
in ‘‘Materials and Methods.’’ For the growth study at 218C,
odor seemed to be a more reliable indicator of spoilage; a
deterioration of odor was noted at 8 to 10 h in albacore
samples and was most pronounced in the albacore chunk
samples. Color did not seem to be a good indicator of
spoilage to an untrained panelist in albacore loin or flake, but
a noticeable difference was noted within 8 h in albacore
chunk samples. These times did not correlate with the 16- to
18-h time frame noted for a 3-log increase of APC. In
skipjack, a good correlation between odor and color was
noted in flake, but not in chunk. In both types, a difference
from the control was noted within 8 to 10 h. Overall, the
sensory value did not exceed more than 3 (data not shown),
indicating a moderate off-odor or color. At 278C, a
deterioration of odor was noted at 8 h in all samples and
was most pronounced in the albacore loin samples. Again, a
noticeable difference was observed, especially in the
albacore chunk samples, starting at 4 h. Time for a
difference in color was noted from 2 h (skipjack chunk) to
10 h (albacore loin). At 278C, there was more of a
correlation between increase of APC and detection of offodor, particularly for albacore samples.
DISCUSSION

FIGURE 2. Growth of S. aureus in precooked tuna meat samples
at 218 C. Samples were initially inoculated at 103 CFU/g and then
preincubated (held at 378 C for 3 h), after which they were held at
208 C for 4 weeks (u, albacore loin; &, albacore chunk; ~,
albacore flake; u, skipjack chunk; n, skipjack flake).

In all the characteristics of fish samples (e.g., pH,
moisture, percentages of salt and fat) based on proximate
analysis, similar trends were observed to those in Wu and Su
(33). Also, the results from APC and S. aureus were
comparable to the counts of background microflora in
precooked tuna meat from a similar study by Wu and Su
(33), where they observed from 2.7 to 4.8 log CFU/g. Our
observation on the freezing effect on S. aureus was also
similar to the outcome of Wu and Su (32), where the effect
of frozen storage on S. aureus in precooked tuna meat was
evaluated. Their results showed less than a 0.6- and 0.3-log
CFU/g decrease in S. aureus population and APC,
respectively, in tuna meat at 208C after 4 weeks. This
was expected since S. aureus is known to be resistant to
freezing and thawing and survives well in food matrices at
freezing temperatures (11, 13). As noted, S. aureus grew
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APC. At 218C, a 3-log CFU/g increase of APC was
observed within 16 to 18 h in albacore samples and within
22 to 24 h in skipjack samples (Fig. 4). At 278C, a 3-log
CFU/g increase of APC was observed within 8 to 10 h in
albacore and at 12 h in skipjack samples (Fig. 5). APC
shows a trend of slower bacterial growth in skipjack than in
albacore at 21 or 278C (P , 0.05). Chunk samples provided
slower total bacterial growth compared with loin or flake (P
, 0.05).
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TABLE 4. Comparison of experimental time for microbial growth and SE production in inoculated precooked tuna meat, stored at 21 or
278 C (n ¼ 3) versus model predictions (in parentheses)
Time to reach 3-log CFU/g
increase of S. aureus (h)

Time for initiation of toxin
production (h)

Time to reach 3-log CFU/g
increase of APC (h)

278C

218C

278C

218C

278C

Albacore
Loin
Chunk
Flake

22a (18.8)b
20a (21.2)
20a (17.2)

10 (7.4)
8 (8.2)
.12 (7.0)

14
16
14

8
8
8

16
18
18

10
8
10

Skipjack
Chunk
Flake

22 (24.4)
24 (31.8)

20
22

8
10

22
24

12
12

a

b

14 (11.2)
10 (14.2)

Sample incubation was discontinued after three consecutive toxin-positive time points. A 3-log increase of S. aureus was not observed
during this duration. Each log increase observed at the last time point for each fish type was 2.5 (loin), 2.6 (chunk), and 2.4 (flake) log
CFU/g.
Values in parentheses are calculated from the USDA Pathogen Modeling Program (PMP) using the same pH and NaCl (percentage) for
each sample type for skipjack. For albacore samples, the lowest concentration of NaCl (0.5%) with PMP was used. Other conditions used
were aerobic, broth culture, and sodium nitrite (0%).

more rapidly in albacore than in skipjack. This trend was
observed when samples were held at either 21 or 278C. The
time for toxin production was faster in albacore at 218C, but
there was no difference between the time for toxin
production in albacore or skipjack held at 278C. The lower
pH (5.6 to 5.8) of the skipjack may have contributed to the
slower growth of S. aureus. Although S. aureus can grow
over a wide pH range, such as pHs 4 to 10, the optimum pH
range is 6 to 7 (13). Metaxopoulos et al. (18) also
demonstrated that slightly lower pH (pH 4.8 among three
pH levels: 4.8, 5.1, and 6.0) by acidification had an
inhibitory effect on the growth of S. aureus in sausage
production with or without starter cultures. In general,
skipjack flake showed the slowest time for S. aureus growth
and toxin production; this fish type had the highest salt,
highest fat, lowest pH, lowest moisture, and lowest aw.
Reduced pH, aw, temperature, or anaerobic environment

FIGURE 3. Growth of S. aureus in precooked tuna meat samples
at 278 C. Samples were initially inoculated at 103 log CFU/g and
then preincubated (held at 378 C for 3 h), after which they were
held at 208 C for 4 weeks (u, albacore loin; &, albacore chunk;
~, albacore flake; u, skipjack chunk; n, skipjack flake).

slows or sometimes inhibits growth of S. aureus and
production of SEs (13). Therefore, the trend observed in the
current study was expected.
Fish preparations (loin, chunk, or flake) demonstrated
some influence on the trends for S. aureus growth; chunk
samples provided the slowest growth of S. aureus counts
over time and the difference was significant in albacore
samples at 218C and in skipjack samples at 278C (P , 0.05).
Loin samples contain a 100% unbroken block of tuna meat
and chunk samples consist of loin (~75%) and pieces
(~25%); flake samples are made of pieces (100%) (6). It is
unclear why loin or flake samples (in albacore or skipjack)
supported a greater increase in S. aureus population and
APC. Based on the results of proximate analysis on samples,
there does not seem to be an obvious correlation with this

FIGURE 4. Aerobic plate count (APC) in precooked tuna meat
samples at 218 C. APC enumeration was performed on the samples
initially inoculated at 103 CFU/g and then preincubated (held at
378 C for 3 h), after which they were held at 208 C for 4 weeks (u,
albacore loin; &, albacore chunk; ~, albacore flake; u, skipjack
chunk; n, skipjack flake).
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trend. For example, albacore chunk samples had the lowest
pH and moisture (percentage) among three sample preparations of albacore; however, the skipjack chunk sample had
higher pH and moisture (percentage) than the flake sample.
S. aureus did not reach a 3 log CFU/g increase in the
albacore samples held at 218C, with growth plateauing at ~6
log CFU/g. Foodborne illness is typically associated with
foods that may have a low background flora or characteristics such as low aw and high salt that favor S. aureus
growth while slowing the growth of competing microorganisms. S. aureus is considered to be a poor competitor in
foods that allow a broad spectrum of organisms to grow,
such as the high-moisture, high-aw, low-salt fish products in
the current study (12, 19). This may have contributed to the
effect observed here. In particular, at the lower temperature
(218C), S. aureus may not compete against background
microflora, whereas the higher incubation temperature
(278C), which is more favorable to S. aureus, might allow
S. aureus to better compete against background microflora.
This phenomenon was observed in other studies where a
greater inhibitory effect on growth of S. aureus compared
with competing microorganisms was demonstrated at 158C
compared with 308C (9, 14).
The current study was similar to the study conducted by
Wu and Su (33); however, their study did not include growth
at 218C, incorporate preincubation right after inoculation, or
freezing at 208C for 4 weeks before the growth study at
278C. When comparing the data to determine a 3-log
increase of S. aureus, the studies showed similar results,
with data from the current study indicating slightly faster
time (2 h less) than that of Wu and Su (33) for most of the
fish types. However, there was a large difference in the time
for toxin production data; data from the current study
showed toxin detection at 8 to 10 h (for at least one positive
replicate; all fish types), whereas data from Wu and Su
showed that it took 24 h (all fish types) at 278C (33) and 24 h

at 378C (32) for toxin to be detected. Given that toxin
production is reported to correspond with a cell density of 5
to 6 log CFU/g, data from the current study are not
unexpected. The difference in the times (8 versus 24 h)
could be related to the detection method used; the current
study used the VIDAS assay described in the FDA’s
Bacteriological Analytical Manual (a limit of detection
0.25 ng/ml in extraction and 0.75 ng/g in food when a
1:2 dilution is used) (5, 28), whereas Wu and Su (32, 33)
used a SET-RPLA kit that relies on visual interpretation of
agglutination to detect toxin, with a limit of detection of 0.5
ng/ml in extraction and 1 ng/g when a 1:1 dilution is used
(23). Both methods use immunological reactions. Park and
Szabo (24) evaluated the SET-RPLA kit and demonstrated a
minimum detection limit of 0.75 ng/g in food samples such
as salami, ham, noodles, and turkey. In their study, the lack
of absolute verification of agglutination reaction in the kit
was also discussed as a difficulty for result determination.
Other variations in experimental methods and techniques
may also contribute to the difference.
The results from a comparison to PMP calculations
underline that a mathematical model established with
laboratory conditions (i.e. broth culture) may display
different predictions from outcomes in real food having a
complex matrix with competing microflora. Therefore, care
needs to be taken when using general predictive models such
as the PMP, and it is best to establish a predictive model to
describe the target microorganism behavior in the actual
food of interest (26).
There seems to be few mathematical models developed
for prediction of SEs. Several researchers developed a model
for SEA production in milk medium (10), and there is a
model based on data in milk product used for quantitative
risk assessment for pork-based food at food service (15).
These models present some difficulties such as a short
temperature range or prediction only for a single enterotoxin
in a particular food matrix (milk), considering S. aureus
grow and produce SEs in a wide temperature range in
variety of food matrices and several SEs exist. Therefore,
data from the current study may contribute to establishing
predictive models for growth of S. aureus and production of
SEs in tuna meat.
In summary, growth temperature significantly affected
the time to 3-log outgrowth of S. aureus, enterotoxin
production, and APC; all were more rapid at 278C compared
with 218C. Albacore samples supported faster growth of S.
aureus and faster toxin production than the skipjack
samples; this was more pronounced in the 278C data. Toxin
production was detected much earlier than in Wu and Su
(33) when comparing results from 278C growth experiments.
This may be due to the detection method, the different strain,
or other variations in methods or techniques. Toxin
production was detected earlier than the time to reach a 3log increase of S. aureus at 218C. In the albacore samples,
three (consecutive) toxin positives were observed at 218C
before the samples showed a 3-log increase in S. aureus. SEs
were detected when the counts of S. aureus in samples
approached or exceeded 6 log CFU/g at 21 or 278C, which is
aligned with the literature. Reducing the incubation
temperature from 27 to 218C seems to delay onset of toxin
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FIGURE 5. Aerobic plate count (APC) in precooked tuna meat
samples at 278 C. APC enumeration was performed on the same
samples initially inoculated at 103 CFU/g and then preincubated
(held at 378 C for 3 h), after which they were held at 208 C for 4
weeks (u, albacore loin; &, albacore chunk; ~, albacore flake;
u, skipjack chunk; n, skipjack flake).
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production by 6 to 12 h in tuna samples. The data developed
from this study can be used by the tuna industry to model the
growth and enterotoxin production of S. aureus and to
design manufacturing controls that ensure food safety.
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