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The development of a microbial population and changes in the physicochemical and sensorial characteristics
of Mediterranean boque (Boops boops), called gopa in Greece, stored aerobically at 0, 3, 7, and 10°C were stud-
ied. Pseudomonads and Shewanella putrefaciens were the dominant bacteria at the end of the storage period,
regardless of the temperature tested. Enterobacteria and Brochothrix thermosphacta also grew, but their popu-
lation density was always 2 to 3 log,, CFU g~ " less than that of pseudomonads. The concentration of potential
indicators of spoilage, glucose and lactic acid, decreased while that of the a-amino groups increased during
storage. The concentrations of these carbon sources also decreased on sterile fish blocks inoculated with strains
isolated from fish microbial flora. The organic acid profile of sterile fish blocks inoculated with the above-
mentioned bacteria and that of naturally spoiled fish differed significantly. An excellent correlation (r = —0.96)
between log,, counts of S. putrefaciens or Pseudomonas bacteria with freshness was observed in this study.

It is well known from studies with meat that although low in
comparison with those of protein and lipids, the concentrations
of compounds such as glycogen, glucose, and lactate are all
sufficient to support massive microbial growth. These com-
pounds can affect the type (e.g., saccharolytic, proteolytic) and
rate of spoilage and, moreover, seem to be the principal pre-
cursors of those microbial metabolites that we perceive as
spoilage (59). The concentrations of, e.g., glucose and lactate
in fish are similar to those reported for meat (43, 60, 64), and
their importance has been underestimated (31), although they
have been used alternatively for sensory and microbiological
analysis to determine fish freshness (68). Among the disadvan-
tages of sensory analysis, which is probably the most appropri-
ate method, and microbiological analysis is that the reliability
of the former depends on highly trained panels to minimize
subjectivity, which makes it costly and unattractive for routine
analysis. For the latter, at least in traditional form (microbial
counts, etc.), we get retrospective information and presuppose
that the specific spoilage organisms are known and detectable
by a chosen technique.

For this reason, both microbiological and sensory analyses
can be replaced by biochemical methods (e.g., based on nucle-
otide catabolism, production of amines, trimethylamine [TMA],
and sulfur compounds) or physical methods (Torymeter, K
value) which associate findings with microbial growth on fish
(29, 30). With respect to spoilage indicators or microbial me-
tabolites, there is a lack of relevant information about fish
compared with that about meat. The basis of these methods is
that as bacteria grow on fish, they utilize nutrients and produce
by-products. Determination of the quantities of these metab-
olites could provide us with information about the degree of
spoilage.

However, fish spoilage depends on specific spoilage organ-
isms, and moreover, these are not the same in every case and
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are dependent on the climatic and storage conditions, the type
of fish, and even the place in which the fish was harvested (19,
31). For example, Shewanella putrefaciens is the only specific
spoilage bacterium of marine cold-water fish stored in ice, and
the number of S. putrefaciens bacteria is inversely related to
remaining shelf life (31). On the other hand, Pseudomonas sp.
and S. putrefaciens are the specific spoilage bacteria of marine
and freshwater tropical fish stored in ice (31). No report of
similar studies with fish from the Mediterranean Sea—temper-
ate waters—is available in the literature.

The aim of this work was to provide information on (i) the
microbial attributes of the Mediterranean boque (Boops boops),
a marine fish very popular with consumers with emphasis on
specific spoilage organisms and (ii) the role of microbial me-
tabolites (e.g., lactate, formic acetate, free amino acids, etc.) as
indicators of spoilage in fish stored aerobically at 0, 3, 7, and
10°C.

MATERIALS AND METHODS

Preparation of fish fillets. Fresh, gutted boque (B. boops) stored in ice after
capture was bought from a local fishery shop within 6 to 8 h after being caught.
The fish were transported in ice to the laboratory within 30 to 45 min of their
purchase. On arrival at the laboratory, they were divided into quarters, and the
portions were kept at 0, 3, 7, and 10°C. Three independent storage experiments
were conducted, and in each experiment there were 12 sampling times per
temperature tested. On each sampling occasion, two fish were analyzed.

Sample preparation. Fish (25 g) was transferred aseptically to a stomacher bag
(Seward Medical, London, United Kingdom), 225 ml of 0.1% peptone water with
salt (NaCl, 0.85%, wt/vol) was added, and the mixture was homogenized for 60 s
with a stomacher (Lab Blender 400; Seward Medical).

Microbiological media and enumeration. Samples (0.1 ml) of serial dilutions
of treated (either inoculated with the isolates or naturally inoculated) fish ho-
mogenates were spread on the surface of the appropriate media in petri dishes
for determination of the total viable count on modified Long-and-Hammer agar
(66) and incubated at 10°C for 7 days. The medium was composed of the
following (grams per liter of distilled water): Proteose Peptone (P 0431; Sigma),
20; gelatin (4070; Merck), 40; K,HPO,, 1; NaCl, 10; agar (L11; Oxoid), 15;
ammonium ferric citrate, 0.25. Pseudomonads were determined on cetrimide
fusidin cephaloridine agar (Oxoid code CM 559, supplemented with selective
supplement SR 103) after incubation at 20°C for 2 days (52). (iii) Brochothrix
thermosphacta was determined on streptomycin sulfate-thallous acetate-cyclo-
heximide (actidione) agar (Oxoid code CM 881, supplemented with selective
supplement SR 151) after incubation at 20°C for 3 days (22). For members of the
family Enterobacteriaceae and hydrogen sulfide-producing bacteria, 1.0 ml was
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inoculated into 10 ml of molten (45°C) violet red bile glucose agar (Oxoid code
CM 485) and iron agar (IA; Oxoid code CM 867), respectively. After setting, a
10-ml overlay of molten medium was added. For the former, incubation was at
30°C for 24 h. The large colonies with purple haloes were counted (54). TA plates
were incubated at 20°C for 4 days (34). Black colonies formed by production of
H,S were enumerated after 2 to 3 days (23).

Detection of Photobacterium phosphoreum was done by using the direct mi-
croscopy method. Thirty colonies were selected randomly from modified Long-
and-Hammer medium (66) containing 100 to 200 colonies. Large, gram-negative
coccobacilli similar to those described by Dalgaard (8) were counted as P. phos-
phoreum (11).

Three replicates of at least three appropriate dilutions (1) were enumerated.
All plates were examined visually for typical colony types and morphological
characteristics associated with each growth medium. In addition, the selectivity
of each medium was checked routinely by Gram staining and microscopic ex-
amination of smears prepared from randomly selected colonies from all of the
media.

Bacterial strains. Pure cultures of Pseudomonas sp., S. putrefaciens, P. phos-
phoreum, B. thermosphacta, and lactic acid bacteria were screened in sterile
boque fish muscle blocks for spoilage potential, i.e., the ability to produce
chemical changes typical of the spoiling product substrate used in inoculation
studies of sterile gopa fish tissue. With the exception of P. phosphoreum, all
organisms (B. thermosphacta, Shewanella sp., Pseudomonas sp., and lactic acid
bacteria) were selected at the latest stage of aerobic storage of boque fish at 3°C.
Colonies were isolated from streptomycin sulfate-thallus acetate-cycloheximide
(actidione) agar (22), IA, Pseudomonas agar supplemented with cetrimide fusi-
din cephaloridine agar (52), and MRS medium and characterized further as
B. thermosphacta, S. putrefaciens, Pseudomonas sp., and Lactobacillus sp., respec-
tively. The catalase test was used for further confirmation of B. thermosphacta.
The isolates from Mead-and-Adams (52) and IA media were examined for
colony shape and pigmentation (44), Gram reaction (36), cell morphology
(phase-contrast microscopy), flagellar arrangement (51), oxidase reaction (46),
and aerobic and anaerobic breakdown of glucose (39). Moreover, the API 20NE
System (BioMérieux) was applied for the following tests: nitrite reduction, indole
production, arginine dihydrolase, urease, esculin hydrolysis, gelatin hydrolysis,
B-galactosidase, and assimilation of the energy sources glucose, arabinose, man-
nose, mannitol, N-acetylglucosamine, maltose, gluconate, caprate, adipate, ma-
late, citrate, and phenyl acetate. Gram-negative, motile rods with positive
catalase and oxidase reactions, oxidative glucose metabolism, and arginine
dihydrolase activity were identified as Pseudomonas sp. if they did not reduce
trimethylamine oxide (TMAO) or produce H,S. The identity of Shewanella sp.
was further confirmed by salmon pink pigment on nutrient agar and copious H,S
production in test tubes with soft agar composed of the following (grams per liter
of distilled water): tryptone, 10; sodium chloride, 5; Na,S,05 * 5H,0, 0.5; L-
cysteine, 0.6; ferric citrate, 0.3; agar, 4.5 (pH 7.4 = 0.2). It was also inoculated by
stabbing and incubated at 20 to 25°C for 7 days. Copious production of H,S was
noted by blackening of the medium after 24 h. For the characterization of
Lactobacillus sp., production of CO, and growth at different temperatures (3, 15,
30, and 45°C), salt concentrations (8 and 10%), and pHs (3, 3.7, and 8.5) were
used in combination with the API 50CH tests.

The inocula were prepared as follows. Each bacterial strain was maintained on
slopes of the appropriate medium agar at 4°C. A loopful of a fresh working
subculture (ca. 10° CFU) was used for inoculation of the corresponding broth
(100 ml in a 250-ml conical flask). The flask was incubated aerobically without
agitation at 25°C for 18 h. Cells were harvested, washed by centrifugation, and
washed with sterile saline, and an appropriate dilution in saline (NaCl, 0.85%,
wt/vol) was used for inoculation.

For P. phosphoreum (kindly provided by P. Dalgaard, Danish Ministry of
Fisheries, Lyngby, Denmark), growth medium broth (13) was used, and it was
precultured and incubated at 15°C.

Growth on sterile fish blocks. Fish tissue blocks were prepared as described by
Gram and Melchiorsen (32). Gopa were killed, bled, and iced immediately after
being caught and then brought to the laboratory within 5 to 6 h. The skin surface
was cleaned with 100% alcohol to sanitize the surface. The skin of the back
muscle was removed aseptically, and the sterile tissue below was excised and cut
into 15- to 20-g pieces. The pieces were inoculated immediately with the bacterial
isolates. To prepare fish extract, fillets were blended with distilled water (1:1.5)
for 60 s. The homogenate was heated at 80°C for 3 min, and then it was passed
through cheese cloth. The resulting stock was subsequently filtered with 0.45- and
0.22-pm (pore size) microfilters (Millipore) to ensure sterile fish juice. Bacterial
isolates were grown at 3 and 10°C in fish extract for 3 to 5 days, and the cultures
were diluted in 3 and 10°C sterile physiological saline. Appropriate dilutions
were prepared at the above-mentioned temperatures, and then the tissue pieces
were dipped in the bacterial suspension for 3 min in chilled, sterile, 17-cm-
diameter plastic petri dishes. The inoculated tissue pieces were placed in sterile,
17-cm-diameter plastic petri dishes. Control tissue was dipped in sterile diluent.
All inoculations were done in triplicate, and two independent trials were carried
out. One 2-g piece was removed from each sample for microbiological and
physicochemical analysis.

Curve fitting. The growth data (12 sampling times) from the enumeration of
different groups of microbial association were fitted to estimate the maximum
specific growth rate (y,.,). The Gompertz function was used (24). The modified
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Gompertz curve is defined by the equation log,, N() = A + C exp{—exp[-B(t —
M)]}, where N(t) is the bacterial count at time ¢, B is the relative maximum
growth rate (log;, CFU hour™!), M is the time (hours) at which the absolute
growth rate is at a maximum, A is the lowest asymptote of the curve, and C is the
upper asymptote of the curve. After fitting of the curves, the parameters B, M,
C, and A were obtained by using nonlinear regression with the Fig.P version
2.5 software (2). The parameters were used to calculate w,,,, with the equation
Pmax = BCle.

pH. The pH value was recorded by a pH meter (Metrohm 691), and the glass
electrode was applied directly to the flesh.

Chemical analysis. Fish flesh (10 g) was transferred to a beaker, 100 ml of
perchloric acid (HCIO,, 1 M) was added, and the contents were homogenized for
1 min with a blender. The homogenate was centrifuged (15 min at 4,000 X g), and
then the supernatant was decanted and stored at —80°C. After thawing, a portion
of the deproteinized supernatant was neutralized with KOH (5 M) and diluted
with water to 1:20 to give a solution for analysis. L-Lactic acid and p-glucose were
assayed enzymatically by the methods described by Noll (58) and Kunst et al.
(47), respectively, in which 10 g was reduced to a fine suspension with 100 ml of
cold water (3 to 5°C) in an Omni mixer (Waring, New Hartford, United King-
dom). The suspension was centrifuged (5 min at 4,000 X g at 3°C) and filtered,
and the clear filtrate was used to determine water-soluble protein and a-amino
groups by using the spectrophotometric assays described by Church et al. (6).
TMA was quantitatively measured by a colorimetric method (3). TMA content
was expressed as milligrams of TMA-N per 100 g of fish.

HPLC analysis of organic acids. After the microbiological examination, a
portion (20 ml) was filtered with Whatman no. 1 paper. The clear filtrate, after
addition of trifluoroacetic acid (1% [vol/vol] final concentration) and sodium
azide (final concentration, 0.1%), was centrifuged (10 min at 3,000 X g), filtered
with a Millipore 0.22-um-pore-size filter, and stored at —80°C before high-
performance liquid chromatography (HPLC) analysis. The profiles of the organic
acids of fish were analyzed by HPLC (Spectra Physics P2000 two-pump system
with a UV/VIS detector using low-inertia scanning technology—similar to a
photodiode array—and software from Spectra Physics, San Jose, Calif.) using a
Rheodyne 7125 injector and an Aminex HPX-87H 5-wm column (300 by 7.8 mm;
Bio-Rad Laboratories, Richmond, Calif.). The compounds were separated iso-
cratically with 0.009 N H,SO, in distilled water (flow rate, 0.7 ml min~'). The
peak width was 12, the peak threshold was 600, and the attenuation was 32. The
whole spectra (190 to 330 nm) of the chromatograms were analyzed. The solvents
were HPLC grade, and for identification of peaks, solutions of reference sub-
stances (citric, lactic, acetic, tartaric, malic, succinic, formic, and propionic acids)
were analyzed by using the same program, and the retention times (RT) and
spectra were compared. The contribution of each identified compound was
expressed as the peak area eluted in each chromatograph. The precision of the
results was always better than +5%.

Sensory evaluation. The dorsal half of each fillet was heated (80°C, 15 min) in
an unsealed plastic bag, and the quality was assessed by 8 to 10 trained panelists.
A scoring scale with three categories was used. Class 1 corresponded to high-
quality fillets without any off odor or off flavor, class 2 corresponded to fillets that
had slight off odors or flavors but were still acceptable, and class three corre-
sponded to fillets of unacceptable quality. The shelf life limit was defined as the
point when 50% of the panelists rejected the fillets (11).

Prediction of remaining shelf life. At each temperature, the relationship be-
tween the remaining shelf life, estimated by sensory methods, and the log of the
total viable counts of Pseudomonas and H,S-producing bacteria was calculated
by using the following simple linear regression: remaining shelf life (days) =
intercept (B,) + slope (B;) X log;o(microbial numbers/g). The coefficient of
determination (R?) was calculated as a measure of the percentage of the total
variability in the remaining shelf life data explained by the model. Fig.P version
2.5 software (2) was used to fit all models and calculate the parameters.

RESULTS

Microbiological analysis. The changes in the microbial flora
of boque fish during storage under aerobic conditions at 0, 3,
7, and 10°C are shown in Table 1. For practical reasons, Table
1 shows only those microbiological changes (7 out of 12 to 15)
occurring in samples taken at the same time for all storage
conditions, while for the calculation of w,,,, all observations
were taken into account (Table 2). Total viable counts reached
ca. 9 log,, CFU g ' by the end of the storage period under
aerobic conditions, regardless of the storage temperature used.
It needs to be noted that there was no statistically significant
difference between bacterial numbers on Long-and-Hammer
medium and those on IA when all colonies were counted in the
latter medium, although in a most cases, IA and Long-and-
Hammer medium gave higher counts than plate count agar
(results not shown). Pseudomonads were dominant at that
time in fish stored at all of the temperatures tested, followed by
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TABLE 1. Changes in total viable counts” of pseudomonads, B. thermosphacta, S. putrefaciens, Enterobacteriaceae, and
P. phosphoreum® on Mediterranean boque stored aerobically at 0, 3, 7, or 10°C

Temp (°C) and

Mean total viable count = SD

storage time

(h) Overall Pseudomonads B. thermosphacta S. putrefaciens Enterobacteriaceae
NA 0 5.55 £ 0.67 4.37 = 0.45 277 =0.24 33032 2.34 £0.52
0

52 5.93 =0.69 4.69 = 0.37 3.00 = 0.32 3.60 = 0.21 2.95 = 0.64
99 6.75 = 0.28 553 +0.35 3.90 = 0.41 4.80 = 0.12 3.00 = 0.69

147 7.62 = 0.46 6.33 = 0.32 4.70 = 0.12 5.90 = 0.05 3.47 = 0.36

172 8.05 = 1.02 7.02 = 0.25 5.00 = 0.21 6.60 = 1.03 4.00 = 0.45

220 8.46 = 1.08 8.18 = 0.67 5.30 = 0.11 7.60 = 0.84 4.69 = 0.23

248 8.45 = 0.98 8.36 = 1.23 5.25 = 0.05 7.47 = 0.75 4.60 = 0.35
3

52 5.93 =0.36 4.44 = (.32 3.07 = 0.11 436 = 0.23 2.77 = 0.51
99 7.14 = 0.41 6.60 = 0.17 438 =0.23 6.78 = 0.26 2.97 = 0.36

147 797 =0.11 7.26 = 0.30 5.10 =0.32 6.95 = 0.13 4.35 = 0.45

172 8.60 = 0.85 8.12 = 0.27 5.40 = 0.41 7.64 = 0.74 447 +0.23

220 8.95 = 1.04 8.40 = 0.89 5.69 = 0.21 7.83 = 0.56 5.30 = 0.42

248 8.69 = 1.10 8.58 = 0.90 5.77 = 0.15 7.95 = 0.99 5.69 = 0.38
7

20 6.38 = 0.36 5.48 =0.32 332*=0.14 4.84 =0.12 3.38 = 0.63
30 7.17 = 0.53 6.16 = 0.25 443 £0.32 539 =032 3.84 £0.53
47 7.58 = 0.34 7.06 = 0.25 5.04 =0.37 6.53 = 0.38 4.61 = 0.42
54 8.06 = 0.65 7.33 £0.30 5.59 £0.40 6.74 = 0.54 4.60 = 0.36
71 8.98 = 0.66 8.13 = 0.67 5.77 = 0.65 7.87 = 0.87 5.38 = 0.36
97 8.76 = 1.04 8.43 £0.74 6.30 = 0.62 7.99 = 0.80 6.00 £ 0.54
10
20 6.56 = 0.65 5.65 = 0.45 354 +0.23 5.14 =0.26 3.56 = 0.48
30 7.33 £0.54 6.07 = 0.63 4.60 = 0.34 5.71 = 0.35 4.06 = 0.39
47 8.55 £0.35 7.00 = 0.68 5.71 = 0.37 7.39 = 0.37 5.11 = 0.40
54 8.72 = 0.36 7.77 = 0.32 6.00 = 0.37 7.79 = 0.30 5.77 = 0.30
71 9.29 = 0.37 8.39 = 1.05 6.00 = 0.30 7.90 = 0.42 6.07 = 0.30
97 9.26 = 0.30 8.84 = 0.68 6.47 = 0.40 8.10 = 0.64 6.25 =0.32

“ Log,, CFU gram™ .
b P. phosphoreum was less than 1% of the total viable count.
¢ NA, not applicable.

S. putrefaciens (Table 1). However, it should be noted that the
Mmax Of S. putrefaciens was found to be higher than that of
Pseudomonas sp. (Table 2) and, thus, ended up close to the
Pseudomonas value, even though the initial counts were lower
(1.5-log difference) (Table 1). B. thermosphacta, a bacterium
more common in meat products, was found to be the third

main member of the microbial association of boque fish (Table
1) and outgrew the Enterobacteriaceae.

P. phosphoreum was detected only in the initial storage pe-
riod, and its contribution was less than 1% of the total micro-
flora. In general, the contribution of P. phosphoreum was ex-
tremely small and rather unimportant for boque fish stored

TABLE 2. Overall p,,,, hour ! and those of pseudomonads, B. thermosphacta, S. putrefaciens, and Enterobacteriaceae grown on naturally
spoiled boque fish and on sterile fish blocks inoculated with bacteria and stored aerobically at 0, 3, 7, and 10°C

Fish and bacterial

Mean . h™' = SD

group* 0°C 3°C 7°C 10°C
A
All 0.019 = 0.002 0.031 = 0.001 0.064 = 0.003 0.070 = 0.002
Pseudomonads 0.023 = (0.001 0.037 = 0.002 0.066 = 0.001 0.080 + 0.002
B. thermosphacta 0.019 = 0.003 0.031 = 0.003 0.060 = 0.001 0.079 + 0.003
S. putrefaciens 0.030 = 0.001 0.045 + 0.003 0.076 = 0.002 0.102 + 0.003
Enterobacteriaceae 0.012 = 0.001 0.022 = 0.001 0.056 = 0.002 0.075 + 0.002
B
Pseudomonads 0.025 = 0.005 ND? ND 0.110 = 0.014
B. thermosphacta 0.030 = 0.006 ND ND 0.109 * 0.012
S. putrefaciens 0.032 = 0.004 ND ND 0.173 £ 0.023
Lactic acid bacteria 0.012 = 0.001 ND ND 0.105 + 0.010

“ A, naturally spoiled boque; B, sterile boque inoculated with bacteria.
> ND, not determined.
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TABLE 3. Parameter values and statistics” fitted to the remaining shelf life data of Mediterranean boque
stored aerobically at 0, 3, 7, and 10°C
Bacteria and storage No. of data Intercept (By) = Slope (B;) * % of total variability Correlation
temp (°C) points 95% CI? 95% CI explained coefficient
All
0 23 237 +3.23 -3.02£0.23 85 —0.923
3 23 19.0 = 3.08 —242 £ 041 81 —0.901
7 19 8.6 x1.32 —0.99 £ 0.12 80 —0.897
10 17 7.1+1.19 —0.88 £ 0.14 80 —0.895
Pseudomonads
0 23 16.2 = 1.52 —-229+0.21 95 —0.978
3 23 14.0 = 1.91 —1.94 £ 0.24 92 —0.959
7 19 7.1 =0.67 —0.89 £ 0.13 95 —0.974
10 17 5.6 £0.70 —0.76 £ 0.11 93 —0.965
H,S producers
0 23 13.9 £ 0.7 -2.13£0.10 98 —0.992
3 23 12.6 £ 0.4 —-1.91 £ 0.11 99 —0.990
7 19 5804 -0.75 £ 0.14 96 —0.983
10 17 4.6 *0.6 —0.66 = 0.12 91 —0.957

“ Determined as described in Materials and Methods.
b CI, confidence interval.

aerobically (results not shown). At the time of rejection, none
of the selected colonies from Long-and-Hammer medium was
counted as P. phosphoreum. It needs to be noted that this
bacterium did not grow in sterile fish flesh inoculated with
strains tested in this study. Their w,,, values of the other
bacteria used in this study were found to be lower than the
Pmax Of those strains grown individually in sterile boque flesh
(Table 2).

Remaining shelf life. The shelf life of fresh boque fish stored
at 0, 3, 7, and 10°C was determined as 174 * 10, 103 = 8, 60 =
5, and 44 = 7 h, respectively, based on the scoring scale de-
scribed in Materials and Methods. Excellent correlations

a
60 450 -
<400 -
50 o
- b=
o S 350 -
40 o
e 3.300
o 4
£ 30 - 3 250 -
3 5
o O 200
820 £
o £ 150
10 - 3
100
0 50

0 62124186248

0 62124186248

(r, >0.96) were observed between the counts (log;, CFU
gram ') of pseudomonads and H,S-producing bacteria with
the remaining shelf life at all temperatures (Table 3). The log
total viable counts showed less of a correlation with the re-
maining shelf life than did log numbers of Pseudomonas sp.
and H,S-producing bacteria. In addition, total viable count
data only ranged from approximately 5.5 to 8.5 log units (Table
1), which limited their usefulness for evaluation of fish fresh-
ness.

Changes in physicochemical characteristics. The reduction
of glucose in boque fillets and the rise in a-amino groups and
pH values are shown in Fig. 1. This decrease was more pro-

7.5 1

7,0

6,5

6 —T—T—T
0 62124186248

Time (h)

FIG. 1. Changes in glucose (a), a-amino groups (equivalent of glycine) (b), and pH (c) of naturally spoiled boque fish during storage at 0°C (), 3°C (O), 7°C (2),
and 10°C (O). Each point is the mean of two samples taken from different experiments (coefficient of variation of the mean of samples taken from different experiments,
<5.5%). Each sample was analyzed in duplicate (coefficient of variation of samples from the same experiment, <0.55%).
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TABLE 4. Changes in the areas under lactic, formic, and acetic acid peaks and unknown peaks with RT of 14.8 and 17.6 min during storage
of boque fish at 0, 3, 7, and 10°C

Area under peak (10%)* at 210 nm

Peak and temp (°C)

0h 30 h 47 h 52 h 71 h 99 h 172 h 248 h
Lactic acid
0 865 750 616 549 345
3 NA? 683 NA 220
7 809 461 230
10 714 388 124
Formic acid
0 13 ND¢ 69 67 87
3 NA 57 NA 176
7 93 220 332
10 130 168 195
Acetic acid
0 9 ND 7 11 10
3 NA 12 NA 38
7 58 35 81
10 40 45 91
Bd
0 22 21 44 60 347
3 NA 199 NA 348
7 81 217 217
10 294 393 393
DC’
0 5,622 5,666 6,137 5,064 1,822
3 NA 4,322 NA 521
7 3,229 1,158 3,229
10 316 458 318

¢ Each value is the mean of two samples taken from different experiments (coefficient of variation of the mean of samples taken from different experiments, <5%).
Each sample was analyzed in duplicate (coefficient of variation of samples from the same experiment, <0.65%).

> ND, not detected.
¢ NA, not analyzed.
4 RT, 14.8 min.
¢RT, 17.6 min.

nounced in boque fish samples stored at 7 and 10°C than in
samples stored at 0 and 3°C (Fig. 1). The glucose decrease was
followed by an increase in pH values (Fig. 1c), as well as by an
increase in proteolysis and an increase in free amino acids (Fig.
1c). L-Lactate was also found to decrease (Table 4). Thus, the
increase in pH (Fig. 1b) can be due to the L-lactic acid decrease
(Table 4) and, further, to deamination of amino acids. In this
study, the rate of lactate decrease in fresh boque fish was
affected by the storage temperature (Table 4). In this study, no
TMA was produced during the storage of boque fish under the
conditions studied (results not shown).

When the physicochemical changes of sterile boque fish
were examined, it was found that glucose was used by all of the
bacteria tested (Fig. 2). Lactate utilization was more pro-
nounced in sterile blocks inoculated with the test bacteria and
stored at 10°C than in samples stored at 0°C. At 0°C, lactate
decreased only in sterile blocks inoculated with Pseudomonas
sp. and S. putrefaciens (Tables 5 and 6), while it remained at
the same level in samples inoculated with B. thermosphacta and
lactic acid bacteria. In general, we can say that the organic acid
profile observed in sterile fish blocks differed with the bacteria
used in this study (Tables 5 and 6). Indeed, for example, the
increase of the areas under the formic acid peak and uniden-
tified peak C (Tables 5 and 6) was more pronounced in sam-
ples inoculated with S. putrefaciens than in samples inoculated
with Pseudomonas sp. or B. thermosphacta. Unidentified peak

A (Table 5 and 6) was a characteristic only of samples inocu-
lated with Pseudomonas sp. Surprisingly, these two uniden-
tified peaks were not present in the organic acid profile de-
rived from naturally spoiled boque fish (Table 4). It should be
noted that all of the above-mentioned organic acid changes
were only evident in natural and deliberately inoculated sam-
ples, and thus, it can be concluded that the autolytic enzymes
do not contribute to these changes (Tables 5 and 6, uninocu-
lated samples).

DISCUSSION

The initial and final microbial associations of fresh boque
fish were found to be similar to those reported in the literature
(9, 12, 19, 31, 45, 57, 65). Of P. phosphoreum and B. thermo-
sphacta, two bacteria whose contribution to fish spoilage has
been reported only recently (9, 12, 18, 19, 20), the latter was
found to be a member of the final microbial association, while
the former did not grow in boque fish during aerobic storage
(Table 1).

The remaining bacterial groups examined in the present
study, primarily Pseudomonas sp. and S. putrefaciens, a late
spoiler in the temperature range of —1.4 to 15°C, have been
reported to be the specific spoilage bacteria in temperate and
tropical waters (31, 33, 35, 49). That the presence of these two
bacteria correlated better with remaining shelf life than did the
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FIG. 2. Changes in the concentration of glucose in uninoculated sterile samples (a) and in samples inoculated with Pseudomonas sp. (O) or S. putrefaciens (A) (b),
or with B. thermosphacta (O) or lactic acid bacteria (<) (c) and stored at 0°C (open symbols) or 10°C (closed symbols). Each point is the mean of two samples taken
from different experiments (coefficient of variation of the mean of samples taken from different experiments, <4.5%). Each sample was analyzed in duplicate

(coefficient of variation of samples from the same experiment, <0.60%).

total viable count (Table 3) could be explained by the fact that
spoilage is more often a result of the production of off odors
and flavors caused by specific spoilage organisms, which are
only a fraction of the total microflora (40). On the basis of
numerous data reported in the literature, it is concluded that
spoilage of fresh fish is due to the activity of more than one
specific spoilage organism. Similar results have been reported
for other fresh fish stored aerobically (5, 18, 19, 23, 34, 38, 42).
However, it should be noted that although a number of data
concerning the correlation between H,S-producing bacteria
and freshness have been collected, Pseudomonas sp. has not
received the appropriate attention for the effect of microbial
interaction on spoilage (42). This can be important in under-
standing spoilage, as it was found that there is an interaction
between the above-mentioned bacteria. Indeed, it was report-
ed that Pseudomonas sp. can inhibit the growth of S. putrefa-
ciens due to the ability of the former to produce siderophores,
and this interaction can be the major factor governing the
development of spoilage flora (32). On the other hand, studies
with fresh meat have shown that pseudomonads predominated
over the other meat bacteria because of their faster growth
rates, their greater affinity for oxygen, and, as a consequence,
their greater catabolism of glucose and lactate (26, 27). In
general, the microbe-microbe interaction can also be influ-
enced by factors such as oxygen and substrate limitation (14),
and thus, microbial competition (21, 55) not only affects the
development of microbial association in a fish ecosystem but
could also influence the chemical changes which are essentially
an expression of the development of such an ecosystem. In-
deed, this can be seen in our findings. Both of the bacteria
mentioned above were present in spoiled boque fish and were
also studied individually in sterile blocks under comparable
aerobic conditions. There was no similarity among the organic
acid profiles of Pseudomonas sp.-inoculated, S. putrefaciens-
inoculated, and naturally spoiled samples, regardless of the

storage temperature (Tables 4, 5, and 6). This can possibly be
attributed to the fact that in the latter case, the decreasing
availability of the carbon and energy substrate may cause com-
petition between bacteria. This competition usually forces the
microorganisms to regulate their enzymatic and nutrient up-
take systems appropriately. Bacteria belonging to different gen-
era seem to differ in substrate or oxygen affinity (25), since
Drosinos (15) has reported a minor contribution of glucose
and oxygen affinity to the domination of P. fragi over the pseu-
domonads P. fluorescens and P. lundensis on chilled meat.
Thus, it was suggested that other key physiological properties
may contribute to the succession of Pseudomonas spp. in meat
ecosystems (15). Among these, the metabolic versatility of pseu-
domonads that allows them to grow on a wide range of sub-
strates can be considered a competitive advantage over more
specialized species with greater substrate specificity (14). Thus,
organisms belonging to this genus grew both in the protein-free
fraction of fish press juice containing soluble components and
in the protein fraction devoid of soluble compounds (67), al-
though their growth was faster in the former case. In a medium
consisting of a mixture of both of the fractions, prolific growth
of the organisms was noticed, which was accompanied by pro-
tein breakdown (67). An increase in the concentration of a-
amino groups (Fig. 1) in naturally spoiled fresh fish was evident
in this study.

As far as substrate specificity is concerned, several studies
with meat and fish have shown that bacteria can grow on flesh
at the expense of one or more of the low-molecular-weight
soluble components such as glucose, lactic acid, certain amino
acids, nucleotides, TMAO, and water-soluble proteins (18, 20,
50). Glucose and lactate seem to be the substrates which are
attacked first by the various groups of spoilage bacteria under
aerobic and anaerobic conditions (25). Although these com-
pounds are also present in fish muscle (18, 20, 43, 50, 53, 60,
68), their role as intrinsic determinants of spoilage has been
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TABLE 5. Changes in the areas under lactic acid, formic acid, and
acetic acid peaks and four unknown peaks with RT of 14.05, 14.8,
16.25, and 17.6 min during storage at 0°C of sterile boque fish left

uninoculated or inoculated with different microorganisms
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TABLE 6. Changes in the areas under lactic acid, formic acid, and

acetic acid peaks and four unknown peaks with RT of 14.05, 14.8,

16.25, and 17.6 min during storage at 10°C of sterile boque fish left
uninoculated or inoculated with different microorganisms

Area under peak (10°)* at 210 nm
Peak and organism

Area under peak (10%)? at 210 nm
Peak and organism

0h 72 h 216 h 408 h 552 h 0h 36 h 72 h 108 h 144 h
Lactic acid Lactic acid
Pseudomonas sp. 1,150 NA® 1,115 93 ND¢ Pseudomonas sp. 1,150 1,252 927 288 116
S. putrefaciens 1,297 1,296 928 240 S. putrefaciens 1,116 NA? 878 564
B. thermosphacta 1,250 1,194 1,172 1,239 B. thermosphacta 1,219 1,181 378 772
Lactobacillus sp. 1,400 1,542 1,522 1,470 Lactobacillus sp. 1,265 1,082 NA 759
None (uninoculated) 1,150 1,145 1,156 1,139 None (uninoculated) 1,160 1,145 1,140 1,155
Formic acid Formic acid
Pseudomonas sp. 35 NA ND 135 288 Pseudomonas sp. 3.5 121 ND¢ 48 306
S. putrefaciens 104 400 7,781 7,955 S. putrefaciens 1,552 NA 1,955 2,706
B. thermosphacta 17 46 60 92 B. thermosphacta 17 46 60 92
Lactobacillus sp. 33 9 13 ND Lactobacillus sp. 5 5.1 NA 22
None (uninoculated) 3.7 3.6 33 34 None (uninoculated) 3.8 35 33 4
Acetic acid Acetic acid
Pseudomonas sp. 1.1 NA ND ND ND Pseudomonas sp. 1.1 0.9 0.9 09 111
S. putrefaciens 12 25 118 185 S. putrefaciens 82 NA 142 128
B. thermosphacta 0.9 82 66 80 B. thermosphacta 23 125 149 157
Lactobacillus sp. 1.0 2 4.5 4.5 Lactobacillus sp. 8 13 NA 160
None (uninoculated) 1.1 1.2 1.0 1.3 None (uninoculated) 1.2 1.0 13 12
A, Pseudomonas sp. ND ND ND 379 1,335 A, Pseudomonas sp. ND ND 109 305 912
B B, Pseudomonas sp. 41 44 62 38 410
Pseudomonas sp. 41 NA 34 69 198 S. putrefaciens 154 NA 126 467
S. putrefaciens 34 47 145 205 B. thermosphacta 31 34 30 64
B. thermosphacta 38 121 61 167 Lactobacillus sp. 48 153 NA 170
Lactobacillus sp. 35 93 131 1,028 None (uninoculated) 39 40 39 42
None (uninoculated) 42 43 40 40
C, S. putrefaciens ND 544 NA 875 945
C, S. putrefaciens ND ND 33 533 717
D
D Pseudomonas sp. 4,500 5,900 4,612 2,377 2,400
Pseudomonas sp. 4,500 NA 11,139 6,162 4,930 S. putrefaciens 4,323 NA 4,601 3,609
S. putrefaciens 4,069 4,117 2,444 4,760 B. thermosphacta 4,439 4490 5,514 3,013
B. thermosphacta 4,261 4,398 3,968 4,389 Lactobacillus sp. 3,487 4,557 NA 3,900
Lactobacillus sp. 7,330 4,106 3,572 4,100 None (uninoculated) 4,400 4,510 4,520 4,490
None (uninoculated) 4,534 4,527 4,478 4,502

“ Each value is the mean of two samples taken from different experiments
(coefficient of variation of the mean of samples taken from different experiments,
<5%). Each sample was analyzed in duplicate (coefficient of variation of samples
from the same experiment, <0.7%).

> NA, not analyzed.

¢ ND, not detected.

discussed in detail only in fresh-meat ecosystems (59). These
two substrates initially affect the composition of microflora
developing during storage, the metabolic products produced by
the flora (switch from saccharolytic to amino acid-degrading
metabolism), and the cell density attained at the onset of
spoilage (16, 17, 18, 20, 25, 48). Glucose and lactate have been
proposed as potential spoilage indicators for fish and meat (4,
56, 63, 68).

Since none of the bacteria ceased growing because of sub-
strate exhaustion under aerobic conditions, oxygen availability
was suggested to be the limiting factor mainly due to massive
growth of bacteria (61). Under such conditions, those bacteria
which can switch to using readily available TMAO as an elec-
tron acceptor must have a great ecological advantage over
bacteria lacking this ability. This could be the case for S. pu-
trefaciens, a nonfermentative bacterium (62), growing on the

“ Each value is the mean of two samples taken from different experiments
(coefficient of variation of the mean of samples taken from different experiments,
<5%). Each sample was analyzed in duplicate (coefficient of variation of samples
from the same experiment, <0.7%).

® NA, not analyzed.

¢ ND, not detected.

exposed areas of the fish, where it gets energy for growth by
oxidation of easily diffusible extractives (such as glucose, lac-
tate, and free amino acids). By the time a significant number of
bacteria can penetrate the muscle due to proteolysis (28, 37,
61, 67), the fish is largely unacceptable for human consumption
due to the formation of off odors. Indeed, S. putrefaciens pro-
duces large amounts of TMA (11), while Pseudomonas cannot
use TMAO to produce TMA (35). We should mention that
TMA was not found during the storage period in this study.
This is in agreement with results related to other Mediterra-
nean fish (12, 18, 19), where no TMA was produced or ex-
tremely small quantities of TMA were produced. Of course,
the absence of TMA in our study can be due either to the fact
that it is not detectable because the S. putrefaciens count never
reached 10 CFU g~ ! (10, 11) or to the low concentration or
absence of TMAO in boque fish. The former can be of great
importance because of the potential use of TMA as a spoilage
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indicator. Reasons include the varying content of the precursor
TMADO in different fish species and seasonal variations within
species (7).

Other microbial metabolites found in this study (e.g., formic
and acetic acids; Tables 4, 5, and 6) were produced either by
the microbial association or as a result of microbial interaction
with the environment and showed good correlations with the
microbial numbers (results not shown), but there is a lack of
information about their effect on the sensory characteristics of
fish. It is generally accepted that the use of microbial metab-
olites as potential indicators should meet, among others, the
following criteria (41): (i) the compound should be absent or at
least present at low levels initially, (ii) it should increase with
storage, and (iii) it should be produced by the dominant mi-
crobial flora and have a good correlation with sensory charac-
teristics. Determination of the quantities of metabolites could
provide us with information about the degree of spoilage. The
identification of the ideal metabolite that can be used for
spoilage assessment has proved a difficult task for the following
reasons. (i) Most metabolites are specific to certain organisms
(e.g., gluconate is specific to pseudomonads), and the absence
of these organisms or their inhibition naturally or due to food
ecology measures imposed by humans provides incorrect spoil-
age information. (ii) The metabolites are the result of the
consumption of a specific substrate, but the absence of a given
substrate or its presence in small quantities does not preclude
spoilage. (iii) The rate of microbial metabolite production and
the metabolic pathways of these bacteria are affected by the
environmental conditions imposed (e.g., pH, oxygen tension,
temperature, etc.). (iv) Accurate detection and measurement
require sophisticated procedures, highly educated personnel,
time, and equipment. (v) Retrospective information about
many of these metabolites is not satisfactory. More research is
needed in this field.
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