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Abstract: Real-time PCR assays, based on universal primers and SYBR® Green technology, were applied to
the quantification of total bacteria derived from cod tissue. The detection range of the real time-
PCR assay for 16S rDNA sequences from mixed bacterial cultures was linear for DNA derived
from 1 x 10 to 1 x 10° CFU/real-time PCR assay. Real-time-PCR allowed construction of a
standard curve that facilitated quantification of total bacteria from fish fillets. Differential cen-
trifugation and washing of tissue homogenate pellets was successful in eliminating PCR inhibi-
tion by tissue components. There was no statistically significant difference (P >0.01) between
plate counts from cod fillets and counts derived from real-time PCR. The minimum detection
limit with cod tissue was target DNA derived from 10 CFU/real-time PCR equivalent to 1 x 10°
CFU/g. The real-time PCR assay proved to be a rapid and reliable assay for quantification of total
bacteria on fish fillets.
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Introduction

Fishery products deteriorate rapidly post-
mortem as a consequence of microbial growth
and metabolism. Most products are rejected by
sensory evaluation within one week of chilled
storage (Beauchat 1995; Rodriguez et al.,
2004; Skjerdal et al., 2004). There is a need for
a rapid and reliable method for determining the
total number of bacteria on seafood following
refrigerated storage and before sale, in order to
prevent the distribution to consumers of poor
quality fish products with notably short
refrigerated storage life, in addition to facili-
tating the establishment of absolute criteria of
quality. Many methods have been developed to
enumerate bacteria in foods, such as plate
counts, microscopic counts, estimation of
metabolic activity, immuno assays, and PCR
(Dalgaard 1995; Gonzalez et al., 1999). PCR is
presently one of the more rapid techniques for
quantification of bacteria in foods. Quantifica-
tion of bacterial numbers of specific species by
PCR has been determined with most probable
number PCR (MPN-PCR), competitive PCR,
and PCR-ELISA (Hielm et al., 1996; Lee et al.,
1996; Gonzalez et al., 1999) techniques.
However, these methods require multiple
handling and time consuming procedures after
PCR. Improved methodology therefore is still
needed for more rapid quantification of total
numbers of bacteria on seafood tissue. Re-
cently, real-time PCR assays have been
developed for detection and quantification of
specific DNA sequence products by using
TagMan probes, molecular beacons or SYBR®
Green (Levin 2004). Real-time PCR has
several advantages including enhanced speed
and the absence of post-PCR steps. The incor-
poration of SYBR® Green into real-time PCR
assays constitutes the simplest and least expen-
sive reporter system. Unlike dual labeled fluo-
rescent probes, the intensity of fluorescence of
SYBR® Green increases when bound to the
minor groove of double helical DNA (Levin
2004). The resulting increase in the intensity of
fluorescence after each PCR cycle reflects the
extent of amplification of the targeted DNA
sequence. The use of SYBR® Green also has
the advantage of allowing a DNA melting
curve and Tm value of the amplicon to be ob-
tained following real-time PCR, which allows
distinction of the amplified product from
primer dimers.

The purpose of this study was to develop
methodology for the quantitative real-time
PCR estimation of the total number of bacteria
on refrigerated fish fillets. In our approach,
universal primers based on conserved 16S
rDNA bacterial sequences were used for real-
time PCR.

Materials and Methods
Fish samples

The fish used in this study were cod fillets
(Gadus morhua) purchased from local retail
sources. The fillets were kept on ice and
processed as soon as they arrived at the labo-
ratory.

Development of mixed bacterial cultures
from fish tissue for establishing a standard
curve relating the Ct value to the log of the
number of genomic targets

All media were from Difco. A sample of
cod muscle (1g) was transferred to a 250 ml
flask containing 100 ml of sterile Tryptic Soy
Broth supplemented with 0.5% dextrose
(TSB™). The flask was incubated at 20°C with
rotary agitation (250 rpm) until the mid-loga-
rithmic growth phase was just reached.
Developments of the cultures were periodically
assessed from absorbance readings at 600nm in
cuvets of 1 cm path length. The resulting broth
cultures was then decimally diluted in TSB”,
and 0.1 ml of dilutions surface smeared onto
triplicate plates of Plate Count Agar supple-
mented with 0.5% NaCl (PCA"). The plates
were then incubated aerobically at 20°C for 3
days for determination of CFU. At the same
time, direct microscopic counts on the broth
cultures were obtained by using a Petroff-
Hausser bacteria-counting chamber with dark
phase microscopy and correlated with plate
counts. Numerical values for microscopic
bacterial cell counts were derived from the
mean of three-specimen counts. After micro-
scopic enumeration, the cells in 10 ml of the
broth cultures were harvested by centrifugation
(10.000g for 5 min), resuspended in 10 ml of
0.85% NaCl plus 1ImM MgSO, (SMS), and
diluted in SMS for establishing a standard
curve relating the Ct values of amplified DNA
and the log of the number of genomic targets
from which the DNA in each real-time PCR
assay was derived.
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Preparation of fish tissue samples for quan-
tification of bacterial numbers by plate
counts and real-time PCR

All of the cod fillets were purchased from
local retail sources. Each fillet sample (10g)
was stomached with 90 ml of SMS in a filter
containing stomacher bag, using a stomacher
400 (Tecmar Co., Cincinnati, Ohio, USA) at
normal speed for 1 min. Portions of homoge-
nized samples (3.0 ml) were centrifuged at
1.000 rpm (160g) for 3 min at 4°C to pellet
tissue debri. Most of the supernatant (2.0 ml)
was then divided into two 1.0 ml portions and
transferred to microcentrifuge tubes. The first
tube was subjected to direct plate count and
real-time PCR assays. The second tube was
centrifuged at 10.000 rpm (16.000g) for 10
min at 4°C to pellet bacterial cells, and the
supernatant was discarded. The pellet was then
resuspended in 1.0 ml of SMS. The resulting
samples were used for plate count and real-
time PCR assays. All samples were decimally
diluted with TSB® and total aerobic plate
counts were determined as described above.
Plate counts were expressed as log CFU/g of
tissue. Real-time PCR was initiated by lysing
the cells present in 100 ml of samples as de-
scribed below.

Lysing of bacterial cells

Portions (100 pl) of the resulting cell sus-
pensions from above were mixed with equal
volumes of double strength (2X) TZ lysing
solution (Abolmaaty et al. 2000) in 1.5 ml mi-
crocentrifuge tubes. TZ lysing solution con-
sisted of 2.0% Triton X-100 and 2.5 mg/mi
sodium azide in 0.1 M Tris.HCI buffer at pH
8.0. The samples were lysed by heating the
tubes in a boiling water bath for 10 min. and
cooled to room temperature. They were then
centrifuged at 10,000g for 5 min. to pellet cell
debris. A portion (2.0 ul) of the crude super-
natants were added directly to real-time PCR
mixtures.

Real-time PCR

The real-time thermocycler used in this
study was a DNA Engine Opticon® 2 system
(MJ Research Corp., Waltham, MA, USA).
The universal forward DG74: 5’-AGG-AGG-
TGA-TCC-AAC-CGA-A-3° and  reverse
RWO01: 5’-ACC-TGG-AGG-AAG-AAG-GTG-
GGG-AT-3’ primers (Greisen et al. 1994) used
amplify a 370-bp sequence of the 16S rDNA
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gene. The universal primers were synthesized
by Sigma Genosys (The Woodlands, TX,
USA). These primers are broadly homologous
to conserved 16S rDNA bacterial genomic
sequences not present in eukaryotes. 25 pl of
the real-time PCR mixtures consisted of 12.5
ul of 2 x iIQ™ SYBR® Green Supermix (cat.
no. 170-8882, Bio-Rad, Hercules, CA, USA), 1
ul of 0.4 uM forward primer and 1 ul of 0.4
uM reverse primer, 2 ul of DNA template and
8.5 pl of deionized water. Each set of samples
included a negative control, in which deionized
water was substituted for the DNA sample.
The iQ™ SYBR® Green Supermix consisted of
0.4 mM of each dNTP, 50 U/ml iTag DNA
polymerase, 6 mM MgCl,, SYBR Green I, and
20 nM fluorescein. Real-time PCR was per-
formed with initial denaturation at 95°C for 3
min., followed by 40 cycles of denaturation at
95°C for 25 sec., primer annealing at 60°C for
25 sec and primer extension at 72°C for 1 min.
The fluorescent product was detected after the
extension step of each cycle. Following ampli-
fication, melting temperature analysis of PCR
products was performed to determine the
specificity of the PCR. The melting curves
were obtained by slow heating at 0.5°C/sec
from 55 to 90°C, with collection of fluores-
cence after each increase of 0.5°C.

Visualization of PCR products

Following amplification, the real-time PCR
mixture was mixed with 5 ul of gel loading
solution (cat. no. G-7654, Sigma-Aldrich, St.
Louis, Mo, USA) resulting in a total volume of
30 ul and 12 pl were loaded into wells of 1.5%
high-melting agarose (cat. no. BP164500,
Fisher Scientific, Pittsburgh, PA, USA) gels.
The PCR reaction samples were separated
using a horizontal electrophoresis chamber in 1
x TBE (89 mM Tris base, 89 mM boric acid,
and 2.0 mM EDTA at pH 7.8). Electrophoresis
was conducted at 72 V for 1 hr. Agarose bands
were stained with 0.2 mg/ml of ethidium Bro-
mide (EB) for 30 min, and destained in
deionized water for 7 min. DNA bands in the
gels were visualized with an ultraviolet tran-
silluminator (TR-302, Spectronics corporation,
West bury, NY, USA). Gels were run with a
DNA marker (cat. 69278-3, Novagen, Madi-
son, Wisconsin, USA).
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Determination of real-time PCR amplifica-
tion efficiency of target DNA from tissue

DNA from fillets with varying numbers of
genomic targets (determined from plate
counts) was incorporated into real-time PCR
assays with and without the washing step ap-
plied to tissue samples. Amplification effi-
ciency was derived from Ct values obtained by
first plotting ARn (relative fluorescence)
values against cycle numbers where
ARn=Rn" - Rn", Rn" is the fluorescence in-
tensity after each real-time PCR cycle, and Rn’
is the fluorescence intensity of the base-line.
From the mean Ct values, the number of target
cells represented by the amount of DNA per
real-time PCR assay was obtained from a stan-
dard curve relating the log of the number of
genomic targets (from CFU values) to Ct
values. The equation E = Xn/Xo was then
used, where Xn is the log number of target
cells derived from the Ct value, Xo is the ini-
tial known log of CFU, and E is the amplifica-
tion efficiency of the real-time PCR assay.
Thus, when the amplification efficiency is
100%, the E value becomes 1.0. Each mean
value for E was derived from triplicate real-
time PCR assays.

Data analysis

In real-time PCR a threshold level of
emission above the base line is selected and the
point at which the amplification plot crosses
the threshold level is defined as the Ct value
(Levin, 2004). The threshold is usually set at
10 times the standard deviation of the base
line. Ct and Tm values were automatically
determined by the Opticon Monitor 2 software.
Resulting Ct values were plotted against the
log of genomic targets (derived from plate
counts) per real-time PCR. The equation de-
scribing the linear curve is in the form:
y = -ax + b, where y is the Ct value, a is the
slope, x is the log of the number of genomic
targets per real-time PCR, and b is the y
intercept. The quantification of total bacteria
from fish fillets utilizing Ct values was
determined using the equation: Q = cd, where
Q is the log of genomic targets/g of tissue, c is
the log of the number of genomic targets/real-
time PCR, and d is the multiplication factor of
the sample.

Student’s T-test was used to determine the
correlation between the counts derived from
real-time PCR assays and plate counts. Data

from both methods were transformed into the
log of CFU/g of tissue before undergoing
statistical analysis. The SAS system for
windows 6.12 software (SAS Institute Inc.,
Cary, NC.) was used to determine the
statistical significance of results obtained. A
confidence interval at the 99% level (p < 0.01)
was assessed for each set of data.

Results and Discussion

The amplification patterns and sensitivity of
the real-time PCR Assay

The real-time PCR amplified products from
sequential dilutions of a mixed bacterial cul-
ture revealed sigmoid-shaped curves (Fig. 1),
typical of PCR assays (Fortin et al. 2001;
Fitzmaurice et al. 2004). Ct values were found
to be characteristically smaller for samples
containing higher numbers of DNA targets
than for those containing lower numbers of
DNA targets (Fig. 1). Sensitivity tests were
performed by generating plots as depicted in
Figure 1, with resulting Ct values obtained by
incorporating DNA derived from 3.2 x 10° to 1
x 10° CFU/real-time PCR. The lowest level of
real-time PCR detection was determined to be
the DNA from approximately 3.2 target
cells/PCR derived from a Ct value of 38.2
+0.15. All of these amplification reactions
were performed in duplicate involving three
mixed cultures derived respectively from three
different cod fillets.

Thermal denaturation profiles and reagent
contamination issue with universal 16S
rDNA primers

The number of cycles at which the fluores-
cence intensity rose above the threshold levels
ranged from 245 (DNA from 1 x 10°
CFU/real-time PCR) to 38.2 (DNA from 3.2 x
10° CFU/real-time PCR) (Fig. 1). The use of
subsequent melting curve data aided PCR
product confirmation, particularly with the
incorporation of DNA derived from low num-
bers of cells at the limit of detection. Plots of
the negative derivatives of the thermal denatu-
ration data yielded bell shaped symmetrical
curves, the mid-point of which yielded the Tm
values for the amplified products. As the tem-
perature increased from 84 to 86°C, the ampli-
con from 1 x 10* mixed genomic targets was
gradually melted and the Tm value obtained
was 86.5° +£0.00°C (data not shown).
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ARn

Number of cycles

Fig. 1. Real-time PCR amplification plots for reactions with genomic DNA templates of mixed bacte-
rial flora from broth culture (#1-10: DNA derived from varying numbers of CFU per real-
time PCR: from 3.2 x 10° 1.0 x 10" 3.2 x 10%, 1.0 x 10% 3.2 x 10, 1.0 x 10°, 3.2 x 10°% 1.0 X
10, 3.2 x 10*, and 1.0 x 10° labeled from 1 to 10 respectively. N: negative control. DNA
templates were extracted from serially diluted mixed bacterial broth culture.

Interestingly, we consistently obtained
amplicons from the negative controls where no
DNA was added to real-time PCR reaction
tubes. The Tm value of these amplicons was
86°C £0.20 (data not shown), presumably
derived from bacterial contamination of PCR
reagents. The 16S rDNA gene is present in the
genomes of all known bacteria that belong to
the eubacterial kingdom (Greisen et al., 1994;
Corless et al.,, 2000). It has been well
documented that the amplification of 16S
rDNA target sequences with universal primers
by the PCR can be confounded by problems
with bacterial contamination of reagents, such
as Tag DNA polymerase (Corless et al., 2000).
This is particularly true, at or near the limit of
detection. DNA from 3.2 CFU per real-time
PCR assay resulted in a mean Ct value of 38.2
+0.15. The mean Ct value derived from nega-
tive controls (no DNA added to real-time PCR
tubes) was 38.9 +0.89. This means that the
practical limit of minimal detection of DNA
targets per real-time PCR assay is greater than
3.2, namely 10. The mean Ct value obtained
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with DNA from 10 CFU per real-time PCR
assay was 37.4 £0.30 which reproducibly fell
below the mean and standard deviation of the
mean Ct value of 38.9 £0.89 for the negative
controls.

Correlation between log number of genomic
targets and corresponding Ct values derived
from mixed cultures

The use of a standard curve based on known
concentrations of template DNA makes it theo-
retically possible to quantify bacteria from any
source (Ludwig and Schleifer, 2000). Genomic
DNA preparations from serial dilutions of an
overnight mixed culture from cod tissue were
subjected to real-time PCR with the universal
primer pair DG74/RW01. A standard curve
was then constructed by plotting the number of
genomic targets per real-time PCR versus the
corresponding Ct values (Fig. 2). The insert in
Figure 2 represents a typical agarose gel image
of the 370-bp PCR products obtained by am-
plification of 1x10* to 1x10°> genomic targets
per real-time PCR. The size of the amplicons
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was confirmed from a DNA ladder (not
shown). The correlation coefficient (R* =
0.998) reflected a strong linear relationship
(Fig. 2). The standard curve in Figure 2 was
used for quantification of the total number of
genomic targets on fish fillets.
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Fig. 2. Relationship between the log number
of genomic targets and relative cycle
threshold (Ct) values from real-time-
PCR amplification. Plotted values are
the means and standard deviations de-
rived from three independent assays.
The straight line calculated by linear
regression yielded a regression coeffi-
cient (R% of 0.998. Inset: image of
RT-PCR amplified products of mixed
bacterial broth culture from cod tissue.
Lanes and corresponding plotted
points designated 2-10: DNA from
varying numbers of CFU per real-time
PCR (#2-9: 1.0 x 10~ 3.2 x 10, 1.0 x
10% 3.2 x 10, 1.0 x 10%, 3.2 x 10°, 1.0
x 10*, 3.2 x 10, and 1.0 x 10° respec-
tively).

PCR amplification efficiency of mixed bac-
terial flora from tissue

The Ct values from samples of fish tissue
derived from stomaching, differential centrifu-
gation, and washing were then compared to
samples without washing as described in Mate-
rials and Methods. The resulting Ct values
derived from incorporating 1 x 10* genomic
targets per real-time PCR (Fig. 3) were then
used to calculate the efficiency of amplifica-

tion.  Washing the pellets derived from
differential centrifugation of the homogenized
tissue dramatically increased the efficiency of
amplification (Rosen et al. 1992; Al-Soud et
al. 1998; Olsen 2000). This reduced the mean
Ct value of 31.3 +£0.14 cycles without washing
by 5.1 £0.32 cycles to 26.1 £0.18 and in-
creased the ARn value from 0.60 £0.07 to 0.48
+0.02 or 1.25-fold (Fig. 3). The Ct values al-
lowed calculation of the mean amplification
efficiency which was 0.99 with washing and
0.80 without washing. In addition, the log of
the total number of genomic targets per gram
of tissue obtained from interpolation of the
standard curve in Figure 2 was compared to
plate counts of the tissue. The log of the num-
ber of genomic targets per gram of tissue with
the washing step (8.36 +0.05), estimated by
real-time PCR was similar to the magnitude of
the CFU obtained from plate counts (8.39
+0.02). In contrast, the log of the number of
genomic targets per gram of tissue without the
washing step (6.87 +0.05), estimated by real-
time PCR was notably below the actual CFU
derived from plate counts (8.39 £0.02). Rela-
tive amplification efficiencies involving tissue
samples from cod fillets with log 5.3 to log 9.5
CFU/g are presented in Table 1. Complex
biological samples such as foods have been
reported to inhibit the PCR (Rosen et al., 1992;
Powell et al., 1994). Many substances such as,
proteins, chelating agents, and haeme com-
pounds have been found to be PCR inhibitors
(Rosen et al. 1992; Buffone et al., 1991; Akane
et al., 1994; Powell et al., 1994). The washing
step was therefore critically required to obtain
reliable counts by real-time PCR.

Comparison of bacterial counts derived
from the RT-PCR and plate counts from
randomly procured fish fillets

Quantification of total bacterial numbers
was performed on randomly procured cod fil-
lets. The log of the number of bacteria per
gram of tissue was obtained from the RT-PCR
assay of each sample using the standard curve
in Figure 2. The total number of bacteria from
tissue derived from real-time PCR assays
showed no statistically significant difference
(P >0.01) from numerical values obtained by
plate counts (Table 1). Fillets 1, 2, and 3 were
selected because their zero time CFU counts
were 5.2 to 5.6 log/g and represented the
lowest counts normally encountered commer-
cially. Fillets 4, 5, and 6 were selected because
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their zero time CFU counts were at an inter- being held at 4°C for 7 days so as to yield
mediate level of 10° to 107/g. Fillets 7, 8, and maximum or near maximum counts (>10°
9 were derived from fillets 4, 5, and 6 after CFU/qg).

Table 1. Comparison of total bacterial numbers on cod fillets by plate counts and real-time PCR.

Storage time
at 4°C

Sample (days)  Ctvalue® Real-time PCR*®  Plate counts™ Ew/Eo°
1 36.30 = 0.06 5462003 542 +0.01 1.00/NC¢
2 37.01 = 0.61 525010 497 +0.02 1.04/Nc¢
3 35.63 =036 5.64 20,08 553002 1.01/NC
4 30.96 + 0.05 6.97 +0.02 6.89 £ 0.08 1.01/0.6
5 31.07 £ 0.17 6.94 + 0.0 6./0£0.14 1.03/0.7
6 2879 =0.16 7.59 +0.04 725002 1.04/0
F 2320+ 0.04 9.18 £ 0.02 9.35+0.02 0.98/0.8
§° 22.69 £ 0.03 9.33 = 0.01 9.53+0.01 0.98/0.7
9¢ 21.97 = 0.05 9.53=0.02 9.76 = 0.04 0.97/0.79

" Numerical values (mean = st. dev.) obtained from triplicate assays,

*Counts are expressed as log genomic targets g of tissue.
“Ew = efficiency of amplification with washing step; Eo = efficiency of amplification

without washing step.
NC =not calculated (Ct value above 39 and therefore not within reliable range),

“Fillets 7, 8, and 9 were derived from fillets 4, 5, and 6 respectively, atter storage at 4°C for

7 daj,-'s.
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——With washing

ARn

0 10

—a—Without washing

30 40

Number of cycles

Fig. 3. Effect of sample washing on amplification efficiency of RT-PCR assay. Bacterial DNA tem-
plates derived from 1 x 10* CFU were prepared from cod tissue and incorporated into real-
time PCR assays with two different tissue sample preparation procedures (with and without
washing). Plots are representative of three replicated studies.

Conclusion

Our results indicate that the real-time PCR
assay was able to reliably determine the total
number of bacterial genomic targets from 10°
to >10%g. It should be noted, that the PCR
will not normally discriminate between target
DNA sequences derived from viable and dead
bacterial cells. The reason we obtained such
close correlations between plate counts and
counts from real-time PCR is due to the fact
that the vast majority of bacterial cells on the
fillets were viable and capable of forming
colonies. Studies are presently being com-
pleted that allow real-time PCR discrimination
of viable from dead bacterial cells derived
from fish fillets using methodology previously
described (Wang and Levin, 2006).
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