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ABSTRACT Salmonella and Campylobacter are
major foodborne pathogens that cause outbreaks associ-
ated with contaminated chicken liver. Proper cooking is
necessary to avoid the risk of illness to consumers. This
study tested the thermal inactivation of a 4-strain Sal-
monella cocktail and a 3-strain Campylobacter cocktail
in chicken livers separately at temperatures ranging
from 55.0 to 62.5°C. Inoculated livers were sealed in alu-
minum cells and immersed in a water bath. The decimal
reduction time (D-values) of Salmonella in chicken livers
were 9.01, 2.36, 0.82, and 0.23 min at 55.0, 57.5, 60.0,
and 62.5°C, respectively. The D-values of Campylobac-
ter ranged from 2.22 min at 55.0°C to 0.19 min at 60.0°
C. Salmonella and Campylobacter had similar zvalues
in chicken livers of 4.8 and 4.6°C, respectively. Chicken

livers can be heated to internal temperatures of 70.0 to
73.9°C for at least 1.6 to 0.2 s to achieve a 7-log reduc-
tion of Salmonella. Validation tests demonstrated that
heating chicken livers to internal temperatures of 70.0 to
73.9°C for 2 to 0 s resulted in a reduction of Salmonella
exceeding 7 logs. Collectively, these data show that Sal-
monella exhibits higher heat resistance than Campylo-
bacter in chicken livers. Therefore, Salmonella could be
considered as the target pathogen when designing
thermal treatments or cooking instructions for liver
products. These findings will aid in designing effective
thermal processing for both industrial and home
cooking to eliminate Salmonella and Campylobacter,
ensuring consumer safety when consuming chicken liver
products.
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INTRODUCTION

Chicken liver is a byproduct of chicken, rich in
nutrients such as vitamin A and iron (Ockerman and
Basu, 2004). It is prepared and cooked along with other
ingredients in traditional cuisine across the world, such
as liver paté, liver sausage, and fried livers. There is a
growing culinary trend toward preparing chicken liver
cuisines such as paté by chefs at sit-down restaurants
and by consumers at home kitchens (Porto-Fett et al.,
2019; Terrasa et al., 2016). Many of the recipes on social
media and/or in printed magazines instruct low-temper-
ature short-time cooking to preserve the preferred
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quality attributes including texture and pink color
(Food Network, 2018; New York Times, 2018). Conse-
quently, inadequate heat transfer to the internal tissues
results in the survival of foodborne pathogens, thereby
increasing the risks of foodborne illness (Lanier et al.,
2018). This has brought more attention to the food
safety of liver and liver-related products.

The chicken liver is a potential source of foodborne
pathogens, including Salmonella and Campylobacter. In
a study by Jung et al. (2019), 59.4% (148 of 249) retail
chicken livers were found positive for Salmonella, with
pathogen levels ranging from 6.4 most probable number
(MPN) /g to 2.4 log;g CFU/g. In another study, Lanier
et al. (2018) reported that 67.1% (57 of 85) of chicken
liver samples collected by the USDA Food Safety and
Inspection Service (USDA FSIS) were positive for Sal-
monella. The most common serotypes of Salmonella
recovered from chicken liver samples included S. Enteri-
tidis, S. Heidelberg, and S. Typhimurium (Hanson
et al., 2014; Procura et al., 2019). Campylobacter
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prevalence in chicken livers was reported to be ranging
from 77 to 81% (Noormohamed and Fakhr, 2012; Stra-
chan et al., 2012). The two main species of Campylobac-
ter that are of concern to human health, C. jejuni and C.
coli, have both been recovered from chicken livers
(Noormohamed and Fakhr, 2012) with pathogen levels
as high as 4 log;o CFU/g (Baumgartner and Felleisen,
2011; Nicorici and Ghoddusi, 2017).

Both Salmonella and Campylobacter are found on the
surface and in the internal tissue of chicken livers
(USDA FSIS, 2018). Surface contamination is likely due
to unclean handling equipment and the environment in
slaughterhouses (Sylte et al., 2020). In addition, chick-
ens are naturally infected with Salmonella and Campylo-
bacter via the fecal-oral route. These pathogens can
spread from the intestine and disseminate to the internal
liver tissue following intestinal colonization (Sahin et al.,
2015; Sylte et al., 2020). Studies have demonstrated the
presence of Campylobacter in the internal tissue of
chicken livers after the external surface was sanitized
(Whyte et al., 2006; Firlieyanti et al., 2016).

A total of 38 outbreaks related to pathogen-contami-
nated chicken livers were reported from 2000 to 2018 in
the U.S., resulting in a total of 464 illnesses and 54
(11.6%) hospitalizations (Lanier et al., 2018). Of the 38
outbreaks, 32 (84.2%) were caused by Campylobacter
only, 3 (7.9%) by Salmonella only, and 3 (7.9%) were
caused by both pathogens. Similar outbreaks have also
been reported in other countries (Little et al., 2010;
Edwards et al., 2014; Moffatt et al., 2016). The majority
of these outbreaks were related to consuming inade-
quately cooked chicken livers or related products at sit-
down restaurants, banquet facilities, or private homes
(Lanier et al., 2018).

Adequate cooking of chicken liver to eliminate Salmo-
nella and Campylobacteris essential to achieve a microbio-
logically safe product. In one study, a 6.2-log reduction in
Salmonella was achieved when inoculated chicken liver
paté was cooked to an internal temperature of 73.9°C in a
water bath set at 74.9°C (Porto-Fett et al., 2019). In
another study, Whyte et al. (2006) reported that pan-fry-
ing chicken livers to an internal temperature of 70°C and
holding for 2 to 3 mins could inactivate all naturally occur-
ring Campylobacter. However, Hutchison et al. (2015)
reported that cooking chicken livers to 63°C was a critical
control point for Campylobacter. The USDA FSIS regu-
lates the cooking of poultry products to achieve a mini-
mum 7-log (7D) reduction of Salmonella. Specifically,
USDA FSIS recommends cooking poultry livers to an
internal temperature of 165°F (73.9°C) without specific
holding time to mitigate the food-safety risks associated
with Salmonella and Campylobacter (USDA FSIS, 2005;
2020). Food Standards Australia New Zealand (FSANZ)
and the UK Food Standards Agency (FSA) recommend
that the whole poultry livers need to be cooked to an inter-
nal temperature of 70°C for at least 2 min to ensure they
are Campylobacter free (FSANZ, 2018).

Currently, there are no thermal resistance parameters
of Salmonella or Campylobacter in chicken livers. Conse-
quently, it is difficult to determine alternative cooking

processes at different temperatures to follow the cooking
recommendations. Quantitative information on lethality
is required for thermal processing development that
meets the standard requirement of pathogen inactiva-
tion. Different studies have reported either Salmonella
or Campylobacter as the target pathogen in chicken liv-
ers, but none of those studies has tested and compared
the thermal resistance parameters of both pathogens in
the same chicken liver samples (Whyte et al., 2000;
Hutchison et al., 2015; Porto-Fett et al., 2019). The
main objectives of this study were to determine and
compare the thermal resistance of multiple strains of
Salmonella and Campylobacter in chicken livers at 55.0,
57.5,60.0, and 62.5°C and to provide evidence-based rec-
ommendations on minimum cooking conditions to
achieve microbiologically safe chicken livers.

MATERIALS AND METHODS
Chicken Liver

Twenty 20-ounce packages of frozen chicken livers of
the same manufacturing batch were purchased online
from a reputed chicken meat production company and
stored at -18°C until use. Proximate analyses of water,
protein, fat, ash, and total carbohydrate content were
determined three times using livers from three indepen-
dent packages, following standard methods (n = 3)
(AOAC, 2000).

Detection and Enumeration of Background
Salmonella and Campylobacter
Contamination in Chicken Liver

Two (10%) out of 20 packages of chicken livers were
randomly selected and processed for the detection and
quantitation of background Salmonella and Campylo-
bacter contamination levels. The frozen livers were
thawed overnight (~18 h) in the refrigerator (~4°C).
Next, the livers were cut into small pieces, homogenized
in the stomacher (Seward Brinkmann Stomacher 80),
and approximately 25 g of the homogenized samples
were mixed with 225 mL of sterile buffered peptone
water (BPW) (BD/Difco, Sparks, MD) in a 13 oz Whirl-
Pak bag (Nasco, Madison, WI). To increase the sensitiv-
ity of direct detection of Salmonella, different volumes
(e.g., 0.1 mL, 1 mL) of 10-fold serial dilutions of the sus-
pension prepared in sterile BPW were plated on dupli-
cate Xylose Lysine Deoxycholate (XLD) plates
(Himedia, India) and incubated at 37°C for 24 h for Sal-
monella enumeration. In addition, each liver suspension
was processed for enrichment of Salmonella following
the method described by USDA FSIS Microbiology Lab-
oratory Guidebook 4.10 (USDA FSIS, 2019). Briefly,
1 mL of the liver suspension was transferred to 9 mL of
tetrathionate broth (BD/Difco, Sparks, MD) activated
with Todine/Iodide solution (Remel, Lenexa, KS) and
enriched aerobically at 37°C for 24 h and 48 h. The
enrichment culture was streaked onto XLD plates and
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incubated at 37°C for 24 h. Presumptive Salmonella col-
onies were tested by slide agglutination test using poly
O antiserum (BD/Difco, Sparks, MD). The agglutina-
tion-positive colonies were submitted to the National
Veterinary Services Laboratory, Ames, lowa for
serotyping.

For detection and enumeration of background Cam-
pylobacter contamination levels, 10-fold serial dilutions
were plated on duplicate campy-cefex agar plates
(CCA) (Hardy Diagnostics, Santa Maria, CA) and
incubated for 48 h in a microaerophilic atmosphere (10%
carbon dioxide) at 42°C. Campylobacter enrichment cul-
turing was performed following the methods described
by USDA FSIS Microbiology Laboratory Guidebook
41.04 (USDA FSIS, 2016). Specifically, 5 mL of the
liver-BPW suspension was mixed with 5 mL of modified
blood-free bolton enrichment broth (2X BF-BEB)
(Hardy Diagnostics, Santa Maria, CA) and incubated
for 48 to 96 h at 42°C. The enrichment cultures were
streaked onto CCA and incubated in the microaerophilic
atmosphere at 42°C for 48 h.

Bacterial Strains and Inoculum Preparation

The Salmonella strains used in this study included S.
Heidelberg DHS-PU551 (chicken isolate), S. Enteritidis
CDC-2010K-0968 (clinical isolate), S. Typhimurium
SL1344 (clinical isolate), and S. Enteritidis strain iso-
lated from the chicken liver in the current study. The
Campylobacter strains used in this study included C.
jejuni RM1221 (chicken isolate), 81-176 (clinical iso-
late), and F38011 (clinical isolate). The majority of the
Salmonella and Campylobacter strains used in this study
are known pathogens for humans and are also known to
colonize chickens (Elder et al., 2016; Larson et al., 2008;
Panzenhagen et al., 2018; Paul et al. 2014; Shah et al.,
2017). All the Salmonella and Campylobacter test
strains were maintained at -80°C in Luria-Bertani (LB)
broth supplemented with 15% (v/v) phosphate-buffered
glycerol.

The Salmonella cocktail was prepared by inoculat-
ing a loopful of each frozen culture onto trypticase soy
agar (TSA, BD/Difco, Sparks, MD) supplemented
with 0.6% yeast extract (BD/Bacto Sparks, MD)
(TSAYE) for 24 h at 37°C. Next, a single isolated col-
ony was transferred into 5 mL of trypticase soy broth
(TSB, BD/Difco, Sparks, MD) supplemented with
0.6% yeast extract (TSBYE) and incubated overnight
(~18 h) at 37°C with shaking at 180 rpm (Steady-
Shake 757, Amerex Instruments, Concord, CA) to
obtain stationary phase cultures (Mazzotta, 2001). All
the strains grew equally based on the enumeration
tests, thus, equal volumes of stationary-phase cultures
were mixed and centrifuged at 5,000 x g, 4°C for
15 min (Centrifuge 5430 R, Eppendorf, Hauppauge,
NY) followed by 2 washing and centrifugation with
maximum recovery diluent (MRD) medium (Sigma
—Aldrich, Germany) to remove the residual broth.
The resulting pellet was re-suspended in MRD to

obtain the 4-strain Salmonella cocktail to achieve final
concentrations of ~10 log;y CFU/mL.

The Campylobacter cocktail was prepared by inocu-
lating a loopful of each frozen culture onto CCA for 48 h
at 42°C under microaerophilic conditions as described
previously (Paul et al., 2014; USDA-FSIS, 2016). A sin-
gle isolated colony from each strain was inoculated into
5 mL of 2X BF-BEB and incubated under microaero-
philic conditions at 42°C for 48 h to obtain stationary
phase cultures (Hazeleger et al., 2016). An aliquot of
each stationary phase culture was plated onto CCA and
incubated under microaerophilic conditions for an addi-
tional 48 h at 42°C. The bacterial lawns were harvested
from the plate with MRD, followed by 2-step washing
with MRD and centrifugation to remove the residual
medium. The resulting pellet was re-suspended in MRD
to obtain the 3-strain Campylobacter cocktail with a
final concentration of approximately 10 log;o CFU/mL.

Liver Sample Preparation and Pathogen
Inoculation

The frozen chicken livers were thawed overnight
(~18h) in a refrigerator (~4°C), followed by mincing
into small pieces to obtain 20 g aliquots. Next, aliquots
were homogenized into a paste in a 13 oz Whirl-Pak bag
at medium speed for 6 min in a stomacher (Seward
Stomacher 80, UK). The pathogen inoculum was added
into the liver paste at a ratio of 0.2 mL (inoculum): 20 g
(liver paste) to obtain a final concentration of approxi-
mately 8 log;g CFU/g. The mixture was mixed manually
and stomached for 4 more minutes and stored at 4°C for
20 min before isothermal treatments, to allow the bacte-
rial cells to attach to the liver (Murphy et al., 2004).

Survival of Salmonella and Campylobacter in
Thermally Treated Chicken Liver

To determine the survival of Salmonella and Cam-
pylobacter in chicken livers at different temperatures,
each inoculated liver sample was subjected to the iso-
thermal treatment using aluminum thermal death time
(TDT) cells with an internal diameter of 31.18 mm and
a height of 1.3 mm (Jin and Tang, 2019). TDT cells are
optimal for testing because they have a relatively short
come-up-time (CUT), which is the time required to
reach 0.5°C less than the target temperature at the geo-
metric center (cold spot) of the sample. In this study,
the CUT was measured using a TDT cell with a 0.5 mm-
diameter Type-T thermocouple that amounted through
the center of the lid to the geometric center of the cell.
Approximately 1.1 g of pathogen-inoculated liver sam-
ples were hermetically sealed into each TDT cell and
then subjected to isothermal treatments in a water bath
(Model 280, Thermo Scientific, Marietta, OH) pre-
heated at temperatures ranging from 55.0 to 62.5°C. In
this study, the CUT for liver samples at 55.0, 57.5, 60.0,
and 62.5°C was determined as 30, 34, 38, and 42 s,
respectively. The isothermal treatment was initiated
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after CUT, i.e., the time after CUT was set to 0 min.
Samples were withdrawn at each designated time inter-
val for each isothermal treatment and transferred imme-
diately on the ice for 2 min. Isothermal treatments at
each temperature were conducted in duplicates in 3
independent experiments. Post-thermal treatment, liver
samples were transferred from the TDT cells to 13 oz
Whirl-Pak bags, weighed, mixed with sterile MRD, and
held in the dark at room temperature for 1 h to allow the
recovery of the injured cells. The 10-fold serial dilutions
were plated in duplicate on XLD and CCA for the enu-
meration of Salmonella and Campylobacter, respec-
tively. The XLD plates were incubated at 37°C for 24 h,
and the CCA plates were incubated in the microaero-
philic atmosphere at 42°C for 48 h.

Validation Test

To wvalidate if estimated cooking conditions could
achieve a 7-log reduction of Salmonella in chicken livers,
the procedure described for the isothermal treatment
and enumeration was followed. The 4-strain Salmonella
cocktail was inoculated into chicken livers to reach an
initial pathogen level of ~10 log;y CFU/g. The inocu-
lated chicken livers were heated in the water bath at
70.0 for 2 s and 73.9°C for 0 seconds (treatment tempera-
ture-holding time after CUT). Three independent vali-
dation tests were conducted for each suggested cooking
condition (n = 3).

Data Analyses

The first-order kinetic model was employed to analyze
the thermal inactivation data for both Salmonella and
Campylobacter at each treatment temperature (Eq. (1))
(Gaillard et al., 1998):

N t

o <N0> D @
where ¢ is the treatment time (min), the time after CUT
was set to t = 0; Ny is the initial Salmonella or Campylo-
bacter population (CFU/g); N is the pathogen popula-
tion (CFU/g) at the time ¢ (min); D is the D-value
(min), which is the time required for a 1-log or one-deci-
mal reduction in the number of microorganisms at a cer-
tain treatment temperature (°C).

The D-value at a specific temperature was determined
by plotting the log;, number of survivors against time.
The thermal resistance constant, zvalue (°C), indicates
the temperature changes required to change the D-value
by a factor of 10. It could be obtained through linear
regression of the logarithm of D-value versus tempera-
ture as indicated in Eq. (2) (Gaillard et al., 1998):

T, —T
2=
ZOg(Dl /DQ)
The thermal inactivation data and linear regression

were analyzed using Prism 8 (GraphPad Software, San
Diego, CA). The goodness of fit of the linear regression

(2)

was evaluated using R and root mean square error

(RMSE).

RESULTS

Proximate Composition of Raw Chicken
Liver

The proximate composition of the raw chicken livers
used in this study included water (77.9 & 1.8%), protein
(16.6 + 0.9%), fat (2.7 £ 0.2%), ash (1.0 £ 0.1%), and
carbohydrate (1.6 + 0.2%) on a wet weight basis. The
proximate composition of livers used in this study cor-
roborated with the composition reported previously
(Seong et al., 2015). The protein content of chicken liver
tested in this study was within the range of reported pro-
tein content (16.8—24.1%) in different parts of the
chicken meat (Pereira and Vicente, 2013; Kim et al.,
2017).

Background Salmonella and Campylobacter
Contamination in Chicken Livers

Only a few Salmonella colonies were isolated from the
tested livers, indicating that the background Salmonella
contamination in chicken livers was less than 10 CFU /g.
The isolated Salmonella was identified as S. Enteritidis
by the National Veterinary Services Laboratory, Ames,
Towa. S. Enteritidis is the predominant Salmonella sero-
type associated with human infections, and it is fre-
quently isolated from eggs and chicken products
(Altekruse et al., 2006; Shah et al., 2017; Sher et al.,
2021). Consequently, S. Enteritidis isolated from
chicken livers in the current study was also included in
the 4-strain Salmonella cocktail for thermal inactivation
tests described in the methods section. None of the liver
samples processed for isolation and enumeration of
Campylobacter yielded culture-positive results either by
direct plating or by enrichments methods. Therefore,
the chicken liver used in this study was regarded as
Campylobacter negative. This is not surprising because
cold storage at -20°C is known to negatively impact
Campylobacter survival in chicken livers (Harrison
et al., 2013; Gunther et al., 2019).

Thermal Inactivation Kinetics of Salmonella
and Campylobacter

As shown in Figures 1 and 2, the log;q survivors of Sal-
monella and Campylobacter decreased linearly with
heating time at respective temperatures. As expected,
all D-values decreased substantially with an increase in
heating temperatures. The R” for all the regressions was
greater than 0.94. The calculated D-values of Salmonella
were 9.01, 2.36, 0.82, and 0.23 min at 55.0, 57.5, 60.0,
and 62.5°C, respectively (Table 1). Campylobacter had
lower D-values at each of the tested temperatures when
compared with Salmonella, with values of 2.22, 0.75,
and 0.19 min at 55.0, 57.5, and 60.0°C, respectively
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Figure 1. Thermal inactivation curves of Salmonella in chicken liv-
ers at 55.0, 57.5, 60.0, and 62.5°C.
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Figure 2. Thermal inactivation curves of Campylobacterin chicken
livers at 55.0, 57.5, and 60.0°C.

(Table 1). At each heating temperature, the D-value of
Salmonella was 3 to 4 times more than that of Campylo-
bacter. This result indicates that Salmonella is more
heat resistant in chicken liver than Campylobacter, and,
as a result, requires 3 to 4 times more heating time to
achieve pathogen reduction similar to Campylobacter at
a specific temperature.

The D-values for both Salmonella and Campylobacter
decreased linearly with increasing treatment tempera-
tures on a semilogarithmic scale (Figure 3). The calcu-
lated zvalue of Salmonella in chicken livers was 4.8°C,
and similarly, Campylobacter had a zvalue of 4.6°C

100
-~ Campylobacter (R*=0.994)
-8 Salmonella (R?=0.996)
E 104 I‘\
£
2
= B. LN
1 I I
R \\ﬂ~ Y l\
\a 1
0.1 T . : .
52.5 55.0 575 60.0 62.5 65.0
Temperature (°C)

Figure 3. The semilogarithmic plot of D-values of Salmonella and
Campylobacter in chicken livers at different treatment temperatures
(n=3).

(Table 1). This data demonstrates that Salmonella and
Campylobacter have similar sensitivities to temperature
changes in chicken livers; an increase in thermal treat-
ment temperature of 4.8 or 4.6°C can achieve a reduction
in the D-value of Salmonella or Campylobacter by a fac-
tor of 10, respectively.

DISCUSSION

Previous studies have revealed that the thermal resis-
tance of Salmonella in different chicken meat products
varies widely (Silva and Gibbs, 2012). For instance, the
D-values of Salmonella in chicken nuggets and ground
chicken breast ranged from 6.9 min to 0.15 min at 55.0
to 62.0°C (Mazzotta, 2000; Bucher et al., 2008). Others
reported D-values in chicken meat ranging from 43.8 to
0.55 min at 55.0 to 65.0°C, respectively (Murphy et al.,
2000; Murphy et al., 2002a,b; Murphy et al., 2004). A
larger D-value indicates a higher heat resistance of Sal-
monella in the food matrix at the evaluated tempera-
tures. Thus, the thermal inactivation kinetics of
Salmonella in different chicken meat products can vary
widely. This information is not currently available for
chicken liver products. Consequently, we aimed to
address this knowledge gap by determining the thermal
inactivation kinetics (D- and z- values) of Salmonella in
chicken livers. Our results demonstrate that the D-val-
ues of Salmonella in chicken liver (9.01—0.23 min at 55.0

Table 1. Thermal inactivation parameters for Salmonella and Campylobacter in chicken liver.

95% CI upper limit of

Pathogen Temperature (°C) D-value (min)’ D-value (min) RMSE? zvalue (°C) R”
Salmonella 55.0 9.01 £0.88 10.50 0.35 4.8 0.996
57.5 2.36 £ 0.08 2.50 0.39
60.0 0.82 £ 0.03 0.87 0.21
62.5 0.23 +£0.02 0.26 0.25
Campylobacter 55.0 2.22+0.11 2.40 0.35 4.6 0.994
57.5 0.75 £ 0.01 0.77 0.28
60.0 0.19 £ 0.01 0.20 0.22

'The D-values are the means of 3 independent tests (n = 3), expressed as mean % SD.
2RMSE: the root-mean-square error, log;, CFU/g.
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—62.5°C) are similar to the D-values reported in chicken
nuggets and ground chicken breast previously.

The differences in the thermal resistance of Salmonella
reported in chicken meat products could be attributed to
both intrinsic and extrinsic factors. Intrinsic factor, spe-
cifically, the fat content of the food matrix significantly
influences bacterial thermal resistance. The protective
effects of fat on the inactivation of bacteria have been
attributed to its lower heat conductivity and water
activity (Murphy et al., 2003; Senhaji and Loncin,
1977). For example, in one study, the D-values of Salmo-
nella in chicken meat with 8.45% fat content ranged
from 7.08 to 1.36 min at 58.0 to 62.5°C (Juneja et al.,
2001). In contrast, Murphy et al. (2002b) reported
D-values of 22.4 to 4.6 min at 55.0 to 62.5°C in chicken
tenders with 21.4% fat content. The D-values of Salmo-
nella (9.01—0.23 min at 55.0—62.5°C) in chicken livers
with a fat content of 2.68% in this study are lower than
the reported D-values for chicken meat with a higher
(8.45%) fat content (Juneja et al., 2001). Extrinsic fac-
tors, such as the sample size, geometry of the sample,
and the heating containers, influence the CUT and the
accuracy of thermal tolerance measurements. In this
study, ~1 g of samples was sealed in an aluminum cell
with a diameter of 31.18 mm and a thickness of 1.3 mm.
In contrast, Murphy et al. (2002b) filled 8.5 g of chicken
meat into a metal tube container with a diameter of
8.23 mm and length of 152.4 mm, Juneja (2007) heated
3 g of chicken breast in Whirl-Pak bags with a final sam-
ple thickness of 1 to 2 mm. The larger sample size,
greater thickness, and low heat transfer of the heating
container may result in longer CUTs during thermal
treatments, thus overestimating the bacteria’s thermal
resistance (Bucher et al., 2008).

Porto-Fett et al. (2019) reported that treatment of
Salmonella inoculated chicken liver paté to 60°C reduced
the Salmonella numbers by 1.9 log CFU/g and holding
for 30 min at 60°C resulted in an additional 1.3 log
CFU/g reduction, which indicates a larger D-value at
60°C than observed in the current study. In Porto-Fett
et al.’s (2019) study, the reported fat content of the
chicken liver paté was 10.25%, and 25 g of paté was
sealed into a polypropylene centrifuge tube and heated;
resulting in a CUT of 19.5 min at 60°C. The high-fat
content and the relatively long CUT could be the rea-
sons why higher thermal resistance of Salmonella was
observed. Besides the sample matrix and heating condi-
tions, different Salmonella serotypes or strains with dif-
ferent phenotypes can exhibit different thermal
resistance. For instance, S. Senftenberg was widely
regarded as the heat-resistant Salmonella serovar (Doyle
and Mazzotta, 2000). We have previously reported that
biofim-producing S. Enteritidis strains show signifi-
cantly higher resistance to heat inactivation when com-
pared with biofilm-negative strains, suggesting that
biofilm-forming ability of Salmonella contributes to heat
resistance (Villa-Rojas et al., 2017).

A limited number of studies have been conducted to
determine the thermal inactivation of Campylobacter in
chicken products. Blankenship and Craven (1982)

evaluated the survival of C. jejuni in ground chicken
breast and reported D-values of 2.12 to 2.25 min at 55°C
and 0.79 to 0.98 min at 57°C. Others reported D-values
of C. jejuni in chicken skin and chicken intestinal con-
tents to be 1.45 to 2.20 min at 55°C and 0.18 to 0.5 min
at 60°C, respectively (Oosterom et al., 1983; Yang et al.,
2001). The D-values of C. jejuni strain cocktail in
chicken livers from this study corroborate with the pre-
viously reported D-values in other chicken products.

Higher zvalues indicate that the pathogens are more
tolerant to temperature changes in a certain food
matrix. The zvalue of Salmonella in this study is similar
to that reported in chicken nuggets (4.73—4.86°C)
(Bucher et al., 2008). In contrast, the zvalue of Salmo-
nella in this study is lower than that of ground chicken
breast (6.53°C) and chicken tenders (7.61°C) (Murphy
et al., 2000, 2002b). Similarly, the zvalue of Campylo-
bacter in chicken livers was 25% lower when compared
with the zvalue in ground chicken meat (6.12°C) (Blan-
kenship and Craven, 1982).

The variations in D- and z-values reported in pub-
lished studies suggest that thermal inactivation parame-
ters of different pathogens and different strains of the
same pathogens need to be determined for each food for-
mulation while calculating process lethality and in the
design of processing conditions. The current results sug-
gest that Salmonella is more heat resistant than Cam-
pylobacter in chicken livers. Therefore, the commonly
practiced cooking conditions that destroy Salmonella in
chicken livers can be expected to eliminate Campylobac-
ter. Thus, Salmonella can be considered the target path-
ogen during the preparation of microbiologically-safe
chicken livers. The data presented in Table 1 can be
used to predict the time required at specified tempera-
tures to achieve certain levels of Salmonella reductions
in chicken livers. In Figure 4, the D-values of Salmonella
obtained in this study were multiplied by 7 and plotted
against temperature on a semilogarithmic scale to illus-
trate a 7-log inactivation curve. The curve shows the
holding time needed under different internal tempera-
tures to achieve a T7-log reduction of Salmonella in
chicken livers. It is important to note that the
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Figure 4. Semilogarithmic plot of time to achieve a 7-log reduction
for Salmonella in chicken livers with respect to treatment temperature.
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Figure 5. Inactivation of Salmonella in chicken livers in 2 separate
thermal treatments (70.0°C-2 s and 73.9°C-0 s, treatment temperature-
holding time after CUT) (n = 3).

temperatures should be monitored as the internal tem-
perature of chicken liver to ensure the inactivation of
the internal pathogens. The temperature and time com-
binations below the curve fail to achieve a 7-log reduc-
tion of Salmonella in chicken livers. The area above the
curve is the microbiologically safe zone, where alterna-
tive treatment conditions can be considered. Based on
the regression, a minimum process time at an internal
temperature of 73.9°C to destroy 7 logs of Salmonella in
chicken livers is approximately 0.2 s. This processing
time is slightly higher than USDA FSIS recommenda-
tions, which do not stipulate a holding time at 73.9°C
(USDA FSIS, 2020).

Based on Figure 4, a holding time of 1.6 to 0.2 s at
internal temperatures of 70.0—73.9°C should be applied
to achieve microbiologically safe livers with a 7-log
reduction of Salmonella in the internal tissue of livers.
To validate this, we heated the inoculated chicken livers
to 70.0°C for 2 s and 73.9°C for 0 s (treatment tempera-
ture-holding time after CUT). As shown in Figure 5, the
initial population of Salmonella in the inoculated
chicken liver before thermal treatment was 10.6 log;,
CFU/g. The population of Salmonella after 70.0°C-2s
treatment is 1.4 log;o CFU/g. The number of Salmonella
after 73.9°C-0s treatment is not detectable (ND, <10
CFU/g). Both suggested cooking conditions achieved
more than 7 logs reduction of Salmonella at the cold
spot of chicken liver. This result suggests that the ther-
mal inactivation D- and zvalues of Salmonella in
chicken livers obtained in the present study can be used
to develop thermal processing to effectively eliminate
Salmonella in chicken livers at different temperatures.

CONCLUSIONS

This study was conducted to determine the thermal
inactivation kinetics of Salmonella and Campylobacter
in chicken livers. The results demonstrate that Salmo-
nella and Campylobacter have similar tolerance to tem-
perature changes, but Salmonella is more heat resistant
than Campylobacter at the same temperature. Conse-
quently, Salmonella can be considered as the target

pathogen when evaluating and designing thermal pro-
cesses for producing microbiologically safe chicken livers.
The thermal resistance parameters of Salmonella
obtained in this study can be used to guide product
preparation instructions to ensure chicken liver safety
against both Salmonella and Campylobacter.
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