b W

e

gos -1

" Available online at www.sciencedirect.com

S R s INTERMATIONAL JOURNAL OF
SCIENCE DIRECT: co Food Microbiology

.- International Journal of Food: Micmbiologjr _100 (2005)_ 21_—32. ) _ : _
' I www.elsevier.com/locate/ijfoedmicro .- .

A qu331 chemlcal model for the growth and death of
mlcroorgamsms 1in foods by non- -thermal and
| h1gh-pressure processing

’ e . . . . * . . ’ -
Cnnstopner J. Doona , Florence E. Feeherry, Edward W. Ross-
us Army—RDECOM Natick Sold:er Center, Combat Feeding Innovative Science Team, Kansas Streef, Natick, M4 01 760- 5810 Umted S[ates
Received 27 Septembcr 2004; accepted 6 October 2004 °

Abstract -

Predictive microbial models generally rely on the growth of bacteria in laboratory broth to approximate the microbial
growth kinetics ‘expected to take place in actnal foods under identical environmental conditions. Sigmoidal functions such as
the Gompertz or logistics equation accurately model the typical miérobi_al growth curve from the lag to the stationary phase
and provide the mathematical ‘basis for estimating parameters such as the maximum growth rate (MGR). Stationary phase
data can begin to show & decline and meke it difficult to discem which data to inclade in the analysis of the growth curve, 2
factor that influences the calculated values of the growth parameters. In contradistinction, the quasi-chemical kinetics model

. provides additional capabilities in microbial modelling and fits growih-death kinetics (all four phases of the mlcrobtal :

lifecycle continuousty) for a general set of microorganisms in a variety of actual food substrates. The quas:—chenucal model is

" differential equations {ODEs) that derives from a hypothetical four-step chemical mechanism involving an antagonistic:

metabolite (guorum sensing) and successfully fits the kinetics of pathogens (Staphylococcus awreus, Escherichia coli and

. Listeria monocytogenes) in various foods (bread, turkey meat, ham and cheese) as finctions of different hurdles (ay, pH,

temperature and anti-microbial lactate). The calculated value of the MGR ‘depends on whether growth-death data or only
growth data are used in the fitting procedure. The quasi-chemical kinetics model is also exploited for tise with the novel food |
processing technology of high-pressure processing. The high-pressure inactivation kinetics of £ coli' are explored in a model
food system over the pressure { P) range of 207-345 MPa (30,000-50,000 psi) and the temperature (T} range of 30-50 °C. In_
relatively low combinations of P and 7, the inactivation curves arc non-linear and exhibit a shoulder prior to a more rapid

"rate of microbial destruction. In the h:gher P, T regime, the inactivation plots tend to be linear. In all cases, thc quasi-

chemical model successfully fit the linear and curvi-linear inactivation plots for E. coli in model food systems. The
experimental data and the quasi-chemical mathematical model described herein are candidates for inclusion in ComBase, the -
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developing database that combines data and models from the USDA Pathogen Modeling Program and the UK Food

MicroModel.
Published by Elsevier B.V.
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1. Intreduction

The following information was presented at the 4th
International Conference on Predictive Modeling in
Foods held in Quimper, France, June 15-19, 2003
(Feeherry et al,, 2003b).

We have recently introduced a unique “quasi-
chermical” kinetics model for the growth and death
kinetics of Staphylococcus aureus in shelf stable military
bread (Taub et al., 2003). The basis for the quasi-
chemical model derives from a simplified four-step
chemical mechanism that includes a feedback step as'a
hypothetical analogue to the activity of an intercellular
signalling molecule involved in the phenomenon
referred to as quorum sensing (Dumny and Winans,
1999). These chemical reaction steps form a series of rate
equations that generate a system: of ordinary differential
equations (ODEs) embodying the essence of the quasi-
chemical model and imparting it with several distinctive
features. The firsi characteristic distinguishing the quasi-
chemical model from the mathematical models com-
monly used for predicting shelf life or non-thermal
inactivation {e.g., Gompertz function, logistics equation,
probabilistic models) is the capacity to model growth-
decline kinetics (Taub et al., 2000a). In particular, the
quasi-chemical model sequentially characterizes the four
phases of the ordinary microbial lifecycle: lag, growth,
stationary and death (Taub et al., 2000b). The second
unique characteristic of the quasi-chemical model
involves the method for estimating the maximum growth
rate (MGR) from the slope of the inflection peint of the
sigmoidal growth curve. Using conventional models, the
calculated value of the MGR depends on the judicious
selection of the colony count data in the stationary phase,
and the exclusion of colony count data that might
indicate a decline (the onset of the death phase). The
selection of the data used in fitting the finction
influences the calculated value of the MGR (Taub et
al., 2003). The quasi-chemical model offers the ability to

estimate a value of the MGR from the slope at the
inflection point directly from the contignous growth-
death data, without having to subjectively select the
stationary phase data or de-select data potentially
indicating the kirietics of decline. This distinction results
in differences in values for the estimated MGR using the
quasi-chemmical model or the Gompertz function for the
same data set (Taub et al, 2003), although neither
method can assume to be intrinsically superior or more
reliable.

As described above, the quasi-chemical model is
based on a schematic chemical reaction mechanism
consisting of four reaction steps (Taub et al., 2003). The
mechanism, in this case, involves a proposed antago-
nistic metabolite that is produced during the growth
stage and acts as an intercellnlar signaling molecule
(quorum sensing). This hypothetical signaling mole-
cule acts on subsequent steps in the model and
accelerates the death of cells. The ability of the quasi-
chemical model to accurately fit microbial growth-
death kinetics behavior in actual foods controlled by
hurdles has been successfully demonstrated with S.
aureus in bread as a function of incremental variations
over a wide range of environmental conditions of water
activity (ay), pH and temperature (Feeherry ef al,
2001, 2003a). Presently, we generalize the utility of the
quasi-chemical model for characterizing microbial
growth-death kinetics by exploiting its predictive
capabilities in additional food substrates, for additional
target pathogenic microorganisms, and for the addition
of anti-microbial compounds to the food formulation.
Specifically, we model the growth-death kinetics of S.
aureus in intermediate moisture turkey meat, ham and
cheese as functions of variations in 4, pH and lactate
content, and for the growth-death kinetics of Escher-
ichia coli O157:H7 and Listeria monocytogenes in
IM turkey meat. The success of the quasi-chemical
model in fitting a variety of kinetics behaviors for a
generalized set of pathogens, food substrates and




hurdles over a wide range of environmental conditions
demonstrates its versatility and snggests that it may be
: sufficiently flexible to characterize the inactivation
.  Kkinetics of pathogenic microorganisms using the
3 emerging technology of high-pressure processing
* (HPP). HPP is a novel, non-thermal method of food
preservation that retains higher levels of nutrients and
sensory attributes such as texture, flavor and color. The
commercial marketplace is growing steadily with food
products preserved using this technology. Further
development and growth of HPP as a food preservation
technology, according to the 2003 IFT Summit (Held-
_man and Newsome, 2003), requires developing
mathematical models that can accurately predict the
inactivation of vegetative microorganisms and spores,
~then developing appropriate secondary models that
‘accommodate the combined effects of P and T. We
demonstrate the suitability of the quasi-chemical
iodel for the high-pressure inactivation of E. coli
ATCC 11229) in a model food system (whey protein)
over a range of systematic variations in conditions of
ressure () and temperature (7).

R e e

Ma.t'erials and methods
Sample preparation

read was prepared according to Military Specifi-
n MIL-B-44360A (11 March 1993) as described
ously (Feeherry et al., 2003a; Taub et al., 2003).
w (0.79-0.90) was adjusted by varying the
1 {0-12 wt.%) content of the dough. The pH of
ad was adjusted by varying the concentration
&4} of glucono-delta-lactone (GDL, Glucona
ca, Janesville, WL, USA) added to the dough.
v meat was cubed, infused with 1.75%
05% Na-tripolyphosphate and 6.0% glycerol,
packed in meat casings and cooked to an
perature of 71 °C. The cooked turkey was
disks, and stacks of disks were then
ssisted freeze-dried to nominal ay, values
0.96). The samples were ground, dispensed
acher bags, frozen in dry ice, and then
th 2 °°Co source with a dose level of 8.5—
:135 min (STERIS Isomedix Services,
“IL, USA) to eliminate competing
r to inoculation. In some samples, the
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appropriate amount of 70% sodium lactate solution
was added to create a 1%, 2% or 3% sodium lactate
Ievel in the brine for infusion into the raw turkey meat,
and the preparation of the samples was completed as
described above. A similar infiision process was
followed to prepare glycerated ham samples, exclud-
ing the irradiation step. Process cheese product
samples were purchased from a commercial vendor
(Gamay Flavors, New Berlin, WI, USA). Whey
Protein Concentrate 7504 (Calpro Ingredients,
Corona, CA, USA) was dissolved in Butterfield’s
phosphate buffer to produce 50% whey sohtions that
were inoculated for the high-pressure experiments.

2.2. Laboratory analysis of physical properties of
Jfood samples '

The actual values of ay, pH and moisture content
were determined for the individual turkey meat, bread,
ham, cheese and whey samples using standard labo-
ratory analyses. Experimental values for a, were
measured using a Decagon CX-2 water activity meter
at constant 7=25 °C {Decagon Devices, Pullman, WA,
USA), and determinations of pH were made using a
glass spear-tipped Ross® combination clectrode for
foods connected to a Model 720A pH meter (Orion,
Beverly, MA, USA). The moisture content of the
individual samples was evaluated according to AOAC
methods by determining the weight of moisture lost by
3—4 g samples dried under vacuum at 70 °C for 18-24 h.

2.3. Inoculum preparation

Bread, turkey, ham and cheese samples were
inoculated to levels of approximately 10% cells/g food
sample with stationary phase cultures of either S.
aureus, E. coli O157:H7 or L. monocytogenes. The S.
aureus cocktail comprised an equal mixture of A-100
(Natick Soldier Center, Natick, MA, USA), ATCC
14458 and 993 (Toxin Technology, Sarasota, FL, USA)
and was prepared as described previously (Feeherry et
al., 2003a). For high-pressure experiments, E. coli
ATCC 11229 was prepared from stock cultures main-
tained on slants of nutrient agar (DIFCO, Sparks, MD,
USA) that were transferred to nutrient broth (DIFCO)
and incubated for 18 hat35 °C. The culture was spread-
plated on nutrient agar (0.3 ml culture on each of
three agar plates, DIFCO) and incubated at 35 °C for
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18-24h. Harvesting the cells wag done by scraping the
nutrient agar surface with a sterile glass hockey stick
and rinsing the nuirient agar plate with Butterfield’s
phosphate buffer to produce a 10.0-ml stock solution of
cells. The stock solution was diluted to vield a Klett,,
colorimetry (Klett-Summerson Photoelectric Color-
imeter, AH Thomas, Philadelphia, PA, USA) measure-
ment of 125-135 Klett units. For the inoculation, 1.0
mlofthe £, coly ATCC 11229 stock solution was added
to the whey protein solutions in 400-m| sterile
Stomacher bags {Model 400 bags, Seward, London,
England, UK) that WETe vacuum-sealed (Roschermatic
Vacuum Packaging Machine, Reiser and Canton, MA,
USA). The sealed Stomacher pouches were placed
inside retortable pouches (3 Side Seal Pak, Kapak,
Minneapolis, MN USA) and vacuum-sealed again to
prevent leaks and microbial contamination of the high-
pressure umit, High-pressure eXperiments were carried
out using an EPSJ high-pressure unit rated to 830 MPa
(120,000 psi, Engineered Pressure Systems, Haverhili,
MA, USA) with 5 temperature-controller and using
water containing 5% Hydrolubic 120B Iubricant
(Houghton International, Valley Forge, Pa, USA) as
the compression fluid In general, tompression heating

2.4. Data collection Proceduyre

Bread, turkey meat, ham or cheese samples inocy-
lated with § aureus, E. coli O157:H7 or L. mono-

2.5. Additional datg collection procedure

50% aqueons whey protein solutions inoculated with
E. coli ATCC 11229 were subjected to high-pressure
treatments for various times at variong pressures and

at 35 °C and counted at 48 h using 2 New Brun
Colony Counter (New Brunswick Scientific),

2.6. Datg analysis and modeling

MATLAB software (The Mathworks, Natick,
USA) was used to integrate the ODE System usin
solver ODE15s, and the optimization software pac
LSQNONLIN was useq to carty out nonlinear :
Squares regression analysis of the microbiologica)

constant values (f, through k) were changed ite
tively to minimize the discrepancy between the

one data point or by using different Starting values, In
the case of the high-pressure experiments, a similar
procedure was carried ont to model the observed in-

g
I

relationship between the MGR, pH and @w according to
the relationship MGR=Cy+C, (aw)+Cg(pH), regression




analysis of the data can estimate values for the linear
coefficients (C’s). Inserting the values of the C’s
obtained from this least-squares analysis and setting
MGR=0 yields the relationship pH=11.48-7.30(av)
that characterizes the various combinations of pH and
a,, (at T=35 °C) that limit growth (see also Ratkowsky
and Ross, 1995). Plotting this relation in the pH-a,,
plane and the state of the observed microbial kinetics
(as symbols for either growth or no-growth) at each set
of experimental conditions produces a growth and a no-
growth domain divided by the calculated boundary.

3. Results and discussion

3.1. Mathematical modeling of 5. aureus
¢ growth-death kinetics in IM bread

The quasi-chemical model integrates the individual
“phases of the microbial life cycle into a series of
“chemical reaction steps with associated rate constants
“(Taub et al, 2003). The processes include: the
activation of cells from the lag phase to the exponen-
1 phase of growth (M—M*); a multiplication step
- (M*—2M*+4) with the formation of an antagonistic
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metabolite (4); a termination step (M*+4 >M**—D)
in which A sensitizes the bacterium (A%*) to death (D)
via the intermediate M**; and a natural death step
(M*— D). The velocity (v) of each step is related to the
rate constant of the reaction (k) and the concentration
of the participating entities M, M* and 4:

Activation M—oM* v =k M
Multiplication M*=2M* 4 vo=koM*
Sensitized death MrA—oM** oD v4={10™ 2k M* 4
Natural death M*—D vy=kaM*

These equations form the basis for the set of
ordinary differential equation system in which
changes in the species concentrations with time
proceed according to the velocities of the reactions
that form or remove them:

dM/dt = — v, dM*/dt = v, +v§ — V3 — Va,
dA/’dfﬁlf’z — V3 and dD/deV3 =+ V4.

The model robustly accommodates a diverse set of
population-time profiles. For example, the model is
sufficiently versatile to reflect changes in the growth-
death kinetics of S. awreus in bread with systematic
variations in a,, (Fig. 1), temperature (Fig. 2) and pH

=
-

0 2 4 6 8

.79 (diamonds). See Fig. 3 in Taub et al. (2003).

10 12 14 16 18 20

Time (Days)

chenicat model of S. aurens growth-death kinetics in bread at pH 5.4, 7=35 °C, and 4,=0.91 (circles), 0.87 (triangles), 0.84
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Fig. 2. Quasi-chemical modeling §. aurens growth-death kinetics in bread at =090, pH 5.23 and T=15-40 °C (temperature increments
indicated in figure adjacent to the corresponding curve). See Fig. § in Taub et al. (2003).

(Fig. 3). Regression analysis with the model (smooth lates death-only kinetics (inactivation) observed at
lines) shows good agreement with the experimental sufficiently low values of a,, (<0.79), temperature (15
data points (symbols). Additionally, the model calcu- °C) and pH (<4.9).
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Fig. 3. Quasi-chemical modeling of S aureus growth-death kinetics in bread at a@w=0.86, =35 °C and in descending order as they appear in the
figure with pH=5.38, 5.36, 5.31, 5.19 and 4.97 {or %GDL=0, 0.05, 0.1, 0.2 and 0.3, respectively). See Fig. 1 in Taub et al. (2003).




© 3.2 Modeling S. aureus kinetics in IM turkey, ham
and cheese

Fig. 4 demonstrates the excellent agreement of the
quasi-chemnical model to §. aureus growth-death
- kinetics in furkey meat as a function of variations in
‘4, at constant pH. The model also fits the observed

death-only kinetics at a,,<0.84. Similarly, the model
- successfully fits the growth-death kinetics and death-
only kinetics of S, aures in ham as a function of a,,
. (Fig. 5), and the death-only observed kinetics in
. cheese as a function of ay (Fig. 6).

3.3. Modeling the pathogens S. aureus, E. coli
0157-H7 and L. monocytogenes and anti-microbial

lactate

Fig. 7 shows representative kinetics of the
©microorganisms E. coli, L. monocylogenes and S.

aurens in turkey meat at pH=6.4 and 7=35 °C. A
growth-death kinetics scenario was selected for
cach microorganism (see Fig. 7) and, in each case,
the quasi-chemical model (solid lines) successfully
fits the observed data (symbols). The quasi-chem-
ical model is therefore generalizable to the hurdle
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factors a,, pH and 7 for various IM food
substrates and for several different pathogens. The
addition of 0-3% lactate, an anti-microbial food
additive, to turkey meat samples with constant
a,~0.896, pH=6.4, moisture content =58% and
incubation temperature (35 °C), and had pro-
nounced effects on the growth of S. aureus (Fig.
8). Growth-death kinetics were observed at 0% and
1% lactate, but 2% lactate substantially diminished
the growth kinetics (Fig. 8). A level of 3%, lactate
acted as a bacteriostatic that inhibited growth
completely over the entire sampling time (13 days).

3.4, Applying the quasi-chemical model to
high-pressure inactivation of E. coli ATCC 11229

Aqueous solutions of whey protein in buffer
samples were inoculated with E. coli ATCC 11229
to levels of approximately 10® cells/ml and treated
systematically for defined time intervals at various
conditions of pressure over the range of 207-345 MPa
(30,000--50,000 psi) and temperature over the range
of 30-50 °C. The guasi-chemical model successfully
fits the inactivation data over the entire span of
experimental conditions (Figs. 9 and 10). As pressure

Colony Count

oy
=
W

indicated in figure).

Fig. 4. Quasi-chemicat modeling of 5. aurens growth kinetics in turk

10 12 14 6 18 20

ey meat at pH=6.33, =35 °C, and a,~0.89, 0.87, 0.86 and 0.84 (as
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Fig. 5. Quasi-chemical modeling of S. aurens growth kinetics in ham at pH=5.8, 7=35 °C, and @,,~0.92, 0.50 and 0.88, respectively.

increases from 207 MPa (30,000 psi), the inactivation shoulder to decidedly linear behavior at 345 MPa
rate also increases and the kinetics profiles undergo a (50,000 psi) at 50 °C (Fig. 9). Similarly, as the
pronounced conversion from curved with an initial temperature increases systematically from 30 to 50 °C

Log {(Colony Count)

158

o o
-]

1 i i i
0 1 2 3 4 5
Days

Fig. 6. Quasi-chemical modeling of 3. aureus death kinetics in commercial cheese products at 4,,/~0.87 and pH=6.0 (circles), and at a,~0.85
and pH=5.9 (squares) with 7=35 °C in both cases. See Fig. 5 in Feeherry ct al. (2003a).




C.J. Doona et al. / International Journal of Food Microbiology 100 (2003) 21-32 29

10" r . Y T T y ' r

E. coli, Aw=0.96

Colony Count

L L 2 1 i

8 2 4 6 8 19 12 14 16 18
Time(Days)

W

~ Fig. 7. Quasi-chemical modeling of representative growth-death scenarios for the pathogens S aureus, L. monocytogenes and E. coli in urkey

“ meat (as indicated in figure).

at constant pressure of 310 MPa (45,000 psi), the linear (Fig. 10). In all cases, the quasi-chemical model
_ inactivation rate of E. coli AICC 11229 increases and was used to successfully fit the data, for both the
the kinetics profiles also change from curvi-linear to curved and linear kinetics profiles.

10 T H

Log (Colony Count)

3 i
: 5 10 15
Time {Days)

Fig. 8. Quasi-chemical modeling of S. anreus kinetics in turkey meat at 2,~0.896, =35 °C, and pIT=6.4 as inhibited by anti-microbial lactate at

0% (circles), 1% (iriangles), 2% (diamonds) and 3% {squares).
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Fig. 9. Quasi-chexﬁjcal modeling of the high-pressure inactivation kinetics of £. coli ATCC 11229 in whey protein at 7=50 °C and in descending
order in the graph of P=207, 242, 276, 311 and 345 MPa (corresponding to 30, 35, 40, 45 and 50 kpsi), as indicated in the figure,

3.5. Secondary modeling S. aureus growth in IM
bread

As demonstrated above, the quasi-chemical model
successfully fits (Figs. 1-8) the microbial growth-
death kinetics of various pathogens (5. aureus, E. coli
and L. monocytogenes), in various IM foods (bread,

30 40 50 60
Minutes

trkey meat, ham and cheese), and as functions of
various environmental factors (a,, pH, temperature
and lactate content). Using this fitting procedure {see
Section 2.6), the quasi-chemical kinetics model is also
used to estimate values of the MGR in each of these
cases. A secondary model can be constructed from the
results of fitting the microbial kinetics curves with the

\\30 °C

log (colony count)

40°C

1] 5 10 i5 290

25 30 35 48 45 50

Time (Minutes)

Fig. 10. The effect of temperature (7=30-50 °C, as indicated in figure} on high-pressure inactivation plots of E. eoli ATCC 11229 in whey at

310 MPa (45 kpsi} using the quasi-chernical model.
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Fig. 11. Secon
conditions of ay

é;uasi-chemicai model by interrelating the calculated
MGR with the environmental conditions of a and
pH. Specifically, a boundary region can be caleulated
that divides “growth” and “no-growth” domains that
define the combinations of a, and pH that either
permit or prevent the growth of S. aurens in bread
(Fig. 11). The accuracy of the calculated boundary is
demonstrated by the concordance of the experimen-
tally observed falling in their tabulated domains. Two

tests were carried out to verify the accuracy of the
“ predicted boundary line. Bread made with 0.1%
" encapsulated sorbic acid and no-growth of 8. aureus,
 respectively, precisely in conformity the boundary
. shown in Fig, 11.

4. Conclusions

The quasi-chemical model is a unique and
versatile mathematical model for characterizing the
" kinetics of microbial behavior in foods. The model
. describes with decent fidelity growth, growth-death
and death-only (inactivation) scenarios of microbes,
' sensitively accommodating small changes in the food
environment over a wide range of experimental

0.86 $.88
Aw

dary modet characterizing the boundary region between “growth” and “no-growth™ domains for S. qureus in bread and various
and pH. Filled circles and triangles respectively indicate observed growth and death used to calculate the boundary line, and

Sllow symbals indicate test points confirming this secondary model.

conditions. The guasi-chemical model has been
extended to account for a general set of hurdles
(aw, PH, T and the presence of the anti-microbial
additive lactate), pathogens and food subsirates. In
addition to evaloating the MGR for the microbes in
these conditions, the quasi-chemical model was also
used to construct a secondary model by interrelating
the MGR with a,, and pH for the growth of §. aureus
in bread. This secondary model calculated a boun-
dary line that divided combinations of a, and pH
into domains of “growth” and “no-growth” and the
data (including two arbitrary test points) showed
excellent concordance with the model. The versatility
of the guasi-chemical model has been demonstrated
by its application to the novel non-thermal food
processing technology of HPP. In this case, the high-
pressure inactivation kinetics of £. coli ATCC 11229
has been successfully characterized with this unique
and advanced model. Specifically, the quasi-chemical
model was fitted to the non-linear inactivation
profiles observed at relatively low combinations of
P and T and to the observed linear inactivation
kinetics traces at higher combinations of P and T
This model will continue to be refined and applied to
HPP inactivation kinetics as we carry out experiments
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exploring tailing and other non-linear phenomena,
gpore inactivation kinetics and comparisons with
other non-linear models (e.g., the Weibull distribu-
tion). The capabilities of the unique and advanced
quasi-chemical model will be exploited for incorpo-
ration of the data described above and for the quasi-
chemical model itself into the proposed ComBase
pregram that combines the USDA Pathogen Model-
ing Program and the UK Food MicroModel that is
currently in development and soliciting proposals.
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