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A new model for the prediction of microbial-specific growth rate as a function of
temperature is presented. The four parameters of this model are the three cardinal
temperatures (Trax, Tmin @and T, and the specific growth rate at the optimum
temperature (j,,). A comparison with three other models was made on the basis of
several criteria (simplicity and biological significance of parameters, applicability,
quality of fit, minimum structural correlations and ease of determination of param-
eters). A detailed comparison of a 217-point data set, and an extensive comparison
of 47 different data sets show that the new model is better than its competitors. The
three cardinal temperatures were found to be independent of p gy, . A very strong and
unexpected linear correlation between the cardinzal temperatures was observed. The
consequences of this biological result are discussed, even though causes remain
unknown.

Introduction

Temperature is an important factor in the growth of micro-organisms. This
environmental factor is of fundamental interest in taxonomy (definition of thermo-,
meso- and psychrophilic groups) and in the investigation of microbial metabolism.
Temperature is also of practical importance in the control of bioprocesses in biotech-
nology, and safe handling of goods, especially in agricultural and food industry.

The fundamental and practical importance of temperature for microbial growth
has led to the publication of various models. These models are used to summarize
and describe the effect of temperature on the specific growth rate during the exponen-
tial phase (Ltmax). Models are also of interest for obtaining a continuous description
by interpolation, and, tentatively, for predicting by extrapolation.

Two different approaches have been used for model building. The first is the
mechanistic approach based on the Arrhénius formulation and the hypothesis of the
“determining reaction” responsible for variations in growth rate when the tempera-
ture changes. Many models are based on this approach (Hinshelwood, 1946; Mohr
& Krawiec, 1980; Esener ef al., 1981; Schoolfield et al., 1981). The second approach
is empirical : the model is constructed from mathematical functions and its suitability
to fit to biological data is then tested. This method was chosen by Ratkowsky er al.
(1982, 1983) with the square-root model, and in the present paper to build a new
empirical model, with the aim of comparing it with those previously published.
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Materials and Methods

MODELS

The change in maximum specific growth rate ., (hr™") as a function of tempera-
ture T (°C) has been described with four different models. These models have been
selected because they all have four parameters. This allows for easier comparison,
since comparison of non-linear non-nested models with differing numbers of param-
eters is difficult. Moreover, usual data sets do not allow the estimation of more than
four parameters because the number of experimental data are not sufficient.

(i) Hinshelwood model (H)

Hl‘l'lﬂX:Al e-—BI/T"—A2 e“BZ'IT- - (l)

Hmax 15 the maximum specific growth rate (hr™'); 4,, 4,, B, and B, are four
parameters without biological interpretation and without a direct graphical
counterpart when plotting the model. From the Hinshelwood point of view, the
parameters could be interpreted thermodynamically.

(i) Ratkowsky complete model (RTK2)

e = [T = Ty — €17~ )] 2 )

b (°C™" hr %) and ¢ (°C™") were constant parameters, Tryn Was the minimum growth-
temperature and T,.x the maximum growth-temperature. This model (Ratkowsky
et al., 1983) is an extended version of a previously published one (Ratkowsky ef al.,
1982).

(iit} Zwietering model (ZWT)

This model proposed by Zwietering ef al. (1991) was derived from the Ratkowsky's
formulation and presented by the authors as an alternate form of the RTK2 model:

- Hmax = [b(T_ Tmin)] 2(1 - ch—Tml))]' (3)

(iv) Cardinal temperature model with inflection (CTMT)

_This new model was built empirically as a tool to describe data without the aim
of a mechanistic explanation. As the three cardinal temperatures are often used in
microbiology (Stanier et al., 1986) to characterize the effect of temperature on growth
in an approximative manner, we have chosen to include them explicitly as parameters.
Another reason for building this new model was that a preliminary study showed
that the popular RTK2 model is badly conditioned which means in practice that its
parameters are difficult to estimate, The CTMI model was derived from a previously
published one (Lobry et al., 1991) to account for the experimentally observed point
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of inflection in the suboptimal range of temperatures:

“Opl(T-_ Tmax)(T_ Trrlia)2 iI
(T;pl - Tmin)[( 7;‘“ - Tmin)(T— T;pl) _(T:)pt - Tmax)( T:th + Tmin - 2T)]

Uy = SUP [0-0,

(4)

where T, (°C) is the temperature below which growth is no longer observed, Thax
{°C) is the temperature above which no growth occurs, T, (°C) is the temperature
at which the maximum specific growth rate equals its optimal value gop (hr™').

Data

The numerical value of all data sets used here are available on floppy disks (1-4
Mo for the Macintosh). The data sets were taken from the literature.

DATA FOR PRELIMINARY ACCURATE COMPARISON

The Escherichia coli data set of Barber (1908) was used to describe and compare
the four models. This data set was chosen because it contains an exceptionally large
number of points which allows for good accuracy. The maximum growth rate was
deduced from the doubling time given in this paper as a function of temperature.
Five outliers were rejected and three points illegible because of the poor quality
photocopy of this historic paper. When the author gave a range of temperatures
instead of an exact value, the arithmetic mean was used instead. This data set contains
217 points distributed over the whole range of growth temperatures.

DATA FOR GENERAL COMPARISON

In order to test the reliability of the models, 47 different data sets were collected
(cf. Table 1) so as to cover a wide variety of micro-organisms including thermophilic
strains (for example, Thermus aguaticus and Bacillus stearothermophilus), mesophilic
strains (for example, E. coli and Clostridium botulinum) and psychrophilic strains (for
example, Vibrio psychroerythrus and Micrococcus cryophilus). This data set
contained prokaryotes and eukaryotes (for example. Candida sp. and Gibberella
Jujikuroi) grown on various defined and complex media. Data were obtained directly
from tables where avaifable, or deduced from the figures if their quality was
satisfactory. To enable good parameter estimation, the number of points, for any one
set, was never below 7.

Data Processing

HARDWARE AND SOFTWARE

All computations were done on a Macintosh 1Ifx computer with 8 Mo RAM
and version 6-05 of the Mac/OS. Programmes were written in FORTRAN using
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LANGUAGE SYSTEMS FORTRAN compiler 2.0 (Language Systems Corpora-
tion) under MPW 3.0 (Apple Computer Inc.). The graphical representations of model
fits to data and of confidence regions were done with Statview II (Abacus Concepts
Inc, Berkeley, CA) and SuperPaint 2.0 (Silicon Beach Scoftware Inc., San Diego, CA).

PARAMETER ESTIMATION

The ordinary least square criterion was used to fit the model to the data. The
sum of the squared residuals is noted as SSR. The smaller the SSR, the better the
fit. The minimum SSR values (SSR,;,) were computed in double precision with
calls to IMSL 1.1 subroutine DUMINF (IMSL Inc., Houston, TX) which is a
derivative-free modification (Brown & Dennis, 1972) of the usual Levenberg-
Marquardt algorithm (Levenberg, 1944; Marquardt, 1963). Parameter starting
values were chosen from a graphical examination of the data for the CTMI model.
For the other models, when a parameter had no biological interpretation and no
direct graphical counterpart, its starting value was chosen by an empirical trial
and error approach. To check convergence with optimal parameter values, each
computation was repeated with 16 different parameter starting values, located sym-
metrically on the corners of a hypercube centred on the first parameter estimate.
The number of convergence failures during computation was used to appreciate the
model’s robustness as a routine tool.

PARAMETER CONFIDENCE LIMITS

Confidence regions (@ =0-05) for parameter values were defined according to Beale
(1960) and determined with a previously described programme (Lobry et al., 1991)
in order that the parameter confidence limits should not be underestimated, as is the
case with standard approximative marginal confidence limits.

PARAMETER VALUE ANALYSIS

A Principal Component Analysis on the CTMI model's four parameters was per-
formed with STATVIEW 11 to analyse correlation between the parameters.

Results

PRELIMINARY COMPARISON OF THE FOUR MODELS ON BARBER’S
DATA SET

Two kinds of difficulties during computation have been encountered with the
RTK2 and ZWT models and with the H model especially. First, parameter starting
values are difficult to set because of their lack of biological or graphical meaning.
Second, the running of the fitting subroutine was not always satisfactory because
of convergence failure or excessive execution time, These difficulties were partly
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circumvented by trying new initial parameter values until success was achieved. On
the other hand, these difficulties were never encountered in the CTMI model, since
each parameter has a biological and graphicat simple interpretation, Then, initial
guesses for parameter values were easy to obtain.

The value of ordinary least square, SSRin, 15 less for the CTMI model than the
other three (Figs 1-4). However as SSR,,;, values are of the same order of magnitude,
and since a single data set is involved, the four models can hardly be differentiated
in this way. This point of view is corroborated by examination of model fits to data:
no significant differences are visible from one graph to another.

Confidence regions show strong structural correlations between RTK2, ZWT and
H model parameters. For the H model, a strong positive correlation is observed
between A, and E,, and negative correlations between E; and F,, and A, and E;.
The RTK2 and the ZWT models show strong positive correlations between b and
Tmins and negative correlations between ¢ and b, ¢ and T,,,, and ¢ and T,,,. The
high correlations are responsible for the difficulties encountered during computation.
Moreover determination of parameter confidence limits is time-consuming, since they
tend to become large (for example, parameters 4; and E, in H model).

Unlike the previous models, the fack of structural correlation between parameters
in the CTMI model allows for simple and accurate estimation of parameter values
and their confidence limits: g, spans 0-112 hr™' (2:245-2-357); Toin: 4:5°C
(2-5-7-0); Top: 0-72°C (40-90-41-62); and Thax: 0-55°C (47-25-47-80).

Hence, this preliminary comparison shows that the CTMI model is more conveni-
ent to use than the other three models: (i) biological interpretation of its parameters
allows the setting of a simple parameter starting value; (ii) the lack of structural
correlation between parameters enables rapid convergence to optimal parameter
values and facilitates the determination of parameter confidence limits. However, the
four models fit almost equally well to data. Excluding the H model, they were all
considered in the following study. The H model was rejected because its parameters
are all biologically meaningless, too time-consuming to estimate, and their confidence
limits difficult to estimate accurately.

FULL COMPARISON ON 47 DIFFERENT DATA SETS

Difficulties during parameter estimation were encountered on nine occasions with
the CTMI model, 13 occasions with the RTK2 model, and 24 occasions with the
ZWT model. Tyin and Ty are similar in all three models, but present some small
differences. In general, the RTK2 model gives the smallest T, estimates, followed
by the ZWT model and then the CTMI. The RTK2 and ZWT models give farger
Tmax €stimates than the CTMI model.

Table 2 shows, according to the ordinary least square criterion, that the CTMI
model comes in first place 21 times and ten times in second place; that the RTK2
model comes in first place 20 times and seven times in second place; and that the
ZWT model comes in first place six times and 30 times in second place. A Wilcoxon
matched-pairs signed-rank test (Wilcoxon, 1945) shows that, at critical 5% level, the
difference between the CTMI and ZWT models is significant (#=0-02), but not -
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Fi6. 1. H model. The best fit of the model to the Barber’s data set is represented in (g). The confidence
region for parameter values is projected on six different planes. Note the high structural correlation
between parameters 4, and E,, E; and E,, and E; and A4,. Parameter estimates and 95% limits are,
respectively: 4, =13-29 hr™' (10-8-16-5); E, = 66-87°C (59-74); A>=327509 hr ~' (326950-328100); E,=
561-87 °C (556-568). SSRyin=7-442,
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FiG. 2. ZWT model. The best fit of the model to the Barber's data set is represented in (g). The
confidence region for parameter values is projected on six different planes. Note the high structural
correlation between parameters Tmi» and b, ¢ and b, and T, and ¢. Parameter estimates and 95%
limits are, respectively: B=00514°C"" hr'®® (0-045-0-060); Tiin=609°C (2-:5-9-0); ¢=0-148°C™"'
{0-11-0-185); T, = 4895°C (48:6-49-4). SSR_,_ = T-459.
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Fig. 3. RTK2 model. The best fit of the model to the Barber's dala set is represented in (g). The
confidence region for parameter values is projected on six different planes. Note the high structural
correlation between paramecters T, and b, Parameter estimates and 95% Yimits are, respectively: b=
00435°C~ " hr= %% (0-04-0-0475); Tpo = 29°C (04-5-2); ¢=0314°C~" (0-275-0-346); T, =492°C
(48-96-49-5). SSR,;, = 5487
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Fic. 4. CTMI model. The best fit of the model to the Barber’s data set is represented in {g). The
confidence region for parametet values is projecled on six different planes. Note the absence of structural
cotrelation between parameters. Parameter estimates and 95% limits are, respectively: 7.,;,=4-9°C
(2:5-7); Ty =41-3°C (40-9-41:62); Trnax =47-5°C (47-25-47-8); prou=2:-3 hr ' (2-245-2-357). SRy =
4-747,
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* TaBLE |

Description and sources of the data set used in computations

Code Organism Source N.OP. T/G
Abl Achromobacter sp.483 Scott (1937) 8 T
Ab2 Achromobacter sp.5 Scott (1937) 7 T
Ab3 Achromobacter sp.7 Scott (1937} 8 T
Acl Acinetobacter 5p.2.55 Ratkowsky ef al. (1983) 17 G
Ac2 Acinetobacter sp.4.41 Ratkowsky ef al. (1983) 26 G
Aer Aeromonas sp.4.29 Ratkowsky et al. (1983) 19 G
Alt Alteromonas sp. CLD38 Ratkowsky et al. (1983) 18 G
Bco Bacillus coagulans Ratkowsky er al. (1983} 18 G
Bme Bacillus megaterium Ratkowsky er af. (1983) 14 G
Bsl Bacillus stearothermophilus 238 Ratkowsky et al. (1983) 14 G
Bs2 Bacillus stearothermophifus Ratkowsky et afl. (1983) 14 G
Bsu Bacillus subtilis Ratkowsky er al. (1983) 15 G
Cjl Cytophaga johnsonae Ratkowsky e7 al. (1983) 24 G
Gj2 Cytophaga johnsonae Ratkowsky ez al. {1983) 23 G
Can | Candida Y1 Scott (1937) 7 T
CbA Clostridium botulinum type A Ohye & Scott (1953) 9 T
CbB Clostridium botulintm type B Ohye & Scott (1953) 9 T
Cel Cellulomonas sp. Baker (1974) 17 T
Ecl Escherichia coli Ratkowsky er al. (1983) 15 G
Ec2 Escherichia coli K-12 ingraham (1958) 21 T
Ec3 Escherichia coli Barber (1908) 217 T
Fla Flavobacterium sp. 2.4 Ratkowsky et al. (1983) 21 G
Geo Geotrichoides sp. Y9 Scott (1937 7 T
Gfl Gibberella fujikuroi Borrow et al. (1964) 17 T
Gf2 Gibberella fujikuroi Borrow et al. (1964) 17 T
Mcl Micrococcus cryophilus ATCCIL5174 Tai & Jackson (1969} 10 T
Mc2 Micrococeus cryophilus M19 Tai & Jackson (1969} 15 T
Mc3 Micrococeus cryophilus T8 Tat & Jackson (1969) 14 T
Mor Moraxella sp. 4.16 Ratkowsky et al. (1983) 24 G
Myc Mycotorula sp. Y15 Scott (1937) 8 T
Pal Pseudomonas aeruginosa Ratkowsky et af. (1983) 14 G
Pa2 Pseudomonas aeruginosa NRRL B23 Ingraham (1958) 11 - T
Pfl Pseudomonas fluorescens Ratkowsky et al. (1983) 16 G
Pmo Pseudomonas morganii M68 Ratkowsky e al. (1983) 18 -G
Psy Pseudomonas syringae Young et al. (1977) 19 T
Ppl Pseudomonas psychrophiles p-200 Ingraham (1958) 17 T
Pp2 Pseudomonas psychrophiles 1-3b Ingraham (1958) 17 T
Pp3 Pseudomonas psychrophiles 31-3¢ Ingraham (1958) 18 T
P1l Pseudomonas sp. type 1 4.54 Ratkowsky et al. (1983) 20 G
P12 Pseudomonas sp. type 1 6.4 Ratkowsky et al. (1983) 17 G
PN Pseudomonas sp. type 11 2.3 Ratkowsky et al. (1983) 17 G
Sma Serratia marcescens Ratkowsky et al. (1983) 10 G
Taq Thermus aguaticus TY Ratkowsky et al. (1983) 16 G
Yml Vibrio marinmis ATCCI5381 Ratkowsky et al. (1983) 8 G
Vm2 Vibrio marinus ATCC15382 Ratkowsky ef af. (1983) 11 G
Vps Vibrio psychroerythrus ATCC27364 Ratkowsky et af. (1983) 8 . G
Xpr Xanthomonas pruni Young et al. (1977) 18 . T

A code is attributed to each strain. NOP, number of points in the data set. T/G, tabulated or graphica

material.
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TABLE 2

Code CTM1 RTK2 ZWT
Abl 6604 . 107* 9-087.107* 8644. 10"
Ab2 5-134.107*% 9.645.107* 7-557.107*
Ab3 3-067. 107t 4.999 .107* 4-350.107*
Acl 4260 . 1077 2933.107% 3-600. 1077
Ac2 2681 .1077 1-767 . 1077 t-685. 10774
Aer 9-375.1077 7-822 .10 8-627.1077
Alt .1-910.107% 1658 . 107 1-720.10°°
Beo 1-217. 107" 1-638 . 107" 1-387. 107"
Bme 3-808.107° 3-816.10°7 3761 . 107
Bsl 1:375. 1075 2909, 10°° 1-694 . t0°°
Bs2 2-578 . 107'F 3-131.107" 2:873.107"
Bsu 1-998 . 107 2:509 . 1072 1-99% 1072
Cjl 4577 . 107% 5698.107* 5189, 107
Cj2 1-832.10°% 3-387. 107 27132107
Can 1-705 . 107* [-344 107 1-399 _107*
Cel 51041072 3974, 107 4151.107%
CbA 1-003 . 1073 8429 107" 5450 107*F
CbB 9.247.107° 2-789.107% 73921907
Ecl 7-127.107% 1:294 . 107" 9.423 .107°
Ec2 9.974, 1077t 1913, 107" 1-130. 10"
Ec3 4-747% 5-487 7-459

Fla 6078.107%% 1-230. 1077 9433 .10°¢
Geo 1-275.107% 2-842 . 107* 1-677.107*
Gfl 6675.107* 9240, 107" 6318, 107
Gf2 4.51t . 107* 7-124 1074 3-758. t07'%
Mcl 4-470 . 107 4-896 . 107* 5-544 . 107°
Mc2 6874 . 1077 5063 . 1077 1-392. 1077
Mec3 5-901.107° 4-611.107% 9.323 1072
Mor 2:750.107° 1-386. 107%% 2146 10°%
Myc 3-682.107* 3-267 . 107 3-284.107*
Pal 3-419. 1072 3-426.1072 34791072
Pa2 6751 .107%% 1-243 107" 7-591 .107%
Pft 4-803 1072 34571072 1-008 . 10~
Pmo 2726 . 1077 3-068. 1077 2717.10°7%
Psy 1-126. 102 5295, 107°F 8-979 .16
Ppl 1-713. 1072 1-514 1073 1-792. 1072
Pp2 1-696 . 1077t £-993 . 107? 1-869 . 1072
Pp3 105261077 1-096 . 107°¢ 2-600, 1072
P11 2:667. 1077 2-297 1077 2:370. 1077
PI2 1-204 . 107 7¢ 2:426. 1077 2124 1077
PIl 5974 107" 4-672.107% 5-260.107°
Sma £-919. 107% 3-370.1072 2653, 107
Tagq 9-268 .10 8-275. 1073 2-898 . 107
Vml 4-731.10°% 5-518.107° 1:377. 1072
Vm2 3-906. 1073 3-675.10%f 3756 .107%
Vps 9-035.10°° &713.107°t 4108 . t0™*
Xpr 111261072 T871.107 9-343 1077

f Indicates the smallest value.

457
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between the CTMI and RTK2 models (P=0-33) or between the RTK2 and ZWT
models (P =0-72). Hence, according to the ordinary least-square criterion, only the
ZWT model appears to be inadequate.

The ZWT model was rejected because of its refatively bad fit to data as compared
to the CTMI model and, for the sake of convenience, to avoid difficulties during
parameter estimation. The RTK2 was rejected for reasons of convenience only: two
of its parameters are biologically meaningless and this provides no help in results
analysis.

BIOLOGICAL ANALYSIS OF CTMI RESULTS

The three cardinal temperatures and the maximum specific growth rate at ‘the
optimal temperature estimates are summarized in Table 3. In general, the precision
of the estimate is about £ 5°C for T, + 2°C for Ty, £ 1°C for Thax, and = 10%
for piopt

Principal components analysis of these data shows that 95-5% of variance can be
surnmarized by two factors. The first is a linear combination of the three cardinal
temperatures, whereas the second is more linked to p, . The three cardinal tempera-
tures are then highly correlated, and p,, seems to be independent.

This high linear correlation between cardinal temperatures was unexpected and,
consequently, the relationships between them were considered individually (Fig. 5).
The high linear correlation between the cardinal temperatures observed was summar-
ized by linear orthogonal regression, since both variables are subject to vartance. The
linear relationship is especially close between Ty and Top (r=0-991). All the strains
present in the data set seem to follow these relationships, except for the three strains
of Vibrio sp. for which T, is greater than expected.

Discussion and Conclusion

MECHANISTIC APPROACH FAILURE

The Hinshelwood model was elaborated from a mechanistic approach to microbial
growth based on a single growth rate-determining reaction. As pointed out by Heitzer
et al. (1991), the problems associated with interpreting the Hinshelwood model
paramelers are similar to those encountered in Monod’s growth kinetics (Monod,
1941). Monod’s growth kinetics use K, values that are mathematically analogous to
the Michaelis—Menten K, values (Michaelis & Menten, 1913). The analogy between
the Monod model and the Michaelis-Menien model has to be made with caution’
because the homologous parameter does not have the same significance (Lobry et
al., 1992). The same applies for the parameters in the Hinshelwood model which
are analogous to the thermodynamic constants of the Arrhénius chemical model
(Arrhénius, 1889). However, these parameters can no longer be interpreted as true
thermodynamic propertics unless a single growth rate-determining reaction can be
identified. This hypothesis has been frequently criticized (Burton, 1936; Teissier,
1936; Monod, 1941; Senez, 1962; Marr, 1991). Moreover, Hinshelwood’s model is
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-TABLE 3
Estimation of the CTMI model parameters, with 95% confidence limits within brackets

Code Tnin (BC) Tom 4] Tonax (°C) Hopt (hril}

Abl 100 [—16;-50) 262 [244;285]  31-5[30:1.350] 66 10" [5:9;77]
Ab2 —TR{~16:-20]  24-6[224295]  300[27:530:3] 58107 [52:7-3]
AbY  —10-5[~15.~70] 253 [24-0:268) 32-4[30:7353] 59 107" [5:6:65}
Act 14 [-3-0:4-9] 284 [27-7.29-2] 3310346:358] 63107 [6:1:6-6]
Ac2 0-1 [-1-0:1-1] 02[299306]  373(37:0376] 8310 [3:218:5)
Aer 51[1-5;80] 35-4 [34-5;36-4] 44-0 [42-5:46-5] 87107 [8 3.9-2]
Alt —-52[-7-6;,—3-5] 25-5[25-0;26-1] 33-4 [32:0,35-5] 751072 [7-3;7-8]
Beo 12:1 [~13;30] 53-8 [48:5:57°5]  629[61-0.71:0] 10 [0-9:1-2]
Bme 19-8 [12:26) 50-3[49-0:51-6)  59-2[57:0650] 16 [1-5:1-8]
Bsl 30-8 [29:33]) 57-2{56-5:57-9] 65-5 [65-1;66:0] 1-8 1072 [1-7:1-8]
Bs2 33-6 [23.42] 64-8[62:5:67-5] 718 [70-0;81.0] 30  [26:33]
Bsu 13-4 [8.0;17] 38-7 [37-5;40-0] 51-0 [50-3;52-2] 1-2 [t-1;1-2]
Gjl —11-3[-24;-2-5]  249[2241269]  320([309:34-6] 54 107 [4-8:59]
Gj2 —75[-13:-30}  27-8[26:5:290]  331([328338] 62107 [58.67)
Can —9-7[-20:=20]  21-8[19-0243]  26-8[250:44-0]  2:5 10~ [20:31]
Cel =29 [—-11;2-6] 25-4 [23-9;27-3] 29-( [28-5,30-8] 30107 [27;3-4]
ChA 11-0 [8-8:13] 39-3[38-7:40-0] 458 [456.462] 11 [1-0;11]
CbB 13-0 [7-0;17] 37-9 [36-0;39-8] 46-1 [45-3;47-8] 1-0 [0-9;1-2]
Ecl 56 [<7-5:13] 40-3[38-4:41-8] 473 [467485] 14 [I-3;16}
Ec2 11-2 [7-4;14] 41-0 [40-1:42-0] 480 [47-0:484] 21 [1:9:22)
Ec3 49 [2:5:7-0] 41-3 [40-9:41-6] 475 [413478] 23 [2224)
Fla -2-8[—4-7;,—1-0} 29-3 [28-9;29-8} 35-5[35-1;36:0] 431077 [42:4-4]
Geo —5-0[—16;-24]  20-1{17521-2}  26:4[258:30:0] 24107 [2:022-7)
Gfl 23 [~0-:9;50] 08 [30:031:7]  39-7[390:404] 24107 [2-3:2-6]
GR2 1-5{-10:3-9] 309 [30-2:31-6] 39-8{39-2:40-3) 24107 [2:3.2:5)]
Mel 71 [-12;222] 215 [20-0:22-3]  25:5{25227-3] 29107 [26.32]
Me2 0-9 [-80:6'7] 30-9 [28-8.32.8] 379 [37-2:40-0] 38 107" [3-3:4-3)
Mc3 0-1 [~10;6-0] 283 [26-4:30-2] 352 [343.378] 34 107! (2-8:3.9)
Mor —0-9 [-8-0:6'5] 305 [22-3,32-0] 372[366:40:1] 63 1077 [55:6°8]
Myc =57 [-11;1-9] 28-4 [26-5,30-5) 30-7 [30-0;44-0] 43107 [3-6;5-2)
Pat 50 [—13;13) 38-1[36-:5:40: 71 462 [45-0471] 11 [1-0;1-2)
Pa2 44 [-7-0;14] 403383425 460 [45246:6] 17 [1-52:0]
Pil 9-8 [3-0;15] 386 {37-3,39:9] 454 [448462] 12 [t-1.13]
Pmo 2-1 [-2-0;5-0] 36-7 [36:1,37-3] 42-6 (42-2;43-1) 64 107 [61;6°6]
Psy —1-8 [-9-0:3-5} 27-8 [26:5:29-5) 36:3[350:37:1] 51107 [47.57]
Ppl —50[-95—1-0]  31-6[30-4:324]  351[349362] 8910~ [8-2:9-7]
Pp2 —10-1 {—17;-5-0]  30-8[29-333-3]  34.0[332:342] 80107 [7-3:9-1]
Pp3 —50[-93;-1-0]  29-8 [28-2:30-8] 343[341.387] 96107 [84:10]
Pl —0-5 [-4-0:2:5] 30-0 [29-3:30-8] M4 [336:360] 43 107 [4-0:4-6]
PI2 —35[-7-0;-0:4]  26-0[25:4:26:6] 294 [29-1302] 47107 [4-6:4-9]
Pl =29 [-70,0-5] 27-2 [26-6;27-8] 34-4 [33-5,35-8] 371077 [3-6;3-8}
Sma —21 [-15:55] 258 [241277] 313 [30932:5] 13 [12i1-5]
Taq 368 [26;45] 09[687:730) B (19-4891] 45107 [41:51)
VYmi 2:7[-7-5;7-3] 156 [13-9;16-8] 19-5[19-1;20-9} 21 107" [1-9;2:5)
V2 65 [2:8;94) 238 (229248]  297(289305] 51107 [47:53]
Vps 3.8 {-2.0;6-0] 124 [11-6:138]  185{175196] 11107 [09:1-2]
Xpr 141 [-6:5:6-5] 30-8 [29-3;32-2] 36-8 [36-2;38-3) 44 107" [3-9;4-9)
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FIG. 5. Representation of the cardinal temperatures for 47 different strains according to the CTMI
model. The length of the crosses represents the confidence limits for parameter values (a =0-03). The lines
represent the linear orthogonal regression for all stains. The broken lines represent the linear orthogonal
regression when the three Vibrie sp. (indicated by an arrow) are removed. (@) Toin=0-866T 0.5~ 31-687,
F=0-871; (D) T =0-953Tou—28:913, r =0-859; (¢} Trmax = 1101 Ty +3-203, r=0-991.
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FIG. 5—continued.

the least adapted to the data (a fact also reported by Ratkowsky et al., 1982). Hence,
here, the mechanistic approach appears to be unsuitable and error-prone.

DESCRIPTIVE APPRQACH INTEREST

The CTMI model is a purely descriptive model: instead of the other models it uses
only simple biologically meaningful constants as parameters. Microbiologists are
familiar with the concept of cardinal temperatures Ty, Topt and Trnax; the parameter
Hope 18 the maximum specific growth rate at the optimal temperature. For this reason
the CTMI model is easy Lo use by biclogists. Moreover, all parameters have a
graphical interpretation so that they can be read directly when plotting pimax versus
temperature, Last, the lack of structural correlation between parameters in the CTMI
model is an interesting property: structural correlation between parameters should
be avoided as it gives large confidence limits for parameter valugs, making parameter
esttimations and comparisons difficult. Hence, here, the descriptive approach has
provided a useful model.

LINEAR CORRELATION BETWEEN CARDINAL TEMPERATURES

There is a pronounced linear correlation observed between cardinal temperatures
in 47 strains. As the temperature permissive range of these strains spans 30°C and the
growth culture conditions are very different, it might be expected that the observed
relationships would be general. However, a more extensive analysis is required to
confirm these results and detect those strains (such as the halophilic Vibrie analysed
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here) with atypical growth temperature responses. As far as we know, this is the first
time that this linear correlation between cardinal temperatures has been described,
although the fact that the optimal temperature is usually only a few degrees off the
maximum temperature is well known. This new relationship was obtained thanks to
the CTMI model because it allows the estimations of the three cardinal temperatures
with their confidence limits.

According to the linear correlations between the cardinal temperatures, one tem-
perature is enough to describe the growth permissive temperature range instead of
the three cardinal temperatures. This would be in the spirit of Occam’s razor which
states that entities are not to be multiplied beyond necessity. This would also reduce
the experimental effort when characterizing the effect of temperature on the growth
of a microbial strain. This simplification could, however, be dangerous as there would
be a loss of information if the proportion of atypical strains (for example, Vibrio) is
large. But in some works indeed, only one cardinal temperature is used for taxonomic
purposes (Senez, 1968). Lastly, the reason and significance of this puzzling linear
correlation between cardinal temperatures remain to be investigated.

This work was supported in part by a grant from BSN to L. Rosso and a grant from
bioMérieux to J. R. Lobry.
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