
Changes in growth parameters of Pseudomonas pseudoalcaligenes
after ten months culturing at increasing temperature

Bihong Shi a;�, Xuhua Xia b

a Department of Ecology and Biodiversity, the University of Hong Kong, Hong Kong, PR China
b Department of Biology, University of Ottawa, 150 Louis Pasteur, P.O. Box 450, Station A, Ottawa, ON, Canada K1N 6N5

Received 27 November 2002; received in revised form 10 April 2003; accepted 14 April 2003

First published online 21 May 2003

Abstract

In this paper, we report the thermal adaptation of Pseudomonas pseudoalcaligenes, characterized as changes in growth parameters. Six
clones derived from a single colony of P. pseudoalcaligenes were cultured in two different temperature regimes for 10 months, with three
clones forming the control group, cultured at a constant temperature, and another three clones forming the high-temperature (HT) group,
cultured at increasing temperature (from 41 to 47‡C). Three growth parameters were measured: the lag time (V), which is the period
between the time of transfer to a new medium and the time when the cell replication starts; the maximum growth rate (Wm); and the
maximum yield (A). These three parameters are major components of bacterial fitness. The Gompertz and logistic models were used to
estimate these three parameters. The two models gave almost identical estimates, but the Gompertz model had R2 values consistently
larger than the logistic model. The HT clones had significantly shorter V, but higher Wm and A than the control clones when both were
grown at the originally stressful temperature of 45‡C, suggesting significant thermal adaptation. Interestingly, the HT clones grew equally
well as the control clones at 35‡C, i.e. improved performance at 45‡C was not associated with a reduced performance at 35‡C.
6 2003 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Temperature is perhaps one of the most pervasive selec-
tion factors a¡ecting all organisms at all levels of biolog-
ical organizations, and organisms have evolved in and
adapted to almost every thermal environment on Earth
[1^3]. However, it is often unclear how adaptation is
achieved and what phenotypic traits are modi¢ed by ther-
mal selection. Even less clear is how rapidly organisms are
able to respond to a novel environment.

There are many approaches to studying the evolution-
ary basis of thermal adaptation, but most of the knowl-
edge on this subject is derived from the phylogeny-based
comparative studies of di¡erent natural taxa, generally
populations or species evolving in di¡erent temperature
regimes [4^6]. Although it has all the advantages of being

able to examine very diverse taxa that have evolved in
natural environments with all their complexity, such an
approach has the same problem as all comparative stud-
ies: the analysis of correlation, not causation. In addition,
the interpretation of phylogeny-based studies crucially de-
pends on the assumption of underlying phylogenetic rela-
tionships, which are often di⁄cult to recover, even with
molecular data [7,8].

Selection studies on the process of organismal adapta-
tion to di¡erent thermal environments have several advan-
tages over traditional comparative studies, including the
ability to control the experimental conditions and to rep-
licate experiments, thus permitting a more rigorous evalu-
ation of alternative hypotheses [9]. Such experimental
studies generate results more feasible to reveal the cause^
e¡ect relationship [10,11].

Bacteria are ideal organisms for such selection studies.
They have a short generation time, large population size
and simple life history, and allow substantial control over
environmental variables and over the initial genetic com-
position of the experimental population. For this reason,
most selection studies on thermal adaptation are done

0168-6496 / 03 / $22.00 6 2003 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
doi :10.1016/S0168-6496(03)00129-6

* Corresponding author. Present address: HKU-Pasteur Research
Centre, 2/F, Dexter H.C. Man Building, 8 Sassoon Road, Pokfulam,
Hong Kong, PR China. Tel. : +852 2816 8422; Fax: +852 2872 5782.

E-mail address: bshi@hkucc.hku.hk (B. Shi).

FEMSEC 1526 7-7-03

FEMS Microbiology Ecology 45 (2003) 127^134

www.fems-microbiology.org

mailto:bshi@hkucc.hku.hk
http://www.fems-microbiology.org


with one single bacterial species, Escherichia coli [9,10,12^
21].

Here, we report a study on adaptive responses of a
di¡erent bacterial species, Pseudomonas pseudoalcaligenes,
cultured in increasing temperature. P. pseudoalcaligenes is
a Gram-negative, mesophilic bacterium and does not form
spores. It has the common merits of bacteria for long-term
selection studies, such as short generation time, easy prop-
agation and maintenance, and asexual reproduction. In
addition, results using P. pseudoalcaligenes will comple-
ment the extensively and comprehensively studied E. coli.

It is important, at the very beginning, to emphasize the
di¡erence between the two meanings of ‘adaptation pro-
cess’ : one at the population level and one at the individual
level. With respect to temperature, if a population is ge-
netically heterogeneous (with some being more resistant to
high temperature than others), then an increase in temper-
ature tends to have two consequences. First, the increased
temperature tends to eliminate temperature-sensitive indi-
viduals, leading to a reduction of growth rate at the pop-
ulation level. Second, the increased temperature tends
to favor temperature-resistant individuals, leading to a
change in genetic composition. When the proportion of
temperature-resistant genotypes increases, the growth
rate of the population gradually increases. This process
of ‘adaptation’ of the population to increased temperature
does not require the origin of any novel temperature-re-
sistant genotype.

The second meaning of the adaptation process refers to
the process of a population originally devoid of genotypes
resistant to high temperature, coming to live in a stress-
fully high temperature and, therefore, gradually evolving
new genotypes resistant to the high temperature. An ex-
perimental study of this process typically would start with
a genetically homogeneous population, and is perhaps fea-
sible only with bacterial species. The adaptation in the
present study pertains to this second meaning of adapta-
tion.

To study the adaptation of organisms to originally
stressful temperature, one should ideally monitor the
change of ¢tness during the adaptation process. However,
¢tness, being commonly known among evolutionary biol-
ogists as the propensity of the genotype being represented
in future generations, is not particularly amenable to em-
pirical measurements. Instead, we focus on three growth
parameters that presumably should be related to ¢tness, or
at least should be major components of bacterial ¢tness.
These parameters are the lag time (V), which is the period
between the time of transfer to a new medium and the
time when the cell replication starts ; the maximum growth
rate (Wm); and the maximum yield (A). These three param-
eters characterize the three phases of bacterial growth: the
lag phase, the exponential growth phase and the stationary
phase, and can be estimated by the re-parameterized Gom-
pertz or the logistic models for bacterial growth [22].

Although previous studies [18,23] have recognized the

fact that all three growth parameters are important com-
ponents of ¢tness, no study of thermal adaptation has
actually ¢tted growth models and estimated these param-
eters. One study [23] did estimate V and Wm, but no coher-
ent growth model was used to estimate the parameters
simultaneously.

The failure to estimate the three basic growth parame-
ters has created much di⁄culty in interpreting results from
previous studies. For example, when a selection study on
E. coli [12] or a bacteriophage [24] reported thermal adap-
tation and improved ¢tness, it is not clear which of the
three growth parameters has changed.

This study addresses three questions: (1) Will the Gom-
pertz and the logistic growth model be su⁄cient to esti-
mate the three growth parameters for P. pseudoalcali-
genes? (2) Do all, or only some, of the three growth
parameters respond to selection under increasing culture
temperature? (3) Will ¢tness gain in one temperature lead
to ¢tness loss in another?

2. Materials and methods

2.1. Bacterial strain

The wild-type strain of P. pseudoalcaligenes F331 was
originally isolated by the Institute of Microbial Engineer-
ing, Fujian Normal University, China, from the soil im-
mersed in hot spring water in Fuzhou, Fujian province,
China, and identi¢ed as P. pseudoalcaligenes by the Insti-
tute of Microbiology, the Academy of Sciences of China
[25]. The temperature of the hot spring water varies be-
tween 45 and 50‡C, but the temperature of the immersed
soil, from which the strain was isolated, varies widely be-
cause of the large variation of ambient temperature: from
0 to 1‡C in winter and close to 37‡C in summer. The
isolated strain had been stored in a glycerol-based medium
at 380‡C before this experiment. The culture medium
used in all experiments was Luria^Bertani (LB) medium
(0.5% Bacto-yeast extract, 1% Bacto-tryptone, 0.5%
NaCl). Selection experiments were carried out in LB
agar medium (i.e. LB medium with 1.5% Bacto-agar),
and experiments for determining growth parameters were
performed in LB liquid medium. The entire study started
with a single colony of the P. pseudoalcaligenes F331
strain.

2.2. Determination of the stressful temperature of the
ancestral clone

The stressful growth temperatures of the P. pseudoalca-
ligenes strain were determined by culturing this ancestral
clone at 28, 35, 41, 43, 44, 45, 46 and 47‡C. Bacteria were
inoculated from their freezer vial into a 20-ml tube con-
taining 5 ml LB medium and incubated at 35‡C for 12 h.
This culture was then diluted 1:100 into a 250-ml £ask
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containing 50 ml fresh LB medium, and incubated while
shaking (230 rpm) at the test temperature. Three replicates
were carried out for each test temperature. The cell density
of a 12-h culture was measured by plate count. Fig. 1
shows that the ancestral clone grew best at 35‡C, but
poorly at 45‡C or higher temperature.

2.3. Long-term selection experiments

A single colony of P. pseudoalcaligenes F331 was devel-
oped to a baseline clone, and six clones were derived ini-
tially from the common baseline clone, which ensures that
they are all genetically identical before the selection experi-
ment began. The six clones were assigned to two groups,
i.e. the control group (referred to hereafter as Control)
and the treatment group (high temperature, referred to
hereafter as HT), each with three clones.

The three clones in the control group were independent-
ly propagated for 10 months at a constant temperature of
35‡C on a 150U15 mm tube slant containing 5 ml LB agar
medium. The clones grew quickly at the slants and were
transferred twice per day by streaking onto fresh slants.
During the experimental period, spreading plates were
made and cultured at 35‡C once every month for each
clone, and one of the fastest-growing colonies (i.e. the
biggest) was selected to continue the propagation. In ad-
dition, the selected colonies were kept in a glycerol-based
suspension in 380‡C, after being cultured in LB to sta-
tionary phase.

The HT group was cultured under the same conditions
as the control group, but started with a growth temper-
ature of 41‡C. Temperature was elevated by 1‡C every
month to 44‡C. When culture temperature was elevated
to 44‡C, the clones grew slower than before, and clones
were transferred daily, rather than twice daily as in the
control group, by streaking one loop onto a fresh medium.
Also, the culturing temperature was elevated 1‡C every
2 months, rather than 1‡C every month. Consequently,
about 600 transfers have been done for each clone of the
control group and about 420 transfers for each clone of
the HT group.

The reason for propagating the clones on LB agar me-
dium instead of in liquid medium is that the former pro-
vides a more heterogeneous environment than the latter
and consequently may allow the existence of more genetic
variation [26]. When bacteria grow in a constantly shaken
liquid medium, the environment is constantly homoge-
nized and bacterial cells are distributed relatively evenly
in the medium. However, when the bacteria grow in the
structured environment (agar surface), the discrete distri-
bution of colonies and the local depletion of common
resources creates heterogeneity over space, leading to vary-
ing intensity of cell-to-cell interference competition [27]. A
previous study [28] on a di¡erent bacterial species, Como-
monas sp., showed that selection on agar medium was
more e¡ective than in liquid medium.

Each time the culturing temperature was to increase,
spreading plates were made and cultured under the in-
creased temperature and the resulting fastest-growing col-
ony (the biggest one) at the increased culture temperature
was chosen to continue the HT group. This was done in-
dependently for each of the three clones in the HT group.
Meanwhile, the chosen colonies were stored in a glycerol-
based suspension at 380‡C after being cultured in LB to
stationary phase.

The ancestral baseline clone and all its derivatives were
stored in a glycerol-based suspension at 380‡C. Hence,
they can be compared at any time. The HT group was
compared to the control group and the ancestral clone
at the end of 3 months of culturing, but no signi¢cant
changes in growth characteristics corresponding to in-
creased temperature were observed. The propagation of
the clones was continued to the end of 10 months, at
which point the di¡erences between the HT and control
group were apparent.

While an experimental system with a bacterial species
has a number of advantages, such as ease of propagation
and manipulation, there is one major problem, i.e. the
problem of contamination. As a precaution, the control
group and the HT group were always transferred or inoc-
ulated in two di¡erent laminar £ow hoods in two di¡erent
rooms. Meanwhile, slides were made during every transfer
or inoculation, and inspected using light microscopy. The
RAPD (random ampli¢cation of polymorphic DNA)
method, which has been used in our laboratory to probe
genomic changes of another bacterial species, Pasteurella
multocida [29], was used to con¢rm the absence of external
contamination when the experiment ¢nished after 10
months of propagation [30].

2.4. Determination of population density

As outlined in the introduction, this study mainly fo-
cused on the three growth parameters characterizing the
three growth phases, i.e. the lag phase, the log phase and
the stationary phase. The estimation of these growth pa-
rameters necessitates the measurement of population den-
sity over time. Spectrophotometry was used to estimate
population density by ¢rst establishing a standard curve
for the relationship between the cell density and the opti-
cal density (OD). The OD value of the samples was mea-
sured at 550 nm in a Pye Unicam PU 8600 UV/VIS spec-
trophotometer (Philips). To estimate the density of a
sample, its OD value was measured and checked against
the standard curve to obtain the density.

The standard curve for the density^OD relationship was
established as follows. First, the clone was grown in the
LB liquid medium to stationary phase. The density was
obtained accurately by repeated plate counts, i.e. spread-
ing on plates after dilution (in 0.15 M NaCl) and counting
each growing colony as a colony-forming unit (CFU).
Once the density of this high-density culture was deter-
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mined, a series of dilutions from this culture was made
and the OD was obtained for each dilution. The density
of each dilution was known. For example, if the original
density was D, then the density for a 1/2 dilution was D/2.
In the OD range of 0.1^1.0, the relationship between the
density and the OD is linear with r=0.987, with the rela-
tionship of N=1712.877UOD550, where N is the density
in ‘colony-forming units (i.e. viable cells) U106 per milli-
liter (CFUU106 ml31)’.

The protocol above ignores the possibility that the pro-
portion of dead cells may di¡er in di¡erent growth phases.
For example, if a large proportion of cells are dead at the
stationary phase but no cell is dead at the exponential
growth phase, then the standard curve established by the
protocol above would underestimate N at the exponential
growth phase. Therefore, samples were taken at di¡erent
growth phases and separate standard curves of the den-
sity^OD relationship were established. These separately
established standard curves were almost identical to each
other, and so the relationship between N and OD550 given
in the previous paragraph was used as the standard for
determining cell density from OD values.

2.5. Estimation of the growth parameters V, Wm and A

Many mathematical models have been formulated to
characterize the pattern of bacterial growth [22]. Among
these models, the Gompertz and the logistic models are
the two minimum models containing three parameters and
have been demonstrated to ¢t well to the growth of a
variety of bacterial species under a variety of culturing
conditions [22,31^33].

Zwietering et al.[22] re-parameterized the Gompertz and
the logistic models, respectively, as follows:

ln
N
N0

¼ Ae3e

eWmðV3tÞ
A

þ1

ð1Þ

ln
N
N0

¼ A

1þ e

4WmðV3tÞ
A

þ2

ð2Þ

where N (CFU ml31) is the population density at time t,
N0 (CFU ml31) the initial population density; A is the
asymptotic value (A= ln(Nr/N0)) in the bacterial growth
curve, which characterizes the maximum growth yield of
the stationary phase; Wm (h31) is the maximum growth
rate de¢ned as the tangent in the in£ection point, and
V (h) is the lag time. N0 was determined empirically as
described below. The three remaining parameters, A, Wm,
and V, were estimated by non-linear regression with the
NLIN procedure in SAS [34].

In total, 19 clones were available for determining
growth parameters at normal (35‡C) and stressful temper-
ature (45‡C), respectively. These clones were: the common
ancestor, designated as Anc; the three Control clones at

time 0 (C0-1, C0-2, C0-3), at the end of 3 months (C3-1,
C3-2, C3-3) and at the end of 10 months (C10-1, C10-2,
C10-3); the three HT clones at time 0 (HT0-1, HT0-2,
HT0-3), at the end of 3 months (HT3-1, HT3-2, HT3-3)
and at the end of 10 months (HT10-1, HT10-2, HT10-3).

The growth parameters of the C0-1, C0-2, and C0-3
clones at 35‡C serve as a reference of the performance
of the ancestral clone at 35‡C before the experiment.
The growth parameters of the HT0-1, HT0-2 and HT0-3
clones at 45‡C serve as a reference of the ancestral clone at
45‡C before the experiment. For the rest of the 19 clones,
the growth parameters were determined at both 35‡C and
45‡C. Thus, a total of 32 sets of growth parameters were
determined.

All clones were inoculated from their freezer vials and
propagated in 5 ml LB broth at 35‡C for 8 h to ensure
comparable acclimation to the experimental regime. Then,
0.5 ml of the 8-h culture was transferred into 50 ml of
fresh LB medium (with an inoculum at a ¢nal concentra-
tion of about 107 CFU ml31) in a 250-ml £ask and incu-
bated in a shaker (230 rpm) for 14 or 28 h corresponding
to the test temperature of 35 and 45‡C, respectively. The
time is set to 0 at the transfer. To characterize the three
growth parameters, samples were taken every 0.5 h during
the ¢rst 2 h of growth and then at 2-h intervals, and the
OD was measured. The initial cell density in the second
culture (i.e. N0) was evaluated by the cell density in the
¢rst 8-h culture divided by dilution fold (1% inoculum to
the second culture). If the density was too high for reading
the OD accurately (i.e. beyond the range of 0.1^1.0), the
sample was diluted. The OD of the diluted culture was
measured, and then multiplied by the ratio of dilution to
obtain the OD for the undiluted sample. Three replicate
experiments were run for estimating all the 32 sets of
growth parameters.

3. Results

Two growth models (the Gompertz and the logistic)

Fig. 1. The cell density (CFUU106 ml31) of the original P. pseudoalcali-
genes clone, cultured under di¡erent temperatures for 12 h. The cell
density was measured by plate count. Each value is the average of three
replicates. The error bars are the standard deviations.
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were used to quantify the three growth parameters, i.e. the
maximum yield (A), the maximum growth rate (Wm) and
the lag time (V). The parameter estimation was done for
the Control and HT clones at three time points : at the
beginning of the experiment, after 3 months and after 10
months of the experiment, and at two temperatures: the
normal growth temperature of 35‡C and the originally
stressful temperature of 45‡C. The HT clones, propagated
at increasing temperature, were expected to gradually di-
verge from the Control clones in their capacity to grow at
45‡C, by changing one or more of the three growth pa-
rameters. Below, the performance of the two models is
¢rst compared, and then the changes in each of the three
growth parameters of the P. pseudoalcaligenes strain are
examined in response to being cultured at increasing tem-
perature.

3.1. Comparison of the Gompertz and the logistic models

The ¢t of the model to the experimental data can be
measured by the general coe⁄cient of determination (R2).
Because the two models have the same number of param-
eters (i.e. three), a higher R2 implies a better model. The
Gompertz model had R2 values consistently higher than
the logistic model ; however, the estimated growth param-
eters from the two models were almost identical and the
high R2 values (Table 1) showed that either of the two
models was su⁄cient for modeling the growth of the

P. pseudoalcaligenes clones. Consequently, the parameters
presented below are from the Gompertz model only.

3.2. The maximum yield (A)

The Control and HT clones did not di¡er signi¢cantly
from each other at the end of 10 months (t-test, t=0.256,
DF=4, P=0.8106), or from the ancestral clone, in the
maximum yield (A) when cultured at the normal temper-
ature of 35‡C (Table 2). When cultured at the originally
stressful temperature of 45‡C, however, the HT10 clones
had a mean A value signi¢cantly higher than the three C10
clones (t-test, t=10.2755, DF=4, P=0.0005) or the three
HT0 clones (paired-sample t-test, t=21.9399, DF=2,
P=0.0021). Thus, culturing the clones at increasing tem-
perature for 10 months allows the clones to reach a sig-
ni¢cantly higher maximum yield at the originally stressful
temperature of 45‡C.

All clones, except for the three HT10 clones, had A
values signi¢cantly lower when cultured at 45‡C than
when cultured at 35‡C (Table 2). It is interesting to note
that the three HT10 clones had a high mean A value at
both 35‡C and 45‡C. Thus, as far as the maximum yield
was concerned, a gain at 45‡C did not imply a loss at
35‡C.

3.3. The maximum growth rate (Wm)

When the clones were cultured at 35‡C, the Wm value did
not di¡er much between the Control or HT clones, with
t=1.1023, DF=4, P=0.3322 for C3 and HT3 clones, and
t=0.4639, DF=4, P=0.6668 for C10 and HT10 clones,
based on data in Table 3. When the clones were cultured
at 45‡C, however, the mean Wm value di¡ered signi¢cantly
between the Control and the HT clones, being 0.2667 for

Table 1
Comparison of the ¢t between the two models of bacterial growth
(Gompertz model and logistic model)

Clones 35‡C 45‡C

Gompertz Logistic Gompertz Logistic

Anc 0.9980 0.9962 0.9894 0.9842
C0+HT0 0.9984 0.9968 0.9774 0.9757

0.9930 0.9907 0.9662 0.9603
0.9899 0.9863 0.9863 0.9850

C3 0.9973 0.9942 0.9882 0.9818
0.9964 0.9935 0.9776 0.9722
0.9953 0.9919 0.9788 0.9717

HT3 0.9966 0.9937 0.9958 0.9899
0.9950 0.9921 0.9932 0.9893
0.9963 0.9940 0.9899 0.9846

C10 0.9959 0.9928 0.9935 0.9920
0.9962 0.9935 0.9907 0.9911
0.9969 0.9938 0.9909 0.9907

HT10 0.9970 0.9942 0.9980 0.9968
0.9967 0.9939 0.9976 0.9960
0.9974 0.9955 0.9982 0.9967

The ¢t is measured by the coe⁄cients of determination (R2).
Note: Anc refers to the Ancestor clone.
C0 and HT0 refer to the Control and HT clones at time 0 of the experi-
ment.
C3 and HT3 refer to the Control and HT clones after 3 months of the
experiment.
C10 and HT10 refer to the Control and HT clones after 10 months of
the experiment.

Table 2
Estimated A values (maximum yield reached). Symbols as in Table 1

35‡Ca 45‡Ca

Clone ID A S.E.b Clone ID A S.E.b

Anc 4.6477 0.0474 Anc 3.3848 0.0915
C0-1 4.6563 0.0413 HT0-1 3.4637 0.1460
C0-2 4.6569 0.0851 HT0-2 3.6503 0.1870
C0-3 4.6633 0.1076 HT0-3 3.3586 0.0959
C3-1 4.6284 0.0503 C3-1 3.6973 0.1166
C3-2 4.6447 0.0618 C3-2 2.8906 0.1022
C3-3 4.8628 0.0718 C3-3 3.0395 0.1145
HT3-1 4.5758 0.0571 HT3-1 4.0641 0.0653
HT3-2 4.6378 0.0716 HT3-2 3.3227 0.0566
HT3-3 4.8407 0.0661 HT3-3 3.6964 0.0816
C10-1 4.5726 0.0611 C10-1 3.3560 0.0662
C10-2 4.7964 0.0627 C10-2 3.7049 0.0821
C10-3 4.9482 0.0602 C10-3 3.5854 0.0858
HT10-1 4.6342 0.0526 HT10-1 4.6306 0.0358
HT10-2 4.6558 0.0564 HT10-2 4.7223 0.0411
HT10-3 4.9180 0.0571 HT10-3 4.6145 0.0352

aAssessment temperature.
bStandard error.
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the three C3 clones and 0.4244 for the three HT3 clones
(t=4.1898, DF=4, P=0.01381), and being 0.3490 for the
three C10 clones and 1.3831 for the three HT10 clones
(t=10.8977, DF=4, P=0.0004). Thus, culturing the
clones at increasing temperature allowed the clones to be-
come increasingly adaptive to growing at 45‡C (Table 3).

Apart from the di¡erence in Wm between the Control
and the HT clones, a clear adaptation to the culture me-
dium of the clones was also observed. For the Wm values
quanti¢ed at 35‡C, the average Wm value was 1.1735 for
the ancestral clone and the three C0 clones, 1.4133 for the
three C3 clones and 1.5184 for the three C10 clones. The
di¡erence among the three means was statistically signi¢-
cant, based on a one-way analysis of variance (F=6.8076,
DFbetween = 2, DFwithin = 7, P=0.0228). Thus, the Wm value
steadily increased with culturing time.

For the Wm values estimated at 45‡C, the average Wm

value did not di¡er between the three HT0 clones plus
the ancestral clone and the three C3 clones (t-test,
t=0.9456, DF=5, P=0.3878). However, these clones
pooled together had a mean Wm value ( = 0.2776) that
was signi¢cantly lower than that for the three C10 groups
( = 0.3490), with t=32.6713, DF=8 and P=0.0283. This
is consistent with the results of the Wm values quanti¢ed at
the culturing temperature of 35‡C. In short, the 10 months
of culturing time at a constant temperature of 35‡C pro-
duced clones that grew faster than the ancestral clones at
both 35 and 45‡C. This suggests the importance of having
the Control clones. If Control clones had not been used,
the HT10 clones might have been compared with the HT0
clones or the ancestral clone, and all di¡erences might
have been attributed to culturing at the increasing temper-
ature. Such an attribution clearly would be erroneous,
because even if temperature has no e¡ect, the HT10

clones, after evolving for 10 months in the culture me-
dium, would be di¡erent from the original clones at the
beginning of the experiment.

Consistent with this observation, the maximum yield (A)
examined in the previous section also increased with cul-
turing time, with the mean A value being 4.6561 for the
ancestral clone and the three C0 clones, 4.7120 for the
three C3 clones and 4.7724 for the three C10 clones. The
di¡erence, however, was not statistically signi¢cant. This
suggested that Wm could change more readily with envi-
ronmental changes than A.

All clones, except for the three HT10 clones, had Wm

values signi¢cantly lower when cultured at 45‡C than
when cultured at 35‡C (Table 3). It is interesting to note
that the three HT10 clones had a high mean Wm value at
both 35 and 45‡C. Thus, as far as Wm was concerned, a
gain at 45‡C did not imply a loss at 35‡C, consistent with
the estimated A values.

3.4. The lag time (V)

Culturing the clones at increasing temperature had a
signi¢cant e¡ect on the lag time (V ; Table 4). After
3 months of culturing at increasing temperature, the three
HT3 clones, growing at 45‡C, had a shorter mean lag time
( = 1.8055) than the three C3 clones ( = 2.6216), although
the di¡erence was not statistically signi¢cant. The di¡er-
ence in the mean V value between the C10 (mean
V=3.0209) and HT10 (mean V=1.3147) clones was signif-
icant (t=7.6958, DF=4, P=0.0015).

All clones, except for the three HT10 clones, had
V values lower when growing at 35‡C than when growing
at 45‡C. The three HT10 clones, growing at 45‡C, had
V values as low as those of the clones growing at the

Table 3
Estimated Wm values (maximum growth rate, h31)

35‡Ca 45‡Ca

Clone ID Wm S.E.b Clone ID Wm S.E.b

Anc 1.1230 0.0487 Anc 0.2794 0.0200
C0-1 1.1970 0.0474 HT0-1 0.2667 0.0276
C0-2 1.2819 0.1137 HT0-2 0.2707 0.0321
C0-3 1.0921 0.1053 HT0-3 0.3261 0.0287
C3-1 1.6078 0.1080 C3-1 0.2596 0.0180
C3-2 1.2274 0.0764 C3-2 0.2940 0.0322
C3-3 1.4047 0.1054 C3-3 0.2466 0.0228
HT3-1 1.3442 0.0865 HT3-1 0.3563 0.0153
HT3-2 1.3159 0.1001 HT3-2 0.4715 0.0320
HT3-3 1.1793 0.0696 HT3-3 0.4454 0.0342
C10-1 1.5887 0.1296 C10-1 0.3126 0.0181
C10-2 1.5627 0.1122 C10-2 0.4218 0.0332
C10-3 1.4038 0.0858 C10-3 0.3127 0.0202
HT10-1 1.6578 0.1172 HT10-1 1.5407 0.0839
HT10-2 1.5112 0.1020 HT10-2 1.3706 0.0769
HT10-3 1.1693 0.0571 HT10-3 1.2379 0.0575

Symbols as in Table 1.
aAssessment temperature.
bStandard error.

Table 4
Estimated V values (lag time, h)

35‡Ca 45‡Ca

Clone ID V S.E.b Clone ID V S.E.b

Anc 1.2725 0.0802 Anc 3.7736 0.4084
C0-1 1.2560 0.0677 HT0-1 4.6272 0.6059
C0-2 1.0586 0.1297 HT0-2 2.9834 0.7353
C0-3 1.1118 0.1760 HT0-3 4.3040 0.4437
C3-1 1.0482 0.0715 C3-1 3.5406 0.4402
C3-2 1.0500 0.0959 C3-2 2.3359 0.5348
C3-3 1.0582 0.1028 C3-3 1.9882 0.5359
HT3-1 1.0705 0.0864 HT3-1 2.2541 0.2362
HT3-2 1.1382 0.1094 HT3-2 1.5125 0.2338
HT3-3 1.1165 0.1028 HT3-3 1.6498 0.3130
C10-1 1.1127 0.0876 C10-1 3.1353 0.3059
C10-2 1.2593 0.0886 C10-2 3.3287 0.3526
C10-3 1.0247 0.0851 C10-3 2.5988 0.3583
HT10-1 1.1652 0.0736 HT10-1 1.3725 0.0697
HT10-2 1.1752 0.0812 HT10-2 1.2416 0.0827
HT10-3 1.3661 0.0946 HT10-3 1.3301 0.0788

Symbols as in Table 1.
aAssessment temperature.
bStandard error.
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temperature of 35‡C. Thus, as far as the V value was con-
cerned, a reduction of the lag time at 45‡C did not imply
an increase of the lag time at 35‡C.

Adaptation of the clones to the medium did not seem to
lower V when we compare the V values among the Control
clones. The three Control clones at the end of the 10
months of culturing did not have a lower V value than
these clones at the beginning of the selection experiment
(paired-sample t-test, t=0.0929, DF=2, P=0.9344). This
is di¡erent from the growth parameter Wm, which showed
signi¢cant di¡erence between the Control clones at the end
of the 10 months and the Control clones at the beginning
of the selection experiment.

4. Discussion

Rapid cell growth and replication are crucial to the
survival of bacterial species. The cell growth and replica-
tion of bacterial species are mainly correlated to the three
growth parameters, namely the maximum yield (A), the
maximum rate of increase (Wm) and the lag time (V). Pre-
vious studies [12,13,15,17,18] have shown that E. coli cul-
tured in a novel temperature for thousands of generations
is more competitive than the ancestral strain. Most likely,
some or all of the three growth parameters might have
changed during the adaptation process. However, these
studies have not examined which growth parameter re-
sponds to selection under increased temperature.

In this study, we have shown that all three parameters
responded to selection under increasing temperature in the
P. pseudoalcaligenes strain. The original strain grew poorly
at 45‡C, with low A values, low W values and high V values
relative to the corresponding growth parameters at 35‡C.
However, after being cultured at increasing temperature
for 10 months, the clones grew well at 45‡C, with the
growth parameters comparable to those at 35‡C (Tables
2^4).

In one study [23], the three parameters were not esti-
mated simultaneously. Separate estimation without a co-
herent model would confound the estimation and produce
biased estimates. Although some kind of adaptation in
bacterial strains is generally observed after the bacteria
have been cultured for a long time under novel temper-
ature, there is no experiment that is rigorous enough to
conclude that the adaptation results from the improve-
ment of all three parameters. This is signi¢cant, because
without this experiment, there are many possible scenar-
ios. For example, only one parameter improves, but the
other two remain the same (three possibilities) ; one pa-
rameter improves, but two others get worse and the im-
provement outweighs the deterioration of the other two,
so that the overall growth is still increased (three possibil-
ities) ; two parameters improve, but the other remains the
same (also three possibilities) ; two parameters improve
and the other gets worse, but the improvement in the

two parameters o¡sets the deterioration in the other
(also three possibilities). Hence, the results in the present
study extend the study of thermal adaptation in E. coli.

Most studies on thermal adaptation have been carried
out with implicit or explicit references to the evolutionary
capabilities of natural populations in responding to global
warming [35]. In E. coli [12], it takes just about 1 month of
culturing in increasing temperature to produce adaptation
comparable to that achieved in P. pseudoalcaligenes after
culturing for 10 months. This implies that di¡erent species,
even within the eubacterial kingdom, could di¡er dramat-
ically in their response time to changing temperatures. The
relatively slow response of P. pseudoalcaligenes docu-
mented in our study may imply a much longer period
for eukaryotes to evolve new adaptation to changing tem-
perature.

Exactly what genetic changes had occurred to allow the
HT clones to grow well at 45‡C is unknown. Several hy-
potheses can be proposed. It is well documented that bac-
teria adapted to di¡erent thermal environments may alter
the fatty acid composition of the cell membrane [36^38].
Adaptation to high temperature may enhance the ratio of
saturated to unsaturated fatty acids in the cell membranes
[39,40]. The membrane £uidity of the organism is altered
e¡ectively by changes in fatty acid composition. By such
means, organisms can regulate the activity of vital mem-
brane-bound enzymes and transport systems [38], and ad-
just the uptake of nutrients, so as to improve the capacity
of the HT clones to grow at high temperature.

One thing that is particularly worth noting is that the
HT10 clones, adapted to growing at 45‡C, did not show
decreased growth at 35‡C, as evidenced by the three pa-
rameters quanti¢ed at both temperatures (Tables 2^4).
The clones simply widened the temperature range for
growth.

Trade-o¡ is a common phenomenon in evolution. In-
creased reproductive output typically is associated with a
reduction in longevity. A species adapted to cold temper-
ature generally cannot survive and reproduce well in a hot
climate. All these observations very naturally lead to the
hypothesis of ‘Jack of all trades, master of none’. The
present results, together with those of other experimental
selection studies [18], suggest that this hypothesis may not
be general. However, this present study has the defect of
not comparing the performance of the groups at temper-
atures lower than 35‡C, and the data, consequently, are
insu⁄cient to reject the hypothesis.
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