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ABSTRACT

Five isolates from chilled food and refrigerator inner surfaces and closely related reference strains of the species Escherichia coli,
Listeria monocytogenes, Staphylococcus xylosus, Bacillus cereus, Pedobacter nutrimenti, and Pedobacter panaciterrae were
tested for the effect of growth temperature (30°C and 10°C) on biomass formation. Growth was monitored via optical density,
and biomass formation was measured at the early stationary phase based on the following parameters in complex and defined
media: viable cell count, total cell count, cell dry weight, whole-cell protein content, and cell morphology. According to the lack
of growth at 1°C, all strains were assigned to the thermal class of mesophiles. Glucose and ammonium consumption related to
cell yield were analyzed in defined media. Except for the protein content, temperature had a significant (t test, P < 0.05) effect on
all biomass formation parameters for each strain. The results show a significant difference between the isolates and the related
reference strains. Isolates achieved an increase in biomass production between 20% and 110% at the 10°C temperature, which is
15 to 25°C lower than their maximum growth rate temperatures. In contrast, reference strains showed a maximum increase of
only about 25%, and some reference strains showed no increase or a decrease of approximately 25%. As expected, growth rates
for all strains were higher at 30°C than at 10°C, while biomass production for isolates was higher at 10°C than at 30°C. In con-
trast, the reference strains showed similar growth yields at the two temperatures. This also demonstrates for mesophilic bacterial
strains more efficient nutrient assimilation during growth at low temperatures. Until now, this characteristic was attributed only
to psychrophilic microorganisms.

IMPORTANCE

For several psychrophilic species, increased biomass formation was described at temperatures lower than optimum growth tem-
peratures, which are defined by the highest growth rate. This work shows increased biomass formation at low growth tempera-
tures for mesophilic isolates. A comparison with closely related reference strains from culture collections showed a significantly
smaller increase or no increase in biomass formation. This indicates a loss of specific adaptive mechanisms (e.g., cold adapta-
tion) for mesophiles during long-term cultivation. The increased biomass production for mesophiles under low-temperature
conditions opens new avenues for a more efficient biotechnological transformation of nutrients to microbial biomass. These
findings may also be important for risk assessment of cooled foods since risk potential is often correlated with the cell numbers
present in food samples.

Temperature has an obvious influence on the physiological
functions and, consequently, on the growth and survival of

bacteria (1, 2). Accordingly, bacteria have adapted to the specific
temperature ranges of various environments, which can be sum-
marized in different temperature classes.

Cold-adapted microorganisms are classified as psychrophiles.
They are able to grow at temperatures close to the freezing point
through various adaptation mechanisms on multiple cell levels
(3). In some cases, microbial growth was reported at temperatures
as low as �17°C (4). The somewhat controversial differentiation
between psychrophiles and psychrotrophs was introduced due to
their different optimum growth temperatures (5). The two groups
grow well at 0°C, but psychrophiles have an optimum growth
temperature below 20°C while psychrotrophs have an optimum
growth temperature between 20 and 40°C.

Margesin (6) pointed to the ambiguous use of the term “opti-
mum growth temperature,” which did not differentiate between
the optimal temperature for growth rate and that for growth yield.
Usually, this term refers to the temperature of maximum growth
rate (�max), which may be different from the temperature of max-
imum biomass yield. Margesin (6) demonstrated for several psy-

chrophilic bacterial and yeast strains that biomass formation in
the stationary growth phase was higher if cultures were grown
20°C below the temperature of �max. Therefore, one cannot speak
of a single optimum growth temperature in this case. The in-
creased cell yields of psychrophilic and psychrotrophic species at
temperatures below maximum growth rate temperatures have
been described for strains from several taxonomic groups (7–10).

The mentioned effect differs from the prevailing conception
for mesophilic bacteria. These organisms will have the largest cell
yield at the temperature with the maximum growth rate. Conse-
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quently, the maximum biomass formed remains constant over the
range of the maximum growth rate (11, 12). In such a case, the
term “optimal growth temperature” is unambiguous. Margesin
(6) confirmed increased biomass formation at low temperatures
for two strains of the psychrophilic species, Pedobacter piscium
(later reclassified as Pedobacter antarcticus [13]) and Pedobacter
cryoconitis, but also showed a weak increase of biomass formation
for a strain of the mesophilic species, Pedobacter heparinus. In
contrast, various experiments done by our group with food-re-
lated bacterial isolates showed clearly increased biomass forma-
tion at low temperatures as well. All of these isolates were charac-
terized as mesophiles by their growth rates, which are significantly
higher at 30°C than at 10°C. This led us to perform further growth
experiments to support and confirm the increased biomass for-
mation of bacterial isolates from food products.

In this study, five bacterial isolates from different phyla and
their closest related type strains were tested for the effects of tem-
perature on growth parameters, including optical density (OD),
viable and total cell numbers, total cell protein concentration, and
cell dry mass, to identify correlations between biomass formation
and growth temperature. The closest relative type strains were
tested in order to identify differences in growth parameters and
thereby maximum biomass formations due to their long-term
storage and growth at the so-called optimal growth temperatures,
temperatures with the highest growth rates. Additional growth
tests in defined media enabled us to balance the carbohydrate and
nitrogen consumption per milligram of cells (dry weight) and
thus provided insight into the principles for elevated biomass for-
mation at low temperatures.

MATERIALS AND METHODS
Microbial strains. Five bacterial strains from different chilled foods and
refrigerator inner surfaces were isolated in the course of previous projects,
identified by fatty acid analyses and 16S rRNA gene sequencing, and used
in this study. As reference strains, the most closely related type strains
based on 16S rRNA gene sequence similarities were selected and included
in this study.

The following isolates were tested: Bacillus cereus J1 isolated from an
inner surface of a refrigerator, Escherichia coli J55 isolated from ice cream,
Listeria monocytogenes Iso 11/13 isolated from chilled minced meat,
Staphylococcus xylosus J70 isolated from raw milk stored in a milk tank,
and Pedobacter nutrimenti J22T isolated from fresh tortellini (chilled). The
respective reference strains were Bacillus cereus DSM 31T, Escherichia coli
DSM 30083T, Listeria monocytogenes DSM 20600T, Staphylococcus xylosus
DSM 20266T, and Pedobacter panaciterrae LMG 23400T, which were all
classified as mesophilic bacteria (14–20). In this study, the term “meso-
philic” was used for the tested strains because none of the strains showed
growth at 1°C in a complex medium (6).

Culture media and cultivation. Growth experiments were performed
in triplicate in a complex medium as well as in defined media. The com-
plex medium used was Caso-Bouillon (105459; Merck) and was com-
posed of peptone from casein (17.0 g/liter), peptone from soymeal (3.0
g/liter), D-(�)-glucose (2.5 g/liter), sodium chloride (5.0 g/liter), and di-
potassium hydrogen phosphate (2.5 g/liter). For the growth of L. mono-
cytogenes strains, yeast extract (6.0 g/liter) was added.

Furthermore, each strain was cultured in an appropriate defined me-
dium with an identical glucose concentration. Betaine was added to every
defined medium to support growth at 10°C (21, 22). Defined media were
used to enable subsequent determination of glucose and ammonium con-
sumption.

E. coli strains were cultivated in M9 defined medium (modified as
described by Sambrook et al. [23]), which was composed of
Na2HPO4·2H2O, 90.2 mM; KH2PO4, 22.0 mM; NaCl, 8.6 mM;

(NH4)2SO4, 18.7 mM; MgSO4·6H2O, 2.0 mM; CaCl2·2H2O, 0.1 mM; glu-
cose monohydrate, 50.5 mM; and betaine, 2.0 mM.

L. monocytogenes strains were cultured in modified Hsiang-Ning Tsai
medium (HTM) (24), which was composed of MOPS (morpholinepro-
panesulfonic acid) adjusted with NaOH to pH 7.4; Na2HPO4·2H2O, 4.82
mM; KH2PO4, 11.55 mM; MgSO4·6H2O, 1.70 mM; ammonium ferric
citrate, 0.76 �M; glucose monohydrate, 50.5 mM; thiamine, 2.96 �M;
riboflavin, 1.33 �M; biotin, 2.05 �M; lipoic acid, 24.00 pM; (NH4)2SO4,
4.55 mM; betaine, 2.0 mM; and histidine, tryptophan, leucine, isoleucine,
valine, arginine, cysteine, and methionine at 100 mg liter�1 each.

For cultivation of S. xylosus strains, Hussain, Hastings and White
(HHW) medium (25) was used. The HHW medium supplemented with
ammonium sulfate consisted of Na2HPO4·2H2O, 44.65 mM; KH2PO4, 22
mM; glucose monohydrate, 50.5 mM; (NH4)2SO4, 18.7 mM; betaine, 2.0
mM; MgSO4·6H2O, 1.1 mM; CaCl2·2H2O, 0.05 mM; MnSO4, 33.11 �M;
ammonium ferric citrate, 22.9 �M; adenine sulfate, 20 mg liter�1;
guanosine, 20 mg liter�1; biotin, 0.1 mg liter�1; nicotinic acid, 2 mg li-
ter�1; D-pantothenic acid, 2 mg liter�1; pyridoxal, 4 mg liter�1; riboflavin,
2 mg liter�1; thiamine, 2 mg liter�1; alanine, arginine, cysteine, glycine,
histidine, lysine, methionine, phenylalanine, serine, tryptophan, tyrosine,
100 mg liter�1 each; and aspartic acid, glutamic acid, isoleucine, proline,
threonine, valine at 150 mg liter�1 each. The final pH value was adjusted
to 7.2.

B. cereus strains were grown in basic MOPS-buffered defined medium
(modified as described by Milner et al. [26]), which was composed of
MOPS, 50 mM; glucose monohydrate, 50.5 mM; betaine, 2 mM; KH2PO4,
7.5 mM; (NH4)2SO4, 15 mM; MgSO4, 0.8 mM; and thiamine, 10 mg
liter�1. It was supplemented with micronutrients, H3BO3, 23 �M; CuSO4,
0.6 �M; MnSO4, 0.9 �M; (NH4)6Mo7O2, 44 nM; and ZnSO4, 1.5 �M, and
also with the following amino acids as described by Agata et al. (27):
valine, threonine, leucine, and glutamic acid at 0.3 g liter�1 each and
glycine, histidine, and aspartic acid at 0.1 g liter�1.

Pedobacter strains were grown in a modified defined medium as de-
scribed by Yoon et al. (19). The defined medium consisted of the following
basal salts: glucose monohydrate, 50.5 mM; betaine, 2 mM; K2HPO4, 10.3
mM; KH2PO4, 7.9 mM; NH4Cl, 93.5 mM; KCl, 1.3 mM; MgSO4, 0.8 mM;
and CaCl2, 0.5 mM. A vitamin solution (28), an SL-10 trace element
solution (29), and a tungsten-selenite solution (30) were added to the
basal salts, and the pH value was adjusted to 6.8. In addition, the same
amino acids as those mentioned for the HHW defined medium were
added to the medium to allow growth at 10°C.

Strains were cultured in 300-ml Erlenmeyer flasks containing 100 ml
of complex or defined medium (see above) and inoculated with a precul-
ture grown in the same medium at 30°C and 150 rpm to give an initial
optical density at 625 nm (OD625) of 0.03 (complex medium) or 0.01
(defined medium). Each strain was cultured at 30°C and 10°C at 150 rpm.
The growth was documented by optical density at 625 nm.

Analytical methods. Optical density (OD) was measured with a UV-
visible (UV-Vis) spectrophotometer (Genesys 10 UV scanning; Thermo
Fisher Scientific, Waltham, MA, USA) at 625 nm. Numbers of viable cells
were determined by the plate count method on tryptic soy agar (105458;
Merck). To support growth of L. monocytogenes strains, yeast extract (6.0
g/liter) was added. CFU were counted after 24 h at 30°C for strains of the
species E. coli, S. xylosus, and B. cereus, after 1 to 2 days at 30°C for L.
monocytogenes strains, and after 2 days at 30°C for strains of the species P.
panaciterrae and P. nutrimenti. Plates containing 10 to 300 colonies were
used for statistically valid enumeration. To determine cell dry mass, cul-
tures were centrifuged at 12,800 � g and 4°C for 30 min. The pellet was
lyophilized overnight at �56°C and 30 Pa before weighing.

Total cell counts were determined by epifluorescent direct counting as
reviewed by Kepner and Pratt (31). Cells were stained with fluorochrome
4=,6-diamidino-2-phenylindole (DAPI). For an even distribution of bac-
teria on filter surfaces and better DAPI staining, cells were immediately
fixed with ethanol at 4°C for 1 to 2 h. For this purpose, samples were mixed
with filter-sterilized 70% ethanol (pore size, 0.2 �m) to a total volume of
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30 ml. For quantification, cells were collected on cellulose acetate filters
(47-mm diameter and 0.22-�m pore size; Sartorius, Germany) using a
vacuum pump (type N035AN.18; KNF Neuberger, Germany). After air
drying, 50 to 100 �l DAPI (1 �g/ml) was applied to the filter and stained
for 10 min at 4°C in the dark. Stained filters were washed with filter-
sterilized double-distilled water (ddH2O) and air dried again. The cut
filters were placed on microscope slides. The enumeration and deter-
mination of cell sizes were performed at 1,000� magnification using
an Axio Scope.A1 microscope with an HXP 120-V microscope illumi-
nator (Zeiss, Germany) and an AxioCam MRm microscope camera (1
in., 1.0�; Zeiss, Germany) and the corresponding software ZEN 2012
blue edition (Zeiss, Germany). The total cell count per milliliter was
estimated from 10 to 20 randomly chosen microscope fields, containing
10 to 50 cells. A total of at least 200 cells were counted. For determination
of cell sizes, the parameters fiber length, width, diameter (for cocci), and
cell area were calculated based on the contrast difference between cells and
matrix using the software ZEN 2012 blue edition (Zeiss, Germany). Ap-
proximately 100 to 200 cells were measured per batch, and results were
summarized and are presented in box plots.

The protein content of the cells was determined using the biuret
method of Robinson and Hodgen (32) as modified by Stickland (33).
Prior to the analyses, samples were washed twice with cold ddH2O.

The glucose concentration of the medium was analyzed from the su-
pernatant of the cultures after centrifugation at 12,800 � g and 4°C for 30
min and after acetylation of the saccharide according to Li et al. (34). An
aliquot of 100 �l of supernatant was diluted 1:10 in dimethyl sulfoxide
(DMSO), and 500 �l of this dilution was mixed with 375 �l of acetic
anhydride and 75 �l of 1-methylimidazole in a glass tube and stirred for 10
min. The excess of acetic anhydride was removed by the addition of 1.5 ml
ddH2O. Acetylated saccharide was extracted after addition of 500 �l di-
chloromethane. Then, the tubes were centrifuged for 1 min to separate the
organic phase. One microliter of the lower methylene chloride phase was
injected for gas chromatography-mass spectrometry (GC-MS) analysis.
Glucose standards with concentrations of 50, 25, 12.5, 6.25, 2.5, 1.0, and
0.5 ng/�l diluted in DMSO were acetylated and analyzed in parallel with
the supernatant samples. A 7890A GC system connected to a 5975C inert
MSD triple-axis detector, a 7683 series autosampler, and a 7683B series
injector (Agilent, Santa Clara, CA, USA) was used for the quantification of
acetylated glucose derivatives on a 5% phenylmethyl silicone capillary
column (0.25 mm by 30 m, 0.25-�m film thickness; Agilent, USA). Mass
detection was carried out in full scan mode and in selected ion monitoring
(SIM) mode simultaneously. The oven temperatures were adjusted as
follows: initiation at 100°C and then gradually ramped up to 190°C (12°C/
min) and held for 6 min, ramped up to 250°C (30°C/min) and held for 6
min, and ramped up to 280°C (40°C/min) and held for 10 min. The
temperature at the injector port was programmed to 250°C, and the tem-
perature at the detector port was programmed to 260°C. Helium was
used as the carrier gas at a constant flow rate of 1.0 ml/min. ChemSta-
tion software (Agilent, Santa Clara, CA, USA) was used for data acqui-
sition and analysis. Glucose was identified according to the retention
time of the standard and the main fragment ions (�-D-glucopyranose
acetyl ester; m/z, 115, 157, and 98).

Ammonium content was analyzed photometrically based on the
Nessler reaction from supernatants according to Streuli and Averell (35).
A calibration curve with ammonium chloride concentrations of 500 �M,
250 �M, 125 �M, 62.5 �M, 31.25 �M, 15.625 �M, and 0 �M was used.
The absorbance was measured at 430 nm with the Genesys 10 UV scan-
ning spectrophotometer (Thermo Fisher Scientific, USA).

Statistical evaluation. Differences in growth parameters for the two
temperatures were tested for their significance. For this purpose, normal
distribution of the data was confirmed by the Shapiro-Wilk test. Potential
outlier values were determined using Grubbs outlier tests (36). The eval-
uation of the data was performed using a two-sample t test (P � 0.05).
Differences between the two temperatures were considered significant if
the P value was �0.05.

RESULTS
Growth in complex medium. Growth of isolates and reference
strains was monitored from inoculation until the stationary
growth phase (data not shown). Points of maximum optical den-
sity in the early stationary growth phase were used for analysis of
viable and total cell numbers, total cell protein, cell dry mass, and
cell size. The results of the Shapiro-Wilk test showed a normal
distribution for all sampling groups. This allowed subsequent sig-
nificance tests based on two-sample t tests. Growth temperature
had a significant (P � 0.05) effect on all growth parameters
(OD625, growth rate, viable and total cell count, cell dry weight,
and whole-cell protein concentration) for each strain. As ex-
pected, maximum growth rates were higher at 30°C than at 10°C
for all strains. The measured growth rates confirmed the classifi-
cation of the species tested as mesophilic microorganisms.
Growth rates at 30°C were 3-fold to 17-fold higher than the
growth rates at 10°C. In contrast, maximum growth parameter
indicators of biomass formation were higher at 10°C for the iso-
lates E. coli J55, L. monocytogenes Iso 11/13, S. xylosus J70, B. cereus
J1, and P. nutrimenti J22T. Increases in biomass formation, based
on optical density, of between 20% and 100% were recorded for
these isolates. The reference strains showed no change (S. xylosus
DSM 20266T), a slight increase of about 25% (L. monocytogenes
DSM 20600T, E. coli DSM 30083T, P. panaciterrae LMG 23400T),
or a slight decrease of about 25% (B. cereus DSM 31T) in optical
density (Fig. 1A). No cell counts were determined for B. cereus J1
because of filamentous growth on solid and liquid media.

The increases in cell yields for the isolates at 10°C, indicated by
OD625 values, corresponded well to viable cell count, total cell
count, and cell dry weight values and partly to the protein concen-
tration of whole cells. For the latter parameter, E. coli J55 and S.
xylosus J70 showed inverse behaviors compared to those of the
other growth parameters (Fig. 1A to F).

Because OD values can be affected significantly by cell mor-
phology, temperature-dependent changes in cell morphology
were checked by microscopy. Temperature-dependent deforma-
tions or other unusual cell morphologies were not observed. Be-
cause temperature-dependent changes in cell length, width, and
area were consistent for each strain, only data for cell area are
presented in Fig. 2. While S. xylosus and B. cereus strains showed
no changes in cell area at different temperatures (data not shown),
E. coli J55, L. monocytogenes DSM 20600T, and the two Pedobacter
strains showed only a marginal decrease in cell dimensions at 10°C
versus 30°C (Fig. 2).

The absence of significant temperature-dependent changes in
cell size indicated that OD is adequate to monitor bacterial
growth. All data, except protein concentration, consistently
confirmed the substantial increase in biomass formation and
cell concentration for the isolates with low growth tempera-
tures. In contrast, for the closely related reference strains, this
effect was much smaller or even absent. Thus, B. cereus J1 and P.
nutrimenti J22 showed a doubling of biomass formation at 10°C
compared to that at 30°C, whereas the reference strains achieved
only a maximum increase of about 25% of growth parameters
(Fig. 1C). In contrast to the cell yield, the growth rates were higher
for all isolates and reference strains at 30°C. This demonstrates
that the maxima of cell yield and growth rates were linked to
different growth temperatures for mesophilic isolates. However,
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this phenomenon was not observed for mesophilic reference
strains.

Growth in defined medium. Preliminary experiments with the
E. coli strains demonstrated the enhancing effect of betaine sup-
plement on growth yield at 10°C (Table 1). Without betaine sup-
plementation, strain E. coli DSM 30083T attained an approxi-
mately 70% lower optical density at 10°C than at 30°C, and the
isolate E. coli J55 achieved at 10°C the same OD values as those at
30°C. Since it is known that compatible solutes can act as a part of
cold adaptation (37), M9 medium was supplemented with 2 mM
betaine. Supplementation with 2 mM betaine increased the bio-
mass formation of E. coli strains more than 2-fold in the defined
M9 medium and therefore was used as the standard supplement
for all defined media (Table 1).

Also, for growth in a defined medium, temperature had a sig-
nificant (P � 0.05) impact on the majority of the growth param-
eters (OD625, growth rate, viable and total cell counts, cell dry
weight, and whole-cell protein content) for each strain. The only
exceptions were the OD of P. nutrimenti J22, the cell counts of E.
coli J55 and L. monocytogenes DSM 20600T, and the protein con-
tent of S. xylosus DSM 20266T (Fig. 3). Pedobacter panaciterrae
LMG 23400T showed no growth at all at 10°C. As expected, �max

values were lower than those in the complex medium, but the
growth rate ratios between the two temperatures were comparable
to those observed in the complex medium. In contrast to the
growth in the complex medium, only the two E. coli strains and the
isolate S. xylosus J70 showed increased maximum OD values at
10°C in defined media. For the B. cereus and Pedobacter strains,

none of the growth parameters indicated an increase in biomass
formation at low temperatures. No increase in growth parameters
was observed for L. monocytogenes DSM 20600T. Interestingly, the
isolate L. monocytogenes Iso 11/13 showed an increase in viable cell
count, total cell numbers, and cell dry weight at 10°C, even though
optical density decreased slightly at low temperatures. Generally,
the OD625 values corresponded well to viable cell counts, total cell
counts, and cell dry weights, with some exceptions probably re-
lated to the changes in cell size. The protein content decreased for
all isolates and reference strains, except the two S. xylosus strains
(Fig. 3F). The experiments performed in defined medium showed
that the increased biomass production under low-temperature
growth is much more pronounced in the complex medium.

Also, for growth in defined media, deformations or other un-
usual cell morphologies were not observed at the two tempera-
tures. Pedobacter strains showed no change in cell size at the two
temperatures. B. cereus J1 cell dimensions were not determined
due to the formation of long cell filaments without clearly sepa-
rated single cells (data not shown). As in the complex medium, the
temperature had no effect on the cell size of the two S. xylosus
strains. In contrast, E. coli and L. monocytogenes strains showed
significant increases in cell area at 10°C compared to that at 30°C,
in which the mean values had nearly doubled (Fig. 4). Due to the
small L. monocytogenes cells at 30°C, the increase in cell size at
10°C had also resulted in a cell shape change from coccoidal to
ellipsoidal.

Defined media were used to analyze the C and N source con-
sumption in more detail. Final concentrations of glucose and am-

FIG 1 Effect of temperature (30°C, gray bars; 10°C, white bars) on maximum values of optical density (A), growth rate (B), viable cell counts (C), total cell counts
(D), cell dry weight (E), and whole-cell protein content (F) of strains tested in a complex medium at the stationary growth phase. Data represent mean values (n �
3) of the isolates E. coli J55, L. monocytogenes Iso 11/13, S. xylosus J70, B. cereus J1, and P. nutrimenti J22T and the reference strains E. coli DSM 30083T, L.
monocytogenes DSM 20600T, S. xylosus DSM 20266T, B. cereus DSM 31T, and P. panaciterrae LMG 23400T. No cell counts were determined for B. cereus J1 because
of filamentous growth on solid and liquid media. *, statistically significant differences (t test, P � 0.05) between the temperatures for each strain. Values marked
with “n.s.” are not significantly different.

FIG 2 Cell areas of E. coli, L. monocytogenes, and Pedobacter strains in complex medium. Comparison of the cell sizes based on cell areas in square micrometers
at 30°C (gray boxes) and 10°C (white boxes). Graphical representation of key values, such as mean, median, standard deviation, and maxima, from summary
statistics via box plots (each data set, n � 200 to 300). Dots to the left of the box plots represent the distribution of the measured data values.
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monium were determined at stationary phase, and subsequently,
the cell yield per unit of consumed carbon or nitrogen source was
calculated. Figure 5A shows the cell yields in grams of cells (dry
weight) per gram of consumed glucose at 30°C and 10°C. At 30°C,
the cell yields of isolates and reference strains were at the same
level. In contrast, at 10°C, cell yields increased for the isolates
and decreased for the reference strains. The elevated cell yields
correlated well with the growth parameters for E. coli J55, L.
monocytogenes Iso 11/13, and S. xylosus J70 as shown in Table 2
and Fig. 3A to F.

Figure 5B shows cell yields per mole of ammonium consumed.
For this mass balance, only ammonia nitrogen was considered.
Betaine, amino acids, and other N sources that were supple-
mented were not considered. These supplemented amines repre-
sent between 10% and 50% of total nitrogen content. Therefore,
yields are only comparable between strains cultivated in the same
medium.

Analogous to glucose utilization, the ammonium cell yields at
30°C were almost identical for each isolate and its corresponding
type strain. At 10°C, the isolates showed a more heterogeneous
ratio of biomass production per unit of ammonium consumption
than per unit of glucose consumption. Only three isolates, E. coli
J55, L. monocytogenes Iso 11/13, and B. cereus J1, showed higher
yields than their reference strains. In contrast, isolate S. xylosus J70
showed a lower yield than its respective reference strain. The am-
monium-related cell yields correlated very well with temperature-
dependent changes in growth parameters for the isolates as well as
for the closely related type strains. For example, the increase in cell
yield per unit of consumed ammonium at 10°C for E. coli DSM
30083T (11%) and for E. coli J55 (56%) is similar to the increases in
OD and cell dry weight (Table 2; Fig. 5B).

DISCUSSION

All of the growth parameters measured in the complex medium
indicate that the analyzed mesophilic isolates and corresponding
reference strains are able to grow at the two temperatures tested.
The significantly decreased growth rates at 10°C support the clas-
sification of the tested species as mesophiles. However, a signifi-
cant difference between the isolates and their related reference
strains was noticeable. Biomass formation was significantly higher
for isolates than for the reference strains at 10°C.

Furthermore, this study demonstrated that temperatures of
high growth rates are different from those temperatures that pro-
duce high concentrations of cells or biomass. This was demon-
strated for the isolates by measuring optical density, viable cell

counts, total cell counts, and cell dry weight. An anomaly was
observed for L. monocytogenes Iso 11/13 in a defined medium.
Despite reduced OD values at 10°C, cell number and cell dry
weight values indicated an increase in biomass production (Fig.
3). This may be explained by the change in cell size and shape at
10°C. Koch (38) showed that the change from a spherical to an
ellipsoidal shape can result in a reduction of optical density of
about 15% (Table 2). Due to the individual change in cell size at
low temperatures for each strain and the concomitant impact on
the growth parameters OD625, viable cell count, and total cell
count, we abstain from a correlation analysis of these parameters
(Table 2). For those strains that showed a temperature-indepen-
dent constant cell size, viable and total cell counts also correlated
well with cell dry weight. The whole-cell protein content, however,
showed only a low correlation with temperature and thus was not
suitable as a growth parameter for the characterization of in-
creased biomass formation at low temperatures.

The results obtained in this study add a new fact to the already
known effect of increased cell yield at low temperatures, which has
been reported several times, e.g., by Herbert and Bell (7), Feller et
al. (8), Isaksen and Jørgensen (11), and Bakermans and Nealson
(10), for a wide range of taxonomic groups, e.g., the genera Ar-
throbacter, Alteromonas, Bacillus, Moraxella, Pseudomonas, Psy-
chrobacter, and Rhodococcus (8, 10, 39, 40). All of these groups are
psychrotrophic or psychrophilic isolates from cold habitats (Polar
Sea, deep sea, and cold soils).

Margesin (6) compared the increases in growth parameters at
low temperatures between psychrophilic and mesophilic micro-
organisms. For psychrophilic strains, she demonstrated a signifi-
cant increase in maximum biomass formation under low-temper-
ature growth, while this effect was considerably lower for
mesophilic strains. The tested mesophilic strains showed maxi-
mum biomass formation at temperatures close to their maximum
growth rate temperatures. This finding corresponds only partially
to the results of this study for the reference strains. While we can
confirm the results of Margesin (6) for the reference strains, the
tested isolates revealed a significant increase in biomass yield. This
increase ranged between 80% and 110% at 10°C versus 30°C. All
of these isolates were mesophilic strains according to the defini-
tion of Margesin (6) and failed to growth at 1°C. The observed
biomass increases at a low temperature for mesophilic isolates are
similar to the growth characteristics of psychrophilic strains de-
scribed before (6, 7, 9–11).

Previously, it was assumed that mesophilic bacteria achieved
maximum cell yields and maximum growth rates at almost the
same temperature, and in this case, the term optimum growth
temperature is used unambiguously (11, 12). However, this was
not true for the mesophilic isolates analyzed in this study since
the highest biomass yields and growth rates were not equally
correlated with growth temperature (Fig. 1A to F and 3A to F).
Consequently, the term “optimal growth temperature” is am-
biguous for the investigated mesophilic bacterial isolates as was
already demonstrated for psychrophilic and psychrotrophic
microorganisms (6).

Our results demonstrate clearly the different growth character-
istics of mesophilic isolates and closely related mesophilic refer-
ence strains. The results indicate that microorganisms from strain
collections may lose specific traits, like increased biomass forma-
tion at low temperatures, probably due to their long-term cultiva-
tion under artificial conditions. These cultivation conditions, par-

TABLE 1 Effect of betaine supplementation on the growth parameters
�max and OD625 at 30°C and 10°C for E. coli strains in a defined
mediuma

Strain

�max (h�1) OD625 	 Optical
density (%)b30°C 10°C 30°C 10°C

E. coli DSM 30083T

(without betaine)
0.45 0.024 1.43 0.46 �68

E. coli J55
(without betaine)

0.47 0.053 1.47 1.46 �1

E. coli DSM 30083T 0.44 0.061 2.02 2.46 �22
E. coli J55 0.51 0.050 2.07 3.27 �58
a Data represent mean values (n � 3).
b 	 Optical density, change in the optical density at 10°C compared to that at 30°C.
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ticularly growth temperatures, are usually optimized for maximal
growth rates but not for the most effective transformation of nu-
tritional resources into biomass. For several habitats with limited
resources, the latter strategy may be at least similar in importance
to the strategy of high growth rates, which may be more successful
in nutrient-rich habitats like artificial growth media. This demon-
strates the limitations of studies using reference strains with a
long-term culture collection history. Remarkably, the conclusions
of Margesin (6) were largely based on the mesophilic strain Pedo-
bacter heparinus DSM 2366T and the two psychrophilic strains
Pedobacter antarcticus (formerly piscium) DSM 11725 and Pedo-
bacter cryoconitis DSM 14825T. These strains not only differ by
their growth temperatures but also by their duration in culture
collections. While the mesophilic strain P. heparinus DSM 2366T

was already described in 1956 (41), the psychrophilic strains P.
antarcticus DSM 11725 and P. cryoconitis DSM 14825T were iso-
lated in 1966 and 2003, respectively (42, 43). In addition to ther-
mal class, different duration times in artificial media may also
have an effect on the different growth behavior of these strains.
For instance, Liu et al. (44) showed that the type strain of the
species Listeria monocytogenes had lost its initial virulence with
successive laboratory use. Most of the reference strains used in this
study had a long history on artificial media and may have lost
some of their mechanisms of adaptation to their original environ-
ments. The reference strains used here were isolated in 1941 (E.
coli DSM 30083T [45]), 1924 (L. monocytogenes DSM 20600T

[46]), 1975 (S. xylosus DSM 20266T [47]), 1916 (B. cereus DSM
31T [48]), and 2007 (P. panaciterrae LMG 23400T [19]).

There are very few reports about the mechanistic basis for bio-
mass increase under suboptimum growth rate temperature con-
ditions. Bakermans and Nealson (10) detected a doubling of the
cell yield for a “Psychrobacter cryopegella” isolate (later described
as Psychrobacter cryohalolentis [49]) between 0°C and 4°C com-
pared with that at higher temperatures. They assumed a more
efficient RNA and protein synthesis that maximized cell yield at
low temperatures.

Thereby, the optimization of the growth processes may be in-
duced by cold adaptation mechanisms, such as upregulation of
cold shock and cold acclimation proteins, changes in protein syn-
thesis, and adaptations of membrane enzymes and protein struc-
tures (3). In particular, cold shock proteins are able to greatly
modify protein expression patterns and thus change basal cell
functions/pathways. Moreover, the term optimum growth tem-
perature is often equated to the temperature at which the highest
growth rates occur (50), which does not necessarily mean that all
biological processes run under optimum conditions. In Pseu-
domonas fluorescens, an increased protein degradation rate was
shown for temperatures above 17°C (39), pointing to detrimental
heat effects at the optimum growth temperature. This suggests
that growth at the maximum growth rate may represent one pos-
sible adaptation in specific habitats but is at the same time unfa-
vorable for other biological processes, as has been described for

FIG 3 Effect of temperature (30°C, gray bars; 10°C, white bars) on maximum values of optical density (A), growth rate (B), viable cell counts (C), total cell counts
(D), cell dry weight (E), and whole-cell protein content (F) of strains tested in defined media at the stationary growth phase. Data represent the mean values (n �
3) of the isolates E. coli J55, L. monocytogenes Iso 11/13 A, S. xylosus J70, B. cereus J1, and P. nutrimenti J22T and the reference strains E. coli DSM 30083T, L.
monocytogenes DSM 20600T, and S. xylosus DSM. No values were determined for Pedobacter panaciterrae LMG 23400T because of nonexistent growth at 10°C.
No cell counts were determined for B. cereus J1 because of filamentous growth on solid and liquid media. Cell counts of B. cereus DSM 31T at 10°C are not visible
due to their low numbers (viable cell count, 7 � 106 CFU/ml); total cell count, 3 � 107. *, statistically significant differences (t test, P � 0.05) between the
temperatures for each strain. Values marked with “n.s.” are not significantly different.

FIG 4 Cell areas of E. coli, L. monocytogenes, and S. xylosus strains in defined medium. Comparison of the cell sizes based on measured areas in square
micrometers at 30°C (gray boxes) and 10°C (white boxes). Graphical representation of key values, such as mean, median, standard deviation, and maxima, from
summary statistics via box plots (each data set, n � 100 to 300). Dots to the left of the box plots represent the distribution of the measured data values.

Increased Biomass Production at Low Temperatures

July 2016 Volume 82 Number 13 aem.asm.org 3761Applied and Environmental Microbiology

http://aem.asm.org


protein synthesis, membrane permeability, enzyme production,
and extent of cellular stress (40, 50–53). This hypothesis is further
supported by a mathematical growth model published by Corkrey
et al. (54). This model links a thermodynamic enzyme-catalyzed
growth rate with temperature-dependent protein stability fitting
95 growth rate data sets for various Bacteria, Archaea, and Eukarya
(54). It was found that the minimum amount of protein denatur-
ation was predicted at lower temperatures than the optimum
growth rate temperature. These Tmes (temperature of maximum
enzyme stability) values were 10 to 15°C lower than the tempera-
tures at which maximum growth rates occur (55). More energy is
conserved because of the most efficient conditions for correct pro-
tein folding and protein turnover, which may result in improved
biomass formation.

For a more in-depth analysis of yield-related carbon and nitro-
gen assimilation, we used defined media. It was shown that the
increased biomass formation correlated with a more efficient glu-
cose and ammonia assimilation at low temperatures (Table 2). In
particular, the cell yield per mole of ammonium correlated well
with percentage increases in growth parameters. These results
may confirm the hypothesis of streamlined growth processes,
which means improving the efficiency of substrate utilization by
lowering the energy demand for cell maintenance (for instance, a
lower macromolecule synthesis rate per cell division), as proposed
by Bakermans and Nealson (10). This assumption is also sup-
ported by Herbert and Bell (7). Their data show that a minimal
respiratory quotient for Vibrio sp. strain AF-1 was coincident with

the temperature of maximum cell yield and not maximum growth
rate.

In defined media, increased biomass formation at low temper-
atures could only be reproduced for three isolates (Fig. 3A to F;
Table 2). Preliminary growth tests showed that E. coli DSM 30083T

was significantly limited in the M9 medium and that E. coli J55 was
not able to reach higher OD values at 10°C versus 30°C (Table 1).
Supplementation of M9 medium with betaine resulted in signifi-
cant increases in cell yield (Table 1). Thereupon, all minimum
media were supplemented with betaine for all strains. The poor
growth in the defined medium at low temperatures may be due to
the fact that defined media are usually composed and used for
cultivation at the temperature with the highest growth rate and are
not optimized for low growth temperatures (19, 24–27). It has
been shown that compatible solutes function as part of the cold
adaptation mechanism and thus improve cell yields, growth rates,
and cell viability at low temperatures, including E. coli and L.
monocytogenes (21, 22, 37, 56). We performed no comparative test
without betaine supplementation for the other strains used in this
study. However, for all species, corresponding genes encoding
the betaine transporter have been detected before (57–60). For the
species P. panaciterrae and P. nutrimenti, information about the
synthesis, import, and use of compatible solutes is not available
due to their recent description (19, 20).

Another effect of low-temperature growth in a defined me-
dium was the significant increase in the cell size of E. coli and L.
monocytogenes. Russel and Fukunaga (61) evaluated the increase

FIG 5 Cell yields in milligrams of cells (dry weight) (cdw) per gram glucose consumed (A) and cell yields in milligrams of cells (dry weight) per mole ammonium
consumed (B). Gray bars, 30°C; white bars, 10°C. No values were determined for Pedobacter panaciterrae LMG 23400T because of nonexistent growth at 10°C.

TABLE 2 Changes in growth parameters and cell yields of the reference strains after a temperature decrease from 30°C to 10°C in a defined medium

Strain

% change at 10°C compared to 30°C

OD625

Viable cell
count

Total cell
count

Cell
area

Cell dry
wt

Cell dry wt per g
glucose consumed

Cell dry wt per mol
ammonium consumed

E. coli DSM 30083T �22 �22 �19 �100 �13 �10 �11
E. coli J55 �58 �8 �7 �50 �60 �17 �56
L. monocytogenes DSM 20600T �17 �2 �3 �30 �13 �13 �13
L. monocytogenes Iso 11/13 �7 �97 �17 �70 �9 �9 �8
S. xylosus DSM 20266T �53 �62 �64 *a �37 �23 �158
S. xylosus J70 �85 �400 �90 * �73 �70 �91
a *, not significantly different.
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in cell size and alteration of cell morphology under low-tempera-
ture conditions as adaptation mechanisms that improve substrate
uptake at low temperatures.

This work shows the effect of the increased biomass formation
at low growth temperatures for mesophilic isolates. Compared
with the mesophilic isolates, the described effect was significantly
lower or was not detectable in the closely related reference strains
from culture collections. This indicates the presence of adaptive
mechanisms for growth under low temperatures for mesophiles,
which can be lost during long-term cultivation of these reference
strains under artificial laboratory conditions. The increased bio-
mass production for mesophiles under low-temperature condi-
tions opens new aspects for a more efficient biotechnological
transformation of nutrients to microbial biomass or specific mi-
crobial cell compounds under energy-saving conditions. For the
risk assessment of cooled foods, it will be fundamental to include
the potential production of higher cell concentrations under low-
temperature conditions into the relevant risk assessment models
for spoiling food and pathogenic microorganisms since risk po-
tential is often correlated with cell numbers present in food sam-
ples.
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