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Members of the genus Listeria are fastidious bacteria with respect to their nutritional requirements, and several minimal media
described in the literature fail to support growth of all Listeria spp. Furthermore, strict limitation by a single nutrient, e.g., the
carbon source, has not been demonstrated for any of the published minimal media. This is an important prerequisite for defined
studies of growth and physiology, including “omics.” Based on a theoretical analysis of previously published mineral media for
Listeria, an improved, well-balanced growth medium was designed. It supports the growth, not only of all tested Listeria mono-
cytogenes strains, but of all other Listeria species, with the exception of L. ivanovii. The growth performance of L. monocytogenes
strain Scott A was tested in the newly designed medium; glucose served as the only carbon and energy source for growth, whereas
neither the supplied amino acids nor the buffering and complexing components (MOPS [morpholinepropanesulfonic acid] and
EDTA) supported growth. Omission of amino acids, trace elements, or vitamins, alone or in combination, resulted in consider-
ably reduced biomass yields. Furthermore, we monitored the specific growth rates of various Listeria strains cultivated in the
designed mineral medium and compared them to growth in complex medium (brain heart infusion broth [BHI]). The novel
mineral medium was optimized for the commonly used strain L. monocytogenes Scott A to achieve optimum cell yields and max-
imum specific growth rates. This mineral medium is the first published synthetic medium for Listeria that has been shown to be

strictly carbon (glucose) limited.

n general, nutritionally rich media, such as brain heart infusion

broth (BHI), satisfactorily support the growth of most known
strains of Listeria. However, for controlled scientific investiga-
tions, including growth studies, transcriptome and proteome
analyses (1), or metabolomics (2), the use of an undefined com-
plex medium is not optimal. For such media, knowledge of the
elemental composition and protein- or carbohydrate-derived in-
gredients is mostly poor, and furthermore, the medium composi-
tion can change from batch to batch (3, 4). Several defined mineral
media for Listeria reported to support more or less good growth of
various strains of Listeria have been described previously (4-10).
Nonetheless, Premaratne and coworkers and others complained
that most chemically defined media fail to support growth of the
frequently used strains of Listeria monocytogenes, including Scott
A and ATCC 19115 (9, 10). Despite the fact that several mineral
media for cultivating Listeria have been published, only limited
and incomplete data on growth in these media are available (4,
11). Most importantly, none of the media using glucose as the
principal carbon and energy source have been reported to be
strictly glucose limited, which is a prerequisite to study bacterial
growth physiology under defined growth conditions.

In the present study, mineral media previously published for
the cultivation of Listeria spp. were analyzed for their elemental
compositions, considering that the principal carbon source (in all
cases glucose) was the limiting carbon/energy source, as described
by Pirt (12) and Egli and Fiechter (13). Based on this analysis, an
improved mineral medium was designed with the goal of obtain-
ing a medium that supports clearly carbon-limited growth of dif-
ferent Listeria strains. Subsequently, data were collected for the
growth of a selection of Listeria strains, including maximum spe-
cific growth rates (j,,,)- This allowed us to compare growth char-
acteristics for a range of Listeria spp. Moreover, the influence of trace
elements (TE), amino acids, and buffers on bacterial growth was ex-
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amined. To our knowledge, this is the first published defined mineral
medium for Listeria shown to be strictly carbon-limited.

MATERIALS AND METHODS

Bacterial strains. All bacterial strains used in this study were stored in
cryoculture at —80°C before use. Before each experiment, the required
cryoculture was streaked onto BHI agar plates and incubated for 24 h at
37°C. Subsequently, the different strains used were precultivated in liquid
batch culture using media indicated in the individual experiments. Pre-
cultures were prepared freshly for each experiment.

The medium was optimized for the growth of L. monocytogenes Scott A
(serotype 4b; clinical isolate), which is frequently used as a reference strain
in Listeria research; recently, its genome has been sequenced (14). Addi-
tionally, the following strains were used: L. monocytogenes WSLC 1042
(serotype 4b), L. monocytogenes EGDe (serotype 1/2a), L. monocytogenes
ATCC 19115 (serotype 1/2b), L. monocytogenes ATCC 19112 (serotype
1/2¢), Listeria ivanovii subsp. ivanovii DSM 20751, Listeria innocua DSM
20649, Listeria seeligeri DSM 20751, Listeria grayi DSM 20601, and Listeria
welshimeri DSM 20650. All strains were obtained from the culture collec-
tion of the Institute of Food, Nutrition and Health at the ETH Zurich,
Switzerland.

Medium preparation. To prevent precipitation or denaturation of
components, the medium was prepared as follows (according to the recipe
given in Table 1). Stock solutions of autoclaved KH,PO, (100-fold con-
centrated), Na,HPO,-H,O (100X), MgSO,-7H,O (100X), and
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TABLE 1 Composition of glucose-limited mineral medium E for the
cultivation of Listeria

Compound Mass concn Molar concn

EDTA 1.4612 g liter " 5.00 mmol liter ™'
KH,PO, 0.656 g liter ' 4.82 mmol liter '
Na,HPO,-H,0 2.047 g liter ! 12.80 mmol liter !
MgSO, - 7H,0 1.55 g liter " 6.29 mmol liter !
(NH,),SO, 7.07 g liter ! 53.50 mmol liter '
Glucose 2.5 gliter ™! 13.88 mmol liter "
MOPS 20.93 g liter ! 100.01 mmol liter ™'

Trace elements”

CaCO, 80 mg liter " 0.40 mmol liter !
FeCl,-6H,0 38.7 mg liter ! 143.18 wmol liter !
MnCl, -4H,0 5.75 mg liter ! 29.05 wmol liter !
CuSO,-5H,0 0.73 mg liter ! 2.92 pmol liter !
CoCl,-6H,0 0.65 mg liter ' 2.73 pmol liter !
ZnO 2 mg liter ! 24.57 pmol liter '
H,;BO, 0.62 mg liter ! 10.03 pumol liter ™
EDTA-Na,-2H,0 396 mg liter ' 0.94 mmol liter '
MgCl,-6H,0 67.1 mg liter ' 0.33 mmol liter '
Na,MoO,-2H,0 5.2 mg liter 21.49 pmol liter
Vitamins”

Biotin 20 pg liter ! 81.86 pmol liter '
Folic acid 20 pg liter ™! 45.31 pmol liter !
Pyridoxine 100 pg liter " 591.09 pmol liter ™'
Thiamine 50 pg liter ! 166.22 pmol liter '
Riboflavin 50 pg liter ! 132.85 pmol liter !
Niacin 50 pg liter ! 406.14 pmol liter !
Cobalamin 50 g liter ™! 36.89 pmol liter '
Pantothenic acid 50 pg liter ! 228.07 pmol liter "
4-Aminobenzoic acid 50 pg liter ! 364.60 pmol liter
Lipoic acid 50 pg liter ! 242.34 pmol liter '
Nicotinamide 50 pg liter ! 409.42 pmol liter

Amino acids®

Cysteine 100 mg liter ! 825.37 wmol liter !
Glutamine 600 mg liter ™ 4105.53 wmol liter !
Methionine 100 mg liter ™" 670.19 wmol liter '
Histidine 100 mg liter ! 644.52 pmol liter !
Tryptophan 100 mg liter ! 489.66 pmol liter ™!
Leucine 100 mg liter ™" 762.35 umol liter '
Isoleucine 100 mg liter ! 762.35 wmol liter !
Valine 100 mg liter ! 853.63 wmol liter !

Arginine-HCl
“ Added from 100X stock solution.
b Added from 1,000 stock solution.

120.9 mg liter ! 573.91 umol liter ™'

(NH,),S0, (50X) were mixed in 500 ml MilliQ water according to their
stock concentrations. Subsequently, autoclaved EDTA, as a chelating
agent (15), and 3-(N-morpholino)propanesulfonic acid (MOPS) buffer,
as a buffering agent (9), were added. Glucose, prepared as a stock solution
(0.555 M) and autoclaved separately, was added afterward to the mixture.
Also, the trace element stock solution (100X ) (prepared according to the
recipe in Table SI in the supplemental material [16]) was added to the
medium mixture. Finally, the vitamins and amino acids were added.
Vitamins were made as a 1,000 X stock solution (17), filter sterilized, and
kept refrigerated. The amino acid stock solutions (100X) were prepared
fresh prior to each experiment; L-cysteine and L-glutamine were prepared
separately from the other amino acids. After mixing all components, the
volume was brought up to 1,000 ml and the medium was sterilized by
filtering through sterile 0.22-pwm membrane filters.

For growth on solid nutrient agar, the mineral medium (MM) was
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prepared as a 1.1 X-concentrated medium in only 900 ml instead of 1,000
ml MilliQ water. Subsequently, this mineral medium was filter sterilized
and mixed with 100 ml of autoclaved agar (10X concentrated [150 g
liter'; Sigma-Aldrich Chemie GmbH, Germany]), both prewarmed to
60°C. The resulting 1X-concentrated MM agar was poured into culture
dishes.

Calculation of elemental excess factors and nutrient concentra-
tions. Mineral media for Listeria were analyzed based on average growth
yield factors (Yy = g [dry weight] cells per g element) deduced from the
composition of bacterial and yeast dry biomass from published data (12,
13, 15). Using these growth yields for the published media, theoretical
excess factors (F.), with respect to carbon as the limiting nutrient, were
calculated for the different individual elements based on the following
equation (13): F = (Yy g X ¢p)/(Yy,c X cc), where F. is the theoretical
excess factor with respect to carbon, Yy is the average growth yield for
element E [g cell dry weight (g element) '], Yy is the average growth
yield for carbon [g cell dry weight (g carbon) ™', ¢, is the concentration of
element E (g element liter '), and ¢ is the concentration of carbon (g
carbon liter 1).

Based on this analysis, the new glucose-limited mineral medium was
designed according to the methods of Egli and Fiechter (13) and Egli (15).

Bacterial cultivation in MM. Listeria spp. were cultivated in batch
culture at 37°C either in Erlenmeyer flasks (medium-to-flask-volume,
=20%) under constant magnetic stirring or in 24-well plates (Multiwell
24 well; Becton, Dickinson and Co., Franklin Lakes, NJ; 1 ml MM per well)
for cultivation in an automated microplate reader (Synergy Mx; Bio Tek
Instruments) under moderate shaking. For each experiment, MM was
prepared fresh, sterilized by filtration, and prewarmed to 37°C before
inoculation with a defined number of Listeria cells (as described for indi-
vidual experiments). All Listeria strains were precultivated in MM to
adapt the cells to the medium conditions prior to each experiment.

Optical density measurement. Cell growth was determined by mea-
suring the optical density (OD). All OD measurements of Listeria in batch
cultures were performed at a wavelength of 600 nm, either in the auto-
mated microplate reader (Synergy Mx; Bio Tek Instruments) or using a
Uvikon 860 spectrophotometer (Kontron Instruments, Switzerland). Op-
tical density at 600 nm (ODyy,) values from the microplate reader corre-
sponded to ODy, values from the Uvikon spectrometer divided by a
factor of 3.

Flow cytometric analysis. Cell numbers in Listeria cultures were de-
termined flow cytometrically using a CyFlow Space instrument (Partec,
Miinster, Germany). Cells were counted by staining 1 ml of the culture
with 10 pl SYBR green I (Molecular Probes, Basel, Switzerland) diluted
100X in dimethyl sulfoxide (Fluka Chemie AG, Buchs, Switzerland). The
stained cells were measured using a 200-mW solid-state laser emitting at a
wavelength of 488 nm. Cell signals were detected at the combined 520-
nm/630-nm dot plot with the trigger set on the 520-nm channel (for more
information, see Hammes et al. [18]). If the cell concentration exceeded
the machine’s quantification limit of 1,000 cell counts s~ 1 (standard de-
viation, less than 5%), the samples were diluted appropriately using 0.22-
pm-filtered Evian mineral water.

Determination of the biomass growth yield. For calculation of the
biomass growth yield, 20 ml of sample from a culture was harvested and
filtered through a preweighed membrane filter with a pore size 0f 0.22 pm
(Durapore polyvinylidene difluoride [PVDF] hydrophilic filters; Merck
Millipore). Subsequently, the filters with the bacterial pellets were washed
with 20 ml demineralized water to remove medium residues. After drying
the filters at 105°C for 24 h and cooling them in a desiccator, the dry
weight of the filtered cells was measured. Yields were determined in trip-
licate.

Residual glucose determination. Glucose concentrations were deter-
mined using an enzymatic assay based on glucose oxidase (from Aspergil-
lus niger; Sigma-Aldrich, Buchs, Switzerland) and horseradish peroxidase
(Sigma-Aldrich, Buchs, Switzerland) utilizing 2,2’ -azino-bis(3-ethylben-
zothiazoline-6-sulfonic acid) (ABTS) (Sigma-Aldrich, Buchs, Switzer-

Applied and Environmental Microbiology


http://aem.asm.org

TABLE 2 F_. analysis for essential nutritional elements with respect to
carbon in four published mineral media for Listeria (A to D) and F.
values for the improved mineral medium designed in this study (E)

F (excess factor with respect to carbon) for medium®

Element AP B C D E

C 1.0 1.0 1.0 1.0 1.0
N 0.5 0.4 2.1 0.3 8.5

S 2.4 2.3 1.7 6.2 1203
p 17.2 37.1 29.0 4.1 11.0
K 19.4 41.8 326 4.7 115
Mg 1.7 1.8 1.4 2.0 20.7
Fe - 0.9 0.7 # 2.0
Ca - - - - 2.0
Mn - - - - 19.5
Zn - - - - 19.7
Cu - - - - 22.7
Co - - - - 19.7
Bomax (W71 0.26/0.08°  0.1/0.21¢ 0.47¢ 0.26-0.50°  0.52¢
Max TCC - ~1.1x10 ~1.5%X10° NA 3.9 X 10%¢

(cellsml™ 1)

@ Fcvalues below 1 indicate a theoretical lack of an element, while elements with values
higher than 1 should be available in excess. Included in the table are some selected
growth parameters published for various L. monocytogenes strains. Medium A,
Welshimer (7); medium B, Premaratne et al. (10); medium C, Phan-Thanh and
Gormon (4); medium D, Tsai and Hodgson (9); medium E, medium designed in this
study with 2.5 g glucose liter ~'. —, not added; #, different Fe concentrations tested.

b No growth of strain L. monocytogenes Scott A was supported in medium A trough
sequential subcultures, as reported by Premaratne et al. (10).

¢ Published by Jones et al. (11) for L. monocytogenes strains NCTC 7973 (left) and
NCTC 4885 (right) at 30°C.

4 published by Phan-Thanh and Gormon (4) for strain EGDe at 37°C. TCC values were
estimated from published growth curves.

¢ Different values were published for different Fe concentrations and amino acids by
Tsai and Hodgson (9) for L. monocytogenes strain 10403. No growth of L. monocytogenes
Scott A was supported.

/NA, only optical density data are available; ODgo = 0.134 to 1.217.

¢ L. monocytogenes Scott A (Tables 3 and 5).

land) as a chromogenic substrate (19, 20). In short, 20 nl of sample was
mixed with 80 pl sodium phosphate buffer (0.1 mol liter !, pH 7), and
subsequently, 40 pl glucose oxidase solution (100 U ml buffer ') was
added. After adding 840 wl ABTS solution (1 mmol liter ") and 40 wl
peroxidase (20 U ml buffer ™ 1), the assay was incubated for 20 min at 37°C.
Extinction was measured at 415 nm, and glucose concentrations in sam-
ples were calculated from a standard curve.

RESULTS

Theoretical excess factors of different media for Listeria. The
media described by Welshimer (7) (WB; medium A), Premaratne
et al. (10) (MWB; medium B), Phan-Thanh and Gormon (4)
(IMM; medium C), and Tsai and Hodgson (9) (HTM; medium D)
were analyzed with respect to their theoretical excess factors, as-
suming that carbon was the limiting element. The F values ob-
tained are listed in Table 2. Values higher than 1 indicate a theo-
retical excess of the particular element, whereas F values below 1
suggest a theoretical lack of an element. Most clearly, three of
them (with the exception of Phan-Thanh and Gormon’s medium
[medium C]) are theoretically limited by nitrogen. Furthermore,
excess factors for sulfur and magnesium in the media are close to
1 and, therefore, may easily become limiting factors. Interestingly,
the F values of iron are below optimal levels in all tested recipes:
medium A contains no iron, while the makers of media B and C
used the same concentration of ferric citrate. In medium C, the
makers also tested higher concentrations of ferric citrate and
hemin, but they concluded that higher concentrations of hemin
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have a toxic effect on Listeria (9). However, in medium E, the
concentration of ferric chloride was increased to get an F. value of
2.0 without any adverse effect observable for Listeria. Since no
trace elements were added in media A, B, and C, the F. values for
these mostly essential nutrients for microorganisms (12, 15),
namely, Ca, Mn, Zn, Cu, and Co, were zero. Only Tsai and Hodg-
son (medium D) tested the addition of some trace elements, but
they omitted them after they found, surprisingly, no improve-
ment in growth (9).

Design of an improved carbon-limited balanced growth me-
dium for Listeria. Based on the existing mineral media, theoreti-
cal assumed excess factors, and the F. values computed from Lis-
teria media, we designed an improved medium (medium E),
considering that all nutrients, trace elements, and vitamins essen-
tial for growth should be available in excess with respect to carbon,
allowing unrestricted, controllable, and well-balanced growth
that is strictly carbon limited.

The assumed excess factors used for this calculation were sug-
gested by Egli (15); they are based on the elemental composition of
microbial dry mass (12, 13). First, EDTA (1.46 g liter™") was
added to the medium to avoid the formation of insoluble precip-
itates due to mixing of mineral salts and trace metals (15). Trace
elements were added to the medium to supply Listeria with nutri-
ents known to be mostly essential for bacteria (12). Furthermore,
a mixture of vitamins, already used in other studies (21), was
added to the medium. Even though only four of these vitamins,
namely, biotin, lipoic acid, riboflavin, and thiamine, have been
reported to be essential for Listeria in some studies (7, 9, 10, 22),
while a slight or no adverse effect of the additional components
was observed by others (4). The nine amino acids most often listed
in earlier reports on Listeria media (Cys, Gln, Met, His, Trp, Leu,
Ile, Val, and Arg) were integrated into the new recipe (7, 10, 22).
Although it is known that only some of these amino acids are
essential for some strains (9, 22), all nine amino acids were chosen,
which can potentially support a broad range of different Listeria
species. The elemental composition and the F of our improved
medium are listed in Table 2.

Carbon limitation. The medium presented in Table 1, de-
signed to support glucose-limited growth of Listeria up to 10 g
liter !, was tested in batch culture experiments amended with
increasing glucose concentrations from 0 to 12.5 g liter ™" by de-
termining the final biomass in stationary phase. Since, the me-
dium was intended to be strictly glucose limited, in a plot of the
maximum biomass reached (x,,) or final ODg,, a linear correla-
tion between biomass and initial glucose concentration (S,)
should exist, with a slope that gives the growth yield Y (12). From
Fig. 1,itis evident that the linear correlation between ODg,, and S,
is given only for glucose concentrations in the range from 0 to 2.5
gliter ™" in this mineral medium (corresponding to 0 to 1 g carbon
liter " from glucose). At higher glucose concentrations, the linear
relationship between biomass and glucose breaks down. This is
nicely demonstrated in Fig. 1 in the range of glucose concentra-
tions between 3 and 5 g liter ' (vertical gray dashed lines), where
the slope of the growth yield starts to decrease slowly, and glucose
is obviously not the only limiting factor any longer. Thus, in this
range, the growth of Listeria must be influenced by factors other
than the pure carbon source availability. Consequently, the syn-
thetic medium presented here is strictly limited for glucose in the
range from 0 to 2.5 g liter ' and, therefore, should not be used
with higher levels of glucose, unless all the other medium compo-
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FIG 1 Plot showing the final ODy s of L. monocytogenes batch cultured in carbon concentrations from 0 to 12.5 g glucose liter ' A linear correlation between
the final ODy, and the available carbon concentration in the medium is only given between 0 and 2.5 g glucose liter ~* (linear correlation is shown by the dashed
lines). This indicates that the mineral medium is only glucose limited for concentrations up to 2.5 g liter . The gray curve (right axis) represents the residual
carbon after the bacteria reached stationary phase. The error bars indicate the standard deviations of triplicate samples.

nent concentrations are enhanced proportionally to the glucose
concentration.

Do C-containing compounds other than glucose support
growth? Potentially, components other than glucose contained in
our medium, such as amino acids, MOPS buffer, or chelators, like
EDTA (23), can serve as potential sources of carbon supporting
bacterial growth. Therefore, we tested whether these carbona-
ceous components can be used as sole C sources for growth by
Listeria spp. by omitting glucose from the growth medium. The
results shown in Table 3 clearly demonstrate that neither the
added amino acids nor EDTA or MOPS was used by L. monocyto-
genes as an alternative C source for growth. Therefore, the me-
dium presented here is strictly glucose limited, and only carbon
from glucose is used for growth. When the MOPS buffer was abol-
ished from the synthetic medium, only minor differences in the
early growth phase of L. monocytogenes were observed. However,
in the later exponential phase, cultures with MOPS grew better
and reached cell numbers 22% higher than those without buffer
(Table 3), which is most probably an effect of a pH change in the
medium due to missing buffer capacity (9). In all buffered ver-
sions of this medium, the pH remained throughout the whole
batch growth cycle in the range of 7.2 (start) to 6.8 (end).

Influence of trace elements on the p,,,, and yield of L. mono-
cytogenes. According to the stoichiometric excess factor analysis
(Table 2), the relatively low F - values for Fe and Ca in our medium
might constrain the growth of Listeria. Since both elements are
incorporated in the TE solution that was added to the medium, we
tested the effect of increased TE concentration on the yield and
growth performance of L. monocytogenes Scott A. The following
concentrations of TE contained in the mineral medium were
tested (assuming the concentration of TE in the recipe [Table 1]
was 1 X): no addition of TE (0X TE), 1 X TE (normal recipe), 2X
TE, and 4X TE. As presented in Table 4, the final cell yields
(ODggp) Were marginally increased with increasing trace element
concentrations. In contrast, when looking at p,,,, as a kinetic
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parameter, an influence of elevated TE concentrations can be ob-
served. The highest maximum specific growth rate was reached
with single-concentrated trace elements (1X TE), and this value
decreased by 38.4% with the 4 X TE concentration. No growth was
observed when the trace elements were omitted. Since the .
was reached with 1X TE and the cell yield (ODg,) increased only
negligibly, the standard TE concentration in our medium was set
as shown in Table 1 (corresponding to 1 X TE).

TABLE 3 L. monocytogenes Scott A in batch culture at 37°C grown in
mineral medium omitting selected components”

Final cell Growth Max specific
concn potential growth rate
Medium (cells ml™")”  (cells ml™ )¢ p (hh?
MM complete® 3.86E9 3.86E9 0.509
MM —MOPS 3.02E9 3.02E9 0.397
MM with Cys, Met® 1.01E6 9.55E5 0.121
MM complete —Cys, Met" 1.00E6 9.52E5 0.108
MM —amino acids’ 7.98E5 7.48E5 0.144
MM —Gluc +amino acids’ 5.66E4 0 0
MM —Gluc +Cys, Met* 5.00E4 0 0

“ The data represent the measurements of an independent series of experiments in
which all media were tested once in the same run (therefore, no standard deviations are
indicated). However, all media were tested at least three times in other series, and the
results obtained for corresponding media were within *5%.

b Final cell concentration reached.

¢ Growth potential, final cell concentration of L. monocytogenes measured minus the
initial number of cells inoculated.

4 Maximum specific growth rate measured in the exponential phase.

¢ Medium according to the recipe in Table 1.

/Medium without MOPS buffer.

£ Medium without amino acids L-Gln, 1-His, L-Trp, L-Leu, 1-Ile, L-Val, and L-Arg.

" Medium without the two amino acids 1-Cys and L-Met.

" Medium without amino acids.

/ Medium with amino acids -Cys, L-Met, 1.-Gln, L-His, L-Trp, 1-Leu, L-Ile, 1-Val, 1-Arg,
without glucose.

K Medium with amino acids 1-Cys and L-Met, without glucose.
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TABLE 4 Influence of TE on the growth performance of L.
monocytogenes Scott A”

New Defined Glucose-Limited Medium for Listeria

TABLE 5 ., values of Listeria strains in mineral medium with 2.5 g
glucose liter ! batch cultured at 37°C

TE concn Pomax (BT Final ODy, (plate reader)
0X ND ND

1X 0.516 = 0.05 0.51 = 0.005

2X 0.438 = 0.02 0.53 £ 0.006

4X 0.318 *£ 0.04 0.55 + 0.003

“ Shown are the maximum specific growth rate and the final optical density when
grown in batch culture with mineral medium using concentrations of trace elements
from 0X to 4X. The values are mean values of triplicate experiments * standard
deviations. ND, not detectable.

Influence of amino acids on the growth performance of Lis-
teria strains. Tsai and Hodgson (9) found only the two amino
acids cysteine (Cys) and methionine (Met) to be essential for
growth of L. monocytogenes strain 10403. Accordingly, the effects
of amino acids on the growth of our strain, Scott A, were tested. As
depicted in Table 3, L. monocytogenes Scott A grew only poorly on
mineral medium with Cys and Met as the only amino acids added.
The yield in this medium was reduced by more than a factor of
4,000 compared to the yield in the complete medium. Also, the
Mmax Was markedly reduced in the medium with Cys and Met
only. Similar findings were made when all seven other amino acids
were added while omitting Cys and Met; in this medium, the nu-
merical cell yield was reduced by over 3 orders of magnitude, with
alow Way 0f 0.11 h™'. When all amino acids were omitted from
the mineral medium, slight growth was still possible. When all
amino acids but no glucose were added to the mineral medium, no
growth of Listeria was observed (see Fig. 3).

The absence of potentially essential amino acids could be an
explanation for the poor growth of some Listeria strains. There-
fore, we added 19 amino acids to the mineral medium and com-
pared the growth performance of Listeria in this mineral medium.
The missing 20th amino acid, asparagine (Asn), was not found to
be essential for any Listeria strain in previous studies (5, 22) and
therefore was concluded not to be relevant in this experiment. As
presented in Table 5, the addition of the amino acids did not have
the same unequivocal effect on the w,,, for all the Listeria strains
tested. Whereas the additional amino acids had no influence on L.
monocytogenes strain Scott A, the extra amino acids had a stimu-
lating effect on the L. monocytogenes strains WSLC 1042 and
ATCC 19112 with respect to their maximum specific growth rates.
The strains L. innocua DSM 20649 and L. welshimeri DSM showed
decreases in their ., values when extra amino acids were added.
The two strains L. seeligeri DSM 20751 and L. grayi DSM 20601
showed equal (for L. seeligeri) or better growth performance when
extra amino acids were added. Most clearly, the L. ivanovii strain
(DSM 20750) did not start to grow even after adding the extra
amino acids, which indicated that the strain is strictly dependent
on substances from nutritional groups other than amino acids
that are not present in our medium. Growth of L. ivanovii could
not be stimulated by adding traces of BHI to the MM (final BHI
concentration, 1:1,000). Thus, it can be assumed that essential
nutrients other than trace elements or vitamins (normally needed
only in small amounts) are lacking in the MM to stimulate growth
of L. ivanovii. However, the differences in the growth performance
between the different strains were becoming much clearer under
the mineral medium conditions than in BHI medium (0.5X con-
centrated), where most strains reached similar ., values.
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Hanax (K1)

MM (9 MM (19

amino amino
Strain acids)” acids)? 0.5X BHI®
L. monocytogenes Scott A 0.52 +0.01 0.52*0.02 1.03*0.03
L. monocytogenes WSLC 1042 0.44 =0.02 0.62*0.01 1.13*0.03
L. monocytogenes ATCC 19112 0.22 £0.00  0.47 £0.01  0.84 £ 0.02
L. monocytogenes EGDe 0.47 £0.00 0.50 =0.00 0.77 = 0.02
L. ivanovii DSM 20750 No growth ~ Nogrowth ~ 0.97 £ 0.02
L. innocua DSM 20649 0.46 £0.00 0.35*0.03 1.14 £0.02
L. seeligeri DSM 20751 0.15+0.00 0.17 =£0.03  0.96 = 0.02
L. grayi DSM 20601 0.32 £0.01 0.50 =0.02 0.74 £0.01
L. welshimeri DSM 20650 0.34 £0.05 0.17*0.03 091 £0.03

“ Listeria grown in MM as given in Table 1 (9 amino acids added: -Cys, L-GIn, L-Met,
L-His, L-Trp, L-Leu, L-Ile, 1-Val, and 1-Arg). The means * standard deviations of
triplicates are shown.

Y Listeria grown in MM with additional amino acids (19 amino acids: L-Ala, L-Arg, L-Asp,
1-Cys, 1-Gln, L-Glu, Gly, L-His, L-Ile, 1-Leu, 1-Lys, L-Met, L-Phe, L-Pro, 1-Ser, L-Thr, .- Trp,
L-Tyr, and 1-Val). The means * standard deviations of triplicates are shown.

¢ Listeria cultivated in half-concentrated BHI medium (0.5X BHI). The means *=
standard deviations of triplicates are shown.

Yield of L. monocytogenes in mineral medium E. L. monocy-
togenes Scott A was batch cultured in mineral medium with glu-
cose concentrations increasing from 2.5 to 7.5 g glucose liter "
After the cells entered stationary phase, the growth yield of each
batch at the distinct levels of glucose was determined and calcu-
lated either as the yield of biomass (g cells per g glucose) or as the
yield of cell numbers (number of cells per g glucose) (Fig. 2). The
highest yields were reached at a glucose concentration of 1.25 g
liter " and at 2.5 g glucose liter ', whereas the yields for both cell
number and dry biomass were decreased at glucose concentra-
tions of 3.75, 5.0, 6.25, and 7.5 g liter "',

Growth of L. monocytogenes in MM at low concentrations of
substrate. A good correlation between the cell yield and the sub-
strate concentration in MM E for L. monocytogenes was demon-
strated for high glucose concentrations up to approximately 2.5 g
liter " (Fig. 1). However, for investigations concerning growth of
L. monocytogenes under low-nutrient concentrations, resembling
environmental conditions, it is more relevant to know about the
growth performance of Listeria cultivated at low concentrations of
glucose or similar substrates. In Fig. 3, the final cell concentration
of L. monocytogenes Scott A batch cultured in MM at different
glucose concentrations from 25 g liter ™' (corresponding to 0.01
mg carbon liter ') to 2.5 g liter ' (1,000 mg carbon liter ') is
shown. These data demonstrate that the new MM is well suited to
studying bacterial growth at low substrate concentrations without
any loss of cell yield or other restrictions. The linearity between
glucose-derived carbon and the final cell number (TCC) of Liste-
ria reached is also valid at very low concentrations of 0.01 mg
carbon liter ', Additionally, it was shown that no growth of L.
monocytogenes is possible in MM E without addition of glucose
(no other carbohydrates were tested to determine whether they
can replace glucose). This demonstrates that L. monocytogenes is
also able to grow under oligotrophic concentrations with respect
to the only accessible growth substrate (glucose).

Growth of various strains of Listeria in mineral medium.
Since none of the previously published media were tested to de-
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FIG 2 Growth yields of L. monocytogenes Scott A cultivated in batch culture at 37°C in mineral medium E as a function of the initial glucose concentrations. Left
axis (@), numerical cell yield of L. monocytogenes Scott A grown in mineral medium with increasing glucose (gluc) concentrations from 1.25 g liter " up to 12.5
gliter ' in triplicate samples; right axis (<), biomass yield of cells (L. monocytogenes Scott A) grown in mineral medium with different concentrations of glucose
(1.25,2.5,3.75, 5.0, 6.25, and 7.5 g liter " '). The error bars indicate the standard deviations of triplicate samples.

termine whether they supported the growth of all Listeria strains
(9), the medium presented here was tested with a number of dif-
ferent strains of Listeria. In Table 5, the ., values that were
reached with the particular strains in medium E are listed. The
species L. ivanovii (strain DSM 20750) did not grow in our me-
dium, and L. seeligeri showed a very poor specific growth rate.
Also, an additional tested L. ivanovii strain (SLCC 4769) showed
no growth in the MM.

Growth of Listeria spp. on solid mineral medium. According
to Tsai and Hodgson (9), growing Listeria in liquid medium is a
poor criterion for the definition of a minimal medium, since some
mineral media, such as MWB (10), support growth of Listeria in a
liquid but not in a solid state (9). Hence, the mineral medium
presented here was solidified and used as mineral medium agar. A
colony of each of the Listeria strains listed in Table 5 (in addition
to L. monocytogenes strain ATCC 19115) was streaked out onto a

1.00E+10

prepared mineral medium agar plate and subsequently incubated
at 37°C for 24 h to 48 h. In agreement with the findings of the
culture in liquid mineral medium, all the strains grew and formed
easily visible colonies on the mineral medium agar, with the ex-
ception of L. seeligeri strain DSM 20751, which grew only very
slowly, and of L. ivanovii strain DSM 20750, where no formation
of colonies was visible at all, even after 48 h of incubation (see
Figure S2 in the supplemental material). All strains showing
growth on the agar formed colonies after a second consecutive
subculture on mineral medium agar.

DISCUSSION

In this article, we present a balanced synthetic mineral medium for
L. monocytogenes that is strictly glucose limited for concentrations
up to 2.5 g liter "' and in which good values for the maximum
specific growth rate and high yields can be achieved. The impor-

1.00E+09 -
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# TCC (Cells mL")
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FIG 3 L. monocytogenes Scott A growth in mineral medium with serially diluted glucose concentrations at 30°C. Batch cultures were inoculated with an initial
cell concentration (conc.) of 5,000 cells ml ™" (0 mg liter carbon ™', circled). The final cell number (TCC) was measured by flow cytometry (FCM) and recorded
after Listeria reached stationary phase. The error bars indicate standard deviations of triplicate batch cultures.
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FIG 4 Representative growth curve of L. monocytogenes Scott A grown in mineral medium at 37°C in batch culture (diamonds). The residual glucose
concentration (right axis; circles) was measured during the experiment. Using cell number as a growth parameter allows the demonstration of exponential

growth over more than 5 orders of magnitude.

tance of having a mineral medium for Listeria (i) the composition
of which is entirely known and (ii) where the limiting nutrient for
growth is defined has been highlighted in previous publications,
such as that by Stoll and coworkers (1), where they pointed out the
immense influence of the type of growth medium selected on the
outcome of a research question. Also, Slaghuis and colleagues (3)
underlined in their article the importance of knowing the nutri-
tional conditions and their influence on the physiology of Listeria.
As Pirt stated in his comprehensive book about microbe and cell
cultivation (12), “probably the most common first cause of failure
to maintain constant exponential growth is a change in the envi-
ronment.” Such changes can include physical factors, such as pH,
temperature, and availability of oxygen or nutrients, such as glu-
cose. If these important prerequisites are ignored, the organism
may grow under conditions that are not controllable, and there
occur processes the complexity of which exceeds the investigators’
intention (24). Several mineral medium recipes have been pub-
lished for Listeria (4—10), but none of them has been shown to be
strictly growth limiting for one specific nutrient, usually the car-
bon source. Typically, media for heterotrophic microbes are de-
signed to be carbon limited, as carbon is the constituent con-
sumed in the largest amounts (25). Under the nutritional
conditions presented in this report, with glucose as the only
growth-limiting substrate, the growth of L. monocytogenes can be
examined under well-balanced, highly controllable, and predict-
able growth conditions.

In the theoretical excess factor analysis (Table 2) of four previ-
ously published mineral media, we demonstrated that they differ
substantially with respect to their elemental compositions. In par-
ticular, the role of trace elements in most of the previously re-
ported media has been neglected. Our medium composition
(Table 1) deviates most from older media in the addition of trace
elements and having adapted the glucose concentrations to a value
where true glucose-limiting conditions during Listeria growth
were achieved (Fig. 1). Since the glucose concentrations of older
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mineral media (e.g., media A to D) are usually set to 10 g liter ™',
i.e., four times higher than in our medium, a correspondingly
larger cell crop in older media should be expected. However, none
of the available data on either optical densities or cell numbers
reached in the older media exceed our findings. Therefore, we
conclude that glucose concentrations in older mineral media are
generally too high, and one must assume that glucose is not the
limiting growth factor in these media. Striking evidence for the
fact that the older media are not well balanced is provided in
Phan-Thanh and Gormon’s publication (4), where they show
growth curves of L. monocytogenes EGD in medium B (10) and
their own improved medium C (4). Compared to the growth
curve of L. monocytogenes Scott A reported in the present study
(Fig. 4), the growth patterns in media B (10) and C (4) in Phan-
Thanh and Gormon’s report (4) exhibited no extended exponen-
tial growth phases but rather long and undefined transitions from
exponential to stationary phase. In the medium presented here,
the three typical phases of bacterial growth (lag phase, exponential
phase, and stationary phase) are clearly distinguishable from each
other, and furthermore, the residual glucose levels measured dur-
ing growth indicate that bacterial growth is limited due to glucose
levels being depleted (Fig. 4). Remarkably, the doubling time re-
ported in medium C is not much different at 88 min (4) (corre-
sponding to a p,,,, of 0.47 h™") than our reported ., (medium
E) of 0.51 (%0.03) h™', and the final cell numbers for the two
media are comparable. This example demonstrates clearly that for
the choice of an optimal medium, it is important to compare not
only specific growth rates and yields, but growth patterns/curves,
as well.

In order to improve the present medium, we tried to adjust
potential compositional bottlenecks in the recipe according to our
elemental analysis of those that have a high chance of being lim-
iting (Table 2). For example, higher concentrations of TE were
found to be unfavorable for the maximum specific growth rates of
Listeria, while the cell yield only marginally increased. However,
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we demonstrated that the trace elements are an indispensable part
of the minimal media and that their concentration has an essential
influence on growth.

Furthermore, the concentrations of the vitamins biotin, thia-
mine, and riboflavin were distinctly reduced in our medium com-
pared to earlier reports, except for the lipoic acid concentration,
which was increased. In earlier reports, observations concerning
the benefits of some vitamins are contradictory and obviously not
applicable to all strains of Listeria. Therefore, we did not attempt
to reduce the list of vitamins added, especially since none of them
seemed to influence bacterial growth negatively. Various studies
have shown a massive influence of sugars, alternative carbon
sources, and other factors on the gene expression and physiology
of Listeria in liquid culture (26-28). These data demonstrate that it
is extremely important to know the exact composition of a given
medium with respect to carbon sources that Listeria is able to use
alternatively. This study demonstrates that L. monocytogenes Scott
Aisnotable to grow on carbon from amino acids, as already stated
by Premaratne and coworkers (10), in the absence of a primary
carbon and energy source, such as glucose.

The data on the maximum specific growth rates of different
Listeria strains (Table 5) demonstrate the heterogeneity of the ge-
nus Listeria and, particularly, of different strains within one spe-
cies, as shown in this study for representatives of the species L.
monocytogenes. The mineral medium, even when complemented
with 19 amino acids, shows inconsistent results and once again
emphasizes the heterogeneity of the genus. Since not all strains
showed good growth, most clearly L. ivanovii DSM 20750, com-
ponents other than amino acids are essential for their growth. As
demonstrated by supplementing the MM with BHI traces, it can
also be assumed that substances other than TE or vitamins, e.g.,
principal carbohydrates other than glucose or increased concen-
trations of amino acids, are essential to stimulate the growth of L.
ivanovii.

The data presented demonstrate that Listeria spp. are fastidious
bacteria with respect to their nutrient requirements, and further-
more, the data for maximum specific growth rates and yields differ
significantly among the different strains. This demonstrates that
selection of the appropriate strain to study Listeria under defined
conditions is a very crucial point and should be considered care-
fully. However, due to different growth physiologies influenced by
different requirements for nutrients, the replacement of patho-
genic L. monocytogenes by apathogenic Listeria species, such as L.
innocua (29), as a model organism could lead to data that are
neither comparable nor representative.

In conclusion, our minimal medium supports good growth
of L. monocytogenes, particularly the strain Scott A, and other
strains of the genus Listeria. It can be recommended as a viable
alternative to complex media, such as BHI or lysogeny broth
(LB), where the exact nutritional composition is essentially
unknown, and therefore, a change in the growth environment
due to effects such as limitation of essential nutrients cannot be
avoided (30).
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