
MICROBIOLOGY 
LETTERS 

FEMS Microbiology Letters 142 (1996) 155-160 

Role of ribosome degradation in the death of heat-stressed 
Salmonella typhimurium 

Tim Tolker-Nielsen, Slerren Molin * 

Department of Microbiology, The Technical University of Denmark, Building 301, DK-2800 Lyngby, Copenhagen, Denmark 

Received 5 June 1996; revised 25 June 1996; accepted 26 June 1996 

Abstract 

Heat treatment of Salmonella typhimurium results in cell death, which coincides with a significant reduction of the cellular 
content of 16s ribosomal RNA. It is suggested that the degradation of ribosomal RNA is a direct cause of cell death. This 
conclusion is based on the observations of carbon-starved and magnesium-supplemented cells, which survive heat treatment 

much better, and which also maintain stable levels of ribosomal RNA. 
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1. Introduction 

The inactivation of microorganisms by heat is im- 
portant for large sections of the food industry. 

Therefore, the factors affecting microbial heat resist- 

ance and the nature of heat damage are of continu- 
ing scientific concern. The macromolecular changes 

that lead to the death of bacteria during heat treat- 

ment are still not precisely known. However, an in- 
creasing amount of evidence suggests that ribosome 
degradation is the cause of cell death of heat-stressed 

bacteria. 
First, magnesium is known to stabilize ribosomes 

[l] and the heat-induced depletion of cellular RNA 
as well as the heat-induced death of Enterobacter 
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aerogenes was partially circumvented by the addition 
of magnesium to the heating menstruum [2]. Second, 

Allwood and Russell [3] showed that, at tempera- 
tures up to 50°C there was a direct correlation be- 

tween loss of RNA and heat-induced loss of viability 

of Staphylococcus aureus. Third, studies including a 
number of bacterial species showed that the 30s ri- 

bosomal subunit dissociates during heat treatment 

while the 50s ribosomal subunit appears to be stable, 
and that 16s rRNA is degraded in the heat-injured 

cells while 23s rRNA appears to be unaffected (e.g. 
[4]). In addition to that, Gentner and Martin [5] 
showed that de novo protein synthesis is required 

for ribosomal subunit maturation during recovery 
of S. typhimurium cells from sublethal heat shock. 
In the absence of protein synthesis, a number of 
ribosomal proteins were missing in the ribosome par- 
ticles, and it was proposed that in the absence of 
protein synthesis, either these ribosomal proteins 
were incapable of rebinding, or a particular missing 

0378-1097/96/$12.00 Copyright 0 1996 Federation of European Microbiological Societies. Published by Elsetier Science B.V 
PUSO378-1097(96)00257-l 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article/142/2-3/155/580622 by guest on 18 M
ay 2023



156 T Talker-Nielsen. S. Molin I FEMS Microbiology Letters 142 (1996) 155-160 

ribosomal protein or a maturation factor was re- 

quired for their reincorporation into the ribosomes. 

The requirement of de novo protein synthesis during 

recovery from heat shock suggests that total deple- 

tion of 30s ribosomal subunits, and thereby loss of 

the ability to synthesize proteins de novo, causes cell 
death. Fourth, by using differential scanning calori- 

metry it was found that the increased thermotoler- 

ante of Listeria monocytogenes induced by exposure 
to a high NaCl concentration or a sublethal heat 

shock was concurrent with increased thermal stabil- 

ity of the 30s ribosomal subunit [6]. 
In this communication we provide evidence sup- 

porting the hypothesis that heat-induced death of S. 

typhimurium occurs because of ribosome degrada- 
tion. Correlations between the ability of S. typhimu- 

rium to survive heat treatment and the stability of 

the intracellular rRNA is investigated by use of in 
situ hybridization with oligonucleotide probes target- 
ing 16s or 23s rRNA. 

2. Materials and methods 

2.1. Growth and heat shock conditions 

The strain S. typhimurium SL5319 [7] was used 
throughout. AB medium [8] supplemented with 

growth factors (histidine (50 mg/l), leucine (50 mg/ 

l), phenylalanine (50 mg/l), tryptophan (50 mg/l), 
tyrosine (50 mg/l), p-aminobenzoic acid (1 mg/l), p- 

hydroxybenzoic acid (1 mg/l), 2,3-dihydroxybenzoic 
acid (1 mg/l)), and glucose as carbon source was used 

as minimal medium. The growth temperature was 
37°C in all cases. Bacteria termed ‘exponential-phase 

bacteria’ were grown for more than 20 generations in 
minimal medium with 0.2% glucose. Bacteria termed 

‘carbon-starved bacteria’ were grown to stationarity 
in minimal medium with 0.02% glucose and were 
further incubated for 10 h. Bacteria termed ‘Mg2+- 
supplemented bacteria’ were grown for more than 20 
generations in minimal medium with 0.2% glucose, 
and MgClz was added to a final concentration of 100 
mM 1 h before the heat shock. The heat shock was 
performed on samples from growing or starved cul- 
tures with a density range from 3 X IO7 to 1 x 10s 
cells per ml. The samples were diluted lo4 or lo5 
times in minimal medium prewarmed to 52°C. Ex- 
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Minutes at 52 C 
Fig. 1. Survival of S. typhimurium SL5319 exponential-phase cells 

(m), carbon-starved cells (+), and Mg2+-supplemented cells (A) 

during heat treatment at 52°C. The survival is shown as the vi- 

able count at each time point divided by the initial viable count 

(see Section 2). 

ponential-phase bacteria were heat-shocked in mini- 

mal medium with 0.2% glucose, carbon-starved bac- 

teria were heat-shocked in minimal medium without 

glucose, and Mg2+ -supplemented bacteria were heat- 

shocked in minimal medium with 0.2% glucose and 
100 mM MgCla. Samples for determination of col- 

ony forming units (cfu) on Luria-Bertani plates [9], 

or for determination of rRNA content were taken at 
appropriate time intervals. 

2.2. Oligonucleotide probes 

Oligonucleotide probes were synthesized with an 
automatic DNA synthesizer, and an aminohexyl lin- 

ker (Aminolink 2; Applied Biosystems, Foster City, 
CA) was attached at the 5’ terminus using a stand- 
ard DNA synthesis cycle. For hybridization to 16s 

rRNA the EUB338 probe [lo] (specific for the eu- 
bacterial domain) labelled with fluorescein was used. 
(Labelling was done at the 5’ end with fluorescein- 
CEP (Peninsula Laboratories Inc., Belmont, CA) 
during the synthesis of the oligonucleotide.) For hy- 
bridization to 23s rRNA the Gam42a probe [l l] 
(specific for the gamma subclass of Proteobacteria) 
labelled with tetramethylrhodamine isothiocyanate 
(Molecular probes, Eugene, OR) was used. The la- 
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belled oligonucleotide was purified by FPLC as pre- 
viously described [ 121. 

2.3. rRNA content 

The rRNA content was measured by quantitative 
rRNA targeted in situ hybridization as previously 
described, [13]. In short, samples for rRNA hybridi- 
zation were fixed as described previously [14], the 
fixed cells were applied to a poly+lysine (Sigma 
Chemicals)-coated slide, and after air-drying they 
were dehydrated by washes in ethanol. Thereafter, 
10 ~1 of hybridization mixture (10% formamide, 0.9 
M NaCl, 100 mM Tris (pH 7.2,) 0.1% sodium dode- 
cyl sulfate (SDS)) containing 25 ng of fluorescein- 
labelled EUB338 probe and 25 ng of tetramethylrho- 
damine isothiocyanate-labelled Gam42 probe was 
added to each well. Cells were incubated with the 
hybridization solution for 16 h at 37°C in a moisture 
chamber [lo], and were thereafter washed and air- 
dried. Digital images of 100-200 hybridized cells 
were captured with a 12-bit cooled slow-scan 
charge-coupled device camera (RAF 1400 chip; 
Photometrics, Tucson, AZ) mounted on a Carl Zeiss 
Axioplan epifluorescence microscope. The exposure 
time was 1000 ms in all cases. Cells emitting light 
from the tetramethylrhodamine isothiocyanate-la- 
belled probe were visualized by use of filter sets 15 
(BP 546/12 excitation filter, 580-mn dichroic filter, 
and LP, 590 emission filter) (Carl Zeiss), and cells 
emitting ligbt from the fluorescein-labelled probe 
were visualized by use of filter sets 10 (BP 450-490 
excitation filter, 510-nm dichroic filter, and BP515- 
565 emission filter) (Carl Zeiss). The amount of light 
per cell volume from each cell was quantified by use 
of the Cellstat image analysis program [13]. 

3. RtmMs and discussion 

3.1. Quantitative in situ rRNA hybridization 

The cellular contents of 16s and 23s rRNA during 
heat treatment were measured simultaneously by use 
of in situ rRNA hybridization [14,15]. The oligonu- 
cleotide hybridizing to 16s rRNA carried the green 
fluorescent fluorescein, while the oligonucleotide hy- 
bridizing to 23s rRNA carried the red fluorescent 
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Minutes at 52 C 

Fig. 2. Relative mean 16s rRNk content (+) and 23s rRNA 

content (0) in S. typhimurium SL5319 during heat treatment at 

52°C. A: Exponential-phase cells; B: carbon-starved c-ells; C: 

Mgzf-supplemented cells. The rRNA contents were measured by 

in situ rRNA hybridization as described in Section 2. The rela- 

tive mean rRNA content in exponential-phase bacteria growing 

at 37°C was set at 1. The error bars represent the empirical 

standard deviation at each time point. 

tetramethylrhodamine isothiocyanate. Therefore, a 
microscope equipped with the appropriate filter sets 
allowed visualization of cells emitting light from 
either the 16s rRNA-targeted oligonucleotide probe, 
or (by switching filter sets) the 23s rRNA-targeted 
oligonucleotide probe. Digital images were captured 
with a charge-coupled device camera, and the 
amount of light per cell volume for each cell was 
quantified by use of the Cellstat image analysis pro- 
gram [13]. Thereby, a measure of the concentrations 
of 16s rRNA and 23s rRNA in each cell was ob- 
tained. In contrast to other methods for ribosome 
quantification, the in situ rRNA hybridization meth- 
od gives information about the single-cell ribosome 
contents, and therefore variations in a population 
can be investigated. The variations in the 16s 
rRNA and 23s rRNA content per cell measured in 
the different cultures are indicated as the empirical 
standard deviations (in Fig. 2). The standard devia- 
tion reflects both the variation of the rRNA content 
in the population, and the uncertainty of the meas- 
urements. The variation of the rRNA contents does 
not increase during the heat treatments, indicating 
that the bacteria respond uniformly to heat treat- 
ment. 

3.2. Heat treatment of exponential-phase bacteria 

If ribosome degradation causes cell death in heat- 
stressed bacteria, it would be expected that as degra- 
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dation of 16s rRNA occurs during heat treatment, 
there should be a rapid loss of viability. In order to 

investigate this, an exponential-phase culture (grown 

in minimal medium at 37°C for more than 20 gen- 

erations) was subjected to heat shock at 52°C. The 

viability during the heat shock was followed by plat- 

ing samples at intervals for cfu determinations, and 

samples were taken at intervals in order to measure 

the 16s rRNA and 23s rRNA content per cell. Fig. 1 

shows that the exponential-phase bacteria died fast 
at 52°C and Fig. 2 shows that, in accordance with 

previous investigations (e.g. [4]), the 16s rRNA was 

degraded during the heat treatment, while the 23s 

rRNA was stable. 
The apparent degradation kinetics of 16s rRNA, 

measured by in situ rRNA hybridization, is slower 
than the kinetics of heat-induced death. Heat shock- 

induced ribosome degradation, however, is initiated 

by dissociation of the 30s and 50s particles, followed 
by modification of the 30s and 50s particles, and is 

concluded with dissociation of the modified 30s par- 

ticle and degradation of 16s rRNA [16]. Therefore, 

the kinetics of degradation of 16s rRNA is expected 
to be slower than the kinetics of loss of ribosome 

function. In accordance with this, Davis et al. [17], 
in a study suggesting that ribosome degradation is 

the cause of death of phosphate-starved Escherichia 

coli, found that there is a significant lag between the 
inactivation of ribosome function and the initiation 

of a rapid breakdown of ribosomes. Moreover, the 

in situ rRNA hybridization method may show a slow 
degradation kinetics because it monitors the presence 

of short rRNA sequences comprising the specific (18- 

nucleotide) sequence that is complementary to the 
specific oligonucleotide probe. Using sucrose gradi- 
ent analysis, Hurst and Hughes [18] found that the 
30s ribosomal subunit was absent in Staphylococcus 

aureus after less than 1 min at 52°C. 

3.3. Heat treatment of carbon-starved bacteria 

Since Gentner and Martin [5] showed that de novo 
protein synthesis is required for ribosomal subunit 
maturation during recovery of S. typhimurium cells 
from sublethal heat shock, it is reasonable to hy- 
pothesize that total loss of functional 30s subunits 
causes death of heat-stressed bacteria. A key predic- 
tion of this hypothesis is that heat-resistant bacteria 

have stable levels of rRNA during heat shock. In 
order to investigate this, advantage was taken of 

the fact that, like sporulating bacteria, non-differen- 

tiating organisms also respond to nutrient starvation 

by developing a physiological state which allows the 

cells to survive prolonged nutrient starvation (see 

[19] for a review), and in addition enables the cells 

to survive a number of different environmental stres- 

ses such as heat stress (e.g. [20]). 
A culture was grown to stationary phase at 37°C 

in minimal medium with a limiting amount of car- 

bon source (glucose); it was carbon-starved for ap- 

proximately 10 h, and was then subjected to heat 
shock at 52°C. The viability during the heat shock 

was followed by plating samples at intervals for cfu 
determinations, and samples were taken with inter- 

vals in order to measure the 16s rRNA and 23s 

rRNA content per cell. Fig. 1 shows that the car- 
bon-starved bacteria were much more heat-resistant 

than the exponential-phase bacteria. Fig. 2 shows 

that, compared to exponential-phase bacteria, the 
content of 16s rRNA was reduced to half in the 

carbon-starved cells, whereas the content of 23s 

rRNA was less reduced. The intracellular levels of 
23s rRNA and 16s rRNA, however, were both 

stable in the carbon-starved bacteria during the 

heat treatment. 
Bacteria can evidently synthesize gene products 

that stabilize their ribosomes when they enter sta- 
tionary phase [21]. The transition from the exponen- 

tial growth phase to the stationary phase of E. coli is 

accompanied by the appearance of 100s ribosomes 
which are dimers of 70s ribosomes. The 100s parti- 

cle is believed to be a more stable storage form of 
ribosomes. A protein, which is synthesized during 
growth transition into stationary phase, evidently as- 

sociates with 70s ribosomes and converts them to 
the dimeric form [22]. Against this background, it 

may be suggested that the carbon-starved bacteria 
were more heat-resistant because their ribosomes 
were protected against degradation. A fairly large 
number of genes are induced when bacteria enter 
the stationary phase, and it can therefore alterna- 
tively be argued that this results in a greatly changed 
physiology of the cell making it resistant to heat. The 
observed enhanced stability of the ribosomes during 
heat treatment of carbon-starved cells could thus be 
a consequence of the maintenance of viability during 
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the heat treatment. Therefore, it was of interest to 

investigate if an increased ribosome stability in ex- 
ponential-phase bacteria was concurrent with an in- 

creased heat resistance. 

3.4. Heat treatment of h&f+-supplemented bacteria 

It is well known that up to a certain level, there is 

a direct correlation between the concentration of 

Mg2+ ions and the stability of ribosomes in solution 

(e.g. [l]). In the present study, it was of interest to 

investigate if supplementation of MgCls could stabi- 

lize the ribosomes in exponential-phase bacteria sub- 
jected to heat treatment, and if this was the case, 

whether this resulted in more heat-resistant bacteria. 

In order to investigate this, a culture was grown ex- 
ponentially for more than 20 generations in minimal 

medium (containing 1 mM MgCls) at 37°C and 1 h 

before heat shock at 52°C MgCl2 was added to a 
final concentration of 100 mM. The large amount of 

MgCls was added in order to increase the intracel- 

lular Mg2+ concentration prior to the heat shock. (A 

control experiment showed that the bacteria grew 

with unchanged growth rate for at least 3 h after 

the addition of MgC12 (data not shown).) Cell via- 
bility during the heat shock was followed by plating 

samples at intervals for cfu determinations, and sam- 
ples were taken with intervals in order to measure 

the 16s rRNA and 23s rRNA content per cell. Fig. 2 

shows that the intracellular levels of 16s rRNA and 

23s rRNA were constant in the Mg2+-supplemented 
bacteria during the heat treatment, and Fig. 1 shows 

that the Mg2+-supplemented bacteria were much 

more heat-resistant than the exponential-phase bac- 

teria without added MgCls. 
The effect exerted by magnesium ions on the sta- 

bility of ribosomes as observed in the present inves- 
tigations coincides with increased resistance to heat 
treatment of the bacteria. It cannot totally be ruled 

out that high concentrations of MgCls increase the 
heat resistance of the bacteria by some unknown 
mechanism, and that the stability of the rRNAs is 

a consequence of the maintenance of viability during 
the heat treatment. However, if it is assumed that the 
magnesium effect is exerted specifically at the level of 
ribosome stability, it may be concluded that ribo- 
some degradation is the direct cause of heat-induced 
cell death. 
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