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Abstract
The crenarchaeon Sulfolobus acidocaldarius, growing optimally at temperatures between 75 and 80 °C, thrives in volcanic 
hot spring habitats that are typified by large temperature gradients, which impose frequent temperature stresses on the cells. 
Heat shock response is characterized by an upregulation of heat shock proteins, but similar to most (hyper-)thermophilic 
archaea, S. acidocaldarius seems to be able to bear supra-optimal temperatures with a restricted repertoire of chaperones. 
Here, we study the physiological consequences of continuous high-temperature stress and rapid heat shock for S. acidocal-
darius. Growth experiments and cell viability assays demonstrate that temperatures of 85 °C and higher result in a decreased 
growth rate and, when the cells are rapidly subjected to a heat shock, a dynamic increase in mRNA levels of all relevant heat 
shock proteins and a subset of transcription regulators is observed. When exponentially growing cultures are exposed to a 
heat shock, the survival tipping point is situated around 90 °C, and the rate of heating determines whether cells are able to 
cope with this stress or whether the defense mechanism immediately fails, leading to extensive cell death. In conclusion, 
S. acidocaldarius does not seem to be better equipped to handle sudden supra-optimal temperature stress than mesophilic 
organisms.
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Abbreviations
BR	� Biological replicate
HS	� Heat shock
HSP	� Heat shock protein
Pfdα	� Prefoldin subunit α
Pfdβ	� Prefoldin subunit β
sHSP	� Small heat shock protein

td	� Doubling time
TF	� Transcription factor
Thα	� Thermosome subunit α
Thβ	� Thermosome subunit β
Thγ	� Thermosome subunit γ
µ	� Specific growth rate

Introduction

For all living organisms, high-temperature stress compro-
mises cellular and molecular integrity. Therefore, an ade-
quate response to a sudden, rapid temperature rise above 
the optimal physiological temperature is crucial for the 
survival and fitness of a species. This so-called heat-shock 
(HS) response is characterized by an upregulation of HS 
proteins (HSPs), which protect cellular constituents from 
irreversible damage. The most prominent class of HSPs are 
chaperones, protein complexes that bind a wide variety of 
unfolded proteins to either refold or degrade them (Rich-
ter et al. 2010; Lemmens et al. 2018). Remarkably, while 
bacteria and eukaryotes typically have a quite extensive set 
of chaperones, (hyper-)thermophilic archaea have a more 
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limited repertoire lacking the HSP70-, HSP90- and HSP100-
type chaperones and only harboring small HSPs (sHSPs), 
prefoldins (PFDs) and HSP60-type chaperones (Lemmens 
et al. 2018).

Archaeal HSP60, also referred to as the thermosome, is 
the major chaperone complex of thermoacidophilic Crenar-
chaeota belonging to the phylogenetic order Sulfolobales 
(Rani et al. 2018). The thermosome enables an ATP-depend-
ent refolding of partially refolded proteins (Lopez et al. 
2015; Chaston et al. 2016). Substrate specificity of the ther-
mosome depends on its subunit composition, which in turn 
is dependent on the environmental temperature (Chaston 
et al. 2016). In contrast, sHSPs have no intrinsic refolding 
abilities themselves. However, in the presence of denaturing 
proteins, the sHSP-1 oligomer of Sulfolobus acidocaldarius 
undergoes dissociation into an active dimeric form that acts 
as a molecular ‘trap’ for unfolded proteins thereby prevent-
ing them from aggregation (Laksanalamai and Robb 2004; 
Kocabiyik 2009; Roy et al. 2018). In addition, sHSP-1 stabi-
lizes membrane lipids, counteracting the effect of tempera-
ture on membrane permeability (Roy et al. 2018). Similar 
to sHSPs, PFDs are ATP-independent chaperones that bind 
a large variety of denaturing proteins and typically transfer 
these to the thermosome complex for refolding (Vainberg 
et al. 1998; Siegert et al. 2000; Okochi et al. 2004; D’Amaro 
et al. 2008; Ohtaki et al. 2010; Sahlan et al. 2018). The set of 
HSPs present in Sulfolobales is relatively well conserved, in 
terms of protein sequence identity and of gene synteny and 
genomic location of the respective genes (Supplementary 
Figure S1).

In contrast to bacteria and eukaryotes, the effects of 
HS on cellular physiology and the associated molecular 
response resulting in an active HSP machinery are under-
studied in (hyper-)thermophilic archaea. To our knowledge, 
the only experiments investigating physiological effects of 
HS on Sulfolobus spp. were performed with S. shibatae, 
for which it was observed that shifting the incubation tem-
perature from 70 to 95 °C for 90 min causes cell death of 
half of the population (Trent et al. 1994). This deleterious 
effect was strongly diminished when subjecting cells to an 
adaptive pretreatment at 88 °C, which could be associated 
with the upregulation of the thermosome β subunit (Thβ) 
protein (Trent et al. 1990, 1994). Transcriptomic analyses 
in Archaeoglobus fulgidus, Pyrococcus furiosus and S. sol-
fataricus revealed that a significant genome-wide transcrip-
tional reprogramming is taking place upon HS, with 14%, 
26% and 33%, respectively, of all genes exhibiting differ-
ential expression (Rohlin et al. 2005; Tachdjian and Kelly 
2006; Esteves et al. 2019). This is reflective of a large-scale, 
dynamic process. Currently, two transcription factors (TFs) 
involved in regulating HS response are identified in Archaea, 
HSR1 in A. fulgidus and Phr in P. furiosus, although they do 
not seem to be the major HS-response regulating TFs since 

their regulons do not include the thermosome genes (Vierke 
et al. 2003; Rohlin et al. 2005; Kanai et al. 2009).

Similar to most hyperthermophilic archaea, Sulfolobales 
seem to be able to bear supra-optimal temperatures with a 
restricted set of molecular chaperones, a finding that might 
seem contradictory (Lemmens et  al. 2018). It has been 
hypothesized that (hyper-)thermophilic archaea rely on a less 
extensive chaperone repertoire upon heat stress because they 
are already “well-adapted” by having an increased mem-
brane stability and inherent protein stability at high tem-
peratures (Lemmens et al. 2018). This raises the question 
whether (hyper-)thermophilic archaea such as Sulfolobus 
spp. can survive larger temperature increases as compared 
to mesophilic microorganisms. However, a clear definition 
of HS conditions for Sulfolobus spp. is still missing. Fur-
thermore, although a large-scale dynamic reprogramming 
is taking place, the molecular mechanisms underlying this 
HS response are still elusive: for example, a HS-response 
regulating TF has not been described in Sulfolobus spp.

In this work, we aim to obtain a better understanding of 
the effect of high-temperature stress on S. acidocaldarius, a 
model species of the Sulfolobales, in terms of cellular physi-
ology, survival and of transcriptional regulation. To this end, 
a robust experimental set-up will be established enabling 
to narrow down the HS temperature range that still enables 
cell survival. In addition, the effect of a mild 10 °C-HS on 
transcriptional expression levels of the most important HSPs 
and a subset of (putative) TFs, hypothesized to be involved 
in the regulation of the HS response, will be examined. This 
will lead to a better definition of which conditions elicit a HS 
response in S. acidocaldarius.

Materials and methods

Strains and growth conditions

Liquid cultures of the uracil-auxotrophic Sulfolobus acido-
caldarius strain MW001 (Wagner et al. 2012) were grown 
aerobically in 20 ml Brock basal salts medium (Brock et al. 
1972) supplemented with 0.2% sucrose, 0.1% NZ-Amine 
and 20 µg ml−1 uracil and acidified to a pH between 3.0 and 
3.5 with sulfuric acid, at 75 °C while shaking, unless stated 
otherwise. Growth was followed by measurement of optical 
density at 600 nm (OD600). For growth on plates, 0.6% gel-
rite was used as a solidifying agent of Brock medium with 
addition of 3 mM CaCl2 and 10 mM MgCl2.

Growth curve measurements

Duplicates or triplicates of 25-ml S. acidocaldarius MW001 
cultures were inoculated at an initial OD600 of 0.01 and 
incubated for at least 110 h in a shaking incubator. Growth 
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kinetics were continuously monitored by the Cell Growth 
Quantifier (Aquila Biolabs), allowing for non-invasive, real-
time and continuous growth measurements by monitoring 
backscatter every 20 s at 520 nm, with backscatter inten-
sity (measured in arbitrary units) being converted to OD600 
by scaling to the initial and final OD600 measurements. 
Obtained data were fitted to quantify growth parameters. 
The start- and endpoint for the exponential growth phase 
was manually determined based on plots of log OD600 ver-
sus time, thereby covering a maximal range. As two distinct 
diauxic growth phases were observed during the exponential 
growth phase, linear fits were determined using R, based 
on identifying the ‘switching timepoint’ by maximizing the 
lowest R2 of both linear fits for each biological replicate 
(BR) separately (Supplementary Script S1). The specific 
growth rate (µ) was determined as the slope of these linear 
fits and the doubling time (td) was determined as ln(2)/µ.

Selection of heat shock set‑up

For HS experiments, S. acidocaldarius culture aliquots were 
transferred to a ThermoMixer® C heat block (Eppendorf) 
closed with a ThermoTop® (Eppendorf) lid in a 6-well plate 
(SmartBlock™ plates, Eppendorf) while shaking at 300 rpm 
(Supplementary Figure S2). Growth at 75 °C was also vali-
dated by using 1.5-ml tubes at 500 rpm. Temperatures inside 
the 6-well plate were measured with a digital pocket ther-
mometer (Traceable, with an accuracy of ± 1 °C), of which 
the K-type probe was secured in 5 ml Basic Brock medium 
by a small hole in the lid of the plate in the upper left well.

Spot tests and plating assays

Triplicates of S. acidocaldarius MW001 cultures were 
grown to the first phase in the diauxic exponential growth 
(OD600 between 0.3 and 0.5) in a shaking incubator at 75 °C. 
Per replicate, 5 ml was transferred to two wells of a 6-well 
plate, placed inside the preheated, closed ThermoMixer at 
75 °C while shaking at 300 rpm. After an acclimatization 
period of between 10 and 15 min, 700-µl aliquots were taken 
as control samples. After another 10 min, a HS was admin-
istered by increasing the temperature of the ThermoMixer. 
Timepoint zero corresponded to the time at which it was 
indicated on the ThermoMixer display that the installed tem-
perature was reached. Subsequently, 700-µl samples were 
quickly taken at defined post-HS timepoints (5, 15, 30 and 
60 min), thereby alternating between the two wells in order 
not to have a profound impact on the culture volume in the 
wells, and spotted on plates. To this end, all samples were 
diluted to OD600 0.1 in Basic Brock medium, from which a 
ten-fold dilution series (10−1–10−6) was made. Spotting was 
performed by dropping 10 µl of each dilution on a plate. For 
plating assays, 200 µl of the dilutions of interest was spread 

on a plate. Plates were incubated during 5–6 days at 75 °C to 
enable colony formation. Colonies were manually counted 
at the highest cell concentrations for which single colonies 
were observed. Based on these counts, colony-forming units 
(CFUs) per ml were calculated and the percentage of relative 
survival was derived by calculating the number of surviving 
cells in the initial OD600 0.1 dilutions and normalizing this 
to the pre-HS control sample of 75 °C.

Gene expression analysis by quantitative RT‑PCR 
(qRT‑PCR)

Triplicates of S. acidocaldarius MW001 cultures were 
grown to the first phase in the diauxic exponential growth 
(OD600 0.3–0.4) in a shaking incubator. Per replicate, 5 ml 
was transferred to two wells of a 6-well plate, placed inside 
the preheated, closed ThermoMixer at 75 °C while shaking 
at 300 rpm. After an acclimatization period of between 10 
and 15 min, 5 ml of culture was taken out and after another 
10 min, the temperature of the ThermoMixer was set to 
85 °C, taking about 3.5 min until the installed temperature 
was given on the display (timepoint zero). After a specific 
HS duration, another 5-ml aliquot was taken out. Cells 
were pelleted after stabilization with an equal volume of 
RNAProtect Reagent (Qiagen) and stored at − 80 °C until 
RNA extraction. RNA was extracted with the SV Total 
RNA Isolation System (Promega), followed by removal of 
residual genomic DNA using a Turbo DNase kit (Ambion 
Life Technologies). Next, cDNA was prepared from 1 µg 
RNA with the iScript Select cDNA Synthesis Kit (Bio-Rad). 
qRT-PCR primers (Supplementary Table S1) were designed 
with Primer3 software (Untergasser et al. 2012) and tested 
for efficiency using gDNA as a template.

qRT-PCR reactions of 20 µL were performed in a Bio-
Rad iCycler with each reaction mixture containing 1 µl of 
a 1:10 cDNA dilution, 12.5 μl GoTaq qPCR Master Mix 
(Promega) and 1.6 pmol of each primer. The following pro-
gram was performed: 3 min at 95 °C, 40 cycles of 10 s at 
95 °C and 30 s at 55 °C. Quantification cycles (CT) were 
determined with Bio-Rad iQ5 software. In each plate, no-RT 
controls and no-template controls were analyzed. For each 
gene, two or three technical replicates were incorporated 
in the analysis, which in most cases differed no more than 
0.5 CT, by taking their average. Relative expression ratios 
were calculated using the Pfaffl-method (Pfaffl, 2001) 
with respect to the expression levels of the reference gene 
Saci_1336 (encoding TATA-binding protein), which was 
tested for expression stability during HS conditions by 
employing Bestkeeper software (Pfaffl et al. 2004). Genes 
with fold changes of ≥ 2 or ≤ 0.5 were considered differen-
tially expressed. Raw data and fold change calculations are 
given in Supplementary Files 1 and 2.
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Results and discussion

Growth curve characterization at different 
cultivation temperatures

To investigate the effect of high-temperature stress on 
the initiation and kinetics of growth of S. acidocaldarius, 
growth was continuously monitored in liquid culture in a 
non-invasive way at four different temperatures (Fig. 1). We 
observed a diauxic exponential growth behavior, not only 
at 75 °C, but also at elevated temperatures with the first 
exponential growth phase being characterized by shorter 
doubling times (tds) (Table 1; Supplementary Figure S3). 
This can be attributed to the preferential utilization of the 

complex NZ-Amine substrate over defined sugars, as previ-
ously observed for S. acidocaldarius (Quehenberger et al. 
2019). Growth kinetics were comparable at temperatures of 
75 °C and 80 °C (Table 1), both of which were previously 
reported to be optimal for growth (Brock et al. 1972), how-
ever with the total exponential growth phase being slightly 
extended at 80 °C. For both temperatures, the first exponen-
tial growth phase was initiated at around 30 h after inocula-
tion and was characterized by a mean td of 14.8 and 16.1 h 
at 75 °C and 80 °C, respectively (Table 1). After about 45 h, 
the second exponential growth phase was initiated (at OD600 
of 0.50–0.55), reflected by an increased td of 42.4 and 63.0 h 
at 75 °C and 80 °C, respectively. The stationary phase was 
reached at an OD600 of approximately 1.4 after 64 and 74 h 
at 75 °C and 80 °C, respectively. Whereas cultivation at 
80 °C did not elicit a substantial phenotypical response in 
growth behavior, apart from a slightly increased td in the 
second exponential phase, it was previously shown to induce 
a molecular stress response, as demonstrated by the observa-
tion of a transcriptional upregulation of the sHSP-1 homolog 
in S. solfataricus, when cultivated at 80 °C instead of 75 °C 
(Li et al. 2012).

At 85 °C, growth was considerably impaired, with an 
extended exponential growth phase with an almost doubled 
td as compared to 75 °C (Fig. 1; Table 1). Although cells 
grown for 5 days at 85 °C were able to continue growth at 
75 °C with improved growth kinetics (µ1 = 0.037 h−1 and 
td,1 = 19.1 h, µ2 = 0.015 h−1 and td,2 = 48.1 h), long-term 
exposure to 85 °C caused a long-lasting growth aberration 
(Supplementary Figure S4). At 90 °C, S. acidocaldarius 
was unable to initiate growth during the course of five days. 
These cultures were subsequently incubated for a week at 
75 °C, during which no further growth was observed either 
(Supplementary Figure S4), indicating that the viability of 
the cells was entirely compromised.

Development of an experimental set‑up for heat 
shock characterization

In contrast to performing growth experiments under constant 
high-temperature stress, the study of cellular response to 

Fig. 1   Growth curves of S. acidocaldarius MW001 in basic Brock 
medium supplemented with 0.2% sucrose, 0.1% NZ-amine and 
20 µg ml−1 uracil at four different growth temperatures (75 °C, 80 °C, 
85  °C and 90  °C) as measured by the Aquila Biolabs’ Cell Growth 
Quantifier. To reduce erroneous measurements originating from high-
temperature exposure of the sensor plates, OD600 values were aver-
aged over a time period of five hours for each BR and subsequently 
for every temperature and plotted in the middle of the time interval 
(Supplementary Script S2). OD600 values are averages of biologi-
cal triplicates (75 °C) or duplicates (80 °C, 85 °C and 90 °C). Error 
bars represent the standard deviation. Vertical dotted lines indicate 
the ‘switching timepoint’ in the diauxic exponential growth (Table 1; 
Supplementary Figure S3)

Table 1   Growth kinetics of the 
first and second exponential 
phase in the diauxic growth 
of S. acidocaldarius MW001 
at different cultivation 
temperatures (see Fig. 1)

The specific growth rate (µ) and doubling time (td) were calculated for biological triplicates (75  °C) or 
duplicates (80, 85, 90 °C) and mean values are given with standard deviation
NA not applicable

Tempera-
ture (°C)

1st exponential growth phase ‘Switching 
timepoint’ (h)

2nd exponential growth phase

Start (h) µ1 (h−1) td,1 (h) µ2 (h−1) td,2 (h) End (h)

75 33 ± 1.2 0.048 ± 0.011 14.8 ± 3.1 46 ± 1.5 0.017 ± 0.003 42.4 ± 6.7 64 ± 2.1
80 29 ± 0.0 0.044 ± 0.006 16.1 ± 2.4 44 ± 0.0 0.011 ± 0.000 63.0 ± 0.0 74 ± 1.4
85 35 ± 0.0 0.026 ± 0.001 27.2 ± 0.8 62 ± 5.7 0.009 ± 0.001 78.0 ± 12.3 103 ± 0.0
90 NA NA NA NA NA NA NA
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dynamic temperature changes poses considerable technical 
difficulties, especially at high temperatures, because of the 
following reasons: (i) large temperature differences between 
the incubator and the room could cause a quick unintended 
decrease of culture temperature; (ii) small-volume cultures 
are characterized by high evaporation rates; and (iii) heating 
of a large-volume incubator requires a significant amount of 
time. In other words, a critical aspect in the reproducibility 
of all HS-based experiments is the manner by which the 
cells are subjected to this high-temperature stress, the so-
called ‘HS-set up’. Early HS experiments were typically per-
formed by switching cultures between different water baths 
or oil baths that were preheated to a particular temperature 
(Trent et al. 1990, 1994), but this does not allow for precise 
installations of a particular temperature. Furthermore, it is 
difficult to maintain a constant temperature in such a set-
up, especially during sample-taking. Therefore, we aimed 
to develop an optimized HS protocol for S. acidocaldarius 
and opted to use a shaking heat block in combination with 
tubes or plates (Supplementary Figure S2), to better control 
the temperature and to minimize the interference of sample 
taking on the temperature.

To validate this HS-set up, we confirmed active cell 
growth of S. acidocaldarius at the optimal growth tempera-
ture of 75 °C using different culturing methods (Supple-
mentary Figure S5). Transferring 1 ml of an exponentially 
growing culture to a closed 1.5-ml tube in a preheated, shak-
ing heat block at 75 °C, immediately led to a stagnation 
of growth, most likely due to lack of aeration. Neverthe-
less, plating assays revealed that cellular viability was not 
impaired after culturing the cells during 3 h at 75 °C in these 
closed tubes (Supplementary Figure S5a). Growing the cul-
tures in tubes with a small hole in the lid resolved the issue 
of oxygen depletion, demonstrated by active cell growth and 
an unaffected viability (Supplementary Figure S5b). Never-
theless, evaporation at high temperatures (especially upon 
rather harsh HS conditions) cannot be excluded. Therefore, 
by employing another HS-set up, namely a 6-well plate in 
the shaking heating block, it was possible to increase the cul-
ture volume to approximately 5 ml, while at the same time 
limiting the effects of evaporation. This experimental set-up 
also resulted in active cell growth with unaffected viability 
and was selected as the preferred set-up to perform further 
HS experiments (Supplementary Figure S5c and S8a).

To verify whether the temperature indicated on the heat 
block’s display corresponds to the temperature sensed by 
the cells, the actual temperature was monitored by a digi-
tal pocket thermometer secured inside the medium (Fig. 2; 
Supplementary Figures S6 and S7). After acclimatization 
of the medium at 75 °C, a HS was applied by increasing the 
temperature setting of the heat block device, thereby avoid-
ing a short cold shock (room temperature) as is often the 
case when transferring cultures to a water bath. We defined 

timepoint zero in all HS-experiments as the time at which the 
desired temperature was reached on the heat block’s display, 
which varied between 3.5 and 8.5 min, depending on the 
installed temperature (between 85 and 99 °C). However, the 
temperature profiles as measured by the pocket thermometer 
revealed a clear discrepancy between the installed and actual 
temperature (Fig. 2; Supplementary Figure S7), confirming 
the complexity of performing the experiment accurately. 
During the first 15–20 min after it was displayed by the heat 
block device that the HS-temperature was reached, the tem-
perature of culture medium inside the wells was still increas-
ing (Fig. 2; Supplementary Figure S7). It cannot be excluded 
that during this period of heating an adaptive response is 
already initiated. Nevertheless, it has previously been shown 
that no enhanced survival occurs at higher HS-temperatures 
after pretreatment of Sulfolobus cells at 88 °C during 15 and 
30 min (Trent et al. 1990), therefore, we expect the influ-
ence of this heating phase neglectable on the HS response. 
After between 15 and 20 min, the maximum temperature 
Tmax inside the culture was reached, after which a relatively 
stable temperature was maintained (Fig. 2; Supplementary 
Figure S7). The Tmax temperature was consistently lower 
than the temperature that was set in the heat block device. 
Notably, at the highest HS temperatures, 96 °C//92.5 °C 
and 99 °C//93.5 °C, more fluctuations were observed of the 
actual temperature. In all the following experiments, we will 

Fig. 2   Actual HS-temperature profiles of 5  ml basic Brock culture 
medium in a 6-well plate in a shaking heat block, preheated at 75 °C 
as measured by a digital pocket thermometer at different timepoints in 
the experimental set-up. Preheated basic Brock medium (75 °C) was 
transferred to all wells of a 6-well plate in a shaking, preheated heat 
block installed at 75  °C. After a 15-min acclimatization period, HS 
was applied by increasing the temperature of the heat block. Time-
point zero corresponds to the timepoint at which the heat block indi-
cated that the installed temperature was reached, although the actual 
temperature inside the medium still increases at this timepoint. The 
symbol legend represents the installed HS-temperature of the device 
(Tinstalled) and the measured maximal temperature (Tmax) of the 
medium reached after between 15 and 25 min post HS (Tinstalled//Tmax)
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refer to these HS-temperature profiles based on the actual 
Tmax in the liquid cultures in the 6-well plate.

Exploring cellular survival in response to heat shock

Using the developed experimental set-up, we further exam-
ined the response of exponentially growing S. acidocaldar-
ius to HS on the phenotypical level of viability by means of 
spot tests, with the aim of defining the limits of HS-survival 
and narrowing down the range of viable HS conditions 
(Fig. 3; Supplementary Figure S8). In contrast to our previ-
ous observations at 90 °C, at which we observed no growth 
over the course of 110 h and no recovery afterwards at 75 °C 
(Fig. 1; Supplementary Figure S4), the OD600 continues to 
increase for at least 60 min (comparable to growth at 75 °C) 
when exponentially growing cultures are gradually heated to 
a Tmax of 90.5 °C over the course of 20 min (Supplementary 

Figure S9a), according to the temperature profile in Fig. 2. 
Spot tests indeed revealed only a subtle effect on the cell 
viability with still 70% of viable cells after 60 min of HS 
exposure (Fig. 3a, d), indicating that the defense mechanism 
of S. acidocaldarius is capable of protecting cellular integ-
rity for a period of up to at least 40 min at 90.5 °C when cells 
were first actively growing.

In contrast, when cells are being heated to 92.5 °C over 
the course of 15-20 min, already two-thirds of cells are killed 
off (Fig. 3b, d), reflected by a stagnation of growth accord-
ing to OD600 measurements (Supplementary Figure S9b). 
Maintaining a plateau temperature of about 92–92.5 °C 
for another 15 min (timepoint 30 min) results in a further 
decrease of the relative survival to 17%. Although the tem-
perature inside the cultures dropped to 90.5 °C at 60 min, 
possibly as a result of evaporation due to the deformation of 
the lid of the 6-well plate, it can be observed that survival 

Fig. 3   Phenotypical response of exponentially growing S. acidocal-
darius MW001 cultures exposed to HS, according to the tempera-
ture profiles given in Fig.  2. Spot tests were performed at different 
timepoints (5, 15, 30 and 60 min) after applying a HS. All samples 
were diluted in a 10-fold dilution series with the starting concentra-
tion (10−1) corresponding to OD600 0.1 and 10 µl of each dilution was 
spotted on one plate per BR. A control sample, grown at 75 °C before 

HS treatment, is spotted in the first line. Plates were incubated during 
5–6 days at 75 °C before colony counting and analysis. The applied 
HS profiles were, respectively, 90.5 °C (a); 92.5 °C (b) and 93.5 °C 
(c). A representative BR is shown. d Graphical representation of cell 
viability tests, with the survival fraction being standardized to the 
pre-HS sample of 75 °C. Error bars represent the standard deviation
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is greatly affected upon continued high-temperature stress 
of 90.5–92 °C, with no cells surviving at 60 min (Fig. 3b, 
d). A further increase of the HS temperature with 1 °C from 
92.5 °C to 93.5 °C has tremendous effects on cellular sur-
vival. Upon comparing with the actual temperature profiles 
(Fig. 2), we learn that shifting the temperature from 75 to 
87.5 °C in 5 min does not impair viability (92.5 °C HS-
experiment, Fig. 3b, d), while a more rapid heating from 
75 to 90.5 °C in 5 min (93.5 °C HS-experiment, Fig. 3c, d) 
leads to a large decrease in survival with approximately 80% 
of the cells being killed off. Upon this rapid heating, S. aci-
docaldarius’ defense mechanisms immediately fail. Further-
more, the increase in temperature to Tmax 93.5 °C is lethal 
with only about 0.1% of cells surviving at timepoint 15 min 
and no cells surviving after 30 min (Fig. 3c, d). Possibly, 
important HSPs are denatured at these high temperatures. 
Indeed, both the Thα and Thβ subunits of S. solfataricus 
have been shown to start unfolding at around 94 °C in vitro 
(Chaston et al. 2016).

These results demonstrate that the response to HS is a 
dynamic process in S. acidocaldarius, with not only the HS-
temperature being important but also the rate of heating of 
the culture and the duration of the high-temperature stress. 
This is nicely illustrated by comparing the experiment in 
which S. acidocaldarius is exposed to a gradual heating to 
90.5 °C over the course of 15 min in the 90.5 °C HS-exper-
iment (Fig. 2), in which survival is only decreased to 85% 
(Fig. 3a, d), with the more rapid heating to 90.5 °C over a 
course of 5 min in the 93.5 °C HS-experiment (Fig. 2), in 
which only 20% of the cells survive (Fig. 3c, d). Secondly, 
maintaining a higher plateau temperature for 45 min, such as 
in the 92.5 °C temperature profile (Fig. 2), completely kills 
off the remaining 33% of cells (Fig. 3b, d). The observation 
that half of the population of S. shibitae cells survives a 
severe 95 °C-HS during 90 min (Trent et al. 1994) might be 
explained by the fact that these experiments employed a less 
robust HS medium, possibly a water or oil bath, and other 
volumes of culture.

In conclusion, the cell viability tests confirm the results 
of the growth rate measurements by demonstrating that the 
tipping point of cell survival of S. acidocaldarius is situ-
ated around a temperature of 90 °C, which is between 10 
and 15 °C above the optimal growth temperature. Such 
growth dynamics are comparable to those observed for the 
mesophilic bacterium Escherichia coli, growing optimally at 
37 °C and for which strongly impaired growth was observed 
upon an increase in cultivation temperature of 7–8 °C and 
for which cultivation at 47 °C results in no growth (Nguyen 
2006; Mordukhova et al. 2008; Van Derlinden et al. 2008). 
Furthermore, the tipping point of cell survival for E. coli 
also seems to be situated around 15 °C above the optimal 
growth temperature, since rapidly heat shocking cells from 
37 to 50 °C does not impair survival for at least 20 min, but 

switching to 54 °C is lethal after 15 min, with approximately 
only 0.3% of cells surviving (Marcén et al. 2017).

Transcriptional expression of important heat shock 
proteins upon heat shock

To obtain insights into the transcriptional regulation of the 
HS response of S. acidocaldarius, we examined the relative 
transcriptional expression of some of the most important 
HSPs and of (putative) TFs upon high-temperature stress 
by qRT-PCR (Figs. 4 and 5; Supplementary Tables S2 and 
S3; Supplementary Files 1 and 2). We decided to subject the 
cells to a rather mild high-temperature stress, in order not to 
incorporate variations in gene expression due to cell death. 
This strategy has previously been used for HS-response gene 
expression studies in S. solfataricus and P. furiosus (Tach-
djian & Kelly, 2006; Esteves et al. 2019). According to the 
above-described growth and cell survival experiments, we 
considered that a 10 °C-HS of 84 °C (corresponding to the 
“85 °C//84 °C”-temperature profile in Fig. 2) was of interest 
as cells experience high-temperature stress at this cultivation 
temperature, reflected by an increased td (Fig. 1; Table 1), 
but not resulting in a loss in cell viability as demonstrated 
by the spot tests (Fig. 3; Supplementary Figure S8). Due to 
the complex nature of HS response, a large biological vari-
ation was observed in the differential gene expression levels 
of both HSPs and TFs. Therefore, fold change (FC) values 
for each gene of each separate biological replicate (BR) are 
given in Supplementary Tables S2 and S3. Nevertheless, 
substantial trends can be observed for genes that are dif-
ferentially expressed in all BRs (FC ≥ 2 or ≤ 0.5) (annotated 
by a star in Figs. 4 and 5). 

The effect of a mild HS on transcriptional expression was 
investigated for a set of eight important HSP genes: the three 
thermosome subunits (Thα, Thβ and Thγ), the two small 
HSPs (sHSP-1 and sHSP-2), an HtpX protease/chaperone 
(HtpX) and the two PFD subunits (Pfdα and Pfdβ) (Fig. 4; 
Supplementary Table S2). After 15 min of HS treatment, 
during which the cultures were exposed to rapid heating 
(Fig. 2), a trend of increased mRNA levels was observed for 
some HSP-encoding genes, with Thα being upregulated in 
all BRs. At 30 min, when a constant temperature of 84 °C 
was maintained for 10–15 min (Fig. 2), an extensive upregu-
lation was observed for all HSP-encoding genes except Thγ, 
with notably high FC ratios in all BRs for Thα, Thβ and 
sHSP-1 (FC of 72.9, 29.7 and 47.3, respectively) (Fig. 4; 
Supplementary Table S2). After 60 min, when the HS-tem-
perature persisted for approximately 45 min (Fig. 2), most 
HSPs are still transcriptionally upregulated with the excep-
tion of sHSP-2 and Pfdβ, however, with a less pronounced 
differential expression as compared to the 30-minutes time-
point. These results suggest that cells need to be exposed for 
at least 15 min to a steady, constant high-temperature stress 
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of 84 °C (Fig. 2) to have a sufficient transcriptional upregu-
lation of their HSPs, which can last up to at least 45 min, 
depending on the HSP.

The thermosome of S. solfataricus is characterized by a 
differential subunit composition in response to temperature, 
which is assumed to be crucial for its functioning upon tem-
perature shocks (Chaston et al. 2016). While an octameric 

structure composed of alternating Thα and Thβ subunits is 
present at the optimal growth temperature, a translational 
upregulation of the β-subunit (Trent et al. 1990) leads to an 
all-β nonameric thermosome at HS temperatures of 85 °C 
(Chaston et al. 2016). The observed increase in transcripts 
encoding both the Thα and Thβ subunits upon a 10 °C-HS 
in S. acidocaldarius (Fig. 4; Supplementary Table S2) is 

Fig. 4   Relative gene expression of HSP-encoding genes after 15, 
30 and 60  min of subjecting cells to a 84  °C-HS, according to the 
temperature profile given in Fig. 2. Error bars represent the standard 

deviation. Stars indicate the genes which are considerably differen-
tially expressed (≥ 2 or ≤ 0.5) in all BRs (Supplementary Table S2)

Fig. 5   Relative gene expression of putative TF encoding genes after 
15, 30 and 60 min of 84 °C HS, according to the temperature profile 
given in Fig. 2. Error bars represent the standard deviation. Stars indi-

cate the genes which are considerably differentially expressed (≥ 2 
or ≤ 0.5) in all BRs (Supplementary Table S3)
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remarkable, as transcriptional regulation of Thα and Thβ was 
not observed in a similar HS experiment of S. solfataricus 
(Tachdjian & Kelly, 2006). On the other hand, in S. shiba-
tae, Thα and Thβ were shown to be upregulated upon HS on 
both the transcriptional and translational level (Kagawa et al. 
2003). In contrast to Thα and Thβ, transcriptional expres-
sion of Thγ is not influenced by HS (Fig. 4; Supplementary 
Table S2). In S. solfataricus, the homologous subunit is heat-
labile and a prominent part of the “cold-shock thermosome” 
(Chaston et al. 2016) and was shown to be transcriptionally 
downregulated immediately after HS (Tachdjian and Kelly 
2006). Whether the individual subunits of the S. acidocal-
darius thermosome are also regulated post-transcriptionally, 
translationally or post-translationally and whether the exact 
composition of the thermosome complex resembles that of 
S. solfataricus in these conditions (Chaston et al. 2016), 
remains to be studied.

The observed transcriptional upregulation of the Pfdα 
and Pfdβ genes after 30 min of HS treatment (Fig. 4; Sup-
plementary Table S2) was not found for the homologs in S. 
solfataricus (Tachdjian & Kelly, 2006; D’Amaro et al. 2008). 
Although their upregulation was less pronounced than that 
of Thα and Thβ, it might be indirectly linked, keeping in 
mind that the function of PFD is intertwined with the chap-
erone functioning of the thermosome complex (Vainberg 
et al. 1998; Okochi et al. 2004; Ohtaki et al. 2010; Lemmens 
et al. 2018).

Transcriptional expression of putative transcription 
factors upon heat shock

Since it is currently unknown how HSP gene expression is 
regulated, genes encoding interesting putative transcrip-
tional regulators were selected based on an extensive dif-
ferential expression after a 10 °C-HS of their S. solfataricus 
homologs in a microarray transcriptomic analysis (Tachdjian 
and Kelly 2006). Eight genes encoding putative regulators, 
belonging to a variety of TF-families, were subsequently 
tested for differential expression in S. acidocaldarius at 15, 
30 and 60 min post 84 °C HS (Figs. 2, 5; Supplementary 
Table S3). Of these, four genes (Saci_1851, Saci_0446, 
Saci_0102 and Saci_1242) are significantly upregulated 
and one gene (Saci_1012) is significantly downregulated 
after HS. The dynamic response of these TF-encoding genes 
is similar to that of HSP-encoding genes, with the highest 
upregulation occurring at 30 min after HS, or even slower, 
with the maximal differential expression only occurring 
at 60 min post-HS, as observed for Saci_0102, Saci_1242 
and Saci_1012. Such a slow dynamic behavior would be 
unexpected for TFs directly responsible for the regulation 
of structural genes involved in HS response, such as HSP-
encoding genes, for which a fast regulation in response to 
HS is required.

A late transcriptional response to HS is most explicit for 
Saci_1012, which shows a strong transcriptional downregu-
lation at 60 min after HS (FC of 0.02) (Fig. 5; Supplementary 
Table S3), in agreement with the transcriptional response of 
the homologous gene in S. solfataricus (Tachdjian and Kelly 
2006). Saci_1012 encodes an uncharacterized DNA-binding 
protein with a putative helix-turn-helix motif, annotated as a 
transcriptional regulator of an unknown family and function. 
Given that the expression levels of Saci_1012 were only 
responsive to HS after 60 min, it is plausible to hypothesize 
that this protein is not directly involved in the regulation of 
HSPs, which need to protect protein integrity and function 
immediately after HS exposure. Nevertheless, the effect of 
HS on the transcriptional expression level of this putative 
DNA-binding protein is remarkable, possibly indicative of 
an indirect relationship between the protein’s function and 
HS response.

Several Lrs14-family members showed a differential 
transcriptional level upon HS: Saci_0446, Saci_0102 and 
Saci_1242 (Fig. 5; Supplementary Table S3). Expression 
of Saci_0446, encoding the Lrs14-family biofilm regulator 
AbfR1 (Orell et al. 2013), displayed the highest upregula-
tion after HS (FC of 31.5 after 30 min) (Fig. 5; Supplemen-
tary Table S3). This DNA-binding protein binds in a non-
sequence specific to the DNA (Napoli et al. 2001; Orell et al. 
2013; Li et al. 2017). Based on the observations that Lrs14 
members have been retrieved from independently performed 
pulldown assays using Sulfolobus crude cell extracts and 
seem to be involved in a variety of cellular processes (Napoli 
et al. 2001; Fiorentino et al. 2003; Kessler et al. 2006; Abella 
et al. 2007), it was cautiously postulated that Lrs14 regu-
lators might rather be chromatin-organizing proteins than 
transcriptional regulators and regulate transcription indi-
rectly (Karr et al. 2017). Previously, it was demonstrated 
that heat and cold shock influences the overall topology of 
the DNA in hyperthermophilic archaea leading to, respec-
tively, positively supercoiled and negative supercoiled DNA 
(López-García and Forterre 2000). Interestingly, the AbfR1 
orthologue in S. solfataricus, Smj12, is able to introduce 
positive supercoiling in DNA and is capable of stabilizing 
double-strand DNA against thermodenaturation (Napoli 
et al. 2001). Since it is known that DNA-binding proteins 
provide a helper role in the control of DNA topology dur-
ing thermal stress (López-García et al. 1998; López-García 
and Forterre 2000), we hypothesize that Lrs14-like pro-
teins might play a role in controlling DNA topology upon 
heat stress and in the stabilization of double-stranded DNA 
against thermodenaturation, rather than specifically regulat-
ing the expression of genes involved in HS response such as 
those encoding molecular chaperones.

Saci_1851 is the only gene which displayed an upregu-
lation already after 15 min of HS treatment in all BRs 
and that showed a high upregulation upon thermal stress, 
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peaking at 30 min (FC of 12.1 and 28.3, respectively) 
(Fig.  5; Supplementary Table S3). This gene encodes 
YtrASa, a GntR-like regulator belonging to the YtrA sub-
family with a highly restricted regulon, consisting of two 
(putative) membrane protein-encoding genes (Lemmens 
et al. 2019). Since it does not regulate a HSP, not directly 
nor indirectly (Lemmens et al. 2019), the reason for this 
strong upregulation after HS remains unclear. Although 
the function of these membrane proteins is not unraveled, 
there is no direct link with thermal stress apparent.

Finally, the effect of HS on the other investigated TF-
encoding genes Saci_0800 and Saci_1107 is not that pro-
nounced (Fig. 5; Supplementary Table S3). Saci_0800, 
encoding an uncharacterized ArsR-family member, is not 
downregulated like its homolog in S. solfataricus (Tach-
djian & Kelly, 2006) and seems not to be differentially 
expressed in S. acidocaldarius. Likewise, Saci_1107, 
encoding the TetR-family regulator FadRSa (Wang et al. 
2019), seems not to be differentially expressed upon HS 
in S. acidocaldarius, while a strong upregulation upon HS 
was observed for its homolog in S. solfataricus (Tach-
djian & Kelly, 2006). FadRSa represses a 30-kb gene clus-
ter encoding enzymes involved in fatty acid metabolism 
(Wang et al. 2019; Takemata et al. 2019). In bacteria, 
there is a clear link between fatty acid metabolism and 
heat stress with the latter affecting the fluidity of the fatty-
acid composed cell membrane through modification of the 
membrane lipid composition (Juneja et al. 1998; Mejía 
et al. 1999; Haddaji et al. 2015). In contrast to bacteria, the 
archaeal cell membrane is not composed of fatty acids but 
of isoprenoid-based hydrocarbon chains (Koga 2012). The 
function of the extensive fatty acid metabolism genes in 
the archaeal cell remains unclear, but since FadRSa seems 
not differentially expressed upon HS, we expect that fatty 
acids do not play an important role in the HS response of 
Sulfolobus cells.

Taken together, the results of the qRT-PCR suggest 
that a HS of 85 °C is sensed by the cells, reflected by an 
increase in mRNA levels of all relevant HSPs and some 
TFs, mainly after 15 min of steady and constant high-
temperature stress (30 min post HS in our set-up). Since 
none of the investigated TFs seem to specifically regulate 
HSP gene expression, the question still remains whether 
there is indeed a direct HS-regulating TF present in S. 
acidocaldarius or whether the increase in mRNA levels 
of the HSPs is due to other causes, such as effects of HS 
on RNA stability. Nevertheless, due to the complexity of 
the HS response, it seems very plausible that other regula-
tory processes are at least equally important as transcrip-
tional regulation in finetuning the expression levels of 
HSPs, whether it is post-transcriptional, translational or 
post-translational.

Conclusions

With this work, we were able to define the consequences of 
high-temperature stress for the thermophilic crenarchaeon 
S. acidocaldarius. By performing growth experiments at 
high cultivation temperatures and HS-experiments using a 
well-validated HSset-up, it was found that temperature stress 
results in a molecular response by the cells at temperatures 
of 85 °C and higher. When cultures are rapidly heated, this 
is characterized by increased transcript levels of all impor-
tant HSPs and a subset of transcriptional regulators, whose 
link to the HS response is not apparent or possibly indirect. 
Using spot tests, we showed that when exponentially grow-
ing cultures at 75 °C are exposed to HS, the tipping point 
is situated around 90 °C, which is between 10 and 15 °C 
above the optimal growth temperature. When cultures are 
gradually heated to 90.5 °C over the course of 10–20 min, 
cells are able to cope with this stress. In contrast, the defense 
mechanism immediately fails when cultures are more rapidly 
heated to 90.5 °C, resulting in the death of approximately 
75% of cells. Therefore, S. acidocaldarius does not seem to 
be better equipped to handle sudden high-temperature stress 
than mesophilic organisms. Since in most previous studies 
of HS response in thermophilic archaea, a clear descrip-
tion of the technical set-up for exposing cells to temperature 
stress is lacking, possibly complicating the reproducibility 
of results, we would like to emphasize the importance of 
using a well-defined HSset-up. This is underlined by the 
exceptional dynamic nature of the response to HS on both 
the physiological and transcriptional level as described in 
this work.
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