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Summary

High-Temperature Aquifer Thermal Energy Storage
(HT-ATES) is a sustainable approach for integrating
thermal energy from various sources into complex
energy systems. Temperatures ≥45�C, which are rele-
vant in impact zones of HT-ATES systems, may dra-
matically influence the structure and activities of
indigenous aquifer microbial communities. Here, we
characterized an acetate-mineralizing, sulfate-reducing
microbial community derived from an aquifer and
adapted to 45�C. Acetate mineralization was strongly
inhibited at temperatures ≤25�C and 60�C. Prolonged
incubation at 12�C and 25�C resulted in acetate miner-
alization recovery after 40–80 days whereas acetate
was not mineralized at 60�C within 100 days. Cultures
pre-grown at 45�C and inhibited for 28 days by incuba-
tion at 12�C, 25�C, or 60�C recovered quickly after
changing the temperature back to 45�C. Phylotypes
affiliated to the order Spirochaetales and to
endospore-forming sulfate reducers of the order
Clostridiales were highly abundant in microcosms
being active at 45�C highlighting their key role. In sum-
mary, prolonged incubation at 45�C resulted in active
microbial communities mainly consisting of organ-
isms adapted to temperatures between the typical tem-
perature range of mesophiles and thermophiles and
being resilient to temporary heat changes.

Introduction

A considerable part of fossil fuels is globally consumed
for heating and cooling purposes (Elsland et al., 2017;

Heatroadmapeurope, 2019). Aquifer Thermal Energy
Storage (ATES) promises a more sustainable supply of
thermal energy by storing and extracting heat in the sub-
surface. In addition to storing thermal energy from heat-
generating industries such as incineration plants, ATES
can operate in seasonal mode, by storing excess thermal
energy in aquifers during the summer, which can then be
used during the cooler months. More than 90% of ATES
in operation worldwide are located in Europe (Fleuchaus
et al., 2018). A majority of the ATES in operation are
Low-Temperature (LT-ATES) installations, which function
under an upper limit temperature threshold (e.g. 25�C).
However, by operation of High-Temperature ATES (HT-
ATES) systems with storage temperatures >40�C, an
integration of (non-)renewable heat sources into complex
energy systems is possible (Fleuchaus et al., 2020).
Some of the limitations that contribute to the lower adop-
tion of HT-ATES largely stem from long-term operational
costs, uncertainty on their environmental impact, and reg-
ulation issues (Fleuchaus et al., 2018; Fleuchaus
et al., 2020).

ATES is especially attractive for urban or industrial
areas due to its high energy production and consumption.
Aquifers in those sites are often contaminated by organic
pollutants (National Research Council, 2000), and com-
bining remediation techniques with ATES is an attractive
approach. As groundwater temperatures within the ATES
core zone and vicinity are affected, this will influence a
contaminant’s physicochemical characteristics and its
attenuation potential. Petroleum hydrocarbons constitute
the most common contaminants introduced into the sub-
surface through leakage or improper disposal (Rooney-
Varga et al., 1999; Da Silva and Alvarez, 2004; Vogt
et al., 2007). Both biotic and abiotic attenuation of con-
taminants can occur, but the latter contribution tends to
be limited in aquifers, where oxygen is rapidly depleted
(USEPA, 1999; Meckenstock et al., 2015). During
syntrophic hydrocarbon degradation, acetate is a com-
monly occurring intermediate in the several pathways
reported (Jones et al., 2008; Gieg et al., 2010; Fuchs,
2011; Lueders, 2017). In the presence of terminal elec-
tron acceptors, acetate can serve both as carbon source
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and electron donor becoming mineralized to carbon diox-
ide (Wu et al., 1997; Ho et al., 2002; Heuer et al., 2010;
Head et al., 2014). Due to the availability of sulfate in var-
ious ecosystems, dissimilatory sulfate reduction is among
the most commonly described metabolism under anoxic
conditions (National Research Council, 2000; Miao
et al., 2012).

In an ecosystem comprising a plethora of microorgan-
isms, microbial processes are not as straightforward as
correlating biotransformation with the Arrhenius equation
(Garcia et al., 2018). The growth temperature, which is an
intrinsic characteristic of each species, is defined by the
maxima, minima and optima, which connect microbial
growth to temperature (Dettmer, 2002). Maximal growth
rates can be achieved around the optimal temperature,
whereas at higher temperatures rates rapidly decrease
and cease under sub-optimal conditions (Mohr and
Krawiec, 1980; Huang et al., 2011). For instance, this can
be observed with the different microbial growth ranges in
psychrophiles (0–20�C), mesophiles (8–48�C), thermo-
philes (40–70�C) and hyperthermophiles (65–90�C)
(Madigan et al., 2017). Heterogeneity and localized niches
can also affect attenuation processes (Tian et al., 2017;
Garcia et al., 2018; Pannekens et al., 2019). The effects of
temperature are thus multi-faceted, since temperature
does not just affect physicochemical characteristics of the
contaminants (Koproch et al., 2019), but it can also affect
the microbial community and the biotransformation pro-
cesses (Dettmer, 2002; Higashioka et al., 2011). Tempera-
ture fluctuations arising from injection and extraction of
water into aquifers could largely influence the general
activity of the microbial community as well the ability to
mineralize distinct contaminants (Hossain et al., 2017).

In a previous study (Bin Hudari et al., 2020), using a
hydrocarbon-degrading microbial community spiked with
uniformly 13C-labelled acetate under sulfate reducing con-
dition, acetate mineralization was observed at 12�C, 25�C
and 38�C, whereas acetate was not mineralized at 60�C
and 80�C, while only one of three replicates incubated at
45�C mineralized acetate with concomitant sulfide produc-
tion. In that study, 45�C was selected, because it lies in
the overlap of mesophilic-thermophilic growth boundary
(Madigan et al., 2017), which could potentially harbor a
niche group of heat-tolerant microorganisms. In an HT-
ATES system, 45�C can be found either in the core zone
or in the outer impact zone (Sanner et al., 2005; Lerm
et al., 2013; Kallesøe and Vangkilde-Pedersen, 2019).
This could also influence the surrounding zone which is in
close proximity to the core by indirectly enhancing biore-
mediation activity (Todorov et al., 2020). If bioremediation
activity can be sustained at this temperature (45�C), this
would be an extra advantage in addition to allowing a
greater thermal energy capacity with the implementation of
HT-ATES. While there have been studies to assess the

likely impacts of temperature in ATES (Jesußek
et al., 2012; Jesußek et al., 2013; Ni et al., 2015) as well
as in other applications (Deeb and Alvarez-Cohen, 1999;
Friis et al., 2007a,b,c; Yadav et al., 2012; Zeman
et al., 2014), studies on the effects of periodic heat storage
subject to different temperature exposure on biotransfor-
mation are limited. Therefore, our microcosm-based study
aims to explore the effects of periodic heat exchange on
acetate mineralization, sulfide production, their rates and
microbial community composition. Starting with an inocu-
lum comprising an aquifer microbial community enriched
at 45�C, microcosms were subjected to different treatment
regimes within three scenarios: (i) ‘control’ at 45�C,
(ii) ‘adaptation’ from 45�C to 12�C, 25�C, or 60�C and
incubated for up to 133 days and (iii) ‘heat exchange’ sce-
nario where microcosms were temporarily exposed to
12�C, 25�C, 38�C, or 60�C for a 28-day period before
switching again to 45�C.

Results

Activities at 45�C and after subsequent permanent
temperature shifts to 12�C, 25�C or 60�C

These experiments were done to determine general
activity parameter at 45�C, to characterize the activities
of the 45�C-adapted community at lower and higher tem-
peratures (ΔT ≥15�C) and to determine the resilience of
the community to mineralize acetate at lower and higher
temperatures after prolonged incubation. In microcosms
incubated continuously at 45�C (treatment 1), acetate
was mineralized in all three replicates with concomitant
sulfide production and no apparent lag phase (Fig. 1A
and B). Within the first 6.25 days, acetate was mineral-
ized at an average rate of 52.9 � 8.5 μM d�1 while sulfide
was produced at an average rate of 51.8 � 3.8 μM d�1.
Subsequently, both rates increased to 85.4 � 17.3 (min-
eralization) and 65.7 � 2.9 μM d�1 (sulfide production),
indicating increasing cell numbers by growth. After
10 days of incubation, 87.5 � 17.7% (875.4 � 177 μM) of
the added acetate was mineralized accompanied by pro-
duction of 657.4 � 29 μM sulfide (Tables 1 and S3).

In treatments 2–4 of the ‘adaptation scenario’, average
acetate mineralization and sulfide production rates during
the ‘Pre’ stage at 45�C were comparable to treatment
1 values (Table 1). Transferring the communities to either
12�C, 25�C or 60�C resulted in significantly changing min-
eralization and sulfide production rates; generally, the
selected temperatures caused an immediate inhibition of
activity. A temperature of 12�C (treatment 2, 45 ! 12�C)
completely inhibited acetate mineralization for around
63 days; thereafter, only two of three replicates mineralized
acetate at a rate of 13.9 � 1.4 μM d�1 and produced sulfide
at 11.6 � 1.7 μM d�1 (Table 1, Fig. 1C and D, Table S3).
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Shifting the temperature to 25�C (treatment 3, 45 ! 25�C)
did not completely inhibit acetate mineralization as
observed for 12�C, but rates were tremendously decreased
(Table 1, Fig. 1E and F). After more than 50 days incuba-
tion at 25�C (‘End’ stage), acetate mineralization and sul-
fide production started to increase again in two of three
replicates at rates of 11.3 � 1.7 and 6.7 � 0.9 μM d�1

respectively (Table 1, Fig. 1E and F). The third replicate
was excluded as mineralization ceased after a few days at
25�C (Fig. 1E, Table S3). Transferring the communities to a
temperature of 60�C (treatment 4, 45 ! 60�C) completely
inhibited mineralization and sulfide production after some
residual activity within the immediate 0.75 days after shifting
to 60�C (Table 1, Fig. 1G and H; Table S3).

Activities at 45�C after temporary temperature shifts to
12�C, 25�C, 38�C or 60�C

These experiments were done to determine the resilience
of the 45�C-adapted community to temporary lower or

higher temperatures (ΔT ≥ 7�C). In the heat exchange
setups (treatments 5–8), communities were first incu-
bated at 45�C for 6 days (‘Pre’ stage), and then trans-
ferred to 12�C (treatment 5), 25�C (treatment 6), 38�C
(treatment 7) or 60�C (treatment 8) for up to 28 days. On
day 35, they were returned to 45�C (‘Post’ stage). In the
‘Pre’ stage, all replicates mineralized acetate and pro-
duced sulfide without lag-phase in similar rates as
described for the permanent temperature shift experi-
ments (Tables 1 and 2; Figs 1A and B, 2A–D,
and 3A–D).

When replicates were transferred to the respective
incubation temperature after 6 days (‘Post’ stage), ace-
tate mineralization and sulfide production rates varied
depending on the selected new temperature; in general,
cultures behaved similarly to those observed for treat-
ments 2–4. During the 29-day incubation at 12�C, acetate
mineralization was not observed (treatment 5, Fig. 2A)
while some residual activity was observed at 60�C,
shortly after temperature change (5.0 � 0.2 μM,

Fig. 1. Time courses development of 13C-labelled CO2 and sulfide for treatments 1 (45�C) (A, B), 2 (45 ! 12�C) (C, D), 3 (45 ! 25�C) (E, F)
and 4 (45 ! 60�C) (G, H) respectively. Additional insert in diagrams in A and B represent the data for the first twelve days of incubation at higher
resolution. Data are presented for each respective replicate and the corresponding average of these replicates.
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treatment 8, Fig. 2A). Sulfide production was not
observed at both temperatures (Fig. 3A and D;
Table S3). At 25�C (treatment 6), acetate mineralization
phased out after 14 days and was afterward absent,
with only 9.6 � 8.3 μM (n = 3) acetate mineralized and
similar small amounts of sulfide produced (Figs 2B and
3B, Table S3). In contrast, during incubation at 38�C
(treatment 7), mineralization continued with no lag
phase and was completed 16–21 days after shifting to
the new temperature, and hence was not returned to
45�C (Fig. 2C, Table 2). Acetate was mineralized
(742.4 � 189.3 μM) at a rate of 39.1 � 15 μM d�1, while
an average of 449 � 80.2 μM sulfide was produced at
22.4 � 5.5 μM d�1 (Table 2). Both rates were lower with
respect to the control which was continuously incubated
at 45�C (treatment 1, Table 1). Acetate mineralization
rates were initially slightly lower as observed for 45�C
when the replicates were placed at 38�C; however, the
rates increased again with prolonged incubation at 38�C
(Fig. 2C), where rates during incubation at 38�C were
comparable to rates before temperature change at 45�C
(Table 2), indicating growth of the acetate-mineralizing
community.

At t = 35 days, treatments 5 (12�C), 6 (25�C) and
8 (60�C) were returned to 45�C. Acetate mineralization
resumed in all three treatments, albeit at different rates
(Fig. 2A, B, and D), alongside sulfide production
(Fig. 3A, B, and D). Based on δ13CO2 values, lag phases
were not evident in all three treatments (Table S3). In
treatment 5 (12�C), triplicate communities mineralized
722.8 � 189 μM acetate at 10 � 3.4 μM d�1 when ret-
urned to 45�C, while 591.2 � 127.3 μM of sulfide was
produced at a rate of 8.2 � 1.6 μM d�1 (Table 2); these
rates are about three to four times lower when compared
to rates before temperature change at t = 6.25 d, indicat-
ing a negative effect of 12�C on the 45�C-adapted com-
munity. For treatment 6 (45 ! 25 ! 45�C), on average,
332.4 � 168 μM of acetate was mineralized at
17.9 � 14.4 μM d�1 (n = 3) with no lag phase after micro-
cosms were returned to 45�C. One replicate recovered
very slowly, with only 2.2 μM d�1 acetate mineralized and
1.7 μM sulfide d�1 produced in 71 days. These rates
were around ten times lower when compared to the other
two replicates (Table S3). The average acetate minerali-
zation and sulfide production rates at 45�C after the tem-
porary incubation at 25�C were about two times lower

Fig. 2. Time courses of the development of 13C-labelled CO2 production from microcosms in treatments 5 (45� ! 12 ! 45�C) (A),
6 (45 ! 25 ! 45�C) (B), 7 (45 ! 38�C) (C) and 8 (45 ! 60 ! 45�C) (D). In treatment 7, the experiment was completed during incubation at
38�C and was not returned to 45�C.
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when compared to the initial average rate before the tem-
perature change at t = 6.25 d.

In treatment 8 (45 ! 60 ! 45�C), while no mineraliza-
tion was observed during 60�C incubation, mineralization
and sulfide production resumed with no apparent lag
phase when returned to 45�C on day 35 (Figs 2D and
3D). Acetate was mineralized and sulfide produced after
return to 45�C in rates of 17.4 � 13.1 (n = 3) and
11.7 � 5.3 μM d�1 (n = 3) respectively (Table 2). These
rates were about three to four times lower compared to
rates before temperature change (Table 2).

Microbial community composition

The Miseq sequencing data of the 18 samples produced
1 270 196 16S rRNA gene sequence reads with average
reads of 70 556 � 16 103 per sample, with minimum and

maximum sequence reads of 46 807 and 109 242
respectively. The amplicon sequence variants (ASVs)
varied between 38 and 135 shown by the rarefaction
curve of the unrarefied samples (Fig. S2). The total
sequences per sample were considered in the microbial
community composition, however, for diversity analyses,
sequences were first rarefied to the minimum sequencing
depth of 46 807 without significant loss to ASVs.

Community compositions at different temperature
regimes

Four microcosms were sacrificed at the end of the treat-
ment to investigate the community composition of repli-
cates from treatments 1 (45�C), 2 (45 ! 12�C), and
3 (45 ! 25�C) at time points t = 10 d, 126 d and 82 d
respectively (Fig. 1, Table S2), represented at the order

Table 2. Overview on results of triplicates averages of acetate mineralization, sulfide production and rates for treatments 5–8.

Objective Heat exchange

Stage

Treatment 5 6 7 8

Batch 45 ! 12 ! 45�C 45 ! 25 ! 45�C 45 ! 38�Ca. 45 ! 60 ! 45�C

Pre Duration (d) 6.25 6.25 6.25 6.25
Acetate mineralized (%) 18.4 � 1.8 24.2 � 16.3 (n = 3) 20.9 � 3.13 33.3 � 6.02

33.4 � 3.17 (n = 2)
Acetate mineralized (μM) 183.6 � 18.7 241.7 � 163.2

(n = 3)
208.9 � 31.4 333.4 � 60.2

334.7 � 37.1 (n = 2)
Rate (μM d�1) 29.4 � 3.0 38.7 � 26.1b. 33.4 � 5.0 53.3 � 9.6

Duration (d) 6.25 6.25 6.25 6.25
Sulfide produced (μM) 230.7 � 49.0 288.4 � 78.1 245.9 � 16.6 336.4 � 48.5
Rate (μM d�1) 36.9 � 7.8 46.1 � 12.5 39.3 � 2.6 53.8 � 7.8

Post Duration (d) 28.75 28.75 16.75–21 28.75
Acetate mineralized (%) Not observed 9.6 � 8.3 (n = 3) 74.2 � 18.9 5.0 � 0.2
cc 13.9 � 5.1 (n = 2)
Acetate mineralized (μM) Not observed 95.9 � 83.0 (n = 3) 742.4 � 189.3 50.4 � 1.8c.

139.2 � 20.6 (n = 2)
Rate (μM acetate d�1) Not observed 3.3 � 2.9b. 39.1 � 15.0 n/c

Duration (d) 28.75 28.75 18.75–21 28.75
Sulfide produced (μM) Not observed 12.3 � 3.7 (n = 2) 449.0 � 80.2 Not observed
Rate (μMsulfide d�1) Not observed 0.4 � 0.1 (n = 2)e. 22.4 � 5.5 n/c

End Duration (d) 65–78 16.25–71 - 30–74
Lag phase of acetate mineralization after
temperature shift based on δ13CO2 values (d)

Not observed Not observed - Not observed

Acetate mineralized (%) 72.3 � 18.9 33.2 � 16.8 Completed
prior

65.0 � 15.6

Acetate mineralized (μM) 722.8 � 189.8 332.4 � 168.5 - 649.2 � 156.0
Rate (μM acetate d�1) 10.0 � 3.4 17.9 � 14.4 Completed

prior
17.4 � 13.1b.

Duration (d) 71–74 16.25 (n = 2)e. Completed
prior

30–71

Sulfide produced (μM) 591.2 � 127.3 282.6 � 76.9 (n = 2) - 453.9 � 34.2
Rate (μM sulfide d�1) 8.2 � 1.6 17.4 � 4.7 (n = 2) Completed

prior
11.7 � 5.3

a.Acetate mineralization was completed during incubation at 38�C, no return to 45�C.
b.Only averaged rate of triplicates shown.
c.Acetate mineralization due to residual activity after shifting to 60�C.
d.Rate based on acetate mineralization duration.
e.Third replicate not considered, information in Table S3.
n/c, not considered.
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and genus levels (Fig. 4A and B). The communities from
treatment 4 (45 ! 60�C) could not be sequenced due to
insufficient DNA extracted from the biomass. In the com-
munity incubated continuously at 45�C, the dominant phy-
lotypes belonged to the orders Spirochaetales (� 56%),
Clostridiales (� 30%) and Bacteroidiales (9%) (Fig. 4A).
At the genus level, members comprised mainly of
uncultured members of the Spirochaetaceae (�56%) and
Desulfotomaculum (� 30%) (Fig. 4B). In replicate 4.07 of
treatment 2 (45 ! 12�C) sacrificed on day 126, and repli-
cate 4.09 of treatment 3 (45 ! 25�C) sacrificed on day
82, the orders Spirochaetales and Clostridiales were
highly abundant as well (Fig. 4A). In treatment
2 (45 ! 12�C), the dominant genera were affiliated with
uncultured Spirochaetaceae (53%) and Desulfotomaculum
(� 19%). Candidatus Desulforudis (�19%), an uncultured
bacterium of Anaerolineae (�4%) and Pelolinea (�4%)
were more abundant in treatment 2, whereas these genera
only ranged between 0.9% and 1.5% in treatment
1 (Fig. 4B). In contrast, several abundant phylotypes pre-
sent in replicate 4.09 of treatment 3 (45 ! 25�C) consisted

of Desulfotomaculum (51%), uncultured Spirochaetaceae
(21%) and Symbiobacterium (17%).

Eight replicates were sacrificed to investigate the com-
munity composition at the end of the experiment after the
entire cycle of heat exchange (Figs. 5 and S3). In gen-
eral, all replicates showed a high abundance of
Spirochaetales (32%–61%) and Clostridiales (21%–56%)
(Fig. S3). Other phylotypes which were present, albeit in
varying abundances, included Clostridia incertae sedis
(0.7% to �18%), Bacillales (0.5% to �4%) and
Bacteroidales (0.01% to �8%) (Fig. S3). At the genus
level, highly abundant phylotypes across the eight repli-
cates were affiliated with Desulfotomaculum (�15% to
56%) and Candidatus Desulforudis (�0.8% to 18%)
besides uncultured relatives of the Spirochaetales
(Fig. 5). Several other phylotypes that were also present
with varying abundances included a Rikenellaceae mem-
ber (0%–8%), Ruminococcaceae (0%–9%) and Ure-
ibacillus (�1%–4%).

Three replicates were set up for each of treatments S1
(45 ! 25 ! 45�C) and S2 (45 ! 60 ! 45�C) to

Fig. 3. Time courses on the sulfide production from microcosms in treatments 5 (45 ! 12 ! 45�C) (A), 6 (45 ! 25 ! 45�C) (B), 7 (45 ! 38�C)
(C) and 8 (45 ! 60 ! 45�C) (D). In treatment 7, the experiment was completed during incubation at 38�C and was not returned to 45�C.
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investigate the community at each stage of the cycle with
one replicate sacrificed each for pre-, post-temperature
change and finally at the end of the cycle (Table S2). The

replicates were monitored for acetate mineralization and
sulfide production (Table 3) and behaved similarly as the
replicates shown in Figs 3 and 4. Microbial community

Fig. 4. Microbial community compositions for three treatments: 1 (45�C), 2 (45 ! 12�C) and 3 (45 ! 25�C), (A) represented at the order level
(class level in parentheses), and (B) represented at the genera level (corresponding family level in parentheses). Community composition of treat-
ment 4 (45 ! 60�C) could not be obtained due to insufficient biomass.
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compositions of treatments S1 (45 ! 25 ! 45�C) and
S2 (45 ! 60 ! 45�C) at genus level are represented in
Fig. 6 (for compositions at the order level see Fig. S4).
For treatment S1, phylotypes affiliated with uncultured
members of the Spirochaetaceae (22%–35%) and
Desulfotomaculum (22%–39%) were the most abundant
genera across the three replicates subjected to the
45 ! 25 ! 45�C cycle. Several phylotypes such as
Pelolinea (4%) and an uncultured member of the
Anaerolineae (8%), were initially present at 45�C before
temperature change at day 6; however, this diminished to
0.3%–1.1% at the end of the 45 ! 25 ! 45�C cycle,
although Pelolinea abundance initially increased to
�15% in the replicate 4.34 sacrificed after incubation at
25�C (Fig. 6). Meanwhile, Candidatus Desulforudis,
which had a high relative abundance (�18%) in replicate
4.35 (pre temperature change), saw a lower abundance
(�2%) in replicate 4.34 sacrificed at the end of the 25�C,

which rebounded to �6% in replicate 4.33 sacrificed at
the end of the 45 ! 25 ! 45�C cycle. Phylotypes such
as Brevibacillus and Bacillus were initially present in the
sacrificed replicate 4.35 (d = 6) but were subsequently
absent in the replicates 4.34 (t = 35 d) and 4.33 (t = 120
d), while Ureibacillus abundance fluctuated slightly within
the three replicates (Fig. 6).

In treatment S2 (45 ! 60 ! 45�C), phylotypes affili-
ated with the uncultured member of the Spirochaetaceae
(38%–59%) and Desulfotomaculum (22%–44%) were the
most abundant genera across the three replicates. Phy-
lotypes affiliated to the Rikenellaceae (�12%) and Can-
didatus Desulforudis (�3%) were initially present at 45�C
before temperature change at day 6; however, both taxa
diminished to �1.0% at the end of the 45 ! 60 ! 45�C
cycle. Candidatus Desulforudis abundance was however
slightly higher (�5%) in the replicate 4.37 sacrificed post-
incubation at 60�C (Fig. 6).

Fig. 5. Microbial community compositions of treatments: 5 (45 ! 12 ! 45�C), 6 (45 ! 25 ! 45�C), 7 (45 ! 38�C) and 8 (45 ! 60 ! 45�C),
represented at the genera level and the family level in parentheses. ‘Replicate’ and ‘Label’ information correspond to the replicate assignment
described in Table S2. Two replicates were sacrificed from each treatment: 45 ! 12 ! 45�C (labels 4.17 and 4.18), 45 ! 25 ! 45�C (labels
4.22 and 4.23), 45 ! 38�C (labels 4.26 and 4.27) and 45 ! 60 ! 45�C (labels 4.30 and 4.31). For consistency, replicates were numerically
assigned (e.g., 45 ! 12 ! 45�C 1 or 45 ! 12 ! 45�C 2) corresponding to replicate assignments (Table S2). Two replicates, 4.26 and 4.27 were
sacrificed at 38�C as the experiment was completed.
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Microbial diversity indices of the differently treated
communities are provided in Figures S6–S8.

Discussion

This study highlights the sulfate reduction potential of
aquifer microbial communities at the boundary between
mesophilic and thermophilic conditions. Acetate is a com-
monly reported intermediate during degradation of
organic substrates (Thauer et al., 1989), for example in
sulfidogenic benzene mineralization (Rakoczy
et al., 2011; Starke et al., 2016), and was therefore used
as a model carbon source for studying heterotrophic
microbial activity in an aquifer microbial community origi-
nally adapted to anaerobic hydrocarbon degradation (Bin
Hudari et al., 2020). Our data indicate that at 45�C (and
also at 38�C, 25�C and 12�C), the bacterial community
mineralized acetate with sulfate as the sole electron
acceptor due to the ratio of produced sulfide to oxidized
acetate of around 1 (Table 1) according to the following
equation:

CH3COO�þ SO2�
4 !2HCO�

3 þHS�

The sulfide production rate at 45�C (51.8 � 3.8 μM d�1)
was approximately ten times higher compared to a previ-
ous study at the same temperature (Bin Hudari

et al., 2020), illustrating that the enriched consortium was
well adapted to 45�C. While sulfate reduction (SR) rates
are often reported for typical mesophilic (e.g. 20–38�C)
or thermophilic (e.g. 50–70�C) conditions (Isaksen
et al., 1994; Elsgaard et al., 1994a,b; Kallmeyer and
Boetius, 2004; Jesußek et al., 2012; Frank et al., 2015),
rates for temperatures in between the meso-thermophilic
range (�45�C) are scarce. The determined value for sul-
fide production d�1 in our study is in the range reported
for SR rates between 42�C and 50�C ranging between
�25 and 316 μM sulfate d�1 (Frank et al., 2015; Robador
et al., 2016). Alongside sulfide and labelled carbon diox-
ide production, the rate of pre- and post-temperature
change reaffirms the impact periodic temperature fluctua-
tions have on biotransformation. Cultures continuously
incubated at 45�C were dominated by phylotypes dis-
tantly affiliated to the genus Desulfotomaculum and an
uncultured member of the family Spirochaetaceae.
Desulfotomaculum are sulfate reducers, which have
been reported in various settings (Klemps et al., 1985;
Bak and Pfennig, 1991; Aullo et al., 2013; Bonte
et al., 2013; O’Sullivan et al., 2015; Tian et al., 2017).
They are endospore formers (Widdel and Bak, 2006;
Aullo et al., 2013; O’Sullivan et al., 2015; Grigoryan
et al., 2018) and have been described at various temper-
atures including psychrophilic and thermophilic conditions
(Klemps et al., 1985; Widdel and Bak, 2006; Aullo
et al., 2013; O’Sullivan et al., 2015), thus, their higher

Fig. 6. Microbial community of the replicates sacrificed at various stages of the heat exchange, that is ‘Pre’ (d = 6), ‘Post’ (d = 35) and ‘End’ of
the experiment (d = 120 and d = 82). Sequences are represented at the genus level, with the family level represented in parenthesis.
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abundance at 45�C is not a surprise, and they are
believed to oxidize acetate in our 45�C community, since
several species such as D. acetoxidans and
D. kuznetsovii are capable of utilizing acetate under
sulfate-reducing conditions (Widdel and Pfennig, 1977;
Thauer et al., 1989; O’Sullivan et al., 2015). However,
the phylotype enriched in our 45�C culture was not
clearly affiliated to known acetate mineralizing species of
Desulfotomaculum, indicating that novel acetate-
mineralizing Desulfotomaculum phylotypes could be
responsible for the acetate-driven sulfate reduction at
45�C. A BLAST analysis of the 16S rRNA gene
sequences (Table S4) revealed that the phylotype was
affiliated to an uncultured Sporotomaculum sp. (99.8%)
and to Desulfallas thermosapovorans DSM 6562 (98.5%)
as closest relatives (Table S4). Sporotomaculum have
been reported in setups with acetate as an electron
donor under sulfate reducing conditions, but species
reported from this genus are not known to be sulfate
reducers (Brauman et al., 1998; Qiu et al., 2003;
Purkamo et al., 2017; Hessler et al., 2020). Unlike
Sporotomaculum, strains of D. thermosapovorans are
sulfate reducers and with an optimal growth temperature
of 50�C; however, they have not been described yet as
acetate oxidizers (Fardeau et al., 1995). Meanwhile, the
consistently high abundance of Spirochaetaceae across
the 18 replicates (21%–61%) demonstrates they grew
under the selected conditions. Although Spirochaetaceae
have often been observed in anoxic habitats including
sulfate-reducing conditions (Magot et al., 1997; Muller
et al., 2009; Baldwin et al., 2016; Saad et al., 2017;
Zouch et al., 2017; Dong et al., 2018; Bratkova
et al., 2019; Bin Hudari et al., 2020; Ozuolmez
et al., 2020; Yi et al., 2020), the capability for dissimila-
tory sulfate reduction has not been demonstrated in this
family yet. In a naphthalene-degrading sulfate-reducing
consortium, it was shown that a phylotype belonging to
the Spirochaetales was recycling necromass by
fermenting carbohydrates and proteins released from
dead cells of the sulfate reducer and thereby producing
hydrogen usable by the sulfate reducers (Koelschbach
et al., 2017; Saad et al., 2017; Dong et al., 2018), and we
assume therefore that necromass cycling was the main
lifestyle of Spirochaetaceae in our enriched communities.
Meanwhile, based on this study, there does not seem to
be other predominant putative necromass recyclers capa-
ble of growth at 45�C, which implies that this phylotype is
well suited for the mesophilic-thermophilic boundary
(45�C) at anoxic conditions.

The key organisms in the 45�C consortium seem to be
adapted to temperatures lying in the upper mesophilic to
lower thermophilic zone. Some acetate mineralizers,
D. acetoxidans and D. thermoacetoxidans, have an opti-
mum growth temperature of 34–36�C (range: 20–40�C)

and 55–60�C (range: 45–65�C) respectively (Min and
Zinder, 1990; Stackebrandt et al., 1997; Widdel and
Bak, 2006). Other sulfate reducers adapted to around
45�C that have not yet been shown to oxidize acetate are
D. geothermicum and D. sapomendans with optimum
temperatures of 54�C (range: 37–56�C) and 38�C (range:
20–43�C) respectively (Cord-Ruwisch and Garcia, 1985;
Daumas et al., 1988; Widdel and Bak, 2006). Several
Anaerolineae species were also reported to grow within
the 25–60�C range, for example Levilinea saccharolytica
KIBI-1 (optimum: 37�C, range: 25–50�C) and Anaerolinea
thermolimosa IMO-1T (optimum: 50�C, range: 42–55�C)
(Imachi et al., 2014). However, it is important to note that
Anaerolineae were not particularly dominant in this study
as compared to our earlier study where phylotypes
belonging to this group were found to be dominant at
45�C under sulfate-reducing conditions (Bin Hudari
et al., 2020), indicating that endospore-forming sulfate
reducers and Spirochaetaceae are outcompeting
Anaerolineae phylotypes after prolonged batch incuba-
tion at 45�C using acetate and sulfate as main carbon
substrate and electron acceptor.

When exposed to a new temperature, a sustained min-
eralization of dissolved organic carbons (including pollut-
ants) might be possible by either a succession of the
microbial community resulting in the bloom of novel,
temperature-adapted species occupying the same eco-
logical niche, or by a temperature-specific intracellular
adaptation of key species (Ranneklev and Baath, 2001;
Delille et al., 2004). The latter is rather unlikely for
broader temperature changes as prokaryotes are usually
active in a temperature window of around Δ25�C
(Madigan et al., 2017; see also discussion below).
Hence, the observed resumption of activity at 12�C and
25�C can be best explained by a resilience of the original
community to prolonged incubation at 45�C. However,
the sequencing data did not clearly indicate a putative
acetate oxidizer exclusively becoming enriched at 12�C
or 25�C. Notably, the Desulfotomaculum phylotype,
which is one of the putative key acetate degraders at
45�C and may be related to Desulfallas the-
rmosapovorans (Table S4), was still abundant after min-
eralization of acetate at 12�C and 25�C (Fig. 4B); the
relative abundance of this phylotype in treatment
3 (�51%; 45 ! 25�C) was also higher than in replicates
of treatments 2 (�19%; 45 ! 12�C) and 1 (�30%) incu-
bated continuously at 45�C. One particular observation
with respect to the community at the end of treatment
2 (45 ! 12�C) was the higher abundance (�19%) – com-
pared to the setup incubated solely at 45�C – of a phy-
lotype distantly related to Candidatus Desulforudis
(Fig. 4). Only one species has been affiliated to Can-
didatus Desulforudis thus far, Candidatus Desulforudis
audaxviator (�93.0% identity, Table S4), which is
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endospore forming and sulfate reducing (Jungbluth
et al., 2017). Candidatus Desulforudis audaxviator was
reported to grow between 45�C and 60�C with an optimal
growth temperature of 55�C; however, it cannot grow with
acetate (Karnachuk et al., 2019). In view of the relatively
low percentage of identity, the enriched phylotype might
be a new species of the genus Candidatus Desulforudis.
This phylotype was also enriched at the end of incubation
in the approaches 45-60-45, 45-38 and 45-25-45 (Fig. 5),
pointing to an active role at 38–45�C rather than 12�C
and 25�C. It is worth noting that since both phylotypes
affiliated to Desulfallas and Candidatus Desulforudis
were present in most of the treatments (Table S4), albeit
at different relative abundances, we cannot exclude per
se that both phylotypes were also active at 12�C and
25�C. Thus, the amplicon sequencing approach was not
sensitive enough to differentiate between putative
temperature-adapted subtypes. Other than that, the
endospore survival strategy of both Desulfotomaculum
and Candidatus Desulforudis could also have contributed
to these phylotypes becoming more dominant at 45�C
and staying dominant (at 45�C) even after the subse-
quent temperature changes in treatments
5 (45 ! 12 ! 45�C), 6 (45 ! 25 ! 45�C) and
8 (45 ! 60 ! 45�C). Notably, a phlyotype affiliated to
the genus Symbiobacterium was abundant in two com-
munities after longer incubation at 25�C (17%; treatment
3, Fig. 4) and 38�C (23%; treatment 7, Fig. 5), indicating
an active role of this organisms for acetate oxidation at
mesophilic conditions. Symbiobacterium is not known for
sulfate reduction but has been identified to oxidize ace-
tate syntrophically (Liu and Conrad, 2010).
In a previous study done by our group using an inocu-

lum incubated for several years at room temperature
(� 20�C), completely different communities as well as
sulfate reducers were identified (Bin Hudari et al., 2020).
For example, several putative sulfate-reducing phy-
lotypes related to Desulfoprunum, Desulfovibrio and
Desulfurivibrio were present and more abundant in the
12�C and 25�C incubations while the Desulfatiglans and
Desufurivibrio were present but in consistently lower
abundances at 38�C (Bin Hudari et al., 2020). Sulfate
reducers of the endospore-forming order Clostridia
(e.g., Desulfotomaculum) were present in these setups
but in markedly lower abundances (Bin Hudari
et al., 2020). The considerable differences in the commu-
nities particularly the phylogenies of putative sulfate
reducers in relation to this study further highlight the role
of temperature in the succession of the native
community.
Nevertheless, 45�C was the upper limit for acetate min-

eralization and sulfide production in our investigated
community and within the experimental set up, and there-
fore thermophilic acetate degraders nor thermophilic

sulfate reducers were probably not present, or present in
such low numbers that the incubation time of this study
was not long enough to detect their activity. However,
active anaerobic thermophiles have been reported in
aquifer sediments at 60�C (Bonte et al., 2013; Karnachuk
et al., 2019), as well as aerobic thermophiles which seem
to be more abundant in subsurface microbial communi-
ties (Metze et al., 2021; Bin Hudari et al., 2020). There-
fore, the question regarding the ubiquity of especially
anaerobic thermophiles in shallow aquifer sediments
needs to be explored in future (long term) studies.

Implications and outlook

To our knowledge, very few ATES-related studies have
reported adaptation or recovery following periodic incuba-
tion at higher (heat storage) or lower temperatures (cold
storage). From the ATES standpoint, 45�C is above that
of the typical ATES threshold (�25�C) in Europe. How-
ever, this is considered to be a relevant temperature in
HT-ATES systems, either in the operational space (the
water that is usually extracted within the inner space of
the system) in case of added heat up to 50�C, or in the
outer, affected space in case of higher temperatures
(above 60�C) in the operational space (Lerm et al., 2013;
Kallesøe and Vangkilde-Pedersen, 2019). Our data indi-
cate that natural aquifer communities harbor organisms
well adapted to temperatures of the overlapping
mesophilic-thermophilic boundary, sustaining the carbon
cycle and being resilient to temperature fluctuations;
overall, microbial activity could be sustained or resumed
under the different temperature settings. This key finding
indicates that cold storage (injection of cooler water dur-
ing winter) or heat storage (injection of warmer water)
ATES installations will change the structure of microbial
communities but will not generally disturb microbial eco-
system services. However, the ultimate target remains to
assess the feasibility of HT-ATES, using temperatures
above, for example 60�C that would select for thermo-
philic or hyperthermophilic species. Our results suggest
that above 60�C only a few (if any) thermophiles will be
active in the operational space of a HT-ATES system. On
the other hand, truly thermophilic communities may evo-
lve at long-term operation of HT-ATES systems; espe-
cially at anoxic conditions, growth rates are usually low
and a small inoculum of thermophilic initial community
members may need several months or even years to
considerably enrich. Additionally, inocula are probably
site dependent, relying on a suitable microbial consortium
to carry out biotransformations (Kallmeyer and
Boetius, 2004). For example, communities isolated or
well adapted in temperatures of up to 80�C have been
described in in oil reservoirs of the deep subsurface, with
the ability to degrade hydrocarbons (Head et al., 2014;
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Piceno et al., 2014; Tian et al., 2017). However, it is
unclear if these thermophilic organisms are present
(albeit at very low numbers) in shallower aquifers and will
only develop after a certain lag phase. Therefore, more
studies utilizing different sediments are still required to
investigate community resilience in the mesophilic-
thermophilic boundary.

A higher threshold for LT-ATES to allow larger thermal
energy storage while simultaneously remediating contam-
inants would be advantageous. Additionally, a more opti-
mistic scenario of HT-ATES is where the society accepts
that although the operational space of HT-ATES systems
is being ‘a microbial desert’ and characterized by
reduced or absent microbial activity, the (much bigger
and less heated) affected space still contains active
microbial communities which can perform ecosystem ser-
vices. There is still some uncertainty how HT-ATES or
higher threshold LT-ATES (�45�C, this study) could be
maintained in the long term, where knowledge on com-
munity resilience and thermal cycling fatigue is still lim-
ited. The seasonal mode of ATES operations can cause
fluctuations in the subsurface (Saito et al., 2016); there-
fore, the impacts of repeated heat exchange cycling at
higher temperature thresholds need to be addressed.
Furthermore, the effects of periodic heat exchange on
nutrient availability and physicochemical characteristics
of the contaminants should also be studied (Head
et al., 2014). For example, an increase in temperature
can result in lower organic carbon, total nitrogen or phos-
phorus (Jiao et al., 2016), while in others warming
resulted in increases in carbon, total nitrogen and phos-
phorus (Geng et al., 2017; Gong et al., 2019). Under-
standing the overall impact of periodic heat exchange is
an important step towards the goal of raising thermal
storage thresholds. Multiple heat cycle experiments, com-
bined with different heat exchange scenarios coupled
with stable isotope probing, could also be applied to
understand the long term effects of HT-ATES on ecosys-
tem services and bioremediation.

Experimental procedures

Chemicals

Chemicals used were purchased from Sigma-Aldrich
(USA), Merck (Germany) and Carl Roth (Germany)
unless stated otherwise. Uniformly 13C-labelled sodium
acetate was purchased from Cambridge Isotope Labora-
tories (98% purity, 99 atom %, Massachusetts, USA).

Experimental setup

The inoculum used in this study belonged to an acetate-
mineralizing sulfate-reducing enrichment culture (Zox4)

consolidated from microbial communities of two micro-
cosms (Zz-O1 and Zz-O2) comprising coarse sand
obtained from the columns of an on-site system perco-
lated with sulfidic benzene-contaminated groundwater,
which were in operation for up to 10 years and 6 months
at a mean temperature of 15�C as described elsewhere
(Vogt et al., 2007; Taubert et al., 2012). The site, located
north of the city of Zeitz in Central Germany, is contami-
nated for several decades by hydrocarbons and benzene
due to former operations by an hydrogenation plant dur-
ing world war II, and a benzene production plant between
1965 and 1990 (Schirmer et al., 2006). Zz-O1 and Zz-O2
were incubated since June 2010 at room temperature at
sulfate-reducing conditions using benzene as substrate.
Zz-O1 and Zz-O2 were believed to be slightly exposed to
oxygen based on the presence of a lighter upper layer
formed in the coarse sand with respect to the darker layer
(Fig. S1). For preparing acetate-mineralizing enrichment
cultures, the light, oxidized layers were removed from
both Zz-O1 and Zz-O2 bottles and the dark, anoxic layers
were distributed into six 0.5 l Schott bottles (Fig. S5) and
filled with anoxic bicarbonate-buffered mineral salt
medium (Bak and Pfennig, 1991) comprising 10 mM sul-
fate as electron acceptor and supplemented with 2 mM
acetate as the electron donor (see Table S1 for composi-
tion). The new enrichment cultures were each placed at
different incubation temperatures: 12�C, 25�C, 38�C,
45�C, 60�C and 80�C (labelled as Zox1, 2, 3, 4, 5, and
6 respectively), and monitored for sulfide production as
an indicator for sulfate reduction activity (Fig. S5). Only
cultures Zox1-4 (corresponding to 12�C, 25�C, 38�C,
45�C) produced sulfide (results not shown). For this
study, the coarse sand of Zox4, which was enriched at
45�C for about 310 days, was used as an inoculum to set
up 35 replicate bottles (Fig. S5); details of the replicate
assignments can be found in Table S2. All replicates
were prepared in 120 ml serum flasks made up of 5 g
(treatments 1–8) or 15 g (treatments S1 and S2) coarse
sand, and filled with 80 ml of modified carbonate-buffered
mineral salt medium (Bak and Pfennig, 1991; see
Table S1 for composition) amended with 10 mM sulfate
and gas-tight sealed with Teflon-coated butyl rubber stop-
pers (Wheaton Industries, USA) and crimped aluminum
caps. Treatment 1 served as 45�C reference (4.01 to
4.04 in Fig. S5) comprising three biotic replicates and
one replicate (4.04) which was sterilized. In the ‘adapta-
tion’ scenario, a total of nine biotic replicates were evenly
distributed and firstly incubated at 45�C for 6 days before
being transferred to 12�C for a further 120–127 days
(treatment 2), to 25�C for up to 100 days (treatment 3) or
to 60�C for 100 days (treatment 4) (4.05–4.15 in Fig. S5).
Thus, an exception was made for treatment 2 (45! 12�C)
for additional incubation time, when mineralization com-
menced after t = 70 d allowing mineralization and sulfide
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production to proceed (Fig. 1C and D). For the ‘heat
exchange’ scenario, four replicates (three biotic and one
sterilized) were each first incubated at 45�C for 6 days,
followed by a periodic incubation for 28 days at 12�C
(treatment 5), 25�C (treatment 6), 38�C (treatment 7) or
60�C (treatment 8), and finally returned to 45�C on t = 35
d for up to 78 days (4.17–4.32, Fig. S5). Replicates of
treatments 1–8 were regularly sampled for sulfide and
δ13CO2 analyses; in some of the replicates, the microbial
community was analysed at the end of the experiment
(Fig. S5, Table S2A). Another six biotic replicates (4.33–
4.38, Fig. S5) were set up for microbial community analy-
sis at distinct time points of incubation using the entire
bottle content (‘phased sacrifice’, Table S2B). Three rep-
licates were assigned to each of treatments S1
(45 ! 25 ! 45�C) and S2 (45 ! 60 ! 45�C) to analyse
community composition at different stages of the heat
exchange (Pre, Post and End). For these treatments
(S1 and S2), the first replicate was sacrificed at the end
of the first incubation period (45�C, t = 6 d), the second
at the end of the second temperature period (25�C or
60�C, t = 35 d, termed ‘after’) and the third at the end of
the third temperature period (45�C, t = 120 d for replicate
4.33 and t = 82 d for replicate 4.36). Sulfide concentra-
tions and δ13CO2 values were analysed for each of the
replicates.
Sterile controls were set up by autoclaving microcosms

prepared as described above three times at 121�C for
20 min on three consecutive days. Prior to amendment of
13C-labelled acetate (see below), microcosms were incu-
bated at 45�C for three days to allow microcosms to ther-
mally acclimatize. Uniformly 13C-labelled sodium acetate
from a sterile anoxic stock solution (100 mM) was added
to each microcosm via a plastic syringe (B Braun,
Germany) to a final concentration of 1 mM. Microcosms
were incubated horizontally and statically in the dark at
12�C, 25�C, 38�C, 45�C or 60�C using different incuba-
tors (IN55, Memmert, Germany; Heraeus incubator, Ther-
moscience, USA). All used glassware was sterilized by
autoclaving (121�C, 20 min) before usage. Microcosms
were prepared in an anaerobic glove box (97% N2 / 3%
H2 gas atmosphere, Coy Laboratory Products, USA) to
avoid contamination by oxygen.

Chemical analyses

Analysis of δ13CO2. Headspace samples (4 ml) were col-
lected during the course of the experiment in N2-flushed
(2 min, 1 bar) glass vials (10 ml) via N2-flushed syrin-
ges, which were crimped-sealed with Teflon-coated
butyl rubber stoppers. Carbon isotope ratios of carbon
dioxide for headspace CO2 and CH4 were measured by
gas chromatography-combustion-isotopic ratio mass

spectrometer (GC-IRMS) as described elsewhere (Bin
Hudari et al., 2020).

The percent of mineralization (MIN %) of each replicate
was calculated according to the following equation (Dorer
et al., 2016):

MIN %ð Þ¼ HCO�
3

� ��RVPDB� δend�δstartð Þ
n�xð Þ� acetate½ �� 1þRVPDB� 1þδstartð Þð Þ�100

ð1Þ

Equation 1 includes isotope values (‰) of both the
starting (δstart) and end-point (δend), the concentrations of
bicarbonate (HCO3

�) and acetate as well as number of
labelled carbon atoms of the target compound. The vari-
ables n and x represent the total and unlabelled carbon
in the substrate respectively, where in the case of fully
labelled acetate, n � x = 2. This value was used to com-
pare the extent of acetate mineralization between
treatments.

Analysis of sulfide. Sulfide was quantified in liquid sam-
ples using the modified methylene blue method originally
described elsewhere (Cline, 1969; Muller et al., 2009).
Up to 200 μl of samples were collected over the course
of experiment, and samples were prepared as described
in detail elsewhere (Bin Hudari et al., 2020). Calibration
was carried out using a sodium sulfide nonahydrate stock
solution (5 mM, Sigma-Aldrich, USA) made by dissolving
it in 0.5 l of MilliQ spiked with one NaOH pellet (Carl-
Roth, Germany) and flushed with nitrogen.

Microbial community analysis

Selected microcosms were sacrificed over time from
each treatment temperature (Fig. S5, Tables S2A and
S2B). Briefly, in treatments 1–8, one or two replicates
were sacrificed at the end of the experiment. In treat-
ments S1 and S2, one replicate was sacrificed for each
of the pre, after and end stage of the heat exchange
experiment (Fig. S5, Table S2B). Sessile cells were
harvested from the coarse sand material via a series of
sodium tetrapyrophosphate treatments using a modi-
fied method described elsewhere (Velji and
Albright, 1984). First, 0.6 ml of sterile, cold 1% sodium
tetrapyrophosphate (Sigma–Aldrich, USA) was added
to each microcosm to a final concentration of approxi-
mately 0.01% (v/v) and sonicated for three pulses at
10 s each in an ice-water sonicating bath (Bandelin,
Germany). The liquid was then transferred into new
50 ml Falcon tubes. This step was repeated for a fur-
ther three times on the coarse sand: two rounds of son-
ication with 5 ml of 1% sodium tetrapyrophosphate for
three pulses of 20 s each followed by a final round of
sonication with 5 ml of 1% sodium tetrapyrophosphate
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for one min. After each sonication round, the liquid was
consolidated into the Falcon tubes and kept cool in an
ice bath. At the end of the sonication step, the Falcon
tubes with the consolidated liquid portions were cen-
trifuged at 11000 r.p.m. at 4�C (Type 5804R,
Eppendorf, Germany). The supernatant was discarded
and the pellet was stored at �38�C in the freezer until
DNA extraction. DNA was extracted from thawed cell-
sand debris pellets using the DNeasy PowerSoil Kit
(Qiagen, Hilden, Germany) as per the manufacturer’s
instructions and eluted in 30 μl of elution buffer.
Extracted DNA was quantified with the Qubit HS (High
Sensitivity) Assay kit (Thermo Fisher Scientific, USA)
on the Qubit 3.0 Fluorometer (Life Technologies,
Malaysia).

Procedures for MiSeq sequencing were similar to a
study described elsewhere (Bin Hudari et al., 2020) using
the same Klindworth primer pair (S-D-Bact-0341-b-S-17/
S-D-Bact-0785-a-A-21).

Sequencing libraries were assembled as described
elsewhere using the Illumina MiSeq Reagent Kit v3 (2 x
300 bp) according to manufacturer recommendations on
16S Metagenomic Sequencing Library Preparations
(Illumina, 2013) and sequenced on an Illumina Miseq
platform at the Department of Environmental Microbiol-
ogy of the Helmholtz Centre for Environmental
Research -UFZ. Analysis of the sequences is similarly
to that described by Bin Hudari et al. (2020) using
QIIME 2 v2019.1 (Bolyen et al., 2019) with a pipeline
provided by Dr. Denny Popp (UFZ, Department of Envi-
ronmental Microbiology, Systems Biology of Microbial
Communities Working Group). This includes first remov-
ing the primer sequences and adapters from the de-
multiplexed sequences, before trimming and denoising
to remove low quality reads and chimeras before being
merged. Amplicon sequence variants (ASVs) were
assigned to the bacterial DNA against the silva132 data-
base (Quast et al., 2013; Yilmaz et al., 2014). For analy-
sis of Bray–Curtis dissimilarity and diversity analyses,
samples were first rarefied to the minimum sequencing
read with minor losses to the total amplicon sequencing
variants ASVs (Fig. S2). Sequences were deposited at
the European Nucleotide Archive (ENA) under the pri-
mary accession number PRJEB46801.
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Fig. S1. Two bottles, Zz-O1 and Zz-O2 used to further setup
the six enrichment cultures Zox1-6. Most of the upper layers
were discarded before consolidation of the darker layers.
Fig. S2. Rarefaction analysis of the 18 replicates sequenced.
Fig. S3. Microbial community compositions of treatments:
5 (45� ! 12 ! 45�C), 6 (45 ! 25 ! 45�C),
7 (45 ! 38 ! �C) and 8 (45 ! 60 ! 45�C), represented at
the order level, with the corresponding class level in paren-
theses. ‘Replicate’ and ‘Label’ information correspond to the
replicate described in Table S2.
Fig. S4. Microbial community of the replicates sacrificed at vari-
ous stages of the heat exchange, that is pre-heat exchange
(d = 6), post (d = 35) and at the end of the experiment
(d = 120 and d = 82). Sequences are represented at the order
level, with the class level represented in parenthesis.
Fig. S5. Summary of the workflow for enrichment of a
community able to mineralize acetate at 45�C (culture

bottle Zox4, used as the inoculum in this study), and the
setup of differently treated replicate cultures in subse-
quent heat exchange experiments. Sterile controls are
indicated by skulls. There are no replicates for labels
4.08, 4.12, and 4.16 as no sterile replicates were set up
for treatment 2, treatment 3, and treatment
4 respectively.
Fig. S6. Shannon diversity index for twelve replicates includ-
ing 4.03 to 4.31 in descending order.
Fig. S7. Diversity indices for replicates including 4.38 to 4.36
(A) and 4.35 to 4.33 (B) in descending order according to
the stage of sacrifice. Replicate 4.03 was included as
reference.
Fig. S8. PCoA of the 18 replicates from treatments 1-8, S1,
and S2. Points are represented according to replicate (col-
our) and cluster (shape). Cluster 1 represents replicates from
treatment 1; Cluster 2: 4.07, 4.09, 4.11; Cluster 3: 4.17–4.31;
Cluster 4: 4.33–4.35; Cluster 5: 4.36–4.38.
Table S1. Recipe of the modified mineral salt media used
for this study.
Table S2. Additional information for individual replicates for
each treatment. Experiment in treatment 7 was completed
during incubation at 38�C.
Table S3. Additional information for acetate mineralization,
sulfide production for each replicate in treatments 1–8.
Table S4. Next relatives of the genera Spirochaetaceae
member, Desulfotomaculum and Candidatus Desulforudis
member phylotypes in this study for the select replicates,
based on BLAST identities of 16S rRNA gene sequences.
Phylotypes are arranged based on percent BLAST identity in
descending order.
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