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Introduction

Abstract

Abundant microbial mats, recently discovered in underwater freshwater springs
in the hypersaline Dead Sea, are mostly dominated by sulfur-oxidizing bacteria.
We investigated the source of sulfide and the activity of these communities.
Isotopic analysis of sulfide and sulfate in the spring water showed a fraction-
ation of 39-509, indicative of active sulfate reduction. Sulfate reduction rates
(SRR) in the spring sediment (< 2.8 nmol cm”’ dayfl) are too low to account
for the measured sulfide flux. Thus, sulfide from the springs, locally reduced
salinity and O, from the Dead Sea water are responsible for the abundant
microbial biomass around the springs. The springs flow is highly variable and
accordingly the local salinities. We speculate that the development of microbial
mats dominated by either Sulfurimonas/Sulfurovum-like or Thiobacillus/Acidi-
thiobacillus-like sulfide-oxidizing bacteria, results from different mean salinities
in the microenvironment of the mats. SRR of up to 10 nmol cm > day '
detected in the Dead Sea sediment are surprisingly higher than in the less sal-
ine springs. While this shows the presence of an extremely halophilic sulfate-
reducing bacteria community in the Dead Sea sediments, it also suggests that
extensive salinity fluctuations limit these communities in the springs due to
increased energetic demands for osmoregulation.

The salinity and density of the brine has increased,
resulting in an overturn in 1979, ending a century long

The Dead Sea, located between Jordan, Israel and the
Palestinian Authorities, is one of the most hypersaline
lakes on our planet. It is the lowest exposed surface on
earth [—427 m mean sea level (value correct to 2014)]
and consists of a deep northern and a shallow southern
basin. Since the middle of the 20th century the water
budget of the Dead Sea has been negative due to the
diversion of freshwater from its drainage basin and the
use of the lake’s brines for industrial salt production
(Oren, 2010). As a result, over the last decades there has
been a constant drop in the lake level of about
1 myear ' (Lensky et al, 2005) and a continuous
change of the physico-chemical properties of the water.
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meromictic phase which was characterized by an anoxic,
sulfidic bottom and an oxic surface water body (Stein-
horn et al., 1979). Nowadays, the lake is holomictic with
a total dissolved salt (TDS) concentration of > 340 g L L
Saturation of NaCl in the water column has led to con-
tinuous precipitation of halite. Thus, the more soluble
Mg** and Ca®" ions have become the dominant cations
[about 2 and 0.5 M, respectively (in addition to
1.5 M Na*); Oren, 2010]. The extreme salinity and espe-
cially the high concentrations of divalent cations, which
have a high chaotropic (destabilizing) effect on biological
macromolecules (Oren, 2013), make the Dead Sea an
extreme environment.
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Sulfate reduction and sulfide oxidation in steep salinity gradients

These harsh conditions are only tolerated by a few
types of microorganisms, as reflected in the low microbial
diversity. Generally, the microbial community of the
Dead Sea ecosystem seems to be dominated by Archaea
(Bodaker et al, 2010). The only primary producer
detected in the lake is the unicellular algae Dunaliella sp.
(Oren, 2010). However, extensive blooms of the algae
only develop during periods when the upper water layer
of the lake becomes sufficiently diluted after severe rain-
fall and subsequent runoff events. Such bloom events
were monitored in 1980 and 1992 and were followed by
blooms of Archaea living on the exudates of the auto-
trophic algae (Oren & Shilo, 1982, 1985; Oren, 1983;
Oren et al., 1995). In addition to these microorganisms,
several Archaea and Bacteria species, as well as protozoa
and ciliates have been isolated from the water column
and the sediments of the lake (Elazari-Volcani, 1943a, b,
1944; Oren, 2010). Sulfate-reducing bacteria (SRB) have
never been isolated from the Dead Sea (Oren, 2010).
However, at times when the lake was still permanently
stratified, a difference of 35%, in the 8**S value between
dissolved sulfide and sulfate and the depletion in &°*S by
25-359%,, in iron sulfide in the sediment, indicated the
presence of sulfate-reducing activity in the lake (Nissen-
baum, 1975).

Recently, a large system of underwater freshwater
springs emerging into the northern basin of the Dead Sea
was discovered (Ionescu et al., 2012). The water origi-
nates from the Upper Cretaceous Aquifers and flows
through the Quaternary sediments of the Dead Sea and
its precursors until it emerges along the shoreline at
depths of 2-30 m into the lake. The discovered system is
divided into a northern and a southern part. In the
northern part the springs are located at the bottom of
deep shafts (10-30 m), whereas in the southern part these
shafts are absent and the water emerges either as jets
from distinct outlets or as widespread slow seeps from
the Dead Sea sediments. Based on 16S rRNA gene analy-
sis and microscopic observations, it was concluded that
these springs harbor an unusually high and diverse bio-
mass of microorganisms compared with the surrounding
Dead Sea. For instance, rocks and cobbles located in the
jets of the southern system are covered with thick green
and white biofilms mainly composed of phototrophic and
chemolithotrophic sulfur-oxidizing bacteria (SOB). On
the other hand, at seeping sites microbial mats are domi-
nated by SOB belonging to the Epsilonproteobacteria
(Tonescu et al., 2012). In addition, sequences of SRB were
detected in the spring sediments and the surrounding
Dead Sea (Ionescu et al., 2012).

The main reason for the high microbial biomass is
probably the development of microenvironments of
reduced salinity on surfaces exposed to spring water
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discharge (Hausler et al., 2014). In addition, the springs
deliver organic matter (OM) and sulfide (Ionescu et al.,
2012), which could fuel the SRB and the SOB communi-
ties, respectively. Thus, the aim of this study was to inves-
tigate whether the sulfur-related microbial community
suggested from the sequencing analysis is indeed active.
Furthermore, we aim to elucidate whether the sulfide in
the spring water is produced locally in the spring sedi-
ments, or most likely along the subsurface passage
through the Quaternary sediments, rich in OM and sul-
fate minerals, by bacterial sulfate reduction. To answer
these questions we used a polyphasic approach. First, we
used the isotopic signature of coexisting sulfate and sul-
fide in the spring water to determine the source of sul-
fide. Secondly, we performed in situ microsensor
measurements on two microbial mats to establish the
activity of the SOB community. Thirdly, we used radiola-
beling experiments to determine sulfate reduction rates
(SRR) in the spring and the surrounding Dead Sea sedi-
ments. In combination with 16S rRNA gene sequences
detected in the different microbial mats we furthermore
speculate that differences in the community of SOB and
SRB related sequences between distinct spring water out-
lets are a result of different spring water flow regimes
leading to different mean salinities.

Material and methods

Sampling strategy

Samples were collected by SCUBA divers from the springs
shown in Supporting Information Fig. S1. Sediment sam-
ples were collected in cores for measurements of sulfate
reduction rate or in sterile 50-mL tubes for community
analysis, as detailed below. Water was sampled by manu-
ally positioning a 40-m tube released from a boat, in the
sediment of the spring as detailed in Ionescu et al
(2012). Sulfide, O,, pH and redox potential microprofiles
were measured in situ as detailed below.

Analysis of water samples

Chemical analysis of the water samples was done as
described by Ionescu et al. (2012). For isotopic measure-
ments of sulfide, 6 mL of spring water was collected in
Exetainers prefilled with 100 pL of 20% zinc acetate (w/v)
to fix S(-II) as ZnS. The contents of the vials were then
filtered using a 0.2 um polycarbonate filter (Millipore).
Subsequently, sulfate was precipitated as BaSO, in the fil-
trate by acidification with 1 M HCI (to pH 3) following
the addition of 150 puL of 1.2 M BaCl,. The precipitate
was recovered on a separate 0.2-pm polycarbonate filter.
All filters were dried at 60 °C for at least 12 h.
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Sulfur isotope measurements were performed by con-
tinuous flow isotope ratio mass spectrometry at the Geo-
logical Institute, ETH Zurich. Sulfur isotope data are
reported in the standard J-notation relative to the
Vienna-Canyon Diablo Troilite (V-CDT), i.e. 5%
= (Rgample/Rv-cor — 1) % 103%0. The system was cali-
brated using the international standards TAEA-S1 (8°*S
= —0.3%,), IAEA-S2 (8’'S =22.7%,), NBSI123 (&S
=0.5%,) for sulfide precipitates and for % the S° analy-
ses were controlled with the standard IAEA-S-4 (Soufre
de Lacq; &S =16.9%), IAEA-SO5 (8°*S = 0.5%,).
IAEA-SO6 (8°'S = —34.1%,) and NBS127 (8°*S = 21.1%,;
Halas & Szaran, 2001) were used for BaSO, precipitates.
The analytical reproducibility of replicate measurements
of standards is + 0.3%, (n = 319).

In addition, for fingerprint analysis of dissolved OM,
Dead Sea water (DSW) samples (n = 43) were collected
using Niskin entrapment bottles at different depths
between 6 and 166 m along a transect from shore and up
to 1000 m away. Samples were transferred directly into
an acid-rinsed 1-L plastic bottle. Samples from the aqui-
fers were collected from various wells (n = 19). Thirty
samples of underwater springs were analyzed.

DOM extraction and sample preparation

DOM was extracted from the water samples (n = 46) by
solid phase extraction (SPE; Dittmar et al, 2008) with
the following modifications; samples were not filtered
prior to DOM extraction and 1 L of sample was diluted
1 : 1 with ultrapure water. The samples were acidified to
pH 2 with HCI analytical grade and run through Varian
Bond Elut PPL resins by gravity.

FT-ICR-MS data processing

Ultrahigh-resolution mass spectrometry via the Fourier
transform ion-cyclotron resonance (FT-ICR-MS) tech-
nique was performed on a Bruker Solarix 15 Tesla
FT-ICR-MS. Electrospray ionization was in negative mode
and 500 scans were accumulated. Samples were injected
at a flow rate of 120 uL h™' and the mass range analyzed
was 180-2000 m/z. Molecular formulae were assigned for
all samples using data analysis software (Esi Compass 1.3)
from Bruker Daltonics with error limits below or equal to
15ug CL L

Community of sulfate-reducing and SOB

Sediment and biofilm samples were taken in sterile Falcon
tubes. DNA extraction and data analysis were performed
as described in detail by Ionescu et al. (2012). Tag
pyrosequencing for bacterial diversity, using primer sets
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28F and 519R (Lane, 1991), was done by MrDNA
(Shallowater, TX), using a Roche 454 FLX Genome
Sequencer (Branford, CT). The obtained sequences were
screened for bacteria affiliated to sulfur-oxidizing and
SRB.

In situ microsensor measurements

For in situ microsensor measurements, Clark-type oxygen
(Revsbech & Ward, 1983), H,S (Jeroschewski et al., 1996)
and pH microelectrodes (Revsbech & Jorgensen, 1986)
were used. The microsensors had a tip diameter between
20 and 50 um. To obtain an estimation of salinity inside
the microbial mat, the profiler was additionally equipped
with a salinity mini-sensor with a tip diameter of 1.5 mm
using the measuring principle as described in detail in
Hausler et al. (2014). This sensor is able to measure salin-
ities of 0-350 g L' NaCl (high range sensor). However,
in DSW a decrease in sensor signal is observed in liquids
containing > 75% DSW due to its above described
unique salt composition. Thus, accurate calibrations can-
not be obtained and only the raw signal was qualitatively
compared to the reference site. For accurate salinity
determination a second salinity sensor was used (low
range sensor) with the same measuring principle as the
first but adjusted to measure linearly in salinities from
freshwater to 70 g L™' TDS. Above this value it was out
of range (O.R.) and showed a constant signal. All sensors
were mounted on an autonomous profiling lander (Gun-
dersen & Jorgensen, 1990; Wenzhofer & Glud, 2002) to
conduct measurements at the sediment—water interface in
a white microbial mat located on a seepage area (hereaf-
ter WhMatl) and a Dead Sea reference site not influ-
enced by emerging groundwater. Depth profiles were
recorded with a spatial resolution of 100 um. The sensors
were allowed to equilibrate in each depth for 5 s before
the signal was recorded. Triplicate readings were averaged
from each depth. For another white microbial mat
located vertically on a cliff (hereafter WhMat2), the
Diver-Operated Microsensor System (DOMS) was used
(Weber et al., 2007). There the oxygen profile and sulfide
profile were measured subsequently, since this instrument
allows the mounting of only one sensor at a time. The
sensors were also allowed to equilibrate in each depth for
5 s and triplicate readings recorded.

Microsensor calibration

Oxygen microsensors were calibrated prior to the mea-
surement using a linear two-point calibration. The signal
obtained in aerated DSW at in situ temperature repre-
sented the concentration corresponding to 100% air satu-
ration. The concentration of oxygen was then determined
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at corresponding temperatures in triplicate using a modi-
fied Winkler protocol for DSW (Nishri & Ben-Yaakov,
1990). The reading in anoxic DSW and anoxic freshwater
(both prepared by dissolution of 0.1 g sodium dithionate
in 10 mL) was the same as in the deeper sediment layers
and thus taken as zero oxygen. The H,S sensor was cali-
brated at in situ temperature (28 °C) in acidified spring
water (pH 2) by adding increasing amounts of Na$S solu-
tion. Aliquots were taken and fixed in 2% ZnAC solution
(w/v) and determined afterwards with the colorimetric
assay of Cline (1969). pH sensors were 2-point calibrated
using commercial buffer solutions (Mettler Toledo). The
salinity sensors were calibrated using a dilution series of
DSW with de-ionized water.

Sulfate reduction measurements

Intact cores were sampled by SCUBA divers at the differ-
ent sites and transferred to the lab of the Hebrew Uni-
versity of Jerusalem within 12 h. To obtain a uniform
salinity throughout each core, SRR were measured in
WhMatl sediment using the percolation technique
described by De Beer et al. (2005). Two replicate cores
were then percolated with twice the core volume using
anoxic water (bubbled 1 h with N, gas) with either a
high salinity of 276 g L~' TDS obtained by mixing 20%
spring water and 80% Dead Sea (v/v) or a low salinity
of 90 g L™' (80% spring water and 20% DSW). After-
wards the percolation of each core was repeated with the
same water containing 25 kBq mL™' of 3°SO2~. The
cores were then incubated for 6-8 h at 27 °C. The incu-
bations were terminated by slicing the cores at 1-cm
intervals and suspending the sediment into equal
amounts of 20% (w/v) Zn-acetate. >°S reduction was
determined and calculated using the cold chromium dis-
tillation procedure after Kallmeyer et al. (2004). In sedi-
ment cores from the Dead Sea reference site as well as
from a spring outlet covered with diatoms (hereafter
DMat), core percolation was not possible and thus SRR
were determined using the whole core injection method
(Fossing & Jorgensen, 1989). Radioactively labeled sulfate
solution (25 pL of 50 kBq pL ™" of 3°SO27) was injected
at l-cm intervals into the cores. Afterwards the cores
were incubated, sliced and incubation was terminated as
described above.

A third experiment was conducted in sediment slurries
from the top 3- to 4-cm surface sediment of WhMatl.
The sediment was sampled with cores and stored for
1 week at 4 °C before the measurements were performed.
Sediment was homogenized under N, atmosphere. Spring
water (30 g L~ ! TDS) was mixed with DSW (338 g L!
TDS) to obtain a salinity gradient ranging from pure
spring water to 100% DSW. Then the water mixtures
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were amended with lactate, acetate, propionate and
butyrate each, to a final concentration of 0.1 mM. Then
4 mL of sediment and 16 mL of Spring-DSW mixture at
the defined salinity were added to serum bottles, perched
with N, gas and vigorously shaken. Before adding 20 pL
of 50 kBq uL~" of **SO2", the vials were incubated for
3 h at 27 °C to enable salinity adaptation. Incubation
time ranged from 12 to 36 h. The incubations were ter-
minated by injection of 5 mL 20% Zn-Acetate and SRR
were determined as described above.

Sediment porosity and porewater

Efficient porosity of the sediment for calculation of SRR
was determined by the weight loss of sediment after dry-
ing at 70 °C for 48 h. Porewater was collected from each
site using core sections of 1-cm intervals and centrifuging
each section 15 min at 11 100 g. Sulfate concentration in
the porewater was determined in diluted samples using
an ion chromatograph (761 Compact IC; Metrohm, Fil-
derstadt, Germany). Salinity determination was done by
gravimetric density measurement and calculation assum-
ing linear mixing of pure groundwater from the springs
and DSW.

Flux calculations

Diffusive fluxes were calculated according to Fick’s first
law of diffusion,

aC;
J = @D o - (1)
X

where @ is the porosity of the microbial mat, D is the
effective diffusion coefficient in the microbial mat and
dC/dx is the one-dimensional concentration gradient.
Porosity in the microbial mat was assumed to be 0.9
(Jorgensen & Cohen, 1977; Jorgensen et al, 1979; Wie-
land & Kiihl, 2000). Do was determined as Deg = Dy/0%,
where D, is the diffusion coefficient in water at the given
salinity and temperature, and 0° is tortuosity with
0> =1 — In(?*) (Berner, 1980; Boudreau, 1996). Since
the low range salinity sensor signal was constant at 609,
inside the microbial mat, it is unlikely that temperature
and salinity changed within the approximately 2-mm-
thick microbial mat. Thus, D, was also assumed to be
constant, and D, for oxygen and sulfide at 609, salinity
and 28 °C was taken from the tables of seawater and
gases (https://www.unisense.com/support). Total sulfide
concentrations at each depth were calculated from the
local H,S concentrations and pH values as described by
Jeroschewski et al. (1996). For pKs estimation, the ionic
strength at each point of the profile was calculated
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Table 1. Physico-chemical properties of the Dead Sea and pure spring water

Temperature Eh DS
System Sample (°Q) pH (mV) (gL™
Dead Sea* 27.5 6.16 90 338.0
North springs Spring 01 24 7.16 —-180 12.8
Spring 07 29.3 7.08 —80 24.8
South springs ~ WhMat1 28.2 6.91 NA 30.9
DMat 29.1 6.93 NA 58.8
WhMat2 27.7 6.70 —130 50.2
RockMat 28.7 6.70 —147 54.9

*Data taken from lonescu et al. (2012).

assuming linear mixing between the spring water source
and DSW according to the salinity profile. The pKs were
then estimated according to the obtained ionic strength
of all ions at each point of the profile using the formula
for high ionic strength NaCl solutions at 28 °C provided
by Hershey et al. (1988). For oxygen flux calculation at
the reference site, according to Gat & Michal (1991), Dy
of DSW was estimated to be 0.36 of the diffusion coeffi-
cient of freshwater at in situ temperature. The latter D,
was taken from the tables of Seawater and Gases (https://
www.unisense.com/support).

Consideration of porewater advection

In the presence of advective porewater flow the diffusive
flux cannot be calculated from Eqn. (1). Instead, a 1D
numerical transport-reaction model was set up using the
finite element program comsoL MULTIPHYSICS® 4.3. Steady-
state conditions across the thin mats can be assumed, as
the relatively thin mats (1-2 mm) are expected to
respond within tens of seconds to minutes. Therefore the
governing equation is
9*C; oGC;

—PDe 57 + Qu— - =Ri (2)

where u is the porewater velocity and R the reaction rate
(per volume mat or sediment) of the compound i
described by Michaelis-Menten kinetics (half saturation
constant: 10 pmol L™'). Since WhMatl was covered with
a microbial mat of potential sulfide oxidizers, Eqn. (2)
was solved for concentrations of H,S and O, and the two
equations were coupled assuming either complete oxida-
tion of sulfide (H,S + 20, — SO~ + 2H") or oxidation
of sulfide to elemental sulfur (2H,S + O, — 2S + 2H,0),
so that either Ro, =2 X Ry,s or 2 X Ro, = Ry,s. Con-
stant concentrations of O, and H,S were set as upper and
lower boundaries, respectively. Subsequently, the pore-
water velocity in the model was adjusted until the best
match of modeled and measured concentrations was
found. Then, the total fluxes were extracted.
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Ner HoStot  DIC DOC TDN NH4
(mM) (uM) (mM) (mM) (mM) DOC/TDN (mM)
1.39 0 1.05 1.36 0.88 1.5 0.43
3.50 NA 3.36 NA NA NA NA
10.71 57.0 4.2 0.56 0.1 5.3 NA
2.68 54.0 3.13 0.34 0.12 2.7 0.16
213 NA 5.56 0.33 0.12 2.6 0.68
3.04 630 2.77 0.43 0.2 2.1 0.16
3.39 800 3.05 0.48 0.23 2.1 0.11
8348
-40 =30 -20 -10 0 10 20 30
" HS & s07*
* Dead Sea
- * Spring 1 (north)
R * Spring 7 (north)
i rs Spring 9 (north)
- * Spring Mat 4 (stream)
—— * Spring WhMat 1
- * Spring WhMat 2

Fig. 1. Isotopic composition of sulfide and sulfate obtained from the
Dead Sea and pure spring water samples. The error bars represent
variation between triplicate samples from the same point. The
variations for sulfate are small and enclosed within the symbol.

Results

Sulfur isotopes and physico-chemical
parameters

The physico-chemical parameters of the spring waters
sampled in the northern and southern system, respec-
tively, are summarized in Table 1. Compared with the
Dead Sea, the springs contain up to five times more sul-
fate and are all significantly less saline, significantly sulfi-
dic, and have a higher pH. Total dissolved organic
carbon (DOC) and total dissolved nitrogen (TDN) are
higher in the Dead Sea, whereas inorganic carbon (DIC)
is higher in the groundwaters. The DOC/TDN ratio is
< 3, indicating that most of the TDN exists in inorganic
form, fitting well with the high ammonia values obtained.

5’S signatures of sulfate in the spring water range
from 19%, to 20%,, whereas 'S signatures of sulfide
range from —199, to —30%, (Fig. 1). The overall
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Fig. 2. Images showing the different microbial
mats found in the underwater springs.
WhMat1 (a) and DMat (b) cover several square
meters of sediment, (c) WhMat2 and (d)
Mat4.

fractionation A**S (553§lfm — 5231“6) between sulfide and

sulfate ranges from 399, to 509, in the various springs.

Microbial mats and their respective sulfur-
metabolizing bacterial community

Our sampling and measurements were focused on four
microbial mats, all of which were exposed to spring water
seepage. Two of the microbial mats spread over several
square meters at spots where groundwater slowly seeps
out of the sediment. At the first site, the sediment was
covered by a 1- to 2-mm-thick white microbial mat
(WhMatl, Fig. 2a), whereas the sediment at the second
site was covered by a brownish mat, mainly formed by
diatoms (DMat, Fig. 2b). A microbial mat similar to
WhMatl was found on a vertical cliff (WhMat2, Fig. 1c).
A fourth type of microbial mat was found on cobble
located inside a fast flowing jet of 1-2 m in diameter
(hereafter RockMat, Fig. 2d).

Sequences matching the 16S rRNA gene of known SRB
and SOB were detected in all microbial mats as well as in
the Dead Sea (Fig. 3). Generally, sequence abundance of
SRB and SOB was higher in the microbial mats than in
the Dead Sea, indicating that the conditions for both
groups are more favorable in the spring environments.
Comparing the springs with each other revealed that the
highest SOB and SRB richness can be found in RockMat
and WhMatl1, which were clearly dominated by sequences
related to SOB. Specifically, in WhMatl the dominating
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SOB taxa are closely related to the Sulfurimonas and Sul-
furovum genera, which are also found in RockMat,
although sequences related to the green sulfur bacterium
Prosthecochloris are most abundant in the latter. Thiobacil-
lus-like sequences represent the main SOB in both DMat
and WhMat2, with Acidithiobacillus being additionally
detected in the former. Among the SRB, WhMatl and
RockMat are dominated by a single genera MSBL7, which
belongs to the Desulfobulbaceae family and has no cul-
tured representatives. In contrast, sequence abundance
and taxa numbers of SOB and SRB are remarkably
reduced in DMat and WhMat2, where the sole sequences
related to SRB cluster to the Desufosporosinus. The only
SRB detected in the Dead Sea reference site clusters to
the Desulfobulbus genus.

In situ microsensor measurements

In situ microsensor measurements performed in WhMatl
(Fig. 4a and b) and at a reference site not exposed to
spring water seepage (Fig. 4c and d) revealed clear differ-
ences. The impact of the spring water seepage at WhMat1
can be clearly seen by the sharp decrease in the signal of
the high range salinity sensor (Fig. 4b). The short
increase of sensor signal before its decrease is a result of
the sensor response when exposed to pure DSW: with
increasing salinity, it shows an increasing signal starting
from freshwater to 75% DSW and decreases at higher
TDS again. According to this, salinity already starts to

© 2014 Federation of European Microbiological Societies.
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ESOB M SRB

Dmat Whmat2 DS Ref

B Desulfosalsimonas M Desulfosporosinus & Desulfofustis
W Desulfobacula
B Desulfovermiculus M Desulfomicrobium & Desulfovibrio

DL ad @ ¢

B Desulfococcus M Desulfotignum

B Desulfuromusa

M Sulfurimonas W Sulfurovum
W Thiobacillus

M Thiomicrospira

M Halochromatium
W Thiothrix

Fig. 3. Graphical representation of the sequence frequency of SRB and SOB in the studied microbial mats and the Dead Sea (DS Ref) sediment
(upper). The lower panels show the relative sequence frequency of detected genera in each sample.

decrease 4 mm above the microbial mat, which is also
seen in the low range salinity profile when the sensor
reached its maximum of detectable salinity (Fig. 4b).
Salinity inside the microbial mat is constant at around
60 g L' and decreases inside the sediment to 40 g L™,
which is in agreement with the value measured in the
pure spring water from this site (30 g L™, Table 1). The
data from the reference site shows that the sediment does
not interfere with the readings of the salinity sensor
(Fig. 4c).

In WhMatl, pH increased from 6.1 to 6.6 and redox
potential decreased steeply at the surface of the microbial
mat. Oxygen concentrations followed the same shape as
redox potential and decreased from 49 pM (DSW air sat-
uration) to complete depletion at a depth of 2 mm inside
the sediment (Fig. 4a). Sulfide was consumed in the 2mm
oxic zone, indicating direct sulfide oxidation with oxygen
as electron acceptor. Measured concentrations were com-
pared with profiles calculated using a numerical model
and a porewater flow out of the sediment of 0.1 um s~ .
The complete oxidation of sulfide to sulfate
(H,S + 20, — SOi’ + 2H") was found to have the best
fit to the measured data (Fig. S2a). Total fluxes of oxygen
and sulfide calculated considering both diffusion and

© 2014 Federation of European Microbiological Societies.
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advection, were 12.12 and 6.06 mmol m™~? day ™', respec-
tively. When using alternative stoichiometry, that is the
oxidation of sulfide to elemental sulfur (2H,S + O, —
2S + 2H,0), the modeled and measured O, profiles clo-
sely matched if a porewater flow of 20 um s~ was used;
however, the modeled H,S concentrations deviated signif-
icantly from the measured values (Fig. S2b).

In WhMat2, oxygen was depleted within the first
0.2 mm of the mat (Fig. 5). Here, the overlapping H,S
and oxygen profile also indicates that sulfide was oxidized
with oxygen; however, since salinity and pH were not
measured in this mat (due to technical limitations), we
do not provide any flux calculations.

In contrast to WhMatl and WhMat2, oxygen at the
reference site penetrated around 1 cm into the sediment.
Diffusive oxygen uptake was estimated to be 0.46 mmol
m ? day ' and was thus 36 times lower than the oxygen
consumption measured in the WhMatl. Sulfide was not
detectable and pH was constant at 6.1.

Sulfate reduction activity
SRR in the cores collected from WhMatl were extremely

low at both 90 and 276 g L' TDS, range 0.02-1.21 and
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0.001-1.06 nmol cm > day ', respectively (Fig. 6). In the
core collected from DMat, the salinity was constant
throughout the core at 186 g L' as determined after the
incubation. SRR in DMat was slightly higher than in
WhMatl cores and ranged from 0.006 to 2.8 nmol cm >
day'. Highest SRR rates of up to 10.1 nmol cm > day '
were detected in the Dead Sea reference site. Although
care was taken to obtain replicate cores close to each
other, no clear pattern of SRR with depth could be
observed, indicating an extremely heterogeneous spatial
distribution of sulfate-reducing microorganisms in both
the Dead Sea and spring water sediments. Cumulative,
depth-integrated rates (0-10 cm) revealed no clear

FEMS Microbiol Ecol 90 (2014) 956-969

differences in the total SRR between high and low salinity
in WhMatl sediment (Fig. 6). Nevertheless, the highest
depth integrated rates of 35.1 pumol m*> day ' were three
orders of magnitude lower than the total sulfide flux of
6.06 mmol m > day ' determined by microsensors from
the same site.

The effect of salinity on SRR was further tested at a
higher resolution in a slurry experiment performed with
sediment collected from the upper 2-3 cm of WhMatl
(Fig. 7). To enhance SRR, lactate, acetate, propionate and
butyrate (0.1 mM final concentration of each) were
added to the slurries. Generally, the rates were in the
lower range of those determined in the core incubations
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Fig. 5. H,S and oxygen microsensor profiles measured in situ in the
WhMat2 microbial mat located vertically on a cliff where spring water
flow passed parallel. Shaded area indicates position of the biofilm.

from this site, with a maximum of 0.05 nmol cm >

day™'. Replicate incubations showed a similar pattern at
low and intermediate salinities. Among the different salin-
ities tested, the highest SRR were observed in samples
incubated at 90-120 g L™' TDS; however, in two incuba-
tions of 276 and 300 g L™' TDS, respectively, elevated
activity was detected as well.

The compounds identified by FT-ICR-MS were divided
in categories according to where they were found. Unique
compounds are those which were found only in the
springs (1806), only in the aquifers (238) or only in the
Dead Sea (89). Compounds identified in the three data-
sets (5711) are considered to be refractory, as they seem
to be resistant to microbial degradation. A total of 2575
compounds from the aquifers are also found in the
springs (but not in the Dead Sea) and 1563 compounds
originating in the springs are also present in the Dead Sea
(Fig. S3).

WhMat 1-90g L™ WhMat 1 -276 g L-17" DMat1-184gL™"

S. Hausler et al.
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Fig. 7. Relative sulfate reduction activity (SRR) determined in a slurry
experiment in triplicate over a salinity range from pure spring water
(30 g L™" TDS) to pure Dead Sea water (340 g L=' TDS). Slurries
were amended with lactate, acetate, propionate and butyrate, 1 mM
each.

Discussion

Our results showed that the sulfide provided by the
springs is of biological origin. This can be concluded
from the high fractionations between coexisting sulfide
and sulfate in the spring waters, where A’S
(02 e — O2464e) ranged from 39%, to 50%,. Such high
fractionations (and up to about 70%, in other cases) usu-
ally only occur during bacterial sulfate reduction (Brun-
ner & Bernasconi, 2005; Canfield et al., 2010; Sim et al.,
2011). Thermochemical sulfate reduction usually does not
lead to high fractionations (Machel et al. 1995). Biologi-
cal sulfate reduction is further supported by the presence
of OM alongside sulfate, in the spring waters (Table 1).
The increased DIC concentrations as well as the high
concentrations of ammonia in the spring waters (Table 1)
also point to bacterial degradation of OM, as previously
concluded (Ionescu ef al., 2012). Biological sulfate reduc-
tion also occurs in the subsurface flow path of (thermal)

Dead Sea-338g L-17"
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e T —
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4 _
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with the depth-integrated rates shown in the
respective color at the bottom of each graph.
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springs elsewhere at the Dead Sea (Gavrieli et al., 2001;
Avrahamov et al., 2014). However, in these springs, iso-
tope fractionation between sulfide and sulfate was only
c. 30%, (Gavrieli et al, 2001, and references therein),
whereas we measured up to 50%, in the springs investi-
gated here. The magnitude of sulfur isotope fractionations
was suggested to depend on microbial metabolism and
carbon sources (Detmers ef al., 2001; Sim et al., 2011),
rate of sulfate reduction (Habicht & Canfield, 2001), tem-
perature (Briichert et al, 2001), amount of available sul-
fate (Habicht et al, 2002), sulfur disproportionation
(Canfield & Thamdrup, 1994; Canfield et al., 1998) as
well as reoxidation of sulfide by SRB during sulfate
reduction (Eckert et al., 2011). While future measure-
ments are needed to show the activity of SRB and SOB in
the spring water, our results strongly support the activity
of sulfate-reducing microorganisms along the subsurface
flow path of the springs through the Quaternary sediment
body.

The SRR measurements conducted in this study
(Fig. 6) indicated that the SRB community detected by
16S rRNA gene analysis (Fig. 3) is indeed active both in
the spring sediments and the Dead Sea. The SRR in the
Dead Sea was up to 10.1 nmol cm > day ', in the lower
range of those mentioned by Oren (1988) in the Dead
Sea shore sediment. Thus although no SRB have been iso-
lated so far from the Dead Sea (Oren, 2010), our results
confirm the existence of an active sulfate-reducing com-
munity adapted to the harsh conditions in the lake.
Members of the Desulfobulbus genus were the only
sequences detected in the Dead Sea sediment, which
could be associated with known SRB (Fig. 3). Although
members of the Desulfobulbaceae family are generally not
halophilic (Kuever et al., 2005), sequences of this family
were found on the floor of the extreme Mg**-rich hypers-
aline Bannock Basin, Mediterranean Sea (Daffonchio
et al. 2006). They were also detected in extremely hypers-
aline evaporation pans in South Africa (Roychoudhury
et al. 2013). Furthermore, the Desulfobulbaceae family
consists mostly of incomplete oxidizers (Kuever et al.,
2005), which are generally observed to be more halotoler-
ant than complete oxidizers (Oren, 1999, 2011). There-
fore, extreme halophilic members of the Desulfobulbus
genus could indeed be responsible for the activity
observed in the Dead Sea. However, the SRR in the Dead
Sea were very low compared with other extremely hypers-
aline environments such as lake Tanatar in the Kulunda
Steppe (< 475 ¢ L~' TDS), where SRR of 12-423 nmol
cm > day” " were measured (Foti et al. 2007). High SRR
were also measured in a saltern pan systems in South
Africa (422 g kg~ ' TDS, 27-3685 nmol cm > day'; Por-
ter et al. 2007). Thus assuming that the Dead Sea SRB
are adapted to the unusual salt composition of the lake,
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the high salinity in the Dead Sea of 340 g L~' TDS
(274 g kg~ ' TDS) is unlikely to limit SRR. The low sul-
fate concentrations in the Dead Sea (above 1 mM,
Table 1) should also not limit SRR (Roychoudhury et al,
1998). However, it is well known that OM availability
and quality strongly affect SRR in marine and hypersaline
environments (Schubert et al., 2000; Niggemann et al.,
2007; Glombitza et al.,, 2013). Therefore, the low SRR
measured in the Dead Sea sediment could be a conse-
quence of the general lack of primary production and
thus low input of fresh organic carbon to the sediment.
Extensive primary production by the algae Dunaliella was
only observed twice in recent history, in 1980 and 1992
(Oren, 2010). The low carbon input from the water col-
umn to the sediment is further supported by the low ben-
thic oxygen uptake of 0.46 mmol m * day ' measured in
the reference site. Such rates are comparable to deep sea
environments where carbon flux to the sediment is low
(Glud et al., 1994).

Interestingly, SRR were even lower in the spring sedi-
ment than in the Dead Sea sediment (Fig. 6). This was
unexpected since the spring water locally reduces the
extreme salinity of the Dead Sea (Fig. 4b; Hausler et al
2013), which appears to allow for the proliferation of
more taxa of SRB, especially seen in WhMatl and Rock-
Mat (Fig. 3). Also, in contrast to the Dead Sea, SRR in
the spring sediment are most likely not limited by OM
supply. Part of the OM delivered by the springs originates
from the aquifer, or from the underwater flow path. Most
of it cannot be traced back in the DSW column, suggest-
ing that this OM is bioavailable and is rapidly consumed
either in the spring sediments or in the Dead Sea, very
close to the sediment (Fig. S3). Furthermore, we were not
able to enhance SRR by the addition of known substrates
for SRBs (lactate, acetate, propionate and butyrate). We
therefore suggest that extreme spatio-temporal salinity
fluctuations in the spring sediments can explain these low
SRR. Such salinity fluctuations are indicated by measure-
ments of variable flow in the spring system (Hausler
et al., 2014) and are further supported by salinity profiles
measured subsequently over several hours in the same
spot of WhMatl (Fig. S4). Due to the fluctuating spring
flow, pressure-induced convective circulation similar to
other seeping systems (Wenzhofer et al., 2000), or haline
convection as modeled from estuarine environments
(Webster et al., 1996) are also likely to occur, leading to
DSW invading the sediment. This will lead to extreme
spatio-temporal salinity fluctuations in the system, allow-
ing development of microniches of different salinity in
the spring sediment, which can be occupied by SRB pos-
sessing different salinity optima. Indeed, the SRB commu-
nity in WhMatl sediment appears to harbor two
subpopulations with a low and high salinity optimum of
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90-120 and 280-300 g L' TDS, respectively (Fig. 7). A
heterogeneous distribution of these SRB groups may be
the reason for the heterogeneous SRR detected in the
cores (Fig. 6). However, despite the availability of multi-
ple environmental niches, continuous salinity fluctuations
will require constant metabolic adjustment of the cells to
the prevailing conditions. For example, upon salinity
increase, the sulfate reducer Desulfovibrio vulgaris shows
an up-regulation of the ATPase gene at the transcript and
protein level (Mukhopadhyay et al., 2006), indicating a
general higher energy demand in salt-stressed SRB. The
increase in energy demand is likely a consequence of cel-
lular adjustments, including the synthesis or uptake of
organic solutes to achieve osmotic equilibrium with the
ambient medium, cell membrane changes as well as up-
regulation of ion efflux systems (Mukhopadhyay et al,
2006). Constant salinity fluctuations thus dramatically
increase the overall maintenance energy of the SRB popu-
lation in the spring system, resulting in energy shortage
for cell division, and may limit the population size of
SRB since this physiological group only obtains a little
energy from their metabolism (Oren, 1999; 2011). An
overall low population size may thus be responsible for
the low SRR observed in the surface sediment of the
springs (Fig. 6), and may also explain the extreme hetero-
geneity in the slurry experiment (Fig. 7).

The SOB community is independent of the local SRR
in the spring surface sediment and relies of sulfide sup-
plied by the spring water. This can be concluded from
the low maximal depth integrated SRR  of
35.1 pmol m™~? day ', which was three orders of magni-
tude lower than the sulfide flux of 6.06 mmol m™* day '
measured in the same area. The sulfide supplied by the
spring water is aerobically oxidized by the SOB commu-
nity at the interface between spring- and DSW (Figs 4
and 5), where oxygen is present and an overall reduced
salinity allows their development. Since aerobic sulfide
oxidation delivers far more energy than sulfate reduction
(Oren, 1999; 2011), the SOB community probably has
sufficient energy to survive the salinity fluctuations in the
spring system, and thus allows the buildup of the high
biomass. We suggest that the main driving factor for the
development of the high biomass of SOB in the spring
system of the Dead Sea is a local reduction in salinity and
the external supply of sulfide, which is aerobically con-
sumed with oxygen supplied from the Dead Sea.

Although all springs may experience large spatio-tem-
poral salinity fluctuations, we suggest that the observed
differences between the community structures of SOB
and SRB in the distinct microbial mats (Fig. 3) are likely
to be a result of different mean salinities. On average the
salinity is probably lowest around RockMat and in
WhMatl, where most taxa are found, whereas salinity is

© 2014 Federation of European Microbiological Societies.
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on average higher in DMat and WhMat2, allowing only
the existence of specific, presumably more halotolerant
SRB and SOB taxa of Desulfosporosinus and Thiobacillus/
Acidithiobacillus, respectively. Percolation of the core
obtained in the DMat was not possible due to its low
permeability. The lower permeability leads to reduction
in spring water flow velocity through the sediment, which
in turn will result in higher salinities inside and above the
sediment. Indeed, the porewater salinity of DMat was
about 184 g L™' TDS throughout the core, much higher
than the porewater salinity in WhMatl (about 60 g L'
TDS, Fig. 4), which was dominated by SOB of the Sulfu-
rimonas and Sulfurovum genera (Fig. 3). RockMat was
located in a fast flowing stream where high spring water
up-flow velocities of 5-25 cm s~' lead to an extensive
salinity reduction around the rock surface (Hausler et al.,
2014). The high salinity in DMat could explain the gen-
eral absence of the Sulfurimonas- and Sulfurovum-like
bacteria at this site. Isolates of the Sulfurimonas and Sul-
furovum genera were shown to tolerate a maximum salin-
ity of 60 g L' TDS (Inagaki et al, 2003, 2004). It is
therefore also likely that the SOB belonging to the Acidi-
thiobacillus, Thiobacillus genera and the SRB belonging to
the Desulfosporosinus genus detected solely in DMat and
WhMat2 may be more halotolerant than the SOB and
SRB detected in WhMatl. Bacteria related to the genus
Acidithiobacillus were previously enriched at 4 M NaCl
from hypersaline habitats (Sorokin et al., 2006). Although
species of the Desulfosporosinus (SRB) and Thiobacillus
(SOB) genera are generally not halophilic (Kelly et al.,
2005; Spring & Rosenzweig, 2006), our results suggest
that these genera may harbor halophilic members. Thus,
overall the community structure of SRB and SOB in the
different microbial mats seems to be controlled by salin-
ity, in agreement with other studies showing a strong
effect of salinity on community composition (Freitag
et al., 2006; Abed et al., 2007). Differences in mean salin-
ity are likely a result of different sediment permeabilities
in the distinct areas affecting spring water input and thus
salinity reduction.

In conclusion, we were able to demonstrate that most
of the sulfide, which is aerobically consumed by sulfide-
oxidizing bacteria in WhMatl and WhMat2, is produced
along the subsurface flow path of the spring water and
only a little production occurs in the surface sediments of
the springs, presumably due to extensive salinity fluctua-
tions limiting local SRR. Thus, the main factors for the
high abundance of SOB in the system are a local salinity
reduction as already concluded (Hausler et al., 2014) and
the external supply of reduced substances from the spring
water as shown here. We suggest that the reason for the
different dominance of specific groups of SRB and SOB
in the various microbial mats is a consequence of
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different flow regimes of spring water in the system and
thus differences in salinity. In addition, our results indi-
cate that there is an active, extremely halophilic SRB
community in the sediments of the Dead Sea which is
not affected by spring water seepage. The ability of the
SRB in the Dead Sea as well as the microorganisms in the
springs to tolerate continuous or temporal exposures to
high concentrations of divalent cations (c. 2 M Mg*" and
0.5 M Ca®*) warrants further investigation. More studies
about the groundwater flow and the specific micro-
environments are also needed to fully understand the
dynamics of the system.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1. Map of the Dead Sea showing a close up on the
sampling area.

Fig. S2. Rescaled microsensor profiles from Fig. 4
obtained in the WhMatl showing the modeled (dashed
line) sulfide and oxygen profiles.

Fig. S3. Number of specific compounds detected in the
Aquifer-, spring- and the Dead Sea water.

Fig. S4. Salinity sensor profiles measured subsequently
with the low range salinity sensor in the WhMatl
microbial mat.
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