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Abstract

The geologic histories of planetary surfaces reveal that Earth and Mars have been pummeled by
cataclysmic impact events. The surface of Mars has been perused to have an impact origin for its
hemispheric dichotomy. The spallation during impact events causes the interplanetary transfer of
material from Mars to Earth or Mars to Phobos/Deimos. Assessing the survival of micro-organisms
in impact conditions is critical for the development of planetary protection strategies for future
missions. Shock waves are generated during such major impact events. The objective of the present
investigation was to study the effect of shock waves on extremophilic bacteria isolated from
Martian analogue site Laguna de Pefia Hueca, Spain. Pefia Hueca is a hypersaline sulphated lagoon
rich in Mg-Na-SO,-Cl, epsomite and hexahydrate and it potentially serves as Planetary field
analogue site for Martian chloride deposits. The microbial community structure of the lagoon
was studied by 16S rRNA metagenomic sequencing. The phylogenetic studies indicated the
presence of phyla Euryarchaeota, Proteobacteria, and Bacteroides in the hypersaline brines
of the lagoon. The anoxic sediments of Pefila Hueca showed the presence
of Haloanaerobiaeta and Hadesarchaeota including the anoxic genus
of Haloanaerobium, Desulfosalsimonas and Desulfovermiculum. The effect of impact shock
on the halophilic bacterium Halomonas gomseomensis EP-3 isolated from Laguna de Pefa
Hueca was studied in a Reddy shock tube. The halophilic bacterium was exposed to shock waves
at a peak shock pressure of 300 kPa and a temperature of 400 K. The results of shock recovery
experiments of halophilic bacteria reveal 97 % killing at 300 kPa and Mach number of 1.47 in
comparison with Bacillus sp. This study indicates that that gram positive spore-forming Bacillus
sp. are better adapted to survival in impact shock waves in comparison to non-sporulating

halophiles. In the current study, we present the first report on survival of halophiles in impact



shock. Furthermore, we demonstrate a novel application of the simple hand held Reddy shock tube
in astrobiology. The survival studies of halophiles isolated from Martian analogue sites in impact
shock can provide valuable insights in astrobiology and microbial physiology in impact shock
stress.

Keywords: Impact, shock waves, Mars analogue; hypersaline; microbial community;

habitability; Astrobiology; Reddy shock tube

1. INTRODUCTION

The early Earth was subjected to heavy bombardment by comet and asteroid impact events during
the Hadean era (Cockell, 2006; Kring and Cohen; 2002). Such impact events may have
significantly affected origin of life on Earth (Cockell, 2006). The craters associated with impact
events and deep-ocean hydrothermal systems are perused to have been unique sites for prebiotic
chemistry. These impact altered lithological sites may have been favorable geomicrobiological
environments for development of early life (Cockell et al. 2002). It is thought that the physical and
chemical conditions around impact craters on Earth draw significant resemblance to Charles
Darwin’s “warm little pond” (Darwin, 1871; Cockell 2006). Impact events have been crucial in
origin of life on Earth and development of planetary bodies in our solar system.

The surface of Mars has also been affected by impact processes and cratering (Chappaz et al.,
2013). Impact events on Mars have been responsible for ejecting meteorites in space by spallation
(Melosh, 1984,1988). Almost >37 Martian meteorites including Shergottites, Chassigny and
Nakhlite have been ejected from Mars to Earth by hypervelocity impact (Chappaz et al., 2013).
Impact spallation is a causal factor for the transfer of material from Mars to Phobos and Deimos

(Chappaz et al., 2011).



Impact events are thus significant as they ubiquitously transport material between planetary bodies
(Melosh,1985). Scientists often question, if such impact events can transfer life forms between
planets? (Melosh, 1988). Addressing these questions are imperative to astrobiological studies of
origin of life and planetary protection. Future exploration studies by JAXA like the MMX (Martian
Moons Exploration) mission will focus on sample return from Phobos and Deimos. It is thus
essential to study and classify the planetary protection strategies (restricted/unrestricted) for
samples from Phobos and Deimos. If Mars would have life of any form (extinct/extant), it is
possible that it may have been transferred to Martian moons by impact events (Chappaz et al.,
2013). It is also possible that the pressure and hypervelocity can completely sterilize any form of
life transported during impact. Thus the survival rate of bacteria in hypervelocity impact is crucial
to classify the planetary protection guidelines for Phobos and Deimos (National Academies of
Sciences, Engineering, and Medicine, 2019).

Most of the impact studies conducted previously focus on the effect of hypervelocity, pressure or
temperature on the survival of bacteria (Burchell et al., 2001, 2003, 2004; Horneck et al., 2001,
2008; Fajardo-Cavazos et al., 2009; Hazael et al., 2016). However, there is a critical knowledge
gap and research needed in the area of survival of extremophilic micro-organisms in impact shock.
One of the key phenomenon observed during planetary impact events is the generation of shock
waves (Shimamura et al., 2016). Shock waves are non linear high energy waves that propagate at

supersonic speed and cause extreme change in pressure and temperature (Thombre et al., 2019).

Shock waves are observed during meteorite and asteroid impacts, volcanoes, explosions, and
earthquakes. Shock waves are dissipative in nature and they increase static pressure and
temperature in the medium during propagation (Gnanadhas et al., 2015). Shock waves can be

produced in the laboratory by using shock tunnels, shock tubes, pulsed laser beam focusing,



electrohydraulic method, and controlled explosions (Divya et al., 2011).

More research is warranted to fill the gap in understanding the effects of impact shockwaves on
survival of microorganisms. We have previously reported the effect of shockwaves on
thermotolerant bacteria isolated from meteorite impact crater. (Thombre et al., 2019 Halophiles
are considered as candidate ‘exo-philes’ in astrobiological studies (DasSarma et al., 2006). The
candidate organisms chosen for this study were halophiles isolated from Laguna de Penia Hueca,
Spain. Laguna de Pefia Hueca is a hypersaline ion rich sulphated system in La Mancha, Central
Spain. The salt rich deposits of endorreic origin makes this lagoon a terrestrial analogue for
Martian chloride deposits and brines (Thombre et al., 2018). The microbial diversity of this
Martian analogue site was studied and candidate extremophiles were chosen for impact shock

studies.

In the current study, we present the first report on survival of halophiles in impact shock.
Furthermore, we demonstrate a novel application of the simple hand held Reddy shock tube in
astrobiology. The Reddy shock tube was used for generation of shock waves that impacts the target
organism (Reddy and Sharath., 2013). The survival fraction of the organisms after impact shock
at a peak shock pressure of 300 kPa, temperature of 400 K and Mach number of 1.47 was studied.
The survival studies of halophiles isolated from Martian analogue sites in impact shock can

provide valuable insights in astrobiology and microbial physiology in shock stress.

2. MATERIALS AND METHODS

Ethical Approval



This article does not contain any studies conducted with human participants or animals performed

by any of the authors.

Sample collection and analysis

A visit to terrestrial analogue site Laguna de Pefia Hueca, Tirez lagoon system was conducted
between 9 to 13 April 2018 under Europlanet Transnational Access (TA) (17-EPN3-030) for
collection of samples. The pink lagoon is located in the province of Toledo, Western La Mancha,
Spain at 653 m altitude (39030’ 56” N 30 20’ 21”; UTM WGS84) with maximum depth of 40 cm
(Figure 1). Different samples including water sample (PH-W), pink halite crust (PH-H), rocks
submerged in the lagoon (PLR), green photosynthetic matt (PH-G) and black anoxic sediments
(PH-AB) were collected in triplicate in pre-sterilized zip lock bags. The samples were processed
in the mobile laboratory of INTA-CAB, Spain at site. The samples were analyzed for
physicochemical parameters like pH, temperature, sodium, potassium, sulphate, chloride and
magnesium content as per standard methods described earlier (Thombre et al., 2016; Greenberg et
al.,1992). The chloride content was estimated by argentometric titration and the sodium, potassium
and magnesium ion content was estimated using Flame photometric method as described by
Greenberg et al. (1992).

Enrichment, Isolation and identification of micro-organisms from Laguna de Pefia Hueca
Micro-organisms from Laguna de Pefia Hueca were isolated by enrichment culture method
(Thombre et al., 2016). Different media and incubation conditions used for cultivation of
organisms depending on their nutritional requirement. All bacteriological media were
supplemented with 1.5 —3 M NaCl and 0.1- 0.5 M MgSO,, Briefly, 1 g or 10 ml water sample was
enriched in 100 ml medium and incubated at 37 °C at 100 rev min-1 for 24 - 48 h or till growth

appeared. The heterotrophic bacteria were enriched in Zobell’s marine medium (HiMedia, India)



supplemented with 1.5 M NaCl and 0.5 M MgSO,. A modification of Zobell’s medium was
devised in which the components of Zobell’s marine medium (HiMedia, India) were dissolved in
the lagoon water as a base instead of distilled water. Rock sample submerged in the lagoon (PLR)

was surface sterilized in sterile brine, pulverized aseptically and enriched in Sehgal and Gibbons

(SG) medium (Thombre et al., 2016) containing 1.5 -3 M NaCl and 0.1 - 0.5 M MgSO,. 7 H,O.

Sulphur reducing bacteria (SRB) from the black anoxic zone were enriched in anaerobic
thioglycollate medium (HiMedia, India) containing 1.5 M NaCl and MgSO,. 7 H,O (Postgate,
1965). All media were incubated at 37 °C until visible growth was observed in the form of
turbidity. After appropriate incubation, a loopful of the enrichment broth was isolated on respective
agar and observed for growth of colonies. Colonies showing distinctive morphologies were
subcultured and purified and used for microscopic, physiological and biochemical identification.
Cell morphology was observed by gram staining and phase contrast microscopy at 1000X
magnification (Olympus, Germany). The micro-organisms were identified by physiological and
biochemical test as per Bergey’s Manual of Determinative Bacteriology and 16 s rRNA gene
sequencing using Sangers method as described earlier (Thombre et al., 2016; Thombre et al.,
2019).

DNA Extraction, amplification of 16S rRNA genes for Metagenomic sequencing
PureLink®Genomic DNA extraction kit (Invitrogen ™, U.S.A) was used for the extraction of total
DNA from four samples: water sample (PH-W), halite crust (PH-H), green photosynthetic matt
(PH-G) and black anoxic zone (PH-AB). DNA was checked for purity using NanoDrop TM 2000
spectrophotometer (ThermoFisher Scientific, U.S.A) and quantified using Qubit 2.0 Fluorometer

(Invitrogen™, U.S.A). The amplification of microbial 16S rRNA gene fragment (V3-V4 region)



was performed with specific primers 314F-5'CCTACGGGAGGCAGCAG3' and S518R-
S'ATTACCGCGGCTGCTGG 3’ and 10 ng of total DNA was used as a template for PCR reaction.
The PCR reaction conditions followed were: 98°C for 30 s followed by 30 cycles of 98°C for 10
s, 72°C for 30 s, extension at 72°C for 5s followed by a final hold at 4°C. The PCR product was
separated on 2% agarose gel and visualized using SYBR® Safe DNA stain (10ul/100ml). The

DNA amplicon was purified using PureLink® Quick Gel Extraction kit (Invitrogen™, U.S.A).

A second PCR was performed with primers that had Illumina indexed bar code sequences. The
PCR master mix used had 2 uLL each 10 pmol/ul forward and reverse primers, 1 pl of 40mM dNTP,
10 uL of 5 X Phusion® HF reaction buffers (New England BioLabs Inc., U.S.A), 0.4 ul of 2U/ul
F-540 Special Phusion® Hot Start DNA Polymerase (Thermo Fischer Scientific™, U.S.A), 10 ul
(minimum 5ng) of amplicon from the previous PCR cycle and water to make up the total volume
to 50 pl. The amplicons were further purified using PureLink® PCR spin columns (Invitrogen™,
U.S. A) and libraries were prepared. The libraries were validated using Tapestation® system
(Agilent Technologies, U.S.A). After validation, the libraries were sequenced by paired- end
sequencing (2 x 150 bp paired end run) on Illumina MiSeq platform utilizing a 300 cycle Illumina
MiSeq reagent kit v.2. (Caporaso et al., 2010, Thombre et al., 2019). The raw metagenomic
datasets from this study was deposited in NCBI’s Sequence Read Archive under BioProject
‘Metagenome of Laguna de Pefia Hueca’ and a DDBJ/EMBL/ GenBank Accession number for the

SRA submissions was obtained.

Analysis of metagenomes, Annotation of taxonomic units and unculturable micro-organisms



The raw sequencing reads generated by sequencing of 16S rRNA amplicons were trimmed and the
adapter sequences were removed using PERL. The sequences were trimmed by quality with Phred
score > 30 (>Q30; error-probability >= 0.001). Consensus V3 region sequence were constructed
by FLASH program with default parameter settings (Magoc and Salzberg, 2011). The chimeras
were removed using de-novo chimera removal method and the UCHIME algorithm was
implemented in the USEARCH package (Edgar et al., 2011). Pre-processed reads from all samples
were pooled and clustered into OTUs based on their sequence similarity using UClust program
(similarity cutoff = 0.97). The sequence data was analyzed using QIIME (Quantitative Insights
Into Microbial Ecology software package) (Caporaso et al., 2010). A representative sequence was
identified for each OTU and aligned against SILVA core set of sequences using PYNAST program
(DeSantis et al., 2006; Quast et al., 2013). The taxonomic classification was performed using
Ribosomal Database Project (RDP) classifier 2.2 (Wang et al., 2007) against SILVA 16S rRNA
genes (Quast et al., 2013) and Greengenes database (DeSantis et al., 2006).

The taxonomic recruitment of phylum, class, order, family, genus and species was performed using
OTU. The taxa other than the top ten were categorized as “others” and the ones that did not have
any alignment against taxonomic database were categorized as “unknown”. SILVA was used for
procuring V3 sequences, taxonomic annotations and sample wise OTU. Heat maps and taxonomy
abundance plots were created using QIIME. The genera-level taxonomic statistical analysis of
metagenomic sequences was performed using, Statistical Analysis of Metagenomic Profiles
(STAMP) v 2.0 software package. The corrected p-values were estimated on the basis of Fisher’s
exact test method using Storey’s false discovery rate method of multiple test correction within
STAMP and the p-values with <0.05 were considered significant for comparison (Storey and

Tibshirani, 2003).
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Statistical analysis

The microbial diversity within the samples was studied by calculating Shannon, Chaol and
observed species metrics. The chaol (Schaol) metric estimates the species richness, the Shannon
metric is the measure to estimate observed OTU abundances and accounts for both richness and
evenness indices. The diversity indices in the sample were calculated using QIIME v1.7. The
rarefaction curve for each metric was plotted. All the metrics were calculated using QIIME

software.

Effect of impact shock on bacteria

The effect of impact shock on the survival of halophilic bacteria isolated from Laguna de Pena
Hueca was studied in a Reddy shock tube (Figure 2). The target bacteria were impregnated on
stainless steel coupons as described earlier (Thombre et al., 2019). Briefly, 24h old saline
suspension of Halomonas gomseoemensis (10 ul) was impregnated on sterile stainless steel
circular coupons of 5 mm diameter. The coupons were dried overnight in sterile conditions and
then placed inside the driven section of the Reddy shock tube. A hand held piston was used to
rupture the diaphragm (30 mm inner diameter) that separated the high-pressure (driver section)
and low-pressure section of the shock tube. This rupture generated shock waves with peak
pressures of 3 bar (300 kPa), temperature of 400 K, and Shock Mach number of ~1.47 for an
exposure time of about 250-300 ps. The peak was measured using two piezoelectric sensors
(PRESSURE SENSOR ABS AXIAL 6-SIP, MPX5700ASX-ND-NXP Semiconductors, USA,

Inc.) of high response value. After impact, the coupons were collected and survival fraction was
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estimated by total viable cell count (colony forming unit per ml) (Thombre et al., 2019). All

experiments were performed in triplicates and appropriate controls were used.

3. RESULTS

Geochemistry of Terrestrial site

The mineralogical studies and physicochemical analysis indicates that Pefia Hueca is a higly
sulphated athalassohaline environment at near neutral pH. Laguna de Pefia Hueca had a salinity
of 12.5 % (water column, PH-W) to saturation (halite crust layer, PH-H). The elemental analysis
of the lagoon water was compared to the elemental analysis of some of the representative
hypersaline systems globally (Table 1) (Thombre et al., 2016). The water had a sulphate content
of 18.75g/L, magnesium content of 9.04 g/L with a pH range of 7.5-7.9. The trend in
concentration of elemental ions in the lagoon water was found to be SO,->CIl- >Na>Mg>K. The
waters of the lagoon are known to be extremely rich in Mg-Na-SO4-Cl, epsomite and
hexahydrate (Montoya et al., 2013). The salt composition of this lagoon system depends on the
inflow water arising from Tertiary age calcium sulphate marls and Triassic evaporites (Montoya

etal., 2013).

Isolation and identification of organisms from Laguna de Peiia Hueca

Halophilic organisms were isolated from the Spanish lagoon Pefia Hueca. Only moderate and
extreme halophiles were isolated and shortlisted for impact studies. The halophilic strains selected
for the study were designated as EP-1, EP-2, EP-3, EP-4 (EP- Europlanet). The halophiles were
identified as Halomonas sp. , Halomonas lutea and Marinobacter persicus and they were isolated

from hypersaline lagoon water (Supplementary Table 1). The microscopic analysis of the water
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samples of Pena Hueca revealed the presence of motile single celled red colored algae that was
identified as Dunaliella salina strain EP-1 (NCBI GenBank accession no: MH553054) using

morphological characteristics and 18 S rRNA gene sequencing (Supplementary Fig.S1).

Halomonas gomseomensis was isolated from saline lagoon water (strain EP-3) and a rock
submerged in the saline lagoon (strain PLR). The halophilic organism was identified on the basis
of biochemical, physiological and morphological and phylogenetic analysis and used for impact
shock studies. H. gomseomensis EP-3 is an aerobic, chemoorganotrophic, gram negative,
moderately halophilic bacterium that belongs to the family Halomonadaceae of the class
Gammaproteobacteria. The isolate was Voges—Proskauer test negative, indole negative, nitrate
reductase negative and could produce acid from D-arabinose, glucose, galactose, fructose, maltose
and sucrose.The biochemical and physiological characteristics of isolate EP3 were comparable to
characteristics reported for the type strain Halomonas gomseomensis M12T isolated from saline
water of Gomseom solar saltern in Anmyeondo, Korea. EP-3 produces creamish colonies on SG
agar with a temperature optimum from 37-40°C. This isolate grows in medium containing 10- 20

% NaCl. The optimum pH of the isolate was from 6 to 9.

Anoxic SRB were also cultured in the laboratory using anaerobic medium  containing
thioglycollate. The anaerobic medium showed presence of typical blackening in liquid enrichment
cultures, however the growth could not be further isolated on solid medium. This may be owing to
the complex requirement of salts and ions by Pefia Hueca isolates. Hence, metagenomic studies
were further undertaken for studying the microbial community structure of this extreme lagoon

especially in the anoxic zones.

Metagenomic insights in Microbial community structure of Laguna de Pefia Hueca
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The taxonomic complexity of microbial communities in Laguna de Pefia Hueca was observed by
subjecting the 16 S rRNA gene sequences to taxonomic classification using RDP classifier against
SILVA 16S RNA genes database. The 16S rRNA gene sequences of Pefia Hueca metagenome that
could not be affiliated to any known bacterial class by the RDP classifier and were classified as
‘unknown’. The analysis was performed using the pre-processed consensus V3-V4 sequences. The
pre-processed reads from all samples were pooled and clustered into Operational Taxonomic Units
(OTUs) based on their sequence similarity using Uclust program (similarity cutoff = 0.97). A total
of 1559135 OTUs were identified from 2933230 reads. From 1559135 total OTUs, 1522067
Filtred OTUs (OTUs with reads with >or =5) were removed and 37068 OTUs were selected for
further analysis. The results of phylogenetic analysis of the16S rRNA gene sequences from water
sample (PH-W), pink salt halite crust (PH-H), green photosynthetic matt (PH-G) and black anoxic
zone (PH-AB) of Pefia Hueca are depicted using the abundance heatmaps from phylum and genus

level (Fig. 2 a, b).

The heatmap depicts the most abundant taxon in Pefia Hueca differs in each sample. The black
anoxic zone has abundance of Proteobacteria, FEuryarchaeota, Haloanaerobiaeota,
Hadesarchaeaota, Firmicutes and Bacteroides. The phylum Nanoarchaeota and Euryarchaeota
were the most abundant in water sample (PH-W). The pink halite crust had an abundance of
Firmicutes, Bacteroides, Actinobacteria and Proteobacteria while Cyanobacteria, Bacteroidetes
and Haloanaerobiaeota were recruited in green matt. (Fig. 2a). The lagoon demonstrated an
abundant presence of different extreme, halophilic, anaerobic and facultative organisms belonging
to the genera Halothiobacillus, Natronomonas, Halorientalis, Marivirga, Haloanaerobium,
Halorubrum and Halomonas sp (Fig. 2b). Halophilic archaea are known to thrive in Cl rich

environment however it is still unclear how the SO, ions may contribute in the physiology and

14



adaptation of these haloarchaea in the presence of Cl- ions. Many anaerobic SRB, like
Haloanaerobium, Desulfosalsimonas and Desulfovermiculum were also observed in the PH-
AB zone (Fig. 3).

The species diversity of Penia Hueca were further studied using Shannon's diversity index and the
Chaol index was used to estimate total species richness in the microbial community. The alpha-
diversity rarefaction plot was constructed based on Shannon index calculation depicted that the
microbial community of pink halite crust had more species diversity as compared to other samples.
The Principal coordinate analyses (PCA) was performed and Bray-Curtis distances were calculated
using OTU counts. The weighted UniFrac distances considered the presence/absence of OTUs,
the relative abundance of OTUs and was used to identify the significant taxon features among all
four sample groups. Hierarchical clustering based on Ward method was performed to further study
the correlation of microbial species within samples (Fig.4a).

The dendrogram shows the correlation of samples obtained by hierarchical cluster analysis based
on Ward method. The plot shows Pena Hueca water (PH-W) and green matt (PH-G) taxon reads
are closely related to each other and in turn with taxon from Anoxic zone (PH-AB). The taxon
reads of pink crust halite (PH-H) sample is distantly clustered as compared with the other three
samples (Fig. 4a).

The Principal Component Analysis (PCA) of reads from the four samples of Laguna de Pena
Hueca was performed using MetageneAssist server with default parameters. The result shows that
PH-G shares common taxon with PH-W; next to PH-AB and PH-H sample taxons are uniquely
distributed among other samples (Figure 4c).

An explicit comparison of microbial communities between the Laguna de Pefia Hueca samples

was performed. At first, the distance matrix using both weighted and unweighted UniFrac
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approach was generated. Sequence abundances were taken in to account in Weighted UniFrac for
comparing microbial diversity. A jackknife test was performed to construct a consensus UPGMA
(Unweighted Pair Group Method with Arithmetic Mean) tree for all samples in this set. The
resulted consensus was taken for UPGMA trees built using weighted and unweighted UniFrac

distance matrix as shown in Fig 4.

Overall, the metagenomic studies of Laguna de Pefia Hueca revealed that the microbial community
structure was dominated by phyla Euryarchaeota (90 % in water — 50 % in Anoxic zone) followed
by Proteobacteria (50 % in pink salt crust — 10 % in green matt), while Bacteroidetes dominated
the pink salt zone (38%). Cyanobacteria were prevalent in green photosynthetic matt while
Hadesarchaeota, Haloanaerobium, Desulfosalsimonas and Desulfovermiculum was found only

in the black anoxic zone.

Effect of impact shock on bacteria

The effect of impact shock waves on Halomonas gomseomensis EP-3 was studied in a Reddy
shock tube (Figure 6). The Reddy shock tube is a hand driven shock tube that contains a driver and
driven section separated by a diaphragm. The rupture of diaphragm at higher pressure produces
shock waves that impacts the target placed in the driven section. The peak pressure and shock
speed was measured using piezoelectric sensors and peak pressure was calculated using the voltage
output of an oscilloscope. A peak pressure of 300 kPa (3 bar) was impacted on Halomonas
gomseomensis that lasted for ~250 microseconds. The Mach number was calculated as 1.47. Shock
wave velocity was calculated using Time of Flight method (v =x/t) using the trigger of 2 sensors
placed 15 cm apart as 500 m/s. The Rankine-Hugoniot jump equations for Normal Shocks were

used for the calculation of peak temperature using experimentally calculated Mach number value
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(Equations 1 and 2). The Temperature jump in terms of Mach number due to primary shock wave

was calculated using equation 1:

=35

(1

The Temperature jump in terms of Mach number due to reflected shock wave was calculated using

equation 2:

I RAMIG =)+ G- nIMIBy - - 201 - D]
T (M3 (1 +1)°]

2)

Where T's— Temperature jump of the system due to reflected shock wave.
T; — Temperature jump of the system due to primary incident shockwave.

y — The ratio of specific heats (C,and C,) for a particular gas. y = 1.4 for air.

VelocityoftheShockwave

M — Mach number of the incident shockwave. M =

Velocityofthesoundinthemedium

The results in the current experiment indicate that 97 % killing of H. gomseomensis EP-3 was
obtained by shock waves that were 1.47 times faster than the local speed of sound in air (Mach
number 1.47) with a velocity of 500 m/s. We compared the survival of H. gomseomensis EP-3
after impact shock at 300 kPa to the survival of Bacillus thermocopriae IR-1 and other control
organisms (Table 2) that had been impacted at 400 Kelvin for 250 microseconds previously

(Thombre et al. 2019%). A summary and comparison of parameters used in shock tube and the
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results are depicted in Table 2.

4. DISCUSSION
The Earth has been affected by a cataclysmic proportion of impactors during its evolution. Life on
Earth originated around 3.5 to 3.8 Gya. This period coincides with the bombardment period known
as the late heavy bombardment (LHB) on Earth (Gomes et al., 2005). Such impact events are
known to be the only extraterrestrial mechanisms of generation of shock waves. Many studies also
report that these impact events may have contributed to organic molecules and prebiotic
inventories involved in origin of life on Earth (Chyba and Sagan, 1992). Thus it is imperative to
study the role of shockwaves produced during impact on cellular life. The surface of Mars has also
been subjected to impact events. Hence there has been considerable speculation on what is the
probable effect of impact events on life (extinct/extant) on Mars. Similar studies need to be
conducted on what would be the effect of impact events on transfer of material to Phobos/Deimos.
The recent discovery of liquid water on Mars in the Planum Australe region using MARSIS (Mars
Advanced Radar for Subsurface and Ionosphere Sounding), a low-frequency radar on the Mars
Express spacecraft has significant implications in future human explorations and Martian
Astrobiology (Orosei et al., 2018). The radar profiles indicate the presence of subglacial stable
liquid salt water body that resists freezing due to high concentration of salts (Orosei et al., 2018;
Diez, 2018). The presence of liquid water, organics and complex Noachian fluviolacustrine
environments near the Knobel crater rich in chloride, basalt, iron and salt deposits makes these
sites as ideal potential plausible habitable zones for microbial life (Orosei et al., 2018; Diez, 2018;
Huang et al., 2018; Witze at al., 2018; McKay, 2010). The presence of evaporite deposits,

phycosilicates and hypersaline environments reported to have been formed around 3.7 Ga are
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potentially similar to the terrestrial analogue salt deposits and hypersaline environments that
harbor extreme microbial life on earth (Huang et al., 2018; Witze at al., 2018). As liquid water on
Mars seems to be in the form of concentrated salt brines, it is perused that if any potential Martian
microbial life may ever exist, it may be similar to terrestrial halophilic extremophiles (McKay,
2010; Landis, 2001).

Hypersaline environments on earth rich in Cl- and SO4 —ions are considered terrestrial analogue
sites or Planetary Field analogues (PFA) of Martian deposits (Pontefract et al., 2017). Previous
studies and observations of Mars indicate that the red planet may have had immense water flows
and saline fluids in the past (Tosca et al., 2008). The Hesperian (3.7 Ga) times of Ancient Mars
were perused to have ion rich ephemeral lakes that resulted in the presence of chloride and sulphate
deposits in present day Martian surfaces and sediments (Tosca et al., 2008; Goudge et al., 2016;
Gendrin et al., 2005). In fact, certain reports state that the high amount of magnesium sulphate in
Columbia crater was due to the plausible presence of a hypersaline paleolake on Ancient Mars
(Gendrin et al., 2005; Wray et al., 2011). Overall, magnesium, sulphate and chloride deposits are
dominant (10-30 % in some sediments) on majority of the Martian surfaces. Most hypersaline
environments on earth like saltpans, salt lakes, crystallizer ponds are rich in chloride ions
(Thombre et al., 2016) but have less abundance of magnesium and sulphate salts. Hence, the
potential terrestrial analogue hypersaline sites for investigation of survival of life in extremes
should contain high amount of sulphates and ions in addition to chlorides (Pontefract et al., 2017).
In the present investigation, we attempted to study a Laguna de Pefia Hueca as a Planetary field
analogue (PFA) of Mars. We attempted to isolate representative halophiles for impact experiments

and investigate the microbial community structure in the extreme environment.
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Laguna de Pefia Hueca, is an interesting PFA site for Mars and Europa under Europlanet TA
activities. Pefia Hueca is a part of the Tirez lagoon system and is a small hypersaline sulphated
lagoon in Villacanas, Toledo, Spain (Fig. 1). It is one of the several endorrheic lagoons that
constitutes the lacustrine Tirez lagoon system. Infact, Tirez lake was is proposed as a terrestrial
analogue of Europa’s ocean owing to its similarities and hydro geochemical properties as based
on the analysis data generated by Galileo’s Near Infrared Mapping spectrophotometer (Montoya
et al., 2013, Prieto-Ballesteros et al., 2003). The inflow water from Triassic evaporates, dolomites
and calcium-sulfate deposits from Tertiary age contribute to the saline and sulphate composition
of these lagoons (Montoya et al., 2013, Prieto-Ballesteros et al., 2003). The physicochemical
properties of the lagoon water with circumnetral pH suggest that sulphate and chloride ions have
a major role in shaping the microbial community structure of Pefia Hueca. The lagoon is
characterized by its surreal bright pinkish colored water with pink colored salt crust. The pink
color of the lagoon is attributed to the presence of halophilic photosynthetic microalgae D. salina
EP-1. The shallow stagnant environment of the lagoon with high salinity and sulphur content
metabolically favors the combined biogeochemical activities of Sulphur reducing bacteria, purple
or green Sulphur bacteria and halophilic bacteria. A distinct gradation of microbial communities
was observed and a black anoxic layer indicates the biological production of hydrogen sulphide
that causes precipitation in sediment.

Metageneomic studies revealed the presence of anoxic bacteria belonging to the the genus
Haloanaerobium, Desulfosalsimonas and Desulfovermiculum in the black anoxic (PH-AB)
zone (Figure 3). The sulphides produced by these SRB are oxidized by cyanobacteria that form a
typical green biofilm like mat and representing photosynthetic communities. Pefia Hueca lagoon

forms a typical habitat called “Sulfuretum” (Plural: sulfureta) that is sulphur rich due to biological
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activities and geological deposits. The extremely high concentration of sulphates in this lagoon
makes it an interesting site to understand how sulphate can affect the microbial community
structure (Montoya et al., 2013). Survival in high concentration of sulphate, ions and chlorides
impose severe osmotic stress on microbial life. The hypersaline brines with magnesium and
sulphate salts have low water activity and are highly chaotropic and membrane destabilizing
(Pontefract et al., 2017).

It was interesting that despite the harsh ionic stresses, high osmotic pressure, potentially low water
activity with high amount of kosmotropic sulphates, microbial life thrived in the pink salt crust
and saline waters of Pena Hueca. As expected archaeabacteria, especially haloarchaea belonging
to the genus Halonotius, Halorubrum, Halobacterium, Halothiobacillus, Haloorientalis,
Haloanaerobium and Natronomonas were found in abundance in Pefia Hueca lagoon (Figure 2).
Though most were halophilic archaea, they demonstrate different modes of metabolism and
nutritional diversity. Halothiobacillus is an aerobic chemolithoautotrophic, sulfur-oxidizing
bacterium, Haloanaerobium is an anaerobic chemoorganotrophic, Natronomonas 1is
haloalkaliphilic while other haloarchaea were chemoheterotrophs. The chemolithotroph,
Halothiobacillus is Sulphur oxidizing bacteria (SOB) classified under gamma Proteobacteria. It
has the ‘tetrathionate pathway’ of thiosulfate oxidation to sulfate. Amongst all the
chemolithotrophic bacteria, it is perused that SOB can adapt better extreme ionic stresses due to a
very high energy yield available during complete oxidation of sulfide/thiosulfate to sulfate.
Sulphate reducing bacteria and archaea (SRB, SRA) both survive by utilization of SO, as terminal
electron acceptor. Their respiration is anaerobic and they can also reduce other sulphate rich
compound like sulfite, thiosulfate, tetrathionate, trithionate, polysulfide and elemental sulfur by a

process termed dissimilatory sulfate reduction using sulfate adenylyltransferase and ATP
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sulfurylase (Postgate, 1965). The occurrence of these SRB’s especially archaeal phylotypes in
sulphate rich environment was an interesting finding. The presence of SOB and SRB in close
vicinity indicates the interdependence of the communities on each other for the metabolism and
inter conversions of ‘S’ in a sulfureta.

Despite the strong ion rich environment, halophiles were dominant in Pefia Hueca microbial
community structure. These halophiles seem to have adapted to the extreme sulphate and chloride
environments by evolving various mechanisms to combat the ionic environmental perturbations.
Halophiles adopt two major strategies for survival in these stresses, the ‘organic osmolytes
strategy’ and the ‘salt-in strategy’. Besides, they also produce protective carotenoid pigments,
molecular chaperones and utilize proton electrochemical gradient in juxtaposition with Na™/H*
antiporters to maintain ionic balance (Thombre et al., 2016). However, future studies are warranted
to understand the role of SO, ions in the physiology of these halophiles.

The halophilic bacterium Halomonas gomseomensis EP-3 was isolated from hypersaline lagoon
water. H. gomseomensis EP-3 could grow over a wide range pf pH (6-10), temperature (25-40)
and NaCl concentration (10-20 % NaCl). Due to its unique ability of physiological adaptation over
wide range of pH, temperature and NaCl concentration, it was selected for further impact studies.
The bacterium was exposed to impact shock waves using a Reddy shock tube (Fig. 5). The shock
recovery experiments revealed that the halophiles demonstrated only 3 % survival (97 % killing)
at a peak shock pressure of 300 kPa and a peak shock temperature of about 400 K. In our previous
study, we had exposed spores of Bacillus thermocopriae IR-1 to similar conditions and they
demonstrated ~ 28 % survival while vegetative cells of psychrophile Kocuria rosea PRL-1 and
Staphylococcus aureus could not survive impact shock (Figure 5 ¢). The results are interesting as

our experiments have exposed impact shock only upto 300 kPa which result in substantial killing
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of bacterial cells. The results shed new light on the need to study the survival mechanism of the
surviving fraction of H. gomseomensis EP-3 after impact shock. Currently, the mechanism of
survival or inhibition of bacteria in impact shock has not yet been examined in detail. Future
studies are warranted to investigate the exact mechanism of survival of organisms in impact shock.
5. Conclusion

The present investigation reports the effect of impact shock on halophilic bacteria using Reddy
shock tube. Previous experiments have been reported the effect of hypervelocity impact on
bacteria at higher pressures (2- 32 GPa) using different impact systems (Horneck et al., 2001).
Impact experiments at such high pressures (upto 32 GPa) have been conducted using Ames
Vertical Gun Range (AVGR) (Fajardo-Cavazos et al., 2009), 2 stage light gas gun (Burchell et al.,
2001, 2003, 2004) and high explosive and air gun plane wave impact techniques Horneck et al.,
2008). All these methods have reported the effect of impact on bacteria like Bacillus sp. (Burchell
et al.,2004; Horneck et al., 2008; Fajardo-Cavazos et al., 2009) and other organisms like yeast and
Rhodococcus erythropolis DSM 13002 (Burchell et al., 2001). However, there are no reports on
effect of impact shock on halophilic bacteria. The major strength of our novel methodology to
study impact using Reddy shock tube is that it is simple, cost effective and does not involve the
use of hazardous and costly explosives, pistols or guns. This study also emphasizes the application
of Reddy shock tube in astrobiology to study impact events or fate of micro-organisms in impact
driven interplanetary transport between planetary systems like Phobos/Deimos.
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FIGURE LEGENDS

FIGURE 1 Pink colored hypersaline Laguna de Pefia Hueca. b. Location of site in Spain.

FIGURE 2 Heatmap showing the Microbial diversity and relative abundance of bacterial
taxonomies  distributed among Laguna de Pefia Hueca based on PCR amplifications and high-
throughput Illumina sequencing of 16 S rRNA gene sequences. a) Comparison of reads between
four samples PH-AB, G, H and W at genus level. The heatmap illustrates top 20 abundance hits,
b) The plot shows the genus differences between four samples. Only well annotated known
taxonomy hits from Laguna de Pefia Hueca were considered for abundance comparison. The colors
depict the extent of abundance in the sample as indicated in the legend. In gradient scale, the less
abundant reads for particular taxon in a given metagenome are represented in green, the most
abundant taxa are shown in red and the null read counts are represented in black color.

FIGURE 3 Phylogenetic tree based on 16 S rRNA gene sequences from Anoxic black zone (PH-
AB) of Laguna de Pefia Hueca. The scale bar represents expected changes per site.

FIGURE 4 a. Dendrogram tree showing the sample clustering generated based on Ward Method;
b: Pearson correlation coefficient profile at phylum level; c: Principal component analysis of all
the four samples of Laguna de Pefia Hueca

FIGURE 5 a. Schematic representation of Reddy shock tube, b Reddy shock tube used for study
of impact shock, c: Graphical representation of Percentage killing of bacteria due to Effect of shock
waves (300 kPa, 400 K, Mach Number: 1.47), d. Calculation of Peak pressure using fast-acting

piezoelectric sensors.
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TABLES

Table 1. Elemental analysis of Laguna de Pefia Hueca with representative hypersaline sites

(Thombre et al., 2016). Values are expressed as g L1, (nd, not determined).

No | Hypersaline Na* K* SO~ |CI Ca*? | Mg
environment

1 Laguna de Pefia Hueca, | 43.0 0.195 18.75 ]116.89 |nd 9.04
Spain

2 | Bhandup, Mumbeai | 94.05 nd nd 211.28 |nd 8.26
saltern, India

3 Mumbai saltern, India | 46.55 0.75 nd 2623 |76.0 |24.3

4 Great Rann of Kutch, [ 46.0 2.0 nd 157.0 |Trace |16.1
India

5 Great Salt Lake, USA | 105.5 6.7 nd 181.0 0.3 11.1

6 Dead Sea, Israel 40.1 7.6 nd 225.0 |nd nd

7 | Wadi Natrun, Egypt 142.0 2.3 nd 155.0 |nd nd
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Table 2: The various parameters used to study effect of impact shock on H. gomseomensis in

Reddy shock tube
No. | Parameters Reddy shock tube
1. | Diameter of the Tube 30 mm
2. | Cross-sectional Area 706.5 mm?
3. | Energy of the Shock Wave 21251
4. | Energy per unit area at exit 300 mJ/mm?
5. | Peak-over pressures 3 bar (kPa)
6. | Peak Temperature 400 kelvin
7. | Mach number 1.47
8. | Duration of peak pressure & Temperature 250 us
9. | Percentage Killing : Halomonas gomseomensis 97%
EP-3
10.| Percentage Killing : Bacillus thermocopriae IR-1* 71 %
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Supplementary Table

Supplementary Table 1. Identification of micro-organisms using 16 S/ 18 S* rRNA gene
sequencing

Isolate Sample Nearest phylogenetic match Medium Identity
Name used (%)
PLR Rock Halomonas gomseomensis strain M12  SG 99
EP-1 Water Dunaliella salina” isolate VAT2 Johnsons 100
EP-2 Water Marinobacter persicus strain M9B Zobell 98
EP-3 Pink crust Halomonas gomseomensis strain M12  SG 99
EP-4 Yellow halite ~ Halomonas lutea strain YIM 91125 SG 99
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Supplementary Figure S1. a) Laguna de Pefia Hueca, Spain b) Bright pink colored water of Laguna de Pefia
Hueca bordered by green waters of rest of the lagoon system, c) Red cells of algae entrapped in halite crystals
collected from Pefia Hueca (1000X), d) Construction of phylogenetic tree based on 18S rRNA gene sequencing.
The evolutionary history was inferred using the Neighbour-joining method. The tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The
evolutionary distances were computed using the Maximum Composite Likelihood method and are in the units
of the number of transitional substitutions per site. Evolutionary analyses were conducted in MEGA 6.




