Bacterial Cellulose Retains Robustness but Its Synthesis Declines after
Exposure to a Mars-like Environment Simulated Outside the International
Space Station
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Abstract

Cellulose is a widespread macromolecule in terrestrial environments and a major
architectural component of microbial biofilm. Therefore, cellulose might be considered a
biosignature that indicates the presence of microbial life. We present, for the first time,
characteristics of bacterial cellulose after long-term spaceflight and exposure to simuled
Mars-like stressors. The pristine cellulose-based pellicle membranes from a kombucha
microbial community (KMC) were exposed outside the International Space Station, and after
their return to Earth, the samples were reactivated and cultured for 2.5 years to discern
whether the KMC could be restored. Analyses of cellulose polymer integrity and mechanical
properties of cellulose-based pellicle films, as well as the cellulose biosynthesis-related
genes’ structure and expression, were performed. We observed that (i) the cellulose
polymer integrity was not significantly changed under Mars-like conditions; (ii) de novo
cellulose production was 1.5 times decreased in exposed KMC samples; (iii) the dry cellulose
yield from the reisolated Komagataeibacter oboediens was 1.7 times lower than by wild
type; (iv) there was no significant change in mechanical properties of the de novo
synthesized cellulose-based pellicles produced by the exposed KMCs and K. oboediens; and
(v) the gene, encoding biosynthesis of cellulose (bcsA) of the K. oboediens, was
downregulated, and no topological change or mutation was observed in any of the bcs



operon genes, indicating that the decreased cellulose production by the space-exposed
samples was probably due to epigenetic regulation. Our results suggest that the cellulose-
based pellicle could be a good material with which to protect microbial communities during
space journeys, and the cellulose produced by KMC members could be suitable in the
fabrication of consumer goods for extraterrestrial locations.

Key Words: Bacterial cellulose—Extraterrestrial stressors—Microbial biosignature—
Kombucha multimicrobial community—Komagataeibacter oboediens—The bcs operon.

1. Introduction

Cellulose is one of the oldest biopolymers on Earth. Studies have shown remnants of
microbial cellulose to be 250 Ma years old (Griffith et al., 2008). Cellulose synthesized

by various bacteria could be used as a biosignature in investigations of ancient microbial
communities (Westall et al., 2000; Zaets et al., 2014). Bacterial cellulose (BC) is composed of
a three-dimensional (3D) nanofibrous network of linear polysaccharide polymer, where d-
glucose units are linked by B-(1,4) glycosidic linkages (Nishiyama et al., 2003). In cellulose-
based biofilm, microbial microcolonies are arranged close together in layers that facilitate
communication and protection from harsh conditions within a 3D hub. The capability to
synthesize cellulose has been documented in a wide variety of bacteria, including
cyanobacteria, which occupy practically all terrestrial eco-niches in nature (Romling and
Galperin, 2015). Biosynthesis of BCcontaining biofilms occurs in a variety of Proteobacteria
that inhabit diverse ecological niches, such as fruits, flowers, and particularly fermented
beverages. Komagataeibacter spp. (acetic acid cellulose-based biofilm-forming bacteria) are
the most practically valuable among them (Ross et al., 1991; Vigentini et al., 2019).

BC is quite similar to that found in plants; however, contrarily to vegetative cellulose,
BC does not contain traces of lignin, hemicellulose, or pectin (Azeredo et al., 2019). The
robust cellulose properties such as high crystallinity, water holding capacity, thermostability,
mechanical properties, biocompatibility, and biodegradability offer a wide range of
applications in different fields, including optics, electronics, and medical and food industries
(Villarreal-Soto et al., 2018; Sales et al., 2019). BC has a high sustainable value and a great
potential to be used in extraterrestrial bioeconomy for providing biodegragable and
reusable goods and materials in power engineering, water cleaning facilities, health care,
and so on (Blanco Parte et al., 2020). Despite its wide applications, stability of cellulose after
exposure to an extraterrestrial environment has never been obtained in the context of
cellulose as a putative nanomaterial. To the best of our knowledge, there are no records on
the cellulose-synthetic activity in bacteria after extraterrestrial journeys.

In our preflight experiments, the BC produced by acetic acid bacteria within the
kombucha microbial community (KMC) was classified as a possible biosignature, indicating
the presence of life, and was also mentioned as an indicator of bacterial activity in the
extraterrestrial environment (Kukharenko et al., 2012; Zaets et al., 2014). We proposed
live cellulose-based pellicle samples for an astrobiological flight experiment to investigate
further the previous findings and to determine the stability of this biomolecule after
exposure to Mars-like conditions realized directly in space. The BlOlogy and Mars
Experiment (BIOMEX) was performed in low Earth orbit, where various biological samples,
including KMC pellicles, were exposed on the outer side of the International Space Station
(1SS) for 18 months. Samples were placed in a three-level compartment, where the top



samples were exposed to ultraviolet (UV)-irradiation, and the bottom samples were
protected by the two upper sample holders. The entire compartment was mounted on
the EXPOSE-R2 platform fixed outside of the ISS (Supplementary Fig. S1A, B). The aim of the
exposure experiment was to investigate the survivability of selected pro- and eukaryotes, as
well as to analyze the stability of biomolecules as potential biosignatures under simulated
Mars-like environmental conditions (de Vera et al., 2019).

In our project within the BIOMEX, the purpose was to assess the endurance of BC
after exposure to the harsh conditions of the space/Mars-like environment and evaluate
a perspective of BC usage beyond the Earth. We present the first data on the structural
integrity of bacterially produced cellulose film exposed beyond the Earth to the space/
Marslike conditions for an 18-month period of time and show changes in BC-based pellicles
after a course of postflight culturings of the recovered BC producers.

2. Materials and Methods

2.1. Biomineral samples

Desiccated mineralized pellicle specimens from KMC (ecotype IMBG-1) (d = 7 mm) were
prepared for the astrobiological project BIOMEX as described in the work of Podolich et al.
(2017). In brief, the KMC was grown in a filter-sterilized sugared black tea infusion (0.5%
brew, 7.0% sugar) in stationary conditions at room temperature (average 21°C), and the 21-
day-old KMC pellicle fragments (log7 CFU/mg dry weight) were covered with the northosite-
egg white mixture to form sample “tablets.”

At the Institute of Aerospace Medicine (German Aerospace Center, DLR, Cologne,
Germany), the desiccated samples were aseptically allocated to a three-level compartment
on top, middle, and bottom settings, designated as tKMC, mKMC, and bKMC, respectively,
four at each level (Supplementary Fig. S1). Samples exposed at the top level underwent
solar irradiation, including UV-radiation similar to that on Mars, in addition to a Mars-like
atmosphere (95.55% CO3, 2.70% N3, 1.60% Ar, 0.15% O3, ~370 ppm H20) and pressure of
980 Pa (de Vera et al., 2019). Other samples were placed below them and therefore were
protected from solar UV radiation, although they remained under the same Mars-like
conditions. KMC samples were exposed on the EXPOSE-R2 platform along with other
biomineral samples of the BIOMEX consortium for 18 months outboard and within 7 months
onboard of the ISS in Mars-like conditions. The ground control samples were simultaneously
stored at the laboratory at 20°C in darkness during the spaceflight as follows: (i) IKMC,
organo-mineral samples, analogous to spaceflight-exposed samples, and (ii) a wild type (wt),
designated as initial KMC, iKMC, used for sample preparation. In parallel, a Mission Ground
Reference (MGR) experiment was performed with analogous samples at the German
Aerospace Center (DLR), in simulated analogous conditions for the same duration period.

After the flight experiment, samples were taken with sterile forceps from the tubes.
The samples’ surfaces were treated with sterilant, and the samples were transferred to
sterile glass vials under aseptic conditions, which were prefilled with 5mL of the BTS
medium (a filter-sterilized black tea [Camellia sinensis] [Lipton,1.2%, w/v] with white sugar
[3%, w/v] with pH 2.9). The vials were then placed in an incubator at 24°C for 1 h (Podolich
et al., 2017). After rehydration, the embedded KMC pellicles (Fig. 1A, left) were gently
released by using a sterile forceps to avoid destruction of the cellulose film.
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FIG. 1. The cellulose-based pellicle characteristics of the postflight KMC. (A) KMC cellulose-based dry pellicle
samples prepared for spaceflight experiment (on the left—organomineral samples, containing dry pellicle film
inside; on the right—the mined films from the dry returned samples). (B) After the spaceflight experiment, a
newly formed pellicle was released from the returned KMC sample, which was exposed in the middle
irradiation-protected position of the sample holder on compartment 1 of tray 2 on the EXPOSE-R2 platform
mounted outside the International Space Station. (C) The absorption spectra of the exposed KMC cellulose-
based pellicle samples obtained by ATRFTIR (500-4000 cm?): tKkMC—returned samples from the unprotected
to irradiation top level of the sample holder; bKMC—returned samples from the irradiation protected bottom
level of the tray; tKkMC/MGR—samples exposed on the top level of the compartment in Mission Ground
Reference experiment (DLR, Cologne, Germany), IKMC—laboratory control samples, and TrKMC—
transportation control samples. The spectra are shifted along the vertical axis for clarity (IKMC by 0.2, tKkMC—
0.4, bKMC—0.7, tKkMC/MGR—1.04, TrKMC—1.04). ATR-FTIR, attenuated total reflection Fourier-transform
infrared spectroscopy; KMC, kombucha microbial community; MGR, Mission Ground Reference.

Half of the released films (Fig. 1A, right) were used for the spectrometry analysis, and the
remainder were involved in the miniproject on survivability (Podolich et al., 2019; 2020;
Goés-Neto et al.,2021). KMC samples from all three levels of exposure (top, middle, and
bottom), as well as a laboratory-kept reference, were reactivated with BTS at room
temperature (average 21°C). Figure 1B shows the reactivated sample exposed at the middle-
level position on the ISS. After the consortium restoration, aliquots of the culture from each
sample (10%) were transferred to a new flask with 50mL of BTS for serial monthly culturing
over the course of 2.5 years in parallel with the initial KMC ecotype.

2.2. Attenuated total reflection Fourier-transform infrared spectroscopy

The absorption spectra of biofilm samples were obtained by attenuated total reflection
Fourier-transform infrared spectroscopy (ATR-FTIR) to evaluate the macromolecular
composition. The ATR-method makes it possible to increase the thickness of the



investigated material due to the multiple reflectance of a beam from a prism surface. Dry
samples of returned pellicles were mounted on the KRS-5 prism. The prism with the sample
was clamped in a special holder for ATR studies. The ATR-FTIR analyses were carried out
with a Bruker-113v Fourier Transform spectrometer. Measurements were performed at
room temperature in the range of 5004000 cm™ with a spectral resolution of 1.0 cm™. The
accuracy of determination of the line position was —1 cm™.

2.3. The whole-genome bcs cluster analysis

Given that the Komagataeibacter spp. (the key member in the model KMC) have multiple
bcs operons (Gullo et al., 2019; La China et al., 2020), we used draft genomes of the ground
sample (iKMC) and extraterrestrial stress-exposed and recovered samples (tKMC) of the
Komagataeibacter oboediens strain to compare the topographical changes and mutations in
the cellulose encoding bcs genes. The draft genomes were retrieved from the NCBI with
accession numbers SAMN14942824 and SAMN14942470, respectively, for kkmc and tKMC.
The metabolic pathway was generated with the “Pathologic”” software. This specific
software can auto-assign pathways and compare with in-build Kyoto Encyclopedia of Genes
and Genomes pathways (Santos et al., 2020). By that the cellulose encoding key bcs operons
were constructed, following the Komagataeibacter xylinus K2G30 bcs genes (Gullo et al.,
2019). The comparison of the extraterrestrial stress-exposed sample (tKMC) with the ground
sample (iKMC)was realized by following basic methods of comparative genomics using
BLAST against Uniprot database (McGinnis and Madden, 2004), and the visual analysis of
the genomes was carried out by using Pathway tools (Karp et al., 2010).

2.4. Cellulose synthesis gene expression assay

The complete RNA of the 2-day K. oboediens cultures (107 CFU/mL) was isolated by using
innuSOLV RNA reagent, according to the manufacturer’s instructions (Analytik Jena AG,
Germany). The RNA quality was determined by agarose gel electrophoresis very close to the
time of cDNA synthesis from RNA. The RNA concentration and purity were determined with
a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE), by
measuring the Axeo and Azeo/Azso values, respectively. The cDNA synthesis was performed
with the RevertAid™H Minus First Strand cDNA Synthesis Kit (Fermentas, Lithuania) using
random hexamer primers according to the manufacturer’s instructions. Four oligonucleotide
primer pairs designed by Augimeri and Strap (Augimeri et al., 2015) for the genes encoding
the cellulose biosynthesis (bcsA, besB, besC, and besD) were used in the RT-gPCR along with
the housekeeping gene gyrB. The syntheis was performed with the iCycler iQ5 Real-time
PCR System and Bio-Rad iQ5 software (Bio-Rad Laboratories, Germany), using cycling
conditions with annealing temperature gradient (10 min at 95°C; 45 cycles of 95.0°C for 20 s,
the 1a,0pt. for each primer set for 30 s and 72.0°C for 30 s). The PCR mixture contained
EvaGreen®gPCR Mix Plus (NO ROX; Solis BioDyne, Estonia), 0.6 pM of gene-specific forward
and reverse primers, and cDNA in a 20-uL reaction. ““No-template’ control contained
RNase-free water instead of cDNA. The specificity of PCR was analyzed with melting curves
and by agarose gel electrophoresis. The amplification efficiencies for individual reactions
were calculated with the LinRegPCR software version 11.0 (http://LinRegPCR.nl). Relative
expression analysis correction for PCR efficiency and normalized with respect to the
reference gene gyrB was performed with Gene Expression Macro™ version 1.1 (Bio-Rad
Laboratories).



2.5. Production of BC

Rates of bacterial growth within a sample were tracked before estimation of pellicle
biomass. Monocultures of K. oboediens strain reisolated from tKMC (K. oboediens/tKMC), as
well as wt strain, were grown in HS medium (Hestrin and Schramm, 1954) in 250mL flasks at
30°C in stationary conditions for 14 days and plated daily on the HS agar medium, using
serial dilutions.

For a cellulose-based pellicle biomass yield determination, revived postflight KMC
samples from all exposure locations (top, middle, and bottom) were grown in 24-well sterile
plates in BTS (final volume 300 pL), respectively, at 30°C in 10-fold repetition. Cultures of K.
oboediens/tKMC and wt K. oboediens were grown in 250mL flasks with 50mL of HS medium,
and the pellicle films were harvested on the 10th and 7th days, respectively. Pellicles were
dried at 50°C until a constant weight was obtained. The measurement of dry weight of
cellulose-based pellicles was carried out by using an analytical balance KERN 770 (Kern &
Sohn Gmbh, Germany).

2.6. Mechanical properties of BC in postflight bacteria

BC-based pellicle specimens were cut into samples of 50 X 50 X 0.05mm dimensions.
Mechanical testing of the BC samples was performed by using the P-50 universal tensile
testing machine (Milaform, Russian Federation) at a deformation rate of 10 mm/min. An
average value (with standard deviation [SD]) for the tensile strength was obtained from
three samples of each film.

2.7. Statistical analyses

The statistical analyses of the results were analysed with SPSS version 11.0 software for
Windows (SPSS, Inc., Chicago, IL). The presented data are expressed as mean values * SDs,
where each value was the average of triplicate reaction. The t-test was performed to
estimate the differences between space-exposed and reference samples. p-Values lower
than 0.05 were considered to be significantly different. Statistical significance is indicated by
asterisks (*p <0.05, ** p<0.01, ***p < 0.001).

3. Results

3.1. No significant change in cellulose polymer integrity was recorded after exposure to
space/Mars-like conditions

ATR-FTIR analysis is a suitable analytic method to uncover cellulose degradation through
changes or lack of changes in the obtained vibration spectra (Talari et al., 2017; Fuller et al.,
2018). Earlier, we showed through spectral characterization that mineralized BC samples
were changed diagenetically, but the feature characteristics could be recognized by FTIR
spectroscopy (Zaets et al., 2014). A series of preflight experiments, simulating the influence
of space/Mars-like factors, clearly showed small differences in the FTIR spectra between
treated and laboratory specimens (Fuller et al., 2018). It has been observed that if
anorthosite was present in the samples (it was used to mineralize a pellicle film), a shielding
effect can be determined in the vibration spectra range of 800-950 cm™, which can be
assigned to anomeric carbons. In the postflight cellulose film samples, we observed the
same findings. Moreover, resulting vibration spectra for specific BC1-0-Cs glycosidic linkage
(1090, 992 cm™), as well as skeletal stretching vibration spectra, involving -CH- stretching at
C3(1074-1078 cm™) and C-O at C¢ (1028-1035 cm™) in pyranose rings, were detected in the



samples tKMC, mKMC, and bKMC (Supplementary Table S1). Furthermore, there were shifts
of peaks to higher frequencies within a range of 1000-1238 cm™ (Fig. 1C).

A shift of the skeletal vibration spectra, involving C-O stretching at Cs, was detected
at lower frequencies. Specific BC1-O-C4 glycosidic linkage vibration spectra were also lower
both in the exposed samples and the reference laboratory or transportation controls in
comparison with native (initial) cellulose-based pellicle samples. The intensity of C-O
stretching of COH/C-O-C in pyranose ring skeletal vibration at 1105 cm™ decreased in the
KMC specimens located at the unprotected top-level sample (tKMC) carrier exposed to solar
UV. The -CH- stretching vibrations on C3 (1001 cm™) were not observed here. In contrast, in
films removed from KMC samples exposed at the protected bottom level (bKMC), the
identical -CH- stretching vibrations at C3 were detected, as well as in films that originated
from the top-level KMC samples from the parallel ground-based simulation experiment
(tKMC/MGR).

The ATR-FTIR analysis did not reveal the presence of C =0 stretch at 1740 cm™ (free
—COOH; —COOR of normal and/or cyclic ester group: 6-valerolactone) as a probable
sign of hydroxyl group oxidation or cellulose degradation in the returned samples.
Preservation of OH-stretching vibration at 748 cm™, which is characteristic of hydroxyl
bonding in cellulose structure due to the la crystalline phase, may serve as the evidence of
structural integrity of cellulose polymer in the space-exposed samples. The FTIR spectra
on the samples exposed to the ground MGR experiment, in parallel with a spaceflight
exposure, showed quenching of C-O-C bond vibrations. The reason for this could be the
stronger stress conditions of the ground simulation experiments compared with the
conditions in space.

BC is characterized by a higher purity compared with plant-derived cellulose;
however, BC-based pellicle, as a host of resident microbes, includes the cells, free nucleic
acids, extracellular membrane vesicles, and so on in its 3D network matrix. In this
astrobiological experiment, egg white and anorthosite rock powder were used for sample
preparation to create their final structure, and therefore, there were additional “impurities”
(Podolich et al., 2017). The FTIR analysis clearly demonstrated expected groups of BC
“impurities” (Supplementary Table S1). Bands around 3300-3400 cm™* were attributed to
the stretching vibrations of the OH and NH bonds of proteins and amino acids (amide
A) present in the pellicle and generated from microbial cells, as well as from protein present
in the egg white. The protein spectra exhibited vibrations at 1633 cm™, which is the
dominant feature of the amide | region, as well as at 1540 cm*—amide Il and 1311 cm™?*—
amide Ill. Lipids were represented by the CH,- and CHs-groups of fatty acids at 2960 cm™
(asymmetric C-H stretching of CH3), 2929 cm™ (asymmetric C-H stretching of CH,), 1450 cm?
(scissoring C-H bending vibration of CH,), and 1398 cm (scissoring C-H bending vibration of
CH3). The phosphate groups were represented by -P =0 asymmetric vibration at 1224 cm™.

Asymmetric CHs and CH> stretching vibrations at ~2959 and ~2931 cm, respectively,
and symmetric CHs and CH; stretching vibrations at 1398 and 1450 cm™, respectively,
can be used to represent changes in lipids by ratio CHs/CHa. In this study, the mean value of
2959/2931 was 1.09 for reference samples, while it was 0.72 ( p < 0.05) (bKMC) or 0.92 (p <
0.05) (tKMC) for space samples, which suggests that the lipids in exposed bKMC samples
had more methylated and/or probably more branched chains than the lipids in reference
samples.



Taken together, our analysis shows that the integrity of the cellulose polymer was
not changed significantly under space/Mars-like conditions compared with the ground-
based reference samples.

3.2. The structure of the bcs operons was not disturbed, but its expression was found

to be deregulated in space-exposed K. oboediens

BC producers have a potential to be used for biofabrication of cellulose in extraterrestrial
bases after long-term space travel. The aim of this study was to investigate the impact of the
environmental space conditions on the expression of cellulose synthesis genes. In KMCs,
cellulose is synthesized by acetic acid bacteria, mainly representatives of the
Komagataeibacter genus (Ross et al., 1991). Komagataeibacters produce cellulose by a BC
synthase (Bcs) complex, containing subunits BcsA, BcsB, BesC, and BesD, which are encoded
by three (bcsAB, bcsC, and bcesD) or four (besA, besB, besC, and besD) genes (Augimeri et al.,
2015).

In the KMC ecotype used for BIOMEX, Komagataeibacter spp. are the dominant
cellulose-synthesizing bacteria (Podolich et al., 2019), and K. oboediens represents the most
abundant population in t KMC and is one of the best candidates to analyze. Our aim was to
assess the topological and expression difference of the bcs genes in the K. oboediens
between the exposed and ground-based reference samples. Since it is reported that K.
xylinus probably belongs to K. oboediens and the bcs operon of K. oboediens 174Bp2 is
“unusual” (Ryngajtto et al., 2019), we constructed the established cellulose synthesis key
bcs operon following the K. xylinus K2G30 (a relatively close member of K. oboediens,
belonging to the same clade) cellulose synthesis bcs operon as described in the works of Liu
et al. (2018) and Gullo et al. (2019). The full set of the cellulose-synthesizing bcs genes in K.
xylinus consists mainly of the bcs operon | that contains four genes: besA, besB, besC, and
bcsD, and three additional genes: besZ (cmcAx) and besH (ccpAx) in upstream position, and
bglX (bglAx) in downstream position (Liu et al., 2018; Gullo et al., 2019; La China et al.,
2020).

Our draft genome-based bcs operon analysis shows the presence of four bcs operons
of the K. oboediens (Fig. 2), and this is in line with results described in the work of Ryngajtto
et al. (2019). To achieve this, we first identified the bcs genes in our K. oboediens sample
based on the bcs genes of K. xylinus K2G30 to confirm that these genes are also present in
the available complete genome of K. oboediens. Next, we performed BLASTn against K.
oboediens strain BPZTRO1 (the GenBank Accession No. CP043481.1). The BLASTn results
show the presence of four operons of the bcs genes both in our K. oboediens and the K.
oboediens BPZTRO1 genomes (Supplementary Table S2). The K. xylinus-based construction
shows that the bcs/ operon of wt K. oboediens in the iKMC sample consists of all four key
genes: bcesA, bscB, besC, and besD along with three regulatory genes cmcax, ccpAx, and
bglAx in proper orientation (Fig. 2). The K. oboediens bcsll operon from iKMC also shows the
topology to be similar to that of K. oboediens 174Bp2 consisting of four genes: bcsAB-1,
besX, besY, and besC-1l (Fig. 2). The beslil and beslV operons also had the same organization
as described in the work of Ryngajtto et al. (2019) (Fig. 2). While we compared the bcs
operons of the ground sample (iKMC) with that of the space-exposed sample (tKMC), we
observed no topological change in any of the bcs operon genes (Fig. 2). We also observed
no mutations in any of the bcs operon genes in the exposed K. oboediens genome
(Supplementary Tables S3 and S4).
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FIG. 2. The organization of cellulose biosynthesis (bcs) operons in Komagataeibacter oboediens. The bcs
operons of K. oboediens strain isolated from KMC (ecotype IMBG) (K. oboediens/iKMC) were designed based
on the bcs operons of Komagataeibacter xylinus K2G30 (Gullo et al., 2019) and compared with the bcs operons
of K. oboediens 174Bp2 (Ryngajtto et al., 2019). The sequence identity percentage among the retrieved coding
sequence of K. oboediens/iKMC and K. oboediens/tKMC (isolated from KMC exposed to Mars-like stressors
[UV, atmosphere, pressure] simulated at the International Space Station) and the sequence in Uniprot
databases of K. xylinus K2G30 were shown under each represented gene. UV, ultraviolet.

Interestingly, however, while we performed the expression analysis of the key four
genes (bcsA, besB, besC, and besD) in K. oboediens originated from exposed tKMC, as well as
in control variant of bacteria from iKMC, we observed that in postflight K. oboediens, the
bcsA, encoding the BC-synthase, was downregulated, while the bcsD was upregulated
significantly compared with a control. There is no significant change in expression observed
for bcsB and besC (Fig. 3).
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FIG. 3. Differentially expressed genes of cellulose synthesis (bcsA, besB, besC, and besD) in Komagataeibacter
oboediens originated from KMC exposed to Mars-like conditions at the top level (tKMC) of the compartment 1
in tray 2 mounted on the EXPOSE-R2 platform outside the International Space Station, as well as in control
variant of bacteria from initial KMC ({KMC). Data are shown as mean — SD (n = 3). Statistical significance was
assessed between the experimental samples and initial KMC (*p £ 0.05). SD, standard deviation.

To summarize, our data reveal that the expression of the bcs operon is deregulated
without the topology changes under Mars-like stress, indicating a probable epigenetic
regulation of cellulose synthesis under such extraterrestrial conditions.

3.3. Poststress de novo synthesis of BC is decreased

After investigating the potential changes in the bcs operon genes, we aimed to determine
the de novo cellulose production by the experimental KMC samples. KMC-related acetic acid
bacteria produced de novo cellulose-based pellicle film, which appeared to be
morphologically similar to native kombucha biofilm (Fig. 4). The BC-based membrane is a
branched 3D network organized by adjoining fibrils into 20-50-nm-wide flat and twisted
ribbons (Reddy and Yang, 2015) and possesses pores of 100-300 nm (Hutchensa et al.,
2006). In a comparison between BC membranes produced by exposure to the space/Mars-
like KMCs and BC membranes of both reference KMCs, the laboratory-stored and initial KMC
ecotype showed a similar average in pore size and fibril thickness (Fig. 4F, G). However,
there were some differences in the yield of cellulose production (in gram of dry cellulose per
milliliter) between space-exposed and initial KMCs (Fig. 5A). The yield of dry cellulose
decreased with a factor of about 1.5 times ( p < 0.05) in the unprotected tKMC samples, but
in the samples from bottom-level KMCs, it was not significantly decreased compared with
the initial iIKMC samples. The mKMC samples produced a thicker pellicle, comparing with
initial KMCs, however, a difference in dry biomass between these samples was not
statistically significant (Fig. 5A).

Our goal was also to study the cellulose-synthesizing efficiency of the
Komagataeibacter genus representatives after space exposure. The cellulose yield of K.
oboediens was tied to the culture growth rate peculiarity. Comparative dynamics of culture
growth between the exposed and reference ground-based strains of K. oboediens showed
that the growth rate in postflight strain was lower compared with initial K. oboediens: if the
wt reaches a stationary phase of growth on the 7th day, the strain isolated from the
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exposed tKMC sample—only on the 10th day (Fig. 5D). In the stationary phase of growth,
cellulose pellicles of both starins were harvested and dried. As expected, similar to the
observation from the gene expression analysis, we found that the cellulose-based pellicle
biomass of K. oboediens reisolate recovered from tKMC decreased, comparing with the
yield of dry cellulose by the homological wt K. oboediens produced, and the difference was a

1.7-times ( p < 0.05) (Fig. 5E).

Thickness of fibrills, nm

tKkMC
mKMC
bKMC
IKMC
iKMC
tKMC
mKMC
bKMC
IKMC
iKMC

FIG. 4. The scanning electron microscopy images of de novo synthesized cellulose embranes originated from
pellicles produced by bacterial members of KMC samples. The KMCs were exposed at the different levels of a
tray mounted on EXPOSE-R2 platform installed outside the International Space Station: top (A), middle (B),
bottom (C) levels; the ground-based eference samples stored on the ground during the spaceflight

experiment: KMC samples kept in the laboratory (D); and initial KMC used for sample preparation (E). Scale
bars 500 nm. A thickness of fibrils (F) and the size of pores (G) selected randomly on the scanning electron
microscopy images of cellulose membranes originated from pellicles produced by the KMCs. Data are shown as
mean — SD (n = 10). Statistical significance was assessed between the experimental samples and wild-type
reference (iKMC) ( p £ 0.05).
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FIG. 5. Poststress de novo synthesized cellulose-based pellicle films by KMCs and Komagataeibacter oboediens
reisolated from the appropriate postspaceflight KMCs. Bacterial cellulose-based pellicle yield in the revived
KMCs (A) and K. oboediens (E). Mechanical properties of the cellulose-based pellicle films (B, tensile strength;
C, elongation at break) of the returned KMC samples (designated as KMC/i) from the top, middle, and bottom
levels in compartment 1 of tray 2 exposed on the EXPOSE-R2 platform outside the the International Space
Station and KMCs after a series of culturing (KMC/c). Mechanical properties of cellulose-based K. oboediens
pellicle films (F, tensile strength; G, elongation at break). Data are shown as mean — SD (n = 10). Statistical
significance was assessed between the experimental samples and wild-type

reference (iKMC) (*p £ 0.05, **p £ 0.01, ***p £ 0.001). Comparative dynamics of culture growth between the
space-exposed and reference ground-based strains of Komagataeibacter oboediens (D). Data are shown as
mean — SD (n = 3). Statistical significance was assessed between the experimental sample and wild-type
reference ( p £ 0.05).

3.4. Mechanical properties of BC were not altered significantly under Mars-like stress
Another objective of our research was to investigate the tensile properties of cellulose-
based pellicles produced by space-exposed KMCs that were revived after spaceflight and by
reisolated K. oboediens monocultures. We also wanted to compare the mechanical strength
between cellulose derived from returned KMC samples and KMC samples cultured within
2.5 years after a spaceflight. The tensile strength of cellulose-based pellicle specimens
produced by the postflight KMCs varied between the exposure locations (top, middle, and
bottom). Nevertheless, they showed similar strength in comparison with initial KMC
pellicles, that is, except for the bKMC, which showed higher tensile strength than the
ground references (Fig. 5B). Notably, after a series of culturings, the difference in values of
tensile strength between postflight and control samples was reduced.

The pellicle film elasticity tends to decrease in space experiment-related samples, in
comparison with the initial KMC cellulose-based pellicles. However, the differences were
insignificant (Fig. 5C). The scattering of tensile strength and elasticity demonstrates the
nonuniform structure of preserved BC after exposure to the Mars-like stressors. With
respect to the K. oboediens monocultures, the elongation at break of the BC film produced
by K. oboediens/tKMC showed a higher elasticity compared with the K. oboediens pellicle
films of the original KMC ecotype (Fig. 5G).
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4. Discussion

4.1. Changes of cellulose polymer FTIR spectra and morphology were minimal after impact
of space/Mars-like stressors

In this spaceflight experiment, cellulose as a KMC pellicle constituent underwent different
stringent environmental stressors such as desiccation, solar irradiation, temperature
fluctuations, changed gravity, and atmosphere. Besides the environmental exposure
conditions during the exposure period outside the ISS, some stressors also occurred during
the sample preparation, transportation to the launch place, the launch per se, and on the
return transport to Earth and back to the laboratory. Remarkably, after the impact of the
aforementioned events and impact of appropriate stressors, specific BC1-O-Cs glycosidic
linkage vibration spectra were recorded by using ATR-FTIR in cellulose polymer. Moreover, a
characteristic hydroxyl bonding in cellulose structure due to the la crystalline phase was
preserved in the cellulose polymer, which may serve as evidence of cellulose structural
integrity in the postspace-exposed samples. However, there were some alterations in the
cellulose polymer structure that caused shifts of vibration spectra to higher frequencies or
to lower wave numbers. Such changes in the cellulose-based pellicles could have been due
to the effect of ionizing radiation (IR) (gamma rays, ion beams, or electron beams) that
crosslinks or degrades polymers, breaking polymer chains and causing reactive
intermediates (Kabanov et al., 2009).

Earlier experiments on the impact of IR on vegetative cellulose have shown (i)
depolymerization by chain scission, (ii) free-radical formation followed by other degradation
processes, and (iii) a decrease in the amount of la cellulose (Ershov, 1998; lller et al., 2002;
Morin et al., 2004). It has also been reported that IR has an impact on dissociated cellulose
that leads to oxidation in the crystalline areas (Henniges et al., 2013). The in vitro
degradation of the irradiated cellulose polymer resulted in weight loss and decreased
tensile strength with increasing irradiation dose (Darwis et al., 2013).

During the BIOMEX mission, the cosmic radiation dose
was low (0.5 Gy) because of the location of the ISS, which is within the shielding Earth’s
magnetosphere. At the EXPOSER2 platform on the outer side of the ISS, the radiation risk of
galactic cosmic ray particles and their secondary products—protons, relativistic electrons,
and/or solar energetic particle events—was estimated to be much smaller than safe doses
that are permissible for crews (Henniges et al., 2013). Therefore, we expect a significant
bombardment of the exposed samples with such rays or particles only to be a rare event.
Notably, exposed kombucha cellulose-based biofilm samples were not wet, but desiccated;
an irradiation of wet samples is known to facilitate oxidation compared with chain
degradation, as water provides a medium for radicals to encounter each other and
recombine (Darwis et al., 2013).

Light-induced polymer degradation, or photodegradation, is another known factor
for polymer decomposition (Dachev et al., 2017). Photodegradation of vegetative cellulose
under UV light catalyzed by TiO2 is well known (Yousif and Haddad, 2013). Solar UV
irradiation at the top level of the sample carrier was recognized to be the most damaging
factor to both the cellulose pellicle and microbial cells.

The KMC pellicle samples were exposed on the top-level location within the
exposure compartment without any neutral-density filters, which normally reduce the
irradiation on the sample site. Total UV (>200 nm) fluencies of about 4.92 - 102 kJ/m? were
received by the exposed samples (de Vera et al., 2019). Likely, the absorption of UV quanta
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by pentose rings at C3 resulted in the loss of the -CH-stretching vibrations, also the intensity
of C-0O stretching of COH/C-OC of pyranose ring skeletal vibration decreased in the exposed
KMC samples. In another BIOMEX project, pure vegetative cellulose in a mixture with Mars
analog minerals was detectable only in UV-protected samples (pers. comm.). Such different
levels of degradation can likely be explained by the presence of life-relevant organic matter,
that is, microbial organisms associated with cellulose polymer and their metabolites that
could quench harmfull action of the UV quanta.

Desiccation stress for cellulose polymer within the organomineral mixture of
prepared samples was also observed to be minimal. The dry KMC control samples, which
were kept desiccated in the laboratory, did not show essential changes in the cellulose FTIR
absorption spectra.

4.2. Changes in the cellulose producion capability by postflight reactivated KMC and K.
oboediens monoculture

Our experiment showed that, after long-term spaceflight, the cellulose biosynthetic
capability, as well as mechanical properties of cellulose-based pellicle, changed in KMCs
according to the exposure locations in the compartment. For example, samples exposed at
the protected middle and bottom levels had a dry cellulose output practically equal to the
controls. In contrast, the cellulose pellicle weight decreased in the samples from an
unprotected exposure level, tKMC, compared with the initial KMC. In a submitted article, we
show that in returned and reactivated tKMC, the cellulose-synthesizing bacterial

community structure was dramatically changed after exposure to stressors as indicated by
metagenomic analysis, and this could have resulted in the decreased capacity to produce
cellulose. After serial culturings, the community structure was more changed, but for 2.5
years, it did not return to the initial composition. Similarly, after a long period of permanent
culturings, mechanical properties of cellulose produced by KMCs improved but did not come
to normality.

The same tendency of consequences of stress factor influence was observed on
cellulose produced by monoculture K. oboediens, which maintained “memory’” about
the past exposure to stressors, and this is in agreement with known facts of alterations in
bacterial physiology during spaceflight experiments (Nickerson et al., 2004; Huang et al.,
2018; Yu et al., 2019). In K. oboediens/tKMC, whose growth rate is lower than in the
reference strain, cellulose synthesis could depend on the culture cell number, as well as on
regulation of gene expression. Earlier, we detected alterations in cell outer membranes in
exposed bacteria, and this could result in onset of the cellulose synthesis process, as the
cellulose thread moves through the membrane outside, and so on (Podolich et al., 2020).
Cellulose synthase operon proteins BcsCl and BesCll are beta-barrel proteins, likely forming
channels in the outer membrane (Hayat et al., 2016). Since proteins may be involved in the
formation of a membrane complex for extrusion of the cellulose product, a disturbance
noticed in K. oboediens/tKMC outer membrane may result in an incorrect integration of
BcsCl and BcesCll barrels with the membrane, an influence on secretion of the polymer, and
finally, a decrease in cellulose production.

Current genomic data analyses of cellulose-producing bacteria show a significant
diversity in the bcs operons and their link to cellulose synthesizing capacity (Gullo et al.,
2019; Hernandez-Arriaga et al., 2019; Jacek et al., 2019; Ryngajtto et al., 2019). Among
several such operons, the bcsl operon is the only one that contains all the genes required
for cellulose biosynthesis (Hernandez-Arriaga et al., 2019; Lu et al., 2020).

14



K. oboediens has four bcs operons, and among the four, the bcsl is the key operon
for cellulose synthesis (Ryngajtto et al., 2019). In genome-based bcs operon analysis, we
observed the same organization of four bcs operons similar to those of K. xylinus (Liu et al.,
2018; Gullo et al., 2019) and K. oboediens 174Bp2 (Ryngajtto et al., 2019). Furthermore, we
observed that the Mars-like stressors did not alter the topology or induce any mutation in
any of the bcs operon genes of K. oboediens, reisolated from tKMC. However, in the revived
K. oboediens from the tKMC sample, the cellulose synthase gene bscA was downregulated,
despite the full homology/topology of the bcsABCD to wt gene cluster, supporting the
observation of the lower cellulose output by revived bacteria compared with the ground
reference. We may assume that changes in komagataeibacter’s cellulose synthetic
apparatus or in the regulation of the bsc-genes occurred at the epigenetic level or due to
other mechanisms to be defined further.

4.3. Future perspectives to the biofabrication of cellulose composites for extraterrestrial
habitable bases

BC is a potentially interesting astrobiological material for in situ good fabrication (Bacakova
et al., 2019; Dutta et al., 2019) and offers several advantages as a starting material for
different biotechnology applications due its properties and easy modification of its
crystalline structure, including functionalization with other materials to form advanced fiber
composites. In early-stage development of environmentally sensitive materials at
permanently manned extraterrestrial bases, biofabrication will play a key role because this
practice will correspond to the principles of self-organization and existence of extra-
terrestrial settlements aimed at the rational use of resources and energy, environmental
protection, reutilization, and contribution to a cleaner cost-effective production (Camere
and Karana, 2018). In this study, we have shown high resistance of impure cellulose polymer
to a set of stressors under exposure experiments in Earth orbit at the ISS. Interest in BC will
likely increase, given its multiple applications, and thus, BC is a key subject in interdiscipli-
nary research toward generation of smart cellulose materials for both terrestrial and
extraterrestrial purposes.

Currently, applied controlled biosynthesis of patterned cellulose and
functionalization of cellulose could be used in extraterrestrial settings. Similarly, increasing
attention is paid to cellulose-producing organisms. For example, the reprogrammed acetic
acid bacterial strains that are capable of producing high yields of BC in low-cost media
with a precise control of heterologous cellulose biosynthesis gene expression have been
designed (Florea et al., 2016; Buldum et al., 2018; Teh et al., 2019). Our results show that
cellulose-producing bacteria of the Komagataeibacter genus are tolerant to spaceflight and
Mars-like stressors. However, the rate of tolerance may depend on the genotype of the
species. As komagataeibacters show a significant potential of survival in extraterrestrial
conditions, these bacteria have a chance to be safely delivered there within a cellulose-
based pellicle after long-distance travels, and they can achieve efficient cellulose production
at extrarettestrial, permanently manned bases (Cichan et al., 2017).

5. Conclusion

For the first time, the results of the BIOMEX experiment on BC stability in harsh conditions

beyond the Earth have shown significant cellulose polymer stability within the pellicle film

inhabited by microbial organisms. Furthermore, ATR-FTIR absorption spectra analysis of BC
exposed to space and Mars-like environmental conditions showed preservation of the
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characteristic cellulose vibration spectra. Such a spectral pattern could also serve as a
biosignature for future life detection during space missions. The location of samples on the
exposure platform outside the ISS correlated with a rate of alterations in cellulose polymer.
The study showed that cellulose-based pellicle could serve as a reasonable carrier matrix of
KMC members in extraterrestrial journeys. The cellulose produced biotechnologically by
KMC/komagataeibacters would be suitable for the fabrication of diverse consumer products
in extraterrestrial environments.
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