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Abstract

NASA’s Artemis program has revitalized our interest in the Red Planet.
The ambitious project will enable the deployment of people on the Moon
and its orbit once again, opening the door to a much imagined colony on
Mars. Unsurprisingly, the program faces gargantuan challenges, especially
those related to sustaining life for prolonged periods of time far from Earth.
In situ resource utilization (ISRU) aims to solve these issues by using
available resources in these settings.

One of the potential solutions for ISRU involves leveraging the natural ca-
pabilities of microorganisms for utilizing materials and producing goods,
from food and pharmaceuticals to components and beyond. Due to the lack
of samples from Mars, we need to rely on analog environments for extrap-
olation. Precisely, studying the microbial communities thriving in these
analogs may shed some light not only on ways to sustain ISRU facilities,
but on the origin of life.

In our case study, we focus on Rio Tinto, a Mars analog in Spain with a rich
subsurface community. By leveraging data from previous studies, we create
a pipeline for exploring the metabolic potential of these communities from
the perspective of a biofoundry on Mars. Our implemented pipeline also
underpins how the optimization for the whole microbial community yields
inconclusive results due to the limitations of the available data, although
revealing viable production of several compounds of interest.
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Resumen

El programa Artemis de la NASA ha revitalizado nuestro interés en el
planeta rojo. El ambicioso projecto permitird mandar personas a la luna
y su orbita una vez mas, abriendo la puerta a una muy esperada colonia
en Marte. No es de extranar que este programa se encuentre con desafios
descomunales, especialmente los relacionados con mantener la vida por
periodos prolongados lejos de la Tierra. La utilizacién de recursos in situ
(ISRU por sus siglas en inglés) trata de solventar estos problemas utilizados
los recursos disponibles en estos entornos.

Una de las posibles soluciones de ISRU supone aprovechar las capacidades
naturales de los microorganismos para consumir materiales y producir pro-
ductos de interés, desde comida y farmacos a componentes y demas tipo
de utiles. Debido a la falta de muestras de Marte, necesitamos basarnos
en entornos analogos para extrapolar las condiciones. Precisamente, es-
tudiando las comunidades microbianas properando en estos analogos nos
puede ayudar a arrojar algo de luz, no solo en maneras de mantener estos
componentes de ISRU, sino también en el propio origen de la vida.

En nuestro caso, nos centramos en Rio Tinto, un analogo de Marte en
Espana con una rica comunidad subterranea. Aprovechando los datos de
estudios previos, hemos podido crear una metodologia para la exploracion
del potencial metabdlico de estas comunidades desde la perspectiva de una
biofactoria en Marte. No obstante, nuestra metodologia también recalca
que, debido a la limitacion intrinseca que muestran los datos, los resul-
tados obtenidos para la comunidad en su conjunto son inconclusivos. En
cualquier caso, los resultados demuestran la viabilidad de la produccién de
algunos compuestos de interés.
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Anadlogos de Marte, Rio Tinto, ingenieria metabdlica, biofoundry, ISRU
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1 Introduction

Mars has fascinated us since the dawn of our civilization. It is of no
surprise, being our closest neighbor, potentially harboring life in the past
(and present) and the focus of several missions, from the now extinct Union
of Soviet Socialist Republics (USSR) to National Aeronautics and Space
Administration (NASA). With the Artemis program, the next step to the
Red Planet will become closer [2, 3, 4]. Indeed, NASA’s plans for the near
future involve a crewed mission to Mars in the 2030s [5]. These missions
will set up the Gateway, providing a place to live and work, and supporting
long-term science and human exploration on and around the Moon as well
as, potentially, for future missions to Mars [2, 3]. The value of the Red
Planet as a critical milestone in the space career is unquestionable, but
how are we going to sustain human life on it?

Challenges. Missions beyond low Earth orbit (LEO) face gargantuan
challenges. Currently, there is a lack of a coherent strategy and standards
for the utilization and development of current technology towards a colony
beyond LEO [6, 7]. However, there have been initiatives covering the broad
goals of such endeavours [5, 4, 8]. Prolonged periods in deep space may
imply less immediate access to life-sustaining elements readily available on
Earth [4]. One major factor is the cost of supplies launched beyond LEO,
which can range from 1,500 United States dollars (USD) (Falcon Heavy) to
more than 30,000 USD (Minotaur IV) per kilogram [9, 10]. Additionally,
Mars poses a highly challenging environment due to its extreme conditions
compared to the ones humans have adapted to. For example, the enormous
amount of radiation its surface receives [5] together with the presence of
perchlorates in the regolith [11] imply a highly toxic environment for most
of the organisms that are known. From a logistics perspective, water is a
limiting resource, at least in the surface and away from the poles [5]. The
lack of oxygen will also increase the complexity of return missions, since it
is needed for the combustion of propellants [5, 8]. Last but not least, there
is the ethical dimension to the establishment of a Mars colony: among
other concerns, how can we be sure that there is no previous life on the
planet and that our activities are not going to harm it? [12, 13]

ISRU. The farther humans go into deep space, the more important it
will be to generate products with local materials, a practice called in situ
resource utilization (ISRU) or more generally as space resource utilisa-
tion (SRU) [4, 7, 8, 14]. ISRU is the practice of collection, processing,



storing and use of materials found or manufactured on other astronomi-
cal objects (the Moon, Mars, asteroids, etc.) that replace materials that
would otherwise be brought from Earth [8]. During the last years, there
has been an increasing interest on deploying ISRU facilities on the Moon
and Mars (see Figure 1), specially given the importance of Artemis mis-
sions in the current space theatre [5, 2, 3, 4, 7, 11, 14, 15]. Making use
of available resources on the surface and atmosphere of the bodies tar-
geted by these missions will allow a longer autonomy and reduce launch
costs [5, 4]. The potential to produce propellant, habitation and materials
critical to support human life (e.g. water, oxygen, pharmaceuticals, food)
positions this methodology at the forefront of space exploration (see Figure
1) [7, 11, 14, 16]. Proof of that is the testing of the Mars OXygen ISRU
Experiment (MOXIE) payload on board NASA’s Perseverance Rover pro-
duced oxygen from Mars” atmosphere by solid oxide electrolysis [17]. Other
initiatives focus on the bioremediation of perchlorates (Martian Regolith
Microbiome Inoculation Experiment (MaRMIE)) [18], the testing of pilot
plants for self-sustained facilities in space (Micro-Ecological Life Support
System Alternative (MELiSSA)) [19] or the growth of plants (Vegetable
Production System (Veggie)) [20]. Software-centered approaches can also
be found, such as the case of Deep Space Biology’s Yotta, an explanaible
Artificial Intelligence (Al) platform leveraging space biology data [21], or
Lunco’s Open Source software for Lunar colony engineering [22]. Con-
fronting the promises of ISRU, there exist critical knowledge gaps that
may hamper the development of such technologies on site [6, 7, 14, 16].

Biomanufactories. One of the potential solutions to ISRU on Mars are
biomanufactories [11]. These facilities could supply the needs of a future
colony by leveraging Mars natural resources by means of metabolic engi-
neering, which involves the engineering and optimization of processes from
single-cell to fermentation in order to increase the production rate of valu-
able chemicals for health, food, energy, materials and others [11, 16, 23].
For example, [11] propose a multi-module design in which the food, phar-
maceuticals and components production as well as waste disposal and re-
cycling are coupled to ISRU. By leveraging the metabolic capabilities of
several species of microorganisms, this design tries to maximize resource
utilization while minimizing launched cargo. The proposed biomanufactory
consists on the following modules: ISRU, in situ manufacturing (ISM),
food and pharmaceutical synthesis (FPS) and loop closure (LC). The
ISRU component enables the production of food, pharmaceuticals and
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(a) ISRU system proposed by [11] (CC BY 4.0)!. (b) ISRU system proposed by [16]
(CC BY 4.0).

Figure 1: Two different schemes for ISRU on Mars (a, b) and the Moon
(b). Both systems rely on living beings (microorganisms and/or plants) for extraction
of essential components from the environment as well as production of goods. Special
emphasis is applied to loop closure to reduce unnecessary waste. Among others, molecular
oxygen and water will be critical to maintain habitability in these systems.

manufacturing of components by producing their input sources, mainly
via biological fixation of atmospheric carbon and nitrogen, while regolith
detoxification may provide a significant inventory for trace elements (Fe,

K, P, S, etc.) [11, 14, 16, 18].

Biofoundries. An improved version of biomanufactories are biofoundries,
which have the potential to enable a more automated ISRU by taking
advantage of organisms adapted to Mars’ conditions and resources. Bio-
foundries provide automation and analytics infrastructures to support the
engineering of biological systems, enabling high-throughput scale for test-
ing and, thus, increasing the solution space that can be explored [24].
Therefore, they intrinsically carry two main advantages over the rest of
approaches: first, the reduction of launch costs thanks to the replicative
capacity of biology [11], and second, their ability to adapt to different
needs and conditions thanks to genetic engineering [24]. Additionally,
well-built biofoundries will function mostly automatically, thanks to the
Design-Build-Test-Learn (DBTL) cycle, allowing the crew to allocate more
time on other important tasks (see Figure 2) [24, 25]. In the design step,
the genetic constructs containing the genes of interest are created. These
artifacts will later on be inoculated into the target organism(s) during the
build stage. Afterwards, screening is performed during the test phase to
select those with the desired trait (usually called phenotype). Finally, the

https://creativecommons.org/licenses/by/4.0/
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learn stage involves the analysis of the results and further decision making
for the next cycles. There are many efforts involving the application of
modeling and machine learning techniques in this stage [23, 24, 26, 27].
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Figure 2: DBTL cycle adopted by biofoundries. By adapting to new conditions
and learning from past data, biofoundries could overcome the disadvantages of bioman-
ufactories in space, thus enabling a faster response to changing environments and needs.
Figure taken from [24] (Open Government Licence v2.0)2.

Mars analogs. Analog missions are field tests in locations that have
physical similarities to the extreme space environments [28]. By allowing
experimentation in situ, they help reduce costs and test a broad range of
solutions that could be prohibitively expensive otherwise. Thanks to its
properties, Rio Tinto constitutes an analog environment of Mars on Earth
[29] and can be studied to deepen our understanding of this mysterious
planet and its conditions. Located in Huelva (Southwestern Spain), Rio
Tinto is an unusual extreme environment due to its acidity (mean pH 2.3),
size (92 km long) and high concentration of heavy metals (Fe, Cu, Zn,
As, etc.), as well as its high level of microbial diversity [29, 1, 30]. The
oxygen content varies from saturation to complete anoxic conditions [29]
and precipitates from Rio Tinto’s waters contain several iron sulfates and

’https://www.nationalarchives.gov.uk/doc/open-government-1licence/version/2/
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oxides, such as jarosite, which resemble those found at the landing site of
the Opportunity Rover on Mars [29, 31]. These conditions contribute to
the red coloration of its waters (see Figure 3).

(a) River view of Rio Tinto. Courtesy of (b) Detail of rocks in Rio Tinto. Courtesy
the author (CC BY 4.0). of the author (CC BY 4.0).

Figure 3: Rio Tinto as a Mars analog. Thanks to its high acidity, metals concen-
tration, similar mineralogy and thriving underground microbial communities, Rio Tinto
is studied to further understand the extremes of life on Earth and potentially on Mars.

Rio Tinto can also be of industrial interest given the intrinsic Biotechno-
logical potential of the enzymes catalyzing critical steps in this environ-
ment (see Figure 4 and 5) [32]. Although, its waters and deep subsurface
have been thoroughly studied [1, 30], we decided to focus on the informa-
tion related to underground communities for the availability of annotated
genomes for several isolated species (see Table 1). A non-comprehensive
list of metabolic functions studied in this community is depicted in Figure
5, where a bias can be observed for higher depth.

Biochemistry background. All living beings carry their genetic infor-
mation in their DNA, a relatively stable molecule that can be passed down
to their offspring. For the DNA to exert its function, it must be transcribed
into RNA and then into proteins. From a functional perspective, both
kinds of molecules have their own set of functions inside the cell, but we
are going to focus on the proteins, specifically on a subset called enzymes.
These enzymes are the catalysts of life: they accelerate chemical reactions
necessary for living beings that would be otherwise extremely slow. This
set of reactions is called metabolism and has three main objectives: the
conversion of food into energy to run cellular processes; the conversion of
food into building blocks for cellular components; and the elimination of
metabolic wastes. In order to facilitate the exploration of the metabolism

12
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Figure 4: Geomicrobiological model of the C, H, N, S and Fe biogeochemical
cycles operating in the deep subsurface of Rio Tinto. In red, all isolated genera for
which annotation is available and gene corresponding for the reaction has been identified.
Some steps in the S (oxidation to sulfate) and C cycles (methane-related pathways and

acetogenesis) are missing in the data, thus limiting the scope of the experiments. Figure
taken from [1] (CC BY 4.0).

of living beings, a genome-scale metabolic model (GEM) can be created for
a single species, thus allowing its n silico analysis and modification, po-
tentially spotting any missing reactions and, thus, enzymes [33, 34]. Some
methods even extend this methodology for working with groups of species
(also called communities), such as the soil or gut microbiome [35, 36, 37].

1.1 Pipeline.

The methodology followed in this work combines both manual and pro-
grammatic steps. Figure 6 depicts the process from the selection of genomes
to the launch of the RetroPath [38] and MICOM [35] tools for assessing
the metabolic feasibility and predicting community growth, respectively.
The pipeline starts with the preliminary literature review and selection of
the environment and microbial species. Afterwards, annotated genomes
are retrieved for the selected species from GenBank [39] and their corre-
sponding metabolic models are created using ModelSEEDpy? [40]. This
tool queries the RAST server [41] for the selected genomes in order to

3https://github.com/ModelSEED/ModelSEEDpyY
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Figure 5: Metabolic functions extracted from supplementary information in
[1]. Values represent the number of microbial species detected at different depths which
have the potential of carry out key metabolic pathways of the C, H, N, S and Fe cycles.
The depths at which all cycles are represented are highlighted in light green rectangles (see
column N? of complete cycles). A bias for complete cycles can be observed at higher depth.
DNRA: dissimilatory nitrate reduction to ammonium; NR: nitrate reduction; Ny fix: ni-
trogen fixation; DSR: dissimilatory sulfate reduction; SO;~ — S?~: sulfite reduction to
sulfide; S4O5~ — S9037: tetrathionate reduction to thiosulfate; S,03~ — S*: thiosul-
fate reduction to sulfide; S~ — pS: sulfide oxidation to polysulfides; S,03~ — S,03™:
thiosulfate oxidation to tetrathionate; So03~ — SO2™: complete thiosulfate oxidation to
sulfate; H, oxidation: hydrogen oxidation; Fe3™ — Fe?*: iron reduction; TCA CO,: car-
bon dioxide production by respiration; fm C'Oy: carbon dioxide production by fermenta-
tion; fm Hy: hydrogen production by fermentation; C'O, fix: carbon fixation; CO — COs:
carbon-monoxide oxidation.
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standardise the annotations and builds their corresponding GEM. These
GEMs can later on be used in the two analysis involved in the pipeline: the
assessment of metabolic capabilities using RetroPath2.0 [38] and the via-
bility of community growth using MICOM [35]. The RetroPath2.0 analysis
focuses on determining whether interesting metabolites, from an Astrobio-
logical perspective, can be produced using the already present reactions in
the community. MICOM is used in parallel to assess how this community
can grow subject to this production constraint and to explore what can
be the dominant species and any synergies or antagonisms that may arise.
Finally, the results from both tools are combined to assess whether the pro-
duction of the given compound subject to the community and environment
constraints is feasible.

p [ > p
Mars analogs on Earth ] t Literature ] s Legend
Mars ISRU > “
Specles of interest I'eVleYl § | selection )
) P J \ Manual step
Gen » Get annotations
Bank J Code
— ’ | 5 7
’ RAST ModelSEEDpy }——» GEMs Tool
1 - ( : L J
{ v v /
/ Result
Get EC numbers Get abundances Build media c
o ! —
Retro — Get rules
| Rules | Build taxonomy
- [ ( Optimize
—
Meta — Get sink T
NetX Yes
Select source | 0/
‘ RetroPath
[ Scope 1

Figure 6: Flowchart followed for exploring the microbial communities in Rio
Tinto. The flow of goes from top to bottom. First, literature review yields a set of
genomes for which annotations are retrieved. Then, GEMs are created from these anno-
tations and are used by both RetroPath2.0 and MICOM for running the analyses. Finally,
viability is assessed by inspecting the results from both tools, followed by optimization in
case of promising outcomes or re-entry in a new iteration if required.
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2 Objectives

Given the importance of Rio Tinto as a Mars analog, we decided to build
a data pipeline for exploring its potential in helping set up a hypothetical
biofoundry on Mars:

e Integrate information for the species involved from different data sources.

e Create models of the different metabolisms involved in this environ-
ment.

e Assess whether those species can synthesize a compound of interest.

e Study microbial community growth under different conditions and the
effect of target compound production on it.

e Re-purpose algorithms used in metabolic engineering, synthetic biol-
ogy and microbiome analysis for Astrobiology research.

e Propose an agnostic data pipeline for studying analog environments
on Earth.

3 Materials and Methods

3.1 Software

The pipeline depicted in Figure 6 has been implemented in Python [42]
and can be found in this GitHub repository: guillecg/mars-biofoundry (see
Figure 7). Several numerated Jupyter notebooks [43] guide the user from
the data acquisition and wrangling to the creation of the metabolic models
to finally launch RetroPath2.0 and MICOM. All plots used in this work are
generated using these notebooks. Software development best practices such
as DRY [44], KISS [45], YAGNI [46] and SOLID [47] have been followed
throughout the code. Additionally, all functions have been documented
using docstrings* following the NumPy style®.

3.2 Genome selection

Of the total number of organisms in [1], we selected those with an anno-
tated genome from which we could later on build a metabolic model using
ModelSEEDpy® [40]. This requirement enormously reduces the number of

‘https://peps.python.org/pep-0257/
Shttps://numpydoc.readthedocs.io/en/latest/format.html
Shttps://github.com/ModelSEED/ModelSEEDpy
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species by an order of magnitude, leaving only ten out of hundreds (see
Table 1). While the variability of potential metabolisms in the community
is heavily compromised, our selection captures most of the critical path-
ways as detailed in [1] (see Figure 4). In fact, most of the pathways are
represented with the exception of the carbon and sulfur cycles, for which
there are no representatives for some steps (especially in methane-related
pathways).

Species Code | Database | ID Protein annotation file | Gene count
Acidovorax BoFeN1 aci NCBI QOZT00000000.1 QOZTO01.1.fsa_aa 3672
Brevundimonas sp. T2.26MG-97 bme NCBI NZ_UXHF01000001.1 | NZ_UXHF01000001.1.faa | 133
Desulfosporosinus meridiei DEEP dmi IMG 2721755100 CP003629.1.faa 4352
Pseudomonas sp. T2.31D-1 pse ENA CAJFAGO010000000.1 | CAJFAGO1.1.fsa_aa 4428
Rhizobium sp. T2.30D-1.1 rhil NCBI NZ_UEYP01000001.1 | NZ_UEYP01000001.1.faa | 756
Rhizobium sp. T2.26MG-112.2 rhi2 NCBI NZ_UEYQ01000001.1 | NZ_.UEYQ01000001.1.faa | 711
Rhodoplanes sp. T2.26MG-98 rho NCBI NZ_UWOC01000001.1 | NZ_-UWOC01000001.1.faa | 19
Shewanella sp. T2.3D-1.1 shw ENA CACVBT0200000010 | CACVBTO03.1.fsa_aa 4068
Tessaracoccus lapidicaptus IPBSL-7 | tel IMG 2791354959 MBQDO1P.1.fsa_aa 2736
Tessaracoccus sp. T2.5-30 tez IMG 2751185744 CP019229.1.faa 2905

Table 1: Species analysed in this work. These species capture most of the cycles
depicted in Figure 4 and can serve as a base community to later optimize it. The table
also contains the exact file names as shown in their respective sources, in order to facilitate
the reproducibility of the results.

3.3 Metabolic model reconstruction

The process starts with the sequenced genome of a species of interest.
Annotation of that genome is required in order to know which genes it
contains, some of which will codify for a certain type of proteins known as
enzymes. These proteins are responsible for catalyzing the biochemical re-
actions that compose the metabolism and their function is usually denoted
by an Enzyme Commission (EC) or Transport Commission (TC) number
[48, 49, 50]. GEMs integrate information from reactions and metabolites
using a stoichiometric matrix, which defines the relationships between them
23, 33, 51] (see Figure 8). By identifying which enzymes each species con-
tains, we can further elucidate which reactions can those organisms perform
and, thus, the metabolic potential present in a given community. Table 1
details the database and the identifier from where each annotation was
retrieved as well as the name of the file.

The creation of a metabolic model from an annotated genome has been
automatised in several publications, such as ModelSEEDpy’ [40], PyFBA

[51] or CarveMe [52]. We decided to work with ModelSEEDpy because
of its ongoing development and maintenance as well as its relative higher

"https://github.com/Model1SEED/Model1SEEDpy
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(a) Repository front page.
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03-MICOM.ipynb

tests

gitignore

INSTALL.md

LICENSE

README.md

config.yml

conftest.py
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config

preloader = RetroPathPreloader(config

(b) Jupyter notebook for launching RetroPath analysis.

Figure 7: GitHub repository containing the agnostic pipeline. The repository
contains all the information (a) and related notebooks (b) guiding the user towards suc-
cessfully launching the whole pipeline, from data ingestion to the generation of figures. It
is available here: guillecg/mars-biofoundry.
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tests coverage. Its ready-to-use functions also facilitate the integration with
our pipeline. In order to better assess the quality of the created GEMs,
a benchmark should be performed with all of the tools (see Section 6).
Nevertheless, manual curation is still a critical issue in this step.

3.4 RetroPath: Assessment of metabolic capabilities

To evaluate the metabolic potential of the microbial community in the sub-
surface of Rio Tinto, we explored the production of different compounds of
interest, both from a perspective of a potential colony on Mars or because
of their biotechnological value. Many tools are available that can pre-
dict or enumerate such production pathways [23], but we decided to use
RetroPath v2.0 [38] because of its ability to retrosynthetically fill the gaps
for synthetizing a target compound. Additionally, it supports compatibil-
ity with the extensive RetroRules database [53]. RetroPath is implemented
in KNIME [54] and comes with a tutorial for easily running the examples
provided and modify them for tailored purposes.

Retrosynthesis algorithms take as input a set of metabolites (organisms’
compounds) and a set of target molecules (compounds of interest) and
generate the metabolic networks required to link the former (usually de-
nominated sink) to the latter (usually denominated source) [38] (see Figure
9). To perform such mapping, RetroPath requires the source, the sink and
the reactions (rules) that build up the networks.

Rules selection. For extracting all rules from the GEMs, we first needed
to map the reactions within the model to EC numbers. Querying RetroRules
[53] with those identifiers returns the rules required to build the chassis of
our community (see Figure 9a). It is worth mentioning that there are for-
ward (naturally occurring), reverse and reversible (both directions) rules
in the database. We selected only those belonging to the forward and re-
versible categories. A total number of 11589 EC numbers and 42664 rules
were extracted for the community.

Sink selection. To check whether the source can be produced, a set
of compounds, both present in the microorganisms and in the medium,
must be provided. This set of nutrients and intermediary metabolites es-
tablishes the baseline from which the species can grow and produce the
target. Since the compounds involved in each rule are defined, we de-
cided to extract these molecules for building the sink: substrates both for
forward and reversible rules, while only products for reversible ones. Ad-
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Figure 8: Conversion of a simple metabolic network into a mathematical for-
mat. (A) Example of a bacterial metabolic model displaying two compartments sep-
arated by a dashed boundary (extracellular and cytoplasm), seven reactions labeled in
blue text (four intracellular and three transporters), and five compounds. (B) The stoi-
chiometric matrix S with corresponding stoichiometric coefficients, and the flux vector v.
Each matrix-cell represents the number of compound molecules required for the particular
reaction. The integer sign denotes the compound as a reactant (negative value) or as a
product (positive value). A zero means the compound is not involved in the reaction.
Reversible reactions are typically present in the matrix in one direction. In the instance
that a reaction is reversed in the solution, the metabolic flux value for the corresponding
reaction will be negative, thus indicating a switch in directionality. Figure and caption
taken from [51] (CC BY 4.0).
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Substrate + L-Glutamate 2-Oxoglutarate Product
Reaction rules:

(#8512)-(#639)(=(#8:13))~(#6:8)(=(#8:11))~(#6:5)~(#636)s1s(#6:1)s(#6:3)(#6:7)(~(#8:10))s(#614])1(#6:2)s1>>
(#8)-[#6]( #6)-[#6)-[#6)(=[#8:11))=[#6](~[#8])=[#8).(#7]-[#E68eH:8)(~[#6:5)-[#6:6]:1:[#6:2):[#6:4):

(#6:7)(-(# #6:3):(#6:1)31)~(#6:9)(~(#8:12))=(#8:13)

D=4 [(#6:6)-[#6:5)- BY(=[#8:11])-(#6:9)(~(#8:12])=[#8:13)>>(#8)-[#6])(=[#8])-(#6)-(#6)-[#6](=[#8:11))-(#6)
(=[#8))=[#8).(#616)=[#615]=[#ERHIB) (=(#7])=[#619) (=[#8112))=[#8113]

(#6:8)=[#8311]>>(#8)=(#6](=[#8])~[#6])~[#6)~(#6)(=(#8:11))~(#6])(~[#8])=(#8].(#6:8)~(#7)

(a) Example rule: EC 2.6.1.5. Figure adapted from [53] (b) Example source:
(CC BY 4.0). 3-hydroxybutyrate. [60].

Figure 9: Examples of a rule (a) and a source (b) given as input to
RetroPath2.0. (a) Rules are extracted from RetroRules [53] whereas sources are user-
defined and often manually selected. Top: 2D compound representation of the reac-
tion with different atom diameters highlighted in yellow (D=0), red (D=4) and blue
(D=inf). The lower the diameter, the higher the specificity and vice-versa. Bottom:
SMIRKS®codifications of the same reaction, which allows for more generic representa-
tions of such chemical transformations. (b) 3-hydroxybutyrate is the monomer of PHB,
a bioplastic with potential for helping in establishing a biofoundry.

ditionally, the identifiers in RetroRules come from MetaNetX [55], so we
further queried this database to pull the information for each compound,
including its International Chemical Identifier (InChl), a unique identifier
for each molecule [56, 57]. A total number of 1182 unique metabolites were
used as the sink for the community.

Source selection. The source or target compound must be manually se-
lected by the user, and we decided to start with 3-hydroxybutyrate, the
building block of the polymer poly-3-hydroxybutyrate (PHB) (see Figure
9b). Given that plastics will make up the majority of high-turnover items
and can also account for contingencies [11], PHB has the potential to fill
this gap as a bioplastic and because is naturally produced by some mi-
croorganisms as a carbon and energy reservoir [58]. Additionally, a set
of 476 compounds with biotechnological interest [59] was also screened to
check for any other targets that the community may produce.

RetroPath launch. RetroPath was launched using KNIME v4.6.4 [54].
The workflow was downloaded as specified in [38] and the parameters set
to their default values with the exception of maximum diameter (16), min-
imum rule diameter (6) and pathway length (10). Launch was performed
programmatically using RetroPath2-wrapper”.

8www.daylight.com/dayhtml/doc/theory/theory.smirks.html
Shttps://github.com/brsynth/RetroPath2-wrapper
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3.5 MICOM: Community analysis

Since no organism thrives in isolation, we wanted to holistically explore
how the community could growth and how different species could interact
between them, by means of cooperation or antagonism. The package MI-
COM [35] allows to study the behaviour of a given community by exploring
different tradeoffs among the members of it.

Retrieval of abundances. MICOM requires the abundances of the dif-
ferent species in the samples analysed to account for the variability between
samples and species. For our study, abundances were extracted from the
supplementary materials in [1] (see Figure 10). Concretely, datasets S4
and S5 were used, containing data from Illumina and Roche 454 sequenc-
ing technologies, respectively. The reads used correspond to the filtered
species, removing those that could potentially imply a contamination in
the samples. It is worth mentioning that only pse was found in Roche
samples.

As Figure 10 depicts, there are many gaps in the abundances of the se-
lected species for this study, that is, the species with reconstructed genome.
Abundances for hundreds of more species can be found at the supplemen-
tary materials, but there are no corresponding annotated genomes that
can be used in the proposed pipeline. This situation strongly limits the
applicability of the current pipeline for exploring the microbial commu-
nity as is in its natural environment, forcing us to focus on the metabolic
engineering aspect of it. Therefore, several experiments are proposed to
analyse its biotechnological potential.

An initial analysis focuses on what would be the differences among the
community members when their abundances are set equally:
e 1.1. Objective: community growth (aerobic)!®
e 1.2. Objective: community growth (anaerobic)!!
e 1.3. Objective: production of metabolite of interest (3-hydroxybutyrate)

e 1.4. Objective: community growth (aerobic) + production of metabo-
lite of interest (3-hydroxybutyrate)

e 1.5. Objective: community growth (anaerobic) + production of metabo-
lite of interest (3-hydroxybutyrate)

10 Aerobic: presence of oxygen.
1 Anaerobic: absence of oxygen.
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Figure 10: Abundances extracted from supplementary information in [1]. The
high sparsity of the data is depicted, highlighting four species for which there is no abun-
dance information (bme, dmi, tho and shw). Abundances are also imbalanced, as can be
noted in the enormous differences in orders of magnitude for some species (aci, tel and
tez). Gaps in pse column are caused by that species being only present for Roche samples
at those four different depths. Roche data does not contain information for the rest of the
depths present in Illumina. Note that the values are the logarithm of raw abundances.
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Taxonomy definition. The next step involves the creation of a taxon-
omy, an artifact that contains both the species metabolic models and the
abundances specified for each one. Using this taxonomy, MICOM is able
to predict the growth of the community as a whole, indicating which are
the species with more or less growth given such conditions.

Medium reconstruction. Information from the following supplementary
materials in [1] was used for medium reconstruction:

e Dataset S2 - ICP-MS elemental analysis of core samples (ppm)

e Dataset S3 - Tonic chromatography of BH10 soluble organic and inor-
ganic anions (ppm)

e Table S1 - Soluble cations (ppm)
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e Table S7 - Occluded gases and natural activities at different depths
(ppm)

The data were merged into a single file according to their measurement
depth, which can later on be used for matching the abundances of species
at different depths.

4 Results

4.1 Reconstruction of metabolic models

Six out of ten metabolic models show an acceptable ratio between the
amount of annotated genes and the number of metabolites and reactions
in their respective GEMs (see Figure 11). For the remaining four, the
amount of annotated genes is quite restrictive, being just 133 for bme in
the input data and reaching the lowest in rho, for which just 19 genes are
present in its annotated genome. This situation is further aggravated by
the automatic curation performed by ModelSEEDpy when generating the
metabolic model. Regarding the previous examples, 28 and 4 genes are
present in the GEMs corresponding to bme and rho, respectively. Special
consideration should be taken when handling these restricted models. It is
worth noting the baseline number of reactions and metabolites present in
both organisms correspond to the core model that ModelSEEDpy uses as
template'?.

4.2 RetroPath

4.2.1 Production of 3-hydroxybutyrate.

The microbial community presented 3-hydroxybutyrate as one of its metabo-
lites, being present in aci (MNXM1104965), rhil (MNXM1104967) and

tel (MNXM1104965 and MNXM1104966). Interestingly, both enantiomers

(R: MNXM1104965, S: MNXM1104966) as well as the compound without

specified isomerism (MNXM1104967) were found.

4.2.2 Production of compounds of interest.

The set of 476 compounds extracted from [59] was screened using RetroPath
[38] to find any other compound with biotechnological interest that could
be produced by the community. Figure 12 illustrates how many of these

2https://github.com/Model1SEED/ModelSEEDpy/blob/dev/modelseedpy/core/msbuilder.py

24


https://github.com/ModelSEED/ModelSEEDpy/blob/dev/modelseedpy/core/msbuilder.py

4500 Element
Genes (annotation)
4000 Genes (model)
Reactions
3500 Metabolites

3000

2500

Counts

2000
1500
1000

500

. aci bme dmi pse rhil rhi2 rho shw tel tez

Species

Figure 11: Summary of metabolic models produced by ModelSEEDpy. Note the
difference in counts between the genes in the input annotation files and the final number
of genes in the model. This is caused by the presence of a high proportion of genes
without a clear annotation, thus yielding hypothetical functions that are eliminated by
ModelSEEDpy. Additionally, four models contain either a low number of genes compared
to other ones (rhil and rhi2) or an almost inexistent quantity (bme and rho). The
presence of a baseline number of reactions and, therefore, metabolites is due to the use of
a core metabolism in the creation process.

targets can be produced. Attending to the different categories, Source in
sink accounts for those metabolites that are already found in the commu-
nity and, thus, susceptible to be directly optimized for industrial produc-
tion. Compounds in the category Scope are also susceptible to be produced
by adding rules present in the community, although lacking in the species
individually. This category may help identify compounds that are shared
in the environment and cooperatively used by different species, given that
its production is achieved thanks to the combination of rules present in
different species. The rest of categories can be considered run errors.

Focusing on the metabolites for which a scope was found, Figure 13 high-
lights the strong skew towards phenylacetate and tyrosine compound classes
that can potentially be synthesized from the community. It is worth not-
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Figure 12: Summary of RetroPath2.0 results for the microbial community in
Rio Tinto and the metabolites with biotechnological interest. Of all categories,
the ones that cannot be considered errors or failures to find a solution are Source in sink
and Scope. Overall, more than a third of the interesting metabolites are either already
present or could potentially be produced by the community.

ing that all statuses show this skew towards these two classes, which could
imply a bias in the original classification used. Energy-related classes can
also be found in this subset of compounds, such as amino acid biosynthesis
(valine, leucine and isoleucine) and degradation (lysine, tyrosine) as well
as sugar metabolism (fructose and mannose). Interestingly, classes related
to photosynthesis are present, as well as several categories involving ben-
zene derivatives and aromatic compounds, such as benzoate, nitrophenol,
bisphenol, phenanthrene, nitrotoluene and xylene.

4.3 MICOM

4.3.1 Medium reconstruction

Due to the difficulty in mapping from concentration in the environment

to real fluxes in the cell, we extrapolated concentrations using the limiting
metabolites. MICOM and COBRApy [64] (on top of which MICOM is
based) offer a functionality for finding the minimal medium, that is, the
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Class

Figure 13: Distribution of compound class occurrences for the metabolites
with found scope. Counts have been capped at higher or equal than 2 due to the
high skewness of the distribution. Compound classes were generated by Lorena Martinez
Espaifia and Hector Martin Lazaro using iFragment [61] with KEGG [62] and EnviPath
[63] databases.

set of minimal metabolites and their fluxes that the species (community in
our case) requires for growing (see Figure 14). By finding the metabolites
present in the medium from [1] in this minimal medium, we can extrapolate
the fluxes to the rest of compounds for which no information is provided.
In our case, nitrate (NO5, EX_cpd00209=no3-m in Figure 14) was the
pivotal metabolite for matching compound concentration and fluxes.

4.3.2 Community growth

Figure 15 shows the results obtained for each case study in section 3.5.
Given that the abundance data was really limited for most of the anno-
tated genomes (see Figure 10), we decided to conduct the experiments
assuming that all species were present in the same proportion. Species
with the lowest quality of GEMs (bme, rhil, rhi2 and rho) show almost
no differences between experiments. However, a potential dependency on
molecular oxygen for growth is shown for the rest of species and the com-
munity as a whole, as illustrated by the lower values in anaerobic versus
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Figure 14: Limiting metabolites for the community built with equal abun-
dances. The identifiers are created as following: EX for exchange with the environment,
ModelSEED ID, compound abbreviation and m for medium. Sugars (glucosamine, gam;
fructose, fru; maltose, malt; sucrose, sucr; trehalose, tre; glycogen) and amino acids (as-
partic acid, asp; alanine and aspartic acid dipeptide, ala-L-asp-L) dominate the upper
range of fluxes. Interestingly, molecular oxygen (O;) is the top limiting metabolite, while
nitrate (NOjy') will allow the extrapolation of compound concentrations with fluxes.

aerobic conditions as well as the presence of oxygen as the top limiting
metabolite (see Figure 14). The exception is shw, which shows a higher
value for growth and production under anaerobic conditions, in concor-
dance with its anaerobic nature [65]. Overall, aci, pse and shw dominated
the growth within the community, with tel and tez following them to a
lower extent. On the other hand, dmi behaved in a similar manner to
species with lower quality GEMs (no differences across experiments), but
with a higher growth rate.
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Figure 15: Community (a) and species (b) growth in the different experiments.
Color and categories in (a) correspond to the same in (b). Unsurprisingly, species with
the lowest quality of GEMs (bme, rhil, rhi2 and rho) show minimal differences across
experiments. Those differences, however, are accentuated between aerobic and anaerobic
conditions, suggesting a dependency on molecular oxygen.
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5 Conclusions

An agnostic data pipeline has been implemented for assessing the pro-
duction of compounds of interest and the community growth in extreme
environments, all from an Astrobiological perspective. This pipeline is
available in a public GitHub repository'® and will be further developed on,
with the objective of publishing a Python package in the future. Addition-
ally, Rio Tinto’s microbial community was analysed using the guidelines
provided in the repository and the results are presented in this work.

Recapitulating the objectives of this study:

e We successfully integrated information from different databases, such
as GenBank [39], ModelSEED [40], RetroRules [53] and MetaNetX
[55] as well as the abundant supplementary information provided in
[1]. An important aspect of this integration is the preliminary litera-
ture review, to determine the gaps and critical steps in ISRU.

e Apart from enriching the data and facilitating the reconstruction of
metabolic models, this integration of different data sources also al-
lowed the study of the microbial community from reductionist and
holistic perspectives, such as the production of compounds of interest
or the community growth, respectively.

e Precisely, the pipeline could not have been possible without the re-
purposing of tools used in metabolic engineering, synthetic biology and
microbiome analysis, for example to create the metabolic models or
GEMs (ModelSEEDpy!* [40]), to assess the production of interesting
compounds (RetroPath [38]) and to simulate the microbial community
under specific conditions for ISRU (MICOM [35]).

e Regarding the implemented pipeline, a series of Jupyter notebooks
[43] guide the user from the data acquisition and preprocessing to the
creation of GEMs and launch of RetroPath and MICOM. The decou-
pling of these steps from the preprocessing of the input data increases
the flexibility of the proposed pipeline, as well as facilitates its us-
ability for the users. They only need to adapt their input data to
the format required by this workflow in order to be able to launch it.
Additionally, the repository contains guides for the installation of de-

Bhttps://github.com/guillecg/mars-biofoundry
Mnttps://github. com/Model1SEED/ModelSEEDpyY
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pendencies'® and the retrieval of necessary data from public sources'®.

Notwithstanding, several limitations to the current analysis must be noted:

e Genome annotations. The low quantity (ten out of hundreds) as
well as quality of the annotated genomes lowers the amount of cycles
and metabolic functions that can be captured.

e Metabolic models. Low quality in annotated genomes further cas-
cades into the reconstruction of metabolic models, which strongly lim-
its the utility of the results obtained.

e Medium reconstruction. Although data coming from several mea-
surements in [1] was successfully integrated, their usage as medium in
MICOM is seriously limited by the limiting metabolites that can be
found, from which to extrapolate the fluxes (see Section 4.3.1).

e MICOM. Reduced number of species and abundances make diffi-
cult the analysis, again reducing the useful information that can be
extracted from it.

The true utility of this framework will come after successfully applying it
to a new environment. By testing the pipeline on unseen data, we will be
able to validate whether the current architecture fits the potential issues
with the format and files. [30] could be a good starting point, given that
it analyses the water and sediments of Rio Tinto. All in all, this agnostic
data pipeline lays the scaffold for further integration of data sources and
addition of tools, such as DeepFRI [66] (see Section 6), which could expand
its potential for exploring these captivating and mysterious environments.

6 Future work

Add additional genome annotations. One of the most limiting char-
acteristics of the data is the low amount of annotated genomes present.
Increasing the number by looking at phylogenetically close species can
prove useful, at the cost of robustness in the analysis, since some species
may end up having dissimilar metabolic functions.

Improve genome annotations. Quality genome annotations are a lim-
iting factor in our pipeline. Many annotated genes are predicted as hypo-
thetical or directly lack any function. Therefore, automatically annotating

https://github.com/guillecg/mars-biofoundry/blob/main/INSTALL.md
https://github.com/guillecg/mars-biofoundry/tree/main/data
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genomes can help retrieve more functions from the input data, thus enrich-
ing the metabolic models at the cost of lower quality. One of such tools
that can be adapted to work in this framework is DeepFRI [66]. By lever-
aging both sequence and structure, it is capable of predicting the function
(e.g. EC number [48, 49]) of a given input sequence. A first attempt at
adapting this tool to the pipeline was performed, however halted by the
lack of specificity of DeepFRI’s predictions. EC numbers are more specific
the more digits are provided (i.e. an EC number with four digits is more
specific than one with just two). Unfortunately, DeepFRI yields EC num-
bers without the last position, yielding a wide range of enzymes for a single
EC number prediction, enzymes that in most cases are strongly substrate-
specific and cannot catalyze the reactions of other entities under the same
EC. For example, 97 entries are found for EC 1.13.11.-'7, which belong
to oxydoreductases involving molecular oxygen on a very broad range of
substrates, some of them very dissimilar between them (e.g. tryptophan
(EC 1.13.11.11) and linoleate (EC 1.13.11.12)), suggesting a high substrate
specificity. Therefore, all these predicted EC numbers cannot be added as
is to the genome annotations and further curation is required.

Benchmark and scale up. Several tools in the literature can build a
GEM from the annotated genome [37, 51, 52]. For example, metaGEM
[37] leverages CarveMe [52] and SMETANA!'® [36] among other tools for
building the community metabolic models from raw metagenomic data,
for which we didn’t have access to in this case study. Therefore, perform-
ing a benchmark will allow their comparison and select the most suited
for our setting. Additionally, different algorithms can be used to fill gaps
between metabolites in the models, a process called gapfilling [34]. Scal-
ing the analysis to the combination of model creation methodologies plus
gapfilling algorithms could shed some light on the quantitative improve-
ments between tools. Additionally, some packages, such as COBREXA jl
[67], may help scaling up the analysis to higher orders of magnitude with
regards to the species considered.

Manually curate results. Using RetroPath2.0 [38] for assessing the
capability to produce a certain compound is useful, but a biofoundry will
require further results in order to adapt to different target compounds or
conditions. Exploring and cataloging the set of reactions that can be useful
to such ends will provide essential in a proof-of-concept. RetroRules [53]

"https://enzyme.expasy.org/EC/1.13.11.-
Bhttps://github.com/cdanielmachado/smetana/tree/master
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can be used as a source of unseen reactions in the community, but manual
curation will likely be needed. Additionally, GEMs and, by extension,
results from MICOM strongly depend on the quality of the annotations.
Although extremely time consuming (from 3 months to 1 year according
to [33]) and out of the scope of this work, manual curation of GEMs is
required in order to further dissect and solve the different issues that have
been arising along the pipeline. Tools such as MEMOTE [68] could help
in this endeavour.

Explore synergies and antagonism. MICOM can use the change in
correlation after species knockouts to check for any synergies or antag-
onism. This analysis will prove extremely useful for newly, less studied
environments and for establishing groups of species that will likely be co-
operating in different settings. Deviations from these measurements can
also be useful to distinguish between strong and soft relationships. How-
ever, the limited number of species involved in our work limits the utility
of this kind of plots, requiring more species to really capture groups of
organisms that work together.
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