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Abstract:
The recent success of the Mars 2020 project and the high quality images
relayed back to Earth have provided further impetus and expectations for
human missions to Mars. To support space agency and private enterprise plans
to establish a sustainable colony on Mars in the 2030s, synthetic biology may
play a vital role to enable astronaut self-sufficiency. In this review, we describe
some aspects of where synthetic biology may inform and guide in situ resource
utilisation strategies. We address the nature of Martian regolith and describe
methods by which it may be rendered fit for purpose to support growth and
yield of bioengineered crops. Lastly, we illustrate some examples of innate
human adaptation which may confer characteristics desirable in the selection of
colonists and with a future looking lens, offer potential targets for human
enhancement.
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1. Introduction
The concept of establishing semi-permanent or permanent colonies on Mars is receiving much
attention. Private enterprise and space agencies have plans to establish a sustainable colony on Mars
in the late 2020s or 2030s [1] – [3] and much will be learnt from both past and future unmanned
missions to Mars and terrestrial analogue studies of confinement and self-sufficiency. Advances for
the conservation of resources on Earth necessary to support an increasing global population will
have positive collateral effects on space exploration. It is recognised that there are many challenges
for human travel to Mars let alone permanent colonisation and the establishment of ‘Homo martis’.
A recent crowd-sourcing study illustrated physiological and psychological obstacles which must be
overcome [4]. The study used socio-technical systems models which included cognitive work
analysis methodology [5] which was employed to build a nine step abstraction hierarchy supporting
a work domain analysis [6]. The top-ranking sub-category from the 387 responders who provided
input was the provision of an adequate food and water supply chain [4].
It is possible to estimate how much food may be required for a mission to Mars. We will
assume that a return mission would include a 9 month travel period to Mars, a residence time of 18
months and a 9 month return trip. We will also assume that the amount of food, and packaging
required for each of six astronauts is equivalent to the amount currently allowed for on the
International Space Station (ISS) which is 1.8 kg per day [7], [8]. A 9 month journey requires an
upfront cargo weight of approximately 3,000 kilograms (kg) which potentially could be catered for.
An 18 month stay and 9 month return trip adds approximately an additional 9,000 kg. Launch
windows are timed to coincide with the closest distance between Earth and Mars and are typically
every 2-3 years where the inter-planetary distance at opposition is between 58 – 92 million
kilometres (km) [9], [10] although the actually journey follows a least energy Hohmann transfer
orbit, which is an elliptical orbit used to transfer between the two circular planet orbits using the
lowest possible amount of propellant [11]. In the Hohmann transfer the spacecraft uses an elliptical
orbit to transfer between two circular orbits of different radii around a central body in the same
plane. The overall distance travelled is much further than the direct distance, for example the Mars
2020 mission has travelled over 234 million km from Earth to Mars. Transporting a large weight of
food this distance would be logistically very challenging using technology available today.
The cost of space launch has been dramatically reduced over the years [12] and it is possible
to estimate the costs involved for carrying the cargo alone [13]. Assuming that a medium-lift
vehicle would be required (a cargo range of 2,000 – 20,000 kg), we can estimate a cost of between
$1700 and $15,000 to launch 1 kg of material into low Earth orbit. Costs do not stop there and using
current technology, transport to Mars requires approximately 9 times the weight of propellant per
kg of cargo for launch, so it would appear that regular launches from Earth may not be financially
viable to transport large masses of food such a great distance, especially given that inter-planetary
launch windows are every 2-3 years. Therefore, it seems a reasonable planning assumption that as
human beings begin to look further to living and existing as an interplanetary species, we cannot
simply rely on Earth to supply the whole of the Martian population and as this population expands
there will be an increasing demand for food and resources to be produced in situ.
This situation provides scientists and engineers with technical challenges and opportunities
and drives the current set of planning assumptions that laying the foundations to rapidly develop
sustainable agriculture ahead of any permanent human presence on Mars will be critical to the
success of inhabitation and the future build of a colony. We propose the use of synthetic biology to
provide solutions to some of these tasks. First, we will address the problem statements.
2. Problem Statements
The challenges we will address in the review have applications not only for the colonisation of Mars
but for the optimisation, reclamation and utilisation of resources and land on Earth. With the
population of Earth expected to reach 10 billion (bn) people by the mid to late 2050s [14], an
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increase of 20-25% from today, it is clear that radical changes in farming practice, sustainability of
both food stuffs and drinkable water and conservation of the Earth’s ecosystems will be required to
meet the demand of an expanding population. Three problem statements may be defined which will
be addressed in the next sections.
 the composition of the Martian regolith in situ may not support crop growth
 the conditions on the surface of Mars are inhospitable to life
 expansion of Earth’s population requires further inventive ways to sustain all inhabitants with an
acceptable quality of life.
3. Surface Martian Conditions
Mars is generally an arid, frigid, lifeless, desert receiving approximately half the level of sunlight on
the surface when compared with Earth. The common average temperature reported is −63 °C
(210 K; −81 °F) [15]. Surface temperatures may reach a high of approximately 20 °C (293 K;
68 °F) at noon at the equator and a low of about −153 °C (120 K; −243 °F) at the poles [16], [17].
The radiation environment at the Martian surface is, apart from occasional solar energetic particle
events, dominated by galactic cosmic radiation (GCR), secondary particles produced in their
interaction with the Martian atmosphere and albedo particles from the Martian soil, termed regolith.
The highly energetic primary cosmic radiation consists mainly of fully ionized nuclei creating a
complex radiation field at the Martian surface [18], [19]. Mitigating the risk of exposure to harmful
levels of GCR will likely require the construction of one or more underground shelters and
candidates could include modification of existing lava tubes which are located in low lying regions
of the planet and which receive reduced levels of GCR. This is important as a previous study of
analogue lava tubes on Earth showed that the amount of radiation in the interior of the tubes is 82%
lower than on the surface of the planet [20]. These surface conditions set the scene for where
synthetic biology may be able to help, which is likely in a sub-terranean environment using Martian
regolith.
4. Nature of Soils
An average composition of Earth soil and Martian regolith is shown in Figure 1.
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As of May 2021, the composition of Martian regolith is believed to be devoid of organic matter due
to the absence of either living or extant carbon-based lifeforms and the recent Mars 2020 mission
will seek astro-biological signatures of life at sites within the Jezero crater. Unlike Martian regolith,
soils on Earth comprise approximately 25% water, 25% air, 45% minerals of varying compositions
and textures and 5% of organic matter derived from living or dead organisms [21] – [23].
Martian regolith is a dusty, pulverised rock layer which has been produced by the impact of
asteroid and meteorite collisions with the planet’s surface together with the erosion of iron-rich
igneous rock by physical weathering over billions of years. The mineral matter in Martian soil is
derived from weathered volcanic rock [24]. It has clay and silt-sized particles, a thin surface layer of
very small sized dust particles and a reddish colour due to the presence of iron oxides. Overall,
Martian regolith is of a sandy texture [25], [26] and has evolved over time [27]. Previous
expeditions to Mars such as the Viking, Pathfinder, Spirit, Opportunity and Curiosity landers have
analysed the chemical composition of regolith and found it to be made up mainly of silicon, iron,
aluminium, magnesium and calcium oxides and these studies have permitted the sourcing of Mars
regolith simulants (MRS) [28], [29] with a comparable elemental composition.
However, MRS have not included the presence of perchlorate which is present in Martian
regolith as a salt of both magnesium, sodium and calcium. NASA’s Phoenix Lander discovered the
presence of perchlorate anions at a concentration of 0.4–0.6 weight % [30], [31] which was
confirmed by the Sample Analysis at Mars instrument onboard the Curiosity rover [32]. In
September 2015, the Mars Reconnaissance Orbiter detected hydrated salts of NaClO 4,
Mg(ClO4)2 and Mg(ClO3)2 in locations thought to be brine seeps.
Perchlorates are powerful oxidising agents and toxic to both humans [33] and to plant
growth [34] and a study showed that perchlorates, at concentrations similar to those detected in
Martian surface regolith, become bacteriocidal when irradiated with a simulated Martian UV flux
which caused vegetative cells of Bacillus subtilis to rapidly lose viability within minutes [35].
Moreover, two additional components of the Martian surface, iron oxides and hydrogen peroxide,
were shown to act in synergy with irradiated perchlorates to cause a 10.8-fold increase in cell death
when compared with cells exposed to UV radiation for 60 seconds. Interestingly, the distribution of
perchlorates in the Martian regolith may be driven by the distribution of chlorine and the
photocatalytic ability of silicon dioxide and other metal oxides, suggesting that areas may exist
where the perchlorate concentration may vary [36].
5. Addressing the Problem Statements with Synthetic Biology
Synthetic biology, popularly known as SynBio is a multi-disciplinary area of research which aims
to create new biological entities or to re-engineer systems existing in the natural world. It is a crossdisciplinary science which integrates multiple specialities including biology, systems biology and
bioinformatics, biotechnology, machine-based learning, engineering, manufacturing and safety
assessment. The scientific and ethical potential of synthetic biology for space exploration has been
extensively reviewed [8], [37] – [41] and may in some instances be able to ameliorate the risks
perceived for travelling to and living on Mars [42].
This section will review some selected candidates, provide an update on their status and
illustrate examples under the most relevant category proposed [38], namely resource utilisation to
permit life support. The mind map in Figure 2 illustrates the areas under consideration for this
review. Other themes such as medicine, manufacturing, cybernetics and terra-formation are out of
scope here and have been covered elsewhere, e.g. [8] and will be the subject of an additional future
review when more data becomes available over the next several years.
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a) Detoxification
The presence of perchlorate on Mars presents one immediate challenge which must be overcome to
permit the growth of crops if Martian regolith is to be a substrate for establishment of a food supply
chain. A terrestrial study with four wetland plants showed plant growth in soil in the presence of
0.5% perchlorate was associated with a decline in leaf chlorophyll content, a reduction in the
oxidising power of root systems, a reduction in plant size above and below ground, and an
accumulation of perchlorates in the leaves [34]. This study illustrates that for plants to grow in
Martian regolith, the regolith needs to be processed to remove perchlorate and other toxic
impurities. Moreover, findings suggest that the combined effects of irradiated perchlorates, iron
oxide and hydrogen peroxide on the Martian surface, may demonstrate the low probability of
survival of organisms introduced to Mars not adapted or engineered to grow in such conditions [35].
Perchlorate contamination on Earth is an issue of increasing global concern as it has a
deleterious effect on ecosystems, with a concomitant loss of environmental quality and diversity
[43]. Perchlorate is a ubiquitous contaminant produced from both natural and anthropogenic sources
[44] and is present in areas associated with the use and manufacture of rockets and ammunition. In
humans, perchlorate is a potent endocrine hormone attenuator affecting iodine fixation by the
thyroid gland which is responsible for regulating metabolism, growth, and development [45] and
may be considered harmful to the development of infants and children throughout their growing
period [46]. Acute, short-term exposure has been shown to affect the nervous, respiratory, immune,
and reproductive systems [47], [48] and it has also been related to thyroid cancer and teratogenesis
during the first trimester of pregnancy [49]. The main direct routes of exposure of astronauts to
perchlorate on Mars would be through direct inhalation of dust into the lungs, ingestion of
contaminated water and ingestion of foods grown in the presence of perchlorate. Exposure to
perchlorate through inhalation is not a general serious problem on Earth and concentrations are
typically low in drinking water [50]. Most naturally occurring sources of perchlorate of potential
health concern appear to be geographically limited to arid environments where deposits tend to be
low in concentration, except for the relatively high natural concentrations found in Chilean caliches
and some potash ore deposits containing perchlorate ranging from 0.03 to 0.1% [43]. Potash ore is
mined and milled in Saskatchewan, Canada (silvite mineral), United States (New Mexico, hankite
mineral from California), and Playa crusts from Bolivia [51]. The potassium chloride in these
deposits originated in briny sea beds, similar to those of Chilean deposits where the concentrations
of perchlorate range from 0.0025 to 0.27 %.
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Given that perchlorate poses a threat to human health in some regions on Earth, various
approaches have been identified which have both terrestrial utility and may be transferable to Mars,
albeit in a limited environment in the first instance. It has been known since the 1920s that bacteria
exist which can use chlorate and perchlorate as a terminal electron acceptor for anaerobic energy
production and dissimilatory perchlorate reducing bacteria (DPRB) use a highly conserved
perchlorate reductase (PcrABC), to reduce perchlorate to chlorate and subsequently chlorite.
Chlorite is then rapidly removed by another highly conserved enzyme, chlorite dismutase (Cld), to
produce molecular oxygen and chloride. One recent study described DPRB isolated from soil
samples from hypersaline deposits in the Colombian Caribbean [45]. Capable of growing in salt
concentration of 30% sodium chloride, bacteria related to Vibrio, Bacillus, Staphylococcus and
Nesiotobacter genera were shown to reduce perchlorate concentrations from between 10 – 25%
when grown in culture medium containing potassium perchlorate at various concentrations between
100 and 10,000 mg/L. DRPB may also have a secondary effect, particularly relevant to the concept
of a closed biosphere, which is a unique ability to generate molecular oxygen as a transient
intermediate of the central pathway of perchlorate respiration [52]. Constructing an ecosystem with
such a population of bacteria may both protect colonists from serious health problems while also
bolstering their breathable air supply.
Wherein lies the opportunity for synthetic biology? One proposition is that proposed by
NASA [53] which is the construction of a synthetic biology system architecture capable of
detoxifying perchlorate and enrichment Martian regolith in one entity. This is an example of using
synthetic biology towards building organisms with a repertoire of individual functions [54]. In this
case, the two system processes of perchlorate reduction and nitrogen fixation are proposed to be
combined and be permissive for regolith-based agriculture on Mars. Research is underway to
investigate two strains of a diverse clade of Pseudomonas organisms, which are technically more
amenable to laboratory experimentation and include a perchlorate reducer and a nitrogen fixer. The
concept is part of a broader field of study which includes the design, incorporation of engineered
organisms and operationalisation of the Crucible open source bioreactor to emulate the Martian
environment [55].
b) Engineered Plants
i) Drought Resistant Plants
Over the last decade it is now become clear that not only did water exist on the surface of Mars in
the past to shape the landscape, but that it exists on the planet today in both liquid and frozen forms
[56] – [59]. All plants require water, even if grown hydroponically and as of the time of writing, it
is believed that considerable effort and energy will be required to abstract water and establish a
supply chain even on a small scale. Water storage and retention in a form that can be made
available to support plant and crop growth on demand is a significant hurdle which needs to be
overcome. We should, therefore, regard water as a valuable commodity. Indeed, the predicted need
to produce more terrestrial based food for human consumption and the demand for additional water
to support crop irrigation and growth [60], [61], has warranted research efforts which have recently
been reviewed [62]. In brief, synthetic biology has demonstrated that the amount of water lost
through plant stomata can be reduced by modulation of Photosystem II (PSII). In 2018, a study
investigated the effects of increased expression of PSII subunit S (PsbS), a chloroplast-derived
signal for stomatal opening in response to light [63]. Transgenic tobacco plants were generated with
a range of PsbS expression up to approximately 4 times that of the wild-type plant. Plants with
increased PsbS expression showed reduced stomatal opening in response to light which resulted in a
25% reduction in water loss per CO2 molecule imported. This study may have widespread benefit if
findings can be transferred to higher plant species and food crops given that PsbS is a protein
universally expressed amongst plants which photosynthesise.
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A second example of the application of synthetic biology illustrates the reprogramming of
plants to consume less water when they are exposed to an agrochemical [64]. In dry conditions,
plants naturally produce abscisic acid (ABA), which is a stress hormone that slows plant growth and
reduces water consumption by closing stomata. Using the model plant Arabidopsis and the tomato
plant, ABA receptors were re-engineered to be activated by the much lower cost mandipropamid
instead of the more expensive ABA. When the reengineered plants were exposed to
mandipropamid, the plants survived drought conditions by activating the abscisic acid pathway,
which subsequently closed the leaf stomata and reduced water loss.
Any plants which currently grow in a dry arid climate or could grow in such an environment
may benefit if their water loss was reduced and in turn they would consume less water. Moreover,
crops on the verge of viability in dry climates may become a better value proposition if their water
consumption was more closely aligned with the regional supply chain. In addition to modulation of
the stomatal opening and the potential application to higher plants and arable crops on Earth, these
advances may offer an opportunity for growing crops on other planets such as Mars and perhaps
over time, drive plant evolution to regulate stomatal opening in synchronicity with conditions.
Further studies will be required to understand the extent to which these findings can be replicated in
other plants and to explore any potential deleterious effects on plant growth including germination,
flower and seed production and overall biomass and in the case of mandipropamid, the potential
environmental risk posed by this agrochemical.
ii) Thermo-tolerant Plants
The next example concerns the bio-engineering of crops to withstand temperature extremes. As
discussed above the surface of Mars experiences extremes of temperature [15-17], and today it does
not appear possible that plants could be engineered to withstand such temperature extremes.
However, any incremental level of tolerance, for example to cold, may reduce the need for heating
and permit the constraints of temperature regulation to be more flexible. This is important as at low
temperatures, ice crystals are formed in the extracellular matrix which ultimately causes
dehydration in cytoplasm, shrinkage of the cell membrane and cellular rupture on elevated
temperature. Engineering cold stress tolerance in crop plants and cold hardiness in trees has been
reviewed elsewhere [65-67] and for heat tolerance via heat shock proteins [68]. In the case of low
temperatures, our understanding of the biochemical pathways suggests that common pathways are
involved in regulating both cold hardiness and plant growth, where inducer of CBF expression
(ICE) and C-repeat binding factor (CBF) transcription factors play a key role in determining coldinduced gene expression [69], [70]. Molecular targets where modulation of gene expression may
have utility in generation of transgenic crops tolerant to cold have been previously described [65],
and one example is the production of frost tolerant tomatoes using the gene for an anti-freeze
protein (AFP) isolated from carrots. Expression of AFP under the control of constitutive cauliflower
mosaic virus (CaMV) 35S promoter when transformed into tomato var. PKM1, showed a
significant decrease in membrane injury index upon exposure to chilling stress (4 °C) in the AFP
transgenic tomato plants when compared with the wild type [71].
In summary, synthetic biology has the potential to meet increasing global food demand in
the first instance and as a consequence, a collateral benefit is that our better understanding may
benefit space exploration and push the envelope of genetic engineering to produce plants capable of
surviving extremes. CRISPR gene editing technology, which will be referred to in a later section
opens new opportunities to engineer thermo-tolerant and also disease resistance traits; current
knowledge gaps and potential concerns have been reviewed elsewhere [72]. Although not addressed
in detail here, the potential for plants to be engineered to dust tolerance and to photosynthesise
using restricted wavelengths of light is also an area of current research.
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iii) Bio-fortification of Food Stuffs
As with the previous sections on drought resistant and thermotolerant plants, the concept of biofortification is directed at alleviating a shortage of high quality food on Earth [73] and the first
example is that of engineered rice [74]. Golden rice is a variety of rice (Oryza sativa) designed to
produce -carotene, a precursor of vitamin A, in the edible parts of the crop [75]. Primarily
intended as a food for consumption by children in areas of the world where dietary insufficiency is
prevalent, it is a product of synthetic biology which may provide an effective route to ensure a
healthy complement of this vitamin in space settlers. The bio-engineered variety differs from the
parental strain as it harbours three additional -carotene genes capable of producing -carotene in
the endosperm and a further improved strain termed Golden Rice 2, was able to produce
approximately 20 fold greater levels of -carotene when compared with the original golden rice
[76]. Golden rice has been demonstrated to be an effective source of vitamin A for humans [77],
[78] and has received regulatory approval as a food in Australia, New Zealand, Canada and the
United States [79], [80].
Other crops synthetically bio-engineered to produce increased β-carotene content include
potato, canola, tomato, carrot, and cauliflower [81], [82]. Further examples of bio-fortification
include tomatoes to produce a higher level of the B-vitamin folate, producing up to a 25-fold
increase when compared with wildtype [83], rice and field-grown cassava to produce a higher iron
content by over-expression of the iron storage protein ferritin from French bean and soybean [84].
iv) Bio-fuels
There has been great interest in the generation of bio-fuels for example, bio-gas, bio-alcohol and
algal fuels over recent years, largely based on the desire and increasing requirement to develop
alternative replacements for fossil fuels for terrestrial use, with a secondary consideration for
provision of fuel on other worlds, e.g. [8], [85] – [89]. One of the major limiting factors for travel to
and return from Mars is the limitation of propellant mass and the ability to produce propellant in
situ rather than transporting it from Earth would dramatically reduce one of the largest contributors
towards the cost of space missions. There are numerous methods for producing bio-fuels on Earth
such as ethanol, hydrogen, methane, butanol and hydrazine and the production of bio-fuel on Mars
would have utilisation for colony maintenance in addition to providing fuel to return spacecraft to
Earth. Of particular note is a recent study [89] which aims to test the hypothesis whether
cyanobacteria supported from Martian regolith and atmosphere could serve as a basis for biological
life-support systems reliant purely on local materials. The investigators developed a low-pressure
photobioreactor providing regulated atmospheric conditions to cultivation chambers to study the
growth of cyanobacteria. The study concluded that growth of the cyanobacteria Anabaena was
supported from the Martian regolith Mars Global Simulant-1 (MGS-1) and that cyanobacterial
biomass could be used for feeding the secondary bacterium, Escherichia coli. This study, albeit
using unmodified bacterial strains is important, because it suggests that a simulated atmospheric
complement of gases at a pressure of approximately one tenth that of the Earth at sea level, may be
capable of supporting photobioreactor constructs of cyanobacteria-based life support systems. It
proposes the concept for future research that energy production may be made more effective by a
combination of individual strain attributes in an architecture-based design system.
c) Next Steps: SynBio to SynEnhancement (SynEnh)
In the same way that synthetic biology has been popularised as SynBio, we may wish to coin the
term ‘SynEnhancement’ or ‘SynEnh’, which conceptually starts to explore the potential of human
synthetic biology to adapt performance to environment. The potential for SynEnh may come from
many areas and one area to consider are those innate adaptations which have been identified in
extremophiles. Extremophiles are organisms, generally bacteria which can live and propagate in
8

environmental extremes including temperature, pressure, salinity, alkalinity/acidity and high
radiation levels, e.g. [90], [91]. The ability of organisms to withstand such extremes may support
the concept of panspermia where primitive life forms have migrated between worlds [90], [92]. A
previous study has demonstrated that the Bacillus subtilis strain MW01 can tolerate exposure to
low-earth orbit and simulated Martian conditions [93] and more recently an investigation conducted
on the ISS studied the survival of three different bacteria; Sphingomonas desiccabilis, Bacillus
subtilis, and Cupriavidus metallidurans placed in an environment which simulated the gravity of
Mars [94]. The study found no significant differences in final cell count after experiencing Martian
gravity. This suggested that the effects of reduced gravity change on the bacteria was overcome by
the end of the experiment which may support the notion that microbial-supported bio-production
and life support systems can be effectively constructed on Mars. A logical extension of this
observation is that synthetic biology can be used to harness the characteristics of extremophiles
harbouring pre-designed modifications as described previously in section a).
A further extension relates to the possibility of SynEnh for human enhancement [95] which
proposes that the genetic component of a healthy human individual, in this case an astronaut or
new-world colonist, may be modified by gene editing to confer adaptation to such an environment.
Further research is needed to identify potential target genes and to ensure that the technology is both
reliable and safe and this topic is out of scope for further discussion in this review. However,
understanding the potential to engineer accommodation of extreme environments may be greatly
assisted by understanding innate adaptation to, for example, temperature, altitude and atmospheric
pressure [96], [97].
Table 1 summarises some examples of human adaptation to extreme environments which
include high fat diet and cold, high altitude and reduced oxygen and increased atmospheric
pressure. Human adaptation to high fat diet in populations is indicative of strong selection of the
CPT1A allele in natives of Northeast Siberia [98] and a similar finding was made in the FADS
genes in the Inuit population from Greenland [99]. Positive selection may have influenced cold
adaptation where allele frequency variant increase in the TRMP8 gene may have played a role in
thermoregulation [100].

There are numerous examples of human extremophiles showing adaptation to reduced oxygen
levels, such that are present at high altitude which is generally defined as greater than 2,500 m on
Earth. Some Tibetans, Andeans and Ethiopians possess genetic determinants that have evolved at
different times and which confer advantages for gaseous exchange in the respiratory system. Genes
harbouring mutations in NOS2, EPAS1, EGLN1, SENP1, PPARA, ANP32D and FAM213A [101109] have all been shown to play roles in adaptation to high altitude.
Lastly, some studies have shown that members of the Bajua Indonesian population have
acquired adaptations to hypoxia by developing large spleens, possibly as a result of the practice of
breath-hold diving performed for several minutes permitting dives to a depth of 30 m or greater
[110], [111]. The study identified physiological and genetic adaptations to diving where the
9

development of larger spleens in individuals were associated with a gene involved in regulating
thyroid hormone levels which enables additional storage for oxygenated red blood cells.
These examples illustrate two things. First, it may be possible to include in astronaut or colonist
selection criteria innate genetic predisposition to adaptation to extreme environments where the
genotype confers a phenotypic advantage to, for example atmospheric conditions which may
require less energy to maintain. Secondly, an understanding of genetic adaptation may profer
candidates for gene editing strategies supporting the concept of SynEnhanced humans, specifically
engineered to cope better with the Martian environment than their wild type counterparts.
In summary, Figure 3 presents an overview of the inter-disciplinary components
contributing to both SynBio and SynEnh. At the heart of the principal disciplines, manipulation of
DNA is a core activity which may lead to the generation of modified plants and other organisms or
the construction of multi-architecture pathways within an organism.

6. Conclusion
In this review we defined three problem statements where synthetic biology may play a role to
better the future of mankind for life on Earth and to permit the exploration of space and other
worlds. The first relates to the nature of Martian regolith; the requirement to detoxify perchlorates
and the need to bio-augment with bacteria which fix nitrogen.
The second challenge refers to the conditions on Mars where extremes of surface
temperature, the lack of flowing liquid water, the propensity for dust storms and the presence of
GCR will prevent anything but short term residence of human beings and the growth of colonies.
Clearly humans will need to be sheltered in a biosphere which may either be on the surface, semi or
completely subterranean and the atmosphere in the biosphere must be conducive to supporting life.
Thus the application of synthetic biology is as appropriate to supporting life in a closed
environment on Mars in much the same way that it may support life on Earth, except on a much
smaller scale and where the interdependencies of feedback control systems are absolute and where
there may be little margin for error.
The third problem statement is illustrative of where developments in synthetic biology may
greatly benefit life on Earth. Figure 4 shows the actual and projected increase in the total global
population of the human species over the decades and sets both a challenge and an opportunity for
humanity. In meeting the needs of a population which appears to be increasing linearly by
approximately 0.5 to 1 bn people per decade, with no apparent sign of the rate decreasing and
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predicted to reach 10 bn by 2050 [112], it appears obvious that a food and supply chain will need to
ever increase in efficiency while reducing the carbon footprint needed for maintenance and future
growth. Crop modifications such that have been described in this review include biofortification,
reduced use of water to produce faster life-cycle times and higher yield in more extreme
environments. These are some prime targets for the development and deployment of synthetic
biology strategies.

The potential implications of these studies are clear for sustaining an expanding human population
on Earth. Likely driven out of necessity and in part to meet the challenges of climate change, the
application of any discoveries provide realizable benefit for human settlements living in isolated
environments on Earth, during prolonged space travel, or in the establishment and maintenance of
colonies on other worlds. Synthetic biology has already changed how humans live today, e.g. [113],
[114] and may have a role to play in the preservation of biodiversity, e.g. [115] and in a new
generation of biosensors, e.g. [116]. There would seem to be no limit on how synthetic biology can
be developed and exploited and the duty falls on us as human beings to ensure ethical and
responsible use for the whole of humankind [117] – [119].
It would appear that today in 2021, that the potential benefits of synthetic biology outweigh
the perceived and known risks and with the judicious and considered use of our knowledge in
molecular biology, engineering science and agriculture, our species may not only be able to live and
thrive on Earth, but also to expand our presence within our solar system. With the stated aim of
Mars colonization by the early 2030s timeframe, this promises to be an exciting decade ahead!
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