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A B S T R A C T   

Establishing the first human presence on Mars will be the most technically challenging undertaking yet in the 
exploration beyond our planet. The remoteness of Mars from Earth, the inhospitable surface conditions including 
low atmospheric pressure and cold temperatures, and the need for basic resources including water, pose a 
formidable challenge to this endeavour. The intersection of multiple disciplines will be required to provide so
lutions for temporary and eventually permanent Martian habitation. This review considers the role cyanobacteria 
and eukaryotic microalgae (collectively referred to here as ‘microalgae’) may have in supporting missions to the 
red planet. The current research using these microorganisms in biological life support systems is discussed, with a 
systematic analysis of their usage in each system conducted. The potential of microalgae to provide astronauts 
with oxygen, food, bio-polymers and pharmaceuticals is considered. An overview of microalgal experiments in 
space missions across the last 60 years is presented, and the research exploring the technical challenges of 
cultivation on Mars is discussed. From these findings, an argument for culturing microalgae in subterranean 
bioreactors is proposed. Finally, future synthetic biology approaches for enhancing the cyanobacterial/micro
algal role in supporting human deep-space exploration are presented. We show that microalgae hold significant 
promise for providing solutions to many problems faced by the first Martian settlers, however these can only be 
realised with significant infrastructure and a reliable power source.   

1. Introduction 

1.1. Mars: The next frontier 

Crewed missions to Mars are widely considered as the next step in 
human space exploration following a planned return to the moon in the 
mid-2020s (ISECG, 2018). There are several driving forces for the 
human exploration of Mars, including science, technology, human cu
riosity, and zest for discovery (e.g., Cockell, 2004; Horneck et al., 2006; 
Nangle et al., 2020; Rapp, 2008). 

Previous robotic missions to Mars have helped us gain substantial 
knowledge regarding the planet’s geology and atmosphere, and identi
fied the many challenges for human exploration. A comparison of 
environmental parameters reveals stark differences between Earth and 
Mars (Fig. 1). Mars’ thin atmosphere (6–7 mbar average at the datum 
surface altitude; Jakosky et al., 2018), consists of 95% CO2, 2.8% N2, 
2.1% Ar, with only 0.13% O2, compared to the 21% O2 78% N2 and 

0.04% CO2 of the Earth’s ~1000 mBar atmosphere (Franz et al., 2017). 
The thin atmosphere also results in large temperature variability be
tween day and night, with an average surface temperature estimated to 
be − 60 ◦C (Liu, 2003; Osczevski, 2014). Additionally, the occurrence of 
dust storms can significantly reduce sunlight on the surface and can last 
for months (Leovy, 2001). The combination of low temperature and low 
air pressure means that liquid water is generally not stable under current 
Martian surface conditions (Richardson and Mischna, 2005). Finally, the 
surface is bombarded by ionizing particle radiation (Dartnell et al., 
2007; McKenna-Lawlor et al., 2012; Simonsen et al., 1990) and high 
doses of damaging wavelengths of solar ultraviolet light (Patel et al., 
2002). Considering these significant constraints, a mission to Mars will 
be technically challenging and extremely expensive, mainly due to the 
volume of consumables such as oxygen, water, food and shelter required 
for astronauts’ survival while en route to Mars, on the surface, and during 
the return to Earth. 

Although current plans to establish human settlements on Mars are 
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not yet sufficiently developed, national space agencies and private 
companies have shown interest in sending humans to Mars in the next 
few decades (e.g., NASA, 2020, 2009; Rapp, 2008; ISECG, 2018). 
Mission proposals vary significantly in the number of crew members 
(2− 12) and length of stay. Before the first astronauts’ arrival, habita
tional facilities offering shelter, oxygen and a water supply should 
already have been emplaced robotically. Farming will play a key role in 
the establishment of a permanent colony, but even with pressurised 
habitats this will be challenging due to the lack of fertile soil, essential 
minerals, and the presence of toxic compounds such as perchlorates on 
the Martian surface (Verseux et al., 2016). 

1.2. The path to self-sufficiency 

Missions to Mars will be resource-constrained since they depend 
significantly on the cargo’s volume and mass. Larger payloads will 
require more storage and fuel, with fuel being expected to be about two- 
thirds of the mass of roundtrip missions (Human Spaceflight Plans 
Committee, 2010). 

A significant degree of self-sufficiency will therefore be key to the 
success of Martian missions. Unlike the International Space Station 
(ISS), resupply from Earth is impractical, with a one-way trip taking 
somewhere between six to nine months (Helisch et al., 2020). Further
more, travel opportunities are restricted by the “launch window,” a 
limited period during which a spacecraft can be launched to reach the 
target orbit. If this window is missed, one must wait approximately two 
years for the next opportunity to launch to Mars. Critically, this means 
that in cases of emergency, Earth cannot send rescue missions and crew 
will not be able to return early. It is therefore imperative that Mars 
colonies become self-sufficient in their early stages. 

One way to overcome Earth dependency is to gather and process the 
resources already available on Mars. This approach is called In-Situ 
Resource Utilization (ISRU). ISRU approaches include water harvest
ing from Martian ice, compressing and processing atmospheric gases, 
and mining minerals and constructing infrastructure from Martian 
regolith (Menezes et al., 2015; Nangle et al., 2020). The Martian at
mosphere is rich in inorganic carbon (CO2) that can be harvested 
through ISRU and transformed into organic products (Fig. 2). Although 
Mars’ atmosphere is relatively deficient in nitrogen (~2.8%), it may be 

possible to compress N2 to sufficient quantities to be available for con
version to ammonium, either by the Haber-Bosch chemical process or 
via N2 fixing microorganisms (Valgardson, 2020). The current methods 
and proposed approaches to conduct ISRU are discussed in detail in a 
recent review by Starr and Muscatello (2020), and here we will assume 
that considerations such as obtaining water and producing energy have 
been solved prior to the first crewed mission. 

Another innovative solution that can help overcome issues of 
component availability and storage is Additive Manufacturing (AM), 
also known as three-dimensional (3D) printing. Through this technique, 
layers of material (e.g. plastic) are deposited successively to produce 
items on-demand, including replacement hardware, medical devices, 
and even large-scale structures such as habitats (Isachenkov et al., 2021; 
Menezes et al., 2015). Printing in situ with Martian raw materials and 
locally-synthesised biopolymers will reduce the required launch mass 
(Menezes et al., 2015). In situ production can also aid the return journey 
to Earth: synthesizing methane and oxygen for rocket propellant from 
atmospheric CO2 and water ice. For example, the SpaceX mission plans 
include the construction of a local propellant plant for this purpose 
(Musk, 2018). 

At the core of the practicability of such deep-space missions is the 
recycling of both organic and inorganic wastes. On Mars, regenerative 
life support systems that allow the efficient recovery of valuable prod
ucts from waste will be implemented to help attain a closed-loop 
approach. As will be discussed in this review, microalgae will have a 
large role to play in achieving self-sufficiency through utilising the el
ements available on Mars, generating biopolymers for 3D-printing, and 
providing regenerative life support systems and recycling. Therefore, 
infrastructure for microalgal cultivation and harvesting should be 
considered as one of the core design requirements for long-term Martian 
habitation (Fig. 2). 

1.3. Cyanobacteria and microalgae 

Most of Earth’s ecosystems are underpinned by photoautotrophs that 
harness energy from light to fix carbon dioxide into organic bio
molecules, and in the process split water to release O2. Oxygenic pho
toautotrophs include terrestrial and aquatic plants, macroalgae (i.e. 
seaweeds), microalgae (i.e. microscopic species of eukaryotic algae), 

Fig. 1. Comparison between Earth and Mars of representative environmental parameters. Atmospheric pressure and temperature measurements are for Earth sea and 
Mars datum level recordings (although it is noted that Martian atmospheric pressure varies with season as well as altitude). 
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and photosynthetic bacteria termed cyanobacteria. For brevity, the term 
‘microalgae’ is used in this review to refer to both cyanobacteria and 
microalgae (Fig. 3). Although plants are an important source of nutrition 

and oxygen, there are many benefits that make cyanobacteria and 
microalgae attractive as a future commercial technology on Earth and 
for space exploration. This includes greater growth rates, minimal 

Fig. 2. Artist impression of a Martian base. Atmospheric CO2, and ice and nutrients from regolith form the basis of growth media for microalgae, which are cultivated 
in various sub-surface photobioreactors (PBR). These PBRs are illuminated using artificial lighting banks powered from photovoltaic systems located on the panet’s 
surface. The oxygen produced by the algae can be used directly for life support, and the microalgal biomass collected, dried and processed to provide food, polymers 
and therapeutics. 

Fig. 3. Micrographs of different microalgae discussed here. Cyanobacteria on top row: two species of the filamentous Limnospira fusiformis (commonly referred to as 
Spirulina) and the single-celled Synechocystis sp PCC 6803. Single-celled eukaryotic microalgae on bottom row: Chlorella sorokiniana, Coccomyxa sp LXD and 
Chlamydomonas reinhardtii. Scale bar size: 5 μm. 
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nutritional requirements, the ability to be grown on non-arable land and 
the production of several valuable by-products (Fabris et al., 2020; 
Janssen et al., 2014). 

The use of various autolithotophic microorganisms has been pro
posed (including those genetically engineered) for the support of human 
habitation of Mars, for example in biomining regolith for metals; 
providing chemical feedstocks for subsequent bioreactor cultures; as 
well as producing nutrients for human consumption (Averesch, 2021; 
Cockell, 2010; Nangle et al., 2020). Such lithotrophic or fermentation 
cultures can be sustained in simple stir-tank bioreactors and can achieve 
short harvest times, and so offer advantages for supporting human 
habitation, especially in the earliest stages of establishment (Nangle 
et al., 2020). Anoxygenic phototrophs, such as certain purple non‑sulfur 
alphaproteobacteria, have also been discussed for their ability to fix 
nitrogen or provide products such as bioplastics or hydrogen propellant 
when cultured on a wide range of substrates (Averesch, 2021; Berliner 
et al., 2021; McKinlay and Harwood, 2010). Here, we focus on the ap
plications of oxygenic photoautotrophs, specifically microalgae. The 
bioreactors needed for their growth are more complex than those for 
lithotrophic or heterotrophic cultures, requiring access to Martian sun
light or artificial lighting. However, cultivation on Mars will benefit 
from the simplicity of pressurising the CO2-rich atmosphere to support 
photoautotrophic growth, and can provide multiple resources at once, 
such as oxygen and food. 

Microalgae are emerging as alternative feedstocks in different in
dustries, ranging from clothing to aquafeed to pharmaceuticals (Rizwan 
et al., 2018). Many of these applications will be useful on Mars. For 
example, recyclable bioplastics derived from algal biomass can serve as 
sustainable substrates for use in 3D printers. The in situ production of the 
raw materials required for fabrication will result in considerable re
ductions in launch mass (Menezes et al., 2015). Microalgae could also 
facilitate biomining on Mars, with metals extracted and recovered from 
Martian rocks through the action of cyanobacteria (Cockell, 2010). 
Table 1 lists potential microalgae for space applications and their most 
relevant features which will be discussed in the following sections. 
Although there has been substantial research into algal production of 
biodiesel or bioethanol for sustainability on Earth (Lam and Lee, 2012; 
Li et al., 2018; Peng et al., 2020; Qari et al., 2017), such biofuels are not 
practical as the major energy source for Martian surface habitation: fuel 
generation from microalgae is currently far less efficient than other 
power sources (Carneiro et al., 2017), and the oxygen required for their 
combustion is itself a limited resource needed for crew survival. Other 
energy sources (i.e. photovoltaics and nuclear power) will be needed to 
power a Mars habitat, although ISRU-produced oxygen and propellants 
(such as hydrogen or methane) have been discussed for ascent vehicles 
from the surface (NASA, 2009; Starr and Muscatello, 2020) and may be 
produced biologically (Menezes et al., 2015). 

The genera Chlorella, Limnospira and Chlamydomonas are the most 
well characterized and studied microalgae in space exploration. Lim
nospira is a newly formed genus into which the commercial strains of 
Spirulina (previously called Arthrospira platensis) have been re-classified 
as Limnospira fusiformis (Nowicka-Krawczyk et al., 2019). For simplicity 
this species will be referred to as Spirulina throughout this review. The 
easy cultivation of Chlorella, Limnospira and Chlamydomonas makes them 
suitable candidates for Mars-specific biological life support systems 
(BLSS) (Helisch et al., 2020). All three genera have been tested in 
different life support systems, mainly for food and air revitalization, as 
shown in Table 2. Anabaena and Nostoc have biomining potential and 
can offer nitrogen-fixation. Euglena gracilis is also an established model 
organism in space research (Hauslage et al., 2018; Richter et al., 2014). 
It is an emerging dietary source with commercially relevant products 
(Gissibl et al., 2019), and can also withstand extremophilic conditions, 
such as low temperatures and desiccation (Hauslage et al., 2018). 
Euglena is frequently flown in space missions and has successfully pro
vided enough oxygen for fish in a bioregenerative life support system, as 
summarised in Table 2 (Hauslage et al., 2018; Richter et al., 2014). 

Additional applications of these microalgae are provided in Table 1. 

1.4. Studies on microalgae in space 

Many of the microalgae listed in Table 1 with potential applications 
for supporting human habitation on Mars have already been studied in 
space. Fahrion et al., 2021 and Niederwieser et al., 2018 provide recent 
reviews of microalgae studies conducted on space stations, space shuttle 
missions, and recoverable satellites, which we summarise in Fig. 4 as an 
overview of all space platforms that have flown microalgae culturing 
experiments. (For clarity we are not exhaustively listing all species 
flown, but focussing on the seven most prominent microalgae for sup
porting human habitation of Mars as argued in Table 1). However, as 
Fahrion et al. (2021) note, many of these space-based studies lack key 
reported information, including parameters such as pH and light in
tensity, which makes comparison of the results between different studies 
difficult. In future, such experiments would benefit from real-time 

Table 1 
List of promising microalgae for space exploration and their most attractive 
features.  

Microalgae Type of 
microalgae 

Most relevant 
features 

References 

Anabaena/Nostoc Filamentous 
cyanobacterium 

Extremophile; 
genetic tools 
available; edible 
species; can use very 
high concentrations 
of carbon dioxide 
and Martian regolith 
simulant; biomining 
potential; capable of 
nitrogen fixation 

(Arai et al., 2008; 
Bothe et al., 
2010; Cockell 
et al., 2011;  
Murukesan et al., 
2016; Olsson- 
Francis et al., 
2012; Olsson- 
Francis and 
Cockell, 2010;  
Verseux et al., 
2021) 

Limnospira 
fusiformis 
(Spirulina) 

Filamentous 
cyanobacterium 

Edible with excellent 
nutritional and 
nutraceutical 
properties 

(Rumpold and 
Schlüter, 2013;  
Wells et al., 
2017) 

Chlamydomonas 
reinhardtii 

Green 
microalgae 

Great set of genetic 
tools available (e.g., 
for production of 
pharmaceuticals) 

(Dyo and Purton, 
2018; Taunt 
et al., 2018) 

Chlorella vulgaris Green 
microalgae 

Edible; air 
revitalization; well- 
characterized; most 
studied under 
spaceflight 
conditions 

(Niederwieser 
et al., 2018;  
Wang et al., 
2008; Wells 
et al., 2017) 

Chroococcidiopsis Unicellular 
cyanobacterium 

Extremophile 
(including 
desiccation and 
radiation tolerance) 

(Billi et al., 2000;  
Cockell et al., 
2011; Olsson- 
Francis and 
Cockell, 2010;  
Verseux et al., 
2016) 

Euglena gracilis Green 
microalgae 

Edible with excellent 
nutritional 
properties; air 
revitalization; model 
organism in 
gravitational 
research; 
extremophile 

(Gissibl et al., 
2019; Hauslage 
et al., 2018;  
Martínez et al., 
2017; Richter 
et al., 2014;  
Strauch et al., 
2008; Suzuki, 
2017) 

Synechocystis/ 
Synechococcus 

Unicellular 
cyanobacterium 

Well-studied 
metabolism; vast 
array of genetic tools 
(e.g., boost 
biopolymer 
content); survival in 
very high 
concentrations of 
carbon dioxide 

(Carpine et al., 
2017; Murukesan 
et al., 2016)  
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monitoring of all critical parameters including temperature, gas ex
change rates, light intensity, nutrient concentrations, and biomass 
production. 

The first microalga to be launched into low-Earth orbit (LEO) was 
Chlorella pyrenoidosa in 1960, and through that decade Chlorella cultures 
were flown on both short and long-term (22 day) missions by the Soviet 

Union (Alexandrov, 2016; Niederwieser et al., 2018). After no signifi
cant differences were observed between test and ground cultures, 
Chlorella was sent to orbit the moon aboard the Zond spacecraft in 1968 
and was later subjected to different experiments inside the Salyut space 
stations, which showed that microgravity does not interfere with algal 
growth (Alexandrov, 2016). (Growth under conditions of microgravity, 

Table 2 
Microalgae tested in Biological Life Support Systems.  

BLSS Contributors Microalgal species Objective(s) Reference(s) 

BIOS (BIOlogical closed life support System)a Russia Chlorella vulgaris Air revitalization/ Water 
recycling 

(Gitelson et al., 1989; Salisbury 
et al., 1997) 

MELiSSA (Micro-Ecological Life Support System 
Alternative)b 

Belgium/ France/ 
Spain/ Canada 

Limnospira fusiformis 
(Spirulina) 

Air revitalization/ Food 
production/ Water recycling 

(Hendrickx et al., 2006) 

EU:CROPIS (Euglena and Combined Regenerative 
Organic food Production on Space)b 

Germany/ Russia Euglena gracilis Air revitalization/ Water (urine 
recycling) 

(Hauslage et al., 2018) 

AQUACELLSb Germany/ Russia E. gracilis Air revitalization (Häder et al., 2006; Porst et al., 
1997) 

CAES (Closed Aquatic Ecosystem)b China Chlorella pyrenoidosa Air revitalization/ Food 
production 

(Wang et al., 2008) 

OMEGAHAB (Oreochromis Mossambicus-Euglena 
Gracilis-Aquatic HABitatb 

Germany/ Russia E. gracilis Air revitalization (Strauch et al., 2008) 

CERAS (Closed Ecological Recirculating 
Aquaculture System)a 

Japan C. vulgaris/ 
L. fusiformis/ 
Scenedesmus quadricauda 

Air revitalization/ Water 
recycling 

(Endo et al., 1999; Omori et al., 
2001; Takeuchi and Endo, 2004) 

CyBLiSS (Cyanobacterium-Based Life Support 
Systems)a 

Germany/ USA/ Italy Anabaena 
PCC 7938 

Substrate for other BLSSS 
organisms 

(Billi et al., 2021; Verseux et al., 
2021) 

SIMBOX (Science in Microgravity Box)b China/ Germany E. gracilis/ C. pyrenoidosa Air revitalization/ Food 
production/ Water recycling 

(Li et al., 2017; Preu and Braun, 
2014) 

PBR@LSR (Photobioreactor at the Life Support 
Rack)b 

Germany/ Russia C. vulgaris Air revitalization/ Food 
production 

(Detrell et al., 2019)  

a Earth-based simulations. 
b Tested in space. 

Fig. 4. List of all space platforms that have flown microalgae cultivation experiments. The most prominent microalgae used in these studies are indicated.  
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and its effects on the handling of liquids, are relevant to the use of 
microalgae-based systems during interplanetary transit (Huang et al., 
2018), although not while on the Martian surface). On the basis of these 
early studies, and its robustness and flexibility of cultivation, Chlorella 
became one of the preferred candidates for incorporation into BLSSs 
(Wheeler, 2011), and the genus has subsequently been shown to be 
highly resilient to space conditions (Helisch et al., 2020). 

New systems are being developed to facilitate the study of micro
algae in the context of space exploration. For example, a simple protocol 
for liquid cultures of Chlamydomonas reinhardtii has been recently 
developed for adaption to the Veggie plant growth chamber used to 
grow vascular plants aboard the ISS (Zhang et al., 2020a, 2020b). With 
this system, batch cultures can be maintained for at least a month at 
room temperature, without agitation, inside gas-permeable, commercial 
tissue culture bags made of fluorinated ethylene propylene. Though this 
study was conducted on the ground, the system has since been operated 
on the SpaceX CRS-15 mission, although details are not yet published. 
The whole genome sequences of the adapted strains have been uploaded 
to NASA’s GeneLab repository, making C. reinhardtii the first microalga 
to be included in this open-access database for genomics, proteomics, 
epigenomics, transcriptomics and metabolomics in support of biological 
spaceflight experiments (Settles, 2020). 

Although microgravity experiments are relevant to the interplane
tary transfer between Earth and Mars, whilst on the Martian surface both 
crew and components of biological life support systems will be subject to 
partial gravity of 0.38 g (see Fig. 1). The number of studies investigating 
microalgal growth and metabolic responses to fractional gravity have so 
far been limited (Santomartino et al., 2020). Mars gravity can be 
experimentally simulated in orbit using a centrifuge. For example, Ja
pan’s Multiple Artificial-gravity Research System (MARS) was used for 
the first microbial study under simulated Mars gravity, aboard the ISS. 
The authors reported no significant differences in the final cell 

concentrations of three different bacteria after 21 days of growth 
(Santomartino et al., 2020). Focusing specifically on microalgae, re
searchers at the University of Stuttgart have designed TIME SCALE, a 
concept of an experimental platform for studying microalgae under 
fractional gravity conditions for future applications in regenerative life 
support systems (Detrell et al., 2018). 

Fig. 5 presents a summary of the main scientific developments in 
algal space research in chronological order. 

The organisational framework we use for this review is based on an 
adaptation of Maslow’s Hierarchy of Needs (HoN) applied to survival on 
the Martian surface. Abraham Maslow first proposed his classification 
system in 1943 for the motivations for human behaviour (Maslow, 
1943). Often represented as a pyramid, this hierarchy moves from re
quirements for survival at the base level to psychological needs for 
personal relationships, and self-fulfilment at the top. As illustrated in 
Fig. 6, we adapt the concept to propose a hierarchy of requirements for 
human survival during deep space exploration that can be met by 
microalgae, ordered based on those that would have the most immediate 
and grave life-critical effects in the event of failure. These applications of 
microalgae thus progress from maintaining a breathable atmosphere 
within pressurised crew areas, to supplying sufficient cultivated food 
and purified water, with production of biopolymers for clothing or 
3D-printed articles and synthesis of pharmaceuticals providing for 
longer-term necessities. After treating these topics, the last sections of 
the review will consider the challenges for microalgae cultivation on 
Mars and what role synthetic biology may play in the future. 

2. Biological life support systems and oxygen generation 

Currently aboard the ISS, the Environmental Control and Life Sup
port System (ECLSS) produces breathable oxygen by electrolysis of 
water as well as a Sabatier reactor employing the catalytic conversion of 

Fig. 5. Chronological timeline of major scientific achievements in algal space research and in space and Mars exploration.  
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CO2, and additional CO2 scrubbing from the atmosphere. Most of the 
water from urine is recovered by vacuum distillation to recycle drink
able water, whereas solid human waste, and other waste, is loaded into 
resupply vehicles and destroyed upon their re-entry into Earth’s atmo
sphere. Such life support systems are described as being open as they do 
not completely recycle matter and so entail the loss of resources as waste 
and necessitate resupply from Earth. While this is acceptable for short- 
term and low Earth orbit flights and space stations, crewed deep-space 
missions, including the habitation of Mars, will require loop closure of 
life support systems to more completely recycle the biological products 
of the astronauts and minimise the launch mass of necessary consum
ables (Alexandrov, 2016; Bagdigian et al., 2015; Barta and Henninger, 
1994). 

BLSS which utilise living organisms growing in bioreactors to recycle 
resources as an artificial ecosystem, offer a solution for closing the loop, 
as depicted schematically in Fig. 7. 

While BLSSs are more complex than traditional life support systems, 
the incorporation of photoautotrophs expands life support system 
functionalities to include food production on top of the treatment of air, 
water, and waste. Microalgae have been incorporated into a number of 
BLSS, and a list of current or past investigations in BLSSs and their 
respective tasks are summarised in Table 2. 

The most critical resource for the immediate survival of a crew on 
Mars, shown as the base layer of Fig. 6, is the generation of breathable 
oxygen. A crew of six astronauts consumes between 4–6 kg of oxygen a 
day, taking into consideration daily intense exercise routines of two 
hours (Horneck et al., 2006). Several physico-chemical methods are 
available to produce oxygen in situ on Mars. Oxygen can be generated by 
the electrolysis of water, as employed aboard the ISS. Oxide minerals in 
the Martian regolith can be physically or chemically separated (Sibille 
and Dominguez, 2012). Carbon dioxide captured from the atmosphere 
can also be split into oxygen and carbon monoxide, as has been suc
cessfully demonstrated on Mars by the MOXIE (Mars Oxygen ISRU 
Experiment) instrument aboard NASA’s Mars 2020 ‘Perseverance’ rover 
(Hecht et al., 2021). Alongside these options, microalgal photosynthesis 
may also provide oxygen for long-duration habitation of the Martian 
surface, as well as within the interplanetary transfer vehicle, and most 
BLSS systems tested so far (Table 2) have had this functionality at their 

core. 
The Soviet BIOS-3 (BIOlogical closed life support System) facility 

begun in 1965 was one of the earliest to employ microalgae (Salisbury 
et al., 1997). BIOS-3 was used to study gas exchange between a crew of 
1–3 humans, and an 18 L algal bioreactor containing Chlorella vulgaris. 
By absorbing carbon dioxide and releasing oxygen during photosyn
thesis, the Chlorella was responsible for 20% of the overall system 
closure and later 80%–85% by helping recycle water in addition to air. 

More recently, the MELiSSA (Micro-Ecological Life Support System 
Alternative) project, started in 1989, has been refining a more complex 
BLSS. Its pilot plant is based in Barcelona, Spain, and is coordinated by 

Fig. 6. Hierarchy of microalgae-derived products discussed in this paper. This conceptualisation highlights the ranking of concerns for supporting human survival in 
deep space exploration (i.e. where failure would have the most immediate and grave consequences for the crew) and serves as a visualisation of the order of topics 
covered in this review. 

Fig. 7. Simplified schematic representation of a closed-loop biological life 
support system involving microalgae as a main component. The figure includes 
the products that humans can obtain directly from microalgae (i.e. food and 
oxygen) and indirectly through other microorganisms (i.e. used as feedstock to 
aid fermentation of bacterial products). 

L.J. Mapstone et al.                                                                                                                                                                                                                            



Biotechnology Advances 59 (2022) 107946

8

the European Space Agency (ESA). MELiSSA mimics an aquatic 
ecosystem, with Spirulina as the key microalgal component (Hendrickx 
et al., 2006). MELiSSA’s closed-loop has five compartments with 
different components, such as plants and microalgae, bacteria and 
humans, responsible for performing different tasks (Hendrickx et al., 
2006). The aim is for solid waste, including faecal matter and inedible 
plant material, to be first processed with thermophilic anaerobic bac
teria that can thrive at very high temperatures capable of destroying 
pathogens. In this stage the waste is converted into ammonium, min
erals, and volatile fatty acids, which are then treated by other bacteria in 
subsequent compartments for the recycled carbon and nitrogen to sup
port growth of higher plants and Spirulina (Clauwaert et al., 2017), 
which in turn provide food and oxygen for the astronauts (Hendrickx 
et al., 2006). 

The PBR@LSR (Photobioreactor at the Life Support Rack), which 
was launched to the ISS in 2019, evaluated the performance of a hybrid 
system. The two-stage process first extracts and concentrates CO2 pro
duced by astronauts from the cabin’s atmosphere using the ESA Life 
Support Rack, with the CO2 then fed to a photobioreactor containing 
Chlorella vulgaris, to produce oxygen and biomass. Due to power failure 
and leakage, the experiment was terminated early and oxygen produc
tion could not be evaluated. Nonetheless, continuous growth and higher 
biomass than the control parallel experiment were observed at the 
beginning of the experiment (Detrell et al., 2019). 

Spirulina’s oxygen production has also been evaluated aboard the 
ISS inside the ArtEMISS (Arthrospira sp. gene Expression and mathe
matical Modelling on cultures grown in the International Space Station) 
photobioreactor as part of the MELiSSA program (Poughon et al., 2020). 
Data from the ISS and ground bioreactors used as controls were com
parable, and the authors concluded that microgravity has no major ef
fect on the oxygen production rate. The Arthrospira-B experiment (also 
using a Spirulina strain) was the first experiment in space to allow online 
remote monitoring of cellular metabolism, specifically oxygen produc
tion and growth rate. Direct measurements helped assess the effect of 
microgravity at a cellular level by giving insights into time variables 
instead of integral variables such as biomass concentration (Poughon 
et al., 2020). 

For long-term missions, life support systems must not only regen
erate breathable atmosphere and water, but also recapture valuable 
chemical elements from waste, such as nitrogen and phosphorus, which 
are in short supply on Mars. Nangle et al. (2020) argue that biotech
nology will be key to closing this loop, with urine, being easier to pro
cess, to be the first waste stream to be solved. Microalgae can serve this 
function, with multiple studies having shown that Chlorella and Spir
ulina can utilise the urea in urine as a nitrogen source (Hodson and 
Thompson, 1969; Avila-Leon et al., 2012; Chang et al., 2013; Khalili 
et al., 2015; Jaatinen et al., 2016; Sukumaran et al., 2018), and more 
recently, Tuantet et al., 2019 demonstrated continuous growth of 
Chlorella sorokiniana in urine beyond 8 months. 

3. Microalgae as food 

3.1. The food challenge on Mars 

A crew of six will need 13–15 t of food for a 500 day return mission to 
the Martian surface (Nangle et al., 2020). While the first missions will 
likely rely on food payloads, this core supply may be supplemented by 
food grown using in situ resources during the mission, and for longer- 
duration Martian habitation, self-sufficiency for nutritional intake will 
become imperative. 

Arable cultivation supports human populations on Earth, and the 
farming of staple crops on regolith has been proposed to support the 
nutritional requirements for long-term Martian habitation (Eichler et al., 
2021; Wamelink et al., 2014). Microalgae may play a supportive role in 
such crop cultivation by biofertilisation of regolith soil (Fackrell et al., 
2021). The Martian regolith is mostly composed of eroded basaltic rock 

and so represents only the pulverised mineral grains within a terrestrial 
soil and none of the dark organic material, or humus. Humus enhances 
soil stability and the availability of water and nutrients to roots and so 
supports plant growth. While experiments have demonstrated successful 
germination and plant growth using Martian regolith stimulant 
(Wamelink et al., 2014), it is not well suited to productive crop culti
vation without nutrient enrichment (Eichler et al., 2021; Wamelink 
et al., 2019). Barren soils on Earth can be improved by the addition of 
cyanobacterial or algal biomass as a biofertiliser or soil conditioner 
(Chamizo et al., 2018; Chatterjee et al., 2017; Do Nascimento et al., 
2019; Metting and Rayburn, 1983) and the addition of PBR-cultured 
microalgae to prepared regolith to create organic-rich artificial soil 
may enable more productive cultivation of food crops in greenhouses for 
future Martian colonists. Nitrogen-fixing (diazotrophic) cyanobacteria, 
such as Anabaena and Nostoc, would be particularly useful for recycling 
this crucial plant nutrient for biofertilisation. Martian regolith also 
contains chemical species toxic to plant growth, including excess salts, 
and in particular perchlorate, that would need to be purged by washing 
or bioremediation to prepare a soil suitable for crop cultivation (Davila 
et al., 2013; Fackrell et al., 2021; Oze et al., 2021). 

Traditional terrestrial staple crops such as cereals and root vegeta
bles, however, have multiple disadvantages for cultivation on Mars, 
especially in the early stages of establishment of a human presence. 
Firstly, these staples typically have poor nutritional profiles, being rich 
in carbohydrates but poor in minerals and protein. Secondly, a large 
proportion of the plant matter of most traditional crops is inedible – for 
example, only 29% of the wheat plant and 61% of the potato plant is 
consumed (Lehto et al., 2006) – and this makes them inefficient for 
cultivation when available space in limited. Thirdly, most plant crops 
require cooking to break down cellulose cell walls to release nutrients, 
making their conversion into food a more energy intensive process. 
Finally, plants are relatively slow growing, typically taking months from 
seed to harvest. 

Culturing microbes for human nourishment solves many of these 
problems. Microbial fermentation, typically employing stains of lacto
bacillus or yeast, is widespread in cuisine around the world, producing, 
for example: bread, alcohol, yoghurt, miso, soy sauce, kombucha, and 
pickles such as sauerkraut and kimchi. While most of these ingredients 
typically form only a small fraction of the calorific intake in terrestrial 
nourishment, microbes will have a much larger role to play in feeding 
the crew of deep-space missions. 

Lithoautotophic or methylotrophic microbes (or model organisms 
engineered for methanol-based heterotrophic fermentation) have been 
proposed as suitable microbes for supplementing transported food in the 
earliest stages of human habitation on Mars. They can be grown on 
readily obtainable raw materials – redox couples within the regolith and 
atmospheric CO2, or methanol derived from the catalytic reduction of 
CO2, respectively – in simple stirred reactors and could be engineered to 
synthesise protein, polysaccharides and fatty acids, as well as vitamins 
and flavourings for human consumption (Nangle et al., 2020; Schrader 
et al., 2009). Microalgae, on the other hand, would require more com
plex photobioreactors with access to focussed Martian sunlight or arti
ficial lighting (Averesch, 2021), but there are already several well- 
established microalgae suitable for human nutrition. Spirulina, Chlor
ella vulgaris and Chlamydomonas reinhardtii have all been certified as 
GRAS (Generally Recognized As Safe) status by the U.S. Food and Drug 
Administration (FDA, 2018). The trade-offs are between the operation of 
simpler fermentors vs. more complex photobioreactors on the Martian 
surface, and the microalgae already well established for safely produc
ing food vs. extensively engineering lithoautotrophs or methylotrophs 
(and then certifying that their metabolism does not produce human 
toxins under any growth conditions). Here, we focus on the applications 
of microalgae. 
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3.2. Spirulina and Chlorella as space crops 

The cyanobacterium Spirulina and microalga Chlorella vulgaris both 
have a long tradition as food and food ingredients (Wells et al., 2017) 
and are attractive candidates for food cultivation on space missions. The 
nutritional profiles of these microalgae are compared in Fig. 8 to those of 
the cereal crop wheat and the tuber sweet potato, both of which have 
been considered for off-world cultivation. Wheat has been tested in life 
support systems, with a variety of cultivars developed for space travel 
(Zhang et al., 2020a). All parts of the sweet potato plant are edible (Li 
et al., 2019) and it produces a greater quantity of nutritional biomass per 
unit area than any other food crop (Patil, 2020), making it space effi
cient for Martian cultivation. The farming of insects has also been pro
posed for providing animal protein, as they can be reared quickly in 

small spaces on plant waste inedible to humans, or on cultured micro
algae (Rumpold and Schlüter, 2013; Katayama and Yamashita, 2016. 
The nutritional profile of the house cricket, Acheta domesticus, is also 
shown as a comparator in Fig. 8. 

Fig. 8 also shows the Acceptable Macronutrient Distribution Range 
(AMDR) for a healthy human diet (Trumbo et al., 2002). The AMDR is 
one of the parameters set by the USA’s National Academy of Medicine 
for calculating the Dietary Reference Intake, and specifies the typical 
percentage of protein, carbohydrate and fat required by humans to have 
a healthy diet. It is immediately apparent from Fig. 8 that neither the 
staple crops nor insects provide a distribution of macronutrients that 
matches human nutritional requirements. As no one crop meets this 
exact profile, it would be necessary to cultivate a range of plants in space 
to fit human nutritional requirements. 

Fig. 8. Nutrient composition of five species. A: Essential amino acid distribution; B: Polyunsaturated fatty acids distribution (values for sweet potato PUFAs could not 
be determined from literature search); C: Macronutrient distribution. The AMDR (Acceptable Macronutrient Distribution Range) is the recommended proportion of a 
person’s daily calories which should come from protein, carbohydrate and fats. The large error bars are due to the substantial variation in nutritional composition 
between different growth conditions and strains of each species. This figure was produced for this review by literature search, with the data and reference list 
available at (Mapstone, 2021). 
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The culturing of microalgae offers many advantages over plant crops. 
Chlorella and Spirulina contain far greater protein than typical cereal 
and root crops, and with high quantities of each essential amino acid 
(Fig. 8A). Importantly, these microalgae, in particular Spirulina, have 
protein content comparable to that of the house cricket, one of the most 
protein-dense edible insects (Rumpold and Schlüter, 2013), which rep
resents a large energy saving to produce comparable dietary protein 
intake. 

Spirulina and Chlorella also contain high levels of poly-unsaturated 
fatty acids (PUFAs) when compared to traditional crops (Fig. 8B). This 
includes the three essential fatty acids, which cannot be synthesised in 
humans: Alpha-linolenic acid [18:3n-3] (ALA), Eicosapentaenoic acid 
[20:5n-3] (EPA) and Docosahexaenoic acid [22:6n-3] (DHA). These fats 
have multiple roles in metabolism, including promoting brain health 
and reducing neuropsychiatric disorders (Derbyshire, 2018; Reimers 
and Ljung, 2019), aiding in immune system signalling (Gutiérrez et al., 
2019) and maintaining the cardiovascular system (Pizzini et al., 2018; 
Watanabe and Tatsuno, 2017). The percentage of ALA in the total lipid 
of Chlorella and Spirulina ranges between 0.62 and 1.97% (Bertoldi 
et al., 2006; Tokuşoglu and Ünal, 2003) and 0.62–1.3% respectively 
(Roohani et al., 2019; Tokuşoglu and Ünal, 2003). The EPA percentage 
in total lipid ranges between 0.62 and 7.86% in Chlorella (Bertoldi et al., 
2006; Tokuşoglu and Ünal, 2003) and 1.79–7.77% in Spirulina (Dira
man et al., 2009; Roohani et al., 2019; Tokuşoglu and Ünal, 2003). 
Finally, DHA composition in the total lipid makes up between 0.58 and 
20.94% for Chlorella (Bertoldi et al., 2006; Tokuşoglu and Ünal, 2003) 
and 2.28–3.51% in Spirulina (Diraman et al., 2009; Tokuşoglu and Ünal, 
2003). For comparison, only ALA has been reported in Durum wheat at 
1.72–2.48% total lipid (Narducci et al., 2019; Zengin et al., 2017) and 
Sweet potato at 0.022% total lipid (Shen et al., 2018). The house cricket 
also lacks DHA (Tzompa-Sosa et al., 2014; Udomsil et al., 2019), 
although does contain ALA at 0.105–1.59% total lipid and EPA at 
0.46–0.55% total lipid (Tzompa-Sosa et al., 2014; Udomsil et al., 2019). 
On Earth, humans obtain the essential oils mainly from oily fish, flax
seed, beef and lamb liver, kidney, brain and seeds such as walnuts, brazil 
nuts or chia seeds. It is unrealistic to bring large animals and seed pro
ducing trees on space missions, and so microalgae present an attractive 
source of these essential oils. 

The mineral content, or ash percentage, is also higher in Chlorella and 
Spirulina than the comparison staple crops (Fig. 8C), with greater than 
50 mg / 100 g biomass of Na, K, Ca, Mg, Fe and P trace elements in both 
microalgae (Tokuşoglu and Ünal, 2003). Iron in particular is better 
absorbed from microalgae: Puyfoulhoux et al. (2001) found that 
consuming Spirulina biomass resulted in a 6.5 fold higher iron assimi
lation than beef, which was the next best food source when tested using 
a human intestinal cell line Puyfoulhoux et al., 2001. Iron is also present 
in much greater quantities in Chlorella and Spirulina than in the other 
comparator crops. Both microalgae have high levels of B, C, E and A 
vitamins, as well as antioxidants such as carotenoids (Furmaniak et al., 
2017; Safi et al., 2014; Venkataraman, 1997). As a consequence, both 
microalgae have also been examined as potential supplements and 
therapeutics (Karkos et al., 2011), which is discussed in more detail in 
Section 5. 

Despite their rising popularity as a terrestrial food source, micro
algae are considered a supplement and rarely reach more than 1% of the 
total daily diet. The highest reported intake of dietary Spirulina is in 
locations where it has been traditionally produced. In Chad, Spirulina is 
collected from alkaline lakes, sun dried and then used to produce Dihé 
cakes. Dihé can make up to 10–15% of the local diet when Spirulina is in 
season (six months / year) (Food and Agriculture Organization of the 
United Nations., 2007). Locals who do not eat Dihé cakes are signifi
cantly more likely to have vitamin A deficiency, highlighting the 
nutritional benefit of Spirulina consumption (Soudy et al., 2018). There 
have been numerous studies on supplementing animal feed with Spir
ulina, with reports of rabbits, rats, pigs and chickens being supple
mented with Spirulina to form up to 20% of their total diet (Holman and 

Malau-Aduli, 2013). Spirulina-supplemented animal feed studies 
generally report improved fertility, growth and nutritional quality of the 
animal products (Holman and Malau-Aduli, 2013). Though more ex
periments are required on microalgae providing higher fractions of a 
human diet, for long-duration space missions Spirulina or Chlorella 
could serve as a major protein source, with the additional benefit of 
supplying essential PUFAs and vitamins for astronauts. 

3.3. Future microalgae space crops 

Spirulina and Chlorella vulgaris are the best characterized microalgal 
species from a foodstuff perspective (Bito et al., 2020; Lafarga et al., 
2020). However, there are other edible microalgae that could be rele
vant, following further studies. This includes Euglena species such as the 
model organism Euglena gracilis (Gissibl et al., 2019). This eukaryote 
contains 14–34% protein and 18–22% lipids (Wang et al., 2018), 
including all essential long chain fatty acids (ALA, EPA, DHA) at high 
concentrations (up to 50% of the lipid profile is PUFAs) (Korn, 1964; 
Wang et al., 2018). An advantage of E. gracilis its cell wall which is 
protein-rich rather than the rigid polysaccharide-based wall of 
C. vulgaris, making E. gracilis easier to digest (Vismara et al., 2000). It is 
consumed widely as a food supplement in Asian markets, in particular 
Japan (Gissibl et al., 2019; Suzuki, 2017). However, the first reported 
mass cultivation of E. gracilis was only in 2005 by Japanese company 
Euglena Co., Ltd., (Suzuki, 2017), whereas large scale production of 
C. vulgaris and Spirulina has been on-going since the 1960s and 1970s. 
Therefore, more research is needed on growing E. gracilis at scale to 
establish this microalga as a space crop contender. 

Dunaliella species are another edible eukaryotic alga with potential 
as a space crop. Research on this genus has focused mostly on its beta- 
carotene production, which can make up 14% of dried biomass (Pour
karimi et al., 2020). Again, Dunaliella species such as D. salina hold an 
advantage over C. vulgaris by lacking a rigid cell wall, and have been 
shown to be highly digestible in rats (Herrero et al., 1993). Analysis of 
D. salina biomass shows it to have an equivalent protein content (~57%) 
to C. vulgaris and Spirulina (Pourkarimi et al., 2020). Despite being 
available as a food supplement, Dunaliella are not yet considered a 
‘mainstream’ microalgal food, though a recent call for more nutritional 
research into this genus may change this (Sui and Vlaeminck, 2020). 

Finally, species of filamentous cyanobacteria in the order Nostocales, 
namely, Aphanizomenon flos-aquae (AFA) and Nostoc, could hold prom
ise as future space crops, with both currently available as food supple
ments. Although some strains from these species are toxic, edible Nostoc 
species have been reported as being highly nutritious (Gao, 1998; Han 
et al., 2013; Li and Guo, 2018), although a nutritional profile of AFA is 
not available in the scientific literature. AFA is harvested and sold as a 
supplement from lake Klamath in Oregon, US, but it has not yet been 
developed for mass cultivation in commercial ponds or PBRs (Carmi
chael et al., 2000). More research has been conducted on cultivating 
edible Nostoc species, specifically N. commune, N. sphaeroides, and N. 
flagelliforme, although none of these are currently grown at the mass 
scale required to make them profitable – largely due to their slow growth 
rate (Han et al., 2013). However, this slow growth rate is probably due 
to Nostoc’s ability to fix nitrogen, an energy intensive process, which 
would be a useful characteristic for regenerative life support on Mars. 

3.4. Disadvantages of microalgae as food 

One disadvantage of C. vulgaris consumption is its cellulose cell wall 
which requires cooking in order to release its full nutritional range, 
although this is also true for the majority of plant crops. Spirulina, and 
other potential microalgae food sources such as E. gracilis and Dunaliella 
species, do not however need cooking (Herrero et al., 1993; Van Eyke
lenburg, 1977; Vismara et al., 2000). 

Despite their nutritional advantages, microalgae have problems of 
palatability and texture (Douglas et al., 2020). For example, the most 
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consumed microalga, Spirulina, is still rarely eaten at >10 g a day. This 
is partly due to its poor palatability (Verseux et al., 2016), with a flavour 
that is reported to be earthy and mildly sulfuric. This could be countered 
by genetically modifying microalgae to contain more palatable com
pounds. For example, the model cyanobacterium Synechocystis sp. PCC 
6803 has been engineered to produce the terpenoid responsible for 
lemon flavouring, limonene, which, if expressed in Spirulina, could 
enhance its flavour (Lin et al., 2017; Pattanaik and Lindberg, 2015). 
Strain engineering has been conducted by several algal companies to 
produce white or yellow mutants of Chlorella that lack chlorophyll, 
which reportedly improves flavour, smell and appearance (Schüler 
et al., 2020). However, as this requires growing the Chlorella hetero
trophically, the energy saving advantage of such a crop would be lost. 

Alternatively, microalgae could be processed prior to consumption. 
For example, Kose et al. (2017) hydrolysed raw Spirulina and Chlorella 
biomass with pancreatic enzymes to produce protein hydrolysates that 
can be added to food as a protein powder, and which may also remove 
some of the compounds responsible for unpalatable odours (Kose et al., 
2017). If palatability and texture issues are not overcome, microalgae 
can also be used to feed the next trophic level – such as house crickets – 
for human consumption (Masojídek and Torzillo, 2008). 

Finally, some essential vitamins are missing from cyanobacteria, 
most notably the cobalamin vitamin B12 (Helliwell et al., 2016; Miya
moto et al., 2006; Tanioka et al., 2010; Watanabe et al., 1999). 
Furthermore, these cyanobacteria synthesise a non-bioavailable version 
of cobalamin, termed pseudocobalamin, that can reduce the uptake of 
B12 contained in other components of the diet (Stupperich and Nexo, 
1991). It would therefore be necessary to genetically engineer the 
cobalamin pathway in cyanobacteria to produce B12 rather than 
pseudocobalamin. 

4. Biopolymers 

4.1. In-Space manufacturing and 3D printing 

3D printing is a revolutionary technology that offers huge utility to 
Mars missions, both during interplanetary transit and on the surface. A 
diversity of products – including spare parts for repair and maintenance, 
components for habitat construction, as well as medical items and tex
tiles (Liu et al., 2019) – can be manufactured on demand, using different 
feedstock materials, and so the technique has the potential to signifi
cantly reduce the necessary launch mass. The first object to be 3D 
printed in space was a plastic wrench aboard the ISS in 2014. The design 
was transmitted remotely from the ground to a printer developed by 
Made in Space (MIS), with no significant property differences found 
between the test objects printed in space and on Earth (Prater et al., 
2019). MIS continued working with NASA to install the Additive 
Manufacturing Facility (AMF) aboard the ISS in 2016, and ESA has 
supported the development of the Manufacturing of Experimental Layer 
Technology (MELT) 3D printer. 

Despite recent successes in this field, challenges remain to be over
come before 3D printing matures to a state suitable for supporting 
Martian habitation. Most prominently, printers will need to use recy
clable or locally synthesised feedstocks. Advances are being made here, 
with the Refabricator printer, able to recycle plastic, installed in the ISS 
in 2019, and the Made In Space Recycler aiming to reprocess waste 
polyethylene into feedstock (Srinivasan et al., 2018). For Martian 
habitation, 3D printers would need to operate with bioplastics syn
thesised within a closed loop system. 

In contrast to conventional plastics, microalgae-produced bioplastics 
based on polymers such as starch, cellulose, and polyhydroxyalkanoates 
(PHAs) are biodegradable (Chia et al., 2020). PHAs are linear polyesters 
of varying length that have similar properties to petroleum-based plas
tics. Among PHAs, polyhydroxybutyrate (PHB) is the most well- 
characterized (Keshavarz and Roy, 2010). 

3D printing can facilitate habitat construction. Some of the materials 

proposed for in situ space construction include regolith and renewable 
polymers (Schuldt et al., 2021). During NASA’s Centennial Challenge for 
3D-Printed Habitat, participants were requested to develop habitat 
models for Mars made out of indigenous resources and recyclable ma
terials (Prater et al., 2018). A composite with the recyclable Polylactic 
Acid (PLA) reinforced with basalt fibre developed by AI SpaceFactory 
was used in one of the winning models (Prater et al., 2018). 3D printing 
of microalgae-derived materials has been demonstrated for a variety of 
household items and components (Balasubramanian et al., 2021; Chia 
et al., 2020; Pownall, 2018). PHAs also stand out in the medical field 
thanks to their low toxicity, antimicrobial activity, biodegradability, and 
relatively good cellular and tissue biocompatibility which can reduce 
immunogenic rejection by the patient’s body (Liu et al., 2019). 
Microalgae-produced PHB can potentially be 3D-printed aboard space
craft into various medical devices such as medical patches, prosthetic 
implants, and drug-delivery systems (Liu et al., 2019). Moreover, PHAs 
are also frequently used in the food sector as packaging (Keshavarz and 
Roy, 2010). On Mars, they can be utilized to prolong storage life of 
Martian harvests. 

4.2. Microalgae as producers of biopolymers 

Microalgae-based bioplastics can be obtained by different ap
proaches, as outlined in detail in recent reviews (Chia et al., 2020; Cinar 
et al., 2020). PHB and starch are produced by some microalgae for 
carbon storage, and can be extracted and purified from the culture (Chia 
et al., 2020; Cinar et al., 2020). The cyanobacterium Synechocystis sp. is 
a well-studied PHB-producer, and its yield can be increased through 
genetic engineering of the biosynthesis pathway (Koch et al., 2020; 
Osanai et al., 2013) to ~12% (w/w) (Carpine et al., 2017). Non-natural 
PHB producers can also be engineered to synthesise the bioplastic. 
Chaogang et al. (2010) demonstrated PHB production by transgenic 
Chlamydomonas reinhardtii expressing the PhbB and PhbC enzymes from 
Ralstonia eutropha (also known as Cupriavidus necator) (Chaogang et al., 
2010). 

Current research is focussed on optimising the intracellular produc
tion of biopolymers through the screening of algae strains with the 
highest yields, and evaluating the effect of different carbon sources and 
limiting conditions (principally nitrogen limitation) (Cassuriaga et al., 
2020). Chlorella, Chlamydomonas, Nostoc, Spirulina, Synechocystis and 
Synechococcus have all been investigated for PHB synthesis. Synecho
cystis PCC6803 has become the strain most commonly used in PHB 
production (Afreen et al., 2021; Carpine et al., 2017; Troschl et al., 
2017); it has helped researchers better understand PHB metabolism 
(Afreen et al., 2021; Troschl et al., 2017). The Synechococcus genus en
compasses the cyanobacteria with the highest PHB yield known to date 
under autotrophic conditions (Afreen et al., 2021); Synechococcus sp. 
MA19 accumulated up to 55% of dry cell weight (dcw) and produced 
2.4 g/L of PHB in phosphate-limited media (Nishioka et al., 2001). 

Alternatively, microalgal biomass can be exploited as a carbon 
feedstock for culturing heterotrophic microorganisms that in turn pro
duce high yields of intracellular biopolymers (Averesch, 2021). The cost 
of providing exogenous carbon sources (e.g. sugars) and other raw in
gredients to grow heterotrophic bacteria is high (Afreen et al., 2021; 
Löwe et al., 2017; Rahman et al., 2014), and more economic biopolymer 
production can be attained by direct coupling of photoautotrophic and 
heterotrophic microorganisms (Afreen et al., 2021; Löwe et al., 2017). In 
two-step systems, microalgae are first grown under phototrophic con
ditions. Their biomass is then harvested and used by heterotrophic 
bacteria for PHB production. Improved PHA yields have been reported 
using Scenedesmus obliquus biomass as a substrate for genetically engi
neered E. coli (Rahman et al., 2014). Sucrose produced during photo
synthesis and released into the medium can also feed heterotrophs 
(Rahman et al., 2014; Sathish et al., 2014). PHB production by recom
binant E.coli grown on an algae-based medium has been demonstrated 
(Sathish et al., 2014). PHB production by a co-culture of Synechococcus 

L.J. Mapstone et al.                                                                                                                                                                                                                            



Biotechnology Advances 59 (2022) 107946

12

elongatus and Pseudomonas putida was also successful (Löwe et al., 2017). 
Furthermore, a collaborative effort between NASA and German Aero
space Center (DLR) proposes the culturing of the nitrogen-fixing 
cyanobacterium Anabaena using Martian in situ resources such as sun
light, and further use the cell lysate prepared from this, rich in organic 
compounds such as sugars, to serve as feedstock for growing genetically 
engineered Bacillus subtilis (Rothschild, 2016). 

The biomass of some microalgal species can also be mixed with 
conventional plastics, cellulose, or starch to achieve polymer products 
with enhanced properties, including prolonged lifespan, improved 
chemical properties, and mechanical performance (Otsuki et al., 2004; 
Mathiot et al., 2019; Chia et al., 2020; Cinar et al., 2020). For example, 
Zeller et al. (2013) demonstrated that bioplastic blends of Chlorella or 
Spirulina biomass with polyethylene exhibit superior tensile strength 
(Zeller et al., 2013). 

Polylactic Acid (PLA), whose properties are comparable to those of 
synthetic plastics, is expected to become one of the leading biopolymers 
(Bussa et al., 2019). A wide range of terrestrial feedstock (corn, potatoes, 
etc.) has been explored in PLA manufacturing (Bussa et al., 2019). Due 
to space and resource limitations, microalgae-based PLA is more suitable 
for Mars. Algal biomass can be used in composites of PLA as both fillers 
(Ahmed and Sultana, 2020; Bussa et al., 2019; Johnson and Shivkumar, 
2004) or as reinforcing fibres to increase tensile strength (Bulota and 
Budtova, 2015). In addition to the whole algal biomass, proteins and 
other biomass components can also help manufacture bioplastics. For 
example, cyanobacterial lipopeptides have been proposed as PLA feed
stock (Bussa et al., 2019). 

5. Health and pharmaceutical uses of microalgae 

5.1. Health challenges on space missions 

Protecting the health of the crew in the face of numerous hazards 
during a Mars mission is of critical importance. The microgravity envi
ronment during interplanetary transit will cause bone and muscle loss 
and immune dysregulation (Crucian et al., 2016; Kast et al., 2017; 
Pavletić et al., 2022). Susceptibility to infectious disease can be further 
aggravated by increased microbial pathogenicity under microgravity 
and a higher risk of microbial transmission as a result of confinement 
(Kast et al., 2017). Exposure to the ionizing radiation of cosmic rays 
during transit as well as while on the Martian surface is also of great 
concern as it can result in carcinogenesis, tissue degeneration, and 
potentially acute radiation syndrome (Chancellor et al., 2014; Pavletić 
et al., 2022). The year-long study of an astronaut compared to his earth- 
bound twin showed persistent changes in health, including increased 
DNA damage, shortened telomeres, and reduced cognition (Garrett- 
Bakelman et al., 2019). 

Aboard the ISS, the medical conditions most frequently reported are 
allergies and hypersensitivities, followed by infectious diseases and 
latent viral reactivation (Crucian et al., 2016). Sleeping and motion 
sickness pills, antihistamines, and pain relievers are among the phar
maceuticals most commonly taken by astronauts (Kast et al., 2017). 
Some medications have been reported to be less effective in space due to 
altered stability, which could compromise astronaut health on long- 
duration missions (Du et al., 2011; Kast et al., 2017). During a Mars 
mission the crew will face further pharmaceutical challenges of limited 
medication selection and storage, and the difficulty of resupply. 

5.2. Nutraceutical and pharmaceutical properties of cyanobacteria and 
microalgae 

5.2.1. Functional foods 
Any food which can provide medical or health benefits can be 

labelled as a ‘functional food’ or ‘nutraceutical’. Other than exercise, the 
optimal method to offset disease risk is for astronauts to have a diet rich 
in these foods. Research has shown that microalgae have a range of 

nutraceutical effects, as recently reviewed by Jha et al. (2017). Further 
in-depth literature reviews discussing the nutraceutical properties of 
specific microalgae have been conducted on Spirulina (de la Jara et al., 
2018), Chlorella (Panahi et al., 2015), and Euglena (Kottuparambil et al., 
2019), and found all to demonstrate antimicrobial, antiviral and anti
oxidant properties when consumed. 

Spirulina in particular has a large body of research supporting claims 
of its nutraceutical properties, having been tested in 129 animal studies 
and more than 25 human clinical trials (de la Jara et al., 2018). These 
studies have assessed its benefit in reducing risk for a range of metabolic 
diseases such as diabetes, hypertension and the blood lipid disorder 
dyslipidaemia. Spirulina can aid immune responses such as reducing 
inflammation, precancerous lesions and allergies, and has also been 
shown to have antiviral properties. Alongside its value as a protein 
source, its high antioxidant content should be considered an equally 
important reason to consume Spirulina (de la Jara et al., 2018). 

Developing cancer is a potential hazard for astronauts on long- 
duration during space missions due to radiation exposure. Having a 
diet rich in microalgae shows promise in offsetting this risk, as many 
species have exhibited anti-cancer properties (Abd El-Hack et al., 2019; 
Martínez Andrade et al., 2018). For example C-phycocyanin from Spir
ulina triggers apoptosis in breast and cervical (MCF7 and HeLa) cancer 
cells (Li et al., 2006), and crude extracts of Chlorella and Aphanizomenon 
flos-aquae have been shown to trigger selective apoptosis of liver cancer 
(HepG2) and leukaemia (AML) cells (Bechelli et al., 2011; Yusof et al., 
2010). 

5.2.2. Pharmaceuticals 
Pharmaceutical challenges such as drug degradation and limited 

storage can be overcome by producing pharmaceuticals in situ and on 
demand. This section lists some examples of cyanobacteria and micro
algae which contain active molecules that could be a useful source for 
developing therapeutics during missions. 

Some species of cyanobacteria are highly toxic if consumed. How
ever, a number of these toxins have shown to have potent anti-cancer 
properties (Vijayakumar and Menakha, 2015). These include cyto
toxins Cryptophycin I from Nostoc sp. GSV224 (Golakoti et al., 1995; 
Singh et al., 2011) and Borophcin from Nostoc spongiaeforme var. Tenue 
(Banker and Carmeli, 1998). Anabaena species have been shown to have 
a similar effect, one study showing crude cell extracts could selectively 
cause apoptosis in leukaemia AML cells while not affecting nearby non- 
malignant cells (Oftedal et al., 2010). 

Astronauts can suffer from latent viral reactivation infections (Cru
cian et al., 2016). Some cyanobacteria and microalgae contain specific 
compounds which have been shown to have potent antiviral properties. 
This includes red algae lectins such as griffithsin from marine Griffithsia 
sp. (Lee, 2019) and cyanobacterial lectins such as Cyanovirin-N from 
freshwater Nostoc ellipsosporum (Lotfi et al., 2018). In total ten lectins 
have been described from cyanobacteria and microalgae, as reviewed by 
Romero et al. (2021). Other active compounds in microalgae such as 
astaxanthin from green microalga Haematococcus pluvialis and sulfated 
polysaccharides from red microalga Porphyridium sp. additionally 
possess antiviral properties (Alam et al., 2021). 

In addition to possessing anti-cancer and anti-viral potential, extracts 
from a number of species from Charophyta, Chlorophyta, and Cyano
bacteria have been shown to inhibit biofilm production in the patho
genic yeast Candida albicans and bacterium Enterobacter cloacae (Cepas 
et al., 2019). There are many more cyanobacterial and microbial com
pounds which have been shown to aid in anti-inflammatory, anti-epi
lepsy and anti-osteoporosis activities, all of which have been extensively 
reviewed previously (Saide et al., 2021). 

5.2.3. Pharmaceutical bio factories 
In addition to natively synthesizing antiviral, antibacterial, and 

anticancer agents as secondary metabolites, engineered microalgae can 
serve as factories to produce other compounds with medical 
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significance. 
Microalgae have a number of advantages for serving as pharma

ceutical biofactories, including autotrophic growth, high protein yield 
and ability to synthesise complex proteins, and a range of genetic 
manipulation tools have already been developed (Rasala and Mayfield, 
2011). For example, the model algal species Chlamydomonas reinhardtii 
has been used as a platform for the production of vaccines, hormones, 
immunotoxins, and antimicrobial proteins such as endolysins (Dyo and 
Purton, 2018), and the organism has been granted GRAS status by the U. 
S. Food and Drug Administration (Fields et al., 2020). The whole 
biomass of Chlamydomonas reinhardtii could be used for oral delivery of 
these pharmaceuticals without needing processing. (Rosales-Mendoza 
et al., 2020). Spirulina is also being investigated as a potential edible 
vaccine, with one strain genetically modified to produce an antibody 
against campylobacter, a common cause of gastrointestinal infections in 
developing counties. The antibody within this engineered Spirulina 
strain has been shown to be active against this pathogen in a mouse 
study and is safe for human consumption (Jester et al., 2022). Microalgal 
synthetic biology applications are discussed further in Section 7. 

6. Technical challenges in culturing microbial photoautotrophs 
on Mars 

6.1. Martian resources 

Mars provides many of the resources required for the cultivation of 
microalgae, accessible by ISRU techniques. Large quantities of water 
exist on Mars as ice (Clifford, 1987; Feldman et al., 2004; Kieffer et al., 
1976), within hydrated minerals (Ehlmann and Edwards, 2014), and as 
atmospheric water vapour (Martínez et al., 2017; Trokhimovskiy et al., 
2015). Subsurface ice deposits, if present at the habitat location, may be 
accessed by drilling, and adsorbed or mineral water extracted by 
chemical means (Abbud-Madrid et al., 2016; Starr and Muscatello, 
2020) and purified for drinking or making culture media for bioreactors. 

Mars’ atmosphere contains 95% CO2 and 2.8% N2 (Franz et al., 
2017). Pressurisation of the atmosphere will support the growth of 
phototrophs, and their carbon fixation provide organics for other mi
crobes. These gases can be compressed from the atmosphere and puri
fied (Starr and Muscatello, 2020). Carbon fixation of CO2 by 
phototrophs as discussed in this review will provide the main carbon 
source on the planet. As aforementioned, N2 fixation could be performed 
by chemical fixation or by microorganisms, such as edible Nostoc flag
elliforme (Bothe et al., 2010), or Anabaena sp. (Verseux et al., 2021). 
Small quantities of nitrates are also present in Martian sedimentary 
deposits (Stern et al., 2015). However, due to the scarcity of nitrogen on 
Mars, it may be difficult to provide sufficient quantities from in situ 
methods alone, and even with careful recycling may require supple
mentary payloads from Earth. 

Regolith analysis has shown the presence of P, S, Mg and Na, with 
other key trace elements (K, Mn, Cl, Fe, Ca) also available in rocks on the 
surface (Achilles et al., 2017; Meslin et al., 2013). 

Crude regolith, water, and gases from the atmosphere mixed with 
water may be sufficient to grow some microalgae (See Section 6), 
however for the others, technologies will need to be developed to extract 
and purify elements. For example, the microorganism Shewanella onei
densis has been shown to be capable of biomining iron from lunar and 
Martian simulant (Volger et al., 2020). Microorganisms Sphingomonas 
desiccabilis, Bacillus subtilis and Cupriavidus metallidurans have also 
shown biomining abilities from basaltic rock in simulated Martian 
gravity and microgravity environments for rare element extraction 
(Cockell et al., 2020). 

There is one major processing obstacle which will need to be 
addressed before mined minerals and water can be utilized from Mars, 
which is removing highly soluble perchlorate (ClO−

4 ) ions. In humans, 
trace quantities of ClO−

4 competitively inhibit iodine ions from being 
taken up in the thyroid gland, resulting in disruption of hormone output 

which eventually can lead to severe disruption of organ systems (Leung 
et al., 2010). Perchlorate has been detected at 3–4 orders of magnitudes 
greater on Mars than is typical in rocks on Earth (Hecht et al., 2009). 
Plant crops have shown to take up ClO−

4 and accumulate it to high levels, 
which will be absorbed by the astronauts if eaten (Van Aken and 
Schnoor, 2002; Yu et al., 2004). Methods to reduce ClO−

4 levels are under 
investigation. For example, one biochemical approach might be to mix 
the redox enzymes perchlorate reductase (Pcr) and chlorite dismutase 
(Cld) with a regolith slurry to convert ClO−

4 into O2 and Cl2. It has been 
estimated that with 6 kg of Martian regolith, this system could provide 
an hour of O2 for an astronaut (Davila et al., 2013). The purified slurry 
would then be ready for refinement into fertilisers and water. As various 
microalgal species are already being explored as candidates for biore
mediation of soil and water on Earth (Leong and Chang, 2020), these 
species should also be tested for their ClO−

4 accumulation and remedi
ation capabilities. These strains could also be genetically engineered to 
produce and secrete the redox enzymes, to further enhance Martian 
water and regolith ClO−

4 purification technologies. 
As a number of microalgal species only require a minimal growth 

medium and can grow without oxygen, they stand one of the best 
chances for successful cultivation from the crude resources available on 
the planet. Therefore, with research into new in situ technologies for 
mineral extraction, a system for ClO−

4 removal and a robust nitrogen 
recycling system, Mars has the potential to support life for extended 
periods. 

6.2. Microalgae grown under simulated Martian conditions 

There have been a number of microalgal growth experiments that 
have simulated some of the conditions that microalgae may be exposed 
to on Mars. The simplest study is to mimic the composition of the 
Martian atmosphere but at ambient Earth pressure (1000 mBar) rather 
than the Martian pressure of 6 mBar. However, a 1000 mBar atmosphere 
comprising 95% CO2 as found on Mars significantly reduces microalgal 
growth. This is because CO2 dissolves into the media, creating highly 
acidic conditions (Thomas et al., 2005). More promise has been shown 
in microalgal growth experiments investigating the Martian atmo
spheric composition under lower pressures. Murukesan et al. (2016) 
tested growth of Synechocystis sp. PCC 6803, Spirulina and Anabaena 
cylindrica cultures in 100% CO2 down to 50 mBar (Murukesan et al., 
2016). The authors showed an inverse relationship between CO2 and 
pressure; 100% CO2 atmospheres produced highest growth in the 100 
mBar lower pressure environments. These results show promise as it will 
be an engineering challenge to operate pressurised bioreactors within 
the low-pressure Martian atmosphere. Construction costs, material 
usage and the risk of ruptures would all be minimised if the microalgae 
cultures could be reliably grown at pressurisation levels much less than 
1000 mBar. Other low pressure cultivation experiments at 100 mBar, 
one with an Earth atmosphere supplemented with 1–5% CO2 (Kanervo 
et al., 2005) another using 96% N2, 4% CO2 (Verseux et al., 2021) and a 
third at 80 mBar with 100% CO2 (Cycil et al., 2021), have supported 
findings that microalgae can tolerate low pressure conditions. Of these, 
Verseux et al., 2021 demonstrated that they could obtain equivalent 
biomass of the nitrogen fixing cyanobacterium, Anabaena sp. PCC 7938 
in low pressures compared to ambient, and successfully grew this species 
in media produced with Martian regolith simulant (MGS-1). 

Other experiments have shown Anabaena cylindria and a number of 
other extremophile cyanobacteria are capable of growth on a variety of 
Mars-like rocks, and can also survive exposure to simulated Martian 
environments for 28 days (Olsson-Francis et al., 2012; Olsson-Francis 
and Cockell, 2010). New species of cyanobacteria isolated from iron- 
depositing hot-springs have also been shown to have significant bio- 
weathering and nutrient-extraction abilities on Martian rock ana
logues (Brown et al., 2008; Brown, 2008). Another nitrogen fixing 
cyanobacterium, Nostoc sp. has also been grown in Martian regolith 
simulant MRS (Arai et al., 2008). 
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Microalgal and cyanobacterial biomass can also be used to produce 
media for other valuable heterotrophic bacteria, such as E. coli, a key cell 
platform used for generating a multitude of valuable recombinant 
products (Rosano et al., 2019). Verseux et al., 2021 used the dried 
biomass produced from Anabaena cultures grown under a Martian 
simulated atmosphere and in a medium produced from simulated 
Martian regolith (which grew from an optical density of approximately 
0.15 to 0.9 after 10 days) to produce a growth medium for E. coli. The 
authors showed their Anabaena-sourced medium produced equivalent 
E. coli cell concentrations as its standard medium (Verseux et al., 2021). 

Taken together, these early results show immense promise for the 
viability of growing microalgae on Mars; their photobioreactors will not 
require as much reinforcement as living quarters and significantly less 
O2 supplementation. The nitrogen fixing cyanobacteria grown on 
Martian regolith can also provide nutrients to other heterotrophic 
organisms. 

6.3. Photobioreactors on Mars 

One of the difficulties in growing microalgae at scale is the necessity 
for light penetration through the entire culture. The denser the culture 
becomes, the more light is blocked and the growth rate reduced. 
Therefore, microalgae are grown in different vessels than those 
commonly used for bacterial growth. There are two main designs, 
referred to as open and closed PBRs, which have been compared in detail 
by Gupta et al. (2015). The critical design to make productive PBRs is to 
maximise surface area to a light source, however, a consequence of a 
large surface area is rapid heat loss. The functionally useful microalgae 
discussed in this review have limited temperature ranges in which they 
can grow, typically between 15 and 30 ◦C. Although some transparent 
(to visible light, but shielding ultraviolet) insulation materials, such as 
2–3 cm thick silicon aerogels (Wordsworth et al., 2019), have been 
proposed to potentially cover a surface PBR, this material would need to 
cover a substantial area and would not be able to contain a significantly 
elevated pressure. Directing sunlight into subterranean caverns using 
mirrors for light and heating has been discussed in a Luna context (Woolf 
and Angel, 2021) however could not be relied on as the major light 
source for PBRs on Mars as long duration dust storms block significant 
quantities of sunlight (Forget and Montabone, 2017; NASA’s Goddard 
Space Flight Center, 2016). 

The optimal Martian PBR design therefore is likely to be tubular 
PBRs lit by panels of Light Emitting Diodes (LEDs) (see Bugbee et al., 
2020 for review of potential lighting systems on Mars) maintained in 
subterranean caverns (Fig. 2) or lava tubes (Paris et al., 2020; Perkins, 
2020). LED lighting has been optimised to be more energy efficient for 
cyanobacterial and microalgal photosynthetic growth in two ways. 
Firstly, the light can be altered to match different species’ preferred 
spectra, with some preferring red or blends of blue and red light 
(Glemser et al., 2016). Secondly, LEDs can be flashed or strobed at high 
intensity to allow greater light penetration into dense cultures whilst 
being synchronised to the light and dark reactions of photosynthesis 
(Schulze et al., 2017). The bright flash enables the electron carrier chain 
to contain the optimal number of electrons to drive the light reaction 
while the dark period prevents photoinhibition by giving the electron 
carriers time to shift any excess electrons from becoming reactive oxy
gen species (Schulze et al., 2017). Flashing light experiments have been 
shown to increase cell concentration in final cultures of Chlorella kessleri 
(Park and Lee, 2000) and Dunaliella salina (Abu-Ghosh et al., 2015), and 
hold immense promise for optimising large scale cultivation. The duty 
cycle of strobing also has an additional benefit of saving energy (i.e. 
during the off periods). 

7. Engineering cyanobacteria and microalgae using synthetic 
biology 

Synthetic biology aims to apply design principles such 

standardisation, modularity and abstraction hierarchy to the genetic 
engineering of organisms (Church et al., 2014). Here, bespoke strains of 
microorganisms with desired phenotypes are designed in silico and 
rapidly created by standardised assembly of validated DNA parts to 
create novel genes. The combining of these synthetic genes within the 
cell into functional genetic networks results in strains with new outputs. 
These could be novel products such as proteins, bioactive compounds, 
chemicals, biopolymers, etc., or improved functionalities such as greater 
abiotic tolerances or an ability to fix nitrogen. 

Whilst the development of basic genetic engineering technologies for 
key species of microalgae (e.g. those listed in Table 1) has traditionally 
lagged behind more established microbial systems such as E. coli and 
yeast (Ruffing, 2011; Spicer and Purton, 2016) the last few years has 
seen rapid developments in microalgal synthetic biology. DNA toolkits 
for modular assembly of gene clusters are increasingly becoming 
standardised and shared in the community (Fabris et al., 2020; Santos- 
Merino et al., 2019). For comprehensive reviews on studies applying 
synthetic biology approaches to developing new microalgal strains, see 
Fajardo et al. (2020),Vavitsas et al. (2021) and Ng et al. (2020). Many of 
these toolkits use Golden Gate methods that utilise type IIS restriction 
enzymes for rapid ‘one-pot’ assembly of DNA parts at each complexity 
level, allowing the creation of elaborate gene clusters in E. coli within a 
few days. Transformation of the microalgae with these clusters then 
allows evaluation of different designs through a iterative cycle of 
‘design-build-test-learn’ (Jackson et al., 2021). Examples of Golden Gate 
methods developed for microalgae include MoClo (Crozet et al., 2018), 
Start-Stop (Taylor et al., 2019) and Cyanogate (Vasudevan et al., 2019), 
and their libraries of validated DNA parts such as promoters and ter
minators are expanding rapidly (e.g. Geisler et al., 2021; Kelly et al., 
2019; Taylor et al., 2021). Combined with these are new CRISPR-cas 
based technologies for precision genome editing and gene regulation 
in microalgae (Lu et al., 2021; Pattharaprachayakul et al., 2020) and the 
discovery of faster growing and more robust species that offer the next 
generation of cell platforms (e.g. Włodarczyk et al., 2020). 

Currently, most algal genetic engineering studies have focussed on a 
handful of model systems such as Chlamydomonas reinhardtii, the diatom 
Phaeodactylum tricronutum, and the unicellular cyanobacteria Synecho
cystis sp. PCC6083 and Synechococcus elongatus PCC7942 since efficient 
methods for DNA delivery and transformant selection are well estab
lished (Sproles et al., 2021; Sun et al., 2018). Of the eukaryotic micro
algae, C. reinhardtii is the most versatile host since routine methods have 
been established for genetic manipulation of both the nuclear and 
chloroplast genomes (Dyo and Purton, 2018; Zhang et al., 2021; Purton 
et al., 2013). The chloroplast is a particularly attractive target for 
metabolic engineering since this biosynthetic organelle is the site of 
synthesis of key precursors such as carbohydrates, fatty acids, terpe
noids, amino acids and tetrapyrroles, and can also serve as a sub-cellular 
compartment for hyper-accumulation of the recombinant product 
(Jackson et al., 2021). On-going efforts to develop chloroplast engi
neering methodology for other GRAS species such as Chlorella vulgaris, 
Dunaliella salina and Haematococcus pluvialis will pave the way for 
exploiting these microalgae as functionalised foods, and as oral delivery 
systems for synthesised drugs (Taunt et al., 2018). Similarly, we are 
witnessing the transfer of cyanobacterial transformation technology 
from model species to more industrially relevant species such as the 
robust, fast-growing Synechococcus sp. PCC 11901 (Włodarczyk et al., 
2020), and to filamentous cyanobacteria such as Spirulina and Phormi
dium lacuna that grow under extreme conditions of high pH or high 
temperature and are easy to harvest (Dehghani et al., 2018; Nies et al., 
2020; Jester et al., 2022. 

The future advances in microalgal synthetic biology will bring 
numerous opportunities for creating a whole spectrum of designer 
strains that are able to support the habitation of Mars whilst requiring 
just local resources of sunlight, water and basic inorganic nutrients. For 
example, species might be engineered with new abiotic traits for 
improved survival in the Martian environment. These traits might 
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include cold tolerance, desiccation resistance, and an enhanced ability 
to cope with toxic compounds in the regolith, as discussed in detail by 
(Verseux et al., 2016). We might modify edible microalgal species to be 
more digestible, palatable and nutritious, thereby improving their suit
ability as food crops as discussed in Section 3. Meanwhile, other 
microalgae could be set to work producing biopolymers for 3D printing 
and other fabrication requirements (Section 4), or synthesizing phar
maceuticals and nutraceuticals to meet the health needs of the in
habitants (Section 5). 

Having just one biosynthetic function per microalgal strain will be 
inefficient in the long term, so synthetic biologists could design multi- 
functional strains whereby different functionality are tightly 
controlled by genetic switches that are activated or repressed using 
simple inputs such as metals or small molecules (Santos-Merino et al., 
2019). This is an active area of study for cyanobacterial platforms where 
inducible promoters, riboswitches and CRISPR-cas based regulation 
systems are all being developed for controlled synthesis of bio-products 
(Wang et al., 2020). Alternatively, co-culture systems might be exploited 
whereby the a microalga produces secreted sugars via photosynthesis, 
but the actual synthesis of the desired product is outsourced to a het
erotrophic partner within the co-culture. This partner could be an 
engineered bacterium or yeast that is able to utilise the sugar as a carbon 
and energy source. Several studies have demonstrated the feasibility of 
such co-culture systems. For example, Synechococcus elongatus was 
engineered such that it exported 85% of its fixed carbon as sucrose into 
its surrounding media. Co-cultivation of this strain with Halomonas 
boliviensis resulted in active uptake of the sucrose allowing the Hal
omonas to produce significant quantities of the bioplastic precursor PHB 
(Weiss et al., 2017). In a second study, the Synechococcus strain was co- 
cultured with an engineered Pseudomonas bacterium capable of bio
converting the toxic compound 2,4-dinitrotoluene to non-toxic products 
(Fedeson et al., 2020). Such modular approaches, whereby the synthesis 
of one of a range of different products is decided by the Martian in
habitants by selecting a particular input into a microalgal culture or by 
choosing an appropriate heterotrophic partner, would meet the short 
lead times and flexibility needed for bio-manufacturing on the red 
planet. 

8. Concluding remarks 

This review has examined the role microalgae may have in setting up 
a Martian base and systematically presented research conducted on the 
different microalgal species in space programmes to-date. There is 
immense potential to use microalgae for a variety of roles, including 
providing oxygen, food, construction biopolymers (including feedstocks 
for 3D printers) and drugs. In order to reduce reliance on in situ re
sources, it will be important to maximise recycling of these materials in a 
circular economy. In any case, it appears that microalgae are well-suited 
to play a significant role in supporting the first human outposts on Mars 
(and elsewhere). Despite the large barriers which will need to be crossed 
before the first large scale cultivation of microalgae is possible 
(including the building of infrastructure, establishing a power source, 
and production of growth media), cyanobacteria and microalgae appear 
to be the best option for the first Martian crops due to the planet already 
holding many of the resources required to cultivate them (Section 6) and 
their fast growth rates. We can expect the future of the red planet to 
contain little pockets of green. 

Data generated for Section 3.2, Fig. 8 

https://data.mendeley.com/datasets/3mh8m429pv/2 
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développement de la filière Dihé au Tchad. https://doi.org/10.3726/978-3-653- 
01927-8/2. 

Forget, F., Montabone, L., 2017. Atmospheric dust on Mars: a review. In: 47th 
International Conference on Environmental Systems. Charleston, South Carolina, 
pp. 1–13. 

Franz, H.B., Trainer, M.G., Malespin, C.A., Mahaffy, P.R., Atreya, S.K., Becker, R.H., 
Benna, M., Conrad, P.G., Eigenbrode, J.L., Freissinet, C., Manning, H.L.K., Prats, B. 
D., Raaen, E., Wong, M.H., 2017. Initial SAM calibration gas experiments on Mars: 
Quadrupole mass spectrometer results and implications. Planet. Space Sci. 138, 
44–54. https://doi.org/10.1016/j.pss.2017.01.014. 

Furmaniak, M.A., Misztak, A.E., Franczuk, M.D., Wilmotte, A., Waleron, M., Waleron, K. 
F., 2017. Edible cyanobacterial genus Arthrospira: actual state of the art in 
cultivation methods, genetics, and application in medicine. Front. Microbiol. 
https://doi.org/10.3389/fmicb.2017.02541. 

Gao, K., 1998. Chinese studies on the edible blue-green alga, Nostoc flagelliforme: a 
review. J. Appl. Phycol. 10, 37–39. 

Garrett-Bakelman, F.E., Darshi, M., Green, S.J., Gur, R.C., Lin, L., Macias, B.R., 
McKenna, M.J., Meydan, C., Mishra, T., Nasrini, J., Piening, B.D., Rizzardi, L.F., 
Sharma, K., Siamwala, J.H., Taylor, L., Vitaterna, M.H., Afkarian, M., 
Afshinnekoo, E., Ahadi, S., Ambati, A., Arya, M., Bezdan, D., Callahan, C.M., 
Chen, S., Choi, A.M.K., Chlipala, G.E., Contrepois, K., Covington, M., Crucian, B.E., 
De Vivo, I., Dinges, D.F., Ebert, D.J., Feinberg, J.I., Gandara, J.A., George, K.A., 
Goutsias, J., Grills, G.S., Hargens, A.R., Heer, M., Hillary, R.P., Hoofnagle, A.N., 
Hook, V.Y.H., Jenkinson, G., Jiang, P., Keshavarzian, A., Laurie, S.S., Lee- 
McMullen, B., Lumpkins, S.B., MacKay, M., Maienschein-Cline, M.G., Melnick, A.M., 
Moore, T.M., Nakahira, K., Patel, H.H., Pietrzyk, R., Rao, V., Saito, R., Salins, D.N., 
Schilling, J.M., Sears, D.D., Sheridan, C.K., Stenger, M.B., Tryggvadottir, R., 
Urban, A.E., Vaisar, T., Van Espen, B., Zhang, J., Ziegler, M.G., Zwart, S.R., 
Charles, J.B., Kundrot, C.E., Scott, G.B.I., Bailey, S.M., Basner, M., Feinberg, A.P., 
Lee, S.M.C., Mason, C.E., Mignot, E., Rana, B.K., Smith, S.M., Snyder, M.P., Turek, F. 
W., 2019. The NASA twins study: a multidimensional analysis of a year-long human 
spaceflight. Science (80-. ) 364. https://doi.org/10.1126/science.aau8650. 

Geisler, K., Scaife, M.A., Mordaka, P.M., Holzer, A., Tomsett, E.V., Mehrshahi, P., 
Mendoza Ochoa, G.I., Smith, A.G., 2021. Exploring the impact of terminators on 
transgene expression in chlamydomonas reinhardtii with a synthetic biology 
approach. Life 11, 1–19. https://doi.org/10.3390/life11090964. 

Gissibl, A., Sun, A., Care, A., Nevalainen, H., Sunna, A., 2019. Bioproducts from euglena 
gracilis: synthesis and applications. Front. Bioeng. Biotechnol. 7, 108. https://doi. 
org/10.3389/fbioe.2019.00108. 

Gitelson, I.I., Terskov, I.A., Kovrov, B.G., Lisovskii, G.M., Okladnikov, Y.N., Sid’ko, F.Y., 
Trubachev, I.N., Shilenko, M.P., Alekseev, S.S., Pan’kova, I.M., Tirranen, L.S., 1989. 
Long-term experiments on man’s stay in biological life-support system. Adv. Sp. Res. 
9, 65–71. https://doi.org/10.1016/0273-1177(89)90030-6. 

Glemser, M., Heining, M., Schmidt, J., Becker, A., Garbe, D., Buchholz, R., Brück, T., 
2016. Application of light-emitting diodes (LEDs) in cultivation of phototrophic 
microalgae: current state and perspectives. Appl. Microbiol. Biotechnol. https://doi. 
org/10.1007/s00253-015-7144-6. 

Golakoti, T., Ogino, J., Heltzel, C.E., Le Husebo, T., Jensen, C.M., Larsen, L.K., 
Patterson, G.M.L., Moore, R.E., Mooberry, S.L., Corbett, T.H., Valeriote, F.A., 1995. 
Structure determination, conformational analysis, chemical stability studies, and 
antitumor evaluation of the cryptophycins. isolation of 18 new analogs from nostoc 
sp. strain GSV 224. J. Am. Chem. Soc. 117, 12030–12049. https://doi.org/10.1021/ 
ja00154a002. 

Gupta, P.L., Lee, S.M., Choi, H.J., 2015. A mini review: photobioreactors for large scale 
algal cultivation. World J. Microbiol. Biotechnol. 31, 1409–1417. https://doi.org/ 
10.1007/s11274-015-1892-4. 

Gutiérrez, S., Svahn, S.L., Johansson, M.E., 2019. Effects of Omega-3 fatty acids on 
immune cells. Int. J. Mol. Sci. 20, 5028. https://doi.org/10.3390/ijms20205028. 
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the Martian atmosphere to space: present-day loss rates determined from MAVEN 
observations and integrated loss through time. Icarus 315, 146–157. https://doi.org/ 
10.1016/j.icarus.2018.05.030. 

Janssen, P.J.D., Lambreva, M.D., PlumerÃ©, N., Bartolucci, C., Antonacci, A., 
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