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ABSTRACT 

 

MICROBIAL DYNAMICS AND PLANT-MICROBE INTERACTIONS  

IN A HYPOBARIC HIGHER-PLANT CHAMBER:  

IMPLICATIONS FOR ADVANCED LIFE SUPPORT IN SPACE 
 

 

Olathe Jean MacIntyre Advisor: 

University of Guelph, 2013 Professor M.A. Dixon 

 

 

This study examines the effects of hypobaria and hypoxia on microbial 

communities in a higher-plant chamber (HPC), plant-microbe interactions, and plant 

productivity.  A HPC for advanced life support (ALS) on the Moon or Mars will likely 

have a hypobaric (low pressure) atmosphere relative to Earth.  It is generally accepted 

that microbial control in a HPC in space will be accomplished through good sanitation 

practices and the establishment of an engineered microbial community.  To achieve a 

level of microbial diversity that would confer protection from microbial contamination, a 

stable microbial community with beneficial microbes could be established in an analogue 

HPC.  This analogue HPC may need to have the same atmospheric conditions as the HPC 

in space.  Three experiments were conducted with the objective of testing for effects of 

hypobaria and altered atmospheric compositions on plant productivity, bacterial 

communities, and plant-microbe interactions in a HPC.  Reduced pressure down to 

10 kPa and reduced partial pressure of oxygen (pO2) down to 2 kPa had little to no effect 

on abundance of culturable bacteria.  However, community-level physiological profiles 

of bacterial communities in the nutrient solutions of radish and soybean were affected by 

altered atmospheric conditions.  Inoculation of radish with Bacillus subtilis reduced 

edible dry mass production by 22 % under ambient and hypoxic conditions of 7 kPa pO2.  



 

Bradyrhizobium japonicum was able to form nodules and fix nitrogen with soybeans at 

25 kPa total pressure with 19 kPa partial pressure of nitrogen (pN2) and 5 kPa pO2.  A 

lower pN2 may be adequate for N2 fixation, but at 5 kPa pO2 reproductive growth was 

inhibited relative to ambient conditions.  These findings suggest that a bacterial 

community can be maintained and plant-microbe interactions can be effective with 

altered atmospheric conditions suitable for supporting hypobaric plant-growth.  However, 

altered atmospheric conditions change the microbial dynamics of a community and 

beneficial bacteria that are maintaining an effective population under ambient conditions 

may be out-competed under altered atmospheric conditions.  Therefore it is 

recommended that the atmospheric conditions anticipated for a HPC on the Moon or 

Mars be used in the analogue HPC for tests of plant-microbe interactions and for 

engineering a stable microbial community to be used in space. 
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Introduction 

Mars is similar enough to Earth that we can dream of living there, long-term, and 

reasonably self-sufficient.  Self-sufficiency on Mars would involve growing crops.  

Researchers at the University of Guelph’s Controlled Environment Systems Research 

Facility (CESRF), Guelph, Ontario, Canada are developing higher-plant chambers 

(HPCs) to be integrated into an advanced life-support (ALS) system.  ALS combines 

biological and physical-chemical approaches to life support.  A major challenge in 

growing plants on Mars, or on the Moon as a test-bed, is that an atmosphere will need to 

be provided – and contained.  The atmospheric pressure on Mars is two orders of 

magnitude less than on Earth, and on the Moon it is essentially non-existent.  Surface 

structures with Earth-ambient air pressure will tend towards exploding.  A high pressure 

differential between the internal and external environment will make it difficult to 

engineer a transparent HPC that allows plants to use sunlight (Boston, 1981).  Fortunately 

some plants have the capacity to grow with an atmospheric pressure that is an order of 

magnitude less than on Earth (Wehkamp et al., 2012).  Such hypobaric (low pressure) 

growing conditions may make it possible to use a transparent space greenhouse on Mars 

(Figure 1).   

Objectives 

This research was conducted with the objective of testing for effects of hypobaric 

and the consequent hypoxic conditions on microbial communities and plant-microbe 

interactions in a HPC.  The research was conducted at the CESRF in canopy-scale HPCs.  

The bacterial communities established through normal planting procedures in a HPC with 

radish and soybean crops and the responses of radish and soybean to inoculation with  
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.  

Figure 1.  “After the Storm” by Raymond Cassel (raycassel.com).  Cassel’s “After the Storm” won the 

2009 National Space Society Space Settlement Art Contest, USA. 

bacteria under normal and altered atmospheric conditions were studied.  This research 

was conducted to establish whether or not altered atmospheric compositions, relevant to a 

HPC in space, would cause major changes in the abundance and composition of 

culturable bacterial communities associated with the plants, and whether or not beneficial 

plant-microbe interactions would be as effective under such conditions. 

An engineered microbial community is the most robust solution to microbial 

management of the hydroponics system of a HPC in an ALS system (Nelson, 1987; 

Gonzales et al., 1996).  An appropriate community could be engineered by the 

establishment of non-culturable microbes in an analogue HPC, and inoculation with 

additional culturable microbes known to be beneficial to plant productivity (Roberts, 

2004).  Since, HPCs will likely be operated under hypobaric (relative to Earth) and 

hypoxic conditions in space (Wehkamp et al., 2012), these conditions should be 
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considered in analogue HPCs used to engineer microbial communities.  The purpose of 

this research project is to provide guidance concerning atmospheric conditions for future 

research projects in this area. 

Canadian Contribution   

The international space community is preparing for human exploration of Mars.  

In 2007, the International Space Exploration Coordination Group (ISECG) was created to 

promote the coordination of Moon and Mars exploration among 14 space agencies, 

including the Canadian Space Agency (CSA) and the National Aeronautics and Space 

Administration (NASA) of the United States of America (USA).  The Global Exploration 

Roadmap developed by the ISECG in 2011 identified human exploration of the surface of 

Mars as the driving long-term goal of present space activities.  Also, it is a common goal 

among members of the ISECG to continually increase the number and self-sufficiency of 

individuals supported in space (ISECG, 2011).  In keeping with The Global Exploration 

Roadmap, in December 2012, NASA announced a program of space exploration that 

includes sending humans to Mars in the 2030’s (NASA, 2012). 

The ISECG was formed because international collaboration allows for improved 

technology development as each country specializes in areas of expertise and focuses on 

integrating contributions to international missions.  The International Space Station 

stands as an example of what can be achieved with international cooperation in a space 

program.  An area of expertise for Canadians is the HPC of an ALS system.  Because of 

Canada’s cold climate, the Canadian greenhouse industry has flourished and continues to 

both contribute to and benefit from research in HPC development for ALS (Bamsey et 

al., 2009a).  The CSA is evaluating a mission concept to supply the HPC as one 
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component of an international bioregenerative life-support system by the year 2050 

(CSA, 2012).  This mission, called the Canadian Advanced Life Support System 

(CanALSS), would allow Canada to expand on capabilities where it is already recognized 

as a world leader (Bamsey et al., 2009a; CSA, 2012).  Canadian HPC development is 

focused on Moon and Mars applications, first as an autonomous lander, then as a space 

greenhouse contributing to the life support of humans living and working in space 

(Bamsey et al., 2009a). 

Summary 

Chapter 1 presents a study of the effects of hypobaria and hypoxia on succession 

of the isolated microbial communities that routinely colonize the CESRF hypobaric 

chambers during radish crop-cycles.  Radish is a good crop for chamber studies because 

it only takes ~ 20 days to mature, and it is a candidate crop for ALS.  Chapter 2 addresses 

a specific interaction between radish and B. subtilis under hypoxic conditions (7 kPa 

pO2).  This test system was selected to continue the investigation started in the first 

chapter, while testing a plant-microbe interaction.  Chapter 3 presents the responses of 

soybean to hypobaria (25 kPa) and the symbiotic relationship between soybean and 

Bradyrhizobium japonicum under these conditions.  Soybean is a candidate ALS crop and 

the symbiotic relationship with B. japonicum, which results in nitrogen fixation, may be 

beneficial in an ALS system.  Also, the longer growing period of soybean allowed for 

further examination of community dynamics over time under hypobaric conditions. 
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Literature Review 

HYPOBARIC PLANT-GROWTH FOR ADVANCED LIFE SUPPORT  

Hypobaric Higher-Plant Chambers   

 Hypobaric (low pressure) environments, relative to Earth, will most likely be 

used for space greenhouses to allow for an inflatable transparent structure (Boston, 1981; 

Clawson et al., 2005; Paul and Ferl, 2006; Rygalov et al., 2001; Wheeler, 2010; 

Wehkamp et al., 2012).  Mars and the Moon have an atmospheric pressure between 0.6 –

1.0 kPa and ~ 0.0 kPa, respectively.  Historically, hypobaric environments have been 

used in space habitats to reduce the structural mass and atmospheric gases required.  The 

Mercury, Gemini, and Apollo environments had an atmospheric pressure of 34 kPa that 

was 100 % O2, while Skylab was operated at 34 kPa with 70 % O2 and 30 % N2 to reduce 

the risk of fire (Martin and McCormick, 1992).   

Space greenhouses are expected to be highly automated (Bamsey et al., 2009b) 

with minimal crew hours required inside the low-pressure environment.  Therefore, it 

may be acceptable for astronauts to don a pressure suite and breathing apparatus to work 

in a hypobaric greenhouse.  Filter-masks and coveralls are used to work in HPCs in long-

term life-support experiments to reduce the health risk associated with exposure to fungi 

(Gitelson et al., 2003).  A pressure suite and breathing apparatus would offer similar 

protection and, if used, the atmospheric pressure and composition of a hypobaric plant 

environment would not be limited by human requirements.  Previous research has shown 

that plants can survive at much lower atmospheric pressures than humans (Paul and Ferl, 

2006).  However, more research is needed before design decisions can be made regarding 

the atmospheric pressure and composition of a space greenhouse (Wheeler, 2010).   
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To explore the limits of hypobaric plant-growth for life support, the CESRF 

constructed the world’s largest complement of canopy-scale HPCs, described by 

Chamberlain (2004) and Wehkamp et al. (2012).  These five chambers each have a 

recirculating nutrient film technique (NFT) hydroponics system and a 1.5 m
2
 growing 

area, with five stainless steel trays 245 × 17 cm (Figure 2).  Plants can be grown for an  

  

Figure 2.  a) Two of five hypobaric higher-plant chambers at the Controlled Environment Systems 

Research Facility at the University of Guelph and b) interior of a chamber with mature radish 

crop. 

entire crop-cycle under closed hypobaric conditions.  A high degree of environment 

control and monitoring is essential for ALS studies.  The controlled parameters in these 

chambers are: light intensity, quality, and photoperiod; temperature with day-night cycle; 

atmospheric composition of carbon dioxide (CO2), oxygen (O2), nitrogen (N2), and water 

vapour; nutrient availability measured by electrical conductivity; pH; and atmospheric 

pressure between ambient (~ 98 kPa) and <1 kPa.  Photosynthesis, night time respiration, 

and transpiration can be recorded continuously during plant growth.  Production of 

volatile organic compounds (VOCs), such as ethylene, can also be measured.  Edible and 

a b 
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inedible biomass production and the nutritional value and palatability of crops grown 

under specific environment conditions can be assessed.  Precise environment control and 

closure allows exploration of the limits of plant growth, as well as optimal conditions for 

plant growth.  Large hypobaric HPCs facilitate an understanding of the effects of 

hypobaria on plant function at a canopy scale over the entire life cycle of the plant.  This 

is critical to understanding the effects of hypobaria on plant function and associated 

microbial communities as part of an ALS system. 

Plant Responses to Hypobaria and Hypoxia 

Paul and Ferl (2006) provided a review of research on plant response to hypobaria 

and related stresses, such as hypoxia (low oxygen), and implications of this research for 

advanced life support.  Growing plants at low pressure, for space applications, has been 

an area of research since the 1960’s.  However, plant responses are dependent on many 

factors, such as atmospheric composition, species, life-stage, and duration of exposure.  

Furthermore, hypobaric plant growth chambers have only reached an adequate level of 

technological maturity to test plant function in terms of ALS in the last decade 

(Chamberlin, 2004; Guo et al., 2008).  Hypobaric conditions can affect plant growth and 

function in terms of rates of photosynthesis and transpiration, ethylene production, 

morphology, phytochemical composition, nutritional value, and seed production.  Paul et 

al. (2004) have reported more than 200 genes central to the adaptation of Arabidopsis 

plants to 10 kPa total pressure.  Less than half of these genes were related to hypoxia 

indicating the adaptation to low pressure is not simply adaptation to hypoxia.  The gene 

expression associated with adaptation to 10 kPa total pressure shows hypobaria mainly 

affects water movement in plants (Paul et al., 2004). 
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Atmospheric composition is a critical element in determining the total 

atmospheric pressure required in a HPC for ALS.  Carbon dioxide and water vapour are 

physiologically important gases, but are adequate at relatively low partial pressures (e.g.  

0.12 kPa CO2 and 0.9 kPa water vapour) and are usually maintained as constants in 

recent experiments (He et al., 2007; Rajapakse et al.2009; Wehkamp, 2009; Tang et al., 

2010).  Experiments with lettuce, wheat, and radish, which control for the effects of 

hypoxia alone, have identified the partial pressure of oxygen (pO2) as the limiting factor 

in how far pressure can be reduced (He et al., 2007; Guo et al., 2008, Rajapakse et al., 

2009; Wehkamp, 2009; Wehkamp et al., 2012).   

Lettuce 

He et al. (2007) performed an experiment with lettuce (Lactuca sativa L. cv. 

Buttercrunch) in the six Low Pressure Plant Growth chambers at Texas A&M University, 

Texas, USA.  These cylindrical chambers are 0.31 m in diameter and plants are grown in 

pots with a saturated clay substrate.  He et al. (2007) found that a 6 kPa pO2 significantly 

reduced leaf and root dry mass (DM) and specific leaf area (SLA), while 12 kPa pO2 did 

not, regardless of total pressure (101 or 25 kPa).  Root DM was particularly affected (50 

–70 % reduction at 6 kPa pO2).  These results suggest a functional limit for lettuce 

between 12 and 6 kPa pO2.  However, the clay substrate may have impeded O2 diffusion 

to the roots (He et al., 2007).  In addition, the size of the chambers constrained the 

experiment and only one twenty-day old plant was placed in each hypobaric chamber for 

10 days.  This limits the interpretation of these results for ALS since plants in an ALS 

system would be grown under hypobaric conditions for all or most of their life cycle. 
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An experiment in the same facility with a similar experimental design, but with a 

different cultivar of lettuce (L. sativa L. cv. Red Sails), exposed 3 ten-day old plants for 

10 days and did not find a reduction in leaf DM at 6 kPa pO2 with 101 kPa or 25 kPa total 

pressure (Rajapakse et al., 2009).  Phytochemical responses were also measured and 

hypoxia alone (6 and 12 kPa pO2) increased anthocyanin concentration and free radical 

scavenging activity of the leaf tissue.  However, plants grown at 25 kPa total pressure and 

6 kPa pO2 did not have significantly different anthocyanin concentrations or free radical 

scavenging activity from plants grown at 101 kPa total pressure and 21 kPa pO2.  

Hypoxia also decreased mineral content when plants were grown at ambient pressure, but 

as with the phytochemical effects, no difference was found in mineral content between 

plants grown at 25 kPa total pressure 6 kPa pO2 for 10 days and those grown at 101 kPa 

total pressure and 21 kPa pO2 (Rajapakse et al., 2009).  These findings indicated that 

while it is important to understand the effects of hypoxia as distinct from the effects of 

hypobaria, these variables need to be considered together because total pressure can 

change the effects of pO2.   

Following on the work of He et al. (2007) and Rajapakse et al. (2009), Tang et 

al.(2010) performed a long-term experiment with lettuce (L. sativa L. cv. Youmaicai) in 

two Low Pressure Plant Cultivation Facilities described by Guo et al. (2008), at the China 

Astronaut Research and Training Center, Beijing, China.  These chambers have a 

growing area of 0.4 m
2
 and plants are grown on ceramic particles.  Plants grown at 

40 kPa total pressure and 8.4 kPa pO2 were compared to plants grown at 101 kPa total 

pressure and 20.9 kPa pO2.  Plants were grown under the treatment conditions from seed 

to harvest (35 days) with 21 plants per chamber.  No significant effects on germination, 
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photosynthetic rate, microelements, nutritional phytochemicals, or nitrate levels were 

found.  In the low pressure treatment, the growth cycle was delayed and there was a 

significant reduction in evapotranspiration rate between 20 and 30 days after planting.  

Morphological changes in the plants also occurred.  Shoot height, leaf number, and leaf 

length were lower while leaf area increased.  In addition, young plants had curly leaves, 

but these took on a normal appearance later in the experiment.  However, there was no 

difference in total DM between the treatments.  Root activity, as measured by 

dehydrogenase activity, increased 40 % in the low pressure treatment.  Ethylene was 

allowed to accumulate during the experiment and was 38.8 % lower in the low-pressure 

treatment by 35 days after planting (Tang et al., 2010).  Hypobaria induced changes in 

growth cycle, morphology, root activity, and ethylene production of lettuce.  Despite 

these changes plants performed adequately for life support under 40 kPa total pressure 

and 8.4 kPa pO2. 

Wheat 

Guo et al. (2008) tested the effects of hypoxia and hypobaria on wheat (Triticum 

aestivum L.cv. Superdwarf) in the LPPCFs in an experiment lasting 80 days.  However, 

germinated wheat seedlings were held at 4 °C for 30 days, and then cultivated for 20 days 

before the treatments were applied.  The control treatment was ambient conditions (101 

kPa total pressure and 20.9 kPa pO2) and the experimental treatments were 50.0 kPa total 

pressure with three levels of pO2: 10.4, 5.0, and 2.5 kPa.  A total pressure of 50.0 kPa 

with 10.4 or 5.0 kPa pO2 was adequate for life support function and did not inhibit 

growth.  With pO2 reduced to 2.5 kPa, growth was very stunted and no grain was 

produced.  Hypobaric conditions were found to increase photosynthetic and transpiration 

rates of wheat after 15 days of treatment, however water vapour pressure was not held 
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constant in this experiment (Guo et al., 2008). This would certainly have affected 

transpiration and must be accounted for in the interpretation of these results. As with 

lettuce, the lower physiological limit of wheat for pO2 was near 5.0 kPa. 

Radish 

Wehkamp (2009) performed a series of experiments with radish (Raphanus sativa 

L. cv. Cherry Bomb II) that explored the effects of hypoxia and total pressure by testing 

the possible combinations of 98, 66, 33, and 10 kPa total pressures with 21, 14, 7, and 

2 kPa pO2.  These experiments were conducted in the CESRF large hypobaric HPCs and 

radishes were grown using NFT in rockwool from three-day old seedlings for 21 days (to 

harvest maturity), with 120 plants chamber
-1

 (Wehkamp, 2009).  Net carbon exchange 

and transpiration rates were slightly decreased at 10 kPa total pressure and 7 kPa pO2, but 

were adequate for life support requirements (Wehkamp et al., 2012).  No significant 

differences were found in leaf or root DM, or SLA between plants grown at 7 kPa and 

21 kPa pO2 regardless of total pressure (98, 66, 33, or 10 kPa).  The frequency of stomata 

on the leaves increased with hypobaria, which indicated that plants were adapting to the 

environment.  However, growth and function at 2 kPa pO2 was unacceptably inhibited (~ 

50 %) for life support at all total pressures tested (Wehkamp, et al. 2012). 

Oxygen is the gas required at the greatest partial pressure for plant function.  The 

Earth-normal ratio of O2:N2 is 21:78 and the ambient atmosphere is 21 % O2.  Since N2 is 

an inert gas the ratio of O2:N2 can be reduced for plant growth.  Wehkamp (2009) used a 

ratio of 7:2, O2:N2 and a 70 % O2 atmosphere: 10 kPa total pressure, 7 kPa pO2, 2 kPa 

pN2, and 1 kPa CO2 and water vapour.  This atmospheric pressure and composition was 

adequate for the life support function of radish (Wehkamp et al., 2012).  Quality analysis 
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showed no effects on nutrients or flavour of radish grown at 98, 66, and 33 kPa total 

pressure and 21 kPa pO2 (up to 21:11, O2:N2 and 64 % O2) (Levine et al., 2008).  In a 

long-term experiment in the CESRF chambers, lettuce performed well at 25 kPa total 

pressure and 20 kPa pO2, a ratio of 5:1, O2:N2 and an 80 % O2 atmosphere (Dixon et al., 

2005).  In combination with the work of Wehkamp, these results suggested a ratio of 5:1, 

O2:N2 could support lettuce function at a lower total pressure.  A pO2 of 8.4‒6 kPa is 

adequate for lettuce (Rajapakse et al., 2009; Tang et al., 2010) and total pressure could 

possibly be reduced to 11.1‒8.2 kPa from a physiological perspective.  Likewise, wheat 

grows well with 5.0 kPa pO2 and total pressure could possibly be reduced to 7 kPa for 

wheat growth. 

For ALS studies, the canopy-scale function and growth of plants that have grown 

from seedlings in hypobaric conditions and adapted to these conditions should be 

considered.  The physiological requirements of each ALS candidate crop should be 

individually assessed, including requirements for germination and seedling growth, 

which in some cases are more sensitive to hypobaria and hypoxia (Wehkamp et al., 

2007).  It is important to quantify the specific responses of each species in terms of net 

carbon exchange rate (NCER), photosynthesis, transpiration, VOC production, harvest 

index (HI), morphology, nutritional value, palatability, and seed-set.  This information is 

useful for crop selection for ALS systems (Stasiak et al., 2012).  It is also used to model 

energy and material flows through a HPC and to integrate HPCs into life-support systems 

(Bugbee, 1992; Waters, 2002; Waters et al., 2003; Waters et al., 2004; Abe et al., 2005; 

MacLean et al., 2012).  In addition, trade studies that use Equivalent System Mass (ESM) 

to compare physical-chemical life support to bioregenerative life support use NCER, 
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transpiration, and HI values from experimental trials (Waters, 2002; Waters et al., 2002; 

Hanford, 2005).  It is also critical to quantify plant responses to hypobaria and hypoxia in 

terms of life support function in order to design a prototype space greenhouse.  Such a 

greenhouse can then be used to test plant responses to low gravity and high radiation on 

the Moon or Mars. 

MICROBIOLOGICAL CONSIDERATIONS 

Microbial Ecology of Higher-plant Chambers 

On the Earth, controlled-environment plant-growth experiments for life-support 

have included incidental microbial communities (Strayer, 1991, 1994; Garland, 1994; 

Schuerger, 1998; Garland, 1999; Gitelson, 2003; Roberts et al., 2004; Somova and 

Pechurkin, 2005).  Strayer (1994) provides an overview of the basic microbial ecology of 

recirculating hydroponics solutions, including HPCs.  Microbial contamination on space 

craft has been unavoidable, and it is generally accepted that microbial control in a HPC in 

space will involve an integrated program including quarantine, sanitation, and inoculation 

with engineered microbial communities (Nelson, 1987; Strayer, 1991, 1994; Morales et 

al., 1996; Garland, 1999; Roberts et al., 2004; Somova and Pechurkin, 2005).  In studies 

of the dynamics of microbial communities in HPCs, various bacteria, yeasts, fungi, and 

Actinomyces have been isolated and the effects of closure; plant species, life-stage, and 

health; inoculation; and cultivation methods on microbial loads and community 

composition have been examined (Strayer, 1991; Garland, 1994, 1999; Morales et al., 

1996; Tirranen, 2000; Gitelson, 2003; Roberts et al., 2004; Tirranen, 2008).  These 

studies have generally been opportunistic, occurring concurrently with other crop or life-

support studies.  The most common genera of bacteria generally associated with HPCs 

(Pseudomonas, Erwinia, Enterobacter, Flavobacterium, Nocardia, Achromobacter, and 
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Mycobacterium) and some patterns of microbial dynamics have been determined.  

However, dedicated experiments are needed to determine methods for the establishment 

and maintenance of microbial communities in plant-growth systems to promote stability 

and function under space conditions.  Function in this case refers to the role of microbial 

communities as plant-growth promoters, both directly and indirectly, and to their role in 

reducing human (Morales et al., 1996; Garland, 1999) and plant pathogens in the system.  

Furthermore, no prior studies on the effects of hypobaric and hypoxic conditions on the 

microbial communities of HPCs or plant-microbe interactions exist. 

Bios-3, Russia  

The Bios-3 experimental complex at the Institute of Biophysics of the Russian 

Academy of Science, Krasnoyarsk, Russia, was the third iteration of the Russian Bios 

experiments in closed ecological systems for life support (Gitelson et al., 2003).  

Preliminary experiments in Bios-3 started in 1971 and in 1972 a six-month experiment 

with three human test subjects and three phases, each lasting two months, was performed.  

For Phase I and II, the microbial community of Bios-3 was maintained in isolation by 

using slight positive pressure of the atmosphere and sterilization procedures.  The Bios-3 

complex contained two identical HPCs called phytotrons.  Each phytotron had 

environment control, a hydroponics system with 12 stainless steel trays (140 × 100 × 12 

cm), and a nutrient delivery system (NDS).  Wheat was grown in movable plates with 

roots suspended in the air and vegetables, including radish, were grown in expanded clay 

aggregate.  Air was shared in common with the living quarters, though there were 

hermetically sealed doors between each compartment (Gitelson et al., 2003).  The 

microbial communities in the nutrient solution and clay substrate of wheat and radish, at 

various life-stages, were sampled.  Colony forming unit (CFU) counts were performed 
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with appropriate media for bacteria (anaerobic and aerobic, coliform group, spore-

forming, Proteus group, and phytopathogenic), yeasts, microscopic fungi, and 

Actinomyces (Tirranen, 2000, 2008).  Plants grown in the HPCs when the system was not 

closed were used as controls (Tirranen, 2000, 2008).  From these studies it was concluded 

that the microbial community composition depends on many factors, such as plant 

species, age, health, cultivation method, and a closed or open system.   

In Phase I, both phytotrons were used.  In Phase II, one phytotron was removed 

and a microalgae compartment was added.  In Phase III, only the microalgae 

compartment was used to revitalize air, while one phytotron was used to grow vegetables 

and was intermittently connected to the closed system.  During Phase I, the wheat was 

fed with 16 l/day intrasystem grey water and in Phase II the amount was more than 

doubled to 36 l/day.  During Phase II the wheat became stressed and eventually died.  In 

Phase III, the vegetables showed signs of stress whenever they were linked to the system 

and it has been suggested the microalgae was releasing a phytotoxin, possibly ethylene, 

which may have contributed to plant stress in Phase II (Gitelson, 2003).   

Wheat 

In the closed system, the bacterial community associated with hydroponically 

grown wheat, regardless of plant age, was predominated by non-spore formers (Table 1).  

Grain from wheat grown in Bios-3 had a different microbial community from that grown 

in the field, whether or not the system was closed.  There was an 8–10 fold reduction in 

microbial load on grain in the hydroponics system and diversity was also reduced  
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Table 1.  Bacteria and fungi associated with wheat and radish: root surface; phyllosphere; nutrient solution; 

and, in the case of radish, clay substrate, in Bios-3, Russia, after four months of closure.  

Summarized from Tirranen (2000, 2008), and Gitelson et al.(2003). 

 Wheat Radish 

Predominate 

Bacteria of the genera Pseudomonas, 

Erwinia, Enterobacter, Flavobacterium, 

Nocardia, Achromobacter
1
, and 

Mycobacterium 

Fungi not listed 

 

Bacteria of the genera Pseudomonas, Erwinia, 

Enterobacter, Flavobacterium, Nocardia, 

Achromobacter, Mycobacterium, 

Agrobacterium, and Brevibacterium 

Bacteria of the species Bacillus subtilis, 

Enterobacter aerogenes, Alcaligenes 

aquamarines, Pseudomonas cruciviae, P. 

cerevisiae, and Nocardia citrea 

Fungi of the genera Fusarium  Cladosporium 

and Penicillium 

Present 

Bacteria of the genera Bacillus, 

Micrococcus, Xanthomonas, and 

Promyxobacterium 

Fungi of the genus Candida (root surface 

of unhealthy plants) 

Bacteria of the species P. denitrificans, P. rubra, 

Corynebacterium luteum, and Flavobacterium 

rigense (in nutrient solution) 

Fungi of the genera Trichoderma, Aspergillus, 

Botrytis, Mucor, and Trichothecium 

Rare 
Bacteria of the genera Vibrio, 

Streptococcus, Sarcina, and Mycococcus 

Bacteria of the genera Vibrio, Streptococcus, 

Sarcina, Microbacterium, Staphylococcus, and 

Promyxobacterium 

Fungi of the genus Monilia 

Noted as 

Absent 
 

Bacteria of the species P. putrefaciens, P. 

ambiqua, P. dacunhae, and Agrobacterium 

radiobacter 

1
 Achromobacter is probably a combination of the genera Alcaligenes and Pseudomonas and is no longer 

recognized by Bergey’s Manual (Buchanan and Gibbons, 1994). 

compared to field conditions.  Diaspores of mold fungi made up 99 % of the microbial 

population on wheat grain in the closed system, but this did not affect germination or 

seedling growth (Gitelson et al., 2 003). 

In the six-month experiment and control experiments, Tirranen (2000) 

investigated the effects of plant health, and grey water inclusion in the nutrient solution 

on the microbial communities associated with wheat in Bios-3.  Unhealthy plants had 10–

30 fold as many culturable microorganisms as healthy ones.  Spore-forming bacteria 

increased on the roots of unhealthy young plants.  Bacilli and Actinomyces populations 
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increased on the roots of old plants that were naturally dying.  When the nutrient solution 

included grey water, yeast-like fungi of the genus Candida, which is associated with 

humans and can act as a pathogen, infested the roots of unhealthy plants.  Grey water 

inclusion appeared to reduce microbial diversity while increasing the microbial load and 

the number of bacteria and fungi potentially harmful for humans and plants.  The greatest 

increases were in the coliform and Proteus groups, Erwinia spp., spore-forming and lactic 

acid bacteria, yeasts, and yeast-like fungi of the genus Candida.  At the end of the closed 

experiment with wheat and grey water (84 days) only 20 bacterial species were isolated 

from the plants (Tirranen, 2000). 

Radish 

Tirranen (2008) also investigated the microbial community of radish in different 

experiments in Bios-3, including the six-month experiment.  Radish was grown in an 

even-aged monoculture and uneven-aged polyculture with eight other vegetables: beet, 

carrot, cucumber, turnip, leek, colewort, dill, and sorrel.  The plants were grown with 

short-term (replaced weekly) and long-term (4‒6 months) use of nutrient solution.   

A large number of microorganisms were associated with the radish plants.  On the 

root surfaces of radishes ready for harvest, the CFU g
-1

 of DM were ~ 10
9
 for aerobic 

bacteria and ~ 10
6
 for fungi, regardless of treatment.  The root surface had the highest 

microbial load compared to the seeds, phyllosphere, and nutrient solution.  The microbial 

communities of the root surface and phyllosphere varied with different life-stages and 

cultivation conditions.  The bacteria and fungi associated with radish in the closed system 

are presented in Table 1.  By the end of Phase II of the six-month closed experiment, 

diversity had decreased in all communities sampled.  Bacteria of the genus Pseudomonas 
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had decreased while those of the genera Erwinia, Enterobacter and Bacillus had 

increased. 

After two months of closure (Phase I) in Bios-3, radishes grown in a polyculture 

on unchanged nutrient solution had increased numbers of bacteria of the coliform and 

Proteus groups and anaerobic bacteria in the nutrient solution when compared to the 

control.  The total number of bacteria and fungi in the clay substrate, rhizosphere, and 

phyllosphere of radish were also higher in the closed system.  After four months of 

cultivation in the closed system (Phase II) with unchanged nutrient solution, the 

microbial load increased more than 10-fold in the solution, 3-fold in the substrate, and 2 

to 10-fold on the radishes in comparison to the beginning of the experiment.  At the end 

of four months, 50 species were isolated from the open system and 39 from the closed 

system. 

Radishes grown in polyculture versus monoculture had more stable and diverse 

microbial communities, and pathogens and saprophytic microorganisms were suppressed.  

With short-term use of nutrient solution, 32 species of bacteria were isolated from the 

plants grown in monoculture versus 60 species from plants grown in polyculture.  The 

polyculture also reached 6.5 kg m
-2

 wet weight production of edible radish biomass, 

while the monoculture did not exceed 4 kg m
-2

 (Tirranen, 2008).   

The results of the experiments involving Phase II (month three and four) of the 

six-month experiment were likely confounded by plant stress related to phytotoxins, 

possibly ethylene, from the microalgae compartment (Gitelson et al., 2003).  The 

productivity of radish monoculture grown on the unchanged nutrient solution for four 

months was reduced from 4 kg m
-2

 to 2.2 kg m
-2

 (wet weight of edible biomass).  After 
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the system was open for two months, productivity returned to 4 kg m
-2

 even though the 

nutrient solution remained unchanged (Tirranen, 2008). 

The Bios-3 experiments provided some insights into the microbial ecology of 

HPCs for ALS.  The microbial communities associated with different parts of plants, the 

nutrient solution, and growth substrate were different and changed depending on plant 

species, life stage, health, cultivation conditions, and an open or closed system.  Over-

loading of microbes, as occurred with the introduction of large quantities of grey water 

into the nutrient solution of wheat, reduced diversity and negatively affected plant health.  

However, in the case of Bios-3, compromised plant-health in the closed system was a 

confounding factor in interpreting the effects of closure and grey water inclusion on 

microbial ecology.  The stability and diversity of microbial communities increased, and 

pathogens were suppressed when radishes were grown in an uneven-aged polyculture 

relative to those grown in an even-aged monoculture.  Radishes are also more productive 

when grown in a polyculture.  There may be a positive feed-back between productivity 

(plant health) and microbial diversity.  Closed systems tend to become less 

microbiologically diverse despite increases in the microbial load.  Bacteria from the 

genera Pseudomonas and Erwinia, which contain recognized plant-growth promoters 

(Bhattacharyya and Jha, 2012) were among the predominant bacteria for both wheat and 

radish.  Another genus that contains plant growth promoters, Bacillus, was also 

associated with both crops. 
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CELSS, USA 

Wheat and soybean 

The Biomass Production Chamber at the Controlled Ecological Life Support 

System (CELSS) Breadboard Facility at NASA’s Kennedy Space Center, Florida, USA, 

is described by Prince et al. (1987).  This plant growth chamber was scaled to provide life 

support for one person and had a growing area of 16 m
2
.  The chamber used NFT 

hydroponics and had four levels with separate NDSs.  Each level held 16 trays (0.25 m
2
 

each).  Strayer (1991) characterized the microbial community associated with 

consecutive crops of wheat and soybean in this system.  Two crops of wheat were grown 

for 86 days and two crops of soybean were grown for 90 and 97 days.  The dehumidifier 

condensate water, atmosphere, and nutrient solution were sampled once a week for viable 

bacteria and fungi.  Root surfaces were also sampled and had the highest microbial load.  

However, to avoid destructive sampling, the study focused on the nutrient solution, which 

was considered to be representative of the root surface community.  The nutrient solution 

was changed for each trial.  Hardware surfaces were also sampled during the first wheat 

trial.  Bacteria and fungi were grown on appropriate media and CFU counts were 

performed.   

Bacteria were predominant over fungi in all samples by several orders of 

magnitude.  The condensate water had moderate levels of bacteria, ~ 10
5
 CFU ml

-1
, and 

coliforms, staphylococci, streptococci, and Legionella were not above the detection limit 

of 1 CFU 100 ml
-1

.  No clear trends in the bacterial load or community succession of the 

condensate water were found, though P. spickettii tended to become predominate over 

time.  Bacterial counts for the atmosphere were generally very low: 0‒250 CFU m
-3

.  

Fungal samples from the atmosphere were occasionally identified by microscopy and 
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were found to be mostly Penicillium or Aspergillus.  The total CFU counts for bacteria in 

the nutrient solution generally declined from ~ 10
6
 to 10

4
 CFU ml

-1
 over the course of the 

experiment.  Hardware surfaces in the wheat trial had ~ 10
4
 CFU cm

-2
 after the first 15 

days.  Bacterial isolates from the nutrient solution and root surfaces were randomly 

selected for identification (Table 2) and differences in the culturable bacterial 

communities between wheat and soybean were found.  Although minor temporal 

fluctuations were found, there were no clear patterns of microbial succession in the 

nutrient solution or on root surfaces of wheat or soybean.  The bacterial genera 

Pseudomonas, Achromobacter, and Flavobacterium were very common, as in Bios-3 

(Table 1).  Achromobacter was also predominant on the root surface of lettuce grown in 

the Biomass Production Chamber in a later experiment (Strayer, 1994). 

Table 2.  Bacteria associated with the nutrient solutions of wheat and soybean (combined data from two 

trials of each) and their respective root surfaces after 86‒97 days of hydroponics cultivation in the 

CELSS Biomass Production Chamber, USA, listed in order of abundance.  Summarized from 

Strayer (1991). 

  Root Surface 

 Nutrient Solutions Wheat Soybean 

Predominate 

Pseudomonas (including P. 

stutzeri, P. paucimobilis, P. 

vesicularis, and P. 

pickettii),and 

Achromobacter
1
 

Pseudomonas (including P. 

stutzeri, P. paucimobilis, and 

P. vesicularis)  

Achromobacter  

Present 

Flavobacterium P. 

maltophilia and P. 

fluorescens 

Achromobacter 

Flavobacterium, and 

Pseudomonas (including P. 

vesicularis, and P. 

paucimobilis) 

Rare 

P. aeruginosa, P. 

acidovorans, and P. cepacia, 

Enterobacter cloacae, and E. 

agglomera  

Bacillus, Flavobacterium, 

and, Agrobacterium 

Agrobacterium, Bacillus, 

and, P. stutzeri 

1
 Achromobacter is probably a combination of the genera Alcaligenes and Pseudomonas and is no longer 

recognized in Bergey’s Manual (Buchanan and Gibbons, eds., 1994). 
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Engineered Microbial Communities 

Several authors have argued it would be extremely difficult to prevent the 

microbial colonization of a HPC in space (Nelson, 1987; Strayer, 1994; Gonzales et al., 

1996; Schuerger, 1998; Roberts et al., 2004; Somova and Pechurkin, 2005).  They also 

suggested that even if a sterile system could be achieved, it would be very vulnerable to 

invasion by human and plant pathogens.  Nelson (1987) may have been the first to 

suggest an integrated microbial control program that includes the use of engineered 

microbial communities (Figure 3).   

 

In agreement with Nelson (1987), Gonzales et al. (1996) suggest an integrated 

approach to microbial control in a NDS in space and, in particular, NFT hydroponics 

systems commonly used in life-support research.  While counter-measures, such as slow 

filtration and specifically designed coatings, are recommended to reduce microbial loads 

and biofilms, attempting to maintain a sterile system is not recommended.  The authors 

suggested that the establishment of a diverse competitive microbial community would 

Figure 3.  Conceptual integrated microbial control program for a higher-plant chamber (HPC).  Double-

ended arrows indicate interactions between components.  Adapted from Nelson (1987). 
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certainly be used to create a stable microbial ecology and exclude or protect against 

pathogens.  However, the effects of the space environment on plant and microbial 

physiology must be carefully studied otherwise microbes may pose a threat to the system.  

Fusarium spp. were identified as fungi likely to invade hydroponics systems in space 

because some species that are common root pathogens in hydroponics systems on Earth 

have been isolated from space craft (Gonzales et al., 1996; Schuerger, 1998).  Even 

though Pythium and Phytophthora are the most common genera of root pathogens in 

hydroponics systems on Earth, they have not been detected on space craft.  Therefore, the 

introduction of these pathogens to a system in space may be avoidable through sanitation 

and quarantine (Gonzales et al., 1996; Schuerger, 1998). 

Roberts et al. (2004) performed experiments on microbial ecology in an ALS 

prototype at the Kennedy Space Center, Florida, USA using NFT hydroponics.  The 

authors discussed microbial ecology as it relates to ALS and the need for an intentional 

approach to establishing microbial communities in the HPC of an ALS system.  

Community-level physiological profiling (CLPP) (Garland, 1997) and principal 

component analysis were used to follow succession in the rhizosphere communities of 

potatoes and wheat grown with separate NDSs.  These communities were highly variable 

at the beginning of the experiment, but became increasingly similar within each crop over 

84 days.  For both potatoes and wheat, young plants placed in the hydroponics solution 

with established plants developed rhizosphere communities similar to the older plants, 

but in considerably less time.  This indicated that microbes from the older plants 

colonized the younger plants.  These results support the concept of competitive sorting, 

whereby the more competitive microorganisms are the ones that are predominate in the 
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community over time.  The authors concluded that competitively sorted communities 

from established HPC analogues could be used to inoculate plant chambers in space to 

increase the speed and predictability of microbial succession. 

The use of microbial communities assembled from identified cultures currently 

poses problems because of the high percentage of non-culturable species of bacteria in 

hydroponics systems (Garland, 1994; Roberts et al., 2004).  In the wheat rhizosphere of 

the above experiment, culturability, measured as the ratio of cells detected by CFU 

formation and those detected by direct count, declined from 30 % at planting to 3 % by 

day 63 (Roberts et al., 2004).  Another experiment with wheat rhizosphere, presented in 

the same paper, tested susceptibility to invasion by the bacterial species Pseudomonas 

aeruginosa (a human pathogen recovered from space habitats) after inoculation with 

communities taken directly from the rhizosphere of wheat versus communities assembled 

from cultures isolated from the rhizosphere and grown on agar.  A diversity gradient for 

the communities taken directly from the rhizosphere was established with three 10-fold 

serial dilutions.  A similar experiment was also performed using communities from 

sewage sludge with five 10-fold dilutions of the non-cultured community and strains 

identified in a clonal library of small subunit rRNA sequences obtained from a waste 

water treatment plant for the cultured community.  Pseudomonas fluorescens was used as 

the invasive bacteria.  The authors observed that susceptibility to invasion was inversely 

related to diversity, and that the cultured communities were as susceptible, or even more 

susceptible, to invasion compared to the least diverse communities taken directly from 

the sewage sludge environment.  These results suggested that nonculturable species were 

important for system stability and pathogen resistance (Roberts et al., 2004).   
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Roberts et al. (2004) presented four approaches to community engineering along a 

continuum of increasing uncertainty about community composition but increasing 

diversity: (1) assembled gnotobiotic (known), (2) rationally-assembled defined, (3) 

selectively enriched and undefined, and (4) agnostobiotic (unknown) (Figure 4).  

Advances in genetics may make the gnotobiotic approach more appropriate.  Some 

species should certainly be included and others, such as pathogens, should be excluded.  

Whatever approach is taken, more research on the effects of the space environment on the 

succession and evolution of microbial communities is needed (Roberts et al., 2004).   

While it is recognized that microbial communities in HPCs can be beneficial, they 

also pose a threat to the function of the system and the safety of humans using the 

chambers for life support (Gonzales et al., 1996; Tirranen, 2000; Gitelson, 2003; Roberts 

et al., 2004).  Due to high rates of reproduction and mutation, the microbial community is 

the most changeable aspect of an ALS system (Gitelson, 2003; Roberts et al., 2004).  On 

Figure 4.  Conceptual approaches to engineering microbial communities for advance life support systems.  

Adapted from Roberts et al. (2004). 
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Earth, microbial communities are rarely isolated and can recover from perturbations and 

species loss through recruitment.  In space, mutations will be the most common source of 

new species and communities will likely recover more slowly from perturbations 

(Roberts et al., 2004).  Antimicrobial measures such as UV treatment of plants and 

nutrient solution (Gitelson et al., 2003), slow-filtration and coatings (Gonzolas et al., 

1996), and ozonation (Graham et al., 2012) will be needed to prevent microbial 

overgrowth.  However these measures will not provide a sterile system, nor is a sterile 

system desirable as it is more susceptible to invasion and precludes beneficial plant-

microbe interactions.  Engineering diverse and stable microbial communities that will 

recover from perturbations, resist invasion, promote plant-growth, and persist under 

space conditions may be one of the critical challenges in engineering a space greenhouse 

(Roberts et al., 2004; Somova and Pechurkin, 2005).   

Beneficial Plant-Microbe Interactions  

Plants have coevolved with many different bacteria and fungi and have a 

multitude of beneficial interactions with them.  The main mechanisms of growth 

promotion are: production of growth-stimulating phytohormones, nitrogen fixation, 

mobilisation of phosphate, siderophore production, antibiotic production, regulation of 

plant ethylene synthesis, competition, and induction of plant systemic resistance to 

pathogens (Figure 5).   

Many current reviews on beneficial plant-microbe interactions and their 

applications in agriculture are available (Tsavkelova et al., 2006; Bakker et al., 2007; 

Avis et al., 2008; Lindstrom et al., 2010; Bhattacharyya and Jha 2012; Glare et al., 2012; 

Jung et al., 2012).  Understanding of plant-growth promoting rhizobacteria (PGPR) is 
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rapidly advancing at the cellular, genomic, and proteomic level (Bhattacharyya and Jha, 

2012).  The use of microorganisms as biopesticides is gaining acceptance as 

technological advancements allow for better identification and application (Glare et al., 

2012).  Jung et al. (2012) review induced systemic resistance (ISR) by arbuscular-

mycorrhiza fungi (AMF).  This plant-microbe interaction is widely effective since 80 % 

 

of terrestrial plant species form associations with AMF, an association which also 

improves plant tolerance to stress (Jung et al., 2012).  Other fungi, such as Fusarium can 

also elicit ISR against pathenogenic Fusarium spp. (Patil et al., 2011), which may be 

particularly relevant to ALS since Fusarium is a common plant pathogen in hydroponics 

systems and has been recovered from space craft (Gonzales et al., 1996).  Some bacteria 

and fungi, such as Pseudomonas and Trichoderma spp., can both suppress disease and 

promote plant growth in the absence of disease (Avis et al., 2008).  Inoculation of 

legumes with rhizobia, for N2 fixation, is a widespread and effective practice in 

agriculture (Lindstrom et al., 2010). 

Figure 5.  Main mechanisms of plant-growth promotion by rhizosphere microbial communities in natural 

ecosystems.   
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In current HPC designs, a hydroponics system is used and plants are grown with 

adequate water and nutrients.  Therefore, some of the beneficial functions microbes 

perform in natural or agricultural field conditions will not increase plant performance in a 

HPC.  However, there are several ways in which plant-microbe interactions in a HPC 

could be beneficial: N2 fixation (Nitta, 2003; Couto et al., 2011), increased root growth 

and subsequent mineral and water uptake (Ribaudo et al., 2006), increased fruit 

production (Lucas García et al., 2 004), mitigation of stress (Mohamed and Gomaa, 

2012), suppression of plant (Lucas García et al., 2004; Elsharkawy et al., 2011) and 

human (Cooley et al., 2003) pathogens, and increased antioxidant content of plants 

(Couto et al., 2011).   

Nitrogen fixation 

Nitrogen fixation has been identified as an important function of HPCs to 

compensate for denitrification by microorganisms, both in the nutrient solution and in 

biological reactors for processing organic wastes (Nitta, 2003).  Wanek and Arndt (2002) 

used the natural abundance of the heavy nitrogen isotope, 
15

N, in the nutrient solution to 

calculate the percentage of N derived from the atmosphere (% Ndfa) in soybean plants 

grown in a hydroponics system for 72 days (to the onset of flowering).  The only source 

of N in the nutrient solution was potassium nitrate (KNO3).  Plants were treated with 

0.25, 2.5, and 25 mM KNO3 and N content was compared to ryegrass grown under the 

same conditions.  The plants had an average of 84, 66, and 3 % Ndfa as the amount of N 

in the nutrient solution increased.  This experiment demonstrated that % Ndfa in 

nodulated soybean declines as the N content of the nutrient solution increases.  No 

differences were found among the dry mass of leaves, shoots, or roots between the 2.5 

and 25 mM KNO3 treatments.  However, a small, but significant, decline in biomass at 
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0.25 mM KNO3 level was found.  This research indicates that N2 fixation could, 

hypothetically, be performed by soybeans in a HPC without compromising plant growth.   

Stimulation of root growth and fruit production 

One way bacteria promote plant growth is by secreting phytohormones such as 

auxins, cytokinins, and gibberellins (Cassan et al., 2001; Bottini et al., 2004).  Ribaudo et 

al. (2006) studied the phytohormones, indole-3-acetic acid (IAA) and ethylene, involved 

in the effect of the PGPR Azospirillum braselense FT 326 on tomato plants 

(Lycopersicon esculentum, cv. Liso Marglove).  The plants were grown from surface-

sterilized seeds, under sterile conditions, on Hoagland medium solidified with agar.  

Once roots emerged, the seedlings were inoculated (or left as a control) and incubated for 

15 days.  As expected, inoculated plants had increased shoot and root biomass (fresh 

weight), of 4 % and 30 % higher, respectively.  The amount of IAA in the shoots and 

roots also increased with inoculation by 7- and 19-fold, respectively.  In a flow-up 

experiment, a liquid culture of A. brasilense FT 326 secreted 66.13 μg l
-1

 IAA, which 

suggests that the increase in IAA in the plant tissue is due to the uptake of IAA secreted 

by A. brasilense.  Synthesis of ethylene is known to be positively regulated by IAA and 

Ribaudo et al. (2006) demonstrated that an increase in ethylene promoted growth by 

increasing the number of root hairs.  This increased the total root surface of inoculated 

plants, which likely allowed for increased uptake of nutrients and minerals.  An increase 

in root area may also be beneficial if the level of dissolved O2 in the nutrient solution is 

limiting due to hypoxic conditions, since there would be more surface area to absorb O2.  

An increase in ethylene production may be particularly beneficial in a hypobaric HPC 

since hypobaric conditions have been shown to reduce ethylene production by as much as 
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38.8 % (Tang et al., 2010).  However, since ethylene accumulates in a closed system, this 

particular interaction may not prove beneficial. 

Lucas García et al. (2004) studied the effect of the PGPR Bacillus licheniformis 

on tomato (L. esculentum, cv. Portela) in a hydroponics system under greenhouse 

conditions.  This study found a 14.7 % increase in the number of fruits and an 8.8 % 

increase in the diameter of fruits one-and-a-half months after inoculation.  This indicates 

an effect of gibberellins since these phytohormones are involved in the fructification 

process (Evans et al., 1990).  However, this effect was not apparent when these 

measurements were taken again after three months.  Experimental trials in soil under 

greenhouse conditions demonstrated both tomato and pepper (Capsicum annum) 

responded with increased fruit production.  The interaction may be more effective with 

pepper.  The authors suggested this may be because pepper plants have a greater root 

surface area than tomato plants.  Furthermore, in the soil trials, inoculation was effective 

when measures of fruit were taken at three months (Lucas García et al., 2004).  This 

study implies that fruit production could be increased in a hydroponics system with the 

application of B. licheniformis.  It also highlighted the fact that differences in effect can 

be expected between PGPR in hydroponics and soil systems. 

Stress mitigation 

Both PGPR (Mohamed and Gomaa, 2012) and AMF (Miransari, 2010; Smith et 

al., 2010) have been found to reduce the effects of various stressors including salt, 

drought, and heavy metals.  For example, Mohamed and Gomaa (2012) found inoculation 

of radish plants (Raphanus sativus) with the PGPR B. subtilis or P. fluorescens increased 

root and shoot DM in salt stressed (75 and 150 mM NaCl in irrigation water) plants as 
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well as control plants.  Inoculation increased the content of IAA and gibberellic acid in 

the plants, as well as nitrogen, phosphate, potassium, calcium, and magnesium content.  

Plants had decreased levels of abscisic acid (ABA), sodium (Na
+
), and chloride (Cl

-
).  

ABA is a stress phytohormone that has many functions, including closure of stomata and 

induction of genes involved in osmotic stress reduction.  Therefore, lower levels of ABA 

indicated that the plants were less salt-stressed.  Exclusion of Na
+
 and Cl

-
 by the bacteria 

may be a possible explanation for stress reduction (Mohamed and Gomaa, 2012).  With 

the replenishment of mineral salts bound to Na
+
 or Cl

-
 there is an accumulation over time 

of theses ions in the recirculating nutrient solution of a HPC, which may cause salt-stress.  

The addition of untreated urine to nutrient solutions can also cause salt-stress for plants, 

especially lettuce (Qin et al., 2013).  The use of PGPR such as B. subtilis or P. 

fluorescens may prove beneficial under such circumstances.   

Pathogen suppression 

Microbes could suppress bacterial, fungal, and viral pathogens in HPCs through 

the production of antibiotics (Bhattacharyya and Jha, 2012), competitive exclusion 

(Cooley et al., 2003), and induced systemic resistance (Elsharkawy et al., 2011).  Cooley 

et al. (2003) demonstrated that bacteria that colonize plant tissues can competitively 

exclude human pathogens from the interior of plants.  In this experiment, Enterobacter 

asburiae was shown to excluded Salmonella enterica and enterohemorrhagic E. coli 

O157:H7 from Arabidopsis thaliana (Cooley et al., 2003).  The fungi Fusarium equiseti 

GF18-3 improves cucumber growth and acts as an effective biocontrol for the yellow 

strain of Cucumber mosaic virus (CMV-Y) by inducing systemic resistance (Elsharkawy 

et al., 2011).  The suppression of plant pathogens may be the strongest reason for 

maintaining a diverse and stable microbial community in a HPC in space. 
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Increased antioxidant content 

Generally, only the seed of soybean (Glycin max) plants are consumed.  However, 

in space as much of the edible biomass of plants as possible should be used.  This 

increases the HI of each crop; the factor most limiting to yield in a life support system 

(Bugbee, 1992).  The leaves of soybean are consumed in the southern province of Korea 

(Lee et al., 2008) and may be incorporated into the diets of astronauts.  Couto et al. 

(2011) showed that inoculation of soybean with Bradyrhizobium japonicum not only 

allowed for N2 fixation, but increased the antioxidant potential of the leaves.  

Interestingly, inoculation also increased the VOC content.  Linalyl acetate, menthyl 

acetate and α-farnesene were only detected in inoculated plants.  Production of VOCs is 

of particular interest in closed environments because these compounds can accumulate in 

the system and affect plant function. 

Closed HPCs tend to become less microbiologically diverse over time.  This may 

make these systems more vulnerable to invasion by plant or human pathogens.  It may 

also reduce plant performance over time since some beneficial plant-microbe interactions 

may be lost.  Establishing microbial community enriched with known beneficial microbes 

and environmental samples in an analogue HPC with particular crop(s), and using this 

community to inoculate a HPC in space with the same crop(s), may be the most effective 

way to maintain a healthy and predictable microbial community in the system.  The 

microbial communities in a HPC can change variables in ALS models by affecting plant 

function and productivity and cycling of nitrogen (Strayer, 1994; Couto et al., 2011) and 

carbon (Somova et al., 1999, 2001; Strayer, 1994).  The more stable and predictable the 

microbial community is; the more reliable ALS models will be.  Furthermore, if 

increased productivity can be achieved with beneficial plant-microbe interactions in 
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analogue systems, the cost of HPCs will be reduced in ESM trade studies for ALS in 

space (Waters et al., 2002; Hanford, 2005).  While the research performed on plant-

microbe interactions in hydroponics systems will inform future research, the effects of 

hypobaria and hypoxia may also need to be included in analogue HPCs to engineer stable 

and effective microbial communities for space greenhouses on the Moon or Mars. 

Microbial Responses to Hypobaria and Hypoxia  

Only a few experiments on the response of microbes to hypobaric and hypoxic 

conditions relevant to a HPC have been conducted (Gillmore and Gordon 1975; Pokorny 

et al., 2005).  However, the survival and growth of bacteria under conditions relevant to 

the surface of Mars is an area of active research and has yielded some insights into the 

effects of low pressure on bacteria (Schuerger et al., 2006; Nicholson et al., 2010).  In 

general, different species of bacteria respond differently to low pressure and this implies 

that succession will be affected in hypobaric HPCs.  Bacterial species have shown 

inhibition of growth below 10 kPa total pressure and reach the limit of low pressure 

tolerance at ~ 2.5 kPa (Schuerger et al., 2006).  However, they can evolve to tolerate low 

pressure (Nicholson et al., 2010).  It has also been shown that the effects of hypobaria on 

bacteria are not due to hypoxia alone (Gillmore and Gordon, 1975; Schuerger et al., 

2006; Nicholson et al., 2010). 

The effects of hypobaric conditions on faecal microorganisms were investigated 

in a study that used mice as an experimental model for astronauts (Gillmore and Gordon 

1975).  After a 6-week exposure to 20 kPa with 100 % O2, CFU counts showed an 

increase in Escherichia coli, slow lactose fermenters, Klebsiella-Enterobacter, and, in 

some instances, enterococci.  This experiment indicated that succession of a bacterial 
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community may be affected by hypobaria because the conditions may favour some 

species over others.   

An experiment in the CESRF hypobaric chambers was performed with pure 

cultures of two different types of bacteria; E. coli (Gram negative) and B. subtilis (Gram-

positive spore-former) (Pokorny et al., 2005).  The bacteria were cultured in liquid broth 

at 98 kPa (21 kPa pO2), 66 kPa (14 kPa pO2), and 33 kPa (7 kPa pO2) total pressure.  

After 18–19 days of exposure, CFU counts, measures of membrane fluidity, and analysis 

of total fatty acids were performed.  Hypobaric conditions did not affect bacterial growth 

as measured by CFU at the end of the experiment.  Cytoplasmic membrane fluidity 

showed no significant differences.  However, the analysis of total fatty acids did indicate 

an effect of hypobaria on gene expression in both bacteria.  In addition, the ratio of 

saturated to unsaturated fatty acids decreased for E. coli with the low pressure treatments.  

This experiment indicated that while there were effects of hypobaria on bacteria, they can 

adapt and continue to grow normally under hypobaric conditions of 33 kPa total pressure 

and 7 kPa pO2.  It also indicated that different species of bacteria were affected 

differently by hypobaria since only E. coli showed a decrease in unsaturated fatty acids.   

In an experiment to predict microbial survival on Mars, Schuerger et al. (2006) 

tested the limits of growth for 32 strains and 22 species of bacteria on solid media down 

to 2.5 kPa in pure CO2 atmospheres and in atmospheres with Earth-normal ratios of 

O2:N2 (21:78).  Six non-spore forming bacterial strains were able to grow with 2.5 kPa of 

pure CO2.  Two strains of E. coli were the most tolerant of low pressure.  While 

Enterococcus faecalis, Proteus mirabilis, Serratia liquifaciens, Staphylococcus aureus, 

and Paenibacillus pabuli were also able to grow, they were very inhibited compared to 
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the 101.3 kPa control.  Most bacteria tested could not grow in a pure CO2 environment 

because they were obligate anaerobes.  S. liquifaciens was the only strain tested that 

could grow at 2.5 kPa in an Earth-normal ratio of O2:N2.   

Two strains each of B. subtilis and E. coli were tested with both solid and liquid 

media under Earth-normal ratios of O2:N2.  For both media assays, growth was 

progressively inhibited below 10 kPa (2 kPa pO2) and was barely detectable at 2.5 kPa 

(0.5 kPa pO2).  E. coli was less inhibited by low pressure than B. subtilis.  To test whether 

the low partial pressure of O2 was inhibiting growth, the experiment was repeated with a 

medium which allowed for anaerobic metabolism (of which both strains were capable).  

Growth was still inhibited below 10 kPa, but not as severely for E. coli. The authors 

concluded that there was a direct effect of pressure besides desiccation and a low partial 

pressure of O2.  This experiment also indicated that different species of bacteria will be 

affected differently by hypobaric conditions and that low-pressure effects generally 

impact bacterial growth below 10 kPa total pressure (Schuerger et al., 2006). 

Nicholson et al. (2010) continued this work with an experiment on microbial 

evolution under low pressure with Earth-normal ratios of O2:N2.  They were able to 

demonstrate that over the course of 1000 generations (6.6 generations day
-1

) at 5 kPa, a 

strain of B. subtilis evolved that could competitively exclude the ancestral strain under 

5 kPa total pressure, but not under ambient conditions.  They also demonstrated that a 

strain held at constant conditions (1000 generations at 101.3 kPa) can lose phenotypic 

plasticity, which will be a concern in closed systems because it may lead to a reduced 

ability for the system to adapt to perturbations.  To investigate the effects of hypoxia 

alone, evolved and ancestral strains were grown at ambient pressure with low oxygen.  
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The evolved strain showed no advantage, indicating that adaptations had occurred 

specifically for hypobaria (Nicholson et al. (2010).    

Since hypobaria, at levels relevant to a HPC, effects the growth and physiology of 

bacteria, and likely that of other microorganisms as well, it is important to consider the 

microbial ecology of the higher-plant chamber and plant-microbe interactions under 

hypobaric conditions.  For the purpose of ALS, it is also important to consider the plant-

microbe interactions under hypobaric conditions in the context of a dynamic microbial 

community.  If the competitive abilities of some species are changed, then succession 

may not occur as predicted by experiments carried out under ambient pressure.  

Furthermore, a community that is engineered under ambient conditions may become 

unstable under hypobaric conditions and may not function as well.  Changes in 

competitive ability may occur because of physiological changes on the level of the 

microorganism or may be in response to changes in the plants.  Studying the system as a 

whole is necessary to determine if hypobaria affects the microbial ecology and plant-

microbe interactions in a HPC.  The objective of this study was to test for effects of 

hypobaria and hypoxia on microbial community dynamics and plant-microbe 

interactions, as well as plant productivity. 
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Chapter 1: Microbial dynamics in a higher-plant chamber are effected 

by hypobaric and hypoxic conditions anticipated for space 

ABSTRACT 

This study was conducted on microbial communities that incidentally colonized 

the hydroponics nutrient solution of hypobaric and hypoxic radish (Raphanus sativus L. 

cv. Cherry Bomb II) trials for advanced life support applications.  Combinations of 98, 

66, 33, and 10 kPa of total pressure and 21, 14, 7, and 2 kPa partial pressure of oxygen 

(pO2) were tested.  Radishes were grown in sealed higher-plant chambers for 21 days.  

Samples of the nutrient solution were taken at 0, 5, and 15 days after planting.  Changes 

in microbial succession over time were quantified in terms of abundance of culturable 

bacteria using the spread plate method for colony forming units and community-level 

physiological profiles (CLPP) using the EcoPlate
TM

.  Significant effects of total pressure 

(P = 0.004) and pO2 (P = 0.001) were found on CLPP. 

INTRODUCTION 

Advanced life-support (ALS) systems for the Moon or Mars will likely 

incorporate a higher-plant chamber (HPC) (Bamsey et al., 2009 a, b).  ALS combines 

traditional physical-chemical approaches to life support with bioregenerative techniques, 

including the growth of higher-plants traditionally used as food crops.  Ideally, the HPC 

will be a transparent space greenhouse on the surface of the Moon or Mars and will 

therefore need to operate under hypobaric (low pressure) conditions to overcome 

engineering challenges (Boston, 1981; Clawson et al., 2005; Paul and Ferl 2006; Rygalov 

et al., 2001; Wheeler, 2010; Wehkamp et al., 2012).  Microbial management of the HPC 

will likely involve an integrated management approach, including inoculation with a 

beneficial microbial community engineered in an analogue HPC on Earth (Nelson, 1987; 
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Gonzales et al., 1996; Roberts et al., 2004).  Engineering diverse and stable microbial 

communities that will recover from perturbations, resist invasion, promote plant-growth, 

and persist under space conditions may be one of the critical challenges in engineering a 

space greenhouse (Roberts et al., 2004; Somova and Pechurkin, 2005).  Roberts et al. 

(2004) have proposed that crop-specific communities be engineered in the nutrient 

solution of an analogue HPC on Earth so that non-culturable bacteria can be included in 

the community and greater diversity, stability, and pathogen resistance can be achieved 

compared to communities assembled from cultured bacteria.  

Whether or not this approach is taken, isolated microbial communities associated 

with plants in space may need to persist under the hypobaric and consequent hypoxic 

(low oxygen) conditions proposed for a space greenhouse.  Previous research has 

indicated that hypobaric and hypoxic conditions may affect microbial community 

dynamics because different bacteria respond differently to these conditions (Gillmore and 

Gordon, 1975; Nicholson et al., 2010; Pokorny et al., 2005; Schuerger et al., 2006).  

Therefore, there is a need to test for effects of hypobaria and hypoxia on isolated 

microbial communities associated with plants.  Between April 2006 and April 2007, a 

series of trials to test plant responses to hypobaria and hypoxia were run in the HPCs at 

the Controlled Environment Systems Research Facility (CESRF), Guelph, Ontario, 

Canada.  The study presented here quantified the abundance and physiological profiles of 

culturable bacteria in the HPC nutrient solution as indicators of effects of hypobaria and 

hypoxia on microbial communities associated with plants. 
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MATERIALS AND METHODS 

Experimental Design 

The CESRF radish trials had a randomized complete block design, but not all 

trials were sampled for this microbiological study, which focused on the most extreme 

treatments as shown in Table 3.  Four HPCs were used and pressure treatments were run 

concurrently at each level of oxygen with four sequential replicates.  Extra replicates 

were performed on treatments of particular interest and extra ambient control trials were 

run concurrently with hypoxic treatments for this microbiological study.   

Table 3.  Number of replicates sampled for combinations of total atmospheric pressure and partial pressure 

of oxygen (pO2).   

 Total Pressure (kPa) 

pO2 (kPa)  98 66 33 10 

21 4    

14 2 2 2  

7 4 1 1 6 

2 5   4 

 

Test Species 

Radish (Raphanus sativus L. cv. Cherry Bomb II) and a microbial community 

established through normal planting procedures in a HPC at the CESRF were used in this 

experiment.  Possible sources of microbes included the growth media, seeds, water, air, 

and handling.  The methods used in this study detected bacteria, though fungi and yeasts 

may have also been in the system and may have influenced the abundance and/or 

composition of the bacterial communities.   

Horticulture  

Radishes were grown in four canopy-scale (1.0 × 1.8 × 2.5 m) hypobaric 

chambers as described by Wehkamp et al., 2012.  The combinations of total atmospheric 
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pressure and pO2 sampled for this study are presented in Table 3.  Oxygen levels were 

reduced by dilution with pure nitrogen.  The partial pressure of carbon dioxide was 

elevated to 0.12 kPa for all treatments.  Air temperature was maintained at 22 °C, relative 

humidity at 65 %, and light intensity at 300 µmol m
-2

 s
-1

 (bench level) with a 16 h 

photoperiod.   

The hydroponics systems, including trays and covers were cleaned prior to each 

trial by circulating de-ionized water with > 10 ppm ozone for ~ 20 min.  Seeds were sown 

in rockwool slabs with a channel cut in the bottom for nutrient solution to flow through.  

The slabs were placed in five stainless steel irrigation trays (140 × 40 cm) with stainless 

steel covers containing evenly spaced holes (120 chamber
-1

).  Three seeds were planted 

per hole and allowed to germinate for three days before being thinned to one plant per 

hole, for a final density of 48 plants m
-2

.  

Nutrient solution was delivered at ~ 5 L min
-1

 from a 150 L reservoir using 

nutrient film technique.  A modified Hoagland’s half strength nutrient solution and refill 

stock solution were used (Wheeler et al., 1999).  The solution was re-circulated 

throughout the growth cycle and maintained at 1.2 dS m
-1

 electrical conductivity by 

automatic additions of stock solution.  Condensate from dehumidification was returned to 

the nutrient solution, and pH was adjusted daily to 5.8 ± 0.2 with nitric acid (0.5 M 

HNO3) or potassium hydroxide (0.5 M KOH).  After the seedlings were thinned, the 

chamber was sealed and the composition of atmospheric gases was adjusted.  Plants were 

harvested 21 days after planting.   
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Microbiology  

Nutrient solution samples were taken from the chambers on day 0 (the day of 

closure), day 5, and day 15, of each trial using a sterile vacuum flask and sampling port.  

Three 1L samples from each chamber were taken at 50 minute intervals to equally 

represent the total 150 L volume of nutrient solution, which was circulating at 1 L min
-1

.  

Each sample was transferred to a sterile 1 L polypropylene bottle and stored at 4 °C.  

Samples were generally plated within a day or two, though occasionally samples were 

stored for up to two weeks.  The roots of three radishes from each chamber were also 

rinsed and the microbial communities were plated, however the results are not presented 

since the nutrient solution represented these communities as found by Strayer (1991).    

Abundance of culturable bacteria over time was measured by colony forming 

units (CFU).  Each of the three sub-samples was serially diluted in sterile phosphate 

buffer solution and 100 µl of each dilution was plated in triplicate on trypticase soy agar 

in 100 × 15 mm Petri dishes using the spread-plate method.  The plates were incubated at 

28 °C and CFU were counted on days 1, 2, 4, and 7 of incubation (Figure 6).   

The EcoPlate™ (Biolog Inc., Hayward, California, USA) was used to examine the 

relative similarity between community-level physiological profiles (CLPP) based on 

patterns of sole carbon source utilization (Garland and Mills, 1991; Garland, 1997).  The 

EcoPlate™ is a 96-well MicroPlate with 31 fixed sole-carbon-sources which can be used 

to assess the relative similarity of bacterial communities associated with plants (Preston-

Hafham et al., 2006).  A control well treated with water is also included.  Each set of 31 

carbon sources and control are repeated three times per plate.  One plate was used per 

sub-sample (150 µl well
-1

).  Microbial respiration reduces a tetrazolium dye at 595 nm 

included in each well and causes a purple colour (Figure 6).  The optical density of the 
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colour response was measured with a microplate reader (Model 680, BIO-RAD, 

Hercules, California, USA) after 24, 48, and 72 h of incubation at 28 °C.   

Statistical Analysis 

R (R Core Team, 2013) was used to analyse all data sets.  The combined CFU 

counts from days 1 and 2 were used to test for effects of pO2 and total pressure.  The 

CFU counts were normalized by taking Log 10 and scaled by taking the exponent 0.5, so 

that variance would be on the order of 1.  The normalized data still had a significantly 

non-normal distribution (Shapiro-Wilk test: W = 0.9682, P = 0.03), but was considered 

acceptable for a linear mixed model since the histogram looked normal and the 

assumption of homogeneity of variance was met (Fligner-Killeen test: P = 0.6).  The 

linear mixed-effects-model function (lme) from the Linear and Nonlinear Mixed Effects 

Models package (nlme) (Pinheiro et al., 2013) was used.  The model included the 

interactions of day with pO2 and total kPa and a random intercept grouped by subject 

(microbial community).  The model was fit by using ANOVAs to test for significant 

  

Figure 6.  a) Typical growth of colony forming units and b) colour response giving a community-level 

physiological profile after two days of incubation.  Note the repeated pattern, as the group of 31 

carbon sources and control (top left well in group) are replicated three times across the plate (in 

four columns) from left to right. 

a b 
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effects of factors on the model; a 95 % confidence interval was used.  For fixed effects, 

models were fit by maximizing the log-likelihood.  For random effects, models were fit 

by maximizing the restricted log-likelihood.  The correlation over time (corAR1 function 

for uneven time intervals) within subject did not significantly affect the model.  The 

general linear hypothesis (glht) function from the Simultaneous Inference in General 

Parametric Models package (multcomp) (Hothorn et al., 2008) was used to perform 

Tukey’s all-pair comparisons for day sampled.  The CFU data for all incubation times 

had a very non-normal distribution.  To test for an interaction between the effects of day 

sampled and time of incubation on CFU counts, the CFU ranks were transformed to a 

normal distribution using the function rntransform from the GenABEL: genome-wide 

SNP association analysis package (GenABEL) (GenABEL project developers 2013) then 

a two-way ANOVA was performed on the transformed data.   

The CLPP data were normalized by dividing the colour response for each carbon 

source by the average well-colour development (AWCD) of the plate to mitigate the 

influence of microbial density on the pattern of carbon use as suggested by Garland and 

Mills (1991).  A permutational multivariate analysis of variance was performed with the 

adonis function from the Community Ecology package (vegan) (Oksanen et al., 2013).  

The readings from 48 hours of incubation (Figure 6) were used.  The model included the 

factors of time (day sampled), total pressure, and pO2, and strata was set to chamber, so 

that permutations were within chambers.  No significant (P<0.05) interactions between 

factors were found. 
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RESULTS 

The results of the radish trials pertaining to the plants were reported by Whekamp 

et al. (2012).  There was a dramatic decrease in biomass between 7 kPa pO2 and 2 kPa 

pO2, regardless of total pressure (Figure 7).  Otherwise, plants performed well under 

hypobaric and hypoxic conditions though some physiological changes were noted at 

10 kPa total pressure (Whekamp et al., 2012).   

  

Figure 7.  Radishes grown at a) 7 kPa pO2 or b) 2 kPa pO2 under ambient pressure (~ 98 kPa).   

The mean abundances of CFU on days 0, 5, and 15 are presented in Figure 8.  

Appendix 1 provides trellis plots of the same data grouped by pO2.  No significant 

treatment effects on abundance of CFU were found (P < 0.05).  There was an effect of 

time (day sampled): the overall mean abundance of CFU on days 5 and 15 was lower 

than day 0 (Tukey’s: P < 0.01).  Means of CFU counts across all treatments from Petri 

plates incubated for 1, 2, 4, and 7 days are presented in Figure 9.  There was an 

interaction between the effects of day sampled and length of incubation on CFU counts 

(P <0.001): over time the bacterial community had fewer fast-growing CFU and more 

slow-growing CFU. 

 

 a b 
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Figure 8.  Colony forming units (CFU) from the nutrient solution of a higher plant chamber with 

combinations of total pressure and partial pressure of oxygen (pO2) by day sampled for a radish-

growth trial.  Means presented with standard error bars, N = 90.  Numbers of replicates for each 

treatment are given in Table 3. 

The AWCD for the CLPP of each sample is presented in Figure 10 and shows a 

similar pattern of overall abundance as the CFU counts.  The permutational multivariate 

analysis of individual carbon source utilization indicated that time, total pressure, and 

pO2 significantly altered the physiological profile of the community; test statistics 

presented in Table 4.  

DISCUSSION 

The CFU counts (Figure 8) showed a similar pattern of abundance as the AWCD 

(Figure 10) of CLPP.  These culture methods were likely representing many of the same  
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Figure 9.  Counts of mean CFU for days sampled across all treatments.  Legend indicates length of 

incubation in days and bars represent new CFU counted after each incubation period.  Error bars 

indicate standard error, N = 89.  

Flavobacterium, Nocardia, Achromobacter, Mycobacterium, Agrobacterium, and 

Brevibacterium, and of the species Bacillus subtilis, Enterobacter aerogenes, Alcaligenes 

aquamarines, Pseudomonas cruciviae, P. cerevisiae, and Nocardia citrea were found to 

be predominate in hydroponics radish trials (Tirranen, 2008).  The CFU counts on days 1, 

2, 4, and 7 (Figure 9) indicate that the observed decline in CFU counts over time was 

mainly due to the relative abundance of slow and fast-growing CFU.  The decline could 

also be due to an increase in non-culturable bacteria, which has also been noted in 

microbial community succession in HPCs, with culturable bacteria starting at 30 % of the 

community and declining to 3 % compared to direct counts after 63 days (Roberts et al., 

2004).  The CFU counts after 2 days of incubation (10
3
–10

6
 ml

-1
) were similar to those 

found in the nutrient solutions of radish (Tirranen, 2008) wheat and soybean (Strayer, 

1991) in HPCs.  According to a critique of the EcoPlates
TM

 method by Preston-Mafham 
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Figure 10.  Average well-colour development (AWCD), indicating overall bacterial abundance, in an 

EcoPlate
TM

 with the nutrient solution of a higher-plant chamber with combinations total pressure 

and partial pressure of oxygen (pO2) by day sampled for a radish-growth trial.  Means presented 

with standard error bars, N = 81.   

Table 4.  Significance of time (0, 5, and 15 days) atmospheric pressure (98, 66, 33, and 10 kPa) and partial 

pressure of oxygen (21, 14, 7, and 2 kPa) on community level physiological profiles of bacteria in 

the nutrient solution used to grow radish in a sealed higher-plant chamber.  

           Df F P Significance
1 

Time 2 4.8687 0.001 *** 

Total pressure 3 2.5831 0.004 ** 

Partial pressure of oxygen 3 3.7759 0.001 *** 

Residuals 69    

Total 80    
1
 **, *** significant at P ≤ 0.01, P ≤ 0.001 respectively, with a permutational multivariate analysis, N = 81. 

et al. (2002), CLPP are appropriate for examining the relative similarity between 

communities.  However, the information regarding carbon source utilization must be 

considered as a physiological potential of community members rather than reflective of 
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what is happening in the environment from which they were sampled (Preston-Mafham et 

al., 2002).  Therefore, carbon source utilization indicates functional similarity between 

communities, but does not describe how the community is utilizing carbon sources under 

given environmental conditions such as hypobaria or hypoxia.  Therefore, the individual 

correlations between environmental factors and carbon source utilization were not 

analysed.    

Hypobaric conditions relevant to growing plants do not pose a major concern for 

the persistence of microbial functionality in a HPC.  However, both total pressure and 

pO2 affected community composition.  This indicated that some bacteria have a 

competitive advantage over others under hypobaric and hypoxic conditions.  This result 

was expected based on the findings of Gillmore and Gordon (1975), Nicholson et al. 

(2010), Pokorny et al. (2005), and Schuerger et al. (2006), which showed that responses 

to hypobaric and hypoxic conditions differed between bacteria.  Therefore, it is 

recommended that microbial communities for use in a HPC for ALS on the Moon or 

Mars be engineered and tested under the anticipated atmospheric conditions used to grow 

plants in space to improve the stability and function of the microbial community under 

space conditions.  
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ABSTRACT 

The advantages of plant growth promoting rhizobacteria in an advanced life 

support system on the Moon or Mars may be limited by a low partial pressure of oxygen 

(pO2).  Radish (Raphanus sativus ‘Cherry Bomb II Hybrid’) was inoculated with the 

common plant growth promoting rhizobacteria Bacillus subtilis and grown 

hydroponically at ambient and low (7 kPa) pO2 for 18 days.  Inoculation with B. subtilis 

was deleterious to radish productivity causing a 22 % reduction in edible dry weight 

across treatments and this was slightly exacerbated by low pO2.  The microbial load of 

the hydroponics system was not affected by inoculation, though it was reduced by low 

pO2.  Microbial abundance declined after the first 5 days of chamber closure with no 

further changes after the next 10 days.  Microbial community composition changed 

significantly with inoculation. 

                                                      
a
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INTRODUCTION 

For long-duration space missions a combination of physical-chemical and 

biological life support, called advanced life support (ALS), is being investigated.  In an 

ideal ALS system, plants recycle organic materials and water, remove carbon dioxide 

from the atmosphere, provide oxygen, produce food, and provide psychological benefits 

to the crew.  As with all space architecture; the cost of this system will be calculated in 

terms of mass (Hanford, 2005).  A hypobaric environment, that is one with reduced 

atmospheric pressure relative to Earth ambient (101 kPa at sea-level), will likely be used 

to reduce the mass of the higher-plant chamber.  A lower pressure differential between 

the interior and exterior environment on the surface of the Moon (<0.0 kPa) or Mars 

(0.6–1.0 kPa) would lower the strength requirements for the construction materials.  It 

may even be possible to use inflatable, transparent materials and reduce the mass required 

for electric lights (Boston, 1981).  The mass of atmospheric gases needed and the rate of 

atmospheric leakage would also be reduced with a hypobaric environment. 

The limits of plant tolerance for hypobaric conditions are being explored.  

Previous experiments at the Controlled Environment Systems Research Facility (CESRF) 

at the University of Guelph, Guelph, Ontario, Canada have shown that the nutritional 

quality of radish (Raphanus sativus ‘Cherry Bomb II Hybrid’) was not affected by 

reduced atmospheric pressure down to 33 kPa with an ambient (21 kPa) partial pressure 

of oxygen (pO2) (Levine et al., 2008).  Further experiments at the CESRF found that 

radish grows well down to 10 kPa total pressure, but that growth was limited between 7 

and 2 kPa pO2 (Wehkamp et al., 2012).   
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Increased plant productivity would also reduce the mass required to use plants for 

ALS because it would reduce the growing area required per crew member.  Plant growth 

promoting microorganisms (PGPM) increase plant productivity by a variety of 

mechanisms (Avis et al., 2008) and should be considered for engineered microbial 

communities in an ALS system (Roberts et al., 2004).  However, in a hypoxic 

environment aerobic PGPM could compete for O2 in the root zone and negate beneficial 

effects from plant-microbe interactions.  Bacillus subtilis is a common aerobic plant 

growth promoting rhizobacteria (PGPR) (Bhattacharyya and Jha, 2012).  This PGPR has 

been shown to suppress Fusarium oxysporum and improve yield in tomato (Hernández-

Suárez et al., 2011).  Fusarium has been isolated from space habitats and is a likely 

pathogen to infect plants in space (Gonzales et al., 1996).  With radish grown in 

hydroponics, B. subtilis also improved yield, especially under conditions of salt stress 

(Mohamed and Gomaa, 2012).  This paper examines the effects of the B. subtilis 

inoculation on radish productivity and microbial communities in a hydroponics system 

under hypoxic (7 kPa pO2) conditions relevant to a hypobaric higher plant chamber.   

MATERIALS AND METHODS 

Test Species 

‘Cherry Bomb II Hybrid’ radish seeds (W. Atlee Burpee & Co.) were used.  The 

rhizobacteria, B. subtilis, was isolated from the CESRF and maintained on Tryptic Soy 

Agar (TSA) with increasing concentrations of the antibiotic streptomycin sulfate (50-200 

µg ml
-1

) to produce a resistant isolate that could be recovered using TSA amended with 

streptomycin sulfate as a semi-selective medium.  The antibiotic-resistant B. subtilis 

culture was identified by fatty acid analysis (Microbial Identification System, MIDI, 

Newark, DE, USA).   
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Environment Conditions 

Radishes were grown at the CESRF in four canopy-scale (1.0 × 1.8 × 2.5 m) 

hypobaric chambers described by Wehkamp et al. (2012).  Two treatments of pO2 were 

used: 21 kPa (ambient control) and 7 kPa.  Total atmospheric pressure was maintained at 

an ambient level (~ 98 kPa) and partial pressure of carbon dioxide was elevated to 0.12 

kPa for all treatments.  Air temperature was maintained at 22 °C, relative humidity at 

65 %, and light intensity at 300 µmol m
-2

 s
-1

 (bench level) with a 16 h photoperiod.   

Horticulture  

For inoculation, seeds were soaked in a suspension of 10
8
–10

9
 CFU ml

-1
 of B. 

subtilis in a phosphate buffer solution (PBS) composed of deionised water, 8.0 g L
-1

 

NaCl, 0.2 g L
-1

 KCl, 1.15 g L
-1

 Na2HPO4 and 0.2 g L
-1

 KH2PO4.  The suspension was 

prepared with two-day-old colonies incubated at 27 °C on TSA amended with 

streptomycin sulfate (200 µg ml
-1

).  For each chamber, 4 g of seed was soaked in 10 ml 

of suspension for ~ 1 h at 4 °C prior to planting.  The hydroponics systems were cleaned 

prior to each trial by circulating de-ionized water with > 10 ppm aqueous ozone for ~ 20 

min.  Concentrated nutrient solutions were autoclaved before being mixed with deionised 

water.  Seeds were sown in rockwool slabs.  A channel was cut in the bottom of each slab 

for nutrient solution to flow through.  The slabs were placed in five stainless steel 

irrigation trays (140 × 40 cm) with stainless steel covers containing evenly spaced holes 

(120 chamber
-1

).  Three seeds were planted per hole and allowed to germinate for three 

days before being thinned to one plant per hole, for a final density of 48 plants m
-2

.   

The chamber was sealed and the composition of atmospheric gases was adjusted.  

Nutrient solution was delivered at ~ 5 L min
-1

 from a 150 L reservoir using nutrient film 

technique.  A modified Hoagland’s half strength nutrient solution and refill stock solution 
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were used (Wheeler et al., 1999).  The solution was re-circulated throughout the trial and 

automatically maintained at 1.2 dS m
-1

 electrical conductivity by additions of stock 

solution, condensate from dehumidification was returned to the nutrient solution, and pH 

was adjusted daily to 5.8±0.2 with nitric acid (0.5 M HNO3) or potassium hydroxide (0.5 

M KOH).  Plants were harvested 21 days after planting.  Leaves and roots (swollen 

hypocotyls) were separated and fresh weights were recorded.  Leaf areas were measured 

with a leaf area meter (Model LI-3100, LI-COR, Inc., Lincoln, Nebraska, USA).  Dry 

weights were collected after 1 week of drying at 60–70 °C.   

Microbiology 

Colony forming units (CFU) in the re-circulating nutrient solution were 

enumerated using the spread plate method on TSA.  The semi-selective TSA amended 

with 200 µg ml
-1

 of streptomycin sulfate was used to recover B. subtilis from inoculated 

trials.  The nutrient solution was sampled from a bypass valve in the hydroponics system 

on day 0, 5, and 15 after chamber closure.  A sterile 1 L polypropylene bottle was used to 

collect 1 L of nutrient solution.  All samples were stored at 4 °C for up to 7 days.  Each 

nutrient solution sample was serially diluted in PBS and plated in triplicate at three 

dilutions.  After 2 days of incubation at 27 °C, CFU on plates with 30–300 colonies were 

counted and semi-selective medium plates were examined for B. subtilis morphotypes.   

At harvest, three plants were randomly selected for microbial analysis and stored 

at 4 °C for up to 5 days.  Roots from the inoculated trials were each placed in 100 ml of 

PBS with 0.05 % Tween 20 (polyoxethylene 20-sorbitan monolaurate) and stirred at 200 

rpm for 20 min at 4 °C.  The rinse solution was plated on the semi-selective medium and 

incubated as above.  B. subtilis morphotypes were isolated.   
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The EcoPlate™ (Biolog Inc., Hayward, California, USA) was used to determine 

community-level physiological profiles (CLPP) based on patterns of sole carbon source 

utilization (Garland, 1997).  The EcoPlate™ is a 96-well MicroPlate with 31 carbon 

sources and a control well treated with water.  Each set of 31 carbon sources and control 

are repeated three times per plate.  Each plate was inoculated with one sample (150 µl 

well
-1

).  Microbial respiration reduces a tetrazolium dye included with each carbon source 

and causes a purple colour.  The optical density at 595 nm was measured with a 

microplate reader (Model 680, BIO-RAD, Hercules, California, USA) after 48h of 

incubation at 27 °C.   

Statistical Analysis 

Data for this analysis was gathered from four experiments in the same four 

chambers between 2006 and 2009.  All treatments were applied in all chambers at least 

once and repeated 4–6 times, with the exception of inoculation × 21 kPa pO2, which was 

run in only three of the chambers.  No chamber effects were found.  Experiment 1 was a 

4 × 4 (treatment × chamber) Latin Square Design, which contained the control × 21 kPa 

pO2 treatment (n = 4).  Experiment 2 was also a 4 × 4 Latin Square Design, which 

contained the control × 7 kPa pO2 treatment, however one replicate had two chambers 

with this treatment (n = 5).  Experiment 3 was a complete randomized block design with 

the treatments inoculation × 21 kPa pO2 (n = 3) and inoculation × 7 kPa pO2 (n = 4).  

Experiment 4 was completed after the inoculated trials and had one control chamber 

(control × 21 kPa pO2).  SAS 9.1 was used to analyse all data sets.  The CFU data were 

transformed by taking the Log 10 and the CLPP data were transformed by dividing by the 

average absorbance for each plate to remove the effect of microbial density.  The mixed 

procedure was used for the radish and CFU data and the mixed procedure with a 
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MANOVA was used for the CLPP data.  All models included experiment and chamber as 

random effects and the interaction between pO2 and inoculation where appropriate.  The 

Tukey-Kramer test for significance was used to test radish and CFU data, and Wilks’ 

Lambda was used to test CLPP data.   

RESULTS  

Radish Plants 

The significance of each treatment effect on dry weight (DW) for roots and leaves 

and the interaction between inoculation and pO2 are presented in Table 5.  DW of roots 

and leaves were not affected by pO2, however inoculation with B. subtilis had a 

significantly (P≤0.01) deleterious effect on root growth, resulting in a 22 % reduction in 

edible DW.  However, this was a subtle effect with no overt signs of disease (Figure 11).   

Table 5.  Effect of inoculation with Bacillus subtilis and partial pressure of oxygen (pO2) on DWr and DWl 

(dry weight of roots or swollen hypocotyls and leaves respectively) of radish (Raphanus sativus) 

grown hydroponically in a closed higher-plant chamber. 

 Significance
1 

 DWr (g chamber 
-1

) DWl (g chamber 
-1

) 

pO2 NS NS 

Inoculation *** NS 

pO2 ×  inoculation * NS 
1
NS, non-significant or *, *** significant at P≤0.1, P≤0.01 respectively, Tukey-Kramer test for 

significance, N = 17.   

There was a slightly significant interaction (P≤0.10) between inoculation and pO2 on root 

DW, with the treatment inoculation × 7 kPa pO2 producing the lowest root DW (Figure 

12 a).  Leaf DW showed no interaction (Figure 12 b).  There was no significant 

difference (P > 0.10) in the root and leaf data for individual plants between the 21 and 

7 kPa pO2 treatments with inoculation (Table 6).
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Figure 11.  Radishes (Raphanus sativus) grown hydroponically at 21 kPa partial pressure of oxygen (pO2) 

in a closed higher-plant chamber without inoculation a) and with inoculation b) with Bacillus 

subtilis. 

 

  control              inoculated 

Figure 12.  Root (swollen hypocotyl) a) and leaf b) dry weights (DW) for control radishes (Raphanus 

sativus) and those inoculated with Bacillus subtilis and grown at 21 or 7 kPa partial pressure of 

oxygen (pO2).  Least squared means presented, error bars indicate standard error, N = 17. 

Microbial Communities 

The significance of each treatment effect on microbial abundance, as measured by 

Log CFU ml
-1

, and community composition, as measured by CLPP in the nutrient 

solution, and the interaction between inoculation and pO2 are presented in Table 7.  The 

microbial abundances for each treatment are presented in Figure 13.  Microbial 

abundance was significantly (P≤0.001) reduced between day 0 and day 5 (from Log 5 ml
-

1
 to Log 4 ml

-1
), but was similar between day 5 and day 15.    
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Table 6.  Effect of partial pressure of oxygen (pO2) on DWr and DWl (dry weight of roots and leaves g 

plant
-1

 respectively) and FWr and FWl (fresh weight of root and leaves g plant
-1

, respectively) and 

LA (leaf area cm
2
 plant

-1
) of radishes (Raphanus sativus) inoculated with Bacillus subtilis and 

grown hydroponically in a closed higher-plant chamber.   

pO2 (kPa) DWr DWl FWr FWl LA 

21 0.948
1 

0.523 18.74 7.23 171.79 

7 0.925 0.566 17.94 6.32 150.21 

 NS
2 

NS NS NS NS 
1 
Least squared means. 

2 
Non-significant (P > 0.10), Tukey-Kramer test for significance, n = 3.   

 

Table 7.  Effect of inoculation with Bacillus subtilis, partial pressure of oxygen (pO2), and time on 

microbial abundance as measured by colony forming units (CFU) and community composition as 

measured by community-level physiological profile (CLPP) in the hydroponics nutrient solution of 

radish (Raphanus sativus) grown in a closed higher-plant chamber for 18 days.   

 Significance
1
 

 Abundance (Log CFU ml
-1

)
 2

 Community composition (CLPP)
 3
 

pO2 ** NS 

Inoculation NS ** 

pO2 ×  inoculation NS NS 

Time *** * 
1 
NS, non-significant or *, **, *** significant at P≤0.1, P≤0.05, P≤0.001, respectively. 

2
 Tukey-Kramer test for significance, N = 51.   

3
 Wilks’ Lambda test for significance, N = 43.  

 

The community composition was significantly (P≤0.05) different between the 

inoculated trial and control trials, but there was no effect of pO2 or interaction between 

inoculation and pO2.  Time had a slightly significant (P≤0.1) effect on community 

composition.  Morphotypes for B. subtilis were recovered from the nutrient solution and 

roots of all inoculated trials and morphotyping was confirmed with the EcoPlate™ for 

several colonies.   
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Figure 13.  Colony forming unit (CFU) in the hydroponics nutrient solution of control and Bacillus subtilis-

inoculated radish (Raphanus sativus) crops at both 21 and 7 kPa partial pressure of oxygen (pO2), 

on days 0, 5, and 15 after higher-plant chamber closure.  Least squared means presented, error bars 

indicate standard error, N = 51. 

 

DISCUSSION 

The strain of B. subtilis tested did not promote radish growth, regardless of pO2.  

B. subtilis cells were recovered from the roots and may have been competing for oxygen 

on the surface of the roots, but the hypothesis that B. subtilis inhibits growth primarily by 

heavily colonizing the roots and competing for O2 is not well supported by the weak 

interaction between pO2 and inoculation.  B. subtilis likely inhibited root growth by 

another mechanism.  Kwon et al. (2010) found that exposure to B. subtilis increased 

biosynthesis of the phytohormone ethylene in Arabidopsis.  Ethylene accumulation in the 

closed system may have inhibited plant growth.   
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The CFU counts were similar for all experiments.  CFU decreased during the first 

5 days and then stabilized over the next 10 days, suggesting a steady state was established 

fairly quickly and that the system may have a specific carrying capacity.  It is of interest 

that inoculating the seeds did not create a significantly greater load of culturable 

microbes in the system.  This is promising for the application of inoculants, since 

overloading the system with bacteria could be detrimental to the plants.  The 

establishment of a stable community, though slightly smaller at 7 kPa pO2, is also 

promising for the use of engineered microbial communities to increase plant growth and 

protect against invasion by human or plant pathogens or other deleterious 

microorganisms.  The community composition in the nutrient solution was not 

significantly different between treatments of pO2.  However, inoculation significantly 

altered the microbial community.   

Inoculation of radish with B. subtilis was successful in terms of the bacterium 

establishing on the roots of the plants and interacting with them.  However, this particular 

plant-microbe interaction was deleterious and perhaps more so with a low level of 

oxygen.  The inclusion of a common and potentially beneficial rhizobacteria can subtly 

inhibit root growth without producing any outward signs of disease.  Deleterious 

rhizobacteria could reduce plant growth if not excluded from an ALS system.  In 

conclusion, the microbial communities in higher plant chambers for ALS should be 

engineered to promote plant growth and the application of PGPM under hypoxic 

conditions relevant to hypobaric higher plant chambers has potential and deserves further 

investigation. 
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Chapter 3: Soybean growth and nodulation and associated microbial 

community dynamics in a hypobaric higher-plant chamber 

ABSTRACT 

Soybean (Glycine max cv. OT 9814) were grown from week-old seedlings to early 

reproductive phase (7 weeks) in higher-plant chambers under hypobaric (25 kPa) 

conditions with and without inoculation with Bradyrhizobium japonicum.  Control 

chambers at ambient pressure were run concurrently.  Nutrient film technique was used 

with urea as the sole nitrogen (N) source.  Fresh and dry mass of stems, leaves, pods, 

roots, and nodules and counts of nodules, pods, and pod-fill were collected at harvest.  

The nutrient solution was sampled weekly and analyzed for bacterial abundance and 

community composition using colony forming units (CFU) and community-level 

physiological profiles (CLPP), respectively.  Hypobaric conditions supported nodulation 

and nitrogen fixation and significantly increased the dry mass of plants, likely due to the 

increased ratio of carbon dioxide to oxygen, resulting in the Warburg effect.  However, 

reproductive growth was inhibited.  CLPP were affected by hypobaric conditions and 

nodulation.  The results of this experiment are discussed in terms of a higher-plant 

chamber for an advanced life-support system on the Moon or Mars. 

INTRODUCTION 

Soybean (Glycine max) is a desirable candidate crop for advanced life support 

(ALS) applications.  It is actively being researched for bioregenerative life-support 

systems (Palermo et al., 2012) and as a fermented food for astronauts (Buckley et al., 

2011).  Soybean grows well in hydroponic higher-plant chambers (HPCs) using nutrient 

film technique (De Micco et al., 2012).  Hydroponically grown soybean has been shown 

to have enhanced nutritional quality over field grown soybean (Palermo et al., 2012).  
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Furthermore, symbiotic bacteria can form nodules on soybean roots and fix nitrogen gas 

(N2) in hydroponics systems (Ismande, 1988; Wanek and Arndt, 2002).  In an ALS 

system, this could be a way to recapture N lost to the atmosphere during the 

decomposition of organic matter.  The Haber-Bosch procedure is used in ~ 90 % of the 

production of ammonia in the world, 83 % of which is used for N fertilizer (Appl, 2006).  

The Haber-Bosch procedure is energy intensive, requiring high temperatures and 

pressures and ~ 1.4 % of all fossil fuel consumption is used to manufacture ammonia 

(Appl, 2006).  It would be advantageous if the equipment, energy, and time needed to 

produce ammonia on Mars could be reduced or eliminated by using biological N2 

fixation.  Nodulation by Bradyrhizobium. japonicum can also increase antioxidant 

potential in soybean (Couto et al., 2011).  Furthermore, Ismande (1988) found that 

soybean seed yield increased with N2 fixation relative to plants grown with excess nitrate.   

In space, crops will likely be grown under hypobaric conditions in HPCs that are 

transparent surface-structures, or space greenhouses (Boston, 1981; Clawson et al., 2005; 

Paul and Ferl 2006; Rygalov et al., 2001; Wheeler, 2010; Wehkamp et al., 2012).  

Hypobaric conditions reduce the material strength and mass requirements needed to 

construct a space greenhouse and may make it possible to use transparent materials that 

allow sunlight to reach the plants (Boston, 1981).  To achieve maximum hypobaria, 

altered atmospheric compositions, including a higher partial pressure of oxygen (pO2) 

and lower partial pressure of nitrogen gas (pN2) would be used (Wehkamp et al., 2012).  

Such hypobaric conditions could limit the effectiveness of the interaction between 

soybean and B. japonicum by limiting N2 fixation. 
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The effects of hypoxia (low pO2) on N2 fixation have been studied, since it is a 

consequence of flooding in the soil and is of agricultural interest.  Criswell et al. (1976) 

found that intact soybean nodules fully adapted to 6 kPa pO2 within 4 hours and were 

able to fix N2 at a rate of ~ 50 % at 2 kPa pO2.  However, Quebedeaux and Hardy (1975) 

found that soybean had enhanced vegetative growth but greatly reduced reproductive 

growth when shoots were exposed 5 kPa pO2 from early vegetative growth to maturity.  

Reduced seed weights were found with 10 kPa pO2, while supra-ambient levels increased 

seed weights in a field experiment with encased shoots (Sinclair et al., 1987).  Therefore 

the lower limits of pO2 for soybean production will likely be determined by the limit for 

reproductive growth, rather than N2 fixation.   

In hypobaric HPCs, as pN2 is reduced to provide a higher pO2 while maintaining 

maximum hypobaria, atmospheric N2 could become a limiting factor for N2 fixation.  The 

implication of pN2 for N2 fixation has not been a specific area of study, outside of studies 

of general flooding stress, since N2 is the most abundant gas in the atmosphere of Earth 

(78 %).  The objectives of this study are to continue the process of establishing the lower 

limit of pO2 for soybean reproduction, and to begin the process of establishing the lower 

limit of pN2 for N2 fixation, while testing for effects of nodulation and hypobaria on the 

microbial community associated with the plants.  In the hypobaric treatment, the 

atmospheric pressure was reduced to 25 kPa.  This provided a reduced pN2 (19 kPa) to 

begin testing for the lower limit of pN for N2 fixation.  A pO2 of 5 kPa provided further 

exploration of the range between 7 and 2 kPa for vegetative growth established for radish 

by Wehkamp et al. (2012).  It also allowed for verification of the findings of Quebedeaux 
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and Hardy (1975) of reduced growth in soybean pods exposed to 5 kPa pO2 with whole-

plant exposure.  

MATERIALS AND METHODS 

Experimental Design 

Four treatments were tested: an ambient control and a hypobaric treatment of 

25 kPa, both nodulated and non-nodulated.  The experiment was designed as a complete 

randomized block, with each run of four chambers as a block, and replicated through time 

with three runs.  The treatments were randomly assigned to chambers then systematically 

rotated through chambers to mitigate chamber effects.  In the first replicate the plants in 

the hypobaric non-nodulated treatment nodulated due to inadequate seed sterilization and 

the hypobaric nodulated treatment was lost due to a chamber failure.   

Test Species 

A semi-determinate cultivar of soybean, Glycine max cv. OT 9814, was used. 

Seeds were provided by Hendrick Seeds, now Sevita International Corporation, 

Inkerman, Ontario, Canada.  The nodule-producing bacterium, B. japonicum (BUS-2), 

was provided by Prof. Dave Hume, Department of Plant Agriculture, University of 

Guelph.  The effects of hypobaria and nodulation on the bacterial communities which 

routinely colonize HPCs during normal planting procedures were also investigated.  

Possible sources of microbes in this experiment included the growth media, seeds, water, 

air, and handling.   

Horticulture 

Soybean plants were grown in four canopy-scale (1.0 × 1.8 × 2.5 m) hypobaric 

chambers as described by Wehkamp et al. (2012), using nutrient film technique.  The 

hydroponics systems, including trays and covers were cleaned prior to each trial by 
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circulating de-ionized water with > 10 ppm ozone for ~ 20 min.  For each chamber, 36 

seeds were surface sterilized, inoculated or treated with a control, and germinated in agar 

deeps.  After one week, seedlings had reached the cotyledon stage and were transferred to 

hydroponics trays.   

For the first replicate, seeds were rinsed with ethanol (95 %) for 10 sec then 

rinsed five times with sterile deionized water and the process was repeated with sodium 

hypochlorite (2.5 %).  On subsequent runs the ethanol rinse was 20 sec and seeds were 

soaked in sodium hypochlorite for 5 min.  Seeds were then left to soak in deionized water 

overnight at 27 °C.  Seeds were then immersed in 50 ml of either sterile 10 % sucrose 

solution with 1 g of sterile peat as a control, or a ~ 10
6
 CFU ml

-1
 suspension of B. 

japonicum in 10 % sucrose solution made with 1 g of inoculated peat moss.  Seeds were 

then germinated in agar deeps, 25 × 150 mm glass test tubes with 20 ml of seedling agar 

(Roughley, 1970), wrapped in aluminum foil to protect roots from light.  Seeds were 

incubated for two days at 27 °C with no light and loosely capped to maintain moisture, 

then moved to a HPC and given a 12 h light cycle.  On day four of germination, the caps 

were removed.  Sterile water was added as needed to keep roots wet during seedling 

growth.   

After five days in the HPC, 18 uniform seedlings were selected and placed in a 

beaker with either a control solution or a suspension of B. japonicum as above.  Seedlings 

were then transferred to five stainless steel irrigation trays (140 × 40 cm) with steel 

covers with a slot down the center.  An alternating pattern of four then three plants per 

trough was used for a final density of seven plants m
-2

.  Stainless steel cards were used to 

cover the slot and hold the seedlings.  Cylindrical wire cages (40 cm in diameter) were 



65 

then clipped to the trays to support the plants as they grew.  Figure 14 shows the final set-

up and the slot and cards arrangement with a seedling. 

  

Figure 14.  a) Soybean seedlings prior to chamber closure with wire cages to provide support as plants 

grow.  b) Cover removed to show roots bathed in nutrient solution by nutrient film technique. 

A modified Hoagland’s half strength nutrient solution with urea as the only N 

source and a replenishment solution were developed based on the findings of Harper and 

Nicholas (1976), Lahav (1976), Muhlestein et al. (1999), and Ralston and Imsande 

(1983) and on the start and replenishment solutions developed by Wheeler et al. (1999).  

The starting electrical conductivity (EC) was ~ 1.4 dS m
-1

; addition of the stock solution 

increased the EC by 0.3 dS m
-1

.  The nutrient concentrations for the start solution and the 

replenishment solution are given in Table 8.  The solution was buffered with MES [2(N-

morpholino)ethanesulfonic acid hydrate] (2.0 mM).  The nutrient and stock solution 

formulas are given in Appendix 2.  The solution was re-circulated throughout the growth 

cycle.  On the 4th, 3rd, and 2nd weeks of the experiment for replicates 1, 2, and 3 

respectively, 9 L of replenishment solution was added.  Condensate from 

dehumidification was returned to the nutrient solution, and pH was adjusted daily to 6.2 ± 

a b 
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0.5 with phosphoric acid (0.5 M H3PO3) or potassium hydroxide (0.5 M KOH).  The 

seedlings were left overnight to ensure they survived placement, then the chamber was 

sealed and the composition of atmospheric gases was adjusted.  The atmospheric 

compositions for the ambient and hypobaric treatments are presented in Table 9.  

Day/night air temperature was set at 24/20 °C and relative humidity at 65 %.  Light 

intensity was 435 and ~ 760 µmol m
-2 

s
-1

 at bench level and maximum canopy level 

respectively with a 12 h photoperiod.  Plants were harvested seven weeks after chambers 

were closed, in the beginning-pod to full-seed stages (growth stages R3 to R6 

respectively).  Fresh and dry mass (DM) measures for the leaves, stems, pods, roots and 

nodules (> 1 mm) were collected.  As well as nodule, pod, and pod- fill counts.  Nodule 

activity, as indicated by a pink internal colour in nodules, was noted.   

Table 8.  Nutrient concentrations in start and replenishment nutrient solutions.   

Element (salt) Start Replenishment 

 (mM) 

N  12 100 

P 0.25 1.78 

K 4.33 43.3 

Ca 3 15 

Mg 1 10 

S 3 30 

 (µM) 

Fe 60 134 

Mn 7.4 96 

Zn 0.96 12.5 

Cu 1.04 13.5 

B 7.13 93 

Mo 0.05 0.13 
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Table 9.  Atmospheric compositions (kPa) for control and hypobaric treatments.  Hypobaric conditions 

maintained Earth ambient ratios of gases, except CO2, which was maintained at twice ambient 

levels in both treatments. 

 Control Hypobaric 

Total pressure  98 25 

Nitrogen  76 19 

Oxygen  20-24 5-6 

Carbon dioxide  0.08 0.08 

 

Samples of nutrient solution (500 ml) were collect for chemical analysis before 

additions of stock solution and at the end of the chamber run.  Samples were collected 

from a sampling port in the hydroponics system with a 500 ml vacuum flask.  Five plants 

were also randomly selected for tissue analysis.  Chemical analysis of the nutrient 

solution and tissues were performed by Agri-Food Laboratories, Guelph, Ontario, 

Canada.  

Microbiology 

Colony forming units (CFU) in the re-circulating nutrient solution were 

enumerated on trypticase soy agar using the spread plate method.  Starting at chamber 

closure, weekly samples of 500 ml of nutrient solution were taken as described in the 

previous section.  All samples were stored at 4 °C and plated within three days.  Each 

nutrient solution sample was serially diluted in 10 % sucrose and 100 μl was plated in 

triplicate at three dilutions.  After 3 days of incubation at 27 °C, CFU on plates with 30– 

300 colonies were counted.   
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The EcoPlate™ (Biolog Inc., Hayward, California, USA) was used to determine 

community-level physiological profiles (CLPP) based on patterns of sole carbon source 

utilization (Garland, 1997).  The EcoPlate™ is a 96-well MicroPlate with 31 carbon 

sources and a control well treated with water.  Each set of 31 carbon sources and control 

are repeated three times per plate.  Microbial respiration reduces a tetrazolium dye 

included with each carbon source, which causes a purple colour.  Each well was filled 

with 150 μl of nutrient solution.  The optical density at 595 nm was measured after 3 days 

of incubation at 27 °C with an absorbance microplate reader (Model ELx800, BioTek 

Instruments, Inc., Winooski, Vermont, United States).   

Statistical Analysis 

R (R Core Team, 2013) was used to analyse all data sets.  The DM data for total 

biomass did not meet the assumption of normal distribution (Shapiro-Wilk test: W = 

0.853, P = 0.046) but had homogeneity of variance (Fligner-Killeen test: P = 0.09).  It 

was considered acceptable to perform a two-way ANOVA with this data set.  Pod DM, 

pods plant
-1

 and nodule:root DM ratio had a very non-normal distribution so Kruskal-

Wallis rank sum tests (kruskal.test) were used.  To test for interactions between pressure 

and nodulation on pod DM and pods plant
-1

 the ranks were transformed to a normal 

distribution using the function rntransform from the GenABEL: genome-wide SNP 

association analysis package (GenABEL) (GenABEL project developers, 2013) then a 

two-way ANOVA was performed on the transformed data.  Two-way ANOVAs were 

also used for the beans pod
-1

 data.  T-tests (t.test) with equal variability specified were 

used to test for treatment effects on nodule DM and nodule number. 
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The CFU data were analysed with a linear mixed-effects-model function (lme) 

from the Linear and Nonlinear Mixed Effects Models package (nlme) (Pinheiro et al., 

2013).  The data was normalized by taking Log 10 and scaled by taking the exponent 0.5 

so that variance would be on the order of 1.  The normalized data still had a significantly 

non-normal distribution (Shapiro-Wilk test: W = 0.968, P = 0.043), but was considered 

acceptable based on visual inspection of the histogram and since the assumption of 

homogeneity of variance was met (Fligner-Killeen test: P = 0.77).  The model was fit by 

using ANOVAs to test for significant effects of factors on the model.  For fixed effects, 

models were fit by maximizing the log-likelihood and for random effects they were fit by 

maximizing the restricted log-likelihood; a 95 % confidence interval was used.  The 

correlation over time (corCAR1 function) by subject did not significantly affect the 

model.  The final model included time and a random intercept grouped by subject nested 

in run. 

The CLPP data were normalized by dividing the colour response for each carbon 

source by the average well-colour development (AWCD) of the plate to mitigate the 

influence of microbial density on the pattern of carbon use as suggested by Garland and 

Mills (1991).  However, the data were still non-normally distributed and were analysed 

with a permutational multivariate analysis of variance using the adonis function from the 

Community Ecology package (vegan) (Oksanen et al., 2013).  The model included the 

factors time, pressure, nodulation, and pressure × nodulation with strata set to chamber. 
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RESULTS 

Soybean Plants 

Photographs of soybean plants grown under ambient and hypobaric conditions 

with and without nodulation are presented in Figure 15.  Plants grown under ambient 

conditions were spindly and pale with interveinal chlorosis, some leaves rolled under, and 

older leaves showing necrosis.  Roots appeared to have been damaged followed by a 

period of recovery (Figure 16).  Plants grown under hypobaric conditions accumulated 

significantly more total DM than plants grown under ambient conditions (P = 0.005, 

Figure 17) and showed no signs of root damage, but were slightly pale with interveinal  

  

  

Figure 15.  Soybean plants from the third replicate of the experiment: a) ambient, non-nodulated; b) 

hypobaric, non-nodulated; c) ambient, nodulated; and d) hypobaric, nodulated.   

b 

d c 

a 

a 
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Figure 16.  Roots of soybean in hydroponics trays: a) ambient and b) hypobaric treatments (right).  Note 

that the ambient treatment shows a thin root mat with early damage to roots indicated by dark 

areas, while the hypobaric treatment shows a thick healthy root mat with no signs of damage. 

chlorosis and some chambers presenting downward-cupped and crinkled leaves with 

older leaves showing necrosis.   

The plant tissue analysis was performed at harvest and was not readily 

comparable to standard interpretations based on leaves collected at the flowering stage 

since nutrient concentrations in leaves are typically reduced as the plant matures and 

mobile nutrients are translocated to pods and beans.  N content of leaves ranged from 

2.8–5.5 % for all chambers.  In the top fully developed leaf at flowering, leaves with less 

than 4.0 % N indicate a deficiency which may reduce yield (Ontario Ministry of 

Agriculture and Food, 2013).  However, there was no effect of N content on total or pod 

biomass (P = 0.527 and P = 0.440 respectively, N = 11), so these levels were likely 

adequate given the growth stages of the sampled plants.  No effects of pressure (P = 

0.519), nodulation (P = 0.094), or an interaction between these factors (P = 0.858) on N 

content were found (N = 11).   

Due to additions of phosphoric acid to control pH, the plants suffered phosphorous 

toxicity, with > 0.80 % phosphorous in leaf tissues, which can cause necrosis in the 

  

a b 
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margins and interveinal areas in older leaves and interveinal chlorosis in younger leaves.  

Phosphorus toxicity can also cause copper deficiency, despite adequate copper available 

in the nutrient solution (Table 8).  Copper levels were low, < 4 ppm, in the leaf tissue for 

most chambers, which can cause reduced growth and leaves that are light green or yellow 

and roll under.  Crinkled leaves are a symptom of manganese toxicity and levels were 

high in the leaf tissues (91.61–313.70 ppm), but nutrient solution concentrations never 

rose above 0.7 mg/L, which should not cause visible signs of toxicity (Ohki et al., 1980).  

Therefore, these symptoms may have been a result of an interaction with high 

phosphorous concentrations and EC.  

 Additions of phosphoric acid considerably increased the EC and the nutrient 

solutions reached 1.9–3.7 dS m
-1

 EC during the experiment.  The addition of 

replenishment nutrient solution also caused a 0.3 dS m
-1

 increase in EC, which may have 

caused the dark areas on roots in the low pressure treatment, and limited growth.  As 

replenishment nutrient solution was added one week sooner with each replicate, the 

condition of the plants in the ambient treatment was worse. 

At harvest, eight-week-old plants from the ambient treatment were at beginning to 

full seed stage, while plants grown under hypobaric conditions were at the beginning pod 

stage (growth stages R5–R6, and R3 respectively).  Less pod DM had accumulated under 

hypobaric (2.91 ± 1.94 g plant
-1

) compared to ambient (32.20 ± 15.91 g plant
-1

) 

conditions (P = 0.045, N = 11).  The number of pods plant
-1

 was not significantly 

different (P = 0.465) between pressure treatments, though variation was high (Figure 18).  
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Figure 17.  Total dry mass (DM) of soybean plants grown under hypobaric (25 kPa) and ambient (98 kPa) 

atmospheric conditions for seven weeks from seedlings with and without nodulation by B. 

japonicum.  Means presented, error bars indicate standard error, N = 11. 

 

 

Figure 18.  Pods plant
-1

 for soybean grown under hypobaric (25 kPa) and ambient (98 kPa) atmospheric 

conditions for seven weeks from seedlings, with and without nodulation by B. japonicum.  Means 

presented, error bars indicate standard error, N = 11.  
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A marginal interaction between total pressure and nodulation on beans pod
-1

 (P = 

0.059) was found, with nodulation decreasing reproductive growth under ambient 

conditions, but increasing it under hypobaric conditions relative to non-nodulated plants (  

Figure 19).   

  

Figure 19.  Beans pod-1 for soybean grown under hypobaric (25 kPa) and ambient (98 kPa) atmospheric 

conditions for seven weeks from seedlings, with and without nodulation by B. japonicum.  Means 

presented, error bars indicate standard error, N = 11. 

Plants grown under hypobaric conditions produced more nodules > 2 mm (P = 0.013, 

Figure 20) and nodule DM was greater (60.23 ± 6.64 versus 17.00 ± 9.40 mg plant
-1

 

respectively, P = 0.020, N = 11).  However, the ratio of nodule to root DM was not 

significantly different between treatments (P = 0.513, n = 3) since root mass was much 

greater with hypobaric conditions compared to ambient conditions (152.74 ± 6.05 and 

49.32 ± 18.42 g chamber
-1

 respectively).  Nodules were active in both treatments, as and 

there was no interaction between atmospheric pressure and nodulation on total DM (P =  

 
 

25 98

nodulated
non-nodulated

Pressure (kPa)

B
e

a
n

s
 p

o
d

1

0
.0

0
.5

1
.0

1
.5

2
.0

2
.5

3
.0



75 

 

Figure 20.  Number of nodules plant
-1

 and size class of nodules for soybean grown under hypobaric (25 

kPa) and ambient (98 kPa) atmospheric conditions for seven weeks from seedlings.  Means 

presented, error bars indicate standard error, n = 3. 

 

0.737) (Figure 17).  No effect of nodulation (P = 0.715) or interaction between nodulation 

and pressure (P = 0.686) were found on pod DM (N = 11).  There were no significant 

effects of nodulation (P = 0.068) or an interaction between pressure and nodulation (P = 

0.218) on pods plant
-1

 (Figure 18).   

Microbial Communities 

The abundance of culturable bacteria, as measured by CFU in the nutrient 

solution for all treatments is presented in Figure 21.  No significant effects of time, 

nodulation, or hypobaric conditions on the abundance of culturable bacteria were found 

(P > 0.05).  The permutational multivariate analysis of the CLPP data showed significant 

effects of time, nodulation, and pressure; test statistics presented in Table 10.   
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Figure 21.  Abundance of culturable bacteria as measured by colony forming units (CFU) in the nutrient 

solution of soybean plants grown in a higher-plant chamber under ambient (98 kPa) and hypobaric 

(25 kPa) conditions without and with nodulation (nod).  Means presented, error bars indicate 

standard error, N = 78.  

 

Table 10.  Significance of time (0-6 weeks), atmospheric pressure (98 and 25 kPa), and nodulation on 

community level physiological profiles of bacteria in the nutrient solution used to grow soybean in 

a sealed higher-plant chamber.  

           Df F  P Significance
1 

Time 6 1.6940 0.011 * 

Pressure 1 5.2434 0.001 *** 

Nodulation 1 3.0603 0.006 ** 

Pressure × Nodulation 1 0.9974 0.430 NS 

Residuals 67    

Total 75    
1
NS, non-significant or *, **, *** significant at P ≤ 0.05, P ≤ 0.01, P ≤ 0.001 respectively, with 

permutational analysis of variance, N = 76. 

DISCUSSION 

Plant health was not optimal in this experiment.  Tissue and nutrient solution 

analysis indicated phosphorus toxicity, which led to a copper deficiency and possibly to  
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manganese toxicity.  Since phosphorus toxicity and high EC were the result of additions 

of phosphoric acid to reduce pH, in future experiments the nutrient solution pH should be 

controlled with nitric acid (0.5 M HNO3), which does not raise EC as much.  Phosphoric 

acid was used to avoid additions of N and aid in calculation of the N balance to determine 

N2 fixation.  The replenishment solution was added as a fixed volume to aid in these 

calculations as well and likely caused damage to the roots of the less vigorously growing 

plants in the ambient treatment.  It is recommended that in future experiments, the natural 

abundance of heavy nitrogen isotope, 
15

N, should be used to calculate the fractional 

contribution of N2 fixation to N uptake as described by Wanek and Arndt (2012).  EC 

should be automatically maintained at 1.4 dS m
-1

 throughout the experiment. 

Modifications to pH and EC management may be sufficient to produce healthy plants 

with the nutrient solution used in this experiment. 

Vegetative growth was significantly enhanced by a pO2 of 5 kPa, but reproductive 

growth was inhibited.  These results agree with the findings of Quebedeaux and Hardy 

(1975).  For C3 plants, which have 3 phosphoglycerate as the first stable compound 

produced by the Calvin cycle, a low pO2 combined with an increased partial pressure of 

CO2 (0.08 kPa) should reduce photorespiration and increase photosynthesis since fewer 

molecules of O2 are available to bind with the enzyme rubisco and replace CO2 in the 

Calvin cycle.  This is known as the Warburg effect.  Since soybean is a C3 plant, the 

Warburg effect is likely responsible for the observed increase in DM accumulation under 

hypobaric conditions since CO2 was held constant.  An increased diffusion coefficient 

due to low pressure may have also facilitated gas exchange between the leaves and 

atmosphere, which could have increased photosynthesis (Gale, 1973; Rygalov et al., 
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2002).  However, radish, which is also a C3 plant, did not show increased growth under 

low pressure or low pO2 conditions (Whekamp et al., 2012).  This may be due to the high 

partial pressure of CO2 (0.12 kPa) maintained in those experiments.   

This experiment is a step toward establishing a lower-limit of pO2 for soybean 

reproduction in a HPC.  It would be necessary to let the seeds mature to know if 

reproduction was reduced or simply delayed since plants produced similar numbers of 

pods with similar pod-fill under hypobaric conditions.  However, for an ALS system the 

delay of several growth stages observed in the 25 kPa total pressure treatment would 

probably be unacceptable.  Comparison of the nodulated plants at ambient and hypobaric 

conditions was confounded because the ambient plants were much less healthy due to 

excess nutrients, phosphorous in particular, in the nutrient solution.  Nodulation increased 

with a total pressure of 25 kPa relative to ambient treatments, but this was related to a 

greater root mass as indicated by the nodule:root ratio.  However, with a four-fold 

reduction in pN2 (19 kPa) nodules formed and were active, as indicated by a pink internal 

colour.   

The abundance of CFU in the nutrient solution was not significantly affected by 

time, pressure, or nodulation over the course of six weeks.  This is hopeful for 

maintaining microbial communities in sealed HPCs for the duration of a crop cycle.  The 

CLPP analysis showed significant effects of time, pressure, and nodulation.  Changes in 

the profile of the community due to hypobaria likely reflect changes in competitive 

sorting under hypobaric conditions, though differences in root exudates and mat 

structure, due to the health of the plants, may have also contributed to these changes.  

Since inoculation with B. japonicum changed the microbial community it will likely be 
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important to include inoculants that will be used in space during the process of 

engineering the microbial community.  These results also indicate that the hypobaric 

conditions that the microbial community is expected to function under should be imposed 

during the engineering process, since given a similar starting community a different 

community will establish under hypobaric conditions compared to ambient conditions.  

Therefore, if a community is established under ambient conditions it is likely to be less 

stable under hypobaric conditions than a community established under those conditions.  

For space applications, it may be beneficial to inoculate into the HPC with a microbial 

community engineered under hypobaric conditions to increase the stability of the 

microbial community under these conditions.  
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Conclusions 

The culturable bacterial community in the hydroponics system of a HPC was 

found to be fairly steady in terms of overall abundance, generally ranging between 10
4
 

and 10
6
 CFU ml

-1
 after the first week, when CFU were counted after 3 days of incubation 

on Petri plates.  This agreed with previous findings (Roberts et al., 2004; Strayer, 1991).  

Longer incubation times result in higher counts due to slow-growing CFU.  In the first 

radish experiment, CFU were counted after 1, 2, 4, and 7 days of incubation.  The mean 

counts for the CFU across all treatments showed that the average growth-rate of CFU 

from the nutrient solution decreased over time from day 0 to day 15 of the experiment.  In 

the soybean experiment, no initial drop in CFU, as noted in the radish experiments, was 

observed because plates were counted after 3 days of incubation, rather than 2 days. 

The CLPP of bacteria in the nutrient solution of radish and soybean crops was 

significantly affected by total pressure and pO2, but no interactions between these factors 

were found.  The CLPP likely changed due to competitive sorting, in which altered 

atmospheric conditions confer competitive advantages on some bacterial species and 

these outcompete other less well-adapted species.  Inoculation with bacteria can also 

significantly change the CLPP, as shown with inoculation with B. subtilis and B. 

japonicum.  Therefore, if an inoculum will be used, it should be included in the 

engineering process.  B. subtilis, a ubiquitous and potentially beneficial bacterium, was 

found to be deleterious to radish productivity in a sealed HPC.  This is an indication that 

the composition of the bacterial community in a HPC should not be determined by 

incidental inoculation.   



81 

Advances in gene sequencing will make it possible to characterize and monitor 

microbial communities for HPCs in space applications using a metagenomic approach.  

This is a non-culture based approach that allows researchers to analyse the genes from an 

environmental sample.  Burke et al. (2011) argue that the assembly and structure of 

bacterial communities associated with environmental niches are best understood at the 

level of functional genes or gene clusters rather than species.  These authors found that 

bacterial communities associated with a macroalga were less similar in terms of species 

(15 %) than in terms of functional traits (70 %).  It is my recommendation that further 

research investigate the effects of hypobaric conditions on the persistence of specific 

beneficial bacteria and fungi, as well as genes, or gene clusters in communities 

established in a HPC then inoculated into the hydroponics system of a HPC with plants at 

the seed or seedling stage.  Communities should be treated as crop(s) specific in that 

engineered communities should be established with the same crop(s) as they will be used 

with.  Levels of pO2 between 5 and 2 kPa would be of interest for vegetative crops.  

Crops that are required to grow seeds may require higher levels of pO2 for timely seed-set 

and optimal seed weight.  Hypoxic and hypobaric conditions that support plant growth 

will also support an associated microbial community; however, these altered 

environmental conditions change the composition of the microbial community in a HPC 

and should be imposed during the community engineering process to increase stability 

and functionality under space conditions.   
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Appendices 

Appendix 1.  Trellis plots of grouped data for abundance of colony forming units (CFU) over time for first 

radish experiment (Chapter 1).  Data is grouped by partial pressure of oxygen then total pressure 

in kPa.   
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Appendix 2.  Recipe for modified Hoagland’s half-strength nutrient solution used in soybean experiment.  

Solutions mixed in order listed.  

    Amount added to solution 

Solute F.W. (g) g/L Concentration Start Replenishment 

     (mM) (ml) 

FeCl3 ·6H2O 270.3 2.42 8.96 
840 274 

C10H16N2O8 292.25 2.49 8.52 

   (M)   

KH2PO4  136.09 136.09 1 26  120 

K2HPO4 174.18 174.18 1 12 60 

K2SO4 174.26 87.13 0.5 2598 1440 

MgSO4 ·7H2O 246.48 246.48 1 150  180  

Micronutrients (see below)     Varies 150  234  

CaCl2 ·2H2O 147.02 147.02 1 450 270 

CH4N2O 60.06 60.06 1 900 900 

C6H13NO4S ·H2O (buffer) 213.25 213.25 1 300 0 

    (L) 

H2O        145.7 15.3  

 

Micronutrients F.W. (g) g/500 ml Concentration Amount added Final Concentration 

   (M) (ml) (mM) 

H3BO3 61.83 14.702 0.456 120 7.13 

MnCl2 * 4H2O 197.9 36.613 0.370 160 7.40 

ZnSO4 * 7H2O 287.54 9.201 0.064 120 0.96 

CuSO4 * 5H2O 249.68 6.500 0.052 80 0.52 

   (mM)   

(NH4)6Mo7O24 * 2H2O 1235.86 0.100 1.01 200 0.01 

      

H2O  
   

7440  


