ABSTRACT

TOENNISSON, TIFFANY AURORA. Exploring Plant Response to Spaceflight-Relevant Biotic
and Abiotic Factors. (Under the direction of Dr. Imara Perera).

Plants will be essential for long-term human space exploration, yet the spaceflight
environment creates many challenges for plant growth. Microgravity obscures gravitational
signals and also alters air and water movement in ways that can impede plant health.
Exhalations by the crew create carbon dioxide concentrations an order of magnitude higher than
currently experienced by plants on Earthd with the possibility of altering plant growth and
nutritional content. Microorganisms associated with plants are also exposed to this novel
environment and may evolve new abilities to interact with plants, beneficial or pathogenic. This
dissertation focuses on research related to these three facets of the spaceflight environment:
elevated carbon dioxide effects on plant physiology, plant gravity signaling, and plant-microbe
interactions.

Chapter one is a literature review of how these three things, microgravity, eCO2, and
plant-microbe interactions should be considered to make functional Biological Life Support
Systems (BLISS). BLISS are self-contained biological systems where plants and
microorganisms recycle waste from astronauts and turn it into clean water, oxygen, and food.
Chapter 2 details experiments investigating the effects of carbon dioxide levels above 3000 ppm
on radish and amaranth microgreens growth and water usage. In Chapter 3, | describe a
ground-based plant gravity signaling RNAseq experiment with the goal of better understanding
how plants respond to reorientation. Chapters 4 and 5 are focused on evaluating spaceflight-
isolated and Earth-isolated rhizobacteria to see if they promote plant growth under low-nutrient
or high osmotic stress conditions. We also look to see if promising strains promote plant growth
in space-flight relevant growth media, namely unaerated-hydroponics and lunar regolith
simulant. At the end of chapter 5, | describe an examination of Arabidopsis root microbiome
after seed inoculation with different bacterial strains. The appendices consist of information
about building DIY lab hardware, recipes, protocols, supplemental data, small experiments that
informed work described in each chapter, and also a few stand-alone lines of inquiry that were
not complete, but they may be of interest to future researchers. | hope that the experiments
described and tools developed will improve our understanding of plant physiology and

knowledge of how to design functional BLiSS for long-term space exploration.
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CHAPTER 1: PLANTS FOR BIOLOGICAL LIFE SUPPORT: ABIOTIC AND BIOTIC IMPACTS
OF THE SPACEFLIGHT ENVIRONMENT

Abstract

Long-distance and long-term space exploration will depend on plants in Biological Life
Support Systems (BLiSS) to aid in recycling of air, water, and nutrients for human space
explorers. However, spaceflight contains many novel growing conditions to plants such as
microgravity, elevated carbon dioxide, and the unique microbial community in enclosed
environments. The below review documents a brief overview of BLiSS history and then delves
into spaceflight and earth research related to the effects of microgravity on plants, the impact of
altered atmospheric conditions on plant growth, nutrition, and interactions with microbes, and
other plant-microbe interactions that may be altered in spaceflight. We note considerations for
BLISS function related to each of these areas and also describe emerging technologies for
monitoring plant health in spaceflight.

Why Biological Life Support?

Our existence on Earth is due to a complex ecological web that provides us with clean
water, breathable air, and energy-rich food. To survive in the harshness of space, we must
bring or grow all these life-giving resources with us. Current spacecraft rely on a combination of
resupply of consumables, such as food and equipment, from Earth, combined with
physicochemical purification of air and water. The International Space Station (ISS) life support
systems are currently approximately 51% efficient at recycling oxygen and 90% efficient at
recycling water (Ichimura & Yamashiki, 2025). However, the farther and longer we venture
away from Earth, the greater need we have to obtain close to 100% efficiency in air, water, and
nutrient cycling (Poulet et al., 2022). Resupply becomes difficult on multi-year missions to other
planets, and spacefarers can only bring so much with them before the size and fuel needs of a
spacecraft become untenable.

On Earth, plants and algae are the bedrock of ecosystem services, converting carbon
dioxide into the oxygen and sugars that fuel food webs. Biological life support systems (BLIiSS)
can similarly use plants to recycle waste and provide resources to the crew. However, biological
life support systems are inherently more complex than current physicochemical life support
systems, and gaps in knowledge persist on how to make BLIiSS predictable, efficient, and

resilient at various scales (Veronica De Micco, Amitrano, et al., 2023; National Academies of



Sciences, 2023; Poulet et al., 2022). Likely, advanced, long-term life support systems will rely
on a combination of biological and physicochemical methods for providing crew needs.
However, the more BLIiSS can close the loop between waste and resources, the more
sustainable such systems will be for long-term space exploration. An in-depth understanding of
how plants interact with biotic and abiotic factors within spaceflight systems will be essential for
success in building functional BLiSS (National Academies of Sciences, 2023). This review
synthesizes spaceflight and terrestrial experiments related to three critical facets of BLISS
function: plant response to microgravity, plant and associated microbiome response to altered
CO:; levels, and other potential alterations to plant-microbial interactions in spaceflight. In these
areas, we point out research gaps and emerging technologies for monitoring plant health in
BLISS.

In essence, the problems facing BLiSS are a microcosm of the problems facing human
sustainable persistence on Earth. Carbon dioxide expelled by astronauts must be kept below
life-threatening levels, and harmful volatiles must be removed from the air. Human waste
should neither be allowed to accumulate nor be squandered through extra-spacecraft disposal.
Instead, the water, carbon, nitrogen, phosphorus, and other nutrients should be reused within
the system. A small perturbation to one part of the system may have unexpected outcomes in
another part, necessitating the need for monitoring systems to predict disaster before it happens
(Veronica De Micco, Aronne, et al., 2023). All these systems must be designed to work in
microgravity within the limited energy and volume constraints of the spacecraft. If we can create
BLIiSS that works under these conditions, then we also will have prototypes for the technologies
we need to lessen climate change, reduce nutrient pollution, improve biological resilience, and

monitor for plant stress on Earth.

A brief history of BLiSS

Although research and innovation in BLiSS are almost as old as spaceflight, BLiSS
technology lags behind other space technologies, such as navigation and rocket propulsion.
This lag is, in part, due to BLiSS systems being unnecessary for military rockets and short-term
civilian missions that were the focus of early spaceflight; in part, due to BLISS being less
predictable and less prestigious than rockets; and in part, due to BLiSS research being
underfunded in one of the worl ds o Akrenaugcsantl space p
Space Administration (NASA) since the early 1960s (Munns & Nickelsen, 2021). In Europe and

Asia, more funding and research have been put into designing BLiSS, and functional prototypes



have been developed by Russian (USSR), Japanese, European, and Chinese agencies, with
various | evels of material closure. AClIlosurebo
air, water, and nutrients that are recycled within the system without the need for outside
supplementation. A higher percentage of closure was the goal of much of the early work on

BLISS prototypes, but many of the more recent BLiSS prototypes emphasized other aspects,

such as plant monitoring or integration of biological and physio-chemical environmental controls.
Excellent reviews of BLISS history can be found in Wheeler (2017), Nelson et al. (2010), and Liu

et al. (2021). A summary of this history can be found in Table 1.1.

n



Table 1.1: A summary of BLiSS prototypes to date.

Timeframe

Name

Agency/Country

Description

1960s Biosl Krasnoyarsk Early prototype that used algae to
Institute of regenerate oxygen from carbon dioxide.
Biophysics/lUSSR Could provide around 20% of the air
needed for a person.
1960s Bios2 Krasnoyarsk Added a chamber containing crop plants
Institute of to Biosl. Was able to achieve close to
Biophysics/lUSSR 100% gas recycling and achieved
around 80% recycling of water.
1970s-1980s | Bios3 Krasnoyarsk A larger chamber that could house 2-3
Institute of crewmates. Used only vascular plants
Biophysics/lUSSR to avoid the negative effects of algae
volatiles on crop growth. It could
produce 70% of the food for 2 people
and had over 95% recycling of air and
water.
1970s-1980s | Biomass NASA/USA A sealed chamber that was used to
Production calculate the energy, water, gas usage,
Chamber and yield of a variety of crops.
Determined that 43 m? of crop cultivation
area was the minimum needed to
provide 90% of the food for one person.
1980s-1990s [ Biosphere Il | Privately Proof of concept series of self-contained
funded/USA ecosystems inside a 1.2-hectare
greenhouse. Was able to provide 70%-
100% of the food for a crew of eight.
Initially it had problems with gas
exchange that resulted in low oxygen
due to microbe activity in the soil and
carbon dioxide sequestration in
concrete.
1980s-present | Closed Institute for Incorporated the study of livestock
Ecology Environmental (goats) and microbial waste processing
Experiment | Sciences of into a closed ecological system along
Facility Japan/Japan with plants and people. Mostly used for
ecological studies of nutrient cycling with
radioisotopes.
1990s Lunar-Mars | NASA/USA Combined biological with physio-

Life-Support
Test Project

chemical life support. Eventually
supported a crew of eight. Wheat and
lettuce provided supplemental nutrition
and around 25% of the oxygen for the
crew.




Table 1.1. (continued)

1990s-present | MELISSA ESA/Spain (with An enclosed BLISS prototype to allow
contributing for systematic study and upgrades of
research in other different modules for higher plants,
European countries) | algae, vertebrates (rats), and microbial
waste processing. Emphasis on
microbial ecology and nutrient cycling.
2010s-present | Lunar Beihang Integrates plant, animal, and microbial
Palace 1 University/China waste management; has supported
three people with 100% recycling of air
and water; and provides 55% of the food
needed.
2010s-2020s | Eden-ISS DLR/Germany A greenhouse in Antarctica used to test
(located in LED lighting systems, remote monitoring

Antarctica)

of plant health, and thermal regulation in
an extreme climate. Also, a source of
supplemental fresh food for people
stationed at the Neumayer Station .

(Frossard et al., 2024; H. Liu et al., 2021; Schuerger et al., 2022; R. Wheeler, 2011; R. M.

Wheeler, 2017)




Plant selection for BLISS

Much of the initial research in BLiSS focused on the use of algae to purify air, but soon,
vascular plants were included as sources of food for BLiSS inhabitants. In the late 20th century,
calorie crops such as wheat, rice, potato, peanut, sweet potato, and soybeans were the subjects
of many experiments (Nelson et al., 2010; R. M. Wheeler, 2017). More recently, the focus of
research at NASA has been on vitamin-rich supplemental crops that can be consumed with
minimal processing, such as lettuce, bok choy, kale, radish, pepper, and tomato (Burgner et al.,
2020; Hasenstein et al., 2023; Johnson et al., 2021; Massa et al., 2017). Microgreens have
emerged as a novel candidate for vitamin and phytonutrient provisioning on long-duration
spaceflight, as they are nutrient-dense, can be quickly produced, and need minimal
infrastructure to grow (Boles et al., 2023; Kyriacou et al., 2017). Interestingly, this current
interest in microgreens revives centuries-old traditions by Chinese mariners, who were
successful in preventing scurvy on long-distance voyages by growing and consuming bean

sprouts on their ships (Oliver, 1973).

Microgravity and plant physiology

Unlike sprouts grown by mariners of oldd and indeed unlike all plants throughout their
evolution on Earthd plants on spacecraft grow under the condition of microgravity. During
spaceflight, the contents of the spacecraft are in a constant state of freefall, rendering
everything functionally weightless and floating. This weightlessness has both direct and indirect
effects on the plants grown in orbit. Spaceflight provides a unique opportunity to better
understand gravityos ef fneoeement, anchmofedularrsignaling. Bgthi s ms
the physical and biological effects of microgravity must be considered to design functional

BLIiSS on spacecraft.

Physical effects of microgravity on fluid movement

Many of the challenges related to growing plants in spaceflight relate to altered
properties of fluid movement in microgravity. Most obviously, water does not flow downward to
the bottom of a container. Instead, wicking through capillary action is the primary means of
passive water movement, and water adhesion and surface tension are the primary mechanisms
of holding water in place. Many of the stress responses observed in plants in early spaceflight

experiments were likely not due to a loss of gravity signal, but instead the result of root hypoxia



or drought because of inconsistencies in water movement through plant growth substrates
(Vandenbrink & Kiss, 2016).

Convective air movement, where warm air rises and cold air sinks, also does not occur
in microgravity. Air movement across the leaves of plants is needed to drive transpiration,
prevent the buildup of unwanted gases, and promote leaf cooling. In spacecraft, this movement
must be accomplished by fans actively circulating air in growth chambers. In some of the
earliest spaceflight experiments on floral development in Arabidopsis, plants failed to set seed
until active ventilation was added to dry out the anthers and promote pollen dehiscence (De
Micco et al., 2014). Failure of fans in a zinnia experiment in the Veggie system resulted in leaf

guttation and disease (Schuerger et al., 2021).
An overview of plant movement

The microgravity environment in spaceflight has led to a series of experiments on the
relative importance of gravity signals on many plant physiological processes, especially plant
tropisms, the directional growth of plants in response to stimuli (Muthert et al., 2020). The ability
of a plant to orient itself in relation to light, gravity, moisture, and nutrients is critical for the plant
to gain resources needed for survival. Germinating seeds need to be able to sense which way
to grow their roots and shoots, as failure for roots to establish in a substrate leads to plant death
by desiccation and failure to gain adequate light leads to death by starvation. Older plants need
tropisms to navigate obstacles, outcompete their neighbors for light or nutrients, or to recover
from reorientation after disturbance (Muthert et al., 2020; Perera et al., 2006). Plants also move
in rhythmic patterns throughout the day, controlled by the circadian clock: helical growth
patterns of roots and shoots, known as circumnutation, and changes in turgor pressure that
raise and lower leaves in response to nightfall, known as nyctinasty (Stolarz, 2009; Ueda et al.,
2019). The helical motions of circumnutation may help plants to better navigate around
obstacles as they grow (Taylor et al., 2021). The function of nyctinasty is less clear, but it may
have roles in moderating leaf moisture and temperature and reducing damage by herbivores
(Minorsky, 2019).

Gravitropism and other tropisms can be divided into three broad steps: stimulus sensing,
signal transduction, and growth response (Toyota & Gilroy, 2013). Sensing of gravity signals
occurs within the endodermis in shoots and the columella cells of the plant root tip. These cells
contain starch-filled amyloplasts that act as statoliths, heavy particles within a cell that help it

sense gravity. When a plant is reoriented, these statoliths fall in the direction of gravitational



pull. Soon after statolith sedimentation, a series of rapid chemical changes occur in
gravistimulated tissue, including the release of calcium ions, hydrogen peroxide, and inositol
phosphates (Kimbrough et al., 2004; Perera et al., 1999; Toyota & Gilroy, 2013). Recent
evidence suggests that LAZY proteins, named for the prostrate growth habit of their mutants,
are involved in signal transduction from statoliths to the plasma membrane. Gravistimulation
triggers Mitogen-Activated Protein Kinases (MAPKS) to phosphorylate LAZY proteins. This
phosphorylation causes LAZY proteins to recruit to the Translocon at the Outer Chloroplast
membrane (TOC) proteins on the outer surface of the amyloplasts (Chen et al., 2023). When
the amyloplasts settle on the plasma membrane, the LAZY proteins diffuse into the plasma
membrane, and they are hypothesized to indirectly lead to the polarization of PIN auxin efflux
proteins (Chen et al., 2023; Nishimura et al., 2023). The exact mechanism of signal
transduction is not fully understood, as it involves many interacting pathways and may be
context dependent (Sato et al., 2015; Su et al., 2017, 2020), but the end result is a gradient of
the plant growth hormone auxin driving growth. In the case of reorientation, the auxin gradient
leads to asymmetric growth, enabling the plant to align back to vertical growth (Band et al.,
2012).

According to the well-supported, almost 100-year-old, Cholodny-Went Hypothesis, the
directional growth of plants is caused by an asymmetrical flow of auxin (Cholodny, 1927; Went,
1928). The auxin gradient results in root or stem curvature due to cell elongation on one side of
the plant. Shoots respond in an opposite manner to auxin fluxes than roots, with shoots curving
towards light and away from gravity, and roots curving in the reverse manner. Auxin fluxes are
facilitated by pr oulearnsp utnhpastdo abcett waese nii ntoel lelcs :  AUX
PIN proteins for efflux. Indeed, in a spaceflight experiment by Yamazaki et al. (2016), cucumber
hypocotyls subjected to two hours of 1g centrifugation induced polarization of csPIN1 in the
direction of gravitational pull. Plants that continued to grow in microgravity showed more random
csPIN1 distribution (Yamazaki et al., 2016).

For phototropism, the most influential light-sensing proteins are phototropins, which
respond to blue light wavelengths. Plants also contain phytochromes, which are sensitive to red
and far-red light, which may play a lesser role in phototropism, but are primarily known for their
ability to regulate flowering and the circadian clock (Christie & Murphy, 2013; Muthert et al.,
2020). In plant shoots, a series of proteins, including Non-Phototrophic Hypocotyl 3 (NPH3),
relay the signal to alter the polarization of PIN proteins. Again, PIN polarization in shoots results

in differential auxin accumulation and subsequent bending due to the auxin gradient (Christie &
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Murphy, 2013). However, root phototropism does not appear to be controlled by classic
Cholodny-Went auxin gradients, at least not in Arabidopsis. Instead, inhibiting auxin signaling in
Arabidopsis improves phototropic bending of roots (Kimura et al., 2018). Gradients of other
compounds, such as cytokinins and flavonols, are implicated in controlling root phototropic
bending (Muthert et al., 2020; Silva-Navas et al., 2016).

Compared to phototropism and gravitropism, responses to water (hydrotropism), salt
(halotropism), and plant nutrients (chemotropism) are less understood (Muthert et al., 2020).
Interestingly, several experiments indicate that hydrotropism also does not seem to be a result
of asymmetric auxin distribution in Arabidopsis. Instead, other plant hormones such as abscisic
acid (ABA) and brassinosteroids are likely key drivers (Muthert et al., 2020). Since gravity
responses often overshadow hydrotropic responses, the microgravity environment of space has,
and will continue to be a place to investigate these effects (Morohashi et al., 2017). Other
spaceflight experiments on plant tropisms and circumnutation have improved understanding of

both basic biology and ways to improve BLiSS function.
Tropisms in spaceflight

Research on plant tropisms in spaceflight first confirmed that plants retain their ability to
orient to light in microgravity (Heathcote et al., 1995), and subsequent plant experiments
revealed novel ways that plants orient to light in the absence of gravitational cues. Growth of
moss (Ceratodon purpureus) protonemas, has been documented on Earth to orient to moderate
to intense directional red light. At low-intensity red light or in darkness on Earth, the plants
relied on different cues and oriented gravitropically (Volker D. Kern & Sack, 1999). Spaceflight-
grown protonema oriented to red light at much lower light intensities than the 1g ground
controls. Similar to protonema on earth, some of these responses to red light were negative
and some responses were positive, depending on the orientation of the protonema when light
was applied. Kerns and colleagues also observed unique growth in week-old protonema grown
in darkness. Researchers expected the protonema to orient randomly without light or gravity

cues, but instead the plants grew in a spiral pattern (Kern & Sack, 2001).

Like vascular plants, moss protonema response to low light was known to be mediated
by light-sensitive pigments called phytochromes (Kern & Sack, 1999). Red light-induced
phototropism is common in bryophytes and ferns, but is rarely observed in flowering plants,

where blue light more commonly induces phototropism (Millar et al., 2010). Millar and



colleagues designed an experiment to test how wild-type Arabidopsis and phytochrome mutants
(phyA and phyB) differed in their response to blue light after red light exposure. The experiment
led to a novel discovery of phototropic response to red light by wild-type (WT) plants grown in
microgravity that was absent in 1g controls and attenuated in phytochrome mutants. Both WT
shoots and roots were positively phototropic to red light in microgravity. In addition, previously
unobserved positive blue light-induced phototropism of roots was observed in both WT and
phytochrome mutants, and preconditioning with 1 hour of red light, led to increased blue light

root phototropism (Vandenbrink et al., 2016).

Space experiments have also revealed that hydrotropism may function differently in the
absence of gravitational cues. Although previous work with Arabidopsis indicated that the
Cholodny-Went hypothesis did not explain hydrotropic bending (reviewed in Muthert et al.,
2020), evidence of differential auxin flow was demonstrated in clinorotated and microgravity-
grown cucumber seedlings. Clinostat-grown cucumbers exposed to strong humidity gradients
had their curvature towards moisture attenuated when treated with auxin-blocking chemicals.
Cucumbers grown in spaceflight showed robust hydrotropic curvature when exposed to both
strong and weak humidity gor acdoinetnrtosl,s whni Ifel icgehntt rhiafd
the direction of gravitational pull. Furthermore, staining of the auxin efflux protein csPIN5
revealed higher csPIN5 protein accumulation on the high moisture side of hydrotropic roots in
real and simulated microgravity. These results indicate that, for at least some species, auxin
plays a key role in hydrotropism, and that gravitropic auxin fluxes can interfere with such

signaling.
Circumnutation in spaceflight

In their seminal work on plant movement, Charles and Francis Darwin observed
circumnutations in numerous plant species and hypothesized that circumnutation was
endogenous to plant growth (Darwin & Darwin, 1880). An alternate hypothesis was proposed
that circumnutation was the result of plants overcorrecting to grow against the pull of gravity. In
the 1970s and 1980s, clinostat experiments that simulated pg conditions on Earth failed to
disprove either hypothesis, as circumnutation was observed in some experiments, but not in
others (Brown & Chapman, 1984). To try and settle the debate, 4-day old sunflower shoots
were grown in darkness on the space-shuttle and imaged with an infrared camera. 93% of the
seedlings showed helical growth oscillations during spaceflight, indicative of circumnutation in

microgravity. However, the amplitude and periodicity of these oscillations decreased compared
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to 1g control plants grown on Earth. This work supportedDar wi nés endogenous <circ
hypothesis (Brown et al., 1990).

However, later ground experiments with agravitropic plant mutants that failed to
circumnutate revived the debate as to the importance of gravity-sensing for circumnutation.
Some suggested that Brownds study may have been c
initially grown under 1g (John Z. Kiss, 2009). As a follow-up study, Johnsson and colleagues
performed an experiment with Arabidopsis plants that were grown entirely in spaceflight.
Although technical problems led to only one plant surviving to flowering, the plant showed small,
but measurable, circumnutations of the main inflorescence and each of the six side
inflorescence stems. When centrifugal force was applied to simulate 1g force, the magnitude of
circumnutation increased. This experiment suggests that circumnutation is endogenous, but

amplified by gravitational force (Johnsson et al., 2009).

I n contrast viAiabidopsid expernnest,onuestigations of wild type rice
found reduced circumnutation amplitude in shoots of both simulated 19 flight and ug flight
treatments relative to the 1g ground controls. An agravitropic mutant of rice (lazy) grown as part
of this experiment showed no circumnutation in spaceflight in either pg or flight-1g control
(Kobayashi et al., 2019). Although the authors suggest that the difference between flight and
ground plant movement confirms that gravity is essential for circumnutation, this reasoning is
flawed. Since both 1g and pg flight treatments showed reduced circumnutation compared to
ground, a more plausible explanation is that the flight plants were stressed in some way that
decreased plant movement. Work by Geldhof et al. shows that plant nastic movements are
reduced when plants experience salt, drought, and hypoxia (Geldhof et al., 2021). Incidentally,
LAZY proteins have recently been demonstrated to recruit to the plasma membrane after
gravistimulation and may be indirectly involved in the polarization of PIN proteins (Nishimura et
al., 2023). Failure of lazy mutants to circumnutate could be due to alterations of auxin fluxes

caused by differential PIN recruitment.

Chinese recoverable satellite experiments have added credence to the Johnsson et al.
(2009) paper and have revealed new patterns about plant circumnutation. Although
circumnutations of space-grown plants were, unsurprisingly, smaller in amplitude than ground
controls, Arabidopsis plants grown under long-day photoperiods had larger amplitude
circumnutations than Arabidopsis plants under short-day photoperiods. Long-day plants grown

in orbit also had more upright alignment with respect to the lights than short-day plants (Wu et
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al., 2020). Collectively, spaceflight circumnutation experiments suggest that circumnutation is

innate, but amplified by gravitational forces (Kiss, 2009).

Roots of plants circumnutate as well, and a recent ground-based study by Taylor et al.
(2021) shows that rice HK1 mutants with inhibited circumnutation, have difficulty navigating
through calcined clay particles similar to those used in the Veggie system on the ISS. They also
verified the importance of circumnutation for navigating obstacles through robotic models. They
constructed robotic Arootso consisting of flexibl
differential air pressure applications. Robot i ¢ tubes that fAcircumnutated
were able to navigate around pegs that simulated small rocks and other barriers to root growth,
but robotic tubes that were extended straight down with no circular tip motion became
entrapped by the pegs. Blocking auxin transport in roots created a similar reduction in root
circumnutation to the mutant, and applications of cytokinin and ethylene to the mutant partially
rescued the phenotype. These results intimate that multiple hormones play a role in regulating
circumnutation, and suggest ways to breed plants for increased ability to penetrate barrier-filled
substratesd such as calcined clay particles (arcillite) used currently in plant growth chambers or
heterogenous rock particles that make up regoliths covering the moon or other planets.

Circadian clock and microgravity

Plant nastic movements are closely regulated by the circadian clock (Stolarz, 2009;
Ueda et al., 2019). Circumnutating plants often exhibit different patterns of movement during
light or dark periods (Stolarz, 2009), and these motions appear to be related to key clock genes
Timing of Cab-1 (TOC1) and Early Flowering-3 (ELF3) (Niinuma et al, 2005). Arabidopsis
hypocotyls and inflorescences of tocl and elf3 circadian mutants have altered patterns of
circumnutation from wild type (Niinuma et al., 2005; Stolarz, 2009). Immature sunflowers
famously time their stem rotations to track the movement of the sun during the day and then
return to face east overnight, which recent research has shown to increase plant biomass and
be controlled by circadian and phototrophic mechanisms (Atamian et al., 2016). Nyctinastic
movements that result in nighttime leaf folding in legumes is controlled by asymmetric shrinking
and swelling of motor cells at the base of the leaves. Although much of the mechanism behind
these movements remains to be elucidated, changes in motor cells are preceded by fluxes of
potassium and calcium ions. In the nyctinasty model plant Samanea saman, transcription of ion
efflux proteins in motor cells peak at dawn in parallel to the circadian clock regulator protein
Circadian Clock Associated-1 (SsCCAL1) (Ueda et al., 2019).
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Exposure to spaceflight and microgravity has been documented to impact the circadian
rhythms of diverse organisms, including Neurospora fungi, Chlamydomonas algae, humans,
and fruit flies (Ma et al., 2015; Mergenhagen, 1987; Sulzman et al., 1984). Recent evidence has
emerged that plant gravitational signaling also interacts with and is influenced by the circadian
clock. Arabidopsis roots responded to being reoriented more strongly at dusk than at dawn, and
this effect persisted even when plants were switched to grow under continuous light. AtCCA1
overexpression lines, which had disrupted circadian clocks, also had reduced root bending in
response to reorientation (Tolsma et al., 2021). To date, no spaceflight research has focused on
plant circadian rhythms, but automated image analysis of circumnutation or nyctinasty in space
may allow for further exploration of the basic biology of this topic and could provide a tool for

monitoring plant health in BLiSS.
Transcriptomics and microgravity response

RNA-seq experiments on spaceflight-grown plants have revealed a number of ways that
plant signaling and physiology respond to spaceflight, including the lack of gravitational cues.
Studies that allow for in-flight 1g controls using centrifuges in addition to ground-based 1g
controls can further separate out the lack of gravity signaling in spaceflight from other unique
stressors, such as radiation (Hughes & Kiss, 2022; Land et al., 2024; Manzano et al., 2020).
Two experiments conducted in the same hardware with in-flight 1g controls via centrifugation
showed that microgravity induces other changes in auxin signaling. Six-day-old Arabidopsis
plants grown in two independent experiments showed an increase in auxin-response genes in
Mg compared to flight 1g controls. Upregulated genes included SAUR-clade genes, ARF-clade
genes, and Aux/IAA-clade genes. These differences occurred despite the studies differing in
photoperiod and the duration of microgravity exposure (Land et al., 2024). Even greater
differences in experimental design and lighting occurred between the Land et al. study and a
recent experiment by Villacampa and colleagues using the same European Modular Cultivation
System (EMCS) hardware. However, Villacampa also saw upregulation of Arabidopsis genes
related to auxin signaling, especially GH3 and SAUR-family genes, in plants grown in pg under
both darkness and red light. Interestingly, plants grown under simulated Mars gravity
downregulated auxin-signaling genes, especially in the presence of red light (Villacampa et al.,
2021). Other commonalities between the EMCS experiments involve changes to chloroplast

and photosynthesis-related genes (Land et al., 2024).
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A comparison of DEGs shared between different Arabidopsis ecotypes revealed shared
changes in expression of heat shock and other ROS-related genes (Choi et al., 2019). A meta-
analysis of all spaceflight microarray and RNA-seq experiments showed conserved patterns in
gene expression between plants grown in microgravity vs 1g controls on the ground when
similar hardware and sequencing methods were compared. In dark-grown plant experiments
that used BRIC hardware (with terrestrial 1g controls), plants consistently showed upregulation
in two stress-related genes: the heat shock protein HSP101 and the ROS and stress-related
gene COR78. GO terms for DEGS that were common between experiments included genes for
ion transport, response to hydrogen peroxide, cell wall biosynthesis, response to far red light,
response to osmotic stress, and hypoxia (Barker et al., 2023). Alterations to cell-wall
remodeling is a reoccurring observation in many spaceflight experiments (Paul, Sng, et al.,
2017).

Surprisingly, the response to chitin was altered in spaceflight, despite the fact that these
experiments were performed axenically with sterilized Arabidopsis seeds, which usually contain
no endophytes (Barker et al., 2023). While it is likely that this gene is involved with other stress
responses, it may be an indication that plant-fungi interactions may be altered in non-sterile
experiments. Further indications of the potential for altered plant-microbe interactions come
from comparisons between microgravity vs in-flight 1g controls for two separate experiments
using the same EMCS hardware. In both experiments, genes related to defense and biotic
stress were downregulated in microgravity (Land 2023). Defense gene expression has also
been altered in ground-based gravitropism time-course experiments, so perhaps altered gravity
sensing in spaceflight is the source of this gene expression (Kimbrough et al., 2004; Moseyko et
al., 2002). Defense genes are also controlled by the circadian clock (Sharma & Bhatt, 2015), so
dysregulated circadian rhythms caused by microgravity could also indirectly trigger changes in
defense gene expression. Alternatively, differences in defense genes could be related to cell-
wall remodeling triggered by microgravity, as plant defense often involves cell-wall modification
to protect cells from pathogens (Bellincampi et al., 2014). Further research is needed to

determine which of these mechanisms or others is involved.

Plant response to partial gravity
In future lunar or Martian bases, plants would experience novel partial gravity
environments. The mass of the moon provides a gravitational pull of 0.17 g, while Martian

gravity is 0.38 g (Kiss, 2014). Compared to studying the effects of microgravity on plant

14



morphology and transcription, relatively few studies have looked at the effects of fractional
gravity (Herranz et al., 2019; Sheppard et al., 2021; Villacampa et al., 2021). In order to
approximate partial g forces without traveling to other planetary bodies, ground-based
experiments used clinostats and strong magnets to mimic partial gravity. More realistic
approximations of partial gravity are in spaceflight experiments that used in-flight centrifuges to

create various gravitational forces (Kiss, 2009).

The degree of plant or algae response to partial gravity depends on the level of partial g
and differs between plant organs. For example, the novel curvature towards red light by
Arabidopsis hypocotyls in microgravity was similar at moon level 0.1g, but attenuated above 0.3
g. In contrast, Arabidopsis root curvature in response to red light was only observed in
microgravity (Kiss, 2009). In the root-like structures, called rhizoids, of the algae Chara, 0.05 g
was not sufficient force to relocate statoliths, but 0.1 g was. Similarly, the gravitactic algae
Euglena required between 0.08 g and 0.12 g before the algae relocated in response to
gravitational forces (reviewed in Kiss, 2009). Recent research in the Wolverton lab is continuing
this work by examining curvature and gene transcription between starchless Arabidopsis pgm
mutants and wild-type plants at different fractional g levels (NASA, 2025a).

On a transcriptional level, comparison of DEGs between different gravity treatments
mirrored some of these physiological changes, with moon-g and below levels having more
similarity in gene expression to microgravity and Mars-level and above having more similar
gene expression to Earth 1 g (Herranz et al., 2019). In a comparison of plants grown under blue
light at different gravity levels, the one DEG that was differentially expressed between all gravity
levels was a vacuole protein gene called Vacuolar Sorting Receptor 38 (VPS28). When
comparing different gravity levels and 1g, genes related to plant defense and cytoskeleton were
often differentially expressed (Herranz et al., 2019). A related study examined the effects of
Mars-level gravity and microgravity with and without red light to ground controls. In this
instance, DEGs related to growth hormones and plant defense hormones often had opposite
responses in Mars-g vs microgravity-grown plants (Villacampa et al., 2021). Another partial-g
experiment that examined gene expression along a gradient from 0.53 g to 1 g, also found
patterns of differential expression between genes related to cell-wall development, auxin
signaling, transcription factors, and heat shock proteins (Sheppard et al., 2021). Collectively,
these results suggest that plants’ ability to respond to pathogens might be altered between
Earth, lunar, Martian, and microgravity. Further research is needed to test the implications of

these findings.
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Other partial gravity experiments have investigated how changes in fluid physics might
affect BLISS functioning. Experiments and modeling of water movement through pores of
different growth substrates have implications for plant growth in partial gravity. In reduced
gravity conditions, substrates may drain more slowly, and cohesive properties of water cause
waterlogging in pores more easily. As a result, coarser-textured substrates than usually used in
terrestrial greenhouses may need to be employed on the Moon or Mars (reviewed in Kiss,
2009).

Microgravity and BLiSS design

Much of the observed stress of plants grown in microgravity is likely due more to root
hypoxia than to lack of gravitational signals. Water tends to form sticky films that coat plant
roots in microgravity. This problem was especially present in early spaceflight experiments with
foam substrates that allowed for little air to contact plant roots (Choi et al., 2019; Vandenbrink &
Kiss, 2016). Even mild hypoxia results in the release of the plant stress hormone ethylene,
which in the enclosed volume of the spacecraft can build up and affect plant development. For
example, early attempts to grow O6Super Dwarfdé whea
plants with deformed anthers. By switching to the ethylene-t ol er ant vari ety O&Apoge
ethylene scrubbers, astronauts were able to grow wheat with functional flowers that set seed
(Musgrave & Kuang, 2003). Ethylene scrubbers have been incorporated into many spaceflight
plant hardware since then, and ethylene management should be part of BLiSS design.

Another approach to overcoming the stress of microgravity could be by engineering or
breeding plants to be more resistant to root hypoxia. For example, Arabidopsis Calcium
Exchanger 2 (CAX2) encodes a calcium signaling protein that responds to flooding and hypoxia.
cax2 knockout mutants showed tolerance and improved growth when roots were flooded or
hypoxic (Bakshi et al., 2023). Two mutants, cax2 and another knockout mutant rboh, which is
impaired for the key ROS signaling gene Respirator Burst Oxidase Homolog, were recently
grown on the ISS to see if these plants were similarly tolerant of root hypoxia in spaceflight
(NASA, 2025a).

Plant circadian rhythm research has implications for the programming of lighting
hardware. To promote yield and conversion of CO, to oxygen, many ground-based, controlled-
environment experiments at NASA focused on determining which plants could grow under
continuous light (Bonsi et al., 1992; Mackowiak et al., 1989; R. M. Wheeler & Tibbitts, 1986).
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Although some species of plants show improved growth under 24-hour light compared to 12- or
16-hour light, few studies have investigated the effects of short dark periods on plant
productivity. Plants exposed to 24-hour light still need periods of low photosynthetic activity to
prioritize other cellular processes, and light exposure during this time can lead to photooxidative
stress (Velez-Ramirez et al., 2011). If microgravity impacts the circadian clock, these stresses
may be compounded in spaceflight. Future research should determine the minimal amount of

dark period needed for plants to obtain optimal productivity.

Work by Medina and colleagues suggests that exposure to red light improves seedling
growth in microgravity and at Mars-level gravity (Medina et al., 2022). However, most of the
work on the effects of red light on plant growth in space has been done with Arabidopsis, and
we know that roots of different species have been documented to have different phototropic
responses to white light on Earth (Muthert et al., 2020). Further investigation is needed to
determine if other species respond to red light in microgravity, and if low levels of red light
exposure during dark periods improve seedling establishment. As exposure to far-red light can
reduce the stress of continuous light exposure (Velez-Ramirez et al., 2011), various
combinations of red and far-red light should be included in such research.

The intensity or periodicity of plant circumnutation and other nastic movements appears
to be indicative of plant abiotic stress, and remote monitoring of plant leaf and stem movement
could help alert astronauts to BLiSS plant health issues before they endanger the stability of the
life support system. One approach to automated movement could be through the use of
camera-based monitoring systems. Such visual sensors could also be used to estimate growth
and, if equipped with hyperspectral cameras and UV lights, measure chlorophyll fluorescence,
another indicator of plant health (Lien et al., 2019; Qin et al., 2023). The use of cameras to
monitor plants is already common in the Advanced Plant Habitat and other plant growth
hardware on the ISS (Monje et al., 2020). A lower-cost and lighter alternative to camera
systems could be wearable leaf sensors, such as those used by Geldhof and colleagues. Such
sensors have already been able to measure differences in leaf movement in response to
various abiotic stressors such as salt, hypoxia, and drought (Geldhof et al., 2021). Further
research is needed to see how to reliably and reproducibly monitor BLiSS plants for stress to
catch subtle plant health problems before they become serious. However, microgravity, and
potential abiotic stresses surrounding it, is only one of the unique environmental facets of

spaceflight that plants need to contend with.
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Altered atmospheres

Since the early days of crewed space exploration, living organisms on spacecraft have
been breathing altered mixtures ofgasesf r om Eart hés at mosphere. At sea
atmospheric pressure on Earth is approximately 101 kPa, and the normal atmospheric
composition is approximately 78% N2, 21% O, 1% Ar, 0.42% CO,, and the remainder a mixture
of trace gases (NOAA, 2025). To reduce structural strain and launch mass, early spaceflight
took place in capsules containing pure oxygen at 34 kPa (Paul et al., 2004). NASA eventually
switched to a mixture of nitrogen and oxygen for cabin air to reduce fire risk, but the space
shuttle would occasionally drop pressure to 70 kPa to facilitate extravehicular activities (Paul et
al., 2004). Currently, the air inside the ISS has similar N2 to O, ratios and pressure to air on
Earth. However, the air on the ISS differs from Earth6 soncentrations of carbon dioxide
(Burgner et al., 2020).

The current 420 ppm CO; oftheEar t hds at mosphere has-risen rap
industrial level of around 280 ppm, but it is still almost an order of magnitude lower than the
mean CO: in the atmosphere on the space station. Due to the limitations of physiochemical
scrubbers, crewed spacecraft routinely have carbon dioxide levels that exceed 3000 ppm. For
example, in 2019, the CO on the ISS averaged around 2800 ppm (Burgner et al., 2020). At
these levels, many plants grow fine in spaceflight, but one cultivar, Brassicarapad To k y o
Bekanadé, developed chl or osupsxpaimenhts anthe graumddn | eav es.
controlled environment chambers indicated that elevated CO, in spaceflight was likely the cause
(Burgner et al., 2020). As elevated CO: is the most common altered atmosphere on spacecraft
today, this review will focus mainly on its potential effects on plants grown for supplemental

astronaut nutrition.

Elevated CO, and photosynthesis
On the ISS, exposure to elevated CO; levels mimics environments that plants have not
been grown under since early in plant evolution. The original form of photosynthesis, dubbed
AC30 photosynthesis due t o-cahanrmblecnle, aragspataitime r esul t i
whentheEar t hds at mos ph e hage containes sveri300@ gpm €O, (Gerhart &
Ward, 2010; Morris et al., 2018). As carbon became sequestered in the soil and marine
sediment, environmental CO, levels gradually dropped as low as below 190 ppm within the past

million years (Gerhart & Ward, 2010). The drop in CO; levels over geological time posed
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challenges to plant photosynthesis due to the nature of the main enzyme that facilitates carbon
capture, RuBisCO.

RuBisCO is short for Ribulose-1,5-bisphosphate carboxylase/oxygenase, and as the
name implies, it can bind with both carbon dioxide and oxygen. If a water-stressed plant closes
its stomata to reduce water loss, intracellular CO, levels can become low enough that oxygen
binds to RuBisCO instead of CO,. This binding results in the oxidation, instead of fixation, of
organic carbon during photosynthesis. This so-called photorespiration results in the creation of
2-phosphoglycolate, which is unusable to the plant. In a complex series of reactions in the
chloroplast, mitochondria, and peroxisome, the 2-phosphoglycolate is converted into 3-
phosphoglycerate, which is used in the Calvin cycle. But this conversion comes at the cost of
carbon in the form of CO; and energy in the form of ATP and NADH (Evert & Eichhorn, 2012).
Photorespiration also results in the creation of ammonium, for which the plant must use
additional resources to detoxify and assimilate it back into amino acids (Taiz et al., 2015). Under
environmental conditions that cause high photorespiration rates, as much as 50% of carbon
dioxide fixed by photosynthesis is converted back to CO2 by photorespiration (Evert & Eichhorn,
2012).

To avoid photorespiration by RuBisCO, plants in high temperature or low water
environments have evolved alternative strategies to sequester carbon while reducing water loss.
C4 plants spatially separate carbon capture from carbon fixation; CAM plants temporally
separate carbon capture from fixation. In C4 plants, CO; entering the mesophyll cells first binds
to a 4-carbon molecule, oxaloacetate, via an alternative enzyme, PEP-carboxylase, that is not
oxygen reactive. The oxaloacetate is usually converted to malate, which is then transported to
bundle-sheath cells where the captured carbon can be concentrated and used by RuBisCO in
photosynthesis. This spatial separation allows the plant to close its stomata when water-
stressed, but still maintain high CO, concentrations in the part of the leaf where photosynthesis
is occurring. In CAM plants, carbon capture occurs at night, again in the form of oxaloacetate,
and then fixation occurs during the day. This allows the plants to have their stomata open
during the coolest times of the day, when water loss will be the lowest (Evert & Eichhorn, 2012).

Differences in these carbon capture mechanisms can affect how plants respond to
elevated CO; (eCOy). In general, C3 plants benefit more from eCO, than C4 plants, under
optimal CO, water, and nitrogen conditions (Bugbee et al., 1994). However, this effect is highly
tempered by water availability, competitiveness for nitrogen, plant growth rates, and life stage of
the plant (Poorter & Navas, 2003). In both C3 and C4 plants, faster-growing species respond

more strongly to eCO; than slow-growing species in terms of relative growth rate (Poorter &
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Navas, 2003). However, these comparisons were for plants grown under eCO:, levels below
1000 ppm and may not hold true in the over three-times higher CO levels in spacecraft.

On a molecular level, expression of genes involved in different parts of photosynthesis
are differentially affected by eCO.. Many genes involved in light harvesting are downregulated
under eCO.. In contrast, genes that regulate the production of light-reaction center core
proteins are upregulated. Similarly, contrasting results occur in the carboxylation and carbon
assimilation side of photosynthesis. Genes for the subunits of RuBisCO are often
downregulated, while genes involved in other parts of the Calvin cycle, such as NADP-malate
dehydrogenase, are upregulated. More universally, sugar transport genes are upregulated in

many plants grown under eCO; (Bingru Huang & Xu, 2015).

eCO. and water relations

Short durations of exposure to elevated CO- have well-documented impacts at reducing
leaf-level stomatal conductance by decreasing the aperture of stomatal pores (Prior et al.,
2011). Decreased stomatal conductance is seen in both C3 and C4 plants but tends to be more
dramatic in C3 plants (Prior et al., 2011). However, despite these consistent trends in reduced
water vapor escaping from the leaves, long-term, whole-plant effects of eCO, have a more
complex relationship with plant water usage. Some studies report increased efficiency of water
used per gram biomass, known as water use efficiency or WUE. However, many studies of
long-term eCO, exposure report no increase in overall WUE (De Kauwe et al., 2021).

Changes in plant morphology can partially explain the disconnect between short-term
leaf WUE and long-term whole-plant WUE. Plant biomass can increase in response to eCOs,
and larger plants may deplete soil moisture more rapidly than smaller plants. Specific leaf area
(the ratio of leaf area to plant biomass) also is often reported to increase in response to eCO,.
As the leaf area increases, transpiration rates also increase, functionally negating the decrease
in stomatal conductance (De Kauwe et al., 2021). However, sometimes this effect is offset by
decreased stomatal density per unit leaf area (Woodward & Kelly, 1995). To accurately
determine the effects of long-term exposure to eCO, on the WUE of plants in spacecraft, eCO
experiments should be conducted from germination to full harvest size in hardware that
reasonably replicates root space and water availability for candidate space crops.

Water is heavy and expensive to launch into space, and as such, is often of limited
guantity on spacecraft. Consideration of the interactions between WUE and eCO should play
into selection of plants for BLiSS. WUE depends on both carbon assimilation rates and water

loss rates through stomata, and the type of plant may affect the relative contributions of
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assimilation versus water retention on WUE. C3 and C4 plants both showed decreases in
stomatal conductance under eCO, but C3 plants often show a larger relative jump in carbon
assimilation than C4 plants. As such, carbon assimilation rates of C3 plants play more heavily
into their water-use efficiency gains under eCO; than C4 plants. For example, for soybean, a
C3 plant, grown under eCO», 74% of the increase in WUE was due to increased carbon
assimilation and 26% of the improvement in WUE was due to decreased transpiration.
However, for sorghum, a C4 plant grown under similar conditions, assimilation and transpiration
contributed 42% and 58%, respectively to improved WUE (reviewed in Prior et al., 2011).

In addition to potentially affecting plant water use in BLISS, eCO2 might also moderate
plant response to salt stress. Salt stress can occur in hydroponic systems when evaporation
causes concentrations of nutrients in the growth solution, and also in container-grown plants
when evaporation of fertilizer solutions from the surface of the container leaves behind salt
deposits. In BLiSS where human urine is recycled for plant nutrients, above optimal levels of
sodium chloride in recycled urine could cause problems with plant growth (Schiefloe et al.,
2023; Tikhomirova et al., 2011). Although salt stress is physiologically distinct from drought
stress in plants, an overlap exists between plant response to drought and salt due to both
causing osmotic stress within the cells. In general, eCO, moderates plant response to salt
stress, and results in increased biomass. Mechanisms include decreased stomatal conductance
reducing water loss, increased sugars improving osmotic balance, increased antioxidants
improving reactive oxygen species (ROS) scavenging, and increased production of chaperonin
proteins repairing cell damage (Bingru Huang & Xu, 2015). In general, eCO: is likely to be
beneficial for BLiSS plants that experience mild salt stress, but the extent of this effect should
be confirmed.

N availability and eCO;

Once carbon and water become less limiting to plants grown under eCO., nitrogen
becomes the next most limiting nutrient, and the availability and form of nitrogen in the soil can
enhance or dampen the effects of eCO,. Many of the proposed mechanisms for decreasing
benefits of eCO, over time involve changes in C:N ratios with plants. For example, many, but
not all studies, report RuBisCO levels decreasing over time, likely as plants allocate nitrogen to
other more limiting steps in photosynthesis (Bingru Huang & Xu, 2015). As RuBisCO is the
most abundant protein in the plant leaf, this reduction may at first decrease nitrogen demand
and overall N content of the leaves (Uddling et al., 2018). However, as plants increase in size

due to eCO: enrichment, the nitrogen demand increases again to fulfill the needs of larger
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amounts of plant tissue. For plants grown in containers, exhausting nitrogen reserves or space
constraints on roots disrupting source-sink dynamics may play a role in decreased growth over
time (Uddling et al., 2018). However, reduced N content in plants can also be seen in field-
grown plants and plants in hydroponic systems with adequate fertilization and more room for
root growth, so other mechanisms may be at work to reduce plant N content under eCO, (Gojon
et al., 2023; Uddling et al., 2018). One such mechanism could be alteration in the plant
preference for ammonium over nitrate ion when photorespiration is reduced by elevated carbon
dioxide (Gojon et al., 2023). Ensuring adequate nitrogen in forms most preferred by the plant
and adequate root space for its uptake will be important for plants grown in controlled
environments, such as BLIiSS, to make maximum usage of available CO,. Shifts in nitrogen
preference under eCO; and additional potential mechanisms for reduced N uptake need to be
further explored.

Nitrogen mineralization is the conversion of nitrogen from organic molecules accessible
only to microbes to inorganic forms accessible by plants. Mineralization rates are linked to long-
term competitive shifts between plants from different functional groups. Reich et al. (2018) found
reversals in the growth promotion of C3 vs C4 plants grown under eCO: in a long-term field
study. In the first 10 years, C3 plants outperformed C4 in biomass accumulation. However, this
effect slowly shifted so that, in the second 10 years of the experiment, C4 plants outperformed
C3 plants. This reversal was tightly linked to nitrogen mineralization rates. Although such
competitive changes are not relevant to early-stage BLIiSS that will likely rely on hydroponic
plant cultivation, this information could be useful in projecting long-term competitiveness of

Api oneer plantso gr dartan tegolithcfar culdiviation. on | unar or

P uptake and eCO;

After nitrogen, phosphorus is the second most limiting soil nutrient needed for plant
growth. Phosphorus is a component of nucleic acids, proteins, phospholipid membranes, the
energy storage molecule adenosine triphosphate (ATP), and signaling molecules such as
inositol-phosphates (Jin et al., 2015; Perera et al., 2006). Similar to nitrogen, the increased
growth in plants triggered by eCO, also creates an increase in demand for inorganic
phosphorus (Pi), and failure to provide adequate room for root growth or adequate Pi fertilizer
can mute the growth promotion by eCO: (reviewed in Jin et al., 2015). On a molecular level,
eCO; has been shown to increase the expression of the phosphate starvation gene Phosphate
Response 1 (PHR1) and the phosphate transport gene Phosphate Transport 1 (PHT1) in

concurrence with this increased demand (Niu et al., 2013). If Piin plant tissues becomes too
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low, plants will change their morphology to improve access to Pi in both structural and
biochemical ways. As most Pi absorption takes place in the root hairs, plants will increase root
length, root hair abundance and root hair length to improve Pi uptake. Plants also excrete
organic acids such as citrate, oxalate, and malate to help liberate Pi bound to other minerals in
the soil. Citrate is especially good at liberating Pi from aluminum or iron phosphates (Jin et al.,
2015). As aluminum and iron phosphate are the most common forms of Pi found in lunar
regolith (Fackrell et al., 2024), selecting for or breeding plants with high citrate exudates might
make them particularly good at accessing lunar Pi.

Despite other research showing that eCO; increases some plant preference for
ammonium over nitrate as a nitrogen source, ammonium may impede uptake of Pi. In an
experiment with the model plant Arabidopsis, plants grown under low Pi, eCO,, and nitrate-
based nitrogen had reduced signs of phosphorus deficiency, such as higher growth and lower
anthocyanin rates. However, plants grown with ammonium nitrogen sources still showed signs
of phosphorus deficiency and had lower levels of Pi in tissues in both ambient and eCO; (Niu et
al., 2013). Complex interactions between multiple nutrients must be included in models for
nutrient cycling in BLiSS to ensure adequate nutrition for plants, which in turn provide nutrition
for the crew.

eCO. and Nutrition

Changes in nitrogen demand caused by eCO- can increase the C:N ratio in plant
tissues, which in turn can alter plant nutritional content. In general, plants grown under eCO;
have more sugars and carbon-based secondary compounds per gram fresh weight, and lower
protein and nitrate content per gram fresh weight. However, this effect varies by plant tissue
and species (J. Dong et al., 2018; Uddling et al., 2018). Leaf vegetables showed a more
dramatic increase in sugar content than root vegetables, root vegetables had more of an
increase than fruit vegetables, and stem vegetables had little increase in sugars (J. Dong et al.,
2018). Protein decreases under eCO2 were maost pronounced in root vegetables, followed by
stem and fruit vegetables, and leaf vegetables having the least change (J. Dong et al., 2018).
For C3 grain crops, N content of seeds is consistently lower for plants grown under eCO2, but
this effect is less pronounced in C4 grains and legumes (Uddling et al., 2018). Some of the
differences between C3 and C4 crops may be due to shifting preferences between ammonium
and nitrate N driven by photorespiration (Aroca et al., 2023; Bloom et al., 2012), but recent

studies in wheat conflict with this hypothesis (Uddling et al., 2018).
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eCO; can also alter other mineral, vitamin, and antioxidant content of crops. Maintaining
adequate levels of minerals, vitamins, and antioxidants will be essential to promote astronaut
immune function and reduce the damaging effects of radiation in spaceflight (Smith et al., 2021).
Effects on other macro and micronutrients varied by specific nutrient and part of the plant
consumed. Phosphorus decreases in grains grown under eCO, but the effect is only about half
that of decreases in N. In contrast, P is less affected in vegetable crops (J. Dong et al., 2018).
Potassium, the third most limiting soil nutrient, is usually also unaffected by eCO2 in either
vegetables or grains (J. Dong et al., 2018; Uddling et al., 2018). In vegetables, calcium tends to
increase under eCO2, but magnesium, iron, and zinc tend to decrease under eCO; (J. Dong et
al., 2018). Like nitrogen, this effect is lessened in C4 plants (Jobe et al., 2020). The
micronutrients magnesium, iron, zinc, and sulfur have been reported to decrease in C3 grains
grown under eCO; (Gojon et al., 2023; Uddling et al., 2018).

Proposed mechanisms for this reduction in minerals undereCOzi ncl ude #Adi |l uti on
increased carbon-rich compounds, decreased transpiration driving lower transport of minerals
via xylem sap, decreased photorespiration leading to a shortage of NADH whose reducing
power is needed for mineral transport, and other unknown factors impacting mineral
transporters (Gojon et al., 2023). In contrast with minerals, overall antioxidant levels increased
under CO- enrichment, with vegetable crops showing increases in phenolics, flavonoids,
ascorbic acid, and chlorophyll b. Other forms of chlorophyll, anthocyanins, and lycopene were
not affected by eCO- (J. Dong et al., 2018). However, grains grown under eCO; sometimes
have decreased levels of B vitamins (Uddling et al., 2018).

Extreme eCO: studies

Most eCO; studies have been done in the context of terrestrial climate change and focus
on the range of eCO; predicted by current climate models: 800 - 1000 ppm (IPPC, 2007).
Research focused on CO- enrichment in greenhouses also rarely focuses on levels above 1000
ppm as well, as it is roughly the CO; saturation point for many plants (Gruda, 2005). However,
a few experiments have looked at the effects of extreme eCO- on plant growth. Most
experiments on extreme eCO; were done in the context of spaceflight and BLISS. Early work
found that plants grown above 1200 ppm CO; had reduced fruit and seed set, premature
chlorosis as they approached maturity, and unexpectedly higher rates of transpiration,
especially at night (referenced in Levine et al., 2008). In wheat, extreme eCO; levels of 10,000
ppm caused increased biomass over 1500 ppm initially, but that slowed over time to have
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maturity. Proposed mechanisms for this decrease in plant function under extreme eCO; include
altered source-sink dynamics for carbohydrates, imbalances between carbon and nitrogen
availability limiting growth, and more rapid accumulation of sugars in the leaves promoting
premature leaf senescence (Levine et al., 2008). More recent work with maize and soybeans
found that soybean (a C3 plant) and maize (a C4 plant) both showed decreases in chlorophyll
content at 5000 ppm. Maize responded less dramatically than soybeans to increases of eCO;
from 500 ppm to 1000 ppm but maintained higher carbon assimilation at 3000 ppm than
soybeans. Unlike some earlier studies, stomatal conductance decreased, and water use
efficiency increased at 5000 ppm for both species.

In controlled environments with artificial lighting, the type and quality of lighting may also
play into plant response to extreme eCO.. For example, when mustard was grown under 415
and 2800 ppm CO; under with red light or a mixture of red and far-red light, plant response to
extreme eCO; depended on growth stage and light type. Elevated CO; increased overall plant
growth in both seedlings and mature plants, and far-red light had a negative influence on only
seedling-stage plants at 2800 ppm but not at 415 ppm (Kennebeck & Meng, 2024).

Effects of extreme eCO, can also be highly species-specific and even cultivar-specific.
As mentioned earlier, Brassicarapa6 Tokyo Bekanadé failed to thrive i
excellent performance in ground experiments, and a series of ground follow-up experiments
showed that eCO; exposure best replicated the symptoms seen in spaceflight. However,
closely related mizuna (another cultivar of Brassica rapa) and more distantly related lettuce
grown in the same hardware were unaffected by ISS-levels of eCO; (Burgner et al., 2020).
These experiments demonstrate the critical need to evaluate candidate space crops cultivars for

tolerance to extreme eCO, before deployment in spacecraft.

Hypobaria and eCO-

Similar to early space capsules, some proposals for lunar or Martian bases proposed
lower than 100 kPa (hypobaric) air pressures to reduce structural strain on the buildings and
reduce launch mass. If plants are to be grown successfully as part of BLISS in such bases, the
effects of hypobaria on plants grown with different gas mixtures must be considered. At high
altitudes, plants on Earth naturally grow at pressures as low as ~50 kPa (Paul, Zhou, et al.,
2017), and plants can survive at least short-term exposure to partial pressures as low as 10 kPa
without visible injury (Paul et al., 2004).

The overall effects of hypobaria on plants depends on the relative partial pressures of O

and CO.. If air pressure is simply decreased without compensating for Oz, plants experience
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hypoxia. If adequate O, and CO; are provided, plant hypobaric response differs significantly
from hypoxic response. In general, short-term exposure to hypobaria increases rates of carbon
assimilation and transpiration (Paul, Zhou, et al., 2017). This increase in transpiration rates can
trigger drought-stress response gene expression, even in plants with adequate water and no
visible signs of water-stress (Paul et al., 2004). Although few morphological changes are
measured in plants in short-term experiments, long-term hypobaric exposure can increase
flavonoid and anthocyanin content of the leaves and reduce overall plant growth (Stutte et al.,
2022).

Elevating CO; levels for hypobarically grown plants seems to mitigate some of the
evapotranspirative stress experienced by plants. For example, Arabidopsis plants grown under
10 kPa partial pressure experienced decreases in net photosynthesis when CO; partial pressure
was at 0.04 kPa, but net photosynthesis did not decrease from control when CO; patrtial
pressures were above 0.07 kPa (Richards et al., 2006). Similarly, increasing radish partial CO-
from 0.04 kPa to 0.1 kPa decreased transpiration rates for radish grown at 66 kPa. However,
too high a CO2 partial pressure can be damaging to plants, as radish grown under 66k Pa and
33 kPa total pressure and 0.18 kPa CO- patrtial pressures showed signs of leaf damage.

Unfortunately, due to the complicated logistics of maintaining plants in hypobaric
chambers, many plant hypobaric studies expose plants to low pressures for only a few hours to
a few days. Only a small number of studies examine the effects of hypobaria from germination
until harvest. Contrasting results between long-exposure and short exposure experiments
demonstrate the need for more long-exposure experiments to predict plant response in
hypobaric BLISS. For example, when 24-day old lettuce was grown for 10 days under
hypobaria as low as 25 kPa, no negative effects were observed (He et al., 2007). However,
when 3-day old lettuce was grown for 21 days at similar or higher levels of hypobaria, significant
decreases in biomass were observed relative to the control (Stutte et al., 2022). Before
prolonged hypobaria can be considered a viable option for BLISS, more long-term hypobaric
studies on candidate BLISS crops are needed to determine the effects on yield and nutrient

levels over complete life-cycle exposures.

eCO; and plant microbe interactions

Plants on Earth depend on soil microbial communities for nutrient cycling, and a well-
functioning BLISS will also depend on beneficial interactions between plants and microbes.
However, microbial communities can also be altered by exposure to eCO,, and much of the

impact of eCO, seems to be driven by interactions with plants. Microbe communities in bulk soil
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are often unaffected by exposure to eCO,, but more significant changes are often documented
in the rhizosphere, the area of soil directly adjacent to plant roots (Kuzyakov et al., 2019;
Rosado-Porto et al., 2022). eCO: increases the amount of sugars and organic acids in plant root
exudates, and up to 21% of carbon captured by plants is released into the rhizosphere. This
shift in rhizosphere nutrient availability can affect both the composition and function of the
rhizosphere microbial community (Jansson & Hofmockel, 2020; Kuzyakov et al., 2019; Rosado-
Porto et al., 2022).

Elevating CO; has been documented to change rates of microbially-mediated nutrient
cycling. For example, the microbiome associated with wheat roots grown under 800 ppm eCO:
increased in nucleic acid metabolism and increased in microbes with phytase and phosphatase
genes. These changes were associated with increased mineralization of organic phosphorus.
CO; also impacts interactions with phosphorus-provisioning arbuscular mycorrhizal (AM) fungi.
A recent meta-analysis showed that eCO- increased formation of arbuscules in roots, and AM
fungi increased root P content more under eCO, than ambient (Y. Dong et al., 2018). AM fungi
can also reduce the rate of soil carbon decomposition under eCO., likely by outcompeting
saprotrophic microbes for nutrients such as phosphorus (Castafieda-Gomez et al., 2022).

Nitrogen fixation by rhizobium bacteria in the roots of legumes can also be impacted by
eCOg, usually positively. Numerous studies have shown an increase in the number of root
nodules, nitrogenase activity, N content, or yield of various legume species grown under eCO-
(referenced in Li et al., 2017). A meta-analysis of soybean experiments with nodulating versus
non-nodulating cultivars showed that plant response to eCO; was closely associated with the
ability to nodulate, indicating that nitrogen-fixing bacteria were either important in helping the
plants meet the increased N demands under eCO; or providing a carbon sink for excess
carbohydrates that reduce acclimation to eCO- (Ainsworth et al., 2002). A recent study of
soybeans used radioisotope labeling to show that eCO; led to increases in fixed nitrogen in
soybean seeds (Y. Li et al., 2017). Conversely, with non-diazotrophic microbes, increased
carbon in root exudates of eCO2-grown plants can increase soil microbe growth and competition
for nitrogen, which results in a lower N pool for plant use (Kuzyakov et al., 2019). These
changes with soil-microbes have implications for nutrient cycling in BLISS, especially with
microbe-mediated recycling of organic nutrients from human and plant waste or in growth
systems that use beneficial microbes for nutrient extraction from lunar or Martian regolith. The
potential impacts of eCO, plant-microbe interactions in BLiSS should be investigated and

incorporated into models for BLiISS nutrient cycling.
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eCO; also alters the balance between plant defense hormones and alters susceptibility
to plant pathogens. Soil-borne pathogens and insects can be excluded from spacecraft growth
environments by bringing aboard sterile growth substrates and disease-free and pest-free seeds
and/or plants. However, opportunistic plant pathogens and microbes associated with food-
borne illness are difficult, if not impossible, to exclude completely from crewed spacecraft
(Hummerick et al., 2021; Schuerger et al., 2022). Salicylic acid (SA) is a hormone associated
with defense against biotrophic pathogens, and SA levels are often higher in plants exposed to
eCO.. In contrast, jasmonic acid (JA), a hormone associated with necrotrophic pathogen
defense, is less impacted by eCO,. However, these broad patterns have many exceptions,
indicating a need to evaluate changes on a species and environmentally specific basis (Bazinet
et al., 2022). Similarly, increases in resistance to biotrophic and necrotrophic fungal and
bacterial pathogens depend on the pathogen, host, and environmental factors. Of particular
relevance to BLISS, long light durations, coupled with eCO., lead to more plant resistance
against biotrophic pathogens (Bazinet et al., 2022). Concerningly, eCO- has also been
associated with increased susceptibility to Fusarium spp., a common opportunistic pathogen
genus detected in microbiome studies on the ISS and other spacecraft (Schuerger et al., 2022).

The future of altered atmospheres for plant growth in space

In the near future, plants grown for crew supplemental nutrition will be grown in small
chambers similar to the current Veggie unit and near-future Ohalo Il growth chamber on the
ISS (Poulet et al., 2022). Plants in these chambers will, of course, convert a small portion of the
cabin CO; to oxygen, but likely not in quantities large enough to alter the general trend towards
eCO; on board spacecraft. As such any new candidate crops grown in these chambers should
be evaluated for tolerance of high eCO,. Since the goal of these plantings is to ensure
adequate nutrient intake for astronauts on long-duration missions, measuring the impact of
eCO; on plant nutrient content will be essential. In cases where nutrient value is impacted by
eCO., selective breeding or genetic engineering could be used to develop cultivars that contain
high nutrient contents under increased carbon dioxide.

Moving to more BLiSS-like greenhouses for lunar or Martian bases would require a
different set of considerations for plant atmospheric tolerance. If hypobaric pressures are used
in the growing areas, evaluation of each candidate crop's tolerance for a range of mixtures of
atmospheric carbon, oxygen, and nitrogen will be necessary. Unlike current spacecraft, carbon
may eventually become more limiting to plants in a BLiSS that grows enough food to support its

crew. The amount of plant material to grow food for one person converts carbon dioxide to
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roughly twice as much oxygen as is needed by

waste; it is needed to either decompose or combust inedible plant materiald and astronaut
wasted back into CO, for use by plants (Wheeler, 2017). Finding efficient, flexible, and safe
ways to turn unusable biomass back into CO. will be necessary to ensure an adequate supply
of CO; for crop production. Growing plants hydroponically, in addition to allowing for easy
customization of nutrient solutions, allows for easy access to inedible root biomass for carbon
cycling.

Even with efficient carbon recycling, supplementing CO: in BLIiSS will likely be
necessary, as some carbon stored in waste biomass will likely be slow to decompose or
combust completely. In fact, if the desire is to improve lunar or Martian regoliths as potential
plant growth substrates, some decompositionly-reticent carbon would be needed as a source of
organic matter to improve the physical and biological capacities of regolith. Most of the soll
carbon on Earth is made up of the slow-to-decompose remains of plants and other organisms.
Other alternative uses for unused biomass include converting it into activated charcoal, which is
commonly used for water purification and trace gas removal (Macatangay et al., 2009), or using
dried, ground biomass waste to augment polymer filaments for 3D printing (Siddiqui et al.,
2024). In all of these scenarios, supplemental carbon will need to be brought in the form of
additional foodstuffs from Earth, an expensive prospect, or found locally on the moon or Mars.
While lunar regolith is extremely low in carbon, pockets of CO: ice likely exist in shadowed
areas on the lunar surface (Schorghofer et al., 2021), and the thin Martian atmosphere is
roughly 95% CO; (Atreya & Gu, 1995). Managing carbon effectively to maintain adequate plant
growth for crew life support, as well as support supplemental uses for carbon compounds, will
be essential for long-term BLISS sustainability. Through feedback with the rhizosphere
microbial community, carbon dioxide levels can also alter the cycling of soil nutrients such as N
and P. Modeling plant nutrient needs and plant-microbe interactions at various CO levels will

be critical for optimizing nutrient cycling in BLiSS.

Plant -microbe interactions in spaceflight

In addition to their role in soil nutrient cycling, bacteria and fungi play other important
roles in plant health. Beneficial microbes can directly provision plants with nutrients, reduce
water stress, stimulate plant growth through the production of plant-hormone analogs, and
provide protection from plant pathogens (Chaudhary et al., 2022; Compant et al., 2005; Kaushal
& Wani, 2016; Spaepen & Vanderleyden, 2011). Plant-pathogenic microbes pose a severe

threat to BLISS function, as decreases in plant growth caused by disease would mean both
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reduced food and reduced oxygen for the crew. Lack of plant-microbe interaction research in
spaceflight has been listed as a key gap in our current understanding of how the spaceflight
environment might affect BLiSS function (De Micco et al., 2023).

Mechanisms of plant-microbe symbioses

The mechanisms by which microbes help provision plants with nutrients are varied.
Some fungi help plants by scavenging phosphorus, and to a lesser extent nitrogen, from the soll
and delivering these nutrients to plant roots in exchange for lipids and carbohydrates (Jin et al.,
2015; Zhang et al., 2022). The best studied of such fungal symbioses involve arbuscular
mycorrhizae (AM) fungi, which plants allow to grow within living plant tissue to facilitate nutrient
exchange. Evidence is emerging that much of fungal acquisition of nutrients from soil is
mediated by symbiotic bacteria within fungal hyphae (Zhang et al., 2022). Symbiotic fungal-
associated and plant-associated bacteria can excrete weak organic acids that solubilize
phosphorus and other mineral-bound nutrients. Other beneficial bacteria excrete siderophores
which chelate minerals such as iron in a way that makes them bioavailable to plants. Some
beneficial bacteria, such as legume-associated Rhizobium spp., form obligate, internal
associations with the roots of plants and fix atmospheric nitrogen which they provision to plants.
Other free-living diazotrophs (N-fixers) can have commensal relationships with plants and
provision a small portion of nitrogen to them under micro-anaerobic conditions (Chaudhary et
al., 2022).

Microbes can also indirectly affect plant nutrient uptake by modifying root architecture.
Many plant root colonizing microbes excrete indole-acetic acid (IAA) and other auxin-like
substances that increase the growth of root hairs or lateral roots (Handy et al., 2021; Spaepen &
Vanderleyden, 2011). These changes increase root surface area and improve the uptake of
nutrients. As mentioned earlier, transcriptomic studies show altered auxin signaling gene
expression between microgravity and 1 g- grown plants (Land et al., 2024). How colonization
by IAA-excreting microbes affects these signals and plant root architecture in microgravity and
partial gravity has yet to be investigated.

Beneficial microbes can also protect plants from abiotic stresses such as drought,
flooding, and salinity. Some microbial biofilms form a protective barrier that help roots retain
moisture (Kaushal & Wani, 2016). Other microbes make compounds that reduce stress levels in
plants, such as bacteria that excrete ACC-deaminase. This compound breaks down ACC, the
chemical precursor of the plant stress hormone ethylene (Gamalero & Glick, 2015). Beneficial

rhizobacteria have been documented to make synthetic versions of the plant hormone abscisic
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acid (ABA) or alter indigenous levels of ABA within the plants. ABA closes stomatal pores in
response to drought stress, and ABA-producing microbes have been associated with higher
drought tolerance in their host plants. Beneficial microbes can also reduce drought stress by
triggering increases of sugars or other osmolytes in plant tissue, which reduces osmotic stress
during drought or salt stress (reviewed in Kaushal & Wani, 2016).

Coatings of beneficial microbes can also protect plants from disease through a variety of
mechanisms. Beneficial fungi and bacteria can physically exclude pathogens from plant tissues
(Compant et al., 2005). Certain microbes can outcompete pathogens for limiting nutrients. For
example, siderophore producing bacteria can acquire and sequester iron away from pathogens.
Some bacteria and fungi can excrete antimicrobial compounds that inhibit the growth of
pathogens. Colonization by beneficial or commensal microbes can also prime plant immune
response to more rapidly respond to pathogen attack. A few microbes, such as the fungus
Trichoderma which can feed on other fungi, actively consume pathogenic organisms (Compant
et al., 2005; El-Saadony et al., 2022).

Spaceflight and microbe physiology

Spaceflight and microgravity have been documented to change microbial physiology in
ways that have the potential to both enhance and detract from plant growth in BLiSS. Most
notably, biofilm formation has been documented to be enhanced in spaceflight in the bacteria
Pseudomonas aeruginosa. The increase in biofilm thickness in microgravity is likely due to
more even distribution of oxygen throughout the substrate in microgravity than 1g (Kim et al.,
2013). If biofilm formation is similarly affected in other species, it has implications for plant-
microbe interactions and BLiSS hardware design. For beneficial bacteria that form protective
biofilms on plant roots, their ability to protect plants from drought or pathogen attack may be
enhanced. Alternatively, increased biofilm formation could be detrimental to plants if it
decreases diffusion of oxygen and nutrients to the roots. If pathogenic organisms more readily
form biofilms, they may improve their ability to infect plants and make them more difficult to
remove from BLISS hardware. Bacterial biofilms in water-purification hardware have been an
ongoing challenge in spaceflight (Justiniano et al., 2021; Poulet et al., 2022) and will likely be
similar in BLISS irrigation systems. Further research into root-covering biofilms in microgravity
would be useful to determine if altered biofilm formation alters plant-microbe interactions in
spaceflight. Research into portable, effective, ways of removing unwanted biofilms from
hardware, such as new microwave-based methods (NASA Patent, 2016) or plasma-based

approaches (Poulet et al., 2022), should also be continued.
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On the beneficial side, very limited research has been conducted in spaceflight on two of
the most essential plant-microbe symbioses on earth: rhizobium nitrogen fixation in legumes
and AM fungi associations with roots. Clinostat experiments on earth have reported reduced
nodulation of nitrogen-fixing bacteria (Dauzart et al., 2016) and lower colonization by AM fungi
in simulated microgravity (G. Liu et al., 2018). However, flight experiments with rhizobium
bacteria show that this symbiosis can still function in microgravity. Short term experiments on
the sounding rockets and the space shuttle, showed that Rhizobium trifolii was able to bind to
and form normal associations with white Dutch clover roots (Guikema et al., 1994). Similarly,
Sinorhizobium meliloti was reported as able to form associations with barrel clover in
spaceflight, but details of the experiment were not formally published (Foster et al., 2014). In all
these cases, the experiments were short-term and with a small number of replicates. To fully
understand the impact of spaceflight and microgravity on legume-microbe interactions would
require larger studies with plants grown from seed to maturity in spaceflight with and without
Rhizobium. To our knowledge, flight experiments with AM fungi have not been reported.

Over time, microbes grown in space may evolve unique traits that improve their ability to
form associations with plants in extreme environments. For beneficial microbes, these changes
might lead to strains that improve growth in flight better than Earth-isolated strains, but for
pathogenic microbes, such changes might improve pathogenicity. To date neither of these
processes have been particularly well-studied for plant-associated microbes, but animal-
associated microbes are often reported to have increased growth, greater virulence, and
increased resistance to antibiotics (Clément & Slenzka, 2006; Bing Huang et al., 2018; Wilson
et al., 2007). A comparative genomic approach with five flight-isolated bacterial strains
compared to common terrestrial strains shows some overlap in genetic changes that occur in
spaceflight. Microbes in flight seem widely adapted in their ability to metabolize different carbon
sources, have alterations to metal ion channels that improve osmotic regulation, alterations to
genes associated with ROS, and have changes in enzymes for DNA protection and repair
(Szydlowski et al., 2024). Further research is needed on the long-term effects of spaceflight on
plant-associated microbes, their interactions with plants, and their interactions within the

spaceflight microbiome.
Spaceflight environment and plant microbiomes

As astronauts are the primary biological inhabitants of the ISS, the microbiome on board
is dominated by human-associated microbes. Due to isolation of orbit, the microbiome of the

ISS is uniquely isolated from the normal indoor-outdoor exchange of microbes in terrestrial built
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environments, and shifts in composition are driven by crew turnover (Avila-Herrera et al., 2020).
Interestingly, many of the same species of culturable microbes isolated from the ISS were also
found on other space stations and early BLiSS prototypes (Schuerger et al., 2022). A larger
metagenomics study that sampled more surfaces around the ISS showed that microbial
diversity correlated with human use patterns. For example, bacteria associated with urine and
feces were more common around the station toilet area, and food-related bacteria more

common in food preparation areas (Salido et al., 2025).

In light of the prevalence of human-associate microbes, much of the initial work on plant
microbiomes on the ISS was performed through the lens of food safety. Researchers wished to
ascertain if human pathogens might be present and abundant enough to cause disease in
astronauts who ate plants grown in flight. Fortunately, microbial loads of human pathogens on
space-grown plants were lower than comparable plants from Earth supermarkets (Hummerick et
al., 2021). As an added precaution, crops grown on the ISS for human consumption are further
disinfected with citric acid wipes before eating (NASA, 2025b). Work on food safety of
spaceflight and BLiSS plants should be continued, especially to ensure that any recycling of

human waste for plant nutrition does not compromise food-safety.

As part of investigating the microbiomes of lettuce plants grown in Veggie, over 30
strains of culturable bacteria were isolated. Handy et al. performed a series of in vitro
experiments to test for beneficial properties in putative plant-growth promoting rhizobacteria
(PGPR) and found that multiple species could solubilize phosphate, produce synthetic auxins,
make iron-chelating siderophores, produce ACC-deaminase, or produce antifungal compounds
(Handy et al., 2021). As these bacteria lived for multiple generations in spaceflight, they may be
better adapted to promote growth in space-grown plants, but how well these strains work in

plantae compared to Earth-isolated strains remains to be determined.

Plant-disease in spaceflight
Plant disease management in spaceflight has largely been achieved by rigorous sanitary
techniques. Hardware is sterilized or sanitized before flight, seeds are surface sterilized before
planting, and growth chambers are wiped down with sanitizing wipes between uses (Schuerger
et al ., 2022) . However, itds i mpospazdacraft, andt o excl ud
potential pathogens routinely show up in microbiome sampling on the ISS and other spacecraft
(Avila-Herrera et al., 2020; Schuerger et al., 2022). When environmental factors are less-than

favorable for plant growth, plants exposed to the open air can be colonized by some of these
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opportunistic pathogens. For example, as mentioned earlier, zinnia plants suffered Fusarium
oxysporum infection when fans in the Veggie growth chamber failed.

The novel environment of spaceflight may also trigger pathogenicity in normally
commensal or beneficial microbes. For example, wheat seeds normally contain Neotyphodium
endophytic fungi that are not removed by surface sterilization. In plants grown in the
greenhouse or field, these fungi normally cause no symptoms in plants. However, wheat plants
grown in enclosed containers on the space shuttle experienced abnormal growth and chlorosis
due to infection by the Neotyphodium (Bishop et al., 1997).

Intentional plant-pathology experiments in spaceflight are few and far between. From the
one experiment done to date, evidence is emerging that spaceflight might make plants more
vulnerable to infection by pathogenic organisms. Experimental inoculation of soybeans with the
pathogen Phytophthora sojae revealed that flight plants on the space shuttle had more severe
signs of infection and also produced more ethylene, a sign of stress (Ryba-White et al., 2001).
This increased susceptibility in spaceflight may be due to changes in cell-wall remodeling or
alterations in defense signaling that occur in microgravity (Schuerger et al., 2022). The fact that
only one intentional spaceflight plant-pathology experiment has been published to date
represents a key gap in knowledge of how to promote plant health in BLISS. Fortunately, recent
experiments are beginning to focus more on this topic: the Schuerger lab is investigating
powdery mildew infestation (Golovinomyces cichoracearum) of Arabidopsis under simulated
and spaceflight microgravity, the lyer-Pascuzzi lab is investigating tomato immune function in
spaceflight and tomato susceptibility to Fusarium oxysporum under simulated microgravity, and
the Gilroy lab has recently flown an investigation of the biofungicidal fungus Trichoderma
harzianum on tomato seedling roots (NASA, 2025a). Analyses from these experiments will be a
good start at filling in missing information about plant-microbe interactions in spaceflight, and
hopefully will be followed up by more research on this topic.

Recent experiments indicate that E. coli persists longer on plants grown from sterilized
seed than unsterilized seed, indicating potential protection against food-borne illness may be
improved by intentional inoculation of seeds with beneficial organisms (Dixit et al., 2021). Seed
inoculation may also have the potential to reduce plant-disease risk in flight, but further research
is needed to determine if such benefits are robustly effective in BLiSS prototypes, and if any

risks and logistics involved in intentional inoculation outweigh the benefits.
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Microbes and extraterrestrial substrates

Early BLiSS prototypes will likely be hydroponic to avoid the irritating, and sometimes
toxic, nature of lunar and Martian regoliths. However, finding ways to incorporate regoliths into
plant substrates could reduce the upmass of hydroponic components for larger systems.
Hydroponic systems that contain irrigated substrates are also more resilient in case of water
pump failures than aeroponic or nutrient film approaches (Savvas & Gruda, 2018). Although
lunar regolith is largely devoid of nitrogen, it does contain other nutrients needed for plant
growth; as such, utilizing regolith has the potential to augment fertilizer needs in BLISS (Fackrell
et al., 2024).

Since actual regoliths are in short supply and extremely valuable as geological samples,
regolith simulants are used to approximate their chemistry and soil properties. The growth of
two varieties of marigolds (Tagetes patula) in lunar simulant inoculated with the rock-associated
bacterium Paenibacillus sp. and the plant-associated bacteria Klebsiella oxytoca, Pseudomonas
spp., and Pantoea agglomerans were compared to marigolds grown in sterile lunar simulant.
The bacteria successfully made minerals in the lunar simulant bioavailable to the plants, and the
marigolds in inoculated soil grew to flowering. In contrast, marigolds grown in sterile lunar
simulant all died before maturity (Zaets et al., 2011). In another series of experiments on plant
germination and growth in both lunar and Martian regolith simulants, a few of the plants grown
in both soil simulants successfully flowered using only the nutrients available in 50 g to 100 g
samples of the simulants. Field mustard (Sinapsis arvensis) successfully flowered in the
Martian soil simulant, while rye (Secale cereale) and cress (Lepidium sativum) flowered in both
lunar and Martian soil simulants (Wamelink et al., 2014). None of these regolith simulants in the
above experiments contained toxic perchlorates, which are known to be especially abundant in
Martian regoliths (Fackrell et al., 2024). Bacterial detoxification of perchlorates is an area of
active research both for regolith remediation and decontamination of polluted soils on Earth
(NASA, 2025a).

The only extra-terrestrial regolith that terrestrial plants have been exposed to is lunar
dust brought back from the Apollo missions. In early experiments, the motivation was to check
if lunar regoliths contained pathogens or had any other deleterious effects on the growth and
development of plants. In all cases, plants were not damaged by exposure to lunar dust, and
some even grew better than unexposed controls. In most of these experiments, plants were
only exposed to a small amount of lunar dust, and the few germination experiments that took

place entirely in lunar regolith did not grow to maturity due to the limited supply of lunar soil (Ferl
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& Paul, 2010). More recently, Arabidopsis plants were grown for nearly a month in samples
brought back from three different Apollo missions. Compared to plants grown in a regolith
simulant made of terrestrial rock, plants grown in actual regolith show more physical and
transcriptional signs of stress. DEGs that were conserved in upregulation in lunar regolith-
grown plants were largely related to salt stress, metal-associated stress, and ROS (Paul et al.,
2022). DEGs related to jasmonate signaling were downregulated in lunar regolith grown plants
with implications for plant-microbe interactions, as the jasmonic acid pathway is important for
plant defense against biotrophic pathogens (Carvalhais et al., 2017). The type of microbiome
associated with plant rhizospheres in actual lunar regolith has not been studied, to our

knowledge.

Monitoring tools for BLiSS plant-microbe interactions

Many pathogen outbreaks can be prevented in controlled environments by keeping the
environment clean and providing the correct nutrient, light, and airflow conditions needed for
optimal plant growth. However, the ubiquitousness of certain pathogens in BLiSS prototypes
and spacecraft, such as Fusarium spp., means that occasional infection may occur (Schuerger
et al., 2022). Early detection of plant disease is essential to prevent its spread. Similar to
abiotic stresses, automated multispectral imaging could be one such tool to monitor health
(Poulet et al., 2022). In the Eden-ISS, an Antarctic research greenhouse run by the German
Space Agency (DLR), automatic camera systems were able to detect wilting by plants and
monitor plant health via changes in chlorophyll fluorescence (Zeidler et al., 2019). To gain
additional information about plant health status, sentinel reporter line plants could be
interspersed among wild-type plants. In an arctic experimental greenhouse, Arabidopsis plants
with a GFP-tagged hypoxia gene were monitored remotely via cameras, as a successful proof-
of-concept demonstration (Abboud et al., 2013; Schuerger et al., 2022). Plants grown in BLiSS
could be similarly engineered to fluoresce when defense-related genes were activated.

In addition to visual methods, chemical and genetic monitoring methods would be useful
for rapid detection of infected plants, and identification of causal organisms. Many machines
used for chemical and genetic analysis in laboratories, such as mass-spectrometers and
lllumina sequencers are too large and fragile to be used on spacecraft. However, new
technologies are emerging that are portable enough to be used in orbit: VOC sensors and
nanopore sequencers. In addition to the stress hormone ethylene, plants emit a wide variety of

VOCs in response to pathogen attack, such as methyl jasmonate, salicylate, and aldehydes (Z.
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Li et al., 2019). Sensors that detect these compounds can indicate if a plant is diseased prior to
it showing visible symptoms. For example, Li et al. recently designed a portable colorimetric
sensor that detects volatiles of both symptomatic and asymptomatic potatoes infected with
Phytophthora infestans (Z. Li et al., 2019). The sensor is designed to be read and interpreted
by a smartphone camera. The development of palm-sized nanopore sequencing devices are
also emerging as a viable method of genetically identifying disease-causing organisms in-flight.
A minlON nanopore sequencer has been recently used to identify Fusarium oxysporum
(Haveman & Schuerger, 2022), and nanopore sequencers have been used for microbiome
analysis in orbit (Stahl-Rommel et al., 2021).

Some of these same technologies could be used as screening tools for high throughput
evaluation of beneficial microbes for intentional inoculation of BLISS plants to promote plant
health. Numerous strains of beneficial microbes that perform well in simplified laboratory
settings often fail to have meaningful plant growth promotion in larger scale greenhouse or field
applications (French et al., 2021). To find strains with wide efficacy, high throughput screens
are needed to test a large number of isolates under various abiotic and biotic conditions.
Multispectral imaging, possibly coupled with promoter lines for genes related to desired plant-
health benefits, could be used to detect differences in plant growth or stress response early in
development, and increase the throughput of microbe screens (Burrell et al., 2017; Qin et al.,
2023).

Unlike microbial metagenomics, which record the presence of living and dead microbes,
metatranscriptomics measure only expressed genes in living organisms. Nanopore sequencers
have recently been tested as proof-of-concept for sequencing lettuce plant metatranscriptomes
(Haveman et al., 2021). This technology has the potential to allow for frequent monitoring of the
microbiomes of BLISS plants to detect how potential inoculants and environmental settings alter

plant microbiomes.

Conclusion

Research over the past several decades in spaceflight and on earth has laid the
groundwork for understanding the biological and technical hurdles that need to be overcome to
design functional BLISS for spaceflight. However, gaps still exist in our understanding of plant
gravity signaling, plant response to elevated carbon dioxide, and plant-microbe interactions in
spaceflight. The remainder of this dissertation focuses on each of these three facets of plant
physiology in a series of ground-based experiments with spaceflight implications. Chapter 2

presents experiments looking at the effects of extreme eCO2 on morphology, carbon
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assimilation, and water use of radish and amaranth microgreens. Chapter 3 details an
experiment examining changes in gene expression in gravistimulated Arabidopsis root tips over
a three-hour time course. Chapter 4 describes a series of experiments investigating if
spaceflight-isolated and Earth-isolated microbes promote growth in Arabidopsis on low nutrient
media. Chapter 5 explores the potential of these same microbes to improve Arabidopsis growth
in lunar regolith simulant and under osmotic stress. Understanding the complex interactions
between novel biotic and abiotic factors found in spaceflight will be key to making BLiSS

resilient and reliable during long-duration missions.
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CHAPTER 2: EXAMINING THE EFFECTS OF SPACEFLIGHT -LEVEL eCO; ON
MICROGREEN GROWTH, CARBON ASSIMILATION, AND WATER USE

Abstract

Carbon dioxide levels on crewed spacecraft routinely exceed 3000 ppm, levels which
have not been seen on Earth since early in the evolution of plants. Elevated carbon dioxide
(eCO,) above 2000 ppm can have both beneficial and detrimental effects on plants and can
alter plant nutritional profiles. The effects of such levels of eCO: on plants are understudied, and
the growth and nutritional composition of plants grown in spaceflight may be altered by eCO
exposure. Using microgreens as a model, due to their potential to augment astronaut nutrition
on long-duration space missions, we investigated the effects of extreme eCO- on plants. We
selected radish and amaranth as these differ in their carbon capturing mechanisms. Radish, a
C3 plant, is known to be less efficient in carbon assimilation under high temperature or water-
limited conditions than amaranth, a C4 plant. These differences in carbon capturing
mechanisms may result in differential effects of eCO,. We modified microbial incubators to be
smalleCO;plant gr owt h chambers controlled by Raspberry
levels higher than 3000 ppm. Using these chambers, we grew radish and amaranth
mi crogreens in hydroponic wicking boxes at either
il $ikeeCO0 ( mi ni mum 3000 p dsdays bfgrevah, carbon Askimilation 1 0
was measured using a LICOR-6800, and plant morphometric data were collected. Although
plant leaf area and biomass were not significantly affected by eCO for both species, hypocotyls
of both species were larger under eCO,. Radish microgreens also had significantly larger fresh
root mass. Carbon assimilation rate and stomatal conductance differed between ambient and
eCO: for both C3 and C4 plants.

Introduction

Plants will be essential for long-duration spaceflight missions to provide supplemental
nutrition for astronauts. If humans are to successfully travel to and explore Mars and other
planetary bodies away from Earth, they will need vitamin-rich foods to maintain health over
missions that last 2-3 years. Unfortunately, shelf-stable astronaut rations degrade in quality over
these time periods. Currently formulated astronaut rations stored at room temperature for three
years decreased below acceptable levels in vitamin C and vitamin B,, and moderate decreases
were also observed for vitamins A and Bs (Cooper et al., 2017). Microgreens have been
recently evaluated as a type of candidate crop for astronaut supplemental nutrition on long-

duration space missions (Boles et al., 2023; Poulet et al., 2022). Although they are seed-
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intensive to grow, microgreens have the advantage of having a higher nutrient content per gram
of fresh mass than full-sized greens. Their small size and short planting-to-harvest interval
allow for minimal hardware, light, and water needed for cultivation, which is also desirable for
spaceflight (Poulet et al., 2022).

The spaceflight environment exposes plants to novel growth conditions compared to
Earth, including microgravity, increased radiation, and novel air compositions. The limitations of
scrubbing carbon dioxide exhaled by the crew inside spacecraft often exposes crew and any
other biological inhabitants to elevated levels of carbon dioxide. Plants grown in open air on the
International Space Station are exposed to carbon dioxide levels that can range from 3000 ppm
to above 6500 ppm (Georgescu et al., 2020). CO; levels this high are not normally experienced
by plants since the early days of plant evolution. Current levels of CO- are at 415 ppm, up from
around 290 ppm pre-industrialization. In contrast, when C3 photosynthesis first arose on Earth,
atmospheric carbon dioxide levels exceeded 3000 ppm (Morris et al., 2018). At these
concentrations, the key carbon-fixing enzyme, ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO), would be fully saturated with CO, and react only minimally
with oxygen to oxidize organic carbon. As atmospheric levels of carbon dioxide dwindled over
geological time, CO, became more limiting for plant growth. When temperatures were warm or
soil moisture was limited, plants were forced to make a trade off: they could have fully open
stomata to maximize CO; uptake, or they could close stomata to minimize water loss and
reduce intracellular CO2. However, the lower the intercellular CO- the higher the risk of
oxidation by RuBisCO and the photorespiration of organic carbon (Prior et al., 2011).

To overcome this trade off, C4 plants evolved the ability to spatially separate carbon
capture from the air from carbon fixation by RuBisCO. In C4 plants, carbon is first fixed as
oxaloacetate by an alternative enzyme PEP carboxylase, which does not react with oxygen.
This captured carbon is transported to bundle sheath cells, where CO: is released and
concentrated for use by RuBisCO (Evert & Eichhorn, 2012). When temperatures are moderate
and moisture is adequate, these extra steps make C4 plants less energy efficient than C3 plants
at carbon fixation, as C4 plants require extra ATP to regenerate the extra enzymes. However,
C4 plants can maintain high intercellular CO- levels in photosynthesizing tissues, even when
stomata are partially closed (Prior et al., 2011). This lower stomatal conductance allows C4
plants to be more water efficient, and therefore able to continue photosynthesizing in hot or dry
conditions. Because of these differences in carbon capture, C4 plants are generally considered

to be less responsive than C3 plants to eCO; (Huang & Xu, 2015), but the response of plants to
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eCO; varies dramatically based on species, intrinsic growth rate, nutrient availability,
environmental conditions, life stage, and duration of exposure (Poorter & Navas, 2003).

Much of the work on eCO, has focused on larger crop plants at CO: levels relevant to
predicted climate change scenarios or greenhouse enrichment (800-1000 ppm) (Poorter &
Navas, 2003; Prior et al., 2011). For most plants, carbon stops becoming limiting above these
concentrations, so little research has been done on the effects of more extreme levels of eCO..
However, spaceflight and subsequent ground experiments have shown that eCO:, levels in the
3000-5000 ppm range can have unanticipated detrimental effects on plants. Spaceflight-grown
Brassica rapa showed signs of leaf chlorosis and poor growth that was later determined to be
likely caused by the extreme eCO; of the ISS air (Burgner et al., 2020).

Even plants exhibiting more normal growth patterns may vary in their nutritional profile
after exposure to eCO,. In general, vegetables grown under eCO; have increased carbon-rich
compounds such as sugars, flavonoids, phenolics, and vitamin C. The concentration of nitrates
and nitrogen-rich compounds, such as proteins, are usually reduced under eCO.. Calcium is
often increased under eCO., but other trace minerals such as iron, magnesium, and zinc are
lower under eCO; (Dong et al., 2018). Microgreen response to eCO,, especially at the high
levels found on the space station, is understudied. Our goal is to determine the effects of ISS-
level eCO2 on the morphology, carbon assimilation, water use, and nutritional content of two
candidate microgreen species, radish (Raphanus sativus), a C3 plant, and amaranth
(Amaranthus cruentus), a C4 plant. We hypothesized that both microgreen species would thrive
under ISS eCO:; levels, but the C3 plant might respond more strongly to eCO; than the C4

species.

Materials and Methods
Chamber construction

We madified two MyTempMini microbial incubators (Benchmark Scientific, Sayreville,
NJ, USA) to be capable of maintaining plant growth at variable CO; concentrations (Fig. 2.1).
We built custom lights with an adjustable PAR up to 550 umol m? s out of 24-V COB LED strip
lights that consisted of alternating 2700K and 6500K white LEDs. These lights were controlled
by a relay attached to a raspberry pi computer running custom Python code. This same
raspberry pi was connected to a K30FR carbon dioxide sensor (Sensair, Delsbo, Sweden), a
SHTA40 sensor for temperature and relative humidity (Adafruit, Brooklyn, NY, USA), and a
LPS35HW air pressure sensor (Adafruit, Brooklyn, NY, USA). When carbon dioxide levels

reached below the desired amount, a small 5V solenoid, controlled by the pi and relays, allowed
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short bursts of CO, into aquarium tubing connected to the growth chamber. When CO:, levels

were too high in the chamber, two additional solenoids opened to exhaust small amounts of

chamber air and introduce fresh air into the tubing. To promote rapid mixing of air inputs, a 2.75

I/m diaphragm air pump (Boxer, Ottobeuren, Germany) circulated air through the tubing and

chamber . For each run of the experdomemnt h @aneni o am
of 3000 ppm or ADn@&ooh aniddd ppmmu GO0

Experimental setup

Each chamber contained two boxes of microgreens per run of the experiment, and each
run of two chambers (one Al SS eCO20, one findoor
replicate. Microgreen boxes consisted of a 1000uL tip box with the center part of the lid
removed to allow for plant growth after germination. A piece of bamboo felt (Vegbed,
Hackensack, NJ, USA) was placed over the tip holder with fringed ends extending to the bottom
(Fig 2.1). This setup allowed for plant roots to grow down through the holes in the tip holder and
constant moisture to be passively wicked up through the felt. Microgreen boxes were
autoclaved and each filled with 650 mL sterile 0.25x MS media (pH 5.7). Radish and amaranth
seeds were surface sterilized by agitating for 5 minutes in a 50 mL falcon tube containing 10 mL
of 7.5% sodium hypochlorite, 20 mL of DI water, and 15uL Triton X.

After sterilization, seeds (Raphanus sativus 6 Re d K iAmarghthus cruentus 6 Re d
Garnetd6) were rinsed 4 times with sterile DI wate
approximately 24 hours at room temperature to promote rapid germination. Thirty radish or sixty
amaranth seeds were placed in each box on the felt above holes in the tip holder. We loosely
covered the boxes with plastic cling wrap to maintain humidity during germination, and we
removed the wrap 3 days after planting (DAP). Chambers were set at 23°C, 12:12 light/dark
cycle, and either a minimum 400 ppm or minimum 3000 ppm CO.. Each replicate of the
experiment, we alternated which chamber had ISS eCO; and which had indoor ambient CO; to
avoid chamber effects. For each plant species, we repeated the experiment until we had six
independent biological replicates at each CO; level. To minimize disease, non-electronic
surfaces inside the chambers were wiped down with 70% ETOH immediately after each
experiment and wiped again with a solution of SA-20 fungicidal cleaner (diluted at 7.8 mL/L) 24-

hours before each experiment.
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Fig 2.1. Hardware for growth chamber.  A. Custom built electronic controls for
regulating lights, sensors, and CO; solenoids. B. Interior of the modified growth
chamber (lights are on the underside of the shelf). C. Passive wicking hydroponic
boxes containing felt substrate. D. Germinating seeds in wicking boxes covered
in plastic wrap. E. Typical development of amaranth plants by 14 DAP. F. Typical
development of radish plants by 10 DAP.

Data collection

To maintain CO; at the desired level, the chambers were kept closed from removal of
the plastic wrap until harvest. Radish was harvested 10 DAP, and the slower-growing amaranth
was harvested 14 DAP (Fig 2.1). At the end of the experiment, plants were in between
Ami areegn0 and fAbaby s adltraedeavgs). &resrgrowth daratieni attoeed (o2
large enough leaves to attach a LI-6800 for physiological measurements. Right before harvest,
plants were removed from the chamber and CO assimilation and stomatal conductance was
measured using a LI-6800 Photosynthesis system (LICOR, Lincoln, NE, USA) on 10 plants per
CO; level (5 of the largest leaves per box). All LI-6800 measurements were taken between 2.5
and 4.5 hours after the lights were turned on. For the LI-6800 settings, we tried to mimic the
conditions within the respective chambers in which the plants were grown, within the limitations
of equipment. All readings were taken at 23°C, 550 PAR, and 65% RH (the highest RH that

would not result in condensation within the LI-6800). Plants grown under indoor ambient were
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measured at a CO: level of 450 ppm and ISS eCO2 plants at 2000 ppm (the highest the LI-6800
would allow).

Next, we took plant morphometric data as we harvested plants. To capture differences
in growth between plants grown near the center versus the edge of lights, 8 plants were
harvested from both the inner and outer edge of each box (32 plants total per CO- level per
rep). Harvested plants were weighed to obtain fresh mass, hypocotyl length and width were
measured with digital calipers, and leaf area was measured using a LI-3100 Leaf Area Meter
(LICOR, Lincoln, NE, USA). After these detailed morphometric measurements on a subset of
plants, we counted and weighed the remaining plants in each box, removed 10 mL of nutrient
solution for pH measurements via a digital pH meter, recorded the fresh mass of the felt
substrate + roots, and measured the volume of remaining nutrient solution in each box. All
shoot material for each box was divided between three 15-mL centrifuge tubes and flash-frozen

in liquid nitrogen for future nutrient analysis by non-targeted 1-D NMR.

Statistical analysis

We used generalized linear mixed models (SAS v 9.4, proc GLIMMIX) to compare plant
physiological and morphometric data. To look for chamber specific effects, we first tested
models that included CO: level, growth chamber, and their interaction. Since no significant
chamber x CO; interaction was observed, we then used a simpler model that just included CO:
effects. In most cases, data were normal, and normal distribution was used to fit the model. If
data violated the assumption of normality, we tested alternative distributions for the model and
used the one with the lowest AIC (usually a log-normal distribution). If data violated the
assumption of equal variance, a Satterthwaite correction was used to estimate the correct
degrees of freedom. Plants from boxes that showed signs of fungal contamination or disease

were excluded from analysis.

Results
Environmental parameters

Our chambers monitored and recorded CO; levels, temperature, relative humidity, and
air pressure every minute throughout the experiment. Several of these environmental
parameters inside the chambers fluctuated with the day/night cycle. Carbon dioxide levels in
amaranth eCO, chambers were largely constant, with only slight lowering during the day
compared to night during the last few days of the experiment (Fig. 2.3). In radish eCO»

chambers, the carbon dioxide was slightly more variable, especially during the day when CO-
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needed to be constantly added, but was largely within 200 ppm of the 3000-ppm minimal target
(Fig. 2.2). Despite the presence of solenoids to allow cycling fresh air into the chamber air
system tubing when CO: levels were high, the nighttime CO> gradually increased over time for
both species in the ambient indoor CO, chambers (although not as strongly as tests before the
ventilation solenoids were added). By the end of the experiment, nighttime CO: levels for radish
reached over 1200 ppm and over 800 ppm for amaranth (Fig 2.2.A and 2.3.A). Despite these
spikes at night, the seedling of both species rapidly drew down CO; levels to the desired 400
ppm within 30 minutes of the lights turning on, and additional CO, needed to be added
throughout the day to maintain the ambient indoor CO, chambers in the 400-500 ppm range.

Temperature fluctuated between the setpoint of 23°C and around 25°C during the day
when the chamberés cooling system was constantly
night the temperature was slightly cooler and fluctuated within a couple of degrees around the
set point of 23°C (Fig 2.2.B). Relative humidity showed inverse patterns to temperature, with
nighttime levels higher, between ~80% and 90%, and daytime levels lower, between ~65% and
80%. Unlike temperature, relative humidity levels for both day and night gradually increased
over the course of the experiment. Air pressure within the chambers was almost identical
between eCO2 and ambient indoor CO, chambers and remained roughly constant throughout
the tests, indicating that the chambers were not so airtight as to become pressurized when CO
was added (Figs. 2.2.D. and 2.3.D.).
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Fig. 2.2. Radish chamber environmental sensor measurements over the

course of the experiment.

For all charts, blue is indoor ambient (400 ppm

minimum) and yellow is eCO; (3000 ppm minimum). Dark lines are the mean for
6 replicates and light lines on either side show standard deviation. Grey bars
indicate when lights were off and white bars are when lights were on. A. Mean
chamber CO: levels. B. Mean chamber temperature. C. Mean percent relative

humidity. D. Mean Air pressure.
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Fig. 2.3. Amaranth chamber environmental sensor measurements over the
course of the experiment.  For all charts, blue is indoor ambient (400 ppm
minimum) and yellow is eCO; (3000 ppm minimum). Dark lines are the mean for
6 replicates and light lines on either side show standard deviation. Grey bars
indicate when lights were off and white bars are when lights were on. A. Mean
chamber CO: levels. B. Mean chamber temperature. C. Mean percent relative
humidity. D. Mean Air pressure.

CO; assimilation and stomatal conductance

We measured carbon assimilation (A) and stomatal conductance (gsw) on the five
largest leaves in each box (10 leaves per CO; level per rep). eCO; plants were measured at
2000 ppm COg, the highest levelourLI-6 800 coul d mai nt ai n. Contr ol
were measured at 450 ppm, which was representative of the daytime CO- in the indoor ambient
chambers. Indoor ambient radish plants had a mean carbon assimilation rate of 19.97 umol CO.
m=2s1, and eCO; plants were significantly higher at 22.54 umol CO, m?s? (Fig.2.4A). Amaranth
had a similar significant increase in carbon assimilation between indoor ambient (mean 13.60
umol CO, m2s?) and eCO; plants (mean 15.48 pmol CO, m2s?), but overall carbon
assimilation was lower than radish (Fig. 2.4C). Both plants also had significantly lower stomatal
conductance under eCO, than ambient CO; (Fig. 2.4B and 2.4D). Radish gsw was 1.085 mol
H.O m2s* under ambient CO2, and 0.972 mol H.O m?s! under e CO,. Amaranth gsw was
0.087 mol H.O ms* under ambient CO, and 0.075 mol H,O ms™* under eCO,.
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Fig 2.4. Stomatal conductance and carbon assimilation.
represent means and error bars indicate standard error. Ten leaves per CO: level
were measured for each of 6 replicates of plants. A. Radish carbon assimilation
(F1,118 = 27.49, p < 0.0001) B. Radish stomatal conductance (F1118=7.01, p =
0.0092) C. Amaranth carbon assimilation (F1,s3 = 8.63, p = 0.0043). D. Amaranth
stomatal conductance (F1g3 = 5.16, p = 0.0257)
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We collected detailed morphometric data on 16 plants per box, 8 from the outer edge, 8
from the inner edge. These data included shoot mass, hypocotyl length, hypocotyl width,
number of leaves, and leaf area of leaves longer than 5 mm. For each replicate of the
experiment, this strategy resulted in data collection from 32 plants per CO: level. In total, 192
plants were sampled for indoor ambient CO, and 176 plants for eCO; for radish, and 128 plants
were sampled for indoor ambient CO, and 144 plants for eCO;, for amaranth. Water usage, pH,
and weight of root plus substrate were sampled at the whole box level. For these
measurements, 11 boxes were sampled for indoor ambient CO; and 11 boxes for eCO- for

radish. For amaranth, 8 boxes were sampled for indoor ambient CO; and 9 boxes for eCO..
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Shoot mass, leaf area, leaf number, pH, and water use between CO; treatments did not
vary significantly for either radish or amaranth. (Table 2.1 and 2.2). However, CO> had subtle,
but significant, effects on shoot morphology (Fig. 2.5). Both radish and amaranth showed
differences in hypocotyl size, with radish having thicker hypocotyls and amaranth having longer.

For radish plants, root mass was significantly larger under eCO., but this effect was not
significant in amaranth.
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Table 2.1. Summary of all radish morphometric and substrate data. Bold items are
statistically different (» < 0.05) between CO; levels.

Shoot weight (g) Plant 0.94 0.032 0.93 0.031 | 368 | 0.8107
Hypocotyl Length | 5, ¢ 24.9 0.34 242|  0.37|3680.1433
(mm)

Hypocotyl Plant 13| 002 14| 002 |368]0.0432
Diameter (mm)

Leaf Area (cm?) Plant 19.57 0.73 17.79 0.71| 368 | 0.6608
Leaf number Plant 2.5 0.1 2.5 0.1|368 | 0.8451
Substrate +root | 5 70.12 067| 7433| 054|22 |0.0001
fresh mass (g)

Media end pH Box 5.05 0.03 5.08 0.03 (22 |[0.355
Water Use

(mL water used/g Box 225 1.1 20.5 0.7]|122 |0.1346
shoot fresh mass)

68




Table 2.2. Summary of all amaranth morphometric and substrate data. Bold items are
statistically different (» < 0.05) between CO; levels.

Variable Unit 400 ppm SE 3000 ppm SE N

Measured  CO2 Mean CO2 mean
Shoot weight (g) | Plant 0.23 | 0.013 0.25( 0.013| 272 |0.2271
Hypocotyl Plant 27.9 0.58 29.6| 0.52 (272 |0.0345
Length (mm)
Hypocotyl Plant 0.75( 0.029 0.81 | 0.030| 272 |0.1534
Diameter (mm)
Leaf Area (cm?) Plant 6.98 0.46 7.40| 0.44)|272 |0.5103
Leaf number Plant 3.61 0.10 3.69| 0.09|272 |0.5238
Substrate + root Box 71.41 0.99 71.81 1.10| 17 0.7982
fresh mass (g)
Media end pH Box 5.17 0.09 5.32| 0.10]|17 0.2914
Water Use Box 34.46 0.86 35.06| 0.98]17 0.6538

(mL water used/g
shoot fresh

weight)
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Fig. 2.5. Means  SE for morphometric measurements that were

statistically different ( » < 0.05) between CO ; levels. A. Radish hypocotyl
diameter. B. Radish root + substrate mass for each box. C. Amaranth hypocotyl
length. See Table 2.1 and Table 2.2 for details about sample size and p-values.
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Discussion

Our study sought to better understand how radish and amaranth microgreen growth,
morphology, and water usage was affected by the extreme eCO; currently common on
spacecraft. We found that the root mass of radish microgreens significantly increased in plants
grown for 10 days under 3000 ppm minimum eCO,, compared to control plants grown at a
minimum of 400 ppm. A similar effect was not observed in amaranth microgreens grown under
eCO; for 14 days. Both species had changes in hypocotyl morphology under eCO., with radish
having thicker hypocotyls and amaranth having longer hypocotyls. Leaf measurements with a
LI-6800 showed that both species increased carbon assimilation and decreased stomatal
conductance under eCO,. Despite these differences in carbon assimilation and stomatal
conductance, shoot mass and water use between CO; treatments did not vary significantly.

Poorter and Navas (2003) in their meta-analysis of the effects of eCO, on plant
functional groups found that intrinsic growth rate was a better predictor of plant response than
C3 or C4 status. In short, plants with a higher intrinsic growth rate, and therefore higher carbon
demand, benefited more from CO. enrichment. In our study, radish microgreens grew much
more rapidly than amaranth, and these differences in growth rate may be related to our findings.
We observed different physiological responses to eCO; between our two focal species.
Compared to the ambient control, radish plants increased their root biomass much more rapidly
under eCO», than amaranth.

Some of the difference in growth rate we observed is simply due to differences in
planting density. In earlier iterations of these experiments, we planted radish at 60 seeds per
box, the same as amaranth, but switched to 30 seeds per box when we observed better plant
establishment and root penetration of the substrate at lower planting densities. Amaranth plants
with their smaller initial size and thinner roots competed less for initial establishment. The mean
plant shoot mass for radish grown with 60 plants per box was 0.5 g/plant (n = 192), almost half
the mass of radish grown at 30 seeds per box. However, even with mean shoot mass reduced
at higher densities, radish plants still had almost twice the mean shoot mass at 10 days that
amaranth plants achieved at 14 days at the same planting density.

Other factors impacting growth rate were likely related to the photosynthetic strategy and
variety selection. Amaranth as a C4 plant would have a competitive advantage over C3 radish
in hot dry conditions. However, in our experiment, plants were grown at moderate
temperatures, high humidity, and in hydroponic boxes providing ample water. Under these

conditions, the more energy-efficient C3 radish has a competitive advantage in photosynthetic
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efficiency. This increase in photosynthetic efficiency could be part of the reason that radish
plants outgrew amaranth.

However, slow-growing C3 plants abound as well, so life history and variety must also
be considered. Radish has much larger seeds than amaranth, which give it a size and
nutritional head-start over amaranth. Alternatively, the increased root response to eCO: in
radish could simply be due to it possessing more capacity to form a storage root than amaranth,
and thereby having a better Asinko for excess car
750 ppm CO; showed significantly more swelling of the storage root structure than controls as
early as 25 DAP, but fibrous root mass was not measured (Usuda & Shimogawara, 1998). Life
history may also be behind differences in hypocotyl growth observed between species. Radish
is a cool-season annual that grows at times of year when competition from tall herbaceous
plants is reduced, so like many brassicas, it grows a basal rosette, seeking to get wider before it
shoots up a tall inflorescence in late spring. As such, investing excess carbon in a wider
hypocotyl, rather than a longer one, may give the plant a competitive advantage. In contrast,
amaranth is a warm-season annual that must grow tall to outcompete surrounding plants. In
this case, investing in a taller hypocotyl when extra carbon is available may be more
advantageous.

Corresponding to the larger growth rate of radish was an equally higher nighttime
respiration rate, as seen by the taller spikes in nighttime CO: right before harvest. Radish
microgreens also had higher daytime carbon assimilation rates than amaranth. Some of this
increase could be due to them being a different age than the amaranth plants. Other reports of
carbon assimilation for radish plants show a decrease in carbon assimilation as plants mature
(Usuda & Shimogawara, 1998). Such data is not currently reported for Amaranthus cruentus.
Given the large difference in final harvest mass, we predict that amaranth likely would have a
lower carbon assimilation rate at comparable developmental time points to radish. We have
experimental evidence that this is the case for carbon-response curves of three-week old radish
and amaranth plants started in pots at the same time (Supplemental 2.1) and have no reason to
suspect that younger plants would behave differently.

Both the nighttime respiration and daytime carbon assimilation rates have implications
for incorporation of microgreens into biological life support systems (BLiSS). Microgreens are
sometimes discounted as a carbon sink for BLISS, as early in development plants rely largely
on carbon reserves from the seed. However, we were surprised that ambient CO»-grown plants
required supplementation of CO, to maintain levels above 400 ppm as early as 3 DAP and by

the end of the experiment, both species could draw down nighttime levels at or above 900 ppm
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to 400 ppm in less than 30 minutes once the lights turned on. In general, radish plants drew
down CO: levels more rapidly than amaranth during daytime hours, but by the end of the
experiment, both species needed regular additions of CO, every few minutes throughout the
dayt o keep ~C@nebelsabove 400 ppm. Conversely, we were surprised by how
quickly CO; levels increased once lights were turned off in the ambient CO, chambers. If
microgreens were incorporated into a BLISS, some of this CO; release could be mitigated by
leaving the chamber lights on longer. However, most plants benefit from periods of darkness for
proper circadian functioning and to avoid photooxidative stress. Microgreen chambers could be
grown in multiple chambers with offset timers, so that at any given time, photosynthesizing
plants could take up CO; from dark-respiring plants.

Our research also contradicted some common assumptions about how plants respond to
eCO,. Radish is well known to have higher water requirements than amaranth, and indeed this
corresponded to it having higher stomatal conductance at the time of harvest than amaranth.
Despite that, radish was actually more water efficient in terms of mL of water used per shoot
weight than amaranth, likely due to the longer, slower growth of amaranth resulting in more
evaporation of water from the substrate. Increased leaf area is often reported as a response to
eCO; (Huang & Xu, 2015). However, neither species showed significant increases in leaf area
or shoot mass under ISS-level eCO.. In fact, radish plants had slightly, but not significantly,
smaller mean leaf area under eCO,. This departure from literature might simply be a function of
age. Usuda and Shimogawara (1998) found radish leaf area to increase under 750 ppm eCO;
compared to 350 ppm measured, but this effect was not observed until around 20 DAP.

Our results illustrate the need to evaluate multiple microgreen species and cultivars with
a variety of photosynthetic strategies, life-history traits, and secondary compound production.
Even early in plant development, plants have the ability to respond to eCO; and also may

impact the CO; levels of the spaceflight environment.
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Supplemental 2. 1: Carbon dioxide response curves for pot  -grown radish and amaranth

To give more context to my comparisons between amaranth and radish, | wanted to
compare carbon response curves between plants of the same age. Radish and amaranth were
direct-seeded into 2-inch pots filled with potting soil and fertilized with Osmocote and Miracle
Grow at the same rate. They were germinated in a growth chamber set at 22°C and 50%
humidity and then moved to the light shelf under ambient lab conditions. At 27 DAP, | measured
carbon response curves using a LI-6800. | used similar light to what the plants are adapted to
on the growth shelf, 300 PAR. | used the following settings for the CO, levels for the curve data:
400, 600, 800, 1000, 1200, 1600, 2000. Environmental settings for LI-6800 were as follows: fan
speed at 10,000 rpm, temp at 22 deg C, RH at 50%. These measurements were taken on the
youngest, fully sized leaf on each of 4 plants per species. As expected, radish had much higher
carbon assimilation than amaranth at all CO- levels tested (Fig. S2.2.1). For both species,

carbon assimilation appeared to level off, as atmospheric CO- rose above 1000 ppm.
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Fig. S2.2.1. Carbon assimilation of 27-day old radish and amaranth plants.  One leaf on 4
separate plants were tested. Each leaf is shown in a different shade. Radish replicates are
shown in shades of green. Amaranth replicates are shown in shades of purple.
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CHAPTER 3: TRANSCRIPTIONAL RESPONSE OF GRAVISTIMULATED ARABIDOPSIS
ROOTS

Abstract

Plant gravitropic response involves a complex and still poorly understood cascade of
biochemical signaling processes. Early root gravitropism experiments with Arabidopsis involved
dark-grown plants to avoid conflicting gravitational and light cues, and these experiments
focused on the early part of plant gravitropic signal transduction. In light of recent evidence that
plant response to reorientation varies by time of day, we used RNAseq to investigate root gene
expression during a time of consistent root bending in light-growth plants. We grew plants using
custom 3D-printed holders that kept the light constant in orientation to the plants after
gravistimulation, and sampled root tips along a time course from 15 to 180 minutes after
reorientation. We found that 30 minutes after reorientation was a key time of differential gene
expression in Arabidopsis root tips. At this time point, downregulated genes were associated
with the nucleus and nuclear functions such as RNA modification and methylation, while
upregulated genes were related to ion, auxin, and sugar transport; auxin signaling; and defense.
We also examined genes for changes over time in both gravistimulated plants and controls. We
found that several key enzymes in flavonoid synthesis varied over time in a manner correlated
with circadian clock gene expression. Our research identifies genes whose expression is
altered by reorientation in light grown plant roots, and also illustrates the importance of matched

controls for each time-point for long duration time-course experiments.

Introduction

Plants must correctly orient themselves in their environments to thrive. Roots must grow
into substrate to find adequate water and nutrients, and shoots must grow towards the light
needed for photosynthesis. In order to properly orient themselves, plants have overlapping
sensory systems for gravity, light, moisture, and chemical gradients that trigger directional
growth known as fAtropi smso. Gravitropism i
gravitational cues (Muthert et al., 2020). Gravitropic response consists of three phases: sensing
of the change in orientation, signal transduction to relevant plant tissues, and growth response
in those tissues (Toyota & Gilroy, 2013). Despite being studied for over a century (Darwin &
Darwin, 1880), gaps still exist in our knowledge of how exactly plants sense and respond to

changes in gravity.
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In plant roots, the columella cells in the root tip are the key tissues for gravity sensing.
These cells contain starch-filled amyloplasts that act as statoliths, i.e. dense organelles that fall
in response to gravity and trigger additional responses in the cell. Sedimentation of amyloplasts
begins less than a second after plant reorientation and is complete by 3-5 minutes after
reorientation (Leitz et al., 2009; Taniguchi et al., 2017). Shortly after reorientation, a series of
rapid reactions occur within the root including: asymmetric accumulation of the signaling
molecule inositol-1,4,5-triphosphate (InsP3), calcium ion spikes, and changes of inner and
extracellular pH in columella cells (Perera et al., 2006; Su et al., 2020; Toyota & Gilroy, 2013).
Calcium and InsPs signaling appear to be interrelated, but the exact nature of the relationship
remains unclear in plants (Su et al., 2017, 2020). Other players involved in gravity signaling in
roots are ROS, NO, and flavonoids. However, the sequence of events in the signal transduction
pathway after statolith sedimentation are not fully understood (Su et al., 2017, 2020).

Some have hypothesized that the pressure of statoliths on the plasma membrane opens
ion channels that cause an influx of Ca+ or other ions, and these differences in ions trigger
downstream gene expression and auxin-related protein relocation. Others proposed that
receptors on the surfaces of the amyloplasts themselves were the trigger of gene expression
and protein relocation (Muthert et al., 2020; Su et al., 2020). Recent evidence has emerged in
support of the latter hypothesis involving so-called LAZY proteins, which are named for the
agravitropic, prostrate growth of their mutants. Attached to the amyloplasts are clusters of
Translocation to Outer membrane of Chloroplast (TOC) proteins. When a plant is
gravistimulated, Mitogen-Activated Protein Kinases (MAPK) phosphorylate LAZY proteins which
causes them to adhere to the TOC complex (J. Chen et al., 2023). Where the amyloplasts
come in contact with the plasma membrane, the LAZY proteins then translocate to the plasma
membrane (J. Chen et al., 2023; Nishimura et al., 2023). This translocation of LAZY proteins
appears to be indirectly associated with the polarization of auxin-efflux PIN proteins, which
move the growth hormone auxin out of cells, but the exact mechanism linking LAZY proteins to
PIN polarization is unknown (Nishimura et al., 2023).

However it is triggered, this polarization of PIN proteins causes an asymmetric auxin
gradient between the upper and lower side of the root. The asymmetric flow of auxin results in
differential growth between the two sides of the root leading to root curvature. In Arabidopsis,
this auxin gradient begins to form within 5-16 minutes after reorientation (Band et al., 2012;
Nishimura et al., 2023), and peaks around 30 minutes after orientation (Nishimura et al., 2023).
These changes in auxin coincide with the beginnings of visually perceptible Arabidopsis root

curvature, with curvature observed starting around 10 minutes after reorientation and becoming
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very pronounced after 30 minutes (Nishimura et al., 2023). In wild-type Arabidopsis, the auxin
gradient persists until the -pobbhtodi pr pmsskhks
this tipping point, the auxin gradient diminishes, and root reorientation slows. In Arabidopsis
seedlings grown at room temperature, this end of active gravitropic response occurs typically
around 100 minutes (Band et al., 2012).

Several root gravitropism gene-expression experiments have been done to date with
different motivations. Two early gene expression studies used the model plant Arabidopsis
thaliana and microarrays to examine differences in gene expression between plant roots that
received mechanical stimulation to plant roots that were reoriented (Kimbrough et al., 2004;
Moseyko et al., 2002). The experiments differed mainly in the type of tissue analyzed (whole
plant vs root tips), the length of the time course, and the number of genes examined. The
longest and most recent of these two time course experiments started tissue collection at 2
minutes and ended 60 minutes after stimulation (Kimbrough et al., 2004). Results from these
experiments showed how exquisitely sensitive plants are to any kind of mechanical stimulation
and how mechanical and gravity sensing mechanisms overlap. The larger of these two studies
reported over 1,600 differentially expressed genes (DEGS) in response to gravistimulation or
mechanical stimulation with a diversity of functions including transcription factors, cell-wall
modification enzymes, transporters, kinases, and phosphatases (Kimbrough et al., 2004).

More recently, root gravitropic time course experiments have been performed using
RNA-seq with plants other than Arabidopsis, namely tomatoes and barley. Both plants have
slower root growth than Arabidopsis, and as such, sampling took place over a longer time
course, ranging from several hours to days. The tomato experiment sought to document
changes in genes associated with the very slow root bending in tomatoes (Liu et al., 2025). The
barley experiment was a comparison of gene expression between the roots of wild-type and
hyper-gravitropic egt2 mutants with a goal of identifying genes that might regulate proteins
related to the increased root curvature observed in this mutant (Guo et al., 2023). These four
gene expression studies are, to our knowledge, the only published root gravitropic gene
expression time course experiments. In light of new technologies, such as RNA-seq, and
remaining research gaps in our understanding of gravitropic signaling cascades, we feel that
this topic deserves to be revisited in the model plant Arabidopsis thaliana.

The two prior Arabidopsis microarray experiments were performed with dark-grown
seedlings that were exposed to dim green light only during the experiment itself. This
experimental design was to avoid conflicting phototropic cues from changes in light orientation.

However, recent evidence has emerged that the plant circadian clock influences root gravitropic
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response. A plant ds ci r c addarkayclesiteaperiencésswhiehnt r ai ned
are received by phytochrome and cryptochrome photo-sensory molecules in the shoot. In soil-
grown plants, roots can receive light cues directly through light-piping from aboveground
organs, and indirectly via fluxes of sugars, signaling proteins, and other metabolites transported
from the shoot (Mortada et al., 2024). A series of transcription factors modulate the timing of
daily patterns of gene expression. Two of these transcription factors, Circadian Clock
Associated 1 (CCA1) and Late Elongated Hypocotyl (LHY), have peak gene expression at dawn
that decreases over the course of the day. Root curvature in plants gravistimulated at dusk has
been shown to be more rapid than gravitropic response just before dawn. Furthermore, CCAl
overexpression lines, which have dysregulated circadian rhythms, did not respond as strongly to
gravistimulation as wild-type plants (Tolsma et al., 2021). As such, gene expression related to
gravitropic signaling may be tied to the timing of light exposure the plant receives.

Our goal was to re-examine the gene expression associated with Arabidopsis root
gravitropism along a time course using modern RNAseq technology. Unlike previous
Arabidopsis studies, we used plants grown with light-entrained circadian cycling, and we grew
our plants in custom 3D-printed LED light holders that allowed light cues to plant shoots to
remain constant in intensity and orientation after gravistimulation. We timed the start of our
experiment so that its duration would coincide with a period of consistent root curvature
response, 3-6 hours post i d a vWToléma et al., 2021). Focusing on the site of gravity sensing,
we sampled plant root tips along a time course from 15 minutes to 180 minutes to capture gene
expression from the beginning of root curvature through the return of the root tip to past the 40-
degree fiti pping pointodo at the end of gravitropic
pattern of differential gene expression after plant reorientation than prior experiments with dark-
grown plants. In addition, we describe patterns of gene expression that change along the time
course, and we give cautionary evidence for the need for matched controls for each time point

after stimulus.

Methods

Hardware design
Our gravistimulation plate holders were designed to keep light at the same orientation
relative to the shoots after reorientation. Holders were designed using Tinkercad software and
3D printed using ABS filament. Each holder consists of three 3D-printedpar t s: a bl ack A m

bodyo with space for holding a LED I|ight strip an
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square that goes behind the plant plate to
creates a frame around the petri plate to hold it in place while still letting light through (Fig. 3.1).
To provide light for each tray of seedlings, a 10 cm long piece of 24V 3000K white LED light-
strip (LX-IP67-90CRI-5m, SuperBrightLEDs, St. Louis, MO, USA) was affixed at an angle inside
each holder to provide up to ~130 umol*m2*s2 PAR light to the top part of the petri dish. A
double-wired female JST plug was soldered to the end of each LED strip and insulated with a
piece of heat shrink. To power the LED strips, we wired 12 male JST plugs in parallel, and
connected them to a PWM LED-dimmer (LDK-8A, SuperBrightLEDs, St. Louis, MO, USA),
which was connected to a 24 V, 120 W switching power supply. This plug setup allowed for
rapid removal of the plate holders from electrical power during sampling, and customizable
setups of up to 12 plate holders from one power supply. Detailed information about construction

can be found in Appendix 3.

Fig. 3.1 Gravistimulation holders. A. 3D-printed LED holders for plant plates upright and
rotated as for gravistimulation. Photos by E.S. Land. B. Holders inside a growth chamber
during a replicate of the experiment.

Plant growth and gravistimulation

Wild-type (Col-0) Arabidopsis seeds were surface-sterilized by agitating in 70% ethanol
for 1 minute, followed by 12 minutes of agitation in bleach solution (4 mL 7.5% sodium
hypochlorite + 11 mL DI H20 + 15 pL TritonX), followed by eight rinses with sterile water.
Sterilized seeds were stratified by placing them in the refrigerator at approximately 4°C for at
least 2 days. Stratified seeds were then plated onto 10 cm square petri plates containing 0.5x
Murashige and Skoog (MS) media with no sucrose that had been pH adjusted to 5.7. We plated
19 seeds in a single row ~ 2 cm from the top of the plate, and each plate was placed vertically in
a gravistimulation plate holder with seeds parallel with the light. We placed the boxes in a

growth chamber set at 22°C and 50% RH. Lights on that chamber shelf were turned off, and

80

hel

p

r



instead all light provided to the seedlings was from the plate holder light strips plugged into a
programmable timer set to give a 12:12 light:dark cycle. After the plants grew for seven days,
we gravistimulated the plants and collected samples along a time course.
On the day of sample collection, fAgravistimul a
starting three hours after dawn (ZT3). To control for the mechanical stimulation of moving the
pl ant boxes, Acontrol o plate heahddherrreplacsckuprght.pi ¢k ed
We collected root tip samples 15, 30, 60, 90, 120, and 180 minutes after gravistimulation.
Examples of root tip bending at key timepoints during the experiment can be seen in Fig. 3.2.
For each set of root samples, we harvested the bottom 0.75 cm of each primary root tip and
pooled all ~19 root tips from each plate in a single tube. Tubes were immediately flash frozen in
liquid N and stored at -80°C until processing. This experiment was repeated until we had four

biologically independent replicates.

90 min Gravistim

Fig. 3.2 Examples of typical Arabidopsis root tip curvature over the course of the experiment.
Photos by E.S. Land. For scale reference, the distance between two grid squares on the petri
dish is 13 mm.

RNA isolation and Sequencing

We extracted RNA from frozen root tip samples using the RNAqueous micro kit
(Invitrogen). After confirming RNA quality and quantity via Bioanalyzer, samples were submitted
to Novogene Corporation for library preparation and lllumina sequencing with paired end reads.
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Data Analysis

Initial QC, gene count generation, differentially expressed gene (DEG) generation, and
cluster analysis were performed by Novogene using their standard pipeline. Briefly, raw reads
were inspected for quality and adapters and low-quality reads removed with the program fastp
(S. Chen et al., 2018). Paired clean reads were then aligned to a reference sequence using
HiSat2 (v2.0.5), novel transcripts generated with StringTie (v1.3.3b), and read counts for each
gene generated with FeatureCounts v1.5.0-p3. DEGs were determined via the R package
Deseq2, and p-values adjusted for multiple comparisons false-discovery rate by the Benjamini
and Hochberg's approach. Any DEG with a p-adj < 0.05 was considered significant. We
generated two sets of DEG comparisons: one set comparing control and gravistimulated gene
expression at matched time points (e.g. 30-minute control vs 30-minute gravistimulated) and
one set comparing each to the 15-minute control (e.g. 30-minute gravistimulated or 30-minute
control to 15-minute control). GO analysis was performed via GSAD, g:Profiler (Kolberg et al.,
2023), and the R package clusterProfile. To look for similarities between genes with similar
expression, cluster analysis of GO terms was performed using the R package clusterProfiler.
We also examined gene expression for pulse-like expression patterns using the R package
ImpulseDE. To identify the putative cellular location, we shared our 30-minute DEG data with
Tran Chau and Song Li (Virginia Tech) for mapping to a single-cell transcriptomic dataset
(Shahan et al., 2022).

82



Control Harvest and flash
freeze 1 plate of ~19
root tips at 15, 30, 60,
120, and 180 minutes

)

J/

Gravistimulated

v

Repeat above treatments
in 4 independent
biological replicates

RNA extraction,
cDNA conversion,
library prep

Determine DEGs between control
and gravistimulated plants at
matched timepoints and compare
over time to 15 min control

Fig. 3.3. A summary of experimental methods.
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Figure generated in-part in BioRender.

lllumina sequencing yielded around 40 million clean reads per sample after QC. 98.1%
of reads had a QC score greater than 20, and 94.8% of reads had a QC score greater than 30.
A complete QC summary is in Supplemental 3.1. At 15, 60, 90, 120, and 180 minutes after

gravistimulation, we found 0-4 DEGs per time point when comparing between gravistimulated

roots and matched controls at each time point (e.g. 60-minute gravistimulated plants vs 60-

minute control plants). However, 30 minutes after reorientation stands out as a time of active

transcriptional response to reorientation with over five hundred DEGs detected (Table 3.1). The

lack of significant DEGs at the later time points is reflected in a large amount of sample overlap

in the PCA plot comparing similarities between timepoints and replicates (Fig. 3.4). We should

note that these data were complex, and the two highest principal components capture only

35.84% of the variation between samples.
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Table 3.1. Number of significant DEGs (p-adj < 0.05) for each timepoint comparing

iGravistimul atedod plants at each time point
point.
Minutes after Significantly Significantly Total
reorientation Upregulated DEGs (p- | Downregulated DEGs
adj < 0.05) (p-adj < 0.05)
30 393 167 560
60 0 1 1
90 0 0 0
120 1 2 3
180 0 0 0
10 1 ¢ . ® :
A . TimeSam
*
= 1, A * 15
o A *A o o’ * 30
o 04 a4 AN ° A ® 60
o~ A®
(aY] ® ® ® A @ ¢ 90
% A Ap Ay o * 120
~ * ¢ 180
S '10 N A
o
Tmt
¢ control
-20 A  gravistim
*
-10 0 10 20

PC1 (26.92%)

Fig. 3.4. PCA plot of first two principal components showing the relationship between

treatments at different time points.

Each dot represents one replicate (4 replicates/sample).

84

t

(0]

ma



Thirty minutes after reorientation as a key timepoint for gene expression

30-minute overview

The only time point with large numbers of DEGs observed between gravistimulated
plants and matched controls was thirty minutes after reorientation. Nearly twice as many genes
were upregulated compared to downregulated (Table 3.1). The top 50 most significant genes
(by p-adjust) are shown in Fig. 3.5. GO analysis of these 30-minute DEGs shows that many of
the upregulated genes are related to transport of ions, response to nitrate, defense response,
stress response, cellular response to stimulus, and signaling. Down regulated genes are related
to methylation, nuclear transport, RNA modification, and nucleolus transport (Fig. 3.6).
Interestingly, the enriched cellular compartment for the upregulated genes is the plasma

membrane, while downregulated genes were associated with the nucleus.
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Expression and clustering of Top 50 DEGs at 30 Minutes
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GO Enrichment - 30 Min Upregulated Genes
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GO Enrichment - 30 Min Downregulated Genes
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Fig. 3.6 Gene Ontology for significant DEGs observed at 30 minutes. (MF) indicates terms

in the Molecular Function category. (CC) indicates terms in the cellular compartment category.

All other terms are in the Biological Process (BP) category. All GO terms are from the top 35

sortedby FDR, except A Adteedpegulditd onbrt A Reas ma Mevasbr ane 0
the most significant upregulated GO term for a cellular compartment and was 75" by FDR.
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Estimating cell location of 30-minute DEGs

The 30-minute DEGs were evaluated against a single cell root transcriptomic dataset
(Shahan et al., 2022) to examine putative cell type specificity of these genes (Fig. 3.7).
Different patterns emerged between upregulated genes and downregulated genes. Upregulated
genes mapped more strongly to root hair cells in the epidermis (trichoblasts), non-root hair cells
in the epidermis (atrichoblasts), the lateral root cap, and columella cells. This putative cell
mapping is consistent with GO enrichment for transport. In contrast, downregulated genes
mapped more strongly to the quiescent center of the root tip.
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Fig. 3.7. Output of single -cell mapping analysis. The top panel is mapping of upregulated
genes, and the bottom panel is mapping of downregulated genes. Lines adjacent to the red
rectangle in top panel represent map to trichoblast, atrichoblast, lateral root cap, and columella
(from top to bottom). Line next to the red rectangle in the bottom panel map to the quiescent
center. These dot plots show gene distribution across different cell types, larger dots indicate a
higher percentage of cells expressing the gene, and darker colors represent higher average
expression levels.

Transport genes
Several genes classified under transport showed upregulation at 30 min in
gravistimulated roots. These include 3 members of the ABC transporter family, four sugar

transporters, and ion transporters for B, K, Na and Zn. The transport category also includes 5
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members of the NRT1_PTR family. NRT1 transporters were initially characterized as nitrate
transporters but many members of the group transport other molecules (dipeptides, amino
acids, glucosinolates) and plant hormones such as auxin, ABA, GA and JA (Corratgé-Faillie &
Lacombe, 2017). One of the genes in the upregulated list encodes for NPF5.12 which has been
shown to transport the auxin precursor indole-3-butyric acid (IBA) into the vacuole of
Arabidopsis roots (Michniewicz et al., 2019; Watanabe et al., 2020). Another group of genes
involved in transport include the detoxification (DTX) genes. Of the four DTX genes in the
upregulated list, DTX30 is involved in root auxin homeostasis and DTX35 is a flavonoid
transporter. Mutants of DTX30 have increased auxin accumulation in their root tips and an
enhanced root gravitropic response (Upadhyay et al., 2020). The gene encoding the ER-

localized auxin transport facilitator PILS5 was also up regulated at 30 min.

Auxin-related genes

In addition to the genes involved in auxin transport mentioned above, three other genes
related to auxin regulation were upregulated at 30 min: Indole-3-acetic Acid Inducible 2 (IAA2) a
member of the AUX/IAA auxin responsive transcriptional repressors; SAUR55, a small auxin

upregulated gene; and one encoding for an uncharacterized auxin-responsive protein.

Calcium-related genes

Several genes related to Ca?* signaling were upregulated at 30 min, including 2
encoding for proteins sharing homology with calmodulin (CML9 and CML16), a calmodulin
binding protein and two Ca dependent protein kinases CPK32 and CIPK19. CPK32 is implicated
in ABA signaling (Choi et al., 2005) as well as regulating cellulose biosynthesis (Xin et al.,
2023). Also in this category is KIC, a plant specific protein that interacts with a microtubule
motor protein KCBP (kinesin-like calmodulin binding protein). KIC has been implicated in
trichome branch number in Arabidopsis leaves (Reddy et al., 2004), but the role it may play in

roots is unclear.

Transcription factors

Genes encoding twenty transcription factors (TFs) and two transcriptional repressors were
upregulated at 30 min. This group includes four BHLH family TFs, three ERFs, three homeobox
TFs, two NAC-domain TFs and two Myb domain TFs.
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Defense Genes

Genes associated with defense responses include five LRR receptor like protein

kinases, six peroxidases, defensin and disease resistance genes, three indole glucosinolate O-
methyltransferase (IGMT)s, and a respiratory burst oxidase homolog D (RBOHD).

Differential gene expression observed at other time points

In total, only eight genes were observed to be differentially expressed at timepoints other
than 30 minutes (Table 3.1). These genes are described in Table 3.2. At 15 minutes a
phosphatase gene was upregulated, while genes involved in plant defense, auxin sensing, and
root-hair development were down regulated. The one gene downregulated at 60 minutes, a
XTH16, was also downregulated at 30 minutes in gravistimulated plants. XTH16 is a likely
xyloglucan endotransglucosylase/hydrolase protein involved in cell-wall remodeling (Lee et al.,
2005). While two genes that are likely related to ubiquitin-like protein degradation pathways
were downregulated at 120 minutes, the wide variety of transcriptional responses in control
plants makes us cautious about drawing strong conclusions about this observation. Much more
clear-cut upregulation occurred with AT5G11420, a DUF624 cell wall protein gene. Collectively
these data indicate that early transcriptional response after gravitropism alters defense
response and root hair growth, while later transcriptional response is related mostly to cell-wall
remodeling and may involve suppression of non-ubiquitin protein degradation.
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Table 3.2. A summary of DEGs at time points other than 30 minutes. i+0

gene was compared to

upregul ated

means

the gene was downregulated compared to matched control from the same time point.

Minutes after
reorientation

Gene ID

Gene name

Description

15

AT2G38600

AT2G38600

HAD superfamily, subfamily IlIB acid
phosphatase, may be related to plant
defense against insects

15

AT3G16410

NSP4

nitrile specifier protein 4, may be
related to plant defense against
microbes

15

AT5G51470

AT5G51470

Auxin-responsive GH3 family protein

15

AT5G37800

BHLH86

RHD SIX-LIKE 1, Helix-loop-helix
DNA-binding domain, transcription
factor for root-hair development

60

AT3G23730

XTH16

Probable xyloglucan
endotransglucosylase/hydrolase
protein

120

AT5G11420

AT5G11420

A DUF642 cell wall protein, possible
transmembrane protein of unknown
function

120

AT5G50580

SAE1B-2

SUMO-activating enzyme 1B, likely
related to protein degradation

120

AT4G09200

AT4G09200

SPla/RYanodine receptor (SPRY)
domain-containing protein, likely
related to protein degradation

Genes with pulse -like behavior

We used the R package ImpulseDE to search for DEGs with pulse-like behavior that

differed between control and treatment. We verified this behavior by comparing to our previous

DEG lists and independently plotting gene expression over time for genes of interest (Fig. 3.8).

Two genes overlapped with our 30-min upregulated DEGs: NUDT7 and IAA2. A third gene,

SAURG69 was not detected in our matched time point analysis but appears to peak in expression

between 30 and 90 minutes. NUDT?7 is a protein that negatively regulates plant defense and

programmed cell death. IAA and SAUR genes, as mentioned above, are auxin-responsive

genes.
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DEGs with pulse-like behavior as identified by
ImpulseDE (p-adj <0.01) AT4G12720 (NUDT7) gene expression over time

AT1G75390 .
S AT5G10990 £ s00- s
(=] L ]
AT1G49740 2 ! ; Tt
[
AT4G12720 l—- & 600 . i s : ;:;‘::Zlim
AT3G23030 2escore 5 ! PO SR T
L ] [ ]
< AT5G15950 w2 = 400 s o s § g
Z AT2G23120 . 4 $ .
° | 15 30 60 g0 120 180
AT1G80360 .; Minutes after Gravistimulation
AT4G24960 -
AT3G17609
AT5G10990 (SAUR6E9) gene expression over time AT3G23030 (IAA2) gene expression over time
« ° 600 .
200
o * . 3 5001 .
O 1501 b o Tmt 3 ® ! Tmt
N . : H ® control g : * L] b & control
© . . . * @ gravistim = 400 L] . L] ® gravistim
E 100+ . . i ; * g : . HEE T
E * E
2 ! $ 2 . b4
¢ 3 300+ s 4 4 ®
50- . ¢ ¢ LI
15 30 60 80 120 180 15 30 60 90 120 180
Minutes after Gravistimulation Minutes after Gravistimulation

Fig. 3.8. A heatmap showing genes with pulse -like behavior as identified by ImpulseDE.

The surrounding graphs are independently generated gene expression graphs of three genes of
interest indicated by the yellow rectangles. Each dot in these graphs represents normalized
gene counts in one biological replicate.

Genes that varied over time
Thus far we have only discussed genes whose expression changed significantly with

respect to the paired control for the same time point (e.g. 30-min gravistimulated versus 30-min

control, 60-min gravistimulated versus 60-mi n contr ol , etc.), hereafter r
compari sonso. Now, we will descri b&-mpeees that v
control pl ant gene expression, hereafter referred

summarized in Table 3.3. In contrast with our matched comparisons, many more DEGs were
observed in comparisons over time. These comparisons reveal hundreds of shared genes

between control and treatment, particularly at the later time points.
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Table 3.3. DEG comparisons over time for each time point. All the DEGs listed are
significant with p-adjust < 0.05.

Comparing Comparing Control Plants DEGs shared between
Gravistimulated Plants to to 15-minute Control Gravistimulated and
15-minute Control Control comparisons
Minute Up Down Down Down
15 1 3 i i i i
30 240 68 3 9 2 6
60 61 64 52 97 25 40
90 272 491 174 208 115 126
120 221 114 816 871 163 90
180 770 675 761 687 545 466

Genes with circadian patterns

We performed cluster analysis to look for grouped patterns of gene expression. One of
the clusters contained t hr e€CAf,intdYramd RVE(akaLiHY-c adi an
like) and also key enzymes in flavonoid synthesis and metabolism. As expected, the circadian
clock genes decreased over the course of the morning (Fig. 3.9). The clock genes behaved
similarly in both control and gravistimulated plants. The flavonoid synthesis genes with similar
expression patterns include: PAL and 4CL genes involved in the phenylpropanoid pathway that
is foundational for both flavonoid and lignin synthesis, CHI genes involved in anthocyanin and
flavonol synthesis, FLS involved in flavonol synthesis, and UGT genes, which have several
substrates, but often convert flavones or flavonols into flavone/flavonol glucosides (Fig. 3.10).
Like the clock genes, these flavonoid genes decreased over the course of the morning

irrespective of gravistimulation treatment (Fig. 3.11).
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Fig.39.Gene expression of key fAimorningo circadian tr
over time for both gravistimulated and control plants. Each dot represents normalized
gene counts in one biological replicate.
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Fig. 3.10. Key genes in flavonoid synthesis pathways. Gene highlighted in yellow showed
similar downregulation over time to clock genes. Figure based on (Davies et al., 2020;
Khusnutdinov et al., 2021; Speeckaert et al., 2022).
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Discussion

Each dot represents normalized gene counts in one

Minutes after Gravistimulation

We characterized root tip gene expression along a time-course from 15 to 180 minutes

after gravistimulation. Unlike previous experiments, we used light-adapted plants grown with a

12:12 light-dark cycle in custom LED-plate holders that could keep the light consistent in

95



orientation to the shoots after gravistimulation. We controlled for mechanical stimulation of
plants during gravistimulation by picking up and placing down control plates at the time of
gravistimulation, and we collected matched control root tips at each time point. We found very
few genes differentially expressed at 15, 60, 120, and 180 minutes after gravistimulation when
compared to matched controls. In contrast, we found that over 500 genes were differentially
expressed 30 minutes after gravistimulation. This observation highlights 30 minutes after
reorientation as a critical time-point for transcriptional responsed a time-point that coincides with
PIN protein reorientation, peaks in auxin signaling, and pronounced root curvature observed in
other studies (Nishimura et al., 2023).

Both differences and similarities exist between our study and previous time-course

experiments. Kimbrough et al. (2004) found 1,730 genes differentially expressed between their

fiti-zreer o0 vertical control and gravi Wefoundohhat ed over

560 over the course of 3 hours when comparing to matched controls at each time point, and
even when comparing to the 15-minute control over the first hour, found only around 430 DEGs.
The lower DEG counts in our experiment, despite being able to sample more genes with
RNAseq than microarrays, is likely due to a combination of factors. Unlike Kimbrough et al., we
consider our mechanically stimulated plants to be the controls,andweh ave no fAti me
comparison. We discuss the implications of that in the final paragraph in this section. We also
sampled less frequently right after gravistimulation, and we grew our plants under very different
conditions with normal light exposure and light-dark cycling on agar with no sucrose. Despite
these differences in approach, some commonalities exist between our experiment and
Kimbrough et al. We both found differential expression in key genes related to cell wall
remodeling, transport, signal transduction, and defense, and both found upregulation of IAA and
BHLH transcription factors. Although the dynamics of its expression varied from Kimbrough et
al., IAA2 stood out in several analyses for its pulse-like response to gravistimulation. We also
found overlap between our work and observations of Band et al. (2012). Namely, they also
documented peak expression of IAA2 and other auxin inducible genes (IAA1 and ARF19), in
root tips ~15-30 min following gravistimulation.

Interestingly, genes related to plant defense were upregulated at 30 minutes after
gravistimulation. We are confident that these differences were not related to contamination in
these plates. We used the same seed sterilization methods in previous microbiological
experiments that always resulted in sterile
saw no signs of microbial growth on any of our plates. Instead, we think it likely that defense

gene signaling intersects with gravity sensing and these genes are also triggered by
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reorientation. Some of the defense genes likely overlap with cell-wall remodeling genes. We
saw both peroxidases and laccases upregulated at 30 minutes, which are both involved in
lignification (Blaschek et al., 2023). We are also not alone in seeing connections between
gravity sensing, cell-wall remodeling, and defense genes. In several spaceflight RNA-seq
experiments that examined the differences between plants grown in microgravity with plants
grown with a gravity vector, cell-wall remodeling and altered defense genes have emerged as
commonalities between multiple independent experiments (Barker et al., 2023; Land et al.,
2024; Paul et al., 2017). Follow up experiments characterizing the root gravitropic response of
mutants for select genes of interest could further elucidate the relationship between genes
identified in our time course and plant gravity sensing. Unfortunately, homozygous mutant lines
are not available for many of the auxin-related genes identified in this study, and these may
need to be generated using gene editing.

Although we focused our sampling on the root tips where gravity sensing occurs, our GO
analysis and extrapolation from single-cell mapping indicates that different cells within the root
tip may be experiencing very different gene expression responses after reorientation.
Upregulated genes appear to be more concentrated in the epidermis, root cap, and columella,
while downregulated genes seem more concentrated in the quiescent center. Single-cell RNA-
seq would be necessary to confirm our observations and elucidate how signals are transduced
through different cell types in the root tip. Any single-cell RNA-seq experiments would do well to
harvest the elongation zone (the site of gravitropic response) as well as the root tip. In a recent
RNA seq with barley plants that similarly measured root gene expression with paired controls,
Guo et al. (2023) found that the elongation zone in barley underwent more transcriptional
changes than the root tip. Our 30-minute GO analysis also indicated that, within a given cell,
cellular compartments are differentially affected by up or down regulated genes.
Downregulation occurred mostly within the nucleus or nucleolus and involved proteins related to
methylation or nuclear transport. These changes suggest that around 30 minutes after
reorientation transcriptional processes are being remodeled to accommodate the need for
directional growth. In contrast, upregulated genes showed an enrichment for plasma membrane
which is likely related to the transport, auxin, or calcium related DEGs upregulated at 30
minutes.

When we looked for changes in gene expression over time, comparing back to the 15-
minute control genes, we saw much larger differential expression over time, which was not
unique to the gravistimulation treatment. Clock and flavonoid synthesis enzyme genes

clustered together showing clear decreases in gene expression over time, regardless of
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treatment. The similarity in morning clock gene expression in both gravistimulated and control
plants shows the robustness of the circadian clock to perturbations by a single reorientation.
We found it interesting how similarly the gene expression of flavonoid synthesis genes
decreased over time compared to these clock genes in both gravistimulated and control plants.
Although correlation does not imply causation, this observation adds additional evidence to
emerging research showing linkages between flavonoid synthesis and circadian rhythms.
Recent experiments with the flavonoid synthesis mutant has shown that plants with reduced
flavonoids also have altered CCAL and the evening clock gene Timing of CAB expression 1
(TOC1) activity under a variety of lighting conditions. This relationship could be due to direct
control of clock genes by flavonoid abundance, but this pattern also could be related to
increased ROS in plants with reduced flavonoids indirectly influencing clock function (Hildreth et
al., 2022).

Because we were interested in comparing gene expression in this experiment to other
lab and spaceflight experiments on clear plates, we opted to grow plants with roots as well as
shoots exposed to light. Although the angle of the LED light in our holders concentrated light
predominantly on the top of the holder where the shoots were located and did not change in
orientation to the shoot, the roots did experience reorientation with respect to the light. As the
root tip reoriented due to the altered gravity vector, a slight gradient of light likely occurred
between the two sides of the reoriented root tip. Phototropic response and gravitropic
responses have been documented to be antagonistic in Arabidopsis roots (Kimura et al., 2018),
and exposure to light may increase flavonols on the illuminated side of the root, which are
associated with enhanced phototropic curvature (Silva-Navas et al., 2016). While the light
gradient in our experiment does not seem to have prevented root curvature or altered the
overall expression of key flavonoid synthesis enzymes, we would be remiss not to acknowledge
its potential effects and ways to expand upon our work in the future. Silva-Navas et al. (2015)
developed a D-root system to keep roots in clear plates dark while exposing the shoots to light,
and found such a system alters plant response to hormones and abiotic stress. For future
experiments, we could similarly modify the front piece of our LED plate holder to cover the roots,
while still allowing a gap for the shoots to receive light. If further light-blockages were deemed
necessary, autoclavable resin printed ficombso cou
from filtering down through the agar, similar to the D-root system. We think a follow up
experiment comparing gene expression between light and dark exposed roots (with light-
exposed shoots in both) would be an interesting comparison and help elucidate if any subtle

phototropic muting of gravitropic response is occurring in our current setup.
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One of the clearest things that this study indicates is the need for paired, non-stimulated
controls in time-course experiments, especially in experiments that span more than an hour.
Since plants respond slowly and subtly compared to animals, human observers often are
inadvertently biased to think of plants as passive, unless being acted upon by an outside
stimulus. Even when a plant is Ajust sitting the
throughout the day in response to internal circadian rhythms and subtle changes in lighting and
environment al conditions. As such, the status of
considered an adequate control for gravistimulated (or any other stimulation) over the course of
several hours. When comparing control plants to themselves over time, we saw over 3600
DEGs between 15 minutes and 180 minutes. A similarly large 2980 DEGs were observed by the
end of the experiment when comparing gravistimulated gene expression to only the 15-minute
control, and 1500 of these genes overlapped between gravistimulated and control roots. In
these comparisons, DEGs increased over time, with most occurring at 180 minutes. In contrast,
we saw only around 568 DEGs in total when comparing between gravistimulated plants and
matched controls, most of these only at 30 minutes, and no DEGs detected at 180 minutes. If
we had only our 15-minute control as the only control for gravistimulated plants, we would have
grossly overinflated the number of DEGs observed and obscured the importance of 30 minutes
as a time of high differential gene expression. We urge our readers to consider the differences
in DEGs observed between these two types of comparisons and to include adequate controls

for circadian patterns in gene expression over the course of time course experiments.
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Supplemental 3. 1: RNAseq QC information

Table S3.1.1 QC Information for RNAseq reads

Sample ID Treatme Minute Rep Clean Error
nt S Reads Rate

BR1_CO01 | Control |15 413540 | 397009 |0.01 98.14 | 9491 |45.34
5 01 92 42

BR1_C03 | Control |30 450048 | 433576 |0.01 98.15 | 94.94 | 45.17
0_02 72 20

BR1_CO06 | Control |60 373916 | 362062 | 0.01 98.15 | 94.85 |45.19
0_03 82 10

BR1_C09 | Control |90 419198 | 404037 |0.01 98.16 | 94.94 | 45.16
0_04 20 06

BR1_C12 | Control | 120 406136 | 391294 | 0.01 98.19 |95 45.27
0_05 40 12

BR1_C18 | Control | 180 417330 | 409682 | 0.01 98.09 | 94.66 |45.1
0_06 44 08

BR1_TO015 | Gravisti | 15 406758 | 397835 | 0.01 98.13 | 94.87 |45.31
_07 m 44 04

BR1_TO030 | Gravisti | 30 359597 | 350887 | 0.01 98.14 | 94.87 | 45.48
_08 m 40 70

BR1_TO060 | Gravisti | 60 397221 | 390592 | 0.01 98.16 |94.96 |45.32
_09 m 60 42

BR1_TO090 | Gravisti | 90 371111 | 364304 |0.01 98.14 | 9491 |45.25
_10 m 82 16

BR1_T120 | Gravisti | 120 507167 | 480218 | 0.01 98.19 |95.04 |45.32
11 m 28 10

BR1_T180 | Gravisti | 180 443733 | 428016 | 0.01 98.07 |94.76 |46.1
_12 m 00 56

BR2_C01 | Control |15 461010 | 443359 | 0.01 98.14 | 94.89 |46.06
5 13 56 92
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Table S3.1.1 (continued)

BR2_C03 | Control |30 399526 | 385882 |0.01 |98.21 |95.07 |45.23
0_14 02 56
BR2_C06 | Control |60 431542 | 418463 |0.01 |98.19 |94.99 |45.4
0_15 00 02
BR2_C09 | Control |90 450520 | 429378 |0.01 |97.78 | 935 |44.94
0_16 12 98
BR2_C12 | Control |120 420292 | 409562 |0.01 |98.15 |94.93 |45.13
017 58 14
BR2_C18 | Control |180 395223 | 387948 |0.01 |98.15 |94.83 |45.15
0_18 22 82
BR2_TO015 | Gravisti | 15 410563 | 401070 |0.01 |98.1 |94.76 |45.3
19 m 24 12
BR2_T030 | Gravisti | 30 392702 | 384190 |0.01 |98.11 |94.81 |45.3
20 m 80 54
BR2_T060 | Gravisti | 60 404385 | 390809 |0.01 |98.25 |95.11 |44.91
21 m 10 48
BR2_T090 | Gravisti | 90 386461 | 372095 |0.01 |98.16 |94.9 |45.03
22 m 94 82
BR2_T120 | Gravisti | 120 409838 | 393071 |0.01 |98.17 |94.92 |44.8
23 m 18 42
BR2_T180 | Gravisti | 180 400364 | 385202 |0.01 |98.16 |94.93 |45.33
24 m 78 82
BR3_CO1 | Control |15 378297 | 364626 |0.01 |98.18 |94.94 |45.13
5 25 86 76
BR3_C03 | Control |30 388916 | 378789 |0.01 |98.11 |94.78 |45.12
0_26 88 40
BR3_C06 | Control |60 414204 | 404964 |0.01 |98.13 |94.75 |45.03
0_27 50 38
BR3_C09 | Control |90 428493 | 418906 |0.01 |98.13 |94.79 |45.13
0_28 14 58
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Table S3.1.1 (continued)

BR3_C12 | Control |120 351927 | 342317 |0.01 |98.09 |94.66 |44.92
0_29 54 04
BR3_C18 | Control |180 405916 | 400166 |0.01 |98.14 |94.84 |45.22
0_30 38 38
BR3_TO015 | Gravisti | 15 421113 | 408935 |0.01 |98.17 |94.88 |44.97
31 m 86 10
BR3_T030 | Gravisti | 30 507402 | 499205 |0.01 |98.11 |94.69 |45.11
32 m 20 06
BR3_T060 | Gravisti | 60 373244 | 360746 |0.01 |98.16 |94.88 |45.07
33 m 80 62
BR3_T090 | Gravisti | 90 435857 | 422124 |0.01 |98.13 |94.86 |45.04
34 m 24 38
BR3_T120 | Gravisti | 120 406253 | 392123 |0.01 |98.1 |94.75 |46.39
35 m 50 30
BR3_T180 | Gravisti | 180 439753 | 427119 |0.01 |98.15 |94.9 |45.21
36 m 94 86
BR4_CO1 | Control |15 383675 | 372363 |0.01 |98.12 |94.79 |45.11
5 37 44 06
BR4_CO03 | Control |30 439148 | 426439 |0.01 |98.16 |94.93 |45.06
0 38 72 86
BR4_C06 | Control |60 435743 | 426638 |0.01 |98.12 |94.78 |45.13
0_39 66 18
BR4_C09 | Control |90 477106 | 465662 |0.01 |98.12 |94.77 |45.08
0_40 02 88
BR4_C12 | Control |120 397941 | 386826 |0.01 |98.04 |94.54 |45.16
0 41 76 60
BR4_C18 | Control |180 451111 | 436288 |0.01 |98.17 |94.92 |45.24
0 42 60 90
BR4_TO015 | Gravisti | 15 355005 | 347045 |0.01 |98.1 |94.63 |44.93
43 m 68 52
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Table S3.1.1 (continued)

BR4_T030 | Gravisti | 30 4 407984 | 393649 |0.01 |98.13 |94.88 |45
44 m 70 14
BR4_T060 | Gravisti | 60 4 450704 | 437110 |0.01 |98.13 |94.79 |45.09
45 m 30 80
BR4_T090 | Gravisti | 90 4 397761 | 384535 |0.01 |98.09 |94.68 |44.99
46 m 76 78
BR4_T120 | Gravisti |120 |4 422614 | 406578 |0.01 |98.16 |94.91 |45.18
47 m 74 64
BR4_T180 | Gravisti | 180 |4 364481 | 348309 |0.01 |98.12 |94.84 |45.03
48 m 96 40
Mean | 413828 | 401292 |0.01 |98.13 |94.82 |45.21
20 17
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Supplemental 3. 2: 30 Minute DEG Data
Data summarizing DEGs comparing 30-minute controls to 30-minute gravistimulated root tips
are in shared drive storage at North Carolina State University. This link to a spreadsheet shows

upregqulated DEGs at 30 minutes, and this spreadsheet shows downrequlated DEGs.
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https://docs.google.com/spreadsheets/d/12g1VFtjHnYDH2btbl8zYMmngHNMxo9bA/edit?usp=sharing&ouid=112049322849755333966&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/12g1VFtjHnYDH2btbl8zYMmngHNMxo9bA/edit?usp=sharing&ouid=112049322849755333966&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1w4wguGZgZNjRpFXPPCZdTRb4ho6Q3n8L/edit?usp=sharing&ouid=112049322849755333966&rtpof=true&sd=true

Supplemental 3. 3. Genes that varied between C15 and other comparisons over time

Table S3.3.1 The below tables show genes that did  not overlap between control and

gravistimulated plants when compared over time to 15 minute control (asin Table 3.3).

ACd stands for control and AGravi 60 stands for gra
Major enriched GO categories for genes upregulated in both gravistimulated and control

compared to Control 15 min

Common 60 min
No.query
genes after
No.Genes |removing
in Overlap |redundanc |p

Gene Set Name Description y value |FDR
G0:0000103 sulfate 0.001
assimilation, 3886
GOslim:biological_proces 4.67 9487
SULFATE_ASSIMILATION s 3 25 E-07 4
G0:0016491 0.002
oxidoreductase activity, 7509 0.913
OXIDOREDUCTASE_ACTIVI GOslim:molecular_functi 5245 4064
TY on 6 25 2 029
G0:0019725 cellular 0.002
homeostasis, 7716 0.913
GOslim:biological_proces 9320 4064
CELLULAR_HOMEOSTASIS s 3 25 9 029

Common 90 min
No significant enrichment

Common 120 min
No.query
genes after

No.Genes [removing
in Overlap [redundanc (p

Gene Set Name Description (k) y value [FDR
G0:0019758
glycosinolate biosynthetic
process,
GLYCOSINOLATE_BIOSYN GOslim:biological_proces 3.86 6.63E
THETIC_PROCESS S 18 163 E-17 -14

105



Table S3.3.1 (continued)
G0:0034754 cellular
hormone metabolic

process,
CELLULAR_HORMONE_ME GOslim:biological_proces 4.16 4.18E
TABOLIC_PROCESS S 13 163 E-11  -08

G0:0009851 auxin

biosynthetic process,
AUXIN_BIOSYNTHETIC_PR GOslim:biological_proces 3.16 2.12E
OCESS S 11 163 E-10 -07

Common 180 min

No.query
genes after

No.Genes [removing
in Overlap [redundanc

Gene Set Name Description (k) y

G0:0033205 cell cycle

cytokinesis,
CELL_CYCLE_CYTOKINESI GOslim:biological_proces 2.85 4.71E
S S 55 545 E-41  -37

G0:0000226 microtubule
cytoskeleton
organization,
MICROTUBULE_CYTOSKEL GOslim:biological_proces 7.17 1.38E
ETON_ORGANIZATION s 50 545 E-33 -29
G0:0006325 chromatin
organization,
CHROMATIN_ORGANIZATI GOslim:biological_proces 1.77 2.36E
ON s 65 545 E-29 -26

Major enriched GO categories for genes upregulated gravistimulated roots only
compared to Control 15 min

Gravi30 to C15

No.query
genes after
No.Genes [removing
in Overlap [redundanc (p
Gene Set Name Description (k) y value |FDR
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Table S3.3.1 (continued)
G0:0050896 response to

stimulus,

GOslim:biological_proces 2.19 2.23E
RESPONSE_TO_STIMULUS s 105 240 E-14 -10

G0:0019758

glycosinolate biosynthetic

process,
GLYCOSINOLATE_BIOSYN GOslim:biological_proces 4.27 7.06E
THETIC_PROCESS S 17 240 E-13 -10

G0:0006950 response to

stress,

GOslim:biological_proces 9.40 9.58E
RESPONSE_TO_STRESS s 75 240 E-12 -09

G0:0006952 defense

response,

GOslim:biological_proces 4.90 3.37E
DEFENSE_RESPONSE S 41 240 E-10 -07

Gravi60 to C15
No.query
genes after

No.Genes [removing
in Overlap [redundanc
Gene Set Name Description (k) y
G0O:0003700 sequence-
specific DNA binding

SEQUENCE- transcription factor
SPECIFIC_DNA_BINDING_T activity, 0.047
RANSCRIPTION_FACTOR_ GOslim:molecular_functi 3.80 8779
ACTIVITY on 10 37 E-05 4165
G0:0030528
transcription regulator
activity, 0.047
TRANSCRIPTION_REGULA GOslim:molecular_functi 5.06 8779
TOR_ACTIVITY on 10 37 E-05 4165
G0:0050896 response to 0.000
stimulus, 2540 0.143
GOslim:biological_proces 6340 8134
RESPONSE_TO_STIMULUS s 18 37 32 865
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Table S3.3.1 (continued)

Gravi90 to C15
No.query
genes after

No.Genes |removing
in Overlap [redundanc |p

Gene Set Name Description (9] y value |FDR
G0:0019758
glycosinolate biosynthetic
process,
GLYCOSINOLATE_BIOSYN GOslim:biological_proces 4.17 7.07E
THETIC_PROCESS s 12 157 E-10 -07

G0:0010817 regulation
of hormone levels,

REGULATION_OF HORMO GOslim:biological_proces 6.43 5.46E
NE_LEVELS s 16 157 E-09 -06
G0:0009851 auxin 0.000
biosynthetic process, 4275
AUXIN_BIOSYNTHETIC_PR GOslim:biological proces 6.55 6042
OCESS S 8 157 E-07 87

Gravil20 to C15

No significant enrichment

Gravil80 to C15
No.query
genes after

No.Genes [removing
in Overlap [redundanc (p
Gene Set Name Description (9] y value |FDR
G0:0009165 nucleotide
biosynthetic process,

NUCLEOTIDE_BIOSYNTHE GOslim:biological_proces 9.06 5.02E
TIC_PROCESS s 28 225 E-20 -16

G0:0032259

methylation,

GOslim:biological_proces 1.50 4.16E
METHYLATION S 29 225 E-15 -12

G0:0009451 RNA

modification,

GOslim:biological_proces 1.14 1.81E
RNA_MODIFICATION S 25 225 E-14 -11
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CHAPTER 4: INVESTIGATING SPACEFLIGHT -ISOLATED AND EARTH -ISOLATED
BACTERIA FOR PLANT GROWTH PROMOTION ON LOW -NUTRIENT MEDIA

Abstract

Phosphorus is the second most limiting plant nutrient after nitrogen. However, minable
phosphorus used in fertilizer in a non-renewable resource, and phosphorus run off from
agricultural fields can lead to eutrophication of waterways. In spaceflight, phosphorus and other
nutrients will need to be brought from earth to facilitate growth of plants for astronaut nutrition
and life-support. Plant-growth promoting rhizobacteria might be able to improve the efficiency of
plant uptake of nutrients or help liberate phosphorus from earth soils or extraterrestrial regoliths.
Plants could also be engineered to be able to utilize novel forms of phosphate, such as the
bacterial phosphorus storage molecule polyphosphate. We investigate if spaceflight-isolated
and earth-isolated strains of rhizobacteria have plant-growth promoting effects in wildtype and
engineered Arabidopsis plants with replete, low, and insoluble forms of inorganic phosphate
(P1). We found that P. agglomerans and two Azospirillum strains promote plant growth on either
replete or insoluble Pi media, but plants engineered with a bacterial exopolyphosphatase gene
did not perform better than wild-type. We have evidence that these bacterial strains also
promote plant growth in 0.25x MS liquid fertilizer in an unaerated hydroponic system, but this

effect was not consistent in other fertilizer treatments.

Introduction

Current life-support systems on the International Space Station (ISS) use physio-
chemical approaches to recycle air and water for astronauts. However, these systems rely on
resupply of consumables from Earth, especially food and oxygen, and do not fully utilize waste
streams. Such resupply becomes financially and logistically untenable as space exploration
extends beyond low-earth orbit. Long-duration space exploration will require more closed-loop
systems that fully recycle liquid, solid, and gaseous waste from astronauts, augmented by in situ
resource use on the moon, Mars, or other planetary bodies. To close the waste loop, current
physio-chemical methods must be combined with biological life support systems (BLIiSS) in
which plants and microbes recycle air, water, and nutrients, and provide food for the crew for
sustainable long-term human presence in the solar system away from Earth (National
Academies of Sciences, 2023; Poulet et al., 2022).
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Much of the early investigations of plants in spaceflight was focused on answering
guestions about how plants respond to spaceflight and microgravity. To prevent disease from
harming the study subjects, these experiments were usually done with small plants in sterile
enclosures. However, plants grown for human consumption, such as those grown in the Veggie
growth chamber on the ISS and those in future BLISS, necessitate growing larger plants
exposed to the ambient microbiota of the spacecraft (Schuerger et al., 2022). Similar to other
indoor environments, the microbiome of the ISS is dominated by human-associated
microorganisms (Avila-Herrera et al., 2020) and compared to other human structures has low
microbial diversity (Lang et al., 2017; Salido et al., 2025). Unlike terrestrial indoor
environments, little exchange occurs between ISS and outside microorganisms, with the
periodic introduction of new organisms occurring only after new supplies and new personnel are
brought on board (Singh et al., 2018).

This spatial isolation, combined with novel stimuli such as microgravity and higher
radiation, could possibly promote the evolution of novel strains of microorganisms. Some of
these microorganisms might have negative effects on human and plant inhabitants of
spacecraft, and indeed, increased biofilm formation and virulence of pathogenic organisms has
been reported for microbes grown in orbit (Huang et al., 2018; Wilson et al., 2007). However,
beneficial microbes grown in association with their hosts may become uniquely adapted to the
spaceflight environment or develop novel ways to promote stress resistance. Alternatively, the
simplified microbial communities of spacecraft may be lacking particular beneficial strains of
microbes due to barriers to dispersal caused by spaceflight. In this instance, intentional
inoculation with beneficial microbes may improve host function in spaceflight.

Plant-growth promoting rhizobacteria (PGPR) are beneficial bacteria associated with
plant roots that promote plant health through a variety of mechanisms. PGPR can improve
phosphorus uptake acquisition by plants by excreting phytases or weak organic acids to
increase the bioavailability of organic and inorganic phosphate, respectively. These same weak
organic acids and/or chelating molecules called siderophores can make iron and other minerals
more available to the plants (Handy et al., 2021). Diazotrophic PGPRs can directly fix
atmospheric nitrogen into forms usable by plants. Some diazotrophs form specialized, obligate
associations with plants such as legume-Rhizobium mutualisms. Other diazotrophs have
broader, facultative associations with many plant species, such as the genus Azospirillum.
(Chaudhary et al., 2022; Pereg et al., 2016). Many PGPRs secrete synthetic auxins that mimic
plant growth hormones that alter growth rates and architecture of plant roots (Spaepen &

Vanderleyden, 2011). Other PGPRs have been documented to reduce drought stress in plants
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by coating the roots with protective biofilms, and reducing general stress response by producing
ACC deaminase, which depletes ACC, the precursor of the stress hormone ethylene (Gamalero
& Glick, 2015).

A series of investigations at the US National Aeronautics and Space Administration
(NASA) have isolated and characterized the microbiota of plants grown in the Veggie chamber
of the ISS. Originally these experiments were done within the context of food microbiological
safety, to ascertain if leafy greens grown in the chamber were safe for astronaut consumption.
As part of the initial survey of plant-associated microbes, over 30 bacterial species were
cultured from mizuna and lettuce plants grown in the Veggie chamber (Hummerick et al., 2021).
These isolates were evaluated in vitro for potential plant-growth promotion characteristics such
as ability to solubilize phosphate, to make synthetic auxins, to chelate iron with siderophores,
and to compete with plant disease-causing microbes (Handy et al., 2021). However,
experiments with actual plants are limited.

We are especially interested in evaluating the efficacy of these microbes in solubilizing
Pi and thereby facilitating plant growth. Phosphorus is the second most limiting plant nutrient in
the solil, and is essential for generation of ATP, nucleic acids, and cell membranes. To ensure
good crop vields, farmers apply inorganic phosphorus (Pi) fertilizers. However, these Pi
applications simultaneously deplete limited reserves of mineable Pi and cause nutrient pollution
and eutrophication in waters receiving field run-off. Finding ways to improve plant Pi uptake
from soil would reduce dependence on such fertilizers (Sattari et al., 2012). For plants grown in
spaceflight, reducing the mass of fertilizer needed for plant growth in BLiSS would reduce fuel
use and overall cost of launch. This fertilizer mass reduction could be achieved by either by
i mproving Pi uptake from synthetic fertilizer or
Plant-growth promoting microbes that can solubilize mineral-bound Pi are one potential tool to
help with the issues in both terrestrial and space agriculture.

In their characterization of microbes isolated from VEGGIE plants and substrate from the
ISS, Handy et al. found that several strains of microbes showed the ability to solubilize calcium
triphosphate in vitro, and related strains of many space-isolated bacteria have been
documented to promote growth in plants (Handy et al., 2021). Similar abilities to solubilize Pi
have been documented in Azospirillum, a genus of bacteria found in association with the roots
of over 113 plant species in 35 plant families (Pereg et al., 2016). Although initially
characterized for promoting plant growth promotion in cereal crops, Azospirillum strains also
have been shown to promote growth in a number of dicots and even one strain of algae (Pereg

et al., 2016). In addition to Pi solubilization, plant growth promotion properties of Azospirillum
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strains include: nitrogen fixation, auxin production, and reducing plant stress via the production
of antioxidants (Fukami et al., 2018; Spaepen et al., 2014, Spaepen & Vanderleyden, 2011).
Some strains of Azospirillum brasilense are used commercially to promote yields of cereal crops
in South America (Fukami et al., 2018). Their wide host range and widely reported plant-growth
promoting effects make Azospirillum strains a good candidate for testing for applications related
to spaceflight.

However, the effects of rhizobacteria are context dependent. Sometimes, under low Pi
conditions, bacteria can compete with plants (Castrillo et al., 2017; Finkel et al., 2019). Bacteria
sequester Pi in the form of polyphosphate, which plants cannot break down (Albi & Serrano,
2016). Engineering plants to contain bacterial exopolyphosphatase (PPX) genes may result in
plants that are able to utilize polyphosphate from bacteria. The effects of microbes should also
be tested in growth conditions that mimic those in spaceflight. Hydroponic systems are currently
the plant cultivation method of choice for spaceflight, but microgravity can make it difficult to
aerate such systems (Vandenbrink & Kiss, 2016). As such, testing bacterial strains in non-
sterile, unaerated hydroponic hardware has direct applications for spaceflight.

Our goal is to use the model plant Arabidopsis thaliana to further investigate the plant-
growth promoting effects of a subset of these bacterial isolates, along with novel Earth-isolated
strains of Azospirillum, in spaceflight-relevant growth media. We first characterize the ability of
spaceflight-isolated microbial strains to promote plant growth on replete-phosphate, low-
phosphate, and insoluble-phosphate agar media. We simultaneously isolated Azospirillum
strains from fextr e mkodh Carolina andeaisackamatterized their plantd
growth promotion under replete and insoluble Pi. We investigate if Arabidopsis plants
engineered to contain an E. coli exopolyphosphatase have altered interactions with beneficial
rhizobacteria under different Pi availability. Finally, we simulated a spaceflight-relevant
unaerated hydroponic system and examined plant growth promotion by one spaceflight-isolated
strain and one Earth-isolated strain. We hope to gain understanding of the plant-growth
promoting effects of bacteria that, in addition to potentially improving BLISS function, could also

improve plant cultivation and resilience in controlled-environment agriculture on Earth.
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Methods

Focus 1: Spaceflight -isolated rhizobacteria and Arabidopsis growth with different Pi

media

Sourcing spaceflight-isolated bacterial cultures

We obtained strains of spaceflight-isolated rhizobacteria from Kennedy Space Center
through the NASA Space Biology Biospecimen Sharing Program. Five Pi-solubilizing strains
were obtained: Pantoea agglomerans, Bacillus pumilis, Burkholderia pyrrocinia, Curtobacterium
flaccumfaciens, and Paenibacillus macerans. A sixth strain, Bacillus subtilis, was also chosen
as a hon-Pi solubilizer with other potential plant growth promoting ability. We verified the
identity of each strain by Sanger sequencing of 16S rRNA amplicons (341F-806R primers), and

stored freezer cultures at -80 in 75% LB broth/25% glycerin v/v.

Seed sterilization

At least two days before the start of each experiment, Col-0 Arabidopsis thaliana seeds
were sterilized and stratified using standard laboratory protocols. Briefly, seeds were agitated
for 1 minute in 70% ethanol, agitated for 12 minutes in a bleach water-TritonX mixture (4 mL
7.5% sodium hypochlorite, 11 mL distilled water, 15 pL Triton X surfactant), and then rinsed 5X
with sterile DI water in a laminar flow hood. Tubes of sterile seeds in water were placed in a
refrigerator at approximately 4°C and stratified for at least 2 days before seed inoculation and
planting.

Seed inoculation

To prepare bacteria for seed inoculation, we inoculated 2 mL tubes of Tryptic Soy Broth
(TSB) with strains of interest 1-2 evenings before the start of the experiment. The exact timing
of inoculation depended on the growth rate of the bacterial strain. Cultures were grown in a
shaking incubator at 28°C and 200 rpm to an ODego Of approximately 1-1.2. We transferred
cultures to sterile 15 mL centrifuge tubes and spun them for 6 minutes at 2000 rpm to pellet the
bacteria. The supernatant was discarded, and the cultures were resuspended in isotonic 0.9%
NaCl and diluted to an OD600 of ~0.2. Based on serial dilutions, this ODego corresponded to
roughly 10° colony forming units per 100 yL. To inoculate seeds, we replaced the sterile water
in each of the seed tubes with the diluted

treated with sterile 0.9% NaCl. As a quality control measure, 100 pL of 10% and 10* serial
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dilutions of microbe seed suspensions and undiluted mock seed suspensions were plated on
TSA or LB plates and incubated at 28°C. After 3-5 days, plates were checked to confirm sterility
of the Mock treatment and the purity and presence of colonies of bacterial treatments. We only
report data from experiments that passed this quality test.

Planting and media preparation

We plated a single row of 13 treated seeds near approximately 2 cm from one edge of a
100 mm Petri dish containing modified 1x Murashige and Skoog (MS) media. Recipes for each
type of media can be found in Supplemental 4.1. For the first set of experiments, we plated on
to replete-Pi media (RepPi) with 1000 uM potassium phosphate, low-Pi media (LoPi) with 10 uM
potassium phosphate, or insoluble-Pi (Ins1000) with 1000 uM calcium phosphate. Due to space
constraints, we tested three microbe strains at a time. For Experiment 1, we compared B.
subtilis, P. agglomerans, and B. pyrocinnea to Mock controls. For Experiment 2, we compared
P. macerans, C. flaccumfaciens, and B. pumilis to Mock. In each experiment, each Pi x microbe
combination was replicated on three separate plates. Plates were placed in a growth chamber
at 22°C, 55% RH and 16L:8D light.

Since sterile plants grown on Ins1000 media were very similar to the RepPi media in this
first set of experiments, we used a lower concentration of calcium phosphate in subsequent
experiments. To determine the appropriate level to use, we measured root growth on plates
with insoluble-Pi levels ranging from 1000 pM to 100 uM. Based on measurements of root
growth in these tests, we determined that 200 uM induced moderate Pi stress in plants, and for
subsequent experiments, compared between plants grown with and without microbes on RepPi
media and insoluble-Pi media with 200 uM of calcium phosphate (Ins200). Due to space
constraints, these latter experiments were grown in a growth chamber with no humidity control,
but the same temp and lighting duration as before. For the experiments using Ins200 media, we
focused on microbes from Experiment 1, which showed the most significant differences in
growth between treatments: P. agglomerans and B. pyrocinnea. We also included B. subtilis in
some of these experiments as it was observed to promote plant growth in other experiments

(see Chapter 5).
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B. subtilis B. pyrocinnea

Ins1000

Fig. 4.1. Representative plates of 14 DAP of Arabidopsis plants inoculated with three

different microbe strains and grown under three different Pi levels. RepPi contains more
than ample phosphorus (1000 uM), LoPi contains extremely low phosphorus (10 uM), and
Ins1000 contains 1000 uM of insoluble calcium phosphate, which is insoluble at pH 5.7. Note
that B. pyrocinnea plants grown on LoPi media are extremely stunted and covered in bacterial
biofilm.

To confirm results of Ins200 experiments, we repeated the Mock and P. agglomerans
treatments on RepPi and Ins200 a second time in the same chamber, this time with 5 replicates
for each media/microbe combination. We also attempted to re-isolate microbes from roots to
determine if the bacteria could persist for the duration of the experiment. To reisolate bacteria,
we collected roots from each plate in a laminar flow hood with sterile tools into sterile microfuge
tubes containing 1 mL sterile isotonic saline. Tubes were put in a water bath sonicator and
sonicated for 10 minutes to dislodge microbes into the liquid. Liquid from each tube was serially
diluted up to 10* dilution. We plated 100 pL of these dilutions onto LB plates, using undiluted
and 102 dilutions for mock roots, and 10® and 10* dilutions for microbe-inoculated roots. LB
plates were incubated at 28°C and checked every 2-5 days to see if colonies grew. When mock
plants on RepPi media in these experiments looked unusually stressed, we repeated the
experiment a third and 4th time, just with RepPi media, and included P. agglomerans, B.
pumilis, and B. pyrocinnea. For these experiments, we checked to confirm sterility of the Mock

plants and viability of the microbes at the end of the experiment by swiping the roots in each box
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with a sterile loop right before harvest and streaking it on a plate of LB. After incubating at 28°C

for 2-5 days, we checked the LB plates for the presence of bacterial growth.

Data collection and analysis

We used a flatbed scanner to scan plates at 7, 10, and 14 days after planting (DAP) and
measured the length of plant primary roots via Image J. For the experiments with RepPi, LoPi,
Ins1000 treatments, we harvested plants at 21 DAP and measured total plate fresh weight. For
the experiments comparing RepPi to Ins200 media, we harvested plants at 14 days and
measured fresh weight of roots and shoots separately. For both experiments, after fresh weights
were taken, we flash-froze plant tissue in liquid N for potential phosphate analysis or gPCR.

For these experiments and subsequent experiments in this chapter with similar data, we
compared means of plant measurements using generalized linear models (SAS v.9.4 proc
GLIMMIX). We included Pi-level, microbe treatment, and their interaction in the model. If a Pi-
level x microbe interaction occurred, we performed a separate analysis of each microbe
treatment for each Pi level. We used the Shapiro-Wi | k t est and Levenebds test
normality and homogeneity of variance, respectively. If data were not normal, we ran a variety
of alternative distributions and used the one with the lowest AIC for analysis. In these instances,
usually a log-n distribution provided the best fit. If variance was unequal, we used a
Satterthwaite approximation to adjust for the effective degrees of freedom. Means were
separated via the LSMEANS procedure in procGLIMMIX.

Focus 2: Azospirillum and Arabidopsis growth under low  -phosphate conditions

Strain isolation

In addition to examining the growth promotion effects of spaceflight-isolated bacteria, we
also performed a parallel series of experiments with Earth-isolated putative PGPRs in the genus
Azospirillum. We first sought to create a library of Azospirillum strains with tolerance for stress-
inducing environments. As such, we collected from soils with a history of flooding at four
different agricultural research stations, dry sand dunes near the North Carolina coast, home
compost piles that maintained high temperatures, and two municipal compost piles. In total we
collected samples from 15 locations across North Carolina, USA. Samples were collected using
ETOH-sanitized soil probes into clean zip-lock bags and stored at ~4°C until microbe isolation.

To isolate microbes, we put 1g of soil/compost and 10 mL of sterile water from each

location into sterile centrifuge tubes and agitated the tubes for several minutes to suspend the
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soil. These soil suspensions were diluted 1:1, 1:10 and 1:100, and we put 100 uL of each
dilution into culture tubes containing ~2.5 mL of semi-solid NFb media (Baldani et al., 2014).
NFb is a nitrogen-free media used to isolate free-living diazotrophs. Culture tubes were
incubated without shaking at 37°C and checked daily for the formation of a pellicle of bacterial
growth from 2-7 days. After a pellicle became visible, we collected a portion of it with a sterile
loop and t-streaked it onto RC media. RC media contains congo-red dye which Azospirillum
were reported to selectively take up the dye to allow for isolation (Caceres, 1982). We re-
streaked red colonies from each plate until we appeared to have pure colonies, then used these
to make freezer cultures in LB+25% glycerin. In total, we isolated 11 putative Azospirillum

strains, one for each of 11 different locations (Fig. 4.2).

Fig. 4.2. Images of Azospirillum strain isolation process. A. Home compost pile from which
Az06 was isolated. B. Flooded cornfield from which Azo12 was isolated. C. Tubes containing
semi-solid NFb media after 7 days of incubation. Tubes, from left to right, inoculated with
undiluted, 10, and 10? dilutions of soil solution. The white arrow indicates a pellicle of
microaerobic diazotrophic bacteria. The pellicle is where microaerobic nitrogen-fixing bacteria
congregate few mm below the surface of the media where oxygen levels are low enough to
allow for N-fixation, but high enough for aerobic respiration. D. Putative Azospirillum strains
streaked on RC media. Azospirillum strains on RC media are reported to selectively take up the
red dye. E. An image of gel used to confirm successful PCR amplification of bacterial 16S rRNA
gene before sending off for sequencing.
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To confirm the identity of each isolate, we performed colony PCRs to amplify the 16S

rRNA region of each strain using 341F and 806R primers and submitted samples to Azenta

Bi oscience for Sanger sequencing. D e seguenciag t h e

revealed that only three of the isolates were actually Azospirillum spp. For subsequent
experiments, we picked the two strains that seemed genetically most dissimilar based on 16S
rRNA sequences. ANCBI-BLAST search r eveal eubncemoretclosely e

matched Azospirillum baldaniorum( Az o6) and one strainds seqgquence

Azospirillum oryzae (Azol2). We will refer to these strains as Azo6 and Azol12 hereafter.

Plant growth promotion assay

We next sought to check if either of these strains affected plant growth on replete
(RepPi) and insoluble phosphate (InPi200) agar media as described above. We plated 13 seeds
on 10 cm square petri dishes and replicated each microbe x Pi treatment 3 times. Unlike our
spaceflight-microbe experiments, we inoculated germinated seedlings, instead of seeds, 6 DAP.
Approximately 42 hours prior to inoculation, Azo6 and Azo12 cultures were grown at 28°C and
200 rpm, and microbial suspensions in isotonic (0.9%) NaCl were prepared as described above.
We scanned plates right before inoculation 6 DAP, 12 DAP, and 14 DAP, and measured final
shoot and root weight as our spaceflight-microbe experiments.

Measurement of plant soluble Pi content

We performed a phosphate analysis of root and shoot tissue following the methods of
Chiou et al. (2005). Briefly, we bead-beat frozen tissue in 10 pL 1% acetic acid per mg fresh
tissue weight and centrifuged the suspension twice to pellet insoluble plant tissue, transferring
the supernatant to a clean tube each centrifugation. We then put in a 96 well plate 100uL of DI
water, 50 pL of each sample extract, and a pL dilution of 1% w/v Aluminum molybdate-0.5% w/v
ferrous sulfite heptahydrate solution. The latter will turn blue upon exposure to phosphate. In
the same 96 well-plate, we prepared a standard curve of known phosphate concentration using
KH2PO4 in duplicate. After letting the plate develop for an hour, we used a plate reader to read
absorbance (A660) of the standard curve and samples. Based on the standard curve and
sample readings, we calculated the Pi concentration of the tissue samples. Plant growth and Pi

concentrations were compared via generalized linear models similar to previous experiments.
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Microbial Pi solubilization

We also sought to characterize and compare potential plant-growth promoting
characteristics of the two microbe strains: phosphate solubilization and auxin production. Our
phosphate solubilization consisted of spot-inoculating 4 points on a plate of Pikovskaya's Agar
(PKY) similar to Handy et al. (2021). Like our Ins200 media, PKY media contains only calcium

phosphate as the sole Pi source.

Microbial production of auxin

Similar to Spaepen et al. (2014), we characterized synthetic auxin production of microbe
strains by using DR5:GUS reporter lines. We obtained these lines from the Alonso-Stepanova
lab and grew DR5:GUS plant seeds inoculated with Azo12, Azo6, and Mock treatments. Seven
days after planting, we cleared these plants, stained them for beta-glucuronidase (Jefferson,

1987), and photographed them under a dissecting microscope.

Focus 3: Comparison of PPX and Wild -type plants with space -isolated and Earth -isolated
PGPR

We previously transformed Arabidopsis thaliana plants to contain an E. coli
exopolyphosphatase gene (PPX). Col-0 and PPX seeds as were inoculated with suspensions of
Azo12, P. agglomerans, a n d stelMeoNaRlas described above. Unlike our original
Azospirillum experiment, seeds, not seedlings, were inoculated with Azo12. Thirteen Col-0 and
PPX seeds of each microbe treatment were plated onto separate RepPi and Ins200 media
plates. Each microbe x Pi-media x genotype combination was replicated on three separate
plates (36 plates total). Plates were grown upright in a growth chamber as in Focus 1, and
scanned 8, 11, and 14 DAP. We harvested plants 14-DAP and recorded the combined fresh
root and shoot mass for each plate. To analyze data, each microbe x media type x plant
genotype combination was assigned a distinct treatment code, and we analyzed mean plate
root weight and mean plate shoot weightviage ner al i zed | i near model s with

variable in the model.

Focus 4: Bacterial plant -growth promotion in hydroponics

We developed a 3D-printed mini-hydroponic system that fits into magenta boxes. The
3D printed hydroponic holders and stands were printed with white PLA. The holders have small
holes that were filled with 0.25x MS with 1% agar added (see Appendix 4 for details). Once the

agar cooled, we planted seeds on top of the agar plugs. Plants grew through these agar plugs
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into hydroponic fertilizer solutions contained in magenta boxes (Fig. 4.3). Each box was filled to
the level of the hydroponic holder with either 0.5x MS, 0.25x MS, or 0.25x MS + 20g of sterile
lunar regolith simulant. The regolith simulant mimics moon dust that could be used as a source
of supplemental mineral nutrients or extra substrate for microbe colonization. For more details
on this simulant, see Chapter 5. We inoculated seeds as described in Focus 1 with either

6 Mock 6, RagglbtnReransgPa), and planted 12 seeds per box, one seed per hole in the
hydroponic holder. Each media x microbe combination was replicated in 5 separate boxes.

Although magenta boxes, fertilizer media, and regolith used in this experiment were
autoclaved to kill any microbes in them, this experiment was intentionally done non-axenically to
mi mic the fAclean but not steril ecdameenPLAronment of
hydroponic holders were handled with bare hands prior to placement in boxes, and boxes were
filled with media on the lab bench. Seeds were sterilized prior to inoculation, but seeds were
placed on the agar-filled holes in the open air of the lab, not a laminar flow hood. Boxes were
opened up on the lab bench at least once a week to image the plants inside. We did sterilize or
swap out tools used to plant seeds or manipulate plants in between different microbe treatments
to prevent cross contamination between boxes.

We placed boxes in a randomized block design in a growth chamber at 22°C and
12L:12D. Within each replicate, boxes were rearranged 3 times weekly to even out exposure to
environmental conditions within the chamber. Starting 1 week after planting, we imaged a top
view and side view of each box weekly. Boxes were kept covered to maintain humidity and
prevent water loss, except when being imaged or harvested. Boxes lost very little water over
the course of the experiment, and fertilizer solutions did not need to be replenished.

Two harvests were performed: the first to thin boxes to one plant, the second when
thinned plants showed signs of floral initiation. For the first harvest performed 19 DAP, we
counted the number of surviving plants and removed all plants except the largest from each
box. For the removed plants, we separated root and shoot tissue, recorded the fresh mass of
each for each box, and flash froze root and shoot tissue separately for potential additional
analysis. Forceps used for harvesting were flame sterilized in between boxes to prevent cross
contamination. For the second harvest performed 33 DAP, we measured the fresh shoot and
root weight of each plant, and measured the height of the inflorescence stem, if any. To
analyze data, each microbe x media type was assigned a distinct treatment code, and we

analyzed mean root weight per plant, mean shoot weight per plant, and number of surviving
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plants via generalized |inear models with Atreatm

Fig. 4.3. 3D-printed hydroponic boxes. A. Hydroponic boxes randomly arranged in the growth
chamber. B. A side view of a hydroponic box with no regolith simulant right before first harvest.
C. A side view of a box containing regolith simulant. D. A top view of a box right before the first
harvest. E. A top view of a box 5 days before 2nd harvest.

Results

Focus 1: Spaceflight -isolated rhizobacteria and Arabidopsis growth with different Pi
media

When examining six potential plant-growth promotion bacterial strains isolated from
plants grown on the ISS, we first performed two experiments with three strains per experiment
and a Mock-inoculated control to look for plant growth promotion on replete, low, and insoluble
phosphate media. The latter media contained insoluble calcium phosphate that mimics
insoluble mineral-bound Pi in soils. We discovered that the initial concentration of calcium
phosphate was too high, so in repeated experiments we lowered it from 1000 uM to 200 puM.
We then re-examined promising strains from the first two experiments in replete and insoluble Pi
media.

In Experiment 1, which included P. agglomerans, B. subtilis, and B. pyrocinnea, Pi-levels
in media and microbe treatment both affected Arabidopsis root growth (Fig. 4.1 and 4.4) and
final plant mass (Fig. 4.5). Root growth 14 days after planting (DAP) was significantly different
only for plants grown in LoPi media, where P. agglomerans had roots slightly shorter than Mock.
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Despite the roots being short on one media type, P. agglomerans plants overall grew larger than
mock plants by 21 DAP on RepPi and LoPi media. B. pyrocinnea also grew significantly larger
than Mock plants by 21 DAP on RepPi media. However, on LoPi media, B. pyrocinnea was
severely stunted and covered in visible biofilm. This stunting resulted in significantly shorter
roots at 14 DAP and significantly smaller plant mass overall plant mass at 21 DAP. B. subtilis
inoculated plants were not significantly different from mock plants on any media, and no
microbes-treated plants were significantly different from Mock plants on Ins1000 media (Fig. 4.4
and 4.5).

In Experiment 2, which included P. macerans, C. flaccumfaciens, and B. pumilis, root
length and plant mass varied by Pi-level for both root length (Fig. 4.6) and final mass (Fig. 4.7).
Unlike microbes in experiment 1, no microbes promoted root growth or overall mass above
control, and plants were similar in growth patterns to mock plants at each Pi level. Although
plants grown on Ins1000 media had slightly shorter roots 14 DAP than RepPi (Fig. 4.6), final
plant mass was similar between RepPi and Ins1000. Due to the similarity of plants grown in
Ins1000 media with plants grown in RepPi in Experiments 1 and 2, we lowered the
concentration of calcium phosphate in future experiments to 200 pM.

For the first experiment comparing microbe growth on RepPi and Ins200 media (Fig. 4.8
and 4.9), Pantoea agglomerans again improved plant growth in RepPi media, and again
Bacillus subitilis did not. However, neither bacterial strain improved growth on Ins200 media. B.
pyrocinnea inoculated plants in both RepPi and Ins200 exhibited poor germination and stunting
of many plants, so these data were not analyzed. Suffice it to say B. pyrocinnea did not reliably
promote plant growth.

In contrast, in repeated experiments with RepPi and Ins200 media, both P. agglomerans
(Fig.4.10.A., Table 4.1) and B. pyrocinnea (Fig.4.10.A.) promoted plant growth compared to the
mock on RepPi media. P. agglomerans also showed root growth promotion but not shoot growth
promotion on Ins200 media (Table 4.1). However, in these experiments, especially the third
repeat on just RepPi media, mock plants began showing signs of chlorosis and stunting in
normally adequate RepPi media (Fig. 4.10.A.), so growth promotion effects could have been
due to reducing an additional, non-Pi-related stress. After a series of investigations into agar
batches, chamber settings, light levels, different drying times for media, and a gPCR of some of
the samples for drought and stress genes, we determined that this problem with Mock plants
was likely drought-stress related to a combination of brighter light after a chamber bulb change
and drying of the media caused by low chamber humidity during winter months. To prevent

such issues in subsequent experiments, we conducted some of Focus 2 and all of Focus 3
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experiments in a chamber with humidity controls. However, we think it important to report the
results from these experiments to highlight the beneficial effects of P. agglomerans under a
variety of environmental conditions, and because these experiments provided useful data on
microbial persistence.

We were able to successfully re-isolate uniform-looking plates of P. agglomerans (Fig.
4.10.B.) from roots of 14 day ol d plants. I n the
RepPi treatments for P. agglomerans, B. pumilis, and B. pyrocinnea, we were able to also
reisolate all three microbes by swiping the roots with a sterile loop and streaking on LB. For
these experiments, no Mock plants had colonies isolated from their roots, indicating that our
sterile technique was robust in these experiments, and contamination was not the cause of any
problems. Interestingly, B. subtilis was not able to be isolated again from any plant roots,
indicating that this strain may not be able to persist under the growing conditions of these

experiments.
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Fig. 4.4. Mean primary root length 14 DAP among Arabidopsis plants inoculated with

mock and three strains of spaceflight -isolated microbes in Experiment 1. A significant Pi x

microbe interaction occurred (Fs 24 = 10.49, p <0.0001 ), so microbe effects within each Pi level

were examined separately. Within the same chart, columns with different letters are
significantly diff er en8SE. (RepPifF:s0-.30%p)=0.088)amr bars ar
INns1000 (Fss = 3.39, p = 0.0742) showed slight, but not significant differences via microbe

treatment, but LoPi did showed robust significant differences (Fzs = 56.61, p < 0.0001).
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Fig. 4.5. Mean plate fresh weight 21 DAP among Arabidopsis plants inoculated with

mock and three strains of spaceflight -isolated microbes in Experiment 1. A significant Pi x

microbe interaction occurred (Fs24 = 4.46 p = 0.0036), so microbe effects within each Pi level

were examined separately. Significant differences between microbe treatments was observed

on RepPi (Fs6 = 15.55, p = 0.0031) and LoPi media (Fz = 45.1, p = 0.0002), but not on Ins1000

media (Fss = 1.1, p = 0.4187). Within the same chart, columns with different letters are
significantly differensE.(U < 0.05). Error bars ar
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Fig. 4.6. Mean primary root length 14 DAP among Arabidopsis plants inoculated with

mock and three strains of spaceflight -isolated microbes in Experiment 2.  Columns affixed

with different | etters are signi f$EcBlantskhpwed i f f er en
significant differences in root growth by media type (F2.24 = 127.78, p <0.0001), but not by

microbe treatment (F224 = 1.54, p = 0.2296), and no Pi x microbe interaction occurred (Fe 24 =

1. 0, p = 0.4493). i Mo s ®rtPaemabacillut maceradly c KK,Cf PP md astdan
Curtobacterium flaccumfasciens, and A Bp dBacdluspumidiss f or
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Fig. 4.7. Mean fresh plate weights among Arabidopsis plants inoculated with mock and

three strains of spaceflight -isolated microbes in Experiment 2. Columns with different

l etters are significantl!ly dS$E Rlaatsshowedsigrificast 0. 05) .
differences in root growth by media type (F.,6 = 144.86, p <0.0001), but not by microbe

treatment (Fs6 = 1.96, p = 0.2212), and no Pi x microbe interaction occurred (Fes = 0.98, p =
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Fig. 4.8. Representative plates of Arabidopsis plants grown on Pi -replete 1x MS media
(RepPi) and modified MS media that contained only 200 uM calcium phosphate as the

sole phosphate source (Ins200).  Mock seeds are the sterile control. Pa stands for Pantoea
agglomerans, and Bs stands for Bacillus subtilis.
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Fig. 4.9. Mean plate fresh weight for the first experiment comparing RepPi -grown and

Ins200-grown plants with and without spaceflight  -isolated bacteria. Both Pi (F1,12 = 23.23,

p = 0.0004) and microbe (F212 = 4.77, p = 0.0299) treatment had significant effects, and there

was no Pi x microbe interaction (F2, 12 = 1.9, p = 0.1913). Columns with different letters are
significantly differensSE.(U < 0.05). Error bars ar
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Table 4.1. Data from the second repeated experiment with five replicates of Mock and P.
agglomerans (Pa) on RepPi and Ins200 media. For these data, a significant microbe x Pi
level occurred, so each Pi level was analyzed separately. Means + SE are presented. Mock
plants in this experiment looked smaller than normal and slightly chlorotic on RepPi media,
similar to, but not quite as severe as Fig. 4.8.A. Bold values are significantly different between

Pa and Mock on

a given

medi a

type (U

Plants grown on RepPi media

< 0.05).

Mean plate root length 10 DAP | 26.7 £ 1.9 48.8 +2.2 F1s=59.35 | p <0.0001
(mm)

Mean plate root mass (g) 0.010+£0.004 |0.076 £0.017 | F14=23.39 | p=0.0084
Mean plate shoot mass (g) 0.047 +0.010 [ 0.161+0.014 | F14=89.57 [ p=0.0007

Plants grown on Ins200 media

| =F F-stat
Mean plate root length 10 DAP | 22.0+ 1.2 29.1+0.9 F1s=23.31 | p=0.0013
(mm)
Mean plate root mass (g) 0.002+£0.001 (0.017+0.005 |F14=9.43 |p=0.0373
Mean plate shoot mass (Q) 0.017 £0.001 |0.020+£0.002 |F14=181 |p=0.2501
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Mock
undiluted

Pa 104
dilution

Fig. 4.10. Examples of growth promotion by microbes and microbe isolation plates. A.
Representative plates of repeated fimedia WNbtétlkas hoot i n
Mock plants had more chlorotic leaves compared to previous experiments, but two microbe

treatments remained healthy. B. LB plates spread with sonicated root suspensions at the end

of the second series of experiments on Ins200 media. Note that no microbes were recovered

from Mock plates, as expected, and P. agglomerans (Pa) colonies appear to be uniform and

uncontaminated.

Focus 2: Azospirillum and Arabidopsis growth under low -phosphate conditions

Similar to spaceflight-isolated bacteria, we also isolated and examined the plant-growth
promoting effects of two strains of Azospirllum6 Az o066 and O0Azol26 in replet
media. In addition, we characterized the Pi solubilizing ability of these microbes, tested for
synthetic auxin production of microbes using DR5:GUS lines, and measured Pi concentration of
microbe-inoculated plant tissue. In plant growth promotion assays, Azol2-inoculated plants had
significantly longer roots than Mock plants in Ins200 media by 12 DAP (6 days after inoculation)
(Fig.4.11 and 4.12), and Ins200-grown plants inoculated with both Azo-6 and Azo-12 had
greater root mass than Mock at 14 DAP (Fig.4.13.A.). Roots of plants with replete phosphate
grew to similar length and mass for all microbe treatments and Mock. Shoot weight varied by
media type, but not by microbe treatment (Fig.4.13.B.).

In characterizing Azospirillum strains, we found that Azo12 was able to grow on and

clear PKY media, indicating that it can solubilize inorganic phosphate. However, Azo6 did not
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grow on PYK media (Fig. 4.14.A). In examining GUS-stained roots, Azo6-treated plants, in
general, had much darker blue areas in the top third of the root than Azo12 or Mock-treated
roots (Fig. 4.14.B). Azo6-treated seedlings at this stage were also characterized by having
shorter primary roots and more | ateral roots, | ea
patterns and the GUS staining indicate that Azo6 strains are likely auxin synthesizers. Unlike
Az06, Azol2-treated roots have similar GUS staining patterns to Mock-treated plants.
For Pi analysis, shoot Pi weight varied by media type with Ins200 plants having
significantly lower shoot Pi levels than RepPi plants (Fig.4.15.A.). However, shoot Pi levels
were similar between Mock and both Azospirillum strains. For root Pi, a significant Pi x microbe
interaction was observed, so plants grown on each media type were analyzed separately

(Fig.4.15.B and C.). No microbe strain was associated with increased root Pi on either media

type, and Azo 6-inoculated plants actually had significantly lower Pi in roots on RepPi media.

Fig.411. Representative plates with Arabidopsis inocul
Azospirillum strains on replete and insoluble Pi media.
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Fig. 4.14. PKY plates and GUS stain ed plants. A. Images of PKY plates inoculated with

Az012 and Azo6 strains. Growth and/or clearing around areas of inoculation means that

bacteria can solubilize calcium phosphate. B.1| mages of DR5: GUS plants inoc
or different Azospirillum strains. Blue stain represents areas of high auxin in plant tissue.
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Fig. 4.15. Pi analysis of root and shoot tissue collected from the first Azospirillum plant

growth promotion experiment. Error bars are +/- SE. Different letters in the same chart are
significantly diCofnepraernits oinU of O0f.r0e5s)h. shoot Pi cont e
plants and two Azospirillum strains under replete Pi (RepPi) and in media with all Pi in the form

of 200 puM insoluble calcium phosphate (Ins200). B. Fresh root Pi content compared between

different microbe treatments in RepPi media. C. Fresh root Pi content compared between

different microbe treatments in Ins200 media.

138



Focus 3: Comparison of PPX and Wild -type plants with space -isolated and Earth -isolated
PGPR

We next looked to see if Arabidopsis plants transformed to contain a bacterial
exopolyphosphatase (PPX) performed better than wild type plants when inoculated with P.
agglomerans and Azo12 on replete or insoluble Pi media. Wild-type (Col-0) plants grown in
replete media had significantly longer roots at 11 DAP when inoculated with Azo12 or P.
agglomerans (Pa). PPX plants inoculated with Azo12 also showed an increase in root length
compared to Mock on both RepPi and Ins200 media. Col-0 and PPX plants had similar root
lengths when grown on the same media with the same microbes (Figs. 4.16 and 4.17). At
harvest, Col-0 plants inoculated with Pa showed an increase root mass compared to Mock
when grown on both RepPi and InsPi200 media. PPX also showed an increase in root mass
when inoculated with Pa, but only on InsPi media. However, PPX and Col-0 had similar root
masses to each other (Fig. 4.18). Col-0 shoots were significantly larger on plants grown on
RepPi media and inoculated with Azo12 or Pa. Again, Col-0 and PPX plants were similar to
each other with the same media and microbe treatment combination (Fig.4.19). In fact, all plant
shoots grown on Ins200 media were similar in size for all plant genotypes and microbe
treatments.
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Col-0 - RepPi Col-0 - Ins200 - PPX - Ins200

Fig.4.16. Representative plates 14 DAP with
Azospirillum strain Azol12, and Pantoea agglomerans (Pa) strains on replete and

insoluble Pi media. Col-0 plants are wild-type, and PPX plants are engineered to contain an E.
coli exopolyphosphatase.
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Fig. 4.17. Mean root length 11 DAP of Col -0 and PPX plants on replete and insoluble
phosphate media. Mock-inoculated plants are in green, Azol2-inoculated plants are in
orange, and P. agglomerans (Pa)-inoculated plants are in blue. Darker shades are grown on
RepPi; lighter shades are grown on Ins200. Error bars are +/- SE. Columns affixed with
di fferent | etters are significantly different
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Fig. 4.18. Mean root mass 14 DAP of Col -0 and PPX plants on replete and insoluble
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|l etters are significantly different (U < 0.05).
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Focus 4: Bacterial plant -growth promotion in hydroponics

Finally, we examined the effects of P. agglomerans and Azo12 in non-axenic plants
grown hydroponically in 0.5%, 0.25x, and 0.25x media with a small amount of lunar regolith
simulant added as a source of supplemental mineral nutrients or extra substrate for microbe
colonization. For the first harvest at 19 DAP, boxes had about 50% establishment rate of plants
and around 5 plants per box were harvested, on average. Plant survivorship did not vary
between treatments (Fs, 35 = 1.03, p = 0. 430). Mean shoot weight per plant did vary significantly
by treatment (Fs, 36 = 3.26, p = 0. 0068). For Mock plants, boxes containing regolith were
significantly larger than boxes with 0.5xMS media. Azol2-inoculated and Pa-inoculated boxes
showed significantly larger shoot mass compared to both 0.5x Mock and 0.25x Mock. However,
all boxes containing regolith were similar in shoot mass. (Fig. 4.20) Mean root weight per plant

did not vary significantly by treatment (Fs 36 = 1.13, p = 0. 370). For the second harvest, in
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which there was only one large plant harvested per box, neither root mass (Fs,3s = 1.26, p =
0.2931) nor shoot mass (Fs, 36 = 1.26, p = 0. 2935) varied significantly by treatment.
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Fig. 4.20. Mean shoot mass per plant grown in hydroponic boxes harvested with different

media and microbe combinations. These plants were harvested 19 DAP (first harvest).
Mock-inoculated plants (M) are in green, P. agglomerans (Pa)-inoculated plants are in blue, and
Azol2-inoculated plants are in orange. Error bars are +/- SE. Different letters in the same chart
are significantly different (U < 0.05).

Discussion

Of the six spaceflight-isolated strains examined, Pantoea agglomerans stood out as the
most promising candidate for intentional inoculation in Arabidopsis. Pantoea agglomerans
promoted plant growth on both replete and low Pi phosphate media, but it did not reliably
promote growth on insoluble phosphate. These observations are in line with research with other
Earth-isolated P. agglomerans strains showing plant growth promotion in other plants
(Dutkiewicz et al., 2016; Zaets et al., 2011). Despite being reported as an excellent phosphate
solubilizer (Handy et al., 2021), plant-growth promotion by P. agglomerans may be more due to
reducing stress response in plants, rather than to improving the availability of phosphate.

Bacillus subtilis is another bacterial strain widely reported to promote growth in plants,
and it is even used in some commercial products (Blake et al., 2021). However, the spaceflight-
isolated strain we worked with had surprisingly little effect on plant growth in our agar media

experiments and could not be reisolated from plants at the end of experiments. This lack of
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growth promotion may have been in part due to the incompatibility with Arabidopsis as a plant,
some incompatibility with microbe persistence on MS media, a mutation acquired in spaceflight,
or perhaps the lack of bacterial or fungal partners that enhance its efficacy when colonizing
plant roots under non-axenic conditions. Whatever the cause, our research highlights the
importance of evaluating individual strains within a species for plant growth effects.

Burkholderia pyrocinnea stood out as an interesting case for the duality of its relationship
with Arabidopsis seedlings, under low nutrient and sometimes adequate nutrient conditions, it
formed thick biofilms which impaired plant growth. At other times, B. pyrocinnea promoted plant
growth as well as P. agglomerans, but only under sufficient Pi. While the irregularity of plant-
growth promotion makes B. pyrocinnea a poor candidate for intentional inoculation, it might be a
fascinating model system to investigate the triggers that so dramatically alter its relationship with
its host. All other microbe strains examined do not appear to reliably promote plant growth on
Arabidopsis seedlings grown on MS agar on any of the levels and types of Pi tested.

For our Earth-isolated Azospirillum experiments, both Azo6 and Azo12 strains of
Azospirillum appear to promote plant growth on media containing insoluble phosphate.
However, the mechanism of that growth promotion is unclear, and may be different between
strains. Azo012 appears to promote root elongation more than Azo6, but the overall root mass
increase is similar between strains. Additionally, Azo6 inoculated plants tend to increase lateral
root formation. These differences in root morphology may be due to Azo6 secreting synthetic
auxin, as evidenced by DR5:GUS staining assays. Despite Azo12 being able to solubilize Pi in
PKY media, it does not seem to increase Pi levels in roots or shoots compared to mock. The
larger root mass of the plants may be a sink for any additional Pi provisioned by the microbe, or
the microbe might compete with the plant for Pi, and promote growth through an alternative, yet
unexplored mechanism.

While our comparison of PPX and Col-0 genotypes provide additional evidence of plant
growth promotion by Azol12 and P. agglomerans, these experiments do not provide evidence of
PPX showing improved interactions with these microbes over wild-type plants. This lack of
improvement is especially true in regard to shoot mass on Ins200 media. With limited
replication for each treatment, subtle differences may not have been statistically clear, but we
doubt there is a strong enough effect to warrant future study with the current PPX lines. While,
prior to these experiments, we examined plants in these PPX lines briefly under a confocal
microscope to confirm presence of GFP-tagged exopolyphosphatase near the edges of the cell.
While GFP-tagged exopolyphosphatase was clearly visible in the approximate location

expected, the plants may not be able to successfully secrete these proteins. Additional bacterial
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transport proteins may be needed to successfully transport exopolyphosphatase outside of plant
cells; transport proteins may already exist in the plant, but the phosphatase may be lacking a
proper protein tag for export; the protein may be exported, but the GFP tag may make the
exopolyphosphatase less effective at polyphosphate degradation; or plants may lack other
enzymes needed to extract polyphosphate from dead bacterial cells. More research on the fate
of these GFP-tagged proteins and their efficacy in digesting bacterial polyphosphate would be
needed to determine ways to optimize these plant lines.
Beyond axenic experiments, our hydroponic experiment provides evidence that Azo12
and P. agglomerans have beneficial effects, at least early in plant development, in unaerated
hydroponic systems. Plants grown from microbe-inoculated seeds in 0.25x media grew larger
shoots than O6Mockd inocul ated seeds. A similar p
observed in plants grown at 0.5x MS. Interestingly, plants were on average, slightly smaller in
0.5x media, indicatingthat per hapsebhiseriiRépket concentration \
ideal for young seedlings.
Also interestingly, the addition of regolith simulant seemed to improve plant growth for
uninoculated seedlings but mute the effects of beneficial microbes. This phenomenon could be
the result of the increased surface area of the substrate providing more places for
environmental microbes to colonize inside the hydroponic box, microbes who could benefit
uninoculated plants, but outcompete intentional microbe treatments. Micronutrients in the
regolith could also be responsible for the shift in plant response. Alternatively, since these
experiments were performed in clear containers, Azol12 and P. agglomerans could be protective
against photooxidative stress caused by light exposure to the roots, protection that was less
needed when regolith particles blocked some of the light.
Although the means of the second harvest reflect similar patterns as the first, the
variability within treatments precluded clear statistical differences. The difference between the
first and second harvest <coul d b peficialheffectsofteeu!l t of p
microbes early in development, the thinning of plants removing the stressor that the microbes
conferred advantage against, or of the plants®é mi
time in ways that mute original microbial benefits. However, the difference between harvest
results could also simply be the result of a decreased sample size after thinning, with only 5
plants being analyzed per treatment, instead of ~25 during the first harvest. We think further
investigation of both P. agglomerans and Azo12 in hydroponic systems is warranted. Although,
neither astronauts on the ISS nor lab members reported any deleterious effects from working

around these strains, sequencing and human safety tests should be performed on the P.
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agglomerans strain to confirm that it is not a human health risk, as related strains have been
reported as opportunistic pathogens (Dutkiewicz et al., 2016).

Our experiments reinforce claims by Bashan et al. (2013) and Tran et al. (2022) that
phosphate-solubilization characteristics in bacteria are poor predictors of plant-growth
promotion performance (Bashan et al., 2013; Tran et al., 2022). Burkholderia pyrocinnea was
previously characterized as excellent phosphate solubilizers (Handy et al. 2021), yet
environmental triggers can transform it from beneficial to antagonistic to plants under low Pi
conditions, and occasionally adequate Pi, conditions. In similar contrast to in vitro results, P.
macerans, C. flaccumfaciens, and B. pumilis failed to promote plant growth in Arabidopsis.
Both P. agglomerans and Azol12 can solubilize phosphate, but they only promote plant growth
of roots, not shoots in media with insoluble Pi, and in Azo12 this improvement did not result in
increased Pi concentrations in tissue. The ability to protect roots from other abiotic stresses or
synthesis of synthetic plant hormones, may be better predictors of plant growth promotion than
Pi solubilization ability (Tran et al., 2022).

Instead of in vitro microbe screens for Pi solubilization, rapid in plantae assays with
small model plants, such as Arabidopsis, Lotus japonicus, dwarf rice, or Brachypodium, may be
a better way to screen microbes for plant growth promoting effects. Agar media and mini-
hydroponic methods, such as those developed here, should be tested to see how well they
predict outcomes in larger crop plants. Mini-hydroponic boxes would also be ideal for testing
the interactions between multiple microbe strains and how they impact plant health. Only when
we have rapid, reliable methods to predict microbe performance under various environmental
conditions, will we be able to reliably harness the promise of beneficial microorganisms on Earth

and beyond.
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CHAPTER 5: INVESTIGATING SPACEFLIGHT -ISOLATED AND EARTH -ISOLATED
BACTERIA FOR PLANT -GROWTH PROMOTION IN LUNAR REGOLITH SIMULANT

Abstract

Long-term human presence on the moon will require plants for food and biological life
support. Utilizing lunar regolith as a portion of the plant growth substrate could reduce the mass
of plant-growth equipment transported from Earth or supplement fertilizer needs for minerals
such as phosphorus. However, previous research shows that unamended lunar regolith is a
poor substrate for plant growth. We investigate if plant-growth promoting rhizobacteria isolated
from the Veggie chamber on the ISS as well as an Earth-isolated strain of Azospirillum can
reduce some of the abiotic stresses involved in regolith-based cultivation. Under axenic
conditions, we found that Pantoea agglomerans improved Arabidopsis growth in LMS-1 regolith
simulant containing ample fertilizer. P. agglomerans also reduced salt stress in agar media.
We found that a combination of arcillite and biochar improved Arabidopsis growth in regolith
simulant, but neither P. agglomerans nor Azospirillum strains improved growth or survival in
amended regolith simulant after drought stress. We also examined the root microbiome of
drought stressed plants to examine the effects of seed inoculation on bacterial community

composition.

Introduction

As humans establish long-term presence on other planetary bodies, we will need to
bring plants to sustain us, and beneficial microorganisms to help with nutrient cycling and
protect plants from abiotic stress. To minimize size, cost, and fuel use by rockets traveling to
these distant destinations, much interest exists in in situ resource use on extraterrestrial bodies.
One such resource that has been explored is the use of regolith, tiny rock fragments that cover
the surfaces of the moon and other planets, as a plant-growth substrate. However, the use of
regolith as a substrate for plants is not without its challenges. The irritating nature of regolith to
human caretakers, regolithés poor mineral and wat
salts in regolith make hydroponic horticulture the approach of choice on early lunar bases.
However, the launch mass needed for large-scale hydroponic plant cultivation may prove
untenable, and amended or remediated regolith could be used as at least a portion of plant-
growth systems (Fackrell et al., 2024).

Like Earth soils, lunar regolith is heterogeneous in both particle size and composition,
and it consists of ingenious rocks similar to terrestrial igneous rocks such as basalts, bronzite,

anorthosite, and olivine (Fackrell et al., 2024). Unlike Earth soils, lunar regolith is almost devoid
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of organic carbon compounds and nitrogen, but is high in aluminum, iron, and silicon. It also

contains moderate amounts of phosphorus, potassium, and heavy metals (Fackrell et al., 2024).

Also, unlike Earth soils, regolith particles remain unweathered by water or atmospheric

movement, so they retain many sharp edges after fragmentation by meteor strikes. However,

Aweat heringo from micrometeorites, cosmic rays, a
regolith in different regions of the moon. For example, the lunar highlands contain younger, less

weathered regolith that, compared to lunar mare regolith, is lower in phosphorus and lower in

aggregates of nanophase iron and volcanic glass called agglutinates (Fackrell et al., 2024; Paul

et al., 2022).

Initial plant experiments with Apollo samples were driven by concerns of unknown
contaminants or pathogens from lunar soils being a threat to biological organisms on Earth.
These experiments exposed plants grown in substrates of terrestrial origin to small amounts of
lunar dust. In these experiments, plant growth was unaffected, or even slightly benefited, from
exposure to small amounts of lunar dust (Ferl & Paul, 2010). Only recently have plants been
grown with lunar samples as the primary rooting substrate. Compared to a common regolith
simulant made of Earth rocks, Arabidopsis plants grown in lunar regolith brought back from
Apollo 11, 12, and 17 missions showed stunted growth and upregulated genes for heavy metal
stress and reactive oxygen species. The more weathered regoliths collected from the Apollo 11
site showed more detrimental effects on plant growth than the less mature regolith collected
from the Apollo 17 site (Paul et al., 2022).

As actual lunar regolith samples are priceless national treasure, little is available for
plant growth experiments. Instead, regolith simulants made of ground igneous terrestrial rock
are used to approximate lunar regolith in plant studies. In a greenhouse pot experiment
comparing lunar regolith simulant, Martian regolith simulant, and Earth soil, lunar regolith
simulant was the worst substrate for plant growth. While most plants species tested germinated
well in lunar regolith simulant, only two of the 14 species of plants, rye (Secale cereale) and
cress (Lepidium sativum), grew to flowering in unamended lunar regolith simulant (Wamelink et
al., 2014).

Plant growth promoting rhizobacteria (PGPR) might be beneficial additions to regolith-
based agriculture (Zaets et al., 2011). Microbes can help break down organic soil amendments
to make nutrients available to plants and can provision plants with nutrients from inorganic
sources. Facultative diazotrophic (N-fixing) bacteria, such as Rhizobium spp., and free-living
diazotrophic species such as Azospirillum spp., could help enrich the regolith from nitrogen lost

to the air during waste processing (Chaudhary et al., 2022; Fukami et al., 2018). Phosphate-
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solubilizing microbes might help to liberate mineral-bound phosphorus from lunar regolith and
make it more bioavailable to plants (Handy et al., 2021). In an axenic experiment growing
marigolds in lunar regolith simulant, plants inoculated with a mixture of Paenibacillus sp.,
Klebsiella oxytoca, Pseudomonas spp., and Pantoea agglomerans successfully grew to
flowering, while sterile controls did not grow to maturity (Zaets et al., 2011).

PGPR have been documented to reduce water-stress in plants by altering production of
abscisic acid, which controls stomatal opening, by creating protective biofilms on roots, by
degrading ACC, the precursor of the plant stress hormone ethylene, and by increasing the
concentration of osmoprotective sugars in plant tissue (Gamalero & Glick, 2015; Kaushal &
Wani, 2016). In spaceflight, PGPR with these functions could protect plants from drought stress
if irrigation equipment malfunctions or reduce stress from salt accumulation from evaporated
fertilizer. Even when equipment is working properly, water will likely need to be rationed. Water
is heavy and expensive to transport into space, especially beyond low-earth orbit, so finding
ways to improve plant growth under low-water conditions would be valuable for improving plant
cultivation in extra-terrestrial substrates, and equally valuable for terrestrial agriculture in
drought-prone or water-scarce regions.

Beyond PGPROs applied benefits to promoting pl
with microorganisms represents an opportunity to ask fundamental questions about microbial
ecology. Unlike any terrestrial substrate, pristine lunar regolith is not only totally devoid of life, it
is devoid of any organic remains of prior I|living
investigate priority effects. Priority effects are the processes by which early colonization of a
habitat by one organism facilitates or inhibits the establishment of later arriving organisms
(Debray et al., 2022). Sometimes earlier colonization by one organism facilitates successful
colonization by later arrivals. For example, if an early-colonizing microbe degrades a substrate
and makes a particular compound available as a nutrient source for a later-colonizing microbe.
In other instances, priority effects can be exclusionary. For example, early-colonizing microbes
can deplete a resource, physically occupy an area, or modify habitat in a way that inhibits
recruitment of certain later-colonizing species (Debray et al., 2022).

The primary goal of our experiments was to determine if inoculation with spaceflight-
isolated and Earth-isolated rhizobacteria strains promoted Arabidopsis thaliana growth in lunar
regolith simulant under various abiotic stress conditions. Our initial focus was on promoting
growth under low inorganic phosphate (Pi) conditions. Observations from that experiment and
agar-based experiments detailed in Chapter 4, led us to suspect that one of the microbe strains

promoted plant growth under osmatic stress, so we further examined its effects on plant growth
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under salt stress. As plants grew so poorly in our initial Pi experiment that they were difficult to
sample, we also saw the need to find alternative methods of growing Arabidopsis in regolith
simulant. We developed 3D-printed well-planters to hold small amounts of regolith and
investigated the effects of different regolith-soil amendment mixtures on plant growth in these
planters. Next, we used these well-planters to test if promising spaceflight-isolated and Earth-
isolated strains of bacteria could reduce drought stress in plants grown in amended lunar
regolith simulant. We also analyzed the microbiome of the roots of these samples to see if seed
inoculation had priority effects and altered the microbial communities of roots grown in regolith

simulant.

Methods

Focus 1: Spaceflight -isolated microbes and Pi in lunar regolith simulant
We placed 10 g of LMS-1 lunar regolith simulant (Exolith Labs, FL, USA) into 10 mm
culture tubes, autoclaved the regolith, and moistened it with sterile 1x MS fertilizer solution with
replete phosphorus (RepPi) or modified 1x MS fertilizer with no added phosphorus (NoPi).
Using the same methods described in Chapter 4, we inoculated seeds in suspensions of P.
agglomerans or B. subtilisi n i sotonic saline or sterile isotoni ¢
were grown for 36 days in a growth chamber at 21°C, and 16L:8D light/dark cycle (Fig. 5.1). At
the end of the experiment, we measured the rosette width of each plant at the two widest points
using a pair of digital calipers. Mean plant width for each microbe+Pi treatment was compared

via generalized linear models in SAS (v.9.4 proc GLIMMIX).
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Fig. 5.1. Examples of regolith tubes with plants 36 DAP. Note that plants were extremely
stunted compared to normal plant growth in agar or soil media observed in other experiments.

Focus 2: Spaceflight -isolated rhizobacteria and salt stress

We cultured P. agglomerans in LB broth overnight, prepared bacterial suspensions with
an ODsggo of ~0.2 in 10 mM MgCl,, and inoculated sterile Col-0 Arabidopsis seeds using the
same procedure as detailed in Chapter 4. O6Mock6dé c
mM MgCl,. Thirteen seeds were plated in a single row onto 10mm square petri plates containing
0.5x MS agar media with either 0 mM, 50 mM, or 100 mM NaCl added. Each microbe/salt
treatment combination was replicated four times. Plates were placed vertically in a growth
chamber, and plants were grown at 22°C, 55% RH, and 12:12 light:dark cycle. We scanned the
plates 7 DAP, 12 DAP, and 14 DAP using a flatbed scanner, and measured primary root length
in the images via Image J. At 14 DAP, the plants were harvested by separating roots from the
shoots, weighing the total fresh root or shoot mass per plate, and flash-freezing the tissue in
freezer tubes containing steel beads for potential gPCR analysis. Root length and fresh mass
data were again compared via generalized linear models using SAS (v.4.9 proc GLIMMIX) as
described in Chapter 4.

Focus 3: Inorganic and organic amendments to improve Arabidopsis growth in lunar

regolith simulant

We selected a list of amendments that could plausibly be found on the lunar surface or

in a biological life support system (BLiSS); were likely to improve regolith texture, moisture
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holding capacity, or nutrient content; and that could also be easily obtained in commercial
products (Table 5.1). We did not include compost in this assessment because of its variability
between batches and poor results in preliminary experiments both in our lab and at NASA
(Reese, 2017). We performed two tests: one with inorganic amendments and a control, one with
organic amendments and a control (Table 5.1). Then, we performed a
the a control, the top performers from our previous tests (20% arcillite (v/v) and 20% biochar
(v/v)), and a 38% (v/v) 50/50 combination of the two as treatments. For lava rock, we used a
hammer to pulverize rocks into similar size fragments as the arcillite (1-3 mm), but all other
amendments were used straight from the bag without modification. In each experiment, each
treatment was replicated in three different magenta boxes containing four plants each.

We determined the weight of each amendment needed to make a ~20%
amendment/80% regolith mixture v/v (Table 5.1) with 40g of LHS-1 lunar regolith simulant and
put these weights of amendments in with the regolith simulant in 50 mL conical tubes. Tubes
were mixed by manually rotating and shaking each tube. We determined the weight of each
simulant/amendment mixture needed to fill a well in 3D-printed 4-well planters (Appendix 4) and
filled each well accordingly (Table 5.1). Unlike earlier experiments in the well planters, we did
not use any rockwool plugs, as we did not want any alternative rooting substrate for the plants in
the wells. Instead, we placed each well planter in a magenta box and filled each well in it with
regolith mixtures. The planters were made out of autoclavable resin or plastic (See Appendix 4),
and the magenta boxes, planters, and simulant mixtures were autoclaved at a D60 cycle. Care
had to be taken when moving the boxes before autoclaving to avoid shaking the substrate out of
drainage holes in the bottom of each well planter, but once these substrates were wetted after
autoclaving, very little substrate leaked out through the bottom holes.

Right before planting, each well in each box was moistened to saturation by gently
pipetting 2 mL of 0.25x MS fertilizer solution into it. Col-0 Arabidopsis seeds had been sterilized
and stratified as described in Chapter 4, and we placed two seeds per well on the surface of
each well with a Pasteur pipette. We checked boxes 2x weekly and watered as needed by
pipetting 0.5-1 mL 0.25x MS in each well. Starting 2 weeks after planting, we also imaged
plants weekly (examples in Fig. 5.5). Boxes were rearranged within the chamber 2x weekly to
even out exposure to lighting within the chamber. Planting, watering, and imaging were done
under non-sterile conditions to facilitate colonization of the substrate by ambient microbiota.

After the plants grew for 4-6 weeks, we harvested and weighed each plant shoot.
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Table 5.1 Inorganic and organic regolith amendments tested.

Material Justification Weight Weight of
added amended
per 40 g simulant
simulant needed to

fill planter
well

Unamended Negative control Control 125¢ 9¢g

regolith

(LHS-1, Exolith

Labs aka Space

Resource

Technologies,

Oviedo, FL, USA)

Arcillite Could improve aeration by Inorganic |5.1g 7749

altering the pore size of

(Turface MVP, regolith. Could be sourced

Profile Products, from spent arcillite from

Buffalo Grove, IL, | spaceflight experiments or

USA) possibly synthesized from

lunar kaolinite. Worked in
NASA experiments (NASA).

Vermiculite Could improve aeration by Inorganic | 1.4g 6.5¢

altering pore size of regolith.

(Sta-Green, Infinity | Lightweight and could be

Fertilizers, Milan, sourced from spent

IL, USA) hydroponic systems. Might be

able to find similar igneous
rocks on the moon. Worked in
a preliminary experiment in
our lab.

Lava rock Could improve aeration by Inorganic | 7.79 7949

altering pore size of regolith.

(Pulovin, Similar size and type of rocks

Amazon.com, could be collected from the

China) lunar surface.

Spirulina algae Organic matter could improve | Organic 25¢g 8.3¢g

powder water holding potential in the

soil. Algae have been

(Kate Naturals, incorporated into many BLIiSS

Dojo, Irvine, CA, prototypes. Algae are high in

USA) N and need minimal

processing to use as a soil
amendment.
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Table 5.1 (continued)

Alfalfa meal Organic matter could improve | Organic 18¢g 790
water holding potential in the

(Down to Earth soil. Mimics dried, ground

Fertilizers, Eugene, | legume leaves that could be

OR, USA) recycled from food plants in
BLiSS. Contains N and K with
a little P.

Biochar Could improve water holding Organic 179 6g
potential or improve aeration.

(Persist, V-Grid Could be generated from

Energy Systems, organic waste in BLISS.

Camarilla, CA,

USA)

Focus 4: PGPR and drought tolerance in lunar regolith simulant
Spaceflight-isolated Pantoea agglomerans and Earth-isolated Azospirillum sp. strain 12

(Azo12) improved plant growth on agar plates in a low humidity growth chamber relative to

O60Mockd sterile pl ant P.adglérhesapstresluced4he severity ofiplaatd di t i o n,

response to salt stress. These observations led us to hypothesize that these bacterial strains
might be useful in reducing drought stress in plants. To test this hypothesis in a spaceflight-
relevant substrate, we grew Azol12, P. agglomerans, and 6Mockdé inocul ated
regolith simulant and subjected plants to a drought stress/recovery treatment.
Seeds were inoculated as described above and planted into 4-well planters in magenta

boxes. Each well contained a LMS-1:arcilite:biochar blend with the same ratios as the Focus 3

pl

6Combod experi ment . Unl i ke p-Lwasstenilzexlvie@ x per i ment s,

autoclaving prior to mixing with other amendments; the arcillite and biochar were left non-sterile
to promote microbial diversity in the substrate for potential microbiome analysis. The magenta
boxes were autoclaved to sterilize any microbes from previous experiments, and the PLA 4-well
planters were freshly printed and unused, but non-sterile. Before planting, each regolith-

containing well was moistened until saturation with 2 mL of 0.25x MS fertilizer solution. We

planted twelve boxes per microbe t r eat ment, including 6Mocké, with

The magenta boxes were lidded to promote germination and placed in a randomized block

design in a growth chamber at 22°C, 50% humidity, and 12:12 light:dark cycle. Seven days
after planting (DAP) we thinned each box to one plant per well, four plants total. We rotated
boxes from the edge to inside of the chamber 2x weekly to even out light exposure between
boxes. Boxes were watered 1-2x weekly by gently pipetting 0.5-1 mL of 0.25 MS onto each

well. We photographed each box of plants weekly to document differences in rosette size
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between treatments (Fig.5.8). When not being watered or imaged, we kept boxes lidded to
retain moisture.

Nineteen days after planting we began the drought stress treatment for all boxes. We
drought-stressed the plants by removing the lids from each box and allowing the open boxes to
sit unwatered in the growth chamber for four days until all plants showed signs of wilting. We
then watered each well to saturation with 0.25x MS, re-lidded boxes, and allowed plants to
recover for three days. We counted and harvested surviving plants immediately after this
recovery period. Shoots were removed from roots with sterile scissors, and we measured their

fresh weight.

Focus 5: Seed inoculation and Arabidopsis rhizosphere community composition in lunar
regolith simulant

We wanted to see if initial inoculation by P. agglomerans or Azo12 affected rhizosphere
community composition at the end of our regolith drought experiment described in Focus 4.
During the harvest of this experiment, we used sterile tools to collect 100-200 mg samples of
roots and attached amended lunar regolith. We flash-froze these samples in sterile tubes
containing steel beads and stored at -80 until processing. Microbial DNA was extracted with a
DNEasy PowerSoil Pro kit (Qiagen). We opted to use our own bead tubes instead of the kit
tubes to better facilitate grinding of root tissue, but after that followed ma n u f a c instructeomsd s
for DNA extraction. We sent these samples to Azenta Bioscience (Genewiz) for 16S rRNA
amplicon sequencing and performed our own in-house analysis on the samples using R
(v.4.4.3).

Our analysis pipeline used the DADA?2 package to check read quality, trim reads,
denoise, generate amplicon sequence variants (ASVs), merge reads, and remove chimeras.
We assigned taxonomy to the genus level using the Silva v.138.2 16S rRNA genetic database.
The R package LULU was used to curate ASVs and remove errors. We used PHYLOSEQ to
remove ASVs for mitochondria and chloroplasts, calculate diversity indexes and visualize the
data. VEGAN was used to calculate rarefaction curves. Unfortunately, low numbers of ASVs in
most samples precluded additional analysis.

For a secondary check of the persistence and spread of Azo12 and P. agglomerans, we
saved ~3 g of amended regolith from each box in sterile 50 mL tubes. These were stored at -20
until processing. For 5 samples per microbe treatment, we thawed tubes and filled each tube to
a final volume of 15 mL with 10 mM MgCl,, shook samples vigorously, and spread 100 dL of the

diluted regolith on each type of selective media. We used NFb, nitrogen free media to select for
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Az012 and other diazotrophs (Baldani et al., 2014), and Pantoea Selective Agar (PSA) to select
for P. agglomerans (Kini et al., 2019). These plates were incubated for 9 days at 28-32°C and
checked for colonies at 5, 7, and 9 days after inoculation.

Results

Focus 1: Spaceflight -isolated microbes and Pi in lunar regolith simulant

For our initial regolith simulant experiments, we focused on investigating the potential of
spaceflight-isolated rhizobacteria to improve phosphorus uptake from regolith. We compared
two strains: Pantoea agglomerans strain, which promoted plant growth on media with replete
phosphate, and low levels of soluble phosphate (Chapter 4). B. subtilis, which had less
significant effects on plant growth on agar media and does not solubilize phosphate, was
includedPiass dilnwbmi i zingd microbi al control

In our first experiment, we compared plant growth of inoculated plants in tubes of sterile
LMS-1 |l unar regolith with and without added Pi. Se
Bacillus subitilis, or Pantoea agglomerans. Microbe+Pi treatment had a significant effect on plant
growth (Fs, 3763 = 5.61, p = 0.0006). In media containing sufficient Pi, spaceflight-isolated strains
of P. agglomerans and B. subtilis had significantly larger rosettes than Mock controls (Fig. 5.2).
However, no bacterial inoculations improved plant growth when no additions of Pi were added
to the regolith simulant.

Plants in all tubes had difficulty with root penetration of the substrate and appeared small
and stressed compared to typical Arabidopsis growth. Although the majority of the tubes in our
first experiment retained moisture near the bottom of the tubes, the simulant near the top was
very dry, thereby exposing the shallow plant roots to less-than-ideal moisture conditions. We
suspect that the denseness of the regolith simulant inhibited root growth down into the moister
parts of the substrate, and that some of the plant-growth promotion associated with microbes in

this experiment may have been due to increased drought resistance.
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Fig. 5.2. Mean rosette width of 10 plants per treatment grown in LMS -1 lunar regolith

simulant with and without spaceflight  -isolated bacteria strains. RepPi have sufficient

phosphate; NoPi have no added phosphate. Columns affixed with different letters are
significantly differensE.(U < 0.05). Error bars ar

Focus 2: Spaceflight -isolated rhizobacteria and salt stress

To test for plant-growth promotion by P. agglomerans under salinity stress, we grew
Arabidopsis seedlings in agar media containing 0 mM, 50 mM, or 100 mM NaCl. Three
replicates of each salt concentration were inoculated with either Mock or P. agglomerans.
Plants varied significantly in primary root length 7 DAP (Fs1s = 27.40, p < 0.0001), primary root
length 12 DAP (Fs,18 = 50.91, p < 0.0001), shoot mass (Fs,1s = 50.18, p < 0.0001), and root mass
(Fs18 = 43.82, p < 0.001) by NaCl+microbe treatment combination. As expected, with higher
salt concentrations reduced growth (Fig. 5.3 and 5.4). At 0 mM NacCl, P. agglomerans-treated
(Pa) plants had similar length roots to Mock-treated plants but had significantly longer roots at
12 DAP. At 14 DAP, total root and shoot mass was similar between Mock and Pa-treated plants
at 0 ppm NacCl, but Pa-treated plants had significantly larger roots and shoots than Mock at 50
mM NacCl. In fact, Pa-treated plants at 50 ppm NaCl were comparable in size to plants grown at
0 ppm NaCl. Although both Mock and Pa-treated plants were severely stunted at 100 mM NacCl,

Pa-treated plants still had significantly larger shoots.

162



P. agglomerans

S— .

Fig. 5.3. Representative plates of plants with different salt concentrations right before
harvest at 14 DAP. Each plate is 10 cm square.
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root length 7 DAP. B. Mean root length 12 DAP. C. Mean plate shoot weight for ~12 plants per
plate with 4 plates total per treatment. D. Mean plate root weight for ~12 plants per plate with 4
plates total per treatment.

Focus 3: Inorganic and organic amendments to improve Arabidopsis growth in lunar
regolith simulant

Even when ample nutrients were added, we observed that plants grew more slowly in
lunar regolith simulant than potting soil (the latter described in Appendix 5). The simulant has
poor water-holding capabilities; when wet, it forms a sticky mud that is difficult for roots to
penetrate, and it rapidly dries into dusty sand. These properties make plants grown in simulant
much more likely to experience water stress, stunting, and have shallow root systems which

compound this stress. To improve the amount of plant tissue that could be harvested from plant-
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microbe experiments, we investigated the growth of Arabidopsis plants in LMS-1 lunar regolith
simulant with different spaceflight-plausible soil amendments (Table 5.1). The first experiment
compared plant growth with inorganic amendments, the second with organic amendments, and
the third with the top two performers from the first two experiments separately and in
combination.

For the inorganic amendment experiment, no amendments significantly improved plant
growth over unamended LMS-1 lunar regolith simulant (Fss = 1.15, p = 0.389); Fig. 5.6.A). For
the organic amendments, seeds planted in boxes with spirulina or alfalfa meal amendments
failed to germinate or died shortly after germination resulting in no plants in any of these boxes.
As such, we could only compare growth between biochar and control plants, which were again
statistically similar in size (F14 = 0.79, p = 0.423); Fig. 5.6.B). While not statistically significant,
two of the treatments showed slight improvement, so we repeated the experiment again with the
two most promising amendments, arcillite and biochar, separately and in combination. For this
experiment, plants grown in regolith amended with a combination of arcillite and biochar were
significantly larger (Fss = 4.49, p = 0.0397) than plants grown in unamended regolith (Fig. 5.5
and Fig. 5.6.C.).

Fig. 5.5. |l mages from the t hi r kinage €hows hlichiee epligatesof me n t
plants grown in unamended LMS-1 regolith simulant vs. the same simulant amended with
arcillite + biochar.
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Fig. 5.6. Fresh shoot weight of plants grown in LMS -1 lunar regolith simulant with various
amendments. Error bars are +/- SE. Columns affixed with different letters are significantly

di f fer ent A(Rhntxgrodn vitlihorganic amendments harvested at 43 DAP. B.
Plants grown with organic amendments harvested 31 DAP. C. Plants grown with separate and
combined inorganic and organic amendments harvested at 42 DAP.

Focus 4: PGPR and drought tolerance in lunar regolith simulant

We wanted to test if spaceflight-isolated P. agglomerans and Earth-isolated Azo12
strains reduced drought stress in Arabidopsis plants grown in amended regolith simulant. We
i nocul ated Arabi dopB.iagglonsemresd s wit OADMbD2E&H, wibt hhel d
19 DAP until plants wilted, watered to let plants recover, and harvested plants three days later.
Plant growth was heterogenous in all treatments (Fig. 5.7), possibly due to variability in the
substrate. The drought stress treatment was severe enough to kill small, poorly established
seedlings in all microbe treatments. Large seedlings in all treatments showed similar recovery
after watering (Fig.5.8 and 5.9). Shoot weight did not vary significantly by microbe treatment (F,
29 = 0.49, p = 0.618, Fig.5.10.A.), and survivorship among treatments was also similar at the end
of the experiment (F, 20 = 1.07, p = 0.358, Fig. 5.10.B).
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Fig. 5.7. Examples of plant growth 19 days after planting and before drought stress. Note
the wide variation in size of plants within all treatments. For scale reference, the raised square
in the middle of each 4-well planter is 1 cm x 1 cm.

Fig. 5.8. Examples of plant growth on the final day of drought stress. Plants were given
recovery watering just after these photographs were taken.
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Fig. 5.9. Examples of plant growth three days after recovery watering. Plants were
harvested right after these photos were taken.
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Fig. 5.10. Results of regolith drought experiment. A. Mean v SE shoot fresh weight
harvested after drought recovery. B. Mean % survival v SE at the end of the experiment. Bars
in the same graph affixed with the same | etter ar

Focus 5: PGPR and rhizosphere community composition in lunar regolith simulant

Finally, we examined the root microbiome of plants harvested from the regolith drought
experiment in Focus 4. We were especially interested to see if the seed inoculation treatment
described above altered rhizosphere community composition. At first glance, P. agglomerans-

inoculated samples appear to have higher richness (Fig. 5.10). However, much of that diversity
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seems to be driven by only one sample, and once evenness is taken into account, Azo12
samples might be more diverse than Mock with wider variability seen in P. agglomerans
samples (Fig. 5.11). However, these data should be interpreted with caution. A closer
examination of diversity at the sample level reveals that most samples have very few amplicon
sequence variants (ASVs) detected after removal of chloroplast and mitochondrial ASVs, and
most of the detected ASVs do not match to any known bacteria (Fig. 5.12). This absence of
ASVs was surprising as the biochar and arcillite amendments to the regolith simulant were
intentionally left unsterilized and the magenta boxes had been left open in the growth chamber
for several days during the drought treatment and during waterings before that. Rarefaction
curves of each sample illustrate the paucity of ASVs in most samples (Fig. 5.13). Most of the
samples have Acurveso that appear short and | inea
collection of organisms in a sample.
After removing mitochondrial and chloroplast ASVs, 385 distinct ASVs were identified
among all 15 samples. The top five most common ASVs that could be identified to genus level
were Klebsiella sp., Massilia sp., Brucella sp., Cupriavidus sp., and Nitriliruptor sp. The same
Klebsiella sp. was the most common ASV identified overall, followed by an unidentified
Pseudomonadota, and a different unidentified Pseudomonadota Alphaproteobacteria. We
examined the ANAO sequences t hat raveacteia-ibczulaeon i n m
samples. Sixty-t wo A NAO sequences could not be tied to an
ot herwise, and seventeen other ANAO sequences wer
Interestingly, and perhaps concerningly, Azospirillum was identified in a P. agglomerans-
treated sample, and Pantoea was not identified in any ASVs. We know that P. agglomerans
can persist on lunar regolith simulant for short periods of time (Appendix 6) and on plant roots
for several weeks (Chapter 4), so we were surprised to not find it in any of our samples. As
magenta boxes were left open at times to facilitate watering, drying, and colonization by ambient
microbiota, movement of Azospirillum spores into Pantoea boxes might have occurred naturally.
We did sterilize tools used between boxes to prevent human-mediated cross-contamination, but
this surprising occurrence of Azospirillum could also indicate accidental human-mediated cross-
contamination or a simple mislabeling mistake.
Our secondary quality control step gives evidence that the issue was on the DNA
extraction side, and not a sample swap or isolated contamination issue. For this we inoculated
selective PSA (Pantoea Selective Agar) or NFb (diazotroph selective media) with a dilute
regolith-slurry from frozen samples. All plates of PSA for P. agglomerans-treated samples,

including sample T3R3, had at least one colony of Pantoea with similar morphology to the
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freezer-streak control, and usually more than five. In contrast, most Azo12-inoculated PSA
plates had Pantoea with different colony morphology, or no colonies. Most Mock-inoculated
PSA plates had colonies with a mixture of morphologies, including those that matched the P.
agglomerans control, but usually fewer colonies than plates from samples intentionally
inoculated with P. agglomerans. All NFb plates spread with Mock, P. agglomerans, and Azo12-
inoculated samples had similar looking lawns of bacteria on them, usually with two distinct
morphologies, one similar to the Azo12 control and one witha fi f u z Ibdk & it. OPlates spread
with Azol12-inoculated samples were all slightly less blue than all of the P. agglomerans-treated
sample plates and some of the Mock plates, indicating the possibility of a pH difference between
these and other samples. Collectively, these data suggest that Pantoea and Azospirillum (or
other diazotrophs) were widespread in most samples and should have been detected more in
our microbiome analysis. Since they were not detected in many samples, our microbiome data

should be treated with caution.
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and T6 ar &. Thessanwekdnples as in A., but omitting T3R3 to allow for better
visualization of the less diverse samples.
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Fig. 5.14. Rarefaction curves estimating the completeness of sampling of the microbial
communities for each sample.  Note that most samples are representative in the cluster of
small lines near the base of the graph, and only two samples showed curves that reached an
asymptote indicative of complete community sampling.

Discussion

Pantoea agglomerans and Bacillus subtilis may promote plant growth in lunar regolith
compared to sterile conditions, but they appear to do so only under replete Pi fertilization. In our
initial experiment, no microbes were able to rescue the severely Pi-stressed plants in the NoPi
tubes. However, the limited volume of these tubes, and difficulty maintaining even moisture in
the substrate indicated that a different approach was needed for evaluating plant growth in small
portions of regolith. This realization spurred the development of 3D-printed planters detailed in
Supplemental 5.3 and used in our final experiment detailed above. At the end of the Pi
experiment, the top surface of the regolith was quite dry. Our observations of plant growth
promotion by P. agglomerans under these conditions, combined with observations of plant
growth promotion in experiments from Chapter 4 on agar media that prematurely dried due to
low growth chamber humidity, led us to hypothesize that plant growth promotion by P.
agglomerans was due to osmo-protective effects.

To test this hypothesis, we inoculated seeds with P. agglomeransor o6 Mockd i nocul a

seeds with sterile MgCl,, and we grew the seeds on 0.5x agar media containing O ppm, 50 ppm,

173



or 100 ppm NacCl. The spaceflight-isolated strain of P. agglomerans retained its ability to
promote plant growth under saline conditions, it and appears to confer a degree of salt tolerance
up to at least 50 ppm NaCl. This effect may be due to protection against osmotic stress, but it
could also be due to other plant growth promoting factors. In their initial in vitro
characterizations of these microbes, Handy et al. (2021) observed that this strain can produce
synthetic auxins that could trigger root growth and ACC-deaminase, which could decrease the
severity of stress response. Interestingly we saw less plant growth promotion by P.
agglomeransc ompared to O6Mock6é contr ol pl ants on 0. 5X
with 1x MS agar in Chapter 4. This difference could possibly be due to the fertilizer salt
concentration in 1x MS being slightly higher than ideal for developing seedlings, and P.
agglomerans again providing protection against salt stress.

We wanted to formally test if inoculation with P. agglomerans promoted plant growth
under non-axenic conditions, provided protection against drought stress, and also sample the
root microbiome of plants with different seed inoculation. To get enough root material to test the
latter and have a better chance of growing large plants to test the former, we needed to improve
our plant growth system. In addition to designing well-planters that allowed for more precise
water management, we also tested differentc o mbi nati ons of fispaceflight
amendments for regolith simulant. Our regolith amendment experiments were not intended to
be an exhaustive study of all possible amendments and concentrations of them. Our goal was
simply to improve plant growth enough to get more plant tissue in future experiments. In that
goal we succeeded, as arcillite + biochar amended regolith plants were on average, three times
larger than control plants. This effect could be due to the combination of these two materials
improving plant growth synergistically, with arcillite improving aeration and biochar improving
water retention or the microbiome of the media. Alternatively, the effect could simply be
because a slightly larger proportion of the regolith was amended in comparison to the two
amendments used separately. Future research could test how altered ratios of these two
amendments affect plant growth when combined with different lunar regolith simulants.
However, for our purposes, we were content with this level of growth promotion and used the
arcillite-biochar mixture for further plant-microbe experiments in lunar regolith simulant.
Although larger and healthier looking for most of the experiment, arcillite+biochar plants did
develop some slight chlorosis on their oldest leaves near the end of the experiment (Fig. 5.5).
We suspect that this was due to a slight nitrogen deficiency, and in future experiments switched

to 0.5x MS fertilizer around 3-4 weeks after planting to reduce this phenotype.
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Using planters filled with amended regolith, we then tested for plant-growth promotion
effects by P. agglomerans in plants intentionally. To this experiment, we also added a
promising plant-growth promoting Earth-isolated strain of Azospirillum sp. strain 12 (Azo12),
whose isolation and characterization was described in Chapter 4. Despite prior evidence of
osmotic protection, neither Pantoea agglomerans nor Azospirillum strain Azo12, improved fresh
mass or survival after fairly severe drought stress in amended lunar regolith. This disconnect
could be caused by the severity of drought stress experienced, by competition from other
bacteria reducing the strength of the drought-protective response observed in axenic
experiments, or other stressors caused by the substrate. These strains could be tested under
non-axenic conditions, in other substrates, or with less severe drought conditions to determine
which of these mechanisms was at work.

In the above experiments, we found strong evidence that P. agglomerans by itself has
some ability to promote plant growth under salt stress in axenic conditions, but plant growth
promotion in lunar regolith simulant by this strain was inconsistent and context dependent. A
similar disconnect was observed between Azo12 in axenic experiments described in Chapter 4,
and its behavior in regolith simulant under non-axenic conditions. Although we have somewhat
inconclusive results from our microbiome analysis, the fact that higher diversity of microbes
were sampled only from P. agglomerans and Azo12 seed treatments, may indicate that initial
seed inoculation improves recruitment of other microbes in its environment to the roots. In the
case of growth in lunar regolith simulant and exposure to fairly severe water stress, these
additional microbes did not appear to improve plant growth. Whether this increase in diversity is
a consistent trend, and if some of the bacteria are beneficial to plants in other contexts, remains
to be seen.

Several of the most common microbe strains recruited to Arabidopsis roots in regolith
have been documented to have plant growth promoting abilities, while others have less clear
roles. The most common genus, Klebsiella, is a widespread group of root endophytes with
frequently described plant-growth promotion abilities. Different Klebsiella strains are known to
produce phytohormones, solubilize plant nutrients, fix nitrogen, and have biocontrol potential
against plant pathogens (da Silva Bandeira et al., 2025). Cupriavidus spp. also have
documented plant growth promotion effects including protection against heavy metals, ACC-
deaminase activity, and are associated with promoting nodulation of legumes by Rhizobium
bacteria (Nascimento et al., 2018; Zheng et al., 2023). Brucella spp. have been investigated for
bioremediation of pesticides and heavy metals (Ahmad et al., 2022; Mahjoubi et al., 2025), and

some species have been characterized as having genes for ACC-deaminase, phosphatase,
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plant hormone mimics, and siderophore production (Patel et al., 2025). Massila spp. have been
previously documented as associated with plant roots, especially early in microbial succession,
and has been also associated with phytopathogenic Pythium fungi in cucumber (Ofek et al.,
2012). Nitriliruptor is a much less studied genus than those listed previously, but it is reported to
be associated with saline-alkali soils and described as halophytic (Zhang et al., 2022). Its
persistence after drought could be due to its ability to tolerate osmotic stress.

As all plants in our drought experiment experience water stress, we cannot know how
this affected the root microbiome that existed before drought stress. Our secondary quality
control step with selective media showed that large numbers of diazotrophic bacteria and lower
numbers of Pantoea were present in most samples, including Mock controls, after stress. We
suspect that low bacterial detection in our microbiome analysis was likely a failure to properly
extract microbial DNA. We hypothesize that the high silica content of the regolith simulant may
have bound microbial DNA more tightly than typical Earth soils. LMS-1 simulant is over 48%
SiO; (Exolith labs), while most Earth soils average around 28% silicon content in various forms
(Tubafia and Heckman, 2015). Alternatively, uneven sampling may have contributed to unequal
bacterial recovery. Even t hough overal/l sample sizes were sin
may simply have had a slightly higher root to regolith ratio. If future microbiome experiments in
regolith simulants are performed, methods for optimizing microbial DNA extraction from regolith
simulants need to be developed. Once these methods have been optimized, future work could
focus on comparing the microbiome before and after drought stress and examine microbiome
differences between plants that recovered more successfully. More work is needed to
understand how environmental conditions and interactions with other microbes alter the
beneficial effects of these bacteria, and how better to promote beneficial plant-microbe

interactions in novel substrates such as lunar regolith.
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Introduction to Appendices

Appendices to this dissertation include several categories of topics: DIY lab equipment
construction, supplemental experiments, media recipes, protocols, and unfinished projects
worthy of follow up. Many document the development of hardware or methods for the
experiments in Chapters 2-5. Appendix 1 describes upgrades to the elevated carbon dioxide
chambers used in Chapter 2 experiments. Appendix 2 describes the development of disease
management practices for the chambers. Appendix 3 is step-by-step instructions for
constructing the gravistimulation plate holders used in Chapter 3. Appendix 4 describes
development of 3D-printed hydroponic holders used in Chapter 4, and Appendix 5 describes the
development of 3D-printed well-planters used for regolith experiments in Chapter 5. Appendix 6
details some experiments that examined the effects of regolith simulant on microbial growth
rates. Appendix 7 contains media recipes used for experiments in the main chapters. A few of
these recipes were developed by the author, but most are from other sources and are simply
here for reference. The next Appendices 8 and 9 document research topics that were not
included in my main chapters, and that are largely unfinished, but they may be worth a follow up
in the future. Appendix 8 describes investigations into plant gravity signaling with clinostats and
mutant line evaluation. Appendix 9 describes investigations into strigolactone signaling with
rhizobacteria. The final Appendix 10 lists a protocol for timelapse image analysis in the CoSE

Scispinner in hopes it may be useful for future researchers.

181



Appendix 1: Details on eCO, Chamber Construction

Original design
The original design was made by undergraduate Samantha Rueckeiss, with

considerable input by Phytotron staff members. The task was funded by a NC Space Grant
Fellowship, but was unfortunately cut short due to Covid-lockdown restrictions after only one

trial run. The schematic below details the original design and later modifications | made during

the course of the above research.
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Improvements needed to original design

Although the original design worked for one trial run of the chamber in early 2020, it was
not completely functional at the beginning of this project in 2023, and the people who built the
original chamber had graduated and left the university. As such, a certain amount of reverse
engineering was needed to upgrade and construct a replica chamber to allow for paired ambient
and elevated CO; settings. | write these sections in hopes that anyone who wants to build or

repair the chambers has a simpler time than | had.

Code

The original code for controlling the chamber was modified from code used to control the
environmental chambers in the NCSU Phytotron which differed in hardware from this chamber.
To simplify and improve the code, | rewrote the code almost from scratch, in a well-commented,
non-GUI-controlled format. The CO; and temp alarm settings for the chamber can be altered by
changing a small portion of the code near the beginning of it. Code for controlling the chamber
as of June 2025 is stored in a NCSU Google Shared Drive related to this project and will also be
upl oaded to Aurora Toennissoné6s GiMakdnFies)(Ihtt ps: / /g
encourage anyone modifying the code to add good comments to explain to future users the

function of any revisions.

Cable and tubing pass -throughs and air sealing

In order to power sensors and lights and relay data back from the sensors, a series of
cables needed to be put through the back of the chamber. These openings needed to then be
closed to be air-tight to avoid leaking CO: out from the chamber. The original chamber sealed
these holes with copious amounts of silicone calk. While effective, these seals made it difficult
to replace or insert new tubing or cables. In the second chamber (Chamber B), | made a series
of modified bulkhead fittings and cable glands to allow nearly air-tight pass-throughs through the
thick insulation of the chamber. These pass-throughs were sealed against the chamber with a
combination of rubber gaskets and a small amount of silicone. Tubing can be easily removed
and replaced from either end of the bulkhead fitting, and the central portion of the cable gland

can be unscrewed to allow for the input of new wires as needed.
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Fig. Al1.2. Pass throughs and arrangement of sensors.

Environmental monitoring

Both chambers use a K30FR infrared CO, sensor to measure carbon dioxide. This
sensor was chosen for its wide range and fast refresh time. It works well, but | should add that
the fast refresh time is not needed. The limiting factor for accuracy in measuring CO; in the
chamber is not the sensor refresh, but how long it takes for CO, to mix evenly with the air
throughout the chamber. The chamber takes about a minute for CO: levels to stabilize after a
puff of CO; is added, and the coding has a pause between sensor cycles to allow the chamber
to equilibrate before sensing again. Without this pause, the program tends to lead to accidental
overdosing on CO,.

The type of temperature and humidity sensor used in the original prototype was no
longer manufactured, so | replaced it with a SHT40 sensor for temperature and relative humidity
(Adafruit, Brooklyn, NY, USA) so the same sensor could be used in each chamber. | also
added a LPS35HW air pressure sensor (Adafruit, Brooklyn, NY, USA) to confirm that additions
of CO, were not pressuring the chambers. These are easily connected via STEMMA quick-
connect cables.

CO: input system

The CO; inputs system was left unchanged from the original design, except the pump
was upgraded from a cheap prototyping pump not rated for continuous use to a more expensive
pump rated for 5 years of continuous use. This dramatically improved the reliability of the
system. There are two regulators to control the flow of CO,. The one attached to the CO, tank
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is normally set at 10 psi. The one nearest to the chamber should be set between 1 and 3 psi.

Pressures above 5 psi damages the solenoids. The valve on the CO, tank should be closed

when not in use to prevent leakage of CO> and should also be turned off when performing
maintenance on the CO: circulation system to prevent from flooding the room with CO,. For
safety, a stand-alone CO, monitor with an alarm should be operated near the chambers to alert
users to leaks.
Solenoids are secured to tubing with zip ties and silicone. Both are essential to prevent
|l eaks. To facilitate easy replacement of sol enoi
design had luer-lock fittings affixed to the ends of small length of tubing between them. This
method worked well, is leak resistant, and | have continued it. | recommend having spare
solenoids with tubing attached on hand for quick replacements. If 2-way solenoids are difficult to

source, 3-way ones may be modified as in the image below.

Fig. A1.3. Solenoids and how to modify them to attach to the air/ COg; circulation system.

Ventilation system

To mitigate spikes in carbon dioxide when plants are respiring at night, | added a
ventilation system. Two solenoids, on opposite sides of the air exchange loop, normally allowed
air to pass through them to recirculate in the tubing for the air system, but if CO; levels got too
high, they opened to allow small release of internal air and small intake of external air. We
avoided large air exchanges to keep the humidity consistent. This system was not able to keep

up with the respiration of larger plants, but was adequate the first few days after germination.
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