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Microgravity and evasion of plant innate immunity by human

bacterial pathogens
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Spaceflight microgravity and modeled-microgravity analogs (MMA) broadly alter gene expression and physiology in both
pathogens and plants. Research elucidating plant and bacterial responses to normal gravity or microgravity has shown the
involvement of both physiological and molecular mechanisms. Under true and simulated microgravity, plants display differential
expression of pathogen-defense genes while human bacterial pathogens exhibit increased virulence, antibiotic resistance, stress
tolerance, and reduced LDs, in animal hosts. Human bacterial pathogens including Salmonella enterica and E. coli act as cross-
kingdom foodborne pathogens by evading and suppressing the innate immunity of plants for colonization of intracellular spaces. It
is unknown if evasion and colonization of plants by human pathogens occurs under microgravity and if there is increased infection
capability as demonstrated using animal hosts. Understanding the relationship between microgravity, plant immunity, and human
pathogens could prevent potentially deadly outbreaks of foodborne disease during spaceflight. This review will summarize (1)
alterations to the virulency of human pathogens under microgravity and MMA, (2) alterations to plant physiology and gene
expression under microgravity and MMA, (3) suppression and evasion of plant immunity by human pathogens under normal
gravity, (4) studies of plant-microbe interactions under microgravity and MMA. A conclusion suggests future study of interactions
between plants and human pathogens under microgravity is beneficial to human safety, and an investment in humanity’s long and

short-term space travel goals.
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INTRODUCTION

Plants have been successfully cultivated and consumed in space, a
fact surprising to those unfamiliar with the field of astrobotany. As
humans venture deeper into space for greater amounts of time,
human nutritional health and food safety during spaceflight are
increasingly important. Nutrition provided by space-grown crops
could mitigate human health risks associated with spaceflight'~?
including reductions in bone density, reduced eye health, poor
access to vitamin D, reduced uptake of calcium, oxidative stress
via cosmic radiation, increased anxiety, and depression, and
immunosuppression associated with reduced T cell and natural
killer cell levels>~>. Leafy green vegetables are ideal candidates for
spaceflight cultivation as they are nutritionally dense and require
less space especially when grown as microgreens®®. Microgreens
offer an alternative to pre-packaged meals delivered to the crew
of the International Space Station (ISS) that degrade in nutritional
content overtime, especially in labile vitamins B1, A, and C, and are
resource intensive in terms of payload delivery’. However, given
the diverse microbiome including foodborne pathogens aboard
the International Space Station (ISS), there is risk of crop
contamination®®. On Earth, produce contamination by bacterial
pathogens is a regular cause of foodborne disease and fruits and
vegetables are contaminated in both pre- and post-harvest
conditions by human enteric pathogens'®. Increasing evidence
suggests foodborne human-pathogenic bacteria use mechanisms
employed by phytopathogens to suppress and evade plant
innate-immunity to colonize plant intracellular-spaces while
maintaining their mammalian virulency potential'"'? (See Table 1
for the interaction of human pathogens with plants). Despite
stringent pre-launch biosafety precautions, the survival and
persistence of multiple genera of enteric human pathogens have

been documented on multiple surfaces throughout the Interna-
tional Space Station (ISS), including foodborne bacterial patho-
gens such as Salmonella enterica, Staphylococcus aureus,
Escherichia coli, and Shigella sonnei®'3. Although no human
pathogens have been recovered from space-grown produce so
far, a diverse group of fungal and bacterial genera have colonized
the leaf and root tissue of space-grown lettuce, including genera
containing human pathogens (Staphylococcus, Pseudomonas,
Aspergillus), suggesting potential for crop contamination’. Space
vehicles represent evolutionarily novel ecosystems in which
humans, the microbiome, and plants are exposed to a micro-
gravity environment lacking in physical forces of weight, buoy-
ancy, convection, and shear'*'>, Numerous studies demonstrate
that microgravity increases antibiotic resistance®'%'7, viru-
lency'®2!, and stress tolerance’>?> in human pathogenic
bacteria. Studies suggest microgravity increases plant suscept-
ibility to fungal phytopathogens?®=2?°, and vyields differential
expression of pathogen-related plant genes®®3'. However, the
relationship between plants, human pathogens, and microgravity
is critically understudied, and studies regarding plant interactions
with bacteria under microgravity in general are lacking. Taken
together, it is imperative that interactions between plants and
human pathogens under microgravity be examined to ensure
spaceflight food safety and as an investment in humanity’s long-
term space travel goals.

HUMAN BACTERIAL PATHOGENS IN MICROGRAVITY
Pathogen virulence is altered under microgravity

Given the persistence of human bacterial pathogens aboard the
International Space Station®'3, understanding pathogen behavior
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Table 1. Examples of opportunistic human bacterial pathogens
infecting plant hosts.

90
108
94

Salmonella enterica serovar
Typhimurium

Arabidopsis thaliana,
Brassicaceae

Tomato (Solanum lycopersicum),
Solanaceae

Tobacco (Nicotiana tabacum),
Solanaceae

Lettuce (Lactuca sativa),
Asteraceae

Shigella spp. 92

Arabidopsis thaliana,
Brassicaceae
109

110

Escherichia coli O157:H7 Spinach (Spinacia oleracea),
Amaranthaceae

Lettuce (Lactuca sativa),
Asteraceae

Arabidopsis thaliana,
Brassicaceae

Pseudomonas aeruginosa 89

Lettuce (Lactuca sativa),
Asteraceae

Arabidopsis thaliana,
Brassicaceae

88

123

Staphylococcus aureus
Enterococcus faecalis

Arabidopsis thaliana,
Brassicaceae
Arabidopsis thaliana,
Brassicaceae

under microgravity is necessary to protect human spaceflight
safety. Human bacterial pathogens display a wide range of altered
behaviors associated with increased pathogenesis under space-
flight and modeled microgravity analogs (MMA). These include
higher cell counts', increased growth rate?*32, increased biofilm
formation's, cell aggregation®®3?, altered motility and chemo-
taxis®3, increased expression of Type-lll Secretion System (T3SS)
related pathogenicity island genes®*3>, altered virulency in animal
hosts'®2", increased resistance to hydrogen peroxide®®, increased
macrophage survivability?>2'23, increased resistance to antibio-
tics®'817, increased tolerance to acidic conditions®', and reduced
LDsq in mice?®2"23, Salmonella Typhimurium cultured under MMA
was more lethal compared to normal-gravity culture in mice with
a 5.2-fold decrease in LDso and shorter average time to death?'.
Spaceflight-cultured Salmonella enterica Typhimurium (hence-
forth, Salmonella Typhimurium) exhibited decreases in LDs, as
low as 6.9-fold in mice compared to normal gravity bacterial
cultures®”. Co-culture of Salmonella Typhimurium and functional
macrophages in a biomimetic 3-D model of human colonic
epithelial tissue exhibited increased host colonization and survival
inside macrophages under MMA compared to normal gravity*>,
potentially due to increased acid tolerance. While a wide range of
altered pathogen behaviors under spaceflight and MMA have
been documented, the biophysical and molecular drivers of these
alterations are only recently being uncovered.

Low fluid shear modulates stress tolerance and virulency in
human pathogens

Bacterial pathogens must survive in a diverse set of ecological
niches both within and outside the host. This requires pathogens
to sense and respond to a variety of environmental stresses.
Responses are complex, occurring at the transcriptomic and post-
transcriptomic level, involving interrelated regulatory networks
behaving synergistically and antagonistically®®. Low fluid shear is
an initial biophysical stimulus implicated in recent studies as the
source of enhanced stress tolerance and virulency observed in
human pathogens under microgravity/MMA2?234 and within low-
fluid shear microsites (>1 dyne/cm~2) of the human lumen, brush
border microvilli, respiratory system, and urogenital tracts during
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normal pathogenesis®’°, Low fluid-shear in spaceflight/MMA has
been observed to increase acid tolerance and virulence factor
gene expression in Salmonella Typhimurium and E. coli
0157:H721243236 increase stress tolerance, antibiotic resistance,
and biofilm formation in E. coli 083:H12>4°, and induce peak
expression of E. coli 0157:H7 locus of enterocyte effacement (LEE)
pathogenicity island responsible for attachment to host epithelial
cells and formation of lesions®*. Adaptation to low-fluid shear
conditions within the human gastrointestinal tract during normal
disease progression in human hosts may predispose enteric
bacterial pathogens to tolerance of similar conditions found in
spaceflight/ MMA.

Altered extracellular transport modulates virulence
phenotypes under low fluid shear

Theoretical models suggest alterations to the intracellular
processes of bacteria by gravity are unlikely given the scale of
microorganisms*'. The altered extracellular environment model
posits reduced bulk transport of nutrients by bacteria from the
extracellular environment due to a lack of convection in space-
flight is the primary source of all microgravity phenotypes'>3?
Acres et al,, 2021). Reduced uptake of phosphate and oxygen in
spaceflight has been linked to enhanced virulency of Salmonella
Typhimurium®” and higher final cell counts of Pseudomonas
aeruginosa*?>. Low oxygen and phosphate are host signals for
enhanced expression of virulence phenotypes in enteric patho-
gens within the human gastrointestinal tract under normal
gravity**™*. On the other hand, bacterial scavenging of iron from
the extracellular environment appears enhanced under micro-
gravity. Upregulation of iron metabolism genes and the Hfg-
regulated gene fur encoding the membrane bound Ferric Uptake
Regulator Protein (Fur) were observed in both spaceflight and
MMA cultured Salmonella Typhimurium conferring increased acid
tolerance?>*’, an important virulence factor in enteric patho-
gens*. Iron is essential for virulence in many enteric pathogens®’.
Anerobic conditions like the host environment of the human
gastrointestinal tract were associated with upregulation of
virulence genes controlled by fur in Salmonella Typhimurium in
a normal gravity experiment®. Interactions at the liquid media
and cell envelope interface are subject to altered physical forces
under microgravity, modulating both active and inactive forms of
nutrient transport which contribute to altered virulency and stress
tolerance. This may be attributed to an overlap between
environmental signals triggering expression of virulence genes
encountered by enteric pathogens in both spaceflight conditions
and during disease progression within the human body under
normal gravity. Altered access to oxygen, phosphate, and iron
specifically appear to be drivers of enhanced virulence pheno-
types observed in spaceflight cultures of enteric pathogens.

Molecular basis of altered virulence of human pathogens
under microgravity

A variety of functionally diverse genes related to metabolism,
stress tolerance, and virulency are differentially expressed under
microgravity and MMA compared to normal gravity in human
pathogenic bacteria'>?*3°, However, meta-analyses have ques-
tioned the existence of a universal bacterial response to
microgravity due to studies being conducted using a variety of
media compositions, viscosities, temperatures, spaceflight or MMA
hardware, and bacterial species®®. On the other hand, decreased
expression of the post-transcriptional global regulator Hfg in
spaceflight/MMA has been consistently observed across studies of
multiple pathogens®? including Gram-negatives Salmonella Typhi-
murium?®, Pseudomonas aeruginosa®® and the Gram-positive
Staphylococcus aureus'® representing the first differentially
expressed spaceflight regulon common to multiple bacterial
species. Hfg is an sSRNA and mRNA binding protein conserved in
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many bacterial species which positively and negatively regulates
expression of a wide range of stress response and virulency genes
in bacterial pathogens of animals and plants>® (See Table 1 for
interaction of human pathogens with plants). Spaceflight micro-
gravity and MMA represent powerful environmental signals
producing global differential expression of genes and altered
phenotypes, often contributing to increased virulency and stress
tolerance. More studies are needed to further elucidate the role of
Hfq as a spaceflight/MMA regulon contributing to altered virulence.

PLANTS IN MICROGRAVITY
Plant gravitropism

Like all known life, plants have evolved in response to Earth's
gravity. Land plants have evolved roots which grow downward

A
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towards gravity (positive gravitropism), and shoots which grow
upward away from gravity (negative gravitropism)'. Gravitropism
generally occurs in three sequential phases: biophysical signal
perception, signal transduction, and directed growth. Plant percep-
tion of the gravity vector (gravisensing) occurs in specialized cells
known as statocytes which are present in the columella cells of the
root tip and in the shoot endodermis2. The leading hypotheses for
plant gravisensing are the starch-statolith sedimentation model and
tensegrity model. Both models are not mutually exclusive and could
contribute for gravisensing in tandem>2. The starch-statolith model
proposes dense, starch-based leucoplasts called amyloplasts
provide the initial biophysical signal of gravisensing via sedimenta-
tion at the bottom of statocyte in accordance with the gravity
vector’!. The tensegrity model emphasizes deformation of the
actin-based cytoskeletal mesh within the statocyte as the initial
biophysical signal of gravisensing®' (See Fig. 1A, B for root
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Fig. 1 Comparison of root and foliar response to microgravity and pathogen ingression. A Roots are positively gravitropic and grow
towards gravity. Growth is directed by asymmetric redistribution of the plant growth hormone auxin. B The initial biophysical stimulus of
gravitropic phenotypes is thought to be sedimentation of amyloplast at the bottom statocyte cells. Auxin influx/efflux proteins mediate polar
auxin flow. C Under normal gravity human bacterial pathogens suppress and evade plant immunity to enter plant apoplastic space through
foliar stomata and roots. Plant interactions with human pathogens under microgravity are unknown. Furthermore, plant responses to
microgravity at the foliar level are poorly elucidated in addition to plant interactions with bacteria under microgravity in general. Studies
demonstrate an increased susceptibility to fungal pathogens under microgravity.
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gravisensing). Following an initial stimulus, signal transduction
transmits a signal to distally located regions of the plant®% The
divalent calcium cation Ca?* is a common messenger in many
plants signaling pathways and is thought to be the chemical signal
of gravitropism, potentially modulated by inositol trisphosphate
(InsP3)°2>3, Directional growth occurs via asymmetric redistribution
of the plant hormone indole-3-acetic acid (auxin/IAA), as first
described in the Cholodny-Went model®®. Auxin redistribution is
facilitated by transmembrane efflux transporter proteins of the PIN
family and influx transmembrane proteins of the AUX/LAX family®>.
The polar localization of these transporters within the statocyte cell
allows for directional movement of auxin to distal plant tissue>” (See
Fig. 1A, B). The pH-dependent movement potential of protonated
auxin (IAAH) and deprotonated auxin (IAA) also facilitates its
transport, with only IAAH capable of transmembrane diffusion®?
(See Fig. 1A, B for gravisensing).

Plant responses to microgravity

Plants grown under true or simulated microgravity display altered
physiology and gene expression. Plant responses to microgravity/
MMA display a great degree of variability amongst plant species and
cultivars®. Physiological responses to microgravity include sponta-
neous curvature of roots and shoots®’>8 elongation of rice
coleoptiles®® and hypocotyls®, increased growth rate and length of
inflorescence stems®’, and reduced overall yield>*®. Impaired
biogenesis of the cell wall polymers lignin, cellulose, and hemi-
cellulose have been reported under microgravity in roots, hypocotyls,
and protoplast®'=®3, Altered cell wall phenotypes under microgravity
have been attributed to differential expression expansin and extensin
genes responsible for cell wall loosening observed in both space-
flight®* and MMA®3, decreased activity of cell-wall-bound peroxidases
involved in lignin synthesis, and rearrangement of cortical micro-
tubules which direct cellulose synthase complexes and orientation of
cellulose microfibrils®%3%4, A functionally diverse group of differen-
tially expressed genes (DEGs) occur in response to microgravity/MMA
including those associated with reactive oxygen species (ROS)5>5,
antioxidant enzymes®, auxin transport®*6768, cytoskeletal modifica-
tion®®, cell-wall development®*®°, Ca?" messenger molecules®#458,
mitogen-activated protein kinase (MAPK) cascade signaling”®,
cytokinin signaling®®, RuBisCO gene expression®, carbohydrate
metabolism®, DNA repair®®, and differential expression of
pathogen-defense genes®. Nearly half of all upregulated DEGs in
Arabidopsis seedings exposed to spaceflight were related to
wounding and pathogen-defense’, while another spaceflight study
using Arabidopsis found a PR-1-like gene to be the most down-
regulated DEG compared to normal gravity control®®. Exposure to
microgravity has been proposed as comparable to pathogen
exposure in terms of DEG overlap®'. Future studies exposing plants
to pathogens in microgravity conditions could differentiate DEG
responses unique to microgravity as compared to pathogen infection
and elucidate the relationships between gravity and plant immunity.

PLANT IMMUNITY AGAINST PATHOGENS

Induced immunity in plants

Unlike the immune system of vertebrate animals, plant immunity
is non-adaptive, relying instead on the innate immune capabilities
of each plant cell. Plants have two distinct forms of inducible
immunity to pathogens known as systemic acquired resistance
(SAR) and induced systemic resistance (ISR)’'. Once properly
stimulated, SAR and ISR provide systemic transcriptional repro-
gramming in uninfected tissues throughout the whole plant,
priming them for heightened defense. Primed plants display faster
and stronger expression of plant-defense genes following
subsequent pathogen exposure and decreased disease severity
compared to unprimed plants’2. SAR is mediated by the plant
hormone salicylic acid (SA), while ISR is mediated by the plant
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hormones jasmonic acid (JA) and ethylene”’. SAR is activated by
biotrophic and hemibiotrophic pathogens which receive nutrition
from living cells but can also be activated by avirulent or
nonpathogenic microbes. In contrast, ISR is activated by
necrotrophic pathogens which feed upon dead host tissues and
is also activated by beneficial microorganisms which colonize the
plant root system and the root-soil interface known as the
rhizosphere’’. SAR and ISR inhibit the response of the other due to
the antagonistic relationship between their respective signaling
hormones SA and JA”3, For plant immunity to be induced, plants
must successfully perceive the invading pathogen.

Pattern-triggered immunity in plants

In pattern-triggered immunity (PTI), plants recognize distinctive
features carried by pathogens to initiate a defense response. PTl is
a broad defense response against entire classes of pathogens
following recognition of pathogen-associated-molecular-patterns
(PAMPs) by corresponding pattern recognition receptors (PRRs)
located on the surface of plant cells’#. PAMPs are small molecular
motifs conserved in a class of microorganisms which do not occur
within the host. PAMPs include the flagellar peptide flg-22,
lipopolysaccharides (LPS), peptidoglycan, chitin, the bacterial
elongation factor EF-Tu, elf18 peptide, and B-glucan’®. PRRs are
transmembrane multiprotein complexes that exist as either
receptor-like kinases (RLKs) or receptor-like proteins (RLPs)”6. RLKs
consist of a ligand-binding ectodomain, a transmembrane
domain, and an intracellular kinase signaling-domain. RLPs differ
from RLKs in a lack of an intracellular kinase domain or any other
intracellular signaling domain. The ectodomains of PRRs vary in
composition and determine the range of PAMPs which may bind,
and initiate defense signal transduction required to trigger PTI.
Common PRR ectodomains are leucine-rich repeat (LRR) domains
and lysin motif (LysM) domains, although others exist’®. Once
initiated, PTI confers production of reactive oxygen species (ROS),
stomatal closure, callose deposition at cell walls, shifts in
apoplastic pH, production of anti-microbial secondary metabolites,
polymer-degrading enzymes such as chitinase, expression of
pathogenesis-related genes (PR genes), and activation of mitogen-
activated protein kinase (MAPK) cascades and SA signaling
pathways required to activate SAR”7°. A successful pathogen
must avoid or suppress these defenses to establish itself within a
host.

Effectors proteins of bacterial pathogens

Through a coevolutionary arms race between pathogen and
host, bacterial pathogens have evolved secretory systems to
deliver virulence factors known as effector proteins to host
tissues’®. Effector proteins (henceforth, effectors) manipulate
host physiology and immunity through highly diverse biological
mechanisms of action for promotion of pathogen colonization
and virulency®. The best studied effectors are those delivered
by Gram-negative bacteria which use a needle-like Type-lll
Secretion System (T3SS) to translocate effectors into the plant
apoplast or cytoplasm®'. Gram-positive bacteria lack a T3SS and
instead utilize modified versions of the Sec (general secretory)
and Tat (twin-arginine translocation) pathways also found in
Gram-negatives to deliver effectors®?. Effectors provide differ-
ing functions based upon the lifestyle and nutritional require-
ments of a pathogen. Effectors of necrotic pathogens can act
directly as toxins killing host tissues, while biotrophic and
hemibiotrophic effectors provide evasion or suppression of
immunity to allow pathogens to remain undetected within the
host®3. It should be noted, plant pathogen lifestyle and host
niche are complex and there is functional overlap of effectors
along the necrotrophic to biotrophic pathogen continuum, with
some necrotrophic pathogens possessing cryptic biotrophic
phases and biotrophs displaying necrotrophic phases®3. By

Published in cooperation with the Biodesign Institute at Arizona State University, with the support of NASA



Version of Record at: https://doi.org/10.1038/s41526-023-00323-x

suppressing or evading inducible plant immunity through a
variety of mechanisms, effector proteins cause effector-
triggered susceptibility (ETS), enabling infection in a plant
host®*. Plant hormones are common targets for manipulation
by effectors due to their role in SAR/ISR defense signaling®®.
Transcription factors regulating JA are targeted by numerous
effectors in plant pathogens demonstrating the importance of
hormone manipulation in successful virulency®>. By mimicking
the structure of JA or triggering JA transcription factors,
effectors exploit the antagonistic relationship between JA and
SA to suppress SAR signaling and stomatal closure’3. Effectors
also manipulate host gene expression to suppress immunity or
create a more habitable host environment by regulating activity
of endogenous transcription factors or by acting directly as
transcription factors, as exemplified by transcription activator-
like effectors (TALEs) in pathogenic Xanthomonas and
Ralstonia®°.

Effector-triggered immunity in plants

In response to effectors, plants have evolved intracellular
receptors to recognize effectors and activate effector-triggered
immunity (ETI). ETI involves initiation of MAPK cascades and
expression of pathogenesis-related proteins (PRs) like PTI”4. Both
pathways also trigger systemic acquired resistance (SAR),
mediated by salicylic acid (SA) associated signaling elements,
triggering transcriptional reprogramming in uninfected distally
located plant organs, priming them for defense’”. In contrast, ETI
is a faster and more powerful localized hypersensitive response
compared to PTI”*. To recognize effectors and initiate ETI, plants
have evolved resistance genes (R genes) encoding R proteins
within the cytoplasm. R proteins typically containing a nucleotide-
binding site leucine-rich repeat (NBS-LRR) domain to bind
effectors. The LRR domain can exist alongside other domains
including toll-interleukin receptor (TIR), coiled-coil (CC), or WRKY,
in addition to existing in multiples, or less commonly being absent
all together®®. R proteins can bind directly to effectors to trigger
ETI or act as “guard proteins” which recognize structural changes
in host proteins targeted by effectors and use these modified host
proteins as indirect signals of pathogen effectors®’. ETI provides a
powerful, localized hypersensitive response causing programmed
cell death, characteristic formation of necrotic lesions, oxidative
bursts, and changes in extracellular pH. This localized hypersensi-
tive response serves to limit the spread of a pathogen beyond the
direct site of infection’®. Effectors of successful pathogens evade
or suppress ETI allowing for infection, known as effector-triggered
susceptibility (ETS)”°. Pathogens must circumvent either PTI or
both PTI and ETI to successfully invade and proliferate within
a plant.

PLANT AS HOSTS TO HUMAN PATHOGENS

Despite the wide evolutionary distance between plants and
humans, numerous pathogens of humans including Salmonella
enterica, Pseudomonas aeruginosa, Staphylococcus aureus, Escher-
ichia coli O157:H7, and Shigella spp. display cross-kingdom
pathogenicity by infecting and colonizing both plant and human
hosts''#892 (See Table 1). These pathogens, while typically
associated with animal disease, can in fact persist on the surface
of plants as epiphytes and in planta as endophytes, finding a
sheltered and nutrient rich habitat within the apoplast®.
Furthermore, human pathogens trigger, suppress, and evade
plant innate-immunity using virulence factors found in bona-fide
plant pathogens'>°'94 With some exceptions®>?%, human enteric
pathogens are not true phytopathogens as they do not display
prominent signs or symptoms of disease within a plant host®’.
Gram-negative phytopathogens of the genera Xanthomonas,
Pseudomonas, and Erwinia use T3SSs to deliver effector proteins
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to suppress host plant immunity®® and new research is revealing
similar function of effectors in human pathogens®*°? (See Table 1).
Interestingly, the post-transcriptomic regulator Hfq implicated in
altered virulency of human pathogens under microgravity controls
virulency genes in both plant pathogens®® and in human
pathogens®. Human pathogens use overlapping behaviors and
virulence factors to infect both plants and humans, reflecting
evolutionarily conserved strategies for infection of hosts in
evolutionarily disparate eukaryotic kingdoms®. Establishment of
host-attachment is essential for virulency by enteric pathogens in
both animal and plant hosts®>’. Plant-host attachment is
facilitated by a variety of virulence factors including fimbriae,
flagella, type IV pili, bacterial cellulose, and the O-antigen capsule
of Gram-negative bacteria'®'°" all of which have similar function
in attachment and subsequent infection of the human gastro-
intestinal system'021%93, Bjofilms comprised of extrapolymeric
substances (EPS) allow enteric pathogens to adhere to and
colonize the leaf phyllosphere epiphytically, while providing
additional protection from ultraviolet radiation, desiccation, and
loss of attachment'®’. To transition from an epiphytic to
endophytic lifestyle within the apoplast, bacteria must ingress
via physical openings in the plant host'%%. Unlike some fungal and
bacterial phytopathogens, human-pathogenic bacteria including
Salmonella spp. and E. coli are incapable of degrading cellulose
and must rely upon pre-existing openings in plant tissue for
physical entry'%. Pathogens enter the plant apoplast via roots'®,
wounds'?, trichomes®, hydathodes'®>'%®, and stomatal aper-
tures'>1%°, Stomata are particularly important routes of invasion
for persistence within the apoplast by Salmonella and E. coli®>'°°,
Populations of Salmonella and E. coli persist within the apoplast at
medically significant levels''®. Enteric pathogens are also active
members of the root rhizosphere microbial community, compet-
ing with indigenous bacteria for nutrients and colonization space
on the rhizoplane'"". Bacteria likely ingress roots via epidermal
cracks in newly formed lateral roots'®. To successfully ingress the
apoplast and survive in planta, pathogens must evade the host
plant immune response.

Human enteric pathogens trigger, evade, and suppress plant
innate immunity

Like traditional phytopathogens, it is clear human enteric
pathogens trigger PTl and ETI'>°"1'2, The flagellar peptide Flg-
22 is a well-characterized PAMP in many bacterial pathogens,
and Flg-22 in Salmonella enterica is recognized as an epitope by
the PRR FLS2 in the model plant Arabidopsis thaliana, eliciting a
PTI defense response''>. Purified LPS of Salmonella Typhimur-
ium were also found to act a PAMP, triggering PTI in Nicotiana
tabacum®*. E. coli was also found to induce PTI in both
Arabidopsis and lettuce'°. Increasing evidence suggests some
human foodborne pathogens suppress and evade plant innate
immunity'"12 (See Table 1). The Gram-negatives Salmonella
enterica and Shigella spp. use Type-lll Secretion System (T3SS)
delivered effector proteins to infect and suppress immunity in
plant hosts®®2. Salmonella virulency genes are clustered on
two Salmonella Pathogenicity Islands (SPI; and SPI,), with each
SPI coding for its own T3SS (T3SS-1 and T3SS-2), capable of
delivering at least 28 characterized effector proteins in the case
of the T3SS-2 of Salmonella enterica serovar Typhimurium''%,
Salmonella enterica serovar Typhimurium was able to suppress
stomatal closure of lettuce using a T3SS-dependent mechan-
ism'2. In another study, Arabidopsis challenged with a S. enterica
mutant AprgH lacking a functional T3SS-1 elicited stronger host
transcription of genes associated with stress and immunity
compared to the wild type, indicating a role of T3SS in host
immune suppression''®. The T3SS-dependent delivery of S.
enterica effector SpvC encoded on the Salmonella plasmid
virulence (spv) locus was found to dephosphorylate multiple
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mitogen-activated protein kinases (MPK3, MPK4, MPK6) in
Arabidopsis, inhibiting PTI?°. A AspvC mutant pathogen dis-
played decreased proliferation in planta. Additional S. enterica
effector proteins were found to trigger a hypersensitive
response in Arabidopsis leaves®?. S. enterica AlnvA mutants
lacking a functional T3SS-1 were reduced in ability to suppress
PTl in Nicotiana tabacum resulting in stronger oxidative bursts
and cytoplasmic pH shifts compared to wild type®?, indicating a
role of effector proteins in immune suppression. S. enterica
serovar Senftenberg and S. enterica serovar Typhimurium
exhibit heterogeneity in Flg-22 sequence, thus avoiding PAMP
recognition and PTl in an apparent avoidance strategy''”.
Multiple species of Shigella (Shigella boydii, Shigella sonnei,
Shigella flexneri) were found to require T3SS-delivered effectors
OspF and OspG to invade and proliferate within Arabidopsis®?.
Shigatoxigenic E. coli (STEC) O157:H7 was also found to depend
upon the T3SS for successful internalization of spinach
leaves'®®.

PLANT-MICROBE INTERACTIONS UNDER MICROGRAVITY

Few studies have examined plant-microbe interactions under
microgravity and to date, the majority of documented cases
involve plant-fungal interactions®272° (See Table 2). Increased
susceptibility could be attributed to novel microgravity
stressors including lack of fluid and gas convection, and
buildup of CO, and the gaseous plant hormone ethylene''s.
Impaired synthesis of lignan and cellulose under microgravity
could also contribute to susceptibility®3. Wheat seedlings grown
under MMA were more susceptible to the fungal pathogen
Fusarium graminearum, and the biocontrol properties of
Pseudochrobactrum kiredjianiae A4 were diminished?®. Fusarium
oxysporum also acted as opportunistic fungal pathogen on
Zinnia hybridia grown aboard the International Space Station,
possibly due to increased water stress®®. In another study,
soybean roots were more susceptible to the soybean root rot
pathogen Phytophthora sojae in spaceflight compared to a
ground control, displaying more disease symptoms, higher root
colonization, and elevated ethylene levels?®. Wheat seedlings
germinated in spaceflight experienced serious disease from an
opportunistic seedborne fungal endophyte of the genus
Neotyphodium that seedlings germinated on Earth were
resistant to''”. Spaceflight microgravity also significantly
altered the endophytic bacterial community of wheat seedlings
(Triticum aestivum) with a significant shift toward members of
family Enterobacteriaceae, while no significant community
changes were observed in the rhizosphere''®, A similar study-
ing using wheat seedlings under MMA found endophytic
diversity to increase in the leaf and decrease in the roots''.
Under spaceflight microgravity, the plant-beneficial bacteria

Table 2. Examples of microbes infecting plant hosts under true or
simulated” microgravity.

Fusarium graminearum (fungus)” Wheat (Triticum aestivum), 28

Poaceae

29

Fusarium oxysporum (fungus) Zinnia hybrida, Asteraceae

Phytophthora sojae (oomycete)  Soybean (Glycine max), 26
Fabaceae

Wheat (Triticum aestivum), s

Poaceae

Neotyphodium sp. (fungus)

Sinorhizobium meliloti (bacteria)® Medicago truncatula, Fabaceae '22

Rhizophagus irregularis (fungus)” Medicago truncatula, Fabaceae '%2

Organisms marked with * were part of modeled microgravity analog
(MMA) studies as opposed to spaceflight.
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Rhizobium leguminosarum bv. trifolii displayed enhanced bind-
ing to succinate and its synthetic structural analog acetylsa-
licylic acid (Aspirin), the former being an organic acid
synthesized by leguminous plants to sustain Rhizobium as
endosymbiotic bacteroids which occupy root nodules for
nitrogen fixation'?%'2' A tripartite symbiosis study culturing
the legume Medicago truncatula under continuous MMA
alongside either the nitrogen-fixing symbiotic bacteria Sinorhi-
zobium meliloti, the arbuscular mycorrhizal fungus Rhizophagus
irregularis, or both, found reduced overall plant biomass and
root nodulation by S. meliloti alone, enhancements to plant
biomass identical to normal gravity by R. irregularis alone, and a
slight attenuation to the negative influence of S. melioti and
MMA on plant biomass with a co-inoculation'?>'23, Qverall,
these studies suggest microgravity increases plant suscept-
ibility to fungal pathogens, alters plant relationships to
microbial symbionts, and modifies community structure of
endophytes (See Table 2). The knowledge pertaining to how
opportunistic pathogens modulate plant physiology (stomatal
opening/closing) under altered gravity conditions is limited.
Our work showed that lettuce plants subjected to gravity
stimulation via continuous rotation displayed wider stomatal
apertures compared to unrotated plants (See Fig. 2). In addition,
plants treated with Salmonella enterica serovar Typhimurium on
foliar surfaces and subjected to rotation showed increased
stomatal apertures compared to Salmonella-treated unrotated
plants (See Fig. 2). Our data suggest that some human
pathogens may override plant physiological defense response
under microgravity conditions to invade and colonize the
apoplast. However, additional studies are needed to elucidate
plant susceptibility to bacterial pathogens under microgravity.

CONCLUDING REMARKS

Spaceflight cultivation of plants is essential for maintaining
human health during long-term space travel. Human pathogens
suppress and evade plant PTl and ETI to colonize and proliferate
in planta, allowing them to persist as foodborne pathogens.
Under microgravity, biophysical and molecular mechanisms
such as low-fluid shear and the differential expression of the
post-transcriptional global regulator Hfg cause human patho-
gens to display increased growth rate, resistance to stress and
anti-biotics, and increased virulence in animals. While plants
have been shown to be more susceptible to fungal and
oomycete phytopathogens under microgravity, their suscept-
ibility to colonization by bacterial pathogens including human
bacterial pathogens under microgravity remains unknown.
Given the role of Hfq as a regulator of virulence genes in both
animal pathogens and phytopathogens, the regulon’s differ-
ential expression in human pathogens in spaceflight might also
confer increased virulency in plant hosts as demonstrated in
animal hosts. Taken together, there exists an alarming knowl-
edge gap regarding plant interactions with human foodborne
pathogens in microgravity, as well as interactions with bacteria
in general. This is pertinent as foodborne bacterial pathogens
have already been unintentionally introduced to space vehicles
and space-grown lettuce has displayed colonization by a
diverse microbiome. Additional studies using both MMA plat-
forms and spaceflight to study crop plants inoculated with
common foodborne pathogens such as Salmonella enterica and
E. coli are necessary to ensure human safety during space travel.
A One Health approach to this challenge, connecting the
human crew, the spaceflight microbiome, and plants, is needed
to ensure our safety as we continue to spend longer periods in
spaceflight habitats.
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Fig.2 Stomatal physiology in lettuce plants gravistimulated via continuous rotation at 2 RPM. The rod-shaped bacteria seen on the guard
cells are Salmonella enterica serovar Typhimurium GFP-labelled strain 14028 s. Images acquired 3 hours following *rotation or tfoliar-
treatment with bacteria. A Stomate of an unrotated plant without treatment with bacteria. The stomatal aperture appears fully opened.
B Stomate of an unrotated plant with foliar application of bacteria. Bacteria have prevented complete stomatal closure and began entry to the
plant apoplast via the stomatal aperture. C Stomate of a rotated plant without treatment with bacteria. The stomatal aperture appears more
constricted compared to the unrotated control. D Stomate of a rotated plant with foliar application of bacteria. Defensive closure of the
stomate appears suppressed to a greater degree than in B displaying unrotated plants with bacteria. More bacteria are visible entering the
aperture and navigating to a greater depth within the stomatal cavity compared to unrotated plants with bacteria.

DATA AVAILABILITY

This review is a synthesis of the findings of others which are readily accessible via
peer-reviewed academic journals and academic/government repositories. The
references section of this manuscript contains the necessary information to access
cited literature. Figure 2 contains micrographs from our unpublished work displaying
qualitative phenotypes.

Received: 20 February 2023; Accepted: 16 August 2023;
Published online: 07 September 2023

REFERENCES

1.

Published in cooperation with the Biodesign Institute at Arizona State University, with the support of NASA

Khodadad, C. L. M. et al. Microbiological and nutritional analysis of lettuce
crops grown on the international space station. Front. Plant Sci. 11, 199
(2020).

. Carillo, P, Morrone, B., Fusco, G. M., De Pascale, S. & Rouphael, Y. Challenges for

a sustainable food production system on board of the international space sta-
tion: a technical review. Agron 10, 687 (2020).

. Kyriacou, M. C,, De Pascale, S., Kyratzis, A. & Rouphael, Y. Microgreens as a

component of space life support systems: a cornucopia of functional food. Front.
Plant Sci. 8, 1587 (2017).

. Spatz, J. M. et al. Human immune system adaptations to simulated microgravity

revealed by single-cell mass cytometry. Sci. Rep. 11, 11872 (2021).

. Man, J,, Graham, T,, Squires-Donelly, G. & Laslett, A. L. The effects of microgravity

on bone structure and function. NPJ Microgravity 8, 9 (2022).

. Sharma, S. et al. Vegetable microgreens: the gleam of next generation super

foods, their genetic enhancement, health benefits and processing approaches.
Food Res. Int. 155, 111038 (2022).

. Cooper, M., Perchonok, M. & Douglas, G. L. Initial assessment of the nutritional

quality of the space food system over three years of ambient storage. NPJ
Microgravity 3, 1-4 (2017).

. Checinska, A. et al. Microbiomes of the dust particles collected from the Inter-

national Space Station and Spacecraft Assembly Facilities. Microbiome 3, 50
(2015).

. Urbaniak, C. et al. Detection of antimicrobial resistance genes associated with

the International Space Station environmental surfaces. Sci. Rep. 8, 814 (2018).

. Bennett, S. D. et al. Produce-associated foodborne disease outbreaks, USA,

1998-2013. Epidemiol. Infect. 146, 1397-1406 (2018).

. Wiedemann, A, Virlogeux-Payant, I, Chaussé, A-M., Schikora, A. & Velge, P.

Interactions of Salmonella with animals and plants. Front. Microbiol. 5, 791
(2015).

. Johnson, N., Litt, P. K., Kniel, K. E. & Bais, H. Evasion of Plant Innate Defense

Response by Salmonella on Lettuce. Front. Microbiol. 11, (2020).

. Checinska Sielaff, A. et al. Characterization of the total and viable bacterial and

fungal communities associated with the International Space Station surfaces.
Microbiome 7, 50 (2019).

. Vandenbrink, J. P. & Kiss, J. Z. Space, the final frontier: a critical review of recent

experiments performed in microgravity. Plant Sci. 243, 115-119 (2016).

. Zea, L. et al. A molecular genetic basis explaining altered bacterial behavior in

space. PLoS ONE 11, e0164359 (2016).

. Castro, S. L, Nelman-Gonzalez, M., Nickerson, C. A. & Ott, C. M. Induction of

attachment-independent biofilm formation and repression of Hfq expression by

npj Microgravity (2023) 71

npj



npj

Version of Record at: https://doi.org/10.1038/s41526-023-00323-x

N. Totsline et al.

20.

21.

22.

23.

24,

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.
41.
42.

43.

npj Microgravity (2023) 71

low-fluid-shear culture of Staphylococcus aureus. Appl. Environ. Microbiol. 77,
6368-6378 (2011).

. Fernander, M. C. et al. Adaptation to simulated microgravity in Streptococcus

mutans. NPJ Microgravity 8, 1-16 (2022).

. Gilbert, R. et al. Spaceflight and simulated microgravity conditions increase

virulence of Serratia marcescens in the Drosophila melanogaster infection
model. NPJ Microgravity 6, 1-9 (2020).

. Hammond, T. G. et al. Effects of microgravity on the virulence of Listeria

monocytogenes, Enterococcus faecalis, Candida albicans, and methicillin-
resistant Staphylococcus aureus. Astrobiology 13, 1081-1090 (2013).

Wilson, J. W. et al. Space flight alters bacterial gene expression and virulence
and reveals a role for global regulator Hfg. Proc. Natl Acad. Sci. USA 104,
16299-16304 (2007).

Nickerson, C. A. et al. Microgravity as a novel environmental signal affecting
Salmonella enterica Serovar Typhimurium Virulence. Infect. Immun. 68,
3147-3152 (2000).

Sheet, S. et al. Modulatory effect of low-shear modeled microgravity on stress
resistance, membrane lipid composition, virulence, and relevant gene expres-
sion in the food-borne pathogen Listeria monocytogenes. Enzym. Microb.
Technol. 133, 109440 (2020).

Wilson, J. W. et al. Low-Shear modeled microgravity alters the Salmonella
enterica serovar typhimurium stress response in an RpoS-independent manner.
Appl. Environ. Microbiol. 68, 5408-5416 (2002a).

Wilson, J. W. et al. Microarray analysis identifies Salmonella genes belonging to
the low-shear modeled microgravity regulon. Proc. Natl Acad. Sci. USA 99,
13807-13812 (2002b).

Lynch, S. V., Mukundakrishnan, K., Benoit, M. R,, Ayyaswamy, P. S. & Matin, A.
Escherichia coli biofilms formed under low-shear modeled microgravity in a
ground-based system. Appl. Environ. Microbiol. 75, 886-886 (2009).

Nedukha, O. M. et al. Effects of microgravity on the susceptibility of soybean to
Phytophthora sojae. J. Gravit. Physiol. 5, 143-144 (1998).

Leach, J. E. et al. Plants, plant pathogens, and microgravity-a deadly trio. Gravit.
Space Biol. Bull. 14, 15-23 (2001).

Fu, Y. et al. Change of growth promotion and disease resistant of wheat
seedling by application of biocontrol bacterium Pseudochrobactrum kir-
edjianiae A4 under simulated microgravity. Acta Astronaut. 139, 222-227 (2017).
Schuerger, A. et al. Fusarium oxysporum as an opportunistic Fungal Pathogen
on Zinnia hybrida plants grown on board the International Space Station.
Astrobiology 21, 1029-1048 (2021).

Paul, A-L. et al. Spaceflight transcriptomes: unique responses to a novel
environment. Astrobiology 12, 40-56 (2012).

Kordyum, E. L. & Chapman, D. K. Plants and microgravity: patterns of micro-
gravity effects at the cellular and molecular levels. Cytol. Genet. 51, 108-116
(2017).

Zea, L. et al. Phenotypic changes exhibited by E. coli cultured in space. Front.
Microbiol. 8, 1598 (2017).

Acres, J. M., Youngapelian, M. J. & Nadeau, J. The influence of spaceflight and
simulated microgravity on bacterial motility and chemotaxis. NPJ Microgravity 7,
1-11 (2021).

Alsharif, G. et al. Host attachment and fluid shear are integrated into a
mechanical signal regulating virulence in Escherichia coli O157:H7. Proc. Natl
Acad. Sci. USA 112, 5503-5508 (2015).

Barrila, J. et al. Spaceflight analogue culture enhances the host-pathogen
interaction between Salmonella and a 3-D biomimetic intestinal co-culture
model. Front. Cell. Infect. Microbiol. 12, 705647 (2022).

Pacello, F., Rotilio, G. & Battistoni, A. Low-shear modeled microgravity enhances
salmonella enterica resistance to hydrogen peroxide through a mechanism
involving KatG and KatN. Open Microbiol. J. 6, 53-64 (2012).

Wilson, J. W. et al. Media ion composition controls regulatory and virulence
response of Salmonella in spaceflight. PLoS ONE 3, e3923 (2008).

Avican, K. et al. RNA atlas of human bacterial pathogens uncovers stress
dynamics linked to infection. Nat. Commun. 12, 3282 (2021).

Nickerson, C. A, Ott, C. M,, Wilson, J. W., Ramamurthy, R. & Pierson, D. L.
Microbial responses to microgravity and other low-shear environments. Micro-
biol. Mol. Biol. Rev. 68, 345-361 (2004).

Arunasri, K. et al. Effect of simulated microgravity on E. coli K12 MG1655 growth
and gene expression. PLoS ONE 8, e57860 (2013).

Pollard, E. C. Theoretical studies on living systems in the absence of mechanical
stress. J. Theor. Biol. 8, 113-123 (1965).

Kim, W. et al. Effect of spaceflight on Pseudomonas aeruginosa final cell density
is modulated by nutrient and oxygen availability. BMC Microbiol. 13, 241 (2013).
Marteyn, B., Scorza, F. B, Sansonetti, P. J. & Tang, C. Breathing life into patho-
gens: the influence of oxygen on bacterial virulence and host responses in the
gastrointestinal tract. Cell. Microbiol. 13, 171-176 (2011).

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Bains, M., Fernandez, L. & Hancock, R. E. W. Phosphate starvation promotes
swarming motility and cytotoxicity of Pseudomonas aeruginosa. Appl. Environ.
Microbiol. 78, 6762-6768 (2012).

Rossi, E., Paroni, M. & Landini, P. Biofilm and motility in response to environ-
mental and host-related signals in Gram negative opportunistic pathogens. J.
Appl. Microbiol. 125, 1587-1602 (2018).

Xu, Y. et al. An acid-tolerance response system protecting exponentially grow-
ing Escherichia coli. Nat. Commun. 11, 1496 (2020).

Troxell, B., Fink, R. C, Porwollik, S, McClelland, M. & Hassan, H. M. The Fur
regulon in anaerobically grown Salmonella enterica sv. Typhimurium: identifi-
cation of new Fur targets. BMC Microbiol. 11, 236 (2011).

Morrison, M. D. & Nicholson, W. L. Meta-analysis of data from spaceflight tran-
scriptome experiments does not support the idea of a common bacterial
“spaceflight response”. Sci. Rep. 8, 14403 (2018).

Crabbé, A. et al. Transcriptional and proteomic responses of Pseudomonas
aeruginosa PAO1 to spaceflight conditions involve Hfq regulation and reveal a
role for oxygen. Appl. Environ. Microbiol. 77, 1221-1230 (2011).

Chao, Y. & Vogel, J. The role of Hfq in bacterial pathogens. Curr. Opin. Microbiol.
13, 24-33 (2010).

Kiss, J. Z. Mechanisms of the early phases of plant gravitropism. Crit. Rev. Plant
Sci. 19, 551-573 (2000).

Gadalla, D. S., Braun, M. & Bohmer, M. Gravitropism in Higher Plants: Cellular
Aspects. (Springer International Publishing, 2018).

Zhang, X. P, Ma, C. X,, Sun, L. R. & Hao, F. S. Roles and mechanisms of Ca 2* in
regulating primary root growth of plants. Plant Signal. Behav. 15, 1748283
(2020).

Zabel, P., Bamsey, M., Schubert, D. & Tajmar, M. Review and analysis of over 40
years of space plant growth systems. Life Sci. Space Res 10, 1-16 (2016).
Zhou, J.-J. & Luo, J. The PIN-FORMED Auxin Efflux Carriers in Plants. Int. J. Mol.
Sci. 19, 2759 (2018).

Colla, G., Rouphael, Y., Cardarelli, M., Mazzucato, A. & Olimpieri, I. Growth, yield
and reproduction of dwarf tomato grown under simulated microgravity con-
ditions. Plant Biosyst. - Int. J. Dealing all Asp. Plant Biol. 141, 75-81 (2007).
Hoson, T. et al. Growth stimulation in inflorescences of an Arabidopsis tubulin
mutant under microgravity conditions in space. Plant Biol. 16, 91-96 (2014).
Zheng, H. Q. Han, F. & Le, J. Higher plants in space: microgravity perception,
response, and adaptation. Microgravity Sci. Technol. 27, 377-386 (2015).
Hoson, T. et al. Stimulation of elongation growth and cell wall loosening in rice
coleoptiles under microgravity conditions in space. Plant Cell Physiol. 43,
1067-1071 (2002).

Matia, 1. et al. Plant cell proliferation and growth are altered by microgravity
conditions in spaceflight. J. Plant Physiol. 167, 184-193 (2010).

Nedukha, E. M. International Review of Cytology.170 (Academic Press, 1997).
Hoson, T., Soga, K., Wakabayashi, K., Kamisaka, S. & Tanimoto, E. Growth and cell
wall changes in rice roots during spaceflight. Plant Soil 255, 19-26 (2003).
Jost, A-l. K, Hoson, T. & Iversen, T.-H. The utilization of plant facilities on the
international space station—the composition, growth, and development of
plant cell walls under microgravity conditions. Plants 4, 44-62 (2015).

Correll, M. J. et al. Transcriptome analyses of Arabidopsis thaliana seedlings
grown in space: implications for gravity-responsive genes. Planta 238, 519-533
(2013).

Salmi, M. L. & Roux, S. J. Gene expression changes induced by space flight in
single-cells of the fern Ceratopteris richardii. Planta 229, 151-159 (2008).
Hassanpour, H. & Abdel Latef, A. A. H. Changes in chlorophyll metabolism,
Rubisco gene expression, and antioxidant metabolites of Ocimum basilicum
seedlings subjected to clinorotation. Plant Cell Tiss Organ Cult. https://doi.org/
10.1007/511240-023-02448-z (2023).

Aubry-Hivet, D. et al. Analysis of gene expression during parabolic flights reveals
distinct early gravity responses in Arabidopsis roots. Plant Biol. 16, 129-141
(2014).

Jin, J., Chen, H. & Cai, W. Transcriptome analysis of Oryza sativa calli under
microgravity. Microgravity Sci. Technol. 27, 437-453 (2015).

Johnson, C. M., Subramanian, A, Pattathil, S., Correll, M. J. & Kiss, J. Z. Com-
parative transcriptomics indicate changes in cell wall organization and stress
response in seedlings during spaceflight. Am. J. Bot. 104, 1219-1231 (2017).
Fengler, S. et al. Changes in gene expression of Arabidopsis thaliana cell cultures
upon exposure to real and simulated partial-g forces. Microgravity Sci. Technol.
28, 319-329 (2016).

Vlot, A. C. et al. Systemic propagation of immunity in plants. N. Phytol. 229,
1234-1250 (2021).

Conrath, U., Beckers, G. J. M., Langenbach, C. J. G. & Jaskiewicz, M. R. Priming for
enhanced defense. Annu. Rev. Phytopathol. 53, 97-119 (2015).

Hou, S. & Tsuda, K. Salicylic acid and jasmonic acid crosstalk in plant immunity.
Essays Biochem 66, 647-656 (2022).

Published in cooperation with the Biodesign Institute at Arizona State University, with the support of NASA


https://doi.org/10.1007/s11240-023-02448-z
https://doi.org/10.1007/s11240-023-02448-z

74.
75.
76.

77.

78.
79.
80.
81.
82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.
95.

96.

97.

98.

99.

100.

101.

102.

103.

Published in cooperation with the Biodesign Institute at Arizona State University, with the support of NASA

Version of Record at: https://doi.org/10.1038/s41526-023-00323-x

Pruitt, R. N, Gust, A. A. & Niurnberger, T. Plant immunity unified. Nat. Plants 7,
382-383 (2021).

Muthamilarasan, M. & Prasad, M. Plant innate immunity: an updated insight into
defense mechanism. J. Biosci. 38, 433-449 (2013).

Noman, A, Ageel, M. & Lou, Y. PRRs and NB-LRRs: from signal perception to
activation of plant innate immunity. Int. J. Mol. Sci. 20, 1882 (2019).

Zhang, W., He, S. Y. & Assmann, S. M. The plant innate immunity response in
stomatal guard cells invokes G-protein-dependent ion channel regulation. Plant
J. 56, 984-996 (2008).

Luna, E. et al. Callose deposition: a multifaceted plant defense response. Mol.
Plant Microbe Interact. 24, 183-193 (2011).

Chang, M., Chen, H., Liu, F. & Fu, Z. Q. PTI and ETI: convergent pathways with
diverse elicitors. Trends Plant Sci. 27, 113-115 (2022).

Zhang, S., Li, C,, Si, J,, Han, Z. & Chen, D. Action mechanisms of effectors in plant-
pathogen interaction. Int. J. Mol. Sci. 23, 6758 (2022).

Anderson, J. P. et al. Plants versus pathogens: an evolutionary arms race. Funct.
Plant Biol. 37, 499-512 (2010).

Green, E. R. & Mecsas, J. Bacterial secretion systems: an overview. Microbiol.
Spectr. 4, (2016).

Rajarammohan, S. Redefining plant-necrotroph interactions: the thin line
between hemibiotrophs and necrotrophs. Front. Microbiol. 12, 673518 (2021).
Martel, A. et al. The ETS-ETI cycle: evolutionary processes and metapopulation
dynamics driving the diversification of pathogen effectors and host immune
factors. Curr. Opin. Plant Biol. 62, 102011 (2021).

Ceulemans, E., lbrahim, H. M. M., De Coninck, B. & Goossens, A. Pathogen
effectors: exploiting the promiscuity of plant signaling hubs. Trends Plant Sci. 26,
780-795 (2021).

Glowacki, S., Macioszek, V. K. & Kononowicz, A. K. R proteins as fundamentals of
plant innate immunity. Cell. Mol. Biol. Lett. 16, 1-24 (2010).

Khan, M., Subramaniam, R. & Desveaux, D. Of guards, decoys, baits and traps:
pathogen perception in plants by type Il effector sensors. Curr. Opin. Microbiol.
29, 49-55 (2016).

Prithiviraj, B., Bais, H. P, Jha, A. K. & Vivanco, J. M. Staphylococcus aureus
pathogenicity on Arabidopsis thaliana is mediated either by a direct effect of
salicylic acid on the pathogen or by SA-dependent, NPR1-independent host
responses. Plant J. 42, 417-432 (2005).

Starkey, M. & Rahme, L. G. Modeling Pseudomonas aeruginosa pathogenesis in
plant hosts. Nat. Protoc. 4, 117-124 (2009).

Neumann, C. et al. The Salmonella effector protein SpvC, a phosphothreonine
lyase is functional in plant cells. Front. Microbiol. 5, 548 (2014).

Garcia, A. & Hirt, H. Salmonella enterica induces and subverts the plant immune
system. Front. Microbiol. 5, 141 (2014).

Jo, S. H. et al. A human pathogenic bacterium Shigella proliferates in plants
through adoption of type Il effectors for shigellosis. Plant Cell. Environ. 42,
2962-2978 (2019).

Brandl, M. T. Fitness of human enteric pathogens on plants and implications for
food safety. Annu. Rev. Phytopathol. 44, 367-392 (2006).

Shirron, N. & Yaron, S. Active suppression of early immune response in tobacco
by the human pathogen Salmonella Typhimurium. PLoS ONE 6, e18855 (2011).
Cao, H., Baldini, R. & Rahme, L. Common mechanisms for pathogens of plants
and animals. Annu. Rev. Phytopathol. 39, 259-284 (2001).

Schikora, A., Carreri, A, Charpentier, E. & Hirt, H. The dark side of the salad:
Salmonella typhimurium overcomes the innate immune response of Arabi-
dopsis thaliana and shows an endopathogenic lifestyle. PLoS ONE 3, e2279
(2008).

Melotto, M., Panchal, S. & Roy, D. Plant innate immunity against human bacterial
pathogens. Front. Microbiol. 5, 411 (2014).

Toruio, T. Y., Stergiopoulos, I. & Coaker, G. Plant-pathogen effectors: cellular
probes interfering with plant defenses in spatial and temporal manners. Annu.
Rev. Phytopathol. 54, 419-441 (2016).

Wang, C. et al. Hfg, a RNA chaperone, contributes to virulence by regulating
plant cell wall-degrading enzyme production, type VI secretion system
expression, bacterial competition, and suppressing host defense response in
Pectobacterium carotovorum. Mol. Plant. Microbe Interact. 31, 1166-1178 (2018).
Barak, J. D., Jahn, C. E., Gibson, D. L. & Charkowski, A. O. The role of cellulose and
O-antigen capsule in the colonization of plants by Salmonella enterica. MPMI 20,
1083-1091 (2007).

Yaron, S. & Romling, U. Biofilm formation by enteric pathogens and its role in
plant colonization and persistence. Microb. Biotechnol. 7, 496-516 (2014).
Sarkar, S., Ulett, G. C,, Totsika, M., Phan, M.-D. & Schembri, M. A. Role of capsule
and O antigen in the virulence of uropathogenic Escherichia coli. PLoS ONE 9,
94786 (2014).

Cordeiro, M. A,, Werle, C. H., Milanez, G. P. & Yano, T. Curli fimbria: an Escherichia
coli adhesin associated with human cystitis. Braz. J. Microbiol. 47, 414-416
(2016).

N. Totsline et al.

104.

105.

106.

107.

108.

109.

110.

111,

112,

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

npj

Trivedi, P., Leach, J. E, Tringe, S. G, Sa, T. & Singh, B. K. Plant-microbiome
interactions: from community assembly to plant health. Nat. Rev. Microbiol. 18,
607-621 (2020).

Karmakar, K., Nath, U., Nataraja, K. N. & Chakravortty, D. Root mediated uptake of
Salmonella is different from phyto-pathogen and associated with the coloni-
zation of edible organs. BMC Plant Biol. 18, 344 (2018).

Kisluk, G. & Yaron, S. Presence and persistence of Salmonella enterica serotype
Typhimurium in the phyllosphere and rhizosphere of spray-irrigated parsley.
Appl. Environ. Microbiol. 78, 4030-4036 (2012).

Kim, J.-S., Yoon, S.-J,, Park, Y.-J, Kim, S.-Y. & Ryu, C-M. Crossing the kingdom
border: human diseases caused by plant pathogens. Environ. Microbiol. 22,
2485-2495 (2020).

Gu, G., Cevallos-Cevallos, J. M. & van Bruggen, A. H. Ingress of Salmonella
enterica Typhimurium into tomato leaves through hydathodes. PLoS ONE 8,
e53470 (2013).

Saldana, Z., Sanchez, E., Xicohtencatl-Cortes, J., Puente, J. L. & Girdn, J. A. Surface
structures involved in plant stomata and leaf colonization by Shiga-toxigenic
Escherichia Coli O157:H7. Front. Microbiol. 2, 119 (2011).

Roy, D., Panchal, S., Rosa, B. A. & Melotto, M. Escherichia coli 0O157:H7 induces
stronger plant immunity than Salmonella enterica Typhimurium SL1344. Phy-
topathology 103, 326-332 (2013).

Mendes, R., Garbeva, P. & Raaijmakers, J. M. The rhizosphere microbiome: sig-
nificance of plant beneficial, plant pathogenic, and human pathogenic micro-
organisms. FEMS Microbiol. Rev. 37, 634-663 (2013).

Meng, F., Altier, C. & Martin, G. B. Salmonella colonization activates the plant
immune system and benefits from association with plant pathogenic bacteria.
Environ. Microbiol. 15, 2418-2430 (2013).

Garcia, A. V. et al. Salmonella enterica Flagellin is recognized via FLS2 and
activates PAMP-triggered immunity in Arabidopsis thaliana. Mol. Plant 7,
657-674 (2014).

Jennings, E., Thurston, T. L. M. & Holden, D. W. Salmonella SPI-2 Type IIl secretion
system effectors: molecular mechanisms and physiological consequences. Cell
Host Microbe 22, 217-231 (2017).

Zarkani, A. A. & Schikora, A. Mechanisms adopted by Salmonella to colonize
plant hosts. Food Microbiol 99, 103833 (2021).

Sathasivam, M., Hosamani, R., K Swamy, B. & Kumaran G, S. Plant responses to
real and simulated microgravity. Life Sci. Space Res. 28, 74-86 (2021).

Bishop, D. L., Levine, H. G., Kropp, B. R. & Anderson, A. J. Seedborne fungal
contamination: consequences in space-grown wheat. Phytopathology 87,
1125-1133 (1997).

Cui, J, Yi, Z, Fu, Y. & Liu, H. Simulated microgravity shapes the endophytic
bacterial community by affecting wheat root metabolism. Environ. Microbiol. 24,
3355-3368 (2022).

Qin, Y, Fu, Y., Chen, H, Liu, H. & Sun, Y. Microgravity effect on endophytic
bacteria communities of Triticum aestivum. Acta Astronaut. 143, 297-301
(2018).

Urban, J. E, Gerren, R. & Zoelle, J. Effects of microgravity on the binding of
acetylsalicylic acid by Rhizobium leguminosarum bv. trifolii. Acta Astronaut. 36,
129-133 (1995).

Urban, J. E. Microgravity effects on the legume/Rhizobium symbiosis. AIP Conf.
Proc. 387, 755 (2008).

Dauzart, A. J. C,, Vandenbrink, J. P. & Kiss, J. Z. The effects of clinorotation on the
host plant, Medicago truncatula, and its microbial symbionts. Front. Astro. Space
Sci. 3, (2016).

Jha, A. K, Bais, H. P. & Vivanco, J. M. Enterococcus faecalis mammalian virulence-
related factors exhibit potent pathogenicity in the Arabidopsis thaliana plant
model. Infect. Immun. 73, 464-475 (2005).

ACKNOWLEDGEMENTS
H.P.B.,, KK, and N.T. acknowledge support from NASA-EPSCoR funding.

AUTHOR CONTRIBUTIONS

N.T. and H.P.B. conceptualized the idea of review. N.T. worked on the draft of the
review and created figures. N.T,, KK, and H.P.B. edited the draft and finalized the
review. N.T. and H.P.B. are listed as co-first authors.

COMPETING INTERESTS

The authors declare no competing interests.

npj Microgravity (2023) 71



npj

Version of Record at: https://doi.org/10.1038/s41526-023-00323-x

N. Totsline et al.

10

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to Noah Totsline.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

npj Microgravity (2023) 71

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Published in cooperation with the Biodesign Institute at Arizona State University, with the support of NASA


http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Microgravity and evasion of plant innate immunity by human bacterial pathogens
	Introduction
	Human bacterial pathogens in microgravity
	Pathogen virulence is altered under microgravity
	Low fluid shear modulates stress tolerance and virulency in human pathogens
	Altered extracellular transport modulates virulence phenotypes under low fluid shear
	Molecular basis of altered virulence of human pathogens under microgravity

	Plants in microgravity
	Plant gravitropism
	Plant responses to microgravity

	Plant immunity against pathogens
	Induced immunity in plants
	Pattern-triggered immunity in plants
	Effectors proteins of bacterial pathogens
	Effector-triggered immunity in plants

	Plant as hosts to human pathogens
	Human enteric pathogens trigger, evade, and suppress plant innate immunity

	Plant-microbe interactions under microgravity
	Concluding remarks
	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




