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RNA-seq analysis in simulated
microgravity unveils down-regulation of
the beta-rhizobial siderophore

phymabactin
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Exploiting the symbiotic interaction between crops and nitrogen-fixing bacteria is a simple and ecological
method to promote plant growth in prospective extraterrestrial human outposts. In this study, we
performed an RNA-seq analysis to investigate the adaptation of the legume symbiont Paraburkholderia
phymatum STM815" to simulated microgravity (sO-g) at the transcriptome level. The results revealed a
drastic effect on gene expression, with roughly 23% of P. phymatum genes being differentially regulated
in s0-g. Among those, 951 genes were upregulated and 858 downregulated in the cells grown in sO-g
compared to terrestrial gravity (1 g). Several genes involved in posttranslational modification, protein
turnover or chaperones encoding were upregulated in s0-g, while those involved in translation, ribosomal

structure and biosynthesis, motility or inorganic ions transport were downregulated. Specifically, the
whole phm gene cluster, previously bioinformatically predicted to be involved in the production of a
hypothetical malleobactin-like siderophore, phymabactin, was 20-fold downregulated in microgravity. By
constructing a mutant strain (AphmJK) we confirmed that the phm gene cluster codes for the only
siderophore secreted by P. phymatum as assessed by the complete lack of iron chelating activity of the P.
phymatum AphmJK mutant on chrome azurol S (CAS) agar plates. These results not only provide a
deeper understanding of the physiology of symbiotic organisms exposed to space-like conditions, but
also increase our knowledge of iron acquisition mechanisms in rhizobia.

Nitrogen is the most growth-limiting nutrient in plants that are unable to
metabolize atmospheric nitrogen (N,) and instead require nitrogen in a
mineral form, such as NH,, to thrive"?. The common solution in agriculture
is to provide nitrogen fertilizers produced through the Haber-Bosch process
directly to the crops’. This practice is economically and ecologically
expensive, as the production of synthetic nitrogen fertilizers represents up to
2% of the worldwide yearly energy utilization™. Yet, it is possible to utilize
the naturally occurring mutualistic relationship between rhizobia and plants
to provide nitrogen to crops without using synthetic fertilizers, alleviating
the global dependence on agrochemicals™. In fact, 88% of the members of
the Leguminosae family, composed of 19,500 known species, are able to
form a symbiotic relationship with rhizobia, which are responsible for up to

60% of worldwide yearly biological nitrogen fixation™"’. N,-fixing rhizobia
are already in use in farming practices to support food crops like soybean
(Glycine max) and common bean (Phaseolus vulgaris) for example'' ™. In
addition, these bacteria are known to produce phytohormones such as auxin
and brassinosteroids that stimulate plant growth and rhizogenesis'* . Some
rhizobia can also solubilize phosphorus that is immobilized in the soil and is
not available for uptake by crops'. Furthermore, certain strains of rhizobia
can protect plants against diseases, either by stimulating the legumes’
immune system or by inhibiting growth of pathogens'’™"”. Among the well-
established methods by which rhizobia can antagonize plants pathogens are
the production of antibiotics, other toxins or the secretion of siderophores'.
Siderophores are iron-chelating compounds secreted by bacteria to
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sequester iron from their environment, therefore preventing plant patho-
genic bacteria from obtaining it”’. Additionally, siderophores can reduce
Fe’" into Fe** that plants can absorb and metabolize, thereby stimulating
their growth®”'.

Symbiosis between legumes and rhizobia can occur and facilitate crops
growth in extreme environments, such as hypersaline or highly polluted
soils” . Another extreme environment where the interaction between
legumes and their symbionts could be used for promoting crop growth is
space. The establishment of permanent extraterrestrial colonies will require
the development and implementation of space farming, as future settlers will
demand access to vitamin and fiber-rich fresh food to ensure their physical
and psychological well-being””". Moreover, upcoming human dwellings on
celestial bodies will need to be as self-sufficient as possible to minimize costs
and energy spent on importing supplies to promote the fertility of lunar
regolith, for example®. This self-reliance is not compatible with being
dependent on regular shipments of synthetic fertilizers”*. However,
reduced gravity encountered at the surface of the Moon or Mars has a
negative effect on plants growth, immune system and yield”**’. For example,
exposure to artificial weightlessness induces direct morphological changes
in plants, such as an increased shoot dry mass and root length and a decrease
in root dry mass, as it is the case for the legume model Medicago truncatula’.
Moreover, the fungal pathogen Phytophthora sojae was more efficient in
infecting roots of the legume soybean during the Space Shuttle Mission STS-
87, suggesting that the plant immune system is weaker under space-like
conditions™. Taking advantage of the symbiosis between legumes and rhi-
zobia could hence be a solution to enable farming in extraterrestrial
environments”. However, very little is currently known about the impact of
space conditions on mutualistic plant-bacteria interactions, despite their
importance in terrestrial ecosystems and their potential as biofertilizers and
biocontrol agents™. A good rhizobial model to study symbiosis is the
betaproteobacterium Paraburkholderia phymatum STMS815", a versatile
symbiont that can nodulate the roots of more than 50 legumes, including
crops of high human and economic importance like common bean or
cowpea'**’. P. phymatum is also highly competitive for root nodulation
and resistant to abiotic stresses’.

In order to acquire a better understanding of the effect of weightlessness
on symbiotic microorganisms, we used the N,-fixing and symbiotic rhizo-
bium P. phymatum grown on a random positioning machine (RPM), which
generates a microgravity-like environment (s0-g) and performed an RNA-
sequencing (RNA-seq) analysis. Our RNA-seq analysis showed that almost
one fourth of the annotated 7899 P. phymatum genes were differentially
regulated. Among those, several genes involved in stress response were
upregulated in s0-g compared to terrestrial gravity (1g), while those
responsible for cell replication, protein synthesis, motility, inorganic ion
transport or defense mechanisms were downregulated. Interestingly, we

observed that all the genes belonging to a cluster encoding a putative side-
rophore named phymabactin (phm)™® were downregulated in s0-g. Mutants,
in which phm] or phmK were inactivated, did not produce any siderophores,
suggesting that the phm cluster is indeed responsible for the production of
the only siderophore produced by P. phymatum.

Results

Microgravity-triggered changes in P. phymatum STM815"
transcriptome

RNA-seq was performed to investigate changes in gene expression in P.
phymatum cells subjected to s0-g. To do so, wild-type cells were grown in
minimal medium cultures either in s0-g or in terrestrial gravity until towards
the end of the exponential phase (ODgpo=0.7). A growth profile of P.
phymatum cells incubated in 1 g and in s0-g was conducted prior to sample
collection to confirm that exposure to microgravity does not affect the cell
replication (Supplementary Fig. 1). We processed three biological replicates
per condition and obtained on average 19.2 million reads per sample. Using
a threshold p < 0.01 and an absolute log, fold change (FC) > 1, we identified
1809 P. phymatum genes differentially expressed, among which 858 were
downregulated and 951 were upregulated (Fig. 1).

The differentially expressed genes (DEG) were assigned to functional
categories according to the eggNOG classification system (Fig. 2).

The category O (posttranslational modification, protein turnover, cha-
perone) is the most over-represented among the upregulated genes in cells
grown in s0-g compared to 1g (p <0.0001). For example, Bphy_2334 and
Bphy_1113, coding for the chaperones GroES and GroEL, showed a 23-fold
upregulation in s0-g. Genes classified in the category T (signal transduction
mechanisms) such as Bphy_6643, which codes for an osmolarity response
regulator, and Bphy_5818 encoding a universal stress protein were also sig-
nificantly upregulated in s0-g compared to 1 g (p < 0.0001). Additionally, a
high number of genes showing increased expression in s0-g are coding for
proteins of unknown function (category S, Fig. 2) (p < 0.0001). Furthermore,
genes of the category G (carbohydrate transport and metabolism) like
Bphy_4389 and Bphy_4390, which are involved in trehalose production and
code for a maltooligosyl trehalose trehalohydrolase and the glycogen deb-
ranching enzyme GlgX respectively, were also more expressed in s0-g than in
1 g. Several genes belonging to the category K (transcription) also displayed a
significantly higher expression in s0-g compared to 1g. For instance,
Bphy_0301, which encodes the heat shock sigma factor RpoH and Bphy_0962
that codes for the stationary phase sigma factor RpoS were both upregulated in
s0-g. We also found several genes attributed to the category C (energy pro-
duction and conversion), such as Bphy_3647 encoding the cytochrome ubi-
quinol oxidase subunit I CyoB, or Bphy_7754 coding for the nitrogenase
molybdenum-iron protein alpha chain, upregulated in microgravity com-
pared to terrestrial gravity (p < 0.0001). Moreover, several genes assigned to

Fig. 1 | Differential gene expression under simu-
lated microgravity and terrestrial gravity. The MA
plot (M=log ratios; A=averages) shows the log, fold
changes (FC) in transcript expression in P. phyma- 41
tum STM815" grown in simulated microgravity (g0)
versus terrestrial gravity (g1) conditions. The genes
with statistically significant increased expression in
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simulated microgravity are shown in purple, while
the ones with decreased expression are displayed in
green (p <0.01).
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Fig. 2 | Classification in Cluster of Orthologous
Genes (COG) functional categories of the differ-
entially expressed genes (DEG) in s0-g compared
to 1 g. The percentage of genes downregulated in s0-
g in each category is shown in green, while the
percentage of upregulated genes is indicated in
purple. The different categories are indicated by the
following letters: A, RNA processing and modifica-
tion; B, chromatin structure and dynamics; C,
energy production and conversion; D, cell cycle
control, cell division, chromosome partitioning; E,
amino acid transport and metabolism; F, nucleotide
transport and metabolism; G, carbohydrate trans-
port and metabolism; H, coenzyme transport and
metabolism; 1, lipid transport and metabolism; J,
translation, ribosomal structure and biogenesis; K,
transcription; L, replication, recombination and
repair; M, cell wall/membrane/envelope biogenesis;
N, cell motility; O, posttranslational modification,
protein turnover, chaperone; P, inorganic ion
transport and metabolism; Q, secondary metabolites
biosynthesis, transport and catabolism; R, general
function prediction only; S, function unknown; T,
signal transduction mechanisms; U, intracellular
trafficking, secretion, and vesicular transport; V,
defense mechanisms; W, extracellular structures.
Statistical analysis was performed through Fisher’s
exact test (*p < 0.05, **p < 0.01, ***p < 0.0001,
HHHED < 0.00001).
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the category Q (secondary metabolites biosynthesis, transport and catabo-
lism), such as Bphy_7747 and Bphy_7777, both coding for nitrogen fixation
proteins FixT, were upregulated in cells grown in s0-g compared to 1 g.
Among the highly downregulated genes in microgravity, we found
several genes of the category J (translation, ribosomal structure and bio-
genesis). For instance, Bphy_2818, encoding the translation initiation factor
IF-1, or Bphy_2843, coding for the elongation factor G, showed decreased
expression in the cells grown in s0-g compared to 1 g (p <0.0001). Also,
genes attributed to the category N (cell motility) such as Bphy_2963,
responsible to produce the flagellar biosynthesis protein FIhA, and
Bphy_2932, coding for the flagellar motor switch protein FliG were
downregulated in s0-g (p < 0.0001). Moreover, several genes classified in the
category U (intracellular trafficking, secretion and vesicular transport) were
downregulated in s0-g (p < 0.0004). For instance, Bphy_1947, coding for the
biopolymer transporter ExbD and Bphy_2819, coding for the preprotein
translocase subunit SecY. Furthermore, genes of the category F (nucleotide
transport and metabolism) such as Bphy_2553 that encodes the bifunctional
purine biosynthesis protein PurH, or Bphy_0570 that codes for the dUTP
diphosphatase Dut were less expressed in s0-g (p <0.0001). The genes
belonging to the category V (defense mechanisms), like Bphy_3538 and
Bphy_3488, both encoding a putative acriflavine resistance protein, were
downregulated in the cells grown in artificial weightlessness compared to the
ones grown in terrestrial gravity. Furthermore, several genes of the category
M (cell wall/ membrane/ envelope biogenesis) such as Bphy_0051 that codes
for the cell rod shape-determining protein MreC, were downregulated in
cells grown in s0-g compared to the ground controls (p < 0.0001). Several
genes attributed to the category D (cell cycle control, cell division, chro-
mosome partitioning) such as Bphy_2457 coding for the cell division
coordinator protein CpoB, or Bphy_2089, encoding the cell division protein
FtsK were downregulated in cells grown in s0-g compared to the onesin 1 g.
One of the strongest downregulated gene in artificial weightlessness was

Bphy_4445 (FC = 59.9) that encodes a sugar ABC transporter permease and
belongs to category P (inorganic ion transport and metabolism). Interest-
ingly, several downregulated genes in category P are potentially involved in
iron transport. Among others, Bphy_1957 that codes for an iron transporter
and, Bphy_5030, Bphy_5373 and Bphy_6693, which encode TonB-
dependent receptors. In addition, the genes cluster Bphy_4047 to
Bphy_4035 that encode proteins involved in the production of a hypothe-
tical siderophore were all downregulated in cells grown in s0-g compared to
1 g (average FC of -20). A complete list of all P. phymatum DEG in s0-g
compared to terrestrial gravity is listed in Supplementary Table 1.

Siderophore production is reduced in s0-g

To further investigate down-regulation of genes involved in iron uptake
under simulated microgravity conditions, siderophore production in ter-
restrial gravity and artificial weightlessness was quantified through liquid
chrome azurol S (CAS) assay. For this, the supernatant of P. phymatum cells
grown in 1 g and s0-g for 17 h was filtered and mixed with CAS dye. Iron
chelation resulted in a colorimetric change that was measured spectro-
photometrically. The amount of siderophores produced in 1 g versus s0-g is
expressed as the CAS activity relative to the reference (sterile minimal
medium with CAS dye), as described in the methods. As shown in Fig. 3,
cells grown in s0-g displayed a 66.8% lower CAS activity than when incu-
bated in terrestrial gravity, suggesting that exposure to simulated micro-
gravity impacts P. phymatum ability to produce iron chelators.

The phm cluster is downregulated in iron replete conditions and
in simulated microgravity

Our RNA-seq analysis showed that a P. phymatum gene cluster previously
bioinformatically predicted to be involved in the production of a side-
rophore was downregulated in cells grown in s0-g* (Fig. 4). The predicted
iron chelator was named phymabactin because of its similarity with the
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siderophores ornibactin and malleobactin, which are synthesized by many
Burkholderia cenocepacia (orb gene cluster) and Burkholderia pseudomallei
strains (mba gene cluster), respectively’®. The first gene in all three clusters is
the regulatory gene phmS (Bphy_4047) that encodes an extracytoplasmic
sigma 70 factor (ECF), which is roughly 69% similar to OrbS in B. cen-
ocepacia. Moreover, phmC (Bphy_4044) codes for an ABC transporter
ATP-binding protein that shows 75.4% similarity with OrbC. Another gene,
phmD (Bphy_4043), encodes the iron hydroxamate ABC transporter per-
mease FhuB, which is 66.9% similar to OrbD. Also, phmB (Bphy_4041)
encodes an iron-siderophore ABC transporter substrate-binding protein
that displays 62.9% similarity with OrbB and is followed by a gene coding for
a cyclic peptide export ABC transporter PhmE (Bphy_4040), that is 77%
similar to OrbE. In average, phm displays about 70% and 66% of similarity
with the mba and orb gene clusters, respectively. The similarity of each P.
phymatum phm gene in the cluster to their homologs in the mba and orb
clusters are listed in the Supplementary Table 2.
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Fig. 3 | Less siderophore production in s0-g compared to 1 g. The supernatant of P.
phymatum cells incubated overnight in 1 g and s0-g in ABS minimal medium buffered
with PIPES was collected and used for siderophores quantifications using a liquid CAS
assay. The CAS activity was calculated using the absorbance at 630 nm of a reference (Ar)
and of the sample (As) in the formula Ar-As/As/ODgy x100. ODg is the absorbance at
600 nm of the cultures before cells precipitation. The standard deviations are given, and
three (n = 3) biological replicates were tested. A Student ¢ test was performed (*p < 0.05).

1042049

A closer look at the phmS promoter region revealed the presence of a
potential ferric uptake regulator (Fur) binding sequence (GTAAACGC-
GAATCATTCTC) that is almost identical (18/19 matches; underlined)
with the Fur box identified in B. cenocepacia 715]***.

The phmJK deletion mutant showed no siderophore production
A phm mutant, in which part of the non-ribosomal peptide-synthetize
enzyme (NRPS) encoding gene phm]J and the acetyltransferase phmK were
deleted, was generated and assessed for siderophore production on CAS-
agar plates. While an orange halo was observed on the plates where the P.
phymatum wild-type strain was spotted (Fig. 5a) no change in color was seen
on the plates with the phm/K mutant (Fig. 5b), suggesting that phm codes for
the only siderophore in P. phymatum. The amount of the siderophore in the
supernatant of overnight cultures grown in minimal media was quantified
using liquid CAS assay and showed that P. phymatum wild-type has a CAS
activity relative to the reference (sterile growth media incubated with CAS
dye) of 38.5 + 1.3%, which is approximately 13.8 times higher than the values
measured for the AphmJK mutant (CAS activity of 2.8 £ 1.96%; p < 0.0001).

Discussion

In this study, we performed a transcriptome analysis of the rhizobial strain
P. phymatum grown in s0-g and assessed for the first time the impact of
artificial microgravity on genome expression of a N,-fixing legume sym-
biont using a high throughput method. The RN A-seq analysis revealed that
several genes involved in translation, metabolism, biosynthesis, nucleic
acids, and inorganic ions pathways were downregulated, while genes coding
for chaperones production and proteins turnover were upregulated in
artificial weightlessness relative to terrestrial gravity (Fig. 2). For instance,
expression of genes coding for the four subunits of the cytochrome o
complex ubiquinol in P. phymatum, Bphy_3649 to Bphy_3646 (cyo), was
strongly increased in cells grown in s0-g compared to the ones grownin 1 g.
Interestingly, this gene cluster has also been observed to be upregulated in P.
phymatum grown in microoxic conditions"'. Moreover, in the endophyte
Paraburkholderia phytofirmans Ps]N, homologous cyo genes showed
increased expression when exposed to drought stress”***". The observed
upregulation of the genes encoding the RpoH and RpoS transcription
factors, which are involved in heat shock and stationary phase/stress

phm

phmS: (Bphy_4047) RNA polymerase factor sigma-70, FC = - 56.9

1014823
RN
AN
+
1018312 1023289 1kb
A phmJK

n phmH: (Bphy_4046) MbtH family NRPS accessory protein, FC = - 37.8

% phmG: (Bphy_4045) TauD/TfdA family dioxygenase, FC = - 43.4

phmC: (Bphy_4044) ABC transporter ATP-binding protein, FC = - 26.2

m phmD: (Bphy_4043) Fe(3+)-hydroxamate ABC transporter permease FhuB, FC = -7.8

E phmF: (Bphy_4042) siderophore-iron reductase FhuF, FC = - 17.1

E phmB: (Bphy_4041) iron-siderophore ABC transporter substrate-binding protein, FC = - 11.5
@ phmE: (Bphy_4040) cyclic peptide export ABC transporter, FC = - 46.2

phml: (Bphy_4039) non-ribosomal peptide synthetase, FC = - 16.9

2]

E:21 phmJ: (Bphy_4038) non-ribosomal peptide synthetase, FC = - 8.9

E phmK: (Bphy_4037) acetyltransferase, FC = - 13.6

. pvdA: (Bphy_4036) lysine N(6)-hydroxylase/L-ornithine N(5)-oxygenase family protein, FC = - 13.1

phmL: (Bphy_4035) acetyltransferase, FC = - 17.1

Fig. 4 | Physical map of the phm gene cluster. The numbers on top refer to the nucleotides position according to the Burkholderia database (https://www.burkholderia.com).
The deletion in the phymabactin deficient mutant is shown with a AphmJK. The description and fold change (FC) of expression s0-g versus 1 g of each gene is also indicated.
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Fig. 5 | P. phymatum AphmJK does not produce siderophores. CAS assays were
performed on P. phymatum wild-type (a) and AphmJK deletion mutant (b) grown on
ABS agar plates. The cells were spotted and incubated for 48 h. Three (n = 3) biological
replicates were performed and the results of one replicate are shown here. ¢ quantification
of siderophore production in the supernatant of P. phymatum wild-type and AphmJK
grown in buffered liquid ABS minimal medium for 17 h at 28 °C, 180 rpm. The data show
the mean value of three independent biological replicates. The standard deviations are
shown as bars. Statistical analysis was performed through Student’s #-test (***p < 0.001).

response, respectively, suggest that growth in s0-g induces a similar effect as
drought or osmotic stress in P. phymatum cells*. Yet, growth of P. phy-
matum in microgravity was not impaired compared to terrestrial gravity
(Supplementary Fig. 1), which might be explained by the fact that high
energy consuming functions such as cell defense mechanisms are down-
regulated in microgravity, allowing P. phymatum to direct its energy
towards cell proliferation. This observation is in line with other studies
conducted in Escherichia coli, Deinococcus radiodurans, Pseudomonas
aeruginosa or Bacillus subtilis, where exposure to real or simulated micro-
gravity induced an oxidative and osmotic stress response, but did not
impact their viability">*’. Our preliminary data also suggest that P. phy-
matum cells grown in s0-g are slightly more resistant to oxidative stress than
the ones in 1 g (Supplementary Fig. 2). These results indicate a generalized
effect induced in microgravity that could be due to an accumulation of
cellular waste in the proximity of the cells**. In fact molecules in this
microenvironment can only be exchanged through Brownian motion
(diffusion) because of the lack of shear forces™>***’. It is also interesting to
note that most of the genes coding for P. phymatum type VI secretion
system 3 (T6SS-3) were upregulated in cells grown in simulated micro-
gravity. However, P. phymatum second T6SS (T6SS-b) showed the opposite
behavior and was downregulated when P. phymatum was grown in artificial
weightlessness (Supplementary Table 1)*. As both P. phymatum T6SS have
been shown to be important for interbacterial competition in vitro and in
planta, prospective competition experiments performed in 1g and s0-g
might clarify whether exposure to artificial microgravity has an influence on
P. phymatum ability to outcompete against other soil bacteria’”. Moreover,
genes involved in motility and chemotaxis were found to be downregulated.

All the genes involved in flagella formation, for example, showed a sig-
nificantly lower expression in cells grown in s0-g compared to 1g.
Downregulation of genes involved in motility has also been observed in
other transcriptomic studies conducted in E. coli or Salmonella typhimur-
ium, in both true and simulated weightlessness. In both cases this effect was
explained by an upregulation of the transcriptional regulatory gene hfg™.
We did not observe any change in Bphy_1711 (hfg) expression in P. phy-
matum grown in s0-g compared to 1 g. The RN A-seq data also revealed that
genes coding for proteins that are key for ensuring bacterial cells shape, such
as the rod shape determining proteins MreC and RodA, are downregulated
in P. phymatum grown in s0-g compared to 1 g (Supplementary Table 1).
Another strongly downregulated gene cluster appeared to code for a
hydroxamate siderophore. This P. phymatum gene cluster was previously
predicted to code for a siderophore named phymabactin®’', we show here
for the first time that it indeed codes for the only siderophore produced by P.
phymatum. Deletion of the NRPS encoding gene phmJ and the acetyl-
transferase coding gene phmK resulted in a mutant unable to synthetize
siderophores (Fig. 5). In addition, we confirmed that less siderophores were
produced in space-like conditions relative to 1 g (Fig. 3). Yet, the P. phy-
matum phmJK deletion mutant displayed a similar growth profile as the
wild-type strain when cultured in minimal media and was able to grow in
iron limited conditions (Supplementary Fig. 3), suggesting that P. phyma-
tum has other iron importers that permit its survival even in absence of
phymabactin. In fact, a bioinformatic search revealed that P. phymatum also
possesses the genes necessary to produce the Ftr siderophore-alternative
iron uptake system (Bphy_1954 - Bphy_1957)". Interestingly, these genes
were also downregulated in cells grown in s0-g compared to 1 gaccording to
the RNA-seq data. A possible explanation for the reduced iron uptake in
microgravity is that the already stressed cells limit their iron import to
minimize the level of oxidative stress. This effect has already been observed
in transcriptomic analyses conducted in E. coli strain Nissle 1917 grown in
simulated microgravity. In full agreement with our data, this study reported
a downregulation in iron transporters and an upregulation in genes
involved in the cellular response against oxidative stress and suggested that
microbial cells in s0-g displayed a limited iron uptake as a protection against
hydroxyl radicals™. Finally, the downregulation of a common good such as
phymabactin may have an impact in the context of a diverse microbial
community in space-like conditions by affecting the community structure.

A concern that must be addressed when designing space bases is that
maintaining a full nitrogen balance through N, production will be required
to ensure a stable atmospheric pressure in the closed habitat and compen-
sate gases leaks™. In addition, it is possible that plants in extraterrestrial
habitats will be grown using a nutrient solution prepared from nitrogen rich
human wastes instead of a fully synthetic growth medium™. If it is the case,
mineral nitrogen in the plants growth medium has to be controlled, as
excessive amount could be detrimental for N, fixation®>”. For instance,
denitrification of the wastes coupled with the utilization of rhizobia could be
the solution for ensuring a good amount of mineral nitrogen available for
plants without fearing the depletion of gaseous N for the crew™*™.

To summarize, P. phymatum cells exposed to simulated microgravity
displayed drastic changes in gene expression when grown in s0-g. A gene
cluster that was strongly downregulated in s0-g was shown to encode the
siderophore phymabactin. The importance of this siderophore in P. phy-
matum physiology and in its adaptation to low gravity needs to be inves-
tigated further. Importantly, the fact that this promiscuous and stress
resistant beta-rhizobial strain P. phymatum grew in simulated microgravity
as well as in normal gravity suggests that it also adapts very well to space-like
conditions, makes it an excellent candidate for an inoculant for crops grown
in future lunar or Martian colonies.

Methods

Bacterial strains, media and cultivation

Bacterial strains, plasmids and primers as well as the antibiotics used in this
study are listed in Supplementary Tables 2 and 3. E. coli was grown in Luria-
Bertani (LB) rich medium. P. phymatum was cultured in a modified version
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of this medium without salt (LB-NaCl) or in AB minimal medium sup-
plemented with 15 mM succinate (Sigma-Aldrich, St. Louis, MO, USA) as
the carbon source™. P. phymatum cells were grown in 70 mL flasks (Sarstedt,
Germany) at 28 °C and cultured in simulated microgravity using a random
positioning machine (RPM) at a rotation rate of 60°/s until towards the end
of the exponential phase (ODggq of 0.7). The RPM was built at the Lucerne
School of Engineering and Architecture (HSLU) and was used to induce
simulated microgravity throughout the study. RPMs were introduced
decades ago as a ground-based tool for simulating microgravity, alongside
other techniques implemented in instruments like Clinostats and Rotating
Wall Vessels”. The fundamental concept behind the RPMs involves the
slow and random rotation of biological samples (Supplementary Video 1).
By controlling the movement to ensure that the gravity vector continually
repositions itself in all directions for an equal duration, it effectively averages
out gravity to zero from a mathematical standpoint™’. In addition, a specific
orientation of the gravity vector must be maintained for a minimal amount
of time to enable biological systems, such as cells, to perceive gravity. With a
sufficiently rapid rotation speed, typically around ten revolutions per
minute, and a well-distributed gravity vector, cells experience an environ-
ment closely resembling microgravity. This phenomenon has been sub-
stantiated through numerous experiments conducted on Earth and in actual
microgravity conditions in space™. The 1 g control cultures were grown on a
shaker at 60 rpm in the same incubator. For each biological replicate, an
overnight culture derived from one P. phymatum single colony was washed
and inoculated both in s0-gandin 1 g.

RNA-sequencing and data processing

Three biological replicates of P. phymatum cells were grown in s0-g and in
1 g until towards the end of the exponential growth phase. Fifty mL of each
culture was then pelleted, stop solution was added and the samples were
flash-frozen in liquid nitrogen and stored at —80 °C. RNA extraction was
performed using a modified version of the hot acid phenol method*.
Genomic DNA (gDNA) removal was performed with RQ1 DNase treat-
ment (PROMEGA, Madison WI, USA), and verification of the RNA quality
was evaluated using the Agilent RNA ScreenTape System (Agilent, Santa
Clara, CA, USA)". One hundred fifty ng of high-quality RN A was used for
cDNA synthesis using the Ovation® RNA-seq System V2 (TECAN, Swit-
zerland) for libraries preparation and purification. The cDNA libraries were
quantified by capillary electrophoresis with the Agilent D1000 Screen Tape
System before performing Illumina single-end sequencing with the Illu-
mina Novaseq 6000 (100 bp single reads; Illumina, San Diego, CA, USA).
The reads were mapped according to the P. phymatum STM815" genome
(accession numbers: chromosome 1: NC_010622, chromosome 2:
NC_010623, plasmid pBPHYO0l: NC_010625, plasmid pBPHYO02:
NC_010627) with CLC Genomics Workbench (version 22.0.2, QIAGEN
CLC bio, Aarhus, Denmark), allowing up to two mismatches per read. The
statistical analysis for the differential expression of the uniquely mapped
reads was performed using DESeq 2 package in R v4.2.0”. A fold-change
threshold of log, = lor < —1 was applied with a p <0.01 to consider a gene
as differentially expressed. The functional classification of the differentially
expressed genes was assessed using eggNOG-Mapper v2 5.0 (Computa-
tional Biology Group, EMBL, Heidelberg, Germany) and the statistical
analysis was performed through Fisher test®>®.

Construction of P. phymatum STM815" mutant strains

The gDNA of P. phymatum STM815" wild-type strain was isolated through
the GenEluteTM Bacterial Genome Dna kit (Sigma-Aldrich, St. Louis, MO,
USA) whereas plasmid DNA from E. coli strains was extracted using the
QIAprep Spin Miniprep kit (Qiagen, Hilden, Germany). A phmJK dele-
tional mutant was constructed by cloning the flanking upstream (528 bp)
and downstream (562 bp), in a suicide plasmid (see below). P. phymatum
gDNA was used as a template to amplify the upstream fragment with the
primers Bphy_4038_up_F_EcoRI and Bphy_4038_up_R_Xhol, while the
primers Bphy_4038_dn_F_Ndel and Bphy_4038_dn_R_EcoRI were used
for the downstream fragment. A trimethoprim cassette (Trim) was cut out

of a p34E-Tp-Tr plasmid using Ndel and Xhol restriction enzymes. The
downstream fragment was digested with Ndel and ligated with the Trim
cassette before PCR amplification using Bphy_4038_dn_R_EcoRI and the
Trim_stop_R_Xhol primers before digestion with Xhol. The upstream
fragment was digested with Xhol before ligation to the downstream frag-
ment. The DNA was then amplified with the Bphy_4038_up_F_EcoRI and
Bphy_4038_dn_R_EcoRI primers and inserted into a pSHAFT?2 suicide
vector. E. coli cc118-\ pir containing the resulting plasmid was afterwards
used in a triparental mating with P. phymatum wild-type and the helper
strain E. coli pRK2013%*®. Transconjugants were isolated through double
purification on plates containing Trim and chloramphenicol, and the cor-
rect mutant strain was confirmed using the Bphy 4038_veri_F and
Bphy_4038_veri_R primers. P. phymatum was confirmed by amplifying
nifH with the Bphy_7808_nifH_F and Bphy_7808_NifH_R primers, and
the absence of E. coli was confirmed with the rpoD_F and rpoD_R primers.

Quantification of the siderophore production in sO-g

Siderophore-producing ability was measured quantitatively through a liquid
CAS assay™. For this, 70 mL of PIPES (Sigma-Aldrich, St. Louis, MO, USA)
buffered ABS medium were inoculated with P. phymatum cells (ODggo of
0.05) and incubated in 1 g and s0-g at 28 °C for 17 h. Bacterial cultures were
then centrifuged for 10 min at 10,000 rpm, cell pellets were discarded, and
the supernatant was filter sterilized using a syringe and a 0.2 pm-pore filter
(Filtropur 0.2, Sarstedt, Germany). Five-hundred uL of each culture’s
supernatant was mixed with 0.5 mL of previously prepared CAS reagent (for
100 mL of dye: 0.06 g CAS, 0.073 g hexadecyltrimethylammonium bromide
(HDTMA), 0.027 g FeCl;-6H,O (Sigma-Aldrich, St. Louis, MO, USA))
prepared according to the standard recipe®. The mixture was incubated for
20 min at room temperature and the color change of the medium from deep
blue to orange, due to the chelating action of the siderophore that removes
the iron from the CAS/HDTMA of the dye, density was measured at 630 nm
with the Ultrospec 2100 pro spectrophotometer (Amersham Biosciences,
Amersham, United Kingdom). The siderophore production was measured
in three biological replicates and expressed as the CAS activity relative to the

reference according to the following formula®:

(Ar—As)x100
CAS activity = —4T——
0OD600
With Ar being the absorbance of the reference (CAS solution with fresh
medium) and As the absorbance of sample at ODg;, (CAS solution and

culture supernatant). The ODgy is the absorbance at an ODgq of the culture
prior to starting the quantification.

Qualitative detection of siderophore production

A modified version of the CAS-agar assay was used to assess P. phymatum
cells production of siderophores in three biological replicates*’. AB medium
and 15mM succinic acid as a carbon source was used as a base, before
addition of PIPES buffer and CAS dye. Washed overnight cultures of P.
phymatum wild-type strain and phmJK deletion mutant were then nor-
malized to an ODgg of 0.5 and spotted on CAS-agar plates before incu-
bation for 48 h at 28 °C.

Quantitative detection of siderophore production

To determine quantitatively the siderophore production of P. phymatum
wild-type and the phmJK mutant, glass tubes filled with three mL of PIPES
buffered ABS were inoculated to an ODggg of 0.05 with phmJK and P.
phymatum wild-type cells, and incubated overnight at 180 rpm and 28 °C.
Next, the cells were pelleted, and the supernatant was mixed with CAS dye
for determination of the CAS activity as described above.

Statistical information
Fischer tests on genes belonging to eggNOG categories were conducted
using Microsoft Excel 2023 Student’s ¢ tests were performed for all the
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phenotypical assays (quantitative siderophore production, RFU) using
GraphPad Prism 7.00.

Data availability
The RNA-sequencing raw data files obtained in this work are accessible
through the GEO series accession number GSE255155.

Received: 24 October 2023; Accepted: 25 March 2024;
Published online: 03 April 2024

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Anas, M. et al. Fate of nitrogen in agriculture and environment:
agronomic, eco-physiological and molecular approaches to improve
nitrogen use efficiency. Biol. Res. 53, 47 (2020).

Zeng, Q. et al. Insight into soil nitrogen and phosphorus availability
and agricultural sustainability by plant growth-promoting
rhizobacteria. Environ. Sci. Pollut. Res. Int. 29, 45089-45106 (2022).
Kyriakou, V., Garagounis, |., Vourros, A., Vasileiou, E. & Stoukides, M.
An electrochemical Haber-Bosch process. Joule 4, 142-158 (2020).
Mendonga, E. d. S., Lima, P. C. de, Guimaraes, G. P., Moura, W. d. M.
& Andrade, F. V. Biological Nitrogen Fixation by Legumes and N
Uptake by Coffee Plants. Rev. Bras. Ciénc. Solo 41.
https://doi.org/10.1590/18069657rbcs20160178 (2017).

Goyal, R. K., Mattoo, A. K. & Schmidt, M. A. Rhizobial-host
interactions and symbiotic nitrogen fixation in legume crops toward
agriculture sustainability. Front. Microbiol. 12, 669404 (2021).
Bijay-SinghCraswell, E. Fertilizers and nitrate pollution of surface and
ground water: an increasingly pervasive global problem. SN Appl. Sci.
3. https://doi.org/10.1007/s42452-021-04521-8 (2021).

Liu, X. J. et al. Environmental impacts of nitrogen emissions in China
and the role of policies in emission reduction. Philos. Trans. Ser. A
Math. Phys. Eng. Sci. 378, 20190324 (2020).

NING, C. et al. Impacts of chemical fertilizer reduction and organic
amendments supplementation on soil nutrient, enzyme activity and
heavy metal content. J. Integr. Agric. 16, 1819-1831 (2017).
Stagnari, F., Maggio, A., Galieni, A. & Pisante, M. Multiple benefits of
legumes for agriculture sustainability: an overview. Chem. Biol.
Technol. Agric. 4. https://doi.org/10.1186/s40538-016-0085-1 (2017).
Azani, N. et al. A new subfamily classification of the Leguminosae
based on a taxonomically comprehensive phylogeny — The Legume
Phylogeny Working Group (LPWG). taxon 66, 44-77 (2017).

Chen, W. F. Geographical Distribution of Rhizobia, 181-209.
https://doi.org/10.1007/978-981-32-9555-1_8.

Shamseldin, A. & Velazquez, E. The promiscuity of Phaseolus vulgaris
L. (common bean) for nodulation with rhizobia: a review. World J.
Microbiol. Biotechnol. 36, 63 (2020).

Soumare, A. et al. Exploiting biological nitrogen fixation: a route towards a
sustainable agriculture. Plants 9. https://doi.org/10.3390/plants9081011
(2020).

Vargas, L. K. et al. Potential of Rhizobia as plant growth-promoting
rhizobacteria, 153-174. https://doi.org/10.1007/978-3-319-59174-2_7.
Bellés-Sancho, P. et al. A novel function of the key nitrogen-fixation
activator NifA in beta-rhizobia: repression of bacterial auxin synthesis
during symbiosis. Front. Plant Sci. 13, 991548 (2022).
Bellés-Sancho, P. et al. Paraburkholderia phymatum Homocitrate
Synthase NifV Plays a Key Role for Nitrogenase Activity during
Symbiosis with Papilionoids and in Free-Living Growth Conditions.
Cells 10. https://doi.org/10.3390/cells10040952 (2021).

Wekesa, C. et al. Distribution, characterization and the
commercialization of Elite Rhizobia Strains in Africa. Int. J. Mol. Sci.
23. https://doi.org/10.3390/ijms23126599 (2022).

Hug, S. et al. Differential expression of Paraburkholderia phymatum
Type VI Secretion Systems (T6SS) Suggests a Role of T6SS-b in early
symbiotic interaction. Front. Plant Sci. 12, 699590 (2021).

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Hug, S. et al. Paraburkholderia sabiae Uses One Type VI Secretion
System (T6SS-1) as a powerful weapon against notorious plant
pathogens. Microbiol. Spectr. 11, 0162223 (2023).

Geetha, S. J. & Joshi, S. J. Engineering rhizobial bioinoculants: a
strategy to improve iron nutrition. Sci. World J. 2013, 315890 (2013).
Jaiswal, S. K., Mohammed, M., Ibny, F.Y.Il. & Dakora, F. D. Rhizobia as
a source of plant growth-promoting molecules: potential applications
and possible operational mechanisms. Front. Sustain. Food Syst. 4.
https://doi.org/10.3389/fsufs.2020.619676 (2021).

Sobti, S., Belhadj, H. A. & Djaghoubi, A. Isolation and characterization
of the native Rhizobia under hyper-salt edaphic conditions in Quargla
(southeast Algeria). Energy Procedia 74, 1434-1439 (2015).

Lassalle, F. et al. Phylogenomics reveals the basis of adaptation of
Pseudorhizobium species to extreme environments and supports a
taxonomic revision of the genus. Syst. Appl. Microbiol. 44,126165 (2021).
Karmakar, K., Rana, A., Rajwar, A., Sahgal, M., Johri, B. N. Legume-
rhizobia symbiosis under stress. In Plant Microbes Symbiosis: Applied
Facets (ed. Arora, N.). https://doi.org/10.1007/978-81-322-2068-8_12
(Springer, New Delhi, 2015).

Liu, G. et al. Simulated microgravity and the antagonistic influence of
strigolactone on plant nutrient uptake in low nutrient conditions. NPJ
microgravity 4, 20 (2018).

Nguyen, M. et al. Space farming: horticulture systems on spacecraft
and outlook to planetary space exploration. Plant Physiol. Biochem.
194, 708-721 (2023).

Pandith, J. A., Neekhra, S., Ahmad, S. & Sheikh, R. A. Recent
developments in space food for exploration missions: a review. Life
Sci. Space Res. 36, 123-134 (2023).

Johnson, A. R. Biodiversity requirements for self-sustaining space
colonies. Futures 110, 24-27 (2019).

Hoson, T. Plant growth and morphogenesis under different gravity
conditions: relevance to plant life in space. Life 4, 205-216 (2014).
Baba, A. I. et al. Plants in Microgravity: Molecular and Technological
Perspectives. Int. J. Mol. Sci. 23. https://doi.org/10.3390/ijms231810548
(2022).

Lionheart, G., Vandenbrink, J. P., Hoeksema, J. D. & Kiss, J. Z. The
impact of simulated microgravity on the growth of different genotypes
of the model legume plant Medicago truncatula. Microgravity Sci.
Technol. 30, 491-502 (2018).

Ryba-White, M. et al. Growth in microgravity increases susceptibility of
soybean to a fungal pathogen. Plant Cell Physiol. 42, 657-664 (2001).
Duscher, A. A. et al. Transcriptional profiling of the mutualistic
bacterium Vibrio fischeri and an hfqg mutant under modeled
microgravity. NPJ microgravity 4, 25 (2018).

Foster, J. S., Wheeler, R. M. & Pamphile, R. Host-microbe interactions
in microgravity: assessment and implications. Life 4, 250-266 (2014).
Bellés-Sancho, P. et al. Metabolomics and Dual RNA-sequencing on root
nodules revealed new cellular functions controlled by Paraburkholderia
phymatum NifA. Metabolites 11. https://doi.org/10.3390/metabo11070
455 (2021).

Campos, S. B. et al. Mutations in Two Paraburkholderia phymatum
Type VI secretion systems cause reduced fitness in interbacterial
competition. Front. Microbiol. 8, 2473 (2017).

Lardi, M. et al. Competition experiments for legume infection identify
Burkholderia phymatum as a highly competitive p-Rhizobium. Front.
Microbiol. 8, 1527 (2017).

Esmaeel, Q. et al. Burkholderia genome mining for nonribosomal
peptide synthetases reveals a great potential for novel siderophores
and lipopeptides synthesis. MicrobiologyOpen 5, 512-526 (2016).
Agnoli, K., Lowe, C. A, Farmer, K. L., Husnain, S. |. & Thomas, M. S.
The Ornibactin biosynthesis and transport genes of Burkholderia
cenocepacia are regulated by an extracytoplasmic function ¢ factor
which is a part of the fur regulon. J. Bacteriol. 188, 3631-3644
(2006).

npj Microgravity | 202410:44


https://doi.org/10.1590/18069657rbcs20160178
https://doi.org/10.1007/s42452-021-04521-8
https://doi.org/10.1186/s40538-016-0085-1
https://doi.org/10.1007/978-981-32-9555-1_8
https://doi.org/10.3390/plants9081011
https://doi.org/10.1007/978-3-319-59174-2_7
https://doi.org/10.3390/cells10040952
https://doi.org/10.3390/ijms23126599
https://doi.org/10.3389/fsufs.2020.619676
https://doi.org/10.1007/978-81-322-2068-8_12
https://doi.org/10.3390/ijms231810548
https://doi.org/10.3390/metabo11070455
https://doi.org/10.3390/metabo11070455

https://doi.org/10.1038/s41526-024-00391-7

Article

40. Butt, A.T. et al. The Burkholderia cenocepacia iron starvation ¢ factor,
OrbS, possesses an on-board iron sensor. Nucleic Acids Res. 50,
3709-3726 (2022).

41. Lardi, M., Liu, Y., Purtschert, G., Bolzan de Campos, S. & Pessi, G.
Transcriptome analysis of Paraburkholderia phymatum under
Nitrogen Starvation and during Symbiosis with Phaseolus Vulgaris.
Genes 8. https://doi.org/10.3390/genes8120389 (2017).

42. Chepuri, V., Lemieux, L., Hill, J., Alben, J. O. & Gennis, R. B. Recent
studies of the cytochrome o terminal oxidase complex of Escherichia
coli. Biochim. et. Biophys. Acta 1018, 124-127 (1990).

43. Sheibani-Tezerji, R., Rattei, T., Sessitsch, A., Trognitz, F. & Mitter, B.
Transcriptome profiling of the endophyte Burkholderia phytofirmans
PsJN indicates sensing of the plant environment and drought stress.
mBio 6, e00621-15 (2015).

44. da-Silva, J. R., Alexandre, A., Brigido, C. & Oliveira, S. Can stress
response genes be used to improve the symbiotic performance of
rhizobia? AIMS Microbiol. 3, 365-382 (2017).

45. Aunins, T. R. et al. Spaceflight modifies Escherichia coli gene
expression in response to antibiotic exposure and reveals role of
oxidative stress response. Front. Microbiol. 9, 310 (2018).

46. Sharma, G. & Curtis, P. D. The Impacts of Microgravity on Bacterial
Metabolism. Life 12. https://doi.org/10.3390/1ife12060774 (2022).

47. Klaus, D. M. Clinostats and bioreactors. Gravit. Space Biol. Bull. 14,
55-64 (2001).

48. Benoit, M. & Klaus, D. Can genetically modified Escherichia coli with
neutral buoyancy induced by gas vesicles be used as an alternative
method to clinorotation for microgravity studies? Microbiology 151,
69-74 (2005).

49. Benoit, M. R. & Klaus, D. M. Microgravity, bacteria, and the influence
of motility. Adv. Space Res. 39, 1225-1232 (2007).

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

51. Butt, A. T. &Thomas, M. S. Iron acquisition mechanisms and their role
in the virulence of Burkholderia species. Front. Cell. Infect. Microbiol.
7,460 (2017).

52. Mathew, A., Eberl, L. & Carlier, A. L. A novel siderophore-independent
strategy of iron uptake in the genus Burkholderia. Mol. Microbiol. 91,
805-820 (2014).

53. Yim, J. et al. Transcriptional profiling of the probiotic Escherichia coli
Nissle 1917 strain under simulated microgravity. Int. J. Mol. Sci. 21.
https://doi.org/10.3390/ijms21082666 (2020).

54. Frossard, E. et al. Recycling nutrients from organic waste for growing
higher plants in the Micro Ecological Life Support System Alternative
(MELISSA) loop during long-term space missions. Life Sci. Space Res.
40, 176-185 (2024).

55. Clauwaert, P. et al. Nitrogen cycling in bioregenerative life support
systems: challenges for waste refinery and food production
processes. Prog. Aerosp. Sci. 91, 87-98 (2017).

56. Clark, D. J. & Maalge, O. DNA replication and the division cycle in
Escherichia coli. J. Mol. Biol. 23, 99-112 (1967).

57. Wuest, S. L., Richard, S., Kopp, S., Grimm, D. & Egli, M. Simulated
microgravity: critical review on the use of random positioning machines
for mammalian cell culture. BioMed. Res. Int. 2015, 971474 (2015).

58. Brungs, S. et al. Facilities for simulation of microgravity in the ESA
ground-based facility programme. Microgravity Sci. Technol. 28,
191-203 (2016).

59. Gimenez, G., Stockwell, P. A., Rodger, E. J. & Chatterjee, A. Strategy
for RNA-Seq experimental design and data analysis. Methods Mol.
Biol. 2588, 249-278 (2023).

60. Huerta-Cepas, J. et al. eggNOG 5.0: a hierarchical, functionally and
phylogenetically annotated orthology resource based on 5090
organisms and 2502 viruses. Nucleic Acids Res. 47,D309-D314 (2019).

61. Cantalapiedra, C. P., Hernandez-Plaza, A., Letunic, I., Bork, P. &
Huerta-Cepas, J. eggNOG-mapper v2: functional annotation,

orthology assignments, and domain prediction at the metagenomic
scale. Mol. Biol. Evol. 38, 5825-5829 (2021).

62. Herrero, M., Lorenzo, Vde & Timmis, K. N. Transposon vectors
containing non-antibiotic resistance selection markers for cloning and
stable chromosomal insertion of foreign genes in gram-negative
bacteria. J. Bacteriol. 172, 6557-6567 (1990).

63. Phadnis, S. H. & Berg, D. E. Identification of base pairs in the outside
end of insertion sequence IS50 that are needed for IS50 and Th5
transposition. Proc. Natl. Acad. Sci. USA 84, 9118-9122 (1987).

64. Nithyapriya, S. et al. Production, purification, and characterization of
bacillibactin siderophore of Bacillus subtilis and its application for
improvement in plant growth and oil content in sesame. Sustainability
13, 5394 (2021).

65. Louden, B. C.,Haarmann, D. & Lynne, A. M. Use of blue Agar CAS assay
for siderophore detection. J. Microbiol. Biol. Educ. 12, 51-53 (2011).

66. Arora, N. K. & Verma, M. Modified microplate method for rapid and
efficient estimation of siderophore produced by bacteria. 3 Biotech 7,
381 (2017).

Acknowledgements

We thank Yilei Liu and Sebastian Hug for their expert help in the lab as well as
Anugraha Mathew and Carlotta Fabbri for helpful advice. This work was
supported by the Josef Huwyler Ruth Bernet-Engeli Foundation (FK-21-089),
the Swiss National Science Foundation (grant number: 31003A_179322), and
the European Space Agency (co-sponsored research, idea: [-2022-03207).

Author contributions

D.G. and G.P. conceived and designed the experiments. D.G. and C.P.
conducted the experiments. D.G., P.B.S., L.E., M.E. and G.P. analysed the
data. D.G. and G.P. wrote the manuscript. All authors reviewed and edited
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41526-024-00391-7.

Correspondence and requests for materials should be addressed to
Gabriella Pessi.

Reprints and permissions 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.

Open Access This article is licensed under a Creative Commons
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 licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence 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
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

npj Microgravity | 202410:44


https://doi.org/10.3390/genes8120389
https://doi.org/10.3390/life12060774
https://doi.org/10.3390/ijms21082666
https://doi.org/10.1038/s41526-024-00391-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	RNA-seq analysis in simulated microgravity unveils down-regulation of the beta-rhizobial siderophore phymabactin
	Results
	Microgravity-triggered changes in P. phymatum STM815T transcriptome
	Siderophore production is reduced in s0-g
	The phm cluster is downregulated in iron replete conditions and in simulated microgravity
	The phmJK deletion mutant showed no siderophore production

	Discussion
	Methods
	Bacterial strains, media and cultivation
	RNA-sequencing and data processing
	Construction of P. phymatum STM815T mutant strains
	Quantification of the siderophore production in s0-g
	Qualitative detection of siderophore production
	Quantitative detection of siderophore production
	Statistical information

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




