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ICROGRAVITY AFFECTS CELL GROWTH AND
CELL PROLIFERATION IN PLANT ROOT CELLS

he “ROOT” experiment was performed in the ISS in the course of the Spanish “Cervantes” Soyuz
Mission and a ground control experiment was done in a Random Positioning Machine (RPM).

The experiments used seedlings of Arabidopsis thaliana ecotype Columbia, which grew at 22°C
in darkness, for 4 days.

The experiment aimed to know the effects of real and simulated microgravity on nuclear
structure and function in root meristematic cells.

In the experimental
Seedling and Root Length conditions, seedlings and
roots were significantly
longer than in the 1g
ground controls.

Seedling Length Root Length
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ICROGRAVITY AFFECTS CELL GROWTH AND
CELL PROLIFERATION IN PLANT ROOT CELLS

he “ROOT” experiment was performed in the ISS in the course of the Spanish “Cervantes” Soyuz
Mission and a ground control experiment was done in a Random Positioning Machine (RPM).

The experiments used seedlings of Arabidopsis thaliana ecotype Columbia, which grew at 22°C
in darkness, for 4 days.

The experiment aimed to know the effects of real and simulated microgravity on nuclear

structure and function in root meristematic cells. .
In the experimental

roots were significantly
longer than in the 1g
ground controls.
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Cell Cycle control seems
to be affected by
simulated microgravity

Life Support Systems will benefit of the
basic understanding of this phenomena 4




The Seedling Growth research experiments on ISS
csic Light and gravity interaction

()
@ Two genotypes and Three
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The Seedling Growth research experiments on ISS
Light and gravity interaction

Seedling Growth-1 (SG1)

Launch SpX-2 01 March 2013
Experiment ISS 22 March - 24 May 2013
Recovery SpX-3 18 May 2014

. microgravity conditions.

Seedling Growth-2 (SG2) ' 'g g l
Launch SpX-4 21 Sept 2014
Experiment ISS 01 Nov - 15 Dec 2014 TROPI
Recovery SpX-5 11 Feb 2015

= Analysis of phototropism in conditions of fractional gravity (Moon, Mars).
= Effects of red light photoactivation on cell cycle and ribosome biogenesis and their
regulation by auxin. Studies of gene expression.

cassettes

i

Seedling Growth-3 (SG3)

00000000

(
3 June 2017 \\ =
13 June 25 June 2017 =G
Recovery SpX-11 4 July 2017 =

=
=
s

= Effects of red light photoactivation on cell cycle and ribosome biogenesis and their
regulation by auxin. Studies of cell biology by microscopic observation.
= Studies of gene expression and cell biology in conditions of fractional gravity (Mars).
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Seedling Growth-3 (Ground Reference test — September 2018)

(Preparation AMESRC | August 2018
[ExperimentN-USOC | 4 September — 17 September 2018
[RecoveryMadrid | 20 September 2018

Main Door

= Ground reference test to check ISS conditions different from g level.

| Rotor Doors




Distribution of mutant collections by g level

Qingise

¥

; in the Seedling Growth Series
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E\k’ Collection RNA-seq results from the Seedling Growth Series
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The Seedling Growth research experiments on ISS
Light and gravity interaction
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@
(@) Light stimulation during the Growth Procedure:
g
‘ Red Stimulation phas
Light
D) Arabidopsis thaliana ecotype g
“Landsberg erecta” Cassettes
@ Genotypes: Growth phase m Ffozoe"
@) Wild Type (Ler) (-80°C)
Mutant for phytochrome A (phyA) dmm Wh|te Red-> Blue
@ Mutant for phytochrome B (phyB Light 010 050,05
HE: g, g, g,
(@) | 1g || we | | osatg |
[96 h] [4h] (48 h]
\\\;\-_:_3 Arabidopsis thaliana ecotype
‘ “Columbia” Red llght
Genotypes:

Wild Type (Col0)

Three mutants for auxin transport:

(eir1.1, tir1, aux1.7) \ [96 h] I [48 h] }

Two mutants for the nucleolar protein nucleolin:
(nuct1, nuc2) | Hg, 0.3g, 19 |

Sample preservation was DEEP FREEZING (-80°C) for transcr%ptomics



The Seedling Growth research experiments on ISS
Light and gravity interaction
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Different centrifuge speeds on
board EMCS to provide a 0g to
1g gradient

Clustering of the samples to
minimize g level differences from
the Experimental container
geometry when pooling samples
was considered
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Distance from

seedling cassette

ter to the EMCS
R eatorlmay 270 238 206 174 142
Nominal W1g 0.13 0.11 0.10 0.08 0.07

0.30 0.25 0.21

0.50 0.42
0.80 0.68

Nominal 0.3g

Nominal 0.5g

Nominal 0.8g

1g control



Global expression profile (RNA-seq) effects are similar in
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: ' reduced gravity samples, decreasing with gravitational load...
‘ GEDI - Global expression variations versus 1g control
‘ HISAT DESEQ Pipeline at least 1 condition with DEG (p<0,05)
Density Maps
‘ Mg Moon g Mars g Reduced g (genes/Cluster)
@ 2
o)
C
@ S
<
(&)
C o)
@ s
N
O ¢ g
g J
>< N—r
@ >
)
c
(N @
\\ S

0.18 +
0.04g

057+ vs.0.99+
0.05g 0.06g

:' frontiers
in Plant Science Herranz et al. Frontiers in Plant Science 2019. DOI 10.3389/fpls.2019.01529
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Gene expression change
(Log2FC)

:' frontiers
in Plant Science

Global expression profile (RNA-seq) effects are similar in
reduced gravity samples, decreasing with gravitational load
except in Low-g conditions

GEDI - Global expression variations versus 1g control
HISAT DESEQ Pipeline at least 1 condition with DEG (p<0,05)

Density Maps
Moon g Mars g Reduced g (genes/Cluster)

009+ 0.18+ 0364 057+ vs.0.99+
0.02g 0.04g 0.02g 0.05g 0.06g

Herranz et al. Frontiers in Plant Science 2019. DOI 10.3389/fpls.2019.01529
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Low g only vs. 1g
‘ -log10 fdr
® ug only vs. 1gI org 4 4 5 14
-log r
‘ 1 4 9 response to...
light-harvesting... g response to stimulus
‘ g response t0 red light  — & responseto chitin —— Powerful and general
. E response to far red... 8 response to... s—— stress response-
8 response to red or... e response to... ——
. plastid thylakoid... s
Altered phototropism Size of each list

. pathways - peto -1
\\\K@k&k‘t‘ Compens'atmg DEG (P <0.05 vs cell part
'\\\ = gravitopism? 1276 cell

\ &= 1g control) 2
= :
A - 0 _ @ chloroplast

g Moo Reduced g - =
. Lowg Mars 8 organelle
Size of each list intracellular...
568
284 DEG (p<0.05 with
() FDR vs 1g control)
] -
. “ fl‘ontiers bg Lowg Woon Mars Reduced g

Complex response to partial g on the ISS
in blue photostimulated plants

Conflict between tropisms?

Moon g only vs. 1g

-log10 fdr

9 14

Weak response,
proportional to 1/g (cell
structure) -gravirresistance
by organelle retrograde
signalling?

12
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sensor) in simulated fractional gravity experiments

A = @
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Similar effects at low gravity levels (moon) has been
- . ' also observed at the cell nucleolus level (stress

A) Simulated pg RPM paradigm

Sim pg 0.17g 0.17g ; 1g
RPM RPMSW RPMHW control

7Root meristems from Cyclin B1 : GUS seedlings exposed to simulated reduced g levels for 4 days.

B) Simulated partial g RPMSW
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International Journal of

Molecular Sciences Villacampa et al., International journal of molecular sciences 22 (2), 899, 2021

Red photostimulation minimize transcriptome

! responses observed between 1g and Mars gravity

Principal component analysis (PCA)

?
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Red photostimulation minimize also the
' cell nucleolus level effects (stress
sensor)

Principal component analysis (PCA)

' [,

Darkness Red Light
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International Journa}l of
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Complex response to partial g on the ISS is
also observed in red photostimulated plants
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Possible role of plastids/
Mitochondria retrograde
signaling

Hypoxia, Photosynthesis
and Oxidative stress are
oty DEG in microgravity ot

@
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dn j16n

dn pbn

G0:0010438: cellular response to sulfur starvation
G0:0019419: sulfate reduction
ath00940: Phenylpropanoid biosynthesis

G0:0031328: positive regulation of cellular biosynthetic process
G0:0042742: defense response to bacterium
G0:0071369: cellular response to ethylene stimulus

:0042493: response to drug

dn psiew
dn psiew

Stronger stress response
in partial gravi

N

umop 16n
umop pbn

UMOp |ISIEW

: lipid localization I G0:0009617: response to bacterium
073: Cutin, suberine and wax biosynthesis G0:0009620: response to fungus
G0:0009737: response to abscisic acid G0:0043617: cellular response to sucrose starvation
G0:0044550: secondary metabolite biosynthetic process G0:0034758: positive regulation of iron ion transport
ath00190: Oxidative phosphorylation G0:0009416: response to light stimulus
ath00195: Photosynthesis G0:0009409: response to cold

MO00165: Reductive pentose phosphate cycle (Calvin cycle)
G0:0009769: photosynthesis, light harvesting in photosystem I
G0:0010206: photosystem Il repair

] G0:0009415: response to water G0:0055114: oxidation-reduction process
G0:0000302: response to reactive oxygen species G0:0010158: abaxial cell fate specification
G0:0051235: maintenance of location G0:0015979: photosynthesis
Qm@& G0:0009611: response to wounding G0:0009765: photosynthesis, light harvesting
\\Kk\ = G0:0006970: response to osmotic stress ath00940: Phenylpropanoid biosynthesis
'\\ S I GO:0071456: cellular response to hypoxia G0:0010411: xyloglucan metabolic process
G0:0046622: positive regulation of organ growth G0:1901568: fatty acid derivative metabolic process

G0:0015698: inorganic anion transport
G0:0071482: cellular response to light stimulus
G0:0042335: cuticle development

.| GO:0036294: cellular response to decreased oxygen levels

umop psiew

Alternative plant growth and stress related

pathways are differentially activated

International Journal of

Molecular Sciences Villacampa et al., International journal of molecular sciences 22 (2), 899, 2021
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Very few DEGs are shared across reduced g-levels...

...but they can be connected in a relatively
small non-professional graviresponse network
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Validating the transcriptome variations in
' ! the mutants in Ground reference tests
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Nucleolin mutants show differential transcriptional
adaptions under Red light and Darkness conditions

2
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Nucleolin mutants show differential transcriptional
' ' adaptions under Red light and Darkness conditions

Last two days in Last two days in

Darkness Red Light ' '
:sucﬁ W Ssucﬁ 6;:.% Nuc2 (V% - 7

Could the fittest in Spaceflight
be an Earth mutant? ‘» T3

Optimising Spaceflight
Omics Science by
using Ground Based
Research
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Preliminary RNA-seq results on the nucleolin collection
SIC
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Preliminary RNA-seq results on the auxin signalling collection
Each mutant show a complementary response
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Preliminary RNA-seq results on the auxin signalling collection
Each mutant show a complementary response
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Tir mutant is less sensible than WT,
Eir response is similar to WT only

when red light is present 7




Conclusions
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In the presence of blue light photostimulation:

* Microgravity leads to alterations in phototropism and photosynthesis related genes, suggesting that
phototropism may be compensating the lack of the gravitropism signaling

* Very low g levels (<0.1g) cause a severe and global stress response, not observed at the Moon g or the
Microg samples. A conflict between the weak blue phototropism (not observable at >.1g) and gravitropism
signals may be triggering this acute response.

* At higher partial g conditions a weak response appears, inversely correlated with g level, mainly related
with cell structure/organelles membranes suggesting this response may be linked to graviresistance or even
an ancient retrograde signaling mechanism.

* [t should be reviewed that simulated microgravity experiments may be reflecting also this effect,
overestimating transcriptional stress avoiding us to find the real microgravity response.

In the presence of red light photostimulation:

=

//ﬁ

=

//‘;’E
=
1‘-(7

=

Wt results confirm blue light effect, differential response in each g level not only in quantity but in the type
of GO and pathways affected to cope with the novel reduced g environment

Global response to microgravity is also depending on the genetic background (stress genes mutants, as
nuc2, may be more resilient avoiding over-responses to unknown stresses).

Response to altered gravity conditions is also less important in mutants with reduced growth in Earth
gravity (as nucl or eirl).

Ongoing analyses on the complete collection of mutants from SG will help us validate the Seedling Growth

wildtype samples results and simulated microgravity studies performed so far.
24
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