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Light signals counteract alterations caused by simulated
microgravity in proliferating plant cells

Aranzazu Manzand | Veronica PeredalLoth® | Anne de Bure§* |
Julio SdezVasqueZ?* | Raul HerranZt | F. Javier Medind

Centro de Investigaciones Biolégicas Margaritd Abstract

Salas CSIC, Ramiro de Maeztu 9, Madrid 28044, . . .

opaim amiro de Maezi =, Madt Premise: Light and gravity are fundamental cues for plant development. Our un-

2 N , derstanding of the eects of light stimuli on plants in space, without gravity, is key to
GSBMS/AMIS, Université Paul Sabatier .y L. . .

Toulouse Ill, Toulouse, France providing conditions for plants to acclimate to the environment. Here we tested the
SCNRS, Laboratoire Génome et Développemen hypothesis that the altera'uons_caused by the absence of gravity in root meristematic
des Plantes (LGDP), UMR 5096, Perpignan 66860,C€llS can be counteracted by light.

France Methods: Seedlings of wildype Arabidopsis thalianand two mutants of the es-
“Université de Perpignan Via Domitia, LGDP, | Sential nucleolar protein nucleolinn(cl, nuc® were grown in simulated micro-
UMR 5096, Perpignan 66860, France gravity, either under a white light photoperiod or under continuous darkness. Key

variables of cell proliferation (cell cycle regulation), cell growth (ribosome biogenesis),
_ ' o and auxin transport were measured in the root meristem using in situ cellular markers
F. Javier Medina, Centro de Investigaciones . . .
Biologicas Margarita SalasCSIC, Ramiro de and transcriptomic methods and compared with those of gcbntrol.
Maeztu 9, Madrid 28040, Spain. Results:The incorporation of a photoperiod regime was stient to attenuate or sup-
Email: fimedina@cib.csic.es press the eects caused by gravitational stress at the cellular level in the root meristem. In
all cases, values for variables recorded from samples receiving light stimuli in simulated
microgravity were closer to values from thentrols than values from samples grown in
darkness. Dierential sensitivities were obtained for the two nucleolin mutants.
Conclusions:Light signals may totally or partially replace gravity signals, sicantly
improving plant growth and development in microgravity. Despite that, molecular
alterations are still compatible with the expected acclimation mechanisms, which need
to be better understood. The dérential sensitivity ofnucl and nuc2 mutants to
gravitational stress points to new strategies to produce more resilient plants to travel
with humans in new extraterrestrial endeavors.
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Plants live in dynamic environments, with frequent changes(Molas and Kiss,2009. Gravitropism and phototropism
in many parameters, such as temperature, humidity, watedrive plant growth and development by producing opposite
and light. Since plants are sessile organisms, they have de-ects in the roots and in the aerial parts of the plant. Roots
veloped dierent directional responses to modulate their grow in the opposite direction to the light source and in the
growth according to environmental cues, which are termeddirection of the gravity vecto(negative phototropism and
tropisms. The two major tropistic cues are gravity and light positive gravitropism), whersahe aerial parts show negative

Abbreviations: ETS, external transcribed spacer, either in the transcription unit of rRNA genes, or irRN@ primary transcript;g, acceleration of gravity: 9.8 m%s

GUS, glucuronidase; 10D, integrated optical density; RPM, random positioning machinggfPICR, real timgquantitative) polymerase chain reaction; YFP, yellow
uorescent protein.
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gravitropism and positive phototropism (Vandenbrink et al., cells previously arrested at G1 or G2 phases in darkness
2019. The phytohormone auxin is a key factor in the trans- (LopezJuez et al200§ Mohammed et al.2019. In contrast,
duction pathway of the tropistic response to these two signalsin the root meristem, light induces the production ofvonols
playing a mediating role between perception and respons@and other metabolites resulting in a reduction of the cell
(Ottenschlager et al2003 Christie and Murphy,2013. proliferation rate (SilvdNavas et al2016). Light also indirectly
Plant development, driven by tropistic cues, is sup-regulates cell proliferation ancell growth via photosynthesis.
ported by the activity of the meristematic tissues. TheseSugars synthesized in the photosynthetic process play a reg-
tissues are characterized by the balance between cells adatory role in meristematic tissues. Glucose binds to the
tively proliferating, involved in a continuous cell cycle, and central regulator TOR kinase inducing the activation of cell
the cells escaping from the cell cycle toalientiate (Scheres proliferation, through the expression of ghase genes, and
et al.,200Z PerrotRechenmann2010. In fact, meristems ribosome biogenesis (Caldana et aD13 Xiong et al.,2013
constitute the source of cells for growth and drentiation,  Sablowski and Carnier Dornelas)19.
being the cellular basis for the developmental program of The other major tropistic cue, gravity, also has an impact
the plant. Meristematic cells are undirentiated highly on meristematic activity. Gravity alterations induce changes
proliferating cells, which maintain a strict coordination in the rate of cell proliferation and cell growth in root mer-
between cell proliferation and cell growth, which is termed istematic cells, as shown in experiments under real or si-
emeristematic competenZéMizukami, 2007). mulated microgravity (Matia et al201G Manzano et al.,
The growth of meristematic cells is not merely an in- 2013. These experiments were done in the dark (i.e., without
crease in size, but it depends on a continuous supply ofiny major tropistic cue) and using a culture medium sup-
proteins, enabling them to reach the critical size necessary foplemented with sucrose (10g/L). In these cells, the lack of
cell division. Ribosomes are the protein factories of cells, sgravity appeared as a stress condition, resulting in the dis-
the rate of ribosome biogenesis is directly correlated to theuption of meristematic competencérabidopsis thaliana
cell growth (Baserga,007 Sablowski and Carnier Dornelas, seedlings grown in microgravity and darkness had increased
2019. Thus, in proliferating meristematic cells, cell growth is cell proliferation and decreased cell growth (Matia et al.,
ultimately determined by RNA polymerase | activity, which 201G Manzano et al.2013. These alterations were accom-
controls ribosomal RNA synthesis and ribosome bhiogenesipanied by an inhibition of auxin polar transport in root tips
in the nucleolus (Weis et al2015. An unequivocal func- (Manzano et al.2013. The absence of gravity is a major
tional link between the rate of ribosome biogenesis and theenvironmental change during spadght, and planets and
nucleolar ultrastructure has been demonstrated in plantssatellites other than the Earth are characterized by amint
using cellular models characterized by high cell proliferationlevel of gravity compared to our planet. Therefore, alterations
rates (Medina et al2000 Saea/asquez and Medin&,009. in plant development caused by changes in gravity may
Ribosome biogenesis is indeed a complex process integratedmpromise the growth of plants for human space explora-
by multiple steps. The nucleolar protein nucleolin is the mosttion or future human settlement on other planets. Higher
abundant protein of exponentially growing cells and plays aplants are indeed an essential component of the life support
major role in the regulation of ribosome biogenesis at dif- systems that must be implemented for these purposes.
ferent levels, namely, rDNA chromatin structure, rRNA gene A close relationship between the regulatoneets of light
transcription, prerRNA processing and export of pre and gravity on plant growth wagcently found by showing that
ribosomal particles, and even in the structural organization oflight modulates the gravitropic response by regulating the ex-
the nucleolus (Mongelard and Bouvet)07 Medina et al.,, pression ofLAZY4,a gene that plays an important role in the
201G Durut and Séaexasquez,2019. The Arabidopsis gravitropic response of both shoots and roots (Yang et al.,
thalianagenome contains two nucleolin genes, terndC1  2020. The role of light is played through two classes of tran-
andNUC2 Under normal conditionsNUC1is expressed at a scription factors: in hypocotg| by phytochrome interacting
high rate, mostly in proliferating tissues (Pontvianne et al.,factors (PIFs), which are negative regulators of photo-
2007, whereas the protein NUC2 plays a role in rDNA morphogenesis, and in roots bjoagated hypocotyl 5 (HY5),
chromatin dynamics, preferentially at developmental transi-which promotes plant photomorphogenesis under diverse light
tions (Durut et al.,2019. Furthermore, NUC2 is involved in  conditions (Yang et al202(. In addition, upregulation of genes
the plant stress response (Durut et al)19. involved in a fundamental lightlependent function, such as
Cell growth, ribosome biogenesis, cell proliferation, andphotosynthesis, has been falms a response to the micro-
the cell cycle, as cellular activities taking place in meristematigravity condition in spaceaght, and, interestingly, this response
cells and dening meristematic competence, are primary tar- occurred in etiolatd plants, in the absence of any light signal
gets of tropistic cues. In the @®f light, specialized photo- (Kruse et al.,2020. However, despite thesendings, many
receptor proteins phytochromes are modulators of cell other factors of the mechanism by which light and gravity
proliferation and cell growth in meristems. This modulation is crosstalk for regulating plant growth remain unclear. Conse-
di erent for the shoot and for the root meristematic cells, in quently, the question on whether light can compensate for the
agreement with the opposite phototropic behavior of the shootdeleterious eects of altered gravity remains unanswered. As
and the root. In the shoot apical meristem, light irradiation indicated above, this question is critical for the success of plant
plays an activating role, promoting cell cycle progression ofculture in future human settlements on other planets.
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Here, we sought to better understand the interactionsnuc2.2 GABI178D01), a reporter line of cyclinB1 gene
between the two main tropistic signals and the combinedexpression, CYCBUIidA (Ferreira et al., 1994 (Nottingham
e ects of their presence or absence on the functions ofArabidopsis Stock Centre CS68143), and a reporter line of
meristematic cells, taking into account the fundamental roleauxin distribution pattern, DIVENUS (Brunoud et al.2012
played by phototropism and gravitropism on meristematic (Nottingham Arabidopsis Stock Centre CS799173).
activity and, hence, on plant development. Speaily, we Seeds were sterilized for 4 min in 70% (v/v) ethanol
aimed at discriminating whether or not light can act as a (Sigma, St. Louis, MO, USA #270741) and 1% (v/v) Triton
counteracting factor to reverse theexts caused by the lack X 100 (Sigma #T9284), then washed two times with 95%
of gravity orientation in darkness on the basic functions of ethanol for 1 min each. Once dried, seeds were glued on a
meristematic cells, and to what extent. Therefore, the maimitrocellulose membrane (#281492; VWR, Monroeville,
purpose of this work is not focused on the tropistic phe- PA, USA) with gum guar (1% w/v, Sigma #29). For
nomena per se, but on the developmental consequences skedlings grown for transcriptomic analysis (to be frozen at
the interactions between the two signals triggered by thei—80°C after growth), seeds were arranged in two rows (100
combined action on meristems. We used a random posi-seeds/row). When seedlings were grown for microscopic
tioning machine (RPM), a reliable and weharacterized analysis (to be chemicallyxed after growth), seeds were
microgravity simulator (Herranz et ak013j and applied two arranged in a single row (30 seeds/row).
illumination regimes, either photoperiod or darkness, then =~ Membranes containing seeds were placed orm6
evaluated the status of meristematic competence (the balanabameter Petri dishes containing 0.8% (w/v) agar with ¥2 MS
between cell proliferation and cell growth) in the root of (Murashige and Skoog's, Duchefa, Haarlem, Netherlands) plant
6 dayold seedlings, that is, during the early stages of plantulture medium, half strength, without sucrose, and stiedi at
development. We paid special attention to ribosome bio-4°C for 2 days to induce rapid, synchronous germination.
genesis, which is fundamental to maintaining meristematic  Petri dishes were mounted in the random positioning
competence (Saezasquez and Medina2009. For this  machine (desktop RPM; Dutch &pe, Leiden, Netherlands;
reason, we chose two mutants for nucleolar protein nucleodocated at the Université IlIPaul Sabatier, Touloug&rance)
lin, an essential factor in the regulation of ribosome bio- (ground microgravity simulator, eective gravity 10 % x g
genesis, that has a clear irence on the regulation of cell (Borst and van Loon2009 (Appendix SJ. Half of the seed-
cycle (Medina et al2010. The nucland nuc2mutants do  lings were grown with 16 h of unidirectional white light and 8 h
not have any visible phenotype related to gravitropism orof darkness using White X4 Ultra Bright LED lights (#AN-
phototropism deciency unless they are examined at the D420HWA; Purdy Electronics, Mountain View, CA, USA)
cellular level; alterations in ribosome biogenesis are evidertb provide a photosynthetic photonux of 40 mol m % s?!
as modi cations in the size and structure of the nucleolus, at a distance of 40 mm from the top of the seedlings. The
which have been thoroughly described (Pontvianne et al.pther half of the seedlings were grown in continuous darkness.
2007 Durut et al.,2019 and were used as markers in the Seeds germinated and seedlings grew at 22°C, with 80% relative
present study. Furthermore, a dirential response to simu- humidity, for 6 days.
lated microgravity under two lighting regimes (darkness and  For each experiment, we performed a control at Earth
photoperiod) has been described for these mutants in groundyravity level (hereafter, @. In the control condition, the
gravity in the darkness and in red light (Manzano et al., plants grew in Petri dishes attached to the frame of the RPM,
2020. Complementary analyses were done separately in rootander the same conditions of illumination, temperature,
and hypocotyls (aerial parts) of seedlings grown to determinehumidity, and even vibrations, as the RPM samples.
whether di erential contributions to the e=cts are shown for After the growth period, the plates with 200 seeds were
each light and gravity condition. Our results showed thatdirectly frozen at-80°C. The plates with 30 seeds were open
light can e ectively replace gravity, at least partially, as ato take images, and the seedlings were quickly recovered
tropistic cue driving plant development by attenuating the from the dishes and transferred within 15 min intxative
e ects caused by microgravity on the root meristem. solutions. The CoD, nucl nuc2 and DIl VENUS plants
were immersed in 5% v/v paraformaldehyde in PBS, and
CYCB1uidA plants were stored in cold acetone2Q°C),
MATERIALS AND METHODS then processed as described next.

Experimental setup and seedling growth
conditions Sample processing for microscopic analyses

Five commercially available lines Afabidopsis thalianavere  Immuno uorescence and nucleolar area

used: ecotype Columbia (wilgpe ColO, initially obtained quanti cation

from Lehle Seeds, Round Rock, TX, USA, then propagated in

our laboratory), two mutants of the nucleolin protein gene The Col0, nucl, nuc2and DIl VENUS seedlings werexed
(nucl.2andnuc2.2 (Pontvianne et al2007 Durut et al.,2019 in 5% (v/v) paraformaldehyde in PBS, pH 7.2, for 3h at
(Nottingham Arabidopsis Stock Centmeucl.2 Salk_002764; room temperature, washed three times for 10 min each with
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PBS, and incubated for 1 h at 37°C with a eedlll digestion  counted using ImageJ software to determine the rate of local

solution of 2% wi/v cellulase (Sigma #1794), 1% wi/v pecticell production (Beemster and Baskin999. DIl VENUS

nase (Sigma #17389), 0.05% w/v macerozyme (#28302orescence intensities were extracted from the confocal

Serva, Heidelberg, Germany), 0.4% w/v mannitol, 10% v/\images using the CellSeT segmentation tool as described by

glycerol and 0.2% v/v Triton X.00. After cellwall diges- Pound et al. 201).

tion, the seedlings were washed three times, 10 min each,

with PBS supplemented with 10% (v/v) glycerol and 0.2%

(v/v) Triton X 100. Excised root tips were placed on multi Histochemical GUS assay

well slides (EMS #6342%) coated with poly lysine

(Sigma #P8920), and the samples were dehydrated witBeedlings were incubated in acetone-20°C for 34 days.

100% methanol at20°C for at least 30 min. Then, the samples were washed (twice, 10 min) with

Slides were washed twice, 5min each, with PBS, sugt00 mM sodium phosphate ber, and the GUS signal was

plemented with 1% (v/v) NP40 (Sigma #D67509) and 0.5%evealed by enzymatic reaction (5 mM potassium ferrocya-

(w/v), sodium deoxycholate (DOC; Sigma #13021) and pre nide and ferricyanide), 100 mM sodium phosphate bu

treated with blocking buer (2% w/v BSA and 0.05% v/v and 40 mM Xglucuronide CHA salt (XGlc A, Duchefa

Tween in PBS) for 30 min at room temperature. Then, they#X1405.0100) overnight, at 37°C, in darkness.

were incubated overnight at 37°C (in a humidd atmo- Reactions were stopped by several washings of samples in

sphere) with mouse monoclonal antbrillarin 38F3 anti- 50 mM sodium phosphate ber before being mounted with

body (#ab4566; Abcam, Cambridge, UK), diluted 1:1000 inglycerol on 8 x 8 mm well slides. The root tips were observed

blocking bu er. Following incubation, wells were washed under a Leica DM2500 microscope, and images were re-

(3 times, 5min each) with PBS, containing 1% v/v NP40corded with a Leica DFC320 CCD camera and processed

and 0.5% w/v DOC and incubated for 3 h at 37°C with awith ImageJ software. Integrated optical density (IOD) was

second antibody (antmouse IgGAlexa 488, diluted 1:100) calculated (IOD =stained area x OD in the blue light spec-

(#A11001 Invitrogen, Thermo Fisher Sciemtj Waltham, trum) using an unstained zone of the root tip as the blank.

MA, USA. Then, samples were washed with the sameshu

and nuclear DNA was stained with @diamidino 2

phenylindole (DAPI 5x, Thermo Fisher Scienti Sample processing for transcriptional analyses

Waltham, MA, USA). Finally, slides were washed with PBS

and distilled water (twice, 5min each) and mounted with RNA extraction

DABCO (antifading agent; Sigma #290734). The root tips

were examined and micrographs taken with a confocalFrozen samples were dissected by separating aerial parts

laser microscope (Leica TCS SP5). Nucleolar size (ardaypocotyls) from roots, and seeds (ungerminated or rem-

immunostained for brillarin) was measured using the nants) were discarded for avoiding any changes of expression

software ImageJ (National Institutes of Health, Bethesdaresults. Total RNA from plant tissues (shoots and roots) was

MD, USA). extracted with a commercial kit (RNA isolation from plant,
NucleoSpin) following the manufacturer's instructions
(#740949.250; Macher®yagel, Dueren, Germany). RNA

Cell membrane staining and cell proliferation quality was determined by NanoDrop 2000 (Thermo), and

guanti cation samples were stored a80°C until further use.

Seedlings werexed in 5% v/v paraformaldehyde for 3 h at

room temperature, washed three times for 10 min each withPre rRNA processing study in hypocotyls

PBS and incubated 1 h at 37°C with the cedll digestion (RT PCR)

solution described above. After celhll digestion, the

seedlings were washed with PBS containing 10% v/v glycer@xtracted RNAs from aerial parts were used to analyze

and 0.2% v/v Triton X100 (3 times, 10 min each), excised ribosome biogenesis, specally prerRNA processing, by

root tips were placed on poly lysine coated multivell  conventional RTPCR with probes corresponding to dif-

slides, and the samples were dehydrated with 100% meerent external transcribed spacer (ETS) sequences of 45S

thanol at—20°C for at least 30 min. pre rRNA (primary transcript) (AppendixS2 (Pontvianne
Root tips were stained for 2 h at room temperature in et al.,201G Durut et al.,2019.

darkness with dye solution: 2% v/v Renaissance (#SCRI The samples (5g) were treated with an extra DNase

2200; Renchem, North Dueld, Selby, UK) + 4% v/v DMSO digestion (TURBO DNase Treatment and Removal Re-

in PBS, pH 7.2. Then, the samples were washed with PB&gents, #AM1907; Ambion, Waltham, MA, USA) for 60 min

and distilled water (3 times, 5 min each), and DABCO wasto eliminate contaminant DNA. Firsstrand cDNA synth-

added. Samples were observed and images taken with esis was performed on 500 ng of treated RNA with the Oligo

confocal laser microscope (Leica TCS SP5). Finally, th&dT)15 (#C1101; Promega, Madison, WI, USA) and

number of cells/mm in root meristematic cell layers was Random Primers (Promega #C1181) using the SuperScript
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Il Reverse Transcriptase kit and the manufacturer's in-(Shapire-Wilk test for N < 20 or KolmogorowSmirnov test
structions (Invitrogen, Waltham, MA, USA #1808®3). for N>20) and homoscedasticity (Levene test).

RNA quality was checked after the DNase treatment, and a Quantitative variables were described using mean and
negative RT (RT) control (without enzyme) was included. standard deviation values. Means were compared using
The 5 and 3ETS sequences from cDNA products (PCR Student'st test for independent samples (normal dis-
products) were amplied with GoTaq DNA Polymerase tribution and homoscedasticity) or by nonparametric

(Promega #M7845) and oligonucleotide€®S (pl/p2), 5 U Mann-Whitney-Wilcoxon Test (nonnormal distribu-
ETSP/18 S (p3/p4), ETS/18 S (p5/p6), 25 SIS (p7/p8) tion). All statistical analyses were carried out by compar-
and 3ETS (p9/p10) using the manufacturer's instructions. ing, for each lighting regimethe simulated microgravity
PCRs were performed in parallel in RT + and RsBmples. In experimental condition with respect to its corresponding
addition, an extra negative control (no sample) with ddH 1 x g control, in plants of the same genotype. As a general
and positive control (genomic DNA, 2.9 nd/) were included. rule, di erences between samples were considered sig-
PCR products (5L) were separated by electrophoresis ni cant for a bilateral probability valué®, lower than 0.05
in an agarose gel (2% w/v in 0.5x TasetateEDTA bu er) (P<0.05); however, a more stringent probability value
for 1 h at 130 V. The elFl1transcription factor was used as (P<0.0125) was also applied to reduce the chance of false
a loading control and internal standard (no expression positives in the four comparisons (Appendi&9. In ad-
changes in any experimental condition). Images for each gedlition, a twoway ANOVA test is provided as supple-
were recorded using the Kodak Electrophoresis Doc-mentary material (Appendixs?). This factorial variance
umentation and Analysis System 120 coupled to DC29Ganalysis was carried out using a univariate (general linear
Zoom Digital Camera and analyzed with ImageJ. model) procedure, dening as dependent variables
each measured variable and ased factors (categorical
independent variables) the light and the gravity.
Pre rRNA processing and meristematic
competence studies in roots (RJPCR)
RESULTS
Quantitative RTPCR (RTqPCR) was performed in a single
step with the LightCycler 96 System (Roche, Basel, SwitzeSeedling growth: root and hypocotyl
land) and Brilliant Ill Ultra fast SYBR Green QRFCR  orientation and length
Master Mix (Agilent Technologies, Santa Clara, CA, USA)
with primers corresponding to selected genes involved inSeedlings of the Cd, nucl, and nuc2 genotypes were
ribosome biogenesis, cell cycle regulation, cell growth, angirown for 6 days in vertical position ({ control), either
auxin polar transport (AppendixS3. RT gPCR was per- with photoperiod regime or dark conditions. Seed germi-
formed in standardized conditions (40 cycles and 60°C hy-nation rate decreased and growth was somewhat retarded
bridization phase temperature) after testing that all probefor nuclmutants, which had an irregular growth rate. In all
combinations produced a single peak (amplicon) and thatcases, the roots of seedlings were oriented in the direction of
RNA/probe concentration ratios were in the optimal € the gravity vector and opposite the light source (positive
ciency range of the gPCR reaction (Appen@ig. TheActin2  gravitropism and negative phototropism). Hypocotyls were
gene was used as an internal standard, and results we@iented opposite to gravity and, in the case of illumination,
analyzed using the comparative cycle threshold method retoward the top light source (negative gravitropism and
lative to input (AppendixS9 (Livak and Schmittger?00). positive phototropism) (FigurelG-L). Simulated micro-
Once the amount of target 02> € ™ was obtained, to de- gravity samples with photoperiod regime presented the
termine the number of times that each gene of interest issame orientation as ¢ control samples, except for a slight
expressed in simulated microgravity with respect to thedisorganization of the roots, while samples grown in dark-
control condition, we calculated the ratio or fokchange by ness and microgravity (without any tropistic cues) showed a
dividing these two values (Folchange = 2 ¢ RPM/  total disorganization in their growth (random growth)
2 S 1 at 1g. This calculation was carried out in- (Figures1A—F, 2). A slight antigravitropic preferential di-
dependently for each of the genotypes studied. Finally, whemection for the roots was detected in tmeicl mutant and,
the fold change was a number less than 1, a transformatioreven less pronounced, in the Colwild type, but not in the
(-1/Fold change) was carried out so that the changes benuc2 mutant (Figure2). In the case of shoots, the anti
tween both experimental conditions, corresponding to dif- gravitropic growth was more evident in all genotypes, but
ferent gravity levels, were easier to visualize and compare. the growth direction was never coincident with the vertical
axis (Figure?). A conspicuous skewing of hypocotyls in the
conditions of absence of light and gravity was observed.
Statistical analyses This e ect was especially relevant for the wild type (Opl
seedlings, in which hypocotyls showed a sort of parallel
SPSS 22.0 software (IBM, Armonk, NY, USA) was used foalignment, and it appeared relatively attenuated in the two
all analyses. First, we checked for normal distribution mutant lines (Figuresl and 2). It is noteworthy that this
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Light source FIGURE 1 Arabidopsis thalianaeedlings grown
- under simulated microgravity (RPM) andyTontrol

conditions. Images of @ay old seedlings (Co0,
Sim pg (RPM) 1g Control nucland nuc? grown under simulated microgravity
(A—F) either with photoperiod regime (AC) or
darkness (BF) and their correspondingdlcontrol
(G-L). Gravity vector and light source direction were
indicated in the gure

nucl WT (Col-0)

nuc2

Aneap

skewness of hypocotyls was restricted to the conditions oPre rRNA processing study
microgravity and darkness and did not appear in any other
condition. Pre rRNA processing in the aerial part

Root length was shorter for all seedlings grown in dark- (hypocotyl)
ness (except in the case of theclmutant) (Figure3A, C),
and this variable showed a slight decrease in all samplealterations in the ribosome biogenesis process in hypocotyls
grown in microgravity and photoperiod; this decrease waswere investigated by analyzing drent steps of 45S
only signi cant with respect to the correspondingytontrol pre rRNA (primary transcript) processing by RPCR. We
in the nuc2 mutant (Figure3A and AppendixS6. In con-  detected nucleotide sequences corresponding tcereint
trast, this variable was not acted, in comparison with regions of the transcript that are cleaved at known steps of
control condition, in any of the lines grown in microgravity transcript processing. These sequences corresponded to
and darkness (FiguraC). 5ETS and ETS only or to JETS/18S and 25SETS

Hypocotyls appeared clearly elongated in seedlingsranscripts (Pontvianne et akp1( (Figure4A). The analysis
grown in darkness (etiolated seedlings) in all genotypesy RT PCR identi ed potential enrichments in intermediate
and gravity conditions (Figured). For seedlings grown RNAs, which could account for changes in the accumulation
under the photoperiod, the change in the gravity level did of 45 S prerRNA and/or processed spacer sequences.
not produce any eect on the hypocotyl length (Figur&s). When comparing the amplied bands linked to the
However, in darkness, some dirences appeared in di erent steps of 45S pmkNA processing, no dierential
the three lines, and th@uc2 mutant had a signicantly  patterns were observed in simulated microgravity under any
shorter hypocotyl when growin simulated microgravity light regime (photoperiod or darkness) for ayrabidopsis
(Figure 3D; AppendixSH. thaliana line, when they were compared to the control
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FIGURE 2 Quanti cation of growth orientation in hypocotyls (left) and roots (right) of dagkown seedlings. Growth angle ind&y old seedlings

(Col 0, mutantsnucland nuc?d grown in darkness under simulated microgravity and in the ground gravity control conditiog) {tas measured.

Frequencies of hypocotyl and root tip growth directions (angles) are shown in the corresponding angular position around a circle at intervals of 10°
(n=13-26). The angles relative to the vertical axis were measured from digital images using ImageJ software. Sample sizes are in lower right corners

condition (1g) (Figure 4B, C). Quanti cation of the ratios extract from the root is a constraint for the analytical
between band intensity and of the 25 S to 18 S rRNA ratiomethods potentially usable. Due to this constraint, a slightly
using ImageJ did not reveal dérences between conditions di erent approach was used to detect alterations in ribo-
(AppendicessSg-S1). some biogenesis in the root.

The e ciency of primary transcript processing (45S
pre rRNA) in roots was analyzed by RNA quantation at
both ends of the transcript (ETS and ETS) and by
guanti cation of 25S rRNA by RHPCR (Figure5A).
Root biomass imArabidopsisseedlings is lower than hypo- Quanti cation of external RNA sequences of the primary
cotyl biomass. Therefore, the amount of RNA that we couldtranscript could serve to detect alterations in early

Pre rRNA processing in the root
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FIGURE 3 Length of root (B, D) and shoot (A, C) in seedlings grown at simulated microgravity under a photoperiod regime (A, B) or in darkness
(C, D). Bars indicate standard deviation. Asterisks (**) indicate a sggmit di erence P<0.0125) between samples of the same genotype erelnt gravity
conditions

pre rRNA processing, whereas dirent levels of 25 S rRNA Factors of meristematic competence:
would indicate a general alteration of ribosome biosynthesigmicroscopical analyses in the root tip
(Saezvasquez et al2004 Comella et al.2009.
When the seedlings grew in the RPM (Sing) with  Cell proliferation: number of cells/mm
photoperiod regime, more 25S rRNA accumulated in all
genotypes (CoD, nucl, and nuc?. However, sequences at The rate of local cell production (LCPR, number of cells/mm
both ends of the primary transcript (BTS and ETS) only in cell rows) is a variable indicative of cell proliferation ac-
accumulated in CoD and thenuc2mutant, but they appeared tivity (Scheres et al2002). This variable was measured in
to be lower innucl mutant. Comparisons were always done root meristematic cell layers, idenéd in a central optical
with respect to Iy control (Figure5B and AppendixS6. section from thez stack obtained with a confocal laser mi-
On the other hand, in seedlings subjected to micro- croscope, after root staining with thdRenaissan&udye for
gravity without light, the ETS preRNA accumulation was selective visualization of the cell wall (Musielak etz015.
di erent for the two ends. For BTS, ETS preRNA was Simulated microgravity (RPM) along with photoperiod
higher in wild type (Col0), but lower in thenuclmutant, regime had no eect on this variable, since no statistically sig-
whereas the ETS extreme was lower in the two mutant ni cant di erences between microgravity samples ang 1
lines (ucland nuc? than in their corresponding §icon-  control samples were observed (Figars. Instead, in darkness
trols. The simulated microgravity exposure leads to greateand simulated microgravity, this variable weakly decreased with
25 S rRNA accumulation in thauc2mutant (P<0.05), but  respect to the control in wild type anduc2 plants, and the
lower accumulation in th@uclmutant (P<0.0125) thanin decrease was statistically sigraint in the least restrictive ana-
the 1g control condition. (Figure5C; Appendix S6. lyses P< 0.05) only innuclmutant (Figure6B, AppendixS6.
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FIGURE 4 Ribosome biogenesis study in aerial part (hypocotylpaibidopsis thalianaeedlings (CoD, mutantsnucland nuc? grown under
simulated microgravity and ground gravity by FACR. (A) Scheme of 45 S preNA indicating ampli cation sequences for each primer paif=5S

(p1/p2), 5SETSP/18 S (p3/p4); £TS/18 S (p5/p6), 25 SBTS (p7/p8), and ETS (p9/p10). Agarose gel images of seedlings grown with photoperiod regime
(B) or in darkness (C). The images shown in (B) and (C) were cropped from the originals in App&idiand S13 respectively

Cyclin B1 expression Cell growth: nucleolar area

Cyclin B1 gene expression is an indicator of cell prolifera-Nucleolar size is closely correlated with the rate of ribo-
tion activity due to its regulator role in the G2/M cell cycle some biogenesis and hence with cell growth in actively
transition checkpoint (ColorCarmona et al.1999. The use  proliferating meristematic cells (Baserg®,07 Bernstein

of the CYCBuidA reporter line allowed the estimation of et al.,2007. Nucleolar size was estimated based on the
the expression of this gene by GUS staining, whose intensitgrea immunostained by antibrillarin antibody in the
was quantied in root meristems by measuring the in- root meristematic cell layers from a central optical
tegrated optical density (I0OD). section.

In samples grown under the photoperiod, the ex- Nucleolar size was not sigrigantly altered in the com-
pression of this gene was apparently noteated by the parison of seedlings grown in simulated microgravity
level of gravity, since no quantitatively sigoant dif- (RPM) and ground control (3) when they were grown
ferences were evident between samples grown in simudnder a photoperiod regime (Figuréd). On the contrary,
lated microgravity and those grown in theglcontrol  the simulated microgravity and darkness clearly decreased
(Figure 6C). In general, we noticed that GUS staining nucleolar size/cell growth in allrabidopsis thalianéines in
corresponding to the expression of the cyclin B1 gene wasomparison with the 3 control. This decrease was only
rather weak in all cases. signi cant for the nucl and nuc2 mutants (Figure7B;

However, GUS staining was especially weak in seedAppendix S§.
lings grown for 6 days in darkness, whatever the level of
gravity, most likely due to théow availability of sugars in
conditions preventing photosynthesis to be performed. Auxin distribution pattern
In these samples, staining intensity was 10 times lower
than in samples grown under a photoperiod regime, andThe DIl VENUS transgenic reporter line was used to
staining intensity did not dier between the gravity levels compare auxin distribution in the distal part of the root
(not shown). under simulated microgravity for the two light conditions
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FIGURE 5 Analysis of primary transcript (45 S pmRNA) in roots of 6day old Arabidopsis thalianaeedlings (CoD, mutantsnucland nuc? by
RT gPCR. (A) Scheme of 45 S prieNA indicating ampli cation sequences for each primers paiEBS (p11/p12), 25 S (p13/pl4) andE3S (p15/pl6).
Relative amplication (fold change) under simulated microgravity (RPM) respect to the grograity (1g) control of 5SETS and ETS ends and 25 S RNA.
(B) Seedlings grown with photoperiod regime. (C) Seedlings grown in absence of light (darkness). Bars indicate standard deviatiamt Sigaiences
for each genotype compared to their correspondimgcntrol are shown (P<0.05, *P<0.0125) (three biological replicates)

with that in the 1g control. The reporter gene of the DIl Factors of meristematic competence: molecular
VENUS line is a YFP construction in phase with the DII biology analysis

domain of the Aux/IAA protein and a nucleus location

sequence. The degradation of the fusion protein is catain addition to the cellular analysis of the factors of mer-
lyzed by the SCRERAFBLS yhiquitination complex in the  istematic competence, we used a complementary approach
presence of auxin. Consequently, thaorescence signal to the same biological functions (cell proliferation, cell
intensity in the cell nucleus when using this transgenic linegrowth, and auxin polar transport) by means of a tran-
is inversely proportional d the auxin level (Brunoud scriptomic (RTqPCR) study with RNA extracted from
et al.,201). roots.

The uorescence distribution in seedlings subjected to  The analysis investigated, in the conditions of gravity
simulated microgravity and the photoperiod regime wasand light used throughout tis paper, expression chan-
essentially similar to that in the control seedlings grown atges in three sets of marker genes. Thest set was
1g no lateral imbalance or alteration of auxin distribution composed of two genes involved in auxin polar transport
in the root was observed (Figu@?, B). In samples grown (EIR/PINJ and auxin perception TIR); the second set
in simulated microgravity and darkness, however, signalwas composed of genes to indicate cell proliferation
intensity was lower in the meristematic cell layers, centralstatus because they are involved in cell cycle regulation
cylinder and columella cells than in theglcontrol, in-  (CYCB1;2and CK2A;9; the third set was composed of
dicating that the lack of gravity stimulus alters the auxin genes involved in regulating ribosome biogenesis
distribution in the root. More auxin is accumulated in the (NUC1, NUC2,andFIB), hence, indicators of cell growth
distal part of the root, indicating that the transport of this status.
phytohormone is altered, or even inhibited (Figuté, B). The analysis of the relative expression of these genes
In general, the intensity of labeling was higher in the sam-(fold change) in seedlings of the three lines grown under
ples grown with photoperiod than in samples grown in simulated microgravity (RPM) and photoperiod regime
darkness (Figure3A, B). Thus, whatever the gravity con- compared with expression in the dlcontrols showed
ditions, culture in darkness alone induces some accumulathat the gravity alteration produces a general down-
tion of auxin in the root tip, which appears increased in regulation, di erently a ecting the concerned functions
simulated microgravity. and the dierent lines. Auxin polar transport was
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FIGURE 6 Cell proliferation rate in root meristematic cells of seedlings grown under simulated microgravity (RPM) and ggoavity (1g) control
conditions with photoperiod regime (A) and in darkness (B). Cyclin B1 expression in root meristem determined by the GUS signal in a reporter line. An
example of a root tip is provided for simulated microgravity argicbntrol conditions under photoperiod regime (C). In the graph, the cyclin B1 signal has
been quantied as the optical density (1.0.D.). Bars indicate standard deviation. Asterisks (*) indicate acaignili erence P<0.05, Student's test)

between samples of the same genotype inedént gravity conditions

FIGURE 7 Cell growth rate (average size of the nucleolus determined by immunohistological detectibrillaffin) under simulated microgravity and
the groundgravity (1g) control for seedlings grown for 6 days with photoperiod (A) or in dark conditions (B). Bars indicate standard deviation. Asterisks
(**) indicate a signicant di erence P<0.0125) between samples of the same genotype iereint gravity conditions

altered, as indicated by the decreaseHR gene ex- mutant lines fiucland nuc?. In contrast,CK2A;2ex-
pression in all lines. Also, inuclmutant, expression of pression signicantly decreased only in theuclmutant

the auxin receptor geneTIR greatly decreased (Figure8A; AppendixSH. In turn, changes in the expression
(Figure 9A and Appendix S§. The expression of of the cell growth markers were less clear. Only the decreased
CYCB1;2also markedly decreased in simulated micro- expression of theNUC2 gene in thenucl mutant and in-
gravity conditions in the wildtype Col0 and in both  creased expression of tRéB gene in thenuc2mutant di ered
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FIGURE 8 (A) Auxin distribution pattern in root tips of DIl VENUS seedlings grown for 6 days under simulated microgravity (RPM, left) or ground
gravity (Ig) condition (right), and with photoperiod regime ¢st row), or in dark condition (second row). Three views per condition are shown: in thg the

yellow uorescence signal corresponds to YFP VENUS protein, and hiaeescence signal corresponds to the cell membrane staining with Renaissance dye;
the second view shows a graphic quaadtion of auxin distribution, by applying a virtual color scale to therescence signal intensity, from black (0) to white

(255, maximum signal), using only central confocal sections of the root; the third and last view of each sample shows the confocal microscope maximum
projection of the yellow uorescence signal. The color scale is represented inghee. (B) Quantication of the absence of auxin (mean yelloworescence
reporter DIl VENUS) in 6day old plants grown under simulated microgravity (RPM) and in thg dontrol condition with a photoperiod lighting regime (A)

or in darkness (B). The quanttation corresponds to yellowuorescence signal of the maximum projection. Bars indicate standard deviation

signi cantly from the controls, while no alteration of any was upregulated signtantly (P< 0.05) in thenuc2 mutant
of these markers was produced in @bl(Figure 9A and  (Figure 9B; Appendix S6.
Appendix S6.

The results in the dark conditions showed, in general,
the opposite trend. The auxin transport markers were al-DISCUSSION
tered in simulated microgravity and darkness, as shown by
the increase inTIR gene expression in Cdl and the two  The Arabidopsis thalianaeedlings of three derent genetic
mutants. Expression oEIR increased only in thenuc2  backgrounds (CoD, mutantnucland nuc? grown under
mutant (P< 0.05) (FiguredB and AppendixS6. In the case  simulated microgravity (Simg, RPM) with a photoperiod
of cell proliferation markers, th€YCB1;3jene decreased in regime had oriented hypocotyls and roots, the same as in
expression in thenucl mutant, but increased in theuc2  the 1g control samples. In other words, because the hypo-
mutant, whereas the expression GK2A;2gene appeared cotyls presented positive phototropism and the roots ne-
only increased in CoD plants (Figure9B;, Appendix S6. gative phototropism, and the phototropic axis coincided
The expression of all cell growth markeldYC1, NUC2  with the gravitropic axis, phototropism by itself was able to
and FIB) was upregulated in wildype (Col0Q) seedlings drive seedling growth in the absence of a gravitropic signal.
compared to the g control, whereas onlyIB expression However, plants in the absence of any tropistic signal to
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FIGURE 9 Relative expression of marker genes of auxin transport/perception, cell proliferation, and cell growtbidopsis thalianaeedlings (Co0,
mutantsnucland nuc? grown under simulated microgravity with photoperiod regime (A) or darkness (B) for 6 days. Histograms indicate the average
di erence in expression (folchange) between the microgravity samples versus the grguadty (1g) control samples, calculated in three biological replicates.
Signi cant di erences for each genotype respect to their correspondirgpitrol are shown < 0.05, *P<0.0125)

guide their growth, subjected to simulated microgravity and environment was termed automorphogenesis (DiEsole
darkness, had disoriented hypocotyls and roots, althoughet al.,2009. Furthermore, etiolatedA. thaliana seedlings
some antigravitropic growth of roots and, especially, hy- grown in the space shuttle exhibited a lbafinded skewing
pocotyls, was detected after the quanttion of the direc- response (Millar et al2017). Actually, the deviation of the
tion angles. However, we did not detect any preferentialroot growth from the gravity direction, termed root skew-
direction for this growth, and the growth directions never ing, has been repeatedly described (Paul et2all,2 Roy
coincided with the vertical axis. and Basshant?014 Schultz et al.2016. This root skewing
Several experiments on the International Space Statiomas been shown to be independent of both the tropic force
(ISS), in real microgravity, have shown that, without the of gravity and the gravitynduced contact forces between
gravitational cue, the position of the light source irences roots and growth media, and, interestingly, it is more in-
the growth direction of both the hypocotyl and the root. tense in the WS ecotype &. thalianathan in the Col0
The Arabidopsis thalianglants grown during an APEX01 ecotype. However, the molecular mechanisms underlying
experiment in ABRS (Advanced Biological Research Syssuch growth phenomenon remain unresolved. Various
tem) hardware with directional light (as in our experiment) genes and factors have been proposed to regulate skewing,
showed hypocotyls and roots with an oriented growth, theincluding a complex network of processes such as polar
same as the corresponding Earth control. In contrast, plantsauxin transport and cytoskeletal dynamics (Nakashima
grown in microgravity in Petri dishes, either exposed to et al.,2014 Roy and Bassharp14. These growth patterns
environmental light, or in darkness, in the CARA (Char- in A. thalianahave been suggested to be controlled mainly
acterizing ArabidopsisRoot Attractions) experiment had by the expression levels of two apyrases (APY1 and APY2)
hypocotyls and roots with a random growth direction (Ferl and by extracellular ATP concentration in a pathway in-
and Paul,2016 Paul et al.2017). volving auxin polar transport and triggered by touch stimuli
In addition, di erent studies in space revealed non resulting from the contact of the root tip with the growth
random growth directions of seedling organs, when theymedium (Yang et al2015. A recent study in the ISS, using
developed in microgravity. In an experiment during the two mutants for skewing behavior that were altered in dif-
Space Shuttle ST® mission, most rice roots elongated in a ferent cellular functions, concluded that genes related to
constant direction, forming a constant angle of about 55°skewing could play a prominent role in plant spaaght
relative to the axis of the caryopsis in the early phase oficclimation (Califar et al2020.
growth, but later the roots grew in various directions, in- Interestingly, our results in simulated microgravity and
cluding away from the agar (Hoson et a003. In the di erent light conditions have not revealed any special or-
GRAVI 1 experiment in the ISS, lentil roots initially curved ientation of roots, but an evident skewing of hypocotyls was
strongly away from the cotyledons and then slowly revealed in the absence of tropistic cues (darkness and si-
straightened out, forming a relatively constant angle. Thismulated microgravity). This behavior of hypocotyls has not
establishment of growth direction in a stimulisee been previously described. In general, hypocotyl skewing
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has received little attention in studies of seedling growth indid show signicant di erences, especially ecting the

altered gravity.

nucleolin mutants. In a previous study, we used transmis-

The signi cant di erence between the response of thesion electron microscopy to analyze the ultrastructure of the

root and the hypocotyl to dierent conditions of gravity and
light is a novel nding of this work. Certainly, light is
known to have a predominant &ct on tropistic responses
in the shoot (Molas and Kiss2009. Apparently, a direc-
tional light source is sucient for the shoot to orient its

nucleolus of thenucl mutant in conditions of simulated
microgravity. In that case, the nucleolus appeared rather
disorganized, with a loose structure in which it was dult

to identify the typical nucleolar subcomponents, and some
granules were idented, corresponding to the scalled

growth toward this source and to develop in microgravity enucleolar perichromatin like granuleg which are the
the same way it does in ground gravity. Experiments on thestructural expression of poor processing of pRNA

shoot apical meristem of\. thaliana seedlings have de-

(BoucheronDubuisson et al.2019. Thus, in this mutant,

monstrated that white light is able to rescue the cell cyclea correlation between nucleolar size and nucleolar activity
arrest in G1/S and G2/M transitions caused by darkness and¢annot be established, but the increase in size is due to

to promote e cient ribosome biogenesis (Lopéaez et al.,
200§ Mohammed et al.2019.

nucleolar disorganization and not to increased production
of ribosomal precursors, as is the case in the wild type. In

In particular, our study of ribosome biogenesis usingthe wild type, previous studies in real and simulated mi-

markers for di erent steps of 45S pr&NA transcript pro-
cessing revealed that this processetied in its sensitivity to

crogravity showed that the nucleolus was reduced in size
under microgravity in etiolated seedlings compared to the

gravity and light between the hypocotyl and the root. In the 1 g control (Matia et al.201G Manzano et al.2013 2016.

aerial part, neither simulated ierogravity nor darkness ap-

Regarding nucleolar structey three structural types of the

peared to alter this process in any of the genotypes analyzedlcleolus have been deed based on dierent rates of ribo-

(Col 0, nucl, andnuc? with respect to the control in §jwith

some biogenesis: vacuolated (highly active and present mainly

the photoperiod. However, in root cells, processing of thein G2 phase of the cell cycle), compact (active and char-

primary pre ribosomal transcript was a&cted under simulated
microgravity with photoperiod regime in the wild type and
nuc2mutant, as indicated by the higher accumulation d&5S
and 3ETS ends and 25 S rRNA. These results suggesteat e
on the rate of production of ribosomes. Alterations in ribo-

acteristic of the G1 phase), antrillar (inactive and present in
the GO phase). Under simulated microgravity conditions, the
percentage of vacuolated ananepact nucleoli decreased
signi cantly, consistently with a lower eiency in the pro-
duction and assembly of ribosome (Manzano et ab16

some biogenesis induced by both real and simulated microKamal et al.2019. The results of the present work cam
gravity in root meristematic cells and in vitro cell cultures have these changes and identify specsteps of the mechanism that

been reported in previous exp@ents from our laboratory
(Matia et al., 201G BoucheronDubuisson et al.,2016
Manzano et al.2016 Kamal et al.201§. Di erent indirect

appear modied due to the environmental change.
The status of meristematic competence has been as-
sayed in roots of seedlings (C0) nucl, andnuc? grown

markers of the process were used in these studies, such asder simulated microgravityand light (photoperiod) by
protein levels and gene expression regulation of nucleolin anadneans of the estimation of cellular variables such as

brillarin, nucleolar proteis known to play a key regulatory
role. Interestingly, in thenuclmutant, simulated microgravity
intensi es the defective pmRNA processing that occurs in
this mutant under control Iy gravity conditions (Pontvianne
et al.,2007 BoucheronDubuisson et al.2019. In the present

number of cells per millimeter in a meristematic cell layer
(rate of local cell production)yclin B1 expression in situ,
and nucleolar area based on immunolabelling bfillarin.
Our results indicate that seedlings maintain the co-
ordination of growth and proliferation in meristematic

experiment, the higher accumulation of 25 S rRNA indicatescells at equivalent levels to thegtontrol. Thus, light can

unbalanced processing of 45 S primary transcript (iR&IA,
and the lower accumulation of the intermediat&®S and 3

compensate for microgravity stress at the cellular level. In
other words, phototropism can counteract the lack of

ETS prerRNA ends indicates either faster processing or lowergravitropism, at least to a certain extent. These results
production of 45 S precursors. However, despite these seveagree with those from a clinostat experiment (Boucheron

changes, thenucl mutant is viable, not only when grown

Dubuisson et al.,2016. In general, there is increasing

under control 1g gravity conditions, but also when subjected evidence that light is an important regulator of stress ac-

to simulated microgravity.

Furthermore, the size and structure of the nucleolus

climation processes (Janda et ai020.
However, when comparing the general response to mi-

have proven reliable markers of ribosomal biosynthetic accrogravity at the molecular level of the dirent lines
tivity. Considering that, under photoperiod, nucleolar size (Figure9), nuclshows a dierential pattern of expression of
did not di er signi cantly between samples grown in si- marker genes, not only for the geneseating ribosome

mulated microgravity and samples grown undeg @ontrol

gravity, then the application of photoperiod actually coun-

biogenesis, but also for genes related to auxin transport and
cell cycle regulation. The alterations inherent to this mutant

teracts the alterations induced by microgravity, as well as byhat reduce its eciency in the production of ribosomes
darkness, on this structural variable and its functional sig-with respect to the wild type also seem to alter its response
ni cance. In fact, the analysis of samples grown in darknes® gravitational stress in other physiological processes that
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are somehow related to ribosome biogenesis and meristefhis is an interesting conclusion, which supports previous
matic competence. Therefore, theiclmutant would have investigations that we already mentioned (Kruse etZal2(q
a reduced ability to counteract the lack of gravity, while theYang et al.2020), but it corresponds to a dierent working
wild type andnuc2 mutant share a common prde (but  hypothesis than the one that gave rise to the present work.
gene foldchange ratios are smaller in the casenat?. It Our purpose was to examine the counteracting role of light
should be noticed that the protein NUC2 is a strestated  signals and their capability of reverting theeets of altered
variant of nucleolin (Durut et al.2019. Therefore, the si- gravity on some variables related to cell proliferation and
milar, but attenuated response to gravitational stress in thiplant development to the standard values recorded gt 1
mutant could be interpreted as a sign of resilience to anOur results show that light signals may indeed totally or
adverse environmental condition. partially replace gravity signals, sigoantly improving
In particular, we found expression changes in marker geneplant growth and development in microgravity. The con-
for cell proliferation and auxin transport in the root meristem. rmation of interactions between light and gravity signals
WhereasEIR (PIN2) expression decreased in the three plantsupposes an additional result, of interest in itself and also as
genotypes (CaD, nucl, and nucd, this change was not ac- an additional contribution to qualify the results of the work,
companied by any alteration of the auxin distribution pattern especially from a mechanistic point of view.
observed in the DIVENUS line between the samples grown in
microgravity and the 3 control. In the space experiments
CARA (with environmental light from Destiny module of ISS) CONCLUSIONS
and APEX02 (with directional light supplied by the Vege-
table Production System hardware), no eliences in the root The ndings presented in this work are of great importance for
meristem uorescence pattern of pDR5r::GFP line were ob-successful plant culture in microgravity environments. We
served (Ferl and Pautp16§. Therefore, the expression changes show indeed that light is a signal capable of rescuing disrupted
in a particular auxin transport geneE(R) suggest that the meristematic competence at early developmental stages in the
process is sensitive to microgravity, but, in the presence of lightabsence of light and gravityhé two main tropistic cues that
the overall e ciency of the process would not be sigrantly  drive and regulate plant growth on Earth. These results are
altered. The functional redundancy between PIN proteinsdecisive for longerm plant development. The incorporation
(Swarup et al.2001% Blilou et al. 2005 Ueda et al.2019 could  of an illumination regime, in this case photoperiod, has been
be counteracting the observed changes of gene expression. su cient to attenuate or suppress theeets caused by grav-
The most severe alteration concerned the expressioiitational stress, such that plants can grow and develop correctly
levels of theCYCB1;2gene, which showed an important in microgravity, showing only alterations at the molecular level
decrease in simulated microgravity with respect to thg 1 but no changes detectable at the cellular level. Therefore, and
control for the wild type and mutantsiucland nuc2 even  as shown by other experiments carried out at real microgravity
under photoperiod. In real microgravity and in ground (Massa etal2013 De Micco et al.2014 Link et al.,2019 and
based facilities, our laboratory has consistently found aat simulated microgavity (BoucheronDubuisson et al.2016
decrease inCYCB1gene expression using histochemical Valbuena et al.2019, if the growth conditions are optimal
measurements of GUS staining An thalianareporter lines  (nutrients, light, temperature, humidity) the plants grow
(Manzano et al. 2009 Matia et al.,2009 and RTgPCR  properly in their rst stages of development. Despite that,
experiments with a cell culture exposed for 3 h to simulatedmolecular alterations are still compatible with the expected
microgravity. In the latter case, the observed shortening ofacclimation mechanisms inwohg the modulation of dupli-
the G2 phase of cell cycle did not produce any change in celtated and specialized genes, expressed under environmental
size between the two experimental conditions (Manzanostress, such &8UC2 that should be promoted to increase the
et al.,20169. As in the present case, a molecular alterationplant acclimation to a new exterrestrial environment.
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