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Plants and Spaceflight: 
A snapshot

Dr. Sarah E. Wyatt
Ohio University

Plants in microgravity

• Finding mechanisms Underlying 
responses to microgravity

• Bioregenerative Life Support
(BLiSS)

Challenges (for research) in microgravity

• Lack of convection

• Behavior of liquids

• Hardware constraints/ crew time

• Funding

Liquid flow in microgravity

http://www.youtube.com/user/Canadianspaceagency

ipcm.wisc.edu

Flooded roots (no oxygen)
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Spaceflight � plant research

Approaches
1.Proteomics 
2.RNAseq 

1. sRNA regulation
2.Gravi-course 

3.DNA integrity
4.GeneLab/ AWGs

Hardware

• BRIC/PDFU

• Veggie

• Advanced Plant Habitat

Seeds are plated..

and loaded into 
PDFUs!

Petri Dish Fixation Unit (PDFU) 4 BRICs, 22 plates total/treatment 

What we got back Data Sets and Metadata

RNA seq

Soluble proteins

Membrane proteins
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Transcripts                 Soluble Proteins          Membrane Proteins

Results

Space vs Ground
819

RNAlater vs 
Liq. nitrogen

2750

Hardware vs 
No hardware 

1651

106 188

373

46

Negative Regulation Of Cell Fate Commitment (2/4)
Regulation Of Vitamin Metabolic Process (2/7)

De-Etiolation (3/11)
Positive Regulation Of Development  Heterochronic (2/8)

Nitrogen Utilization (3/12)
Plastid Translation (3/12)

Negative Regulation Of Cell Differentiation (3/13)
Regulation Of Chlorophyll Biosynthetic Process (4/18)
Polarity Specification Of Adaxial/Abaxial Axis (4/22)

Tetrapyrrole Biosynthetic Process (13/72)
Regulation Of Isoprenoid Metabolic Process (4/25)

Protein Import Into Chloroplast Stroma (3/19)
Protein Repair (3/21)

Tetrapyrrole Metabolic Process (14/100)
Cellular Oxidant Detoxification (3/22)
Plastid Membrane Organization (5/38)

Regulation Of Flavonoid Biosynthetic Process (3/25)
Protein-Chromophore Linkage (5/44)

Protein Targeting To Chloroplast (4/36)
Cell-Cell Signaling (5/46)

Cellular Polysaccharide Catabolic Process (4/41)
Plastid Organization (18/206)

Single-Organism Membrane Organization (6/69)
Regulation Of Lipid Metabolic Process (5/58)

Cellular Response To Reactive Oxygen Species (4/47)
Regulation Of Lipid Biosynthetic Process (4/47)

Cellular Response To Oxidative Stress (5/61)
Regulation Of Cellular Ketone Metabolic Process (5/71)

Hemicellulose Metabolic Process (6/87)
Cellular Amino Acid Biosynthetic Process (13/196)

Chloroplast Organization (10/151)
Photomorphogenesis (6/93)

Cell Redox Homeostasis (7/119)
Cellular Response To Radiation (7/128)

Cellular Amino Acid Metabolic Process (20/405)
Cellular Homeostasis (10/213)

Single-Organism Catabolic Process (19/515)
Response To Bacterium (16/445)

(3/7) Regulation Of Amine (Glutamine) Transport

(2/5) Glycolipid Transport

(3/8) Detoxification Of Inorganic Compound

(2/6) Leucine Catabolic Process

(2/6) Cellular Response To Iron Ion Starvation

(2/6) Transcription Factor Import Into Nucleus

(5/23) Leucine Metabolic Process

(3/14) Leucine Biosynthetic Process

(3/15)Aminoglycan Catabolic Process

(4/20) Cellular Response To Nitric Oxide

(3/18) Phenylpropanoid Catabolic Process

(3/20) Cytokinin Biosynthetic Process

(5/34) Detoxification

(3/21) Brassinosteroid Metabolic Process

(3/21) Cell Wall Pectin Metabolic Process

(19/166) Reactive Oxygen Species Metabolic Process

(5/47) Cellular Response To Reactive Oxygen Species

(5/48) Regulation Of Ion Transport

(5/56) Regulation Of Root Development

(11/161) Phenylpropanoid Metabolic Process

(7/123) Plant-Type Cell Wall Organization

(10/184) Secondary Metabolite Biosynthetic Process

(8/159) Response To Starvation

(10/207) Cellular Response To Ethylene Stimulus

(8/170) Post-Embryonic Plant Morphogenesis

(20/602) Response To Osmotic Stress

Cellular Carbohydrate Catabolic Process (2/55)
Cell Proliferation (4/116)
Nuclear Transport (2/67)

Regulation Of Cell Growth (2/76)
Polysaccharide Catabolic Process (3/156)

Vegetative To Reproductive Phase Transition Of Meristem (3/186)
Regulation Of Translation (3/190)

Regulation Of Cellular Amide Metabolic Process (3/190)
Regulation Of Cellular Component Organization (3/225)

Carbohydrate Catabolic Process (3/236)
Cell Wall Organization Or Biogenesis (8/642)

Posttranscriptional Regulation Of Gene Expression (3/244)
Root Development (5/495)

Growth (6/668)
Response To Osmotic Stress (5/602)

(2/9) Cytoplasmic Translation
(2/13) Multi-Organism Transport
(3/44) Cellular Response To Osmotic Stress
(2/32) Vacuole Organization
(2/42) Cellular Response To Metal Ion
(2/50) Protein Complex Disassembly
(4/108) Pyridine-Containing Compound Metabolic Process
(3/89) Purine-Containing Compound Biosynthetic Process
(3/96) Translational Initiation
(6/220) Purine-Containing Compound Metabolic Process
(4/171) Aging
(6/297) Intracellular Protein Transport
(8/434) Intracellular Transport
(4/246) Response To Cytokinin
(6/405) Cellular Amino Acid Metabolic Process
(7/714) Cellular Response To Stress

LOW TEMPERATURE WITH OPEN-STOMATA 1 (LOST1) PIGMENT DEFECTIVE 

325 (PDE325) HEME2 EARLY LIGHT-INDUCABLE PROTEIN (ELIP1) EARLY 

LIGHT-INDUCIBLE PROTEIN 2 (ELIP2) GBF'S PRO-RICH REGION-

INTERACTING FACTOR 1 (GPRI1) GENOMES UNCOUPLED 5 (GUN5); ABA-

BINDING PROTEIN (ABAR) GLUTAMATE-L-SEMIALDEHYDE AMINOMUTASE 

(GSAM) LIGHT-HARVESTING-LIKE 3:1 (LIL3:1) MAGNESIUM CHELATASE I2 

(CHLI2) PALE-GREEN AND CHLOROPHYLL B REDUCED 2 (PCB2) 

PROTOCHLOROPHYLLIDE OXIDOREDUCTASE B (PORB) 

PROTOCHLOROPHYLLIDE OXIDOREDUCTASE C (PORC)

HEAT SHOCK PROTEIN 90.5 (HSP90.5) OUTER ENVELOPE PROTEIN 16 (OEP16) 

TRANSLOCON AT INNER MEMBRANE OF CHLOROPLASTS 21 (TIC21) 

TRANSLOCON AT THE INNER ENVELOPE MEMBRANE OF CHLOROPLASTS 55-

II (TIC55-II)

KIN1 EARLY LIGHT-INDUCABLE PROTEIN (ELIP1) EARLY LIGHT-

INDUCIBLE PROTEIN 2 (ELIP2) HY5-HOMOLOG (HYH) NUCLEOSIDE 

DIPHOSPHATE KINASE 2 (NDPK2) PHOTOTROPIN 1 PHYTOCHROME 

INTERACTING FACTOR 3-LIKE 1 (PIL1)

AT4G13620 AT4G28140 CYTOKININ RESPONSE FACTOR 4 (CRF4) 

CYTOKININ RESPONSE FACTOR 6 (CRF6) HYPOXIA RESPONSIVE ERF 

(ETHYLENE RESPONSE FACTOR) 1 (HRE1) IRON-REGULATED TRANSPORTER 

1 (IRT1) L-TYPE LECTIN RECEPTOR KINASE I.3 (LECRK-I.3) RESPONSIVE-

TO-ANTAGONIST 1 (RAN1) VACUOLAR IRON TRANSPORTER-LIKE 1 (VTL1) 

VACUOLAR IRON TRANSPORTER-LIKE 5 (VTL5)

ALPHA-DIOXYGENASE 1 (ALPHA-DOX1) IRON-REGULATED TRANSPORTER 1 

(IRT1) VACUOLAR IRON TRANSPORTER-LIKE 1 (VTL1) VACUOLAR IRON 

TRANSPORTER-LIKE 5 (VTL5)

RECEPTOR FOR ACTIVATED C KINASE 1 A (RACK1A) OVEREXPRESSOR OF 

CATIONIC PEROXIDASE 11 (OCP11);ARGONAUTE 4 (AGO4) DECAPPING 5 

(DCP5)

REGULATOR OF BULB BIOGENESIS1 (RBB1) SHOOT GRAVITROPISM 3 

(SGR3);SYNTAXIN OF PLANTS 22 (SYP22)

FERONIA (FER) MICROTUBULE-ASSOCIATED PROTEIN 65-2 (MAP65-2) 

RIBOSOMAL PROTEIN L5 (ATL5);OLIGOCELLULA 5 (OLI5);PIGGYBACK3 

(PGY3) ROOTY 1 (RTY1) UDP-XYLOSYLTRANSFERASE 2 (XT2)

Protein

RNA

GO Term 
fold-enrichment

APS REDUCTASE 1 (APR1) GLUTAREDOXIN C5 (GrxC5) LOSS OF THE 

TIMING OF ET AND JA BIOSYNTHESIS 2 (LEJ2) PEROXIREDOXIN Q (PRXQ) 

PEROXIREDOXIN-II-E (PRXIIE) THIOREDOXIN F-TYPE 1 (TRXF1) 

THIOREDOXIN PUTATIVE PLASTIDIC (TRX P)

Upregulated in space Upregulated on earth

EUKARYOTIC TRANSLATION INITIATION FACTOR 3 SUBUNIT 7 (eIF-3) 

TRANSLATION INITIATION FACTOR EIF3 TRANSLATION ELONGATION 

FACTOR EF1A

HEAT SHOCK PROTEIN 90.5 (HSP90.5) 
OUTER ENVELOPE PROTEIN 16 (OEP16) 
TRANSLOCON AT INNER MEMBRANE OF 
CHLOROPLASTS 21 (TIC21) TRANSLOCON
AT THE INNER ENVELOPE MEMBRANE OF 
CHLOROPLASTS 55-II (TIC55-II)

REGULATOR OF BULB BIOGENESIS1 
(RBB1) SHOOT GRAVITROPISM 3 

(SGR3);SYNTAXIN OF PLANTS 22 

(SYP22)

KIN1 EARLY LIGHT-INDUCABLE PROTEIN 
(ELIP1) EARLY LIGHT-INDUCIBLE PROTEIN 

2 (ELIP2) HY5-HOMOLOG (HYH) 

NUCLEOSIDE DIPHOSPHATE KINASE 2 
(NDPK2) PHOTOTROPIN 1 PHYTOCHROME 

INTERACTING FACTOR 3-LIKE 1 (PIL1)

Gene ID
AT1G12080
AT5G23060
AT1G62820
AT5G10210
AT5G06850

ResponseStimulus                   
Perception Growth

IP3

Ca2

+

H+/ATPase
ROSNO

Gene ID
AT4G32780
AT2G45900
AT4G38530
AT1G05470
AT5G63980
AT3G02870
AT3G45780

Description
PIP binding, DUF828
TRM13 
Phospholipase, ATPLC1 
Inositol phosphatase, CVP2
Inositol phosphatase, SUPO1
Inositol phosphatase, VTC4
Phototropin 1, PHOT1

Gene ID
AT3G16290
AT5G64580
AT4G33520
AT5G44790
AT1G63440
AT5G57350
AT4G30190

Gene ID
AT3G47450
AT3G52960
AT4G08390
AT5G18580

Description
NO-Associated 1
Peroxiredoxin-II-E
Stromal APX
PP2A subunit B-like

Description
Vacuolar Ca2+-binding
Ca2+ sensing receptor, CAS
Ca2+ binding, CML14
C2-domain containing
Ca2+ binding, FTIP1

Gene ID
AT4G11230

AT5G21100
AT4G08390
AT2G41680

Description
RBOH-I
RBOH-G
Ascorbate oxidase
sAPX
Thioredoxin reductase

Gene ID
AT1G70560
AT5G25620
AT2G01420
AT2G21050
AT1G15580
AT3G28345
AT5G60450

Description
Auxin synthesis, TAA1
Auxin synthesis, YUCCA6
Auxin efflux carrier, PIN4
Auxin influx carrier, LAX2
Auxin response, IAA5
Auxin transporter, AFB1
Auxin response, ARF4

Description
ATPase, EMB2083
ATPase, EMB3144
Cu2+ transport, PAA1
Cu2+ transport, RAN1
Cu2+ transport, HMA5
AHA3, acid responsive
AHA2, ATPase

Auxin

P

Expanded Gray Cloud

Veggie on the International Space Station

The hand of Scott Tingle

Used for both basic research and
“crop” production.

sRNA

sRNASeq

12-day old 35S:HF- RPL18 
Arabidopsis seedlings

Harvest Roots and Shoots
Freeze -80oC

RNASeq

RNA

TRAP Seq

Immunoprecipitated 
Ribosomes

RNA

Post transcriptional Regulation 
miRNA targets, RNA stability 

Post transcriptional Regulation 
Ribosome loading, translation

Overview

Zanetti et al. 2005

APEx -07
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Preparation

• 15  35S:HF- RPL18 Arabidopsis 
seeds/plate

• Glued into position on a PES 
membrane using Guar gum

• PES membranes layered 
onto ½ MS media with 0.8 % agar

June 14, 2021 aboard ISS

Insertion of APEX-07 into Veggie

Astronaut Thomas Prequet

June 16, 2021 at Kennedy Space Center

Spaceflight aboard ISS

Kennedy Ground Control 

Experimental Treatments 

Optimization of immunocapture methods of polysomal complexes
for limiting tissue of spaceflight 

W
T

R
P

L1
8

W
T

R
P

L1
8

50

kDa

Input Unbound Elution

India Ink Total Protein Stain

W
T

R
P

L1
8

37

25

-FLAG Immunoblot 

His6 FLAG RPL18

Epitope-tagged RPL18 complex 

Translating mRNAs are 
recovered for 
downstream sequencing

non-translating mRNAs 
are excluded

Eric Land, NCSU

-FLAG IgG
conjugated magnetic beads

35S

Zanetti … Bailey-Serres, 2005

19 20
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3 RNA Populations 
Cellular RNA 

Total mRNA sRNARibosomal
associated

mRNA

Data Sets and Metadata

mRNA, shoot

mRNA, root

small RNAs, shoot

small RNAs, root

Ribosome associated RNA, shoot 

Ribosome associated RNA, root

mRNA and psRNA overlap  

up-regulated        down           not significant 

Root

Emma L.J. Canaday

miRNA 
Regulation

Ath-miR167c LFC = 2.9 

Targets arf family  

Ath-miR397 LFC = -4.3

Targets lignan and beta tubulin

Ath-miR319 a and b LFC = 1

Targets myb family 

Ath-miR159b LFC = 1 
Targets myb and tcp

mRNA miRNA

dsRNA

Degradation

Emma L.J. Canaday

EMCS

European Module 
Cultivation

System

25 26
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29 30
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0.0032 0.0047 0.0061 0.0091 0.0125
0.0312 0.0451 0.0576

0.09

0.1303
0.1662

0.2505

0.3426

0.38

0.5421

0.6596

0.7847

0.9022

1.0008

0

0.2
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0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

g 
le
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l

Proportion g levels included below

g Level  Sampling Inclusion

EMCS PGP

Mars

Moon

ISS

Earth

Chris Wolverton, OHIO Wesleyan

WT Col-0               pgm

European Module Cultivation System

0.0032 0.0047 0.0061 0.0091 0.0125
0.0312 0.0451 0.0576

0.09

0.1303
0.1662

0.2505

0.3426

0.38

0.5421

0.6596

0.7847

0.9022

1.0008

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

g 
le

ve
l

Proportion g levels included below

g Level  Sampling Inclusion

EMCS PGP

Earth

Mars

Moon

ISS

2 genotypes

4 organs

12 g levels

4 replicates each

Experiment 
Container 
(EC) holds 5 
Seed 
Cassettes

g varies as a 
function of 
radius

g

Seed Cassettes 
14 seedlings348 samples

Col-0, 0.006 g pgm-1, 0.38 g

Root Gravity Response- perception threshold

Chris Wolverton, OHIO Wesleyan
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impulseDE2

Gravi-Course

Emma L.J. Canaday

Advanced Plant Habitat

Mark Vande Hei

Used for both basic research and
“crop” production.

Arabidopsis seedlings in Lunar Regolith

Paul, Elardo, and Ferl (2022)

• Overview and recommendations for research on 
plants and microbes in regolith-based agriculture 
� Fackrell et al. (2024) npj Sustainable Agriculture 

GeneLab
Open Science Data Repository (OSDR)

- Uses ML approach trained on Single Cell 
RNAseq to find new patterns in existing 
spaceflight data.

GLARE: Discovering Hidden Patterns in 
Spaceflight Transcriptome Using 
Representation Learning – Seo, et al.

37 38
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- Robert Fulgham, All I really Need to Know I Learned in Kindergarten

�Remember the seed in the 
Styrofoam cup: the roots go down
and the plant goes up and nobody 
really knows how or why�
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