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Abstract

Lunar surface agricultural payloads, such as NASA’s Lunar Effects on Agricultural Flora (LEAF) selected as a
deployable instrument for Artemis lunar surface science, represent foundational operational infrastructure for
sustained human habitation beyond low Earth orbit (BLEO). While plant spaceflight architectures routinely control
microgravity, partial gravity, ionizing radiation, lighting, and hypobaric atmosphere, the magnetic field environment at
the biological volume is rarely characterized or controlled. Here, we present a systematic literature review synthesizing
80 audited peer-reviewed publications, 10 per-study early-growth plant datasets, and 6 publicly available planetary and
spaceflight multi-omics databases—supported by an open-source computational toolkit
(dr-richard-barker/NMF_review) developed by the authors—to evaluate the biological consequences of the Moon’s
ambient near-null magnetic field (NNMF; typically 0.40 to 0.82 nT across candidate exploration regions vs. 25–65 µT
on Earth). We refocus the literature on the first five days of growth (0–120 hours)—the critical developmental
bottleneck encompassing heterotrophic imbibition, peroxisomal reserve mobilization, radicle emergence, de-etiolation,
and initial autotrophic establishment. Ground-based hypomagnetic simulations across crop and model species
demonstrate that geomagnetic field removal: (1) suppresses germination capacity, lowering the total number of
germinated seedlings by 10 to 30%; (2) delays emergence velocity (𝒕50 lag of 12–36 h), dampening early seedling
elongation and fresh biomass yields by 20–30%; (3) downregulates rate-limiting chlorophyll (HEMA1, CHLH, POR)
and anthocyanin (CHS, CHI) biosynthetic genes through cryptochrome (CRY1/CRY2) and HY5 transcriptional
signaling; and (4) engages a common bioenergetic stress response shared with ionizing radiation and exploration
atmospheres (hypobaric 56.5 kPa/8.2 psia, 34% O2, elevated 1200–3000 ppm CO2). Specifically, we show that near-null
fields modulate the organellar CO2 ↔ O2 ↔ ROS equilibrium, converging with low-dose radiation on mitochondrial
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Alternative Oxidase (AOX1D) and Catalase (CAT3) to buffer excessive electron leakage. Crucially, this plant
mitochondrial bioenergetic phenotype directly mirrors the conserved mitochondrial dysregulation observed in human
astronauts. Finally, we establish a rigorous framework that strictly separates fundamental scientific research gaps from
flight payload engineering constraints, recommending sample-level 3-axis passive magnetic logging at the plant canopy
level, matched-current bifilar sham controls in ground testing, hardware self-magnetic power-state assessment
protocols, and a post-flight phenotypic disambiguation matrix to secure agricultural productivity on the lunar surface.

Keywords: Lunar Plant Biology, Near-Null Magnetic Fields, Hypomagnetic Fields, Artemis LEAF Payload, Seed Germination
Kinetics, Mitochondrial Bioenergetics, Alternative Oxidase, Environmental Magnetometry

1 Introduction: The Lunar Magnetic
Environment & The “Missing Variable”
in Space Biology

1.1 The Operational Context of Lunar Agriculture

Bioregenerative Life Support Systems (BLSS) and
autonomous plant growth chambers are recognized
as critical operational infrastructure for long-duration
human exploration of the Moon and Mars [1–3].
Plants provide continuous carbon dioxide scrubbing,
metabolic oxygen regeneration, graywater purifica-
tion, psychological well-being, and fresh dietary
biomass enriched in essential vitamins, polyphenols,
and antioxidant cofactors [4, 5]. Recognizing this oper-
ational imperative, NASA selected the Lunar Effects
on Agricultural Flora (LEAF) investigation as one
of the initial deployed surface payloads for an Artemis
lunar surface science mission to the lunar South Pole
[1, 6].

Spanning over six decades, space plant biology
has systematically focused on a recognized suite
of physical stressors: altered gravitational accelera-
tion (microgravity in transit, 0.166 𝑔 on the Moon,
0.38 𝑔 on Mars), acute and chronic space radiation
(Galactic Cosmic Radiation [GCR] and Solar Particle
Events [SPE]), fluidic transport and root-zone hypoxia
in porous media, elevated carbon dioxide levels
(1000–4000 ppm), hypobaric atmospheric pressures
(56.5 kPa/8.2 psia to 34 kPa), and narrow-spectrum
solid-state LED illumination [7–9].

However, the local magnetic field vector within
the biological specimen volume is only beginning to
be treated as a primary experimental and opera-
tional design variable [10–12]. On Earth and in low
Earth orbit (LEO, e.g., aboard the International Space
Station), biological organisms develop entirely within
the protection of the terrestrial dipolar geomagnetic
field (GMF), spanning approximately 25–65 𝜇T at the
planetary surface [13] (Figure 1). Beyond low Earth

orbit (BLEO) and upon the lunar surface, this plane-
tary geodynamo is absent. The ambient interplanetary
magnetic field (IMF) transported by the solar wind
is typically only 1–5 nT, dropping to fractions of a
nanotesla (< 0.1–0.5 nT) during transits through the
distant lobes of the terrestrial magnetotail [14, 15].

1.2 Planetary Crustal Field Distribution, Orbital
Modeling Provenance, and Surface Exposure
Scaling

As demonstrated by magnetometer data compiled from
the Lunar Prospector and Kaguya missions [16–18],
the Moon’s crust carries localized remanent pale-
omagnetic anomalies (ranging from 1 to 100s of nT
in regions like Reiner Gamma and the Descartes
highlands near Apollo 16). However, the example
candidate Artemis exploration regions in the South
Polar region identified by NASA and the Artemis
Lunar Surface Science Team (ALSST) [1, 6, 16]—
such as Faustini Rim A, Haworth crater, Connecting
Ridge, de Gerlache Rim, Malapert Massif, and Peak
Near Shackleton—reside uniformly within a profound
deep near-null magnetic field (NNMF) environ-
ment, where ambient crustal fields range strictly
between 0.40 and 0.82 nT at 30 km altitude (Table
1; Figure 1b,c).

1.2.1 Reproducible Geophysical Provenance &
Extraction Methodology

To ensure complete reproducibility, the crustal mag-
netic values reported in Table 1 and Figure 1 were
extracted from publicly available Level 4 gridded
orbital products: 1. Lunar Prospector Magnetometer
(LP-MAG): Gridded orbital vector magnetic anomaly
time series archived at the NASA Planetary Data
System (PDS) Geosciences Node (PDS Product ID:
LP-L-MAG-4-SUMM-MAPS-V1.0), calibrated at a stan-
dardized 30 km altitude above the mean lunar radius
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Magnetic Field at Candidate Regions & Historical Sites

Near-Null Boundary (1 nT)
Moderate Crustal Swirl (5 nT)

d

Btotal(t, x) = Bcrust + Bext + Blander + Bpayload + Bcontrol

Net Vector Sum Governs Primary Spin-Chemical Biomarkers

Lunar Plant Growth Enclosure (e.g., LEAF / BLSS)

Bcrust [0.4  0.8 nT]Lunar South Pole paleomagnetic void

Bext [1  5 nT] Solar wind IMF / magnetotail shadow

Blander [50  500 µT]Lander avionics, DC power buses & batteries [Confounder]

Bpayload [15  20 nT]Payload fans, fluidic pumps, heaters, LEDs [Ripple]

Bcontrol [40  50 µT]Active 3-axis compensation / causal rescue coils

CRITICAL: LANDER AVIONICS ARTIFACT RISK

Unshielded DC currents (50 500 µT) follow a steep 1/r³ falloff and can swamp
the ambient null field. Sample-level 3-axis canopy magnetometry (<1 W, 50 g)
is essential to decouple true lunar hypomagnetic effects from avionics noise.

Field Superposition at the Biological Volume

Fig. 1 Lunar surface magnetic field environments, candidate exploration sites, and biological exposure superposition. a,
Global lunar crustal magnetic field map evaluated at 30 km reference mapping altitude derived from Lunar Prospector and Kaguya
magnetometer observations, with landing site overlays for Apollo, Chang’e, Chandrayaan, and candidate Artemis zones. b, Candidate
Artemis landing regions situated within the deep South Polar magnetic void (0.40–0.82 nT crustal component at 30 km altitude).
c, A priori magnetic field classification across 23 exploration sites, stratified into four biological exposure regimes: Deep Near-Null
(< 1 nT), Near-Null Magnetic Field (NNMF, 1–10 nT), Moderate Hypomagnetic Field (HMF, 10 nT to 5 µT), and Geomagnetic
Field (GMF, 25–65 µT). All Artemis South Pole sites reside strictly below 1 nT. d, Vector superposition equation (Btotal = Bcrust +
Bext + Blander + Bpayload + Bcontrol). Static DC payload offsets (2–48 µT) from LED arrays and heaters swamp ambient lunar fields
unless multi-sensor canopy magnetometry is deployed; cassette gradients ( |∇Bpayload | ∼ 1–50 nT/cm) dwarf crustal variations
( |∇Bcrust | ≪ 10−4 nT/cm).

(𝑅𝑀 = 1737.4 km) [16, 18]. 2. Kaguya Lunar Mag-
netometer (LMAG): Gridded scalar and vector surface
magnetic anomaly maps from the SELENE/Kaguya
mission archived at the JAXA DARTS portal (Product
ID: LMAG_MAP_V01), generated at 0.5◦ × 0.5◦ resolu-
tion via equivalent source dipole inversions [17]. 3.
Extraction Procedure: Site values were computed

using standard bilinear interpolation at published plan-
etocentric coordinates (−180◦ to +180◦ longitude,
IAU standard lunar coordinate frame). Cross-model
spread between LP-MAG and Kaguya LMAG across
the candidate Artemis sites is ±0.08 nT RMS, and the
intra-crater spatial variability across 10 km bounding
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Table 1 Crustal magnetic field magnitude and vector components at candidate Artemis landing regions and historical lunar surface
landing sites derived from orbital magnetometer models at 30 km mapping altitude (crustal proxy).

Landing Site / Region Mission Lat (◦N) Lon (◦E) |𝐵| (nT) 𝐵𝑟 (nT) 𝐵𝜃 (nT) 𝐵𝜙 (nT)

Faustini Rim A Artemis -85.30 77.00 0.45 -0.22 0.31 0.24

Peak Near Shackleton Artemis -89.70 166.00 0.82 -0.54 0.46 0.38

Connecting Ridge Artemis -88.00 137.00 0.60 -0.38 0.35 0.29

Connecting Ridge Extension Artemis -88.30 148.00 0.65 -0.42 0.38 0.32

de Gerlache Rim 1 Artemis -88.50 290.00 0.50 -0.28 0.32 -0.26

de Gerlache Rim 2 Artemis -88.70 294.00 0.48 -0.25 0.31 -0.27

de Gerlache-Kocher Massif Artemis -86.00 285.00 0.52 -0.30 0.33 -0.26

Haworth Artemis -87.40 358.00 0.40 -0.20 0.28 -0.19

Malapert Massif Artemis -86.00 0.00 0.55 -0.32 0.36 0.26

Leibnitz Beta Plateau Artemis -85.00 31.00 0.70 -0.45 0.42 0.34

Nobile Rim 1 Artemis -85.40 35.00 0.62 -0.39 0.38 0.31

Nobile Rim 2 Artemis -84.80 47.00 0.58 -0.35 0.36 0.30

Amundsen Rim Artemis -84.50 85.00 0.65 -0.40 0.41 0.31

Apollo 11 Apollo 0.67 23.47 0.93 -0.22 -0.63 0.59

Apollo 12 Apollo -3.01 336.58 1.00 -0.28 0.53 0.77

Apollo 14 Apollo -3.65 342.53 0.44 -0.17 -0.31 0.19

Apollo 15 Apollo 26.13 3.63 0.23 0.14 -0.06 -0.16

Apollo 16 (Descartes Highlands) Apollo -8.97 15.50 4.94 -4.43 1.16 -1.63

Apollo 17 Apollo 20.19 30.77 1.08 -0.42 -0.50 0.80

Chang’e 3 Chang’e 44.12 340.49 0.19 -0.17 0.07 0.05

Chang’e 4 (South Pole-Aitken) Chang’e -45.46 177.60 0.72 -0.69 -0.17 0.05

Chang’e 5 Chang’e 43.06 308.08 0.10 0.04 -0.06 0.06

Chandrayaan-3 Chandrayaan -69.37 32.35 0.78 -0.48 0.47 0.38

Note: Values represent regional crustal remnant fields at 30 km mapping altitude derived from Lunar Prospector
and Kaguya magnetometer observations and spherical harmonic models (Hood et al., 2022; Tsunakawa et al.,
2015; Purucker & Nicholas, 2010), acting as a physical proxy for relative site ranking. Total in situ surface
field inside a plant cassette encompasses downward-continued crustal field, dynamic interplanetary solar
wind/IMF (1–10 nT), terrestrial magnetotail passage (5–20 nT), and spacecraft/payload self-magnetic fields
(Bsurface = Bcrust + Bext + Blander + Bpayload).

circles is bounded within ±0.12 nT (min–max range:
0.38 to 0.94 nT).

1.2.2 Distinction Between 30 km Orbital Crustal Proxy
and Surface Exposure

It is vital to emphasize that the values in Table 1 and
Figure 1 represent the crustal remanent magnetic
component at a 30 km orbital altitude, serving as a
relative geophysical ranking proxy rather than an
in situ biological exposure claim inside a growth
cassette. The total physical magnetic vector Btotal(𝑡, x)
experienced by a plant canopy on the lunar surface is
governed by vector superposition:

Btotal(𝑡, x) = Bcrust(x)+Bext(𝑡)+Blander(x)+Bpayload(𝑡, x)+Bcontrol(𝑡, x)
(1)

where:

• Bcrust(x) is the local crustal remanence. Because
potential fields attenuate with altitude following
(𝑅/(𝑅 + ℎ))𝑙+2 for spherical harmonic degree 𝑙,
downward continuation to the surface enhances
high-wavenumber crustal anomalies. However,
given that the South Polar crust consists predomi-
nantly of weakly magnetized feldspathic anorthosite
terranes, conservative potential-field scaling models
bound near-surface crustal fields at candidate sites
to ≲ 2–4 nT [18].

• Bext(𝑡) represents time-varying external fields, pri-
marily the solar wind Interplanetary Magnetic Field
(1–5 nT) and terrestrial magnetotail lobe passes
(< 0.1–0.5 nT) [14, 15].
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• Blander(x) is the stray DC field from lander battery
buses, structural ferromagnetic frames, and power
electronics (50–500 𝜇T).

• Bpayload(𝑡, x) represents internal payload-induced
fields, comprising static DC offsets (2–48 𝜇T) from
LED arrays and heaters, alongside low-frequency
AC ripple (15–50 nTRMS at 1 kHz PWM switching
frequencies).

• Bcontrol(𝑡, x) is the intentional vector generated by
active compensation coils or Permalloy shielding, if
present.

1.2.3 Spatial Gradients: Crustal Smoothness vs.
Payload Heterogeneity

A critical insight emerges when comparing spatial
magnetic gradients over a 10 cm seed tray or growth
cassette footprint:

• Natural crustal fields, derived from deeply buried
remanent sources (scale depths > 10 km), are virtu-
ally uniform over biological cassettes: |∇Bcrust | ≪
10−4 nT/cm (< 10−5 nT/mm).

• In contrast, unshielded payload electronics, wire
traces, and pump coils generate steep local field gra-
dients: |∇Bpayload | ∼ 1 to 50 nT/cm (0.1 to 5 𝜇T/cm
in close proximity to power harnesses).

Consequently, seedlings across a single 10 cm tray
can experience order-of-magnitude differences in mag-
netic exposure. This steep spatial gradient provides the
core engineering motivation for implementing multi-
sensor canopy-level magnetometry rather than relying
on distant spacecraft bus telemetry [11, 19].

—

2 Integrative Review Methodology,
Computational Toolkit, and Evidence
Synthesis Framework

2.1 Review Typology, SANRA Alignment, and
Core Research Questions

Following the methodological principles established
by Whittemore & Knafl [20], the Scale for the Assess-
ment of Narrative Review Articles (SANRA) guide-
lines [21], and recent biomedical synthesis precedents
[22], this study is structured as an Integrative Review.
Unlike traditional narrative overviews—which lack
explicit search architectures—or narrow systematic
reviews that restrict synthesis to homogeneous clini-
cal trial cohorts, the integrative review methodology
is explicitly built to synthesize evidence across vastly

disparate scales: bridging macroscopic planetary geo-
physics (106 m) with microscopic seed developmental
physiology (10−3 m), quantum mechanical radical-pair
spin dynamics (10−10 m), and operational spaceflight
payload engineering (Figure 2a).

This review addresses four formal research ques-
tions (RQs):

• RQ1 (Planetary Field & Superposition Baseline):
What is the true physical magnetic vector magnitude
and spatial structure across candidate Artemis land-
ing regions, and how does vector superposition with
lander and payload subsystems alter the biological
growth environment?

• RQ2 (Early Seedling Developmental Kinetics):
What does the empirical space biology and ter-
restrial analogue literature demonstrate regarding
plant germination capacity, emergence velocity
(𝑡50), early biomass accumulation, and plastid
greening during the foundational first five days
(0–120 h post-imbibition)?

• RQ3 (Quantum & Bioenergetic Mechanisms):
What are the primary quantum biological (rad-
ical pair spin dynamics in cryptochromes) and
bioenergetic (CO2 ↔ O2 ↔ ROS mitochon-
drial/chloroplastic electron transport) mechanisms
mediating these observed phenotypic penalties?

• RQ4 (Translational Simulation & Flight Risk
Retirement): What standardized ground simulation
parameters, hardware self-magnetic mapping proto-
cols, and flight instrumentation designs are required
to decouple true lunar near-null magnetic effects
from spacecraft electromagnetic interference and
retire knowledge gaps for Artemis agriculture?

2.2 Literature Search Strategy, Language Policy,
and Audit Workflow

To capture the full breadth of multi-disciplinary
evidence spanning planetary geophysics, plant magne-
tobiology, and spaceflight bioenergetics, an auditable
literature search was executed across six indexed
databases and space agency repositories covering pub-
lications from 1965 to October 15, 2026: PubMed, Web
of Science (WoS), Scopus, Europe PMC, the NASA
Open Science Data Repository (OSDR), and the NASA
Planetary Data System (PDS) / JAXA SELENE archive
(Table 2).

• Language Policy: Database searches were exe-
cuted in English. Relevant non-English literature—
specifically foundational historical Russian space
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Table 2 Database-specific search strategies, Boolean syntax, and retrieval metrics used in this integrative review (date last
searched: 15 October 2026).

Database Exact Search Syntax & Boolean Filters Window Retrieved Screened Screening Protocol

PubMed (”near-null magnetic field” OR ”hypomagnetic field”
OR ”zero magnetic field” OR ”magnetic shielding”)
AND (”plant” OR ”seedling” OR ”germination” OR
”Arabidopsis” OR ”cryptochrome” OR ”radical pair”)

1965–2026 542 388 Dual independent
screening (A.S., M.D.);
consensus adjudication
(D.M.P., R.J.B.);
Cohen 𝜅 = 0.88

Web of Science TS=((”hypomagnetic” OR ”near-null magnetic” OR
”lunar magnetic field”) AND (”plant growth” OR ”seed
germination” OR ”reactive oxygen species” OR
”mitochondria”))

1970–2026 418 276 Dual independent
screening (A.S., M.D.);
consensus adjudication
(D.M.P., R.J.B.);
Cohen 𝜅 = 0.88

Scopus &
Europe PMC

TITLE-ABS-KEY((”lunar surface” OR ”crustal
magnetic”) AND (”biological payload” OR ”space
agriculture” OR ”Artemis”))

1969–2026 286 148 Dual independent
screening (A.S., M.D.);
consensus adjudication
(D.M.P., R.J.B.);
Cohen 𝜅 = 0.88

NASA OSDR Target queries: Arabidopsis, seedling, germination,
exploration atmosphere, radiation, microgravity
(OSD-782, OSD-8, OSD-27, OSD-767)

2000–2026 182 104 Dual independent
screening (A.S., M.D.);
consensus adjudication
(D.M.P., R.J.B.);
Cohen 𝜅 = 0.88

NASA PDS /
SELENE

Orbital vector magnetometer records
(LP-L-MAG-4-SUMM-LUNAR-ORBIT-V1.0, Kaguya
LMAG Level 2b/c, Purucker 0.25◦ grid, Tsunakawa
2015 spherical harmonics)

1969–2026 N/A
(Gridded
Models)

23 Explo-
ration
Sites

Bilinear spatial
extraction; Mean Earth
/ Polar Axis frame;
cross-model
uncertainty audit

Total Corpus Cross-database search across 6 major indexed
platforms following PRISMA / SANRA guidelines

1965–2026 1428
records

916
records
(80
included)

Full multi-author
adjudication and
PRISMA flow
reconciliation

Systematic evidence identification across 6 indexed databases and public archives following SANRA and
PRISMA guidelines. Dual independent screening executed by A.S. and M.D. (Cohen’s 𝜅 = 0.88 at title/abstract
stage) with consensus adjudication by D.M.P. and R.J.B. Primary English peer-reviewed literature synthesized;
historical non-English studies evaluated via authoritative translations/abstracts.

biology publications (e.g., Institute of Biomedi-
cal Problems [IBMP], Belyavskaya et al. [23, 24])
and Chinese hypomagnetic studies—were included
when indexed with English abstracts, accessible
via authoritative translated volumes, or verified via
direct technical translation.

• Screening Workflow & Inter-Rater Concor-
dance: Records were independently screened at the
title/abstract stage by two primary reviewers (R.J.B.
and A.S.). Discrepancies were resolved through
structured consensus adjudication with senior author
D.M.P. Inter-rater agreement evaluated across 916
deduplicated records yielded a Cohen’s kappa coef-
ficient of 𝜅 = 0.88, denoting near-perfect screening
concordance under PRISMA guidelines.

2.3 Study Selection, Eligibility, and Exposure
Stratification

Records identified through database searches (𝑛 =

1, 428 records plus 𝑛 = 6 primary multi-omics/orbital
datasets) were compiled and deduplicated, yielding
916 unique records for screening (Figure 2b).

• Inclusion Criteria: Studies were included if they:
(a) reported biological responses to measured near-
null or hypomagnetic field conditions (|B| < 5 𝜇T);
(b) focused on early vegetative seedling estab-
lishment, germination kinetics, cellular division,
pigment accumulation, or organellar bioenergetics
(Days 0–5 post-imbibition); (c) provided empirical
multi-omics, biophysical, or calibrated orbital vector
magnetic datasets; and (d) were published in peer-
reviewed scientific journals or authoritative space
agency technical repositories.
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• Exclusion Criteria: Studies were excluded if they:
(a) evaluated static high-intensity magnetic fields
(|B| > 1 mT, e.g., MRI exposures) unrepresentative
of space environments; (b) focused exclusively on
post-Day 14 whole-life-cycle agronomic endpoints
(flowering, silique filling) lacking early developmen-
tal kinetics; (c) utilized animal or clinical models
lacking shared eukaryotic bioenergetic or radical-
pair homology; or (d) lacked magnetic shielding
quantification or ambient geomagnetic field con-
trols.

• Stratification by Exposure Regime: To avoid con-
founding deep lunar void physics (< 1 nT) with
moderate shielding artifacts, evidence was stratified
into two distinct experimental sub-regimes: (i) Deep
Near-Null / Sub-Microtesla studies (|B| < 100 nT,
capturing > 99.8% GMF reduction), and (ii) Mod-
erate Hypomagnetic studies (0.1 𝜇T ≤ |B| ≤ 5 𝜇T).
Studies were further cataloged based on whether
magnetic field vectors were logged directly at the
specimen seed plane or inferred from uncalibrated
chamber centers.

Following full-text eligibility assessment (𝑛 = 215
articles evaluated), 135 articles were excluded due to
missing magnetic field logs, uncontrolled DC current
artifacts, or unshielded controls. The final synthesized
corpus comprises 80 audited peer-reviewed pub-
lications (Supplemental Table S1) and 6 primary
multi-omics and planetary datasets (Supplemental
Table S2) integrated across scales (Figure 2b).

3 The First Five Days of Growth: Early
Seedling Establishment as the Critical
Bottleneck for Lunar Agriculture

Previous reviews of plant magnetobiology have col-
lated disparate phenotypes across entire life cycles,
spanning floral transition, silique maturation, and seed
setting [10, 12, 25]. While scientifically intriguing,
whole-life-cycle analyses diffuse focus away from the
operational realities of initial lunar missions. Sur-
face payloads are constrained by mission operational
lifetimes (typically 7–14 days of surface operations),
power budgets, and fluidic volume [1, 6]. Furthermore,
in operational bioregenerative life support systems,
rapid-cycle crops such as microgreens (Brassica rapa,
Raphanus sativus) are harvested precisely between
days 7 and 14 to maximize nutrient density and
volumetric productivity [5, 26].

Consequently, the first five days of growth (0–120
hours post-imbibition) represent the foundational
biological bottleneck for lunar agriculture (Figure
3a). During this tightly orchestrated window, the plant
undergoes a profound physiological transition: pro-
gressing from an anoxic, metabolically quiescent seed
relying entirely on heterotrophic reserve mobilization,
through radicle protrusion and hypocotyl extension, to
blue- and red-light-mediated photomorphogenesis, de-
etiolation, and autotrophic photosynthetic competency
[27, 28].

3.1 Per-Study Empirical Metadata and
Standardized Germination Milestones

To support rigorous meta-analytic evaluation, Table 3
compiles 10 definitive experimental studies reporting
seed germination and early seedling growth under ver-
ified hypomagnetic conditions across model and crop
species.

To resolve historical ambiguities in scoring germi-
nation, we standardize all reported data against three
developmental milestones:

• Milestone 1 (𝑀1, Testa Rupture): Visible crack-
ing and rupture of the outer maternal seed coat
(testa), representing the initial mechanical phase of
imbibition and endosperm swelling.

• Milestone 2 (𝑀2, Radicle Emergence): Protru-
sion of the embryonic radicle ≥ 1 mm through the
endosperm, marking irreversible dormancy release
and metabolic commitment to vegetative growth.

• Milestone 3 (𝑀3, Cotyledon Unfolding & Green-
ing): Complete de-etiolation, cotyledon expansion,
and initial synthesis of photosynthetic chlorophylls
in the illuminated canopy.

3.2 Emergence Velocity (𝒕50) and Biomass
Penalty Normalization (HPE vs. HPI)

A pivotal methodological question in evaluating early
seedling vigor is how biomass penalties are calculated.
When evaluating growth at Day 5 post-imbibition (120
Hours Post-Imbibition, HPI), seedlings under near-null
magnetic fields exhibit an average −28.5% biomass
penalty (synthesized across the 10 datasets in Table 3;
Figure 3c).

Biophysically, this penalty reflects two dis-
tinct, compounding components: 1. The Emergence
Delay (Δ𝑡50 = +12 to 36 h): Because hypomagnetic
seedlings take 12 to 36 hours longer to complete
radicle emergence (𝑀2), they have had 12 to 36
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1. RESEARCH QUESTIONS (SANRA GUIDELINES)

 RQ1 :  Planetary surface magnetic vector magnitude & lander/payload superposition

 RQ2 :  First 5 days seedling kinetics: germination capacity, emergence lag (t50), biomass

 RQ3 :  Quantum cryptochrome radical pairs & multi-stressor ROS bioenergetic nexus

 RQ4 :  Ground simulation standards, hardware self-magnetic mapping & flight decision gates

2. MULTI-DISCIPLINARY DATA SOURCES & REPOSITORIES

 Planetary Geophysics: Lunar Prospector LP-MAG, Kaguya LMAG & Apollo vector grids (PDS/JAXA)

 Plant Space Biology: Audited literature corpus across PubMed, Web of Science, Scopus & Europe PMC

 Quantum Biology: Quantum Biology Atlas (QBM-06) enzymatic & cryptochrome spin-chemical models

 Spaceflight Multi-Omics: NASA OSDR (OSD-782, OSD-8, OSD-27) & Astronaut Omics Consortium profiles

3. SELECTION & SCOPING CRITERIA

[ INCLUSION CRITERIA ]
(+) Near-null field exposure (|B| < 5 T)

(+) 0 5 day seedling developmental stages

(+) Empirical kinetics, pigment, or omics data

(+) Calibrated planetary & orbital datasets

[ EXCLUSION CRITERIA ]
(-) High static fields (|B| > 1 mT, e.g. MRI)

(-) Post-Day 14 whole-life without early data

(-) Animal-only models without bioenergetics

(-) Unshielded controls lacking ambient logs

4. MULTI-SCALE THEMATIC SYNTHESIS (5 CORE DOMAINS)

D1: Lunar Environment: Ambient South Pole void (<0.82 nT) & lander avionics vector superposition

D2: Seedling Kinetics: First 5 days: germination delay, +16 h emergence lag, -28.5% Day 5 biomass

D3: Quantum Biology: Cryptochrome radical pairs, spin dynamics & mitochondrial electron leakage

D4: Multi-Stressor Nexus: Exploration atmosphere (elevated CO2, 34% O2) & radiation overlap (AOX1D)

D5: Risk Retirement: 3-chamber simulation standards, hardware power mapping & decision matrix

Conceptual Framework of the Integrative Review
b

ID
EN

TI
FY

DATABASE RECORDS
PubMed: n = 542   |   Web of Science: n = 418

Scopus / Europe PMC: n = 286
NASA OSDR Repository Queries: n = 182

Total Records: n = 1,428

PUBLIC DATASETS
NASA OSDR: OSD-782, OSD-8, OSD-27 (n=3)

NASA PDS / SELENE Lunar Mag Grid (n=1)
Quantum Biology Atlas QBM-06 (n=1)

Astronaut Multi-Omics Consortium (n=1)

Total Datasets: n = 6

SC
R

EE
N

RECORDS SCREENED
Duplicates Removed:

n = 512 records

Title & Abstract Screening:
n = 916 unique records

RECORDS EXCLUDED (n = 701)

 Static high-field / MRI (>1 mT): n = 314
 Animal / clinical (no overlap): n = 228

 Whole-life lacking 0 5 d: n = 159

EL
IG

IB
LE

FULL-TEXT ASSESSED

Full-Text Articles Assessed:
n = 215 articles

Evaluated against magnetic
shielding & 0 5 d phenotypes

FULL-TEXT EXCLUDED (n = 135)

 Missing magnetic field logs: n = 64
 Incomplete gas/light metrics: n = 43
 Unshielded DC confounders: n = 28

IN
C

LU
D

ED

SYNTHESIZED REVIEW CORPUS & COMPUTATIONAL ARTIFACTS

80 AUDITED STUDIES

Curated in Supplemental Table S1
Detailed by author, year, field (nT),

model species, and biological endpoints

6 PRIMARY DATASETS

Curated in Supplemental Table S2
NASA OSDR-782, OSD-8, OSD-27;

PDS/SELENE; QBM-06; Astronaut Omics

Open-Source Analytical Package: dr-richard-barker/NMF_review (GitHub & Zenodo)

Evidence Identification & Selection Flow (PRISMA/SANRA)

Fig. 2 Integrative review methodology, computational framework, and evidence selection flow. a, Conceptual framework of
the integrative review: progression from four core research questions (RQ1–RQ4) through multi-disciplinary data sources (planetary
geophysics, plant space biology, quantum biophysics, spaceflight multi-omics), rigorous inclusion/exclusion criteria, and multi-scale
thematic synthesis across five core scientific domains. b, PRISMA/SANRA-compliant evidence identification and selection flow dia-
gram: systematic screening from 1,428 database records (date last searched: October 15, 2026; independent dual screening with
Cohen’s 𝜅 = 0.88) down to 80 audited peer-reviewed publications and 6 public planetary/omics repositories synthesized across
scales.

fewer hours of active post-emergence vegetative elon-
gation by 120 HPI. In fast-growing angiosperms,
where early vegetative biomass increases exponen-
tially, a 16-hour emergence lag alone accounts for
an apparent ∼ 15–20% biomass reduction at Day 5.
2. Post-Emergence Elongation Retardation (Hours
Post-Emergence, HPE): When growth is normalized
by developmental stage (i.e., comparing seedlings at
identical hours post-emergence, HPE), primary root
and hypocotyl elongation rates in Arabidopsis, pea,
and maize remain depressed by 10 to 15% [23, 29, 30].
Cellular cytological analyses by Narayana et al. [29]
and Belyavskaya [24] confirmed that hypomagnetic
exposure directly suppresses mitotic proliferation in

root apical meristems and disrupts basipetal auxin
distribution via PIN2 mis-localization.

Consequently, while the bulk of the Day 5 biomass
penalty is driven by the delayed onset of growth (Δ𝑡50),
near-null fields also moderately suppress the intrinsic
cellular elongation rate after emergence.

3.3 Evidentiary Hierarchy for Pigment
Repression & Parallel Iron Homeostasis

Between Days 3 and 5 post-imbibition, as the seedling
emerges into the illuminated canopy headspace, it
undergoes photomorphogenic de-etiolation (Phase
IV): hypocotyl elongation arrests, the apical hook
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Phase I (0 24 h)
Imbibition & Resp.

 Water uptake burst
 Mitochondrial restart

 O2 uptake; SDP1 lipase

Phase II (24 48 h)
Reserve Mobiliz.

 Peroxisomal beta-ox.
 Glyoxylate (ICL/MLS)

 Radicle protrusion

Phase III (48 72 h)
Radicle Elongation

 Meristem division
 PIN2 auxin polarity

 Hypocotyl hook form.

Phase IV (72 120 h)
Greening & Plastids

 CRY/PHY light percept.
 HY5 pigment activation

 Chl a/b & LHC assembly

Germination Capacity & Early Growth Penalties

 Null magnetic field dampens reserve mobilization
 Lowers final germination capacity (total # seedlings)

 Delays median emergence time (t50) & seedling vigor

Cryptochrome & Pigment Biosynthesis Repression

 Attenuated CRY radical-pair spin dynamics
 Repressed HEMA1, CHLH & PORA/B/C transcripts
 Reduced chlorophyll a/b, carotenoid & anthocyanin

Heterotrophic Seed Imbibition (0 72 h)    Photomorphogenic Autotrophy (72 120 h)

5-Day Seedling Establishment Window: Heterotrophy to Autotrophy
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Meta-analysis synthesis (Xu et al. 2012, 2013;
Pooam et al. 2019; Agliassa et al. 2018; Table 2)

Seed Germination Time-Course & Kinetics (t50)

Terrestrial GMF (45 50 µT)
Near-Null Field (NNMF, <10 nT)

Radicle Length
(Day 3, mm)

Hypocotyl Height
(Day 5, mm)

Fresh Weight
(Day 5, mg/plant)

Dry Biomass Yield
(Day 5, % control)
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c

Empirical Literature Synthesis (Table 2):
 Uneven canopy closure & delayed radicles
 Reduced light interception
 20 30% penalty in Day 5 biomass (Refs [26 31])

Early Seedling Vigor & Crop Biomass Accumulation

Geomagnetic Control (GMF)
Near-Null Field (NNMF)

d

Upstream Blue-Light Signal Transduction (CRY1 / CRY2)

[FAD - ... TrpH +] radical pair spin mixing altered in NNMF
 Decreased COP1/SPA1 dissociation  Reduced HY5 stabilization

Chlorophyll Biosynthesis

Glutamyl-tRNA

 HEMA1 (GTR) [-1.8x]

Protoporphyrin IX

 CHLH (Mg-chelatase) [-2.1x]

Protochlorophyllide

 PORA/B/C [-2.5x]

Chlorophyll a & b Accumulation

Photoprotection & Iron Co-factors

Flavonoid / Anthocyanin Branch:
 CHS (Chalcone synthase) [-2.2x]

 CHI / F3H repression
 Decreased photoprotection

Secondary Iron Deficiency Chlorosis:
 FIT / IRT1 downregulation

 Ferritin (AtFer1-4) depletion
 Fe-S & heme cofactor starvation

Etioplast-to-Chloroplast Arrest

Phenotypic Outcome: Delayed greening, decreased Fv/Fm, and chlorosis under lunar HMF

Pigment Biosynthesis & Plastid Greening Repression

Fig. 3 The first 5 days of growth: early seedling development, germination kinetics, and pigment repression. a, 5-day
developmental timeline (0–120 h) from heterotrophic imbibition to photomorphogenic autotrophy. b, Illustrative composite schematic
synthesizing cumulative germination capacity and emergence kinetics curves across angiosperms (Table 3) under geomagnetic field
(GMF, solid blue) versus near-null magnetic field (NNMF, dashed red), showing the characteristic emergence lag (Δ𝑡50 = 12–36 h)
and 10–30% final stand reduction. c, Composite schematic of early seedling vigor and biomass yield penalties under NNMF across
radicle elongation (-33.0%), hypocotyl height (-31.0%), fresh weight (-29.1%), and total dry biomass (-28.5%). d, Light-induced
photosynthetic pigment biosynthesis and plastid greening repression under NNMF, detailing the cryptochrome–HY5 transcriptional
downregulation of HEMA1, CHLH, and POR (Tier 1/2 demonstrated mechanisms), coupled to a parallel secondary module of iron-
deficiency chlorosis (FIT, IRT1, AtFer1–4) rescuable via Fe-EDTA supplementation.

straightens, cotyledons expand, and proplastids differ-
entiate into photosynthetic chloroplasts [27, 28].

Hypomagnetic fields systematically impair pig-
ment accumulation and downregulate the genetic
networks governing plastid greening (Figure 3d). To
provide clarity for future genetic engineering and
countermeasure design, we stratify these downstream
mechanisms into a four-tier evidentiary hierarchy:

• Tier 1 (Direct Magnetoreceptor Signaling):
Cryptochrome-mediated blue light signaling. Direct
magnetic field modulation of the spin-correlated
radical pair [FAD•− · · ·TrpH•+] alters cryp-
tochrome conformational activation, attenuating
COP1/SPA1 dissociation and dampening the nuclear
stabilization of transcription factor HY5 [31–34].
This mechanism is experimentally verified in intact
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plants and confirmed by the total loss of magnetic
sensitivity in cry1 cry2 double mutants [33, 34].

• Tier 2 (Transcriptional Downregulation of Pig-
ment Networks): Downregulation of HY5 target
genes. HY5 directly binds promoters of rate-limiting
chlorophyll biosynthetic enzymes (HEMA1, CHLH,
PORA/B/C) and central anthocyanin structural
genes (CHS, CHI, F3H) [35, 36]. Repression of
these transcripts under near-null fields is robustly
documented across multiple laboratories [37–40].

• Tier 3 (Secondary Iron Homeostasis Disrup-
tion): Parallel nutritional chlorosis. Islam et al.
[41, 42] demonstrated that near-null fields downreg-
ulate root iron uptake machinery (FIT, FRO2, IRT1)
and deplete ferritin storage (AtFer1–4). While orig-
inally hypothesized as a primary magnetosensor,
iron homeostasis acts as a parallel, downstream
nutritional module: iron is an obligatory cat-
alytic cofactor for chlorophyll synthesis (copropor-
phyrinogen III oxidase) and electron transport Fe–S
clusters. Crucially, supplementation with chelated
iron (Fe-EDTA) or foliar iron sprays successfully
rescues hypomagnetic chlorosis in ground exper-
iments [41], establishing an actionable, low-cost
operational countermeasure for lunar flight payloads
without requiring genetic modification.

• Tier 4 (Systemic Hormonal Readouts): Down-
stream shifts in GA, ABA, and auxin signal-
ing. Hormonal imbalances represent the integrated
whole-organism manifestation of disrupted organel-
lar redox and cryptochrome signaling [43, 44].

—

4 Quantum Molecular Biology of the 0–5
Day Window: The Quantum Biology
Atlas Perspective

4.1 Physical Basis of Larmor Frequency Scaling
in Lunar Fields

The fundamental physical interaction between an exter-
nal magnetic field B and an unpaired electron spin is
governed by the Zeeman Hamiltonian 𝐻̂𝑍 = 𝛾𝑒B · Ŝ,
where 𝛾𝑒 = 1.7608 × 1011 rad s−1 T−1 is the electron
gyromagnetic ratio. The corresponding cyclic Larmor
precession frequency is:

𝜈𝐿 =
𝛾𝑒 |B|
2𝜋

≈ 28.025 Hz / nT × |B| (2)

and the characteristic precession period is 𝜏𝐿 =

1/𝜈𝐿: 1. Terrestrial Geomagnetic Field (50 𝜇T =

50, 000 nT):

𝜈𝐿 ≈ 1.401 MHz, 𝜏𝐿 ≈ 714 ns (3)

Crucially, this sub-microsecond timescale (𝜏𝐿 ≈
0.71 𝜇s) is directly resonant with the spin coherence
lifetime of biological radical pairs (𝜏coh ∼ 1 𝜇s) in pro-
teins like cryptochrome, allowing Earth’s geomagnetic
field to compete effectively with nuclear hyperfine
interactions (𝑎hf ∼ 1–10 G ≈ 0.1–1 mT) and modu-
late singlet-triplet interconversion (𝑆 ↔ 𝑇) [31, 32].
2. Lunar Deep Near-Null Field (1 nT):

𝜈𝐿 ≈ 28.02 Hz, 𝜏𝐿 ≈ 35.7 ms (4)

3. Moderate Shielded Laboratory Field (10 nT):

𝜈𝐿 ≈ 280.2 Hz, 𝜏𝐿 ≈ 3.57 ms (5)

This rigorous calculation demonstrates that in a
1 nT lunar near-null field, the Larmor precession period
(𝜏𝐿 ≈ 35.7 ms) is more than four orders of magni-
tude (> 35, 000×) slower than the lifetime of typical
transient radical pairs (∼ 1 𝜇s). Consequently, external
magnetic field-induced Zeeman mixing is completely
shut down. The radical pair behaves as if operating
in a pure magnetic void, governed entirely by local
isotropic hyperfine couplings. This biophysical thresh-
old formally justifies our a priori classification of fields
below 1 nT as the Deep Near-Null regime.

—

5 Multi-Stressor Convergence: The
CO2 ↔ O2 ↔ ROS Nexus

In a lunar agricultural module, a near-null mag-
netic field will never act in isolation. It will operate
concurrently with two defining planetary spaceflight
variables: Exploration Atmosphere (hypobaric gas
composition) and Ionizing Radiation (Galactic Cos-
mic Radiation and Solar Particle Events) [7, 8, 45]
(Figure 5a).

We establish that these disparate environmental
stimuli converge upon the exact same organellar
bioenergetic engine: the CO2 ↔ O2 ↔ ROS nexus
(Figure 5).
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Peroxisome / Oil Body
(TAG Mobilization)

Mitochondrial Matrix
(Respiration & Fe-S)

Cellular Energy & Redox
(ATP / ROS Feedback)

Organism Outcome
(Radicle Emergence)

TAG Lipase (SDP1)

Oil body hydrolysis
[T4 Context]

Beta-Oxidation

Acyl-CoA oxidase
H2O2 source [T3 Plausible]

Glyoxylate Cycle

ICL / MLS enzymes
Malate shunt [T4]

Acetyl-CoA

TCA substrate
[T4 Context]

Aconitase

[4Fe-4S] sentinel
Redox-vulnerable [T3]

Complex I & IV

FMN + 8 Fe/S; COX
Proton gradient [T2]

ATP / ADP Ratio

Sets germination pace
Energy state [T2]

Mitochondrial ROS

Superoxide & H2O2
Redox window [T2]

Cytochrome c

Retrograde signaling
ABI4 / ABA axis [T4]

RADICLE
EMERGENCE

0 72 h Phenotype:
 Germination Rate
 Emergence Speed

 Seedling Vigor

Seed Germination Before Photosynthesis (QBM-06): The 0 72 h Heterotrophic Energy Bottleneck

b

T1: Demonstrated Field Effect
Solid black border (2.0 pt); applied field directly measured on biomolecule (e.g. CRY1/2 radical pair)

T2: Inferred from Complex
Solid blue border (1.5 pt); demonstrated for containing pathway (e.g. AOX buffering, Fv/Fm, Ferritin)

T3: Plausible Physical Route
Dashed vermillion border (1.5 pt); spin/quantum mechanism plausible but unmeasured in vivo (e.g. Complex III Qo)

T4: Contextual Scaffold
Hairline grey border (0.8 pt); structural/metabolic scaffold lacking magnetic claim

PHYSICAL TIMESCALE CRITERION FOR MAGNETIC RECEPTION

 Zeeman Precession (50 µT GMF): vL  1.4 MHz ( L  714 ns)  Attenuated to <8 kHz in Lunar HMF

 Radical-Pair Spin Coherence: coh ~ 1 µs [MATCHES GMF / Attenuated in HMF]

 PSII Primary Charge Separation: ~200 ps [10^6× TOO FAST FOR DIRECT MF EFFECT]

 Complex III Qo Semiquinone-Rieske: Exchange coupling J ~ GHz >> GMF [Refutes runaway ROS leak]

Evidentiary Tiers & Biophysical Timescale Constraints c

Chloroplast Photosynthetic Electron Transport (QBM-02)

PSII (P680)

Open: 200 ps
Closed: 1O2 / 3Chl*

[T2 Inferred]

Cyt b6f Rieske

[2Fe-2S] cluster
Q-cycle H+ pump

[T3 Plausible]

PSI (P700)

P700 + A1 - pair
FX/FA/FB Fe-S

[T2 Inferred]

Ferredoxin & FNR

NADPH formation
Cyclic flow (PGR5)

[T2 Inferred]

Mitochondrial Respiration & AOX Safety Valve (QBM-01)

Complex I & III

NADH oxidation; Fe-S
Major superoxide leak

[T2 Inferred]

ALTERNATIVE OXIDASE

(AOX Bypass)
Cyanide-resistant bypass
Bypasses CIII/IV; vents e-

Dampens ROS runaway [T2]

Complex IV (COX)

Heme a3 / CuB
High O2 affinity

[T4 Context]

Organellar Bioenergetics & Respiratory Buffering

Fig. 4 Quantum molecular biology and organellar bioenergetics of early seedling establishment. a, QBM-06 biological pro-
cess flow: the 0–72 h heterotrophic energy bottleneck spanning peroxisomal triacylglycerol (TAG) mobilization, mitochondrial matrix
respiration, cellular redox equilibrium, and radicle emergence (Quantum Biology Atlas model QBM-06, version v2.4, Zenodo DOI:
10.5281/zenodo.1082026). b, Evidentiary hierarchy (Tiers 1–4) and physical timescale matching: electron Larmor precession fre-
quency scales as 𝜈𝐿 ≈ 28.025 Hz/nT × 𝐵. At 50 µT GMF, 𝜈𝐿 ≈ 1.401 MHz (𝜏𝐿 ≈ 714 ns), matching the microsecond spin
coherence lifetime (𝜏coh ∼ 1 µs) of cryptochrome radical pairs. In lunar NNMF (1 nT), 𝜈𝐿 ≈ 28 Hz (𝜏𝐿 ≈ 35.7 ms), completely
decoupling external Zeeman mixing by > 4 orders of magnitude. Mitochondrial Complex III 𝑄𝑜 exchange coupling is in the gigahertz
regime (𝐽 ∼ GHz ≫ GMF), refuting unphysical runaway ROS leak models. c, Organellar bioenergetics in chloroplast photosynthetic
and mitochondrial respiratory electron transport chains, illustrating Complex I/III superoxide leakage and Alternative Oxidase (AOX )
electron venting.

5.1 Time-Gated Bioenergetics: Phase I (0–72 h)
vs. Phase II (72–120 h)

To understand how atmospheric gas composition inter-
acts with magnetic stress, physiological arguments
must be strictly time-gated by developmental phase:

• Phase I (0–72 h Post-Imbibition, Heterotrophic
Energy Window): During seed imbibition, reserve

mobilization, and initial radicle protrusion, chloro-
plasts are completely absent and the photosynthetic
enzyme RuBisCO is inactive. Here, elevated cabin
CO2 (1200–3000 ppm) cannot act via photorespira-
tory suppression. Instead, CO2 acts via mitochon-
drial anaplerotic carboxylation (phosphoenolpyru-
vate carboxylase, PEPC) and tissue dark respiration,

11

10.5281/zenodo.1082026


a

Terrestrial Baseline (1 g)

Atmospheric Pressure:
101.3 kPa (14.7 psia)

Oxygen Fraction (O2):
21% (21.3 kPa pO2)

Carbon Dioxide (CO2):
420 ppm (0.04 kPa pCO2)

Magnetic Field (|B|):
25 65 µT (Dipolar GMF)

Ionizing Radiation:
~1 2 mGy/year (Shielded)

Exploration Enclosure & Lunar Surface

Exploration Pressure:
56.5 kPa (8.2 psia) / 34 kPa

Elevated Oxygen (O2):
34% (19.2 kPa pO2)

Elevated CO2:
1200 3000 ppm (0.12 0.30 kPa)

Lunar Magnetic Field:
<0.5 1 nT (Near-Null Void)

Galactic Cosmic Rad.:
100 380 mGy/year (GCR/SPE)

STRESSOR CONVERGENCE: Combined physical stressors converge on
mitochondrial terminal oxidases and reactive oxygen species generation

Multi-Stressor Space: Exploration Baseline vs. Lunar Reality b

Exploration Atmosphere Gas Balance (CO2 <-> O2)

Peroxisomal Shunt
Elevated CO2 (1000 3000 ppm)

suppresses RuBisCO oxygenation
 Lowers glycolate H2O2

Mitochondrial Terminal Balance
Altered pO2 & hypobaric diffusion:

 COX (Complex IV): High affinity
 AOX (Alt. Oxidase): Low affinity

CENTRAL ROS & RADICAL CONVERGENCE

Complex I & III electron leak  Superoxide (O2 -)  H2O2
Coupled to Fe-S cluster turnover & GCR radiolytic radicals (OH )

Alternative Oxidase (AOX) vents excess redox pressure directly to O2
Catalase (CAT3) scavenges peroxisomal & mitochondrial H2O2

Core Concept 5: Hypomagnetic fields, ionizing radiation, and exploration atmospheres
converge on the exact same mitochondrial bioenergetic and antioxidant loci

The Organellar CO2 <-> O2 <-> ROS Nexus

3 2 1 0 1 2 3 4
Log2 Fold Change (Perturbation vs. Control)

AOX1D
(AT1G32350)

CAT3
(AT1G20630)

AOX1A
(AT3G22370)

AOX2
(AT5G64210)

GSTU25
(AT3G09640)

c

Shared UP (+)

Shared UP (+)

Divergent Regulation

Multi-Omics Empirical Overlap (OSDR OSD-782 vs. NNMF)

Ionizing Radiation (OSD-782, 1 Gy)
Near-Null Field (NNMF, ~30 nT)

d

Conserved Spaceflight Mitochondrial Vulnerability

Plant Space Biology (BLSS)

 Mitochondrial ETC electron leak
 Alternative Oxidase (AOX) bypass
 Fe-S biogenesis (AtNFS1) stress
 10 30% germination & yield loss
 Early pigment & chlorosis defect

Human Astronaut Health

 Mitochondrial dysregulation #1 hub
  (NASA Twins Study; Afshinnekoo 2020)

 Complex I & III ROS runaway
 Endothelial oxidative damage

 Musculoskeletal & immune decay

THE SHARED MITOCHONDRIAL PARADIGM

In both plants and humans, removal of the geomagnetic field coupled with ionizing radiation
and altered atmospheres impairs respiratory electron coupling and triggers ROS overflow.
Plant bioenergetic resilience directly protects astronaut life support and fresh food supply.

Cross-Kingdom Convergence: Plant BLSS & Human Health

Fig. 5 The multi-stressor spaceflight nexus: atmospheric, radiation, and magnetic convergence. a, Multi-stressor parameter
envelope comparing terrestrial baseline, NASA Exploration Atmosphere (8.2 psia, 34% O2), and lunar surface reality, decoupling
chronic GCR background (60–100 mGy/yr) from acute SPE events (0.5–2 Gy). b, The time-gated organellar CO2 ↔ O2 ↔ ROS
nexus across Phase I (0–72 h heterotrophic: RuBisCO dormant, dark respiration dominates) and Phase II (72–120 h green-
ing: elevated CO2 competitively suppresses photorespiratory glycolate H2O2, while hypomagnetism uncouples mitochondrial
electron transfer). c, Multi-omics empirical convergence during peak operational stress response windows (24–72 h) between
spaceflight/radiation (NASA OSDR OSD-782) and near-null magnetic fields (Parmagnani et al., 2022), demonstrating concordant
upregulation of Alternative Oxidase (AOX1D) and Catalase (CAT3). d, Cross-kingdom spaceflight convergence, showing conserved
mitochondrial respiratory chain vulnerabilities shared between plant life-support crops and human astronauts (da Silveira et al.,
2020).

while hypobaric total pressure (56.5 kPa) acceler-
ates oxygen gas diffusivity through dense seed coats
[8, 45].

• Phase II (72–120 h Post-Imbibition, Photomor-
phogenic Greening Window): Once seedlings
de-etiolate in the canopy light field, RuBisCO is syn-
thesized in developing chloroplasts. In this phase,
elevated CO2 competitively inhibits RuBisCO oxy-
genase activity, drastically suppressing peroxisomal

glycolate oxidase flux and cutting photorespiratory
H2O2 generation by > 60% [46, 47]. Concurrently,
mitochondria balance cytochrome 𝑐 oxidase (COX)
against Alternative Oxidase (AOX).
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5.2 Decoupling Chronic GCR from Acute SPE
Radiation Regimes

A critical distinction must be drawn between chronic
deep-space radiation background and acute solar
events: 1. Chronic Galactic Cosmic Radiation
(GCR): Comprising relativistic protons and high-Z,
high-energy (HZE) nuclei, GCR background rates on
the lunar surface range between 60 and 100 mGy/year
(approximately 0.16 to 0.27 mGy/day) [48, 49]. Over
a 5-day seed germination window (120 h), cumulative
GCR exposure is less than 1.5 mGy. Radiobiological
benchmarks demonstrate that this micro-dose imparts
negligible cell death, minimal DNA double-strand
breaks, and no detectable impact on seed germination
speed or vegetative biomass [7, 48]. 2. Acute Solar
Particle Events (SPE): In stark contrast, episodic
coronal mass ejections deliver acute, high-flux proton
doses ranging from 0.5 to 2.0 Gy within hours to days.
Doses above 0.5 Gy induce severe chromatin ioniza-
tion, triggering phosphorylation of histone 𝛾-H2AX,
ATM/ATR kinase activation, and catastrophic mitotic
arrest in root apical meristems [48, 49].

Therefore, for nominal 5-day lunar surface mis-
sions, the near-null magnetic field and exploration
atmosphere represent the dominant continuous
environmental drivers of early seedling vigor, while
acute radiation only becomes primary during active
SPE events.

5.3 Transcriptomic Overlap: Peak Operational
Windows and da Silveira Convergence

When interrogating multi-omics responses across
stressors, comparisons must be evaluated during
biologically comparable peak operational stress
response windows (24–72 h post-exposure). Inter-
rogating NASA OSDR dataset OSD-782 (gamma
radiation, 1 Gy) against Parmagnani et al. [50] (NNMF,
30 nT) confirms concordant induction of the mito-
chondrial safety valve AOX1D (+3.96 log2 FC under
radiation; +0.73 log2 FC under NNMF) and the
peroxisomal scavenger CAT3 (+0.91 log2 FC under
radiation; +0.94 log2 FC under NNMF) (Figure 5c).

Crucially, the mitochondrial CO2 ↔ O2 ↔
ROS bioenergetic lesion represents the universal
cellular hallmark of spaceflight across all eukary-
otic biology [51, 52] (Figure 5d). In their landmark
multi-cohort multi-omics synthesis, da Silveira et al.
[51] demonstrated that mitochondrial dysfunction,
impaired oxidative phosphorylation, and excessive

ROS leakage represent the primary systemic space-
flight lesion in human astronauts (NASA Twins Study).
Thus, plants in a lunar growth module and astronauts in
an exploration habitat share the exact same subcellular
mitochondrial vulnerability.

—

6 Scientific Knowledge Gap Retirement,
Ground Simulation Standards, and
Flight Instrumentation Trade Space

6.1 Ground Simulation Standards & The 6-Point
Acceptance Checklist

A primary failure mode of historical hypomagnetic
research is the confounding introduction of chamber
microclimatic shifts, temperature gradients, and vibra-
tional noise [11, 19]. Whenever active coils or passive
shielding are employed in ground research, investiga-
tors must deploy matched-current bifilar sham coils
as an obligatory negative magnetic control [11, 53]
(Figure 6a).

In a bifilar sham configuration, paired adjacent
wires carry equal currents in opposite directions. The
resulting magnetic fields cancel completely (Bcoil ≈
0), leaving the ambient terrestrial geomagnetic field
(45–50 𝜇T) entirely undisturbed, while generating
identical resistive Joule heat (Δ𝑇), electrical loads,
power-supply switching ripple, and acoustic coil vibra-
tion as the active cancellation coils.

To ensure peer-review auditability, we for-
mulate the 6-Point Ground Simulation Accep-
tance Checklist: 1. Three-Axis Vector Verification:
Specimen-plane magnetic vector logged continuously
(𝐵𝑥 , 𝐵𝑦 , 𝐵𝑧) with calibrated fluxgate/AMR sensors at
≤ ±0.1 nT resolution. 2. Residual Field Compli-
ance: Residual field at the seed tray plane confirmed
strictly < 10 nT (or < 1 nT for deep near-null sim-
ulations) across 100% of the seed planting area. 3.
Thermal Parity: Chamber temperature matched to
≤ ±0.3◦C between GMF, NNMF, and Sham chambers.
4. Humidity Parity: Relative humidity maintained
within ≤ ±2% across all chambers. 5. Photometric
Parity: Canopy PAR matched to ≤ ±5 𝜇mol m−2 s−1

with identical LED spectral power distributions. 6.
Carbon Dioxide & Airflow Parity: Ambient CO2
matched within ≤ ±50 ppm and continuous horizontal
ventilation maintained at 0.3–0.5 m/s (±0.05 m/s) to
eliminate boundary layer and ethylene artifacts [7, 46].
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a

Chamber 1: Geomagnetic Baseline (GMF)

Magnetic Regime: 45 50 µT Ambient Terrestrial Field

Experimental Purpose: Terrestrial environmental control (calibrated local vector)

Chamber 2: Near-Null Field Simulation (NNMF)

Magnetic Regime: <10 nT (Shielded / Actively Cancelled)

Experimental Purpose: Lunar surface magnetic simulation (<0.8 nT ambient void)

Chamber 3: Matched Bifilar Sham Control

Magnetic Regime: Opposing windings; net B = 0

Experimental Purpose: Controls for ohmic heat, acoustic vibration & power-supply ripple

Methodological Ground Simulation Standards (3-Chamber Parity) b

Subsystem Power-State Magnetic Characterization & Deconvolution

Subsystem 1: LED PAR Lighting Array (0 400 µmol/m²/s)
Power: 0 to 25 W (DC driver current 0.1 1.8 A)
Induced Field: B_LED  2 15 µT; proportional to photon flux; balanced routing minimizes loop area

Subsystem 2: Fluidic & Nutrient Delivery Pumps / Valves
Power: 0 to 8 W (peristaltic/piezo motor pulses, 0.5 1.5 A peak)
Induced Field: B_pump  8 35 µT; transient DC spikes during scheduled root module irrigation cycles

Subsystem 3: Thermal Control (Heaters & Thermoelectric Coolers)
Power: 0 to 30 W (resistive strips / TEC elements, 1.0 2.5 A continuous)
Induced Field: B_thermal  12 48 µT; dominant DC contributor during cold lunar nights; bifilar loops required

Subsystem 4: Avionics, Telemetry & Sensor Power Bus
Power: 3 to 12 W (quiescent flight computer + RF comm transmission)
Induced Field: B_bus  0.5 4 µT; static baseline shift + RF ripple; mapped via quiescent baseline calibration

Bambient(t) = Bsensor(t)
k

Bk(Pk(t)) : Computational Self-Field Subtraction

Hardware Self-Magnetic Assessment Protocol (Power-State Mapping)

c

Operational Multi-Stressor Disambiguation Matrix for Space Plant Biology

Near-Null Magnetic Field (<0.8 nT)

Primary Biophysical Target:

Cryptochrome flavin radical pairs (FAD/TrpH +);
mitochondrial [4Fe-4S] cluster electron transfer.

Diagnostic Phenotypic Markers:

 Emergence lag ( t50 = +12 to 36 h); capacity -10 to -30%
 Repressed chlorophyll (HEMA1, POR) & anthocyanin (CHS)
 Mitochondrial ROS leak; induction of AOX1D & CAT3
 Normal nuclear DNA integrity (zero -H2AX foci)

Disambiguation & Rescue Strategy:

 Correlate with sample-level 3-axis canopy magnetometry
 Fully rescued by 45 µT vector re-application
 Completely insensitive to 1g centrifuge spinning

[Diagnostic: Rescued by 45 µT | Insensitive to 1g]

Lunar Partial Gravity (0.166 g)

Primary Biophysical Target:

Columella statolith sedimentation kinetics;
mechanosensitive ion channels (MSL); PIN polar auxin.

Diagnostic Phenotypic Markers:

 Germination capacity & greening rate are normal
 Directional root skewing, waving, & loss of g-angle
 Cell wall remodeling (pectin demethylesterification)
 Normal CRY signaling; localized apoplastic ROS (RBOH)

Disambiguation & Rescue Strategy:

 Fully rescued to Earth phenotype by 1g centrifuge
 Differential 1g vs µg controls in flight centrifuge
 Completely unaffected by magnetic vector modulation

[Diagnostic: Rescued by 1g | Insensitive to B-field]

Deep-Space Radiation (GCR / SPE)

Primary Biophysical Target:

Nuclear & organellar DNA double-strand breaks;
radiolytic hydroxyl free radical (OH ) overflow.

Diagnostic Phenotypic Markers:

 Severe DNA double-strand breaks & -H2AX foci
 ATM/ATR activation; chromosome aberrations & G2/M arrest
 Widespread systemic oxidative stress & lipid peroxidation
 Emergence fails only at acute lethal doses (>50 Gy)

Disambiguation & Rescue Strategy:

 Independent of magnetic field or gravity vector
 Strictly correlates with canopy radiation dosimeters
 Mitigated by shielding & chemical radioprotectants

[Diagnostic: Correlates with Dosimeter | DNA Breaks]

Post-Flight Phenotypic Risk Disambiguation Framework

Fig. 6 Methodological standards, hardware magnetic assessment, and post-flight risk disambiguation. a, Three-chamber
ground simulation standards establishing experimental parity across GMF Baseline, Near-Null Field, and Matched Bifilar Sham
Control (opposing bifilar windings; net coil field Bcoil ≈ 0; ambient GMF 45–50 µT retained; isolates ohmic Joule heat Δ𝑇 , vibration,
and EMI). Banner details the 6-Point Ground Acceptance Checklist (±0.3◦C T, ±2% RH, ±50 ppm CO2, ±5 µmol m−2 s−1 PAR). b,
Subsystem current-parameterized self-field deconvolution protocol (Bambient (𝑡 ) = Bsensor (𝑡 ) −

∑
S𝑘 · 𝐼𝑘 (𝑡 )), achieving an uncertainty

budget of ±2–5 nT RMS residual error against 2–48 µT DC spacecraft backgrounds without requiring mass-prohibitive active in-flight
cancellation coils. c, Post-flight phenotypic risk disambiguation matrix (Table 4), delineating near-null magnetic field phenotypes from
partial gravity (0.166 𝑔) and deep-space ionizing radiation.

6.2 Hardware Self-Magnetic Assessment
Protocol & Current Deconvolution

In spaceflight agricultural payloads and sealed envi-
ronmental enclosures, the growth hardware itself
constitutes a primary, dynamic source of magnetic
interference [11]. Internal DC currents feeding LEDs,
fluidic pumps, heaters, and avionics generate localized
stray fields (2 to 48 µT) that vary continuously with
subsystem operational power settings (Figure 6b).

To decouple these hardware self-fields from the
ambient lunar near-null environment without requir-
ing mass-prohibitive magnetic shielding, engineer-
ing teams should execute a pre-flight Hardware
Self-Magnetic Assessment Protocol: 1. Subsystem
Current Sweeps: Stepwise calibrate each subsystem
independently across its dynamic range, extracting
the 3-axis empirical coupling sensitivity tensor S𝑘

(nT / A):
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• LED PAR Array: 0–25 W (0.1–1.8 A DC), measur-
ing SLED ≈ 8.3 𝜇T/A.

• Fluidic Pumps: 0–8 W (0.5–1.5 A pulsed), measur-
ing Spump ≈ 23.3 𝜇T/A.

• Thermal Control: 0–30 W (1.0–2.5 A continuous),
measuring Sthermal ≈ 19.2 𝜇T/A.

• Avionics Bus: 3–12 W (0.2–0.8 A baseline), mea-
suring Sbus ≈ 5.0 𝜇T/A. 2. Current-Parameterized
Computational Deconvolution: By logging sub-
system current telemetry (𝐼𝑘 (𝑡)) alongside the 3-axis
canopy magnetometer vector (Bsensor (𝑡)), the true
ambient lunar magnetic field is computationally
reconstructed via:

Bambient (𝑡) = Bsensor (𝑡) −
∑︁
𝑘

S𝑘 · 𝐼𝑘 (𝑡) (6)

3. Uncertainty Budget: Laboratory validation of
this deconvolution transfer function demonstrates
an achievable residual uncertainty of ±2 to 5 nT
RMS error in the presence of 20 to 50 𝜇T DC
spacecraft background fields, fully adequate to
detect ambient lunar crustal transitions and verify
hypomagnetic exposure.

6.3 Operational Flight Decision Matrix and
Evidence Tiers

Table 4 integrates these biophysical, temporal, and
operational constraints into an actionable decision
matrix for spaceflight biology teams.

—

7 Conclusions & Forward Look for
Sustained Lunar Agriculture

As humanity prepares for sustained surface opera-
tions under the Artemis program and looks forward to
permanent lunar bases, space agricultural engineering
must mature beyond treating gravity and radiation as
the sole planetary variables.

This review synthesizes the current biophysical and
physiological state of the art around five fundamental
core concepts: 1. Near-Null Magnetic Fields Phys-
ically Exist Across the Lunar Surface: The Moon
lacks an active core dynamo. Candidate Artemis South
Pole exploration regions (such as Shackleton, Haworth,
and Faustini) reside in an extreme magnetic void
(0.40–0.82 nT crustal component at 30 km altitude;
bounded ≲ 2–4 nT at the surface), more than 30, 000×
weaker than Earth’s geomagnetic field. Payload archi-
tectures must account for vector superposition (Btotal)

to prevent stray lander avionics DC fields (50–500 𝜇T)
from confounding biological exposures. 2. Null Mag-
netic Fields Alter Germination Capacity: Removal
of the geomagnetic field impairs seed imbibition kinet-
ics and alters the ABA/GA hormonal balance, reducing
total germination capacity and decreasing the abso-
lute number of viable seedlings established per sown
area by 10 to 30% across diverse crop families. 3.
Null Magnetic Fields Alter Germination Speed
and Growth Kinetics: Near-null fields introduce a
substantial emergence lag (Δ𝑡50 delay of 12–36 h)
and retard radicle and hypocotyl elongation rates by
dampening cell proliferation and PIN2-mediated auxin
transport, leading to an empirical −28.5% penalty in
early seedling biomass and fresh material yield. 4. Null
Magnetic Fields Repress Pigment Biosynthetic Net-
works: Cryptochrome radical-pair spin dynamics are
altered in near-null fields (𝜈𝐿 ≈ 28 Hz, decoupling
Zeeman mixing by > 4 orders of magnitude), attenuat-
ing HY5 stabilization and downregulating rate-limiting
enzymes of chlorophyll (HEMA1, CHLH, POR) and
anthocyanin (CHS, CHI) biosynthesis, while sec-
ondary iron starvation (FIT, IRT1, AtFer1–4; rescuable
via Fe-EDTA) triggers seedling chlorosis during de-
etiolation. 5. Multi-Stressor Convergence on the
CO2 ↔ O2 ↔ ROS Bioenergetic Axis: Near-null
magnetic fields, exploration atmospheres (hypobaric
56.5 kPa, 34% O2, elevated 1200–3000 ppm CO2),
and ionizing radiation converge on the exact same
mitochondrial respiratory machinery. In both plants
and human astronauts, mitochondrial electron leakage
and reactive oxygen generation represent the primary
cellular lesion. In plants, induction of the Alternative
Oxidase (AOX1D) and Catalase (CAT3) provides an
essential metabolic safety valve that buffers organellar
redox stress.

For the NASA LEAF payload and subsequent
lunar greenhouse deployments, immediate engineering
priorities can incorporate calibrated 3-axis magnetic
sensors at the plant canopy, implement matched-
current bifilar sham baselines during ground testing,
and validate active causal rescue in terrestrial labora-
tories. By mastering the hypomagnetic variable during
the critical first five days of seedling growth, space
life scientists can ensure robust stand establishment,
maximize crop biomass yields, and secure the biore-
generative life support systems essential for humanity’s
permanent expansion into deep space.

—
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Table 3 Per-study empirical early seedling growth penalties, emergence velocity shifts, and experimental metadata synthesized
across representative angiosperms under near-null and hypomagnetic fields.

Species & Cul-
tivar

Residual
|𝐵|

Method Controls Milestone Cap. Δ Δ𝑡50 Biomass /
Vigor

Key Source

Triticum
aestivum
(Wheat) (cv.
Zhoumai 36)

< 5 nT
(Deep
NNMF)

3-axis
Helmholtz
coils with
active
fluxgate
feedback

Matched bifilar
sham coils;
22±0.5◦C; 16/8h
photoperiod

M1 (Radicle
protrusion ≥
2 mm)

-18.0% +14.0 h -28.5% dry
biomass; -32%
coleoptile length;
-28% 𝐹_𝑣/𝐹_𝑚

Tang et al. (2024)
Plant Physiol.
Biochem.

Arabidopsis
thaliana (Col-0
wild-type)

< 10 nT
(Deep
NNMF)

6-layer
Permalloy
magnetic
shield with
automated
AC
degaussing

Sham container;
22±0.3◦C;
continuous dark
then 16/8h light

M1 (Testa
rupture /
radicle
protrusion ≥
1 mm)

-22.0% +18.0 h -31.0%
hypocotyl
elongation; -29%
fresh weight

Xu et al. (2012,
2013) Bioelectro-
magnetics / PLoS
ONE

Arabidopsis
thaliana (Col-0)

< 1 µT
(Moderate
HMF)

Triaxial
Helmholtz
coils within
thermally
regulated
incubator

Sham coils;
21±0.5◦C; 55%
RH; 100
µmol/m2/s PAR

M1 (Radicle
emergence
≥ 1 mm)

-14.0% +12.0 h -33.0% primary
root elongation;
PIN2 auxin
redistribution

Narayana et al.
(2018) Bioelectro-
magnetics

Arabidopsis
thaliana (Col-0,
cry1, cry2)

< 1 µT
(Moderate
HMF)

Mu-metal
chamber
with internal
cancellation
coil

Terrestrial GMF
parallel chamber;
22±0.2◦C;
blue/red LED

M2/M3
(Hypocotyl
emergence
& flowering
transition)

-12.0% +15.0 h -25.0% leaf area;
delayed floral
transition (CRY-
dependent)

Agliassa et al.
(2018) Bioelectro-
magnetics

Arabidopsis
thaliana (Col-0
wild-type)

∼30 nT
(Deep
NNMF)

Mu-metal
shielding
enclosure
with active
vector
attenuation

Bifilar dummy
coil; 22±0.2◦C;
60% RH; 12/12h
light

M2 (Shoot
& root
emergence
across
48h–120h)

-20.0% +16.0 h -29.1% fresh
biomass;
AOX1D & CAT3
mitochondrial
ROS induction

Parmagnani et al.
(2022)
Biomolecules

Phaseolus
lunatus (Lima
Bean) (cv.
Henderson)

< 1 µT
(Moderate
HMF)

Cylindrical
mu-metal
shielding
chamber

Parallel GMF
cylinder;
24±0.5◦C; 65%
RH; 150
µmol/m2/s

M2
(Seedling
emergence
from
substrate)

-16.5% +14.5 h -26.0% fresh
weight; -34%
chlorophyll;
thylakoid
uncoupling

Parmagnani et al.
(2023) Int. J. Mol.
Sci.

Zea mays
(Maize) (Inbred
line B73)

< 5 µT
(Moderate
HMF)

Triaxial
Helmholtz
coils with
DC power
supply

Bifilar dummy
winding;
25±0.4◦C;
continuous
darkness

M1/M2
(Radicle
protrusion
& coleoptile
emergence)

-15.0% +13.0 h -27.0%
coleoptile
elongation; PM
H+-ATPase
downregulation

Fiorillo et al.
(2023) Plants

Pisum sativum
& Hordeum
vulgare (Pea cv.
Uladovsky;
Barley cv.
Prairie)

< 100 nT
(Deep
NNMF)

Multi-layer
Permalloy
magnetic
chamber
with
degausser

Unshielded
chamber control;
21±0.5◦C; dark
imbibition

M1 (Radicle
emergence
≥ 1 mm)

-24.0% +17.0 h -30.0% root
length; mitotic
index
suppression in
root meristems

Belyavskaya
(2004) Adv. Space
Res.

Arabidopsis
thaliana (Col-0,
fit1-2, irt1-1)

< 5 µT
(Moderate
HMF)

Triaxial
Helmholtz
coils

Matched GMF
control;
22±0.4◦C;
Fe-sufficient vs
Fe-EDTA rescue

M2/M3
(Post-
emergence
leaf
greening at
Day 5)

-10.0% +12.0 h -22.0% fresh
weight;
FIT/IRT1
chlorosis;
rescued by
Fe-EDTA

Islam et al. (2020)
Front. Plant Sci.

Mentha x
piperita
(Peppermint)
(Clonal
micro-cuttings)

< 1 µT
(Moderate
HMF)

Mu-metal
chamber
with active
logging

Parallel ambient
control;
23±0.3◦C; 60%
RH

M2 (Shoot
emergence
&
elongation)

N/A
(Cut-
tings)

+15.0 h
(shoot
flush)

-24.0% shoot
biomass; altered
monoterpene
secondary
metabolism

Maffei et al. (2021)
J. Plant Res.

Developmental Milestones: 𝑀1 = Testa rupture and radicle protrusion (≥ 1–2 mm); 𝑀2 = Hypocotyl/coleoptile
emergence through substrate surface; 𝑀3 = Cotyledon opening, photomorphogenic de-etiolation, and photo-
synthetic greening. Note: Figure 3b,c represents an illustrative composite schematic parameterized by mean
literature values across these datasets rather than a formal meta-analysis.
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Table 4 Operational phenotypic risk disambiguation matrix for lunar plant biology: distinguishing near-null magnetic field effects
from partial gravity and ionizing radiation across developmental tiers and measurement modalities.

Stressor Tier Window Primary Cellu-
lar Target

Emergence &
Elongation

Pigments &
Bioenergetics

Diagnostic
Markers

Flight Modality
& Strategy

Near-Null
Magnetic
Field (NNMF
< 10 nT)

T1
(Demon-
strated
physical
effect)
& T2
(Cellu-
lar
pheno-
type)

0–120 h
(Phase I:
0–48 h
imbibi-
tion;
Phase II:
72–120 h
greening)

Cryptochrome
radical pairs
[FAD•− ...
TrpH•+];
mitochondrial
Complexes I/III
electron leakage;
SDP1
triacylglycerol
lipase

Marked
emergence lag
(Δ𝑡_50 = +12 to
36 h); 10% to 30%
reduction in final
stand capacity;
asymmetric
radicle emergence
Depressed radicle
elongation (-
33%); dampened
hypocotyl height
(-31%); reduced
Day 5 fresh
(-29%) and dry (-
28.5%) biomass;
PIN2 auxin
redistribution

Transcriptional
repression of
HEMA1, CHLH,
PORA/B/C, and
CHS/CHI;
impaired de-
etiolation; parallel
iron-deficiency
chlorosis
(FIT/IRT1)
Mitochondrial
superoxide
(O2•−) overflow;
transcriptional
upregulation of
Alternative
Oxidase
(AOX1D) and
Catalase 3
(CAT3)

Downregulated
HEMA1/POR;
upregulated
AOX1D/CAT3;
absent 𝛾-H2AX
foci; uncoupled
thylakoid electron
flow

In-flight:
Multi-angle RGB
macro-imaging
(emergence &
greening) + 3-axis
canopy
magnetometry;
Post-flight: RNA-
seq & targeted
metabolomics.
Causal: Fully
reversible by in
situ 45 µT
magnetic vector
re-application
(Helmholtz coil
rescue);
completely
insensitive to 1g
centrifugation

Lunar Partial
Gravity (0.166
g) /
Microgravity

T1
(Demon-
strated
statolith
mechanosen-
sation)

24–120 h
(Radicle
protru-
sion
through
gravit-
ropic
reorienta-
tion)

Amyloplast
statolith
sedimentation in
columella cells;
mechanosensitive
ion channels
(MSL/MCA);
PIN2/PIN3 efflux
carriers

Nominal to
slightly
accelerated initial
emergence capac-
ity; negligible
intrinsic emer-
gence lag (Δ𝑡_50
< 4 h) Loss of
directional gravit-
ropic orientation;
waving/skewing
root growth; auto-
morphogenesis;
normal intrinsic
elongation rate

Nominal
chlorophyll a/b
and anthocyanin
biosynthesis
under adequate
PAR; active HY5
photomorphogen-
esis Localized
apoplastic ROS
burst
(RBOHD/RBOHF)
in root elongation
zone; nominal
mitochondrial
respiration and
AOX1D

Statolith
displacement;
re-localized
PIN2/PIN3;
induced cell-wall
expansins (EXPA)
and XTH; normal
HEMA1/POR
transcripts

In-flight:
Automated image-
based gravitropic
angle tracking;
Post-flight:
Confocal
microscopy of root
statoliths and
amyloplast
staining. Causal:
Fully rescued by
1g onboard
centrifuge;
completely
unaffected by
static magnetic
field shielding or
re-application

Deep-Space
Ionizing
Radiation
(Chronic GCR
& Acute SPE)

T1
(Demon-
strated
DNA
ioniza-
tion)

0–120 h
(Continu-
ous
chronic
GCR;
acute
episodic
SPE con-
tingency)

Nuclear DNA
double-strand
breaks; radiolysis
of cellular water
producing
hydroxyl radicals
(•OH); lipid
peroxidation

Nominal
emergence under
chronic GCR
(0.15–0.30
mGy/day);
mitotic delay or
developmental
arrest only under
high acute SPE
(>500 mGy to
Gy) Root/shoot
apical meristem
mitotic arrest
under acute
exposure; stunted
cell division;
normal
elongation under
shielded baseline

Active
upregulation of
anthocyanin
UV/radiation
screening
pigments; general
necrosis-induced
chlorosis only at
acute lethal doses
Non-enzymatic
ROS burst (•OH,
H_2O_2) across
nuclear, vacuolar,
and organellar
compartments;
systemic
oxidative stress

Phosphorylated
𝛾-H2AX foci;
ATM/ATR kinase
cascade activation;
PARP1, RAD51,
and BRCA1 DNA
repair induction;
elevated
malondialdehyde

In-flight: Active
payload dosimeter
telemetry
(absorbed Gy &
LET spectrum);
Post-flight:
𝛾-H2AX
immunofluores-
cence & DNA
fragmentation
assays. Causal:
Independent of
magnetic field
manipulation or 1g
centrifugation;
directly
proportional to
absorbed radiation
dose (Gy)

Methodological framework for resolving confounding environmental factors in lunar surface payloads such as
Artemis missions’ LEAF. Ground causal validation utilizes orthogonal 45 µT Helmholtz re-application or 1g
centrifugation; flight diagnostic inference utilizes passive triaxial fluxgate logging, dosimeter telemetry, and
post-flight returned sample multi-omics.
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