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An interesting aspect that links the geomagnetic field (GMF) to the evolution of life lies in how plants respond to
the reduction of the GMF, also known as hypomagnetic field (HMF). In this work, tomato plants (Solanum
Lycopersicum cv Microtom) were exposed either to GMF or HMF and were studied during the development of
leaves and fruit set. Changes of expression of genes encoding for primary and secondary metabolites, including
Reactive Oxygen Species (ROS), proteins, fatty acids, polyphenols, chlorophylls, carotenoids and phytohormones
were assessed by qRT-PCR, while the corresponding metabolite levels were quantified by GC-MS and HPLC-MS.
Two tomato homologs of the fruit fly magnetoreceptor MagR, Isca-like 1 and erpA 2, were modulated by HMF, as
were numerous tomato genes under investigation. In tomato leaves, positive correlations were observed with
most of the genes associated with phytohormones production, ROS scavenging and production, and lipid
metabolism, whereas an almost reversed trend was found in flowers and fruits. Interestingly, downregulation of
Isca-like 1 and erpA 2 was found to correlate with an upregulation of most unripe fruit genes. Exposure to HMF
reduced chlorophyll and carotenoid content, decreased photosynthetic efficiency and increased non-
photochemical quenching. Auxins, gibberellins, cytokinins, abscisic acid, jasmonic acid and salicylic acid con-
tent and the expression of genes related to their metabolism correlated with tomato ISCA modulation. The results

here reported suggest that Isca-like 1 and erpA 2 might be important players in tomato magnetoreception.

1. Introduction

The Earth magnetic field (or geomagnetic field, GMF) is a natural
condition that was established long before the existence of any life form
(Maffei, 2022). Therefore, all living organisms present on our planet
evolved in the presence of the GMF. The ability of living organisms to
respond to GMF variations, or magnetoperception, has been demon-
strated only in migratory birds (Niefiner et al., 2014), although magnetic
induction is known also in plants (Maffei, 2022). Experiments on model
plants and crops showed that reducing the GMF (~45 pT) to cosmic
values (~20 nT) (also known as hypomagnetic field, HMF) delays plant
transition to flowering (Agliassa et al., 2018a; Xu et al., 2013) and
changes clock gene amplitude (Agliassa and Maffei, 2019) by altering
photoreceptor signalling, in a light-independent manner (Agliassa et al.,
2018b; Dhiman and Galland, 2018). Interestingly, by differentially
regulating genes in shoot and roots, the GMF responses in Arabidopsis
suggest that both organs are magnetoperceptive (Paponov et al., 2021).
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HMF also affects ROS production and photosynthetic activity in several
plants species, including Arabidopsis thaliana (Parmagnani et al., 2022b;
Pooam et al., 2019), maize (Zea mays) (Fiorillo et al., 2023) and Lima
bean (Phaseolus lunatus) (Parmagnani et al., 2023). More recently, we
showed that some A. thaliana iron-sulfur cluster assembly (ISCA) pro-
teins which are homologs to Drosophila melanogaster magnetosensor
(MagR) (Qin et al., 2016), are good potential candidates as plant mag-
netosensors (Parmagnani et al., 2022a). Besides Arabidopsis, this hy-
pothesis was also tested on maize (Fiorillo et al., 2023) and Lima bean
(Parmagnani et al., 2023), where the homologous of the MagR gene
were found to be modulated by HMFs.

Tomato is a rich source for human nutrition owing to its contents of
important phytonutrients, including minerals, vitamins, carotenoids and
polyphenols (Yong et al., 2023). Besides nutrition, tomato phytocon-
stituents possess the potential to reduce human disease (Storniolo et al.,
2020) and fight against reactive oxygen and nitrogen species (Fattore
et al.,, 2016). Among tomato phytochemicals, lycopene, a carotenoid,
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acts as a potent antioxidant compound, with anti-aging actions that
contribute to the mitigation of chronic disorders (Abir et al., 2023).
Recently, also unripe tomato fruits gained a considerable attention due
to the presence of bioactive compounds with interesting nutraceutical
properties (Patel et al., 2023; Piccolo et al., 2024).

A survey of the literature indicates that tomato interacts with MFs.
Exposure of tomato to MF intensities higher than the GMF (from 250 to
500 mT) showed the absence of morphological responses; however,
proteomic analyses revealed differential expression of proteins involved
in ethylene-responsive methionine synthase, dehydroquinate synthase,
peroxidases and several proteins involved in primary metabolism
(Villani et al., 2017). Increased MF also induced higher levels of tomato
chlorophyll (Racuciu, 2019) and catalase activity (Yang et al., 2020),
delayed fruit ripening and reduced the production of ethylene and the
synthesis of lycopene (Kumar et al., 2014), enhanced water relations and
photosynthesis (De Souza-Torres et al., 2020), reduced electrolyte
leakage (Poinapen et al., 2013), promoted seed germination (Bourget
etal., 2011) and increased fruit weight and the fruit yield per plant/area
(de Souza et al., 2006). Several reports also relate to tomato responses to
magnetized water treatments, with increased values of plant height,
mineral nutrition, stem diameter, and fruit yield, on a per plant basis
(Ageeb et al., 2018; Samarah et al., 2021). However, to our knowledge,
no data are available on tomato responses to HMF.

The aim of this work is to assess whether the reduction of the GMF to
HMF modulates tomato gene expression, with particular reference to
two tomato ISCA homologs of the MagR gene. Here we show that
reducing the GMF to HMF modulates MagR homologs and induces
metabolic and gene expression changes in tomato developing plants.

2. Materials and methods
2.1. Plant material and growth conditions

Tomato plants (Solanum lycopersicum L. cv Microtom) were grown in
plastic pots with sterilized peat soil at 22 °C (£+1.5 °C) and 60% (v/v)
humidity by using 120 pmol m2s7! light provided by a tuneable LED
lighting system source (PHYTOFY RL 150W, Osram, Miinchen, DE),
using a photoperiod consisting of 16h light and 8h darkness. Before
sowing, sterilization of seeds was obtained by soaking in 70% (v/v)
ethanol for 10 min. Seeds were then rinsed in distilled water several
times and then sawn using a standard soil for plant growth in pots.

2.2. Exposure of tomato to GMF and HMF conditions

The local GMF values where typical of the Northern hemisphere at
45°0'59" N and 7°36/'58" E coordinates. Hypomagnetic field (HMF) was
generated as previously described (Agliassa et al., 2018a). Real-time
control of magnetic field was done by using a triaxial fluxgate (model
Mag-03, Bartington Instruments, Oxford, U.K.) as recently reported
(Parmagnani et al., 2023). Pots containing tomato plants were then
exposed to HMF conditions. After an exposure period of 48 days after
sawing (DAS) (flowering time), 75 DAS (unripe fruit stage) or 90 DAS
(ripe fruit stage), leaves, flowers, and fruits were separately harvested.
After sampling, samples were immediately frozen in liquid nitrogen and
stored at —80 °C for further analysis. For each condition (GMF or HMF),
three different biological replicates were always considered.

2.3. Chlorophyll a fluorescence kinetics

Chlorophyll fluorescence parameters Ft, QY, NPQ, and OJIP were
obtained with a FP100 fluorometer (Photon Systems Instruments,
Drasov, Czech Republic). Measurements were performed in triplicate by
following the manufacturer instructions as previously reported
(Parmagnani et al., 2023).
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2.4. Total protein and H»02 quantification

One hundred mg of fresh leaves, flowers or fruits was grinded in
liquid nitrogen and then extracted with a buffer composed of 50 mM Na-
P at pH 7. Quantification of total protein content was performed in
triplicate and achieved using a Protein Assay Kit (Thermo Fisher Sci-
entific, Walthman, MA, USA) as per the manufacturer instructions. The
MAK311 Peroxide Assay Kit (Sigma-Aldrich, St. Louis, US) was instead
used to determine the H>O content, an assay based on the chromogenic
Fej-xylenol orange reaction. Briefly, 50 mg GMF- or HMF-exposed
samples were grinded in liquid nitrogen and extracted in 1:10 (w/v)
mQ ddH;0. After centrifugation at 15,000 g for 10 min, the supernatant
was used for the assay according to the manufacturer instructions. A
standard HyO9 curve was employed for quantification of the HyO9
content of samples. Experiments were performed in triplicate.

2.5. Extraction and quantification of plant phytohormones

Approximately 200 mg of leaves, flowers, and fruits from plants
grown under GMF or HMF (see section 2.1) were grinded using liquid
nitrogen and then extracted with 1 mL of a 1:1 (v/v) mixture of methyl
tert-butyl ether (MTBE) and methanol (MetOH). After vortexing, sam-
ples were sonicated for 15 min at 4 °C and then 0.5 mL of 0.1 % (v/v)
HCI was added. After 5 min, the samples were centrifuged again at
10,000 g for 10 min at 4 °C. The clean MTBE phase was transferred to a
new collection tube and dried under nitrogen flow. Finally, the samples
were resuspended in 50 pL of a 50 % (v/v) propanol solution. Analytical
separation of the different phytohormones was carried out as previously
reported (Salem et al., 2020) using an HPLC system (Agilent Technol-
ogies system; 1200 HPLC, Agilent Technologies, Santa Clara, CA, USA)
equipped with a binary solvent system consisting of water acidified with
0.1 % (v/v) formic acid (solvent A) and methanol acidified with 0.1 %
(v/v) formic acid (solvent B). Chromatographic separation was carried
on a Kinetex C18 column (130 [o\, 1.7 pm, 2.1 x 100 mm) (Phenomenex,
Aschaffenburg, Germany). The gradient applied was: 0-8 min 95 %
(v/v) solvent A; 8-12 min solvent A was reduced to 75 % (v/v); 12-16
min solvent A was reduced to 55 % (v/v); 16-32 min solvent A was
reduced to 25 % (v/v); and then to 5 % (v/v) at 45 min. Solvent A was
maintained at this concentration for 10 min. During the chromato-
graphic run, the flow rate was set to 0.2 mL/min, and the injection
volume was 20 pL. Before the next injection, the chromatographic
conditions were restored to the initial conditions and maintained for 8
min. Phytohormones were detected by a Diode Array Detector (DAD)
(Agilent Technologies 1200, Santa Clara, USA) and tandem mass spec-
trometry (MS/MS) (q-Ion Trap, Bruker Daltonics, HB, Germany), used in
multiple reaction monitoring (MRM). For MS/MS analysis, ionization
was performed using an electrospray ionization (ESI) source. MRM
analysis was used to monitor the different phytohormones and frag-
mentation pattern, using positive polarity for Indolacetic Acid (IAA),
trans-Zeatin (tZEA), trans-Zeatin riboside (tZEA-rib), gibberellic acids
(GA1 and GA4), and isopentenyl adenine, or negative polarity for
Abscisic Acid (ABA), ABA-glucoside, salicylic acid (SA) or jasmonic acid
(JA). Standard solutions of all phytohormones (Sigma Aldrich, Milan,
Italy) were prepared by diluting stock solutions of each hormone in 50 %
(v/v) methanol to obtain a range of concentrations from 0.01 to 1000
ng/mlL, as previously reported (Salem et al., 2020). Calibration curves
were generated by plotting the peak areas of the hormones generated by
MS/MS source against their concentrations, while the linear regression
was used to quantify phytohormones in the different plant samples.
Information related to MW, MS/MS, RT, and A are reported in Sup-
plementary Data Set S1. Calibration curves are reported in Supple-
mentary Table S1. The limit of detection (LOD) was calculated based on
a signal-to-noise ratio (S/N) greater than 3.3, while the limit of quan-
tification (LOQ) was set at a ratio of S/N greater than 10.
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2.6. Extraction and quantification of photosynthetic pigments

The analysis of chlorophylls, chlorophyll degradation products and
carotenoids was done according to the protocol of Pumilia and co-
workers (2014). Separation and identification of carotenoids, chloro-
phylls, and chlorophyll degradation products was performed by
HPLC-DAD equipped with a C30 column (250 mm 2.1 mm i.d., 3 m,
YMC America, Devens, MA, USA) as recently described (Parmagnani
et al., 2023). The mobile phases consisted of MetOH,/MTBE/H50 in
90:3:7 (v/v/v) ratio (Solvent A) and MTBE/MetOH/H50O in 88:10:2
(v/v/v) ratio (Solvent B). To separate the pigments of interest, solvent A
and solvent B were flushed at a constant flow rate of 0.2 mL/min
following the ratio described in Parmagnani et al. (2022b). Compounds
eluted from the column at different retention times (RT) were detected
by DAD set at the following wavelengths: 661 nm (Chl a, Chl a'), 642 nm
(Chl b, Chl b"), 667 nm (Pheo 566 a, Pheo a') and 460 nm (carotenoids).
Pigment identification was based on both elution order and UV/Vis
spectra examination as previously described (Pumilia et al., 2014).
Quantification was performed using pure standards, while pigments
without authentic external standards were quantified on calibration
curve build on y-carotene (for trans-violaxanthin and trans-neoxanthin),
chlorophyll a (for chlorophyll a’, pheophytin a and pheophytin a’) or
chlorophyll b (for chlorophyll b’, pheophytin b and pheophytin b’). In-
formation related to RT, and Amqy are reported in Supplementary Data
Set S1. Calibration curves are reported in Supplementary Table S1. LOD
was calculated based on a S/N greater than 3.3, while LOQ was set at a
ratio of S/N greater than 10.

2.7. Extraction and quantification of phenolic compounds

Phenolic compounds were analyzed by the same HPLC-DAD-ESI-MS/
MS instrument described in Section 2.5. Chromatographic separation
was carried out using a Luna C18 column (150 x 2 mm, 3 pm, Phe-
nomenex, Castel Maggiore, Bologna, Italy) maintained at 40 °C, while
the mobile phase consisted of 0.1% (v/v) formic acid in water (Solvent
A) and acetonitrile containing 0.1% (v/v) formic acid (Solvent B). Each
sample (10 pL) was injected into the system, and the elution from
chromatographic system was obtained using with 5% (v/v) Solvent B for
the first 4 min, followed by a gradient increase to 100% (v/v) over 45
min. This condition was held for 5 min to complete elution before
returning to the starting composition for subsequent analysis. The flow
rate was maintained at 200 pL min ' during all the chromatographic
analysis. The identification and quantification of compounds for which
pure standards were available (quercetin, quercetin-7-glucoside, quer-
cetin-3-rutinoside, kaempferol, catechin, taxifolin, myricetin, nar-
ingenin, dihydrokaempferol, and dihydromyricetin) were performed by
comparing their UV/Vis spectra, MS/MS patterns, and RT with those of
the reference standards. For these compounds, quantification was ach-
ieved by constructing calibration curves using MS/MS output and
derived from the injection of standard solutions at varying concentra-
tions. All other compounds were putatively identified by comparing
their generated mass spectra, UV/Vis profiles, and predicted elution
order. Quantification was carried out using the compound that most
closely resembled the reference standard. Information related to MW,
MS/MS, RT, and Amqy are reported in Supplementary Data Set S1. Cali-
bration curves are reported in Supplementary Table S1. For this analysis,
LOD was calculated based on a S/N greater than 3.3, while LOQ was set
at a ratio of S/N greater than 10.

2.8. Fatty acid profiling

About 10 mg of fresh material from tomato leaves, flowers and fruits
were directly esterified with 10% (w/v) boron trifluoride dissolved in
methanol in order to obtain fatty acid methyl esters (FAME) as previ-
ously described (Cecchin et al., 2022). Briefly, the transesterification
reaction was carried out at 80 °C for 1 h in a water bath. Following
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incubation, the methyl-esterified fatty acids (FAME) were extracted into
an organic solvent by adding 500 pL deionized water and 500 pL
n-hexane. The addition of the organic solvent was repeated three times
to ensure complete recovery of the FAME. Heptadecanoic acid (C17:0)
was added before the transesterification reaction and used as the stan-
dard to monitor the reaction efficiency. The identification of FAME was
performed by injection in GC-MS (5975T, Agilent Technologies, USA) of
the sample. Compounds were identified through comparison of mass
fragmentation spectra with pure reference standard (for CHs3-C16:0,
CH3-C18:0, and CH3-C20:0) (Sigma-Aldrich, USA), NIST 98 library
and/or by comparison of Kovats indexes. Quantification of each iden-
tified FAME was performed using GC-FID (GC-2010 Plus, SHIMADZU,
Japan) using analytical standard when available (for CHs3-C16:0,
CH3-C18:0, and CH3-C20:0). FAMEs for which analytical standards were
unavailable were quantified using the most structurally similar com-
pounds, as previously described (Scandiffio et al., 2023). The GC anal-
ysis employed helium as the carrier gas, maintained at a constant flow
rate of 1 mL/min. Separation was achieved using a ZB5-MS non-polar
capillary column (30 m length, 250 pm internal diameter, and 0.25 pm
film thickness, consisting of 5% (m/v) phenyl-arylene and 95% (m/v)
polydimethylsiloxane) (Phenomenex, USA). The temperature program
was as follows: the injector was set to 250 °C; the oven started at 60 °C
(held for 1 min), then increased to 180 °C at a rate of 10 °C min~! (held
for 1 min), followed by a ramp to 230 °C at 1 °C min~! (held for 2 min),
and finally to 320 °C at 15 °C min ! (held for 5 min). The same column
and chromatographic conditions were used for both GC-MS and GC-FID
analyses. For MS analysis, the ion source was operated at an ionization
energy of 70 eV, and data acquisition was performed in the 50-350 m/z
range. The quantification was performed in triplicate. Information
related to MW, MS/MS and RT are reported in Supplementary Data Set
S1. The following abbreviations were used for the identified FAME:
C16:0, palmitic acid; C16:1, palmitoleic acid; C16:2, palmitolenic acid;
C18:0, stearic acid; C18:1, oleic acid; C18:2, linoleic acid; C18:3, lino-
lenic acid; C20:0, arachidic acid.

2.9. RNA preparation, cDNA cloning and qRT-PCR assays

Total RNA was isolated and purified from three independent bio-
logical replicates of tomato leaves, flowers and fruits obtained from
different plants (N = 10) by using Peqlab PeqGOLD TriFast reagent
(VWR Avantor, Radnor, PA, USA). A BioSpec-nano nano-
spectrophotometer (Shimadzu, Kyoto, Japan) was used to quantify the
extracted RNA. 500 ng of total RNA were used to synthesize cDNA using
gScript Ultra Supermix (Quantabio, Beverly, MA, USA), according to the
manufacturer’s instructions. qRT-PCR assays were performed on a
QuantStudio 3 Real-Time PCR System (Applied Biosystems, Foster City,
CA) using Perfecta SYBR Green Fastmix (Quantabio, Beverly, MA, USA)
with ROX as an internal loading standard. A 15 pL mixture consisting of
7.5 pL 2X Perfecta SYBR Green Fastmix qPCR Master Mix, 0.5 pL. cDNA
and 250 nM primers (Integrated DNA Technologies, Coralville, IA, US)
was used. Controls included non-template controls (water template).
PCR conditions were the following for all primers: Hold stage: 2 min at
50 °C, 10 min at 95 °C; PCR stage: 40 cycles of 15 s at 95 °C, 1 min at
60 °C; 10 s at 72 °C; Melting curve stage: 1 min at 60 °C, 1 s at 95 °C. All
runs were followed by a melting curve analysis from 55 to 95 °C. All
amplification plots were analyzed to obtain Ct values. ACT was used as
reference gene. The AA® method was used to analyze Ct values. Primers
used for real-time PCR were designed using the Primer3 (https://prime
r3.ut.ee/) software and are reported in Supplementary Table S2.

2.10. Statistical analysis

A Systat 10 software was used for the statistical treatment of data.
Data are expressed by mean values and standard deviation. Difference
between treatments and controls were assessed by paired t-test followed
by Bonferroni adjusted probability. Heatmaps were obtained with
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Heatmapper (http://www.heatmapper.ca/) (Babicki et al., 2016) by
using Pearson clustering with single linkage method. All data are
available on Supplementary Data Set S1, whereas all other raw data are
available on request.

3. Results
3.1. HMF modulates tomato MagR homologs gene expression

In a recent paper we showed that plants express genes encoding for
iron-sulfur cluster assembly (ISCA) homologous to the magnetoreceptor
MagR (Parmagnani et al., 2022a). In tomato we found two genes
(Iron-sulfur assembly protein IscA-like 1, Solyc09g009440, and
Iron-sulfur cluster insertion protein erpA 2, Solyc09g009460) that are
homologous to the magnetosensor MagR from Drosophyla melanogaster
and to two ISCA genes of Arabidopsis (IscA-like 1, At2g16710, and
IscA-like 3, At2g36260) (see Supplementary Fig. S1). Solyc09g009440
was upregulated (P < 0.05) by HMF in flowers and ripe fruits, whereas
Solyc09g009460 was strongly upregulated (P < 0.05) in the late stages of
leaf development (90 DAS), in flowers and ripe fruits and was down-
regulated (P < 0.05) in unripe fruits (Fig. 1).

3.2. HMF exposure modulates tomato protein content and reduces
chlorophyll and chlorophyll precursor/degradation products

Exposure to HMF increased (P < 0.05) the protein content in early
stages of tomato leaf development (48 and 75 DAS) but had no effect on
flowers or unripe/ripe fruits (Fig. 2). The chlorophyll (Chl) content of
ripe fruits was almost undetectable (<LOD) and it will not be reported.
Tomato exposure to HMF prompted a reduction (P < 0.05) of leaf Chl a
and Chl b during early leaf development (48 and 75 DAS), as well as in
flowers and unripe fruits; however, no significant effects were found in
90 DAS leaves (Table 1). Under HMF, Chlorophyllide a’ (Chl a’)
increased (P < 0.05) in early (48 DAS) and late (90 DAS) stages of leaf
development as well as in flowers and unripe fruits, whereas the content
of Chl b’ was higher (P < 0.05) only in leaves at 90 DAS and in flowers
(Table 1). Upon HMF exposure, pheophytin (Pheo) a and Pheo a’ con-
tents were always reduced (P < 0.05), whereas the Pheo b’ content
increased (P < 0.05) in leaves after 75 and 90 DAS (Table 1).
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3.3. HMF affects tomato non-photochemical quenching and electron
transfer

Having assessed the significant reduction of Chl a and Chl b, we
evaluated some photosynthetic parameters of photosystem II. Leaves of
tomato exposed to HMF showed a decreased (P < 0.05) non-
photochemical quenching (NPQ), when compared to control plants
exposed to GMF mostly at the late stage of development (90 DAS)
(Fig. 3B). However, HMF leaves analyzed during flowering time (48
DAS) (Fig. 3A) showed an opposite trend. An increased (P < 0.05)
photochemical quenching (Qp), or quantum efficiency, and an increased
quantum yield (Qy) under actinic light was found during flowering
(Supplementary Fig. S2A). In both developmental stages, no significant
differences were found in maximal fluorescence (Fm) between HMF and
GMF. Moreover, no significant differences were found in 75 DAS leaves
(data not shown).

We then assessed the fluorescence kinetics (OJIP analysis) of dark-
adapted tomato leaves from plants exposed to either GMF or HMF
conditions. In leaves analyzed during flowering (Fig. 3C), exposure to
HMF resulted in a significant (P < 0.05) increase in fluorescence in-
tensity at all time points, with respect to GMF; whereas no significant
differences were found in leaves exposed to HMF during ripe fruit stage
(Fig. 3D). Sy, (the ratio between the area of the fluorescence induction
curve and Fp, - Fo) is a measure of the energy required to close all re-
action centers (RCs). The more the electrons from the plastoquinone A
(QA™) are transferred into the electron transfer (ET) chain, the longer
the fluorescence signals remain below Fp, and the bigger Sy, becomes.
HMF exposed leaves always showed Sy, values higher than GMF (p <
0.05) (Supplementary Fig. S2B). Moreover, in HMF plants we found a
higher (p < 0.05) value for N, the turnover number of QA
(Supplementary Fig. S2B). N expresses the number of times QA has been
reduced in the time span from 0 to tpyax. In HMF during ripe fruits, a
lower flux of dissipated excitation energy at time zero per reaction
center (RC), DIp/RC, was present, with respect to GMF (p < 0.05). The
DIy/RC ratio decreases due to the low dissipation of the inactive RCs
(Supplementary Fig. S2B).

3.4. HMF modulates tomato carotenoid content and gene expression

Along with chlorophyll, carotenoids play an important role in
photosynthesis. The carotenoid content of unripe fruits was
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Fig. 1. Fold change expression of the gene coding for ISCA in tomato plants exposed to HMF or GMF. Data are expressed as the HMF/GMF ratio. Metric bars
represent standard deviations. Asterisks, where present, indicate statistically significant differences between GMF and HMF conditions, as measured by Tukey’s test
(P < 0.05).
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FLOWERS UNRIPE RIPE

B GMF mHMF

Fig. 2. Protein content of developing leaves (48, 75 and 90 days after sowing, DAS), flowers, unripe and ripe fruits of tomato (Solanum Lycopersicum cv Microtom)
exposed to either hypomagnetic (HMF) or normal (geomagnetic, GMF) conditions. Metric bars indicate standard deviation. Asterisks, where present, indicate sta-
tistically significant differences between GMF and HMF conditions, as measured by Tukey’s test (P < 0.05).

Table 1

Chlorophyll and chlorophyll degradation products of tomato developing leaves, flowers and unripe fruits of plant exposed to HMF and GMF. Mean values are expressed
as mg g ' fr.wt (+ standard deviation). Asterisk indicated significant (P < 0.05) differences between HMF and GMF.

Specification ~ Leaves Flowers Unripe Fruits
48 DAS 75 DAS 90 DAS 48 DAS 75 DAS
GMF HMF GMF HMF GMF HMF GMF HMF GMF HMF

Chla 259.56 + 12.63*  167.87 + 332.73 £13.62%  213.74 +7.32  348.56 + 13.47*  296.71 +7.04  454.31 + 308.1 + 5.45 + 2.15 +
11.74 2.26% 1.61 0.17* 0.07

Chla’ 7.62 + 0.21% 9.51 + 7.32 +£0.12 7.39 +0.18 4.79 + 0.39* 6.81 +0.43 11.83 + 65.02 + 0.06 + 0.17 +
0.34 0.31% 1.12 0.01* 0.01

Chl b 66.05 + 2.93* 43.48 + 82.27 + 4.42% 51.51 + 7.44 78.51 + 4.91 75.55 +3.94  65.57 + 53.23 + 3.99 + 1.26 +
4.63 15.24* 11.01 0.13* 0.04

Chl b’ 1.91 + 0.01 1.66 + 1.73 + 0.03* 1.09 + 0.05 0.21 + 0.06 0.34 £0.07 10.8+ 30.1 + 0.19 + 0.2 +
0.01 0.55% 3.55 0.01 0.01

Chl a/b 3.93 £ 0.21 3.86 £ 4.04 +£ 0.34 4.15 £ 0.37 4.44 £+ 0.40 3.93+0.21 6.93 + 5.79 £ 1.37 £ 1.70 +
0.27 0.42 0.36 0.03 0.05

Pheo a 0.44 + 0.35 0.24 + 7.62 + 0.31* 3.42 + 0.09 9.01 + 0.02* 3.52+0.01 4.05+ 2.37 + 0.21 + 0.11 +
0.16 0.15% 0.02 0.01 0.01

Pheo &’ 0.09 + 4.2 0.03 + 96.29 + 5.65* 48.48 + 2.27 99.76 + 0.08* 71.46 +4.52 tr tr tr tr
3.36

Pheo b 0.59 £+ 0.03 tr 2.55 +£0.11 2.76 £ 0.11 1.3 £0.02 1.91 £ 0.03 0.12 + 0.14 + tr tr

0.01 0.01
Pheo b’ 7.63 + 0.02 tr 21.72 £+ 0.72 25.07 + 1.00 0.42 + 0.19* 21.05 +0.18  0.01 + 0.01 + tr tr
0.001 0.001

unquantifiable (<LOQ) and is not reported. In ripe fruits, exposure of
tomato to HMF prompted a reduction (P < 0.05) of the carotenoids 9-
cis-a-carotene, 9-cis-p-carotene and lycopene as well as the xanthophylls
trans-neoxanthin and trans-violaxanthin. This reduction was accompa-
nied by the increased contents of all other identified carotenoids and of
lutein (Table 2). 48 DAS and 75 DAS leaves showed a general reduction
(P < 0.05) of carotenoids and xanthophylls in HMF exposed plants,
whereas an increased (P < 0.05) content of y-carotene and of xantho-
phylls was found in 90 DAS leaves (Table 2). Flowers of plants exposed
to HMF increased (P < 0.05) 9-cis-a-carotene, 15-cis-B-carotene, all-
trans-p-carotene and trans-neoxanthin, whereas all other identified
compounds were reduced (P < 0.05) (Table 2).

After observing significant variations in the carotenoid and xantho-
phyll content of plants exposed to HMF, we analyzed the expression of
some genes coding for carotenoid and xanthophyll biosynthetic en-
zymes. With regards to carotenoids, PSY2 (Solyc02g081330) that codes
for a phytoene synthase involved in early carotenoid synthesis (Fraser
et al., 2000), was downregulated by HMF in flowers and upregulated in

ripe fruits, whereas the expression of PDS1 (Solyc03g123760), that codes
for a phytoene desaturase catalyzing the conversion of phytoene to
C-carotene (Pecker et al., 1992), showed a slight upregulation in 90 DAS
leaves and a downregulation in flowers (P < 0.05) (Table 3). ZDS (Sol-
yc01g097810), that codes for a {-carotene desaturase (Babu et al., 2020),
was upregulated in 48 DAS leaves and ripe fruits, and downregulated in
flowers by HMF, whereas CRTL1 (Solyc04g040190), that codes for a
lycopene beta-cyclase (Ralley et al., 2016), was upregulated by HMF in
90 DAS leaves (P < 0.05) (Table 3). With regards to xanthophylls, in
plants under HMF, two cytochromes P450 genes, one encoding a
carotenoid p-ring hydroxylase (CYP97A29, Solyc04g051190) and the
other encoding for a carotenoid e-ring hydroxylase (CYP97C11, Sol-
yc10g083790) (Stigliani et al., 2011), where both upregulated in 48 DAS
leaves and downregulated in flowers (P < 0.05). In plants exposed to
HMF, ZEP (Solyc02g090890), encoding a zeaxanthin epoxidase
(Burbidge et al., 1997), was downregulated in both 75 DAS leaves and
flowers, whereas VDE (Solyc04g050930), encoding a violaxanthin
de-epoxidase (Han et al., 2010), was upregulated in 48 DAS leaves and
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Fig. 3. Chlorophyll fluorescence measurement of Tomato cv Microtom leaves exposed to HMF or GMF. Non-photochemical quenching (NPQ) analysis of plants under
either HMF or GMF: A leaves at 48DAS, B leaves at 90DAS. In both A and B, in the presence of only weak measuring light, the minimal fluorescence (F) is seen. Upon
a saturating light pulse, the photosynthetic light reactions are saturated and fluorescence reaches the maximum level (Fm). Under actinic light Qp and NPQ lower the
fluorescence yield. NPQ is evidenced as the difference between Fm and the measured maximal fluorescence after a saturating light pulse during illumination. OJIP
fluorescence transients of dark-adapted tomato leaves plotted on a logarithmic time scale measured on plants exposed to HMF or GMF: C, leaves at 48DAS, D, leaves

at 90DAS.

Table 2

Carotenoid and xanthophyll content of tomato developing leaves, flowers and ripe fruits of plant exposed to HMF and GMF. Mean values are expressed as mg g~ fr.wt
(+ standard deviation). Asterisk indicated significant differences (P < 0.05) between HMF and GMF.

Leaves Flowers Ripe Frutis
48 DAS 75 DAS 90 DAS 48 DAS 90 DAS
GMF HMF GMF HMF GMF HMF GMF HMF GMF HMF

9'-cis-a-carotene 6.89 + 6.95 + 511+ 3.03 + 5.94 + 0.31* 6.47 £ 0.17 0.82 + 1.24 + 80.08 + 3.85*  36.86 + 1.15
0.21 0.29 0.18* 0.06 0.03* 0.04

9-cis-p-carotene 213 + 1.87 £ 235+ 1.27 £ 2.4 +0.12* 2.76 £ 0.05 10.76 + 6.06 + 3.52 +£ 0.13* 2.51 £ 0.09
0.08* 0.14 0.09* 0.05 0.45* 0.13

all-trans- 14.32 + 6.66 + 33.03 + 17.93 + 38.75 £ 0.57 38.14+£0.38 323+ 417 + 10.55 + 0.32*  24.24 + 0.45

p-carotene 1.52* 0.84 1.05* 0.76 0.10* 0.12

15-cis-p-carotene  8.49 + 3.64 + 0.59 + 0.28 + 0.86 + 0.33 0.93+0.12 143+ 1.97 £ 14.33 + 0.34* 16.2 + 0.52
0.03* 0.03 0.01* 0.01 0.04 0.09

y-carotene 8.56 + 3.24 + 0.34 + 0.13 + 1.54 + 0.24 2.04 £0.1 5.71 £ 0.99 + 4.61 + 0.13* 6.95 + 0.41
0.06* 0.08 0.01* 0.01 0.25* 0.04

trans-lutein 11.51 + 8.56 + 29.17 + 25.28 + 33.59 + 0.41 37.92+0.32 127 + 1.22 + 11.51 £ 0.25*  16.96 + 0.71
0.66* 1.32 0.92 1.03 0.04 0.04

lycopene tr tr tr tr 8.05 £ 0.42* 558+ 0.24 tr tr 35.95 +£1.77* 24.31 £ 1.12

trans- 7.22 + 6.89 + 3.84 + 213 + 3.18 + 0.27* 7.15 + 0.41 15.35 + 6.34 + 13.24 + 0.56* 6.89 + 0.20

violaxanthin 0.15 0.25 0.11 0.07 0.36* 0.28

trans-neoxanthin 15.73 + 11.06 + 7.04 + 3.57 + 6.52 + 0.59* 8.06 +0.32 574+ 10.94 + 41.22 +£1.54*  16.86 + 0.55

0.26* 0.34 0.34* 0.14 0.33* 0.36

tr, traces.

downregulated in flowers (Table 3).

3.5. HMF modulates tomato fatty acid content and gene expression

Tomato leaves exposed to HMF showed increased (P < 0.05) con-
tents of C16:0, C16:1, C16:2, C18:2 and C18:3 in 48 DAS leaves
(Table 4). C18:0 was increased (P < 0.05) by HMF only in 90 DAS leaves.
In flowers, HMF exposure reduced (P < 0.05) the content of C16:0,

C18:2, C18:3 and C20:0, whereas in unripe fruits the content of the same
FAs was increased (P < 0.05). In ripe fruits, HMF prompted a reduction
(P < 0.05) of both C18:3 and C20:0 (Table 4).

The expression of some genes involved in FAs metabolism was then
assessed. ACP (Solyc00g041190), coding for the acyl carrier protein
involved in FA synthesis (Zhou et al., 2022), was upregulated by HMF in
late stages of leaf development (90 DAS) and in flowers and unripe and
ripe fruits (Table 5). Four FA desaturases were modulated by HMF; in
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Fold change expression of gene coding for carotenoid biosynthesis in tomato plants exposed to HMF and GMF. Data are expressed as the HMF/GMF ratio (+ standard
deviation). Asterisk indicates significant (P < 0.05) differences between HMF and GMF.

Gene Leaves Flowers Unripe fruits Ripe fruits
48 DAS 75 DAS 90 DAS 48 DAS 75 DAS 90 DAS
PSY2 1.09 + 0.06 0.72 + 0.06 0.79 + 0.03 0.64* + 0.04 0.81 + 0.04 1.39% + 0.02
PDS1 1.11 £+ 0.05 0.88 + 0.03 1.17* £+ 0.02 0.66* & 0.02 0.71 + 0.02 1.24 £+ 0.02
ZDS 1.20* + 0.02 0.88 + 0.01 1.11 + 0.02 0.72* £ 0.01 1.56* + 0.12 1.64* + 0.08
CRTL1 0.94 £ 0.12 0.88 + 0.04 1.28* £ 0.11 0.92 £+ 0.03 1.47* £ 0.13 1.23 + 0.05
CYP97A29 1.23* £ 0.03 0.90 + 0.03 0.91 + 0.019 0.71* £+ 0.02 1.57* £+ 0.10 1.04 £+ 0.09
CYP97C11 1.12* £ 0.03 0.87 +0.01 1.06 + 0.04 0.85* & 0.03 2.18% +0.10 1.20 £ 0.07
ZEP 1.21 + 0.04 0.79* £+ 0.05 0.99 + 0.03 0.64* + 0.03 1.11 £ 0.08 1.00 + 0.05
VDE 1.16* + 0.02 0.85 + 0.02 1.00 + 0.05 0.65* + 0.02 2.32% +0.19 1.06 + 0.15
Table 4

Fatty acid composition of tomato developing leaves, flowers and fruits exposed to GMF and HMF. Data are expressed as ug g+ fr. wt. (+ standard deviation), asterisk

indicates significant (P < 0.05) differences between HMF and GMF.

Organ Condition Fatty acids
C16:0 Cl6:1 C16:2 C18:0 C18:1 C18:2 C18:3 C20:0
Leaves GMF 982.85 271.97 348.24 223.76 205.49 484.51 889.33 184.25
48 DAS +85.14 +31.11 +35.86 +20.96 +19.66 +76.75 +122.86 +19.45
HMF 1483.46* 415.28* 560.99* 283.19 254.77 909.36* 1943.38% 218.22
+107.65 +68.23 +64.98 +64.14 +62.3 +70.13 +121.42 +60.82
Leaves GMF 1250.05 299.06 286.05 291.91 238.1 527.27 996.45 227.82
75 DAS +224.09 +67.47 +58.72 +65.43 +58.13 +99.6 +163.03 +56.23
HMF 1153.97 258.42 243.57 267.64 210.05 539.21 900.23 215.13
+127.1 +36.88 +32.86 +38.14 +32.83 +49.17 +60.05 +32.49
Leaves GMF 1072.24 221.13 199.51 230.38 169.54 465.88 949.35 202.59
90 DAS +160.67 +26.92 +24.12 +28.73 +19.44 +72.7 +158.08 +27.21
HMF 1164.61 296.21 259.16 314.37* 243.27 531.75 989.86 302.59
+0.98 +20.52 +23.41 +20.24 +22.86 +23.51 +15.43 +19.42
Flowers GMF 1017.96 tr tr 254.44 tr 871.68 966.44 63.21
48 DAS +4.78 +11.48 +62.91 +23.21 +3.3
HMF 772.65* tr tr 174.36 tr 586.90* 597.46* 43.33*
+16.72 +28.56 +83.85 +128.76 +5.93
Unripe Fruit GMF 78.22 tr tr 11.03 tr 120.32 76.84 1.68
75 DAS +3.27 +1.3 +6.68 +2.41 +0.37
HMF 118.73* tr tr 17.38 tr 218.50* 117.57* 2.89%
+7.34 +1.23 +22.35 +15.01 +0.60
Ripe Fruit GMF 89.33 tr tr 18.35 tr 65.42 116.17 1.06
90 DAS +10.74 +8.63 +11 +18.66 +0.56
HMF 70.47 tr tr 9.39 tr 59.48 27.23% 0.52%
+6.49 +1.43 +5.01 +3.19 +0.10
tr, traces.
Table 5

Fold change expression of gene coding for fatty acid metabolism in tomato plants exposed to HMF and GMF. Data are expressed as the HMF/GMF ratio (+ standard
deviation). Asterisk indicates significant (P < 0.05) differences between HMF and GMF.

Gene Leaves 48 DAS Leaves 75 DAS Leaves 90 DAS Flowers Unripe fruits Ripe fruits

ACP 0.82 £0.16 0.82 +0.10 3.80* + 0.28 1.55% + 0.30 1.26* + 0.28 1.52* + 0.34
SAD 1.05 + 0.05 1.07 + 0.02 0.50* + 0.04 1.40* £+ 0.07 2.10* + 0.05 0.88 + 0.03
Fatty Acid Desaturase 1.16 + 0.09 1.94* £ 0.51 32.10* + 4.79 2.67* £ 0.21 2.97* £ 0.54 0.83 £ 0.22
FAD 1.24 + 0.07 0.56* + 0.01 0.21* + 0.03 1.42* + 0.08 4.40* + 0.09 1.02 + 0.05
FAD2 1.12 + 0.10 0.93 +0.20 13.50* + 1.04 1.54* £ 0.14 0.95+0.11 1.02 + 0.04

particular, SAD (Solyc03g063110) coding for a stearoyl-acyl carrier
protein desaturase, was downregulated in 90 DAS leaves, but was
upregulated in flowers and in unripe fruits, whereas a FA desaturase
(Solyc12g100230) coding for an enzyme that catalyzes the introduction
of an omega-3 double bond into the FA hydrocarbon chain was upre-
gulated in 75 DAS leaves, in flowers and in unripe fruits and strongly
upregulated in 90 DAS leaves (Table 5). A gene coding for an omega-3
fatty acid desaturase (FAD, Solyc06g051400) belonging to tomato
immune-related genes, was downregulated in 75 and 90 DAS leaves and
upregulated in flowers and unripe fruits; whereas a gene coding for an
omega-6 FA desaturase (FAD2, Solyc01g006430) was upregulated in
flowers and strongly upregulated in 90 DAS leaves (Nakamura et al.,

2016) (Table 5).

3.6. HMF modulates ROS production levels and gene expression

Exposure of tomato plants to HMF decreased (P < 0.05) the pro-
duction of HyO5 in both 48 and 75 DAS leaves and in flowers; however,
the Hy0, content, although much lower compared to leaves, increased
(P < 0.05) in both unripe and ripe fruits (Fig. 4).

We then analyzed the expression of genes coding for some ROS
producing and scavenging enzymes (Table 6). The expression of RBOH1
(Solyc08g081690), that codes for the respiratory burst homolog that
generates the superoxide anion (Xu et al., 2021), was downregulated in
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Fig. 4. H,0, production in tomato developing leaves, flowers, unripe and ripe fruits of plant exposed to HMF and GMF. Metric bars indicate standard deviation.
Asterisks, where present, indicate statistically significant differences between GMF and HMF conditions, as measured by Tukey’s test (P < 0.05).

Table 6

Fold change expression of genes coding for ROS production and scavenging in tomato plants exposed to HMF and GMF. Data are expressed as the HMF/GMF ratio (+
standard deviation). Asterisk indicates significant (P < 0.05) differences between HMF and GMF.

Gene Leaves Flowers Unripe fruits Ripe fruits
48 DAS 75 DAS 90 DAS 48 DAS 75 DAS 90 DAS

RBOH 1.11 £ 0.02 0.96 + 0.04 0.71* £ 0.01 0.64* £+ 0.03 7.19* £ 0.21 0.96 + 0.04
SOD 1.20* + 0.05 1.05 + 0.04 1.23* + 0.23 1.35* £ 0.20 1.21 £+ 0.01 1.70* £+ 0.01
CAT 1.04 +0.04 0.91* £+ 0.03 1.07 £+ 0.02 1.12 + 0.09 0.9 + 0.02 1.02 £+ 0.03
APX 1.05 + 0.01 0.82* £+ 0.01 1.46* + 0.02 1.89* £ 0.10 1.65* + 0.07 1.39* £ 0.01
GPXLE1 1.16 + 0.02 0.94 + 0.01 1.09 + 0.02 1.71* £ 0.21 1.61* + 0.08 1.94* + 0.41
GPXLE2 1.29* £+ 0.01 0.97 + 0.03 1.46* + 0.05 1.33* £ 0.08 0.97 + 0.03 1.70* £ 0.20
GSR 1.10 + 0.02 0.93 + 0.02 1.00 £+ 0.01 0.80* + 0.01 1.11 £ 0.01 1.26* + 0.08
GR 1.09 + 0.01 1.00 + 0.01 0.98 + 0.04 0.71* +£ 0.3 0.72 + 0.01 1.27* + 0.03

90 DAS leaves and flowers and upregulated in unripe fruits by HMF,
whereas SODCC1 (Solyc01g067740), coding for a Cu-Zn superoxide
dismutase that produces HyOy (Perltreves and Galun, 1991), showed an
opposite trend, being upregulated by HMF in 48 and 90 DAS leaves, in
flowers and in ripe fruits (Table 4). The next genes are coding for en-
zymes that remove Ho05. In 75 DAS leaves, HMF slightly downregulated
catalase (CAT1, Solyc12g094620) (Soydam Aydin et al., 2016), while
cytosolic ascorbate peroxidase 1 (APX1, Solyc06g005160) (Zou et al.,
2005) was also downregulated in 75 DAS leaves but showed an upre-
gulation in 90 DAS leaves, flowers and in both unripe and ripe fruits
(Table 6). Two glutathione peroxidase-like encoding genes, GPXLE]
(Solyc08g080940) and GPXLE2 (Solyc12g056230) (Depege et al., 1998),
showed differential expression upon HMF: GPXLE1 was upregulated in
flowers and in both unripe and ripe fruits, whereas GPXLE2 was upre-
gulated in 48 and 90 DAS leaves, flowers and ripe fruits, but lacked the
upregulation in unripe fruits (Table 6). Under HMF, GSR (Sol-
yc09g091840) coding for a glutathione-disulfide reductase that cata-
lyzes the reduction of glutathione disulfide to the sulfhydryl form
glutathione (Jegadeesan et al., 2018), and glutathione reductase (GR,
Solyc09g065900), coding for glutathione reductase catalyzing the
reduction of the oxidized glutathione disulphide form (GSSG) to the
reduced one (GSH) (Noctor and Foyer, 1998), were downregulated in
flowers and upregulated in ripe fruits (Table 6).

3.7. HMF modulates tomato phenolic compounds content and gene
expression

HPLC-DAD-MS/MS analyses of developing leaves, flowers and fruits
extracts from tomato plants exposed to either GMF or HMF allowed the

characterization of 90 polyphenols, including aglycone and glycosylated
forms of apigenin, catechin, dihydrokaempferol, kaempferol, dihy-
dromyricetin, myricetin, naringenin, quercetin, rhamnetin and taxifolin.
In general, exposure to HMF increased the content of apigenin, catechin,
dihydrokaempferol and dihydromyricetin (aglycones and glycosides)
and reduced the amount of quercetin, rhamnetin and taxifolin (agly-
cones and glycosides) (See Supplementary Data Set S1).

To identify which flavonoids were modulated in tomato organs, we
calculated the HMF/GMF ratio and considered those molecules that
were modulated with a fold change higher than 1.5 or lower than 0.67.
Another inclusion criterium in our elaboration was the presence of the
same compound in at least two organs. Fig. 4 shows the heatmap
generated by this elaboration (see also raw data in Supplementary Data
Set S1). Four main flavonoid structures (three flavonols, taxifolin,
catechin and rhamnetin; and a flavone, apigenin), were differentially
modulated by HMF. In general, polyphenols of flowers show a low sta-
tistical relation (high Pearsonian distances) with those of the other or-
gans, whereas a close statistical relation (low Pearsonian distances) is
present between unripe and ripe fruits and among the developing leaves.
Most of the flavonoids reduced by HMF in fruits showed an opposite
trend in leaves. For instance, apigenin (sambubioside, rhamnoside and
glucuronide) and taxifolin (glucoside, diglucoside, rutinoside and
arabinoside), increased in flowers and decreased at all leaf stages of
development, whereas the flower content of catechin (sambubioside,
diglucoside, rhamnoside, arabinoside and rutinoside) was reduced as in
most of leaves (Fig. 5). In response to HMF, an opposite trend was found
between unripe and ripe fruits for catechin glucuronide and taxifolin
(glucoside, rutinoside and arabinoside), whereas 48 DAS leaves showed
a general reduction of most of the selected flavonoids, including all



G. Mannino et al.

Row Z—Score

Rhamnetin

AT

leaves | leaves

leaves

Journal of Plant Physiology 306 (2025) 154453

Apigenin sambubioside
Apigenin rhamnoside
Taxifolin diglucoside
Taxifolin rhamnoside
Apigenin rutinoside
Apigenin diglucoside
Apigenin arabinoside
Apigeninglucoside
Apigenin

Catechin glucoside
Catechin

Catechin glucuronide
Apigenin dirhamnoside
Catechin sambubioside
Catechin diglucoside
Catechin rhamnoside
Catechin arabinoside
Rhamnetin.dirhamnoside
Taxifolin glucoside
Taxifolin

Catechin rutinoside
Taxifolin rutinoside
Taxifolin arabinoside
Rhamnetin rutinoside
Rhamnetin arabinoside
Rhamnetin diglucoside
Rhamnetin glucuronide
Rhamnetin sambubioside
Rhamnetin rhamnoside
Rhamnetin glucoside
Taxifolin glucuronide
Apigenin glucuronide
Taxifolin sambubioside

&

48 DAS |75 DAS |90 DAS | Flowers

Unripe
fruits

Fig. 5. Heatmap generated by considering the HMF/GMF ratio of tomato polyphenols modulated in at least two organs possessing a fold change ration (HMF/GMF)
> 1.5 or < 0.67. Clustering was obtained with Pearsonian single linkage method. Polyphenols of flowers show a low statistical relation (high Pearsonian distances)
with those of the other organs, whereas a close statistical relation (low Pearsonian distances) is present between unripe and ripe fruits and among the devel-

oping leaves.

rhamnetin glycosides and taxifolin sambubioside. The latter increased in
the other leaf development, whereas an opposite trend for apigenin
(rutinoside, glucoside, diglucoside and arabinoside) was found in 90
DAS leaves, with respect to the other two leaf developmental stages
(Fig. 5).

Upon analysing of all other compounds, we observed that HMF
exposure predominantly modulated apigenin, kaempferol arabinoside,
and naringenin rhamnoside in the leaves. In contrast, apigenin glucu-
ronide, apigenin dirhamnoside, quercetin, and myricetin glucoside were
exclusively modulated in unripe fruits, whereas apigenin glucuronide

Table 7

and dirhamnoside were only affected in ripe fruits (see also Supple-
mentary Data Set S1).

The expression of some genes coding for polyphenol metabolism was
then assessed. A gene coding for chalcone synthase 1 (CHSI, Sol-
yc09g091510), involved in the early steps of flavonoids biosynthesis
(Oneill et al., 1990), was upregulated by HMF in 48 and 90 DAS leaves as
well as in flowers and unripe fruits (Table 7). Chalcone synthase 2
(CHS2, Solyc05g053550) showed almost the same pattern, but with a
stronger upregulation in 48 DAS leaves and no effects were observed in
unripe fruits (Table 7). The next step in flavonoid metabolism is

Fold change expression of genes coding for polyphenols from plants exposed to HMF and GMF. Data are expressed as the HMF/GMF ratio (+ standard deviation).

Asterisk indicates significant (P < 0.05) differences between HMF and GMF.

Gene Leaves 48 DAS Leaves 75 DAS Leaves 90 DAS Flowers Unripe fruits Ripe fruits

CHS1 1.85* + 0.09 0.92 + 0.05 2.18* + 0.09 1.65* + 0.09 6.68* + 0.64 0.85 + 0.07
CHS2 7.17* + 0.46 1.56* £ 0.12 2.78* + 0.09 1.21* 4+ 0.03 0.99 £+ 0.03 0.96 + 0.04
Solyc05g010310 (CHI) 0.96 + 0.07 2.03* £ 0.22 2.47* £ 0.26 2.67* £ 0.06 1.53* + 0.18 1.53* £ 0.13
Solyc05¢010320 (CHI) 1.80* + 0.10 1.15 + 0.07 1.29 +0.07 1.05 + 0.03 3.79* + 0.10 1.07 £0.13
F3HA 1.29 £ 0.35 0.63* + 0.02 0.68* + 0.12 3.01* + 0.09 56.60* + 5.47 1.76* + 0.45
F3HB 1.52* £+ 0.11 1.72* £ 0.14 1.53* £ 0.13 2.17* £ 0.08 0.66* + 0.02 1.24 + 0.03
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catalyzed by chalcone isomerase (CHI) (Kawasaki et al., 2014). A gene
coding for a CHI isoform (Solyc05g010310) was always upregulated by
HMF (with the sole exception for 48 DAS leaves), whereas a gene coding
for another CHI isoform (Solyc05g010320) was only upregulated in 48
DAS leaves and in unripe fruits (Table 7). The transition of flavanones to
dihydroflavonols is catalyzed by flavanone 3-hydroxylase (F3HA, Sol-
yc06g073080) (Meng et al., 2015) that under our experimental condi-
tions was downregulated in 75 and 90 DAS leaves, upregulated in
flowers and ripe fruits, and strongly upregulated in unripe fruits by
exposure to HMF; whereas another isoform of flavanone 3-hydroxylase
(F3HB, Solyc02g083860) showed an opposite trend (Table 7).

3.8. HMF modulates tomato phytohormone content and gene expression

Exposure of tomato to HMF caused the modulation of several phy-
tohormones, among which the growth promoting phytohormones were
differentially modulated (Table 8). Upon exposure to HMF, indoleacetic
acid (IAA) was reduced in 75 DAS leaves but was increased in 90 DAS
leaves, flowers and unripe fruits, whereas gibberellic acid 1 (GA;) was
mostly reduced in leaves at all stages of development and in ripe fruits
and was increased in unripe fruits (Table 8). GA4 was reduced also in 48
DAS leaves and flowers but showed an opposite trend with respect to
GA1 in 90 DAS leaves and ripe fruits (Table 8). Trans-zeatin did not show
significant changes in all sampled organs; however, upon exposure to
HMF, zeatin riboside was always reduced, whereas iP was reduced in 48
DAS leaves and in unripe fruits and was increased in 90 DAS leaves and
flowers (Table 8).

With regards to growth inhibitory and stress responsive phytohor-
mones, exposure to HMF reduced abscisic acid (ABA) content of 75 DAS
and 90 DAS leaves and unripe fruits, whereas the sugar bound ABA-
glucose ester (ABA-GE) was increased by HMF in all organs under
study (Table 8). HMF prompted a slight increase of salicylic acid only in
90 DAS leaves, whereas jasmonic acid (JA) was decreased in leaves at all
developmental stages (Table 8).

When genes coding for phytohormone transport and signaling were
assayed we found modulation of several genes (Table 9). With regards to
auxins, upon HMF a gene coding for a small auxin up-regulated RNA
(SISAUR1, Solyc01g091030) (Wu et al., 2012) was downregulated in 75
DAS and 90 DAS leaves, unripe and ripe fruits, but was upregulated in
flowers. The auxin efflux facilitators involved in polar auxin transport

Table 8
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PIN1 (Solyc03g118740), implicated in regulating the polar auxin trans-
port (Kharshiing et al., 2010), was upregulated by HMF in 48 DAS and
90 DAS leaves, flowers and particularly in unripe fruits. On the other
hand, PIN2 (Solyc07g006900) that is also involved in gravitropism
(Teale et al., 2008), was upregulated during leaf development and in
unripe fruits, but was downregulated in ripe fruits. PIN3 (Sol-
yc04g007690), that codes for a protein that is involved in the asym-
metric auxin accumulation by determining the direction of auxin flux
(Friml et al., 2002), was downregulated in 75 DAS and 90 DAS leaves
and strongly upregulated in unripe fruits (Table 9).

The gene expression of gibberellin 20-oxidase 1 (GA200x1, Sol-
yc03g006880) was strongly upregulated by HMF in unripe fruits and was
downregulated in 75 DAS and 90 DAS leaves and in flowers. Gibberellin
2-oxidase 1 (GA20x1, Solyc05g053340), that codes for an enzyme
involved in GA4 transformation to GAg4 (Schrager-Lavelle et al., 2019),
was downregulated in 48 DAS and 75 DAS leaves and in ripe fruits and
strongly upregulated in unripe fruits and to a lower extent in 90 DAS
leaves and flowers, whereas gibberellin 2-oxidase 2 (GA20x2, Sol-
yc03g116290) showed a similar trend for 90 DAS leaves and unripe
fruits and an opposite trend for 75 DAS leaves, flowers and ripe fruits
(Table 9).

The gene LOG (Solyc09g007830), that codes for a cytokinin riboside
5-monophosphate phosphoribohydrolase, was downregulated in 90
DAS leaves and ripe fruits and strongly upregulated in unripe fruits. The
gene coding for cytokinin oxidase 2 (SICKX2, Solyc01g088160) was
downregulated in 75 DAS and 90 DAS leaves and upregulated in flowers
and unripe fruits. The cytokinin response factor CRF2 (Solyc08g081960),
which belongs to AP2/ERF transcription factors induced by cytokinin
(Shi et al., 2012), was downregulated only in 75 DAS and 90 DAS leaves,
whereas all other organs showed an increased gene expression. The
type-A response regulator 2 (RRAZ2, Solyc02g071220), is also involved in
response to cytokinin (Matsuo et al., 2012). RRA2 was downregulated in
flowers and upregulated in all other organs (Table 9).

Aldehyde oxidase 1 (AO1, Solyc11g071620) was downregulated in
75 DAS and 90 DAS leaves. The gene coding for the PYL6 (Sol-
yc03g095780) was downregulated in 90 DAS leaves and strongly upre-
gulated in unripe fruits. This gene was undetectable in ripe fruits under
HMEF (Table 9). AIM1 was strongly upregulated in 90 DAS leaves and in
flowers and strongly downregulated in fruits. The ABA stress ripening
gene ASRI (Solyc04g071610) was almost always upregulated by HMF,

Quantitative determination of tomato developing leaves, flowers and fruits phytohormone content in plants exposed to either GMF or HMF. Data are expressed as mean
value + standard deviation from three different replicates. Asterisk indicated significant differences between HMF and GMF.

Hormones Leaves Flowers Unripe Fruits Ripe Fruits
48 DAS 75 DAS 90 DAS 48 DAS 75 DAS 90 DAS
GMF HMF GMF HMF GMF HMF GMF HMF GMF HMF GMF HMF
IAA (pg g’1 FwW) 12.61 12.90 11.27 8.47* 14.52 16.35*% 6.64 7.65* 2.81 3.17* 2.56 2.63
+0.60 +0.34 +0.27 +0.40 +0.58 +0.96 +0.22 +0.38 +0.1 +0.1 +0.12 +0.1
GA; (ng g~ ! FW) 34.07 31.84 13.33 10.15* 17.93 15.10* 5.51 5.85 2.20 3.75% 37.77 19.39*
+0.59 +0.97 +0.68 +0.31 +0.49 +0.5 +0.18 +0.20 +0.06 +0.09 +1.55 +0.41
GA4 (ng g ! FW) 15.17 7.42% 32.17 23.51* 44.51 74.96* 106.74 40.22* 7.52 35.2% 2.47 37.47*
+0.54 +0.36 +1.77 +0.87 +2.21 +2.65 +4.11 +1.76 +0.35 +1.32 +0.09 +1.42
iP (ng g ' FW) 226.00 160.91* 186.19 199.16 359.59 452.63* 19.87 34.82* 24.75 14.54* 16.99 19.33
+10.51 +5.88 +9.07 +4.56 +11.39 +18.78 +1.08 +0.81 +0.66 +0.52 +0.82 +0.53
zeatin riboside (pg g~ FW) 7.49 tr 9.42 tr 11.33 tr 4.01 tr 0.48 tr 0.68 tr
+0.32 +0.22 +0.36 +0.13 +0.03 +0.02
trans-zeatin (ug g’1 FW) 53.23 49.56 45.94 48.05 59.16 60.27 11.15 11.46 3.84 4.76 4.01 4.17
+2.91 +2.32 +1.99 +2.71 +2.56 +1.54 +0.52 +0.31 +0.14 +0.18 +0.16 +0.17
ABA (pg g ' FW) 15.07 14.32 16.67 13.30* 30.00 18.55* 40.75 46.2 5.83 3.29* 2.70 2.22
+0.37 +0.59 +0.33 +0.7 +1.14 +0.42 +1.3 +1.98 +0.32 +0.11 +0.11 +0.08
ABA-GE (ug g~} FW) 28.31 97.02* 31.7 63.48* 13.72 37.41* 15.59 31.32* 4.52 11.32% 3.21 6.36*
+1.03 +2.77 +1.76 +1.84 +0.59 +1.42 +0.57 +1.08 +0.14 +0.40 +0.13 +0.23
SA (ug g~ ' FW) 6.22 7.45 10.87 12.54 4.69 7.71* 1.94 2.23 0.50 0.48 0.49 0.43
+0.20 +0.36 +0.46 +0.23 +0.18 +0.24 +0.07 +0.06 +0.02 +0.03 +0.02 +0.02
JA (ug g~ FW) 154.3 129.18* 66.55 45.70* 72.88 60.55* 3.23 3.07 1.65 1.94 1.57 1.65
+8.12 +5.11 +3.56 +2.04 +3.07 +1.86 +0.11 +0.11 +0.09 +0.09 +0.04 +0.06
tr, traces.
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Table 9
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Fold change expression of genes coding for phytohormones in tomato plants exposed to HMF and GMF. Data are expressed as the HMF/GMF ratio (+ standard de-
viation). Asterisk indicates significant (P < 0.05) differences between HMF and GMF.

Hormone Gene Leaves 48 DAS Leaves 75 DAS Leaves 90 DAS Flowers Unripe fruits Ripe fruits
Auxin SISAUR1 1.01 + 0.02 0.71* + 0.01 0.53* + 0.02 5.68* + 0.44 0.42* + 0.02 0.59* + 0.05
PIN1 1.25% £ 0.11 1.03 + 0.05 1.86* +0.14 1.24* £+ 0.03 6.42* + 0.44 0.96 + 0.26
PIN2 1.57* £ 0.11 1.87* £ 0.21 1.56* £ 0.22 0.89 +£0.12 4.42* + 0.86 0.74* + 0.04
PIN3 1.09 + 0.09 0.64* + 0.03 0.66* + 0.11 0.97 £ 0.02 67.98* + 12.4 nd
Gibberellin GA200X1 1.12 + 0.07 0.31* 4+ 0.02 0.61* + 0.03 0.78 + 0.02 240.33* £ 25.7 0.93 £0.11
GA20X1 0.73* + 0.11 0.73* + 0.08 2.89* + 0.45 3.24* + 0.25 10.87* £+ 0.63 0.46* + 0.03
GA20X2 1.51 +0.32 1.56* £ 0.13 8.12* £+ 0.65 0.93 £ 0.26 6.28*% £+ 2.29 2.99* £+ 0.13
Cytokinin LOG 1.12 + 0.02 1.04 + 0.06 0.75* + 0.05 0.88 +£0.11 21.49* + 0.72 0.65* + 0.15
SICKX2 1.16 + 0.09 0.55* + 0.02 0.41* + 0.06 3.73* + 0.34 40.19* + 2.34 nd
CRF2 2.20* + 0.28 0.68* + 0.11 0.79* + 0.07 1.72* £0.21 8.31* + 0.41 1.55 + 0.06
RRA2 2.24* £ 0.14 1.37* £ 0.05 2.22* £+ 0.08 0.64* + 0.11 2.28* +0.21 1.64* + 0.25
ABA AO01 1.07 + 0.04 0.62* + 0.07 0.68* + 0.11 0.88 + 0.05 0.79 + 0.06 0.87 £ 0.13
PYL6 1.14 +0.21 1.14 £ 0.27 0.61* + 0.13 1.79* £ 0.21 50.68* + 9.33 nd in HMF
AIM1 0.87 + 0.05 0.89 + 0.26 14.06* + 2.03 6.08* £+ 2.22 0.26* £+ 0.04 0.31* £+ 0.05
ASR1 1.90* + 0.04 1.01 + 0.05 1.78* £+ 0.08 1.97* £+ 0.09 0.37* + 0.05 1.31* £+ 0.09
Jasmonate cor1 1.17* £ 0.04 0.86 + 0.09 1.16* £ 0.02 1.18* £ 0.03 0.84 + 0.09 1.07 + 0.03
JAZ1 1.35 + 0.09 0.96 + 0.03 0.78 + 0.03 4.29* + 0.15 4.47* + 0.35 2.10* £+ 0.45
Salicylate SAMT 1.44* £ 0.18 0.89 + 0.09 2.57* + 0.92 1.84* £+ 0.07 5.36* + 0.82 0.64* + 0.11
Solyc02g077530 0.71 £ 0.16 1.36 + 0.32 32.97* +10.24 0.90 + 0.07 1.56 &+ 0.15 0.85 + 0.14

except for 75 DAS leaves and in unripe fruits, where the gene was
downregulated (Table 9).

The coronatine-insensitive 1 gene (COI1, Solyc05g052620) was
slightly upregulated by HMF in leaves (48 DAS and 90 DAS) and in
flowers. Jasmonate ZIM-domain protein 1 (JAZ1, Solyc12g009220) was
upregulated in flowers, fruits and 48 DAS leaves and induced a gene
downregulation at 90 DAS (Table 9).

With regards to salicylic acid, HMF upregulated the expression of
SAMT (Solyc00g029190) in 48 DAS and 90 DAS leaves as well as in
flowers and unripe fruits, but downregulated SAMT expression in ripe
fruits. A gene encoding for a similar function, O-methyltransferase (Sol-
yc02g077530), was strongly upregulated in 90 DAS leaves (Table 9).

3.9. HMF induces developmental and organ differential gene expression

A heatmap generated by combining all gene fold changes between
plants exposed to HMF and GMF (HMF/GMF) clearly indicates that
reducing the GMF to HMF values prompts a differential gene expression
not only during leaf development, but also among the different stages of
fruit development (from flowers to ripe fruits) (Fig. 6). Four major
clusters are evident: cluster 1 contains the two homologs of the
D. melanogaster magnetosensing gene MagR (Isca-like 1 and erpA 2) and
comprises most of the genes involved in ROS production and scav-
enging, evidencing a common trend between unripe fruits and leaves at
75 DAS; cluster 2 gathers genes coding for carotenoid, ABA and gluta-
thione metabolism, and is dominated by the upregulation of these genes
in ripe fruits and downregulation in flowers; cluster 3 is made by four
genes, two of which (ZEP and RRA2) are strongly downregulated in
flowers; finally, cluster 4 gathers all remaining genes which are char-
acterized by the opposite trend of unripe fruits with respect to all other
organs under study (Fig. 6). In developing leaves, the downregulation of
Isca-like 1 and erpA 2 correlates with the downregulation of most of the
genes under study, particularly in 75 DAS leaves. On the contrary, the
regulation of many flowers, unripe and ripe fruits genes show overall
opposite trends. Upregulation of Isca-like 1 and erpA 2 correlates with
the downregulation of cluster 4 genes in flowers and ripe fruits, whereas
the downregulation of the two genes correlates with the upregulation of
cluster 5 unripe fruit genes (Fig. 6).

4. Discussion
The geology of our planet produces a magnetic field (GMF) that has

existed since the dawn of life on Earth. Numerous studies have shown
that living organisms, ranging from bacteria to mammals, respond to
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changes in the GMF. This suggests that magnetic fluctuations influence
various species to different extents and for diverse purposes. The results
of this work demonstrate that tomato is also subjected to magnetic in-
duction, by responding to HMF differently, depending on the develop-
ment stage and the organ analyzed. These results agree with previous
works demonstrating the plant differential magnetic induction between
diverse organs (Belyavskaya, 2004; Dziwulska-Hunek et al., 2020;
Paponov et al., 2021).

MagR is a highly conserved ISCA protein that forms a rod-like
complex with cryptochromes (Cry) for a putative magnetoreceptor of
living organisms (Guo et al., 2018; Qin et al., 2016). By using external
magnetic field stimulations, it has been shown that MagR can be regu-
lated affecting the expression of related magnetoreceptors (Wang et al.,
2016). Moreover, iron-sulfur binding as well as iron binding were
demonstrated to play essential and synergistic roles in MagR magnetism.
This enables MagR to achieve complex functions and diversity among
species, even with highly conserved sequences (Zhang et al., 2024; Zhou
et al., 2023). Two tomato MagR homologs, Isca-like 1 and erpA 2, are
clearly modulated by HMF, with their modulation showing either pos-
itive or negative correlations with many of the tomato genes under
study. In this work we found positive correlations (i.e., same up or
downregulation) with most of the leaf genes coding for phytohormones,
ROS scavenging and production, and lipid metabolism whereas an
almost reversed trend was found in flowers and fruits. Interestingly, the
downregulation of Isca-like 1 and erpA 2 correlated with an upregulation
of most unripe fruit gene expression (Fig. 6). From a metabolic point of
view, Isca-like 1 and erpA 2 downregulation by HMF correlated with the
reduction of chlorophyll content of leaves and unripe fruits, and the
increased content of Chl precursors and catabolites. Moreover, leaf ca-
rotenoids and xanthophylls were also reduced in leaves causing a
decreased photosynthetic efficiency and a decreased NPQ. Same corre-
lations were found between Isca-like 1 and erpA 2 downregulation and
the expression of most of the genes involved in polyphenols biosyn-
thesis, which caused a significant reduction of leaf polyphenol content.
Carotenoids quench excess excitation of Chl and reduce the formation of
ROS (Rinalducci et al., 2004) while polyphenols and scavenging en-
zymes can effectively mitigate Chl degradation trough their ability to
scavenge ROS within the chloroplasts (Wang et al., 2022). A compre-
hensive transcriptomic analysis of Arabidopsis plants under HMF con-
ditions reveals that alteration of the GMF can be considered an abiotic
stress (Paponov et al., 2021). Abiotic stress factors influence Chl
biosynthesis, with significant implications for crop yields and economic
productivity (Li et al., 2024). Our results indicate that HMF impacts on
tomato photosynthesis and eventually plant productivity. It is known
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that the photosynthetic machinery occurs almost exclusively in green
leaves; however other vegetative and reproductive structures like green
stems, green fruits, and green flower organs can be photosynthetically
active (Simkin et al., 2020). HMF exposure significantly impacted unripe
tomato fruits, leading to a significant reduction of Chl content. This
reduction was correlated in ripe fruits with decreased levels of some
carotenoids and of the bioactive compound lycopene. The overall
reduction of carotenoids, polyphenols, and fatty acids, along with the
increased amount of ROS of tomato ripe fruit, indicates that HMF lowers
the quality of tomato production. This could pose a critical challenge for
specific environments such as space farming.

The reduction of HyO» in leaves at 48 and 75 DAS leaves was closely
correlated with a decrease in total Chl content than with an increase of
the scavenging systems activity. In contrast, in flowers and fruits, the
increased HyO4 levels were associated to increased expression of genes
coding for ROS-producing enzymes (e.g., RBOH1). These results are in
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line with the general concept that HMF can influence the production of
ROS, alters the normal signaling roles of these reactive species and
regulates physiological processes at the cellular level (Zhang and Tian,
2020). Indeed, alteration of the GMF affects ROS production (Wang and
Zhang, 2017) and interferes with the transcription of ROS scavenging
systems (Parmagnani et al., 2022b).

ISCAs expression closely mirrors the expression of genes coding for
phytohormone regulation. In particular, modulation of ISCAs correlates
with the expression of genes coding for auxin transport, as well as for the
small auxin up-regulated RNA (SISAURI, Solyc01g091030) especially in
flowers and unripe fruits. SAURs are primary auxin response genes hy-
pothesized to be involved in auxin signaling pathways; they show an
accumulating pattern of mRNA along tomato flower and fruit develop-
ment and are regulated by abiotic stress (Wu et al., 2012). Upregulation
of ISCA correlates with a general reduction of gibberellin content and
downregulation of GA200x1, (Solyc03g006880), that codes for a protein
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involved in early steps during GA synthesis (Mignolli et al., 2015);
however, a reverse correlation was found in unripe fruits where the
content of both GA; and GA4 as well as the expression of GA200x1 was
increased. During tomato fruit set, cell division as well as cell elongation
are finely coordinated by a balance between gibberellins and auxins.
Moreover, the biosynthesis of gibberellin can be promoted by auxin,
while other growth regulators, such as ethylene, abscisic acid and
cytokinin may also play an important role (de Jong et al., 2009). ISCA
expression was also found to correlate with cytokinins metabolism.
While there was no effect of HVIF on trans-zeatin, the two precursors:
zeatin riboside (Zr) and isopentenyl adenine (iP), were differentially
modulated. Upregulation of ISCA correlates with the downregulation of
LOG (Solyc09g007830), that codes for a cytokinin riboside 5-mono-
phosphate phosphoribohydrolase, which converts into active free bases
inactive cytokinin nucleotides (Kuroha et al., 2009). However, no cor-
relation was found with cytokinin oxidase 2 (SICKX2), which encodes
for a cytokinin-deactivating enzyme (Werner et al., 2001) and is a
hormone-regulated gene induced by cytokinin. The aldehyde oxidase
gene family is known to be the catalysts of the last step in the biosyn-
thesis of indole-3-acetic acid (IAA, auxin) and also of abscisic acid (ABA)
in tomato (Min et al., 2000). ISCA upregulation correlated with alde-
hyde oxidase 1 (AO1, Solyc11g071620) downregulation that reduced the
amount of ABA. As a consequence, PYL6 (Solyc03g095780) a pyrabactin
resistancel-like protein involved in ABA perception (Gonzdlez-Guzman
et al., 2014), was also downregulated, in 90 DAS leaves and strongly
upregulated in unripe fruits, where the two ISCA were downregualted.
Tomato AIMI1 (Solyc12g099120) encodes the R2R3MYB protein
ABA-induced MYBI, that is involved in ABA response to abiotic stresses
and oxidative stress (AbuQamar et al., 2009). AIM1 expression
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paralleled ISCAs expression, particularly in 90 DAS leaves and in unripe
fruits. The ABA stress ripening gene, ASR1 (Solyc04g071610) that plays
multiple roles in plant responses to abiotic stresses (Dominguez et al.,
2021), was also correlated to ISCA expression as was ZEP (Sol-
yc02g090890), encoding a zeaxanthin epoxidase (Burbidge et al., 1997)
involved in ABA biosynthesis. Overall, the regulation of ABA gene
expression prompted a general increase in the ABA inactivated product,
ABA-GE. ABA-GE is formed in the cytoplasm and stored in the vacuoles
(Chen et al., 2020), it is considered a source of stress-induced apoplastic
ABA (Netting et al., 2012) and plays a potential role in root-to-shoot
signaling (Sauter et al., 2002). Reduction of ABA affects fruit ripening
(Kou et al., 2021) and contributes to lower tomato fruit quality under
HMF condition. COI1 (Solyc05g052620) encodes an F-box protein
required for the expression of JA-responsive genes and in tomato is
involved in reproductive development (Abdelkareem et al., 2017),
whereas JAZ1 (Solyc12g009220) proteins are key regulators in the JA
signaling pathway and function to repress the expression of
JA-responsive genes (Valenzuela-Riffo et al., 2018). Both genes were
co-regulated with Isca-like 1 and erpA 2, with a reduction of the JA
content. SAMT (Solyc00g029190) and O-methyltransferase (Sol-
yc02g077530) encode for an S-adenosyl-L-methionine salicylic acid
carboxyl methyltransferase that catalyzes the formation of methyl sa-
licylate from salicylic acid and S-adenosyl-L-methionine (Tieman et al.,
2010). SAMT showed the same pattern expression of the two tomato
ISCA, whereas O-methyltransferase was only upregulated in 90 DAS
leaves. ABA, JA, SA and GAs play important roles in modulating sec-
ondary plant products being involved in transport, synthesis and site of
production (Lv et al., 2021). The interplay among phytohormones and
their influence on tomato secondary metabolites (polyphenols)
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Fig. 7. Working hypothesis for the potential interaction between tomato ISCA and tomato gene expression, metabolism and development. The reduction of the
geomagnetic field (GMF) to hypomagnetic values (HMF) modulates the tomato homolog of the MagR magnetosensors Isca-like 1 and erpA 2. The differential
expression of these genes is associated to the modulation of the expression of genes coding for primary and secondary metabolites, including ROS, proteins, fatty
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production as well as the overlapping of gene expressions among genes
coding for these metabolites and the tomato ISCAs under study suggest
an important role of MagR homologs in tomato responses to HMF.

In conclusion, our working hypothesis is that the modulation of to-
mato homologs of the magnetoreceptor MagR, Isca-like 1 and erpA 2, by
the environmental magnetic might be associated with the observed
modulation of different genes coding for some proteins involved in plant
development and metabolism (Fig. 7).

Besides considerations on the important role of the GMF on plant
evolution (see for instance Maffei (2014)), the finding that HMF reduces
tomato fruit quality is of major importance for space farming. Future
space missions and habitats will likely include agricultural production
systems designed to provide fresh and nutritious foods to the crew’s diet
(Maffei et al., 2024; Paul et al., 2022). Moreover, long-term space
exploration necessitates the utilization of plant-based materials not
solely for food production, but also for medicines, to enhance mental
well-being of astronauts and repair compounds, such as plastics, among
others (Viejo et al., 2024). Beyond Low Earth Orbit (LEO), besides ra-
diation and pressure, nothing is still known on the effects of the absence
of a GMF. The results presented show that tomato fruit quality will be
potentially reduced beyond LEO, thus threatening the quality of food
production. The results of this work confirm our previous observations
on Arabidopsis, maize and beans with a general reduction of crop pro-
ductivity under HMF conditions. Therefore, a major effort is required to
better understand the nature of plant magnetoreception to sustain plant
productivity both in space beyond LEO and on Earth.

The ongoing research focuses on the two ISCA genes identified in this
study as well as other ISCA that may play a role in tomato magneto-
reception by using CRISPR-Cas9 editing followed by mRNA-Seq of mu-
tants and wild type plants and the results will be reported soon.
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