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The Earth magnetic ﬁeld (or geomagnetic ﬁeld, GMF) is a natural component of our planet and variations of the
GMF are perceived by plants with a still uncharacterized magnetoreceptor. The purpose of this work was to
assess the eﬀect of near null magnetic ﬁeld (NNMF, ∼40 nT) on Arabidopsis thaliana Col0 root ion modulation. A
time-course (from 10 min to 96 h) exposure of Arabidopsis to NNMF was compared to GMF and the content of
some cations (NH4+, K+, Ca2+ and Mg2+) and anions (Cl−, SO4=, NO3− and PO4=) was evaluated by capillary
electrophoresis. The expression of several cation and anion channel- and transporter-related genes was assessed
by gene microarray. A few minutes after exposure to NNMF, Arabidopsis roots responded with a signiﬁcant
change in the content and gene expression of all nutrient ions under study, indicating the presence of a plant
magnetoreceptor that responds immediately to MF variations by modulating channels, transporters and genes
involved in mineral nutrition. The response of Arabidopsis to reduced MF was a general reduction of plant ion
uptake and transport. Our data suggest the importance to understand the nature and function of the plant
magnetoreceptor for future space programs involving plant growth in environments with a reduced MF.

1. Introduction
The Earth magnetic ﬁeld (or geomagnetic ﬁeld, GMF) is a natural
component of the environment and is steadily acting on living systems
by inﬂuencing many biological processes. The progress and status of
research on the eﬀect of magnetic ﬁeld on plant life have been thoroughly reviewed in the past years (Phirke et al., 1996; Abe et al., 1997;
Belyavskaya, 2004; Minorsky, 2007; Teixeira da Silva and Dobranszki,
2015; Teixeira da Silva and Dobranszki, 2016) indicating the presence
of a still uncharacterized plant magnetoreceptor. Investigations of the
reduction of GMF on biological systems have attracted attention of
biologists for several reasons. In space programs, interplanetary navigation will introduce humans, animals and plants in magnetic environments where the magnetic ﬁeld is at least three orders of magnitude lower than the GMF (i.e., from about 40 μT to near 1 nT)
(Maﬀei, 2014). In fact, the galactic MF induction does not exceed
0.1 nT, in the vicinity of the Sun (0.21 nT), and on the Venus surface
(3 nT) (Belov and Bochkarev, 1983). Recent reports indicated that
plants respond to “cosmic” or near null magnetic ﬁelds (NNMF) with

morphological and developmental changes, including the delay in
ﬂowering time (Xu et al., 2012; Agliassa et al., 2018a), light-dependent
plant processes including germination, leaf movement, stomatal conductance, chlorophyll content and plant vegetative growth (Galland
and Pazur, 2005; Maﬀei, 2014), photoreceptor involvement
(Agliassa et al., 2018b) and changes in auxin (Xu et al., 2018) and
gibberellin (Xu et al., 2017) levels. Moreover, the delayed transition to
ﬂowering caused by NNMF has been correlated to the observed speciation of Angiosperms after geomagnetic ﬁeld reversals (Maﬀei, 2014;
Occhipinti et al., 2014; Bertea et al., 2015), which does not exclude a
hypothetical inﬂuence of GMF magnitude and polarity on plant evolution on a geological time-scale.
In both open ﬁelds and bioregenerative environments, plants require several essential nutrients of which the macronutrients nitrogen
(N) and the minerals potassium (K), calcium (Ca), magnesium (Mg),
phosphorous (P) and sulfur (S) are present in plant tissues in relatively
large amounts (Marschner, 1995). These nutrients are taken up mainly
by roots from the surrounding environment through the activity of
speciﬁc channels and translocators with multiphasic patterns that
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2.3. Ion analysis by capillary electrophoresis

depend on varying aﬃnities to their substrates (Maathuis, 2009). For
instance, ammonium is mostly taken up in acidic soils, whereas nitrate
is the predominant form at higher soil pH (Hachiya and
Sakakibara, 2017). Space missions to the Moon, Mars or the large satellites of Jupiter and Saturn to seek new frontiers for human colonization will require regenerative life support systems which necessarily
include the production of higher plants, which will necessarily experience an increased radiation and the reduction of gravity and magnetic
ﬁeld (Wolﬀ et al., 2013). Despite the substantial amount of data collected on MIR and the International Space Station (Ferl et al., 2002;
Wolﬀ et al., 2013; Kittang et al., 2014), little is known on the eﬀect of
NNMF on plant nutrition.
The aim of this work was to assess the eﬀect of GMF reduction on
plant mineral nutrition by time-course exposure of Arabidopsis seedlings to NNMF. The results show that reduction of the GMF to NNMF
alters both anion and cation uptake by modulating channel and transport activities also at the gene level.

For each time point, Arabidopsis roots exposed to either GMF or
NNMF were harvested and immediately frozen in liquid nitrogen and
the plant material was stored at −80 °C. Cations and anions were extracted from Arabidopsis roots with ultrapure water. Extracts were ﬁltered through 0.2 μm ﬁlters and then analyzed by an Agilent 7100
Capillary Electrophoresis System (Agilent Technologies, Santa Clara,
CA, US). Ammonium, potassium, calcium and magnesium were analyzed using a bare fused silica capillary with extended light path BF3
(i.d. = 50 μm, I = 56 cm, L = 64.5 cm). Sample injection was at
50 mbar for 5 s with +30 kV voltage and detection wavelength at 310/
20 nm. Chloride, sulfate, nitrate and phosphate were analyzed using a
bare fused silica capillary with extended light path BF3 (i.d. = 50 μm,
I = 72 cm, L = 80.5 cm). Sample injection was at 50 mbar for 4 s with
−30 kV voltage and detection at 350/80 nm wavelength. Compounds
were identiﬁed by using pure standards. The ion content was expressed
as mg g−1 f wt (except for calcium and magnesium which were expressed in μg g−1 f wt).

2. Materials and methods

2.4. RNA extraction from Arabidopsis roots upon time-course exposure to
GMF and NNMF

2.1. Plant materials and growth conditions
Arabidopsis thaliana ecotype Columbia-0 (Col-0) wild type (WT)
seeds were surface sterilized with 70% v/v ethanol for 2 min and then
with 5% w/v calcium hypochlorite for 5 min. After 3–4 washes with
sterile water, seeds were sown on the surface of sterile agar plates
(12 × 12 cm) containing half-strength Murashige and Skoog (MS)
medium (Murashige and Skoog, 1962). Plates were sealed with Micropore tape to allow gas exchange and to avoid condensation. Plates
were vernalized for 48 h and then exposed vertically under a homogenous and continuous light source at 120 μmol m−2 s−1 and 21 °C
( ± 1.5) for 14 h before being kept in the darkness at room temperature
for 72 h. Plates were then transferred, in the same laboratory and at the
same time, under either NNMF or GMF (controls) (see 2.2) and exposed
to 130 μmol m−2 s−1 white light provided by a high-pressure sodium
lamp source (SILVANIA, Grolux 600 W, Belgium) at 21 °C ( ± 1.5 °C)
with a 16/8 light/darkness photoperiod, where germination occurred.
All experiments were performed under normal gravity.

For each time point, 100 mg of frozen Arabidopsis roots exposed to
either GMF or NNMF were ground in liquid nitrogen with mortar and
pestle. Total RNA was isolated using the Agilent Plant RNA Isolation
Mini Kit (Agilent Technologies) and RNase-Free DNase set (Qiagen,
Hilden, Germany). Sample quality and quantity was checked by using
the RNA 6000 Nano kit and the Agilent 2100 Bioanalyzer (Agilent
Technologies) according to manufacturer's instructions. Quantiﬁcation
of RNA was also conﬁrmed spectrophotometrically by using a
NanoDrop ND-1000 (Thermo Fisher Scientiﬁc, Waltham, MA, US).
2.5. cDNA synthesis and microarray analyses (including MIAME)
Five hundred nanograms of total RNA from each treated sample
were separately reverse-transcribed into double-stranded cDNAs by the
Moloney murine leukemia virus reverse transcriptase (MMLV-RT) and
ampliﬁed for 2 h at 40 °C using the Agilent Quick Amp Labelling Kit,
two-color (Agilent Technologies). Subsequently, cDNAs were transcribed into antisense cRNA and labeled with either Cy3-CTP or Cy5CTP ﬂuorescent dyes for 2 h at 40 °C following the manufacturer's
protocol. Cyanine-labeled cRNAs were puriﬁed using RNeasy Minikit
(Qiagen, Hilden, Germany). Purity and dye incorporation were assessed
with the NanoDrop ND-1000 UV-VIS Spectrophotometer (Thermo
Fisher Scientiﬁc) and the Agilent 2100 Bioanalyzer (Agilent
Technologies). Then, 825 ng of control Cy3-RNAs and 825 ng of treated
Cy5-RNAs were pooled together and hybridized using the Gene
Expression Hybridization Kit (Agilent Technologies) onto 4 × 44 K
Arabidopsis (v3) Oligo Microarray (Agilent Technologies). The microarray experiment followed a direct 2 × 2 factorial two-color design. For
each of the treatment combinations, RNA was extracted and used for
hybridization. For each RNA sample, four biological replicates were
used. This resulted in 12 two-color arrays, satisfying Minimum
Information About a Microarray Experiment (MIAME) requirements
(Brazma et al., 2001).
After a 17 h incubation at 65 °C and 10 rpm, microarrays were ﬁrst
washed with Gene Expression Wash buﬀer 1 for 1 min, then with Gene
Expression Wash buﬀer 2 for 1 min, then with 100% acetonitrile for
30 s, and ﬁnally washed in the Stabilization and Drying Solution for
30 s.
Microarrays were scanned with the Agilent Microarray G2505B
Scanner with the extended dynamic range (XDR) scan mode to scan the
same slide at two diﬀerent levels and data were extracted and normalized from the resulting images using Agilent Feature Extraction (FE)
software (v.9.5.1) (Agilent Technologies).

2.2. Near null magnetic ﬁeld (NNMF) generation system and plant exposure
The GMF (or local geomagnetic ﬁeld) values where typical of the
Northern hemisphere at 45°0′59″ N and 7°36′58″ E coordinates. Nearnull magnetic ﬁeld (NNMF) was generated by three orthogonal
Helmholtz coils connected to three DC power supplies (model E3642A
50 W, 2.5Adual range: 0–8 V/5A and 0–20 V/2.5A, 50 W, Agilent
Technologies, Santa Clara, CA) controlled from a computer via a GPIB
connection (Agliassa et al., 2018a). Real-time monitoring of the magnetic ﬁeld in the plant exposure chamber was achieved with a three-axis
magnetic ﬁeld sensor (model Mag-03, Bartington Instruments, Oxford,
U.K.) that was placed at the geometric center of the Helmholtz coils.
The output data from the magnetometer were uploaded to a VEE software (Agilent Technologies) to ﬁne-tune the current applied through
each of the Helmholtz coil pairs in order to maintain the magnetic ﬁeld
inside the plant growth chamber at NNMF intensity as recently reported
(Agliassa et al., 2018a). Deﬁning the vertical axis as “y”, the GMF level
at the experimental location in our lab was: Bx = 6.39 µT,
By = 36.08 µT, Bz = 20.40 µT; i.e., a magnetic ﬁeld strength
(B = [Bx2 + By2 + Bz2]½) of 41.94 µT; by applying the following voltages Vx = 11.36, Vy = 15.04, Vz = 13.81 (which produced currents
Ix = 26 mA, Iy = 188 mA, Iz = 103 mA), the magnetometer values
were: Bx = 0.033 µT, By = 0.014 µT, Bz = 0.018 µT with a ﬁeld
strength of 40.11 nT, which is about one thousandth of the GMF
strength. Plates containing Arabidopsis seedlings were exposed either to
NNMF or to GMF for 10 min, 1 h, 4 h, 24 h, 48 h and 96 h.
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Fig. 1. Cation content of Arabidopsis thaliana roots
exposed to near null magnetic ﬁeld (NNMF) with
respect to plants growing in geomagnetic ﬁeld
(GMF). A. Ammonium; B, Potassium; C, Calcium;
D, Magnesium. Data are expressed as the mean
value of three replicates. Bars indicate standard
deviation. Asterisks indicate signiﬁcant (P < 0.05)
diﬀerences between GMF and NNMF.

eﬃciencies for all primers pairs were calculated using the standard
curve method (Pfaﬄ, 2001). Four diﬀerent reference genes (cytoplasmic
glyceraldehyde-3-phosphate
dehydrogenase,
(GAPC2,
At1g13440), ubiquitin speciﬁc protease 6 (UBP6, At1g51710), β-adaptin
(At4g11380) and the elongation factor 1B alpha-subunit 2 (eEF1Balpha2, At5g19510) were used to normalize the results of the real time
PCR. The best of the four genes was selected using the Normﬁnder
software (Andersen et al., 2004); the most stable gene was the elongation factor 1B alpha-subunit 2.
All ampliﬁcation plots were analyzed with the MX3000P™ software
to obtain Ct values. Relative RNA levels were calibrated and normalized
with the level of the elongation factor 1B alpha-subunit 2 mRNA.
Results of gene validation for the gene At5g09720 (Mg2 + transporter
8 (MGT8)) performed at 48 h indicates a qPCR value of 1.51 (0.41) with
respect to a microarray value of 1.40 (0.18) with no statistical diﬀerence (P > 0.05).

GO enrichment information for the diﬀerently expressed probe sets
was obtained from The Arabidopsis Information Resource (https://
www.arabidopsis.org/index.jsp).
2.6. Validation of microarrays
Validation of the microarray analysis was performed by quantitative
real time PCR. First strand cDNA synthesis was accomplished with
1.5 µg total RNA and random primers using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA, US),
according to the manufacturer's instructions. Brieﬂy, the reactions were
prepared by adding 10 µl total RNA (1.5 µg), 2 µl of 10X RT Buﬀer,
0.8 µl of 25X dNTPs mix (100 mM), 2 µl 10X RT random primer, 1 µl of
Multiscribe™ Reverse Transcriptase and nuclease-free sterile water up
to 20 µl. Then the reaction mixtures were subjected to thermal incubation according to the following conditions; 25 °C for 10 min, 37 °C
for 2 h, and 85 °C for 5 s.
All qPCR experiments were performed on a Stratagene Mx3000P
Real-Time System (La Jolla, CA, USA) using SYBR green I with ROX as
an internal loading standard. The reaction was performed with 25 µl of
mixture consisting of 12.5 µl of 2X Maxima™ SYBR Green/ROX qPCR
Master Mix (Fermentas International, Inc, Burlington, ON, Canada),
0.5 µl of cDNA and 100 nM primers (Integrated DNA Technologies,
Coralville, IA, US). Controls included non-RT controls (using total RNA
without reverse transcription to monitor for genomic DNA contamination) and non-template controls (water template). Fluorescence was
read following each annealing and extension phase. All runs were followed by a melting curve analysis from 55 to 95 °C. The linear range of
template concentration to threshold cycle value (Ct value) was determined by performing a dilution series using cDNA from three independent RNA extractions analyzed in three technical replicates. All
primers were designed using Primer 3 software (Rozen, 2000). Primer

2.7. Statistical analyses
The data obtained from ion analysis were treated by using Systat 10.
Mean value was calculated along with the SD. Paired t test and
Bonferroni adjusted probability were used to assess the diﬀerence between treatments and the control.
Processing and statistical analysis of the microarray data were done
in R using Bioconductor package limma (Smyth, 2005). The raw microarray data are subjected to background subtraction and loess normalized. Agilent control probes were ﬁltered out. The linear models
implemented in limma were used for ﬁnding diﬀerentially expressed
genes. Comparisons were made for each of the treatment. Benjamini
and Hochberg (BH) multiple testing correction was applied.
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Table 1
Time course expression of regulated genes coding for cation transport, channels and exchange in Arabidopsis thaliana seedlings exposed to NNMF. Values are
expressed as fold change of NNMF values with respect to GMF values (S.D.). See Supplementary Table S1 for all other identiﬁed genes.
Gene code

At1g64780
At4g28700
At2g25600
At5g46370
At5g46360
At1g02510
At1g55720
At4g29900
At3g57330
At2g22950
At3g21180
At4g28580
At5g09720
At5g09710
At2g04305

Description

NH4+
NH4+transporter 1 (AMT1.2)
NH4+transporter 1 (AMT1.4)
K+
Inward K+channel (AKT6)
outward rectifying K+channel (TPK2)
outward rectifying K+channel (KCO3)
outward rectifying K+channel (TPK4)
Ca2+
Ca2+ exchanger (CAX6)
Ca2+-transporting ATPase 10 (ACA10)
Ca2+-transporting ATPase 11 (ACA11)
Ca2+-transporting ATPase 7 (ACA7)
Ca2+-transporting ATPase 9 (ACA9)
Mg2+
Mg2+ transporter 5 (MGT5)
Mg2+ transporter 8 (MGT8)
Mg2+ transporter CorA-like family protein
Mg2+ transporter CorA-like protein-related

Timing of exposure to NNMF
10 m

1h

4h

24 h

48 h

96 h

1.97 (0.34)
2.66 (0.15)

−1.29 (0.09)
−1.08 (0.24)

−1.16 (0.13)
1.18 (0.31)

−1.02 (0.14)
1.03 (0.18)

2.35 (0.26)
2.13 (0.21)

−1.03 (0.21)
1.08 (0.26)

1.42
1.35
2.82
1.46

(0.25)
(0.26)
(0.16)
(0.12)

2.16
1.99
2.19
2.42

2.10
2.06
2.63
1.71

(0.27)
(0.21)
(0.64)
(0.45)

2.20
2.41
2.42
1.87

1.46
1.78
1.65
1.47

1.91
1.99
1.80
2.51

2.66
2.47
2.34
1.28
1.59

(0.02)
(0.60)
(0.14)
(0.24)
(0.27)

1.41 (0.35)
−1.13 (0.09)
−1.26 (0.11)
1.21 (0.17)
1.67 (0.42)

1.64
1.01
1.02
1.63
1.49

(0.30)
(0.08)
(0.03)
(0.29)
(0.36)

1.84 (0.17)
−1.02 (0.11)
−1.08 (0.06)
1.46 (0.05)
1.4 (0.28)

2.26 (0.39)
−1.17 (0.19)
−1.04 (0.40)
2.04 (0.31)
1.86 (0.30)

1.85 (0.25)
−1.36 (0.15)
−1.09 (0.10)
2.04 (0.70)
2.11 (0.41)

1.35
2.08
1.69
2.67

(0.12)
(0.24)
(0.52)
(0.63)

2.11 (0.15)
2.13 (0.15)
−1.12 (0.44)
1.22 (0.08)

2.07
2.09
2.49
1.22

(0.30)
(0.30)
(0.35)
(0.22)

2.3 (0.16)
2.33 (0.19)
−1.53 (0.05)
1.07 (0.14)

1.43
1.40
2.02
1.15

2.07 (0.21)
2.34 (0.40)
−1.94 (0.11)
−1.02 (0.13)

(0.13)
(0.22)
(0.19)
(0.32)

3. Results

(0.50)
(0.54)
(0.49)
(0.16)

(0.14)
(0.17)
(0.37)
(0.28)

(0.17)
(0.18)
(0.35)
(0.04)

(0.27)
(0.29)
(0.23)
(0.26)

10 min and 48 h of exposure to NNMF, whereas for the other time
points Ca2+ values were similar or lower to GMF (Fig. 1C). GO analysis
identiﬁed 22 genes related to calcium transport (See Supplementary
Table S1), ﬁve of which showed upregulation in plants exposed to
NNMF with respect to GMF (Table 1). In particular, a Ca2+ exchanger
(CAX6, At1g55720) showed a consisted upregulation at 10 min and
48 h (Table 1). Upregulation was also observed for Ca2+-transporting
ATPases at 10 min (ACA10, At4g29900 and ACA11, At3g57330) and
48 h (ACA7, At2g22950 and ACA9, At3g21180) (Table 1).
The increased calcium content of roots after 10 min and 48 h correlated with the upregulation of both calcium exchanger proteins and
the upregulation of some ATP-dependent calcium transporters.

3.1. Eﬀects of NNMF on root cation content and cation-related gene
expression
In general, the root cation content of both GMF and NNMF exposed
Arabidopsis varied dramatically along the time-course analyses, particularly after 4 h exposure. Values then normalized their trend with
time.
3.1.1. Eﬀects of NNMF on root ammonium content and gene expression
NNMF had a signiﬁcant eﬀect on the root NH4+ content at almost
all time of exposure (Fig 1A). Under NNMF, the NH4+ content increased at early times (10 min and 1 h), decreased between 4 and 24 h,
signiﬁcantly increased after 48 h and decreased at 96 h, with respect to
GMF exposure. The gene ontology (GO) analysis of our microarray data
base on genes coding for NH4+ transporters identiﬁed 6 genes, four of
which were not regulated (i.e., fold change 2 > x < −2) by exposure to
NNMF (See Supplementary Table S1), whereas the NH4+ transporter
AMT1.2 (At4g13510) and AMT1.4 (At4g28700) showed an earlier and
late upregulation (Table 1).
The upregulation of AMT1.2 and AMT1.4 correlated with the early
and late increased content of NH4+ in Arabidopsis roots exposed to
NNMF.

3.1.4. Eﬀects of NNMF on root magnesium content and gene expression
The content of root Mg2+ increased in Arabidopsis seedling exposed
to NNMF up to 1 h, then it was progressively reduced with time, with
the sole exception for 24 h (Fig. 1D). GO analyses identiﬁed 14 genes
related to Mg2+ transport (See Supplementary Table S1), four of which
were upregulated at diﬀerent times under NNMF with respect to GMF
(Table 1). Two Mg2+ transporters (MGT5, At4g28580 and MGT8,
At5g09720) were upregulated by NNMF at all times, with a reduced
upregulation for MGT5 at 10 min and for both genes at 48 h, whereas a
Mg2+ transporter CorA-like related protein (At2g04305) was downregulated only at 10 min NNMF exposure (Table 1). Mg2+ transporter
CorA-like family protein (At5g09710) showed alternate up- and downregulations after exposure to NNMF (Table 1). A correspondence between Mg2+ root content and gene expression was only present at
10 min, 1 h and 24 h for Mg2+ transporter CorA-like family proteins.

3.1.2. Eﬀects of NNMF on root potassium content and gene expression
Exposure of Arabidopsis to NNMF prompted a very early K+ increase in root tissues, which was followed by a progressive and signiﬁcant K+reduction, with respect to GMF exposure (Fig. 1B). GO
analysis identiﬁed 40 genes related to K+transport (See Supplementary
Table S1), four of which were upregulated by exposure of plants to
NNMF (Table 1). In particular, the outward rectifying K+ channel
(KCO3, At5g46360), showed a strong upregulation up to 48 h of exposure, whereas the outward rectifying K+ channels TPK2 (At5g46370)
and TPK4 (At1g02510) and the inward K+ channel (AKT6)
(At2g25600) were upregulated from 1 h exposure to NNMF (Table 1).
The increased gene expression of these K+outward channels correlated
with the decreasing content of K+ in Arabidopsis roots exposed to
NNMF.

3.2. Eﬀects of NNMF on root anion content and anion-related gene
expression
3.2.1. Eﬀects of NNMF on root chloride content and gene expression
With respect to control seedlings grown in GMF, the Cl− content
signiﬁcantly (P < 0.05) increased in seedlings exposed to NNMF only
after 10 min and 48 h exposure (Fig. 2A). GO analysis identiﬁed 9 genes
related to Cl− transport (See Supplementary Table S2). Many of these
genes were upregulated after 10 min exposure to NNMF such as some
Cl− channels (CLC-A, At5g40890; CLC-B, At3g27170 and CLC-G,
At5g33280) and the K+/Cl− cotransporter 1 (At1g30450). Two Cl−
channels (CLC-C, At5g49890 and CLC-D, At5g26240) were upregulated
after 48 h, whereas the K+-Cl− co-transporter type 1 (KCC1,

3.1.3. Eﬀects of NNMF on root calcium content and gene expression
The Ca2+ content of Arabidopsis roots increased consistently after
46
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Fig. 2. Anion content of Arabidopsis thaliana roots
exposed to near null magnetic ﬁeld (NNMF) with
respect to plants growing in geomagnetic ﬁeld
(GMF). A. Chloride; B, Sulfate; C, Nitrate; D,
Phosphate. Data are expressed as the mean value of
three replicates. Bars indicate standard deviation.
Asterisks indicate signiﬁcant (P < 0.05) diﬀerences
between GMF and NNMF.

Table 2
Time course expression of regulated genes coding for anion transport, channels and exchange in Arabidopsis thaliana seedlings exposed to NNMF. Values are expressed
as fold change of NNMF values with respect to GMF values (S.D.). See also Supplementary Table S2 for all other identiﬁed genes.
Gene code

Description

Timing of exposure to NNMF
10 m

1h

4h

24 h

48 h

96 h

2.11 (0.37)
1.94 (0.14)
−1.38 (0.25)
−1.13 (0.06)
2.70 (0.71)
1.57 (0.12)

−1.10 (0.04)
−1.24 (0.06)
−1.03 (0.01)
−1.03 (0.09)
−1.16 (0.11)
2.13 (0.14)

1.15 (0.04)
1.25 (0.20)
1.09 (0.20)
1.09 (0.10)
−1.12 (0.06)
1.80 (0.21)

1.31 (0.34)
1.10 (0.19)
1.11 (0.07)
1.11 (0.12)
−1.10 (0.11)
2.33 (0.19)

1.02 (0.22)
1.50 (0.74)
2.77 (0.77)
1.90 (0.87)
−1.17 (0.16)
1.52 (0.11)

1.02 (0.11)
1.19 (0.17)
−1.03 (0.06)
−1.02 (0.16)
−1.11 (0.03)
1.83 (0.09)

−1.12 (0.16)
1.25 (0.32)
2.01 (0.65)
−1.02 (0.16)

2.04 (0.39)
−1.28 (0.55)
1.03 (0.02)
1.09 (0.14)

1.59 (0.11)
−1.38 (0.23)
−1.02 (0.25)
1.07 (0.13)

1.72 (0.36)
−1.33 (0.40)
1.06 (0.15)
1.10 (0.15)

−1.07 (0.11)
2.32 (1.38)
−1.09 (0.07)
2.35 (1.27)

2.07 (0.36)
1.35 (0.39)
−1.04 (0.15)
−1.01 (0.12)

−1.04 (0.31)
3.02 (0.41)
1.06 (0.10)
1.13 (0.04)

2.58
1.11
2.16
1.91

(0.46)
(0.08)
(0.18)
(0.22)

2.10
2.01
2.15
1.14

2.58
4.62
2.31
3.01

−1.01 (0.10)
1.43 (0.03)
1.46 (0.04)
1.17 (0.13)

2.24
1.53
2.36
1.84

1.29
1.36
1.34
2.66
2.38

2.15
2.15
2.02
1.58
1.14

(0.15)
(0.13)
(0.22)
(0.11)
(0.01)

2.11 (0.32)
2.09 (0.28)
1.76 (0.34)
1.34 (0.17)
−1.21 (0.12)

1.50 (0.43)
1.52 (0.12)
1.46 (0.01)
1.30 (0.10)
−1.02 (0.11)

2.37 (0.42)
2.39 (0.21)
2.08 (0.13)
1.83 (0.08)
−1.16 (0.04)

−

At5g40890
At3g27170
At5g49890
At5g26240
At5g33280
At3g58370
At4g08620
At1g22150
At3g51895
At3g12520
At1g08100
At1g27080
At5g60770
At3g45060
]
At5g43360
At5g43340
At1g20860
At1g76430
At5g46110

Cl
Cl− channel protein (CLC-A)
Cl− channel protein (CLC-B)
Cl− channel protein (CLC-C)
Cl− channel protein (CLC-D)
Cl− channel protein (CLC-G)
K+-Cl− Co-transporter type 1 (KCC1)
SO4=
SO4= transporter (Sultr1;1)
SO4= transporter (Sultr1;3)
SO4= transporter (Sultr3;1)
SO4= transporter (Sultr4;2)
NO3−
NO3− transporter (ACH2)
NO3− transporter (NRT1.6)
NO3− transporter (NRT2.4)
NO3− transporter (NRT2.6)
PO4=
PO4= transporter (PHT1;3)
PO4= transporter (PHT1;6)
PO4= transporter (PHT1;8)
PO4= transporter (PHT1;9)
PO4=/triose-phosphate translocator (APE2)

(0.29)
(0.18)
(0.28)
(0.65)
(0.51)

(0.29)
(0.29)
(0.40)
(0.07)

(0.95)
(0.31)
(0.24)
(0.49)

2.36 (0.40)
2.11 (0.15)
2.08 (0.17)
1.08 (0.35)
−1.09 (0.06)

(0.44)
(0.12)
(0.46)
(0.19)

3.2.2. Eﬀects of NNMF on root sulfate content and gene expression
A signiﬁcant (P < 0.05) increase in SO4= was found after 10 min,
24 h and 48 h of exposure to NNMF (Fig. 2B). GO analysis identiﬁed 11
sulfate transport-related genes (See Supplementary Table S2) of which
one (Sultr3;1, At3g51895) was upregulated after 10 min NNMF

At3g58370) was upregulated after 1 and 24 h (Table 2).
The quantitative analysis of the Cl− content in Arabidopsis roots
correlated with the gene expression of some Cl− channels, thus indicating a modulation of channel activity dependent on NNMF conditions.
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content and gene modulation.
NNMF prompted a strong upregulation of the outward rectifying K+
channels, with particular reference to TPK2, KCO3 and TPK4, which
contain N-terminal binding sites for 14-3-3 proteins and putative Ca2+
binding EF hands in the cytosolic C-terminal parts, indicating that the
channels may be regulated by similar biochemical mechanisms
(Voelker et al., 2010). The K+ content was initially increased by NNMF
and then progressively reduced, most probably by the increased activity
of outward channels. Interestingly, the early upregulation of high-aﬃnity Ca2+-ATPases [autoinhibited Ca2+-ATPases (ACA10 and ACA11)]
and the low-aﬃnity Ca2+/H+ antiporter (CAX6), which are localized in
both the plasma membrane and endomembranes (Wang et al., 2016),
suggest a Ca2+signaling pathway that may be responsible for K+
modulation. For instance, expressing CAX11 in a yeast mutant showed
its role of mediating high-aﬃnity K+ uptake (Zhang et al., 2011). Low
MF was found to aﬀect Ca2+ homeostasis (Belyavskaya, 2001). The
observations of the increase in the [Ca2+]cyt level after exposure to very
low MF suggests that Ca2+ entry into the cytosol might constitute an
early MF sensing mechanism (Belyavskaya, 2001).
Mg2+ is important for several biological processes and cellular
functions, including DNA replication and posttranscriptional processing
and the absorption and transport of Mg2+ rely on the transporters
(MGT) (Xu et al., 2015). MGT5 plays a role in transport of Mg2+
(Gebert et al., 2009) and its upregulation under NNMF was correlated
with increased Mg2+ content, particularly at early times.
Along with the above mentioned CLC-A and CLC-B NO3− transporters, the anion channels CLC-C, which is involved in Cl− transport
(Jossier et al., 2010), and CLC-D and CLC-G, which possess a selectivity
ﬁlter in favor of Cl− transport (Zifarelli and Pusch, 2009), were also
regulated by NNMF. Even in this case, a burst of Cl− content after
10 min was associated with the upregulation of Cl− transporters, with
particular reference to the CLC class of transporters as well as the
K+–Cl− cotransporter 1, which symports K+ and Cl−, thereby increasing the cellular content of both ions (Kong et al., 2011). in NNMF
exposed plants, late reduction of Cl− content correlated with the reduced expression of most of the genes coding for Cl− channel proteins.
Another important ion is SO4=, the major form of inorganic sulfur,
an essential element for plants involved in disease resistance, the biosynthesis of sulfur-containing amino acids, and detoxiﬁcation of ROS
(Takahashi et al., 2011). A correlation was found between SO4= content and upregulation at early times of Sultr3;1, a plastidial SO4=
transporter (Cao et al., 2013), and after 48 h of Sultr1;3, that mediates
the inter-organ movement of SO4= (Yoshimoto et al., 2003) and
Sultr4;2, which is upregulated by sulfur limitation (Kataoka et al.,
2004). The expression of the SO4= transporter Sultr1;1, which is localized in the lateral root cap, root hairs, epidermis and cortex of roots
(Takahashi et al., 2000), correlated with late variations of SO4= content, indicating a major role of this gene in response to NNMF and its
possible eﬀects on late SO4= reduction. The latter event correlated also
with the reduced expression of Sultr3;1 and Sultr4;2.
Phosphorus is a major essential nutrient for plant growth, development and reproduction. Inorganic phosphorus (Pi) is acquired
through PO4= transporter (PHT) families of which PHT1 are high-afﬁnity Pi transporters mainly located at the plasma membrane
(Mudge et al., 2002). A strong upregulation of PHT1;9, which acts in
the interior of the plant during the root-to-shoot translocation of Pi
(Lapis-Gaza et al., 2014), correlated with the increased levels of PO4=
at early times upon NNMF, and the same pattern was found for APE2, a
gene that encodes a chloroplast triose phosphate/3-phosphoglycerate
translocator that transports triose phosphates derived from the Calvin
cycle in the stroma to the cytosol for use in sucrose synthesis and other
biosynthetic processes (Flores-Tornero et al., 2017). Late increase of
PO4= content was associated with the upregulation of PHT1;3, a
transporter that is induced by interaction with symbiotic fungi
(Chen et al., 2007), PHT1;6, a plasma membrane-localized protoncoupled Pi transporter that appears also to transport SO4=, and which is

exposure, two (Sultr1;3, At1g22150 and Sultr4;2, At3g12520) were
upregulated after 48 h and one gene was upregulated after 1 h, 24 h and
96 h (Sultr1;1, At4g08620) (Table 2). The upregulation of some SO4=
transporters is in agreement with the changes in the content of SO4= in
Arabidopsis seedlings and indicates a diﬀerential modulation according
to the time of exposure to NNMF.
3.2.3. Eﬀects of NNMF on root nitrate content and gene expression
The content of NO3− in Arabidopsis seedling roots varied with time
under NNMF with a pattern similar to NH4+, with increased contents at
10 min, 1 h and 48 h of exposure (Fig. 2C). Twelve genes involved in
NO3− transport were identiﬁed by GO analysis (See Supplementary
Table S2). Three high-aﬃnity genes (ACH2, At1g08100; NRT2.4,
At5g60770 and NRT2.6, At3g45060) showed a similar pattern of expression with upregulation at 1 h, 24 h and 96 h, whereas the NO3−
transporter NRT1.6 (At1g27080) was upregulated at 10 min, 4 h and
24 h (Table 2). A positive correlation was found between gene expression of NO3− transporters and NO3− content only at early times of
NNMF exposure (10 min and 1 h).
3.2.4. Eﬀects of NNMF on root phosphate content and gene expression
Exposure of Arabidopsis seedlings to NNMF increased the PO4=
content at 10 min and 24 h, with respect to GMF (Fig. 2D). GO analysis
identiﬁed 16 genes related to PO4= transport (See Supplementary Table
S2). The PO4= transporter PHT1;9 (At1g76430) and the phosphate/
triose-phosphate translocator APE2 (At5g46110) were upregulated at
10 min, whereas the PO4= transporters PHT1;3 (At5g43360), PHT1;6
(At5g43340) and PHT1;8 (At1g20860) were upregulated between 1 h
and 24 h (Table 2). Even in this case, a positive correlation was found
between gene expression of PO4= transporters and PO4= content only
at early and late times of NNMF exposure.
4. Discussion
Reduction of the GMF to NNMF modulates ion content in roots of
Arabidopsis seedlings by modulating the gene expression of the major
ion transporters and channels. A dramatic change in ion content was
found for both cations and anions in GMF and NNMF exposed plants.
Daily variations of mineral concentration have already been documented in plants. In tomato, maximal values were reached during the
day for NO3− and K+, and during the night for Ca2+, Mg2+, PO4=, and
SO4= (Ferrario et al., 1992).
With regards to nitrogen, a close correlation was found between the
modulation of NH4+ content and the regulation of the plasma membrane localized ammonium transporter AMT1.2 and AMT1.4, members
of the AMT subfamily that permeate NH4+ via NH4+ uniport or NH3/
H+ cotransport (Ludewig, 2006). Regulation of these genes is usually
downregulated by the presence of high amounts of nitrogen and upregulated by nitrogen deﬁciency (Gazzarrini et al., 1999). We also found a
correlation between NNMF-dependent increase of NO3− and the upregulation of some high-aﬃnity proton-coupled NO3− transporters. In
particular, NRT2.4 plays a role in roots in response to N starvation and
is involved in the uptake of NO3− at very low external concentration
(Kiba et al., 2012), NRT1.6 is involved in very early stages and is
modulated by the external nitrogen supply (Almagro et al., 2008),
whereas NTR2.6 is involved in plant response to pathogen attacks,
possibly through the accumulation of reactive oxygen species (ROS)
(Dechorgnat et al., 2012). Recently, ROS have been identiﬁed as a ﬁrst
biochemical response of plants to NNMF (Bertea et al., 2015; Bhardwaj
et al., 2016). Moreover, early gene upregulation occurred for CLC-A and
CLC-B, both members of the voltage-dependent Cl− channel that also
functions as a NO3−/H+ exchanger that serves to accumulate nitrate
nutrient in vacuoles (von der Fecht-Bartenbach et al., 2010). Overall,
these data indicate that nitrogen transport is aﬀected by NNMF at early
times by upregulation of N transport. The increased N content then
downregulates the N transporters and generates ﬂuctuations in the N
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upregulated by P deﬁciency (Preuss et al., 2010), and PHT1;8, which
mediates Pi acquisition under Pi starvation (Remy et al., 2012). The late
reduction of PO4= correlated with the reduced expression of APE2.
5. Conclusions
Reduction of the GMF to NNMF has a signiﬁcant eﬀect on ion
content and ion transport gene expression. A few minutes after exposure to NNMF, plants respond with modulated root content and gene
expression of all nutrient ions under study, indicating the presence of a
plant magnetoreceptor that responds immediately to MF variations by
modulating channels, transporters and genes involved in mineral nutrition. With time, the content of the nutrient ions decreases and is
followed by the typical physiological responses of plants exposed to
NNMF, including delay of ﬂowering time (Xu et al., 2012; Agliassa
et al., 2018a), photoreceptor signaling (Xu et al., 2014; Agliassa et al.,
2018b; Vanderstraeten et al., 2018) and seed germination
(Soltani et al., 2006). It is interesting to note that the response to NNMF
is very rapid, which suggests that some ion channel and transport activity might be dependent on magnetoreception systems not necessarily
related to gene expression. Ongoing studies are evaluating the role of
ferromagnetic, paramagnetic and diamagnetic metals on plant magnetoreception and the results will be reported soon.
Cosmic exploration will expose plants to reduced MF. The response
of the plant magnetoreceptor to reduced MF implies a general reduction
of plant ion uptake, transport and, eventually, growth and development. Therefore, it is important to understand the nature and function
of the plant magnetoreceptor for future space programs involving plant
growth in environments with a reduced MF.
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