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Abstract Cryptochromes are blue-light absorbing
photoreceptors found in many organisms where they
have been involved in numerous growth, developmen-
tal, and circadian responses. In Arabidopsis thaliana,
two cryptochromes, CRY1 and CRY2, mediate several
blue-light-dependent responses including hypocotyl
growth inhibition. Our study shows that an increase in
the intensity of the ambient magnetic field from 33-44
to 500 pT enhanced growth inhibition in A. thaliana
under blue light, when cryptochromes are the mediat-
ing photoreceptor, but not under red light when the
mediating receptors are phytochromes, or in total
darkness. Hypocotyl growth of Arabidopsis mutants
lacking cryptochromes was unaffected by the increase
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in magnetic intensity. Additional cryptochrome-depen-
dent responses, such as blue-light-dependent anthocyanin
accumulation and blue-light-dependent degradation of
CRY?2 protein, were also enhanced at the higher mag-
netic intensity. These findings show that higher plants
are sensitive to the magnetic field in responses that are
linked to cryptochrome-dependent signaling pathways.
Because cryptochromes form radical pairs after photo-
excitation, our results can best be explained by the rad-
ical-pair model. Recent evidence indicates that the
magnetic compass of birds involves a radical pair
mechanism, and cryptochrome is a likely candidate for
the avian magnetoreception molecule. Our findings
thus suggest intriguing parallels in magnetoreception
of animals and plants that appear to be based on
common physical properties of photoexcited crypto-
chromes.

Keywords Anthocyanin - Arabidopsis -
Cryptochromes - Cryptochrome stability - Hypocotyl
growth - Magnetic field - Radical-pair mechanism

Abbreviations

cry Cryptochrome

FAD Flavin adenindinucleotide
phy Phytochrome

Trp Tryptophan

Introduction
The geomagnetic field is an omnipresent source of
information for magnetosensitive organisms (Wiltschko

and Wiltschko 1995). Migratory birds are known to use
a magnetic compass; their responses in orientation
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tests depend on the direction and intensity of the local
magnetic field. Moreover, the magnetic compass
responses of birds have been found to depend on the
wavelength of the ambient light: under light from the
blue to green part of the spectrum, they headed into
the normal migratory direction, whereas they were dis-
oriented under yellow and red light (Wiltschko and
Wiltschko 2002). The sensitivity to magnetic fields as
weak as the geomagnetic field of 25-60 uT is linked to
the effect of magnetic fields on electron transfer reac-
tions of photoreceptors through radical-pair processes
(Schulten 1982; Ritz et al. 2000), with the blue-light
receptor cryptochrome suggested as a promising candi-
date for the receptor molecule (Ritz et al. 2000). The
effect of magnetic fields in this model would modulate
photoreceptor signaling and could manifest itself by
forming direction- and intensity-dependent activation
patterns (Ritz et al. 2000). In birds, reception of mag-
netic compass information takes place in the eye
(Semm and Demaine 1986; Wiltschko et al. 2002); the
proposed function of cryptochromes in magnetorecep-
tion is supported by their occurrence in the retina
(Moller et al. 2004; Mouritsen et al. 2004).

Cryptochrome photoreceptors were first identified
in higher plants where they are ubiquitous and medi-
ate a number of blue-light-dependent developmental
and growth responses (Ahmad and Cashmore 1993;
Briggs and Olney 2001; Ahmad 2003); they have since
been identified in animals and prokaryotes (Lin and
Shalitin 2003). In Arabidopsis, cryptochromes are
encoded by two similar genes, cryl and cry2, and show
partial functional overlap in mediating responses such
as blue-light-dependent inhibition of hypocotyl elon-
gation, anthocyanin accumulation, vegetative growth,
floral initiation, maintenance of circadian rhythms
and expression of blue-light regulated genes. In addi-
tion, CRY2 protein levels in seedlings decrease rap-
idly upon illumination by blue light, presumably as a
result of protein degradation of the light-activated
form of the receptor (Ahmad et al. 1998; Lin et al.
1998). Like photolyases, plant cryptochromes have
been shown to undergo a light-dependent electron
transfer reaction, known as photoactivation, that
leads to photoreduction of the flavin cofactor, FAD
(Giovani et al. 2003). This photoreduction presum-
ably plays a role in signaling, as mutants that inacti-
vate this reaction in the purified protein in vitro also
show impaired photoreceptor function in vivo (Zeug-
ner et al. 2005). Given that light-dependent electron
transfer may play a role in cryptochrome signaling, it
appeared to be an intriguing possibility that crypto-
chrome-controlled responses in plants may also be
affected by weak magnetic fields.
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In the present study, we wanted to test (1) whether a
change in ambient magnetic conditions affects physio-
logical responses in plants, and (2) whether any
observed magnetic effects are specific to cryptochrome-
mediated pathways. For this purpose we choose hypo-
cotyl growth, anthocyanin accumulation and CRY2
protein stability as reference responses, exposing seed-
lings to two distinct magnetic conditions: the local mag-
netic conditions of 33, 40 or 44 uT and a more than ten
times increased field of 500 pT.

Materials and methods
Plant materials and growth conditions

As wild-type strain of Arabidopsis thaliana (L.) Heynh,
we used the ecotype Landsberg erecta (Ler) (Redei
1962), originally obtained from Lehle Seeds, Tucson,
AZ, USA. The double mutant hy4-3 fhal used in the
hypocotyl growth tests is defective in both cryl and
cry2 (Ahmad et al. 2002). Arabidopsis seeds were ster-
ilized by rinsing them in 70% (v/v) ethanol and in 5%
(v/v) sodium hypochloride solution. Seeds were sown
on half-strength Murashige and Skoog salts medium
(Sigma) on Petri plates containing 2% (w/v) sucrose
and 0.9% (w/v) agar. Plates were maintained for 2 days
at 5°C, and then placed at room temperature for
2 days, during which time the seedlings for studying
hypocotyl growth and anthocyanin accumulation were
irradiated under white fluorescent light for typically
24h (100 pmol m2s7!) to induce germination, and
later transferred to the relevant light condition at the
respective magnetic field intensity or, in the case of the
seedlings used for the CRY2 stability experiments,
returned to darkness at the local magnetic field for an
additional 48 h.

For all experiments, the seedlings received identi-
cal growth and germination treatment and were sub-
sequently placed simultaneously in the two different
magnetic fields. The initial series of tests on hypocotyl
growth (tests F1-F6) was carried out in Frankfurt am,
Germany, where the technique to generate the
500 pT magnetic field was available. This required
shipping plates of seedlings from the Paris laboratory
to Frankfurt and often storing them at 5°C before the
tests, resulting in some variation in the state of germi-
nation of seedlings (between radicle emergence and
early cotyledon emergence) from one trial to the
next. Therefore, to avoid this source of variation
between trials, the equipment for the magnetic field
and the light sources (see below) were moved to
Paris, to achieve greater uniformity in germination
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state between independent trials (P1-P6). However,
all plates of seedlings used within a trial and com-
pared had undergone identical germination condi-
tions, with the only variable within a trial being the
difference in magnetic intensity to which the test sam-
ples were exposed (see below).

Magnetic fields and blue-light irradiation

All tests were performed in indoor rooms where
because of the construction materials, the local mag-
netic field was slightly lower than the geomagnetic field
outside. It was 44 nT for the hypocotyl growth trials
F1-F6, and and 33 uT for trials P1-P6. Anthocyanin
accumulation and cry2 stability was studied in a labora-
tory with 40 pT.

The 500 pT field was produced by Helmholtz coils
(diameter 44 cm; 22 cm clearance) aligned in a way
that the axis of the coils coincided with inclination; as a
result, magnetic intensity was the only parameter
altered (Fig. 1). The plates carrying the seedlings were
placed in the center of each coil system. To control
against any non-magnetic effects from the coils, the
control plates in the local field were placed in a similar
system of double-wrapped coils with the current in
each coils running in opposite directions, thus produc-
ing a net zero magnetic field. The field intensity was
measured with the magnetometer 428B from Hewlett-
Packard using the probe 3529A. The two coil systems
always stood in the same room; it was checked that the
experimental 500 pT field had no detectable influence
on the local control field.

Overhead blue light with a peak wavelength of
465 nm and with A/2 at 454 and 476 nm was generated
by arrays of 19 LEDs (light-emitting diodes, Conrad))
each mounted on a 12 x 12 cm plastic board 7 cm
above the plates. Red-light emitting LEDs had a peak
wavelength of 633 nm. Fluence rates were adapted to
the physiological response studied (see below) and
were measured with Optometer P9710-1 (Gigahertz-
Optik, Pucheim, Germany) using the radiometric
probe RW-3703-2 (a silicium photoelement for the
wavelength range 400-800 nm) and kept constant dur-
ing the respective experiments and was identical in the
two magnetic conditions.

Hypocotyl growth

The experiments were carried out in temperature-
controlled rooms with temperature varying between
20.5 and 22.7°C (F1-F6) and 19 and 21°C (P1-P6). In
each coil, two plates were placed one above the other.
The overhead blue light passed two diffusers (white

Fig. 1 Experimental setup for irradiating seedlings of Arabidop-
sis in a magnetic field generated by a Helmholtz coil. The coil was
tilted in order to assure that the magnetic field lines (thin black ar-
rows) were parallel to those of the local field (large grey arrow).
Seedlings grew on two standard Petri dishes that were placed hor-
izontally in the center of the coil where the magnetic field is
homogeneous. The lower plate was wrapped in aluminum foil
(not shown) and served as a dark control. Blue (465 nm) or red
(633 nm) overhead light was provided by an array of LEDs. Seed-
lings: 1-8 mm; Petri dish: diameter 94 mm, height 16 mm; Helm-
holtz coil: diameter 44 cm, 22 cm clearance. For further details
see Materials and methods

Plexiglass) before reaching the top plate where it had
a fluence rate of 20 Wm™ (Fig. 1); it was further
dimmed by the agar of the upper plate to 12 W m~2at
the lower plate, or, in trials F1-F6, a neutral density
filter (40% transmittance; cellulose acetate LEE
filters, Panavision France, Paris) placed between the
Petri dishes such that the lower plate was exposed to
3.3 W m~2 After an exposure time of about 66 h (F1—
F6) and 72 h (P1-P6, see Tables), the length of ideally
30 hypocotyls was measured. These data obtained in
the two magnetic fields were compared using the z-
test.

In the same manner, we also tested in the two mag-
netic conditions (1) the double mutant hy4-3fhal that
is defective in the genes cry! and cry2 under blue light,
(2) wild-type Arabidopsis and the cry-deficient mutant
in total darkness, with the plates of seedlings densely
wrapped in aluminum foil, and (3) wild-type Arabidop-
sis under red light produced by LEDs (Borsig, Neckar-
sulm, Germany) with a peak wavelength of 633 nm
with A/2 at 623 and 644 nm; the fluence rates were
42.5 W m~2 and 8.5 W m~2, respectively, at the top and
the lower plate.
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Anthocyanin accumulation

Anthocyanin assays were performed following the pro-
tocol described previously (Kubasek etal. 1992;
Ahmad et al. 1995). Seedlings were grown under blue
light of 12 W m~2 for 48-55 h at 25-26°C. Twenty seed-
lings from plates at the two magnetic intensities were
harvested and transferred into 1 ml of acidified metha-
nol (1% HCl/methanol) and the pigments extracted
over 3—4 h at room temperature. The absorbance of the
solution with extracted pigments was taken at 530 nm
and also at 657 nm to correct for presence of chloro-
phyll. Anthocyanin contents were determined by the
empirical formula A530-0.25%*A657 where A is the
absorbance at 530 and 657 nm, respectively (Kubasek
et al. 1992). All determinations were performed in trip-
licate from the same experimental sample plate, and
the absorbance data in the two magnetic fields were
compared using the ¢ test.

Stability of the CRY2 protein

After germination, the seedlings were kept in dark-
ness for 2 days at the local magnetic field to generate
etiolated plants. Then, at a hypocotyl length of
between 0.6 and 0.8 mm, duplicate plates were trans-
ferred to each of the respective magnetic field condi-
tions under blue light of the low intensity of 2.5 W m—2
so as not to saturate the CRY2 degradation response,
with seedlings kept in the local field in the dark serving
as controls. After an exposure of 30 min, seedlings
were harvested and assayed for CRY2 protein levels
essentially as previously described (Ahmad et al.
1998). Thirty seedlings from experimental sample
plates were homogenized into 0.1 ml SDS gel electro-
phoresis sample buffer (0.1 M Tris/HCl pH 6.8, 10%
glycerol, 2% SDS, 100 mM B-mercaptoethanol, 0.01%
bromophenol blue dye) and boiled immediately for
10 min. Proteins were subsequently loaded onto poly-
acrylamide gels, electrophoresed, and subjected to
Western transfer, followed by immunodetection of the
CRY?2 protein with anti-CRY?2 antibodies on the blots.
Duplicate gels were run for staining with Coomassie
blue dye to verify equivalent protein load. Visualiza-
tion of the proteins was by a dye-based detection assay
(TMB stabilized substrate for HRP from Promega,
Madison, WI, USA).

Results

We found a significant effect of the increase in mag-
netic intensity in all three responses studied.
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Hypocotyl growth

We first looked for a possible effect of magnetic inten-
sity on the blue-light-dependent hypocotyl growth that
is largely under the control of cryptochome photorecep-
tors, in particular CRY1. A clear effect of the increased
magnetic intensity on hypocotyl growth was already
observed in the initial series of tests F1-F3 performed
in Frankfurt am. In this series, there was a considerable
amount of variance in hypocotyl growth due to differ-
ences in germination states (see Materials and meth-
ods). In series P1-P3, performed in Paris, the variance
of the controls is smaller and the magnetic effect is more
pronounced. Table 1, upper section, gives the mean
lengths of the hypocotyls grown under the two magnetic
conditions and the various light regimes, together with
the standard deviations and the test statistic of the z-test
comparing those grown in the local magnetic field and
those grown under increased intensity.

Under blue light, we observed the expected growth
inhibition, i.e., seedlings exposed to elevated fluence
rates were substantially more inhibited than those
grown at lower ones. However, in the higher magnetic
field of 500 pT, this growth inhibition was enhanced
when compared to that of seedlings grown in the local
field of 44 or 33 pT. Figure 2 gives the lengths of the
seedlings at 500 uT as percentage of the control seed-
lings grown simultaneously in the local field under
identical conditions. The reduction in length due to
the increased magnetic intensity was comparable for
all fluence rates of blue light and statistically highly
significant (Table 1, last column). Dark-grown seed-
lings, on the other hand, were unaffected by the
change in magnetic intensity (Fig. 3; Table 1, central
section).

To establish a crucial role of cryptochrome for the
observed magnetic sensitivity, we repeated the growth
inhibition experiments in the presence of monochro-
matic 633 nm red light. Under these conditions, hypo-
cotyl growth inhibition in Arabidopsis is mediated by
phytochromes (Ahmad and Cashmore 1993; Quail
et al. 1995), and not by cryptochromes (Ahmad et al.
2002). Red light also led to substantial hypocotyl
growth inhibition (Table 1, lower section), but in con-
trast to that observed under blue light, the growth inhi-
bition remained unaffected by the increased magnetic
field intensity (Fig.2). The cryptochrome-deficient
double mutant, cryl/cry2, of A. thaliana exposed to
blue light showed neither growth inhibition nor did it
respond to the increased magnetic field intensity of
500 uT (Fig. 2; Table 2).

In summary, we observed a significant magnetic
effect on hypocotyl growth inhibition, but this effect is
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Table 1 Influence of the magnetic field on the hypocotyl length of Arabidopsis thaliana wild type tested under blue (465 nm) and red

(633 nm) light and in darkness

Test Fluence rate Exposure Length (mm) in Length (mm) Difference in z Significant
local field in 500 uT length (mm)

465 nm Time (h) n Mean + SD n Mean + SD A mean Difference
F1 20 Wm 2 68 30 3.46 £ 0.75 28 2.44 £ 0.51 —-1.02 7.43 Hk
F2 20 Wm™2 63 h 30 2.38+0.16 30 2.14+0.20 -0.24 5.05 el
F3 20 Wm ™2 65 30 6.32 £ 0.35 27 5.15+0.47 —-1.17 10.67 Hok
F1 33 Wm™? 68 30 7.59 £ 1.57 30 5.08 £ 1.04 -2.51 7.28 Hok
F2 3.3 Wm™ 63 30 4.62 + 0.46 30 435+ 0.59 -0.27 1.06 NS
F3 3.3 Wm™2 65 30 8.19 £ 0.55 30 7.40 £ 0.53 -0.79 5.70 Hok
P1 20 Wm 2 72 30 3.03 £0.29 30 2.17 £0.36 —-0.87 10.32 Hok
P2 20 Wm™2 72 30 3.18+0.43 30 212+ 0.36 -1.07 10.44 el
P3 20 Wm™2 72 30 3.95+0.42 30 2.85 £+ 0.30 —-1.10 11.65 Hok
P1 12 Wm™? 72 30 4.38 £ 0.47 30 2.97 £0.26 —-1.42 14.50 Hk
P2 12 Wm™2 72 30 472 +0.45 30 2.98 +0.36 -1.73 16.52 el
P3 12 Wm™2 72 30 4.73 £ 0.41 30 3.40 £ 0.46 —-1.33 11.82 Hok
In darkness
F2a dark 63 30 6.69 £ 1.17 30 6.03 +£1.19 —0.66 217 *
F2b dark 63 30 7.10+£1.12 30 6.85 +1.02 -0.25 0.90 NS
F3 dark 65 23 10.15 £ 1.02 26 10.07 £ 0.71 —0.08 0.31 NS
P1 dark 72 30 8.97 £ 041 30 9.17 £ 0.38 +0.20 1.95 NS
P2 dark 72 30 9.67 £ 0.61 30 9.60 £+ 0.56 -0.07 0.44 NS
P3 dark 72 30 10.43 £ 0.50 30 10.60 £ 0.56 +0.17 1.21 NS
Tested under 633 nm red light
F4 42.4 Wm™2 64 30 3.10+0.51 30 3.28+£0.53 +0.18 1.35 NS
F5 42.4 Wm™2 73 27 3.33+£0.48 30 3.37 £ 0.55 +0.04 0.29 NS
F4 8.5 Wm™2 64 30 5.34 +£0.62 30 5.43 £ 0.53 +0.09 0.60 NS
F5 8.5 Wm~2 73 30 5.27+£0.50 28 529+ 0.45 +0.02 0.16 NS

Tests F1-F5 were run in Frankfurt, Germany, where the local field was 44 uT; tests P1-P3 were done in Paris, France, where the local
field was 0.33 pT. Differences tested by the z-test: ***P < 0.001; *P < 0.05; NS not sigificant

Cry1Cry2- mutant
4865 nm blue light

Wild type
465 nm blue light dark

633 nm
red light
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Fig. 2 Effect of magnetic intensity on hypocotyl growth inhibi-
tion in Arabidopsis thaliana: length of seedlings grown in 500 uT
as percentage of those grown in parallel in the local field. Round
symbols indicate data of the initial tests in Frankfurt, diamonds
those of the tests in Paris. Symbols indicate difference to those in
the local field by the z-test: solid, P < 0.001; semi-open, P < 0.05;
open, no significant difference (for numerical data, see Tables 1
and 2)

manifested only when growth is controlled by the blue-
light pathway, and it requires functional cryptochrome.
The increased magnetic intensity seemed to enhance
the effect of the blue light.

c
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Fig. 3 Effect of magnetic intensity on anthocyanin accumulation
(A530-0.25A657) in seedlings grown in parallel in the local mag-
netic field of 40 uT and in a higher magnetic field of 500 pT. Three
independent trials are shown, with error bars representing the
standard deviation and asterisks indicating significance level of
the differences: *P < 0.05; **P < 0.01

Anthocyanin accumulation

We next studied the effect of magnetic intensity on
anthocyanin accumulation. In each of three indepen-
dent trials, the levels of anthocyanin accumulation
were significantly higher in seedlings that had been
grown in the higher magnetic 500 puT field compared to
seedlings grown in the local magnetic field of 40 uT
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Table 2 Influence of the magnetic field on the hypocotyl length of Arabidopsis CryCry double mutant tested under blue light (465 nm)

and in darkness

Test Fluence Exposure Length (mm) in Length (mm) Difference in z Significant
rate local field in 500 pT length (mm)
465 nm Time (h) n Mean + SD n Mean + SD A mean Difference

F3 20 Wm—2 65 30 12.75 £ 0.93 30 13.22 £ 0.60 +0.47 2.34 *

F6 20 Wm—2 64 23 9.20 +1.36 25 9.18 +1.06 —0.02 0.35 NS

F3 3.3 Wm™? 65 30 13.11 £ 0.68 28 13.22 £ 0.67 —-0.11 0.62 NS

F6 33 Wm™ 64 26 915+ 1.34 28 9.11 £1.18 —0.04 0.34 NS

P4 20 Wm™2 72 30 8.70 &+ 0.65 30 9.23 +£0.62 +0.53 3.23 ol

P5 20 Wm™2 72 30 8.40 £ 0.67 30 8.40 £ 0.62 +0 0 NS

P6 20 Wm ™2 72 30 7.83 £ 0.46 31 7.65 £ 0.49 -0.19 1.55 NS

P4 12 Wm™2 72 30 9.60 £ 0.56 30 9.50 £+ 0.51 —0.10 0.72 NS

P5 12 Wm™2 72 30 9.20 £ 0.41 30 9.37 £0.49 +0.17 1.43 NS

P6 12 Wm™2 72 31 8.52 £0.51 30 8.77 £ 0.63 +0.25 1.71 NS

Tested in darkness

P4 dark 72 30 9.83 £0.70 31 9.87 £ 0.62 +0.04 0.22 NS

P5 dark 72 30 9.83 +£0.79 30 9.80 + 0.81 —0.03 0.16 NS

P6 dark 72 30 9.53 £ 0.63 30 9.50 £ 0.73 —0.03 0.19 NS

Tests F1-F5 were run in Frankfurt, Germany, where the local field was 44 uT; tests P1-P3 were run in Paris, France, where the local
field was 0.33 uT. Differences tested by the z-test: ***P < 0.001; *P < 0.05; NS not sigificant

under identical light intensity, with the differences of
28, 43 and 45%, respectively, being significant all three
independent trials (Fig. 3). This magnetic field effect on
anthocyanin accumulation is consistent with the effect
on hypocotyl inhibition, as here, too, the response to
blue light is enhanced.

Stability of CRY2

In contrast to CRY1, the CRY2 photoreceptor under-
goes light-dependent degradation in response to blue
light activation (Ahmad et al. 1998; Lin etal. 1998).
Because the blue-light-dependent degradation of
CRY?2 represents the most rapid and direct crypto-
chrome response that has as yet been identified in
plants, CRY2 stability is a very suitable system to
address the question whether or not the magnetic field
exerts its effect at the level of this photoreceptor or
close to it. To establish whether this cryptochrome-
dependent response may also be sensitive to the mag-
netic field, we performed a rapid assay for CRY2 pro-
tein stability in etiolated (dark-grown) Arabidopsis
seedlings that had been exposed for 30 min to blue
light in the local 40-uT field and in the 500-uT field.
The results are given in Fig. 4: CRY2 protein levels
were markedly decreased relative to those in dark-con-
trol seedlings. However, as seen in three independent
trials, the rate of decrease is clearly greater under
the higher magnetic field intensity. Here, too, the
increased magnetic intensity enhances the effect of the
blue light, which is in agreement with the results of two
experiments previously described.
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Western blot

Coomassie stain

Fig. 4 Western-blot analysis of rapid CRY2 degradation in the
local magnetic field of 40 uT and in the increased field of 500 pT;
results from three independent trials are shown. Protein quanti-
ties for the Western blots had been standardized

Discussion

There are numerous reports describing a multitude of
magnetic effects in plants and fungi, yet most studies
remain largely on a phenomenological level and are in
general characterized by a lack of physiological and
mechanistic insights (for review: Galland and Pazur
2005). Our results on hypocotyl growth inhibition are
the first example of magnetic effects in plants that are
clearly shown to be blue-light-dependent. They indicate
a link between phototransduction and magnetic sensi-
tivity observable on the level of in vivo growth
responses of plants. Our results further demonstrate
that this magnetic sensitivity to blue light occurs in
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responses that are under the control of the crypto-
chrome blue-light photoreceptors of Arabidopsis.

Not only in hypocotyl growth, but also in anthocya-
nin accumulation and CRY?2 stability, the responses in
the stronger magnetic field are consistent with an
increased sensitivity to blue light. It should be noted
that the differences in responses between the two mag-
netic fields are mostly between 12 and 37% in the
hypocotyl growth inhibition assay, and between 28 and
45% in the anthocyanin accumulation assay. The abso-
lute size of these differences may appear small com-
pared to differences that can be caused by other
factors. We observed considerable variability in abso-
lute growth and in absolute anthocyanin accumulation
from experiment to experiment, which is most likely
due to small variations in the state of germination, time
of growth etc. Anthocyanin accumulation in particular
is known to be under tight developmental control and
reaches a peak at a relatively defined point in seedling
development (Kubasek etal. 1992). Thus, magnetic
field effects on plant responses can easily be missed or
attributed to general scatter when different sets of
seedlings are compared. However, for sets of seedlings
prepared, grown, and treated under identical condi-
tions, the effect of the ambient magnetic field is obvi-
ous: we consistently found effects of the increased
magnetic intensities on blue light responses. Magnetic
field effects were statistically significant for the vast
majority of individual experiments, thereby providing
conclusive evidence that the ambient magnetic field
affects the cryptochrome-dependent response path-
ways. This effect was consistently observed despite
some differences in growth between experiments as in
the initial series, which suggests that it is a robust effect
not bound to a particular developmental state.

Radical-pair mechanism

The question arises by which mechanism magnetic
fields as weak as those used in our experiments can
influence responses involving photoreceptors like
cryptochrome. Schulten et al. (1976) and others (Broc-
klehurst 1976) pointed out that certain chemical reac-
tions, so-called radical-pair reactions, can be
influenced by weak magnetic fields. In the radical-pair
mechanism, a light-induced electron-transfer reaction
results in the generation of radical-pair intermediates
in either a singlet or triplet electronic state. The reac-
tion rates and products from a radical pair depend on
the spin state. Singlets and triplet states have chemi-
cally different fates and the transient radical pair thus
decays into two different types of products, i.e., singlet
or triplet products.

In the specific case of cryptochrome, the primary
events could occur as follows (Fig. 5). In darkness the
flavin chromophore of cryptochrome exists in the oxi-
dized state (FAD); after near-UV or blue-light absorp-
tion, cryptochrome reaches the singlet excited state
(FAD*) from where it undergoes a photoreduction,
i.e., it receives via intraprotein electron transfer an
electron from a tryptophan residue. The electron trans-
fer results in a radical pair consisting of a flavosemiqui-
none radical (FADHe) and a tryptophanyl radical
(Giovani etal. 2003). The radical pair is initially
formed in either a singlet or a triplet state, defined by
the relative orientation of the electron spins in the two
radicals. For simplicity, we assume in the following that
the radical pair is generated in a singlet state; however,
the arguments can be applied completely analogously
if the radical pair is generated in a triplet state.

Singlet radical pairs can convert to triplet radical
pairs, i.e., [[FADHe Trpe], which in turn can convert
back to singlet radical pairs (Fig.5, double arrow
inside the box). Both triplet and singlet states of radi-
cal pairs are transient and react within at most 100 ps
to form singlet or triplet products. Since singlet and
triplet products are chemically different, they will
react with distinct reaction partners and/or form
different reaction products before they revert back to
the ground state. For example, if one of the radical
products can diffuse, interaction of radical products
with (as of yet unknown) downstream signaling part-
ners can become spin-selective, providing a mecha-
nism by which magnetic field effects on radical pair

FAD*  Trp magnetic field

OO T OO
SIFADH Trp’]| \X_// |"[FADH" Trp']

hv l
ﬂological effector

FAD

energy

Tproducts

Fig. 5 Radical-pair mechanism as exemplified by the blue-light
activated photoreceptor cryptochrome. FAD chromophore in
darkness, FAD* singlet excited state after absorption of near-UV
or blue light, FADHe flavosemiquinone radical, 7Trpe neutral try-
ptophanyl radical. FADHe and Trpe form radical pairs that can ex-
sist either in the singlet SIFADHe Trpe] or in the triplet [[FADHe
Trpe] state. External magnetic fields modulate the singlet-triplet
ratio of the radical pairs and thus subsequent biological reactions
that depend on the radical yield (modified after Ritz et al. 2000).
The proton donor required for the formation of the FADHe radi-
cal has been omitted. For further explanations see text
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spin states can result in neurophysiological signals
(Weaver et al. 2000).

If we assume that the singlet but not triplet products
act as biological effector to initiate signaling, the well-
understood theory of magnetic field effects on radical
pairs (e.g., Timmel et al. 1998) would predict increased
signaling for stronger magnetic fields. The interconver-
sion between the singlet and triplet states of radical
pairs is driven by the so-called hyperfine interaction of
magnetic nuclei (H1, N14) with the unpaired electron
spins. An external magnetic field changes the dynamics
of singlet-triplet interconversion and, hence, the yield
of reaction products. One needs to distinguish two
types of magnetic field effects, typically referred to as
‘Zeeman’ or ‘high’-field effect and as ‘low’-field effect,
respectively (Brocklehurst 1976; Timmel et al. 1998).
The strength of the field is measured in comparison
with the strength of the internal magnetic field created
by the hyperfine interactions. Typically, internal
magnetic fields are on the order 100 uT to several mT.
For an external magnetic field of comparable size or
stronger (‘high’ field), two of the three triplet states,
namely T,, and T_;, become progressively decoupled,
restricting singlet-triplet conversion to the S and T,
states. If the radical pair is created in a singlet state, the
reduced efficiency of singlet-triplet mixing amounts to
a reduction of triplet states generated and, hence, an
increase of singlet over triplet product yields, and an
enhanced response to light in stronger magnetic fields.
In external magnetic fields weaker than the hyperfine
interactions (‘low’ field), a different mechanism leads
to a decrease of singlet product yields (Brocklehurst
1976; Timmel etal. 1998). However, this low-field
effect is only expected to occur for relatively simple
radical pairs with a high degree of symmetry and it is
not clear whether it would occur for the Arabidopsis
FADHe Trpe radical pair.

Effects of external magnetic fields are more pro-
nounced the longer the lifetime of the radical pair
(Brocklehurst 1976; Timmel et al. 1998). Lifetimes of
>100 ns are common in many radical pairs and effects
of 100 uT fields have been demonstrated in radical
pairs with such lifetimes (Batchelor et al. 1993; Broc-
klehurst and McLauchlan 1996; Galland and Pazur
2005). The lifetime of FADHe Trpe radical pairs in
Escherichia coli CPD photolyase is exceptionally long,
on the order of 10 ps (Weber 2005; see also Cintolesi
et al. 2003 and references therein). If the lifetime of the
closely related Arabidopsis cryptochrome FADHe
Trpe radical pair was similarly long, one would expect
effects of even weaker magnetic fields.

It should be noted that the dose-response curve of
radical pair reaction yields to magnetic fields is highly
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non-linear. This is a consequence of the above dis-
cussed fact that singlet-triplet interconversion is driven
mostly by the internal magnetic field created by the
hyperfine interactions on the order of mT. The effect of
an external magnetic field will become difficult to
notice if the external magnetic field is much smaller
than the hyperfine interactions. In experiments with
radical pairs in solution, the effect of a 10-100 uT mag-
netic field (compared to zero magnetic field) is a
change of yield on the order of 1%. For external mag-
netic fields of the same order as or larger than hyper-
fine couplings, one expects larger changes of reaction
yields. Magnetic field effects saturate quickly for higher
fields. We chose an intensity of 500 pT for this proof-
of-principle study, because for this intensity a notice-
able increase of singlet yield compared to 33, 40 or
44 uT is expected, avoiding the complications of ‘low’-
field effects that can potentially occur at lower intensi-
ties.

In the preceding discussion we have assumed that
the FADHe Trpe radical pair is generated in the sin-
glet state. The discussion can be adapted to yield the
same conclusions for a radical pair generated in the
triplet state: one only has to assume that the biological
effector is a triplet product in this case.

Cryptochrome—a wide-spread
magnetophotoreceptor?

Our study provides strong support for the suggested
link between magnetic field sensitivity through radical-
pair reactions and a crucial role of cryptochromes. The
absence of magnetic field effects on hypocotyl growth
under red light and in the cryl/cry2 double mutant,
restricts the magnetosensitive reaction to the blue-
light, i.e., the cryptochrome-mediated pathway. As our
experiments involve in vivo assays of phenomena that
occur in planta, we cannot rule out the possibility that
the observed magnetic sensitivity occurs at a point in
the respective signaling pathways downstream (and
therefore not directly linked) to the primary photo-
chemistry of the photoreceptor. However, it is signifi-
cant that several independent responses known to be
under the control of the cryptochromes are affected by
magnetic fields in a similar manner, including a very
rapid response of blue-light induced CRY2 protein
degradation that occurs within only a half hour of light
activation. This suggests that the magnetic field may, in
fact, act at the point of cryptochrome photoreception,
involving the cryptochrome molecule itself.

In migratory birds, recent evidence strongly
supports a radical pair mechanism underlying the
detection of the geomagnetic field (Ritz et al. 2004;
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Thalau et al. 2005; Wiltschko et al. 2005); this finding,
combined with the above mentioned evidence impli-
cating a role of cryptochromes (Moller etal. 2004;
Mouritsen et al. 2004) makes it an appealing hypothe-
sis that radical pairs of cryptochrome represent the
physical basis of the avian magnetic compass, even if a
direct link between cryptochromes and magnetic sensi-
tivity could not yet be established for birds. Together
with our present findings, this would mean that mag-
netic sensitivity is based on similar mechanisms in very
different organisms.

In animals, magnetic fields have an important bio-
logical function: they provide navigational information
for spatial orientation (Wiltschko and Wiltschko 1995,
2005). In plants, the biological significance of the
observed magnetic sensitivity is not obvious. Our dem-
onstration of magnetic field effects in Arabidopsis calls
for further, more exhaustive studies of possible mag-
netic field effects on cryptochrome-mediated responses
in plants. For example, the role of cryptochromes in
entraining circadian rhythms suggests the possibility of
magnetic effects on the internal clock (Devlin and Kay
2000; Harmer et al. 2000). For plants, further such
studies are necessary to establish what biological sig-
nificance the observed magnetic sensitivity might have.
Yet it is also possible that the magnetic effects
observed in plants represent side-effects of their flavin-
containing cryptochromes. Responding to changes in
magnetic fields might be an intrinsic property of the
photochemistry of cryptochromes—animals, using the
same pigments, may have developed this property in
the course of evolution to serve an important function,
namely to provide magnetic information for compass
orientation.

Conclusions

Beyond its relevance to plants, our study on the role of
cryptochrome in the context of magnetic sensitivity will
likely have a broader impact on sensory biology at
large. As Arabidopsis is well amenable to mutagenic
and molecular methods, this may facilitate the analysis
of molecular and physical details about cryptochrome-
based magnetic receptors that are technically inaccessi-
ble, e.g., in the birds’ eyes. Although the radical-pair
mechanism is an established mechanism by which weak
magnetic fields can alter chemical reaction rates and
yields, experimental studies of magnetic effects on radi-
cal pairs have so far been confined to in-vitro systems,
e.g., re-engineered photosynthetic reaction centers
(Liu et al. 2005). Our study is the first to demonstrate
magnetic effects on a functional in vivo system. It thus

opens the avenue to a direct verification of a radical-
pair mechanism mediating magnetic sensitivity through
identification of magnetically sensitive radical-pair
reaction steps within the blue-light pathway, with opti-
cal and electron spin resonance studies identifying
spin-sensitive reaction steps and radical-pair interme-
diates in Arabidopsis. In this sense, Arabidopsis may
well emerge in the future as a useful minimal model for
magnetoreception in other organisms, even animals
like birds.
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