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Abstract Although ferromagnetic material has been
detected in Apis mellifera abdomens and identified as
suitable for magnetic reception, physical and magnetic
properties of these particles are still lacking. Electron
paramagnetic resonance is used to study different mag-
netic materials in these abdomens. At least four iron
structures are identified: isolated Fe®> " ions, amorphous
FeOOH, isolated magnetite nanoparticles of about
3 x 10> nm® and 10° nm® volumes, depending on the
hydration degree of the sample, and aggregates of these
particles. A low-temperature transition (52-91 K) was
observed and the temperature dependence of the mag-
netic anisotropy constant of those particles was deter-
mined. These results imply that biomineralized
magnetites are distinct from inorganic particles and the
parameters presented are relevant for the refinement of
magnetoreception models in honeybees.
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Introduction

Living beings are sensitive to environmental signals.
Animals orient themselves during migration or homing
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using sunlight, skylight polarization, stars, winds, geo-
magnetic field, etc. (Schmidt-Koenig and Keeton 1978;
Kirschvink et al. 1985). Animal species differ one from
the other in their use of these environmental signals.
Magnetoreception, the animal mechanism to detect the
geomagnetic field, is still unknown and its origin remains
a complex matter (Wiltschko and Wiltschko 1995).
Several hypotheses and models have been postulated to
explain different mechanisms for different species (Leask
1977; Gould 1985; Kirschvink and Walker 1985; Presti
1985; Rosenblum et al. 1985; Yorke 1985; Sakaki
and Motomiya 1990; Edmons 1992; Grissom 1995;
Deutschlander et al. 1999; Shcherbakov and Winklhofer
1999). Some of them discuss the nature of the magnetic
sensory receptors, suggesting biomineralized magnetic
nanoparticles as transducers for the magnetic field in-
formation. Lohmann and Johnsen (2000) emphasized
that magnetoreceptors have not yet been identified un-
ambiguously in any animal, but it is interesting to point
out that, more recently, magnetite has been defined as
the magnetoreceptor in rainbow trout (Diebel et al.
2000). Also recently, Lohmann and Johnsen (2000)
emphasized that magnetoreceptors have not yet been
identified unambiguously in any animal. As the ion ox-
ide magnetite is a common biomineral (Lowenstam
1981), being widely produced in nature from bacteria
(Blakemore 1975) to human beings (Kirschvink et al.
1992; Schultheiss-Grassi et al. 1999), it is a good can-
didate to be the magnetoreceptor.

Insects are certainly the most diversified and popu-
lous group of animals. Wiltschko and Wiltschko (1995)
and Vacha (1997) have reviewed the influence of the
geomagnetic field on the behaviour of a wide variety of
insects. Until now, the largest number of behavioural
studies related to the geomagnetic field sensitivity were
carried out for the honeybee Apis mellifera (Wiltschko
and Wiltschko 1995). Studies on orientation and navi-
gation tasks of these honeybees reveal the use of the sun
compass, the skylight polarization, and the geomagnetic
field (Gould 1982). Based on the ferromagnetic hy-
pothesis for magnetoreception (Kirschvink 1989), which
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assumes that magnetic particles are involved in mag-
netoreception, studies of the magnetic properties of the
whole honeybee body have shown the presence of
magnetite nanoparticles, characterized by its Curie
temperature (Gould et al. 1978). Supposing 100 nm
nanoparticle diameters, the magnetization measured is
in good agreement with 15 x 10° single domains of
magnetite nanoparticles found in the front third of the
abdomen and aligned transversely to the body axis on
their horizontal plane. Later studies on demagnetized
bees estimated 2 x 10% superparamagnetic particles of
magnetite within the 30-35 nm size range (Gould et al.
1980). Different experiments aimed at the localization of
sensory magnetic particles in honeybees have been per-
formed and are reviewed in Vacha (1997). Electron mi-
croscopy results from magnetic extracts of worker
honeybee abdomens (Kirschvink et al. 1993) evidenced
two fractions of magnetite nanoparticles: one 15-30 nm
in diameter and another with 3-5 nm diameter. These
magnetite nanoparticles were only analysed by magne-
tization measurements.

Electron paramagnetic resonance (EPR) has proved
to be a useful technique to identify different structures
present in biomineralized magnetic systems. This tech-
nique encompasses enough sensitivity to probe inorganic
precursors (Berger et al. 1998), as well as biomineralized
magnetic material; in addition, the EPR spectra of na-
nometric magnetic structures depend on their size and
shape. EPR was used to show the presence of magnetic
material in fire ants of Solenopsis spp., possibly related
to magnetite (Esquivel et al. 1999), and to analyse
magnetic iron oxides in the abdomens of Pachycondyla
marginata ants (Wajnberg et al. 2000) and in the abdo-
mens of a honeybee (Takagi 1995). This report is fo-
cused on the structural and magnetic parameters of the
nanoparticles in the abdomens of the honeybee Apis
mellifera obtained from the temperature dependence of
the EPR spectra.

The present results contribute to the elaboration and
refinement of models on the transduction of the mag-
netic information in Apis mellifera, since biogenic mag-
netite is very specific for each species.

Materials and methods

As a natural process, dead bees are found at the entrance of the
hive. These dead honeybees, Apis mellifera, were collected in Sdo
Paulo University apiary in the south of Brazil. To protect from
deterioration, the honeybees were dried for 10 h at 35 °C and
for 21 h at 39 °C and kept in a desiccator for future sample
preparation.

The bees were extensively washed with 80% (v/v) ethanol so-
lution to remove particles on the fur. Magnetic particle contami-
nation was avoided using stainless steel and plastic tools. Sample D
described below was used as a control.

The abdomens of honeybees were separated and macerated for
EPR experiments. Samples were transferred to EPR quartz tubes
and sealed under nitrogen flux to prevent oxygen contributions to
the EPR signal at low temperatures. Lyophilized samples were
obtained with a Labonco 75200 lyophilizer after maceration to
investigate the dehydration effect. Eight macerated abdomens were

used for sample A. Sample B consisted of ten lyophilized abdomens
and, one week later, sample C was obtained by exposing sample B
to air for two days, being fluxed with N, before measurement. A
control sample (D) was prepared by roughly separating the second
segments of the abdomens. Four EPR temperature-dependence
experiments were performed: samples A and C, from 3 to 280 K,
sample B from 3 to 170 K, and sample D from 5 to 200 K. Sample
B spectra were very similar to sample C and are not shown.

Measurements were performed with a commercial X-band EPR
spectrometer (Bruker ESP300E) operating at a microwave power of
4 mW, which is low enough not to saturate any of the lines of the
spectra at low temperatures, with a 100 kHz modulation field of
about 2 Oe (2 A m') in amplitude. A helium flux cryostat (Air
Products LTD-3-110) was used to control the temperature with an
Au-Fe x Chromel thermocouple just below the sample.

Spectra were simulated by summing Gaussian and Lorenztian
derivative lines as discussed later. The best fittings were chosen by
visual inspection.

Results and discussion

Figures 1 and 2 show EPR spectra as a function of
temperature for samples A and C, respectively. The
spectra obtained are a complex superposition of lines
whose composition can vary from one experiment to
another. This can be due to the variation of the indi-
vidual iron contents and/or to sample manipulation and/
or to the previous sample histories, as shown by the
difference between the spectra of sample A at 280 K
before and after cooling (Fig. 1a).

In the low-field region a signal at g = 4.3, assigned to
the presence of the Fe®" ion, can be observed in all
spectra. The intensity of this signal strongly decreases
with increasing temperatures and it is easily identified in
Figs. l1a and 2a.

A six-line structure is noticed in all spectra superim-
posed on a line at g = 2.01. Arrows (Mn) in Figs. la
and 2a indicate the peak positions of this component.
This signal can be identified with that obtained for the
second segment of the abdomen (experimental spectrum
in Fig. 1b). The envelope in g = 2.01 is from here on
called the background line (envelope spectrum in
Fig. 1b). The resonant field and linewidth of this line are
temperature independent. A similar EPR signal was
observed for marine particles in surface seawater from
the English Channel. X-ray diffraction, EPR, M&ssbauer
spectroscopy, and mass susceptibility measurements of
heat-treated particles support the assignment of this
EPR signal to the amorphous hydroxide FeOOH
(Boughriet et al. 1995). After thermal treatment of the
second segments for 20 min at 350 °C followed by 20 min
at 450 °C, they were examined (heated spectrum in
Fig. 1b). The difference between the spectra of heated
and non-heated samples (difference spectrum in Fig. 1b)
reveals a relative decrease of the background line and the
appearance of a broad line, indicating the conversion of
FeOOH to magnetite, maghemite, or hematite. A sharp
increase of the narrow g = 2 line is also observed. This
line was truncated to have a better resolution of the
other components. Furthermore, Takagi (1995) has
observed one broad EPR line in only one abdomen of an
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Fig. 1 Typical X-band reso-
nances: a spectra of honeybee
Apis mellifera abdomens at dif-
ferent temperatures for macer-
ated sample A; b spectra of a
second segment of abdomen at
T=99 K (experimental), its
simulation (envelope), heat
treated for 20 min at 350 °C
followed by 20 min at 450 °C
measured at room temperature
(heated), and the difference be-
tween the spectra of heated and
non-heated samples (difference)
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Fig. 2 a Typical X-band reso-
nance spectra of honeybee Apis
mellifera abdomens at different
temperatures for the lyophilized
sample C; b the dashed curve is
the simulation of the spectrum
at 95 K using a Gaussian
component for the LF line and
Lorentzian components for HF,
background, and extra lines
(dotted curves)
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adult worker honeybee drastically dried, which could be
compared to the background component. The failure to
observe magnetic components can be related to the
difference in material content from one adult individual
to another, to the local origin of the bees, to the
development adult stage, and to the drying treatment.
The six-line feature is from manganese, which is com-
monly found in biological tissues. It has already been
observed in the EPR spectra of ants (Krebs and Benson

4000 6000
H (Oe)

1965; Esquivel et al. 1999). The high intensity of Mn and
background lines relative to the isolated nanoparticles in
honeybees seem to indicate higher contents of Mn and
iron hydroxide particles in comparison with those found
for migratory ants (Wajnberg et al. 2000).

At low temperatures the spectra show a shoulder in
the g=2 region observed at the low-field tail of the
manganese envelope. This feature indicates the presence
of another component, named the high-field (HF)
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resonance line. Simulation of the spectra indeed requires
a second line in this region, as shown in Fig. 2b. A very
broad magnetic resonance structure is identified at high
g values by its effect on the low-field baseline with a non-
zero value, named the low-field (LF) resonance line (see
Figs. 1a and 2a).

At temperatures higher than 60 K, sample A spectra
exhibit a resonance structure at the LF region with g
values between 5 and 7 (arrows in Fig. 1a) and a line-
width of about 130 Oe, named the iron line (Fe). At
temperatures higher than 70 K, samples B and C exhibit
a signal at g=2.16 (called the extra line) that remains
almost temperature independent within the visual crite-
ria used in the simulation (Fig. 2b). Other less intense
signals appear in narrow ranges of temperatures and are
not discussed here.

The spectra of samples A, B, and C were simulated
with a sum of Gaussian- and Lorentzian-shaped curves
to obtain the temperature dependence of the resonance
fields and linewidths. We noted that the LF resonance
line is better simulated by a Gaussian curve, while for
others lines, Lorentzian curves gave good results. The Fe
line was not taken into account in the simulations and
only the background Mn envelope was simulated
(Fig. 1b). At temperatures lower than 25 K the back-
ground line is asymmetric and neither a Lorenztian nor a
Gaussian line shape resulted in good fittings. Spectra
were then simulated for temperatures higher than about
30 K.

An example of simulation is shown in Fig. 2b for the
modified lyophilized sample C at 95 K. The dashed line
is the sum of the HF, LF, background, and extra com-
ponents (dotted lines). The background line simulation
is shown as the envelope spectrum in Fig. 1b.

It is known from magnetic resonance experiments
that a broad line in the g=2 region is due to isolated
magnetic nanoparticles, while the aggregation of these
particles shifts the line to the LF region (Sharma and
Waldner 1977; Fanin et al. 1993; Dormann et al. 1997).
Supported by these observations, it was assumed that
honeybee abdomens present two distinct magnetite-
based structures: isolated nanoparticles related to the
HF line and aggregates of nanoparticles related to the
LF line. The characteristic signal of inorganic bulk
magnetite (Ikeya 1993) was not observed in the abdo-
men spectra. Figures 3 and 4 show the resonance line-
width (AHg) and the resonance field (Hg) associated
with the HF, LF, and Fe resonance lines as a function of
temperature. The anomalous results obtained for the
resonance linewidths (Fig. 3) demonstrate how complex
is the magnetic system. It is interesting to note the sim-
ilarity of the three upper curves with the natural sample
A values changing in a narrower temperature range than
the B and C ones, even though the nonexistence of
models to explain this behaviour. For the HF lines, AHy
decreases with increasing temperatures, suggesting that
at low temperatures the nanoparticle moments are fro-
zen at different orientations but at higher temperatures
fluctuations are thermally activated, causing motional
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Fig. 3 Temperature dependence of the resonance linewidths of HF,
LF, and Fe resonance lines. Filled symbols are for HF line and open
symbols for the LF one. Solid (HF) and dashed (LF) lines are guides
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Fig. 4 Temperature dependence of the resonance field of HF, LF,
and Fe resonance lines. Note that the HF and LF curves are almost
parallel to each other, with the field shifted by an average value
about 946 +£ 66 Oe. The symbols are the same as in Fig. 3



narrowing of the resonance line. The AHy of the LF and
HF temperature-dependent resonance lines can be con-
sidered similar to those obtained for the migratory ant
Pachycondyla marginata (Wajnberg et al. 2000) if dif-
ferent temperature ranges are compared. The increase of
AHy for the HF line in migratory ants from 300 to 70 K
appears from 120 to 30 K in honeybees. The decrease of
AHyg obtained for ants at temperatures lower than 70 K
cannot be observed for bee abdomens, possibly because
this observation could require temperatures lower than
those considered. In the same way, the decrease of the
AHpy of the LF resonance line for ants from 300 to 50 K
appears from 300 to 30 K for honeybees, with the same
low-temperature restriction. The AHy shift suggests a
lower blocking temperature, or lower magnetocrystalline
energy of the nanoparticles found in bees when com-
pared to that of migratory ants. Considering the isolated
nanoparticles dispersed in a non-magnetic matrix,
the linewidth approximately follows a tanh function
(Morais et al. 1987). The magnetic anisotropy energy
KV can then be roughly estimated from the data in Fig. 3
as ~2 x 10" erg and ~1 x 10 erg (~2 x 102! J and
~1 % 102! J) for samples A and B, respectively. Using
the K values at 280 K (given in Fig. 5, as explained
below), volumes of ~1 x 10° nm® and ~3 x 10? nm? for
samples A and B are found, respectively.

It is observed that the Hr of the HF and LF res-
onance lines are almost parallel in the whole temper-
ature range (Fig. 4). This parallelism was also
observed for abdomens of migratory ants and it in-
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Fig. 5 Anisotropy field and anisotropy constant calculated from
the resonant field values using Eqs. 2 and 3 for the HF and LF
lines, respectively. The symbols are the same as in Fig. 3

583

dicates a correlation between the single-particle and
the aggregated magnetic structures. However, similar
to the AHR results, the increase of Hr observed from
about 20 K to 90 K for bees appears from 30 K to
300 K for ants. The same considerations as in Wajn-
berg et al. (2000) were used, where an effective field
Hggr i1s given by:

(1)

where wgr is the Larmor precession frequency and y
the gyromagnetic ratio. The effective field is composed
of the sum of three components: the external field Hg,
the demagnetizing field Hp, and the anisotropy field
Hy. The external field is identified with Hy at the
resonance condition. If the single-particle structure is
considered as composed of spherical particles, the
resonance field is given by:

Hr = wr/y—Ha

Hgrr = 0r /Yy

(2)

The cluster structures can be described by an ellip-
soid uniformly magnetized, composed of several single
particles, with a demagnetizing field Hp. The Hp field
is written in terms of the demagnetizing perpendicular
(Ny) and parallel (N)) tensor components as
Hp = (N. — Nj)Ms, where Mg is the saturation
magnetization associated with the magnetic nanopar-
ticles. If the parallel axis corresponds to the easy
magnetic axis of the particle, the resonance field can
be written as follows (Vonsovskii 1966; Kittel 1996):

HR:COR/V—(NJ_—NH)Ms—HA (3)

where (N,—-N)>0. It is evident from Eqgs. 2 and 3
that the temperature dependence of the resonance
fields of both structures are determined by the an-
isotropy field behaviour, which should give rise to
parallel curves shifted by (N,—N,)Ms. An average shift
of 946 + 66 Oe between the two Hy versus T curves
of the three samples A, B, and C (Fig. 4) was ob-
tained. From this shift in the field it is possible to
estimate the aspect ratio ¢ for the ellipsoid. The two
most useful ellipsoidal shapes are prolate and oblate
spheroids, characterized by the three principal axes (a,
b, and c¢), respectively elongated or flattened along the
¢ axis, such as ¢>»a=5 for prolate and c<a=>5b for
oblate. Since ¢ is the ratio of longest to shortest axis,
the demagnetizing factor for the long axis of a prolate
spheroid is:

Nj=Nc
=4n{glnlg+ (¢~ 1"")/(@ - D"~ 1}/(¢ = 1) (4)
and for an oblate spheroid is:
Nj=Nu=No = (7/2){l¢’/(¢’ = 1)**]
arcsin(¢” —1)"%/g] = 1/(¢* = 1)} (5)

N, was calculated from the relation N, +2N,=4n.
The calculated field shift of 946 Oe matches ¢=1.54
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or g=2.14 if the system is described by a prolate or
oblate ellipsoid, respectively, with the same values of
N;=2.853 and N, =4.856. If a linear chain is con-
sidered as the cluster structure, a prolate spheroid
should be assumed with a=5b equal to the average
value of the nanoparticles’ diameter. The longer axis ¢
is then the number of particles in the chain times this
diameter, so that ¢=c/a is an integer. The ¢ value
obtained for the prolate case suggests that the struc-
ture is not a linear chain, but an agglomerate of single
nanoparticles, as, for example, the stacking of two
chains with three particles in each. On the other hand,
if a disk or ring is considered, an oblate spheroid with
g~?2 indicates an aggregate of four single particles.
Assuming the saturation magnetization value of bulk
magnetite to be 471 Oe and using Eqs. 2 and 3 for the
resonance field, with the parameters v = 9.425 x 10° Hz
andy = 2 x 10”s' Oe ! (which correspondstog = 2.27
for magnetite) (Raikher and Stepanov 1992), the anisot-
ropy field H, is obtained and shown in Fig. 5. The
anisotropy field of magnetite nanoparticles is due to the
effective magnetocrystalline anisotropy density (Kggr)
andis given by Ha = 2Kgpp/Ms. In general, Kgppand Mg
are both temperature dependent. However, considering
that our data were taken in a temperature range far below
the Curie temperature for bulk magnetite (850 K), Mg can
be considered constant. Therefore, the temperature
dependence derives from Kggg. Figure 5 shows that above
about 40 K the anisotropy field of samples B and C is
higher than that of the non-lyophilized sample A. This
effect can be explained considering the possibility that
during the lyophilization process an oxide shell around
the magnetite nanoparticles is generated. This oxide shell
contributes to the anisotropy with a surface component
that increases the value of effective anisotropy Kgrp
(Gangopadhyay et al. 1992; Kodama et al. 1996; Martinez
etal. 1998), as well as increasing the anisotropy field value.
Based on this hypothesis, the presence of the Fe line in the
non-lyophilized sample A could be explained as follows.
This line is probably reflecting the presence of the mag-
netic material, as its resonant field temperature-dependent
curve is also parallel to those of HF and LF. This signal
should be related to free iron particles that are close
enough to the ferromagnetic nanoparticles to be
influenced by an effective magnetic field which depends on
the temperature due to the effects of thermal averaging of
the anisotropy field. Those free iron particles could be
precursors of the magnetic particles or single ions
remaining in the surrounding region of the particles. In
samples B and C this signal is not present, but the extra
signal appears around g=2 at the same temperature
range, T > 60 K (Fig. 2). This effect can be related to the
transfer of these free iron particles by the lyophilization
process to generate the oxide shells, which exhibit a
resonance signal around the g =2 region. A similar effect,
the migration of the Fe® " signal (g=4.3) to the g=2
region in annealed iron-containing borate glass, was
already observed by Berger et al. (1998). This narrow
signal, prevailing at high temperatures, was also quoted in

experiments on non-interacting maghemite (y-Fe,Os)
nanoparticles in ferrofluids (Gazeau et al. 1999) and
in studies of magnesioferrite particles (Dubowick and
Baszynski 1986).

The anisotropy constant of the non-lyophilized ab-
domens shows a change in its sign at ~60 K. According
to Belov (1993), the temperature of 130-135 K at which
inorganic magnetite presents a change in sign is that of
the “‘magnetorientation-type transition”. This tempera-
ture range is close to that of the phase transition (100—
120 K), known as the Verwey transition, of the induced
type where electrical conductivity and other magnetic
features show sharp changes. These transition tempera-
tures depend on the presence of impurities (Syono and
Ishikawa 1963; Brabers et al. 1980, 1998). The line shape
and intensity changes of the EPR spectra visually evi-
dence a transition from 60 K to 91 K for sample A and
from 52 K to 72 K for samples B and C. The same is not
observed in the background line of the second segment,
which presents a smooth intensity decrease with in-
creasing temperature (data not shown). A change in the
EPR parameters of migratory ant abdomens is also
observed at about 70 K (Wajnberg et al. 2000). These
changes indicate a transition in the magnetic system,
which we suggest to be related to the Verwey transition
that would be shifted to lower temperatures in biogenic
magnetite. In this case, the magnetite in honeybee ab-
domens should contain minute quantities of impurities,
as shown by the quantitative analysis of the stoichio-
metric composition of biomineralized magnetite in bac-
teria (Towe and Moench 1981). Bee magnetic materials
have not yet been studied in detail for impurity analysis,
so this hypothesis stimulates such a study. The difference
observed in the magnetic anisotropy of samples B and C
relative to sample A, which differ in their degree of hy-
dration, suggests that this structural change may be
functionally important, as in other biological systems
(Alberts et al. 1983).

The magnetic volume of the isolated nanoparticles
estimated here corresponds to a diameter of 12 nm, in
agreement with those observed by Schiff (1991), in the
range from 10 to 20 nm. However, the latter nanopar-
ticles were not identified as magnetite. Schiff and Canal
(1993) developed a model for the honeybee magnetore-
ception, based on the observation of small nanoparticles
in the base and in the lateral wall of sensorial hairs in the
second abdominal ganglion (Schiff 1991). Experimental
results do not allow distinguishing between the prolate
and oblate geometries; nevertheless, the arrangement
proposed for the agglomerate in the hair base can be
interpreted as an oblate spheroid. Based on their dia-
gram, the ¢ value would be about 2.75, comparable to
2.14 determined in this paper. These results could par-
tially validate the Schiff and Canal (1993) model for the
honeybee magnetoreceptor organization.

Despite the large number of experiments with the
honeybee Apis mellifera, the precise location of magne-
toreceptors is still controversial (Vacha 1997). The Schiff
(1991) and Hsu and Li (1994) observations of possible



magnetoreceptor locations were not reproduced. EPR
results confirm the presence of magnetic nanoparticles in
their abdomens. In spite of the complexity of the spectra,
they were conclusively analysed based on the deconvo-
lution of the spectral components and on the interpre-
tation previously proposed (Wajnberg et al. 2000). The
volumes of the isolated particles could only be roughly
estimated, but the presence of the Fe and extra com-
ponents, not observed in migratory ants experiments,
enrich the discussion and stimulate proposals for the
biogenic magnetite process. At least four iron structures
were identified: isolated Fe’" ions, FeOOH, isolated
nanoparticles, and aggregates of these particles. The
biomineralization process of magnetite in honeybee ab-
domens is still unknown. Particularly interesting is the
observation of the FEOOH spectrum, since this com-
pound was proposed to be in the pathway for magnetite
biomineralization (Mann 1985).

Natural magnetites inevitably contain impurities.
Titanium substitution in magnetite produces systematic
variations in magnetic and physical properties, for ex-
ample the magnetization of saturation, Curie tempera-
ture, coercivity, magnetocrystalline anisotropy constant,
and cell parameter (Banerjee and Moskowitz 1985). The
anisotropy field calculated and the observed transition
of the biogenic magnetite in bee and migratory ant ab-
domens are distinct from that of the inorganic one. As
for now, all purposed magnetoreception mechanisms
must be considered in view of the difficulties of testing
the magnetic navigation hypothesis even in the labora-
tory (Walker and Diebel 2000). Our results present new
opportunities for the study of magnetite produced by
organisms and are relevant to the development and
validation of the models based on magnetite receptors
for honeybees.
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