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Honeybees and Magnetoreception

Chin-Yuan Hsu and Chia-Wei Li (1) pro-
pose that magnetite particles in the fat
body of honeybees are part of a magnetic
field sensory system used for navigation.
They make the following statements that
we think are in error or may have other
interpretations.

1) Honeybees contain iron in “granules”
only in the fat body. Iron granules have
been described in honeybee midgut as well
as the fat body (2). They are mineral con-
cretions in vacuoles derived from the rough
endoplasmic reticulum (RER) and form in
response to iron in pollen in the diet.

2) Iron in honeybee fat body occurs in
particles 7.5 nm in diameter. We have iden-
tified iron in holoferritin in the RER of many
insects. Holoferritin has dense cores 7.5 nm in
diameter (3, 4), the size of the particles men-
tioned by Hsu and Li. The dense masses in the
iron granules look like hemosiderin degrada-
tion products of holoferritin described in oth-
er insects (5). Hsu and Li make no mention of
ferritin or hemosiderin.

3) The fat body is innervated. Their scsh-
ning electron micrograph [figure 2B in (I)]
illustrating innervation of a fat body shows a
filamentous structure resembling a trachea.
Hsu and Li do not mention the tracheae and
tracheoles commonly observed on the surface
of the fat body—oenocyte complex, or how
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they may be distinguished from nerves in
scanning electron micrographs. Innervation
of insect fat body has not been described.
Should the honeybee fat body—oenocyte com-
plex prove an exception, it may be related to
the control of wax secretion rather than to
magnetotaxis. The transmission electron mi-
crograph of a nerve ending in a fat body
[figure 2C in (1)] shows the synaptic vesicles
appropriate for an excitatory nerve rather
than the sensory nerve required for a magne-
totactic organ.

4) Nerve endings in the fat body are
stimulated through a transducer mecha-
nism. We could find no structure corre-
sponding to the proposed transducer com-
plex needed to convert intracellular stress
to extracellular nerve action potentials.

5) The granules are attached to cytoskel-
etal filaments that form the stress-activated
part of the transducer complex. Honeybee
vacuoles have no special attachment to cy-
toskeletal filaments (Fig. 1). Their bound-
ing membranes resemble those of the rest of
the RER. Preparations without osmication
to preserve the cytoskeleton show filaments
between mouse pancreas lamellate ER (6),
but not around honeybee iron-containing
vacuoles.

Iron concretions are abundant through-
out honeybee fat body, as would be expect-



Fig. 1. Honeybee fat body. No special cytoskel-
etal filaments are observed connecting RER vacu-
oles containing iron concretions to hypothetical
transducers for magnetotaxis. Bar, 0.1 pm.

ed for an insect subject to iron overload
from the ingestion of iron-rich pollen, a
major component of their diet. Bees on a
pollen-poor diet lack fat body granules, but
continue to contain some holoferritin (2).
We found that the fat body of foraging
honeybees contained vacuoles at all stages
forming from the RER and the nuclear en-
velope, as would be expected if iron seques-
tration is a response to iron in the diet.

It appears to us that Hsu and Li may have
misinterpreted their observations of honey-
bee fat body. In particular, they do not
discuss the role of ferritin and the general
function of insect fat body in iron metabo-
lism (4). Holoferritin- and iron-containing
granules are present in many insect tissues,
especially when dietary iron is high or ex-
perimentally elevated. In honeybees the ap-
pearance of such granules is consistent with
diet and involvement of the fat body with
ferritin and its degradation products.
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Studies of honeybee magnetoreception that
provide anatomical and biophysical con-
straints on the insect receptor system con-
tradict the conclusions of Hsu and Li in their
report about iron granules in the abdominal
trophocytes of honeybees (1). First, studies
using ultrasensitive superconducting quan-
tum-interference device magnetometers and
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transmission electron microscopy of extracts
indicate that magnetite in honeybees is lo-
cated primarily in the anterior, dorsal region
of the abdomen, not in each abdominal seg-
ment as are the iron granules. This includes
crystals of both single-domain (2) and super-
paramagnetic (3) size, as well as ordered
sheets containing arrays of 15- to 20-nm
superparamagnetic particles with electron
diffraction patterns of magnetite (4).
Second, because large numbers of
closely interacting superparamagnetic par-
ticles will display net magnetic behavior
typical of larger grains (5), the magnetite
particles postulated by Hsu and Li should
have been detected by low-temperature
magnetic warming experiments (3). The
volume of superparamagnetic magnetite
(4.4 X 107'% ml) observed to be in each
granule (1) should produce a moment of
1.1 X 107" Am? in these experiments.
Because the total volume of the iron gran-
ules per bee is 2.5 X 107> ml (6) and each
granule has a volume of 1.13 X 107! ml
(1), each bee should have a total of about
2.2 X 108 iron granules. This should have
produced a moment of 2.3 X 1077 Am?,
compared to the much lower measured
value of 2 X 107° Am? (3). Hence, we
doubt that the crystalline material identi-
fied by Hsu and Li (1) is magnetite.
Third, behavioral experiments with
small magnetized wires glued at various
locations on the surface of free-flying bees
have explicitly tested the hypothesis that
ferromagnetic magnetoreceptors are locat-
ed in the anterior, dorsal region of the
abdomen (7). Magnets positioned in this
location impair the ability of the bees to
respond to magnetic cues in discrimina-
tive choice experiments, whereas nonmag-
netic control wires, or magnets positioned
elsewhere (7), have no effect. Hence, we
find no evidence to support the conclu-
sion of Hsu and Li (1) that the ventral
abdominal trophocytes could function as
magnetoreceptors in honeybees.
Joseph L. Kirschvink
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E-mail: krschunk@caltech.edu
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Hsu and Li (1) conclude that some of the
iron-containing granules present in the tro-
phocytes of the honeybee abdomen contain
superparamagnetic crystallites of magnetite.
However, earlier studies by Kuterbach et al.
(2) and by Hsu and Li (3) did not produce
detectable electron diffraction patterns
from these granules. Hsu and Li (1) do not
present any electron diffraction pattern
from the imaged crystallites. Their evidence
for the presence of magnetite is based on
Fourier transform optical analysis of the
lattice fringes observed in their high-reso-
lution transmission electron micrograph
images [figure 1, B and C, in (1)]. Attempts
to index the optical diffraction pattern from
figure 1D in their report are necessarily
crude; nevertheless, I have been unable to
make the entire pattern consistent with a
single crystal pattern from magnetite. As-
suming that the electron microscope was
accurately calibrated, relatively strong dif-
fraction maxima with a spacing of 0.24 to
0.25 nm are evident. Although these max-
ima were indexed as 113,311, this single
d-spacing is by itself insufficient to positive-
ly identify magnetite, much less distinguish
between magnetite and either ferrihydrite,
maghemite, or hematite.

That Hsu and Li did not obtain any elec-
tron diffraction pattern, despite the demon-
stration of lattice fringes, requires explana-
tion. For a highly ordered crystal structure,
the information in the sample that is con-
verted into an image of the lattice fringes is
the same as that which can be transformed
into an electron diffraction pattern by an
alternative arrangement of lens currents in
the electron microscope. Hsu and Li esti-
mate that the volume of “superparamagnetic
magnetite” (that is, the crystalline domains)
per granule is 4.4 X 107!'° cm?, which is
equivalent to a sphere more than 200 nm in
diameter. Such a quantity of magnetite
might be expected to provide ample material
to produce a strong electron diffraction pat-
tern. | readily obtained characteristic mag-
netite single crystal electron diffraction pat-
terns from individual 40-nm magnetosomes
in plastic-embedded sections of the magne-
totactic bacterium Magnetopirillum magneto-
tacticum (unpublished results). The random
arrangement of the individual crystallites
within the honeybee iron granule should
lead to the production of a typical powder
pattern.

The formation of the honeybee iron
granules by aggregation of 7.5-nm electron-
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dense particles (3, 4) suggests a potential
explanation for the poor electron diffrac-
tion properties of the iron-containing ma-
terial. The iron storage protein, ferritin,
contains an electron-dense, 7.5-nm core
composed of the poorly diffracting hydrous
ferric oxide mineral, ferrihydrite (5). The
formation of hemosiderin deposits in mam-
malian tissues (6) and the maturation of
iron deposition granules in the dental epi-
thelial tissues of Polyplacophoran molluscs
(7) suggests that the protein shell of the
ferritin molecule can be degraded to release
the ferrihydrite cores. These finely divided
cores may condense to yield iron-contain-
ing granules that resemble the structures
described in honeybee trophocytes. The in-
herent small crystallite size will therefore
necessarily produce a diffraction node
“broadening” regardless of crystallinity. A
clear diffraction pattern from an aggrega-
tion of ferrihydrite cores is not expected,
although a crystallite size of 7.5 nm for the
component particles is.
Michael H. Nesson
Department of Biochemistry
and Biophysics,
Oregon State University,
Corvallis, OR 97331-7305, USA
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Response: Nichol and Locke and Nesson
suggest that the iron granules in the tropho-
cytes of honeybees are derived from densely
packed iron cores of degraded ferritin. Al-
though our report (1) did not address the
question of whether ferritin is directly in-
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volved in iron granule formation, this pos-
sibility has been explored (2). Calcium has
been shown to be absent in ferritin and
hemosiderin; however, x-ray microanalysis
has indicated the presence of substantial
amounts of calcium and phosphorus in iron
granules (2). Furthermore, we did not de-
tect any crystalline structures in newly de-
posited iron granules, and the superpara-
magnetic particles were observed only in
matured iron granules (I). Our finding that
the lattice fringes of the observed crystals
often appear to extend the boundary of
7.5-nm electron-dense particles provides
additional evidence that the superparamag-
netic particles are probably not the ferritin
iron cores (1). The use of immunoelectron
microscopy at the early stage of iron granule
formation should clarify this issue.

Nichol and Locke suggest that iron gran-
ules in the trophocytes of honeybees form
in response to iron in the diet. However,
although the rate of iron accumulation has
been shown to be directly related to the
amount of iron in the diet, the iron content
of the fat body or of the whole bee reaches
a maximum regardless of the amount of iron
available for ingestion (3). Thus, the accu-
mulation of iron appears to be physiologi-
cally regulated, not merely a response to
high concentrations of iron in the diet. The
observation that maximal iron accumula-
tion occurred when honeybee workers be-
gin foraging behavior (3, 4) and that there
is a distinct difference in the distribution of
iron granules found among members of the
hive (4) suggests that the iron granules may
play a role in orientation.

Both the superconducting quantum-in-
terference device analysis and the behavioral
data on honeybees have shown that the
magnetic detectors could be single domain
magnetite or superparamagnetic particles;
however, subsequent attempts to locate the
detectors in situ and to characterize their
cellular ultrastructure have been unsuccess-
ful (5). The recent finding in iron granules of
crystals of both single domain and superpara-
magnetic size, mentioned in the comment by
Kirschvink and Walker, was also based on
extracts of honeybees. Thus, the identifica-
tion of superparamagnetic particles in situ is
one of the major contributions of our report.
The calculation by Kirschvink and Walker
assumes that all of the iron granules have
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similar amounts of superparamagnetic parti-’
cles, which is inconsistent with our observa-
tion. In our study (1), we identified super-
paramagnetic particles in only 4 out of 40
iron granules. Therefore, the extrapolation
by Kirschvink and Walker to all particles is
misleading. The high-resolution transmis-
sion electron microscopy (JEOL 400EX) gun
that we used to examine the superparamag-
netic particles is LaBg. Because its diffraction
probe is 2 to 3 pm in diameter (that is, much
larger than the object under examination), a
diffraction pattern is not expected. We are in
the process of constructing a field emission
gun with a much smaller probe, which we
hope will generate a clear electron diffrac-
tion pattern.

We have observed cytoskeletons in close
proximity to the iron deposition vesicle
(IDV), with one end attached to an elec-
tron-dense rod on the IDV membrane in
the worker bee (1, 3). Both the cytoskele-
ton and attaching site are not abundant,
hence they have to be examined carefully
in ultrathin sections. The figure in the com-
ment by Nichol and Locke does not dis-
prove their existence.

In our report (1), the working hypothesis
describing the mechanism whereby orient-
ing iron granules generate signals that are
relayed to the honeybee neural system is
formulated on the basis of several fragmen-
tary findings. Detailed analyses of the sen-
sitivity of iron granules to Earth’s magnetic
field, the cytoskeletal system of the tropho-
cyte, and the relation between the tropho-
cyte and the neural system are necessary in
order to elucidate magnetoreception in
honeybees. It is premature to draw too
many conclusions from the present data.
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