
pressed at a low level. In the simplest model, 
CBFl acts to rether EBNA2 to the promoters 
of otherwise quiescent target genes. Because 
EBNA2 contains a transcriptional activation 
domain (1 2), the promoter-bound protein 
could act locally to induce transcription in a 
manner similar to that of conventional tran- 
scription factors. By using CBFl as a target for 
EBNA2, EBV effectively subverts the ability 
of B cells to control the expression of these 
genes. Moreover, EBNA2 might mimic a 
cellular factor that normally binds CBFl and 
activates B cell genes in response to stimuli. 
This interpretation offers a new focal point for 
future studies concerning B cell activation. 
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Magnetoreception in Honeybees 

Chin-Yuan Hsu and Chia-Wei Li* 
Magnetoreception by honeybees (Apis mellifera) is demonstrated by such activities as 
comb building and homing orientation, which are affected by thegeomagneticfield. In other 
magnetoreceptive species, iron oxide crystals in the form of magnetite have been shown 
to be necessary for primary detection of magnetic fields. Here it is shown that trophocytes, 
which are apparently the only iron granule-containing cells in honeybees, contain super- 
paramagnetic magnetite. These cells are innervated by the nervous system, which sug- 
gests that trophocytes might be primarily responsible for magnetoreception. Electron 
microscopy also shows cytoskeletal attachments to the iron granule membrane. 

T h e  magnetic field of the Earth influences 
the behavior and orientation of a varietv of 
organisms, such as magnetotactic bactkria 
(I) ,  algae (2), marine mollusks (3), honey- 
bees (4), hornets (5), salmon (6), tuna (7), 
turtles (8), salamanders (9), homing pigeons 
(1 O), cetaceans (1 l ) ,  and human beings 
(12). One of the best understood examples 
of magnetoreception and magnetonaviga- 
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tion is that of magnetotactic bacteria, whose 
magnetoreceptors are single-domain parti- 
cles of magnetite (Fe,04), arranged in a 
chain along the long axis of each bacterium 
(13). These bacteria swim to the north in 
the Northern Hemisphere, to the south in 
the Southern Hemisphere, and in both di- 
rections at the geomagnetic equator (1 4). In 
metazoans, the precise localization of single- 
domain magnetites and the linkage of these 
crystals to functioning sensory nerves that 
transmit magnetic field information to the 
central nervous system have not been deter- 
mined, even though single-domain magne- 
tite particles have been extracted from the 
dermethmoid tissue of the yellowfin tuna 

(1 5). the forehead of salmon (1 6, 17). the 
\ ,, , . 
dura mater of green turtles (8), and from 
human brain tissue (1 8). 

The existence of a magnetoreceptor in 
honeybees has been suggested by behavioral 
and biochemical studies. Worker bees are' 
magnetic (19), as measured by supercon- 
ducing quantum interference devices, and 
magnetite has been obtained from the ab- 
domens of dried bees, as shown by the 
abdomen tissue's Curie temperature and 
magnetization. In honeybees, the only cells 
that contain iron granules are the tropho- 
cytes, which surround each abdominal seg- 
ment (20). Iron deposition ih the tropho- 
cytes begins on the second day after eclo- 
sion, and the iron granule is subsequently 
formed by the aggregation of dense particles 
(approximately 7.5 nm in diameter) in the 
iron deposition vesicles (2 1). However, the 
iron granules have seemed not to be crystals 
(20, 21) and thus would not be expected to 
contribute to the measured permanent mag- 
netism. This discrepancy has been account- 
ed for by the low concentration of magne- 
tite in situ-a few parts per billion (22). 

We determined the presence and nature 
of the magnetite in honeybee trophocytes by 
examining %the fine structure of the iron 
granules in the trophocytes with high-reso- 
lution transmission electron microscopy 
(HRTEM). Adult worker bees, 25 to 35 days 
after eclosion, were dissected, fixed, and 
embedded according to the conventional 
procedure (21). Thin sections were cut with 
a diamond knife and stained with uranyl 
acetate and lead citrate (21). Forty iron 
granules (Fig. 1A) (from five bees) with an 
average diameter of 0.6 p,m were analyzed by 
a JEOL 4OOOEX HRTEM operating at 400 
kV. Crvstals were found in the central uor- 
tion of four of the examined iron granules. 
The crystallized central portion occupied 
30% of the granule volume. The 'largest 
crystal was approximately 10 nm in diame- 
ter. The direction of lattice structure in 
nearby crystals was random, and the lattice 
fringes often appeared to extend across the 
region of 7.5-nm electron-dense particles 
(Fig. 1B). A difiaction pattern (Fig. ID) 
was obtained from a lattice image (Fig. 1C) 
by Fourier transformatiom -The d-spacings 
calculated from the diffraction pattern were 
consistent with the [l Z 11 zone axis pattern 
of magnetite (23). All of the magnetite 
crystals showed well-ordered lattice planes, 
and none of the crystals had any other 
crystalline phases, such as those typical of 
yFeOOH. Previous investigators may not 
have obtained diffraction patterns from these 
crystals because of the crystals' small'size. 

If the observed superparamagnetic gran- 
ules are indeed the honeybees' magnetore- 
ceptors, then nervous system innervation of 
the trophocytes would be expected. The 
abdominal areas of adult worker bees, 25 to 
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35 days after eclosion, were carefully dissect- 
ed so as to minimize disru~tion of the abdo- 
men. The abdomens were then fixed with 
glutaraldehyde and osmium tetroxide, dehy- 
drated through an ethanol series, and dried 
on a Hitachi HCP-2 critical point dryer. 
Their structure was then examined by scan- 
ning electron microscopy. The ventral nerve 
cord that runs along the longitudinal axis of 
the honeybee consists of a segmented chain 
of stereotypical ganglia. A bundle of axons 
extended laterally from each ganglion to 
innervate a cluster of trophocytes (Fig. 2A). 
Neuron processes were embedded in the 
trophocytes (Fig. 2B). A synaptic terminal 
with synaptic vesicles of various electron 
densities was found in close proximity to the 

Fig. 1. (A) Aggregation 
of the 7.5-nm dense 
particles forms a core 
granule (G) in an iron 
deposition vesicle. Ab- 
breviations: er, endo 
plasmic reticulum; g, 
Golgi apparatus. Scale 
bar, 0.4 pm. (B) 
HRTEM micrograph of 
the central portion of an 
iron granule, showing 
the coexistence of crys- 
talline (arrows) and 
noncrystalline regions. 
Scale bar, 3.5 nm. (C) 
HRTEM micrograph of 
an individual crystal, 
showing well-ordered 
fringes. The arrow de- 
notes the selected area 
of the electron diffrac- 
tion pattern shown in 
(D). Scale bar, 1 nm. 
(D) Electron diffraction 
pattern from the lattice 
image, obtained by Fourier 

Fig. 2. (A) Scanning elec- 
tron micrograph of a bun- 
dle of axons (armhead) 
laterally branching from 
a ganglion (G) to inner- 
vate a cluster of trophe 
cytes (arrow). Scale bar, 
0.3 mm. (B) Scanning 
electron micrograph of 
nerve processes, show- 
ing nerve endings (arrow- 

membrane of a trophocyte (Fig. 2C). The 
cytoskeleton associated with the membrane 
of iron granule vesicles contained filaments 8 
to 10 nm in diameter, which suggests the 
presence of microfilaments or intermediate 
filaments (Fig. 2D). 

The estimated number of superpat-amag- 
netic particles can be calculated on the basis 
of iron granule size. The volume of the aver- 
age iron granule with a diameter of 0.6 pm is 
1.13 x lo-" ml. The superparamagnetic 
particles occupy approximately 13% of the 
crystallized central portion, which constitutes 
30% of the granule volume. The estimated 
volume of the superparamagnetic particles is 
4.4 x 10-l5 ml per iron granule. The volume 
of supepmmagnetic particles that are 10 nm 

heads) innervating tro 
phocytes (T). Scale bar, 
20 pm. (C) Transmission 
electron micrograph of a 
-tic terminal associ- 
ated with a trophocyte. 
Scale bar, 0.5 pm. @) 
Transmission electron mi- 
crograph showing cyto 
skeletal filaments (arrow- 
heads) attached to the 
membrane (arrow) of an iron 

transformation. The pattern corresponds to the [I 211 zone of magnetite. 

deposition vesicle. G, iron granule. Scale bar, 90 nm. 
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in diameter is 5.2 x 10-l9 ml. Thus, the 
estimated number of supepammgnetic parti- 
cles is approximately 8.5 x 1@ per iron 
granule. 

A working hypothesis for magnetoper- 
ception in honeybees can be formulated on 
the basis of our findings. External magnetic 
fields may cause expansion or contraction of 
the superparamagnetic particles, depending 
on their orientation. In one orientation, the 
particles would be in a side-by-side position, 
creating repulsion and the subsequent ex- 
pansion of the iron granule. In the other 
orientation, particles would be positioned 
end to end, creating attraction and the 
subsequent contraction of the iron granule 
(24,25). The associated cytoskeleton might 
relay the signal in a mechanism similar to 
that which knsduces the signal of statoliths 
in the root apical cells of plants (26). The 
signal, magrufied by gap junctions (27), may 
trigger the release of synaptic terminal vesi- 
cles, initiating a neural response. 
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15). However, succession, physiological ad- 
aptation, or both could not explain the 
more than doubling of algal biomass in 
response to UVR exposure observed in our 
earlier experiments (1 3). Discrepancies be- 
tween short- and long-term effects of UVR 
on algae have been observed and reported 
(16, 17). Severe photosynthetic inhibition 

Ecosystem Response to Solar U 1 traviolet-B and DNA damage documented in short- 
term exposures of Antarctic phytoplankton Radiation: Influence of Trophic-Level Interactions near-surface levels of UVB did not lower 

Max L. Bothwell,* Darren M. J. Sherbot, Colleen M. Pollock 
Solar ultraviolet radiation (UVR) can reduce the photosynthesis and growth of benthic 
diatom communities in shallow freshwater. Nevertheless, greater amounts of algae ac- 
cumulate in UVR-exposed habitats than in UVR-protected environments. Near-ultraviolet 
(UVA wavelengths of 320 to 400 nanometers) and mid-ultraviolet .(UVB, wavelengths of 
280 to 320 nanometers) radiation also inhibit algal consumers (Diptera: Chironomidae). 
Larval chironomids are more sensitive to UVB than sympatric algae. Differential sensitivity 
to UVB between algae and herbivores contributes to counterintuitive increases in algae in 
habitats exposed to UVB. These mesocosm experiments illustrate that predictions of the 
response of entire ecosystems to elevated UVB. cannot be made on single trophic-level 
assessments. 

Solar ultraviolet radiation (UVR: 280 to 
400 nm) at mid-latitudes during the sum- 
mer can inhibit algal photosynthesis in 
oceans and lakes (1-5). Middle ultraviolet 
radiation (UVB: 280 to 320 nm) disrupts 
many photosynthetic processes including 
the electron transport system (6), photosys- 
tem I1 reaction centers (7), and pigment 
stability (8). It also damages algal DNA (9, 
lo), and both UVB and near-ultraviolet 
radiation (UVA: 320 to 400 nm) reduce 
algal growth rates (1 1, 12). Short-term 
UVR-screening experiments confirm the 
UVR inhibition of attached diatom growth 
rates during the summer at mid-northem 
latitudes (1 3). Paradoxically, extended ex- 
posure to UVR substantially increased the 
diatom biomass (13). Furthermore, lower 
intensities of UVR, non-inhibiting to the 
algal accrual rate, also augmented au- 
totrophic biomass accumulation when com- 
pared to habitats completely shielded from 
UVR (13). 

Algae can increase their tolerance of 
UVR by synthesizing protective UVR-ab- 
sorbing compounds (14) and by repairing 
damaged DNA (9, 10). A wide range in 
sensitivity to UVR exists among algal taxa 
(9, 11). Succession to algal species pre- 
sumed to be more UVR-tolerant has been 
documented in longer experiments (1 3, 
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algal growth rates or reduce algal accumu- 
lation over extended periods of time (16, 
17). Mesocosms with freshwater plankton 
communities in Lake Negra (Chile) ex- 
posed to near-surface, full-sphctrum sun- 
light for 20 days supported greater algal 
biomass than communities protected from 
UVR (18). Similar observations of elevated 
phytoplankton in mesocosms exposed to 
UVR have recently been made in North 
America (1 9). 

Middle ultraviolet radiation can affect 
organisms at all trophic levels, both directly 
and indirectly (1, 20). Thus, compounding 

Flg. 1. (A) UVR inhibition of algal (Chl a) community 
growth and accrual by 90% PAR+UVA+UVB (PVI, 
inverted triangles) compared to growth under 90% PAR 
(UF-1, closed circles). During the initial 1 to 2 weeks, 
specific growth rates were lowered by UVR (13) (AN- 
COVA, P < 0.0.1). Reduced growth rates resulted in 
lower accrued Chl a and algal biomass (cell volumes) 
during this initial phase (13) (ANOVA, P < 0.05). After 
3 weeks, algal biomass (Chl a and cell volume) in 
PAR+UVA+UVB exceeded that under PAR two- to 
fourfold (13), Initial UVR growth inhibition was eliminat- 
ed by either (B) a reduction in ambient sunlight by 50% 
with neutral density screens [under 10 days, 50% 
(UF-1) PAR = 50% PAR+UVA+UVB (PVI) (ANCOVA, P 
> 0.05) or (C) the selective screening out of UVA [90% 
PAR (UF-4, closed circles) 90% PAR+UVA (Mylar, 
open circles) (ANCOVA, P < 0.05) (PAR+UVA+UVB: 
OP-4, inverted triangles)]. Removal of UVB had no 
effect on algal accrual rate [90% PAR+UVAaUVB = 
90% PAR+UVA (ANCOVA, P > 0.05)]. The 50% 
reduction in ambient sunlight intensity (B) also eventu- 
ally resulted in higher algal biomass under 
PAR+UVA+UVB than under PAR. Mean incident UVB 
levels were 48.8 kJ m-2 d-I (A and B) and 53 kJ m-2 
d-I (C). Mean incident UVAwas 888 kJ m-2 d-I during 
the 1992 trial. Mean daily PAR levels during the trials 
were 39.8 E m-2 d-' and 36.3 E m-2 d-I for 1991 and 
1992, respectively. Error bars are *!$EM. 
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