
A Candidate Magnetic Sense Organ in the Yellowfin Tuna, 
Thunnus albacares 

Abstract. Single-domain magnetite crystals have been isolated and characterized 
from tissue located in a sinus within the dermethmoid bone of the skull of the 
yellowfin tuna, Thunnus albacares. Their chemical composition, narrow size distri- 
bution, and distinctive crystal morphology indicate that these crystals are biochemi- 
cal precipitates. Experiments on the interuction betnpeen particles reveal the orga- 
nization of the particles in situ und suggest 11 possible form for  candidate mugnetore- 
ceptor organelles. The consistent localization of such particles w,ith similar urrange- 
ment within the dermerhrnoids of this und other pelagic fishes suggests that the 
ethmoid region is a possible location for  a t'ertebrate magnetic sense organ. 

Magnetic material has been detected 
in the tissues of various metazoan spe- 
cies (1-5). Although the material is in- 
ferred to be magnetite, in many cases 
this has not yet been established, and 
external contaminants have not been ex- 
cluded as  possible sources of magnetic 
remanence. Even in the homing pigeon 
and the honey bee, detailed localization 
of the magnetite has proved difficult to 
ascertain, and the particles have not 
been isolated or characterized previous- 
ly (3, 4). For many of the species stud- 
ied, behavioral evidence for magnetic 
sensitivity is lacking or in dispute. 

Earlier we reported reproducible con- 
ditioned responses to earth-strength 
magnetic fields in the yellowfin tuna, 
Thunnus albacares (6) .  We now report 
the detection, extraction, and character- 
ization of magnetite crystals from tissue 
within a sinus formed by the dermeth- 
moid bone of the skull of this species. 
The crystals have a narrow size distribu- 
tion, are single magnetic domains, and 
have morphologies similar to other bio- 
chemically formed magnetites. Studies 
of the interactions between particles sug- 
gest that the crystals are arranged in 
groups or chains in the dermethmoid 
tissue. Magnetite-based magnetorecep- 
tor organelles arranged in vivo in a form 
consistent with these observations could 
provide these fish with a sensitive mag- 
netoreception system. 

To distinguish magnetic material with 
a possible magnetoreceptive function 
from other deposits, we sought to identi- 
fy a tissue with the following characteris- 
tics: (i) it should have a high remanent 
magnetic moment concentrated in a 

small volume of sample compared with 
other tissues from the same fish; (ii) the 
anatomical position of the magnetic tis- 
sue must be consistent from fish to fish; 
(iii) the bulk magnetic properties, includ- 
ing particle coercivity, should be similar 
in different individuals and in different 
species of fish; and (iv) it should be 
innervated. 

Tissue and organ samples, including 
bones of the body and the skull, skin, 
sense organs, viscera, and swimming 
muscles, were dissected from three 1- 
year-old yellowfin tuna (fork length, 40 
to 50 cm) with glass microtome knives 
and handled with nonmetallic tools in a 
magnetically shielded, dust-free clean 
room. Although subsequent dissections 
focused on the most magnetic tissue, 
other samples were measured in all fish. 
Samples were washed in glass-distilled 
water, frozen in liquid nitrogen, exposed 
to strong fields from a cobalt-samarium 
magnet or an air-core impulse solenoid 
(7), and tested for isothermal remanent 
magnetization (IRM) in a superconduct- 
ing magnetometer. We extracted the 
magnetic material for other tests by com- 
bining the magnetic tissue from several 
fish, grinding the tissues in a glass tissue 
grinder, extracting released fats with 
ether, digesting the remaining cellular 
material in Millipore filtered 5 percent 
sodium hypochlorite solution (commer- 
cial bleach), and briefly treating the resi- 
due with 0.5M EDTA @H 7.1). After 
centrifuging and washing, aggregates of 
black particles could be separated mag- 
netically from the residue: control sam- 
ples of originally nonmagnetic tissues 
yielded no such product. The magnetic 

I8 MAY 1984 75 I 



1 on 
0 B 

W 
f ; 80 
n 
L’ 0 

60 
a : 
E 

0 
z 4 0  

m m 
a 
E 20 

n 

0 0 

0 
L 

0 

Peak tleld (mT) 

Fig. I .  The one-axis Af demagnetization and IRM acquisition curves for the dermethmoids of 
four yellowfin tuna. Saturation magnetization ( 1  to 3 x IO3 pAm’) is 100 percent and natural 
remanent magnetization is 0 percent in both plots. Error bars represent standard errors of the 
means. 

powder extracted from the dermethmoid 
tissue was analyzed by x-ray diffraction, 
electron microprobe, and transmission 
electron microscopy (TEM). 

Of 17 tissues and organ samples exam- 
ined for magnetic remanence, IS had 
mean moments less than SO0 pAm’, and 
two (eye tissue and dermethmoid bone) 
had moments greater than 1000 pAm’ 
(8). The intensities of magnetization of 
these samples identified the frontal and 
dermethmoid hones as the samples con- 
taining the greatest concentrations of 
magnetic material (8). Subdivision and 
remeasurement of the dermethmoids 
from a number of fish suggested that the 
magnetic material was contained in a 
sinus formed within the dermethmoid 
bone. Because the dermethmoid hones 
acquired greater moments (260 to 3000 
pAm’) than the frontal hones (59 to 300 
pAm*) and were always clearly magnet- 
ic, we focused our remaining studies on 
the dermethmoid hone and on the tissue 
it contained in particular. 

The frozen dermethmoid tissues of 
seven yellowfin tuna had natural rema- 
nent magnetization moments at or below 
the instrument noise level (< 50 p A d ) .  
We magnetized these samples (600 to 
3000 PA&) and allowed them to warm 
to room temperature, measuring their 
moments at 5-minute intervals. The mo- 
ments retained by the samples all de- 
cayed with time. although not all lost 
their moments completely within the pe- 
riod of the experiments ( I  hour). This 
observation suggests that, as the tissues 
thawed, the orientation of the magnetic 
particles became randomized through 
thermal agitation. 

We washed and refroze the dermeth- 
moids of four fish, subjected them to 
magnetic fields of progressively increas- 
ing strength with the impulse solenoid, 
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and then demagnetized them with pro- 
gressively increasing alternating fields 
(AD. The magnetic moment remaining 
after each step in these procedures was 
measured in the magnetometer. The der- 
methmoids acquired virtually all of their 
magnetization in fields between 10 and 
200 mT and lost i t  again in alternating 
fields between 10 and 100 mT (Fig. 1). 
The absence of the multi-domain magne- 
tite particles detected by Zoeger et ul. (5) 
in the Pacific dolphin, Delphinus delphis, 
is indicated by the flatness of the Af 
demagnetization curve below peak fields 
of 10 mT. The almost complete satura- 
tion of the samples in fields above 200 
mT rules out the presence of hematite 
and metallic iron alloys, which will con- 
tinue to acquire remanence in fields 
above lo00 mT. 

If the magnetic particles producing the 
moment were uniformly dispersed 
throughout the dermethmoid tissue, the 
IRM acquisition and Af demagnetization 
curves would he symmetrical about the 
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Fig. 2 .  Isolated magnetite crystals from the 
yellowfin tuna dermethmoid tiSwe. Scale bar 
I S  100 nm. 

50 percent magnetization point. This fol- 
lows because magnetic moments that are 
aligned by a given impulse field level 
should also he moved by an alternating 
field of the same strength. Interactions 
between the particles aid Af demagneti- 
zation and inhibit IRM acquisition, dis- 
placing the curves and causing their in- 
tersection to fall below the 50 percent 
magnetization point ( 9 ) .  However, the 
abscissa of the intersection point still 
provides a good estimate of the median 
coercivity of magnetic particles in the 
sample (9) .  The ordinate and the abscissa 
of the intersection of the Af demagneti- 
zation and IRM acquisition curves for 
the yellowfin tuna dermethmoids were at 
30 percent magnetization and 40 mT, 
respectively (Fig. I ) .  These data are 
compatible with the presence of about 
8.5 X IO’ single-domain magnetite parti- 
cles in the dermethmoid tissue; these 
particles are approximately SO nm in 
length, have axial ratios of about 0.8 
(10). and are organized into interacting 
groups or chains (9 ,  I I ) .  

An x-ray diffraction pattern identified 
magnetic particles extracted from the 
dermethmoid tissue as  crystalline mag- 
netite (12). Electron microprobe (Ca- 
meca MBX) analysis showed that the 
crystals were pure, containing no mea- 
surable titanium, chromium. or manga- 
nese (11). In  TEM. the isolated crystals 
were 45 2 5 nm in length and 38 i 5 nm 
in diameter (mean i standard error of 
the mean) (Fig. 2). These dimensions fall 
within the single-domain stability field of 
magnetite (131, and their sizes and axial 
ratios match the particle coercivities 
measured in whole tissues. The crystals 
do not conform to the octahedral crystal 
morphology or lognormal size-frequency 
distributions normally shown by geolog- 
ic or synthetic magnetites (14). Nonocta- 
hedral crystal habits and uniform size 
distributions are characteristic of chiton 
and bacterial magnetites (15). which sug- 
gests that crystal morphology is a useful 
means of distinguishing biologic from 
nonbiologic magnetites (15 ,  16). 

The properties and organization of the 
magnetite particles in the dermethmoid 
tissue of the yellowfin tuna meet precon- 
ditions for use in magnetoreception and 
suggest a possible form for magnetite 
based magnetoreceptors. Their chemical 
composition, uniform size, and biologi- 
cally distinctive morphology are evi- 
dence of closely controlled biominerali- 
zation processes and, consequently, 
magnetic properties. The crystals will 
have a coupling energy with the geomag- 
netic field of about 0.1 kT. They are 
therefore too small to contribute individ- 
ually to magnetoreception since their net 
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alignment, as given by the Langevin 
function, will be poor (17). Organization 
of the particles into chains similar to 
those in the magnetosomes of magneto- 
tactic bacteria (18) will yield greater cou- 
pling energies and is consistent with the 
interactions between the particles de- 
tected in the dermethmoid tissue. The 
decay with warming of the IRM acquired 
by the dermethmoid tissue indicates that 
the particle groups are at least partially 
free to rotate. Taken together, these re- 
sults suggest an association of the parti- 
cles with a mechanoreceptor that detects 
the position or movement of the groups. 
Theoretical analyses (19) show that 
chains of 20 to 60 particles would pro- 
vide ideal coupling energies with the 
geomagnetic field for use in magnetore- 
ception. Assuming that the 8.5 X IO’ 
particles detected in the dermethmoid 
tissue are arranged in such a fashion, a 
magnetite-based magnetoreception sys- 
tem in the yellowfin tuna could resolve 
magnetic field direction to within a few 
seconds of arc, or magnetic field intensi- 
ty differences of 1 to 100 nT (19). 

Gross dissection of the dermethmoid 
region of the yellowfin tuna revealed the 
supraophthalmic trunk nerve, which car- 
ries branches ot’ the trigeminal, facial. 
and anterior lateral line nerves and 
which ramifies in the ethmoid region. 
Histological studies have suggested the 
presence of nerve axons in the dermeth- 
moid tissue (20). A suitable physical and 
possible neural basis for previously dem- 
onstrated behavioral responses to mag- 
netic fields has thus been demonstrated 
for the first time in one species. Our 
magnetometry results are consistent in 
phylogenetically distant fishes (12) and. 
along with similar results for other verte- 
brates (1, 4 ,  3, suggest that the ethmoid 
region of the skull is a likely site for a 
vertebrate magnetic sense organ. 

Note added in p r o o j  Magnetite crys- 
tals isolated from the dermethmoid tis- 
sue of chinook salmon, Oncorhynchirs 
tshawytscha, are organized in chains 
when viewed in TEM (21). 

MICHAEL M. WALKER 
Southwest Fisheries Center Honolulu 
Laboratory, Nulional Marine Fisheries 
Service, Honolulu, Hawaii 96812, and 
Department of Zoology, University of 
Hawaii, Honolulu 96822 

JOSEPH L. KIRSCHVINK, 
SHIH-BIN R. CHANG 

Division oJ’Geologic.al and Plunetary 
Sciences, California Institute c$ 
Technology, Pasadena 91 125 

ANDREW E. DIZON 
Southwest Fisheries Center La Jolla 
Laboratory, Nationcil Murine Fisheries 
Service, La Jollu, California 92038 

18 MAY 1984 

References and Hotes 

I .  R. R. Baker, J .  G. Mather. J .  H.  Kennaugh. 
Narure ILondun) 301. 78 (19831; M. Hanson. L. 
Karlsson, H .  Westerberg. J. Cornp. Biochern. 
Physiol.: in press, 1 .  G. Mather and R. R.  Baker. 
Nature (London) 291, 151 (1981): D. Presti and 
J .  D. Pettiarew. ihid. 285. 99 (1980) 

2. D. S .  Jones and B. 1. MacFadden. J .  Exp. Biol. 
96, 1119821. 

3. J .  L Could, J .  L .  Kirschvink. K .  S Deffeye\. 
Science 201. 1026 (1978). 

4.  C .  Walcott. I .  L. Could. J L. Kirschvink. rhrd. 
205. 1027 (19791. 

5 .  J.  Zoeger. J .  R. Dunn. M. Fuller. rhid. 213. 892 
1 1 9 R I \  

6. M’,-M.’ Walker, A. E .  Dizon, J .  L. Kirrchvink, 
Oceans 82 ( IEEE.  Washington. D.C , 19821. pp 
755-7513: M. M Walker. in Mechoni\rnr if 
Migration in Fishes. J.  D.  McCleave. G. P. 
/.mold. J .  J .  Dodson, W.  Neill. Eds . ,  in press. 

7. J. L. Kirschvink. in Biornagnerisrn: An  Inlerdis- 
ciplinary Approach. S .  Williamson, G -L. Ro- 
mani, L. Kaufman. 1 Modena. Eds. (Plenum. 
New York. 1983). p 501. 

8. Samples with mean moments less than SO0 
pAm’: liver. pyloric caecum, intestine. red 
muscle, white muscle. brain. parietal hone. gill. 
skin, peduncle tendon, frontal hone, pectoral 
-n, posterior brain case.  dorsal fin, cardiac 
muscle Samples with mean moment5 greater 
than loo0 pAm’: eye I1242 ? 526.3. h‘ = 41. 
dermethmoid bone (1320.6 ? 224.0, N = 15) .  
Background signal in the ma@netometer was l e b 5  
than or equal to 50 pAm-.  All samples had 
intensities of magnetization ithat is, moments 
per gram of tissue) le,s than or equal t o  62.5 pT 
except the frontal hones (44.3. 162.9 pTI and 
dermethmoid hones 1127.0 ? 32 8 pT. N = 71. 

9. S .  Cisowski, P h i s .  Earth Planer. Inrer.  26. 56 
(1981). 

16. M. W .  McElhinny, Pu/eornoyneri\rn ond Plure 
Tecronics (Cambridge University PreFs. Lon- 

dards in cooperation with the Amencan Society 
for Testing and Matenals (and others) (Joint 

13. 

14. 

15.  

Committee on Powdei Diffraction Standards, 
Swarthmore. Pa. .  1974)l. 
R. F .  Butler and S .  K. Banerjee J. Grophys. 
Res. 80, 4049 (1975). 
R. LQvlie, W. Lowrie. M. Jacobs, Earth Planer. 
Sci.  L e u .  15, 157 (1971); T. Sugimoto apd E.  
MatjeviC, J. Colloid. Interface Sci. 74. ‘:?7 
(19801. 
I .  L .  Kirschvink and H. A. Lowenstam, Earlh 
Planer. Sci.  Lerr. 44. 193 (1979); R. B. Frankel. 
R. P.  Blakemore. R.  S. Wolfe. Science 203. 1355 

Lerr. 52, 213 (19811. 
17. R.  B. Frankel and R.  P .  Blakemore, J. Mognel.  

MaRn. Marer.  15-18. 1562 (1980); J .  L. Kirsch- 
vink, BioSysrerns 14, 193 (19811. 

18. D. L. Balkwill, D. Maratea. R. P. Blakemore. J .  
Bocreriol 141. 1399 (19801. 

19. I .  L .  Kirschvink and J.  L .  Gould, BioSysrems 
13. 181 (1981): J .  L .  Kirrchvink and M. M. 
Walker. in Muunerire Biomineralirarion and 
M&ne;orecepliln in Orgunisms: A New M a g -  
nerism. 1. L .  Kirschvink, D. S. Jones, B. I .  
MacFadden. Eds.  (Plenum. New York, in 
press); E. D. Yorke. J Theor. Biol. 17,  101 
(19791: ibid. 89. 533 (19811. 

20. M. M. Walker, unpublished data 
21. J. L .  Kirschvink P I  ul.,  in preparation. 
22. We thank H.  A. Lowenstam, K.  A. Peterson 

(Division of Geological and Planetary Sciences, 
California Institute of Technology, Pasadena 
91125). and A. Perry for helpful discussions. 
critical reviews. and assistance with experi- 
ments. C .  E .  Helsley. B. H.  Keating. L .  C.  
Ming. and M. 0. Garcia (Hawaii Institute of 
Geophysics. University of Hawaii, Honolulu 
968221 provided use of paleomagnetic laboratory 
facilities and assistance with x-ray diffraction 
and electron microprobe analyses. I .  P. Revel 

don 19731, p. 3 5 7 .  (California Institute of Technology) made facili- 
11 .  M. M. Walker. A. E .  Dizon. J .  L .  Kirschvink. in  ties available for electron microscopy. This re- 

Magnetire Biornrnem/ilalion ond MiiKnelorr- 

lulu. Hawaii 96848 (M.M.W.).  N S F  grants 
Eds . ,  in preparation. PCM82-03627 and BNS83-00301 (J.L.K.I.  and 

12. Lattice parameter uo =.0.8358 * 0.004 nm; ref- NOAA funding. Contribution 4003 from the 
erence value = 0.8396 nm [Selecred Ponder Division of Geological and Planetary Sciences, 
Diffraction Daru for  Minerah,  compiled by the California Institute of Technology, Pasadena, 
Joint Committee on Powder Diffraction Stan- Calif. 91 125. 

;;:;II~ ;;pgn;m;o;er; ,Mf~;;;;&~et;: 
~ ~ $ $ a ~ ~ ~ d  ~ % % “ , ~ t . ~ ~ ~ t  “c’, fe$!:% 

8 August 1983; accepted 26 January 1984 

753 




