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Abstract - B u l k  magnetization  measurements a t  room 
temperature  of  freeze  dried  magnetotactic  bacterial  
ce l l s ,   nonmagneto tac t ic   bac te r ia l   ce l l s ,  and 
extracted magnetosomes from magneto tac t ic   ce l l s   a re  
presented. The r o l e  of t h e  magnetosome i n   t h e  
magnetotactic  response  of swimming c e l l s  i s  discussed. 

Several   species  of  motile  aquatic  bacteria s w i m  
a long   the   ear th ' s   magnet ic   f ie ld   l ines  when dislodged 
from the  sediments   where  they  l ive  [ l ,2  I. One of 
these  species ,  a magnetotactic  spiri l lum  designated 
s t r a i n  MS-I, has  been  isolated  and  cultured  in a 
chemically  defined medium 131. Each sp i r i l lum 
contains a magnetosome 14 1, an intracytoplasmic 
l inear  chain  of  approximately 20 magnet i te   par t ic les  
which imparts a net  magnetic  dipole moments t o   t h e  
c e l l .  The presence  of  magnetite was f i r s t   d e t e c t e d  
by  Mossbauer  spectroscopy [5 3. The magnetic moment 
of  the  chain is la rge  enough t o   o r i e n t   t h e   c e l l   i n  
t h e  geomagnetic f i e l d   a t  room temperature [ 6  1. 
The magnetite  particles  have a uniform  size and a 
euhedral  shape,  each 40 t o  50 nm on a s ide .  They a r e  
enveloped by a membrane-like  boundary layer  which may 
ma in ta in   t he i r   l i nea r   con f igu ra t ion   i n   t he   ce l l  [ 41. 

To charac te r ize   th i s   un ique   b io logica l   s t ruc ture  
w e  have made bulk  magnetic  measurements  of  whole, 
d r i e d   s p i r i l l a  and i so la ted  magnetosomes. I n   t h i s  
paper we present   magnet izat ion  data   obtained  a t  room 
temperature. 

Magnetotactic and nonmaenetotactic  variants  of 
s t r a i n  MS-I were cul tured and prepared  as  described 
previously  [3,51. Magnetosomes were  not  present  in 
cells  of  the  nonmagnetotactic  variant.   Freeze-dried,  
washed ce l l s   o f  each  type  were  measured. Measure- 
ments were a l so  made on i so la ted  magnetosomes  from 
the  magnetotact ic   var iant  which were extracted non- 
magnetical.ly by centr i fugat ion  of   sonical ly   lysed 
ce l   I s .  

Magnetization  data  up  to  10 kOe were  obtained on 
mill igram  size  samples  at  room temperature  using a 
Princeton  Applied  Research  vibrating  sample magneto- 
meter. 

The parameters  characterizing  the  magnetization 
data   for   the whole magnetotact ic   cel ls  ( S - l ) ,  whole 
nonmagnetotactic  cells  (S-2), and i s o l a t e d  magneto- 
somes ( S - 3 ) ,  are  presented  in  Table 1. 

Samples S - l  and 5-3 exhibi ted normal ferromagnetic 
hysteresis   curves .  Sample S-2  on the  other  hand, 
displayed no discernible  ferromagnetic  behavior. The 
specimen measurement was bare ly   d i s t inguishable  from 
t h e   s l i g h t  diamagnetism  of  the empty specimen holder  
alone. The apparent  diamagnetic  susceptibil i ty  for 

-5 x lo-' G-cm3/gm/0e. 
t h e  nonmagnetic ce l lu la r   mater ia l   i s   approximate ly  

The  magnetization of whole  magnetotactic  cells 
(S - l )   s a tu ra t ed   a t  1750 Oe, with a s a t u r a t i o n  
magnetization J, = 0.9 G-cm3/gm, equiva len t   to  1% 
magnetite  by  weight. The sa tura t ion  remanence Jr 
was 47% of the  saturat ion  magnet izat ion,   very  c lose 
to   t he  50% theoret ical   expectat ion  for   non-interact ing 
uniaxial  single-domain moments 171. The coerc iv i ty  
Hc and coercive  force  of  remanence HCr were 220 
O e  and 270 Oe, respect ively.  

The extracted magnetosomes (S-3)  were a l so   h ighly  
magnetic. The magnet iza t ion   sa tura ted   a t  2000 Oe, 
with a saturation  magnetization Js = 13 G-cm3/gm, 
which is equivalent  to 14% magnetite by weight. The 
s a t u r a t i o n  remanence was only 42% of   t he   s a tu ra t ion  
magnetization.  This  suggests  stronger  magnetic  inter-  
ac t ions   i n  comparison to   t he  whole magnetotactic 
c e l l s ,  due to   the   h igher   concent ra t ion  of moments i n  
the   ex t rac ted  magnetosomes. These in te rac t ions  
account   not   only  the  higher   saturat ion  f ie ld  and 
lower J,/J, r a t io ,   bu t   a l so   fo r   t he   s ign i f i can t ly  
lower coercivity  of  only 105 Oe and coercive  force o f  
remanence  of  140 Oe i n   t h e   l a t t e r  sample [ 71. 

X-ray measurements  (Table  11)  confirm  the  presence 
of  magnetite  (FejO4)  in  both  the  magnetotactic 
c e l l s  and the  extracted magnetosomes. The individual. 
magnet i te   par t ic les   in   s t ra in  MS-I a r e   i n   t h e   s i n g l e  
magnetic domain s ize  range [ 81. The l inear  configura- 
t i on   o f  t h e  magnetosome implies a s t r u c t u r a l  
cons t ra in t  on the   pos i t i on   o f   t he   pa r t i c l e   [4 ] .   I f  
t h e   p a r t i c l e s  were f r ee   t o  move in  the  cytoplasm  they 
would clump in  order  to  reduce  the  magnetotactic 
energy. 

In   t he   l i nea r   con f igu ra t ion ,   i n t e rac t ions  between 
the   ind iv idua l   par t ic les   a l ign   the  moments p a r a l l e l   t o  
each  other  along  the  chain  direction [ 9 ]. Thus, t h e  
en t i re   cha in   ac t s   as  a s ing le  domain magnetic  dipole 
(m  G-cm3) with  strong  uniaxial   aniso- 
tropy.  This is cons is ten t   wi th   the   ra t io   o f   the  
sa tura t ion  remanence to   the  saturat ion  magnet izat ion 
J r / J s  = 0.47. According to  Stoner and 
Wohlfarth [ 7  1 this   ra t io   approaches  0 .50  for  an 
i s o t r o p i c ,  randomly or iented  array  of   non-interact ing 
un iax ia l   s ing le  domain magnetic moments. 

If   the  reversal   of  the  magnetization  occurred by 
coherent   ro ta t ion   o f   the   ind iv idua l   par t ic le  moments, 
the  expected  coercive  force would be  c lose  to   the 
in t r ins ic   coerc ive   force  Hc 3000 Oe. The observed 
Hc = 220 Oe suggests a nonsymmetric  fanning 
mechanism for   the  moment reversal ,   as   envis ioned by 
Jacobs and Bean [ 93. 

In  conclusion,  magnetotactic  cells  have  bulk 
magnetic  properties  close  to  those  expected  for an 
array  of  weakly  interacting  single  magnetic domains. 
The bulk  magnetic  properties of the   ex t rac ted  magneto- 
somes r e f l ec t   t he   h ighe r   dens i ty  of  magnetic  material 
with  s t ronger   interact ions between  the magnetosome 
moments. Thus the  magnetism  of t he   i nd iv idua l   ce l l  
r e s i d e s   i n   t h e i r  magnetosome. The nonmagnetotactic 
c e l l s  which do not  contain magnetosomes a r e  
nonmagnetic.  These  observations  confirm  the magneto- 
tac t ic   response   in  MS-l is intimately  associated  with 
the-magnetosome, a unique  biological   s t ructure  
cons is t ing  o f  s ing le  domain p a r t i c l e s  o f  magnetite 
that   funct ions  as  a single  magnetic domain. Rigid 
attachment  of  the magnetosome ins ide   the   ce l l   wi th  
the  dipole moment or iented  a long  the  axis   of   moti l i ty  
r e su l t s   i n   t he   d i r ec t ed  swimming of   the  cel l   a long 
magnet ic   f ie ld   l ines .  The b io logica l   s ign i f icance   o f  
magnetotaxis  has  been  discussed  [I, 6 ,  IO]. 

species  [ll ,  1 2 ,  131, some of which demonstrate 
geomagnetic s e n s i t i v i t y .  However, only  in  
magnetotact ic   bacter ia   has   the  associat ion of 
magnetite  with  the  magnetotactic  response  been 
conclusively  demonstrated. 

Magnetite  has  been  identified  in  several  animal 
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TABLE 1. Magnetic  hysteresis  properties of magnetotactjc  bacteria 
strain Ms-1. 

S-1 Magnetotactic 
cells, freeze- 
dried 220  270  1750 0.9 0.47 1 

S-2 Nonmanctotactic 

dried 
cells, freeze- 

Nonmagnetic t o  10 koc 

5-3 Extracted 
Magnetosomes 105 140  2000  13  0.42 14 

8Coercive force: bCoercive force of remanence; cSaturstion f i e l d ;  
dSaruration magnetization; eRemanent magnetizarionlssturatiDn magnetization; 
fAssuming all the  magnetization  due  to  magnetite 

Table 2. X-ray diffraction  data on magnetotactic  bacteria  strain KS-1 
powders, in  CuKu radjatioo. Mcasurcnnmts by E.J. Alex~nder. 
Francis Bittcr Naticnal  Hagnet Leborrtory, M.I.T. 

d-spacing (A) 

DESCRIPTION  Crystal axis (hki) 220  311  400  422  511  440 

Freeze dried cells 

Extracred  msgnetosomee 

Natural nlagnetite 
standard speciwn 

ASTH Card 19-629 

2 .95  2 . 5 3  1.63  1 .492 

2.97 2 . 4 3   2 . 1  1 .71   1 .62   1 .485 

2.95  1 .52  2 .09  1 .615 1.485 

2.966  2.532  2.096  1.715  1.616  1.485 
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