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Northern Hemisphere bacteria. Thus, the magnetoractic
responses of Southern Hemisphere bacteria are similar to those
of. the Northern Hemisphere species, except for therr magne trc_
a l l y  oppos i te  d i rec t ion  o f  migra t ion  (South_seek ing  ma 'ne to_
tactic bacteria have also been observed in Victoria, Aurt l l iu";.

Transmission electron microscopy of bacteria magnerolac_
t ica l l y  separa ted  f rom sed iments  w is  car r ied  ou t  a t  the  Un i_
ve.rsity. of^Canterbury, Christchurch, New Zealand, using a
Hitachi HS-7S electron microscope operaring at -50 kV. Samp"les
were placed on parlodion-coated, ca.bon-.einforced, 300_mesh
copper grids, and were l ightly stained with uranyl acetate.
Magnetic cel ls of various morphological types were observed t<r
conta in  one or  two cha ins  o f  in t racy top lasmic  e lec t ron-opaque
p.art icles which vary in size and shape with cel l  type (Fig. '1.r.
Thus, Southern Hemisphere magnetotactic bacteria also possess
magnetosomes ' ,  the  charac ter is t i c  morpho log ica l  fea ture  o f  a l l
magnetotactic bacteria examined thus far.

To  es tab l i sh  the  fe r romagnet ic  na ture  o f  the i r  o r ien ta t ion
mechan ism,  bac ter ia  were  sub jec ted  to  a l te rna t ine  -5 ( )_Hz
magnet ic  f ie lds  over  1 ,000 G,  p roduced by  a  smal l  h ind_he ld
magnetic tape degausser (Tandy Corporation). Northern
Hemisphere and Southern Hemisphere magnetotactic bacteria
were examined in separare water drops on a microscope sl ide
before and after exposure to the alternating magnetic f ield. On
exposure ,  the  degausser  was s lowly  moved away f rom the  water
drops to obtain the f ield decay required for demagnetization.
Whereas  be fore  exposure  a l l  the  ce l l s  in  these samples  swam
exc lus ive ly  e i ther  to  the  Nor th  o r  to  the  South ,  a f te ;  exposurc

Several species of aquatic bacteria which orient in the Earlh's
magnetic field and swim along magnetic field lines in a prelerred
direct ion (magnetotaxis) have been observed in marine and
freshwaler sediments of the Northern Hemispherer.r.  Their
orientation is due to one or more intracytoplasrnic chains of
single-do.main magneti te part icles-..  Theie i inearly arranged
particfes impart a nel magnetic dipole momen( to the bacterium.
paral lel to the axis of moti l i ty. Northern Hemisphere ..gn"to_
taclic bacleria with unidirectional motility swim consistently in
11" 9il:"jilT of. rhe magneric fietd, rhar ii, to the geomagnetic
North"". This implies thar their magnetic dipole iJsysteiaric-
al ly orientated with the North-seeking pole forward. The
magnetic polarity can be reversed by single, magnetic pulses of
high field strength ( I -2 ps, 300-600 G), and these bacteria then
swim along magnetic f ield l ines to the South.. Due to the
inclination of the Earth's magnetic field, magnetotactic bacteria
which swim to the North in the Northein Hemisphere are
directed downward at an angle increasing with lat i tude. I t  has
been suggested that this downward-directed motion confers a
biological advantage by Fuiding lhe bacteria, when dislodged,
back to the sediments'.  On the basis of this hypothesis,
magnelotactic bacteria of the Soulhern Hemisphere would be
expected to swim to the Soulh to reach the bottorn. We report
here several morphological types of magnetotactic bacteria
present in sediments of lhe Southern Hemisphere. These
bacteria indeed swim consistently to the South, hence downward
along the Earth's incl ined magnetic f ield l ines, as hypothesized.
As revealed by electron microscopy, they contain internal chains
of electron-opaque part icles similar to those observed in
magnetolact ic bacteria lrom the Northern Hemisphere. t , ike
their Norlhern Hemisphere counterparts, thei i  magnetic
polari ty can be permanenllv reversed and the-v cannol be
demagnetized. W'e also reporl on Northern Hemisphere
magnetolact ic bacleria incubaled in Southern Hemisphere
magnetic condit ions, confirming the biological relevance of
dor rnss ld  d i rec ted  mot i l i t l .

[ ]ac te r ia  r . r ' c rc  co l lec ted  f rom mar ine  and f reshwater  sed i -
n ren ts  in  thc  r i c in i t ies  o f  Chr is tchurch ,  New Zea lanc i .  and
Hof rx11,  l -asmania ,  Aus t ra l ia .  These loca les  o lTered eco loq ica l l v
d ivc rse  ha t r i ta ts  u , i th  geomagnet ic  charac ter is t i cs  ( rnc l i ia t i , rn
6 l t -73 'S  ar  a . to ra l  magner ic  in tens i rv  o f  0 .59-0 .63  Gr  approx i_
nra te ly  the  mi r ro r  image o f  Nor thern  Hemisphcre  enr  i ronments
w here  mzrgnc to tac t ic  hac ter ia  a rc  found.  N, lagneto tac t ic
responses  were  rccorded by  op t ica l l y  mon i to r ing  hac ter ia l
mot ion  in  un i fo rm magncr ic  f ie lds  o f  { ) .1 -2  G,  p rov ic led  bv  a  na i r
o f  Hc lmho l tz  co i l s  mounred ro  e i thc r  s ide  o f  a  Ze i rs  Op lVt t  f
opcra t ion  mic roscope (magn i f i ca t ion  x83.2 :  work ing  d is tance.
I  0  cm ) .  Thc '  He lmho l tz -co i l  ax is  was a l igned w i th  thc  hor izon f  a l
comp()nent  o f  the  Ear th 's  magnet ic  f ie ld ;  the  po la r i t v  o f  the
imposcd f ie ld  was sc le  c tcd  hy  a  rogg lc  sw i rch .  The co i l iand  rhe
dark- f ie ld  i l l umina tor  werc  ba t te ry  ope ra red .  In  the  cor lsys tem.
bo(h  f reshwater  and mar ine  bac ter ia  migra ted  a long n l *n . r ' .
t ie ld  l ines  in  the  d i rec t ion  oppos i re  to  thar  ind ic l ted  bv  a
magnet ic  compass  need lc .  On re r . 'e  rsa l  o f  the  f ie ld ,  the  organ i ims
cxecuted  L I - tu rns  and swanr  oppos i te  to  the  in i t ia ld i rec t i in .  The
ra tes  o f  migra t ion  were  comparab le  to  those obser r ,ed  in
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Fig.  I  Electr t tn nr icrograph oI  I  ma.qnet() tact lc  bactcrrunr
sepa ra t cd  magnc t i ca l l v  f r om  f r eshwa tc r  se  d imen ts  o f  Nc *  Zea lan t l
and  s ta i n r ' d  w i t h  u ranv l  acc ta t c .  I nse t  shOrv r  r t nc  o f  t u0  cha rns  o l
pa r t i c l c s  f ( ) unc l  1a  a  f r cshsa tC r  magne t ( ) l l r c t i ( . c< r ceus  0 f  Neu
Zea land .  Bo th  pho tog raphs  a re  p r cscn t cd  a t  t hc  samc
magn i f i ca t t on  ( sca le  ba r :  I  pm) .  Whe rcas  t hc  pa r t i c i c s  sn ( )un  )n
thc  i nse  t  a re  s im i l a r  t o  t hosc  f ound  i n  \ o r t hc rn  Hcn l snhc rc
magnc to tac t i c  hac te r i a ,  t hosc  i n  t hc  r od - rhaped  spcc i cs  ha rc  a

n r r r  c l  shanc .



each sample  conta ined approx imate ly  equa l  numbers  o f  Nor th -
and South-seek ing  ce l l s .  Magnet ic  reversa ls  were  a lso  e fTec ted
by  approach ing  ind iv idua l  bac ter ia  a t  thc  water -a i r  in te r face
wi th  a  sharp ,  magnet ized  need le .  These observa t ions  ind ica te
tha t  bac ter ia  f rom both  hemispheres  phys ica l l y  func t ion  as
s ing le -domain  magnet ic  d ipo les ,  in  agreement  w i th  p rev ious
remagnet iza t ion  s tud ies  us ing  s t rong magnet ic  pu lses  o f  shor t
dura t ion  5 .

In  exper iments  car r ied  ou t  in  Massachuset ts ,  sed iment
samples  conta in ing  Nor th -seek ing  hac ter ia  f rom New Eng land
were  p laced in  an  exper imenta l  chamber  in  wh ich  the  ver t i ca l
comp()nent  o f  the  loca l  Ear th 's  magnet ic  f ie ld  was inver ted ,
reproduc ing  cond i t ions  in  the  Southern  Hemisphere .  Cont ro l
samples  were  p laced in  a  s imi la r  chamber  rv i th  a  f ie ld  o f  normal
inc l ina t ion .  The po la r i t ies  o f  ce l l s  f rom the  samples  wcre
determined per iod ica l l y  fo r  severa l  weeks ,  tha t  i s ,  t ) r ' s r  rnsny
gencra t ions .  Whereas  a l l  samples  conta ined a lmost  e  xc lus ivc ly
Nor th -seek ing  cc l l s  a t  the  heg inn ing  o f  the  exper iment ,  w i th
t imc the  number  o f  Nor th -seek ing  ce l l s  in  the  exper imenta l
chamber  decreased dramat ica l l y ,  and South-seek ing  hac ter ia
gradua l ly  p redominated .  In  the  cont ro l  samples  no  such changes
occur red .  Thus ,  downward- inc l ined  Ue lds  se lec t  fo r  Nor th -
seek ing  bac ter ia  whcreas  upward- inc l ined  f ie lds  sc lec t  fo r
South-seek ing  ce l l s .  Th is  demonst ra tes  tha l  thc  ver t i ca l
c ( )mponen l  o f  the  Ear th 's  magnet ic  f ie ld  i s  the  re  le  r  an t
parameter  de termin ing  the  predominant  ce l l  po la r i t l .

In  conc lus ion .  the  prcva lence o f  South-seek ing  magneto tac t ic
bac te  r ia  in  Southcrn  Hemisphcre  sed iments  and in  samplcs  hc ld
in  s imi la r  magnet ic  cond i t ions  in  the  Nor thcrn  Hemispherc
ver i f i cs  thc  hvpothes is  tha t  dou 'nward-d i rcc ted  nro t ion  is
advantageous fo r  and upward-d i rcc ted  mot ion  c le t r imenta l  to
the-  sur r  i va l  o f  thcsc  magneto tac t ic  hac le r ia  w i th  un id i rec t iona l
mot i l i t - y .  Magneto tax is  i s  a  re l iab le  n rcans  o f  keep ing  thcse

microorgan isms in  o r  near  the  bo t tom sed iments .  As  par t i c les  in
the  mic romet re  s ize  range w i th  dens i t ies  c lose  to  L0  tend to
remain  suspended in  water ,  g rav i ty  i s  v i r tua l l y  inconsequent ia l
in  de termin ing  the  ver t i ca l  d is t r ibu t ion  o f  the  bac ter ia .

The Ear th 's  magnet ic  f ie ld  p rov ides  a  g loba lo r ien ta t ion  cue to
wh ich  var ious  organ isms are  known to  respond.  On ly  recent ly
have de tec t ion  mechan isms based on  e lec t romasnet ic
induc t ion8 and fe r romagnet ic  a l ignments"  been exp la ined.  In
the  bac ter ia ,  na ture  has  shown the  b io log ica l  f  eas ib i l i t y  o f
syn thes iz ing  a  h igh ly  o rgan ized fe r romagnet ic  s t ruc tu rc
equ iva len t  to  a  magnet ic  compass  need le .
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