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b o u n d  lec t in  ove r  t he i r  en t i re  surface. U p o n  w a r m i n g  to 
37~ however ,  t he  b o u n d  lect ins  a c c u m u l a t e d  r ap id ly  
(wi th in  5 to  10 min)  a t  one pole of the  cell to  fo rm a cap  
(Figure).  Lec t in - induced  capp i ng  in P M N s  has  been  ob- 
served  p rev ious ly  b y  RYAN et  al. a us ing  f luorescence 
microscopy.  B y  e lec t ron  microscopy,  t he  cap  appea r s  as 
a mul t ip le  layer  of fe r r i t in  do ts  on a f r e q u e n t l y  infolded 
s egmen t  of t he  p l a s m a l e m m a .  CF caps  are s imi lar  b u t  
smal ler  t h a n  R F  caps  (Table  I), i nd ica t ing  t h a t  P M N s  
b i n d  c o n c a n a v a l i n  A to a lesser e x t e n t  t h a n  ricin. 

W e  h a v e  c o m p a r e d  the  phagocy t i c  a c t i v i t y  of capped  
P M N s  w i t h  t h a t  of u n t r e a t e d  cells. Of 5 such  expe r imen t s ,  
I ha s  been  e v a l u a t e d  b y  m o r p h o m e t r y .  Tab le  I shows 
t h a t  t he  t o t a l  r e la t ive  surface area  of t he  phagocy t i c  

Table II. Morphometric analysis of granule membrane 

Additions to PMNs Granule surface area 
as percent of 
total nlembrane surface area 
of ceil 

RF, yeast 34.7=}=2.0 (15) 
CF, yeast  33.2-~1.9 (15) 
No leetin, yeast  33.0J 1.4 (25) 

Numbers  represent mean values • SEM (n) from single cells which 
have endoeytosed yeast. No differentiation was made between azuro- 
phil and specific granules. Total membrane surface area includes 
melnbranes contributed by granules, phagosomes, plasmMemma, 
nucleus, mitochondria and Golgi apparatus. Derivations of for- 
mulae relating intersection counts to relative surface area are 
analogous to those given in Table I. 

vacuoles ,  wh ich  was our  measure  of phagocytos is ,  was 
t he  same in l e c t i n - t r ea t ed  a n d  in con t ro l  PMNs.  T r e a t e d  
and  n o n - t r e a t e d  cells also showed  iden t ica l  a m o u n t s  of 
i n t a c t  g ranules  r e m a i n i n g  in t he  c y t o p l a s m  (Table  II) ,  
sugges t ing  t h a t ,  u n d e r  all condi t ions ,  a s imi lar  po r t i on  of 
phagosome  m e m b r a n e  was c o n t r i b u t e d  b y  granu le  fusion. 
These  resul t s  c lear ly  show t h a t  P M N s  bea r ing  e i the r  a 
CF- or an  R F - i n d u c e d  cap  phagocy tose  yeas t  par t ic les  as 
eff ic ient ly  as u n t r e a t e d  PMNs,  and  t h a t  lec t in  t r e a t m e n t  
does n o t  inf luence  t he  degree of g ranu le  fusion. 

The  use of fe r r i t in  as a n  u l t r a s t r u c t u r a l  m a r k e r  has  
enab led  us to  observe  t he  exac t  d i s t r i b u t i o n  of m e m b r a n e -  
b o u n d  lectins.  As shown  in Tab le  I, t h e  m e m b r a n e  of t he  
p h a g o c y t i c  vacuole  was v i r tua l ly  free of lec t in  tag,  which  
suggests  t h a t  on ly  m e m b r a n e  dep le ted  of l ec t in -b ind ing  
si tes was  engaged  in par t ic le  recogni t ion ,  a n d  t h u s  be- 
came in te rna l i zed  d u r i n g  phagocytos is .  

W e  conclude  t h a t  in  r a b b i t  P M N s  the  surface  glyco- 
p ro te ins  t h a t  b i n d  c o n c a n a v a l i n  A a n d  r icin are no t  re- 
qu i red  for t he  recogn i t ion  and  t he  u p t a k e  of yeas t  
par t ic les .  W o r k  in progress  ind ica tes  t h a t  t h e  same  ho lds  
t r ue  for h u m a n  P M N s  which  phagocy tose  opsonized yeas t  
cells or s t aphylococc i  10. I t  has  been  shown  prev ious ly  
t h a t  c o n c a n a v a l i n  A inh ib i t s  phagocy tos i s  of po lyv iny l -  
to luene  beads  b y  P M N s  a d h e r i n g  to  glass u.  U n f o r t u -  
na te ly ,  the  differences  be tween  th i s  a n d  our  e x p e r i m e n t a l  
des ign do n o t  al low a discussion of t h e  c o n t r a s t i n g  con- 
clusions.  
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Summary. The  levels of cyclic A M P  and  a d e n y l  cyclase in  s w a r m i n g  and  n o n - s w a r m i n g  cells of Proteus mirabilis and  
t he  effect  of glucose on s w a r m i n g  h a v e  been  inves t iga ted .  The  resu l t s  ind ica te  t h a t  c A M P  is r equ i red  for swarming,  
b u t  t h a t  t he  f lagel lar  derepress ion  cha rac te r i s t i c  of s w a r m i n g  does no t  r e su l t  f rom increased c A M P  levels. 

The  onse t  of s w a r m i n g  in Proteus mirabilis is cha rac t e r -  
ized b y  two  physio logica l  changes  in t he  o rgan i sms  a t  the  
edge of t he  growing  colony. I n h i b i t i o n  of cell d ivis ion 
occurs  and  a t  t he  same t i m e  the re  is f lagel lar  derepress ion,  
r e su l t ing  in the  cha rac t e r i s t i c  e longated ,  mul t i f lage l la te ,  
mul t i -nuc lea te ,  h igh ly  mot i le  swa rming  cells (swarmels)  2. 

I t  has  b e e n  c la imed  t h a t  s w a r m i n g  could be  a conse-  
quence  of n u t r i e n t  deple t ion,  caused  b y  ac t ive  g r o w t h  
(for a rev iew of t he  fac tors  in f luenc ing  s w a r m i n g  see 
SMITH 3). U n d e r  cond i t ions  of n u t r i e n t  deple t ion ,  the  in- 
t e r n a l  levels of cyclic adenos ine  m o n o p h o s p h a t e  (cAMP) 
would  be  expec t ed  to rise ~, 5. Cyclic. A M P  is needed  for 
t he  syn thes i s  of f lagella in  a n u m b e r  of o rgan i sms  6, 7 a n d  
the re fore  t he  f lagel lar  derepress ion  associa ted  w i t h  swarm-  
ing m i g h t  resu l t  f rom a h i g h  i n t e rna l  c A M P  level, follow- 
ing n u t r i e n t  deple t ion .  

I n  th i s  work  we h a v e  e x a m i n e d  t h e  role of c A M P  in 
swarming .  The  resu l t s  ind ica te  t h a t  c A M P  is requ i red  for 
swarming ,  b u t  t h a t  t h e  f lagel lar  derepress ion  assoc ia ted  
w i t h  s w a r m i n g  does n o t  r e su l t  f rom a n  increased  level  of 
c A M P  in t i le s w a r m i n g  cells. 

Materials and methods. The  s t r a i n  of Proteus mirabilis 
used was an  isola te  f rom U n i v e r s i t y  College Hospi ta l .  
S tock  cu l tures  were m a i n t a i n e d  on slopes of Oxoid nu t r i -  
en t  agar .  Organ i sms  Were grown e i the r  on  Oxoid n u t r i e n t  
b r o t h  No. 2, solidified w i th  1.75% (w/v) Difco B a c t o  Agar  
( swarming  med ium)  or on t he  same m e d i u m  to wh ich  1% 
(w/v)  a c t i v a t e d  charcoa l  was added  ( swarm- inh ib i t i ng  
m e d i u m  s). S w a r m i n g  cells were isola ted f rom t h e  swarm-  
ing m e d i u m  as descr ibed  p rev ious ly  9, a f t e r  c u t t i n g  ou t  t he  
i nne r  p a r t  of t h e  colony. Agar-grown,  n o n - s w a r m i n g  
cells were also i so la ted  as before 9. 

The  in t r ace l lu l a r  c A M P  level  was  m e a s u r e d  us ing  a 
c A M P  assay  k i t  f r om t h e  R a d i o c h e m i c a l  Centre ,  Amer-  
sham,  Bucks. ,  E n g l a n d .  The  assay  depends  upon  t h e  com- 
pe t i t ion ,  b e t w e e n  a d d e d  a l l - cAMP a n d  t he  c A M P  in the  
sample ,  for added  b i n d i n g  pro te in .  The  o rgan i smus  u n d e r  
assay  were h a r v e s t e d ,  r e suspended  in 5 ml  0.05 M Tris/ 
E D T A  buffer  (pH 7.5) a n d  son ica ted  for 3 m i n  a t  0~ 
Samples  were  cen t r i fuged  to  r e m o v e  debr is  a n d  p ro t e in  
was p r ec ip i t a t ed  w i t h  5% perchlor ic  acid.  A f t e r . r e m o v a l  
of t h e  p r e c i p i t a t e d  p ro t e in  b y  cen t r i fuga t ion ,  t h  e supe r -  
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n a t a n t s  were neut ra l ized  and evapora ted  a lmost  to dry-  
ness a t  4 ~ under  ni t rogen.  The volume was made  up to 
0.5 ml wi th  buffer  and  50 ~xl samples  added  to 50 [zl all- 
cAMP (60 pmoles /ml ,  1.6 aCi/ml) and 100 [zl of b inding  
protein .  Af ter  2 h a t  4~ excess ac t iva ted  charcoal  was 
added  to  remove  all unbound  cAMP, and the  samples  
immed ia t e ly  cent r i fuged a t  4~ for 3 min. Samples  (200 
~zl) of the  s u p e r n a t a n t s  were then  carefully r emoved  into 
10 ml of to luene /Tr i tonX100  (2: 1) conta in ing  4 g/1 2,5 
d iphenyloxazole  (PPO) and 0.5 g/1 1,4 di[2-(5-phenyl- 
oxazolyl)] benzene  (POPOP) .  Samples  were counted  in a 
Packa rd  l iquid scint i l la t ion spec t rometer .  E s t i m a t i o n s  of 
cAMP con ten t  were made  by  compar ison  wi th  a s t a n d a r d  
curve. 

Table  II  shows the  ac t iv i ty  of adenyl  cyclase by  a modi-  
f icat ion of t he  cAMP assay me thod  and a m e t h o d  for 
measur ing  the  adenyl  cyclase ac t iv i ty  10 in Escherichia coli. 
After  sonicat ion of t he  organisms (see above) and  centr i fu-  
gat ion,  the  debris  was re ta ined  and the  s u p e r n a t a n t  evapo-  
ra ted  down as above,  b u t  w i thou t  deprote in iza t ion.  The de- 
bris was t a k e n  up in 50 #1 of 0.05 M Tris/HC1 buffer  a t  p H  
9.0 conta in ing  1 ~xmole MgSO 4 and 15 nmoles  A T P ;  this  
r ep resen ted  the  par t i cu la te  fraction.  The s u p e r n a t a n t  af ter  
evapora t ion  to  d ryness  was t aken  up in the  same mix tu re  
(soluble fraction).  Af ter  incuba t ing  at  34~ for 30 min,  

Table I. Cyclic AMP content of swarming and non-swarming ceIIs 
of P. mirabilis 

Cell type Extent of Length of Total 
flagellation cells cAMP 

(pmoles/g 
dry wt.) 

Swarming cells 

Early swarming 
cells 

Short cells 
from solid 
swarm-inhibiting 
medium 

+ + + All elongated 7.1 
(10 100 rain) 

+ + Mixed, normal 41.5 
and elongated 
(2-100 tam) 

+ All short 46.2 
(1-2 [zm) 

Organisms of the 3 types were examined microscopically for the 
extent of flagellation and for cell length, cAMP in samples from each 
preparation was assayed as described in 'materials and methods'. 

the  samples  were placed in a boiling wa te r  b a t h  for 5 min 
and the  a m o u n t  of cAMP presen t  measured  as descr ibed 
above. Resul ts  were correc ted  for the  a m o u n t  of cAMP 
a l ready  p resen t  in the  samples  to give values for t h a t  
fo rmed by  adenyl  cyclase action.  

Results and discussion. Swarming  a p p a r e n t l y  requires a 
basal  level of cAMP, as 1% glucose added  to  t he  swarming  
med ium delayed swarming  for abou t  5 h;  swarming  began 
af ter  abou t  10 h incuba t ion  at  30~ as compared  to  5 h 
if 1% glucose was no t  added.  This de lay  was ev iden t ly  
caused by  a fall in cAMP level in the  ceils dur ing g rowth  
on glucose 11; it  was abol ished by  the  addi t ion  of 1 m M  
exogenous cAMP. The dependance  of swarming  on a basal  
level of c A M P  was no t  tmexpec ted  as in the  bacter ia  so 
far s tudied  cAMP is an absolute  r equ i r emen t  for flagella 
synthesis ,  and g rowth  wi th  glucose reduces the  synthes is  
of flagella and thus  mot i l i ty  ~, 7. 

We measured  cAMP levels in swarming  cells to ascer ta in  
whe the r  flagellar derepress ion was associated wi th  in- 
creased cAMP levels. Measuremen t s  were made  on 3 types  
of organisms;  shor t  non - swarming  cells f rom solid media,  
early swarmers  and swarmers .  Ear ly  swarming  cells were 
r emoved  f rom pla tes  jus t  pr ior  to swarming,  whils t  elon- 
gat ion and  flagella synthes is  was still ac t ively  occurr ing 
at  the  edge of each colony i.e. a f ter  31/2 to 4 h incuba t ion  at  
30~ on swarming  medium.  This resul ts  in a mix tu re  of 
ac t ively  growing swarmers ,  and shor t  cells. Table I shows 
the  cAMP levels in these  th ree  cell types .  The level was 
clearly m u c h  lower in the  late swarmer  cells t h a n  in the  
o ther  two ceil types,  There  was appa ren t l y  a loss of cAMP 
from the  long cells dur ing act ive  swarming,  as early swarm-  
ing cells showed a similar cAMP level to the  non- swarming  
prepara t ion .  Clearly derepress ion of flagellar synthes is  is 
no t  associated wi th  an increase in in te rna l  cAMP. 

Table I I shows the  ac tivi ties of adenyl  cyclase in the  th ree  
cell p repara t ions .  This enzyme was measured  because the  
in ternal  concen t ra t ion  of c A M P  is d e p e n d e n t  bo th  on ra te  
of leakage f rom the  cells and  the  level of adenyl  cyclase 
ac t iv i ty  ~. Table I I  shows t h a t  adenyl  cyclase was, as ex- 
pected,  in the  par t icu la te  fraction.  I t  also shows t h a t  the  
act ive swarmers  had  less enzyme t h a n  non-swarming  and 
ear ly  swarming  cell types.  

The above observa t ions  imply  t h a t  a l though  cAMP is 
required for swarming,  the  flagellar derepress ion observed 
is no t  caused by an ~ncrease in cAMP levels jus t  pr ior  to 
or dur ing swarming.  This indicates  t h a t  nu t r i en t  deple t ion  
is no t  the  cause of swarming,  and therefore  adds  suppor t  
to the  hypo thes i s  t h a t  swarming  is the  resul t  of a negat ive  
chemotac t i c  response to  a toxic  metabol ic  b y - p r o d u c t  la. 

Table I I. The adenyl cyclase activities in swarming and non-swarming 
cells of P. mirabilis 

Ceil type Cell Adenyl cyclase (plIloles 
fraction cAMP/g dry wt./30 min) 

Swarming cells Soluble 0 
Particulate 2.2 

Early swarming Soluble 0 
cells 

Particulate 8.7 

Short cells from Soluble 0 
solid swarm- 
inhibiting medium Particulate 9.0 

AdenYl cyclase was estimated in organisms fronl each type of pre- 
paration as described in 'materials and methods'. 
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